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a b s t r a c t

Hierarchical porous microflowers composed of porous Fe2O3/NiO nanoplates were synthesized via a
facile cyanometallic framework-templated strategy. The synthesized Fe2O3/NiO microflowers were
characterized by X-ray powder diffraction, scanning electron microscopy, transmission electron micro-
scopy and Brunauer Emmet Teller adsorption-desorption analysis. As anode materials for lithium ion
batteries, the Fe2O3/NiO microflowers exhibit excellent electrochemical performance in terms of great
lithium storage capacity (1652.6 mAh g�1 at 100 mA g�1) and good cycling stability (1210.4 mAh g�1

capacity retention at 50th cycle). This result can be attributed to the hierarchical porous structure of the
Fe2O3/NiO microflowers, which could increase active sites for lithium ions storage, accommodate the
volume expansion/contraction during charge-discharge cycles, and the synergistic effect between Fe2O3

and NiO.
© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Lithium ion batteries (LIBs), as a type of high efficient green
energy storage system, have been widely applied to portable elec-
tronic devices, stationary energy storage systems as well as rapidly
developing electric vehicles [1e4]. However, the current commer-
cial LIBs with graphite as anode with a theoretical capacity of
372 mAh g�1 cannot meet requirement for more demanding ap-
plications due to the limitations in energy capacity and reliable
operation. In recent years, transition metal oxides such as SnO2
[5,6], Fe2O3 [7e11], NiO [12e14], Mn3O4 [15], and Co3O4 [16e20]
have been extensively studied as LIBs anode materials because of
their higher specific capacity and volumetric energy density.
Especially, the theoretical capacities of Fe2O3 and NiO are as high as
1007 and 718 mAh g�1, respectively, which are approximately 2e3
times higher than that of conventional graphite anode. However,
almost all transitional metal oxides including iron oxide and nickel
oxide often show low initial coulombic efficiency, poor cycling
stability and rate performance due to their large volume expansion/
contraction during the lithium insertion and extraction process.
One promising solution is to construct porous and/or hierarchical
nanostructures to improve electrochemical performance of elec-
trode and maintain structural integrity. For instance, Zhang et al.
synthesized mesoporous Fe2O3 nanoparticles with an excellent
cycling performance (1009 mA h g�1 at 230 cycles at a current
density of 100 mA g�1) [21]. Wang et al. reported that the porous
NiO microtubes as LIBs anode material exhibited excellent perfor-
mance with 640 mA h g�1 after 200 cycles at 1 A g�1 [22]. Lou et al.
synthesized Fe2O3 microboxes with hierarchically structured shells
by annealing PB microcubes in air, delivering high reversible ca-
pacity of 945 mA h g�1 at a current density of 200 mA g�1 after 30
cycles [23]. In addition, composite nanomaterials that integrate two
different metal oxides have also been demonstrated to deliver
unique lithium storage performance compared to their individual
counterparts. By combining specific properties of different com-
ponents, electrochemical performance can be greatly improved in
such composite electrodes [24e28]. For example, multilayer
CuO@NiO hollow microsphere delivered a larger-than-theoretical
reversible capacity of 1061 mAh g�1 after 200 cycles at
100 mA g�1, which is very outstanding among various NiO or CuO
electrode structures [29]. The porous nanocubes of SnO2-Fe2O3
mixed oxides also exhibited high lithium storage capacity
(1020.2 mA h g�1 at 200mA g�1) and excellent cycling performance
[30]. Therefore, development of hierarchical porous architectures
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integrated different metal oxide components is a promising
approach to advanced oxide anodes with enhanced lithium-storage
performance.

Until now, many strategies have been developed to prepare
porous and/or hierarchical nanostructured metal oxides. Among
them, template method, primarily by thermal decomposition of
corresponding precursors such as hydroxides, carbonates, metal
organic frameworks, etc. has been demonstrated to be a highly
effective approach to porous and/or hierarchical oxide nano-
structure with well-defined morphology and high uniformity
[31e33]. Especially, cyanometallic frameworks (CMFs) such as
Prussian blue (PB) and Prussian blue analogues (PBA) have been
demonstrated to be a new class of template/precursors for porous/
hierarchical metal oxide syntheses because of their special thermal
properties, unique reactivity and highly tailor ability [34,35]. With
proper CMFs precursors, bi- or even multi-component mixed metal
oxides with porous/hierarchical nanostructures can be easily ob-
tained, which provides a unique chance to develop a new family of
highly tailored oxide functional materials [36,37].

