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ABSTRACT: The yolk—shell hollow structure of transition metal oxides
has many applications in lithium-ion batteries and catalysis. However, it is
still a big challenge to fabricate uniform hollow microspheres with the yolk
bishell structure for mixed transition metal oxides and their supported or
embedded forms in carbon microspheres with superior lithium storage
properties. Here we report a new approach to the synthesis of manganese
cobalt iron oxides/carbon (Mn,Co;_,Fe,0, (0 < x < 1)) microspheres
through carbonization of Mn*'Co?*Fe*"/carbonaceous microspheres in

1 Mn, .Co, .Fe,O, yolk bishell microspheres
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400 ;
N,, which can be directly applied as high-performance anodes with a long Mn;;Co,.Fe. 0 /carbon. mierosphass
cycle life for lithium storage. Furthermore, uniform hollow microspheres 200
with a Mn,Co,_,Fe,0, yolk bishell structure are obtained by annealing 0 ‘ ‘ : :
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these anodes exhibited a high reversible capacity of 498.3 mAh g~' even
after 500 cycles for Mn, sCo, sFe,0,/carbon microspheres and 774.6 mAh
g ! over 100 cycles for Mn,sCo,sFe,O, yolk bishell hollow microspheres at the current density of 200 mA g~'. The present

strategy not only develops a high-performance anode material with long cycle life for lithium-ion batteries but also demonstrates
a novel and feasible technique for designed synthesis of transition metal oxides yolk bishell hollow microspheres with various

applications.
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1. INTRODUCTION

In recent years there have been increasing concerns on
environmental pollution due to the accelerated consumption
and depletion of the nonrenewable fossil-fuels."* Because of the
good sustainability, environmental benignity and safety, high
energy density and long cycle life, and great potentiality for
applications in potable electronics, electric vehicles, and
renewable energy storage, lithium-ion batteries (LIBs) have
attracted tremendous attentions in these years.> ® Recently, a
variety of transition metal oxides (TMOs) structures, such as
hollow Fe;O, nanospheres,” porous nanostructured Co;0,,%
hollow MnO nanospheres,” hollow CoMn,0O, spheres,'® and
mesoporous MnFe,O, microspheres,"" have been demonstra-
ted as the promising high-performance anode materials for LIBs
because of their much higher lithium storage capacities and
safety than that of commercially used graphite."*™'* Fur-
thermore, the prepared TMOs/carbon composites, for
instance, Fe;O, nanoparticles embedded in porous carbon
matrix,'> mesoporous carbon nanotubes filled with Co;0,
nanoparticles,'® hollow porous MnO/carbon microspheres,'”
yolk—shell ZnO-C microspheres,'® hierarchical and porous
ZnO—-Ag-C microspheres,'” mesoporous CoFe,O, nano-
spheres/carbon nanotubes,”® and carbon-coated CoMn,O,
triple-shelled hollow spheres,21 cannot only accommodate the
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volume change during the discharge—charge processes but also
provide stable electrical and ionic transfer channels, resulting in
better cyclic stability than bare TMOs.**~**

More recently, significant efforts have been devoted to the
fabrication of these yolk—shell hollow microspheres which can
be used in a wide range of areas includinlg nanoreactor, catalyst,
drug delivery, solar cells, and LIBs.>>™! Various metal oxides
with yolk—shell hollow nanostructures have been synthesized
on the basis of the Kirkendall and Ostwald ripening effect,****
and of the sacrificial template methods.**>® The general route
for sacrificial template synthesis of nanostructured hollow
materials includes the following steps: template preparation
(such as carbonaceous spheres, silica spheres, or polystyrene
spheres), directed synthesis and assembling of the targeted
materials over the template, and removal of the template.>”*®
For example, hollow TiO, spheres’® and hollow Fe,O,
spheres*® were prepared by using polystyrene spheres as the
template; hollow Co;0, spheres*' and hollow manganese oxide
nanospheres*> were synthesized using the silica spheres
template; hollow NiO nanospheres,” hollow Fe,O; micro-
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Figure 1. Schematic illustration of the formation processes for the carbonaceous microspheres (CMS) (a), Mn**Co**Fe**/CMS microspheres (b),
Mn,Co,_,Fe,0, (0 < x < 1) yolk—shell hollow microspheres (c), Mn,Co,_,Fe,0,/carbon microspheres (d), and Mn,Co,_,Fe,O, yolk bishell

hollow microspheres (e).

