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dioxide spheres as anode material
for lithium ion battery with largely improved rate
stability and cycle performance by suppressing the
formation of solid electrolyte interface layer†

Cuiping Han,abc Di Yang,ad Yingkui Yang,ae Beibei Jiang,a Yanjie He,a Mengye Wang,a

Ah-Young Song,a Yan-Bing He,b Baohua Li*b and Zhiqun Lin*a

By subjecting amorphous titanium dioxide (TiO2) colloidal spheres as a scaffold to a two-step external

template-free hydrothermal treatment, anatase TiO2 hollow spheres with an average diameter of 410 nm

and shell thickness of 65 nm were successfully yielded. Such hollow TiO2 nanostructures possessed a

large surface area, abundant active sites and reduced Li ion diffusion path and thus were highly favorable

for use in TiO2-based lithium ion batteries (LIB). Electrochemical measurements revealed that as-

prepared TiO2 hollow spheres exhibited specific discharge capacities of 296, 185, 118, 66 and 37 mA h

g�1 at 0.1 C, 1 C, 2 C, 5 C and 10 C, respectively. This is in sharp contrast to the considerably lower

values obtained in TiO2 solid nanoparticles (i.e., 182, 119, 81, 43 18 mA h g�1 at discharge rates of 0.1 C, 1

C, 2 C, 5 C and 1 0 C, respectively). Interestingly, TiO2 hollow spheres showed a large irreversible

capacity loss and relatively low cycling performance due to the residual chemisorbed water in TiO2 and

hydroxyl groups present on the TiO2 surface. A solid electrolyte interface (SEI) layer composed primarily

of Li2CO3, lithium alkyl carbonates and organic phosphates was thus formed on the surface of hollow

TiO2 spheres, thereby leading to an increased internal cell impedance and the decreased rate and

cycling performance. The subsequent high-temperature annealing effectively removed chemisorbed

water and hydroxyls on the TiO2 surface. As a consequence, annealed TiO2 hollow spheres rendered

markedly improved rate stability and cycle performance in the resulting TiO2-based LIBs. The specific

discharge capacities at rates of 5 C and 10 C were 77 mA h g�1 and 50 mA h g�1, which are considerably

larger than those obtained from as-prepared TiO2 hollow spheres. Moreover, compared to only 42.1%

for as-prepared hollow TiO2 spheres, a capacity retention as high as 93.5% over 200 cycles at 1 C was

achieved for annealed hollow TiO2 spheres.
1. Introduction

Titanium dioxide (TiO2), particularly in the anatase form, has
been widely recognized as a promising anode material for
lithium ion batteries (LIBs), which utilize the advantages
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specic to TiO2 such as low cost, abundance, environmental
benignity, and improved stability.1–4 More importantly, the
anatase crystal framework experiences a small volume expan-
sion when compared to other transition-metal oxides during the
lithiation/delithiation processes, thereby rendering a long
cycling life.5,6 However, TiO2 possesses low electronic conduc-
tivity (10�13 S cm�1) and low lithium ion diffusivity, thus
leading to limited electrochemical performance of TiO2-based
LIBs.7 To this end, two general strategies have been invoked
to resolve these intrinsic drawbacks of electrode material.
One strategy is the incorporation of a conductive secondary
phase such as carbonaceous materials, including TiO2 nano-
particle/3D N-doped graphene foam,8 mesoporous TiO2 nano-
crystals/graphene aerogels,9 mesoporous TiO2/single wall
carbon nanotubes,10 electrospun TiO2/graphene composite
nanober,11 and ternary silver nanoparticles/titania/carbon
composites.12 The materials mentioned above exhibit enhanced
overall electrochemical capability owing to an improved
This journal is © The Royal Society of Chemistry 2015
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electronic conduction between the anatase TiO2 powders.
Another strategy is the control of the microstructure and
morphology of the electrode material to provide a large surface
area and/or a mesoporous structure. To date, a variety of
nanostructures such as nanoporous structure,13–15 nanotubes,16

and nanowires17 have been reported as electrode materials for
LIBs. It is noteworthy that among these nanostructures, the
hollow nanostructured TiO2 anode ensures a larger interfacial
storage capacity for Li ions and a shorter Li ion diffusion path
for electrochemical reactions with substantially improved
reaction kinetics and rate performance than those of solid
anatase TiO2 anode.14

