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Abstract

Combining iron oxide with carbon materials such as graphene oxide is an effective measure to solve the issues of terrible
electronic conductivity and serious volume effect of iron oxides. Fe,O,/reduced graphene oxide nanocomposite was synthe-
sized via simple hydrothermal method with cubic iron oxide of a uniform particle size distribution (~50 nm), which were
encapsulated between reduced graphene oxide layers. Construction of nanostructure cubic iron oxide facilitates the trans-
portation of lithium ions and electrons. Furthermore, the introduction of reduced graphene oxide promotes the conductivity
and structural integrity of the nanocomposites, while avoids the agglomeration and crushing of iron oxide particles during
the lithiation/de-lithiation, facilitating the storage of lithium ions. Fe,0;-rGO-c0.2 as an anode material exhibits superior
electrochemical performance, with initial discharge capacity of 1580.6 mAh g~! and reversible capacity of 1145.4 mAh
g~ ! after 100 cycles at the current density of 200 mA g~!. Moreover, it has a good rate performance of 479.1 mAh g~! ata
current density of 5000 mA g~!.
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Introduction still adopts graphite (theoretical capacity is 372 mAh g~!)

as the anode [4], which can no longer satisfy the require-

With the rapid improvement of electric vehicles and portable
electronics and the extent of power grids, the demands for
energy storage equipment are getting higher [1], because of
the high energy density, good safety, suitable working volt-
age [2], and long service life that lithium-ion batteries (LIB)
have got wide attention [3]. At present, a period of time
has passed since the commercialization of LIB; however, it

I would like to declare on behalf of my co-authors that the work
described was original research that has not been published
previously, and not under consideration for publication elsewhere,
in whole or in part.

> Jitong Wang
wangjt@ecust.edu.cn

P< Wenming Qiao
giaowm @ecust.edu.cn

State Key Laboratory of Chemical Engineering, East China
University of Science and Technology, Shanghai 200237,
China

Key Laboratory of Specially Functional Polymeric Materials
and Related Technology, East China University of Science
and Technology, Shanghai 200237, China

ments of the current development environment for LIB [5].
Therefore, the development of LIB anode materials with
high energy density, good cycling stability, and high safety
is imminent [6, 7]. Transition metal oxides, such as iron
oxides [8], cobalt oxides [9], and nickel oxides [10], are able
to achieve the excellent energy density and power density
of LIBs which have attracted much attention as electrode
materials [11].

Fe,0; has been researched in depth owing to the higher
theoretical capacity (1007 mAh g=!) [12], abundant natural
content, easy preparation, low cost, and environmentally
friendly [7, 13, 14]. However, when adopted it as the anode
material for LIBs, Fe,O5 has the following disadvantages:
(1) poor electronic/ion conductivity. Poor conductivity in
the transport channel is not conducive to the rapid inser-
tion/extraction of Li* [15]. (2) The volume will change
greatly during charging and discharging [16]. The volume
will expand/shrink during the cycling, leading to agglomera-
tion or crushing of Fe,O; particles [17], which in turn bring
about rapid capacity decay or terrible cycle performance and
rate performance [18]. Due to these drawbacks, the practical
application of iron oxide in negative electrode materials is
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severely restricted [19]. Current research has concluded sev-
eral useful approaches that have been found to enhance the
capability of transition metal oxides used as anode materials
for LIBs: (1) construction of nanostructure materials. The
construction of a variety of iron oxide nanoscales such as
nanoparticles, nanorods, and nanosheets effectively restrains
the self-aggregation of iron oxides, providing a higher spe-
cific surface area to expose more active sites and effectively
shorten the lithium-ion diffusion path [19, 20]. (2) Choosing
the suitable coating material and using the characteristics of
the coating layer to enhance the electrochemical properties
of the electrode materials [21, 22]. Moreover, other heter-
oatoms can be doped in the coating layer, which can also
supply extra active sites to store lithium ions on the basis of
improving the conductivity of the metal oxide electrode [23,
24]. (3) Combination with other materials, by the conduc-
tivity and mechanical stability of the introducing material,
the volume expansion effect of the iron oxide particles is
alleviated, and the problem of powdering of the electrode is
further solved [25].