spheres,* and hollow NiFe,O, spheres* were prepared using
the carbonaceous spheres template. Recently Lou’s group has
developed a strategy to the synthesis of carbon-coated
CoMn, 0, triple-shelled hollow spheres using the carbonaceous
spheres template, which exhibit a specific capacity of 726.7
mAh g after 200 cycles at a current density of 200 mA g~'.*!
Wang and his co-workers synthesized triple-shelled Co;0,
hollow microspheres through sacrificing the carbonaceous
sphere template and observed a specific capacity as high as
1615.8 mAh g_1 after 30 cycles at a current density of 50 mA
—146 . . .

g~."” However, it still remains as a great challenge for the
formation of uniform transition metal oxide complex hollow
microspheres with a yolk bishell structure and mixed transition
metal oxides/carbon microspheres for LIBs with a long cycling
life from carbonaceous spheres template.*’

Inspired by but differing from the previous work using
adsorption and annealing processes for the synthesis of hollow
microspheres, here we report the synthesis of Mn,Co,_,Fe,O,
(0 £ x < 1) yolk bishell hollow microspheres, including
MnFe,0,, CoFe,0,4 Mnj,;Coy-sFe,0, Mn,;CoyFe,O,, and
Mn,,5Coy,sFe,O,, based on the general “adsorption, crystal-
lization, and annealing” processes, a strategy not reported
previously. Remarkably, the prepared Mn,Co, sFe,0,/carbon
microspheres with Mn,sCo,sFe,O, nanoparticles homoge-
neously embedded in the carbon network after the one-pot
carbonization of Mn**Co*'Fe®*/carbonaceous spheres exhibit
superior lithium storage properties (a high capacity of 498.3
mAh g™! at 200 mA g~ even after 500 cycles). This work paves
a new way for fabrication of hollow microspheres with
transition metal oxides yolk bishell and utilization of transition
metal oxides/carbon microspheres as anodes for LIBs with long

cycling life.

2. EXPERIMENTAL SECTION

2.1. Material Synthesis. In a typical synthesis, carbonaceous
microspheres (CMS) were first synthesized by a modified hydro-
thermal method reported previously.*® Glucose (12 g, Sinopharm
Chemical Reagent Co., Ltd.) was dissolved in deionized water (70
mL) and glycol (5 mL) to form a homogeneous slurry, which was
subsequently sealed in a stainless-steel autoclave and heated at 180 °C
for 24 h. The CMS were collected by centrifugation, washed with
distilled water and absolute ethanol, and finally dried in vacuum at 80
°C for 24 h. Subsequently, 100 mg of CMS was added into 100 mL of
glycol followed by sonication to reach a high dispersion. After that,
Co(CH;CO0),4H,0 (0.5 mmol), Mn(CH,COO),4H,0 (0.5
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mmol), and FeCl;:6H,0 (2.0 mmol) were added into the above
mixture with stirring. The obtained mixture was then transferred into a
round-bottom flask and kept refluxing at 130 °C for 18 h in an oil bath,
followed with a natural cooling down to room temperature. The
product (Mn?*Co**Fe®*/CMS) was collected by centrifugation and
washed with ethanol. In order to obtain Mny;Co,sFe,O, yolk—shell
hollow microspheres, the Mn>*Co*"Fe*/CMS product was further
annealed in air at 500 °C for 2 h with a slow heating rate of 2 °C
min~". The MnysCo,sFe,0,/carbon microspheres were prepared by
annealing the Mn**Co**Fe®*/CMS at 500 °C in high-purity N, for 2 h
with a slow heating rate of 2 °C min~". Finally, the Mn,3Co,sFe,0,
yolk bishell hollow microspheres were obtained by annealing the
Mn, sCoy sFe,0,/carbon microspheres at 500 °C in air for 2 h with a
slow heating rate of 2 °C min™".

