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a b s t r a c t

Based on the ultra-fast faradaic surface induced reversible redox reactions, pseudocapacitance behavior
with rapid electrochemical kinetics can boost the high power density of lithium ion battery. In this work,
a three-dimensional (3D) interconnected porous reduced graphene oxide network incorporated with
homogeneously dispersed ultra-fine a-Fe2O3 nanoparticles (denoted a-Fe2O3@3DrGO) is subtly syn-
thesised through a facial hydrothermal self-assembly process. Such desirable hierarchical structure de-
livers an ever-increasing pseudocapacitance storage as anode, achieving an unprecedented rate capacity
(921.6, and 812.4mA h g�1 at 1 and 5 A g�1) and a superior cycle performance with ultra-high capacity
(1198.6mA h g�1 at 1 A g�1 over 200 cycles), which is almost the best result reported so far. Even at a high
current density of 5 A g�1, it still maintains the excellent cycle stability with a capacity of 396.6 mA h g�1

after 2000 cycles. Such outstanding electrochemical performance may be ascribed to the synergy of the
robust structure, porous surface morphology as well as accompanying dominated pseudocapacitance
behavior. We hope this work can provide a novel strategy for realizing high rate and stable cycle per-
formances in lithium storage.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

With the development of technology, lithium-ion batteries
(LIBs) have been evolved into the protagonist of currently
portable electronic device market, and gradually expanded to
large-scale applications, such as electric vehicles and smart
electricity grid storage [1e3]. However, the commercial LIBs
mainly employ graphene with low capacity of 372mA h g�1 as a
negative electrode nowadays, which cannot satisfy the current
demand for high power density, high energy density and long
life-span in LIBs field. It prompts that a lot of efforts have been
invested in exploring advanced new anode materials with
tifunctional Magneto-Optical
School of Physics and Elec-
ai, 200241, China.
superior electrochemical performance, such as graphite carbon,
metal, transition metal oxides (TMOs) or sulfides (TMSs) [4e13].
Among them, TMOs with high theoretical capacity are considered
as future potential anode candidates, where more than one
electron transfer per formula unit involving in the conversion
process. Particularly, Fe2O3 delivers a high theoretical capacity of
1007mA h g�1 according the conversion process: Fe2O3 þ 6Liþ þ
6e� / 2Fe þ3Li2O. Moreover, the merits of low consumption,
abundant resources, non-toxicity, improved safety and environ-
mental friendliness make it arise widespread concern of re-
searchers. Till now, various kinds of Fe2O3 have been fabricated
and used in LIBs, such as maghemite (g-Fe2O3), magnetite (Fe3O4)
and hematite (a-Fe2O3). Unfortunately, there are still many
problems existing in the practical applications of Fe2O3 anode.
Firstly, the sluggish kinetics induced by inherently poor electronic
and ionic conductivity cannot meet the demand for adequate and
rapid lithiation/delithiation processes. Secondly, severe volume
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changes during charging and discharging process tend to induce
agglomeration of the active material and destruction of the
electrode, which is detrimental to long cycle stability. Besides,
there is no good structural framework to provide multi-
dimensional accessible transport paths for lithium ions, and
active materials cannot be sufficiently utilized [14e16]. Therefore,
equipping with a good morphological structure is the necessary
condition for achieving excellent electrochemical performance.

So far, for curing the above issues, great efforts have been
invested to the beneficial morphology design and the coupling with
the conductive framework to achieve the excellent electrochemical
performance for iron oxide anodes. The sandwiched graphene
sheets inserted with yolk-shell g-Fe2O3 nanoparticles encapsulated
by graphene shells was prepared by Zhang et al. [17]. The capability
of which was 737mA h g�1 when the current density was increased
to 1 A g�1. P. Santhoshkumar et al. reported that the three-
dimensional (3D) iron oxide (a-Fe2O3) sub-micron particles were
synthesised through one-pot hydrothermal approach. As anode in
LIB, they delivered a high reversible capacity of 968mAh g�1 at
0.1 A g�1 after 100 cycles [18]. Moreover, spider-web-like MWCNT/
g-Fe2O3 composite network was obtained by Bhattacharya et al.
and this composite showed a specific capacity ofz 822mAh g�1 at
50mA g�1 [19]. Cho et al. reported a bubble-nanorod-structured
Fe2O3 carbon nanofibers as advanced anode material for LIBs and
at the end of 300 cycles they displayed a specific capacity of
812mAh g�1 at a 1 A g�1 rate [20]. Besides, Zhang et al. obtained
quasi 1D Fe2O3-carbon composite nanofibers by the electro-
spinning method as anode for LIBs, the composite exhibited a
reversible capacity of 820mAh g�1 at 0.2 A g�1 up to 100 cycles
[21].

In spite of the good structural characteristics, intrinsically
sluggish solid-state lithium diffusion still limits its electrochemical
performance. As we know, pseudocapacitance behavior signifies a
kind of ultra-fast electrochemical reaction mechanism derived
from the surface-induced capacitive process, which is definitely
different from the faradaic solid phase diffusion controlled process.
Pseudocapacitance storage could greatly increase high rate capacity
and maintain long-term cycle stability through continuous and fast
reversible faradaic charge-transfer reactions including redox re-
actions on the surface of electrode material as well as swiftly bulk
lithium ion intercalation/deintercalation, especially for transition
metal oxide anodes [22e25]. To this end, such dominated pseu-
docapacitive contributions has been successfully realized in various
transition metal sulfides (SnS2, MoS2) [26,27] and metal oxides
(Nb2O5, TiO2, MoO3, FeOOH, Fe2O3 etc:) [28e32] anodes with
outstanding electrochemical performance. Thus, modifying surface
pseudocapacitive property to achieve an ultra-fast reaction kinetics
is desiderated for Fe2O3 anode materials.

