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Porous TiO,/Mn3z04 nanocomposite microspheres have been successfully fabricated through impregnating
Mn?* ions into the lab-made porous TiO,, followed by an annealing process. The carbon-coated TiO, and
MnTiOs (TiO,/MnTiOs@C) ternary hybrid composites with a specific surface area of 40.0 m? g~ were
obtained by carbonizing the pyrrole coated porous TiO,/MnzO,4 microspheres. The carbon coating with
a thickness of 1-2 nm was deposited on the surface and inner wall of pores. Electrochemical tests
demonstrated that the as-prepared TiO,/MnTiOs@C porous electrode materials possessed a reversible
capacity of 402.6 mA h g~! after 300 cycles at a current density of 100 mA g~! and the capacities of
259.8, 237.3, 200.4, 150.5 and 103.3 mA h g~ ! at the current densities of 100, 200, 400, 800, and 1600
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arising from the synergistic effect that was created by little volume variation of the TiO, matrix, high
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1. Introduction

Titanium dioxide (TiO,), as a band-gap semiconductor material,
has attracted considerable attention owing to its unique phys-
icochemical properties and potential applications in environ-
mental and energy areas ranging from photocatalysis, gas
sensors, dye-sensitized solar cells and hydrogen generation.'™*
Especially for lithium ion battery (LIB) applications, TiO, has
been regarded as one of the most promising candidates to
compete with commercial graphite anodes owing to its superior
structural stability, long cycle life, high rate performance, low
cost and excellent security.>” The current LIB industry has been
primarily dominated by graphite as the anode material due to
its beneficial layered structure for facile Li* insertion/extraction,
good electrical conductivity, reasonable cost, and abundant
resources. However, in the practical application, the potential
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for lithium insertion/extraction (0-0.25 V vs. Li/Li") is close to
that of the Li'/Li redox couple, leading to the possibility of
lithium plating during charge and hence generating short out
or explosion of LIBs.*® In addition, the formation of a solid
electrolyte interphase (SEI) on the graphite surface during
initial cycles consumes lots of solvated lithium ions resulting in
irreversible capacity loss and limited lifespan.’®™** In particular,
the low theoretical capacity (372 mA h g~ ') and poor cycling
performance of graphite at higher current density have
restricted its large-scale applications in high-power density
batteries.'*

In comparison, TiO, undergoes less than 4% volume change,
smaller than that of graphite (ca. 10%) during lithium ion
insertion/extraction  processes,>>'*  which gives TiO,
outstanding structural stability, and hence ensuring extended
cycle life and fast/high-power charge/discharge processes.
Moreover, the TiO, anode operates at a relatively high lithium
insertion/extraction voltage (1.5-1.8 V vs. Li/Li"),!** which may
efficiently restrain the formation of SEI layers and lithium
plating on the anode, thereby enabling the enhanced safety of
batteries.'® But, apart from these attractive advantages, as the
anode material, TiO, usually displays a low theoretical capacity
(168-335 mA h g '), even lower than that of commercial
graphite (372 mA h g™"), and poor rate capability due to its low
electrical conductivity (~1 x 107 to 1 x 1077 S cm™ ") and
lithium ion diffusivity (~1 x 107 to 1 x 10~° cm? s~ 1),121718
which have become the main obstacles for its application in
LIBs. Consequently, tremendous endeavor has been devoted to
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improving the specific capacity and rate capability of TiO,. So
far, all of the strategies can be mainly summarized into two
categories. The first strategy is to design various nanostructures,
such as nanoparticles,’ nanowires,” nanotubes,*** nano-
sheets,?> etc., because the nanostructured electrodes can
shorten the pathway for Li-ion diffusion and electron transport
as well as provide more contact area with the electrolyte, which
may facilitate a higher Li-ion flux across the electrode/electro-
lyte interface and more Li accommodated at the interface of
nanosized electrodes leading to a higher energy density.®**°
Another strategy relies largely on the design of a nano-
architecture and hybridization of two or multiple active mate-
rials in synergy.”® TiO, was made into composites with more
conductive materials, including carbonaceous materials
(carbon nanotubes, graphene, ordered mesoporous carbon,
etc.),”*® noble metals (Au, Ag, etc.),>**** and RuO,,*"*> and/or
doped with foreign atoms (W, N, Nb, B, Zn, etc.),**>” or even
served as the robust scaffolds for another active material to
construct hybrid electrode materials, such as TiO,@Fe,03,*
Ti0,/C050,,2 TiO,~MnO,/Mn0,,*® and TiO,/Sn0,.2** Obvi-
ously, amongst the alternative active materials to fabricate TiO,-
based hybrid electrodes, transition metal oxides are the
commonly used materials due to their high theoretical capacity,
low cost and complementary features with TiO,. In contrast,
transition metal titanates, such as manganese titanate
(MnTiO;), ferrous titanate (FeTiOz), and cobalt titanate
(COTi0g), are still an unheeded domain for constructing TiO,-
based hybrid electrodes. According to a few research studies
reported in recent years, transition metal titanates also exhibi-
ted excellent performance in lithium ion storage compared with
their counterparts of transition metal oxides.***** For example,
FeTiO; nanosheets as the anode for LIBs displayed a stable
discharge capacity of ca. 430 mA h g up to 90 cycles at
a current density of 100 mA g~ '.*> CoO-CoTiOj; hybrid nanotube
arrays not only demonstrated a high capacity (ca. 600 mAh g™"
after 250 cycles) but also displayed a much better cycling
performance (no capacity fading within 250 cycles) than CoO
nanowire arrays.*® Thus, hybridizing transition metal titanates
with TiO, is considered to be a promising way to enhance the
electrochemical performances of TiO,-based anodes for LIBs.
However, to the best of our knowledge, no investigation has
been presented on utilizing transition metal titanate and TiO,
hybrid materials as LIB anodes so far.