Combination of metal oxides with carbon materials is one
of the most effective methods to enhance conductivity and
structural stability of electrodes, and this strategy can endow
materials with high-rate performance and cycling stability
[7, 26]. Carbon materials have good mechanical flexibility
and can effectively accommodate the volume changes of
metal oxides [27]. In addition, good electrical conductiv-
ity and excellent specific surface area are beneficial to the
diffusion and transportation of Li* [28], and accelerate the
wettability of electrolyte and active materials [29]. Two-
dimensional GO has the larger specific surface area (~2600
m? g~!) [30] and excellent conductivity and structural stabil-
ity; therefore, it is an expected electrode material for achiev-
ing outstanding capacity of LIBs [31, 32]. However, when it
is used as electrode materials alone, graphene will re-stack,
making the performance far lower than the theoretical value
[33]. At present, many studies have proven that combining
Fe,05; and GO to prepare nanocomposites with a certain
mesoporous structure can achieve a good enhancement in
the performance of LIBs [34]. Cao et al. [35] synthesize
the Fe,O; hollow sphere/carbon nanotube (Fe,O;/CNT)
composites by hydrothermal reaction. Due to the increase
in conductivity and the effective relief of volume expansion,
the composite demonstrated excellent reversible capacity of
1176.1 mAh g=! at 100 mA g~!. Chen et al. [36] fabricate
the y-Fe,O;/porous carbon fibers (y-Fe,05/PCF), the parti-
cles distributed in the CFs homogenously, which promotes
the electronic conductivity and accelerates the wettability of
electrolyte. Moreover, y-Fe,O5/PCF delivered outstanding
capability of 980 mAh g~ at 0.1 C in LIB.

Herein, a simple one-step hydrothermal scheme was
adopted to synthesize the cubic iron oxides/reduced gra-
phene oxide (rGO) nanocomposites as the anode material for
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LIBs. The surface of GO contains more functional groups
and provides more reaction sites for the adsorption of Fe**
to form crystals [37]. The synthesized nano-scale iron oxide
particles have a diameter of about 50 nm and evenly distrib-
uted on the rGO sheets. The introduction of rGO enhances
the conductivity of the materials and accelerates the dif-
fusion and transportation of Li* ions [38]. Therefore, the
Fe,0; cubes/rGO nanocomposites display the outstanding
specific capacity, superior rate performance, and great cycle
stability. Among them, Fe,05-rGO-c0.2 shows the most
excellent electrochemical properties, which exhibits the
superior initial capacity of 1580.6 mAh g~! with outstanding
reversible capacity of 1145.4 mAh g™ after 100 cycles at the
current density of 200 mA g~!. Otherwise, Fe,05-rGO-c0.2
performs the superior rate performance of 708 mAh g~!
at 2000 mA g~! and 479.1 mAh g~! at 5000 mA g~'. In
addition, due to the well-designed structure, the composite
exhibits pseudocapacitance-dominated storage behavior.

Experimental
Chemicals

The reagents adopted in this work, such as sodium acetate
(CH;COONa) and ferric chloride hexahydrate (FeCl;-6H,0),
were supplied by Shanghai Ling Feng Chemical Reagent
Co. Ltd. GO were bought from Chengdu Organic Chemicals
Co. Ltd.

Preparation of Fe,0;-reduced graphene oxide-cx

In the synthesis of Fe,O;-reduced graphene oxide-cx
(Fe,05-rGO-cx), GO is used as the carbon structure skel-
eton, ferric chloride hexahydrate is used as the iron source,
and Fe,0;-rGO-cx composites with different carbon con-
tents are synthesized by hydrothermal reaction. The detailed
preparation method is as follows. First, a certain amount
of GO was added to the breaker, and then, 50 ml deion-
ized water was poured, subsequently sonicated for 1 h at
room temperature to obtain the uniform brown suspen-
sion. Next, 1.5 mmol ferric chloride hexahydrate solid was
added to 30 ml mixture solution (15 ml C,H;OH + 15 ml
H,0) under constant mechanical stirring until it was dis-
solved completely. Then, 4.6 mmol sodium acetate was dis-
solved into the mixed solution, with stirring for 20 min to
obtain a brick red solution. Afterwards, above solution was
injected to the GO suspension. Finally, the resulting solu-
tion was transferred to 100 ml Teflon autoclave, which was
subsequently heated at 150 °C for 12 h. When it is cooled
naturally to ambient temperature, centrifuged, and washed,
the black powders were obtained, which were frozen in a
refrigerator for 12 h and then dried in a freeze dryer for 24 h.
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According to the theoretical mass ratio of GO to Fe,O;, the
sample was named Fe,0;-rGO-cx (x=0.1, 0.2, 0.3, 0.4). The
synthesis of the pure Fe,O; sample was consistent with the
abovementioned experimental process without the addition
of GO suspension. The obtained brick-red powder sample
is named Fe,O5-cube.