2.2. Materials Characterization. X-ray diffraction patterns
(XRD) were recorded on a PANalytical X’Pert PRO MPD using the
Cu Ka radiation (4 = 1.5418 A). The microscopic feature of the
samples was characterized by field-emission scanning electron
microscopy (FESEM) with an energy-dispersive X-ray spectrometer
(EDX) (JSM-7001F, JEOL, Tokyo, Japan) and transmission electron
microscopy (TEM) with an EDX (JEM-2010F, JEOL, Tokyo, Japan)
operated at 300 kV. Thermogravimetric (TG) analysis was carried out
on an EXSTAR TG/DTA 6300 (Seiko Instruments, Japan) at a
heating rate of 2 °C min™' in air. The elemental analysis was
conducted by inductively coupled plasma optical emission spectrom-
etry (ICP-OES, Optima 5300DV, Pekin Elmer). The pore nature of
the samples was investigated using physical adsorption of N, at the
liquid-nitrogen temperature (—196 °C) on an automatic volumetric
sorption analyzer (NOVA3200e, Quantachrome). Prior to the
measurement, the sample was degassed at 200 °C for 12 h under
vacuum. The specific surface area was determined according to the
Brunauer—Emmett—Teller (BET) method in the relative pressure
range of 0.05—0.2. X-ray photoelectron spectroscopy (XPS) analysis
was carried out on an ESCALAB 250Xi from Thermo Scientific
Corporation using Aly, X-ray radiation.

2.3. Electrochemical Measurement. The working electrode was
prepared by mixing the active materials, acetylene black, and
polyvinylidene fluoride (PVDF) in a weight ratio of 80:10:10 with
N-methylpyrrolidone (NMP) as a solvent. The resulting slurries were
cast onto a common Cu foil (current collector). The film composed of
Cu foil and slurries were rolled into 25 pm thin sheets and then dried
at 50 °C for 24 h. The film were cut into disks with a diameter of 14
mm and then dried at 120 °C in vacuum for 24 h. CR2016 coin-type
cells were assembled in an Ar-filled glovebox with lithium foils as the
counter electrodes and polypropylene microporous films (Celgard
2400) as separators. The liquid electrolyte is 1 mol L' LiPFy in a
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC)
(1:1, v/v). The galvanostatic charge and discharge tests were carried
out by the CT2001A LAND testing instrument in the voltage range
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Figure 2. SEM image (a) (inset is its TEM image), HRTEM image (b), cross-sectional SEM image (the back scattered image recorded both in the
secondary electron image and back scattered electron detector) (c), and corresponding elemental mapping images of C, Fe, Mn, Co, and O of

Mn,;Co,sFe,0,/carbon microspheres (d).

between 0.01 and 3.0 V at current densities of 200, 400, 1000, and
2000 mA g~'. Cyclic voltammetry (CV) measurements were carried
out at room temperature using a CHI660D potentiostat in the voltage
range of 0—3 V at a scanning rate of 0.1 mV s™', and electrochemical
impedance spectroscopy (EIS) measurements were also conducted on
the same instrument over a frequency range from 100 kHz to 10 mHz
with an ac oscillation of 5 mV.