In this work, carbon coated TiO, and MnTiO; (TiO,/
MnTiO;@C) ternary hybrid composites were prepared by
impregnating Mn>" solution into porous TiO, microspheres,
followed by calcining at 500 °C for 1 hour and then carbonizing
the coated pyrrole. The electrochemical measurements
demonstrate that the as-prepared TiO,/MnTiO;@C porous
microspheres exhibit superior cycling and rate performances.

2. Experimental section
2.1 Materials

Tetrabutyl titanate (TBT, Ti(OC4Ho)s, 99.0%), N,N-dime-
thylformamide (DMF, CsHoNO, 99.0%), isopropanol (IPA,
C3HgO,  99.0%), manganese chloride  tetrahydrate
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(MnCl,-4H,0, 99.0%) and ammonia (NH;-H,O, 25%) were
purchased from Sinopharm Chemical Reagent Co., Ltd. White
polyvinylidene fluoride (PVDF, (C,H,F,),,, MW 500 000-700 000)
powder was dissolved in absolute N-methyl-2-pyrrolidinone
(NMP, CsHoNO, 99.0%) solvent in a weight ratio of 9 : 91. All the
chemicals were of analytical grade and were used as received
without further purification.

2.2 Synthesis of porous TiO, microspheres

The porous TiO, microspheres were prepared by a solvothermal
method reported in previous work.** In a typical synthesis, 1.0
mL TBT was added to the mixed organic solvent comprising 10
mL DMF and 30 mL IPA without stirring. Then, the resultant
solution was quickly transferred into a 70 mL Teflon-lined
stainless steel autoclave, and subsequently sealed and heated at
200 °C for 20 h in an oven. After cooling to room temperature
naturally, the resultant white precipitate was centrifuged and
washed using ethanol five times, and then dried in an oven at
60 °C for 12 h. The porous TiO, microspheres were obtained by
annealing the white precursor at 400 °C for 3 h in air.