Unfortunately, nanostructured electrodes with large inter-
facial storage capacities usually suffer from substantial irre-
versible capacity loss in the initial cycles, which compromises
the Li ion storage behavior and hence retards the rate and
cycling performance of LIBs. The origin of this phenomenon for
anatase TiO2 anode is considered as the reduction of electrolyte
on the electrode surface due to the presence of a trace amount
of water chemically adsorbed in the nanostructures.14 There-
fore, a solid electrolyte interface (SEI) lm may also be formed
on the surface of nanostructured TiO2. This is contrary to the
commonly considered viewpoint that TiO2 is an SEI lm-free
anode in LIBs as it has a Li ion insertion voltage of�1.7 V versus
Li+/Li and its end discharge potential is usually at 1 V, both of
which are higher than the reduction potential of most electro-
lytes or solvents. For the carbon-based anode, it is well known
that the formation mechanism and the properties of SEI lms
are of paramount importance on the electrochemical and safety
performance of the resulting LIBs.18,19 The factors that affect the
formation of SEI lm include the electrolyte solvent, voltage,
current, and temperature.20,21 The morphology and surface
chemistry have recently been proven to exert a profound inu-
ence on the electrolyte reduction and the SEI lm formation of
Li4Ti5O12-based battery.22,23 Surprisingly, the effect of SEI lm
on the electrochemical behavior of anatase TiO2-based battery
has received far less attention. Clearly, it will be of great interest
to achieve a fundamental understanding of the SEI lm
formation on anatase TiO2 anode, particularly in the formation
mechanism and its lm compositions.

Herein, we report on the craing of highly crystalline anatase
TiO2 hollow spheres with uniform size and large porosity by
capitalizing on amorphous TiO2 solid colloidal spheres as a
scaffold and scrutinize the origin of capacity loss in the nano-
structured hollow anatase TiO2 anode. In stark contrast to solid
Scheme 1 Schematic of the synthesis of TiO2 hollow spheres.

This journal is © The Royal Society of Chemistry 2015
anatase TiO2 anode, the as-prepared TiO2 hollow spheres
possessed larger surface areas (i.e., the presence of extra active
sites accordingly) and reduced diffusion distance for Li ions,
and exhibited substantially improved electrochemical perfor-
mance. However, they also displayed larger irreversible capacity
loss due to the existence of residual chemisorbed water in TiO2

and hydroxyl groups on the as-prepared TiO2 hollow spheres,
leading to the formation of an SEI lm on their surface. The SEI
lm was comprised primarily of Li2CO3, lithium alkyl carbon-
ates and organic phosphates, which increased the internal cell
impedance and caused the decreased rate and cycling perfor-
mance. Intriguingly, such capacity fading was successfully
addressed by subsequent high-temperature annealing, which
effectively removed chemisorbed water in TiO2 and hydroxyls on
the TiO2 surface. Consequently, the annealed TiO2 hollow
spheres rendered markedly improved rate stability and cycle
performance in the resulting annealed anatase TiO2-based LIBs.
2. Experimental section
2.1. Synthesis of TiO2 hollow spheres

The synthesis of TiO2 hollow spheres is schematically depicted
in Scheme 1, which mainly involved two steps.

Synthesis of colloidal TiO2 solid nanoparticles. 1 mL of
titanium butoxide (Ti(OC4H9)4; purity $ 97.0%; Sigma-Aldrich)
was slowly added into 40 mL ethylene glycol (EG) under
magnetic stirring. The obtained clear solution was stabilized for
8 h at room temperature and then immediately poured into 500
mL acetone under vigorous stirring for 10 min. The transparent
solution became turbid. Aer aging for 12 h, the white precip-
itate was centrifuged and washed 6 times using deionized water
and ethanol. Finally, the colloidal TiO2 solid nanoparticles were
collected aer drying in a vacuum oven at 60 �C for 12 h.

Synthesis of TiO2 hollow spheres. 0.1 g amorphous TiO2

solid nanoparticles obtained from step one noted above were re-
dispersed in 35 mL deionized water, with the addition of 0.022 g
ammonium uoride (NH4F; purity $ 98.0%; Alfa Aesar) and
0.072 g urea (NH2CONH2; purity $ 99.0%; Alfa Aesar). The
mixture was then transferred into a 50 mL Teon-lined stainless
steel autoclave and maintained at 180 �C for 15 h (i.e., hydro-
thermal treatment). Aer cooling to room temperature, the
resulting product was separated by centrifugation and washed
with deionized water and ethanol several times. Aer drying in a
vacuum oven at 60 �C, the white powder was calcined at 400 �C
for 2 h in air. This process was repeated several times to collect
J. Mater. Chem. A, 2015, 3, 13340–13349 | 13341
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enough amount of samples for electrochemical measurement.
For comparison, the amorphous TiO2 solid nanoparticles were
also directly calcined at 400 �C for 2 h in air.
2.2. Materials characterization

