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TiO2 and extension of discharge
voltage range for capacity enhancement of
a Li4Ti5O12 battery†

Meng Ding, Hui Liu, * Xiangnan Zhao, Lingyan Pang,* Lu Deng and Mengyan Li

Herein, nanosheet-assembled Li4Ti5O12–TiO2 (LTO–TiO2) microspheres were successfully obtained via

a hydrothermal method. The structure and morphology of the composite were characterized using

X-ray diffraction (XRD), field emission scanning electron microscopy (SEM), and transmission electron

microscopy (TEM). Subsequently, the electrochemical performance of the product was determined by an

electrochemical workstation and a LAND CT2001A (Land, China) battery testing system. The

experimental results demonstrated that both the formation of a composite with anatase TiO2 and the

extension of the discharge voltage range were beneficial for the enhancement of the specific capacity of

Li4Ti5O12. When the discharge cut-off voltage was decreased to 0 V, the LTO–TiO2 composites exhibited

a higher discharge specific capacity of 411.3 mA h g�1 during the first cycle in comparison with pure

LTO, which was mainly attributed to the intercalation of more lithium ions into the LTO–TiO2

composites at a low potential (<1.0 V). Moreover, owing to the introduction of anatase TiO2, the Li+

charge/discharge process at a higher potential of around 2.0 V (vs. Li/Li+) was also favorable for the

enhancement of the capacity of LTO composites and their applied voltage range. In addition, the LTO–

TiO2 composites exhibited high electronic conductivity and lithium ion diffusion coefficients and

excellent coulombic efficiency.
1. Introduction

Lithium-ion batteries play an important role as energy storage
solutions for portable devices, automotive electronics, and
renewable energy systems because of their many merits such as
a high working voltage, high energy density, large capacity, long
cycle life, low self-discharge rate, absence of memory effect, and
environmental friendliness.1–6 The electrochemical properties
of lithium-ion batteries are strongly dependent on the electrode
materials. Electrode materials with high safety and excellent
high-current charging/discharging properties are of consider-
able importance for high-power LIBs.7 Therefore, the research
and promotion of new types of electrode material as anode
materials is one of the key technologies for promoting the
progress of lithium-ion battery technology.

The spinel Li4Ti5O12 (LTO) has attracted signicant attention
because of its intrinsic characteristics such as a wide range of
raw materials, low cost, good thermal stability, high specic
energy, and good recycling performance.8 In comparison with
commercial graphite materials, Li4Ti5O12 materials display
ing, Shaanxi University of Science and
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tion (ESI) available. See DOI:

04
greater advantages. First, they have a high insertion potential at
around 1.55 V (vs. Li/Li+),9 which can avoid the formation of SEI
layers and electroplating of lithium. Second, they are zero-strain
materials,10–13 which can result in negligible changes in the unit
cell volume during the intercalation and deintercalation of
lithium ions. Thus, spinel Li4Ti5O12 has become one of themost
important anode materials for lithium-ion batteries. However,
the kinetic problems due to its low electrical conductivity (ca.
10�13 S cm�1)14 and lithium diffusion coefficient (from ca. 10�9

to 10�16 cm2 s�1)15 limit its full capacity at high charge–
discharge rates;8 this results in a relatively low theoretical
capacity of the LTO battery (175 mA h g�1),16–18 corresponding to
the intercalation of three lithium ions into LTO in the voltage
range of 1.0–2.5 V, which has been quoted by almost all studies
reported on LTO batteries. Currently, signicant efforts are
being devoted towards improving the specic capacity of
Li4Ti5O12 (175 mA h g�1) in LTO-based batteries. Most of the
studies have been focused on changing the structure of the
material to improve its capacity such as via doping with other
elements and forming composites with other high-capacity
materials.3,19 In particular, in recent years, compositing LTO
with other anode materials (e.g., graphene),1 Fe2O3 (ref. 20), and
TiO2 (ref. 21 and 22) has been seen as an important and efficient
approach towards improving the performance of LTO elec-
trodes. Among these materials, TiO2 is an attractive anode
material due to its ability of fast lithium insertion/extraction,
This journal is © The Royal Society of Chemistry 2017
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high insertion potential (2.0 V vs. Li/Li+), and low volume
change (3–4%) during the charge/discharge process. Therefore,
compositing LTO with TiO2 is deemed to be an advisable way to
improve the capacity of LTO batteries.23–25

Furthermore, in addition to the formation of composites of
LTO with other anode materials, the extension of the discharge
voltage range is also a popular research topic for improving the
capacity of LTO batteries. Recently, most of the studies have
been focused on the voltage range of 1.0–2.5 V, but in other
studies reported on the electrochemical characteristics of LTO
electrodes, the voltage was lower than 1.0 V. Some studies
indicate that widening of the discharge voltage range can
increase the capacity of LTO at low current densities. Ge et al.,
Yao et al., and Ahn et al. reported the discharge of Li4Ti5O12

down to a near-zero voltage and noted a considerable capacity
contribution to the total reversible capacity of Li4Ti5O12 at
discharge voltages of less than 0.5 V. This total reversible
capacity, which approached 250 mA h g�1, exceeded the
generally accepted theoretical capacity of 175 mA h g�1 (ref. 3
and 26–30). Ge et al.28 also suggested that the theoretical
capacity of Li4Ti5O12 is 293 mA h g�1 (2.5–0.01 V) and is limited
by the number of tetravalent titanium ions and not the number
of octahedral or tetrahedral sites available to accommodate
lithium ions. The nal composition aer lithium intercalation
was suggested to be Li9Ti5O12.31 The availability of the tetrahe-
dral 8a sites for lithium-ion storage was also supported by
Borghols et al. during their investigation on the size effects in
Li4+xTi5O12 spinel.28,31