2.3 Synthesis of carbon coated TiO, and MnTiO; ternary
hybrid microspheres

Before the synthesis of TiO,/MnTiO;@C hybrid microspheres,
the TiO,/Mn;0, composites were first prepared as intermedi-
ates. Typically, 7.0 g MnCl,-4H,0 was dissolved in 10 mL
deionized water to form a transparent solution under magnetic
stirring. Then, 1.6 g as-prepared porous TiO, microspheres were
dispersed into the above solution and immersed for 4 hours in
a vacuum. After filtering, the obtained sample was immersed in
10 mL ammonia solution for 2 hour. The brown precipitate was
centrifuged and washed using deionized water and ethanol
several times, and then dried in an oven at 60 °C for 12 h.
Subsequently, the TiO,/Mn;0, intermediate was obtained by
calcining the brown precipitate at 500 °C for 1 h in air. The
product of TiO,/MnTiO;@C was synthesized as follows. 1.5 g as-
prepared TiO,/Mn;O, microspheres were mixed with 0.5 mL
pyrrole in a stainless steel autoclave, and then the tightly sealed
autoclave was heated at 550 °C for 5 h in a furnace. During the
reaction, pyrrole was carbonized to an amorphous carbon
coating and Mn;0O, was transformed into MnTiO; completely by
the reaction with excessive carbon and TiO,, finally forming the
TiO,/MnTiO;@C hybrid microspheres.

2.4 Characterization

The structure of the resultant products was determined by X-ray
powder diffraction (XRD) on a Rigaku D/Max-RC X-ray diffrac-
tometer with Ni filtered Cu K, radiation (A = 0.1542 nm, V = 40
kv, I = 50 mA) in the range of 10-80° at a scanning rate of 4°
min~". The morphology and microstructure of the samples
were examined by using a JSM-6700F field emission scanning
electron microscope (FE-SEM) at an accelerating voltage of
20 kV and an electric current of 1.0 x 107 '° A, and a JEOL JEM-
2100 high resolution transmission electron microscope (HR-
TEM) operating at 200 kV. The element contents were examined
by using an energy-dispersive X-ray spectroscopy (EDS) detector
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attached to the FE-SEM. The N, adsorption/desorption
isotherms of porous products were measured at 77 K on
a Quadrasorb-SI instrument. The specific surface area was
calculated with the Brunauer-Emmett-Teller (BET) model and
the pore size distribution was determined using the Barrett-
Joyner-Halenda (BJH) method. The composition was deter-
mined by X-ray photoelectron spectroscopy (XPS) on a Kratos
Analytical spectrometer, using Al Ko (hv = 1486.6 eV) radiation
as the excitation source at an anode voltage of 12 kV and an
emission current of 10 mA. Thermogravimetric analysis (TGA,
TA Instruments SDT Q600) was performed in air from ambient
temperature to 800 °C at a heating rate of 5 °C min~' using
a SDT thermal-microbalance apparatus.

2.5 Electrochemical measurements

To prepare the working electrode, the active material, carbon
black, and polyvinylidene fluoride (PVDF) with a weight ratio of
7 : 2 : 1 were mixed in N-methyl-2-pyrrolidinone (NMP) to form
a homogenous slurry, which was coated on a copper foil
substrate, followed by drying in a vacuum oven at 120 °C for
12 h, and then cut into a wafer with an area of 1.54 cm®. All types
of electrodes were comprised of 2-3 mg active material on the
current collector, corresponding to 1.3-2 mg cm ™2 for the mass
loading of the active material. The CR2025-type cells were
assembled using Li foil as counter and reference electrodes,
Celgard 2300 as the separator, and 1 M LiPF6 (dissolved in
ethylene carbonate, dimethyl carbonate, and ethylene methyl
carbonate with a volume ratio of 1 : 1 : 1) as the electrolyte. The
assembly was performed in a glove-box filled with an argon
atmosphere. The performance of the cells was evaluated gal-
vanostatically in the voltage range from 0.02 to 3 V at various
current densities on a LAND CT2001A battery test system. Cyclic
voltammograms (CVs) were obtained by using a PARSTAT 2273
electrochemistry workstation at a scan rate of 0.3 mV s~ ' and
the potential vs. Li/Li" ranging from 0.01 to 3 V. Electrochemical
impedance spectra were recorded on the same instrument with
an AC signal amplitude of 10 mV in the frequency range from
100 kHz to 0.01 Hz. The data were adopted to draw Nyquist plots
using the real part Z' as the X-axis, and the imaginary part Z" as
the Y-axis.

