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ABSTRACT: Fe,0;/Co050, double-shelled hierarchical microcubes
were synthesized based on annealing of double-shelled Fe,[Fe-
(CN)4]3/Co(OH), microcubes, using Co(AC), as a Co** source to
react with OH™ generated from the reaction of ammonium hydroxide
and water. The robust Fe,O; hollow microcube at the inner layer not
only displays a good electronic conductivity but also acts as stable
supports for hierarchical Co;0, outside shell consisting of nanosized
particles. The double-shelled hollow structured Fe,0;/Co0;0, nano-
composites display obvious advantages as anode materials for LIBs.
The hollow structure can ensure the presence of additional free
volume to alleviate the structural strain associated with repeated Li'-
insertion/extraction processes, as well as a good contact between
electrode and electrolyte. The robust Fe,O; shell acts as a strong

PB/Cq¢’

PB/Co(OH),

Fe,0,/Co30,

support for Co;O, nanoparticles and efficiently prevents the aggregation of the Co;0, nanoparticles. Furthermore, the charge
transfer resistance can be greatly decreased because of the formation of interface between Fe,O; and Co;0, shells and a relative
good electronic conductivity of Fe,O; than that of Co;0,, resulting in a decrease of charge transfer resistance for improving the
electron kinetics for the hollow double-shelled microcube as anode materials for LIBs. The Fe,0;/Co;0, nanocomposite anode
with a molar ratio of 1:1 for Fe:Co exhibits the best cycle performance, displaying an initial Coulombic efficiency of 74.4%,
delivering a specific capacity of 500 mAh g™ after SO cycles at a current density of 100 mA g™, 3 times higher than that of pure
Co;0, nanoparticle sample. The great improvement of the electrochemical performance of the synthesized Fe,0;/Co;0,
double-shelled hollow microcubes can be attributed to the unique microstructure characteristics and synergistic effect between

the inner shell of Fe,O5 and outer shell of Co;0,.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) have been the most intensively
used energy storage devices in recent years because of their
advantages such as high energy density, high open-circuit
voltage, lack of memory effects, and controllable shape.' LIBs
are composed of three major components: cathode, anode, and
electrolyte.” Designing electrode materials with high energy
density and cycling stability is an important issue to enhance
the performance of LIBs. The graphite materials are currently
used anode material in commercial LIBs, exhibiting a relatively
low Li storage capacity of 370 mAh g~'. Thus, it has become an
urgent task to search for higher capacity anode materials for the
next generation LIBs.”> Transition metal oxides have drawn
much attention for their applications as anode materials for
LIBs due to their low cost, wide availability, and especially
higher theoretical specific capacities (>600 mAh g™').*’
Among the transition metal oxides, Co;0, attracts extensive
interest due to its high theoretical capacity (890 mAh g'),
accelerating the rapid development in this field.® However, its
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large volume change during the Li" extraction and insertion
process will lead to pulverization of the electrode materials,
resulting in decrease in cycling stability and reversible
capacity.” ™"

Generally, two efficient techniques are adopted to alleviate
the volume change of the electrode materials. One way is to
form a buffer layer to alleviate the stress, such as carbon,'*
graphene," conducting polymer,'® ect. Another is to build a
robust hierarchical hollow or porous structure to provide
additional free volume to alleviate the structural strain
associated with repeated Li'-insertion/extraction processes
and thus lead to an improved cycling stability.'” Furthermore,
hollow structured materials with a large interior space and a
large specific area could provide sufficient contact between the
electrode and the electrolyte.
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PB/Co(OH),

Figure 1. Schematic illustration of the synthetic process of double-shelled Fe,0;/Co0;0, hollow microcubes.