In this work, a novel a-Fe2O3@3DrGO aerogel composite has
been successfully obtained through a facial hydrothermal process.
The reduced graphene oxide sheets self-assemble to form a three-
dimensional interconnected porous framework as the substrate
and the ultra-fine a-Fe2O3 particles are homogeneously anchored
on the inner or outside surface of the mesoporous. Beneficial from
such superior structure with unique porosity, the conductivity has
been significantly improved and lithium ion transmission path-
ways become more diverse. Meanwhile, the volume expansion
effect has been sufficiently suppressed as well as the agglomera-
tion of iron oxide during charging/discharging process has been
effectively avoided. Moreover, due to the enlarged accessible sur-
face area, the a-Fe2O3@3DrGO electrode reveals a predominant
surface-induced psedocapacitive lithium storage, which greatly
improves the high rate capacity, highly reversibility and stable
long life-span.
2. Experimental section

2.1. Synthesis of a-Fe2O3@3D porous reduced graphene oxide
aerogel

Graphene oxide (GO) was prepared from the natural graphite
nanosheets by a modified Hummer’s method [33]. Typically,
160mg GO was added to 60mL deionized (DI) water, magnetic
stirred for all day and night. Then it was high-intensively ultra-
sonicated by an ultrasonication probe (1000W) for 30min to form
GO colloidal solution. A certain amount of aqueous solution of ferric
chloride (20mL DI water, 3.2mmol ferric chloride) was slowly
poured into above GO solution, stirred for 2 h at room temperature.
Next, an appropriate amount of ammonia solution (25wt%) was
dropped into the mixtures by dropwise until the PH value reaching
to 10. Thereafter, 110mg of hydrazine hydrate solution was diluted
in 1.5mL of DI water and added to the above solution at a speed of
2 mL per second under stirring for 30min. Finally, the mixed solu-
tionwas transferred to 100mLTeflon-lined stainless steel autoclave
followed by hydrothermal reaction at 200 +C for 10 h. During the
high temperature hydrothermal reaction, GO was transformed into
reduced graphene oxide. After cooling to room temperature, the
resulting products were collected and rinsed by DI water for several
times and the black a-Fe2O3@3DrGO aerogel was obtained by
freeze-drying at minus 85 +C for 30 h. For comparison, the bare a-
Fe2O3 and three-dimensional porous reduce graphene oxide
(3DrGO) aerogel were synthesised during the same process
without GO, hydrazine hydrate or ferric chloride solution respec-
tively, while keeping the other conditions as invariant. In addition,
we have also prepared the a-Fe2O3@3DrGO aerogel with different
ratios of graphene oxide and a-Fe2O3.

2.2. Characterization methods

The crystal structures of samples were investigated by X-ray
diffraction (XRD, Bruker D8 Advance diffractometer) equiped with
Cu-Ka radiation (l¼ 1.5418 Å) at a generator voltage of 40 KV and
generator current of 20mA from 10 + to 80 +. Raman spectra were
measured by a Jobin-Yvon LabRAM HR 800 micro-Raman spec-
trometer using a 532 nm air-ion laser. For calculating the fraction of
a-Fe2O3 or carbon in the nanocomposite, the thermogravimetric
analysis (TG, TA Instruments 2000) and differential scanning
calorimetry (DSC) were carried out over a temperature range from
30 +C - 800 +C in air atmosphere with the heating rate of 10℃
min�1. Brunauer-Emmett-Teller (BET) were measured to investi-
gate the specific surface area and average pore size distribution of
nanocomposite (TriStar II 3020, America). The X-ray photoelectron
spectroscopy (XPS) analysis was conducted on a RBD upgraded PHI-
5000C ESCA system (PerkinElmer) with Mg-Ka radiation
(hn¼ 1253.6 eV), and binding energies were calibrated by using the
containment carbon (C 1s¼ 284.6 eV). To explore the morphologies
features of the samples, filed emission scanning electron micro-
scopy (FESEM, JEOL-JSM-6700F) equiped with energy dispersive X-
ray spectroscopy (EDS) was performed. In addition, transmission
electron microscopy (TEM) and selected area electron diffraction
(SAED) studies were employed at a FEI Tecnai G2 F20 instrument
with an operating voltage of 200 KV.

2.3. Electrochemical measurements

To investigate the electrochemical performance of a-
Fe2O3@3DrGO aerogel, the CR2025 coin-type half-cell was fabri-
cated in a gloves box full filled with argon gas. The working elec-
trodes were prepared by mixing the as-prepared materials (80wt
%), acetylene black (10wt%) and polyvinylidene fluoride binder
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(10wt%), which were dissolved in N-methyl-2-pyrrolidinone sol-
vent. Then the uniform slurry was coated on the copper foil and
dried at 100 +C in a vacuum oven for 12 h and the mass loading of
active materials in every anode was about 0.8mg/cm2. The elec-
trolyte consisted of LiPF6 (1M) solution, which was dissolved in a
1:1:1 (by volume) mixture of ethylene carbonate, dimethyl car-
bonate and ethyl methyl carbonate. The lithium foil and Cellgard
2400 were used as the counter electrode and separator respec-
tively. The Galvanostatic charge/discharge rate and cycle perfor-
mance were performed on a LAND CT 3001A battery test system
with a voltage window of 0.01e3.0 V (vs. Li/Liþ) at various current
densities. The cyclic voltammetry (CV) curves were recorded by a
CHI660 electrochemical workstation at a series sweep rate over the
voltage window of 0.01e3.0 V and the electrochemical impedance
spectroscopy (EIS) were also investigated by using CHI660 elec-
trochemical workstation with an amplitude of 5mV over the fre-
quency range of 0.01 Hze100 kHz at room temperature.
3. Results and discussion

