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Advances in spinel Li4Ti5O12 anode materials for
lithium-ion batteries

Xiangcheng Sun,*a Pavle V. Radovanovicb and Bo Cuia

Anode materials of rechargeable lithium-ion batteries have been developed towards the aim of high

power density, long cycle life, and environmental benignity. As a promising anode material for high

power density batteries for large scale applications in both electric vehicle and large stationary power

supplies, the spinel Li4Ti5O12 anode has become more attractive for alternative anodes for its relatively

high theoretical capacity (175 mA h g�1), stable voltage plateau of 1.5 V vs. Li/Li+, better cycling

performance, high safety, easy fabrication, and low cost precursors. This perspective first introduces

recent studies on the electronic structure and performance, synthesis methods, and strategies for

improvement including carbon-coating, ion-doping, surface modifications, nano-structuring and

optimization of the particle morphology of the Li4Ti5O12 anode. Furthermore, practical applications of

the commercial spinel lithium-ion batteries are demonstrated. Finally, the future research directions and

key developments of the spinel Li4Ti5O12 anode are pointed out from a scientific and an industrial point of

view. In addition, the prospect of the synthesis of graphene–Li4Ti5O12 hybrid composite anode materials

for next-generation lithium-ion batteries is highlighted.

1. Overview of electronic structure
and electrochemical properties

Rechargeable lithium-ion batteries (LIBs) with a high energy
density and long lifetime have been regarded as promising
energy storage and conversion devices for application in electric
vehicles (EVs) and smart grids. But the state-of-the-art LIBs based
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on graphite anode materials can hardly meet the requirements
for those high-capacity large-scale applications due to the
limitations associated with power density and safety character-
istics.1,2 In the last decade, much attention has been paid to
the search for alternative anode candidates instead of the
conventional commercial graphite. Spinel lithium titanate
oxide (Li4Ti5O12, LTO) has been considered the most promising
one because of its excellent safety characteristics and long
lifetime.3–6 Unlike the graphite anode, which expands up to
10 vol% during charging, the LTO anode can accommodate up
to three lithium ions per formula unit, which allows a theore-
tical capacity of 175 mA h g�1 in the spinel structure with
negligible volume change during charging and discharging.4,7

The LTO lattice has a spinel crystal structure with the Fd%3m
space group and a cubic symmetry.3,8 The lattice constant was
calculated to be 0.8364 nm.9 Lithium ions occupy the tetra-
hedral 8a sites and 1/6 of the octahedral 16d sites, while the rest
of the octahedral 16d sites are occupied by tetravalent Ti4+ ions,
and the ratio of lithium ions to titanium ions is 1 : 5. The oxygen
ions are located at the 32e sites. Thus, the spinel-LTO could be
expressed as Li(8a)[Li1/3Ti5/3](16d)O4(32e) in space notation,10,11 where
the octahedral 16c sites and the tetrahedral 8b and 48f sites are
empty, which is suitable for lithium insertion and extraction.12,13

The crystal units of spinel-LTO and rock-salt-LTO are shown in
Scheme 1(a) and (b), respectively.

[TiO6] is the main frame for the lithium insertion/extraction.
Basically, the Li+ ions occupy the 8a sites forming the spinel
structure at the initial stage of discharge. As the lithium ion
insertion (discharge) proceeds, three lithium atoms from the 8a
sites transfer to 16c sites, and the inserted three lithium ions
move to the 16c sites via 8a sites. During extraction (charging), the
lithium ions are extracted out from the 16c sites via 8a sites, and
the other lithium atoms move back to 8a sites from 16c sites.12

Simultaneously, there is the redox reaction of Ti4+/Ti3+ within the
octahedrally coordinated framework, allowing a topotactic transi-
tion from the spinel structure of Li4Ti5O12 (spinel-LTO) to the
rock-salt structure of Li7Ti5O12 (rock-salt-LTO); in space notation:
from Li(8a)[Li1/3Ti5/3](16d)O4(32e) to Li2(16c)[Li1/3Ti5/3](16d)O4(32e).

11,14,15

Twenty years ago, Ohzuku and co-authors3 reported that the
charge–discharge curve for the LTO electrode as the anode is
characterized by a flat and extended voltage plateau at around
1.55 V, which is typical of the phase transition between a Li-rich
phase (rock-salt-LTO) and a Li-poor phase (spinel-LTO). Although
substantial chemical changes occur during the conversion
between the two phases, the corresponding volume change is
only 0.2–0.3%. This volume change is associated with the

Scheme 1 (a) Spinel- and (b) rock-salt-LTO structures. Yellow tetrahedra represent lithium, and green octahedra represent disordered lithium
and titanium.
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reduction of the lattice constant from 0.8364 nm to 0.8353 nm
during the discharge process. Owing to the negligible volume
change, this type of materials is referred to as zero-strain
insertion materials, indicating their exceptional reversibility
performance as anode materials for LIBs.6,16

Three Ti4+ ions are reduced to Ti3+ ions during the two-phase
transition from spinel-LTO to rock-salt-LTO.3,4,6,12 The corre-
sponding electrochemical reaction can be described as:

(spinel-LTO) Li4Ti5O12 + 3Li+ + 3e�2 Li7Ti5O12 (rock-salt-LTO)
(1)

According to eqn (1), it is obvious that a typical electrochemical
reaction between spinel-LTO and rock-salt-LTO takes place
during the lithium insertion and extraction processes.

The core–shell model describes a plausible two-phase transi-
tion process,17–21 as illustrated in Fig. 1. As the lithium inter-
calation (discharge) proceeds, the spinel-LTO on the surface of
the particle is reduced and transformed to rock-salt-LTO.
The shell with the rock-salt structure formed in the process
becomes thicker with an increasing depth of lithium insertion.
Simultaneously, the core with the spinel structure shrinks. At
the end of the discharging process, the entire particle becomes
rock-salt-LTO. Conversely, the particle transforms from the
rock-salt into the spinel phase during the charging (lithium
extraction) process. The two types of LTO crystallographic data
are summarized in Table 1.22

As reported earlier, such a spinel-LTO structure provides a
very flat voltage plateau of 1.55 V vs. Li+/Li due to the stable Ti4+/
Ti3+ redox couple during the discharge–charge cycling. During
the lithium insertion and extraction processes, a solid electro-
lyte interface (SEI) film is often formed at a potential below
0.8 V versus Li+/Li, which consumes active lithium and results
in a decrease in specific capacity. However, the potential of LTO
is significantly above the reduction potential of most organic
electrolytes. Thus, the formation of an SEI film can be avoided
on the particle surface by applying spinel-LTO as the anode in
the electrochemical battery cell. It has also been demonstrated

that spinel-LTO shows better thermal stability performance
than conventional graphite even below 230 1C.23

Many investigations already reported that the spinel-LTO
anode can accommodate up to three lithium ions per formula
unit at a potential of 1.55 V.3,4,9,24–28 The insertion mechanism
is based on the spinel–rock-salt phase transition, allowing the
reduction of 3 Ti4+ atoms out of 5, which provides a theoretical
capacity of 175 mA h g�1 in the spinel structure.11,16,17,29–40

As stated previously, the lattice parameters remain almost
unchanged during lithium insertion and extraction.41 However,
some researchers12,42 stated that spinel-LTO can deliver a theore-
tical capacity of 293–296 mA h g�1 based on the reduction of all Ti4+

in the compound with the discharge voltage extended to approxi-
mately 0 V. In the literature,42,43 it is reported that spinel-LTO
exhibited excellent electrochemical performance at different dis-
charge voltage ranges, especially when extended to 0 V. The Li-ion
insertion can occur at three crystallographic sites, i.e., the (8a),
(16c), and (48f) sites, indicating that the Li ions can intercalate into
LTO at a low potential (o1.0 V vs. Li/Li+). This low-potential
intercalation process would lead to an improvement in the energy
density of spinel LTO electrodes related to the numbers of octa-
hedral (16c) and tetrahedral (8a) sites and their occupancies between
2.5 and 0.01 V vs. Li/Li+. Generally, additional Li+ ions are inserted
into the lattice and located at the octahedral sites in the intercalation
process. Meanwhile, the lithium ions initially located at the tetra-
hedral sites also migrate to the octahedral sites. The intercalation–
de-intercalation process can thus be expressed as:

Li3(8a)[LiTi5
4+](16d)O12(32e) + 3e� + 3Li+

2 Li6(16c)[LiTi3
3+Ti2

4+](16d)O12(32e) (2)

The above reversible reaction takes place in the voltage range of
2.5–1.0 V vs. Li/Li+, and 3 mol Li ions are capable of inserting
into the octahedral (16c) sites of the LTO lattices, forming a rock-
salt structure. In the voltage range of 1.0–0.01 V vs. Li/Li+, the
other 2 mol of Li ions could be intercalated into rock-salt-LTO, as
there are still interstitial sites available in the rock-salt-LTO. The
insertion/de-insertion at a low potential can be illustrated as:

Li6(16c)[LiTi3
3+Ti2

4+](16d)O12(32e) + 2e� + 2Li+

2 Li2(8a)Li6(16c)[LiTi5
3+](16d)O12(32e) (3)

Here, vacant tetrahedral (8c) sites are available to accommo-
date lithium ions under 1.0 V vs. Li/Li+, thus enhancing the

Fig. 1 Illustration of phase transformation from spinel-LTO (Li4Ti5O12)
and rock-salt-LTO (Li7Ti5O12) during the charging–discharging process.
Reproduced with permission from ref. 19. Copyright 2007 Elsevier.

Table 1 Crystallographic data for spinel-LTO and rock-salt-LTO

Anode
materials

Wyckoff
sites Atoms Occupancy

Cell parameters

x y z

Spinel-LTO 8a Li1 1.0 0.125 0.125 0.125
16d Li2 0.1667 0.5 0.5 0.5
16d Ti 0.8333 0.5 0.5 0.5
32e O 1.0 0.2625(1) 0.2625(1) 0.2625(1)

Rock-salt-
LTO

8a Li1 1.0 0 0 0
16d Li2 0.1667 0.5 0.5 0.5
16d Ti 0.8333 0.5 0.5 0.5
32e O 1.0 0.2576(3) 0.2576(3) 0.2576(3)
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reversible capacity at a low potential. Accordingly, the second
stage of the charging plateau contributes to a significant portion
of the total capacity of the LTO anodes. Due to this mechanism,
LTO can display a reversible capacity of 215.1 mA h g�1 within
2.5–0.01 V vs. Li/Li+ at 0.2 C, which is much higher than the
conventional theoretical capacity of 175 mA h g�1.

It should be noted that the existence of available free
octahedral sites in the lattice of spinel-LTO makes it a good
lithium-ion conductor.44 However, since the oxidation state
of Ti in spinel-LTO is +4, the highest possible valence for Ti,
spinel-LTO is a very poor electronic conductor.19 On the con-
trary, rock-salt-LTO is a good electronic conductor,17 which is
attributed to the average oxidation state of Ti which is +3.4.
This oxidation state suggests the coexistence of Ti3+ (60%) and
Ti4+ (40%) in the lattice, and that rock-salt-LTO is a very poor
lithium-ion conductor due to the full occupancy of the (16c)
octahedral sites by Li+.37 More details about the physical and
chemical properties of spinel-LTO are summarized in Table 2.

