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Flexible and binder-free Fe;04/graphene film was prepared through vacuum filtration of Fe304/GO suspensions, followed

by an annealing process. Cross-sectional SEM images of the sandwiched films show that Fe;O, nanoparticles
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homogeneously decorated onto layered graphene nanosheets and formed a nanoporous networks structure. Thus, the

composite film provided effective channels to promote electrolyte penetration when used as anode for Li-ion batteries.

Moreover, the good connection between Fe;0, and graphene derived from hydrogen bonding or intermolecular force

making them beneficial to charge transfer. The unique film with excellent mechanical stability also can buffer the volume

expansion during Li-ion insertion/extraction process. After electrochemical tests, the as-prepared binder-free

Fes;04/graphene hybrid lamellar films demonstrated excellent cyclic retention with the specific capacity of 681.2 mA h g'1

after 50 cycles, which is 3 times higher than the discharge capacity of 222.0 mA h g'1 for pure Fes;04, as well as good rate

capability, making it promising candidates for use as Li-ion batteries anodes.

1. Introduction

Li-ion batteries (LIBs) with high capacity, long lifetime, high
energy and large power density, have become the dominant power
sources in portable electronic devices."? For now, the commercial
graphite anode materials cannot satisfy the ever-increasing and
urgent demands of high-power applications for its low theoretical
capacity. Therefore, different transition metal oxides such as CuO,
TiO,, Sn0, and Fe3;0, usually show much higher theoretical capacity
(650-950 mA h g'l) than graphite (only 372 mA h g'l) are effective
alternatives for next generation LIBs.>® Among them, Fe;0, is even
promising in virtue of its high theoretical capacity (926 mA h g'l),
good electronic conductivity, natural abundance, non-toxic and low
cost.”® However, when used in practical application, Fe;0,anodes
usually suffer severe capacity degradation, resulting from both the
quick aggregation of nanoparticles during cycling and large volume
change (ca. 200%) during lithiation/delithiation process.ﬁ’g'11

Recent research shows that carbon (amorphous carbon and

graphene) coating can effectively prevent electrochemical
. 9,10,12

aggregation and accommodate the large volume change. For

example, Hu’s group developed a magnetic field-induced

solvothermal method to synthesize Fe;0,/C composite microrods.
The as-prepared composite microrods exhibit significantly
enhanced reversible capacity of ~650 mA h gf1 retained after 100
cycles.13 Gao and coworkers prepared Fe;0,@C/CNT grapecluster
structures show a much improved performance (a reversible
capacity exceeding 900 mA h g_l) compared with the Fe;0,@C
composites.MWang et al. synthesized flexible free-standing hollow
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Fe;0,/graphene films through vacuum filtration and thermal
reduction processes. The composites exhibited a high specific
capacity.15 Other different structures of Fe;0,/graphene
composites were also reported for the improved electrochemical
performance. 16-18

Many reports predict that flexible energy store device will be
widely used in conventional electronics and some new devices such
as wearable devices and implanted medical devices.lg‘zoGraphene
paper, due to its good electronic transport property and mechanical
flexibility, has potential in flexible and bendable energy storage
application.ls’n’22 However, aggregation between graphene
nanosheets usually lead to severely reduced effective specific
surface area and capacity when used as anodes in LIBs.? In this
study, we develop a facile and green method with the aid of
hydrogen bonding or intermolecular force in aqueous solution, as
well as the following filtration and annealing process to prepare
free-standing Fe;0,/graphene composite films. The thickness,
quality and composition ratio of the films can be easily controlled
during the preparation process. In the unique structure, Fe;0,
nanoparticles decorated onto stratified graphene nanosheets not
simply intercalated into graphene nanosheets, the good connection
is advantage for fast electron transfer between the Fe;0,
nanoparticles and graphene, resulting in enhanced electrochemical
properties. When directly used as binder-free anode, the sandwich-
type film can effectively prevent the aggregation of both graphene
nanosheets and Fe3;0, nanoparticles, facilitating the electron
transfer and the diffusion of Li* ions inside the films. More
importantly, graphene can accommodate the volume change of
Fe;0, nanoparticles in charge-discharge process. Thus, the as-
prepared Fe;0,/graphene achieve a stable reversible capacity up to
681.2 mA h g'1 after 50 cycles, much higher than 222.0 mA h g'1 of
pure Fe;0,4 nanoparticles.
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2. Experimental