3. RESULTS AND DISCUSSION

Figure 1 illustrates the formation processes of the
Mn,Co,_,Fe,0, (0 < x < 1) yolk bishell and yolk—shell
microspheres and of the Mn,Co,_,Fe,0,/carbon microspheres.
The reaction conditions used for synthesis of all the samples are
compiled in Table S1 in the Supporting Information. First of
all, carbonaceous microspheres (CMS), which contain about
882 wt % of carbon (Figure la and Figure Sla in the
Supporting Information) obtained by the modified hydro-
thermal method*® are well dispersed into an glycol solution of
the metal precursors. The prepared CMS possess a large
quantity of interior and outer surface functional groups such as
—C=0 and —OH, thus offering an ideal chemical environment
for the adsorption of metal cations.***’ Subsequently, the metal
precursors are added, and the solution is heated up to 130 °C in
an oil bath and kept stirring and refluxing at this temperature
for 18 h to form the Mn**Co*"Fe*/CMS microspheres (Figure
1b and Figure S1b in the Supporting Information). During this
process, metal glycolate will be formed by adsorbing metal
precursors in both the interior and outer surface of CMS.>* At
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last, the Mn,Co,_,Fe,O, yolk—shell hollow microspheres
(Figure 1c) can be prepared through a crystallization-annealing
treatment in air which accompanies with release of the small
molecules and functional groups during the combustion of
CMS. The Mn,Co,_,Fe,0,/carbon microspheres (Figure 1d)
can be easily generated through crystallization and carbon-
ization processes in high-purity N, and be further transformed
into the yolk bishell Mn,Co,_.Fe,O, hollow microspheres
(Figure le) through an annealing treatment to the former in
air. In the transformation, the formation of the hollow volume
should be due to the release of the small molecules and
functional groups in the CMS template and the complete
combustion of the CMS template. In our method, one of the
important features differing from the previously reported
template methods using CMS for formation of hollow
microspheres is that the “crystallization” and “annealing”
processes are separated. Most importantly, the prepared
Mn,Co,_,Fe,0,/carbon microspheres with Mn,Co,_,Fe,O,
nanoparticles homogeneously distributed in the carbon net-
works showed long cycling life as anodes for LIBs. It should be
pointed out that, in principle, the strategy demonstrated here
can be easily extended to prepare other transition metal oxides/
carbon microspheres and transition metal oxide hollow
microspheres with one yolk but mutiple shells with superior
lithium storage properties. For example, we can prepare
transition metal oxide hollow microspheres with one yolk but
multiple shells using one type of transition metal oxide/carbon
microspheres as the hard template followed with repeated
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Figure 3. SEM images (a and b) and TEM images (c and d) of Mn,5Co,sFe,O, yolk bishell hollow microspheres (inset is its HRTEM image) after
crystallization and annealing treatment and SEM (e) and TEM (f) images of Mn,;Co, sFe,O, yolk—shell hollow microspheres after crystallization-

annealing treatment.

adsorption of another transition metal oxide and annealing
treatment.

Figure S2 in the Supporting Information shows the TEM
images of the Fe,0; hollow microspheres, yolk—shell, and yolk
bishell hollow microspheres. The thin shell Fe,O; hollow
microspheres with a diameter of about 400—500 nm are
obtained after an 8 h-adsorption followed with a crystallization-
annealing treatment (Figure S2a in the Supporting Informa-
tion), or an 8 h-adsorption followed with a crystallization and

6303

then an annealing treatment (Figure S2b in the Supporting
Information). Further increasing adsorption time to 14 h with
the crystallization-annealing treatment (Figure S2c in the
Supporting Information), or the crystallization and then
annealing treatment (Figure S2d in the Supporting Informa-
tion), or to 18 h with crystallization-annealing treatment
(Figure S2e in the Supporting Information), Fe,O; yolk—shell
hollow microspheres are always obtained. Figure S2f in the
Supporting Information shows the Fe,O; yolk bishell hollow
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Figure 4. SEM (3, ¢, ¢, and g) and TME (b, d, f, and h) images of MnFe,O, (a and b), CoFe,0, (c and d), Mny,5CoysFe,O, (e and f), and

Mn,;5Coy,sFe,0, (g and h) yolk bishell hollow microspheres.

microspheres prepared by the 18 h-adsorption followed with
the crystallization and annealing treatment. The hollow
structure could be easily adjusted by changing the adsorption
time in the glycol solution and the crystallization and annealing
treatment parameters. The measured XRD patterns (Figure S3
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in the Supporting Information) for all the Fe,O; samples clearly
confirm the formation of Fe,O; crystallites (JCPDS card no.
33-00664).>" The Fe,0; yolk bishell hollow microspheres can
be prepared after the crystallization and annealing treatment
with 18 h-adsorption. However, with further increase of the
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Figure 5. XPS spectra for the Mn,;Co, sFe,O, yolk bishell hollow microspheres: wide spectrum (a), Mn 2p (b), Co 2p (c), and Fe 2p (d).

adsorption time to 22 h (the results not shown here), the
prepared Fe,O; microspheres still maintain similar yolk bishell
hollow structure without much change in thickness of the shell,
which may be due to the reaching of the saturated adsorption of
CMS in glycol solution for Fe’* after the 18 h-adsorption.

