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The carbon-coated TiO2 (TiO2@C) and FeTiO3 (TiO2/FeTiO3@C) hybrid porous microspheres with a speciﬁc
surface area of 35.1 m2g1 have been successfully synthesized by carbonizing the mixture of pyrrole with
lab-made TiO2/Fe2O3 porous microspheres. The as-prepared TiO2/FeTiO3@C porous electrode material
possessed a reversible capacity of 441.5 mAh g1 after 300 cycles at a current density of 100 mA g1 and a
coulombic efﬁciency of 99%. Comparing with TiO2, TiO2@C, and TiO2/Fe2O3 porous microspheres, the
TiO2/FeTiO3@C porous composites exhibited superior cycling and rate performances, which are rooted in
the synergistic effect that generated by little volume variation of TiO2 matrix, high capacity of FeTiO3 and
good electrical conductivity of carbon coating (with a thickness of 2–5 nm deposited on the surface and
inner wall of pores) during the charge/discharge processes.
ã 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Rechargeable lithium ion batteries (LIBs) have been given great
expectations to cope with energy crises and ease the environmental deterioration resulting from the combustion of traditional fossil
fuels. As is well known, LIBs have many advantages, such as
available high voltage, high energy density, no memory effect and
long life-time, especially for the sustainable and renewable
characteristics [1,2]. In general, the superior electrochemical
performances of LIBs are largely dependent on their electrode
materials. Especially the anode active materials play an important
role in the determination of energy density, safety and life cycle of
LIBs. Consequently, tremendous research efforts have been
devoted to investigate the electrochemical performances of a
variety of active materials over the past few decades [3–6]. Among
them, transition metal oxides have become of great interest for
rechargeable LIBs due to their large theoretical capacity, reasonable cost, high power density, and abundant resource [7]. However,
most of transition metal oxides including FexOy (Fe2O3 [8], Fe3O4
[9]), MnxOy (MnO2 [10], Mn2O3 [11], Mn3O4 [12], MnO [13]), CuO
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[14], NiO [15], and Co3O4 [16], serving as anode materials for LIBs
usually suffer from large volume expansion/shrinkage and
agglomeration during the lithiation/delithiation processes, which
will lead to the destruction of anode structure and hence rapid
degradation of electrochemical performances. Different from the
aforementioned transition metal oxides, TiO2 possesses many
advantages including high Li insertion potential (1.5–1.8 V vs Li/
Li+), good capacity retention, low self–discharge, low cost,
environmental friendliness, and chemical stability [17,18]. Especially, less than 4% volume change (vs. ca. 10% for graphite) during
lithium ion insertion/extraction processes, intrinsically endows
titanium dioxide (TiO2) good structural stability and long cycle life
[19,20]. Therefore, TiO2 has been regarded as one of the most
promising candidate to compete with commercial graphite anode
for LIBs. However, so far, the intrinsic drawbacks of low electronic
conductivity (1 1012 to 1 107 S cm1), lithium ion diffusivity
(1 1015 to 1 109 cm2 s1), low theoretical capacity of 168–
335 mAh g1 (even lower than commercial graphite, 372 mAh g1)
[19–22], and poor rate capability are still the main obstacles for its
application in LIBs [23,24]. Strategies to overcome these intrinsic
limitations of TiO2 anode materials include fabricating one
dimensional (1D) nanostructures (nanorod, nanoﬁber, nanotube,
and core–shell nanowire) [25–28], constructing porous or three
dimensional (3D) hierarchical architectures [29–32], hybridizing
with other conductive materials such as carbonaceous materials
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(CNTs [33], graphene [34], mesoporous carbon [35]), noble metals
(Au [36], Ag [37]), RuO2 [38], and/or doped with foreign atoms (N
[39,40], Nb [41], N-Cr [42]). Utilizing the aforementioned
strategies, the rate capability of TiO2 anodes has been improved
by increasing the electrical conductivity and lithium ion diffusivity,
but it is still a challenge to enhance the speciﬁc capacity of TiO2
