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ABSTRACT

We present a facile and simple method for the large-scale synthesis of octahedral iron oxide nanocrystals
(Fe304 ONCs) on the reduced graphene oxide nanosheets (rGO NSs). The Fe304-ONCs embedded on the
rGO NSs surfaces (Fe304-ONCs@rGO hybrids) are synthesized by microwave assisted. The Fe304 nano-
particles (Fe304 NPs) decorated rGO NSs (Fe304-NPs@rGO hybrids) are also synthesized using same
method for comparative studies in lithium ion storage. During the synthesis process, rGO NSs served as
the structural platform to embed the positively charged Fe304-ONCs on the basis of the electrostatic
assembly followed by the microwave reduction of rGO NSs. Compared to Fe304-NPs@rGO, Fe3O4-
ONCs@rGO hybrids shows superior electrochemical performance, including better cycling stability and
rate performances, which may be attributed to the embedded structure of the nano-size Fe304-ONCs in
rGO NSs. The electrochemical performances of the hybrids material as anode for lithium storage are
evaluated by cyclic voltammetry and constant current charging and discharging. The synthesized Fe304-
ONCs@rGO hybrids exhibited high lithium storage capacity, outstanding cycling stability (540 mAh g~
after 120 cycles at 100 mA g~ '). This low-cost and fast synthesis strategy may be employed in other

embedded structured hybrids design for high-performance lithium batteries.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

In recent decades, high-power energy storage batteries have
attracted immense attention because of the ever-growing markets
of portable electronic devices and electric vehicles. The lithium-ion
batteries (LIBs) have been widely applied as portable electronics
and electric/hybrid devices due to its high energy density, high rate
capability and environmentally friendly properties [1—4]. Also, LIBs
are the highly utilized next-generation energy storage having
higher energy density, good cycling lifetime, and lower self-
discharge rate. The different anode materials used like transition
metal oxides, metal sulfides, and silicon shows poor electron
transport and slow Li-ion diffusion, which extensively increase the
resistance at the electrolyte/electrode interface at high rate of
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charge/discharge [5—9]. So, it is quite an imperative matter to
eradicate these problems and develop high-performance anode
materials. Extensive research work has been done to improve ion
and electron transport in electrodes to achieve high rate perfor-
mance energy storage devices [10,11].

The metal oxides as anode materials in LIBs have attracted much
attention due to their high theoretical capacities, eco-friendliness,
natural abundance, low cost etc. [12—15]. But, bulk metal oxides
normally exhibit poor cyclic life with low rate performance due to
huge volume change during the charge/discharge process [16—18].
So, effective approach have been developed to address these issues
by including carbonaceous materials with metal oxide (conductive
and elastic carbon matrices, carbon nanotubes, graphite, conduc-
tive polymers etc.) which increases electron and ion transport and
provides conducting support to metal oxide in the electrode ma-
terials [10,11,19—23]. However, large specific surface area with high
electronic conducting carbon materials is needed for the well
dispersion and distribution of metal oxide nanoparticle to avoid the
agglomeration.