Previous reports on hollow structured materials showed
excellent electrochemical performance of hollow materials as
electrode for LIBs. For example, Tao et al. reported Co;0,
hollow microspheres with micro- and nanoscale composite
structure self-assembled by nanosheets, exhibiting an improved
discharge capacity as anode materials for LIBs.'® It is reported
that the hollow porous Co;0,, TiO,, and SnO,, as anode
materials for LIBs with improved crystallinity and large specific
surface area showed a high specific capacity and stable cycle
performance.'® Not only the hollow structured materials but
also core—shell composites are regarded as promising anode
materials for LIBs due to their unique microstructures that
benefit the electrochemical performance in LIBs. For example,
an extraordinarily high reversible capacity of SnO,/a-MoO;
core—shell nanobelts as anode materials for LIBs can be
attributed to the presence of a-MoO; that could make extra
Li,O reversibly convert to Li*.*® Cui et al. designed a novel
carbon—silicon core—shell nanowires as high power and long
life LIBs anodes due to the synergistic effect between the core
and shell section.”" A unique core—shell SnO, nanostructured
materials by Deng et al. could store an exceedingly large
amount of Li*, and exhibited improved electrochemical
performance.”> So designing core/shell structured materials
with unique structure could be an effective way to improve
electrochemical performance of anode materials in LIBs. Recent
investigation suggests that hollow double-shelled CoMn,O,
microcubes as anodes for LIBs can retain a high discharge
capacity of 624 mAh g™ after S0 cycles at a current density of
200 mA g~.** So the design of materials with unique structure
could be a effective way to obtain good anode materials with
good electrochemical performance. Recently metal oxides
obtanied by directly annealing coordination polymers (CPs)
have been promising anode materials. Owing to the unique
structures, Fe203,24’25 FesO4,26 Cu0,” and Co3,O419 derived
from CPs exhibited good electrochemical performance for
LIBs.

The electrochemical performance can be further improved by
designing nanostructured materials. Compared with bulk
materials, nanostructured materials have drawn much attention
for their application in LIBs because of their numerous
advantages, such as larger surface area, more active lithium
storage sites, shorter Li" diffusion length, enhanced electron
transportation.zs’29 However, it is known that nanostructured
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material electrode undergoes significant volume change during
lithiation and delithiation process, which leads to breakdown of
electrical pathways (the so-call pulverization) and thereafter
rapid capacity fading.*”*° Furthermore, pronounced agglomer-
ation of nanostructured particles may inevitably take place
during electrochemical cycling.*"*> According to the diffusion
formula t = L?/2D (where t is the diffusion time, L is the
diffusion distance, and D is the diffusion coeﬂclcient),33 the
agglomeration of the nanomaterials can lengthen the average
Li" diffusion path, thus results in bad performance of the
electrode materials for LIBs. Some measures are proved to be
successful to alleviate or even avoid the agglomeration of
nanomaterials.””®

Herein, we report a two-step process for the synthesis of
double-shelled Fe,0;/Co03;0, hollow microcubes by a slow-
chemical reaction method. The double-shelled hollow struc-
tured Fe,0;/Co;0, nanocomposites have some advantages as
anode materials for LIBs. Compared with pure Co;0, sample,
the hollow Fe,0;/Co;0, (1:1) double shelled nanocomposite
with a molar ratio of 1:1 for Fe/Co displays with a lower charge
transfer impedance and greatly improved charge transfer ability
at the interface bwetween the anode and the electrolyte.

2. EXPERIMENTAL SECTION

2.1. Synthesis of the Prussion Blue Microcubes. The Prussion
blue (PB) microcubes were synthesized according to a previous
work.** Briefly, polyvineypirrolydone (PVP, K30, MW = 40 000, 22.8
g) were dissolved in a HCl solution (0.1 M, 300 mL) and we obtained
a transparent solution. Then 0.66g K,Fe(CN)43H,O were added to
this solution under magnetic stirring. After 30 min, the obtained clear
pale yellow solution was transferred into a bottle, which was then
placed into an electric oven and heated at 80 °C for 24 h. The
obtained blue liquid was filtered and washed several times with
deionized water and absolute ethanol for several times. Finally, we
obtained the PB microcubes.