The properties and morphologies of the prepared samples were
characterized by the following techniques. The phase compo-
sition was measured by X-ray diffraction (XRD, Panalytical
X'pert PRO using CuKa radiation with l ¼ 1.5418 Å). The
morphologies and structures were observed by a eld emission
scanning electron microscope (FE-SEM, LEO1550) at 5 kV and a
high resolution transmission electron microscope (HRTEM,
TECNAIG2 F30) at an accelerating voltage of 300 kV. Raman
spectra were collected using a Raman spectrometer (Renishaw
inVia Raman Microscope) with a 785 nm Ar-ion laser. Fourier
transform infrared spectra were collected using a FTIR spec-
trometer (Nicolet 6700) in the near infrared (NIR) region (490–
4500 cm�1). FTIR samples were prepared using KBr disks.
Nitrogen adsorption/desorption isotherms were obtained at
77 K using an automated adsorption apparatus (Micromeritics
ASAP 2020). The surface area was calculated based on the Bru-
nauer–Emmett–Teller (BET) equation. Thermal gravimetric
analysis (TGA) measurement was conducted from 25 �C to
800 �C using a thermogravimetric analyzer (TG Instruments
Q500) under a mixture of nitrogen and oxygen atmosphere with
a ramping speed of 10 �C min�1.
Fig. 1 XRD patterns of the annealed TiO2 solid spheres (black curve),
TiO2 hollow spheres freshly obtained after hydrothermal treatment
(red curve), and the annealed TiO2 hollow spheres (blue curve).
2.3. Electrochemical characterization

Electrochemical performance of electrode materials was exam-
ined by galvanostatic testing of CR2032-type coin cells assem-
bled in an Ar lled glove box (Mbraum). The coin cells used the
prepared TiO2 as cathode material, lithium foil as anode, and
polypropylene (Celgard 2500, Celgard Inc., USA) as separator.
The cathode consisted of 80 wt% active material, 10 wt% acet-
ylene black and 10 wt% polyvinylidene uoride (PVDF) binder.
The electrolyte employed was a 1 M LiPF6 solution in a mixture
of ethylene carbonate (EC), diethyl carbonate (DEC) and ethyl
methyl carbonate (EMC) (volume ratio: 1 : 1 : 1, 1 M LiPF6/EC +
DEC + EMC). The assembled cells were galvanostatically cycled
between 1.0 and 3.0 V (Arbin battery testing system, BT2043) at
room temperature. The electrochemical impedance spectros-
copy measurements (EIS) were conducted using an IM6ex
electrochemical workstation over a frequency range of 10�2–105

Hz. A perturbation of 5 mV was applied. Cyclic voltammograms
(CV) were also recorded with the IM6ex electrochemical work-
station at a scan rate of 0.2 mV s�1 over a range of 1.0–3.0 V.

Aer the cycle performance test, the coin cells were dis-
assembled in the glove box for further examination aer being
fully charged. The TiO2 electrode was rinsed using dimethyl
carbonate (DMC) to remove the electrolyte from the electrode
surface and was dried before examination. The surface
morphology of the electrodes was examined by FE-SEM
(HITACH S4800) at 5 kV and HRTEM (TECNAIG2 F30) at an
accelerating voltage of 300 kV. FTIR (Nicolet 6700) was used to
evaluate the structure and compositions of SEI lms on the
13342 | J. Mater. Chem. A, 2015, 3, 13340–13349
cycle-tested TiO2 electrode in the near infrared (NIR) region
(400–2000 cm�1).
3. Results and discussion
3.1. Structure and morphology characterization

The as-prepared colloidal TiO2 solid nanoparticles were amor-
phous as revealed by XRD measurement (Fig. S1†). Aer calci-
nations at 400 �C, amorphous TiO2 transformed into crystalline
form and all diffraction peaks can be exclusively ascribed to the
anatase phase of TiO2 (Joint Committee on Powder Diffraction
Standards (JCPDS) card 21-1272) (black curve in Fig. 1). The
XRD pattern of TiO2 hollow spheres freshly obtained right aer
hydrothermal treatment also exhibited an anatase phase, and
no peaks of impurity were detected (red curve in Fig. 1). Clearly,
the subsequent calcinations did not affect the phase purity but
marginally increased the crystallinity of TiO2 hollow spheres as
indicated by a tiny increase in peak intensity (Fig. 1, blue curve).

