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Abstract
The ability to synthesizing monodisperse Li4Ti5O12 (LTO) nanospheres is the key to reducing the
irreversible capacity of LTO materials, and thus improving their power performance. However,
it remains a grand challenge to achieve uniform precursors of LTO nanospheres and maintain
their spherical structures after annealing. Herein, we develop a robust strategy for the
synthesis of monodisperse LTO nanospheres with an average diameter of 120 nm via the use of
titanium nitride (TiN) as a titanium source for lithium ion batteries (LIBs). The precursors
composed of uniform TiO2/Li

+ nanospheres were formed in a stable alkaline environment
during the course of heating of the solution of peroxo-titanium complex as a result of the
dissolution of TiN, while TiO2/Li

+ microspheres were easily yielded with the decrease in pH
value of the precursor solution. The OH� anion was found to effectively retard the hydrolysis of
peroxo-titanium complex as well as the aggregation of TiO2/Li

+ nanoparticles. Intriguingly, a
uniform polyvinyl pyrrolidone (PVP) layer formed in-situ on the surface of TiO2/Li

+ nanospheres
rendered LTO to retain the monodisperse spherical morphology after annealing. Notably, the as-
prepared monodisperse LTO nanospheres comprised of the interconnected LTO nanograins with
an average size of �15 nm uniformly coated by a carbon layer derived from the carbonization
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of PVP exhibited a high tap density (1.1 g cm�3) and an outstanding rate-cycling capability. The
charge specific capacities at 1, 10, 50 and 80 C were 159.5, 151.1, 128.8 and 108.9 mAh g�1,
respectively. More importantly, the capacity retention after 500 cycles at 10 C was as high as
92.6%. This work opens up an avenue to craft the uniform precursors of LTO and thus
monodisperse LTO nanospheres that possess superior rate performance with high volumetric
energy densities and long-term cyclic stability.
& 2016 Elsevier Ltd. All rights reserved.
Introduction

The increased concerns on environmental pollution from
fossil-fuel consumption and the rapid depletion of fossil fuels
demand the development of clean, efficient and sustainable
energy-storage systems for applications including portable
electronic devices and electric vehicles (EVs). In this context,
lithium-ion batteries (LIBs) emerged as the paradigm of
energy storage devices as they possess the highest power
and energy density among the existing battery systems and
carry many advantageous attributes for use in energy-storage
systems [1]. However, it is well-known that in LIBs the
conventional graphite anodes cannot satisfy the modern
applications due to the severe safety problems arisen from
the formation of lithium dendrites during the repeated fast
and low temperature charge and discharge processes [2,3].
Clearly, in order to largely improve the performance of LIBs
for a broad range of applications in energy storage, especially
EVs, it still requires intensive research for identifying the
advanced anodes. Among the candidate anodes, the spinel
Li4Ti5O12 (LTO) has proven to be a promising alternative anode
material that can alleviate the safety concerns as noted
above because it exhibits a flat charge/discharge plateau at a
potential of approximately 1.55 V (vs. Li/Li+). Moreover, LTO
has excellent cycle life due to its negligible volume change
and high thermal stability, thereby imparting the electrode
material to meet the high power and abuse tolerance
requirements, which are particularly needed for EVs and grid
storage. In addition, the spinel structure of LTO provides a
three-dimensional network-like channel for lithium ion diffu-
sion, and thus renders excellent reversibility for lithium ion
insertion and extraction, as well as structural stability [4–8].

Despite the peculiar advantages of LTO mentioned above,
its insulating properties arisen from the empty Ti 3d state
with a calculated band energy of ca. 2 eV and the moderate
lithium diffusion coefficient (in a range from 10�9 to
10�13 cm2 s�1) lead to the poor rate capabilities of LTO
materials, thus preventing their wide application in LIBs
[7,9,10]. To this end, much effort has been centred on
improving the power performance of LTO. The most com-
mon approaches are the conductive layer surface modifica-
tion and the reduction of particle size. For instance, the
carbon and metal coating can effectively improve the power
performance of LTO owing to the increase of surface
electronic conductivity [11–15]. Other approaches involve
the development of nanostructured LTO materials, such as
nanoscopic porous frameworks [16], nanosheets [17,18],
nanoparticles [19,20] and nanoarrays [21,22], yielding much
improved rate capability. However, as these materials
possess fragile structures, their nanostructures are suscep-
tible to damage during the current battery assembly process
pursuing high compact density induced by the high volu-
metric capacity. Furthermore, these materials usually have
very large surface area and low tap density, and thus lead to
high irreversible reaction with electrolyte solution and low
volumetric energy density [5,23–25].