3.1. Microstructures of the prepared sample

As shown in Fig. 1a, the crystal structure, purity and crystalline
phase characterizations of as-synthesised materials are well pre-
sented. The XRD diffraction peaks located at 24.1+, 33.2+, 35.6+,
40.9+, 49.5+, 54.1+, 57.6+, 62.4+, 64.0+, 72.0+, 75.4+ can be indexed to
the (012), (104), (110), (113), (024), (116), (018), (214), (300), (1010),
(220) crystal faces respectively, which match well with the hema-
tite Fe2O3 rhombohedral phase (space group: R-3c, JCPDS: 33-
0664) [34,35]. The average particle size was calculated to be �
44.1 nm based on the Scherrer formula. Moreover, the sharp char-
acteristic peaks in both XRD patterns are quite consistent,
Fig. 1. (a) XRD patterns of a-Fe2O3, a-Fe2O3@3DrGO; (b) Raman spectra of as-synthesised n
desorption isotherms of a-Fe2O3@3DrGO (The inset shows the corresponding pore size dis
indicating the good purity and crystallinity of a-Fe2O3. In addition,
the broad graphitic characteristic peak (20+ - 30+) was not detected,
revealing that the a-Fe2O3 nanoparticles are well fixed on the
surface of reduced graphene oxide, which can effectively inhibit the
agglomeration of reduced graphene oxide sheets.

Raman spectroscopy of as-synthesised samples are further dis-
played in Fig. 1b. Two obvious main peaks located at 1328 and
1590 cm�1, which are corresponding to disordered D band and
graphite G band, respectively. As we know, the D band is assigned
to the mode of k-point phonon of A1g symmetry and the G band is
attributed to the first-order scattering of the E2g phonon of carbon
atom [36,37]. Therefore, the ratios (ID/IG) of peak intensity between
the D and G band can effectively reflect the structure changes of
carbon-based materials. The ID/IG ratio of a-Fe2O3@3DrGO is very
close to that of 3DrGO (1.78 vs. 1.79), which implies the introducing
of disorders and defects after hydrothermal process. Moreover, the
a-Fe2O3@3DrGO composite still retains the electronic and struc-
tural integrity of 3DrGO, whichwill be favorable to electron transfer
in electrochemical process [38]. A series of vibration peaks at low-
wavenumber region (100e700 cm�1) are magnified in Fig. S1,
which can be attributed to A1g (220, 490 cm�1), Eg (285, 397 and
597 cm�1) vibration modes of a-Fe2O3 crystal [39].

To explore the stability and carbon content of a-Fe2O3@3DrGO
composite, TG-DSC analysis is exhibited in Fig. 1c. An obvious
weight loss with prominent endothermic peak can be seen in the
temperature range of 250+C - 600+C. It reveals that the rGO starts
oxidization to form gaseous species at 250+C and burns completely
at 600+C, only leaving behind a-Fe2O3 residual. The TG-DSC data
confirms that the weight percentage of carbon and a-Fe2O3 in this
composite are � 21.6wt% and 78.4 wt%, respectively.

Nitrogen adsorption/desorption isotherms are obtained to
analyze the specific surface area and porosity of the a-
anocomposites; (c) TG-DSC analysis of a-Fe2O3@3DrGO and 3DrGO; (d) N2 adsorption-
tribution).
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Fe2O3@3DrGO material. In Fig. 1d, on account of the capillary
condensation, the isotherm rises quickly with increasing the P/P0 as
well as the curves of absorption and desorption separate from each
other. The whole isotherm exhibits the type IV hysteresis loop,
which demonstrates the mesoporous properties of as-synthesised
material. The specific surface area of a-Fe2O3@3DrGO composite
is about 82.0m2 g�1 based the BET results. In the illustration, the
pore-size distribution is estimated to be 3.47 nm according to the
Barrett-Joyner-Halenda (BJH) method. Such mesoporous structure
along with a high surface area can effectively promote rapid
diffusion of lithium ion and deep penetration of electrolyte. Be-
sides, the porosity can provide numerous active sites for lithium
storage. Furthermore, it can also relieve the volume expansion
during the lithium insertion and extraction process, which will
significantly improve the specific capacity and long cycling stability.

In order to further investigate the surface chemical composition
of resulting a-Fe2O3@3DrGO material and the valence state of
various element, XPS measurements are performed. The entire
survey XPS spectrum (Fig. S2) indicates the existence of Fe, O, N and
C elements in the as-synthesised product without any other im-
purity elements. As presented in Fig. 2a, the high-resolution C 1s
spectrum can be divided into four peaks at 284.7 eV, 285.4 eV,
286.3 eV and 288.2 eV, ascribing to the bonds of non-oxygenated
CeC/C]C, CeO/CeN, C]O, HOeC]O, respectively [40,41]. The
dominated non-oxygenated C peak ensures the good electrical
conductivity of a-Fe2O3@3DrGO. Furthermore, the O 1s spectrum in
Fig. 2b can be deconvoluted into three peaks to show the presence
of the lattice oxygen (530.2 eV), hydroxide ions/carbonate species
(530.8 eV) and CeO/O]CeO functional groups (532.3 eV) in
reduced graphene oxide [42]. Fig. 2c displays two dominated
characterize peaks: Fe 2p3/2 and Fe 2p1/2 with the binding energy of
711.4 and 725.0 eV, respectively. Besides, two additional satellite
Fig. 2. (High resolution XPS spectrum of a-Fe2O3@3DrGO nanocom
peak located at 719.6 eV and 732.7 eV are ascribed to the purely
trivalent nature, manifesting that the Fe element mainly exhibits
the form of iron(III) in the resulting composite [43,44]. Fig. 2d
shows the N-doping for this composite with the introduction of
NH3,H2O and hydrazine hydrate during the hydrothermal reaction.
The high resolution N 1s spectrum can be fitted into three peaks at
398.8, 400.3 and 402.3 eV, assigning to the pyridinic N, pyrrolic N
and quaternary N [45,46]. Nitrogen doping can enhance the po-
larity of graphene surface, which will be favorable for attracting a-
Fe2O3 nanoparticles and providing more nucleation growth sites.
Moreover, it can also improve electrical conductivity and facilitate
electron transport.