SEM image clearly showed that the as-prepared amorphous
TiO2 colloidal nanoparticles were smooth and uniform solids
with an average diameter of 320 nm (Fig. 2a). Aer calcination
in air, the morphology of colloidal nanoparticles was retained
(Fig. 2b). No evident size growth of spheres was observed. We
note that these annealed TiO2 nanoparticles served as the
control for the electrochemical performance measurement in
LIBs. Aer subsequent hydrothermal treatment, amorphous
TiO2 nanoparticles turned into hollow spheres with a rough
surface (an average diameter of 410 nm) composed of smaller
nanocrystals on its surface (Fig. 2c). Moreover, TiO2 hollow
spheres aer the subsequent annealing treatment revealed a
similar morphology with a slightly reduced average size of
spheres of 390 nm (Fig. 2d).

The morphology and structure of samples mentioned above
were further examined by TEM (le panels in Fig. 3) (Fig. S2†)
and HRTEM (right panels in Fig. 3). The as-prepared amor-
phous TiO2 solid spheres were smooth and uniform with no
lattice fringes observed (Fig. S2†). Aer calcination, compact
and dense anatase TiO2 solid spheres containing smaller
nanocrystals on their surface with a size of 5–10 nm were
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 SEM images of (a) as-prepared amorphous TiO2 solid nano-
particles, (b) annealed TiO2 solid nanoparticles, (c) TiO2 hollow
spheres, and (d) annealed TiO2 hollow spheres.
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obtained (Fig. 3a and b). The TEM images shown in Fig. 3c and
d conrmed the formation of TiO2 hollow spheres aer hydro-
thermal treatment. The shell thickness of the hollow spheres
was approximately 60–70 nm. The inset in Fig. 3c suggests the
growth of polygonal shaped nanocrystal on the surface of TiO2

hollow spheres, as marked by red arrows in Fig. 3c.24 The lattice
fringe has a spacing of 0.351 nm, corresponding to the (101)
planes of anatase. It is worth noting that the inner crystals had a
relatively smaller size than that on the surface (Fig. 3c).
Evidently, the hollow structures of TiO2 were preserved aer
calcinations with nearly the same shell thickness and the crystal
size on the surface (Fig. 3e and f).

As schematically illustrated in Scheme 1, when titanium
alkoxides are added into EG solution, the hydrolysis rate of the
titanium precursor is greatly reduced.25,26 Aer stirring for 8 h,
glycolates or mixed alkoxide/glycolate derivatives are obtained
as the intermediate reaction products (eqn (1) and (2)). When
the abovementioned solution is poured into acetone, contain-
ing a small amount of water (0.3%), spherical colloids are
obtained through a homogeneous nucleation and growth
process (eqn (3) and (4)).25 We note that this process (i.e.,
external template-free approach) is facile and easy to imple-
ment, dispensing with the need for the use of external templates
as in copious past work27–30 to yield hollow spheres.

Ti(OBu)4 + HOCH2CH2OH /

Ti(OCH2CH2O)(OBu)2 + 2HOBu (1)

Ti(OBu)4 + 2HOCH2CH2OH / Ti(OCH2CH2O)2 + 4HOBu (2)

Ti(OCH2CH2O)(OBu)2 + 4H2O/

Ti(OH)4 + HOCH2CH2OH + 2HOBu (3)

Ti(OCH2CH2O)2 + 4H2O / Ti(OH)4 + 2HOCH2CH2OH (4)

The formation of TiO2 hollow spheres involves a dissolution–
recrystallization process with the assistance of ammonium
uoride under hydrothermal conditions.31,32 During the hydro-
thermal process, amorphous spherical colloids gradually
remove the physisorbed ethylene glycols, forming TiO2 crystals
This journal is © The Royal Society of Chemistry 2015
on the surface (eqn (5)).31 In the meantime, the inner amor-
phous portion of colloidal nanoparticles are chemically etched
by corrosive F ions and then diffuse outward, followed by the
recrystallization on the surface as large and crystallized parti-
cles.27,33,34 As amorphous TiO2 colloidal spheres serve as
templates, the hollow interior and polygonal shaped nano-
crystals are therefore created simultaneously.