In comparison with nanosheets and porous frameworks,
nano-sized spheres possess a low surface area to volume
ratio, thereby reducing the irreversible capacity due to
interfacial reaction between LTO and electrolyte. In addi-
tion, compared to the nanosheets and nanoarrays, the
compact nanospheres have quite stable structure and large
tap density, which are advantageous to yield batteries with
high power and energy densities. However, it remains a
challenge to synthesize LTO nanospheres with controlled
size and size distribution. On the contrary, submicron or
micrometer LTO spheres can be easily synthesized by
hydrothermal and solvothermal methods by reacting tetra-
butyl titanate (TBT) or titanium isopropoxide (TTIP) with
LiOH �H2O [26,27]. However, there are two major issues
associated with the abovementioned synthesis of LTO micro-
spheres. First, hydrothermal and solvothermal processes
involve high energy consumption and cost, which prevent
them from being used in large scale productions and
practical applications [27,28]. Second, submicron or micro-
meter structures compromise the rate and cycling perfor-
mance of the resulting LIBs. Obviously, it is highly desirable
to develop a controlled strategy to synthesize uniform LTO
nanospheres consisting of much smaller sized nanoparticles.

However, there are two possible difficulties in preparing
monodisperse porous LTO nanospheres with desirable struc-
tural characteristics and electrochemical performances. The
first is due to the rapid hydrolysis of the precursors (e.g., TBT
and TTIP) when they are added in the aqueous solution, the
hydrolysis products (i.e., Ti(OH)4) easily aggregate into micro-
sized precursor spheres. The second is that even though
monodisperse precursor nanospheres can be synthesized by a
template approach, it is still challenge to retain the nano-
scopic spherical morphology when the nanosphere precursors
are transformed into LTO at high temperature [29,30]. As a
result, a bulk LTO is often easily formed.

Herein, we developed a robust and precisely controllable
strategy to synthesize monodisperse LTO nanospheres by
judiciously employing titanium nitride (TiN) as a new
titanium source. A stable alkaline environment was found
to facilitate the effective induction and control over the
formation of uniform TiO2/Li

+ nanospherical precursors
during the dissolution and hydrolysis of TiN with the
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assistance of H2O2 and NH3 �H2O. Interestingly, a uniform
coating of polyvinyl pyrrolidone (PVP) layer on the surface
of TiO2/Li

+ nanoparticles markedly restricted the growth of
LTO particles during the calcination process, thereby yield-
ing monodisperse LTO nanospheres with an average dia-
meter of 120 nm. Quite intriguingly, these uniform LTO
nanospheres with a high tap density of 1.1 g cm�3 com-
prised of much smaller 15 nm particles, thereby leading to
its outstanding rate capability and structure stability. The
charge specific capacities at 1, 10, 50 and 80 C were 159.5,
151.1, 128.8 and 108.9 mAh g�1, respectively. More impor-
tantly, it exhibited a remarkable capacity retention, that is,
92.6% after 500 cycles at 10 C. As such, the strategy we
have presented offers a promising potential in creating
uniform precursors of LTO and subsequent monodisperse
LTO nanospheres possessing high volumetric energy densi-
ties and long-term cyclic stability for LIBs.

Experimental section

Synthesis of the monodisperse LTO nanospheres

Monodisperse LTO nanospheres were prepared as follows.
First, 0.25 g of TiN nanopowers were added in 28 mL of
deionized water, and then 16 mL of hydrogen peroxide(30%)
and 6 mL of ammonia solution(25–28%) were added into the
above mixture, followed by magnetic stirring for 30 min.
After TiN nanopowders were completely dissolved, a trans-
parent yellow solution of peroxo-titanium complex was
obtained. 50 mL of deionized water and 100 mL of ethanol
was then added to the precursor solution under constant
magnetic stirring for the hydrolysis of peroxo-titanium
complex. Subsequently, 0.14 g of LiOH �H2O and 0 mg,
50 mg, 100 mg or 150 mg of PVP were added the precursor
solution, respectively. After 30 min stirring, the solution was
dried at 80 1C for 30 h, yielding the white powder of
amorphous TiO2/Li

+ nanospheres. Finally, this white pow-
der was further annealed at 750 1C for 7 h in Ar to form the
final LTO powders (denoted LTO-PVP-0, LTO-PVP-50, LTO-
PVP-100, LTO-PVP-150, respectively, depending on the
amount of PVP added). For comparison, LTO materials were
prepared under the same procedure but with the addition of
50 mg and 100 mg of glucose, and denoted LTO-GLC-50 and
LTO-GLC-100, respectively.