The a-Fe2O3@3DrGO composite was synthesised through a
facial hydrothermal process, as schematically illuminated in Fig. 3a.
Firstly, for preparing a uniformly dispersed graphene oxide sus-
pension, the GO aqueous solution was stirred for a certain amount
of time and subjected to ultra-high power ultrasonic treatment.
Then, the multi-layer graphene oxide was broken into pieces and
exfoliated into single or few-layer. As we know, graphene surface is
filled with numerous negatively charged oxygen-containing func-
tional groups. When Fe(NO3)3,9H2O precursors were sufficiently
mixed in above suspension, the hydrolyzedmetal cations Fe3þwere
attracted to the functional groups with the aid of electrostatic
interaction, which may act as nucleation growth sites. As the re-
action proceeded further, the a-Fe2O3 nanoparticles were grown up
and firmly anchored on the surface of GO. Furthermore, these
uniform nanoparticles can prevent GO from stacking together.
Meanwhile, graphene oxide sheets were connected to each other to
form a three-dimensional porous structure, effectively preventing
the agglomeration of nanoparticles. At the same time, the porous
structure can provide more growth sites for a-Fe2O3. In the end,
both of them supplemented each other and came into being a
posite: (a) C 1s, (b) O 1s, (c) Fe 2p and (d) N 1s, respectively.



Fig. 3. (a) Schematic illustration of the synthesis process for a-Fe2O3@3DrGO nanocomposite; (b) typical SEM image and (c) high-magnification SEM image of a-Fe2O3@3DrGO. The
green arrows indicate the porous structure feature; (d) TEM image and (e) high-magnification TEM image of a-Fe2O3@3DrGO. The inset image of (d) shows the SAED pattern; (f)
HRTEM image of a-Fe2O3@3DrGO; (g) elemental mapping images of C, N, O and Fe for a-Fe2O3@3DrGO. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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stable three-dimensional porous composite under the synergist
effect.

To explore the morphology and microstructure of obtained
materials, SEM and TEM characterization were performed. Fig. S3
shows that a-Fe2O3 presents dense morphology constructed by
closely stacked nanoparticles with the size of � 50 nm, approxi-
mated with the calculation results of the Scherrer formula. These
small particles will be beneficial to the lithiation reaction. Fig. S4
displays the uniformly distributed single-layer or few-layer states
of GO sheets. Furthermore, interconnected flakes assembled into a
three-dimensional hierarchical porous architecture with super
mesoporous. Apparently, after the ingenious combination of these
beneficial features, a-Fe2O3@3DrGO hybrid exhibits a similar
structure with an integrated interconnected framework (Fig. 3b).
It’s noteworthy that it can not only facilitate the self-assembly of GO
flakes, but also serve as a linker between GO for forming more
mesopores (indicated by arrow), which is consistent with the large
hysteresis loop of N2 adsorption-desorption isotherms. In the high-
magnification SEM image of a-Fe2O3@3DrGO (Fig. 3c), the small
particles are distinguishably decorated on graphene flakes whether
inside or outside the pore. Such integrated porous structure could
promotes deep penetration of electrolyte, accelerates ion diffusion,
and also effectively alleviate volume expansion during the
discharge/charge process. At the same time, the forming 3D
conductive framework can realize faster electronic transfer among
a-Fe2O3 particles, GO and the current collectors. In Fig. 3d, the TEM
images of a-Fe2O3@3DrGO nanocomposite further demonstrate
that the a-Fe2O3 nanoparticles are well distributed and encapsu-
lated by corrugated graphene flakes. Moreover, the graphene
marked by the arrow in Fig. 3e is thin and transparent, manifesting
a single-layer or few-layer graphene, consisting with SEM results.
In the high resolution TEM (HRTEM) image (Fig. 3f), the interface
interaction between rGO layer and a-Fe2O3 nanoparticle are well
presented. As the arrows point, it’s distinct that the a-Fe2O3
nanoparticle is firmly anchored on the surface of rGO. The illus-
tration in Fig. 3f clearly demonstrates that the interplanar distance
between the lattice fringes is 3.69 Å, corresponding to the charac-
teristic interlayer spacing of (012) facet in single-crystalline trigonal
a-Fe2O3. From the EDS elemental mapping (Fig. 3g) analysis, the
well distribution of C, N, O and Fe elements further confirms that a-
Fe2O3 particles are uniformly anchored on the reduced graphene
oxide framework.
3.2. Electrochemical performance of the prepared samples

In order to explore the effect of such 3D porous structure on
electrochemical performance, the a-Fe2O3@3DrGO composite was
evaluated in half-cells with Li foil as the counter electrode. Fig. 4a
exhibits the galvanostatic discharge/charge curves of a-
Fe2O3@3DrGO electrode for the 1st, 2nd, 5th, and 30th cycle at a
current density of 0.1 A g�1 between 0.01 and 3.0 V versus Li/Liþ. In
the discharge profile of the first cycle, the voltage drops rapidly
from the initial state to 0.85 V and presents a long voltage stage. It
can be assigned to the insertion of lithium ion into the crystalline
structure of a-Fe2O3 and the formation of solid electrolyte inter-
phase (SEI) layer [47]. Additionally, there is a distinguishable slope
appearing from 0.75 to 0.01 V. This may be related to the lithium
ion insertion into graphene carbon, reflecting the capacity contri-
bution of carbon composition [48]. During the charge process, the
curve firstly exhibits a smooth rise (0.01e1.4 V), followed by a tilted