The morphological and structural features of the
Mn, ;CoysFe,O,/carbon microspheres are shown in Figure 2.
Both the SEM and TEM images (Figure 2a) demonstrate that
uniform Mn, sCo, sFe,0,/carbon microspheres with a diameter
of about 400—500 nm were prepared through the adsorption of
Mn?**, Co?*, and Fe*" on the outer and interior surface of CMS
followed with the carbonization treatment. The HRTEM image
shown in Figure 2b, the cross-sectional SEM image in Figure 2c
(the back scattered image recorded both in the secondary
electron image and back scattered electron detector), and the
corresponding elemental mapping images in Figure 2d indicate
that the Mn ;Co,sFe, O, nanoparticles are uniformly dispersed
in the carbon network. The TG curve of Mn,;Co,;Fe,0,/
carbon microspheres in air shows that there is a weight loss of
~74.2 wt % from 100 to 1000 °C (Figure S4 in the Supporting
Information); therefore, the content of Mn,Co,Fe,0,
nanoparticles in Mn,Co,sFe,O,/carbon microspheres is
calculated to be about 25.8 wt %.

The SEM images in Figure 3a,b show that the uniform
Mn, ;CoysFe,0, yolk—shell hollow microspheres with a size of
300—500 nm are formed after the annealing treatment for the
Mn, ;CoysFe,0,/carbon microspheres, while the TEM images
in Figure 3c,d indicate that the Mn,;Co,sFe,O, yolk bishell
hollow microspheres are composed of small nanoparticles. The
HRTEM image in the inset of Figure 3d shows that the lattice
fringe spacing within the nanoparticles is about 0.293 nm,
corresponding to the interplanar distance of (220) planes in
Mn, ;Co;sFe,O,. The SEM image, EDX spectra, and
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corresponding elemental mapping images of Mn,;Co,sFe,O,
yolk bishell hollow microspheres show the homogeneous
distribution of all the four elements (Mn, Co, Fe, and O)
(Figure SS in the Supporting Information). The SEM image in
Figure 3e and the TEM image in Figure 3f show that
Mn, ;CoysFe,O, yolk—shell hollow microspheres are obtained
after the direct crystallization-annealing treatment to the
Mn?**Co*'Fe**/CMS microspheres. Figure S6 in the Support-
ing Information indicates that the surface area of the
Mn,Co, sFe,O, yolk—shell and yolk bishell hollow micro-
spheres is about 24.7 m?/g and 404 m?®/g, respectively,
probably because of the smaller size of Mnj;Co,sFe,O,
nanoparticles forming a hollow porous structure.

The SEM and TEM images in Figure 4 indicate that uniform
MnFe,0, (Figure 4a,b), CoFe,0, (Figure 4c,d),
Mng,5Coq,sFe,0, (Figure 4e,f), and Mny,5Coq,sFe,0,
(Figure 4gh) yolk bishell hollow microspheres are prepared
after the crystallization and annealing treatment, and the XRD
patterns in Figure S7 in the Supporting Information show the
observation of the diffraction peaks at 20 values of about 30.2,
35.6, 43.4, 57.4, and 62.8° that correspond to the lattice planes
of (220), (311), (400), (511), and (440), respectively,
indicating the formation of MnFe,O, (Figure S7a in the
Supporting Information), CoFe,0, (Figure S7b in the
Supporting Information), Mn,;Co,sFe,O, (Figure S7c in the
Supporting Information), Mn, ;sCog,sFe,O, (Figure S7d in the
Supporting Information), Mng,sCo,,sFe,O, (Figure S7e in the
Supporting Information) yolk bishell hollow microspheres, and
Mn,sCo,sFe,0,4/carbon microspheres (Figure S7f in the
Supporting Information). A calculation over the (311)
reflection using the classical Scherrer equation from XRD
patterns shows that the average crystallite diameters of these
samples are about 9.3—13.2 nm, respectively. In addition, the
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Figure 6. Electrochemical properties: the discharge—charge curves of the first, second, 100th, and 500th cycles (a), cycling property and Coulombic
efficiency at a current density of 200 mA g~ (b), rate performance at different current densities (c), and CV curves of the first three cycles at a scan

rate of 0.1 mV s™* (d) for MnysCo,sFe,0,/carbon microspheres.

strong (002) peak at 26 values of about 26.3° is observed for
the Mn,Co,sFe,0,/carbon microspheres, proving the pres-
ence of carbon. The EDX spectra in Figure S8 in the
Supporting Information further confirm the elemental
compositions of MnFe,0, (Figure S8a in the Supporting
Information), CoFe,O, (Figure S8b in the Supporting
Information), Mn,sCogsFe,O, (Figure S8¢ in the Supporting
Information), Mny;5Cog,sFe,O, (Figure S8d in the Supporting
Information), Mng,5Coq,sFe,0, (Figure S8e in the Supporting
Information) yolk bishell hollow microspheres, while the TEM
images in Figure S9 in the Supporting Information show that
MnFe,0, (Figure S9a in the Supporting Information),
CoFe,0, (Figure S9b in the Supporting Information),
Mny,5CoqsFe,0, (Figure S9c in the Supporting Information),
Mn,;5Coy,sFe,0, (Figure S9d in the Supporting Information)
yolk—shell hollow microspheres are synthesized after the direct
crystallization-annealing treatment.