Materials characterization

The phase compositions of as-prepared LTO were measured
by X-ray diffraction (XRD, Rigaku D/max 2500/PC using Cu
Kα radiation with λ=1.5418 Å). The morphologies and
structures were examined by field emission scanning elec-
tron microscope (FESEM, HITACH S4800) at 5 kV and high
resolution transmission electron microscope (HRTEM, TEC-
NAIG2 F30) at an accelerating voltage of 300 kV. The Raman
spectra were collected on a Raman Spectrometer (HORIBA
Labram HR Evolution) with a 532 nm Ar-ion laser. The carbon
content was determined by a NETZSCH STA449F3 thermal
analyzer. The LTO materials were made into small discs with
a diameter of 20 mm and a thickness of 2 mm by a tablet
machine with special models. The electrical conductivities
of the as-prepared LTO small discs were then measured
using the four-point probe equipment (LORESTA GP,
MCPT610). The nitrogen adsorption/desorption isotherms
were obtained at 77 K by using an automated adsorption
apparatus (Micromeritics ASAP 2020). The surface area was
calculated based on the Brunauer-Emmett-Teller (BET)
equation.

Electrochemical characterization

Electrochemical measurements were performed using
CR2032 coin half-cells. The LTO electrodes were composed
of as-prepared LTO nanospheres, Super-P and polyvinylidene
fluoride (PVDF) with a weight ratio of 80:10:10 (the LTO
electrode loading: �2.0 mg cm�2 for half cells). The
metallic lithium was used as the anode. The 1 M LiPF6
solution in ethylene carbonate (EC)/diethyl carbonate
(DEC)/ethyl methyl carbonate (EMC) (volume ratio: 1:1:1)
were used as the electrolyte. Microporous polyethylene
(Celgard 2500) served as the separator. The assembled half
cells were galvanostatically cycled between 1.0 and 2.5 V
(on a Land 2001 A battery testing system) at different
current densities (the current density of 1 C corresponds
to 175 mA g�1) at room temperature. The electrochemical
impedance spectra (EIS) was measured at half discharge
state of electrode by a VMP3 multichannel electrochemical
station in the frequency range of 10�2–105 Hz. A perturba-
tion of 5 mV was applied. Cyclic voltammograms (CVs) were
recorded using same electrochemical workstation at a scan
rate of 0.1 mV s�1 in the range of 1.0–2.5 V.

Results and discussion

Formation mechanism of monodisperse TiO2/Li
+

nanospheres

Fig. 1a illustrates the synthetic route to monodisperse TiO2

impregnated lithium ion (denoted TiO2/Li
+) nanospheres

(bottom panels). First, the TiN nanopowders were dissolved
in deionized water with the assistance of H2O2 and
NH3 �H2O. The as-prepared yellow solution was transparent
under the alkaline conditions, signifying the formation of
the peroxo-titanium complex ion ([Ti(OH)3O2]

�) [31,32].
With the addition of a certain amount of deionized water
and ethanol, the yellowish peroxo-titanium complex solu-
tion gradually turned into milky-like due to its different
solubility in water and ethanol [33,34]. The peroxo-titanium
complex was gradually hydrolyzed as described in Eq. (1),
that is, the addition of OH� anions into the precursor
solution can retard the hydrolysis of peroxo-titanium com-
plex, and thus reduce the aggregation of TiO2 and lead to
the formation of monodisperse TiO2 nanospheres.

2½TiðOHÞ3O2��-2TiO2þ2H2OþO2↑þ2OH� ð1Þ
In order to prepare the TiO2/Li

+ nanospheres in one step
and meanwhile explore the effect of the OH� anion on the
formation of TiO2/Li

+, the neutral LiAc � 2H2O and alkali
LiOH �H2O were introduced into the peroxo-titanium com-
plex solution, respectively. It is not surprising that after the
heating of the abovementioned mixture solution at 80 1C for
30 h, the morphologies of the resulting TiO2/Li

+ formed by
adding LiAc � 2H2O (central panels) and LiOH �H2O (bottom



Fig. 1 (a) Schematic illustration of synthesis of TiO2/Li
+

nanospheres (bottom) and microspheres (central; in conjunc-
tion with the presence of nanospheres), and (b) the pH values
of the precursor solution with the addition of LiAc � 2H2O and
LiOH �H2O.
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panels) appeared largely different (Fig. 1a). In the case of
LiOH �H2O, small and homogeneous TiO2/Li

+ nanospheres
with an average diameter of 120 nm were obtained. In
contrast, the use of neutral LiAc � 2H2O led to the growth of
TiO2/Li

+ microspheres with a mean size of 1.5 μm (Fig. 2a
and b). In addition, the morphology of TiO2/Li

+ nanospheres
without the addition of LiAc � 2H2O was found to be similar
to those with LiAc � 2H2O (Fig. S1) [31].