Characterizations

The scanning electron microscopy (SEM, Gemini SEM
500) was adopted to analyze the morphologies with particle
size of the nanocomposites, and the transmission electron
microscopy was conducted to examine the internal struc-
tures and lattice fringes of the nanocomposites. The thermo-
gravimetric analysis (TA instrument Q600) was performed
to test the carbon contents in the nanocomposites, with an
air flow of 100 ml min~! and the heating rate 10 °C min~!
to 800 °C. Powder X-ray diffraction analysis was adopted to
analyze the crystal form with the instrument of Rigaku D/
max 2550 X-ray diffractometer. The test conditions are as
follows: tube pressure was 40 kV, current was 20 mA, and
Cu (Ka) radiation in the range of 10°-80°. The nanocom-
posites were characterized by Raman spectrometer using a
Renishaw in Via Relfex with excitation source of an Ar laser
(A=514.5 nm). The samples were first degassed at 120 °C
for 12 h, and then tested in Quadrasorb SI analyzer to obtain
nitrogen adsorption and desorption data. The surface chem-
istry of nanocomposites was tested by X-ray photoelec-
tron spectroscopy (XPS) with the instrument of scientific
ESCALab220i-XL. The excitation source was Al/Ka line,
the operating voltage was 15 kV, the current was 10 mA, the
power was 300 W, and the analysis chamber pressure was
lower than 2x 107 Torr.

Electrochemical tests

The prepared material was used as the anode material which
was assembled in CR2016 coin cells for the electrochemi-
cal performance tests. The slurry is prepared by adding
Fe,0;-rGO-cx or Fe,05-cube, conductive agent (super C),
and polyvinylidene fluoride to N-methyl pyrrolidone with a
mass ratio of 8:1:1, then magnetic stirring for 12 h. After-
wards, the slurry is poured on the copper foil (mass load-
ing ~ 1.0 mg cm™2), which was moved into an oven at 80 °C
for 6 h, and then further dried in the vacuum oven at 110 °C
overnight. Subsequently, the sheet was punched into disk-
type electrodes with a diameter of 12 mm. The as-prepared
electrodes were used as the working electrodes. The electro-
lyte used the prepared solution which contained 1 M lithium
hexafluorophosphate and the mixture solution of ethylene
carbonate-dimethyl carbonate-ethyl carbonate (volume ratio

1:1:1). Celgard 2500 as the separator and the lithium plate
as the reference electrode. Adopting the CR2016 shells to
complete the battery assembly in the glove box with argon,
which the water and oxygen were controlled within 1 ppm.
The cyclic voltammetry (CV) curves of the battery were
fulfilled in the workstation Arbin BT2000 with the scan rate
which was controlled at 0.1 mV s~!. The analysis of galva-
nostatic charge and discharge (GCD) acquired in the LAND
CT2001A test system with the potential range of 0.01-3.0 V.
Electrochemical impedance spectroscopy (EIS) tests were
examined on the electrochemical workstation Gamry Refer-
ence 600 with the sinusoidal excitation voltage of 5.0 mV,
with the frequency between 0.01 Hz and 100 kHz.

Results and discussion
Characterization of the Fe,0;-rGO-cx

The synthesis process of Fe,0;-rGO-cx is illustrated in
Fig. 1. Since the surface of GO contains electronegative
functional groups, the Fe** ions are adsorbed to the surface
of GO through electrostatic interaction. The iron oxide crys-
tal nucleus is fixed on the surface of GO after hydrothermal
treatment; moreover, GO is reduced to rGO. Meanwhile, the
functional groups on the GO surface which are not paired
with the trivalent iron ions are removed during the hydro-
thermal process. Finally, high-temperature carbonization
treatment is carried out to make the iron oxide crystal nuclei
further grow.