Applied as an anode, spinel LTO can be coupled to high voltage
cathodes such as LiCoO2, LiNiO2, LiMn2O4, or LiFePO4, to fabricate
lithium-ion batteries. When compared with its counterparts as
anode materials, spinel-LTO is cheaper and easier to prepare than
alloy-based anodes, and has better electrochemical properties and
better safety than carbonaceous anodes in lithium-ion batteries.53

The comparison between spinel-LTO and other anode materials
is summarized in Table 3.

Spinel-LTO has many advantages such as an excellent lithium
ion insertion and extraction reversibility, negligible volume or
structural change during the charge–discharge process, and a
flat potential plateau. However, due to its poor electrical con-
ductivity, spinel-LTO is a very poor electronic conductor, which
results in a low specific capacity and poor capability for high
rate performance. The practical specific capacity is about 150–
160 mA h g�1, which is much lower than those of other anode
materials such as graphite (350 mA h g�1). Therefore, spinel-LTO
might not be suitable for high current applications in its native
form. Several effective ways have been proposed and explored
to improve the conductivity, and one of the most common
strategies is to synthesize nanostructured LTO materials, which
will be highlighted in detail in the following section. Other
attractive ways are to dope the material with metal or non-metal
ions in the Li, Ti or O sites, or to introduce surface modifications

via surface coating using conductive species to enhance the
surface electrical conductivity.62,63

2. Synthesis methods

The charge–discharge capacity and cycle performance of spinel-
LTO are greatly affected by the synthesis method and conditions.
The most conventional synthesis methods include solid-state
synthesis, hydrothermal method, solvothermal method, sol–gel
synthesis, solution-combustion methods, spray pyrolysis, etc.

2.1 Solid-state method

The solid-state reaction method is normally conducted by mixing
solid materials and annealing the mixture at high temperatures.
This synthetic method is used for the synthesis of spinel anode
materials because it is simple and easy. LTO powders are
synthesized by a solid-state reaction of lithium and titanium
salts at 700–1000 1C.12,23,26,37,64–73 The solid precursor materials
are ground before their calcination in a furnace. Generally, TiO2

anatase or rutile is used as the titanium source, and Li2CO3 or
LiOH as the lithium salt. Solvent (i.e. ethanol) is also used as a
dispersant to provide a better environment to homogeneously
mix the starting materials.

Usually, stoichiometric amounts of TiO2 and LiOH�H2O are
first dispersed in n-hexane to assure homogeneity. The mixture
is subsequently heated at 800 1C for 24 h in oxygen, after
removing the solvent.29 It has been reported that the electro-
chemical performance is influenced by different synthetic
parameters, such as the starting materials (e.g., lithium salt), the
calcination temperature, and the calcination time.38,74–76 Hong
and co-workers77 studied the influence of the starting materials
and the annealing temperature on the rate performance and the
capacity retention of LTO prepared under different conditions.
They used Li2CO3 and TiO2 (either anatase or rutile), which
were mixed with de-ionized water after adding 2 wt% of the
ammonium salt of polycarboxylic acid as a dispersant. The
powder mixtures were exposed to high energy milling for 3 h,
and the dried powders were finally calcined at 700, 800, or 900 1C
for 3 h in air. The rate performance and capacity retention
were found to have different values. Yao and co-workers37 have
reported that LTO prepared using a solid-state reaction can be

Table 2 Summary of physical and chemical properties of spinel-LTO as an anode for LIBs

Advantages � Cheap, safe, and easy to prepare3,4,6,45

� Good lithium-ion mobility, environmentally friendly46

� Higher lithium-ion mobility than graphite47

� Zero-strain insertion that provides little volume variation and negligible lattice parameter changes
during charge–discharge process3,48

� Almost free of solid electrolyte interphase (SEI) film, little gas evolution and little electrolyte decomposition12

� Good Li-ion insertion/extraction reversibility and good structural stability34

� Stable performance at high temperatures (higher than 60 1C), high-rate discharge performance even at 10 C49

� High columbic efficiency (495% at 1 C) and thermodynamically flat discharge profile at 1.55 V (vs. Li/Li+)48

Disadvantages � Low electronic conductivity (o10�13 S cm�1 at room temperature)50

� A cubic closely packed oxygen array, Li-ion diffusion coefficient is generally about 10�6 cm2 s�1 (ref. 4 and 7)
� A theoretical specific capacity of 175 mA h g�1, a relative practical specific capacity of 150–160 mA h g�1,
compared with graphite (B300 mA h g�1)51,52
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cycled in the voltage range between 0 and 3.0 V with excellent
cyclability and a capacity of about 200 mA h g�1. Rutile TiO2 is
more desirable in producing high purity LTO than anatase
TiO2, due to the anatase-to-rutile phase transformation, which
is found to be more rigid in the solid-state reaction than the
intact rutile phase.77–79 The formation mechanism of spinel-
LTO, using a solid-state reaction between Li2CO3 and TiO2, for
the application in lithium-ion batteries was proposed.78 A
schematic model was provided to explain the different spinel-
LTO formation mechanisms from pure anatase and anatase/
rutile mixed TiO2. According to this model, the anatase/rutile-
phase boundaries played an important role in enhancing the
solid-state reaction.78 The utilization of rutile TiO2 as a starting
phase would be desirable in enhancing the spinel-LTO content,
which is the key factor for increasing the specific capacity.77

The specific capacity of spinel-LTO prepared from anatase TiO2

depends significantly on the milling method (i.e., high energy
milling, ball milling) and the heat treatment temperature,
whereas spinel-LTO prepared from rutile TiO2 showed a uniform
capacity of 160 mA h g�1, regardless of the synthesis parameters,
owing to their high LTO phase content. Overall, spinel-LTO
powder with a specific capacity of 165 mA h g�1 could be
synthesized by optimizing the milling method and the starting
materials.77 The conventional solid-state method would easily
cause aggregation of the LTO particles at the expense of loss of
the material’s nanostructure. The desired properties of the LTO
particles are difficult to realize as the expected morphology
would be destroyed through particle aggregation. A modified
synthesis of LTO, based on the solid-state method, has also

been developed. Li and co-authors80 demonstrated a microwave
reaction system for the preparation of LTO particles with less
aggregation. The starting materials Li2CO3 and anatase TiO2

were thoroughly mixed in a stoichiometric ratio. Since Li2CO3

and TiO2 could only absorb a small amount of microwaves
at relatively low temperatures, the double crucible system
was applied to achieve the high temperature needed for the
solid-state reaction, with charcoal used as a heating medium
between two porcelain crucibles. The microwave reaction
system was placed in the centre of a rotating plate of a modified
microwave oven, and irradiated at 500–700 W for 10–15 min.
A molten-salt reaction81,82 was also used as a modified solid-
state method by introducing salts such as LiCl, NaCl or KCl into
the conventional solid-state reaction. A composite LiCl–KCl can
dramatically decrease the melting point, and provide a liquid
reaction environment, which can accelerate the diffusion and
promote the crystal formation.81 The spinel-LTO that was obtained
using the eutectic molten-salt method, using the mixtures with a
molar ratio of LiCl/KCl = 1.5, achieved a high initial discharge
capacity of 169 mA h g�1, a high charge–discharge efficiency
of 94% at a 0.2 C rate, and also good rate performance from
0.2 to 5 C.81

2.2 Hydrothermal method

The hydrothermal synthesis is performed in autoclaves at a
controlled temperature and/or pressure with the reaction in
aqueous solution, followed by a calcination step at tempera-
tures above 500 1C. This method has been widely used for the
production of uniform small particles in industry.

Table 3 Comparison of performance between spinel LTO and other anode materials

Anode materials Potential (V)
Capacity
(mA h g�1) Remarks and references

Graphene 0.05 540 � Superior electronic conductivity compared to graphitic carbon54

� Broad electrochemical window54

� High surface area of over 2600 m2 g�1 (ref. 54)
Spherical graphitized mesocarbon
microbeads

0.05 320–330 � Easy coating55

Pitch-based graphite 0.05 350 � Largest share in the market55

Carbon-coated natural graphite 0.05 360–365 � Less decomposition of electrolyte without additives55

Si(Li4.4Si) 0.5–1 4200 � Maximum swelling: 400%56

Sn 0.6 990 � Maximum swelling: 360%56

LiC6 0.1–0.2 372 � Safety issues1,23

InSb, Cu2Sb 0.9 250–300 � Poor cyclability1

TiO2-B 1.5–2.0 305 � Excellent capacity retention during cycling57

TiO2-AB (acetylene black) 1.5–2.0 320 � Severe capacity fading58

Rutile TiO2 1.5–2.1 270 � Poorer electrochemical properties than anatase TiO2 (ref. 58)
Anatase TiO2 1.5–2.1 336 � Low costs, nontoxicity, low volume expansion (3–4%) during

lithium insertion59

� Environmentally friendly59

Li2Ti3O7 1.3–2.1 240 � Stable and good reversibility in Li insertion and extraction60

� Rapid capacity fading at high current density of 525 mA g�1 (ref. 60)
LiTi2O4 1.17–1.75 133.6 � Good electrochemical reversibility and high rate performance61

� Higher electric conductivity61

� Pure LiTi2O4 is difficult to synthesize61

Li4Ti5O12 1.0–2.0 150–160 � Good structural stability and safety3,4,6

� Better coulombic efficiency 495% at 1 C48

� Flat discharge profile at 1.55 V (vs. Li/Li+)48

� Stable high-temperature performance even at 60 1C49,51

� Good Li-ion insertion/extraction reversibility3,4,6

� Free of solid electrolyte interphase (SEI)12
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Many research efforts have been dedicated to improve the
hydrothermal method for pure spinel-LTO anode materials.46,83–90

For example, Lai and co-authors87 reported a hydrothermal
method to prepare LTO; they employed TiOSO4 and LiOH�H2O
as the starting materials and water as the solvent with a certain
amount of urea. After thoroughly mixing the starting materials
in water containing urea, the resultant solution was transferred
into a Teflon-lined autoclave and treated at 180 1C for 24 h.
The precipitate was harvested and then calcined at 500 1C for
2 h under an Ar atmosphere. Chen and co-workers46 reported
a hydrothermal method to obtain hierarchical layered LTO
nanosheets using titanium tetra(isopropoxide) and LiOH as the
starting materials. Hydrogen peroxide was used to control the
hierarchical morphology of LTO. Typically, 1 ml of 30% hydrogen
peroxide was dispersed in 20 ml of 0.4 M LiOH, followed by the
addition of 2 mmol titanium tetra(isopropoxide). The solution
was transferred into a 30 ml Teflon-lined stainless autoclave and
maintained at 130 1C for 12 h. The resulting white precipitate was
recovered by centrifugation, thoroughly washed with deionized
water, and then dried in an oven at 80 1C. Finally, the as-prepared
sample was calcined in a muffle furnace at 550 1C for 6 h in air.
Using this method, hierarchical sawtooth-like LTO nanosheets
were obtained.