2Ti(OH)4 / 2TiO2 + 4H2O (5)

Ti(OH)4 + 6NH4F / (NH4)2TiF6 + 4NH3 + 4H2O (6)

(NH4)2TiF6 + 2H2O / TiO2 + 2NH4F + 4HF (7)

The nitrogen absorption/desorption isotherm measurement
was carried out to examine the specic surface area and the pore
size distribution of as-synthesized samples. The annealed TiO2

solid nanoparticles did not show evident adsorption/desorption
volume during the measurement (Fig. 4a, black curve). Conse-
quently, the surface area estimated from the BET measurement
was only 6.2 m2 g�1, and the pore volume was only 0.01 cm3 g�1.
In contrast, the TiO2 hollow spheres and annealed TiO2 hollow
spheres exhibited a typical IV shape, signifying their meso-
porous characteristics (Fig. 4a, red and blue curve). The esti-
mated surface areas were 164.5 m2 g�1 and 131.5 m2 g�1 for
TiO2 hollow spheres and annealed TiO2 hollow spheres,
respectively. The corresponding pore volumes were 0.93 cm3 g�1

and 0.74 cm3 g�1, which are considerably larger than that of
annealed TiO2 solid nanoparticles. The pore size distribution of
TiO2 hollow sphere and annealed TiO2 hollow spheres, obtained
from the BJH method, showed that the dominant peaks were in
the mesoporous range with two peaks located at around 1.5–3
nm and 10–50 nm, respectively, corresponding to the pores/
spacing between the crystals (Fig. 4b, red and blue curves). The
annealed TiO2 solid nanoparticles exhibited no pore size
distribution due to their solid characteristics (Fig. 4b, black
curve). The greatly enlarged surface area and pore volume of
hollow structured TiO2 ensured a larger interfacial storage
capacity for Li ions and a shorter Li ion diffusion path for
electrochemical reactions than those of solid nanoparticles.

Raman and FTIR were also employed to characterize as-
prepared samples. The Raman measurement on as-prepared
TiO2 solid nanoparticles revealed a broad spectrum ranging
from 100–1000 cm�1, indicating they were amorphous (curve I
in Fig. S3†). The other three samples displayed ve peaks at 145,
198, 398, 516 and 640 cm�1, which are the characteristic peaks
of anatase TiO2 (curve II, III and IV in Fig. S3†).35 Prior to the
FTIR measurements, all samples were dried at 120 �C overnight
in the vacuum oven to completely remove the physisorbed
water. The FTIR spectra were measured in the frequency range
of 490–4500 cm�1 (Fig. 5a). Clearly, a broad intense band in the
range of 490–1000 cm�1 was caused by the Ti–O vibration of
TiO2 (Fig. 5a).36 The adsorption bands with peaks at 3410 cm�1

and 1620 cm�1 corresponded to the O–H stretching vibrations
and bending vibrations of adsorbed water and hydroxyl groups
(curves I and III in Fig. 5a).37–39 As the physisorbed water was
removed prior to the measurement, it is thus clear that there
J. Mater. Chem. A, 2015, 3, 13340–13349 | 13343
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Fig. 3 TEM (left panels) and HRTEM (right panels) images of (a and b) annealed TiO2 solid nanoparticles, (c and d) TiO2 hollow spheres obtained
after hydrothermal treatment, and (e and f) annealed TiO2 hollow spheres from (c). Note that the polygonal shaped TiO2 are marked by red
arrows.
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existed chemisorbed water in TiO2 and hydroxyl groups on the
surface of amorphous TiO2 solid nanoparticles as well as TiO2

hollow spheres freshly obtained right aer hydrothermal
treatment.38 The chemisorbed water and hydroxyls contents in
the annealed TiO2 solid nanoparticles and calcinated TiO2

hollow spheres decreased sharply aer the high-temperature
treatment, as evidenced by the nearly disappeared adsorption
bands located at 3410 cm�1 and 1620 cm�1 (curve II and IV in
Fig. 5a).40 TGA measurement further substantiated the presence
of chemisorbed water and hydroxyl groups in TiO2 hollow
spheres obtained aer hydrothermal treatment (Fig. 5b). The
weight loss of 1.28% from room temperature to 110 �C corre-
sponded to the elimination of the physisorbed water.25 The
weight loss of 3.32% from 110 �C to 450 �C was attributed to the
desorption of chemisorbed water.41 The weight loss that
13344 | J. Mater. Chem. A, 2015, 3, 13340–13349
appeared at 450–800 �C was about 0.40%, which can be ascribed
to the removal of the surface hydroxyls.38 Surprisingly, despite
some reports on the existence of chemisorbed water and
hydroxyl groups on the surface of TiO2, there have been few
studies on the inuence of these contents on the electro-
chemical performance of the resulting TiO2-based batteries.
This will be elaborated below later.
3.2. Electrochemical characterization

The rate capabilities and cycling performances of as-prepared
samples were systematically investigated by constructing coin
cells (Fig. 6 and S4†). The specic capacities measured at rates
ranging from 0.1 C to 10 C are shown in Fig. 6a. Clearly, TiO2

hollow spheres exhibited considerably higher specic capacities
at various rates than the annealed crystalline TiO2 solid
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (a) The nitrogen adsorption/desorption isotherms and (b) the
pore size distribution curves of annealed TiO2 solid nanoparticles, TiO2

hollow spheres, and annealed TiO2 hollow spheres.