3. Results and discussion

As shown in Fig. 1a, the XRD pattern confirms that all the
identified peaks can be assigned to anatase TiO, (JCPDS no. 21-
1272)** without any other phase detected, suggesting the high
purity of TiO,. After impregnating Mn>" ions into porous TiO,
microspheres followed by calcining at 500 °C for one hour in air,
the weak peaks of Mn3;O, (JCPDS no. 24-0734) can be observed
apart from the characteristic peaks of anatase TiO, (Fig. 1b),
indicating that the TiO,/Mn;0, composites have been prepared
successfully. In Fig. 1c, the XRD peaks could be assigned to
rhombohedral MnTiO; (JCPDS no. 29-0902) and anatase TiO,
(JCPDS no. 21-1272), and no other diffraction peak was detec-
ted, suggesting that Mn;O, has been transformed into MnTiO;
completely by the reaction with carbon and TiO,. The formed
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Fig. 1 XRD patterns of (a) anatase TiO, precursor, (b) TiO,/MnzO4
intermediate, and (c) TiO,/MnTiOz@C.

carbon coating on the TiO,/MnTiO; surface was amorphous,
consistent with the subsequent HR-TEM observation. In the
preparation procedures, the reactions for the formation of the
TiO,/Mn;0, intermediate and TiO,/MnTiO;@C hybrid
composites can be illustrated as follows:

Mn>* + 20H™ — Mn(OH),| (1)
6Mn(OH), + O, — 2Mn;0, + 6H,O1 (2)
Mn;0,4 + C — MnO + CO,1 (3)
MnO + TiO, — MnTiO; (4)

The low-magnification SEM image indicates that the
synthesized TiO, is microspheres with a diameter of ca. 0.8-
1.5 pm and a rough surface (Fig. 2a). Meanwhile, it can be
observed that the microspheres built from the two-dimensional
nanoflakes have a porous structure. After being impregnated in
Mn?" solution and annealed at 500 °C for one hour in air, the
microspheres have no obvious variation, but a lot of tiny
particles are observed adhering on the nanoflakes or filling into
the pores (Fig. 2b). In the HR-TEM image (Fig. 3a), the apparent
contrast between the white part and black ligaments on the
edge confirms the porous characteristics of microspheres. The
black center is attributed to the fact that the size of the spheres
is too large to be penetrated completely by the electron beam.
From the higher resolution image (Fig. 3b), two sets of lattice
fringe spacings of 0.361 and 0.306 nm were observed corre-
sponding to the (101) plane of anatase TiO, and the (112) plane
of cubic Mn;0,, respectively, further demonstrating the simul-
taneous presence of TiO, and Mn;0,. Followed by the carbon
coating on TiO,/Mnz0, hybrid microspheres, there is no
obvious variation in the morphology and size (Fig. 2¢), and the
elemental mapping of a selected area on the SEM image
(Fig. S17) reveals a uniform distribution of Ti, Mn, O and C
elements. However, from the HR-TEM observation (Fig. 3c), the
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obtained TiO,/MnTiO;@C exhibits a more loose architecture
comprised of numerous nanoscale particles and pores
compared with TiO,/Mn;0, microspheres due to the reaction of
Mn;0, with carbon and TiO,. Two sets of lattice fringe spacings
of 0.361 and 0.277 nm corresponding to the (101) plane of
anatase TiO, and the (104) plane of MnTiOj; (Fig. 3d), respec-
tively, were observed. The carbon coating with a thickness of 1-2
nm was found to be deposited on the surface of MnTiO; and
TiO, crystallites, confirming the formation of TiO,/MnTiO;@C
porous microspheres.

Fig. 2 FE-SEM images of the prepared (a) TiO,, (b) TiO2/Mnz0,4, and
(c) TiIO2/MnTiOz@C.
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Fig. 3 TEM images of (a) TiO,/Mns04 and (c) TiO,/MnTiOz@C; HR-
TEM images of (b) TiO2/MnzO04 and (d) TiO,/MnTiOs@C.

A TGA test has been conducted on TiO,/MnTiO;@C porous
microspheres to evaluate the carbon content. As shown in Fig. 4,
the weight variation can be separated into three steps. In step
(a), from room temperature to 150 °C, the weight loss of ca.
0.72% corresponds to the evaporation of water absorbed in the
porous microspheres. The dominant weight loss of 4.73%,
observed between 150 and 450 °C in step (b), is attributed to the
oxidation process of carbon to form volatile species, such as CO
and CO,. After 450 °C, an apparent bullish weight slope
suggests that the oxidation reaction from Mn>" to Mn>®" begins
to occur. Previous studies have confirmed that MnO will be
oxidized to Mn,Oj; after a heat treatment between 500 and 1050
°C in air.”** From the EDS quantitative analysis (Fig. S27), the
atomic ratio of Ti to Mn in the TiO,/MnTiO;@C sample is
18.78 : 2.34. Combining the EDS with TGA results, the mass
fractions of TiO,, MnTiO; and C in the hybrid microspheres are
calculated to be 75.09, 20.18, and 4.73%, respectively.