2.2. Synthesis of the Co;0,/Fe,0; Composites. Typically, the
obtained PB mirocubes was dispersed in a mixture which contained a
certain amount of Co(AC),-3H,0, 1.6 g of PVP, 16 mL of alcohol,
and 35 mL of H,0. The mixture was homogeneously mixed by
magnetic stirring and ultrasonication and then put into a beaker with
ammonium hydroxide dangling in it. Then the resulting mixture was
stirred for 12 h at 80 °C. The obtained black product was filtered and
washed several times with distilled water and absolute ethanol and
finally dried in a vacuum oven at 35 °C for 12 h. To obtain the final
product, the as-synthesized black product was heated at 650 °C with a
temperate ramp of 2 °C min™* for 6 h in air.
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2.3. Materials Characterization. X-ray diffraction (XRD)
patterns were collected using Rigaku D/Max-Rb diffractometer
equipped with Cu Ka radiation(4 = 1.5406 A). The morphology and
components of the synthesized products were analyzed using SU-70
field emission scanning electron microscopy (FE-SEM) and attached
X-ray energy dispersive spectrometry (EDS), respectively. The
morphology and structure of the synthesized products were analyzed
using high-resolution transmission electron microscopy (HR-TEM) of
JEM-2100 at an acceleration voltage of 200 kV Nitrogen adsorption—
desorption isotherms were determined at 77 K using Gold APP V-
Sorb 2800P surface area and porosity 60 analyzer. The surface area
measurements were performed according to the Brunauer—Emmett—
Teller (BET) method. The pore size distribution was obtained from
the adsorption branch of the isotherm using the Kelvin equation by
means of the Barrett—Joyner—Halenda (BJH) method.

2.4. Electrochemical Measurements. The electrochemical
measurements were carried out by using 2032 coin-type cells, which
contain the Fe,0;/Co;0, composite material as negative electrode, a
cellgard 2325 as separator, a lithium metal foil as reference electrode
and a solution of 1.0 M LiPF in mixed ethylene carbonate (EC) and
diethyl carbonate (DEC) (EC/DEC, 1:1 by volume) as the electrolyte.
The working electrode is composed of Fe,03;/Co;0, composites,
polyvinylidene difluoride (PVDF) and acetylene black in a weight ratio
of 70:15:15. The cells were assembled in an Ar-filled glovebox.
Charge/discharge test of the cells was performed in potential range of
3.00—0.01 V on a LAND CT2001A battery test system (Wuhan,
China) at room temperature. The cyclic voltammetry (CV) study was
conducted using an electrochemical workstation (PARSTAT 2273)
between 3.00 and 0.01 V at a scan rate of 0.1 mV s\,

3. RESULTS AND DISCUSSION

The schematic illustration for the synthetic process of double-
shelled Fe,0;/Co;0, hollow microcubes is shown in Figure 1.
After the synthesis of prussion blue (PB) mirocubes, they were
dispersed into a PVP solution. Then Co*" ions were connected
to the surface of PB mircocubes after the introduction of
Co(AC),. Under 80 °C, the NH; was released slowly from the
ammonium hydroxide and then dissolved in the solution to
produce OH™. The slow reaction between Co*" and OH™ leads
to the formation of nanosized Co(OH), shell on surface of the
PB microcubes. The reactions are described as

NH;, + H,0 — NH," + OH~ (1)

Co’* + 20H™ — Co(OH), )
An annealing treatment was carried out at 650 °C for 6 h in air
with a ramping rate of 2 °C min™', the PB/Co(OH),
microcubes were transformed into Fe,05;/Co;0, hollow
microcubes.

Figure 2 depicts the powder X-ray diffraction (XRD)
patterns of the Fe,0;/Co;0, nanocomposites with different
contents of Co;0, incorporated, with a molar ratio of 1:0.5, 1:1
and 1:1.5 for Fe:Co, respectively. The XRD patterns of the
synthesized nanocompistes display the similar diffraction peaks,
which can be indexed to standard cubic Co;0, (JCPDS 42-
1467), cubic bixbyite f-Fe,O; (JCPDS 39-0238), and cubic
spinel y-Fe,O; (JCPDS 39-1346), indicating that the
synthesized nanocomposites are composed of Fe,O; and
Co;0, phases. From the XRD patterns in Figure 2, it is
shown that with the content of Co;O, incorporated increasing,
the diffraction peaks related to Co;O, phase gets stronger. To
make a comparison of the electrochemical performance
between the Fe,0;/Co;0, nanocomposites and pure Co;0,,
the pure Co;0, nanoparticles were also synthesized, of which
XRD pattern is given in Figure S1 in Supporting Information.
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Figure 2. Wide-angle XRD patterns of the Fe,0;/Co;0, hollow
microcubes with a molar ratio of (a) 1:0.5, (b) 1:1, and (c) 1:1.5,
respectively.