In this study, we proposed a new approach that comprised
both the formation of a composite of LTO with TiO2 and the
extension of the discharge voltage range to improve the specic
capacity of Li4Ti5O12. LTO–TiO2 composite materials were
synthesized by a hydrothermal method. We systematically
investigated the effect of the formation of a composite of LTO
with TiO2 and the cut-off voltage range (i.e., 1.0–2.5, 0.5–2.5, and
0–2.5 V) on the capacity improvement of LTO and the inuence
of LTO on the conductivity, ion transport, cycling stability, and
coulombic efficiency.
2. Experimental
2.1 Materials and reagents

All chemicals were of analytical grade and used without further
purication. Tetrabutyl titanate (TBOT) was purchased from
Beijing Chemical Reagent Co., Ltd., China. Lithium hydroxide
(LiOH) was purchased from Tianjin Chemical Reagent Co., Ltd.,
China. Hydrogen peroxide (H2O2, 30%) was obtained from Xi'an
Chemical Reagent Co., Ltd., China. Acetylene black and poly-
vinylidene diuoride (PVDF) were purchased from Sigma
Chemical Reagent Co., Ltd. Deionized water and ethanol were
used for all treatment processes.
2.2 Synthesis of LTO–TiO2 composites

LTO–TiO2 composites were synthesized using a simple one-step
hydrothermal method. In a typical procedure, 5 mL H2O2

aqueous solution (30%) was added to 100 mL of 0.5 M LiOH
This journal is © The Royal Society of Chemistry 2017
solution, and then, 3.4 mL TBOT was added dropwise and the
mixture was stirred for 3 h. Aer continuous stirring for 3 h, the
reactions were completed. Next, the homogeneous solution was
transferred into two 80 mL Teon-lined autoclaves that were
held at 130 �C for 18 h. Aer this, the faint white precipitate was
obtained by centrifugation, washed three times with distilled
water and ethanol, and then dried in an oven at 60 �C for 12 h.
Finally, the dried precipitate was calcined at a heating rate of
3 �C min�1 at 500 �C for 3 h in air.

In addition, pure Li4Ti5O12 was synthesized using a similar
process by prolonging the hydrothermal reaction time to 36 h.

2.3 Structural characterization

The products were analyzed by X-ray diffraction (XRD, D/max-
2200) using CuKa radiation of wavelength l ¼ 0.15418 nm at
40 kV and 40 mA. The morphology andmicrostructure of the as-
prepared products were studied by a eld-emission scanning
electron microscope (FE-SEM, Hitachi S-4800). A transmission
electron microscope (TEM, JEOL JEM-2100F) and high-
resolution TEM with an accelerating voltage of 200 kV were
used for morphological and structural analysis.

2.4 Electrochemical measurements

The electrochemical performance of the LTO–TiO2 composite
electrode was measured using a half-cell lithium-ion battery
(LIB) conguration. The working electrode material slurry was
prepared by mixing LTO–TiO2 composites, acetylene black, and
polyvinylidene diuoride in a weight ratio of 80 : 10 : 10. Several
drops of the 1-methyl-2-pyrrolidinone solvent were added to the
mixture to prepare the active material slurry. The slurry was
coated onto a copper foil current collector and dried at 110 �C
for 12 h. Lithium wafers were used as the counter electrode and
reference electrode, and 1.0 M LiPF6 solution in a mixture of
ethylene carbonate/dimethyl carbonate/ethyl methyl carbonate
(EC/DMC/EMC) (1 : 1 : 1 by volume) was used as the electrolyte.
Coin cells (CR2032) with a Li foil as the cathode and LTO–TiO2

composites as the anode were assembled in an Ar-lled glove
box to test the electrochemical performance of the as-prepared
electrodes. Galvanostatic charge/discharge cycling was carried
out using a LAND CT2001A (Land, China) battery testing system
between 1.0 and 2.5, 0.5 and 2.5, and 0–2.5 V vs. Li+/Li at various
current densities at room temperature. Cyclic voltammetry
measurements were carried out using an electrochemical
workstation (CHI660D) in the potential ranges of 1.0–2.5, 0.5–
2.5, and 0–2.5 V vs. Li+/Li at a scan rate of 0.1 mV s�1. These cells
are hereinaer referred to as LTO-T-1, LTO-T-0.5, and LTO-T-0.
Electrochemical impedance spectroscopy (EIS) measurements
were carried out using an electrochemical workstation
(CHI660D) in the frequency range from 10�2 to 105 Hz.