As the LIB anode material, the porous structure can facilitate
an efficient contact of the internal active materials with the
electrolyte, leading to fast transportation of Li' ions. Mean-
while, the high specific surface area and porosity are able to
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Fig. 4 TGA curve of TiO,/MnTiOz@C at a heating rate of 5 °C min~!
under air flux.
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favorably alleviate the volume variation during Li" insertion/
extraction, resulting in a relatively high reversible capacity and
cycling stability.*®*® Therefore, nitrogen absorption-desorption
measurements were performed to investigate the porosity and
surface area of the TiO,/MnTiO;@C porous microspheres and
pristine TiO, precursor. As shown in Fig. 5, both the nitrogen
adsorption/desorption isotherms exhibit a type IV nitrogen
adsorption branch with a type-H3 hysteresis loop, indicating
the presence of mesopores in the TiO, and TiO,/MnTiO;@C
microspheres.*®* From the pore size distribution curve (inset of
Fig. 5a), the pore size is found to have a nonuniform distribu-
tion ranging from several nanometres to 30 nm and the pores
with a size of ca. 10 nm are dominant. The BET surface area of
TiO, porous microspheres is 58.4 m”> g, and the pore volume
is calculated to be 0.14 cm® g '. While as to the TiO,/
MnTiO;@C sample, the BET surface area and the pore volume
are 40.0 m* g~ ' and 0.16 cm® g™, respectively. Moreover, it is
observed that the pore size of TiO,/MnTiO;@C has a wider
distribution (inset of Fig. 5b) than that of the TiO, sample, and
the dominant pore size has been changed to ca. 30 nm. These
results suggest that the formation of MnTiO; and the carbon
layer in the TiO,/MnTiO;@C sample does not destroy the
porous structure of the TiO, matrix, but even increases the pore
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Fig.5 N, adsorption—desorption isotherms of porous (a) anatase TiO,
and (b) TiO,/MnTiOs@C microspheres. The insets are pore size
distribution curves.
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volume, resulting in a more loose structure due to the
consumption of the TiO, matrix and the release of CO, gas
during the carbonization process. The decrease of the BET
surface area may be attributed to the formation of MnTiO; and
the deposition of the carbon coating into channels, and hence
decreasing the mesopores in the TiO, matrix.

X-ray photoelectron spectroscopy (XPS) analysis was carried
out to determine the composition and chemical bonding of
TiO,/MnTiO;@C composites. From the survey scan spectrum
(Fig. S2at), the peaks of Mn 2p, Ti 2p, O 1s, N 1s and C 1s are
detected, indicating the existence of Mn, Ti, O, C and N
elements. Two peaks at the binding energy of 653.3 and 641.3 eV
(Fig. 6a) are assigned to Mn 2p1/2 and Mn 2p3/2, respectively,
which are in good agreement with those reported for MnO,****
suggesting the presence of Mn>". In Fig. 6b, the Ti 2p doublet
centered at 458.6 and 464.6 eV stems from Ti 2p3/2 and Ti 2p1/
2, respectively.®® The splitting binding energy between the Ti
2p1/2 and Ti 2p3/2 core levels is 6 eV, indicating a normal state
of Ti*" in the product.*** The deconvoluted O 1s peaks at 532.8,
531.5 and 529.8 eV (Fig. 6¢) are assigned to O-C, Mn-O-Ti, and
Ti-O-Ti, respectively. The C 1s peak is not asymmetrical and
could be deconvoluted into four peaks centered at ca. 284.6,
285.9, 287.1, and 288.9 eV (Fig. 6d) corresponding to the sp>C-
sp’C, N-sp°C, N-sp’C, and C-O type bonds, respectively.***? For
the N 1s spectrum, two deconvoluted peaks around 398.2 and
400.1 eV (Fig. S2bt) are attributed to the formation of pyridinic
N (398.3 eV) and pyrrolic N (400.0 eV) in the carbon coating after
the decomposition of pyrrole.**