anode. Therefore, TiO2 and transition metal oxides hybrid anode
materials, such as TiO2@Fe2O3 [43], TiO2/Co3O4 [20], and TiO2/
MnO2 [44], have been studied since transition metal oxides have
high theoretical capacity. In contrast, transition metal titanates,
such as ferrous titanate (FeTiO3), manganese titanate (MnTiO3),
and cobalt titanate (CoTiO3), are still an unheeded domain for LIBs.
þ
According to the lithiation reaction, MTiO3 þ ð2 þ xÞ Li þ3e !
M þ Li2 O þ Lix TiO2 (M = Mn, Fe, Co) [45,46], transition metal
titanates should have higher theoretical capacity comparing with
TiO2 and graphite electrode [45–47]. Therefore, hybridizing
transition metal titanates with TiO2 will provide a feasible
approach to enhance electrochemical performances for LIBs anode
by combining the high capacity of transition metal titanates with
the structural stability of TiO2. However, utilizing transition metal
titanate and TiO2 hybrid materials as LIBs anode has not been
reported yet.
In this work, we investigated the electrochemical performances
of carbon-coated TiO2 and FeTiO3 porous composites (TiO2/
FeTiO3@C) as LIBs anode material, in which the porous TiO2
microspheres served as robust scaffold, the attached FeTiO3
nanoparticles as active materials with high capacity, and carbon
coating as electrical conductive component. The electrochemical
measurements demonstrated that the as-prepared TiO2/FeTiO3@C
porous microspheres exhibited superior cycles and rate performances.
2. Experimental
2.1. Materials
Tetrabutyl titanate (TBT, Ti(OC4H9)4, 99.0%), N,N-Dimethylformamide (DMF, C5H9NO, 99.0%), isopropanol (IPA, C3H8O, 99.0%),
Iron(III) chloride hexahydrate (FeCl3.6H2O, 99.0%), pyrrole (C4H5N,
99.0%) and ammonia (NH3.H2O, 25%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. White Polyvinylidene
ﬂuoride (PVDF, (C2H2F2)n, MW 500 000-700 000) powders were
dissolved in absolute N-methyl-2-pyrrolidinone (NMP, C5H9NO,
99.0%) solvent in a weight ratio of 9:91. All the chemicals are of
analytical grade and were used as received without further
puriﬁcation.
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10 mL deionized water to form a transparent solution under
magnetic stirring. Then, 1.6 g as-prepared porous TiO2 microspheres were dispersed into the above solution and immersed for
4 h in vacuum. After ﬁltering, the obtained sample was immersed
in 10 mL ammonia solution for 2 h. The red brown precipitate was
centrifuged and washed using deionized water and ethanol for
several times, and then dried in an oven at 60  C for 12 h. Finally,
the TiO2/Fe2O3 intermediate was obtained by annealing the red
brown precipitate at 500  C for 1 h in air.
2.2.3. Synthesis of carbon coated TiO2 and FeTiO3 ternary hybrid
microspheres
1.5 g TiO2/Fe2O3 intermediate was mixed with 0.5 mL pyrrole
and sealed in a 30 mL stainless steel autoclave. The carbonization
was carried out in a furnace at 550  C for 5 h to form carbon coating,
accompanying with the formation of FeTiO3. For comparison, the
carbon coated TiO2 (TiO2@C) composites were also synthesized by
carbonizing the mixture of 1.5 g pure anatase TiO2 porous
microspheres with 0.5 mL pyrrole in the same procedure.
2.3. Characterizations
The structure of the resultant products was determined by
X-ray powder diffraction (XRD) on a Rigaku D/Max-RC X-ray
diffractometer with Ni ﬁltered Cu Ka radiation (l = 0.1542 nm,
V = 40 kV, I = 50 mA) in the range of 1080 at a scanning rate of 4
min1. The morphology and microstructure of the samples were
examined by using a JSM–6700 F ﬁeld emission scanning electron
microscope (FE-SEM) at an accelerating voltage of 20 kV and
electric current of 1.0  1010 A, and a JEOL JEM-2100 high
resolution transmission electron microscope (HR-TEM) operated
at 200 kV. The element contents were examined by energydispersive X-ray spectroscopy (EDS) detector attached to the FESEM. The N2 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
determined by X-ray photoelectron spectroscopy (XPS) on a Kratos
Analytical spectrometer, using Al Ka (hn = 1486.6 eV) radiation as
the excitation source under the anode voltage of 12 kV and
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 min1 using a SDT
thermal-microbalance apparatus.
2.4. Electrochemical measurements