3. Results and discussion
3.1 Characterization of the LTO–TiO2 composites

Fig. 1 illustrates the formation mechanism of the LTO micro-
sphere structure. When TBOT was added dropwise to the LiOH
solution with the assistance of H2O2, the Ti(OH)4 (eqn (1))
RSC Adv., 2017, 7, 43894–43904 | 43895
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Fig. 1 Schematic of the synthesis of pure LTO and LTO–TiO2

composites.
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nuclei were immediately formed due to the hydrolysis of TBOT.
TiO2 (eqn (2)) could further form because of the hydrolysis of
Ti(OH)4, and subsequently, a transparent yellow solution was
obtained. Simultaneously, OH� anions in the precursor solu-
tion retarded the hydrolysis of TBOT and thus reduced the
aggregation of TiO2 and led to the formation of monodisperse
TiO2 nanospheres. During the hydrothermal treatment,
Li-rich Li1.81H0.19Ti2O5$nH2O was formed in the presence of
OH�, H2O, and Li+ via a dehydration reaction. Finally, the
Li4Ti5O12/TiO2 nanocomposite was obtained by a post-
annealing process during which Li4Ti5O12 formed in Li-rich
regions, whereas TiO2 formed in Li-poor regions.

Ti(OC4H9)4 + 4H2O / Ti(OH)4 + 4C4H9 (1)

Ti(OH)4 / TiO2 + 2H2 (2)

The crystal structures of pure Li4Ti5O12 and LTO–TiO2

composites were determined by X-ray diffraction. Fig. 2 shows the
XRD patterns of pure Li4Ti5O12 and LTO–TiO2 composites. All the
diffraction peaks of pure Li4Ti5O12 are in accordance with those of
the spinel Li4Ti5O12 (JCPDS #49-0207). In comparison with those of
pure Li4Ti5O12, the diffraction peaks of LTO–TiO2 composites are
in good agreement with those of the spinel Li4Ti5O12 (JCPDS #49-
0207) and anatase TiO2 (JCPDS #21-1272). The X-ray diffraction
peaks at the 2q values of 18.331�, 35.571�, 43.242�, 47.352�, and
62.833� correspond to the (111), (311), (400), (331), and (440) crystal
Fig. 2 XRD patterns of pure Li4Ti5O12 and LTO–TiO2 composites.

43896 | RSC Adv., 2017, 7, 43894–43904
planes of spinel Li4Ti5O12, whereas the X-ray diffraction peaks at
the 2q values of 25.281�, 37.800�, 48.049�, 53.890�, and 55.060�

correspond to the (101), (004), (200), (105), and (211) crystal planes
of anatase TiO2 (JCPDS #21-1272). The results indicated that the
LTO–TiO2 composites were successfully synthesized.

The morphologies of the as-prepared pure Li4Ti5O12 and
LTO–TiO2 composites were characterized by SEM (Fig. 3). It can
be seen that both pure Li4Ti5O12 (Fig. 3a and b) and the
LTO–TiO2 composites (Fig. 3c and d) exhibit similar morphol-
ogies with an average particle diameter of about 1.5–2.0 mm and
possess a ower-like microsphere structure that is self-
assembled from scale-like nanosheets with a thickness of
about 5–10 nm. The microsphere morphology was due to the
use of H2O2. The decomposition of H2O2 can produce bubbles
of O2, which can act as the center for the formation of crystals
and subsequently form a microsphere morphology. As seen in
the high-resolution SEM images (Fig. 3b and d), these
nanosheet-assembled microsphere structures could not only
provide a large number of channels for the access of an elec-
trolyte but also buffer the strain due to volume changes during
the charge–discharge process. Therefore, they are benecial for
the electrochemical performance of a battery.

TEM and high-resolution TEM (HRTEM) were also performed
to examine the morphology and composition of pure Li4Ti5O12

(Fig. 4a and c) and LTO–TiO2 composites (Fig. 4b and d). As
illustrated in Fig. 4a and b, it can be seen that pure Li4Ti5O12

(Fig. 4a) and the LTO–TiO2 composites (Fig. 4b) comprise
uniformmicrospheres, which are composed of small nanoakes,
each of which is stacked hierarchically and separately, which is in
agreement with the SEM images. Fig. 4c and d show the HRTEM
images of pure Li4Ti5O12 (Fig. 4c) and LTO–TiO2 composites
(Fig. 4d). The clear lattice fringes of about 0.48 nm in Fig. 4c
correspond to the (111) interplanar spacing of spinel Li4Ti5O12.
As shown in Fig. 4d, the clear lattice fringes of about 0.209 and
0.37 nm correspond to the (400) and (101) interplanar spacings of
spinel LTO and anatase TiO2, respectively, conrming the coex-
istence of the spinel Li4Ti5O12 and anatase TiO2. Obviously, the
lattice of anatase TiO2 and the lattice of spinel LTO grew together,
as shown in Fig. 4d, which was due to the distinct growth
processes of the particles. During the process of crystal growth,
the anatase TiO2 crystals on the surface rst came in contact with
the LiOH solution and were transformed into Li4Ti5O12. This
would then surrounded the crystals inside the particles and
prevent them from further contact and reaction with LiOH.
Therefore, the components on the surface of LTO–TiO2 nano-
sheets are more likely to be the spinel LTO structures, whereas
the internal part consists of two types of crystals: spinel LTO and
anatase TiO2. This observation agreed well with the XRD results.
The coexisting crystals in LTO–TiO2 could exert a synergistic
effect on the process of Li-ion migration,22 by which the ions can
easily diffuse between the lattices of LTO spinel and anatase TiO2.
3.2 Electrochemical performance of the LTO–TiO2

composites

To gain an insight into the electrochemical process, the elec-
trochemical behavior of the LTO–TiO2 composites in Li-ion
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Typical SEM images of pure Li4Ti5O12 (a and b) and LTO–TiO2 composites (c and d).
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batteries was investigated by rate capability measurements
(Fig. 5). LTO–TiO2 composites were cycled from 0.2 to 20C over
different voltage ranges, that is, from 2.5 V to 1.0, 0.5, and 0 V.
The corresponding rate cycling performance and charge/
Fig. 4 TEM images of pure Li4Ti5O12 (a and c) and LTO–TiO2 composit

