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O2 coated porous CoMn2O4

submicrospheres for advanced lithium-ion anodes

Jun Zhou,a Shuang Cheng, *a Yu Jiang,a Fenghua Zheng,a Xing Ou,a Lufeng Yang,a

Mengkun Wang,a Minghai Yaoa and Meilin Liu *ab

Herein, a facile and general way for the synthesis of TiO2 coated cobalt manganese oxide CoMn2O4 (CMO)

has been developed. In this contribution, uniform Co0.33Mn0.67CO3 spheres are firstly fabricated via

a solvothermal method. Porous CMO with a diameter of about 800 nm is obtained by a subsequent

annealing procedure. Finally, a thin layer of TiO2 is coated on the surface of the CMO through

a hydrolysis and subsequent condensation process. When evaluated as anode materials for lithium ion

batteries (LIBs), after 500 cycles at a current density of 1000 mA g�1, the CMO@TiO2 spheres possessed

high reversible capacities of 940 mA h g�1 with a suitable discharge plateau of �0.6 V, much higher than

the pristine CMO. In addition, the CMO@TiO2 shows better rate performance than CMO, as high as 196

mA h g�1 at a very fast discharge current of 5 A g�1. The high electrochemical performance of

CMO@TiO2 should be attributed to its special structure of nanometer scale spheres with high porosity

and the thin layer coating of TiO2 as a zero-strain shell, which can effectively reduce the diffusion length

of electrolyte, Li+ and electrons, buffer volume expansion during the Li+ insertion/extraction processes

and thus reduce the materials' pulverization.
1. Introduction

Lithium ion batteries (LIBs) have become one of the most
important power sources for portable devices, electric vehicles
and energy storage power stations nowadays, but the develop-
ment of advanced batteries with higher energy density and
power density within a certain weight or volume is still a chal-
lenge. As an indispensable part of LIBs, anode materials play
a key role in improving the performance of batteries and have
always been a focus of the energy storage area. Up to now,
carbon materials and Li4Ti5O12 are the two commonly used
commercial anode materials, and Si-based anode materials are
regarded as most commercial potential materials for next
generation LIBs.1–3 Transition metal oxides (TMOs), such as
Co3O4,4–6 Mn3O4,7,8 Fe2O3,9,10 and NiO11 also have long been
reckoned as potential anode materials for LIBs due to their
many attractive features, including high theoretical capacities,
high power density and environmental benign. However, these
materials inevitably suffer from several major problems: severe
volume changes during charge–discharge processes, agglom-
eration and pulverization of particles, and poor electronic
conductivity.12 New research is constantly being carried out to
aterials Surface Chemistry, New Energy

and Energy, South China University of

a. E-mail: escheng@scut.edu.cn; Tel:

, Georgia Institute of Technology, Atlanta,

se.gatech.edu; Tel: +1-404-894-6114
meet the increasing requirements for LIBs anodes. In recent
years, mixed transition metal oxides (MTMOs) have been
attracting great research interest as anodes in LIBs owing to
their outstanding features:13 (1) synergistic effect, attributed to
different expansion coefficients of two types of metal elements;
(2) higher reversible capacities, due to its complex chemical
compositions which can alloy with more Li ions compared with
normal metal oxides;14 (3) higher electrical conductivity, owing
to relatively low activation energy; (4) more environmental
benign. A promising family of MTMOs is AxB3�xO4 (A, B ¼ Co,
Ni, Zn, Mn, Fe, etc.), typically in a spinel structure. Sun et al.13

and Lou et al.15 reviewed the most common MTMOs in their
literature, such as NiCo2O4,16 ZnCo2O4,17 ZnMn2O4,18

CoMn2O4,19 CoFe2O4,20 ZnFe2O4.21

CoMn2O4, with a high Mn proportion, is becoming one of
the most potential anode and has attracted the attention of
researchers due to its not only high capacity but also suitable
discharge plateau (�0.6 V) as well as low cost.22 Just like TMOs,
MTMOs also share the disadvantage of large volume changes,
agglomeration, pulverization and poor electronic conductivity
to some extent. Nanostructuring and coating to form hybrid
materials are two common approaches to address these chal-
lenges.1,23 In the case of CoMn2O4 (CMO), numerous nano-
structure, such as nanowires,24 nanobers,25 nanorods,26 porous
sphere,27 hollow spheres28 as well as its composite with gra-
phene29,30 have been studied by many researchers and good
electrochemical performance has been achieved. Coating to
form a buffering matrix is always another effective method to
This journal is © The Royal Society of Chemistry 2017
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relieve the rapid fading capacity during charge–discharge
processes. TiO2 is considered a suitable zero-strain shell for
application in LIBs anodes. Its fascinating features, such as
plentiful polymorphs, good chemical and thermal stability,
excellent electronic and optical properties render it greatly
promising not only in photocatalysis, solar cells but also in
LIBs.31 Various TiO2 with different structure and morphology
have been synthesized and investigated as anodes in LIBs. For
example, porous TiO2 spheres composed of interconnected
nanorods32 and porous TiO2 urchins constructed from con-
nected nanocrystals33 have ever been studied and hierarchical
structured TiO2 showed better performance than commercial
TiO2. In addition, great effort has been directed toward
synthesis of core@TiO2 structures. For example, Wang et al.34