In order to analyze the apparent morphology of
Fe,0;-rGO-cx, SEM and TEM analyses are carried out, as
shown in Fig. 2. It can be observed from Fig. 2a—d that the
iron oxide nanoparticles exhibit the small cubic structure,
with a size of about 50 nm. Moreover, the particles have a
relatively regular shape and uniform size distribution. With
different mass ratios, the size and morphology of the iron
oxide particles remain unchanged, and the incalculable par-
ticles are evenly distributed and tightly integrated on the
surface of rGO. In addition, the rGO in nanocomposites
exhibits a typical wrinkled structure with large area which
is beneficial to the adsorption of iron oxide. GO will be
reduced to rGO which leads to its oxygen-containing func-
tional groups reducing and surface defects increasing in the
hydrothermal process. These defects provide more active
sites which can be used for storage of lithium ions. With the
increase of rGO, iron oxides on the surface of rGO show
good dispersibility. The addition of rGO in nanocomposite
enhances the conductivity of the electrode and effectively
inhibits the volume expansion which caused by the iron
oxide particles during the lithiation/de-lithiation. Otherwise,
good structure of nanocomposites effectively alleviates the
fragmentation and pulverization of the active electrode. The
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Fig.2 SEM images of a Fe,05-rGO-c0.1, b Fe,05-rGO-c0.2, ¢ Fe,05-rGO-c0.3, and d Fe,0;-rGO-c0.4 (illustration is Fe,05-cube); ¢ TEM

image and f~h HR-TEM images of Fe,0;-1GO-c0.2

TEM image further indicates that Fe,O; cubes are evenly
distributed on the surface of rGO sheets (Fig. 2e). A high-
resolution TEM (HR-TEM) image demonstrates the lattice
fringe spacings of 0.27 nm, 0.25 nm, and 0.37 nm, which
matches with the (104), (110), and (012) crystal planes of
a-Fe,O; respectively. As shown in Fig. 2f, g, and h, the light
part is amorphous carbon layer, and the dark part is a-Fe,0;
particle.

Thermogravimetric analysis is adopted to confirm the
carbon and metal oxide content of the materials, the results
are shown in Fig. 3a. The carbon contents in Fe,0;-rGO-cx
(x=0.1,0.2, 0.3, 0.4) are 7.6%, 10.3%, 15.2%, and 17.2%;
therefore, the metal oxide contents are 91.4%, 88.7%, 83.8%,
and 81.8%. Fe,0;-rGO-cx nanocomposites show similar
thermal stability. In the initial stage, the evaporation of water
brings a small amount of weight loss, and the main loss
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between 300 and 500 °C is resulted from the combustion
of rGO. When the temperature exceeds 500 °C, the curve
shows a slight weight loss, which corresponds to the trace
mass decrease of the sample being taken away by the air
flow. The thermal weight loss behavior of Fe,0;-rGO-c0.2
can clearly observe from the differential thermal analysis
which is shown in Fig. 3b.

Otherwise, XRD analysis is conducted to explore the
components of the Fe,0;-rGO-cx (as shown in Fig. 3c). The
XRD results of Fe,0;-cube and Fe,0;-rGO-c0.2 are consist-
ent with the standard patterns of a-Fe,O; (PDF: 87-1166).
Meanwhile, the peaks are sharp and obvious, indicating that
the composite has a complete a-Fe,0; crystal phase. The
diffraction peaks at 24.2°, 33.1°, 35.6°, 40.8°, 49.5°, 54.1°,
57.6°,62.5°,64.0°,71.9°, and 75.5° correspond to the (012)
(104) (110) (113) (024) (116) (122) (214) (300) (119) (220)
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crystalline planes of a-Fe,O; respectively [39]. The conclu-
sion is consistent with the result obtained by TEM. Raman
spectroscopy analysis (Fig. 3d) is used to detect the structure
of carbon in Fe,03-rGO-cx. The result further proves the
existence of rGO in nanocomposites, in which two obvious
scattering peaks are observed corresponding to G and D
bands at 1342 cm™! and 1600 cm~!. Comparing with the
original graphite, the positions of two bands are shifted
[40]. Meanwhile, it can be found that with the increase of
the rGO, the peak intensity is increasing. The I,/ value
of GO is 0.63, while Fe,0;-rGO-c0.1, Fe,05-rGO-c0.2,
Fe,0;-rGO-c0.3, and Fe,0;-rGO-c0.4 are 1.135, 1.054,
1.052, and 1.045 respectively. The higher intensity ratio
of D/G indicates which samples have the more disordered
graphene and defects. It is beneficial to capture electrons
and effectively improve the conductivity. Furthermore, it is
conducive to transport electrons and ions, and even provides
more active sides for lithium-ion storage.