Figure Sa shows the wide XPS spectra of Mny;Co,sFe,O,
yolk bishell hollow microspheres, revealing the presence of Mn,
Co, Fe, and O elements. The Mn 2p spectrum (Figure Sb)
indicates that two strong peaks at 641.2 €V for Mn 2p>? and
653.1 eV for Mn 2p"/? are observed, indicating the oxidation
state of Mn?* in MnyCo,sFe,0,. In the Co 2p spectrum
shown in Figure Sc, two strong peaks at 780.5 eV assigned to
Co 2p3/; and 796.1 eV to Co 2p,, and two shakeup satellites
(indicated as “Sat.”) are observed, indicating the oxidation state
of Co*" in Mn5CoysFe,0,. Figure Sd indicates the observation
of two major peaks at 710.7 and 724.4 eV and two shakeup
satellites, which can be ascribed to Fe 2p*? and Fe 2p'/? of
Fe*, respectively. In addition, the atomic ratio of Mn, Co, and
Fe elements is approximately 1:1:4 from ICP-OES analysis.

The electrochemical properties of the Mngy;CoysFe,0,/
carbon microspheres, Mn,Co,sFe,O, yolk bishell and yolk—
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shell hollow microspheres toward the lithium storage are shown
in Figure 6 and Figure S8d in the Supporting Information.
Figure 6a indicates the discharge—charge curves of the first,
second, 100th, and 500th cycles for Mn,Co,Fe,0,/carbon
microspheres at a current density of 200 mA g~'. The first
discharge capacity is around 846.6 mAh g~', whereas the
corresponding charge capacity is about 525.9 mAh g~'. This
corresponds to an initial Coulombic efficiency of 62.1%. These
irreversible capacity losses can be attributed to the formation of
the solid electrolyte interface layer’> and the side reactions
during the electrochemical process.”® The discharge—charge
curves for the second, 100th and 500th cycles almost coincide
with each other, indicating the good cycling stability. The
discharge—charge capacity for the Mn,sCo, sFe,O, component
may be based on the oxidation—reduction of metallic Fe, Co,
and Mn nanoparticles to Mnj;Co,Fe,O, via the reaction:
4Li,0 + 0.5Mn + 0.5Co + 2Fe < Mn,Co,yFe,O, + 8Li* +
8e™. A distinct voltage plateau can be clearly identified at ~1.0—
1.5 V, which is corresponding to the reduction of Fe** to Fe,
Co™ to Co, and Mn** to Mn during the initial discharge
process. Meanwhile, a clear plateau is observed in the charge
process at ~0.2—0.5 V, which is corresponding to the oxidation
of Fe to Fe**, Co to Co*', and Mn to Mn?" during the initial
charge process. The discharge voltage plateau of
Mn, ;Co, sFe,0,/carbon microspheres is lower than that of
the Mn,;CogsFe,0, yolk bishell hollow microspheres (Figure
S10a in the Supporting Information), probably because the
carbon has a lower discharge voltage plateau.>>