To evaluate the applicability of TiO,/MnTiO;@C porous
microspheres as LIB anode materials, the electrochemical
performances were investigated in the voltage window of 0.01-
3.0 V. For comparison, pure anatase TiO, porous microspheres
were also employed as anode materials. Fig. 7a and b show the
cyclic voltammetry (CV) curves of TiO,/MnTiO;@C and pure
anatase TiO, samples in the initial three cycles, respectively. For
pure TiO, porous microspheres (Fig. 7a), there are three clear
cathodic peaks appearing at ca. 0.4, 0.9 and 1.3 V, respectively,
in the first discharge process, but the peaks at 0.4 and 0.9 V
disappeared from the second discharge process, suggesting the
irreversible reduction of the electrolyte and the formation of
amorphous Li,O and solid electrolyte interphase (SEI)
layers."»" In the subsequent charge process, only one anodic
peak at about 2.3 V is observed. According to the previous
studies, the pairs of cathodic/anodic peaks at 1.3 (shifted to 1.6
V from the second cycle) and 2.3 V are the characteristics of the
Li" insertion/extraction reaction in anatase TiO,, corresponding
to the reversible biphasic transition between tetragonal anatase
and orthorhombic Li, TiO, (TiO, + xLi" + xe~ < Li,TiO,).1>1*
There is an observable decrease of cathodic current in the
second cycle compared to the first one for the TiO, electrode,
which agrees with the previous report on the TiO, anode and
can be attributed to the irreversible lithium insertion/extraction
reaction, indicating a large capacity loss during the first two
cycles.* As to the TiO,/MnTiO;@C sample (Fig. 7b), two sets of
cathodic/anodic peaks at about 0.6/1.3 and 1.6/2.1 V are
observed during the first discharge/charge process. Evidently,
the couple of 1.6/2.1 V is assigned to anatase TiO,, consistent
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Fig. 6 XPS spectra of (a) Mn 2p, (b) Ti 2p, (c) O 1s and (d) C 1s of TiO,/MnTiOs@C ternary hybrid microspheres.
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TiO2/MnTiO3@C microspheres at a scanning rate of 0.3 mV s7tin the
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with the above CV results of pure anatase TiO, porous micro-
spheres, while the reduction peak around 0.6 V corresponded to
the electrochemical reduction reaction of MnTiO; (MnTiO; +
3Li" + 3¢ —> Mn + LiTiO, + Li,0)."**> The observed broad
oxidation peak at 1.3 V in the anodic process could be ascribed
to the oxidation of Mn® to Mn>*.*®5%%! [t is noteworthy that the
reduction peak at 0.6 V is weakened and shifted to near 0.5 V
after the first cycle, suggesting an irreversible phase trans-
formation due to the formation of Li,O and metallic manga-
nese. After the second cycle, the CV curves tend to overlap,
demonstrating that these two electrodes exhibit a gradually
enhanced cycling stability for the insertion and extraction of
lithium ions.****

The discharge/charge curves of pure anatase TiO, and TiO,/
MnTiO;@C samples at a current density of 100 mA g~ ' are
shown in Fig. 8. The results of pure anatase TiO, (Fig. 8a) are
generally consistent with the above CV analysis, in which two
distinct potential plateaus appear at ca. 1.75 and 2.0 V for the
discharging and charging processes, corresponding to Li"
insertion/extraction within the TiO, lattice, respectively.'*®
When the first cycle is completed, the cell exhibits initial
discharge and charge capacities of 319.2 and 130.6 mA h g™/,
respectively, corresponding to the initial coulombic efficiency
(the ratio of charge capacity to discharge capacity) of only
40.9%. The large capacity loss can be attributed to some lithium
insertion into irreversible sites and the poor intrinsic electronic
conductivity of TiO,."* For the TiO,/MnTiO;@C sample
(Fig. 8b), the voltage potential plateaus at 1.75 and 2.0 V are
obviously shortened in contrast to the counterpart of TiO, in the
initial three cathodic/anodic processes. Moreover, along with
the cycles onward, the discharge and charge potential plateaus
have gradually shortened to inconspicuous slopes after the

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 Galvanostatic discharge/charge curves of the 1, 2™, 39, 100"
and 300" cycles for porous pure TiO, and (b) TiO,/MnTiOs@C
microspheres.