This journal is © The Royal Society of Chemistry 2017
discharge curves are shown in Fig. 5, and every stage of the
charge/discharge cycle was repeated 10 times. In most stages of
the charge/discharge cycle, the specic capacity of the LTO–
TiO2 composites discharged to 0 V was higher than the specic
es (b and d).

RSC Adv., 2017, 7, 43894–43904 | 43897
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Fig. 5 (a) Rate performance of the LTO–TiO2 (LTO-T-1, LTO-T-0.5, and LTO-T-0) electrodes. Typical charge/discharge curves of the LTO–TiO2

electrodes ((b) LTO-T-1, (c) LTO-T-0.5, and (d) LTO-T-0) at various current rates.
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capacity of the composites discharged to 1 V and 0.5 V and
remained at a high level. Furthermore, as shown in Fig. 5a, it
was clear that the specic capacity was much higher than
175 mA h g�1 at low current rates of 0.2, 0.5, 1, and 2C when the
cut-off voltage was decreased to 0 V; this suggested that lithium
ions could deeply intercalate into the LTO–TiO2 composites at low
potentials. Moreover, in comparison with pure Li4Ti5O12 (Fig. S1a
in the ESI†), the LTO–TiO2 composites had a higher specic
capacity; this indicated that the presence of TiO2 in the electrode
made a contribution to the actual capacities because of the
impressive theoretical specic capacity of TiO2 (325 mA h g�1).32

However, when the current rate reached 10C or higher, the
specic capacity of LTO–TiO2 discharged to 0 V was lower than
that when it was discharged to 0.5 V and 1 V because of severe
polarization of the LTO–TiO2 composites at higher current rates
(>10C). When the cycling rate was returned to 0.2C, the original
capacities of all three electrode materials were retained (Fig. 5a);
this implied that the LTO–TiO2 composite electrodes had good
structural stability. Therefore, the capacity fading at high current
density for the LTO–TiO2 composite electrodes cycled from 0 V (or
0.5 V) to 2.5 V cannot be attributed to the structural decay of
LTO–TiO2 composites.

In addition, the capacity of the LTO–TiO2 composites was
largely dependent on the charge/discharge rate and discharge
cut-off voltage. As shown in Fig. 5b (LTO-T-1), it is clear that
there are two plateaus in the initial charge/discharge curves at
0.2, 0.5, and 1C. The charge/discharge plateau at around 1.55 V
(vs. Li/Li+) corresponds to the lithium ion insertion/
deintercalation of LTO, and the charge/discharge plateau at
around 2.0 V (vs. Li/Li+) corresponds to the lithium ion
insertion/deintercalation of anatase TiO2. The discharge
43898 | RSC Adv., 2017, 7, 43894–43904
specic capacities at 0.2, 0.5, 1, 2, 5, 10, and 20C were 191.4,
183.4, 178.8, 175.4, 165.9, 154.1, and 138.1 mA h g�1, respec-
tively. In comparison with pure LTO (Fig. S1b†), the LTO–TiO2

composites exhibited much higher specic capacities; this
indicated their excellent rate performance. With an increase in
the charge/discharge rate from 0.2 to 20C, the specic capacity
of the LTO–TiO2 composites showed a clear downtrend, and the
LTO–TiO2 composites cycled from 1.0 to 2.5 V displayed the
least capacity fading and perfect charge/discharge plateaus. In
addition, LTO-T-1 exhibited a relatively long charge/discharge
plateau at around 1.55 V (vs. Li/Li+), which represented
a stable working voltage plateau.

When the cut-off voltage was decreased to 0.5 V (Fig. 5c, LTO-
T-0.5), the initial discharge specic capacity underwent an
obvious increase at a low current rate of 0.2C, whereas it
decreased rapidly and was even lower than the value obtained
when the cut-off voltage was decreased to 1 V (Fig. 5b, LTO-T-1)
and the charge/discharge rates were higher than 10C. Further-
more, the charge/discharge plateau became shorter than that
when the LTO–TiO2 electrode was discharged to 1 V because of
severe polarization. In comparison, the pure LTO electrode
(Fig. S1c†) displayed a similar result to the LTO–TiO2 compos-
ites. Furthermore, when the LTO–TiO2 composites were dis-
charged to 0 V (Fig. 5d, LTO-T-0), the corresponding discharge
specic capacities at 0.2, 0.5, 1, 2, 5, 10, and 20C were 562.1,
254.0, 231.5, 204.1, 166.0, 145.8, and 114.7 mA h g�1, respec-
tively. The initial discharge specic capacity underwent an
exceptional increase at 0.2C that was even higher than that re-
ported by Ge et al.,3,28 who suggested that the theoretical
capacity of Li4Ti5O12 was 293 mA h g�1 (2.5–0.01 V). The specic
capacity improvement can be attributed to the presence of TiO2,
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 CV curves of the LTO–TiO2 electrodes ((a) LTO-T-1, (b) LTO-T-
0.5, and (c) LTO-T-0) at a scan rate of 0.1 mV s�1 over various voltage
ranges.
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which contributed additional electrochemical capacity, and the
specic capacities at lower current rates (<5C) were greatly
increased because of the intercalation of additional lithium
ions into Li7Ti5O12 to form Li9Ti5O12 (Fig. 5d).