Herein, we present a facile approach for the synthesis of hier-
archical porous Fe2O3/NiO nanocomposites by using CMFs precur-
sor of Fe(H2O)2[Ni(CN)4]. The well-defined flower-like Fe2O3/NiO
architectures, which are constructed by porous nanoplates with
highly uniform composition, are obtained by simply annealing the
precursor. The electrochemical characteristics of the as-prepared
Fe2O3/NiO composites are investigated as LIBs anode materials,
and exhibit remarkably improved reversible capacity and cycling
stability.

2. Experimental

2.1. Materials

All the chemical reagents used in our research were of analytical
grade and used without further purification. Deionized water was
used throughout the experiments.

2.2. Synthesis of flower-like Fe(H2O)2[Ni(CN)4] precursor

In a typical synthesis, 1 mmol of K2[Ni(CN)4] was dissolved in
40 mL of aqueous solution of polyethylene glycol (PEG) (0.06 g)
with stirring, and then 40 mL of aqueous solution of FeSO4
(1 mmol) was added in. The resulting mixture was ultrasonically
treated for 1 h at room temperature, and a pale yellow suspension
was formed. The pale yellow precipitate was isolated by centrifu-
gation, washed several times with deionized water, and dried at
65 �C overnight.

2.3. Synthesis of hierarchical porous Fe2O3/NiO microflowers

The flower-like Fe2O3/NiO composites with porous structure
were obtained by annealing the flower-like precursor of
Fe(H2O)2[Ni(CN)4] at 650 �C for 1 h in air with a heating rate of 1 �C
min�1.

2.4. Materials characterizations

The phase structures of the as-synthesized samples were char-
acterized by XRD (Rigaku D/MAX RINT-2000, Cu Ka radiation). The
morphology and composition were examined by scanning electron
microscopy (SEM, JSM-840A and JSM-6700 F) equipped with an
energy dispersive spectrometry (EDS). The microstructures of the
samples were investigated by transmission electron microscopy
(TEM, JEM-2100). The specific surface area and pore size distribu-
tion were measured by Micromeritics ASAP2020 using N2
adsorption-desorption isotherms. Thermogravimetric (TG) analysis
was performed using a Perkin-Elmer Diamond TG/DTA instrument
in air at a heating rate of 10 �C min�1.

2.5. Electrochemical measurements

Electrochemical measurement was carried out using CR2032-
type coin cells with ENTEK ET20-26 membrane as separator and
lithium-foil as counter electrode. The cell assembly was carried out
in an Ar-filled glovebox with moisture and oxygen concentrations
below 1 ppm. The working electrode was prepared by mixing the
synthesized active materials, acetylene black, and polyvinylidene
fluoride (PVDF) in a mass ratio of 80:10:10 with N-methyl pyrro-
lidinone (NMP) as a solvent. After stirred for 24 h, the mixture was
then painted on a copper foil, and dried at 120 �C under vacuum for
12 h. The electrolyte was 1 M LiPF6 in the mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) (1:1 in volume ra-
tio), plus 2wt% vinylene carbonate (VC). The total mass of the active
electrode material is about 1.2e1.5 mg and the electrode surface
area is 1.54 cm2 (F 14mm). The cells were tested on a LAND battery
test system (Wuhan Kingnuo Electronics Co., Ltd., China) within the
voltage range of 0.01e3.0 V vs. Liþ/Li. Cyclic voltammetry (CV)
measurements were performed on the Fe2O3 microflower working
electrode using an electrochemical workstation (Autolab 302 N)
between 3.0 and 0.01 vs (Li/Liþ)/V at a sweep rate of 0.2 mV s�1.
Electrochemical impedance spectroscopy (EIS) tests were also
measured on an electrochemical workstation (Autolab 302 N)
operating in the frequency range of 0.1 Hze106 Hz with ac ampli-
tude of 10 mV.