After 500 cycles, the discharge capacity of Mn,;Co,sFe,0,/
carbon microspheres measured at the current density of 200
mA g_1 still maintains at about 498.3 mAh g_l, as shown in
Figure 6b, which is very stable with almost 94.7% capacity
retention. From the corresponding Coulombic efficiency curve
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shown in Figure 6b, the Coulombic efficiency quickly reaches a
value higher than 99% after several cycles. This cycling
performance is remarkable better than that of the reported
multishelled Co;0,, hollow microspheres,*® Fe,O; nanoflakes,*®
Fe,O;@carbon composites,56 carbon-coated CoMn,0, triple-
shelled hollow spheres,”" Fe;O, nanoparticles embedded in a
porous carbon matrix,'® MngCoysFe,O, yolk—shell (a
capacity of 577.8 mAh g~' with almost 46.3% capacity
retention for 100 cycles) and yolk bishell (a capacity of 774.6
mAh g~ with almost $9.1% capacity retention for 100 cycles)
hollow microspheres (Figure S10b in the Supporting
Information). Figure 6c displays the rate performance of the
Mn, ;CoysFe,0,/carbon microspheres measured at different
current densities. The measured discharge capacities are about
830.6, 468.7, 316.8, 115.3, and 550.6 mAh g_l, at the current
density of 200, 400, 1000, 2000, and 200 mA g_l, and the
retention of the capacity is around 98.2, 98.8, 96.2, 94.3, and
97.7% after 10, 10, 10, 10, and 60 cycles, respectively, indicating
the good rate performance. The excellent cycling stability and
rate performance of Mny;CogsFe,O,/carbon microspheres
could be attributed to the formed nanostructured metal oxide
particles with a small size that can partially buffer the stress and
strain effects caused by the particle volume expansion/
contraction during the Li-ion insertion/extraction.”’ Figure
6d presents the cyclic voltammetry (CV) curves of the
Mn, ;CoysFe,0,/carbon microspheres for the first three cycles
at a scan rate of 0.1 mV s™', respectively. In the first scan, one
cathodic peak is observed at about 0.50—0.85 V, which
corresponds to the conversion reactions of Fe**, Co**, and
Mn?* to their metallic states and the formation of Li,O,
respectively. The weak broad anodic peak from 1.12 to 1.62 V
can be ascribed to the oxidation reactions of metallic Fe, Co,
and Mn. The metal oxide Mn,;Co,sFe,O, stores Li through
reversible formation and decomposition of Li,O. The
observation of the strong cathodic peak below 0.20 V and
anodic peak at about 0.18—0.51 V suggests the insertion/
extraction of lithium ions from carbon. In the second and third
scans, the reduction peak is shifted to 0.16—0.50 V. The peak
intensity and integral areas of the second and third cycles are
almost the same, revealing the good reversible oxidation—
reduction reaction, reversible formation and decomposition of
Li,O, and the insertion and extraction of lithium ions from
carbon, respectively. Because of the presence of the carbon
network, the Mn,;Co,Fe,0,/carbon microspheres exhibit
lower electric resistance than the Mn, Co,sFe,O, yolk bishell
and yolk—shell hollow microspheres, as evidenced by the
reduced diameter of these semicircle at high-frequency region
in the electrochemical impedance spectroscopy (EIS) patterns
(Figure S11 in the Supporting Information). After 500
discharge—charge cycles, the SEM image of the electrode
disks containing charged Mnj;Co,sFe,O,/carbon micro-
spheres composites (Figure S12a in the Supporting Informa-
tion) show that the original textural properties of these
materials are still well-retained, and thin SEI layers (Figure
S12b in the Supporting Information) on the surface of the
Mn, ;CoysFe,0,/carbon microspheres are observed, indicating
the good structural stability of these materials. The carbon
microspheres can strengthen the mechanical stability of the
Mn, ;CoysFe,0,/carbon composites, and absorb the volume
change during the discharge—charge processes.”>>” Moreover,
the carbon network can certainly enhance the electrical
conductivity of metal oxides after the thermal annealiré%
treatment, which could contribute to the rate performance.®”
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4. CONCLUSIONS

In summary, the Mn,Co,_,Fe,0, (0 < x < 1) yolk bishell
hollow microspheres have been prepared through a template
synthesis followed with an “adsorption, crystallization, and
annealing” treatment. In comparison with the bare
Mn, Co, sFe,0, sample, the obtained Mn, ;Co, sFe,0,/carbon
microspheres with Mn,;Co,sFe,O, nanoparticles homoge-
neously distributed in the carbon network exhibit a high
capacity of 498.3 mAh g™ at 200 mA g~' even after 500 cycles,
making them promising for the next generation lithium-ion
batteries. This work opens a new way for fabrication of
transition metal oxides/carbon microspheres as anodes for
lithium-ion batteries with long cycling life. In addition, it is
expected that the fabricated transition metal oxides yolk bishell
hollow microspheres will have applications in the nanoreactor,
catalyst, drug delivery, and solar cells.
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