In the meantime, the pH values of the precursor solution
during the heating process were examined. As evidenced in
Fig. 1b, the pH value in the case of LiOH �H2O remained
relatively stable, while it decreased gradually for
LiAc � 2H2O. Such markedly different morphologies of
formed TiO2/Li

+ spheres may be ascribed to the change
of the solution pH values upon the addition of different
lithium sources. To verify this assumption, we increased the
content of NH3 �H2O in the precursor solution with
LiAc � 2H2O varied from 6 ml to 12 ml and to 18 ml to
produce a stable alkali environment. Clearly, the morphol-
ogy of products with the addition of 12 ml and 18 ml
NH3 �H2O differed significantly from the sample obtained
by only adding 6 ml of NH3 �H2O (Fig. 2c–f). Although they
were all composed of a mixture of microspheres and nano-
spheres, the number and diameter of microspheres
decreased greatly with the increase of the content of
NH3 �H2O. These results suggested that pH value is a key
parameter in controlling the morphology of TiO2/Li
+

spheres. In contrast, in the case of LiOH �H2O, a relatively
stable pH value during heating reflected a constant alkaline
environment of the solution, thereby suppressing the for-
mation and aggregation of TiO2 into microspheres. It should
be noted that according to the classical LaMer model [35],
the control over the monomer concentration in solution is
critical in order to form the monodisperse nanoparticles.
However, quite intriguingly, in this work we found that
monodisperse TiO2/Li

+ nanospheres can also be achieved
with a relative high Ti species concentration (i.e., 0.75 g
TiN) under a stable pH value of alkali environment (Fig. S2).
In sharp contrast, with the addition of LiAc � 2H2O, NH3 was
gradually vaporized, leading to a large decrease of pH value
during the heating process, thereby forming a large number
of TiO2 nanoparticles that were easily aggregated into
microspheres. Therefore, it is clear that the pH value plays
a significant role in promoting the formation of monodis-
perse TiO2/Li

+ nanospheres.
Formation of monodisperse LTO nanospheres

The morphologies and structures of TiO2/Li
+ nanospheres

before and after annealing are shown in Fig. 3 and Figs. S3–
S4. As shown in Fig. 3a, the TiO2/Li

+ nanospheres without
the addition of PVP are monodisperse with an average
diameter of 120 nm, and comprised of much smaller (i.e.,
approximately 15 nm) amorphous TiO2 particles impreg-
nated with lithium hydroxide. The transmission electron
microscope (TEM) images clearly showed that the precursor
nanospheres (i.e., TiO2/Li

+) manifested porous amorphous
structure (Fig. S4). The TiO2/Li

+ nanospheres yielded with
the addition of glucose (denoted LTO-GLC) and PVP
(denoted LTO-PVP) are all monodisperse and homogeneously
distributed, indicating that the addition of glucose and PVP
did not affect the nucleation and growth of TiO2/Li

+

nanospheres (Fig. S3a and c, and Fig. 3c, e and g).
The nitrogen adsorption/desorption isotherms for the

precursors of LTO-PVP-0 (without addition of PVP, see
Experimental section), LTO-GLC-50 (with addition of 50 mg
glucose), LTO-PVP-50 (with addition of 50 mg PVP), LTO-
PVP-100 (with addition of 100 mg PVP) and LTO-PVP-150
(with addition of 150 mg PVP) are a type IV, a characteristic
of mesoporous materials (Fig. 4a and Fig. S5c). Based on the
Barrett–Joyner–Halenda (BJH) equation, the average pore
diameters (inset in Fig. 4a and Fig. S5c) for the precursors of
LTO-PVP-0, LTO-GLC-50, LTO-PVP-50, LTO-PVP-100 and LTO-
PVP-150 are 11.2, 12.1, 15.1, 15.7 and 12.4 nm, respec-
tively. The corresponding specific Brunauere-Emmette-
Teller (BET) surface areas are 51.4, 33.4, 23.4, 21.4 and
25.5 m2 g�1 with the pore volumes of 0.1563, 0.0904,
0.0829, 0.0802 and 0.0808 cm3 g�1, respectively. Taken
together, clearly, the addition of glucose and PVP decreases
the specific surface area and pore volume, suggesting the
formation of a more compact TiO2/Li