Field emission scanning electron microscopy (FE-SEM)
examination was carried out to elucidate the morphology and
microstructure of the synthesized Fe,0;/Co0;0, composites.
From Figure 3a, it is indicated that the synthesized PB

Figure 3. FE-SEM images of (a) Prussion Blue microcubes, (b) Fe,O5
microcubes transformed from PB, (c) PB/Co(OH), microcubes, and
(d) Fe,05/Co;0, (Fe:Co: 1:1) hollow microcubes.

microcubes display a smooth surface with a highly uniform
morphology with an average size of ~800 nm. After calcination
treatment at 650 °C for 6 h, the smooth PB microcubes
transformed to robust Fe,O; microcubes, retaining their
original cube-like morphology of PB microcubes, as shown in
Figure 3b. When the reaction solution of Co(AC), was mixed
with PB microcubes in advance (according to different atomic
ratio for Fe/Co of 1:0.5), the synthesized microcubes show a
relatively rough surface compared with smooth surface of PB
microcubes (Figure 3c), indicating the formation of the PB/
Co(OH), (Fe/Co = 1:0.5) nanocomposite with a thin layer of
Co(OH), deposited on the outer surfaces of PB. After
calcination at 650 °C for 6 h, the PB/Co(OH), microcubes
transformed into uniform porous microcubes of Fe,0;/Co;0,

(Fe/Co: 1:0.5) (Figure 3d).
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Figure 4 comparatively illustrates the detail microstructures
of Fe,0;/Co0;0, microcube nanocomposites with different

Figure 4. FE-SEM images of Fe,0;/Co;0, hollow double-shelled
microcubes with different molar ratio of Fe/Co: (a) 1:0.5, (b,c) 1:1,
and (d) 1:1.5, respectively.

molar ratio of 1:0.5 (Figure 4a), 1:1 (Figure 4b, c), and 1:1.5
(Figure 4d) for Fe/Co. For the outer layer of Co;0,, the high
magnification SEM images of Fe,0;/Co;0, microcubes show
that the outer shell is consisted of Co;0, nanoparticles of 20—
30 nm. With the content of Co;0, increasing, the Fe,O; inner
shell tends to distort. As the content of Co;0, achieves a value
of a molar ratio of 1:1.5 for Fe/Co, the Fe,O; inner shell almost
collapses.

For the chemical composition component and elemental
distribution of the double-shelled microcube nanocomposites,
EDS analysis shows that the nanocomposites are composed of
Fe, Co, and O elements. Figure 5 gives a typical EDS elemental

500 nm

500 nm

Figure S. (a) SEM image (b) O, (c) Co, and (d) Fe elemental
mapping images of Fe,03;/Co;0, hollow microcubes.

mapping analysis of the Fe,0;/Co0;0, (1:1) microcube sample,
evidently revealing the homogeneous distribution of Fe, Co and
O among the whole nanocompoiste microcubes. It is can be
concluded that uniform Fe,0;/Co0;0, double-shelled micro-
cubes were successfully synthesized by a slowly chemical
reaction method. It is clearly indicated that the Fe,O; layer is at
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inner shell and the Co;0, shell is on the outer side of the
Fe,0;/Co;0, nanocomposite.

Transmission electron microscopy is used to further reveal
the detailed microstructures of the Fe,O5/Co0;0, microcubes.
Uniform microcubes with an average size of 800 nm are
revealed in the low-resolution TEM images of the synthesized
Fe,05/Co;0, products with different Fe:Co ratio of 1:0.5
(Figure 6a—c) and 1:1 (Figure 6d, f), in agreement well with
the SEM results described above. Hollow structure nature of
the microcubes is clearly shown in the TEM images, with a shell
of Fe,O; inside and the Co;0, layer on the shell outside,
corresponding to the result obtained via the examination of
EDS elemental mapping. Moreover, it can be seen that the
outer shell of Co;0, is composed of nanoparticles of 20—30
nm (Figure 6g), which is consistent with the SEM observations.
The marked d-spacing of 0.25 nm in a high-resolution TEM
lattice image of an individual Co;0, nanoparticle (Figure 6h)
corresponds well to the d-spacing of (311) plane of Co;0,
(JCPDS No. 42-1467). The diffraction rings in a selected area
electron diffraction (ED) pattern (Figure 6i) match well with
(220), (440), (311) planes of y-Fe,O;, and (311) planes of
Co30, and (440) plane of f-Fe,O;. This is in correspondence
well with the XRD characterization results.