100™ cycle, which may be attributed to the heterogeneous
reaction mechanism between Li and the electrode materials
including TiO, and MnTiO3,*® consistent with the CV
measurement. With decreasing the voltage to 0.02 V in the first
discharge process, the cell exhibits an initial specific capacity of
578.8 mA h g™, which is distinctly higher than the theoretical
values of anatase TiO, (ca. 168 mA h g™ for Lig 5TiO,), MnTiO;
(ca. 533 mA h g~ ') and graphite (372 mA h g~ '). The reason can
be attributed to the decomposition of the electrolyte and the
formation of solid electrolyte interface (SEI) films.” Similar
phenomena have also been found in other anode materials.***
When the first charge was completed, a specific capacity of 310
mA h g~" was obtained, and the initial coulombic efficiency was
53.6%, obviously higher than that (40.9%) of TiO,. After 300
cycles, the retained capacity was 402.6 mA h g™, higher than
the initial one (310 mA h g™ %), attributed to a gradual activation
process of the electrode made of transition-metal oxides."”
From the cycling performance at a current density of 100 mA
g~ " (Fig. 9a), the reversible capacity of TiO,/MnTiO;@C is found
to be 402.6 mA h g~ " after 300 cycles and the retained capacity
increases gradually along with the cycles onward. Meanwhile,
the coulombic efficiency quickly reaches 90% in the second
cycle, even remains more than 98% from the third to the 300
cycle. To reveal the prominent cycling performance of TiO,/

This journal is © The Royal Society of Chemistry 2015
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MnTiO;@C, the LIBs consisting of pure anatase TiO,, TiO,/
Mn;0,, TiO,@C porous microspheres, and MnTiO;@C nano-
particles were also investigated. Fig. 9b shows the charge/
discharge capacities versus cycle number at a current density of
100 mA g~ ' up to 100 cycles. The first charge/discharge capac-
ities of these samples are 120.6/319.2 mA h g~ (for TiO,), 230.5/
524.7 mA h g~ (for TiO,/Mn;0,), 299.6/541 mA h g~ ' (for
TiO,@C), and 207.5/573.8 mA h g~* (for MnTiO;@C), respec-
tively, which are lower than those of TiO,/MnTiO;@C (310/
578.8 mA h g™"). In addition, all these samples exhibited lower
capacities in the successive cycles up to the 100%™ cycle,
compared with TiO,/MnTiO;@C. The superior cycling perfor-
mance of TiO,/MnTiO;@C is mainly attributed to the syner-
gistic effect caused by the stable structure of TiO,, the high
capacity of MnTiO; and the excellent electrical conductivity of
the carbon coating. The cyclic stability of the TiO,/MnTiO;@C
electrode was further investigated at different current rates.
From the rate capability shown in Fig. 9c, it is observed that the
TiO,/MnTiO;@C electrode achieves reversible capacities of
259.8, 237.3, 200.4, 150.5, and 103.3 mA h g~ ' at the current
densities of 100, 200, 400, 800 and 1600 mA g’l, respectively,
which are obviously higher than those of pure anatase TiO, and
MnTiO;@C and close to those of TiO,@C at the corresponding
densities. The detailed data are listed in Table S1 (shown in the
ESIY). It is noted that, when the current density was recovered to
100 mA g~ ' after the rate performance test, the reversible
capacities of all these samples returned back to their initial
value approximately except for the TiO,/MnTiO;@C electrode,
which reached ca. 330.2 mA h g™, higher than the value (259.8
mA h g7') acquired at the initial density of 100 mA g™ ', sug-
gesting that the high current charge/discharge process not only
did little to break down the integrity of the electrode, but also
led to a gradual activation of the electrode material, which has
also been found in other anode nanomaterials."”**** On the
basis of the above results, the TiO,/MnTiO;@C electrode
exhibits high reversible capacity, excellent cycling stability and
long circling life than other samples, confirming that the
ternary hybridization of TiO,, MnTiOj; and carbon is an efficient
way to achieve the enhancement of electrochemical perfor-
mance of TiO,-based anode materials. Simultaneously,
compared with recent research studies on the TiO,-based
composite anodes for LIBs summarized in Table S2 (shown in
the ESIY), the as-prepared TiO,/MnTiO;@C anode also exhibits
higher capacity retention and longer cycling performance even
at large current density, further indicating that the TiO,/
MnTiO;@C electrode is a promising candidate for LIBs with
long lifespan and high power density.