3. Results and discussion

3.1. Characterizations of hierarchical porous Fe2O3/NiO
microflowers

The hierarchical porous microflowers of Fe2O3/NiO can be ach-
ieved via a facile ultrasonic method followed by a calcination
treatment. The morphology and size of the precursor were char-
acterized by SEM. As seen from Fig. 1a, the precursor shows a
flower-like hierarchical architecture with a diameter of ca. 5 mm.
The magnified view in Fig. 1b revealed that the flowers were
assembled by many densely packed nanoplates with ca. 100 nm
thickness, and these nanoplates grew from the core and radiated to
the surface, resulting in the formation of numerous voids. The
crystallographic structure and phase purity of the precursor were
confirmed by the XRD pattern (Fig. 1c). All the diffraction peaks of
the precursor are in good agreement with those reported for
Fe(H2O)2[Ni(CN)4] [38], showing that precursor possesses the same
crystal structure as Fe(H2O)2[Ni(CN)4]. The Fe(H2O)2[Ni(CN)4] pre-
cursor can be transformed into porous Fe2O3/NiO microflower by
annealing in air. The TG analysis showed that Fe(H2O)2[Ni(CN)4]
precursor underwent two main decomposition steps (Fig. 1d). The
first weight loss of 12% from room temperature to 100 �C indicates
the loss of water molecules in the porous framework structure. The
second weight loss of ca. 8% from 400 �C to 650 �C can be attributed
to the oxidation of CN� into CO2 and N2. Based on the result, 650 �C
was chosen as the calcination temperature in the experimental
section.

Fig. 2a shows the XRD pattern of the calcination product of
flower-like Fe2O3/NiO. All the diffraction peaks can be assigned to
cubic phase Fe2O3 (JCPDS No: 02e1047) and cubic phase NiO (JCPDS
No: 01e1239). No impurity peaks can be observed in the pattern,
indicating the precursor has been completely transformed into
Fe2O3 and NiO. Fig. 2b shows the EDS spectrum of the flower-like
Fe2O3/NiO composite, and the detected Fe/Ni atomic ratio in the



Fig. 1. (a) Low and (b) high magnification SEM images of the synthesized precursor. (c) XRD pattern and (d) TG curve of the Fe(H2O)2[Ni(CN)4] precursor.

Fig. 2. (a) XRD pattern, (b) EDX spectrum and (c, d) SEM images of the flower-like Fe2O3/NiO composite.
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sample is almost 1:1, well consistent with that in the Fe(H2O)2[-
Ni(CN)4] precursor. Thus, the weight ratio of Fe2O3 to NiO in the
composite is calculated to be 52:48 (Table S1). Fig. 2c and d shows
the SEM images of the as-synthesized Fe2O3/NiO composite in
different magnification. The sample exhibits flower-like
morphology being highly consistent with the precursor, demon-
strating that the morphology was well maintained during the
calcination process. However, there is a little volume shrinkage due
to the removal of water molecules and bridged CN� ions during the
thermal treatment. The decomposition of CN� into CO2 and N2 can
cause the formation of porous structure. The hierarchical micro-
flowers are composed of many porous platelet-like petals with a
thickness of about 80 nm.

Themorphology andmicrostructure of the Fe2O3/NiO composite
were further characterized using TEM and selected-area electron
diffraction (SAED), which are shown in Fig. 3. The flower-like
structures can be observed in Fig. 3a and b, which are assembled
by porous platelets. Further, the platelets are composed of nano-
particles with a size of about 30 nm (Fig. 3c and d). The high res-
olution TEM image taken on the nanoparticles shows clear lattice
fringes (Fig. 3e). The lattice spacing of 0.291 nm can be indexed to
Fig. 3. (aed) TEM images, (e) HRTEM image and (f) SAED
the (220) plane of Fe2O3, while the lattice spacing of 0.207 nm can
be assigned to the (200) plane of NiO. The SAED pattern (Fig. 3f)
reveals the polycrystalline characteristics of the product, and the
diffraction rings observed in the SAED pattern can be indexed as the
(220) and (311) lattice planes of Fe2O3 as well as (200) and (220)
lattice planes of NiO, well consistent with the XRD result. The EDS
mapping images (Fig. 4) reveal that the elements of O, Fe and Ni are
uniformly distributed in the whole structure, indicating the uni-
form distribution of the components of Fe2O3 and NiO in the porous
hierarchical structure.