Graphene as two-dimensional carbon materials, containing
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large specific surface area and high electronic conductivity are
considered as a high capacity storage materials as anode in LIBs.
Monolayer or few-layer graphene can provide more active sites for
lithium ion, not only on both sides of the carbon sheets but also on
the edges and covalent sites of graphene fragments [24,25]. Thus, it
is preferable to replace other carbonous materials using graphene
for supporting metal oxides. Since graphene not only act as a vol-
ume buffer and electron conductor for metal oxides, but also sup-
press the aggregation of nanoparticles during cycles [26—28]. The
high theoretical specific capacity (744 mAh g~1) [24,29] and high
chemical diffusivity for lithium ions (10~7—10~% cm?s~1) [30,31]
makes the graphene promising materials in the field of energy
storage devices. Also, the volume or mass of graphene is so small
compared to conventional electrodes made from carbonous ma-
terial that it largely contributes to the total energy density of whole
battery with higher space utilization. The derivatives of graphene
such as graphene oxide (GO)/reduced graphene oxide (rGO) which
can be obtained in large from chemical oxidation and reduction of
graphite powder are frequently used in place of graphene in LIBs.
The numerous studies on graphene/GO/rGO-metal oxide hybrids
reveal enhanced energy storage capacity in LIBs [5,32—36]. The GO/
rGO containing oxygen functional groups on its edges and basal
surfaces helps in the attachment of metal oxide nanoparticles and
play important role in LIBs [37]. Specific kind of structures and
morphologies has been reported using various synthesis routes
from ferrocene (Fe(CsHs),) with different constituents for the for-
mation of Fe,03/Fe304 nanostructures [38—40]. Wang et al. [38]
synthesized using simple solvothermal method hierarchical
branched hexapod of Fe304 for high specific saturation magneti-
zation and large coercivity. Liu et al. [39] demonstrated low tem-
perature synthesis and formation mechanism of carbon
encapsulated spherical Fe;Sg, equiaxed Fe304 and spherical porous
FeOOH nanocrystals by electrophilic oxidation of Fe(CsHs),. Wang
et al. [40] reported mesoporous Fe;Os flakes (using Fe(CsHs))
encased within carbon skeleton, which demonstrate reversible
capacity of 910 mAh g~' (discharge/charge current of 0.1 Ag™1). As
it is reported GO/rGO-Fe304 hybrids as anode exhibit improved
cycling stability and high-rate performances [41—45]. While, most
Fe304 NPs in GO/rGO-Fe304 hybrids are not well attached on sur-
faces and starts to move during the charge/discharge electro-
chemical performance and results in storage capacity degradation.
Consequently, fabricating well attached Fe304 NPs on GO/rGO
surfaces is one of the most effective strategies to improve the
electrochemical performance.

In this article, we demonstrated a simple and fast approach for
the large-scale (gram) synthesis of octahedral Fe304 nanocrystals
embedded in the rGO NSs surfaces (denoted as Fe304-ONCs@rGO
hybrids) from graphite oxide and Fe(CsHs), by simple microwave-
assisted in-situ exfoliation and reduction [46,47]. The contact
established between Fe304-ONCs and rGO NSs not only prevent the
aggregation of Fe304 ONCs but also can provide an efficient me-
dium for lithium ion and electron transport. It is expected that the
defect generated on the surfaces of rGO NSs by sharp edges of
Fe304-ONCs are beneficial for the electrolyte penetration deep in-
side the rGO NSs. More interestingly, the as-synthesized Fe304-
ONCs@rGO hybrids provide the right combination of electrode
properties for high-performance LIBs. As a consequence, a highly
reversible capacity, good rate capability, and excellent cyclic sta-
bility were achieved with the material as anode for lithium storage.

2. Experimental details
2.1. Preparation of graphite oxide and rGO NSs

All the chemicals employed in this study were of analytical

grade and used as received and further the samples were synthe-
sized by a simple and efficient microwave-assisted method.
Graphite oxide was synthesized by chemical oxidation of natural
graphite powder, using the modified Staudenmaier's method [48].
Graphite powder (5 g) was continuously stirred with a mixture of
H,S04 (90 ml) and HNOj3 (45 ml) solution at room temperature [49].
The solution container was placed into an ice-water bath to ensure
constant temperature and subsequently, KClO3 (55 g) was slowly
poured into the solution to avoid explosion due to exothermic re-
action. This solution was kept for five days under continuous
magnetic stirring at room temperature for better oxidation of the
graphite powder. The as obtained GO product was washed with DI
water and further 10% HCl solution was added to remove sulphate
and other ion impurities. It was then again and again washed with
DI water until a pH of 7 was reached. Afterward the graphite oxide
powder was treated with microwave irradiation (900 W for 1 min)
for exfoliation and reduction into rGO NSs [50—53]. These graphite
oxide powders were used in the next step for the synthesis of hy-
brids materials.