2.3 Solvothermal method

The difference between the solvothermal and the hydrothermal
methods is the solvent used in the preparation process. The
solvothermal method uses a non-aqueous solution, e.g., ethanol,
while the hydrothermal method employs water as the solvent.
Since a variety of organic solvents with high boiling points can
be selected in the solvothermal method, the temperature can be
much higher than that in the hydrothermal method. Besides,
the solvothermal method is characterized by better control
of the size and shape distributions and a better crystallinity
of the LTO nanoparticles relative to the hydrothermal method.
The solvothermal method has been an alternative method to
prepare LTO with small and uniform particles.60,91–93 For example,
lithium hydroxide (LiOH), tetrabutyl titanate and ethanol were
used as the starting materials. The reaction system was formed
using 0.1 mol tetrabutyl titanate dissolved in 100 ml ethanol,
followed by the addition of 0.1 or 0.08 mol LiOH. The undissolved
LiOH particles were suspended in the orange-like solution.
The alcoholic suspension was solvothermally treated at 140 1C
for 24 h in a 150 ml autoclave under autogenous pressure. The
pressure generated in the autoclave at 140 1C is B747 kPa. After
the solvothermal reaction, the produced powders were washed
and filtered with ethanol and then deionized water (five times)
to eliminate the unreacted reagents, followed by drying at 80 1C
for 24 h in air.60

2.4 Sol–gel method

The sol–gel method is a wet-chemical technique widely used in
materials science and ceramic engineering. The synthesis of
LTO particles using the sol–gel method results in particles with
a nearly cubic morphology and a narrow size distribution,
which also exhibit a high initial discharge capacity and good

cycling performance.94 Unfortunately, the reaction materials
usually include organic acids such as citric acid, which have a high
cost, so this method is unsuitable for large-scale applications.

A colloidal suspension (sol) acts as the precursor for an
integrated network (gel) of either discrete particles or network
polymers. Typical precursors are metal alkoxides, metal salts
(such as chlorides and acetates), and organic metal compounds
which undergo various forms of hydrolysis and polycondensa-
tion reactions.51,95–99 The sol–gel method can avoid the problem
caused by the solid-state method.100 It is an environmentally
friendly process as it uses an aqueous solution. This process can
easily control the phase structure, composition homogeneity,
crystallite size, monodispersity and microstructure.101 It also has
the advantage of low fabrication costs, relatively easy stoichio-
metry control, high deposition rate, low synthesis temperature,
shorter heating time, and better crystallinity.102,103

It is a desirable method to obtain LTO with good homo-
geneity, uniform morphology, and a narrow size distribution.94

However, it is difficult to control the synthesis conditions in
terms of the large quantities of solvents and organic materials
such as citric acid, ethylene glycol and polyvinyl alcohol
needed, which prevents its extensive application in energy
storage.81 Moreover, the sol–gel method also requires a post-
synthetic high-temperature calcination at 800 1C or higher
temperatures to prepare a pure spinel-LTO phase, which results
in an undesirable particle growth.84 In order to obtain spinel-
LTO with optimal electrochemical performance, much effort
has been invested to optimize the sol–gel synthetic approach.
Hao and co-authors51 reported a novel sol–gel method using
triethanolamine (TEA) to produce spinel-LTO with an initial
discharge capacity of 168 mA h g�1. They also reported that the
spinel-LTO synthesized using a Li/Ti atomic ratio 4 : 5 and a
molar ratio of citric acid to total metal ions of R = 1/2, exhibited
an initial discharge capacity of 167 mA h g�1 at 23.5 mA g�1.104

The authors further investigated an oxalic acid-assisted sol–
gel method to synthesize LTO, which exhibits a capacity of
171 mA h g�1 in the first cycle and of 150 mA h g�1 after 35 cycles
under optimal calcination conditions at 800 1C for 20 h.105

Alias and co-authors96 used lithium tert-butoxide and titanium
isopropoxide as the starting materials, which were mixed together
in ethanol, and the residue was harvested and finally sintered
at different temperatures (700–1000 1C) and times (1–5 h).
Khomane and co-workers97 employed hexadecyltrimethyl-
ammonium bromide (CTAB) as a cationic surfactant to control
the crystal growth of LTO. In a typical process, CTAB was
dissolved in 100 ml ethanol under magnetic stirring. Four
grams of lithium acetate dihydrate was dissolved in the above
solution with continued magnetic stirring. Titanium(IV) iso-
propoxide was added to the above solution dropwise by keeping
the molar ratio Li : Ti = 1 : 1.25. The temperature of the solution
was raised to 90 1C and it was stirred continuously to form a gel.
The gel was aged at 100 1C for 24 h in air and the precursor was
decomposed at 400 1C for 4 h followed by calcination at 800 1C
for 12 h in air. The average discharge capacity of the prepared
LTO after 20 cycles was B160 mA h g�1 at a constant current
density of 21.37 mA g�1.
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2.5 Solution-combustion methods

The solution-combustion method is a facile and economical
technique for the preparation of nanomaterials for a variety of
applications such as fuel cells and lithium-ion batteries. It also
has the advantage of relatively simple infrastructure require-
ments, the formation of high-purity products with size and
shape control, and stabilization of metastable phases.106 The
initial reaction medium is an aqueous or non-aqueous
solution, and fuels are used as a C and H source to liberate
heat via combustion. The complexes formed with the metal
ions could facilitate the homogeneous mixing of the cations in
solution.107,108 Prakash et al.109 reported a solution-combustion
synthesis of LTO nanopowders using titanyl nitrate [TiO(NO3)2]
and LiNO3 as the oxidant precursors and glycine as the fuel. In
a typical preparation, an aqueous redox mixture containing
stoichiometric amounts of titanyl nitrate, LiNO3, and glycine were
put into an alumina crucible and placed into a muffle furnace pre-
heated at 800 1C. The synthesis of the LTO nanoparticles, crystal-
lizing in a cubic spinel-phase, was completed in less than one
minute. TEM images indicate that the primary particles are
agglomerated crystallites of varying sizes between 20 and 50 nm
with a three-dimensional (3D) interconnected porous network. It
was found that the LTO prepared using the combustion technique
is superior in terms of both high rate-capability and capacity
retention compared with those of the solid-state method, which
can be attributed to the high crystallinity and nanosized particles
of LTO. Raja and co-authors110 reported a novel aqueous combus-
tion process using the common amino acid alanine as the fuel to
synthesize LTO, which showed a uniform morphology with an
average particle size in the range 40–80 nm and an optical band
gap at 1.8 eV. Yuan and co-workers111 reported a glycine–nitrate
combustion process for the preparation of spinel-LTO, which
showed high electrochemical performance and reached a capacity
of 125 mA h g�1 at 10 C with a fairly stable cycling performance. In
addition, they79 reported a cellulose-assisted combustion process
to synthesize pure-phase spinel LTO at reduced temperatures
using anatase TiO2 as the titanium source. Compared with the
solid-state reaction, the cellulose-assisted process produced LTO
with a smaller particle size and higher specific capacity due to the
lower synthesis temperature. A capacity of B175 mA h g�1

(theoretical value) at a 1 C rate was achieved, and it even reached
B100 mA h g�1 at a high discharge rate of 10 C with a high
cycling stability. It is a promising method for the synthesis of LTO
with high rate performance and a high cycling stability.

2.6 Other methods

2.6.1 Spray pyrolysis. Spray pyrolysis is a ceramic powder
processing technique for the preparation of particles through
decomposition of the precursor molecules at high tempera-
tures.112 A typical spray pyrolysis system consists of a reservoir
for the precursor solution, a droplet generator, reactor and a
collection unit. The precursor solutions are firstly atomized and
carried using gas into a reactor in which the droplets are
evaporated and decomposed into solid particles. The nuclea-
tion and growth of the monomer precursors are also involved in

the process of particle formation. Electrical heating or a flame
provide heat for the evaporation of the solvent and the decom-
position of the precursors.113 Ju and co-workers reported a
spray pyrolysis method for the synthesis of LTO.114–116 The
precursor solution was prepared by dissolving a stoichiometric
amount of lithium nitrate and titanium(IV) tetra(isopropoxide)
in distilled water. The as-prepared powders obtained, using
spray pyrolysis at a preparation temperature of 800 1C, were
post-treated in a box furnace at temperatures ranging between
600 and 1000 1C for 12 h in air.114

2.6.2 Modified rheological phase method. The modified
rheological phase method is a simple and inexpensive approach
to synthesize spinel-LTO nanosize particles by avoiding multiple
steps and complex reaction conditions. Such a method is able to
overcome the impure products obtained using the conventional
solid-state reaction method.117 Yin and co-authors117 reported
that the initial discharge capacity of the spinel-LTO electrode
material obtained using the modified rheological phase method,
is 176.7 mA h g�1 at 1 C, and 140.2 mA h g�1 at 10 C in the
voltage range between 1.0 and 3.0 V. The discharge capacities of
161.6, 156.5 and 112.3 mA h g�1 were measured after 50 cycles at
current rates of 1, 2.5 and 10 C, respectively.

2.6.3 Cellulose-assisted combustion synthesis. The cellulose-
assisted combustion synthesis technique has the advantages of
both the solid-state reaction and the sol–gel method, i.e., simple
synthesis, low-temperature calcination, cheap starting materials
and good electrochemical performance at high charge–discharge
rates.118 Yuan and co-authors118 reported a high cycling per-
formance of LTO using the cellulose-assisted combustion
synthesis. During the 50 discharge–charge cycles between 1.0
and 3.0 V from 1 to 40 C, the LTO samples demonstrated a
remarkably stable rate capacity.

Beside the above-mentioned methods, other methods have
also been developed; including a reflux method,119 a continuous
flow supercritical method,91 and a sonochemical method.120 Doi
and co-authors121 first reported the preparation of uniform
nanosize LTO particles using an electrospray deposition method.
The spinel-LTO particles have a fairly uniform particle size of
B12 nm with a distinct crystal structure. Ernst and co-authors122

used the flame spray pyrolysis (FSP) to synthesize spinel-LTO
with primary crystallite sizes of 7–30 nm and a high temperature
stability. It has been found that the FSP process optimization
could be used to further remove impurities. Moreover, FSP-prepared
LTO nanoparticles showed a good sintering stability at elevated
temperatures and the scalability of the process.

3. Approaches to improve
performance
3.1 Lattice ion-doping of LTO

As mentioned previously, since the oxidation state of Ti in
spinel-LTO is the highest possible valence (+4), spinel-LTO is a
very poor electronic conductor, which leads to a low specific
capacity and poor capabilities at high rates. To overcome this
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drawback, great efforts have been made to increase the electrical
conductivity of LTO.

3.1.1 Metallic ion doping of LTO. Metallic ion doping has
been considered to be an effective way to improve the high-rate
discharge capacity and cycling stability through an increase in the
lattice electrical conductivity and lithium diffusion coefficient,
which can be obtained by doping a cation with a higher oxidation
state into the tetrahedral 8a Li+ site or the octahedral 16d Ti4+ site
in the LTO anode,123 which then forces the partial transformation
of Ti4+ into Ti3+ to generate a mixture (Ti3+/Ti4+) as charge
compensation and increases the concentration of electrons.124

For example, doping of Zn2+ into the tetrahedral Li+ 8a sites or
of V5+ into the octahedral 16d Ti4+ sites can effectively increase
the electronic conductivity of LTO.125,126

A first-principle theoretical approach has been used to calcu-
late the electronic structure of the M-doped LTO (M = Cr, Fe, Ni,
Mg).41 It has been found that both Cr and Mg doping improve
the electronic conduction of LTO, while Fe or Ni doping is not
beneficial for enhancing the electronic conductivity.