fabricated SnO2@TiO2 core–shell structure as anode materials
for LIBs, which displayed excellent electrochemical perfor-
mance. Zhao et al.35 successfully constructed core–shell a-Fe2-
O3@TiO2 microellipsoids and studied the formation
mechanisms in detail. Kim et al.36 synthesized SiO2@TiO2

spherical core–shell particles and they presented good catalytic
performance in decomposing methyl orange. So far, no litera-
ture has reported TiO2 coated CMO as anode materials for LIBs.

In this work, a simple solvothermal approach was designed
for the synthesis of carbonate precursors of CMO. Aer the
carbonate precursors were calcined in air at 600 �C for 3 h,
uniform porous CMO spheres with high yields were obtained.
Surprisingly, the porous CMO spheres with diameters of 600–
800 nm consist of numerous polyhedral nanoparticles. The
obtained CMO was further used as the original material to
synthesize the CMO@TiO2 core–shell structure through
a hydrolysis and condensation process using tetrabutyl titanate
(TBOT) as the titanium source and the ammonia as the catalyst.
The as-obtained porous CMO@TiO2 spheres exhibit good
cycling and rate performance when utilized as anode materials.
The rst discharge capacities of CMO and CMO@TiO2 are 959
and 1100 mA h g�1, respectively, showing an initial efficiencies
of 70.4% and 67.6%, respectively. Aer cycling at a current
density of 1000 mA g�1 for 500 cycles, the specic capacity of
CMO@TiO2 was stabilized at around 940 mA h g�1, much
higher than pristine CMO.

2. Experimental procedure
2.1. Sample synthesis

All the reagents used were supplied by Damao Chemical
Reagent Factory (Tianjin, China) of analytical grade and used
without any further purication.

Synthesis of CMO porous submicrospheres. Typically,
0.5 mmol Co(CH3COO)2$4H2O, 1 mmol Mn(CH3COO)2$4H2O
and 30 mmol NH4HCO3 were dissolved in 60 mL of ethylene
glycol (EG) under stirring. Aer stirring for 1 h, the transparent
solution was transferred into a 100 mL Teon-lined stainless
steel autoclave and maintained at 200 �C for 20 h. Aer the
autoclave was cooled naturally to room temperature, samples
depositing at the bottom were collected and washed by centri-
fugation for several times using deionized water and absolute
ethanol. The as-synthesized samples were then dried in
This journal is © The Royal Society of Chemistry 2017
a vacuum oven at 80 �C overnight to get pink powders as
precursor. To obtain CMO porous spheres, the precursor was
calcined at 600 �C for 3 hours in air at a heating rate of 2 �C
min�1 to form dark green powder.

Synthesis of CMO@TiO2 submicrospheres. 100 mg CMO
powders were dispersed in 100 mL absolute ethanol mixed with
0.3 mL ammonia solution (25 wt%) under ultrasound for
30 min. Aerward, 1 mL tetrabutyl titanate (TBOT) was added
dropwise into the above solution using injector (1 mL) under
stirring and the reaction was allowed to proceed for 24 h at 45 �C
under continuous magnetic stirring. The resultant products
were collected and washed by centrifugation with deionized
water and absolute ethanol for 3 times, respectively. Then, the
obtained powders were dried at 80 �C overnight. Finally, the
resulting samples were calcined at 500 �C in air for 2 h at
a heating rate of 3 �C min�1 to remove the organic species and
improve crystallinity.

2.2. Characterizations

X-ray diffraction (XRD) patterns were recorded on a Bruker D8
advance X-ray diffractometer using Cu Ka radiation (l ¼
0.15406 nm). X-ray photoelectron spectroscopy (XPS) measure-
ments were performed on a PHI Quantera II instrument with Al
Ka radiation. Scanning electron microscopy (SEM) images were
obtained using a eld emission scanning electron microscope
(FE-SEM, Hitachi LEO 1530). Transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) were taken on a JEM-
2100F.