2.1. Synthesis of Fe;0, nanoparticles and graphene oxide
(Go)

Fe;0, nanoparticles were synthesized by the method reported
previously.23 0.59 g of FeCl;:6H,0 was dissolved in 40 mL of
deionized water and heated up to 60 °C. After that, 0.14 g of FeCl,
was added to the mixture followed by further stirring. Then quickly
adding 1 mL of 28% ammonia solution, the mixture was allowed to
react at 80 °C for 1 h. The whole reaction is described in Equation:

Fe*+2Fe*+80H >Fe;0,+4H,0 (1)

The nanoparticles were isolated with the help of a magnet and
washed 5 times, and then dispersed in 80 mL of water by
ultrasonification. 0.31 g of p-sulfobenzoic acid potassium salt was
dissolved in above dispersion with the assistance of sonication for
10 min. The resulted Fe;0, nanoparticles were negatively charged
with zeta potential of -24.4 mV and captured by magnet and
washed with adequate water, finally dispersed in 500 mL of water
for the preparation of composite films. The concentration of Fe;0,4
suspension was 0.8 mg mL™. GO was prepared from graphite
powder by a modified Hummers' method as described in our
previous work® and the concentration of GO dispersion was 0.2 mg
mL™ with zeta potential of -47.0 mV.

2.2. Synthesis of Fe;0,/graphene films

A certain amount of Fe;0, nanoparticle suspension and 10 mL
GO dispersion were mixed together. Since the hydrogen bonding or
intermolecular force between them, they quickly assembled with
each other and formed flocculent precipitate within a few minutes.
Subsequently, Fe;0,/GO lamellar films were prepared by filtering
the mixed suspension on a polycarbonate membrane with 200 nm
pores. The preparation route is demonstrated in Scheme 1. Three
samples with mass ratios of Fe;0, to GO of 1:1 (4 mg), 2:1 (6 mg),
1:2 (3 mg), were synthesized for comparison. Thermal reduction of
Fe;0,/GO to Fe;0,/graphene was accomplished in a flow of N, at
600 °C for 2 h.

2.3. Electrode preparation

Fe;0,/graphene hybrid lamellar film was directly used as
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Scheme 1. Schematic illustration of the preparation process of the
Fes0,/graphene hybrid sandwiched films.
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electrode, and incorporated into a coin-type cell with lithium foils
as both counter and reference. The Fe;0, electrode was prepared
by mixing the active materials, carbon black, and
polyvinylidenefluoride with a mass ratio of 8:1:1, and pasting onto
pure copper foils, then pressed and dried under vacuum at 60°C for
12 h. The mass of Fe;0,/graphene (1:1), Fe;0,/graphene (2:1),
Fe;0,/graphene (1:2) and pure Fe;0, in the cycling performance
tests are 0.9 mg, 1.3 mg, 0.8 mg and 1.1 mg, respectively. The mass
of Fe;0,/graphene (1:1) in the rate test is 1.0 mg. The electrolyte
employed in the cell was 1M LiPF6 in a 50:50 (w/w) mixture of
ethylene carbonate and diethyl carbonate. The galvanostatic (GV)
charge-discharge performances of the cell were tested in the
voltage range of 0.01-3.0 V under a constant current density of 0.5
C by EQ-BST8-WA battery-test system, cyclic voltammetry (CV) was
recorded by a CHI 660D electrochemical workstation in the voltage
range 0.01-3.0 V with a scan rate of 0.1 mV s, Electrochemical
impedance spectroscopy (EIS) results were obtained from a
frequency range of 100 kHz to 1 Hz.