Doping with a variety of metal cations including Ag+, Sn2+,
K+, Mg2+, Ca2+, Zn2+, Al3+, Ga3+, Cr3+, Co3+, La3+, Y3+, Zr4+, Ru4+,
Mo4+, Mn4+, V5+, Ta5+, Nb5+, Sr2+ and Cu2+ into the Li+ and Ti4+

sites45,64,123–159 has been investigated extensively, and the
structural properties such as ion valence and distribution,
and conduction characteristics were systematically reported.
Doping has been realized as an effective way to greatly improve
the kinetics of the LTO anode materials in terms of discharge
capacity delivery, cycling stability and, especially, rate capability.
Several reports of doping LTO with metal cations are highlighted
here. Gao and co-workers45 first reported spherical La3+-doped
LTO powders with a high tap density synthesized using an outer
gel method. The results indicate that the electrochemical
performance has been improved by doping La3+ into LTO.
The initial discharge capacity is 161.5 mA h g�1 at a 0.1 C rate,
and the capacity still reaches 135.4 mA h g�1 after 50 cycles.
Yi and co-workers128 reported a micro-sized Li4Ti5�xLaxO12

(0 r x r 0.2) particle synthesized using a simple solid-state
method in air. The electronic conductivity and lithium diffusion
coefficient of the La-modified LTO were improved. Compared with
the V-doped LTO materials such as the Li4Ti5–xVxO12 reported by
other researchers, Yu and co-authors126 have prepared a new
sample of the V-doped LTO materials by a simple solid-state
reaction method; this is typical Li4Ti4.9V0.1O12. An electrochemical
impedance spectrum (EIS) indicates that Li4Ti4.9V0.1O12 has a
faster lithium-ion diffusivity than pristine LTO. The Li4Ti4.9V0.1O12

exhibits a discharge capacity of 117.3 mA h g�1 at a 5 C rate.
Wolfenstine and the co-authors123 reported Ta-doped LTO in the
form Li4Ti4.95Ta0.05O12 synthesized using a solid-state method.
Ta doping does not affect the lattice structure and particle
morphology. The substitution of the Ti sites by Ta can enhance
the electronic conductivity of LTO via the generation of a mixed
Ti4+/Ti3+ species, which leads to a remarkably high cycling stability
at a high charge–discharge rate. Li4Ti4.95Ta0.05O12 exhibits
excellent discharge capacities of 116.1 mA h g�1 at 10 C and
even 91.0 mA h g�1 at 30 C. Bai and co-authors142 first reported
yttrium-doped LTO fabricated using a co-precipitation method

followed by a simple sintering process. The results show that
Y-modified LTO exhibits a long-term cycling stability over more
than 1000 cycles at a high current rate of 10 C, which is ascribed
to the increased lattice constant, and the improved electronic
and ionic conductivities arising from the Y doping. Li and
co-authors145 reported Zr-doped LTO prepared using a solid-
state reaction under an air atmosphere. Zr4+ doping was found
to reduce the particle size to less than 100 nm and effectively
avoid particle agglomeration, contributing to the improvement
in rate capability. The optimal composition of Li4Ti4.9Zr0.1O12

yielded a desirable rate capability by maintaining a discharge
capacity of 118 mA h g�1 at 20 C. Tian and co-workers150

reported niobium-doped lithium titanate with a composition
of Li4Ti4.95Nb0.05O12 prepared using a sol–gel method. The
Li4Ti4.95Nb0.05O12 exhibits a high rate capacity with reversible
capacities of 135 mA h g�1 at 10 C, 127 mA h g�1 at 20 C and
80 mA h g�1 at 40 C. It can be ascribed to the higher electronic
conductivity and the faster lithium-ion diffusivity by Nb5+

doping. Cai and co-workers154 reported that controlled Al3+

doping into the tetrahedral 8a Li+ sites will promote the
reduction of Ti4+ to Ti3+ to increase the electronic conductivity
of Al-doped LTO, which then showed a better electrochemical
performance than the pure LTO anode. Zhu and co-workers155

reported the spinel-type electrode materials Li4�xMgxTi5O12

(x = 0.05, 0.1, 0.15, 0.2) synthesized using a solid-state reaction
to improve the electrochemistry and cycle performance. The
results show that the electrochemical properties and cycle
performance of the Mg2+-doped LTO materials are improved.
Zhang and co-workers156 first reported zinc-doped LTO synthe-
sized using the solid-state route. Zn doping is favorable to
improve the conductivity and rate performance of LTO.

Huang and co-workers157 also reported that the high-rate
discharge capacity and the cycling stability of pristine LTO was
significantly improved using Cu doping. The cycling behavior
of a Cu-doped LTO composite was studied. As summarized in
Table 4, the Cu-doped LTO composite remarkably showed a
better reversible capacity and cycling stability than the pristine
LTO at high charge–discharge rates.

3.1.2 Non-metallic ion doping of LTO. Some studies of
anions doped into the O sites of the LTO anode, including
Br�, Cl� and F�, have been reported.133,160–163 For example, Qi
and co-authors161 reported a Br�-doped LTO anode in the form

Table 4 Comparison of discharge capacities and cycling stabilities of LTO
and Cu-doped LTO anode materials157

Rate (C) Anode materials

Discharge capacity (mA h g�1)/cycle

1st 10th

1 LTO 180.6 164.2
Cu-doped LTO 209.2 171

2 LTO 162.2 155
Cu-doped LTO 184.8 166.6

4 LTO 150.7 117.3
Cu-doped LTO 173.4 153.6

8 LTO 98.9 72.5
Cu-doped LTO 165.7 144.6

10 LTO 80.3 61.2
Cu-doped LTO 142.5 141.6
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of Li4Ti5O12�xBrx (0 r x r 0.3), synthesized using a solid-state
reaction method. The substitution of the O2� sites by Br� can
increase the ratio of Ti3+/Ti4+ due to charge compensation, and
it thus not only decreases the charge transfer resistance of
Li4Ti5O12�xBrx but also speeds up the diffusion rate of the
lithium ions. Li4Ti5O12�xBrx (x = 0.2) exhibits the largest discharge
capacity among all doped samples, and shows a better rever-
sibility and a higher cycling stability compared with the pristine
LTO anode, especially at high current rates.

Huang and co-authors162 synthesized Li4Ti5O12�xClx (0 r
x r 0.3) compounds successfully via high temperature solid-state
reaction. The results showed that the Li4Ti5O12�xClx (0 r x r 0.3)
compounds have a well-crystallized pure spinel phase. The
Li4Ti5O11.8Cl0.2 sample presented the best discharge capacity
among all the samples and showed better reversibility
and higher cycling stability compared with pristine LTO.
When the discharge rate was 0.5 C, the Li4Ti5O11.8Cl0.2 sample

presented a superior discharge capacity of 148.7 mA h g�1,
while that of pristine LTO was 129.8 mA h g�1. Ma and
coauthors163 reported carbon-encapsulated F-doped LTO
(C-FLTO) composites obtained using solid-state lithiation at
high temperatures. The F-doping of LTO not only increased the
electron conductivity of LTO through trivalent titanium (Ti3+)
generation, but also increased the robustness of the structure
towards repeated lithiation and de-lithiation. The best-performing
C–FLTO composite delivered a satisfactory performance with a
high charge capacity of 158 mA h g�1 at a 1 C rate with negligible
capacity fading after 200 cycles and an extremely high rate
performance up to 140 C. A brief summary of some representa-
tive LTO anodes doped with typical cations and anions is
shown in Table 5.

3.1.3 Co-doping of LTO. Several research groups have
investigated how to enhance the electronic conductivity of
the spinel-LTO anode materials using co-doping. Shenouda

Table 5 Summary of representative LTO doped with various cations/anions in the Li, Ti, and O sites

Doped LTO Synthesis methods Electrochemical performance Advantages

Cation doping in the Li sites
Mg-doped130 � Solid-state reaction with stoichiometric

mixtures of Mg(OH)2, TiO2 and LiOH�
H2O

� Rate property improved � Li4�xMgxTi5O12 increases the con-
ductivity by many orders of magnitude

Li4�xMgxTi5O12 � @1000 1C/H2/He for 5 h � 3% Mg-doped LTO has the best dis-
charge capacity (149 mA h g�1) at 0.1 C

Ca-doped158 � Solid-state reaction with stoichiometric
mixtures of Li2CO3, TiO2 and CaO

� Li3.9Ca0.1Ti5O12 exhibits the best high-
rate performance

� Ca-doped LTO shows very high rate
capability and excellent stability and
reversibilityLi4�xCaxTi5O12 � @850 1C/air for 12 h � Discharge capacity is 138.7 mA h g�1

at 10 C after 100 cycles
Al-doped159 � Solid-state reaction with stoichiometric

mixtures of LiOH�H2O, TiO2 and Al2O3

� Good cycling stability at 0.5, 1 and 2 C � Cycling stability at high rate
increased significantly

Li4�xAlxTi5O12 � @ 800 1C/Ar for 5 h � An optimal composition is
Li3.9Al0.1Ti5O12

Cation doping in the Ti sites
V-doped148 � Solid-state method with stoichiometric

mixture of TiO2, Li2CO3 and V2O5

� Li4Ti4.9V0.1O12 has the highest dis-
charge capacity

� No effect on lattice parameter

Li4Ti5�xVxO12 � @ 850 1C/air for 24 h � Li4Ti4.9V0.1O12 has a discharge capacity
of 229 mA h g�1 after 130 cycles

� Improved reversible capacity

� Good cycling performance
Zr-doped145 � Solid-state reaction using stoichio-

metric mixture of CH3COOLi�2H2O, TiO2

and Zr(NO3)4�5H2O

� Li4Ti4.9Zr0.1O12 exhibited the best rate
capability

� Improved electronic conductivity and
Li-ion diffusivity

Li4Ti5�xZrxO12 � @800 1C/air for 10 h � Better rate capability
Nb-doped150 � Sol–gel method with stoichiometric

amounts of CH3COOLi, Ti(OC4H9)4 and
Nb(OH)5

� Li4Ti4.95Nb0.05O12 has a higher specific
capacity and better cycling performance

� Improved electronic conductivity and
Li-ion diffusivity

Li4Ti5�xNbxO12 � Gel dried at 120 1C for 10 h � Specific capacities of 169.1 mA h g�1 at
1 C and 115.7 mA h g�1 at 10 C even after
100 cycles

� Better rate capability

� @ 800 1C/Ar for 12 h � Good crystallinity and high phase
purity

Anions doping in the O site
Br-doped161 � Solid-state reaction using stoichio-

metric mixture of LiOH�H2O, LiBr�H2O,
and TiO2

� Li4Ti5O11.8Br0.2 presented the highest
discharge capacity 172 mA h g�1, and
150.2 mA h g�1 after 50 cycles at 0.5 C
rate

� Li4Ti5O11.8Br0.2 showed promising
anode material for lithium-ion batteries

Li4Ti5O12�xBrx � @900 1C /air for 12 h
Cl-doped162 � Solid-state reaction using stoichio-

metric mixture of
� The Li4Ti5O11.8Cl0.2 presented the best
discharge capacity, better reversibility.