2.2. Preparation of Fe304-NPs@rGO and Fe304 -ONCs@rGO hybrids

The synthesized graphite oxide (2 g) powder was dispersed into
100 mL of Cy;Hs0OH with sonication for 20 min for complete
dispersion into solution. After that separately, 0.2 g of Fe(CsHs)
(Aldrich, 99.98%) was added into this solution with stirring for
15minat room temperature. After that, diluted ammonia
(NH3-H20) (0.2 M) solution (10 mL) was drop wise added into the
mixture for 10 min. Then it was dried in open atmosphere in sun
light for complete evaporation of ethanol. After that, this chemi-
cally modified dry powder was divided into two parts (collected
into quartz cup) and irradiated for different irradiation time
(t;=1.25 and t;=1.75min) using domestic microwave oven
(Consul-CMW30AB) at 700 W for the final formation of Fe304-
NPs@rGO and Fe304-ONCs@rGO hybrids.

2.3. Characterizations

The crystalline phases of the as-prepared rGO NSs and Fe304-
ONCs@rGO hybrids samples were determined using an X-ray
diffractometer (XRD - D/MAX-2500/PC; Rigaku Co., Tokyo, Japan)
over 20 range 10—65°. The surface morphology and elemental
analysis were investigated using scanning electron microscope
(SEM - Dual Beam FIB/FEG model FEI Nova 200) equipped with
energy dispersive X-ray spectroscopy (EDS). Raman measurements
were carried out to determine the defects in the material using a
spectrometer with a 473 nm laser (NT-MDT NTEGRA Spectra). X-ray
photoelectron spectroscopy (XPS) measurements were performed
using a SPECS system XR 50 X-ray source (Al Ko, 1486.6eV)
equipped Phoibos 150 hemispherical energy analyzer with MCD 9
detector. Thermogravimetric measurement were carried out with a
SDT Q600 Thermo-gravimetric analyses (TGA) apparatus (TA In-
struments, USA), and the samples were heated at a rate of 10 °C/
min from room temperature to 750 °C at air flow (100 mL/min)
atmosphere.

2.4. Electrode preparation and electrochemical measurement

The anode for coin cells was prepared by Fe304-ONCs@rGO
hybrids (as active materials 80 wt %), acetylene black (as conductive
agent 10 wt%), and polyvinylidene fluoride (PVDF as binder 10 wt%)
were dissolved in N-methylpyrrolidone (NMP) to form a slurry. The
slurry was then pressed onto a Cu foil and dried in a vacuum oven at
110 °C for 11 h. The electrodes were pressed and cut into discs. The
coin cell was fabricated in an argon-filled glove box. Coin cells
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(CR2032) were fabricated with the as prepared anode, lithium
metal as counter electrode, Celgard 2400 as separator and 1M
LiPF6 (1 M) in an ethylene carbonate(EC)/dimethyl carbonate
(DMC)/diethyl carbonate(DEC) (EC/DMC/DEC, 1:1:1vol%) as the
electrolyte. The mass loading of each hybrid materials (active ma-
terials) for each electrode was ~2 mg. The electrochemical perfor-
mance of the fabricated cell was tested in a potential window of
0—3.0V (vs. LiT/Li) by a battery testing system (LAND CT, 2001A).

3. Results and discussion

Fig. 1 shows the schematic synthesis of Fe304-NPs@rGO and
Fe304-ONCs@rGO hybrids. At initial steps, after microwave irradi-
ation, the decomposed Fe atoms from Fe(CsHs), gets the natural
oxidation and aggregation to grow and forms into Fe304 NPs on the
surfaces of rGO NSs. For longer time irradiation, the Fe304 NPs
converts into Fe304 ONCs. The rGO NSs acts as negatively charged
due to the presence of oxygen containing function groups and
Fe304 NPs get attached on its surfaces due to the interactions
[54,55].