To further investigate the electrochemical performances of
TiO,/MnTiO;@C porous microspheres, electrochemical
impedance spectroscopy (EIS) measurements were conducted
on the cells after 100 cycles at a current density of 100 mA g™,
Fig. 10. The Nyquist plot of each cell is comprised of an arc in
the high- and medium-frequency region, and an inclined line in
the low frequency region.*® The diameter of the semicircle is
directly proportional to the impedance, which contains elec-
trolyte resistance (R.), surface film resistance (Ry) and charge
transfer resistance (R.).*>*" The inclined line is related to the
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lithium-ion diffusion inside the electrode materials corre-
sponding to the Warburg impedance (Z,).*>** The impedance
spectra can be fitted based on a reasonable equivalent circuit
(inset of Fig. 10), in accordance with the Li-ion insertion/
extraction mechanism in the electrode.> The fitted curves are in
accordance with the experimental data and the CPE in this
model expresses a double layer capacitance (inset of Fig. 10). It
is found that the (Re + Ryt + R.¢) value of TiO,/MnTiO;@C (ca. 150
Q) is much lower than that of the pure TiO, sample (ca. 350 Q),
indicating that the addition of carbon and MnTiO; largely
improves the electrochemical activity of the TiO,. Meanwhile,
the TiO,/MnTiO;@C electrodes exhibit a larger slope at low
frequency than pure TiO,, suggesting that the lithium ion

800
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Fig. 10 The experimental and fitted Nyquist plots of pure TiO, and
TiO>/MnTiOz@C. The inset is the corresponding equivalent circuit.

23902 | J. Mater. Chem. A, 2015, 3, 23895-23904

diffusion in electrodes has also been improved. The main
reason could be attributed to the formation of a more loose
structure (Fig. 3c) and the increased pore volume (Fig. 5) of
TiO,/MnTiO;@C after the Mn;0, doping and carbonization,
which are beneficial to lithium ion diffusion. Therefore, the
addition of carbon and MnTiOj; in the composites can not only
provide good electrode electron contact and electrical conduc-
tivity, but also facilitate lithium ion diffusion, favorable for the
capacity enhancement of TiO,/MnTiO;@C.

For the LIB anode material made from TiO,/MnTiO;@C
composite microspheres, TiO, with little volume variation (less
than 4%) serves as a matrix to relieve the stress and retains the
structural stability of the anode material during the charge/
discharge processes. In the TiO,/Mn;O, intermediate, Mn;O,
was transformed into MnTiO; completely by the reaction with
carbon and TiO, after the carbonization process at 550 °C for 5
h (Fig. 1). The MnTiO; nanoparticles attached on the TiO,
surface (Fig. 3d) enhanced the capacity of the LIB anode due to
the higher theoretical capacity (533 mA h g~ ') than that (168 mA
h g ") of anatase TiO,. The presence of the carbon coating
increases the electrical contact between MnTiO; and TiO,
nanoparticles, avoiding effectively the electrical isolation of the
TiO,/MnTiO;@C anode. As expected, the TiO,/MnTiO;@C
porous composites exhibit higher cycling and rate perfor-
mances than the corresponding TiO, porous microspheres.

4. Conclusions

In summary, TiO,/MnTiO;@C ternary hybrid porous micro-
spheres have been synthesized by a facile approach. As anode
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materials for Li-ion batteries, the porous composites exhibited
superior cycling and rate performances by utilizing the struc-
ture stability of the TiO, matrix, high capacity of MnTiO; and
superior electrical conductivity of the carbon coating during the
charge/discharge processes. The attached MnTiO; on the TiO,
matrix plays a significant role in improving the specific capacity
of the TiO,/MnTiO;@C anode. Therefore, the research on the
hybrid composites of TiO,, MnTiO;, and carbon coating
demonstrates an efficient way to realize the enhancement of
electrochemical performance of LIB anode materials.
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