Fig. 5 (a) FTIR spectra of (I) amorphous TiO2 colloidal nanoparticles,
(II) annealed TiO2 solid nanoparticles, (III) TiO2 hollow spheres, and (IV)
annealed TiO2 hollow spheres. (b) Thermal gravimetric analysis (TGA)
curve of TiO2 hollow spheres (i.e., unannealed).
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nanoparticles. A specic discharge capacity of 296 mA h g�1 was
observed when TiO2 hollow spheres were rst discharged at 0.1
C, and the charge/discharge rates of 1, 2, 5 and 10 C were 185,
118, 66 and 37 mA h g�1, respectively. However, the annealed
TiO2 solid nanoparticles can only deliver an initial specic
discharge capacity of 182mA h g�1 at the discharge rate of 0.1 C,
and the capacities were reduced to 119, 81, 43, and 18 mA h g�1

at the charge/discharge rates of 1 C, 2 C, 5 C and 10 C, respec-
tively (Fig. 6a). This indicated that hollow structures with larger
surface areas, abundant active sites and reduced diffusion
distance for Li ions are benecial for higher specic capacity
and improved rate capability.

Interestingly, the annealed TiO2 hollow spheres aer calci-
nations showed reduced specic capacities during the initial
few cycles, but larger capacities at higher rates (>2 C) than that
of TiO2 hollow spheres freshly obtained aer hydrothermal
treatment (i.e. without high-temperature annealing). The
discharge specic capacities for annealed TiO2 hollow spheres
measured at 0.1 C, 1 C, 2 C, 5 C, and 10 C were 233, 145, 111, 77
and 50 mA h g�1, respectively (Fig. 6a). Cycling performance
measurements at 1 C conducted aer the rate capability test
revealed the same phenomena (Fig. 6b and S4†). The specic
capacity of annealed TiO2 solid nanoparticles at 1 C decreased
from 101 to 79 mA h g�1 over 200 cycles, with a capacity
retention of 78.0%. Notably, the capacity of TiO2 hollow spheres
This journal is © The Royal Society of Chemistry 2015
decreased signicantly with the increase of cycle numbers. The
specic capacity reduced from 109 to 46 mA h g�1 aer 200
cycles, corresponding to a capacity retention of only 42.1%. In
stark contrast, in the case of annealed TiO2 hollow spheres, the
initial specic capacity was 121 mA h g�1, which slightly
decreased to 113 mA h g�1 aer 200 cycles, and this reected
capacity retention as high as 93.5%. Both the rate capability test
and cycling performance measurement suggested that high-
temperature annealing was advantageous and effective for
achieving the rate and cycle performance improvements of TiO2

anode in LIBs.
To elucidate the underlying principle for the improved

performance caused by high-temperature annealing, the
charge/discharge characteristics for three samples at rates
ranging from 0.1 C to 10 C are shown in Fig. 7. A discharge
plateau at the voltages of 1.75–1.30 V over the rates of 0.1–10 C
and a charge plateau at the voltages of 1.90–2.30 V over the rates
of 0.1–10 C were observed in all three samples, corresponding to
the Li intercalation into and deintercalation out of nano-
structured TiO2, which was also conrmed by the presence of
reduction/oxidization peaks in the CV spectra (Fig. S5†).
However, it is worth noting that large irreversible capacity loss
was detected during the 1st cycle at 0.1 C (black curves in
Fig. 7a–c), which can be attributed to the electrolyte decompo-
sition induced by a trace amount of residual chemisorbed water
J. Mater. Chem. A, 2015, 3, 13340–13349 | 13345
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Fig. 6 (a) Rate capabilities and (b) cycling performances at 1 C of
annealed TiO2 solid nanoparticles, TiO2 hollow spheres, and annealed
hollow spheres. Note that C and D represent the specific charge
capacity and discharge capacity, respectively.