+ precursors.
The monodisperse precursor nanospheres (i.e., TiO2/Li

+)
were then annealed at 750 1C for 7 h. Interestingly, the LTO-
PVP-0 showed rather irregular LTO nanoparticle with a size
around 200 nm (Fig. 3b). The LTO-GLC-50 and LTO-GLC-100
also exhibited an irregular aggregates consisting of nanopar-
ticles (Fig. S3). In stark contrast, the addition of PVP led to the



Fig. 2 Scanning electron microscope (SEM) images of as-prepared TiO2/Li
+ spheres formed by reacting 0.25 g TiN and LiAc � 2H2O

with the addition of (a, b) 6 ml, (c, d) 12 ml and (e, f) 18 ml NH3 �H2O, respectively.

137A robust strategy for crafting monodisperse Li4Ti5O12 nanospheres as superior rate anode for lithium ion batteries
formation of monodisperse LTO nanospheres with an average
diameter of 120 nm (Fig. 3d, f and h), and resembled the
uniformity of TiO2/Li

+ precursors. This is due to that the TiO2/
Li+ nanospheres without the addition of PVP and glucose were
easily aggregated with each other during the annealing
process to form large bulk LTO particles (Fig. 3b) [36]. Upon
the introduction of glucose into TiO2/Li

+ nanospheres, the
TiO2 nanoparticles may be coated by an inhomogeneous
glucose layer as glucose is a small molecule. The position of
TiO2/Li

+ nanoparticles without a glucose layer or with a very
thin glucose layer was easily merged into irregular LTO
aggregates upon annealing. In addition, during the crystal
transformation from anatase TiO2 to LTO at high temperature,
the growth of LTO nanocrystalline on each orientation was
different due to the inhomogeneous glucose coating on the
surface of TiO2/Li

+ nanoparticles, which cannot effectively
maintain their spherical morphology, resulting in the formation
of irregular particles (Fig. S3b and d) [36,37]. Conversely, with
the addition of PVP, TiO2/Li

+ nanoparticles were readily
coated by PVP through the hydrogen bonding between the
carbonyl groups of PVP and the hydroxyls on TiO2 nanoparticles
surface [38]. In the heating process, small amorphous TiO2/Li

+

nanoparticles were formed and a layer of PVP was uniformly
coated in-situ on the nanoparticle surface, and then gradually
self-assembled into TiO2/Li

+ nanospheres. Notably, during the
annealing, the uniform PVP coating ensured no mergence
among the nanospheres during the crystal transformation from
anatase TiO2 to LTO at high temperature. In addition, the
subsequent carbonization of uniform PVP layer effectively
restricted the growth of particle size and dramatically
increased the stability of the resulting LTO nanospheres.
Therefore, monodisperse TiO2/Li

+ nanospheres with the
addition of PVP after annealing can retain their spherical
morphology. With the increase of the PVP content to 150 mg,
some residual carbon existed between the LTO nanospheres.
The synthetic schemes of LTO with and without the introduc-
tion of PVP/glucose are summarized in Fig. 5. Although
monodisperse TiO2/Li

+ nanospheres can be readily obtained
in all cases, monodisperse LTO nanospheres were formed only
after the addition of PVP.

We note that nitrogen adsorption/desorption behavior
was not seen for LTO-PVP-0 and LTO-GLC-50, suggesting that
a bulk-like LTO without porous structure was formed (Fig. 4b
and Fig. S5d), which is consistent with the SEM observation
(Fig. 3a). However, the nitrogen adsorption/desorption
isotherms of LTO-PVP-50, LTO-PVP-100 and LTO-PVP-150
nanospheres after annealing are also a type IV, indicating
that these materials maintained a mesoporous structure
similar to their precursors (Fig. 4b). The average pore sizes
of LTO-PVP-50, LTO-PVP-100 and LTO-PVP-150 are 14.8, 14.0
and 11.3 nm, respectively (inset in Fig. 4b). The specific BET
surface areas of LTO-PVP-0 and LTO-GLC-50 are 2.2 and