2.4. Characterization

The crystallinity of the composite was obtained by X-ray
diffraction (XRD) at room temperature using an XPert PRO
(PANalytical, Netherlands) instrument with Cu Ka radiation. The
morphologies were characterized using scanning electronic
microscopy (SEM) (Hitachi S-4800) and transmission electron
microscopy (TEM, Philips CM200). Raman spectra were conducted
on the Renishaw inVia Raman microscope under the excitation
length of 532 nm. The specific surface area was calculated by
Quantachrome Autosorb-1 apparatus

3. Results and discussion

3.1 Morphology and structures

Fig. 1 is the XRD patterns of Fe;0,/GO and Fe;0,/graphene
composite films. For Fe;0,/GO composites, the weak diffraction
peaks at 20 values of 29.9°, 35.3°, 42.9°, 56.7° and 62.2° are
observed, which match well with face-centered cubic Fe;0, (JCPDS
standard card no. 86-1354). Besides, a sharp diffraction peak
emerges at ca. 9.4° also can be observed, which is corresponding to
GO.? After thermal annealing treatment, the (001) diffraction peak
at 24.2° is observed. This is due to the removing of interlayed water
and oxygen functional groups.7Moreover, the Fe;0,4 show sharper
and stronger peaks than the original Fe;0,, suggesting that the
high-temperature calcination improved the crystallinity of Fe;O,
nanoparticles and the particles grow bigger.
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Fig. 1 XRD pattern of Fe30,/GO and Fe;0./graphene films
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Fig. 2 Raman spectra of Fe;0,/GO and Fe;0,/graphene film

Raman spectroscopy is a versatile characterization tool to study
the structural changes of graphene layers. Fig. 2 shows the Raman
spectra of Fe;0,/GO and Fe;0,/graphene composites. Two
characteristic peaks (D-bands and G-bands) of carbon based
materials are observed. The intensity ratio of two bands (Ip/lg)
reflects the graphitization degree of carbon solids and density of
defects in graphene-based materials.”** Obviously, the
Fe;0,4/graphene shows an increased Ip/lg value compared to the
Fe;0,/GO, this indicates more defects were introduced into the
Fe;0,/graphene under the thermal reduction of exfoliated GO.

Fig.3 shows the cross-section SEM images of Fe;0,/graphene
hybrids films with different mass ratio of Fe;0, to graphene. Upon
incorporation of Fe;O, nanoparticles into the highly lamellar
graphene nanosheets, the Fe;O0, are uniformly intercalated
between the graphene nanosheets and form porous network
structures. The surface area of the composites is 68.3 m’ g'l, much
higher than the pure graphene (14.9 m’ g"l) as reported before.*
The Fe;04 nanoparticles in the hybrid films expand the interlayer
space between the graphene nanosheets and offer more
opportunities for the electrolyte ions to access to the surface of
electrochemical active materials. These homogenous porous

structures are promising for the electrochemical applications. By
increasing the amount of Fe;0,4, more Fe;0, are observed from the
SEM images (Fig. 3a-c), which are consistent with the mass ratios of
Fes;0, to graphene. Especially in Fig.3a and b, the good connection
between Fe;0, and graphene can be clearly observed.

o T A

b)

Fig. 3 The cross-section SEM images of Fe;O./graphene hybrids films with
different mass ratio of FesO, to graphene of (a) 1:2, (b) 1:1 and (c, d) 2:1.
Inset in (d) is a digital photograph of Fe;0./graphene paper shows good
flexibility
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Fig. 4 Cross-section SEM images of stacking graphene film and
Fe;04/graphene composite film.

The unique structure is different from the most reports of simple
stack, the good connection between Fe;0, and graphene derived
from hydrogen bonding or intermolecular force making them
beneficial to charge transfer. As can be seen from Fig. 3d, the
thickness of the composite film is about 6 um. The inset in Fig. 3d
shows that the Fe;0,/graphene paper with good flexibility can be
used as binder free anodes and has potential in wearable devices.