� Increased the specific capacity
significantly

Li4Ti5O12�xClx � LiOH�H2O, LiCl�H2O, and anatase-TiO2 � Superior discharge capacity of
148.7 mA h g�1

� Doped Cl� can increase the amount
of Ti3+/Ti4+ mixing charge

� @800 1C/air for 12 h � Improved the lithium-ion diffusion.
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and co-authors64 reported the anode materials Li4�xMgxTi5�xVxO12

(0 r x r 1) for lithium-ion batteries synthesized using solid-state
reaction. The addition of Mg2+ and V5+ ions improves the con-
ductivity of the material as observed in Li3.25Mg0.75Ti4.25V0.25O12,
which shows a higher electrical conductivity and specific discharge
capacity, as well as a longer cycle life than the other samples.
Wang and co-authors138 reported Ni2+ and Mn4+ co-doped spinel
LTO materials prepared using the sol–gel route and calcination
under an air atmosphere. The results show that the co-doped LTO
samples with different molar fractions of Ni and Mn ions exhibit
an enhanced electrochemical performance even at high current
rates. The Li4Ti4.8Ni0.1Mn0.1O12 sample, in particular, exhibits a
relatively good rate capability with an initial discharge capacity
of 172.4 mA h g�1.

With respect to the co-doping method, further insights into
structural alternations, interface characteristics, interactions
between the co-doping ions and the matrix as well as into the
resulting ion distributions are still necessary to evaluate the
complicated effects of co-doping on the electrochemical proper-
ties of LTO.

3.1.4 Metal oxide-doping of LTO. So far, several studies of metal
oxide-doped LTO have been reported. Huang and co-authors164

reported that the CuxO-doped LTO composite anode materials
exhibit much better rate discharge capacities and cyclabilities than
pristine LTO. The discharge capacity of the composite remains
137.6 mA h g�1 after 100 cycles at 10 C. Wang and co-authors165

reported an initial discharge capacity of 476 mA h g�1 and a
specific capacity of 236 mA h g�1 after 16 cycles in SnO2-doped
LTO composites prepared using a solution method. SnO2 acts as
a bridge between the spinel particles to reduce the interparticle
resistance and is a good material for Li insertion. The specific
capacities of the composite material are larger than the weighted
sums of the capacities of pure SnO2 and LTO, indicating the
presence of synergistic interactions between the two materials.
TiO2 is another promising dopant for improving the capacity of
LTO. Rahman and co-authors166 reported a nanocrystalline LTO–
TiO2 duplex phase synthesized using a simple basic molten-salt
process using a eutectic mixture of LiNO3–LiOH–Li2O2. A heat-
treatment at 400 1C for 3 h yielded the best electrochemical
performance in terms of charge–discharge capacity and rate
capability. It shows initial discharge capacities of 193 mA h g�1

at 0.2 C, 168 mA h g�1 at 0.5 C, 146 mA h g�1 at 1 C, 135 mA h g�1

at 2 C, and 117 mA h g�1 at 5 C. After 100 cycles, the discharge
capacity is 138 mA h g�1 at 1 C with a capacity retention of 95%. Its
superior electrochemical performance can be mainly attributed to
the duplex crystallite structure, composed of fine (o10 nm) and
coarse (420 nm) nanoparticles, where lithium ions can be stored
within the grain boundary interfaces between the spinel-LTO
and the anatase-TiO2.

It should be pointed out that the conductivity and electro-
chemical performance of LTO can be improved by doping with
some cations and anions. However, it is not feasible to prepare
the doped-LTO anode for large scale commercial production.
In addition, some ion doping in LTO has demonstrated that
the high-rate performances are far from reaching satisfactory
common values and further research efforts are still needed.

Hence, the research community is still looking for an alternative
approach to improve the conductivity and electrochemical per-
formance of LTO using some other techniques and methods.

3.2 Nanostructured LTO

One of the widely used chemical strategies is to synthesize
nanostructured LTO materials with various nanoarchitectures
such as nanorods, nanowires, and nanotubes.167–170 In this strategy,
the electronic conductivity and Li+ ion diffusion coefficient are
essentially unchanged. Particularly, these LTO nanostructures
can facilitate both the electron and lithium ion transport by
reducing their transportation pathways within the LTO parti-
cles, and also improve the intercalation kinetics by providing a
larger electrode/electrolyte contact area.171–174 Several typical
nanostructures, including one-dimensional, two-dimensional,
and three-dimensional LTO materials, have been prepared and
summarized herein.

3.2.1 One-dimensional LTO. Jo and co-authors175 have fabri-
cated LTO nanofibers using an electrospinning method. The
diameters of these nanofibers could be controlled to be 200–
600 nm. The nanofiber type of nanoarchitecture could shorten the
electron and Li+ ion transport distance, leading to high rate
performance of LTO. At 10 C, they showed a large capacity of
138 mA h g�1 at 1.0–3.0 V. Wang and co-authors176 reported
that the porous LTO nanofibers had an average diameter of
230 nm and were composed of nanoparticles with an average
diameter of 47.5 nm. Structures like the porous LTO nanofibers
showed excellent rate performance with a reversible capacity of
120 mA h g�1 at 10 C at 1.0–2.0 V.

3.2.2 Two-dimensional LTO. Hong and co-authors177

synthesized ultrathin LTO nanosheets using a hydrothermal
route using ultrathin titanate nanowires as the precursor. The
as-synthesized LTO nanosheets have a large surface area of
159.2 m2 g�1 and their thickness was found to be 5–7 nm.
Consequently, these LTO nanosheets exhibited excellent rate
performance, and delivered a large reversible capacity of
150 mA h g�1 at 1 C at 1.0–2.5 V.

3.2.3 Three-dimensional LTO. Yu and co-authors172 synthe-
sized mesoporous LTO hollow spheres with high quality using a
template approach. These spheres had mesoporous shells with
tunable thicknesses. Benefiting from the unique structural
features, these spheres exhibited advanced rate performance
with a reversible capacity of 115 mA h g�1 at 10 C at 1.0–3.0 V.
He and co-authors178 prepared monodispersed LTO hollow spheres
using carbon spheres as a template. The LTO hollow spheres had
an average outer diameter of 1.0 mm and an average wall thickness
of 60 nm. As a result, they exhibited favorable rate performance
with a specific capacity of 100 mA h g�1 at 10 C at 1.0–3.0 V. Shao
and co-authors179 prepared nanoporous LTO with a sol–gel method
using monodispersed polystyrene spheres as a template. The
nanoporous structure had an average diameter of approximately
100 nm and a wall thickness of about 50 nm. As a result, this
nanoporous LTO material showed advanced rate performance
with a specific capacity of 102 mA h g�1 at 10 C at 0.5–3.0 V. Chen
and co-authors46 synthesized LTO microspheres, assembled
from sawtooth-like nanosheets, using a hydrothermal process
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and subsequent thermal treatment. The microspheres had dia-
meters ranging from 400 to 600 nm, and a large specific surface
area of 139.4 m2 g�1. These LTO microspheres exhibited high rate
performance with a reversible capacity of 135 mA h g�1 at 57 C at
1.0–2.5 V. Chou and co-authors33 synthesized LTO microspheres
using a combination of a microwave-assisted hydrothermal method
and a microwave post-annealing process. The as-prepared LTO
microspheres had sizes of 500–800 nm, and were composed of
small nanoflakes around 10 nm thick, leading to advanced rate
performance. At 20 C, this material delivered a specific capacity of
about 100 mA h g�1 at 1.0–3.0 V using carboxymethyl cellulose as a
binder. Lin and co-authors180 fabricated mesoporous LTO spheres
using a hydrothermal method followed by calcination. The pore
sizes in the mesoporous LTO spheres were about 4 nm. The
mesoporous LTO exhibits a stable capacity of 140 mA h g�1 at
0.5 C. The reversible capacity at 30 C remained over half of that at
0.5 C. The mesoporous structure creates a rapid lithium transpor-
tation path and facilitates the rate capability. As a result, the
mesoporous LTO might be a promising anode material for high-
performance anodes for next-generation LIBs.

3.3 Carbon surface modification of LTO

Carbon materials have proven to be an effective means of
improving the electrochemical performance of the LTO anode
material due to their low cost and high conductivity. So far, tens
of literature articles have reported the syntheses and electro-
chemical properties of various carbon–LTO anode composites.
Using different carbon forms (e.g., amorphous carbon, carbon
nanotubes, and graphene) and carbon surface modifications on
LTO, they generally promote the electron transport among the
interconnected LTO particles. This process effectively enhances
the electronic conductivity of such carbon–LTO composite anode
materials, and thus improves the electrochemical performance
in terms of rate capability, lithium storage capacity and capacity
retention.168,181–190

3.3.1 Amorphous carbon-coating of LTO. Carbon-coating has
been shown to be an effective method to improve the electro-
chemical performance of the LTO anode material in LIBs. Many
examples in the literature reported the syntheses and electroche-
mical properties of amorphous carbon-coated LTO nanostructures
using various synthetic methods.168,181–190 When the source of the
appropriate carbon form is optimized, carbon-coated LTO nano-
structures with uniform coating thickness can be produced effec-
tively.63,187,191–193 The optimum carbon-coating can improve not
only the surface electrical conductivity but also the electrical
contact between the LTO materials and the conducting agents
(electrolyte), which leads to a reduction of the cell impedance and
a decrease in the charge-transfer resistance. As a result, the specific
capacity, rate capacity and cycling performance of an LTO battery
can be greatly enhanced. However, it is difficult to define the
optimum carbon content without discussing the carbon structure.
If the carbon is not homogeneously distributed on the LTO particle
surfaces, it is even harder to define the optimum amount of
carbon content (wt%) and carbon-coating thickness. It has been
proposed that an ideal LTO structure should contain nanosized
particles completely coated with thinner carbon.182,186,187,191

In addition, the carbon-coating thickness is generally related
to the carbon content and surface area. A high carbon content
can contribute to a high surface conductivity but also produce
thick carbon-coating (i.e. up to 10 nm), which might restrict the
transport of lithium ions, in which case it is thus unfavorable
for attaining high rate capacities.194–196 Only optimized and
uniform carbon-coating can provide good conductivity and fast
Li-ion transport in the carbon-coated LTO materials. However,
it still remains a major challenge to fabricate carbon-coated
LTO materials with optimized carbon content and a desirable
coating thickness using facile techniques.63,90,168,181,186–190,192–197

The ultimate goal in many studies is to find a simple and efficient
method for the synthesis of these LTO anode materials with
optimal and uniform carbon-coatings.182,186,187,191 An enhanced
electrochemical performance can be achieved with a synergistic
effect between high electric conduction and high ionic transport
by optimizing the coated-carbon content and structure.194–198

Here, we summarize several typical studies of the effect
of morphologies and structures of the carbon-coated layer
on the lithium storage performance of these carbon-coated
LTO composites.