The nitrogen adsorption—desorption isotherms and pore size
distribution curves by the Barrett—Joyner—Halenda (BJH)
method of the simple Co;0, nanoparticles and Fe,05/Co;0,
(1:1) hollow microcubes are shown in Figure 7. The two
isotherms are similar to each in form, exhibiting a typical type
IV with a type H1 hysteresis loop, indicating the presence of
the mesopores.>* The hysteresis loop shown in isotherms is
very narrow and small, suggesting the presence of macropores
in the samples.®® Table 1 gives the important structural
parameters derived from the nitrogen adsorption and
desorption isotherms of the samples. The specific surface area
of the Fe,0; Co;0,4 and Fe,0,/Co;0, (1:1) composite is
22.5, 28.5, and 30.5 m*> g, respectively. The Fe,0;/Co;0,
(1:1) composites exhibit higher surface area than pure Co;0,
nanoparticles, indicating that the transformation of the simple
Co;0, nanoparticles to hierarchical Co;0, shell led to an
increase in the surface area. The unique double-shelled Fe,O;/
Co30, microcube-like structures with complicated hierarchical
Co;0, shell made an increase in both the specific surface area
and the total pore volume, permitting the electrolyte to easily
penetrate through the electrode, which would be useful for the
enhancement of electrochemical performance as anode
materials for LIBs.

To understand the redox reactions of the synthesized Fe,0;/
Co;0, composite, the CV curves for the first three cycles of the
Fe,0;/Co;0, composite were investigated at a scan rate of 0.1
mV s7! in the voltage range of 3.00—0.01 V versus Li"/Li
(Figure 8). In the first cycle, two cathodic peaks located at 0.5
and 0.75 V were observed for the Fe,0;/Co03;0, composite
electrode. The bulky peaks at 0.5 V can be attributed to the
reduction of Fe’* to Fe” and the irreversible reaction related to
the formation of SEL>® The other tiny peak at 0.75 V possibly
because of the multistep electrochemical reduction (lithiation)
reaction o f Co;0, with Li.>” Two obvious anodic peaks located
at 1.75 and 2.2 V were observed in the first anodic scan. The
anodic peak located at 1.75 V may attributed to the reversible
oxidation of Fe” to Fe>" during the charge process.>® Another
anodic peak located at 2.2 V may be ascribed to the oxidation
(delithiation) reaction of Co;0,.%

dx.doi.org/10.1021/am500417j | ACS Appl. Mater. Interfaces 2014, 6, 8098—8107
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Figure 6. TEM images of Fe,03/Co;0, (1:0.5) hollow microcubes with different molar ratio for Fe/Co: (a—c) 1:0.5 and (d—f) 1:1. (g) TEM image
of Co;0, hierarchical shell. (h) High resolution TEM lattice image of a Co;0, nanoparticle. (i) SAED patterns of the Fe,05/ Co;0, (1:1) samples.
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Figure 7. N, adsorption—desorption isotherms and pore size distributions (inset) of (a) Co;0, and (b) Fe,05/Co;0, (1:1) samples.

Table 1. Textural Parameters of the Fe,0;, Co;0,, and
Fe,0;/Co;0, Composites

BET surface area  pore diameter  total pore volume

sample (m’g™) (nm) (em® g
Fe,0, 22.5 71 1.04
Co;0, 28.5 43 0.46
Fe,0,/Co;0, 26.0 48 1.00
(1:0.5)

Fe,0,/Co50, 30.5 53 0.90
(1:1)

Fe,0,/Co50, 323 38 0.59
(1:1.5)

In the second cycle, we can observe the obvious decrease in
the peak intensity and integral area, which resulted from the

irreversible capacity caused by the formation of SEL. Compared
with the first cathodic scan, the main cathodic peaks shifted to
0.8 V for Fe,0; and 12 V for Co;0,'" The significant
difference in the lithiation voltage may be related to the changes
of the Fe,O; and Co;0, interfacial property.** The peak
intensity and integral areas of the third cycle are close to that of
the second one for Fe,0;/Co0;0, composite electrode,
indicating the good electrochemical reversibility of Fe,Os;/
Co;0, composite. The formation of Co(Fe) and Li,O and the
reformation of Co;0,(Fe,O;) can be described by the below
electrochemical conversion reaction:

Co,0, + 8Li"  4Li,0 + 3Co (3)

Fe,O; + 6Li* < 3Li,0 + 2Fe (4)
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Figure 8. CV curves of the Fe,0;/Co30, electrode for three cycles at
a scan rate of 0.1 mV s™' in the voltage range of 3.00—0.01 V.