However, when the discharge cut-off voltage was decreased
to 0.5 and 0 V (Fig. 5c and d), the specic capacities at higher
current rates (>10C) underwent a sharp decline, and the
LTO–TiO2 composites displayed considerably poorer cycling
stability when the charge/discharge rate was higher than 10C. In
addition, it was found that the charge/discharge plateau at
around 1.5 V (vs. Li/Li+) became much shorter and even dis-
appeared with an increase in the charge/discharge rate because
the polarization of the LTO–TiO2 composite electrodes cycled
from 0.5 and 0 to 2.5 V was extremely high. In Fig. S1d,† it can
also be seen that pure LTO display a similar change. The initial
discharge specic capacity reached 406.8 mA h g�1, but the
specic capacity quickly decreased in the subsequent cycles,
and the charge/discharge plateau became shorter and even
disappeared.

To gain a further insight into the electrochemical perfor-
mance of the LTO–TiO2 composites, cyclic voltammetry (CV)
testing was employed to investigate the kinetic processes.
Fig. 6 shows the CV curves of LTO–TiO2 composites obtained
at a scan rate of 0.1 mV s�1 over the voltage ranges of 1–2.5 V,
0.5–2.5 V, and 0–2.5 V, which are denoted as LTO-T-1, LTO-T-
0.5, and LTO-T-0, respectively. Fig. 6a shows the CV curves of
LTO–TiO2 discharged to 1 V. It is obvious that there are two
pairs of redox peaks aer the rst cycle. The redox peaks at
approximately 1.45/1.7 V (vs. Li/Li+) are assigned to the Li ions
insertion and extraction of spinel LTO, which is characteristic
of a reaction of the Ti4+/Ti3+ redox couple,33 whereas the other
pair of redox peaks at 1.7/2.0 V (vs. Li/Li+) can be ascribed to
the lithium ion insertion/deintercalation of anatase TiO2.34,35

It must also be mentioned that the current intensity of redox
peaks at 1.7/2.0 V (vs. Li/Li+) is about 0.115 mA, which corre-
sponds to the insertion/deintercalation of lithium ions into/
from anatase TiO2, and is obviously lower than that for LTO
at around 1.45/1.7 V (vs. Li/Li+) (Fig. 6a), which is about 0.7 mA
because of its lower TiO2 content. In addition, the redox peaks
of LTO were slightly shied to higher potentials; this indi-
cated that the electrode reaction of the LTO–TiO2 was
controlled by a mixture of faradaic pseudocapacitive and
diffusion-limited reactions, which was benecial for
enhancing the performance of electrode active materials.21,36

With an increase in the cycle number (Fig. 6a), the current
intensity at the redox peak of LTO increased; this indicated
that the interfacial reaction at the LTO–TiO2 electrode was
generally enhanced. However, the peak current density of
TiO2 gradually decreased with an increase in the cycle number
because the initial formation of an SEI lm consumed part of
the capacity; this in turn suppressed further interfacial reac-
tions and decreased the peak current density. In comparison
with those of pure Li4Ti5O12, the CV proles of LTO-1
(Fig. S2a†) only display one pair of redox peaks, which
appear around 1.5 and 1.7 V (vs. Li/Li+) at a scan rate of
0.1 mV s�1 and correspond to the insertion and extraction
processes of lithium ions in the spinel LTO.
This journal is © The Royal Society of Chemistry 2017
With a decrease in the discharge cut-off voltage to 0.5 V
(Fig. 6b, LTO-T-0.5), the redox peaks that appeared around
1.45/1.75 V (vs. Li/Li+) and 1.7/2.0 V (vs. Li/Li+) correspond to the
Li+ insertion/deintercalation of LTO and anatase TiO2, respec-
tively. Notably, during the rst cycle, a third reduction peak was
observed at about 0.71 V (vs. Li/Li+),37,38 which indicated that the
electrolyte started to decompose irreversibly below 1.0 V.
Moreover, the redox peaks of pure Li4Ti5O12 (Fig. S2b†) exhibi-
ted an obvious change such that an oxidation peak emerged at
about 0.6 V when the discharge voltage was decreased to 0.5 V;
this suggested that the change in the redox peaks of the LTO–
TiO2 composites when the discharge voltage was below 1 V was
caused by the intercalation of additional lithium ions into LTO.
RSC Adv., 2017, 7, 43894–43904 | 43899
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With a further decrease in the cut-off voltage to 0 V (Fig. 6c, LTO-
T-0), the redox peaks that appeared above 1 V (vs. Li/Li+) cor-
responded to the insertion and extraction of Li+ ions into/from
LTO spinel at 1.5/1.7 V (vs. Li/Li+) and TiO2 at 1.75/2.0 V (vs.
Li/Li+), respectively. During the lithiation reaction process, the
spinel Li4Ti5O12 was transformed into Li7Ti5O12 in the voltage
range of 2.5–0.5 V. However, the pair of redox peaks below 0.5 V
(vs. Li/Li+) is attributed to the combined action of LTO and
conductive carbon black, and these peaks persisted during
subsequent cycles; this indicated that the material had high
reversible capacity below 0.5 V.37 The peak below 0.5 V was
caused by the intercalation of additional lithium ions into
Li7Ti5O12 to form Li9Ti5O12 (Fig. 6c), which increased the
specic capacity of the LTO–TiO2 composite electrodes because
the empty 8a sites of Li7Ti5O12 could accommodate more
lithium ions. In addition, 40% of titanium present in 16d
octahedral sites is in the oxidation state of Ti4+, which can be
reduced to Ti3+ during the accommodation of additional
lithium ions.3,28 Furthermore, pure Li4Ti5O12 (Fig. S2c†) dis-
played CV curves that were similar to those of the LTO–TiO2