Wang and co-authors168 reported LTO nanoparticles with a
double conductive surface modification of Ti(III) and carbon,
synthesized using a facile solid-state reaction. The initial dis-
charge capacity of the as-prepared C-LTO reaches 160 mA h g�1

at a current density of 0.1 A g�1 between 3.0 and 1.0 V, and
maintains 90% of the initial capacity after 100 cycles. After the
10th cycle, the irreversible capacity almost disappears, indicat-
ing a charge–discharge efficiency of nearly 100%. Furthermore,
a discharge capacity of 75 mA h g�1 is also achieved even at a high
current density of 3 A g�1 (about 20 C). Cheng and co-authors182

reported a simple approach to synthesize carbon-coated nano-
structured LTO with various morphologies, such as LTO nano-
rods, hollow spheres and nanoparticles, using a simple carbon
pre-coating process. The as-synthesized LTO nanorods exhibit
excellent cycling performance between 1.0 and 3.0 V at a rate of
1 C, and maintain 95% of the initial capacity after 1000 cycles.
This can be ascribed to the fact that the carbon layer acts as a
buffer layer to maintain a good electronic conductivity path.
Wang and co-authors185 reported nanocarbon-coated LTO,
obtained with a solid-state reaction using the precursors TiO2

and Li2CO3 with added sugar. The sugar does not affect the
spinel structure, and it decreases the particle size by inhibiting
the agglomeration of particles during the heat treatment. Electro-
chemical results show that the nanocarbon-coated LTO dis-
plays a larger diffusion coefficient for the lithium ions, a higher
rate capability and excellent reversibility. Gao and co-authors184

reported a spherical C–LTO composite with a high specific
capacity and excellent cycling performance synthesized with a
novel technique using carbon black. Yang and co-authors190

reported a C–LTO composite synthesized using a simple solid-
state reaction using Super-P–Li conductive carbon black as the
reaction precursor. The initial reversible specific capacity of
the C–LTO composite at a 0.5 C rate, cycled between 1.0 and
2.0 V, is 174.5 mA h g�1 and after 300 cycles its value remains at
143.9 mA h g�1.
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Jung and co-authors199 reported that spherical, high tap
density, carbon-coated LTO powders were synthesized using a
spray-drying process followed by a facile pitch coating. Structural
analyses showed that the carbon layer uniformly coats the LTO
particles without producing any crystalline changes. The carbon-
coating significantly increases the electrical conductivity of LTO
making it an efficient, high-rate electrode for lithium cells. The
electrochemical tests in fact confirm that the 3.25 wt% carbon-
coated LTO electrode operates at ultra-high rate capacity levels,
i.e., 100 C, and has an excellent capacity retention and charge–
discharge efficiency for a life extending over 100 cycles. A compar-
ison of structure and electrochemical performance for carbon-free
and carbon-coated LTO electrodes is shown in Fig. 2.

Lin and co-authors200 reported the synthesis of a C–LTO
anode composite using a modified one-step solid-state reaction
using the original materials of lithium polyacrylate (PAALi) as
the lithium and carbon source, and TiO2 as the titanium source.
The initial specific capacity of the composite is 130.0 mA h g�1 at
a current density of 8.60 mA cm�2, with a capacity loss of 9.0%
after 50 cycles. Liu and co-authors201 reported a C–LTO compo-
site synthesized at 800 1C for 15 h under argon, containing
0.98 wt% of carbon. The composite exhibits better electroche-
mical properties compared with the pristine LTO due to the
enhanced electrical conductive network of the carbon-coating
on the particle surface. The composite can deliver a capacity
of 173.9 mA h g�1 at a 0.1 C rate while that of pure LTO is
165.8 mA h g�1 at 0.1 C. Liu and co-authors201 reported spinel
C–LTO powders synthesized successfully with a simple rheological
phase method using polyvinylbutyral (PVB) as both template and
carbon source. This allows the LTO particles to connect effectively
with each other. Compared with pristine LTO, the surface electrical
conductivity of the composite is improved significantly due to
the in situ formation of carbon-coating, resulting in an enhanced
electrochemical performance.

Guo and co-authors202 reported the synthesis of three
C–LTO composites with diverse carbon-coating morphologies

and structures using a simple solid-state method. The coated-
structures were characterized by means of electron microscopy
and Raman spectroscopy. Effects of carbon-coating on lithium
storage performance, especially on the high rate capability of
the C–LTO composites, were investigated. The results revealed
that the porous and homogeneous carbon layer was more
favorable to achieve the balance between good electron conduc-
tion and Li ion diffusion, than the island-like carbon layer and
the compact one, and thus the corresponding LTO–C composites
exhibited improved electrochemical performance. A schematic
illustration for the effect of coated carbon on the electron
conduction and Li ion diffusion within three different C–LTO
composites is illustrated in Fig. 3. At a low current rate of 0.2 C,
the reversible capacity of the C–LTO composite with a porous
and homogeneous carbon layer, was as high as 171 mA h g�1.
At 5 C, the high capacity of 150 mA h g�1 experienced no loss
after 300 cycles. Importantly, at a high charge–discharge rate of
30 C, the reversible capacity still remained at a high level of
82 mA h g�1. Due to the optimal balance between electron
conduction and Li ion diffusion, the C–LTO composite with a
porous and homogeneous carbon layer exhibited remarkable
electrochemical properties including highly reversible capacity,
superior rate capability and good cycling stability.

3.3.2 Graphene-modified LTO. Graphene, a two-dimensional
macromolecular sheet of carbon atoms with a honeycomb struc-
ture, shows high electronic conductivity and attractive mechanical
properties, and may in principle be an ideal conductive additive for
hybrid nanostructured electrodes.203,204 Graphene-based materials
have superior electronic conductivity compared to graphitic carbon,
a high surface area of over 2600 m2 g�1, chemical tolerance and a
broad electrochemical window, which could be very advantageous
for applications in energy technologies.

Zhu and co-authors54 reported that the as-prepared graphene-
embedded LTO anode material showed improved discharging–
charging and cycling properties, particularly at high rates (22 C),
which makes the nanocomposite an attractive anode material

Fig. 2 SEM images of (a) carbon-free and (b) carbon-coated LTO powders. (c) High-resolution TEM image of the carbon-coated LTO. (d) Initial charge
and discharge curves of carbon-free and of two different carbon-coated LTO electrodes at a rate of 0.1 C. Reproduced with permission from ref. 199.
Copyright 2011 Elsevier.
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for applications in electric vehicles. Shen and co-authors205

developed a facile route to fabricate a composite of electrically
conductive graphene nanosheets (GNS) anchored with nano-
crystalline LTO as an advanced anode material for high perfor-
mance LIBs. The hybrid nanostructures endow the composites
with a high transportation rate for both Li+ and electrons
(especially at high rates), because the hybrid nanostructure
is capable of effectively utilising the good conductivity, high
surface area, and good electrochemical performance of GNS
and the good stability of the fine LTO nanoparticles. It is the
synergy of these two parts that leads to a high rate capability
and stable lithium storage. Shi and co-authors206 reported a
simple strategy to prepare a hybrid of LTO nanoparticles well-
dispersed on electrically conductive graphene nanosheets as an
anode material for high rate LIBs. The preparation process is
illustrated in Fig. 4, and the comparison of morphologies for
pure nano-LTO and the nano-LTO–G hybrid is shown in Fig. 5.
The authors have found that the electron transport was improved
by forming a conductive graphene network throughout the
insulating LTO nanoparticles. The charge transfer resistance at
the particle/electrolyte interface is reduced from 53.9 O to 36.2 O
and the peak currents measured using cyclic voltammetry are
increased at each scan rate. The difference between the charge
and the discharge plateau potentials becomes much smaller at

all discharge rates because of the lowered polarization. With
5 wt% graphene, the hybrid LTO materials deliver a specific
capacity of 122 mA h g�1, even at a very high charge–discharge
rate of 30 C, and exhibit an excellent cycling performance with
the first discharge capacity of 132.2 mA h g�1 and less than 6%
discharge capacity loss over 300 cycles at 20 C. The outstanding
electrochemical performance of the nano-LTO–graphene hybrid
makes it a promising anode material for high-rate LIBs. Oh and
co-authors207 reported the synthesis of graphene-wrapped LTO
particles using a solid-state reaction. It has been found that the
LTO, tightly bound to the graphene, exhibits a remarkable specific
capacity of 147 mA h g�1 at a rate of 10 C (175 mA h g�1 at 1 C)
after 100 cycles. The improved rate capability was attributed
to the enhanced electronic conductivity of each LTO grain via
uniform graphene wrapping. Zhang and co-authors208 prepared
an LTO–graphene composite (1.86 wt%) electrode material
using both ball milling and a simple chemical method. It has
been found that the composite displayed a high-rate capacity of
118.7 mA h g�1 at 20 C and a good cycle stability, retaining over 96%
of its initial capacity after 50 cycles at 10 C. The excellent electro-
chemical performance is attributed to a decrease in the charge-
transfer resistance due to the fact that the LTO particles uniformly
cling to the graphene sheets. Rai and co-authors209 reported the
solvothermal preparation of LTO–graphene (15 wt% and 30 wt%)

Fig. 3 Schematic illustration of the effect of coated carbon on the electron conduction and Li ion diffusion within C1–LTO (porous and homogeneous),
C2–LTO (non-homogeneous), and C3–LTO (non-porous coating) composites. Reproduced with permission from ref. 202. Copyright 2014 Elsevier.

Fig. 4 Schematic representation of the preparation of the hybrid of nano-LTO and graphene. Reproduced with permission from ref. 206. Copyright
2014 Elsevier.
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nanocomposite anodes for high-performance lithium-ion
batteries. Structure and morphology studies of the nanocom-
posites revealed that the LTO nanoparticles are embedded onto
the graphene nanosheets. The electrochemical performances of
the LTO–graphene nanocomposites indicate higher capacities
and enhanced cycle performances within the voltage range of
1.0–2.5 V, suggesting that the LTO–graphene nanocomposite is
a promising anode material for high-energy density and safe
LIBs. Han and co-authors210 reported that strongly coupled
LTO–reduced graphene oxide (RGO) nanocomposites were
synthesized using the solvothermal treatment of a GO colloidal
suspension containing a microcrystalline LTO precursor at
elevated temperatures. The solvothermal treatment of the mixture

suspension of GO and LTO gives rise not only to the reduction of
GO to RGO but also to the attachment of the LTO particles to the
flat surface of the RGO 2D nanosheets. The crystal structure and
morphology of the LTO particles remain intact after the compo-
site formation with the RGO nanosheets. The LTO–RGO nano-
composites display better anode performance with a larger
discharge capacity of 175 mA h g�1, underscoring the merit of
RGO hybridization in improving the electrode performance of
the bulk metal oxide, as shown in Fig. 6. The obtained LTO–RGO
nanocomposites show promising electrode performance, which
is superior to those of the pristine LTO microcrystals. The
enhancement in electrical conductivity is mainly responsible
for the observed improvement in the electrode performance

Fig. 5 SEM images of nano-LTO (a) and the nano-LTO–graphene hybrid (b). TEM (c) and HRTEM (d) images of the nano-LTO–graphene hybrid.
Reproduced with permission from ref. 206. Copyright 2014 Elsevier.