2.3. Electrochemical measurements

Electrochemical measurements were performed at 25 �C in
thermostat using CR 2025-type coin cells with Celgard 2400
porous polypropylene membrane as separator, lithium-foil as
both counter electrode and reference electrode and 1M LiPF6 in
EC/DMC (1 : 1 by volume) as electrolyte. The working electrode
was prepared by making a slurry of active materials, acetylene
black (AB), and polyvinylidene diuoride (PVDF) in a weight
ratio of powder/AB/PVDF ¼ 7 : 2 : 1 in N-methylpyrrolidone
(NMP) onto a copper foil current collector and then drying at
80 �C under vacuum for 10 h, and a mass loading of the active
materials was about 0.45–0.5 mg cm�1. The cells were assem-
bled in an Ar-lled glovebox with moisture and oxygen contents
both below 0.1 ppm. The cycling and rate performance tests of
the samples were performed on a Land battery test system
(CT2001A). The cyclic voltammetry (CV) was tested in the
voltage of 0.01 to 3.0 V at a scan rate of 0.1 mV s�1 by an elec-
trochemical workstation (CHI660E).

3. Results and discussion
3.1. Structure and morphology characterization

The synthesis process of porous CMO@TiO2 submicrospheres
is depicted in Fig. 1. Pink carbonate precursor is rst synthe-
sized through a solvothermal process with assistant of
NH4HCO3. The precursor is then calcinated under air to form
porous CMO submicrospheres which can be ascribed to the
RSC Adv., 2017, 7, 21214–21220 | 21215
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Fig. 1 Schematic illustration of the growth of porous CMO@TiO2

submicrospheres.
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escape of CO2 gas from the material during the heating process.
Subsequently, a thin layer of TiO2 was coated on the surface of
the spheres through a hydrolysis and following condensation
process using TBOT as titanium source and ammonia as cata-
lyst and a composite of CMO@TiO2 with sphere morphology
was nally obtained.

The chemical compositions of the samples were rst char-
acterized by X-ray diffraction (XRD) technology and presented in
Fig. 2. Fig. 2a shows the XRD pattern of the carbonate precursor
prepared through NH4HCO3 assisted solvothermal process with
the molar ratio of Co and Mn being 1 : 2. By comparison with
MnCO3 (JCPDS no. 85-1109), all the diffraction peaks could be
indexed on the basis of the hexagonal phase with a space group
R�3c (no. 167).28 Aer calcined at 600 �C for 3 hours in air, all of
the reections could be indexed as tetragonal (Co, Mn)(Co,
Mn)2O4 (a ¼ b ¼ 8.09 Å, c ¼ 9.27 Å; Co : Mn ¼ 1 : 2; JCPDS no.
18-0408) with a spinel structure, as illustrated in Fig. 2b. No
other diffraction peaks are observed, implying a high purity of
the products. For the CMO@TiO2 composite, the diffraction
peaks agree well with the CMO except that the intensities of the
peaks decrease. No clear TiO2 diffraction peaks can be seen
from the pattern, which may ascribe to its low content.

XPS analyses were carried out to further investigate the
composition of CMO@TiO2 and the valence states of its metal
ions. All of the binding energies in this XPS analysis were cor-
rected for specimen charging by referencing them to the C 1s
peak (set at 284.6 eV). As shown in the survey scan of
CMO@TiO2 (Fig. 3a), the CMO@TiO2 hybrid contains four
elements (except carbon): cobalt, manganese, oxygen and tita-
nium. In the Co 2p spectrum of Fig. 3b, peak at 781.2 eV is
assigned to Co 2p3/2, while the peak at 796.9 eV is attributed to
Co 2p1/2. Whereas, the two peaks are accompanied by two
prominent shakeup satellite peaks (786.3 and 802.9 eV,
respectively). The main peaks and satellite peaks indicate the
presence of Co(II) and Co(III) cations.29,37–39 It can be seen from
Fig. 2 XRD patterns of the (a) carbonate precursors and (b) CMO and C

21216 | RSC Adv., 2017, 7, 21214–21220
Fig. 3c that the Mn 2p spectrum exhibits two peaks at 641.7 and
653.3 eV which can be referred to the binding energies of the
2p3/2 and 2p1/2, respectively. Aer rened tting, the spectrum
can be divided into four peaks. Among them, 641.5 and 653.0 eV
can be assigned to the existence of Mn(II), while other two peaks
at 642.9 and 653.7 eV are characteristic of Mn(III) cation.40 In
Fig. 3d, XPS investigation on the titanium chemical state shows
two binding energy located at 458.5 eV and 464.1 eV, which can
be indexed to Ti 2p3/2 and Ti 2p1/2, respectively, indicating
a valance state of Ti(IV).41,42