2.2. Material preparation
2.2.1. Synthesis of porous TiO2 microspheres
The porous TiO2 microspheres were prepared by a solvothermal
method reported in previous work [48]. In a typical synthesis,
1.0 mL TBT was added to the mixed organic solvent comprising of
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 for ﬁve times, and then dried in an oven at 60  C for 12 h.
The porous TiO2 microspheres were obtained by annealing the
white precursor at 400  C for 3 h in air.
2.2.2. Synthesis of TiO2 and Fe2O3 composite intermediate
The TiO2 and Fe2O3 (TiO2/Fe2O3) composites were prepared as
intermediates. Typically, 9.0 g FeCl3.6H2O was ﬁrstly dissolved in

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. The
CR2025-type cells were assembled using Li foil as counter and
reference electrode, Celgard 2300 as 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 argon
atmosphere. The performance of the cells was evaluated galvanostatically in the voltage range from 0.02 to 3 V at various current
densities on a LAND CT2001A battery test system. The speciﬁc
capacity is calculated based on the total mass of the materials. The
mass loading of the electrodes is around 1.5–2.0 mg cm2. Cyclic
voltammogram (CV) was obtained by a PARSTAT 2273 electrochemistry workstation at a scan rate of 0.3 mV s1 and the
potential vs. Li/Li+ ranging from 0.01 to 3 V. Electrochemical
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3. Results and discussion
3.1. Electrode materials preparation and characterizations

Fig. 1. XRD patterns of (a) atanase TiO2 precursor and (b) TiO2/FeTiO3@C.

impedance spectra were tested on the same instrument with 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 real
part Z0 as X-axis, and imaginary part Z00 as Y-axis.

As shown in Fig. 1a, XRD pattern demonstrates the formation of
anatase TiO2 after the solvothermal and subsequent annealing
processes. All diffraction peaks match well with the tetragonal
anatase TiO2 (JCPDS no. 21–1272) without any other phase,
suggesting the high purity of TiO2 [21,48]. After the porous TiO2
microspheres were successively immersed in FeCl3 and ammonia
aqueous solution, the TiO2/Fe2O3 porous composites were
obtained by annealing the dry impregnated precipitate as shown
in Fig. S1b (see Supporting Information). When the carbonization
of coated pyrrole is completed, all XRD peaks of the ﬁnal product
are assigned to rhombohedral FeTiO3 (JCPDS no. 29–0733) and
anatase TiO2 (JCPDS no. 21–1272) (Fig. 1b). No other diffraction
peak is detected, suggesting that Fe2O3 has been transformed into
FeTiO3 completely by reacting with carbon and TiO2. Meanwhile,
the formed carbon coating on the TiO2/FeTiO3 surface is
amorphous, consistent with the subsequent HR-TEM observation.
In these procedures, the reactions for the formation of TiO2/Fe2O3
intermediate and TiO2/FeTiO3@C hybrid microspheres can be
illustrated as follows:
Fe3þ þ 3OH ! FeðOHÞ3 #

Fig. 2. XPS spectra of (a) Fe 2p, (b) Ti 2p, (c) O 1s and (d) C 1s of TiO2/FeTiO3@C hybrid microspheres.

ð1Þ
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2FeðOHÞ3 ! Fe2 O3 þ 3H2 O "

ð2Þ

2Fe2 O3 þ C þ 4TiO2 ! 4FeTiO3 þ CO2 "