Fig. 6 Schematic illustration of the preparation of the LTO–RGO nanocomposites and graph of the improvement in electrode performance.
Reproduced with permission from ref. 210. Copyright 2012 American Chemical Society.
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upon composite formation with the RGO nanosheets. Pang and
co-authors211 reported a mesoporous LTO–graphene hybrid
synthesized using a facile electrostatic adsorption method.
Such an electrostatic adsorption method is easy to scale up
and will provide a new pathway for the production of various
high-rate lithium-ion battery materials. The graphene sheets
are strongly attached to the LTO spheres and thus can form an
efficient electrically conducting network, permitting the electrode
to speed up the charge and discharge processes. The as-obtained
LTO–graphene nano-hybrid exhibits a high reversible capacity
and outstanding rate performance owing to the synergy of good
conductivity, large surface area, flexibility of graphene and good
stability of the mesoporous LTO. The discharge capacity of the
LTO–graphene hybrid was improved to 124 mA h g�1 at a 20 C
rate, which is more than twice the value of the LTO electrode.
Xiang and co-authors212 prepared a LTO–graphene composite
using a facile sol–gel method. The LTP–graphene composite
presents a higher capacity and better cycling performance than
LTO at the cut-off of 2.5–1.0 V, especially at high current rates.
The cycling stability of the cells with the electrodes using LTO
and the LTO–graphene composite at 0.2 C and 10 C were
investigated, the discharge capacity of LTO–graphene is slightly
higher than the capacity of LTO and the specific capacity

retention during 100 cycles is 94%. At 10 C, the 100th discharge
capacity of LTO–graphene is 110 mA h g�1, which is much
higher than that of LTO (84 mA h g�1). The improvement in
capacity retention especially in high rate capacity can be
attributed to the introduction of superior conductive graphene.
On the one hand, the graphene sheets induce the formation
of fine Li4Ti5O12 nanoparticles in the sol–gel synthesis. The
reduced size signifies a shortened diffusion distance for the
lithium ions and thus the kinetics of the lithium insertion/
extraction are accelerated. On the other hand, the electronic
conductivity of the Li4Ti5O12 nanoparticles anchored onto the
graphene sheets is significantly improved.

The excellent electrochemical performance of the LTO/gra-
phene electrode could be attributed to the improved electronic
conductivity of the graphene sheets. When discharged to 0 V,
the LTO–graphene composite exhibited a quite high capacity of
over 274 mA h g�1 below 1.0 V, which was beneficial for not
only a high energy density but also the safety characteristics of
lithium-ion batteries. Ri and the co-authors213 reported the
one-step synthesis of an LTO/graphene–ionic liquid (IL) nano-
structure using a microwave-assisted hydrothermal reaction, as
shown in Fig. 7, in which the ionic liquid of C12H23N2Cl was
used as an exfoliating agent to control the microstructure of the

Fig. 7 Schematic representation of the preparation of the LTO/graphene–IL nanostructure from the LTO precursors, GO, and the ionic liquid using a
microwave-assisted hydrothermal reaction process. Reproduced with permission from ref. 213. Copyright 2013 Elsevier.
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graphene sheets, and as an inducer for LTO growth on the
graphene sheets. The resultant LTO/graphene–IL exhibited a
two-dimensional structure with a total thickness of about
20 nm and with the LTO nanoparticles uniformly anchored on
the surface of the thin graphene sheets (2 nm). Such a unique
microstructure provided a high electrode/electrolyte contact area
for the electron transport, and the nanosize LTO led to a short
path for the lithium ion transfer. When LTO/graphene–IL was
used as the anode material for a lithium-ion battery, it showed a
high-rate performance, as evident from Fig. 8. The LTO–graphene
nanostructure exhibits excellent reversibility (159 mA h g�1 at
0.5 C after 100 cycles) and high-rate performance (162 mA h g�1 at
0.2 C, 148.5 mA h g�1 at 20 C).

Ni and co-authors214 reported the preparation of LTO–reduced
graphene oxide (RGO) composites using a simple strategy, as
illustrated in Fig. 9. The as-prepared composites present the LTO
nanoparticles uniformly immobilized on the RGO sheets. The
LTO–RGO composites possess excellent electrochemical proper-
ties with a good cycle stability and high specific capacities of
154 mA h g�1 (at 10 C) and 149 mA h g�1 (at 20 C), much higher
than the results found in other literature publications.
The superior electrochemical performance of the LTO–RGO
composites is attributed to the unique hybrid structure of the
conductive graphene network with the uniformly dispersed
LTO nanoparticles. Gao and co-authors215 prepared a homo-
geneous LTO–graphene composite using an in situ solid-state

Fig. 8 (a) Galvanostatic charge–discharge profiles of the LTO/graphene–IL electrode during 1st, 2nd, 50th and 100th cycle at 0.5 C. (b) Cyclic
performance of the LTO, LTO/graphene and LTO/graphene–IL electrodes at 0.5 C. (c) High-rate performance of the LTO, LTO/graphene and
LTO/graphene–IL electrodes. (d) High-rate performance of the LTO/graphene–IL electrode. Reproduced with permission from ref. 213. Copyright
2013 Elsevier.

Fig. 9 Schematic representation of the fabrication process of the LTO–RGO composites. Note here: TBOT is C16H36O4Ti. Reproduced with permission
from ref. 214. Copyright 2014 Elsevier.
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reaction, after carbon pre-coating. Its microstructure is com-
pared with the materials prepared using a similar method but
without carbon-coating, which is illustrated in Fig. 10a. The
results reveal that the carbon-coating not only effectively con-
fines aggregation and agglomeration of the LTO particles, but
also enhances the conjugation between the LTO particles and
the graphene sheets. The specific capacities of the pristine LTO,
the LTO–graphene composite and then carbon–LTO–graphene
composite were measured by charge–discharge tests at a 0.2 C
rate over the potential range of 1.0–2.5 V. It can be observed in
Fig. 10b that they have similar charge and discharge plateaus,
indicating that the small quantity of graphene sheets does
not affect the electrochemical reaction process of LTO. All the
products display very flat charge–discharge plateaus at around
1.55 V (vs. Li/Li+), demonstrating a characteristic two-phase
reaction based on the Ti4+/Ti3+ redox couple. The carbon–LTO–
graphene composite delivers a high reversible capacity of
177 mA h g�1, which is even higher than the theoretical capacity
of LTO (175 mA h g�1). The increased capacity can be attributed
to lithium storage on the graphene sheets. It is clear that carbon
pre-coating markedly enhances the lithium storage capability of
the LTO–graphene composite. The LTO–graphene composite
also presents excellent rate capability and low-temperature per-
formance. Even at 120 C, it still delivers a high capacity of about
136 mA h g�1. In addition, fuel cells using LiNi1/3Co1/3Mn1/3O2 as
the cathode material exhibit good rate capability.

3.3.3 Conducting polymer coating of LTO. Poly(3,4-ethylene-
dioxythiophene) (PEDOT) is a well-known conducting polymer,
which is commercially used to provide conductive surfaces
owing to its extraordinary electrical properties and long-term
stability. Recently, Wang and co-authors216 reported that spinel
LTO nanorods coated with a PEDOT layer as an anode material
for lithium-ion batteries, were synthesized using a facile soft

chemistry approach. A schematic of the synthesis is illustrated
in Fig. 11. The highly conductive and uniform PEDOT layer,
coated on the surface of the LTO nanorods, significantly
improves the electrochemical performance of the composite,
which exhibits a higher reversible capacity and better rate
capability compared with the pure LTO and the LTO–C compo-
site. As shown in Fig. 12, the reversible capacity of the LTO–
PEDOT nanorods can be up to 171.5 mA h g�1 at a rate of 0.2 C.
Furthermore, the capacity of 168.7 mA h g�1 was retained with
only 0.5% capacity loss after 100 charge–discharge cycles at a
rate of 1 C, which confirms the good cycling behavior of the
LTO–PEDOT nanorods. The superior electrochemical perfor-
mance of the LTO–PEDOT nanorods could be attributed to the
one-dimensional (1D) morphology and uniform conducting
polymer layer, which shortens the lithium-ion diffusion path
and improves the electrical conductivity of LTO.

4. Application as anodes

A high-power energy storage device is essential for E-transportation
such as electric vehicles (EVs), hybrid electric vehicles (HEVs)
and plug-in hybrid electric vehicles (PHEVs). Safety is a major
consideration for batteries in automotive applications. As dis-
cussed previously, the use of LTO as an anode coupled with
high voltage cathodes such as LiCoO2 (LCO), LiMn2O4 (LMO),
or LiFePO4 (LFP) in a high-power lithium-ion battery has been
demonstrated to be feasible in terms of the electrochemical
performance, such as excellent cycle life and inherent safety.6,217,218

It was reported that by combining the 1.5 V LTO anode with
another cathode, the safety of LIBs can be significantly
improved.219 2 V LTO/LCO (LiCoO2) cells exhibit an excellent cycle
life as is expected with lithium intercalation/de-intercalation

Fig. 10 (a) Schematic illustration of the effect of carbon-coating on the LTO–graphene composites. (b) Galvanostatic charge–discharge curves of the
LTO, LTO–graphene, and C–LTO–graphene samples at a 0.2 C rate. Reproduced with permission from ref. 215. Copyright 2013 Elsevier.
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Fig. 11 Schematic illustration for the synthesis of the LTO/PEDOT and LTO/C nanorods. Reproduced with permission from ref. 216. Copyright 2014 Elsevier.

Fig. 12 (a) The rate and cycling performances at different rates. (b) Comparison of the specific capacities at different rates. (c) Cycling performance at a
1 C rate. (d) Nyquist plots of the pure LTO, LTO/PEDOT and LTO/C electrodes. Reproduced with permission from ref. 216. Copyright 2014 Elsevier.
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into/out of stable metal oxide structures.28 In this couple, the
positive and negative electrodes are based on transition metal
oxide electrodes, which have the capability of accommodating a
significant amount of lithium within the host electrode struc-
ture, as shown in the Fig. 13. By restricting shallow limits of
charge and discharge, the structural integrity of the electrodes
can be maintained, and this permits a high cycle life to be
obtained with this combination.28

Lu and co-authors220 reported the design of a lithium-ion
cell of LTO/L333 (Li1.1Ni0.3Co0.3Mn0.3O2). The cell exhibited the
improved cycling performance at both room and elevated
temperatures. For example, such an LTO/L333 cell at room
temperature and at an elevated temperature (55 1C) had the
same capacity for 30 cycles at a 10 C rate, and the capacity
retention remained stable for over 200 cycles.

Bousquet and co-authors221 reported good cycling performance
of the Li-ion cells of 2.5 V LTO/LMO (LiMn2O4) with new stable
Li-ion battery electrolytes such as new polyfluorinated boron cluster
lithium salts. The capacity retention of such a cell was found to
maintain 93% after 160 cycles at a 1 C rate at 50 1C.222,223

It has been reported that 2.5 V LTO/LMO cells223 also
showed a very promising cycling performance and a larger
capacity at high current rates, which is necessary for the high
current pulsing in transportation applications. These LTO/LMO
cells, with capacities of B2 A h g�1, provided new insights into
the commercialization of LTO/LMO batteries.