Fig. 7 Charge/discharge curves at various rates of (a) annealed TiO2

solid nanoparticles, (b) TiO2 hollow spheres, and (c) annealed TiO2

hollow spheres. (d) Electrochemical impedance spectroscopy (EIS)
measurements of annealed TiO2 solid nanoparticles, TiO2 hollow
spheres, and annealed TiO2 hollow spheres (experiments are in
symbols and fittings are in solid curves).
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within TiO2.14 The corresponding initial coulombic efficiency
for annealed TiO2 solid nanoparticles, TiO2 hollow spheres and
annealed TiO2 hollow spheres were 77.8%, 82.7%, and 89.7%,
respectively (black curves in Fig. 7a–c). Compared to freshly
obtained TiO2 hollow spheres (i.e., without annealing), the
noticeable coulombic efficiency increase in the annealed TiO2

hollow sphere sample suggested that high-temperature treat-
ment was an effective means of suppressing the SEI formation
by eliminating the residual chemisorbed water and hydroxyl
groups in TiO2, which correlated well with the FTIR and TGA
results discussed above.

In order to verify the formation of an SEI layer, the elec-
trochemical impedance spectroscopy (EIS) measurement was
performed on the three cells mentioned above aer the rate
capability tests (Fig. 7d). The EIS was simulated by Z-view
soware using the equivalent circuit shown in Fig. S6.† The
corresponding tted resistances are summarized in Table 1.
According to the equivalent circuit, the EIS consisted of two
partially overlapped and depressed semicircles at high-to-
middle frequencies and a sloping line at low frequencies.42,43

The intercept of the spectrum with the real axis at high
frequency referred to the bulk resistance (Rb), reecting
the combined resistance of electrolyte, separator and elec-
trode.42,43 The depressed semicircle from the high to
13346 | J. Mater. Chem. A, 2015, 3, 13340–13349 This journal is © The Royal Society of Chemistry 2015
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intermediate frequency was related to the resistance for Li
ion migration through the SEI layer (Rsei) and constant phase
elements (CPE1) of the SEI layer. The semicircle from inter-
mediate to low frequency was associated with the charge-
transfer resistance (Rct) and constant phase elements (CPE2)
of the electrode.42,43 CPE1 and CPE2 were used to take into
account the roughness of the TiO2 electrode surface.44 The
sloping line at low frequency corresponded to the Warburg
impedance (Zw), which was related to the Li ion diffusion
within the spheres.42,43,45 The experimental and simulated EIS
curves overlapped for all conditions studied, which is indic-
ative of properly chosen equivalent circuit and corresponding
parameters. The tted Rsei corroborated the formation of an
Table 1 Resistances (Rb, Rsei, and Rct) obtained from the fitting of EIS
measurements in Fig. 7d

Sample Rb (U) Rsei (U) Rct (U)

Annealed TiO2 solid nanoparticles 5.7 7.7 39.5
TiO2 hollow spheres 7.2 11.6 41.0
Annealed TiO2 hollow spheres 5.8 6.4 33.0

Fig. 8 SEM images of (a and b) annealed TiO2 solid nanoparticle electrod
hollow sphere electrode before electrochemical testing (a, d and g) an
annealed TiO2 solid nanoparticle electrode, (f) TiO2 hollow sphere el
performance testing.

This journal is © The Royal Society of Chemistry 2015
SEI layer on the surface of TiO2 electrode (Table 1). The
annealed TiO2 solid nanoparticles and annealed TiO2 hollow
spheres exhibited considerable smaller Rsei than that of TiO2

hollow spheres freshly obtained aer hydrothermal treat-
ment (i.e., without subsequent annealing), further substan-
tiating that high-temperature annealing was effective in
reducing water and hydroxyl groups of TiO2 and thus sup-
pressing the formation of SEI layer on the surface of elec-
trodes. As the electrochemical performance depends
primarily on the total cell resistance (Rb + Rsei + Rct), the total
cell resistances using annealed TiO2 solid nanoparticles,
TiO2 hollow spheres and annealed TiO2 hollow spheres were
52.9 U, 59.8 U and 45.2 U, respectively, conrming that
annealed TiO2 hollow spheres had reduced polarization and
improved reaction kinetics due to the hollow structure and
the removal of residual chemisorbed water and hydroxyls.