Inspired by the hierarchical porous microstructure of the Fe2O3/
NiO composites, the specific surface area and pore size of the Fe2O3/
NiO product were further analyzed by N2 adsorption-desorption
technique (Fig. 5). The typical pore size distribution is within
2e2.5 and 12e12.5 nmwith a BET surface area of 32.31 m2 g�1. The
single-point total volume of pore at P/Po ¼ 0.988 is 0.121 cm3/g.
These data further confirm a loose mesoporous structure of the
prepared composite. It could be expected that as anode materials
for LIBs, such a porous structure can provide a shortened pathway
to increase the interfacial kinetics for ion/electron transport and
accommodate the stress relaxation, resulting in the improvement
pattern of the as-synthesized Fe2O3/NiO microflowers.



Fig. 4. EDS mapping images for the elements of O, Fe and Ni.

Fig. 5. N2 adsorption-desorption curves of the porous Fe2O3/NiO microflowers.
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of reversible capacity and cycle performance.
3.2. Electrochemical performances of Fe2O3/NiO microflowers

Considering their unique structure and composition, the syn-
thesized Fe2O3/NiO microflowers were investigated as anode ma-
terials for lithium-ion batteries. Fig. 6a shows the CV curves of
Fe2O3/NiO microflowers in the first three cycles at a scan rate of
0.2 mV s�1. During the first cathodic scan, an intense peak at 0.38 V
and a sharp peak at 0.48 V could be respectively ascribed to the
reduction of Fe2O3 to Fe and NiO to Ni nanograins, as well as the
formation of Li2O matrix and a solid electrolyte interface (SEI) film
[39e41]. The two broad peaks at about 1.6 V and 2.2 V in the first
anodic scan mainly correspond to the reversible oxidation of Fe to
Fe3þ and Ni to Ni2þ, respectively [42,43]. In the second cathodic
cycle, the peaks shifted to higher voltage of 0.71 V and 0.83 V with
reduced peak currents. The peak shift tomore positive potential is a
common phenomenon for metal oxide anodes and is ascribed to
the structure changes during the lithium insertion in the first cycle
[44]. It should be noted that the curves overlapwell in the following
cycles, indicating that the hierarchical porous Fe2O3/NiO micro-
flowers exhibit good electrochemical reversibility and cycle per-
formance. The electrochemical reactions are as follows:

Fe2O3 þ 6Liþ þ 6e 4 3Li2O þ 2Fe (1)

NiO þ 2Liþ þ 2e 4 Li2O þ Ni (2)

Fig. 6b shows the galvanostatic discharge-charge curves of
Fe2O3/NiO microflower electrode at 100 mA g�1 in the voltage
window of 0.01e3 V for the first three and tenth cycles. There is a
wide, steady discharging plateau at ca. 0.75 V in the first cycle,
followed by a gradual voltage decrease. The specific capacity of the
flower-like Fe2O3/NiO composite should depend on the mass ratio
of Fe2O3 and NiO in the composite. The theoretical capacity (C) of
the Fe2O3/NiO composite can be calculated on the contents of Fe2O3
and NiO as follows:

Ctheoretical ¼ CFe2O3 � Fe2O3 wt%þ CNiO � NiO wt%

¼ 1007� 52%þ 718� 48% ¼ 867:2 mAh g�1

The initial discharge and charge capacities are 1652.6 mAh g�1

and 1324.5 mAh g�1, respectively, with high initial coulombic ef-
ficiency of 80.2%, showing the good reversibility of the electrode,
which are much higher than the theoretical discharge capacity
values of both Fe2O3 (1007 mAh g�1) and NiO (718 mAh g�1). It
should be noted that the initial coulombic efficiency is much su-
perior to the reported flower-like Fe2O3 anode with 75% and 64.8%,
respectively [45,46]. The data are also higher than those of previ-
ously reported single metal oxides with other microstructures such
as nanorods and nanotubes (Table S2) [9,22,47e49], indicating that
the Fe2O3/NiO microflowers are superior to single metal oxides,
which can be ascribed to the strong synergetic effect between



Fig. 6. (a) CV profiles at a sweep rate of 0.2 mV s�1, (b) the first three and tenth discharge/charge voltage profiles in the range of 0.01e3.0 vs (Li/Liþ) V at a rate of 100 mA g�1, (c)
cycle performances and coulombic efficiency at a rate of 100 mA g�1, and (d) rate capabilities at different rate.
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Fe2O3 and NiO in the composite. Reversible charge capacities of
1310.3 and 1320.7 mAh g�1 were retained at the second and third
cycle, respectively, suggesting the good cyclic stability. This
improvement is ascribed to the porous nanostructures of Fe2O3/
NiO, which could increase contact area between electrolyte and
active materials, and improve electron and ion transport.