Figure 9 shows the Nyquist profiles of the AC impedance for
the Co;0, nanoparticles, Fe,O5 microcubes, and Fe,05/Co;0,
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Figure 9. Nyquist plot of the simple Co;O, nanoparticles, Fe,0;
microcubes, and Fe,05/Co;0, (1:1) hollow microcubes.

(1:1) hollow microcubes, which were measured at an open
circuit voltage state using fresh cells. Each plot consists of a
semicircle in the high-frequency region that attributed to the
charge transfer process, and a sloping line in the low-frequency
region that related to the mass transfer of lithium ions. The
Nyquist plots for the three samples were similar in shape except
for the diameters of the semicircles, and thereby the associated
impedance values.*' Compared with EIS spectrum of pure
Co;0, nanopartile sample, the EIS spectra of Fe,O; and
Fe,05/Co0;0, (1:1) hollow microcubes display relatively
smaller diameters, indicating a lower impedance value of the
Fe,0; and Fe,0,/Co;0, (1:1) hollow microcubes. So the
charge transfer of Fe,0;/Co;0, hollow microcube electrode is
easier than that of pure Co;0, nanoparticle sample, thus
leading to a better electrochemical performance for the Fe,0;/
Co0;0, hollow microcubes than pure Co;O, nanoparticle
sample.

The relatively lower charge transfer resistance of Fe,0;/
Co;0, hollow microcubes than the pure Co;0, nanoparticles
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resulted from the formation of interface between Fe,O; and
Co;0, shells, and a relative good electronic conductivity of
Fe,0; than that of Co;0,. The charge transfer enhancement
mechanism of the Fe,0,;/Co0;0, double-shell microcubes is
depicted in Figure 10. For the electrode of pure Co;0,

Long path

Short path

A

e h o hol okl k ke E
F Y Y Y Y Y Sy Y ¢

[ ] COgQ

Figure 10. Charge transfer enhancement mechanism of the double-
shell microcubes.

nanoparticles, the electrons are transferred from one nano-
particle to another with a slow speed for a long path. While for
the electrode of Fe,03/Co;0, hollow composite microcubes,
the electrons are first transferred from Co3;0, nanoparticels to
Fe,0; hollow shell with a shorter path because of the interface
formation between Co;0, and Fe,O; double shell hollow
structure. Once transferred to Fe,O; hollow shell, the electrons
can spread quickly to the other Co;0, nanoparticles adhered
closely to the Fe,O; hollow shell because of the relatively good
electrical conductivity of Fe,O; than that of Co;0,. So the
formation of the double-shelled Fe,0;/Co;0, composites
promotes the transfer ability of electrons to a certain extent in
the electrode, leading to a lower charge transfer resistance of
Fe,05/Co;0, hollow microcubes than pure Co;0, nano-
particles. Such phenomenon is also found in previously
reported work on the related core—shell structures, in which
inner cores with better conductivity can lead to a better
electron transfer ability, and homogeneous electrochemical
accessibility and high ionic conductivity by avoiding agglom-
eration.*”

Galvanostatic discharge—charge (Li insertion—extraction)
experiments were carried out to evaluate the electrochemical
performance of the Fe,0;/Co;0, (1:1) composite and pure
Co;0, nanoparticle electrodes at a current density of 100 mA
g~ between 3.00 and 0.01 V vs Li"/Li. Figure 11 shows profiles
for the voltage versus capacity of the first, second and fifth cycle
of the synthesized samples. For the pure Co;0, electrode, the
first discharge and charge capacity are 1113 and 826 mAh g™/,
corresponding to an initial Coulombic efficiency of 74.2%. But
the capacity dropt rapidly during the cycle processes. At the
fifth cycle, the discharge and charge capacity are 714 and 556
mAh g, respectively, only 50% retention of the initial
discharge capacity. For the Fe,0;/Co;0, (1:1) composite,
the first discharge and charge capacities are 1687 and 1249
mAh g_l, respectively, with a greatly enhancement of the
cycling stability and capacity enhancement. The initial
Coulombic efficiency is as high as 74.4%. The capacity loss in
the subsequent cycles is slower than the simple Co;O,,
indicating a better electrochemical performance of the
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Figure 11. Discharge—charge profiles of electrode at a current density of 100 mA g™ in the voltage range 3.00—0.01 V versus Li*/Li: (a) pure Co;0,

nanoparticles and (b) the Fe,03/Co0;0, (1:1) hollow microcubes.

composite. In the first-discharge curve, the potential quickly
falls to a 0.8 V plateau and then gradually declines to the cutoff
voltage of 0.01 V. This is consistent with CV result, ascribed to
the lithiation reaction of Fe,0;/Co;0, and irreversible
formation of SEI film. This plateau shifted up to 1.2 V in the
second discharge curve. The plateau at 1.75—2.2 V can be
ascribed to the delithiation of electrode. The result above
agreed well with the CV result.