Fig. 3 SEM images of the precursors (a, c, e, g) and the resulting LTO-PVP-0, LTO-PVP-50, LTO-PVP-100, LTO-PVP-150 nanospheres
(b, d, f, h). The insets are the corresponding enlarged images.
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5.4 m2 g�1 and their corresponding pore volumes are 0.0048
and 0.0140 cm3 g�1. These values greatly decreased com-
pared to their precursors (Fig. 4c and Fig. S5c). Such small
specific BET surface areas and pore volumes signified very
dense structures with nearly no pores inside the LTO
materials. In stark contrast, the specific BET surface areas
and the corresponding pore volumes of LTO-PVP-50, LTO-
PVP-100 and LTO-PVP-150 increased rapidly to 20.4, 46.4
and 63.5 m2 g�1, and 0.0674, 0.177 and 0.135 cm3 g�1,
respectively. These results suggested that the decomposi-
tion of PVP resulted in the formation of porous nanospheres,
within which numerous voids were formed as a result of the
increase in specific surface areas and pore volumes. Such
rich porous structure can easily accommodate the volume
change during the crystal transformation from anatase TiO2
to LTO at high temperature, thereby facilitating the reten-
tion of the spherical morphology.

The X-ray diffraction (XRD) analysis was used to examine
the crystallographic structure of LTO nanospheres prepared
with the addition of different additives (Fig. 4d and
Fig. S5a, b). The phase purity and crystallinity of products
were found to depend strongly on the PVP content. Fig. 4d
shows that the XRD patterns of LTO-PVP-0, LTO-PVP-50 and
LTO-PVP-100 nanospheres are consistent with JCPDS card
No. 49-0207 and can be indexed to the spinel structure of
LTO with the space group Fd3m. The sharp peaks in the XRD
patterns further suggested that the resulting LTO had high
crystallinity. With the increasing of PVP content, the XRD
peak intensity lowered. In addition, the LTO-GLC-100 and
LTO-PVP-150 nanospheres contained impurity phases of TiO2
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and Li2TiO3 (Fig. S5a and b), suggesting that the higher PVP
and glucose content prevent the precursors from the full
transformation into highly crystalline LTO nanospheres.

The morphology change of the LTO-PVP-50 and LTO-PVP-100
nanospheres was further examined by TEM (Fig. 6). Both LTO-
PVP-50 and LTO-PVP-100 had a uniform diameter of 120 nm
(Fig. 6a and c). It is interesting to note that LTO-PVP-50
nanospheres were composed of LTO single crystalline particles
and polycrystalline spheres, while LTO-PVP-100 nanospheres
consisted of polycrystalline LTO spheres with interconnected
grains. They have a well-defined crystalline structure with a
lattice spacing of 0.48 nm, which is consistent with the (111)
facet of spinel LTO (Fig. 6b and d). The surface of LTO-PVP-50
and LTO-PVP-100 nanospheres was coated by a uniform �1 nm
thick carbon layer, which was resulted from the carbonization
of PVP. It is known that pure nanostructured LTO with large
surface area has high intrinsic interfacial reactivity with the
electrolyte, which easily leads to the gas generation [23,39].
The prepared LTO-PVP-100 nanospheres with a relatively small
specific BETsurface area are coated by a carbon layer that can
suppress the interfacial gas generation reaction between LTO
and electrolyte [39]. The electrical conductivity of LTO-PVP-50
and LTO-PVP-100 nanospheres was measured to be 4.6� 10�7

and 1.01� 10�6 S cm�1, respectively, which are much larger
than the intrinsic electronic conductivity of pure LTO (10�13 S
cm�1) [22,40]. This indicated that the uniform carbon coating
was responsible for the increase in the electrical conductivity
of LTO-PVP-50 and LTO-PVP-100 nanospheres. On the basis of
the thermogravimetric analysis (TGA) and Raman spectroscopy
measurements (Fig. S6), the carbon coating was amorphous
and its content in LTO-PVP-50 nanospheres was estimated to
be �1.47 wt%, and increased to �3.20 wt% in LTO-PVP-100.
Nanosized pores can be clearly observed within LTO-PVP-100
nanospheres, as marked by the white dotted circles in Fig. 6d.
These porous nanospheres are expected to impart more
efficient electrolyte infiltration, provide the shortened lithium
ion diffusion pathway, and facilitate the fast ionic transporta-
tion during the lithiation and delithiation process. However,
for LTO-PVP-50 nanospheres, the porous structure was elimi-
nated due to the smaller content of PVP and the part of them
was merged into larger nanoparticles (Fig. 6a).
Electrochemical characterization

The electrochemical properties of annealed LTO were eval-
uated using half-coin cells, as shown in Fig. 7 and Fig. S7.
Monodisperse LTO-PVP-50 and LTO-PVP-100 nanospheres
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exhibited much better rate and cycling performances than
those from irregular LTO-PVP-0 and LTO-GLC-50 aggregates.
This may be attributed to the unique porous and monodis-
perse spherical structure of the former. Fig. 7a and b
compare charge/discharge voltage profiles of LTO-PVP-50
and LTO-PVP-100 at various current rates from 0.1 to 80 C
in the voltage range of 1.0–2.5 V vs Li+/Li. At a low current
rate (e.g., 0.1 C), the LTO-PVP-100 electrode delivered a
remarkable charge specific capacity of 175.5 mAh g�1

(Fig. 7a), which is ever larger than the theoretical capacity
of 175 mAh g�1. The specific capacity above the theoretical
Fig. 5 Schematic illustration of synthesis of Li4Ti5O12 (LTO)
with different morphologies.