Fig. 4. (a) Galvanostatic charge/discharge profiles of a-Fe2O3@3DrGO electrode for initial 5 cycles an at a current density of 0.1 A g�1; (b)e(c) Galvanostatic charge/discharge profiles
of a-Fe2O3@3DrGO and a-Fe2O3 electrodes at various current densities from 0.1 to 5 A g�1; (d) Rate performance of a-Fe2O3@3DrGO, a-Fe2O3 and 3DrGO electrodes at various
current densities from 0.1 to 5 A g�1; (e) and (g) Cycling performance of a-Fe2O3@3DrGO, a-Fe2O3 and 3DrGO electrodes cycled at 1 A g�1 for 200 cycles and at 5 A g�1 for 2000
cycles (initial 5 cycles at 0.1 A g�1 for activation); (f) The rate performance comparisons of materials in this work and previous iron oxide based work in the literature.
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voltage platform (1.4e2.1 V) and ends with a steep rise (2.1e3.0 V).
The tilted voltage platform corresponds to the oxidation of metallic
Fe to Fe2O3, which is in good agreement with the reduction peaks of
CV curves, further demonstrating the typical electrochemical pro-
cess of a-Fe2O3 [49,50]. The initial discharge/charge specific ca-
pacity of a-Fe2O3@3DrGO reach up to 1604.8 and 1020.7mA h g�1,
respectively, higher than the theoretical capacity (1007mAh g�1).
The discharge/charge volumetric capacities of this a-Fe2O3@3DrGO
sample are calculated to be approximately 481.4 and
306.2mA h cm�3. However, the initial Coulombic efficiency is only
63.6% accompanied with a significant loss of irreversible capacity.
Such a low Coulombic efficiency at first cycle may be attributed to
that part of the iron oxide completes the reversible conversion
reaction during the whole process. What’s more, during the first
discharge and charge process, partial electrolyte has been decom-
posed and the SEI film is formed at the solid-liquid interface be-
tween the electrode material and the electrolyte. Due to the partial
consumption of the lithium ion in the electrolyte, this will inevi-
tably lead to a lower coulombic efficiency in the first cycle [39,47].
Nevertheless, the Coulombic efficiency of the 2nd cycle increases to
93.5% and remains above 96.8% in the following cycle. Even in the
60th cycle, the voltage windows of discharge/charge platforms
almost keep the same, confirming the excellent reversibility of the
electrochemical process of a-Fe2O3@3DrGO. During thewhole cycle
process, the stable or increasing capacity indicates the effective
electron and ions transfer, or gradual activation in the a-
Fe2O3@3DrGO composite with the cycling [51].

Fig. 4b and c exhibit the different discharge/charge voltage
profiles of a-Fe2O3@3DPG and a-Fe2O3 electrodes at various current
density (from 0.1 A g�1 to 5 A g�1). Almost identical to Fig. 4a, a
rapid drop (3e0.85 V), a plateau region (� 0.85 V) and one sloping
region (0.75e0.01 V) appear in these curves, corresponding to
different reaction process mentioned above. Meanwhile, we further
analyze the capacity properties during the different reaction pro-
cess by comparing these curves. In Fig. 4c, the significant attenua-
tion phenomenon appears in both the plateau and sloping region
with increasing the current density from 0.1 A g�1 to 5 A g�1. This
attenuation performance manifests that the bare a-Fe2O3 electrode
cannot well maintain the conversion reaction and the surface
interfacial reaction with rate increasing. When it refers to a-
Fe2O3@3DrGO electrode (Fig. 4b), the specific capacity maintains at
a stable higher value than that of a-Fe2O3 electrode. Moreover, the
platforms are almost similar to each other and the capacity corre-
sponding to the sloping region are still higher than 250mAh g�1

with week decline, indicating the good surface interfacial lithium
ion storage performance. Additionally, we also explore the gap of
platform voltage between the conversion reaction process through
the discharge/charge curves in Fig. S5. The polarization degree of
electrode material can be recognized from the extent of change of
this gap when it was tested at various current densities. It’s clear



Fig. 5. CV characteristic and pseudocapacitance analysis for a-Fe2O3@3DrGO electrode. (a) CV curves for initial 5 cycles at a scanning rate of 0.5mV s�1; (b) CV curves at various
scanning rates between 0.1 and 1mV s�1; (c) Relationship between logarithm peak current and logarithm scanning rates; (d)e(e) the area that the pseudocapacitance take up in the
total capacity at 0.1 and 1mV s�1, respectively; (f) the contribution rate at various scanning rates (0.1e1mV s�1) for the capacitive and diffusion controlled processes.
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that the gaps of a-Fe2O3 electrode expand obviously, implying that
the electrode takes place significant polarization with increasing
the current density (varies form 0.1 A g�1 to 5 A g�1), especially
under high current density. As for a-Fe2O3@3DrGO electrode, there
is almost bare change in the voltage gap against the change in
current density, indicating a significantly strengthened electro-
chemical process without remarkable polarization in electrode
material.

To better evaluate the electrochemical performance of a-
Fe2O3@3DrGO, a-Fe2O3 and 3DrGO electrodes, we further investi-
gated their rate capability for 5 cycles at various current densities
varying from 0.1 A g�1 to 5 A g�1. As shown in Fig. 4d, the a-
Fe2O3@3DrGO electrode delivers the high and stable capacities at
various current densities with only slightly dropping (1082.3,
1012.8, 966.4, 921.6 and 878.7mA h g�1 at 0.1, 0.2, 0.5, 1 and 2 A g�1,
respectively). It is noteworthy that this electrode still has a capacity
of up to 812.4mA h g�1 at 5 A g�1, maintaining 75.1% of the initial
reversible capacity at 0.1 A g�1. When the current density returns to
0.1 A g�1, the reversible capacity can be restored to 942mA h g�1

and it maintains and sustainably increases to 1282.3mA h g�1 after
a short cycle of 30 laps, highlighting the outstanding lithium stor-
age ability. In contrast, the bare a-Fe2O3 and 3DrGO materials
display dramatically decreased and lower capacity (129.5 and
154.3mA h g�1 at 0.5 A g�1, 45.7 and 120.1mA h g�1 at 1 A g�1, 3.3
and 77.8mA h g�1 at 5 A g�1) when the current rate was varied. It
reveals that the a-Fe2O3@3DrGO composite could not only main-
tain a stable electrochemical process, but also hold the ultra-fast
charge transfer with abundant energy storage at varied current
densities.