In order to detect the porosity of five nanocomposites, the
experiment of N, adsorption/desorption was conducted. All
isotherms (Fig. 4a) have symbolic hysteresis loops, which
illustrates the nanocomposites possessing mesoporous struc-
ture. Meanwhile, the specific surface area of Fe,O5-cube is
28.3 m? g_l; Fe,0;-rGO-cx (x=0.1, 0.2, 0.3, 0.4) are 63.2,
91.2, 117.4, and 132.6 m? g~!, respectively (Table 1 is the
detailed data). It can be noticed that the specific surface area
is effectively improved, with the addition of rGO the specific

60 70 80 800 1200 1600 2000 2400
Raman shift (cm™)

surface area increasing. However, the pore volume shows the
trend of increasing and then decreasing with the increase
of rGO. From Fig. 4b, it can be found that the mesopores
of nanocomposites are mainly concentrated at 4 nm. The
appropriate pore structures are greatly conducive to improve
the transportation of lithium ions and electrons and promote
the rapid infiltration of electrolyte.

The chemical composition and valence state of nanocom-
posites were determined by XPS. Figure 4c is the full XPS
spectra of Fe,05-cube and Fe,0;-rGO-c0.2, which proving
the existence of Fe, O, and C elements. Figure 4d shows
the high-resolution C 1 s XPS split peak fitting spectrum,
which demonstrates C 1 s spectra of Fe,05-rGO-c0.2 pos-
sessing C—C/C =C group at 284.7 eV, C-O bond at 285.7 eV
and O-C =0 group at 288.7 eV. The peaks in the O 1 s
spectrum (Fig. 4e) correspond to the C=0, C-O-Fe, and
C-OH/C-0O-C groups with the binding energy at 530.9 eV,
531.8 eV, and 533.9 eV, respectively. The C-O-Fe bond
indicates a strong connecting structure between rGO and
Fe,05, which shows the Fe,0; is well anchored on the rGO
sheets. The C—-OH/C—-O-C bond reflects the characteristic
oxygen-containing functional groups of rGO and illustrates
the stacking structure of nanocomposites. The two peaks in
Fe 2p spectrum (Fig. 4f) are assigned as the Fe 2p5,, and Fe
2p,,, with the energy of 711.5 eV and 725.1 eV. Moreover,
it is accompanied by two small satellite peaks at 718.9 eV
and 732.1 eV, which matches well with the typical binding
energy of Fe,O5 [41].
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Table1 The pore parameters of Fe,O;-cube, Fe,0;-rGO-c0.1,
Fe,053-1GO-c0.2, Fe,0;-rGO-c0.3, and Fe,053-rGO-c0.4

Nanocomposite SgeT Vil
m’g”! cm? g
Fe,05-cube 28.3 0.19
Fe,0;-rGO-c0.1 63.2 0.21
Fe,0;-rGO-c0.2 912 0.23
Fe,0;-rGO-c0.3 117.4 0.19
Fe,0;-rGO-c0.4 132.6 0.21

§p e specific surface area; "V, total pore volume (P/Py = 0.99)
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Electrochemical performance