composites in the voltage range of 0.6–0 V; this implied that the
LTO–TiO2 composites had the same reaction mechanism as
LTO between 0.6 and 0 V (Fig. 6c). It is also notable that (Fig. 6a–
c) the larger voltage difference between the anodic and cathodic
peaks suggests an increase in polarization and a decline in
electrochemical reaction kinetics.7,25 This observation is in good
agreement with the results of the rate capability measurements
shown in Fig. 5.

The cycling performance of the LTO–TiO2 electrodes at
a charge/discharge rate of 1C is shown in Fig. 7a. Obviously,
LTO–TiO2 discharged to 0 V displayed a higher specic capacity
than that discharged to 1 and 0.5 V, which was maintained at
Fig. 7 (a) Cycling performance of the LTO–TiO2 electrodes (LTO-T-1, L
efficiency of the LTO–TiO2 electrodes ((b) LTO-T-1, (c) LTO-T-0.5, and

43900 | RSC Adv., 2017, 7, 43894–43904
approximately 200 mA h g�1 aer 200 cycles. The initial
discharge and charge specic capacities were 411.3 and
238.9 mA h g�1 (Fig. 7a), respectively. The results of cycling of
the LTO–TiO2 electrode (LTO-T-0) for 500 cycles at a rate of 1C
are shown in Fig. S3.† It can clearly be seen that the LTO–TiO2

electrode when discharged to 0 V at a rate of 1C displayed
a capacity of approximately 200 mA h g�1 (191.7 mA h g�1) aer
500 cycles, and the coulombic efficiency (CE) also reached
100%. In comparison, the pure LTO electrode (Fig. S4a†) dis-
played a much lower specic capacity than the LTO–TiO2

composites aer 200 cycles. It can be seen that the specic
capacities of the LTO–TiO2 electrodes are substantially affected
by the discharge cut-off voltage and the formation of
a composite with TiO2.

Fig. 7b and c show the cycling performance and the
coulombic efficiency curves of the LTO–TiO2 composite elec-
trodes when discharged to 1 and 0.5 V, respectively. When the
cut-off voltage was decreased to 1 V (Fig. 7b) and 0.5 V (Fig. 7c),
they displayed lower initial discharge and charge capacities of
197.3 and 178.5 mA h g�1 (Fig. 7b) and 242.5 and 180.6 mA h g�1

(Fig. 7c), which correspond to a CE of 90.46% (Fig. 7b) and
74.46% (Fig. 7c), respectively, and the coulombic efficiency
approached 100% aer 10 cycles. Similarly, the pure LTO
exhibited a relatively lower specic capacity than the LTO–TiO2

composites when the discharge voltage was decreased to 1 V
(Fig. S4b†) and 0.5 V (Fig. S4d†).

Note that the capacity of the LTO–TiO2 electrode when dis-
charged to 0 V decreased markedly, in particular during the rst
three cycles, and corresponded to a coulombic efficiency (CE)
(shown in Fig. 7d) of 58.1%, 86.37%, and 91.52%. This
phenomenon could be mainly explained by the unique spinel
structure of LTO and composited anatase TiO2. During the
TO-T-0.5, and LTO-T-0) at a charge/discharge rate of 1C. Coulombic
(d) LTO-T-0).

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Initial three discharge–charge curves of the LTO–TiO2 elec-
trodes ((a) LTO-T-1, (b) LTO-T-0.5, and (c) LTO-T-0) at a charge–
discharge rate of 1C.
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charge–discharge processes, some Li+ ions may have been
stucked in the irreversible sites of the spinel LTO structure or
lled in the irreversible sites of anatase TiO2. This factor was
responsible for the capacity loss as well as the decomposition of
the electrolyte, in particular during the rst three cycles. This
phenomenon was also consistent with the result of the CV
curves (Fig. 6c). Aer 10 cycles, the specic capacity tended to be
stable, and the coulombic efficiency was nearly 100%. More
importantly, the LTO–TiO2 composites when discharged to 0 V
(Fig. 7d) retained a relatively higher discharge capacity of
186 mA h g�1 aer 200 cycles; this suggested that lithium ions
could intercalate into LTO–TiO2 at low potentials. It also indi-
cates that more lithium ions can be inserted into the LTO–TiO2

electrode when discharged to 0 V. The process of the insertion/
deinsertion of lithium ions into/from LTO–TiO2 between 2.5
and 0 V is reversible. In comparison with pure Li4Ti5O12

(Fig. S4a and d†), it can be seen that the LTO–TiO2 composites
exhibited a higher specic capacity, which indicated that both
the discharge cut-off voltage and the formation of a composite
with TiO2 were benecial for the enhancement of the specic
capacity of LTO–TiO2.