Fig. 4 compares the cross-section SEM images of stacking
graphene film and Fe;0,4/graphene composite film. It is clearly seen
that the graphene layers are tightly packed, which not good for
electrolyte diffusion and applicable for Li storage. For
Fe;0,/graphene composite film, the graphene nanosheets show an
orderly and spaced structure. The porous composite films are
favorable for the access of electrolyte and rapid diffusion of
electrolyte ions, which is difficult to achieve in closely packed
graphene paper. Besides, our self-assembling method is also
different from those directive vacuum filtration method. The Fe;0,
nanoparticles assembled with the negatively charged GO, the
surface functional groups of GO have changed a lot, thus, Van der
Wals forces between them are also decreased, resulting in loose
and porous structure.

Fig. 5a and b are the top-view SEM and TEM images of
Fe304/graphene (1:1), it is clearly shown that Fe;0, nanoparticles
are anchored on the surface of graphene, which is consisted with
the SEM results.

3.2 Electrochemical performances

Cyclic voltammograms was applied to investigate the
electrochemical details of Fe;0,/graphene (1:1). The assembled cell
was tested at a scan rate of 0.1 mV/s within the voltage window of
0.01-3.00 V (vs. Li/Li"). As shown in Fig. 6a, in the first cathodic scan,
the well-defined reduction peaks at 0.47 and 0.83 V correspond to
formation of solid electrolyte interphase (SEI) layer generating on
the electrode surface and Li,0, the cathodic peak centered at 1.35V
corresponds to the structure transition caused by lithium insertion
into Fe;0, (Fe;0,+xLi"+xe >LiFe;0,), which are not observed in the
subsequent cycles. In subsequent cycles (Z"d, 3“and 4”‘), the

Fig. 5 SEM (a) and TEM (b) images of Fe;0,/grapheme
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Fig. 6 (a) CV curves of Fe;04/graphene (1:1) at a scan rate of 0.1 mV s™. (b) Charge-discharge curves of the Fe;O./graphene (1:1). (c) Cycling performance of
Fe304and Fe;Os/graphene composites at 100 mA g'l. (d) Cycling performance of Fe;04/graphene (1:1) at different rates

reduction peak shifts to 0.75 V and tends to be stable, indicating
that the redox reaction is well reversible. In the anodic scans, two
weak peaks at 1.68 and 1.89 V are ascribing to the reversible

electrochemical reduction/oxidation (Fe;0,¢>Fe) reactions.” ™

Fig. 6b presents the charge/discharge profiles of
Fe;0,/graphene (1:1) in the 1%, 5™ and 10" cycles at a current
density of 100 mA g'l. It can be seen a long potential plateau at
approximately 0.7 V, this is a typically characteristic of the Fe;0,
electrodes during the first discharge process.ze’27 The first discharge
and charge capacity is 1263.2 and 900.5 mA h g'l, the irreversible
capacity loss may be caused by the irreversible capacity loss,
including inevitable formation of SEI and decomposition of
electrolyte, which are common to most anode materials.”**°

Fig. 6c compares the cycling performance of pure Fe;O, and
Fe;0,/graphene composites with different mass ratios of Fe;0, to
graphene. The capacity fade of pure Fe;0, is rather severe and after
50 cycles is reduced to only 222.0 mA h g'l, while the capacity fade
of Fe;0,/graphene substantially less than that of pure Fe;0,, for
Fe;0,/graphene (1:2), Fe;0,/graphene (2:1) and Fe;0,/graphene
(1:1), the capacity still remained 324.1, 442.6 and 681.2 mA h g'l. It
is well known that the capacity loss in Fe;0, is mainly caused by the
volume changes in lithium ion intercalation and deintercalation
processes and the poor electron conductivity. The incorporation of
graphene not only increased the conductivity of Fe;0,, but also kept
the Fe;0,4 nanoparticles in good electronic contact to accommodate
the volume changes.