The morphology and microstructure of the carbonate
precursors and corresponding CMO@TiO2 were then charac-
terized by scanning electron microscopy (SEM). As shown in
Fig. 4a, the precursor is formed with well-dened spheres with
an average diameter of about 800 nm. While, the spheres are
composed of countless much smaller polyhedral nanoparticles
and hence cause the formation of a rough surface (Fig. 4b). Aer
calcinated in air, the carbonate particles are transformed into
CMO spheres with a similar diameter but much porous struc-
ture due to the release of CO2 during calcination. Aer coating
with TiO2, the morphology is remained (Fig. 4c). From the
enlarged SEM image of Fig. 4d, it can be seen that the nano-
particles that make up the spheres become larger aer calci-
nation, compared with those of the carbonate precursor, and
a lot voids are formed. Besides, elemental mapping image of the
porous spheres (Fig. 4e) show well matched spatial distribu-
tions of Co, Mn, O and Ti, further conrming the successful
coating of TiO2, which is agreed well with the XPS analysis.

To get more detailed information about the morphology and
the crystal structure of the materials, TEM and HRTEM obser-
vations were employed. It can be found from Fig. 5a that the
carbonate precursors have a solid interior structure and its
rough surface can be clearly seen from a higher magnication
image in Fig. 5b, which is in consistent with the SEM results.
CMO porous spheres are obtained by sintering the carbonate
precursors at 600 �C for 3 h in air. Aer coating with TiO2, the
porous structure is remained (Fig. 5c) and a thin layer can be
seen along the edge of CMO, as indicated by the arrows in
Fig. 5d. In one white oval area of the HRTEM image (Fig. 5e),
distinct lattice fringes with an interplanar spacing of 0.349 nm
(enlarged in the inset at the right top) can be observed, which
can be attributed to the (101) plane of TiO2 phase, verifying the
thin coating layer is indeed TiO2.
MO@TiO2 powders.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 XPS spectra of CMO@TiO2 powers: (a) survey, (b) Co 2p, (c) Mn 2p, (d) Ti 2p, respectively.

Fig. 4 SEM images of the (a and b) Co–Mn carbonate precursors, (c and d) the CMO@TiO2 composite and (e) a strand of submicrospheres and
the corresponding EDX elemental mappings of O, Mn, Co and Ti.
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Besides, another HRTEM region standing for the core
substance is marked with white square (Fig. 5e). From its
enlarged image in Fig. 5f, clear lattice fringes with an inter-
planar distance of 0.486 nm and 0.285 nm can be observed,
corresponding to the spacings of (111) and (220) planes of CMO
crystals, respectively, which is agreed well with the XRD
analysis.
This journal is © The Royal Society of Chemistry 2017
3.2. Electrochemical properties

Aer assembled to be half-cells, electrochemical properties of
the CMO@TiO2 and CMO are characterized and presented in
Fig. 6. Fig. 6a shows the cyclic voltammetry (CV) curves of
CMO@TiO2 electrodes at a scan rate of 0.1 mV s�1 in a potential
range 0.01–3.0 V. As can be seen, the CV curve for the rst cycle
RSC Adv., 2017, 7, 21214–21220 | 21217
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Fig. 5 (a and b) TEM images of the Co–Mn carbonate precursors and
(c and d) of the CMO@TiO2 porous submicrospheres, (e) HRTEM
image of CMO@TiO2, (f) enlarged lattice fringes of the white square
area in (e).
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is obviously different from those of the subsequent ones. In the
rst reduction sweep, three peaks at �1.24 V, �0.53 V and
�0.77 V can be found. The broad peak at �1.24 V can be
assigned to the reduction of Co3+ and Mn3+ to Co2+ and Mn2+,
and the sharp peak at �0.53 V is attributed to the reduction of
Co2+ and Mn2+ to metallic Co and Mn, respectively,25,43,44 while
the minor peak at �0.77 V can be ascribed to the irreversible
decomposition of the solvent in the electrolyte to form the solid
electrolyte interface (SEI).19,45 Two broad oxidation peaks are
observed at �1.34 and 1.97 V in the anodic scan, corresponding
to the oxidation of Mn to Mn2+ and Co to Co2+, respectively.
From the second cycle onward, the repeated redox peaks at 0.55/
1.42 V and 1.14/2.03 V belong to the reduction-oxidation of
MnO/Mn and CoO/Co, respectively.28 Furthermore, voltage gaps
of the redox couples are increased at the second cycle, implying
irreversible reactions and capacity fading, which should be
attributed to polarization and possible agglomeration of the
materials.46 On the basis of the CV analysis above, the entire
electrochemical process can be indicated as follows:

CoMn2O4 + 8Li+ + 8e� / Co + 2Mn + 4Li2O (1)
21218 | RSC Adv., 2017, 7, 21214–21220
Co + 2Mn + 3Li2O # CoO + 2MnO + 6Li+ + 6e� (2)

The discharge–charge proles of the CMO and CMO@TiO2

porous spheres at a current density of 200 mA g�1 for the 1st,
2nd, 3rd cycles are exhibited in Fig. 6b and c, respectively. The
CMO electrode delivers initial discharge and charge capacities
of 958.9 and 675.1 mA h g�1, respectively, corresponding to
a coulombic efficiency of 70.4%, while CMO@TiO2 electrode
gives initial discharge and charge capacities of 1100.8 and
743.8 mA h g�1 with a slight lower coulombic efficiency of
67.5%. The formation of the SEI lm and partial decomposi-
tion of Li2O are likely responsible for the large irreversible
capacity loss during the rst cycle. Other factors, such as
kinetic limitations and the intrinsic nature of the materials,
may also play a part. From the second cycle onward, the
coulombic efficiency increases to about 98% and retains this
value for the subsequent cycles.

Rate performance of the samples were then studied at
different current densities stepwise from 200 to 5000 mA g�1

with ten cycles for each step aer initially activate for 2 cycles at
a current density of 100 mA g�1 (Fig. 6d). As seen from the
gure, CMO@TiO2 shows better rate capability than that of
CMOwith average discharge capacities of 676, 582, 459, 328 and
196 mA h g�1 at 200, 500, 1000, 2000 and 5000 mA g�1,
respectively. The improved rate performance may be aroused
from the nano-scaled self-building electric eld and some
defects at the continuous coherent heterointerfaces of the CMO
and the TiO2 coating layer.47–49

To further investigate the electrochemical performance of
the samples before and aer coating, long cycling test at
a current density of 1000 mA g�1 for 500 cycles was performed
and the corresponding results are exhibited in Fig. 6e.
Capacities of the two samples show a similar trend that goes
down in the rst 75 cycles and then gradually increases to
a certain value. For sample CMO@TiO2, it still suffer from
severe structure degradation because of the volume change
resulting from conversion reaction. SEI lms will fracture and
new active surfaces will be exposed accompanied by the
growth of new SEI along with the morphology change. This can
bring enormous capacity fading, especially at higher current
density.46,50 The subsequent capacity increase should be
attributed to the high-rate lithiation induced reactivation due
to the construction of new structures and optimized stable
SEI.51–53

It is apparent that the CMO@TiO2 electrode exhibits much
improved rate and cycling capabilities, which can be ascribed
to the following reasons: (1) the thin layer of TiO2 as a zero-
strain shell together with the porous structure can constrain
the large volume change of the CMO materials to some extent
and thus reduce the materials from pulverization, leading to
improvement in capacity retention upon extended cycling; (2)
self-building electric eld and some defects, such as TiMn,
were formed at the interface of TiO2 and CMO, which can
probably enhance the conductivity of CMO and hence the rate
capacity.
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (a) CV curves of the CMO@TiO2 at a scan rate of 0.1 mV s�1 in a voltage range of 0.01–3.00 V vs. Li+/Li; charge–discharge profiles of the (b)
CMO and (c) CMO@TiO2 porous submicrospheres for the 1st, 2nd, 3rd cycles at a current density of 200 mA g�1; (d) rate performance of the CMO
andCMO@TiO2 submicrospheres electrode; (e) cycling performance of the CMO and CMO@TiO2 submicrospheres at a current density of 1 A g�1.
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4. Conclusions

In summary, this work reports a facile method for a controllable
preparation of porous CMO and CMO@TiO2 spheres. When
evaluated as anode materials, the CMO@TiO2 exhibits better
cycling and rate performance than the pristine CMO. The
excellent electrochemical performance may originate from the
nano-sized particles, porous structure and the thin layer coating
of TiO2. As a coating layer, the zero-strain TiO2 shell may
effectively buffer the large volume change and prevent the
materials from pulverization during the charge/discharge
processes. This work shows that metal oxides coating is an
effective way to improve the performance of mixed transition
metal oxides, which effectively promote their potential appli-
cations as anode materials for next generation energy storage
electrodes.
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