Fig. 6 TEM images of (a, b) LTO-PVP-50,
value may be attributed to the Li-ion storage at the inter-
faces of LTO nanospheres as shown in the LTO nanoscale
porous frameworks [41]. As the current rate increased from
1 to 5 and 10 C, the charge specific capacities only slightly
decreased from 159.5 to 154.4 and 151.1 mAh g�1, respec-
tively (Fig. 7c). Even at very high rates, 50 and 80 C, the
charge specific capacities remained as high as 128.8 and
108.9 mAh g�1, respectively, corresponding to 73.4% and
62.5% of that at 0.1 C. To the best of our knowledge, the
rate and cycling performances of as-prepared monodisperse
LTO nanospheres are amongst the largest values ever
reported for LTO spheres with a porous, hollow, flower-like
nanostructure (Fig. S8 and Table S1) [6,24,25,27,42–45]. It is
also worth noting that the charge/discharge overpotentials
for LTO-PVP-100 at 10 and 30 C are 0.203 and 0.399 V
respectively, very similar to that of LTO nanosheets [17].
This small polarization implied very low internal resistance
for electron and Li-ion transport in LTO-PVP-100 nano-
spheres, which correlated well with the excellent lithiation
and delithiation behavior during the high rate cycling.

Fig. 7d clearly shows that LTO-PVP-100 nanospheres
delivered an exceptionally high charge specific capacity of
139.1 mAh g�1 after 500 cycles at a high current density of
10 C, which is equivalent to 92.6% capacity retention,
substantiating their excellent lithiation/delithiation kinetic
behavior and reversibility. Such stable cycling properties of
LTO-PVP-100 nanospheres at high charge/discharge rates
can be attributed to the presence of mesoporous structures
in the sample that rendered more flexibility and structure
stability during the charge/discharge process. Moreover, the
nanoscopic dimension of nanospheres also offered shorter
distance for electron and lithium ion diffusion in LTO nano-
spheres, thereby leading to the high rate performance. The
PVP-100 exhibited much better rate and cycling perfor-
mances than those of LTO-PVP-50 nanospheres (Fig. 7). In
comparison to LTO-PVP-100 nanospheres at 50 C, the charge
capacity of LTO-PVP-50 nanospheres reduced by 12.7% and
further dropped to 60.4 mAh g�1 at 80 C. These results
and (c, d) LTO-PVP-100 nanospheres.
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Fig. 7 Electrochemical properties of LTO-PVP-50 and LTO-PVP-100 nanospheres: (a, b) charge/discharge curves, (c) specific
capacities at different rates, and (d) cyclic performance at a rate of 10 C.
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indicated that the increase of LTO nanocrystal size due to
low PVP content was detrimental for the rate and cycling
performance.

The cyclic voltammetry (CV) profiles were also measured
to clarify the kinetic behavior of annealed LTO nanospheres
(Fig. 8b). The CV curve of LTO-PVP-100 had two sharp and
symmetrical redox peaks at 1.467 and 1.649 V, correspond-
ing to Li-ion insertion/extraction to and from the LTO
structure, respectively. The voltage gap between the anodic
and cathodic peaks (ΔEp) of LTO-PVP-100 was only 0.182 V,
which is much smaller than 0.208 V for LTO-PVP-50. In
addition, the peak current density of LTO-PVP-100 was
almost twice LTO-PVP-50. Taken together, these observa-
tions reflected a faster electrochemical reaction of LTO-
PVP-100 compared to LTO-PVP-50, which agreed well with
the electrochemical performance shown in Fig. 7.