ð3Þ

To further characterize the composition and chemical bonding
of the resultant TiO2/FeTiO3@C hybrid microspheres, x-ray
photoelectron spectroscopy (XPS) was carried out. From the
survey scan spectrum (Fig. S2a), the peaks of Fe 2p, Ti 2p, O 1s, N 1s
and C 1s were detected, indicating the existence of Fe, Ti, O, C and N
elements in the as-prepared hybrid microspheres. Two peaks at
the binding energy of 724.6 and 710.6 eV (Fig. 2a) are assigned to Fe
2p1/2 and Fe 2p3/2, respectively. The ﬁngerprint shakeup satellite
peak of Fe2O3 at ca. 719 eV was not observed [49,50], suggesting
that Fe2O3 in TiO2/Fe2O3 intermediate has been converted to
FeTiO3 during the carbonization process, consistent with XRD
result (Fig. 1b). In Fig. 2b, the Ti 2 p doublet centering at 458.3 and
464.3 eV stems from Ti 2p3/2 and Ti 2p1/2, respectively [51]. The
splitting binding energy between Ti 2p1/2 and Ti 2p3/2 core levels
is 6 eV, indicating a normal state of Ti4+ in the product [51,52].
Three deconvoluted O 1s peaks (Fig. 2c) at 532.7, 531.2 and 529.6
eV are assigned to O-C, Fe-O-Ti, and Ti-O-Ti bond, respectively,
according to the successive decrease of C, Fe, and Ti electronegativity. The asymmetrical C 1s peak (Fig. 2d) could be deconvoluted
into four peaks centered at ca. 284.6, 285.9, 287.1, 288.9 eV, which
are corresponding to the sp2C-sp2C, N-sp2C, N-sp3C, and C-O
bonds, respectively [53,54]. For the N 1s spectrum, two deconvoluted peaks at 398.2 and 400.1 eV (Fig. S2b) are attributed to the
formation of pyridinic N (398.3 eV) and pyrrolic N (400.0 eV) in the
carbon coating after the decomposing of pyrrole [55].
The morphology and structure of the as-synthesized TiO2
precursor, TiO2/Fe2O3 intermediate and TiO2/FeTiO3@C product
were investigated by a ﬁeld emission scanning electron microscope (FE-SEM) and a high resolution transmission electron
microscope (HR-TEM). As shown in Fig. S3, the low-magniﬁcation
SEM image indicates that the synthesized TiO2 precursors are welldeﬁned microspheres with the diameter of ca. 0.6–1.5 mm and
rough surface. A close inspection reveals that the microspheres
have a porous architecture, which is in fact built from the curved
two-dimensional nanoﬂakes (Fig. 3a). After being impregnated in
FeCl3 and ammonia solution and annealed at 500  C for 1 h in air,
the size of microsphere has no obvious variation, but a lot of tiny
particles are observed adhering on the nanoﬂakes or ﬁlling in the
pores (Fig. 3b). Following the carbon coating on the TiO2/Fe2O3
hybrid microspheres, the nanoﬂake structure has been transformed into nanoparticles due to the reaction of Fe2O3 with carbon
and TiO2 as shown in Fig. 3c. Combining with HR-TEM observation
(Fig. 4a), it can be conﬁrmed that the as-prepared TiO2/FeTiO3@C
hybrid microsphere has a loose architecture comprised of
numerous nanoscale particles and pores. In the HR-TEM image
(inset of Fig. 4b), two sets of lattice fringe spacings of 0.3488 and
0.2689 nm are corresponding to the (101) plane of anatase TiO2 and
(104) crystal plane of FeTiO3, respectively, suggesting that the
adhered Fe2O3 nanoparticles on TiO2 nanoﬂake have been transformed into FeTiO3 after reaction with TiO2 and carbon. A carbon
layer with the thickness of 2–5 nm deposited on the surface of
nanoparticles is observed, further conﬁrming the presence of
carbon coating on the as-synthesized TiO2/FeTiO3@C hybrid
microspheres.
TGA test has been carried out to evaluate the carbon content in
the synthesized TiO2/FeTiO3@C porous microspheres. The weight
loss can be separated into three steps, Fig. 5. In step (a), from room
temperature to 150  C, the weight loss of ca. 1.6% corresponds to
the evaporation of water absorbed in the porous microspheres. The
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dominant weight loss of 5.14% between 150 and 400  C in step (b) is
attributed to the oxidation process of carbon to form volatile
species, such as CO and CO2. After 400  C, a slight bullish weight
slope is observed, suggesting that the oxidation of Fe2+ to Fe3+
begins to occur. Some previous works have conﬁrmed that FeTiO3
will be partially oxidized to Fe2Ti3O9 and Fe2O3 below 800  C after a
heat treatment in air, leading to a slight weight gain [56–58]. The
EDS spectrum of TiO2/FeTiO3@C microspheres (Fig. S4) shows the
presence of C, O, Ti, and Fe elements, and a small peak at ca. 2 KeV is
assigned to Pt element resulting from the Pt plating of sample
before FE-SEM operation. The atomic ratio of Ti to Fe in the TiO2/
FeTiO3@C sample is 13.19: 2.04 achieved by the EDS quantitative