Fig. 2 shows the SEM images of pristine rGO NSs obtained by
reduction and exfoliation of rGO using microwave approach. The
rGO exhibit the highly porous structure containing open edges with
wrinkles and folding on its surfaces. Also, it can be seen that rGO
NSs were highly interconnected to each others to form a complete
networked structure with hollow interior and cross-sectional SEM
images of rGO NSs contains large numbers of sub-micrometer
pores.

To better understand the formation of Fe304-NPs@rGO and
Fe304-ONCs@rGO hybrids (by Fe304 NPs and Fe3O04 ONCs), the
morphology of the resulting sample were examined. For lower time
microwave irradiation (t; =1.25 min), Fe304 NPs on the surfaces of
rGO NSs were created resulting in the formation of Fe304-NPs@rGO
hybrids (Fig. 3a and b). The simultaneous exfoliation of graphite

Fig. 2. SEM images of rGO NSs.

oxide into rGO NSs and decomposition of Fe(CgHg), into Fe304 NPs
finally produces the Fe304-NPs@rGO hybrids. The size of Fe304 NPs
attached on the rGO NSs surfaces were ~50 nm and Fe304 NPs lie on
the surfaces of rGO NSs.

When microwave irradiation was increased for longer time
(t2 = 1.75 min), these Fe304 NPs nucleate is some specified direction
and produces octahedral like Fe304 NPs on the surfaces rGO NSs.
Upon further extending the irradiation time, the amount of octa-
hedral nanoparticles further increases accompanied with the shape
becoming more regular as shown in Fig. 4. Fig. 4 shows a typical
SEM image of the Fe304-ONCs@rGO hybrids in which most of the
Fes04 ONCs were octahedral and uniformly distributed and
attached on the surfaces of rGO NSs. Small amount of Fe304 NPs
were still available in Fe304-ONCs@rGO hybrids, which do not

s

Graphite oxide

Magnetic stirring/ sonication

Cheicaly
modified
dry powder

Microwave

Fig. 1. Schematic illustration for the formation process of Fe304-NPs@rGO and Fe304-ONCs@rGO hybrids.
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Fig. 4. SEM images of Fe304,-ONCs@rGO hybrids.

completely transform into Fe304 ONCs. From SEM images (Fig. 4), it
can be clearly observed that the Fe304 ONCs (top view of Fe304
ONCs) are octahedral and it is expected that top surfaces of single
Fe304 ONCs contains 6 vertices, 8 facets, 12 edges. These octahedral
Fe304 ONCs have quite uniform structural dispersion with an
average size of about <400 nm on the rGO surfaces. It was clearly
found that the Fe304 ONCs were also partially encapsulated in rGO
NSs. We have selected one intermediate microwave irradiation
time (t' = 1.5 min; t;<t'<ty) to check the surface morphology and it
was found that the synthesized hybrids contains combination of
Fe304 NPs and Fe304 ONCs (Fig. S1). These specific selected mi-
crowave irradiation times (ty, t', t3) suggested that with increasing
irradiation time, small sized Fe3O4 NPs transform into larger size
Fe304 ONCs on the surfaces of rGO NSs.

The content of different element present in hybrids materials
were determined by EDS analysis. Fig. 5a shows that the Fe304-
ONCs@rGO hybrids mainly contain the C, O and Fe elements. Fig. 5b
shows the XRD pattern of Fe304-NPs@rGO and Fe304-ONCs@rGO
hybrids which were employed to determine the crystalline struc-
ture of synthesized materials. In Fig. 5b, the Fe304-ONCs@rGO hy-
brids exhibits a set of diffraction peaks with 20 values around 30.1,
354, 43.1, 53.5, 57.0, and 62.6 correspond to lattice planes (220),
(311), (400), (422), (511), and (400), respectively. The diffraction
peaks suggest that the as-prepared Fe304-ONCs@rGO hybrid con-
tains well crystallized Fe304 ONCs. These diffraction peaks confirms
the face-centered cubic (fcc) inverse spinel structure of magnetite
(JCPDS No. 65-3107) [56]. The XRD pattern of as synthesized Fe304-
NPs@rGO hybrid represent variations in intensities with slightly
change in angle position as compared to Fe304-ONCs@rGO hybrids.