Fig. 8 shows initial three discharge–charge curves of
LTO–TiO2 composite electrodes at a charge–discharge rate of
1C. It can be seen that the rst discharge specic capacity of the
electrodes increased with an increase in the discharge voltage
range. As shown in Fig. 8a, the initial discharge capacity of the
LTO–TiO2 composites was 197.3 mA h g�1 in the voltage range
of 2.5–1.0 V, which was higher than the theoretical specic
capacity of LTO (175 mA h g�1). As conrmation, it was found
that the initial discharge capacity of LTO (Fig. S5a†) was
133 mA h g�1 in the voltage range of 2.5–1.0 V, which was lower
than that of LTO–TiO2.

When the discharge cut-off voltage was decreased to 0.5 and
0 V, the rst discharge capacities of the LTO–TiO2 composites
were 242.5 and 411.3 mA h g�1, respectively, which were much
higher than the theoretical specic capacity of lithium titanate.
Fig. S5b and c† show the initial three discharge–charge curves
of pure Li4Ti5O12 at a scan rate of 0.1 mV s�1 when LTO was
discharged to 0.5 and 0 V. It can be seen that the discharge
capacity of the LTO–TiO2 composites underwent a great
increase in comparison with that of pure LTO owing to the
formation of a composite with TiO2 and the extension of the
discharge voltage range. Notably, the increase in the capacity of
the LTO–TiO2 composites upon an extension in the discharge
voltage range was mainly due to the presence of spinel LTO.
This may have been caused by the following factors. The theo-
retical specic capacity of LTO is 175 mA h g�1, which is dened
in the voltage range of 2.5–1.0 V. During the discharge process,
lithium ions are gradually inserted into vacant 16c octahedral
sites in LTO together with the conversion of LTO into Li7Ti5O12.
When the discharge voltage is lower than 1 V, lithium ions can
be accommodated in the tetrahedral (8a) sites of Li7Ti5O12 and
the specic capacity of LTO will therefore be much higher than
175 mA h g�1. As shown in Fig. 8–c, the second discharge
specic capacity was much lower than the initial capacity.
Obviously, the specic capacity loss of the LTO–TiO2 compos-
ites when discharged to 1 V was less than that when it was
This journal is © The Royal Society of Chemistry 2017
discharged to 0.5 V and 1 V; this was mainly caused by the
irreversible storage of lithium ions during the SEI lm forma-
tion process by the decomposition of the electrolyte.

Electrochemical impedance spectroscopy (EIS) measure-
ments were further performed to study the electrochemical
reaction kinetics of the insertion/extraction of lithium ions into/
from the LTO–TiO2 composite electrodes. The kinetic processes
in the composite electrode were further investigated by
modeling electrochemical impedance spectra based on the
modied equivalent circuit. The Nyquist plots of the composite
electrodes for different discharge cut-off voltages are shown in
Fig. 9a, c, and e, and the obtained spectra were tted by Z
SimpWin soware using different equivalent circuit models
with an insertion (shown in the insets in Fig. 9a, c, and e), and
RSC Adv., 2017, 7, 43894–43904 | 43901
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the corresponding simulation results are shown in Table 1. The
relationships between Zre and the square root of the frequency
(u�0.5) in the low-frequency region before and aer rate capa-
bility testing of the LTO–TiO2 electrodes are shown in Fig. 9b, d,
and f. As can be seen from Fig. 9a, c, and e, it is obvious that the
curve was composed of a semicircle in the high-frequency
region and a line with a slope of about 45� in the low-
frequency region before the rate capability test. The intercept
at the real axis, which corresponds to the ohmic resistance (Rs),
reects the electronic conductivity of the separator, electrolyte,
and anodes. The radius of the semicircle corresponds to the
charge transfer resistance (Rct), whereas the sloping line in the
low-frequency region is associated with theWarburg impedance
(ZW), which is related to the diffusion of Li ions in active
materials. The high-frequency semicircle corresponds to the
resistance RSEI and QSEI of the SEI lm, and the semicircle in the
medium-frequency region is assigned to the charge transfer
resistance Rct and Q of the electrode/electrolyte interface. In
Fig. 9 Results of EIS measurements of the LTO–TiO2 electrodes ((a) LTO
corresponding equivalent circuits. Relationship between Zre and the squa
after rate capability testing of the LTO–TiO2 electrodes ((b) LTO-T-1, (d

43902 | RSC Adv., 2017, 7, 43894–43904
general, before the rate capability test, the EIS spectra of the
LTO–TiO2 electrodes (Fig. 9a, c, and e) displayed one partial
quasi-semicircle at high frequencies. In contrast, aer the rate
capability test, the EIS spectra of the LTO–TiO2 electrodes
(Fig. 9a, c, and e) displayed two partial quasi-semicircles at high
to medium frequencies. However, in the Nyquist plot (Fig. 9c,
LTO-T-0.5) of the LTO–TiO2 electrodes, the quasi-semicircle in
the medium-frequency region is relatively small because the SEI
lm has just begun to form at about 0.7 V (vs. Li/Li+).