A cell with a 2.5 V LTO–LMO system224 also showed unprece-
dented power capability over that of any existing lithium-ion battery
system for HEV and other transportation applications. This LTO–
LMO system also demonstrated good calendar life, low heat gen-
eration during high-rate operation, and excellent low-temperature
(�30 1C) performance, as well as unmatched abuse tolerance.

Hu and co-authors225 reported a hybrid battery–supercapa-
citor LTO/(LiMn2O4 + AC) using an LTO anode and a LiMn2O4/
activated carbon (AC) composite cathode. It is demonstrated
that the hybrid battery–supercapacitor has advantages in both
high rate capability from the hybrid capacitor AC/LTO and high
capacity from the secondary battery LTO/LMO. At a 4 C rate, the
capacity loss in constant current mode is no more than 7.95%
after 5000 cycles, and the capacity loss in constant current–
constant voltage mode is no more than 4.75% after 2500 cycles.

Panero and co-authors226 also reported a new type of lithium-
ion cell, based on the combination of an LTO anode with a high
voltage mixed spinel solid solution Li2Co0.4Fe0.4Mn3.2O8 cathode.
This combination provides some promising features that may be
used as a starting base for future development and optimization.

In recent years, Li-ion batteries based on an LTO anode have
been investigated and developed for load-leveling applications,
based on the favorable characteristics emphasized above, includ-
ing high energy density, long cycle life, stability, and rapid charge.
A great deal of research227–231 has been devoted to the new type of
2.5 V lithium-ion cell, based on the combination of a spinel-LTO
anode with high-voltage olivine LiMnPO4 (LMPO),228 spinel
LiMn0.8Fe0.2PO4 (LMFPO),229 spinel LiMn2O4 (LMO),223,232,233 and
spinel LiMn1.5Ni0.5O4 (LMNO)234,235 cathodes. The employment in
load-leveling applications has been systemically explored and
evaluated for these 2.5 V Li-ion battery cells, including LTO/LMPO,
LTO/LMO, LTO/LMNO, and LTO/LMFPO. These Li-ion cells
have demonstrated impressive stability, prolonged cycle life
and excellent safety features, making them suitable for load-
leveling applications. Herein, the redox activity of LTO/LMFPO
during the lithiation–delithiation cycling process is shown
in Fig. 14.

Sun and co-authors236 reported that commercial battery cells
of 2 V LTO/LFP (LiFePO4–PAS (PAS, polyacence–highly conduc-
tive polymer)) showed an excellent specific capacity, high relative
tap density, long cycle life, and high cycle efficiency at high
current rates. It showed no attenuation after 1000 charge–
discharge cycles during charging and discharging at a 1 C rate.

Zaghib and co-authors237,238 reported that the LFP/LTO cell
has passed successfully the required battery tests for safety use
in transportation. LTO/LFP Li-ion cells are safe and can support
fast charge–discharge rates without any damage to the cycling
life. The impact on electric cars will be important, since it is the
most demanding use in terms of performance and safety. The
electrochemical performance of the 2 V LTO/LFP 18650-Li-ion
batteries has shown them to be fast-charging Li-ion batteries
with long shelf lives for power applications in terms of safety and
cycling life, which are key issues in E-transportation applica-
tions.30,66 The voltage vs. capacity curves for the 18650-cells of
LFP/Li, LTO/Li, and LFP/LTO at a 24 C rate are summarized
in Fig. 15.

Electric cars presented at the World Energy Council (Montréal,
September 2010) were equipped with C–LFP/LTO batteries
(Fig. 16). They had a weight of 680 kg, a driving range of
32 km with a top speed of 64 km h�1. It has been demonstrated
that the charging time was reduced to 5 min with a three-level
charger in parallel (500 V, 125 A). This LFP/LTO battery cell
technology has been attractive for the fast charging bus Mega
Watt battery charging station for EV and PHEV and for energy
storage with wind and solar energy.

Ariyoshi and co-authors239 reported the LTO anode com-
bined with the LNMO (LiNi0.5Mn1.5O4) cathode to assemble the
3 V LTO/LNMO cell system, and such a 3 V Li-ion cells showed
that 83% of the initial capacity can be stored and delivered even
after 1100 cycles, indicating the excellent cyclability and rate
capability of the LTO/LNMO cells. Meanwhile, this 3 V LTO/LNMO

Fig. 13 Intercalation into the LTO spinel and de-intercalation out of the
LCO layered structure from an LTO/LCO ideal cell couple. Reproduced
with permission from ref. 28. Copyright 1999 Elsevier.
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cell with a dimethyl methylphosphonate (DMMP)-based elec-
trolyte has also demonstrated an acceptable capacity loss after
30 cycles, which makes this 3 V LTO/LNMO cell promising for
safe lithium-ion batteries.240

5. Concluding remarks and
perspectives
5.1 Concluding remarks

The characteristics of the current lithium-ion batteries have
greatly influenced the energy efficiency, reliability, and com-
mercial viability for emerging applications such as high-power
backup systems and electric transportation. In fact, the existing
lithium-ion batteries have also impacted the reliability of many

portable electronic tools such as smart cell phones and laptop
computers. So far, lithium-ion batteries have proven to be the
most viable solution for electric energy storage. However, the
performances of the existing lithium-ion batteries are still
not able to meet the increasing demands of these emerging

Fig. 15 Voltage–capacity cycles for the LFP/Li, LTO/Li, and LFP/LTO-
18650-cells at a 24 C rate. Reproduced with permission from ref. 237.
Copyright 2011 Elsevier.

Fig. 14 Structure of the LTO spinel anode (a), and the LMFPO (LiMn0.8Fe0.2PO4) cathode (b). (c) Schematic voltammetry response of these electrode
materials in an electrolyte. Reproduced with permission from ref. 227. Copyright 2011 The Royal Society of Chemistry.

Fig. 16 E-Cars presented at the World Energy Council (Montréal,
September 2010), equipped with C-LFP/LTO battery cells. Reproduced
with permission from ref. 237. Copyright 2011 Elsevier.
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applications. The main scientific objectives are to achieve a
rational design of cathode and anode materials with desired
properties, such as enhanced rate capability (i.e. power density),
high energy density, excellent structural stability, long cycling
life, and reasonable costs.

This review gives a state of the art overview of spinel-
Li4Ti5O12 materials, which have been considered as promising
anode materials for lithium-ion batteries due to their attributes
of high safety and excellent rate capability.217,241,242 However,
a number of challenges still remain in the development of
Li4Ti5O12 anode materials for a new generation of lithium-ion
batteries to meet the emerging application criteria. Some of the
major remaining challenges associated with the existing
Li4Ti5O12 anode materials are briefly described below.

(1) Since the improved safety of the Li4Ti5O12 anode is
obtained at the expense of energy density due to its high
operating voltage vs. Li/Li+ (B1.5 V), the lithium-ion battery
cells with a Li4Ti5O12 anode offer a low theoretical specific
energy due to their low cell voltage. Therefore, lithium-ion
batteries with Li4Ti5O12 anodes are more likely to be used in
the long term for stationary energy storage and hybrid electric
vehicles in the transportation sector.

(2) Combined surface coating strategies are needed to create
nano-enabled anode materials with improved electronic and
ionic conductivities. The combination includes various opti-
mized approaches such as in situ or ex situ active coating and
cation or anion doping at nanometer scale. Major technical
breakthroughs are needed to tackle the intrinsic insulating
character without compromising safety and cost.

(3) Nanostructured Li4Ti5O12 anodes, in the form of nanorods,
nanowires, and porous clusters, with carbon-coatings have shown
very promising performances. However, little is known about the
mechanism of the elementary steps associated with charge and
mass transports in the confined dimensions of the Li4Ti5O12 anode
(1D, 2D). More sophisticated in situ characterization techniques for
probing and mapping those confined Li4Ti5O12 surfaces are needed
to gain critical insights into nanoscale phenomena on the nano-
Li4Ti5O12 electrode surfaces during cycling.

(4) It is important to mention that safety considerations are
as important as performance, since a car accident due to
electric vehicle battery safety failure may cause significant
damage. High energy density also means high safety risks,
and it is the responsibility of the researchers dedicated to this
field to ensure that the new lithium-ion batteries meet the
safety requirements before they are commercialized.

5.2 New directions

As demonstrated in this perspective review, important future
directions and key research and development efforts for spinel-
Li4Ti5O12 anode materials for the design of advanced lithium-
ion batteries are:

(1) From a scientific point of view, more fundamental
studies are needed to fully understand and improve electro-
chemical performance (i.e. rate capability) of the Li4Ti5O12

nanostructures using various parameters such as surface area,
crystallinity, and the crystalline orientation. Compared with

traditional bulk Li4Ti5O12 materials on the microscale, novel
Li4Ti5O12 nanostructured materials have gained more attention
as high-rate anodes for rechargeable lithium-ion batteries.
Owing to their small size and large surface area, the Li-ion
diffusion pathway is reduced and a better contact between the
Li4Ti5O12 electrode material and the electrolyte is achieved.
Both of these phenomena contribute to the improvement of
the rate capability. In addition, more extensive studies of novel
Li4Ti5O12 nanoarchitecture anode materials are required. One
of the strategies is to create 3D Li4Ti5O12 structures combining
microscale templates and nanostructures to maximize the
advantages and minimize the disadvantages of the materials at
the two scales. The rational design of Li4Ti5O12 nanoarchitecture
anodes may lead to higher energy and power densities, signifi-
cantly enhancing the Li-ion battery performance. Eventually,
the fundamental electrochemical kinetic behaviour (ionic or
electronic) needs to be evaluated, and the critical factors of
lithium intercalation and extraction (e.g., nanostructure size,
phase coating, doping, morphology, composition, and mixed
valence conduction) need to be investigated systematically.

(2) From a practical point of view, the precursor materials’
availability and cost, a cost-effective synthesis, an improved
service life and safety, and a minimal environmental impact are
equally important as performance. These features must be in
the right balance to achieve the desired battery energy/power
density and enhanced charge–discharge rate capability. From
the discussion mentioned above, one of the best methods
to improve the power performance of Li4Ti5O12 is to increase
its electronic conductivity using an effective hybrid surface
coating. The hybrid nanocoating of the Li4Ti5O12 anode has
played an important role in improving its electrochemical
performance.

Nevertheless, the synthesis usually involves low yields and
complex procedures, high costs, and toxic precursors, which
has limited explorations and applications. The development
of controlled, large-scale, low-cost fabrication strategies for
Li4Ti5O12 anode nanomaterials with desirable performance is
an important challenge in the fabrication of battery materials
for wide-spread commercial application. Considering its pro-
mise in the design of a new generation of lithium-ion batteries,
the graphene–Li4Ti5O12 hybrid nanocomposite has potentially
been shown to be a very promising material and might be
used for high-rate power lithium-ion batteries due to its super
electrochemical performance.
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