In case of Fe304-NPs@rGO the higher intensity for Fe304 is at (400)
whereas the growth direction is along (311) in Fe304-ONCs@rGO
hybrids. The XRD peak in rGO NSs in the inset of Fig. 5b, appears at
20 = ~26 correspond to 002 lattice plane of rGO NSs [49], and this
peaks becomes narrow after the formation of Fe304-ONCs@rGO
hybrids. These results indicate that the hybrids consist of rGO NSs
and well crystallized Fe304 ONCs.

Fig. 5c shows the Raman spectrum of Fe304-NPs@rGO and
Fe304-ONCs@rGO hybrids to confirm the defect after the formation
of hybrids. The typical Raman spectrum of in Fe304-NPs@rGO and
Fe304-ONCs@rGO hybrids shows two characteristic peaks of the D
and G bands at ~1360 and ~1585 cm ™, respectively. The peak in-
tensity ratio of D-band to G-band (Ip/l¢) is related to the ratio of
disordered sp> and ordered sp® carbon domains [57,58]. Fig. 5c,
clearly shows that the ratio of Ip/I; increased after the formation of
Fe304-NPs@rGO and Fe304-ONCs@rGO hybrids as compared to rGO
NSs (inset). The calculated ratios of Ip/Ig were 0.73, 0.86 and 0.98
for rGO NSs, Fe304-NPs@rGO and Fe304-ONCs@rGO hybrids,
respectively. The increment of Ip/Ig ratio for Fe304-NPs@rGO and
Fe304-ONCs@rGO hybrids can be ascribed to the presence of defects
due to the Fe304 NPs and octahedral Fe304 ONCs in rGO NSs.

The TGA measurements were used to find out the weight ratio of
Fe304 ONCs in the synthesized Fe304-ONCs@rGO hybrids. The TGA
under air has been used to determine the thermal stability of rGO
NSs and Fe304-ONCs@rGO hybrids in the temperature range of
30—750°C and the result is shown in Fig. 5d. It can be seen that the
mass of rGO NSs vanishes (~96 wt%) and exhibits a three-step
thermal decomposition starting from 30°C to 750°C [49]. The
rGO NSs and Fe304-ONCs@rGO hybrids begins to lose weight up to
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3wt% and 7%, respectively starting from 325 °C, attributed to the
removal of adsorbed moisture and elimination of some residual
oxygen-containing groups on its surfaces [59]. A very rapid and
main decay in TGA curve for rGO NSs shows that a large weight loss
(~90 wt%) is observed over the temperature range 325—475 °C and
small loss (4 wt%) in the range of 475—750 °C. These weight losses
in the higher temperature range (325—750°C) is due to the
decomposition of the labile oxygen-containing functional groups
present in rGO NSs and combustion of rGO NSs skeleton in air
[60,61]. The Fe304-ONCs@rGO hybrids shows that a sharp weight
loss (~34wt%) appeared from 325 to 610°C and after reaching
750 °C, the Fe304-ONCs@rGO hybrids shows a total loss of ~43 wt%.
Finally, at 750 °C we may have obtained Fe304 residue in hybrid as
~57 wt% (including remaining ~4 wt% rGO NSs) and this is mainly
due to the decompositions of rGO NSs component from Fe304-
ONCs@rGO hybrids.