As shown in Fig. 9a, the observation of two semicircles
indicates that an SEI lm can also form gradually on the LTO–
TiO2 electrode aer rate capability testing. The RSEI values of the
LTO–TiO2 electrodes for LTO-T-1, LTO-T-0.5, and LTO-T-0 are
106.5 U, 16.2 U, and 74.38 U, respectively. An SEI lm can form
on the surface of the LTO–TiO2 electrode cycled above 0.1 V (vs.
Li/Li+) because of intrinsic interfacial reactions between the
LTO–TiO2 electrode and surrounding electrolytes.39–41 An SEI
lm will also form on the LTO–TiO2 electrode below 1.0 V
-T-1, (c) LTO-T-0.5 and (e) LTO-T-0) at a current rate of 0.1C and the
re root of the frequency (u�0.5) in the low-frequency region before and
) LTO-T-0.5, and (f) LTO-T-0).

This journal is © The Royal Society of Chemistry 2017
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Table 1 Fitted results obtained by EIS

Rs (U) Rct (U) RSEI (U) DLi (cm
2 s�1)

LTO-T-1 Before rate capability 8.3 97.2 3.297 � 10�11

Aer rate capability 10.85 109.6 106.5 2.832 � 10�11

LTO-T-0.5 Before rate capability 11.47 73.17 2.119 � 10�10

Aer rate capability 6.99 135.8 16.2 3.838 � 10�12

LTO-T-0 Before rate capability 10.43 69.56 2.044 � 10�12

Aer rate capability 9.85 147.8 74.38 4.829 � 10�13
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because of the reduction of the electrolyte, together with the
interfacial reactions. The kinetic parameters Rct can be obtained
by data tting according to the equivalent circuit model. The Rct

values of the LTO–TiO2 electrodes for LTO-T-1, LTO-T-0.5, and
LTO-T-0 are 109.6 U, 135.8 U, and 147.8 U (aer the rate capa-
bility test), respectively. When the cut-off voltage was decreased
from 1.0 V to 0.5 and 0 V, the Rct values of the LTO–TiO2 elec-
trode gradually increased because a low discharge voltage might
lead to the formation of an SEI over the LTO–TiO2 electrode.3

To obtain accurate values of the impedance and diffusion
coefficient, the oblique linear Warburg part was tted, and the
results are shown in Fig. 9b, d, and e (plot of Z0 vs. u�0.5). The Li-
ion diffusion coefficient is determined by the low-frequency
Warburg impedance. It is observed that the Warburg coeffi-
cient sw of the LTO–TiO2 electrode is shown in Fig. 9b, d, and e
(the slope of the plot of Z0 vs. u�0.5). Therefore, the lithium-ion
diffusion coefficient can be calculated from eqn (3):22,42,43

DLiþ ¼ R2T2

2A2n4F 4C2sw
2

(3)

where DLi+ is the diffusion coefficient of lithium ions, R is the
gas constant (8.314 J K�1 mol�1), T is the room temperature in
our experiment (298 K), A is the surface area of the electrode
(1.96 cm2), n is the number of electrons per molecule partici-
pating in the electron transfer reaction, F is the Faraday
constant (96 500 C mol�1), C is the concentration of lithium
ions, and sw is the Warburg coefficient. According to the
abovementioned equation, the Li+ ion diffusion coefficients for
the LTO–TiO2 electrode are shown in Table 1. This clearly shows
that the lithium ion diffusion coefficient becomes smaller aer
the rate capability test because during the lithium ion insertion
and extraction process, some Li+ ions may be stucked in the
irreversible sites of LTO–TiO2, which thus block some diffusion
channels for Li+. This demonstrated that the lithium-ion
diffusion coefficient was closely related to the degree of inser-
tion of lithium into LTO–TiO2.
4. Conclusions

In summary, nanosheet-assembled LTO–TiO2 microspheres
have been successfully synthesized by a simple hydrothermal
approach. The nanosheet-assembled LTO–TiO2 microspheres
can be used as anode materials for lithium-ion batteries. The
results show that nanosheet-assembled LTO–TiO2 micro-
spheres exhibit superior electrochemical performance to pure
LTO; this indicated that the formation of a composite with TiO2
This journal is © The Royal Society of Chemistry 2017
can increase the specic capacity of LTO. Electrochemical
performance tests with different cut-off voltage ranges (i.e., 1.0–
2.5, 0.5–2.5, and 0–2.5 V, respectively) demonstrated that the
extension of the discharge voltage range could also increase the
specic capacity of LTO–TiO2 composites. In the voltage range
of 2.5–0 V, the process of the insertion/deinsertion of lithium
ions into/from LTO–TiO2 was structurally reversible, and LTO–
TiO2 exhibited a higher discharge specic capacity of
411.3 mA h g�1 in the rst cycle. The LTO–TiO2 composites
retained a relatively high discharge capacity of 186 mA h g�1

aer 200 cycles; this suggested that the LTO–TiO2 composites
have excellent cycling stability at low current densities. In
addition, the composite of LTO with TiO2 can also contribute
some capacity improvement as compared to pure LTO. We
envision that the formation of composites with other high-
capacity materials and the widening of the working voltage
range will increase the capacity of LTO-based LIBs.
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