As we know, the cycle performance is also an important
criterion for their potential applications in the future LIBs field. The
cycle performance of as-prepared electrodes and the coulombic
efficiency of a-Fe2O3@3DrGO nanocomposite were tested at a cur-
rent density of 1 A g�1 after activation for 5 cycles at 0.1 A g�1 for a
200-cycle cycling, illustrated in Fig. 4e. Firstly, the a-Fe2O3@3DrGO
electrode delivers a higher specific capacity of 914mAh g�1 than
that of a-Fe2O3 (285.9mA h g�1) and 3DrGO (143.7mA h g�1) in the
first cycle. Next, it goes through a slight fading down region, and the
specific capacity gradually decreases to 810.9mA h g�1 after 38
cycles. However, in the rang of 38e140 cycles, the capacity exhibits
a steady rising state and stabilizes at 1198.6mA h g�1. Finally, it
keeps on this level up to 200 cycles. In Fig. S6, The discharge/charge
voltage profiles for 140th, 160th, 180th and 200th cycle are almost
identical to each other. What’s more, the Coulomb efficiency
maintains consistently at around 100% throughout the whole pro-
cess. In contrast, the a-Fe2O3 and 3DrGO electrode only shows the
pretty low capacity of 42.5 and 143mAh g�1 after 200 cycles, far
below the value of a-Fe2O3@3DrGO composite. Notably, such a
capacity fading-reactivation phenomenon has been observed in our
previous work [52e55] and it is common for metal oxide and car-
bon composite [56e59]. So far, there is no consistent conclusion to
explain this phenomenon. This early capacity loss might be
attributed to the partial decomposition of electrolyte and unstable
SEI film. As the reaction proceeding, the electrolyte was evenly
infiltrated and the so-called activation process couldmake themost
use of electrode material. Then the electrode was gradually rear-
ranged to provide more accessible active cites for lithiation reac-
tion, developed more lithium ions transport channels, which
brought about the increase of capacity in the consequent cycles
[60].
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Furthermore, on the electrode surface, the electrolyte degrada-
tion was kinetically activated and caused the reversible growth of
the polymeric layer. This SEI film may provide additional lithium
ion storage capacity. Meanwhile, the large specific surface area and
porous 3D structure would significantly improve the so-called
‘pseudocapacitance-type’ lithium storage [61,62]. In addition, we
also evaluated the long-term cycling stability at high current den-
sity (5 A g�1) after 2000 cycles in Fig. 4g. As mentioned above, the
partial decomposition of electrolyte and unstable SEI film resulted
in the capacity decline in the initial stage. However, the a-
Fe2O3@3DrGO nanocomposite remained a stable reversible capac-
ity of 396.6mA h g�1 with nearly 100% Coulomb efficiency in the
following cycling process, reflecting the fast and stable reversible
reaction process for lithiation/delithiation process. Obviously, it is
also superior to that of bare a-Fe2O3 or 3DrGO aerogel, implying
that the synergetic effect between the 3D conductive graphene
network with porosity and a-Fe2O3 nanoparticles can be respon-
sible for the improved electrochemical performance in lithium
storage. Meanwhile, we also conducted the cycle test on the a-
Fe2O3@3DrGO materials with different ratios of graphene and a-
Fe2O3 and the results are shown in Fig. S7. Obviously, at the current
density of 1 A g�1, the cycle curves of the three electrodes with
different composition ratios display the same tendency and exhibit
excellent cycle performance. This further demonstrates that the
three-dimensional porous aerogel prepared in this experiment are
very beneficial for lithium storage. In particular, the products ob-
tained by reacting 160mg of graphene oxide with 3.2mmol of
ferric chloride posses the best electrochemical performance.
Moreover, Fig. 4f and Table S1 show the comparisons of the rate and
cyclic performance between a-Fe2O3 or 3DrGO composite and
previously reported iron oxide based anode materials in the liter-
ature. Particularly, the a-Fe2O3@3DrGO composite in this work
exhibits high reversible capacity at different rates as well as a stable
and long cycle life-span. All the above results well demonstrate that
the a-Fe2O3@3DrGO electrode can not only provide high interfacial
Li-ion storage but also maintain an ultra-fast charge transfer rate to
promote its performance at different current densities.

For a better investigation of the lithiation/delithiation behavior
during the discharge/charge process, we conducted the cyclic vol-
tammetry (CV) test of a-Fe2O3@3DrGO and a-Fe2O3 in the voltage
windowof 0.01e3 V (vs. Li/Liþ) at a scanning rate of 0.5mV s�1 for 5
cycles. As shown in Fig. 5a and Fig. S8, the similar CV curves of these
two electrodes reflect the similar electrochemical process. For the
first cathodic scan (Fig. 5a), a strong reduction peak appears at the
voltage of 0.75 V, corresponding to the reduction reaction of Fe3þ to
Fe0. And it is also accompanied by an irreversible reaction associ-
ated with the formation of a SEI film [63]. An additional minor peak
observed at 1.28 V is ascribed to the Li insertion into the a-Fe2O3
nanocrystal.