Fig. 3. FE-SEM images of the as-prepared (a) TiO2, (b) TiO2/Fe2O3, and (c) TiO2/
FeTiO3@C microspheres.
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variation during the Li+ insertion/extraction, resulting in a
relatively high reversible capacity and cycling stability [21,59].
Therefore, nitrogen absorption-desorption measurements were
performed to investigate the porosity and speciﬁc surface area of
the as-prepared TiO2 and TiO2/FeTiO3@C porous microspheres. As
shown in Fig. 6, the nitrogen adsorption/desorption isotherms of
the two samples all exhibit the type IV nitrogen adsorption branch
with a type-H3 hysteresis loop, indicating the presence of
mesopores in the TiO2 and TiO2/FeTiO3@C microspheres [21,44].
From the pore size distribution curve (inset of Fig. 6a), the pore size
of TiO2 microspheres is nonuniform ranging from several to ca.
100 nm, and the pores with a size of ca. 10 nm are dominant. The
BET surface area is 58.4 m2 g1, and the pore volume is calculated to
be 0.14 cm3 g1. While as to the TiO2/FeTiO3@C sample, the BET
surface area and pore volume are 35.1 m2 g1 and 0.19 cm3 g1,
respectively. The pore size has a wider distribution (inset of Fig. 6b)
than that of TiO2, and the dominant pore size is increased to ca.
30 nm. The nitrogen adsorption–desorption measurements suggest the transformation of nanoﬂakes into nanoparticles, which
has induced the variation of microstructure in the TiO2/FeTiO3@C
sample, consistent with the SEM observation (Fig. 3), ﬁnally
resulting in an increased pore size. The reaction of TiO2 with Fe2O3
and carbon would consume TiO2 matrix and release CO2 gas,
leading to the increase of pore volume during the carbonization
process. The decrease of BET surface area may be attributed to the

Fig. 4. HR-TEM images of TiO2/FeTiO3@C microspheres at different magniﬁcations
(a, b). The inset of (b) are enlarge images from the marked areas.

Fig. 5. TGA curve of TiO2/FeTiO3@C sample at a heating rate of 5  C min1 under air
ﬂux.

analysis without considering Pt. Combining the EDS with TGA
results, the mass fractions of TiO2, FeTiO3 and C in the hybrid
microspheres are calculated to be 70.4%, 24.46%, and 5.14%,
respectively.
As LIBs anode material, porous structure can facilitate an
efﬁcient contact of the internal active materials with electrolyte,
leading to a fast transportation of Li+ ions. Meanwhile, the high
speciﬁc surface area and porosity can alleviate the volume

Fig. 6. N2 adsorption-desorption isotherms of porous (a) TiO2 and (b) TiO2/
FeTiO3@C microspheres. The insets are pore size distribution curves.
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formation of FeTiO3 and deposition of carbon coating into
channels.
3.2. Electrochemical performance of the products
For a better understanding of its applicability in LIBs, the
electrochemical performances were investigated. The working
electrodes were fabricated from the as-synthesized porous TiO2/
FeTiO3@C nanocomposites. In addition, the anatase TiO2, TiO2@C
and TiO2/Fe2O3 electrodes were also prepared for comparison.
Fig. 7a&b show the cyclic voltammetry (CV) curves of anatase TiO2
and TiO2/FeTiO3@C samples in the initial three cycles, respectively.
For the pure TiO2 porous microspheres (Fig. 7a), there are three
clear cathodic peaks appeared at ca. 0.4, 0.9 and 1.3 V in the ﬁrst
discharge process, where the peaks at 0.4 and 0.9 V disappeared
from the second discharge process, suggesting the irreversible
reduction of electrolyte and the formation of amorphous Li2O and
solid electrolyte interphase (SEI) layer [23]. In the subsequent
charge process, only one anodic peak at about 2.3 V is observed.
According to the previous works, the pair of cathodic/anodic peaks
at 1.3 V (shifted to ca. 1.6 V from the second cycle) and 2.3 V are
characteristics for Li+ insertion/extraction reaction in anatase TiO2,
corresponding to the reversible biphasic transition between
the
tetragonal
anatase
and
orthorhombic
LixTiO2
þ
(TiO2 þ xLi þ xe $Lix TiO2 ) [23,60]. There is an observable
decrease of cathodic current in the second cycle than the ﬁrst