Figure 12 comparatively describes the cycle performance and

stability of the prepared double-shelled Fe,0;/Co;0, micro-
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Figure 12. Discharge and charge capacity vs cycle numbers curves of
the Fe,0;/Co0;0, and pure Co;0, electrodes cycled at a current
density of 100 mA g~ in the voltage range 3.00—0.01 V versus Li*/Li
for 50 cycles.

cubes and the pure Co;0, nanoparticles as anode materials at a
current density of 100 mA g~' between 3.00 and 0.01 V at
room temperature. For comparison, we also studied the cycle
performance of the pure Fe,Oj as is shown in Supporting
Information Figure S3. The synthesized pure Fe,0; microcubes
can deliver a discharge and charge capacity of 1108/806 mAh
g”' maintainance during the first lithiation and delithiation
process, corresponding to an initial Coulombic efficiency of
72.8%. After S0 cycles, the pure Fe,O; sample delivers a
reversible capacity of 443 mAh g™ at a current density of 100
mA g . In the first 10 cycles, the Coulombic efficiency of pure
Co30, nanoparticle sample even did not exceed 91%, and the
discharge capacity dropt quickly from 1113 to about 240 mAh

8104

g~'. At the 50th cycle, it can only maintain a capacity of 150
mAh g/, showing a bad cycle performance for the pure Co;0,
nanoparticle sample. However, double-shelled Fe,0;/Co;0,
composites showed better cycle performance as anode materials
for LIBs. The first discharge/charge capacity of the Fe,O;/
Co;0, (1:0.5, 1:1 and 1:1.5) is 1505/1040, 1678/1249, and
1796/1116 mAh g, corresponding to an initial Coulombic
efficiency of 69.1%, 74.4%, and 62.2%, respectively, with a
greatly capacity enhancement compared with pure Co;0O,
nanoparticle sample. Among all the composites, the Fe,O;/
Co;0, (1:1) anode exhibits the best cycle performance. At the
current density of 100 mA g~', the Coulombic efficiency of the
second cycle can reach 94%. The discharge capacity exhibits a
slow capacity loss in the first 20 cycles and it can still maintain
650 mAh g™' at the 20th cycle. After S0 discharge and charge
processes, it can still delivered a specific capacity of S00 mAh
g~". For the Fe,0;/Co;0, (1:1) composite, the mass ratio of
the two active material is calculated as 1:1. So taking the
capacity contribution of 221 mAh g~' for the Fe,0; (443 mAh
g~! for pure Fe,0;) into account in the doubel-shlled Fe,O,/
Co;0, composites, the capacity of the Co;0, hierarchical shell
is 558 mAh g™, which is more than 3 times of pure Co;0,
nanoparticle sample in the present work.

Rate capabilities of the Fe,0;/Co;0, (1:1) double-shelled
microcubes and the pure Co;0O, under various current densities
from 100 to 800 mA g~ are shown in Figure 13. For
comparison, the rate capability of the pure Fe,O; hollow
microcubes is also shown in Supporting Information Figure
S3b. As is shown above, the pure Co;0, nanoparticles can only
deliver 220, 162, and 120 mAh g_1 at the current density of
200, 400, and 800 mA g, respectively, which displayed a bad
rate capability. However, the double-shelled microcubes
showed much better rate performance under the same
condition. It can deliver 738 and 456 mAh g~' when cycled
at 200 and 400 mA g'. Even at the high current density of 800
mA g_l, it can still retain 272 mAh g_l, which is better than the
pure Co;0, nanoparticles (120 mAh g™') and the pure Fe,0,
hollow microcubes (238 mAh g™"). Furthermore, the capacity
can recover to 690 mAh g~' when the current density reduced
to 100 mA g, indicating good rate capability of the Fe,05/
Co30, (1:1) double-shelled microcubes.