To further evaluate the reduction reactivity of electrolytes on
TiO2 anodes, SEM images of the electrode surfaces before
electrochemical testing and aer cycle performance testing
were taken (Fig. 8a, b, d, e, g and h). In comparison with the
neat surface before the battery testing (Fig. 2, 8a, d and g),
all three electrodes aer cycle performance test showed
e, (d and e) TiO2 hollow sphere electrode, and (g and h) annealed TiO2

d after cycle performance testing (b, e and h); HRTEM images of (c)
ectrode, and (i) annealed TiO2 hollow sphere electrode after cycle

J. Mater. Chem. A, 2015, 3, 13340–13349 | 13347
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Scheme 2 Schematic of the formation mechanism of SEI film on the
surface of TiO2 electrode.
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considerable coverage by an SEI lm, accumulated from the
electrolyte reduction products (Fig. 8b, e and h). The suppres-
sion of SEI formation on annealed TiO2 hollow sphere can be
further proved by HRTEM imaging. The anatase crystal struc-
ture was well maintained aer the cycle performance test, as
evidenced by the (101) plane spacing of�0.35 nm (Fig. 8h and i).
Evidently, the SEI lm on the surface of cycled TiO2 hollow
sphere electrode is thicker than that on the annealed TiO2

hollow sphere (Fig. 8f and i), which agrees well with the EIS
analysis and coulombic efficiency results.

To examine the composition of the SEI lm, FTIR measure-
ment was carried out aer the cycle performance test (Fig. 9). By
comparing with acetylene black and PVDF, we found that the
SEI lm was mainly composed of Li2CO3 (1433 cm�1 and 1511
cm�1), ROCOOLi (1634 cm�1), and (RO,F)3P]O (1085 cm�1)
was formed on the surface of TiO2 electrode.44,46 The presence of
Li organic carbonates and Li2CO3 signied the decomposition
of the electrolyte solvent, while the organic phosphates were
related to the hydrolysis of LiPF6. It is worth noting that these
results may also provide insight into the controversy as to
whether electrolytes will be reduced at TiO2 electrodes as they
usually work in a voltage range above 1 V.44,47

On the basis of these observations, the formation of SEI lm
on the surface of TiO2 can be illustrated in Scheme 2. It is well
known that even a trace amount of water can react with the LiPF6
salt in the electrolyte, producing a series of corrosive products
(eqn (8)–(10)).48,49 Moreover, the presence of a trace amount of
water or EOH may initiate the reaction between Li ion and the
electrolyte solvents such as dimethyl carbonate (DMC), dieth-
ylene carbonate (DEC), ethylene carbonate (EC), and ethyl methyl
carbonate (EMC), leading to the formation of an SEI layer
composed of reaction products such as Li2CO3, lithium alkyl
carbonates, and organic phosphates on the surface of electrodes
(eqn (11)–(14)).21,50–52 Upon repeated cycling, a high resistive SEI
layer would be formed on the surface of TiO2, which leads to an
increase in cell impedance and polarization, retards the reaction
kinetics, and nally imposes an unfavorable impact on rate
capability and cycling performance.
Fig. 9 FTIR spectra of (I) acetylene black, (II) PVDF binder, (III) cycled
annealed TiO2 solid nanoparticles electrode, (IV) cycled TiO2 hollow
spheres electrode, and (V) cycled annealed TiO2 hollow spheres
electrode.

13348 | J. Mater. Chem. A, 2015, 3, 13340–13349
LiPF6 # LiF + PF5 (8)

PF5 + H2O / POF3 + 2HF (9)

POF3 + H2O / POF2(OH) + HF (10)

POF3 + 2xLi+ + 2xe� / LixPOF3�x + xLiF (11)

EC: 2(CH2O)2CO + 2Li+ + 2e�/(CH2OCO2Li)2+ C2H4(g) (12)

DEC: C2H5OCO2C2H5 + 2Li+ + 2e� /Li2CO3 +C4H10(g) (13)

(CH2OCO2Li)2 + H2O / Li2CO3 + CO2 + (CH2OH)2 (14)

4. Conclusions

In summary, TiO2 hollow spheres with uniform size and
porosity were craed via an external template-free hydro-
thermal reaction by employing amorphous TiO2 solid
nanoparticles as scaffold. Electrochemical measurements
revealed that TiO2 hollow spheres exhibited considerably
higher specic capacities than that of TiO2 solid nano-
particles due to the greatly increased surface area, abundant
active sites and reduced Li ion diffusion path. However, large
irreversible capacity loss was found because of the presence
of residual chemisorbed water in TiO2 and hydroxyl groups
on the TiO2 surface. The formation of SEI layer composed of
Li2CO3, lithium alkyl carbonates and organic phosphates on
the TiO2 surface and its inuence on the rate and cycle
performances were scrutinized. The existence of SEI lm led
to an increased internal cell impedance and a decreased
electrochemical performance. Such capacity loss of TiO2

anode can be rectied by high-temperature annealing, which
effectively removed chemisorbed water in TiO2 and
hydroxyls on the TiO2 surface. As a result, annealed TiO2

hollow sphere-based LIBs showed markedly improved rate
capability and cycle stability.
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