Fe2O3 þ xLiþ þ xe�/LixFe2O3 (1)

For the first anodic scan, a clear broad peak consists of two
extended peaks (1.75 and 1.96 V), which correspond to the oxida-
tion of Fe0 to Fe2þ and further oxidation to Fe3þ [64]. After the first
cycle, a slight offset happens to the cathodic peaks and the peak
currents increase slightly, indicating the irreversible redox reaction
in the initial lithiation/delithiation process accompanied by the
light structural alteration with the minor polarization of electrode.
It’s noteworthy that the CV profiles are almost overlapped in the
subsequent cycles, verifying the good electrochemical reversibility
inducing to excellent cyclic performance. Meanwhile, we also
measured the CV curves of a-Fe2O3@3DrGO electrode at different
scanning rate from 0.1 to 1mV s�1 to explore the electrochemical
kinetics and analyze the capacitive behavior in depth. As shown in
Fig. 5b, the peak voltage shifts toward the small voltage and the
peak current increases with increasing the scanning rate, which
means that the improved electrochemical kinetics in a-
Fe2O3@3DrGO electrode leads to high specific capacity. It’s well
known that the area enclosed by the CV curve represents the total
lithium ion storage capacity. It consists of pseudocapacitance
(derived from the charge-transfer process with surface or subsur-
face atoms), non-Faradaic contribution (induced by the double
layer capacitive effect) and Faradaic contribution (derived from the
Liþ diffusion controlled redox reaction process). The first two parts
are collectively referred to the capacitive effect, which can be illu-
minated by the following equations [25,26].

i¼ anb (2)

logi¼ logaþ blogn (3)

where, i is themeasured current and n represents the scanning rate.
Adjustable parameter b can be determined from the slope of obli-
que line in log(v)-log(i) plot. When b¼ 0.5, i is proportional to the
square root of the n and the charge transfer process is under the
control of the diffusion-controlled process. When b¼ 1, the
capacitive current occupies the primary contribution and the sys-
tem is dominated by the capacitance process. Fig. 5c displays two
oblique lines in the log(V)-log(i) plot, corresponding to the oxida-
tion and reduction processes of the CV curves, respectively. The
values of b1 (oxidation process) and b2 (reduction process) are fitted
to be � 0.79 and 0.91 when the scanning rate varies from 0.1 to
1.0mV s�1. Obviously, both two b values are much closer to 1
instead of approaching to 0.5. Namely, the a-Fe2O3@3DrGO elec-
trode exhibits the surface-induced capacitive dominated mecha-
nism. Therefore, the pseudocapacitance behavior must occupy a
certain amount in the total lithium storage capacity. We can further
quantitatively estimate the percentage of capacitive contribution
according to the general relationship, [24].

i¼k1nþ k2n
1=2 (4)

where, k1n represents the surface-induced capacitive effect part
and k2n

1/2 reflects the diffusion-controlled redox reaction process,
considering the current contribution. Therefore, as long as the
values of the coefficients k1 and k2 are determined, we can quantify
the current fractions corresponding to different mechanisms at
every voltage. During the same electrochemical reaction, both k1
and k2 are fixed. Thus, we can get the value of k1 and k2 through the
peak current under a same voltage to further obtain the different
contribution rate in total lithium storage capacity for the surface-
induced capacitive effect or diffusion-controlled process.

As presented in the red region of Fig. 5d and e, surface-induced
capacitive contributions account for 82.51% and 93.65% at scanning
rates of 0.1 and 1mV s�1, respectively, which derive from the sur-
face of a-Fe2O3@3DrGO electrode material. Moreover, the redox
peaks are also clearly shown in these red regions, indicating that
the surface-induced capacitive process is assigned to the pseudo-
capacitive behavior in this electrode. In Fig. 5f, more capacitive
contribution occupy the dominated position with increasing the
scanning rate. Due to the existence of numerous mesopores in this
3D porous architecture, only the capacitive process occurs on the
surface of the electrode instead of the diffusion-controlled process,
leading to boosted reaction kinetics and shortened ion transfer
pathway. Hence, the excellent electrochemical characteristics at
high current densities is dominated by a surface-induced pseudo-
capacitive effect in the a-Fe2O3@3DrGO composite, guaranteeing
both ultra-fast lithium ion and electron transfer and large power
density in terms of lithium storage.
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As we know, the EIS technology is also an effective method to
explore the electrochemical kinetics of anode. We performed the
EIS test in a frequency window from 100 KHz to 0.1 Hz, and the
resulting Nyquist plots Z’ vs. Z’’ of these as-prepared electrodes are
compared in Fig. 6a. A typical impedance spectrum is generally
composed of the intercept of the high frequency region, the sup-
pressive semicircle of the high intermediate frequency region and
the oblique portion of the low frequency region, which respectively
correspond to the internal resistance (Ri) (including resistance in
electrolyte, contact resistance between particle with particle or
between the electrode and the current collector, and diffusion
resistance of the lithium ion passing through the SEI layer), the
charge transfer resistance in interface between electrode and
electrolyte (Rct), and the semi-infinite Warburg diffusion process of
lithium ions in the electrode material (Zw). Obviously, the a-
Fe2O3@3DrGO electrode displays amore depressed semicircle and a
more straight sloping line than the other two electrodes. It means a
smaller Rct and Zw, which is ascribed to the superior morphology
structure. The 3D interconnected porous GO network with
extraordinary conductive properties serves as a conductive sub-
strate, which are able to provide abundant highways for electron
and lithium ion transfer. The a-Fe2O3 nanoparticles are homoge-
neously anchored on the inner and outer surfaces of themesopores,
realizing good contact between active materials with conductive
carbon, strengthening the pseudocapacitive behavior. Ultimately,
all these beneficial factors bring about the good electrochemical
performance in LIBs consisting with above rate and cyclic perfor-
mance. For a more intuitive understand of the diffusion of lithium
ion inside the electrodes, the lithium ion diffusion coefficient (DLi

þ)
can be obtained by estimating the Warburg coefficient from the Zre
vs.u�1/2 plot in the low frequency region according to the following
equations.