Electrochemical measurements are carried out for the pur-
pose of inspecting the electrochemical properties of the five
nanocomposites. The CV curves are obtained at a scan rate
of 0.1 mV s~!, with the results are evaluated in Fig. 5a-b.
Two small cathode peaks at 1.65 V and 1.00 V can be
detected in the first scan, which are attributed to the irre-
versible reaction. It causes by electrolyte decomposition and
lithium ions intercalating into a-Fe,O5 to form Li,Fe,O;.
Otherwise, a main peak is found at 0.70 V, this is because
the Fe3* is reduced to Fe** and further reduced to Fe%; more-
over, it also includes the factor in the fabrication of the solid
electrolyte interphase (SEI) layer [42]. The reaction at the
anode is just opposite to cathode; therefore, it occurs the
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oxidation of Fe’ to Fe** and Fe** at 1.67-1.88 V. Starting
from the subsequent scans, the reduction peaks located at
1.65 V and 1.00 V disappeared, with the other peaks reduced
and shifted to a certain extent. This is due to the SEI layer
and electrode polarization, which leads to the reduction of
peak intensity and the shift of peak position. Meanwhile,
by comparing the existence of rGO, it can be found that the
reversibility of material combination with rGO is better than
the Fe,O5-cube.

The charge/discharge profiles (Fig. 5c—d) of Fe,O;-cube
and Fe,0;-rGO-c0.2 with different cycles were measured
at the current density of 200 mA g~!. All curves exhibit
a stable discharge platform at 0.83 V (vs Li/Li*) which is
mainly related to the process of Li* inserting into a-Fe,O;
to generate Li Fe,0, and Fe** reduction to Fe’. The charge
platform at 1.85 V is assigned as the oxidation process from
Fe’ to Fe**. For Fe,05;-rGO-c0.2, the charge capacity is
1133.8 mAh g~! and the discharge capacity is 1580.6 mAh
g~ ! in the primary cycle, which are significantly better than
Fe,0,-cube (883.0 mAh g~! and 1148.4 mAh g™!). It can be
found that the initial discharge capacity of Fe,0;-rGO-c0.2
is higher than the theoretical value of Fe,O;, which may
be caused by the following reasons. First, the formation
of rGO after hydrothermal supplies more defects to store
extra lithium ions. Second, the formation of SEI film on
the surface of electrodes consumes excessive lithium ions
during the first cycle. Third, the decomposition of the elec-
trolyte provides part of lithium ions. Subsequently, with the

Capacity (mAh g™)

increase of cycles, the capacity decay rate shows a slowing
trend. The addition of rGO effectively avoids the capac-
ity attenuation, therefore, the Fe,0;-rGO-c0.2 shows good
cycle reversibility. The appropriate addition of rGO makes
the carbon-based support with the iron oxide to present a
good synergistic effect, which leads to the conductivity and
stability significantly improve. The phenomenon that the
reversible capacity of the 100th cycle is greater than the
50th cycle in nanocomposites as a result of the incomplete
contact between the active material and the electrolyte at the
beginning. Afterwards, the electrolyte infiltrates electrode
completely and the material is slowly activated, therefore,
the specific capacity is fully utilized.

In order to further explore the capability of the nanocom-
posites, the cycle stability performance tests are carried out
at a current of 200 mA g~! (the results displayed in Fig. 6a).
The material combination with rGO shows excellent sta-
bility. The initial discharge capacity of Fe,03-rGO-c0.2
reaches 1580.6 mAh g~!, and still maintains the 1145.4
mAh g~! after 100 cycles, which is significantly bet-
ter than Fe,Os-cube (151.4 mAh g!), Fe,05-rGO-c0.1
(974.6 mAh g!), Fe,05-rGO-c0.3 (1041.9 mAh g1), and
Fe,0;-rGO-c0.4 (854.7 mAh g_l). There is less rGO in
Fe,0;-rGO-c0.1, and the capacity attenuation is serious in
the initial stage. With the activation of iron oxide combined
the lithium storage in rGO, the capacity gradually increases
in the later stage. Fe,O;-rGO-c0.2 contains a proper amount
of rGO, the capacity shows a slight upward trend. Due to
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excessive 1GO in Fe,03-rGO-c0.3 and Fe,05-rGO-c0.4,
the capacities are relatively lower. The result confirms the
appropriate addition of rGO helps to increase the specific
capacity, and the optimal mass ratio of Fe,O; with GO is
1:0.2. In addition, excessive rGO will reduce the specific
capacity and volumetric energy density of the entire elec-
trode, and hinder its practical application.