The XPS analysis was performed to further evaluate the chem-
ical composition of the synthesized hybrids materials. Fig. 6a shows
the wide scan XPS spectrum of Fe304-ONCs@rGO hybrids. The peak
at ~284, ~532, and ~711eV consists of C, O and Fe elements,
respectively. The atomic percentage (at%) of C, O and Fe were 78.19,
12.34 and 9.45, respectively. As shown in Fig. 6b, the deconvoluted
peaks of C 1s spectrum of Fe304-ONCs@rGO hybrids can be fitted

with two component peaks at 284.5 and 286.5 eV, corresponding to
C-C/C=C (284.6eV) in the aromatic rings and C-O (286.5eV) of
epoxy groups, respectively [62,63]. In Fig. 6¢, deconvoluted peak of
O 1s spectrum shows two split peaks resulting from the different
chemical bonding states of oxygen element in Fe304-ONCs@rGO
hybrids. The peaks located at 530.2, 531.1, and 532.8 eV, which were
attributed to oxygen in the lattice (Fe-O) [64], oxygen atoms in the
surface hydroxyl groups (H-O), and oxygen in the lattice (C-O),
respectively [63,65,66]. The Fe 2p XPS spectrum of the Fe304-
ONCs@rGO hybrids exhibit two peaks at 711 and 722.5eV corre-
sponds to the Fe 2ps;; and Fe 2pqp spin orbit peaks of Fe3O4
(Fig. 6d), confirming preparation of Fe304-ONCs@rGO hybrids [67].
The absence of the satellite peaks in the XPS also confirms that
there is formation of Fe304 rather than Fe,03 [66,68].

Cyclic voltammetry (CV) was performed to characterize the
lithium ion dynamics of the hybrids materials. Fig. 7 shows the
electrochemical properties of Fe304-NPs@rGO and Fe304-
ONCs@rGO hybrid materials. Fig. 7a shows the 2nd cycle of CV
curves in the voltage range of 0—3V (vs Li/Li*) at the scan rate of
10mV s~! for Fe304-NPs @rGO and Fe304-ONCs@rGO hybrids. The
larger area of CV curve of Fe304-ONCs@rGO as compared to Fe304-
NPss@rGO hybrids predicts the high storage capacity for Fe304-
ONCs@rGO hybrids. Fig. 7a shows the obvious reduction and
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oxidation peaks. The CV profiles of the electrode in Fig. 7a shows
the cathodic peaks at about 0.7—0.9 and anodic peaks at 1.6—1.7 V,
corresponding to the electrochemical reduction/oxidation re-
actions (Fe>* — Fe®) accompanying the insertion/extraction of
lithium ions [69,70]. The CV curve clearly shows the slight variation
in reduction voltage as 0.67 V and 0.88 V for Fe304-ONCs@rGO and
Fe304-NPs@rGO hybrids, respectively. The slight change in reduc-
tion voltage shows the different reaction for these hybrids. The
reduction peak around 0.67 V is found in the cathodic scan, which
corresponds to the reduction of Fe304 (Fe?*/Fe>*) to Fe® and the
formation of Li;O via a conversion reaction as Fe304 + 8LiT + 8e™
— 3Fe + 4Li,0 [71,72]. In the anodic scan, there is a relatively weak
anodic peak at ~1.62 V which attributes to the reversible oxidation
of Fe® to Fe?*/Fe>* [73]. After second cycle, the CV curves of the
Fe304-ONCs@rGO hybrids electrode were well overlapped, indi-
cating good electrochemical reversibility due to the formation of
the solid-electrolyte interface (SEI) layer [73,74].

Fig. 7b displays discharge profiles curve of the first cycle at
100 mAhg~! for Fe304-NPs @rGO and Fe304-ONCs@rGO hybrids.
The discharge curves present a voltage plateau at ~0.8 V, which
closely resembles to the reported literatures on Fe304 anode ma-
terials [75—78]. In both hybrids, the specific capacity of Fe304-

ONCs@rGO hybrid reaches ~1625 mAhg~', which is higher than
that of Fe304-NPs@rGO hybrids (~1050 mAhg™'). The result in-
dicates that the morphological changes formed by Fe304 and rGO
NSs (Fe304-NPs @rGO and Fe304-ONCs@rGO hybrids) bring out
different electrochemical behaviors.