Rate performance is an important precondition to apply as
anode material in high power LIBs. Therefore, Fig. 6d shows the rate
performance of the as-prepared Fe;0,/graphene (1:1) at different

4| J. Name., 2012, 00, 1-3

current densities. The discharge capacities of the Fe;0,/graphene
(1:1) at 100, 200, 400, 800, and 1600 mA g'1 are, 763.3, 642.5,
533.6, 434.2, and 342.9 mA h g'l, respectively, demonstrating an
excellent high rate performance. It is worth noting that as long as
the current rate reverses back to 100 mA g'l, the cell capacity
recovers to the original value, indicating that the Fe;0,/graphene
composite is tolerant of various charge and discharge currents. In
our case, the porous structure can provide 3D electron conducting
channels within the electrode, and facilitate the penetration and
diffusion of electrolyte, leading to fast lithium ion transport.

In order to deeply understand the electrochemical performance
of the Fe;0, nanoparticles and Fe;0,/graphene film, we further
compares the Nyquist plots of the two samples after 50 cycles. As

500
CPE,  CPE,
400 .
— Rs - .
_g 300+ Rsg Ret Z, . g
o -
?’ [ ¢
N 200+ - .
L] .
-
" .'
10073 2 ,** = Fe 0, /graphene
N . Fe:,O4
0 100 200 300 400 500 600 700
Z'(ohm)

Fig. 7 Nyquist plots of impedance for FesO, and FesO./graphene hybrids
films after 50 cycles. (All measurements were conducted in the delithiated
state)
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Table 1. Impedance parameters derived using an equivalent circuit model
for Fe;O4 nanoparticles Fe;Os/graphene hybrids films electrodes after 50
cycles

electrode R.(Q) Rser(Q) Re(Q)  zw(Qs™?
Fe;0,4 (50") 3.2 84.5 154.7 78.5
Fe304/graphene(50th) 21 43.6 115.8 42.6

shown in Fig. 7, the spectra appeared in the medium frequency
range is classically assigned to the charge-transfer resistance
occurring between active materials and liquid electrolyte. The
approximately 45° inclined line in the low frequency range
corresponds to the Warburg impedance (Z,) is related to the
diffusion of Li ions into the bulk of the active materials.>*® The inset
in Fig. 7 is an equivalent circuit model of the studied system. R; and
R, are the ohmic resistance (total resistance of the electrolyte,
separator, and electrical contacts) and charge-transfer resistance,
respectively. R is the impedance related with to the SEI film. CPE
is the constant phase-angle element, involving double layer
capacitance. The fitted impedance parameters can be found in
Table 1. Apparently, the Fe;0,/graphene anode shows a relatively
lower charge transfer resistance of 115.8 Q than 154.7 Q of the
pure Fe;0, anode. This implies that the graphene make charge
transfer much easily at the electrode/electrolyte interface, and
consequently decrease the internal resistance for both electrons
and lithium ions. Furthermore, Z,, of Fe;0,/graphene is lower than
Fe;0,4, which confirms that the interbedded Fe;O, enable good
electrolyte penetration between graphene nanosheets.

We further observed the cross-section SEM image (Fig. 8) of the
Fe;0,/graphene paper after 50 cycles. The activity material still
maintains its original structure. The graphene layers without major
structural damage can be seen clearly, but the Fe;0, nanoparticles
are relatively agglomerated. As a result, the integrity of graphene
nanosheets in the anode is responsible for the enhanced cycling
stability compared to pure Fe;0, nanoparticles for lithium storage
in long-term cycling.

Fig. 8 SEM image of Fe30,/graphene hybrids films after 50 cycles

4. Conclusions

We have successfully synthesized Fe;0, nanoparticles
anchored graphene nanosheets. The sandwiched structure can
offer efficient electrically conducting channels for fast lithium
ion diffusion and buffer the severe volume changes associated
with lithium insertion/extraction process. Therefore, as flexible
and binder-free Li-ion batteries anode, this unique structure
demonstrates high reversible capacity of 681.2 mA h g'1 after

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

50 cycles and excellent cycling stability as well as superior rate
capacities. The composite film has the potential for flexible
electrochemical energy storage devices.
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Fes0,4 nanoparticles homogeneously decorated onto layered graphene nanosheets
film exhibits excellent cyclic retention and good rate capability when used as anode
in lithium storage.