The enhancement of electrochemical properties of nano-
spheres were further verified by electrochemical impedance
spectroscopy (EIS) measurement, which was performed on
both LTO-PVP-50 and LTO-PVP-100 nanospheres after
3 cycles at 0.1 C (Fig. 8a) and simulated by the Z-view
software using the equivalent circuit models. The intersec-
tion of the EIS diagram with the real axis refers to the pure
Ohmic resistance (Rb). The depressed semicircle from high
to mid frequencies is attributed to the charge-transfer
resistance (Rct) and constant phase elements (CPE) of the
electrode. Instead of using the double-layer capacitance
(Cdl) of electrodes, CPE were used to take into account the
roughness of the LTO. The slope line at low frequencies
corresponds to the Warburg impedance (Zw), which is
related to lithium ion diffusion within the nanospheres
[23]. The simulation results and the calculation of Li-ion
diffusion coefficients (DLi) are shown in Table S2. The Rb
reflects the electronic resistance of electrodes. The
improvement of electronic conductivity results from the
carbon coating on the surface of LTO nanospheres. It is seen
that the corresponding Rb for the sample LTO-PVP-50 and
LTO-PVP-100 were calculated to be 2.89 and 2.82 Ω, which
decreases as the increase of the carbon content (1.47 wt% in
LTO-PVP-50 and 3.20 wt% in LTO-PVP-100). The Rct of LTO-
PVP-100 was 54.2 Ω, which is much lower than that of LTO-
PVP-50 (ca. 67.4 Ω). The DLi for LTO-PVP-100 was
3.03� 10�12 cm�2 s�1, which is nearly three times larger
than that of LTO-PVP-50 (1.03� 10�12 cm�2 s�1). The large
difference in DLi may depend on their different primary
particle size and pore volume. TEM images in Figs. 6a and 6c
show that LTO-PVP-50 nanospheres were composed of LTO
single crystalline particles and polycrystalline spheres,
while LTO-PVP-100 nanospheres consisted of polycrystalline
LTO spheres. This result reflected that LTO-PVP-50 nano-
spheres have the larger average size of primary particles
than that of LTO-PVP-100 nanospheres. The smaller size of
primary particles for LTO-PVP-100 facilitates the ionic
transportation during the lithiation and delithiation process



Fig. 8 (a) Electrochemical impedance spectroscopy (EIS)
spectra of LTO-PVP-50 and LTO-PVP-100 nanospheres after
3 cycles (insets are the plot of Z’ versus ω�1/2 in the low-
frequency region and the equivalent circuit model), (b) cyclic
voltammetry (CV) curves of LTO-PVP-50 and LTO-PVP-100
nanospheres.
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[46]. In addition, the pore volume of LTO-PVP-100
(0.177 cm3 g�1) was much larger than that of LTO-PVP-50
(0.0674 cm3 g�1), signifying that the voids in LTO-PVP-100
can accommodate more electrolyte, which benefits for the
immediate lithium-ion transfer. Above results clearly sug-
gested that LTO-PVP-100 nanospheres possessed a much
higher electronic conductivity, less Rct and a faster solid-
state lithium ion diffusion coefficient, which contributes to
the remarkably higher rate performance of LTO-PVP-100.
Conclusions

In summary, monodisperse porous LTO nanospheres posses-
sing excellent rate and cycling performances in LIBs were
crafted by a robust strategy that capitalized on TiN as a new
titanium source. In sharp contrast to the TiO2/Li

+ micro-
spheres that were easily formed owing to the decrease in
the pH value of precursor solution, the stable alkaline
environment exerted a profound influence on promoting
the formation of monodisperse TiO2/Li

+ nanospheres during
the hydrolysis of peroxo-titanium complex due to the
dissolution of TiN with the assistance of H2O2 and NH3 �H2O.
A uniform layer of PVP coating on the surface of TiO2/Li

+

nanospheres rendered the retention of monodispersity and
spherical morphology of the resulting LTO samples. Intrigu-
ingly, monodisperse LTO nanospheres were composed of
smaller 15-nm particles coated with a 1-nm carbon layer
derived from the carbonization of PVP. Importantly, such
mesoporous nanostructures shortened the Li+ diffusion
length within nanospheres, and the interconnected LTO
grains imparted by the carbon layer offered an efficient
conductive network within the polycrystalline LTO nano-
spheres. The electrical conductivity of LTO nanospheres was
found to be 1.01� 10�6 S cm�1 and the corresponding Li-
ion diffusion coefficient was as high as 3.03� 10�12 cm�2

s�1, leading to the remarkably high rate capability and
cycling performance of LTO nanospheres. The specific
capacities at 1, 10, 50 and 80 C were 159.5, 151.1, 128.8
and 108.9 mAh g�1, respectively. The capacity retention
after 500 cycles at 10 C reached 92.6%. Clearly, the strategy
we developed provides a promising means of yielding
monodisperse LTO nanospheres with the spherical morphol-
ogy and low carbon content that carry superior rate
performance with high volumetric energy densities and
long-term cyclic stability for the next generation of
batteries.
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