The great improvement of the electrochemical performance
of the synthesized Fe,0;/Co50, double-shelled hollow micro-
cubes can be attributed to the unique microstructure
characteristics and synergistic effect between the inner shell
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Figure 13. Rate capability of the Fe,03;/Co;0, and pure Co;0,
electrodes cycled at different current densities from 100 to 800 mA g™*
in the voltage range 3.00—0.01 V versus Li*/Li for 50 cycles.

of Fe,0; and outer shell of Co;0,. The hollow structure can
ensure the presence of additional free volume to alleviate the
structural strain associated with repeated Li* insertion/
extraction processes, as well as a good contact between
electrode and electrolyte. The robust Fe,O; hollow microcubes
not only displays good electronic conductivity but also acts but
also acts as a strong support for Co;0, nanoparticles and can
efficiently prevent the aggregation of the Co;0, nanoparticles.
Figure 14a and b depicts FESEM images of double-shelled

Figure 14. FE-SEM images of Fe,0;/Co;0, microcubes working
electrodes (a) before cycling and (b) after 10 cycles; FE-SEM images
of pure Co;0, nanoparticles working electrodes (c) before cycling and
(d) after 10 cycles.

Fe,0;/Co;0, hollow microcubes as anode materials before and
after 10 cycles. After 10 cycles, no obvious change of the cubic
structure for Fe,0;/Co;0, hollow microcubes can be seen
from Figure 14b, and no obvious agglomeration of the Co;0,
nanoparticles takes place. So the structural instability and
agglomeration of the Co;0, nanoparticles can be successfully
alleviated by loading Co;0, nanoparticles on the robust Fe,O;
hollow microcube. In contrast, for pure Co;0, nanoparticle
samples, after 10 discharge and charge cycles, the agglomer-
ation takes place, and the nanosized Co;O, nanoparticles
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transform to big particles with a size of 1.5 ym (Figure 14, d).
Furthermore, EIS analysis (Figure 9) shows that the charge
transfer resistance of Fe,05/Co;0, is much lower than that of
pure Co;0, sample. This improvement can be attributed to
relative good electronic conductivity of Fe,O; than Co;0,, and
the formation of interface between Fe,O; and Co;0, shells and
double-shelled microcube/electrolyte interface, resulting in a
decrease of charge transfer resistance for improving the electron
kinetics in the electrode material, and hence, enhancing the
electrochemical performance of Fe,0;/Co30, electrode for
LIBs. The hollow Fe,0,/Co;0, (1:1) double-shelled nano-
composite with proper amount of Co;0, nanoparticles has a
more stable structure and displays a lower charge transfer
impedance and greatly improved charge transfer ability at the
interface between the anode and the electrolyte.

4. CONCLUSIONS

In summary, we successfully synthesized double-shelled hollow
microcubes by a Prussion Blue-supported slow chemical
reaction method, with the robust Fe,O; hollow microcubes
inside and hierarchical Co;O, shell outside. The great
improvement of the electrochemical performance of the
synthesized Fe,0;/Co0;0, double-shelled hollow microcubes
can be attributed to the unique microstructure characteristics
and synergistic effect between the inner shell of Fe,O; and
outer shell of Co;0,. The robust Fe,O; hollow structure not
only displays good electronic conductivity but also acts as a
strong support of the whole structure, and Co;0, nanoparticles
load on the Fe,O; to form a hierarchical shell, efficiently
preventing the aggregation of the Co;0, nanoparticles.
Furthermore, EIS analysis shows that the charge transfer
resistance of Fe,03/Co;0, is much lower than that of pure
Co;0, sample, hence enhancing the electrochemical perform-
ance of Fe,03/Co;0, electrode for LIBs. The Fe,05/Co;0,
nanocomposite anode with a molar ratio of 1:1 for Fe:Co
exhibits the best cycle performance, displaying an initial
Coulombic efficiency of 74.4%, delivering a specific capacity
of 500 mAh g™' after 50 cycles at a current density of 100 mA
g~', 3 times higher than that of pure Co;O, nanoparticle
sample. The novel Fe,0;/Co;0, double-shelled microcubes
should be promising high-performance anode materials for
LIBs, and the slow chemical reaction method could also be
extended to synthesis of other novel structures.
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