Fig. 7. Cyclic voltammetry (CV) curves of porous (a) TiO2 and (b) TiO2/FeTiO3@C
microspheres at the scanning rate of 0.3 mV s1 in the range of 0.01-3.0 V.

561

one for the TiO2 electrode, consistent with the previous report on
TiO2 anode and arising from the irreversible lithium insertion/
extraction reaction, indicating a large capacity loss during the ﬁrst
two cycles [23,61]. As to the TiO2/FeTiO3@C sample, there are also
three reduction peaks at ca. 0.5, 1.0 and 1.5 V observed in the ﬁrst
cathodic process, but two oxidation peaks at ca. 1.7 and 2.3 V
appeared in the counterpart anodic process (Fig. 7b). Evidently, the
couple of 1.5/2.3 V is assigned to anatase TiO2, consistent with the
above result of pure anatase TiO2 porous microspheres. While the
broad cathodic peak at ca.1.0 V and the other cathodic peak from
0.4 to 0.6 V are attributed to the initial reduction of FeTiO3
accompanying with a phase transformation from TiO2 to LixTiO2
þ
(FeTiO3 þ ð2 þ xÞ Li þ3e ! Fe þ Li2 O þ Lix TiO2 ) [45,46] and the
formation of amorphous Li2O and irreversible solid electrolyte
interphase (SEI) layer [20,43,60]. In addition, the wide and weak
anodic peak detected at ca. 1.7 V in the ﬁrst charge process results
from the oxidation of Fe to Fe2+ [60,62]. After the second cycle, the
CV curves tend to overlap, suggesting that the TiO2/FeTiO3@C
electrode exhibits a gradually enhanced cycling stability for the
insertion and extraction of lithium ions.
In order to evaluate the cycling performances of the electrodes,
the discharge/charge measurements were evaluated by LAND
CT2001A battery test system at a current density of 100 mA g1.
Fig. 8a&b show the discharge/charge curves of pure anatase TiO2
and TiO2/FeTiO3@C samples, respectively. In the cathodic process,
Fig. 8a, a well-deﬁned potential plateau at ca. 1.75 V is owing to the
Li+ intercalation into the interstitial octahedral sites of anatase

Fig. 8. Galvanostatic discharge/charge curves of the 1st, 2nd, 3rd, 100th and 300th
cycles for (a) porous TiO2 and (b) TiO2/FeTiO3@C microspheres.
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TiO2, while the distinct potential plateau observed at ca. 2.0 V in
the anodic process corresponds to the Li+ de-intercalation of
anatase TiO2 [46,60]. When the ﬁrst cycle is ﬁnished, the cell
exhibits the initial discharge and charge capacities of 319.2 and
130.6 mAh g1, 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 poor intrinsic electrical
conductivity of TiO2 [63]. For the TiO2/FeTiO3@C sample, as shown
in Fig. 8c, the potential/capacity proﬁles show some distinct
differences by comparing with those of pure anatase TiO2 sample.
The potential plateau at ca. 1.7 and 2.0 V are obviously shortened in
the initial three cathodic/anodic processes. Furthermore, a short
potential plateau is observed at ca. 0.75 V in the ﬁrst discharge
process and an unconspicuous slope from 0.5 to 1.7 V is observed in
the subsequent charge process, corresponding to the change in Fe
oxidation states during lithium insertion and extraction [5,62].
Evidently, these results match well with the above CV analysis.
With decreasing the potential to 0.02 V in the ﬁrst discharge
process, the cell exhibits an initial speciﬁc capacity of 565.4 mAh
g1, which is distinctly higher than the theoretical values of
anatase TiO2 (ca. 335 mAh g1 for LiTiO2) [22], FeTiO3 (530 mAh
g1) [45], and graphite (372 mAh g1). The reasons can be
attributed to the decomposition of electrolyte and the formation of
SEI ﬁlms [46]. Similar phenomena have also been found in other
anode materials [13,16,64]. When the ﬁrst charge was completed, a
speciﬁc capacity of 297 mAh g1 was obtained, and the initial
coulombic efﬁciency was 52.5%, which is obviously higher than
that of TiO2 sample (40.9%). It is noted that, the speciﬁc capacity is
increased along with the cycling onward (Fig. 8b), the retained
capacity of 441.5 mAh g1 after 300 cycles is much higher than the
initial one (297mAh g1), attributed to a gradual activation process
of the electrode made of transition-metal oxide nanomaterials
[23,60,64,65].
The cycling performances of the samples are depicted in Fig. 9.
It can be found that the reversible capacities of the anatase TiO2,
TiO2/Fe2O3, TiO2@C and TiO2/FeTiO3@C electrodes are 101, 136.7,
236.3 and 336.4 mAh g1 after 100 cycles, respectively. Based on
the mass ratio and theoretical capacity of each component in TiO2/
FeTiO3@C sample, the theoretical capacity of TiO2/FeTiO3@C hybrid
structure is calculated to be 385 mAh g1 (see Supporting
Information). However, it is interesting that, the reversible capacity
of TiO2/FeTiO3@C electrode exhibits an increasing tendency with
the cycling onward, even reaches 441.5 mAh g1 after 300 cycles.
The main reason could be attributed to the formation/dissolution