Long-term stability test reveals that the Fe304-ONCs@rGO
hybrid exhibits excellent cycling stability. The excellent cycling
performance and high reversible capacity of the Fe304-ONCs@rGO
hybrids can definitely be attributed to the rGO modification. Fig. 7c
shows the charge/discharge capacity for the synthesized hybrids at
a current density of 100 mAg~' for 120 cycles. The curve clearly
shows the decrease in the capacities of the Fe304-NPs@rGO hybrids
for initial few cycles and after that it becomes nearly stable. From
the 6th cycle onward, the Fe304-ONCs@rGO hybrids electrode ex-
hibits a very stable capacity of 570mAhg™' and still retains the
capacity of 540 mA h g~ even after 120 cycles (only 0.04% capacity
fading per cycle between cycles 7 and 120), while the capacity of
the Fe304-NPs@rGO hybrids electrode gradually decreases to
285mAhg™"! at the 120" cycle. It indicates that the Fe3O4-
ONCs@rGO hybrid shows better cycling stability as compared with
the Fe304-NPs@rGO hybrids. This may be due to the embedded
Fe304 ONCs in rGO NSs that enables the lithium ion transfer easier
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inside rGO NSs layers during the charge/discharge process. Also, it
is expected that the open structure of rGO NSs network (Fig. 2)
provide an effective conducting network. More importantly,
compared with the Fe304-NPs@rGO, the Fe304-ONCs@rGO hybrids
could more effectively limit the volume expansion of Fe304 ONCs
during the cycling process, resulting in the excellent cycling sta-
bility. Also, the defect produced by Fe304 ONCs were large as
compared to Fe304 NPs on the surfaces of rGO NSs, this may also be
a major reason for good performance of Fe304-ONCs@rGO as
compared to Fe304-NPs@rGO hybrids. Table 1 represents the
comparison and performance of Fe304-ONCs@rGO hybrids in this
work with others reported works on Fe3zO4-graphene/graphene
nanosheets/rGO nanocomposite for LIBs.

The electrochemical impedance spectroscopy (EIS) was per-
formed to experimentally probe lithium ion transfer resistance of
these materials, as shown in Fig. 7d. At high applied frequencies
region, the intercept of the real part of Z (Z;) represents the ionic
resistance of the electrolyte [92]. These resistances were nearly 11
and 7.5Q for Fe304-NPs@rGO and Fe304-ONCs@rGO hybrids,
respectively. From the Nyquist plot, it can be found that the di-
ameters of the semicircle for Fe304-ONCs@rGO hybrid electrodes
were smaller than Fe304-NPs@rGO hybrids, which represent lower
charge transfer resistance (R¢) in Fe304-ONCs@rGO hybrids. The

diameters for semicircle were 34 and 25.5Q for Fe304-NPs@rGO
and Fe304-ONCs@rGO hybrids, respectively. It means that Fe304-
ONCs@rGO hybrids have the fast charge transfer behavior during
the electrolyte performance. This result further suggests that
Fe304-ONCs@rGO hybrid is favorable to the lithium transfer, while
the Fe304-NPs@rGO is slightly resistive to the lithium ion transfer,
resulting in the large charge transfer resistance.

4. Mechanism for the formation of Fe304-ONCs@rGO hybrids

During the synthesis of hybrids, the microwave temperature and
irradiation time plays significant role in the formation of Fe304
morphologies. It is well known that the shape and morphology of
crystals are generally controlled by the growth rates along special
directions. Also, from the crystallographic point of view, the
morphology of crystal is mostly controlled by the ratio of the growth
rate along different directions. It has been proposed that a perfect
octahedron structure can be formed when the ratio of growth rate
along two direction are defined [93]. During the process of crystal
growth, the reaction rate also affects the growth rate of different
plane. When the temperature is raised at higher heating rate (10 °C/
min) it results in nanoparticles having minimum surface energy.
Octahedral nanoparticles have {111} planes as their flat facets, which
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Table 1

Comparison on the structure and rate performance of Fe304-ONCs@rGO hybrids with other reported Fe;04-graphene/graphene nanosheets/rGO nanocomposite for LIBs.