Cycling performances of hierarchical porous Fe2O3/NiO micro-
flower at current density of 100 mA g�1 are shown in Fig. 6c. It is
worth noting that an increased charge capacity of 1456.8 mAh g�1

can be achieved at the 20th cycle, corresponding to a coulombic
efficiency of 97.01%, and then there is a gradual decline in the fol-
lowed 30 cycles. At 50th cycle, the Fe2O3/NiO composite delivered a
charge capacity of 1176.2 mAh g�1 with capacity retention of 88.7%
compared to the initial charge capacity. The cycle performance of
the Fe2O3/NiO microflower is also reflected by EIS. The Nyquist
plots of the Fe2O3/NiO microflower electrode before testing, after
20th cycle and 50th cycle are shown in Fig. S1. They are composed
of a depressed semicircle in the high-frequency region and a
sloping line in the low-frequency region. The intercept at the real
axis at high frequency corresponds to the ohmic resistance, which
represents the total resistance of the electrolyte, separator, and
electrical contacts. The semicircle in the middle frequency range
indicates the charge transfer resistance, and the inclined line in the
low-frequency range represents the Warburg impedance. The
larger semi-arc diameter suggests the larger charge transfer resis-
tance. It can be clearly seen that the charge transfer resistances of
the composite electrode decreased from 79.6U of the initial cycle to
51.5 U at 20th cycle, then increased to 101.6 U for the 50th cycle,
respectively. This result is also consistent with the cycle perfor-
mances of Fe2O3/NiO composites. To further explore the cycle
performances of Fe2O3/NiO electrodes, we also examined the
morphology and structural changes of the Fe2O3/NiO microflower
after repeated Liþ insertion/extraction. The coin cell electrochem-
ically evaluated at 100 mA g�1 for 50 cycles was disassembled and
characterized by SEM (Fig. S2). Compared with Fig. 2c and d before
cycling, it was found that the original microflower morphology and
structure were retained after cycling. The improved cyclic stability
and capacity retention of hierarchical porous Fe2O3/NiO micro-
flowers may be ascribed to the special porous structure to accom-
modate the volume variation of Fe2O3/NiO, and the synergetic
effect of Fe2O3 and NiO. High-rate electrochemical performances
are also an important parameter for LIBs. Fig. 6d exhibits the
excellent capacity retention of the Fe2O3/NiO microflowers at all
rates. Even if the current density increases to 2 A g�1, an average
charge capacity of 693.6 mAh g�1 is also maintained. More
importantly, a high charge capacity of 1022.2 mAh g�1 could be
recovered when the current density was back to 100 mA g�1,
demonstrating good rate performance. In all, Fe2O3/NiO as anode
material exhibits superior electrochemical performance, which
could be attributed to the hierarchical porous structure of Fe2O3/
NiO microflowers. Firstly, the stable porous hierarchical nano-
structure could increase contact area and more active sites for
electrochemical reactions, and enrich the lithium storage proper-
ties of materials. Meanwhile, the mechanical stress induced by the
volume change during the lithium ion insertion/extraction may
also be alleviated by sufficient void space. Finally, “synergistic ef-
fect” between Fe2O3 and NiO also helps to improve electrochemical
capacity.

4. Conclusions

In summary, this work reports a hierarchical porous Fe2O3/NiO
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microflower via thermal decomposition of a cyanide-metallic-
framework. As an anode for LIBs, Fe2O3/NiO microflowers exhibit
a remarkably improved electrochemical performance in terms of
lithium storage capacity (1652.6 mAh g�1 at 100 mA g�1), cycling
stability (1210.4 mAh g�1 capacity retention at 50 cycles) and a
good rate capability. The hierarchical porous microstructure of
Fe2O3/NiO microflowers and the synergetic effect of Fe2O3 and NiO
may contribute to the improved electrochemical performance. This
work further demonstrates that the CMF-templates synthesis of
metal oxides is an effective method for fabricating porous com-
posite anode for advanced lithium ion batteries.
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