of polymeric gel-like ﬁlms, where the newly generated Fe
nanoparticles from FeTiO3 can promote/activate the reversible
transformation of some SEI components [65–67]. Meanwhile, the
synergetic effect of the hybrid materials was also the important
factor for the increased capacity as for bare TiO2 and reported
FeTiO3 anodes [45,46], there were no capacity increase observed
[65]. The higher reversible capacity of TiO2/FeTiO3@C than those of
TiO2, TiO2/Fe2O3, and TiO2@C demonstrates that the hybridization
of TiO2, FeTiO3 and carbon is an efﬁcient way to improve its cycling
performance and leads to a higher capacity. The cycling performance of TiO2/FeTiO3@C is also much better than those of the
previously reported TiO2@C anodes (e.g., the reversible capacity of
173 mA h g1 after 100 cycles at the current density of 30 mA g1
for nanoparticles [68], 182 mAh g1 after 60 cycles at the current
density of 84 mA g1 for mesoporous spheres [39], and 142.4 mAh
g1 after 170 cycles at the current density of 80 mA g1 for
particulate structure [40]) or FeTiO3 anodes (e.g., 200 mAh g1
after 50 cycles at the current density of 50 mA g1 for nanoﬂowers
[45]) in long cycling performance and reversible capacity.
Moreover, the coulombic efﬁciency of TiO2/FeTiO3@C electrode
quickly reaches 90% in the second cycle, even remains more than
98% from three to 300 cycles. From the rate capability shown in
Fig. 10a, the pure anatase TiO2 electrode delivers the reversible
capacities of 88.1, 66.0, 49.1, 30.1, and 20.9 mAh g1 at the current
density of 100, 200, 400, 800 and 1600 mA g1, respectively, while
the TiO2/FeTiO3@C electrode exhibits higher reversible capacities
of 287.3, 222.9, 184.6, 139.3, and 75.1 mAh g1 at the corresponding
current densities, indicating that TiO2/FeTiO3@C has more superior
rate capability than porous anatase TiO2 microsphere electrode.
When the current density is returned to 100 mA g1 after the rate
performance test, the discharge capacities of two samples
approximately return back to their initial values, suggesting that
the high current charge/discharge process did little to break down
the integrity of the electrodes [64,69]. The structure stability of
TiO2/FeTiO3@C sample was further investigated after 300 cycles at
a current density of 100 mA g1. As shown in Fig. S5, the
microsphere-like morphology of TiO2/FeTiO3@C has not been
changed, suggesting that the structure integrity has maintained
well upon cycling.
To further investigate the electrochemical performances of the
TiO2/FeTiO3@C porous microspheres, electrochemical impedance
spectroscopy (EIS) measurements were conducted to reveal the
lithium ion diffusion and electron transfer. Fig. 10b shows the
Nyquist plots of the porous TiO2/FeTiO3@C and anatase TiO2
microspheres after 100 and 200 cycles at a current rate of