Figure 6b demonstrates the rate performance profiles with
the different hybrids at the current of 0.1, 0.2, 0.5, 1, 2, and 5
A g~'. The capacity of pure Fe,O5-cube is less than 10 mAh
g_l at the current of 1, 2, and 5 A g_l. Howeyver, the nano-
composites combined with rGO show excellent stability at
different magnifications. After different magnification tests,
the current density rises back to the initial value, capac-
ity also returns to the initial capacity. This is owing to the
excellent structure of the graphene encapsulation which pro-
vides the ability to withstand large currents. Fe,0;-1GO-c0.2
exhibits the best capacities of 1360.6, 1199.3, 1112.1, 877.3,
689.4, and 479.4 mAh g~! at different current densities, then
restores to 1439.4 mAh g=! at 0.1 A g~!. The outstanding
electrochemical performance of Fe,0;-rGO-c0.2 is sig-
nificantly better than current iron-based materials (refer
to Table 2 for comparison information) [43—47]. As the
content of rGO increases, the conductivity of the sample
increases, but Fe,03-rGO-c0.3 and Fe,03-rGO-c0.4 show
poor rate performance. This is because excessive rGO leads
to a decrease in the lithium storage capacity. It is clarified
that the introduction of appropriate rGO into the materials
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can effectively promote the reversibility and stability. The
coulombic efficiencies are shown in Fig. 6¢. The initial cou-
lombic efficiency of the Fe,05-rGO-c0.2 (71.73%) is lower
than Fe,0;-cube (76.89%), because of its larger specific
surface area which results in more consumption of lithium
ions during the formation of SEI film. Due to the stable
SEI film, Fe,03-rGO-c0.2 shows better stability in subse-
quent cycles. As the content of rGO in the nanocomposites
increases, the initial coulombic efficiency decreases slightly;
the order of efficiency is as follows: Fe,0;-rGO-c0.1
(73.14%) > Fe,05-rGO-c0.2 (71.73%) > Fe,05-rGO-c0.3
(65.41%) > Fe,05-rGO-c0.4 (60.82%). With the increase of
rGO, the specific surface area of the material also increases

Table2 Comparison of the electrochemical properties of
Fe,03-1GO-c0.2 with other reported Fe,O5-based nanocomposites

Composite Cycle capacity/ Rate capacity/ Reference

cycle number/cur- current density

rent density (mAh g~1/A

(mAh g~/ gh

cycles/A g™
Fe,05,-C-Ag 858/200/0.1 515/1 [43]
Fe,0,@C/CC 1091/100/0.2 507/1 [44]
a- Fe,0;@C(CSNR) 920/200/0.5 392/5 [45]
Fe;0,/C 1300/100/0.1 900/1 [46]
Fe,0,@C 1013/80/0.2 71072 [47]
Fe,05-rGO-c0.2 1145.4/100/0.2 479.1/5 This work
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(shown in Table 1), and the formation of a stable SEI film
consumes more lithium ions, resulting in a slight decrease in
the coulombic efficiency. However, the efficiencies gradually
rise during the first 5 cycles, and basically reach 95-100% in
the fifth cycle. In contrast, pure Fe,O;-cube needs 20 cycles
to reach the stability, which is consistent with the result of
GCD.

In order to further understand the diffusion behavior of
lithium ions and the influence of rGO on the conductivity,
the EIS tests of the Fe,O5-cube and the Fe,0;-rGO-cx nano-
composites were carried out. Figure 6d is the EIS curves
and the analog equivalent circuit. Rs represents the ohmic
contact impedance. CPE stands for the electric double layer
capacitance in the electrode. Rct means the charge transfer
impedance and the value corresponds to the size of semi-
circle diameter, which directly reflects the main resistance
of the electrode and has a greater impact on transportation
of Li* and electrons. Wo means the WarBurg impedance
and the value equal to the slope of oblique line, which
can reflect the migration rate of Li* [46]. The value of
Fe,0O5-cube is 158.5 Q which is larger than the compos-
ites of Fe,0;-rGO-cx, indicating the Fe,O; combined with
rGO enhances the conductivity of the materials. Among the
nanocomposites, Fe,0;-rGO-c0.2 has the smallest semicir-
cle diameter, which means it has the lowest Rct (92.33 Q).
Meanwhile, the Rct of Fe,05-1GO-c0.1, Fe,03-rGO-c0.3,
and Fe,0;-rGO-c0.4 is 96.15 €, 101.70 €, and 115.20 Q