Zre ¼Rct þ Re þ swu
�1=2 (5)

DLiþ ¼
R2T2

2A2n4F4C2s2
(6)

where, Rct, Re, sw, u, R, T, A, n, F, C represent the electrode transfer
Fig. 6. (a) The Nyquist profiles of a-Fe2O3@3DrGO, a-Fe2O3 and 3DrGO electrodes; (b) the Zre
The Nyquist profiles of a-Fe2O3@3DrGO electrode before and after the 200th cycle at 1 A
electrode after the 200th cycle 1 A g�1.
resistance, electrolyte resistance, theWarburg factor, frequency, gas
constant, absolute temperature (in K), total surface area of elec-
trode, the number of charge transfer, the Faraday constant and the
concentration of lithium ions in electrode, respectively. Based on
the above equations, as shown in Fig. 6b, the lithium ion diffusion
coefficient of 3.32� 10�12 cm2 s�1 for a-Fe2O3@3DrGO electrode is
much higher than that for a-Fe2O3 electrode (9.96� 10�13 cm2 s�1),
suggesting that the anchor of a-Fe2O3 nanoparticles inside or
outside of the porous structure cannot hinder the movement of
lithium ions. In fact, the abundant mesopores in electrode could
ensure sufficient space for lithium ion motion during the lithiation/
delithiation process of Liþ with Fe. The higher DLi

þ revealing the
accelerated electron and ion transfer for a-Fe2O3@3DrGO electrode
through the tactfully construction of interconnected 3D porous
architecture. To better understand the relationship among the
electrochemical kinetics, micromorphology and cycle stability for
a-Fe2O3@3DrGO electrode after 200 cycles at 1 A g�1, the corre-
sponding Nyquist, SEM, TEM figures are presented in Fig. 6cef. As
we can see, there is almost no change in the Nyquist plot before and
after the cycling. The electrochemical kinetics are well maintained
in the initial state. From the SEM and TEM images (Fig. 6d and e),
the graphene oxide sheets are still clearly visible and they are
connected to each other to form a three-dimensional framework
with mesoporous. At the same time, a-Fe2O3 nanoparticles are still
uniformly attached to the surface of the graphene oxide sheet,
conducive to the pseudocapacitive storage. This indicates that after
200 cycles of cyclic testing, the 3D porous structure of the com-
posite electrode undergoes partial structural rearrangement
comparing to the cycling-test before, but the structure does not
collapse, and it still keep the good structural integrity.

In the high-magnification TEM image (Fig. 6f), it could further
confirm that the nanoparticles exhibit a dispersed state without
agglomeration. We can clearly distinguish the interaction interface
between graphene oxide sheets and iron oxide nanoparticles from
the HRTEM image (Fig. 6g). Particularly, the interplanar spacing of
3.71 and 2.7 Å corresponds to the characteristic interlayer distance
of (012) and (104) facets in a-Fe2O3 crystal. The TEM images anal-
ysis results imply that such porous graphene oxide network
structure could provide a good stress relief and inhibit the
agglomeration or pulverization during particle lithiation/
vs. u�1/2 plot in the low frequency region for a-Fe2O3@3DrGO and a-Fe2O3 electrodes; c
g�1; (d) SEM, TEM, high-magnification TEM, and HRTEM images for a-Fe2O3@3DrGO



C. Wu et al. / Journal of Alloys and Compounds 816 (2020) 15262710
delithiation process, further confirming the structural integrity. In a
word, the desirable electrochemical performance of a-
Fe2O3@3DrGO composite could be attributed to the numerous
merits of robust 3D interconnected porous framework. (i) The 3D
interconnected reduced graphene oxide substrate with porosity is
beneficial to electronic transfer due to itself outstanding conductive
property. The robust mechanical flexibility can also effectively
alleviate the volume expansion effect to ensure the structural sta-
bility. (ii) The numerous mesoporous with lager BET areas could
promote the deeper penetration of the electrolyte, make the active
material more fully contact with the electrolyte and provide multi-
dimensional transmission pathways for electrons and lithium ions.
(iii) The well-dispersed ultra-fine a-Fe2O3 particles and carbon
framework are able to synergistically expand more accessible re-
action sites, prevent the aggregation of a-Fe2O3. Moreover, it ex-
hibits the surface-induced capacitive dominated mechanism,
which realizes the ultra-fast electrochemical reaction kinetics and
guarantees excellent rate performance and long cycle lifespan.

4. Conclusion

In summary, we have successfully synthesised a a-
Fe2O3@3DrGO aerogel with ultra-fine a-Fe2O3 nanocrystal well-
anchored on inner and outside surface of 3D robust framework
through a facial hydrothermal self-assembly process. It possesses
multi-dimensional ultra-fast electron and lithium ion transport
highways, abundant accessible reaction sites for lithiation/deli-
thiation, and sufficient space to alleviate volume expansion. This
composite exhibits an ultra-high initial specific capacity
(1604.8mA h g�1), excellent rate performance (921.6mA h g�1 at
1 A g�1, 812.4mA h g�1 at 5 A g�1) and steady rising cycle perfor-
mance (1198.6mA h g�1 at 1 A g�1 after 200 cycles) as well as
remarkable cyclic lifetime (396.6mA h g�1 with nearly 100%
Coulomb efficiency after 2000 cycles at 5 A g�1). All these excellent
electrochemical performance could be contributed to the desirable
3D hierarchical porous structure, reduced polarization effect, fast
rapid dynamic diffusion of lithium ions, and synergistic boosted
ultra-fast pseudocapacitive kinetics. We believe that this study
could provide one versatile method, which would bring the refer-
ence to the synthesis of other transition metal oxide-based com-
posites with 3D porous structure for high power storage
applications.
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