Synthesis methods Nanocomposite/hybrids

Fe304 NPs/nanocrystal

Current density  Cycle number Retaining capacity  Ref.

size (nm) (mAg~ ") (N (mAhg~1)
Ultrasonic assisted co-precipitation Fe304-graphene 10 4000 800 460 [79]
in-situ thermal reduction Fe304-graphene 8-20 5000 1000 660 [80]
Thermal evaporation Fe304-graphene 10-20 1000 200 539 [81]
Gas/liquid interface reaction Fe304-graphene 125 1000 75 410 [82]
Hydrothermal Fe304-graphene 3-15 100 100 650 [83]
Hydrothermal Fe304-graphene 7 1600 25 474 [54]
in-situ hydrothermal 3D Fe3;04-graphene 5-6 92,5 50 605 [84]
Solvothermal Fe;04-graphene <30 50 40 750 [85]
in-situ reduction Fe304-graphene nanosheets 300 700 100 580 [75]
Gel-like film (GF) assisted solvothermal Fe30,4 - graphene nanosheets 10 5000 700 324 [41]
Hydrothermal Fe;04-graphene nanosheets 5 1800 1200 437 [86]
Hydrothermal Fe304-graphene nanosheets 10-20 50 50 675 [87]
Ultrasonic deposition Fe304-graphene nanosheets 10-15 70 50 753 [88]
Ultrasonication and chemical reduction = Fe304-graphene nanoribbons 10 400 300 708 [89]
Hydrothermal 3D Fe304-GO 200 4800 50 363 [90]
High-temperature reduction Fe304-1GO <55 1850 80 200 [91]
Microwave Fe304-ONCs@rGO <400 100 120 540 This work

possesses minimum surface energy and less surface defects [94]. In
microwave heating, the temperature increases very fast during the
irradiation on the samples. Also, in fcc crystal, a general sequence of
surface energies hold, y {111} <y {100} <y {110} [95] which means
that the Fe3z04 crystals usually exist with {111} lattice planes as the
basal surfaces and the {110} lattice planes with high surface energies
are licked up during the growth of the Fe304 crystals [96]. Therefore,
it can be expected that fabrication of Fe304 crystals possessing active
basal surfaces ({110}) is significant for octahedral formation for
Fe304. But, until now, the selective synthesis of uniform Fe30y4
polyhedral microcrystal with a well-defined shape has not been
accomplished, to say nothing of Fe304 crystals with active surfaces
({110}) exposed to the surroundings [97].

5. Conclusions

In conclusion, we have developed a fast approach, simple
method and single-step process for large scale synthesis of octa-
hedral Fe;04 NCs embedded on the surfaces of rGO NS (Fe304-
ONCs@rGO hybrids) involving microwave-assisted synthesis. The
rGO NSs provide the surface for embedding to Fe304 ONCs in the
synthesized Fe304-ONCs@rGO hybrids. Compared to Fe3O4 NPs
decorated rGO NSs (Fe304-NPs@rGO hybrids), the embedded-
structured as Fe304-ONCs@rGO hybrids exhibits higher reversible
capacity and better cycle/rate performance due to its unique
structure. We are expecting that high lithium storage performance
is mainly because of the unique structure of Fe304-ONCs@rGO
hybrids which possesses synergistic effects to prevent aggregation,
improve large volume change, and facilitate the transfer of elec-
trons and electrolyte during electrochemical measurement.
Benefiting from the synergetic effect of the Fe304 ONCs and rGO
NSs, the hybrid exhibit high lithium storage capacity at 100mA g,
high cycle stability (540 mAh g~ after 120 cycles at 100mA g~ 1),
and superior rate performance making it a very attractive anode
material for LIBs. This study offers an alternative strategy for the
synthesis of other metal oxide embedded structural hybrids and its
open up the possibility for the large scale preparation of
embedded-rGO NSs hybrids, which may be useful in high-
performance energy storage devices.
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