respectively. Comparing the values of different composites,
it can be found that the Rct of Fe,0;-rGO-cx is significantly
lower than Fe,Os;-cube. It shows that the addition of rGO
accelerates the transportation and diffusion of Li* ions and
improves the electrochemical performance of the materials.

The composite exhibits excellent electrochemical per-
formance, and to further investigate the reasons for this,
the Fe,0;-rGO-c0.2 material was selected to perform CV
tests at different scan rates (Fig. 7a). The lithium-ion storage
behaviors mainly include diffusion-controlled and capaci-
tance-controlled, and the storage mechanism can be ana-
lyzed by the relationship between the peak current (i) and
the scan rate (v) (Eq. 1-2) [14, 48]:

i=aV (D)

logi = blogy + loga )

the a and b in the equations are adjustable parameters.
The value of b close to 0.5 indicates that diffusion-controlled
mechanism is the main reason. When the value of b is close
to 1, it suggests that the behavior is capacitive control. It
can be seen from Fig. 7b that b values of the reduction and
oxidation peaks in Fe,05;-rGO-c0.2 are 0.8098 and 0.9513,
respectively, indicating that the sample is mainly controlled
by the capacitive behavior.
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In order to further quantify the contribution of the capaci-
tive behavior to the total capacity at a fixed scan rate, the
total capacity can be decomposed into two parts, the capaci-
tive contribution and the diffusion-controlled contribution,
which are calculated according to the following equations
[7, 49]:

i(V) = kv + kyv'/? 3)

i)V =k v +k, “)

where k, and k, are constants. By calculating the slope of
thei/v'/? ~v!/2 curve, the capacitance current (k,v) and the
capacitance contribution percentage are obtained, as shown
in Fig. 7c—d. As the scan rate increases, the percentage of
capacitive contribution increases gradually. When the scan
rate increases to 1 mV s~!, the capacitance contribution is
as high as 93.9%, indicating that capacitive storage plays a
key role in the total capacity of the electrode. The greater the
contribution of the pseudocapacitive effect to the composite
electrode, the more favorable it is for LIBs to achieve fast
charge storage at high current densities, thereby achieving a
high battery capacity.

Conclusion

In conclusion, the nanocomposites Fe,05-rGO-cx are pre-
pared by the simple hydrothermal method, which exhib-
its excellent electrochemical performance. Particularly,
Fe,05;-rGO-c0.2 shows superior capacity performance
(1145.4 mAh g~! at 200 mA g~!), high coulombic efficien-
cies (~100%), outstanding rate capability (479 mAh g~! at
5000 mA g~!), and the capacitive control behavior as high
as 93.9% when the scan rate is 1 mV s~!. The reasons for
the high performance of the Fe,0;-rGO-c0.2 are summa-
rized as follows: (1) the preparation of nanostructured iron
oxide allows the particles to undergo relatively small vol-
ume changes during the process of lithiation/de-lithiation,
so that the nanocomposites could maintain the structural
integrity. Elaborated nanostructure ensures the good contact
between the active material and electrolyte. (2) The rGO
provides high conductivity and good mechanical flexibility;
therefore, the nanocomposites possess outstanding electri-
cal conductivity. Moreover, the iron oxide particles are con-
fined in the graphene layer, which avoids the agglomeration
of iron oxide and the stacking of rGO layers. In addition,
more functional groups and defects on the surface of rGO
offer active sites to store lithium ions. (3) Nanocomposites
can provide the suitable channels to transport lithium ions
and electrons. Moreover, it has a certain buffer capacity for
the expansion of the iron oxide particles which solves the
problem of pulverization and shedding of the electrodes. In

@ Springer

this paper, the preparation of monodispersed Fe,O; cubes/
rGO nanocomposite is simple, which has good application
prospects in lithium-ion battery.
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