Fig. 9. Cycling performances of TiO2, TiO2/Fe2O3, TiO2@C, TiO2/FeTiO3@C and coulombic efﬁciency of TiO2/FeTiO3@C at the current density of 100 mAh g1.
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composites can not only provide good electrode electron contact
and electrical conductivity, but also facilitate the lithium ion
diffusion, in favor of the capacity enhancement of TiO2/FeTiO3@C
anode in LIBS. Furthermore, it is noted that the Nyquist plot of TiO2/
FeTiO3@C displays a smaller semicircle after 200 cycles than
100 cycles, suggesting the gradual improvement of electrical
conductivity with cycling. This experimental result provides a
reasonable evidence for increasing the capacity performance of
TiO2/FeTiO3@C electrode along with the cycling onward in Fig. 9.
For the LIBs anode material made from TiO2/FeTiO3@C
composite microspheres, TiO2 with little volume variation (less
than 4%) serves as a matrix to relieve the stress and to remain the
structure stability of anode material during the charge/discharge
processes. In the TiO2/Fe2O3 intermediate, Fe2O3 was transformed
into FeTiO3 completely by the reaction with carbon and TiO2 after
the carbonization process at 550  C for 5 h (Fig. 1). The FeTiO3
nanoparticles hybridized with TiO2 (Fig. 3d) enhance the capacity
of LIBs anode due to the higher theoretical capacity (530 mAh g1)
than that (335 mAh g1) of anatase TiO2. The presence of carbon
coating increases the electrical contact between FeTiO3 and TiO2
nanoparticles, avoiding effectively the electrical isolation of TiO2/
FeTiO3@C anode. As expected, the TiO2/FeTiO3@C porous composites exhibit higher cycling and rate performances than the
corresponding TiO2 porous microspheres.
4. Conclusions

Fig. 10. (a) Rate capabilities of TiO2/FeTiO3@C and TiO2. (b) Experimental and ﬁtted
Nyquist plots of TiO2 after 100 cycles, TiO2/FeTiO3@C after 100 cycles and TiO2/
FeTiO3@C after 200 cycles. The inset of (b) is the corresponding equivalent circuit.

The TiO2/FeTiO3@C ternary hybrid porous microspheres have
been synthesized as anode material for Li-ion battery by a facile
approach. Comparing with the as-prepared TiO2, TiO2@C, and TiO2/
Fe2O3 porous microspheres, TiO2/FeTiO3@C composites exhibited
superior cycling and rate performances by combining the structure
stability of TiO2 matrix with high capacity of FeTiO3 and superior
electrical conductivity of carbon coating during the charge/
discharge processes. The hybridization of TiO2, FeTiO3 and
conductive carbon coating is proved to be an efﬁcient way to
overcome the intrinsic drawbacks of TiO2 and to improve the
electrochemical performances of LIBs anode.
Acknowledgements
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direct proportion to the impedance, which contains electrolyte
resistance (Re), surface ﬁlm resistance (Rsf) and charge transfer
resistance (Rct) [70,71]. The inclined line is related to the lithiumion diffusion inside electrode materials corresponding to the
Warburg impedance (Zw) [17,72,73]. The impedance spectra can be
ﬁtted based on a reasonable equivalent circuit (inset of Fig. 10b), in
accordance with the Li-ion insertion/extraction mechanism in
electrode [72,73]. The ﬁtted curves are in accordance with the
experimental data and CPE in this model expresses the double
layer capacitance (inset of Fig. 10b). The impedance values of each
samples obtained from the ﬁtting results of EIS data are
summarized in Table S1. The charge transfer resistance (Rct) for
TiO2/FeTiO3@C and pure TiO2 samples are ca. 165 and 196 V after
100 cycles, respectively, indicating that the hybridization with
carbon coating and FeTiO3 enhanced the electrical conductivity
and charge transfer of TiO2. Moreover, the TiO2/FeTiO3@C electrode
exhibits larger slope at low frequency than TiO2 (Fig. 10b),
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