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ABSTRACT

Li-ion batteries are the main source of energy for electronic devices such as cameras, calculators, mobile phones, laptops, and electric
vehicles. Among the materials being considered, lithium titanate (Li,Ti50;,) has become a promising anode material due to its high
stability and safety, as well as enabling high operability without sacrificing lifetime. However, in order to further improve performance
and customise properties for specific applications, impurity dopants have been investigated as a means of modifying Li,Ti5;0;,
performance. This paper examines Li,Ti50,, and its impurities as anode materials. Starting with a basic understanding of the crystal
structure and characteristics of Li,Tis0;,, its properties and applications. Besides, this study explores the effects of different dopants
on the Li,Tis0;, on battery parameters. Based on various research studies and recent developments, the review summarises the
current knowledge about Li,Tis0,, and impurity dopants. Each dopant's different effects on the lattice structure highlight its
importance for further development. As a result, it may lead to future research of Li,Tis0;, anodes for large-scale energy storage

technology.
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1. INTRODUCTION

Li-ion batteries have attracted much attention in recent
decades as one of the most advanced rechargeable
batteries. They are currently the primary source of power
for electronic devices such as cameras, calculators, mobile
phones, laptops, and even electric vehicles (EVs). Li-ion
batteries are used because of their advantages over other
types of batteries, such as no need for storage or scheduled
cycling to extend battery life, high specific capacity and
voltage, and high energy density [1], [2].

The working principle of lithium-ion batteries is to
transform chemical energy into electrical energy through
electrochemical processes [3]. Its components consist of
electrodes (cathode and anode), electrolytes, and
separators. It is known that the electrolyte and the
separator themselves act as a bridge for the lithium ions,
ensuring that they flow and avoid short circuits. Each
electrode is connected to the electrical circuit in its basic
configuration. Naturally, during the charging mode, there is
a deintercalation process where the cathode will undergo
an oxidation reaction, which initially had neutral lithium
turned into Li* ions and will release the electrons. These
Li* ions then move to the anode through the electrolyte,
while the electrons will be transferred through the external
device. As a result, the electrons obtained cause a reduction
reaction in the anode material. Nevertheless, since lithium
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ions are involved in the reaction of both electrodes, the
battery can be recharged by the reverse interaction, i.e.,
discharging mode (anode to cathode), as shown in Figure 1

(4], [5], [6].

The current fabrication of cathode materials is lithium
cobalt oxide (LiC00,), lithium manganese oxide (LiMn,0,,
LMN), lithium nickel manganese cobalt oxide (LiINiMnCo0O,,
NMC), and lithium iron phosphate (LiFe,PO,, LFP).
Whereas anode materials use carbon-based materials such
as graphite, carbon nanotubes, graphene, etc. [2], [7]. In fact,
carbon in the form of graphite is the most commonly used
as an anode material in lithium-ion batteries. The
electrochemical activity of graphite is based on the
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Figure 1. Working principle of a Li-ion battery
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intercalation and deintercalation of Li* ions in its layered
structure [8]. However, the intercalation of Li* ions in
graphite occurs at a potential of ~0.1V vs. Li*/Li. Such a
low potential favors the reduction of organic electrolytes
and leads to the formation of a solid electrolyte interface
(SED) layer on the graphite surface, which results in the
consumption of active Li* ions during its formation and
may act as a barrier to the back-and-forth movement of Li*
ions [9], [10], leading to dendrite formation. During
charging mode, dendrite formation begins at the anode and
continues to the battery's cathode. If dendrite production
continues for a long time, it may lead to significant thermal
runaway in the lithium-ion battery, making it unsafe [11].
Sun et al. also revealed that during lithium intercalation and
deintercalation, a solid electrolyte interface (SEI) film
usually forms at potentials below 0.8V vs Li*/Li [12].
However, advanced Li-ion batteries based on graphite
anode materials are challenging to meet the requirements
of such large-scale, high-capacity applications due to power
density and safety performance limitations. Therefore,
finding other candidates besides traditional commercial
graphite is recommended [13].

In the last decade, significant efforts have been focused on
exploring advanced anode materials with superior
electrochemical properties to replace traditional graphite-
based anodes that may be able to overcome graphite's
limitations. One material that shows promising potential is
lithium titanate (Li,Ti50,,). Several previous reviews have
discussed Li,Ti;0,, anode materials, covering topics such
as structure, battery safety issues, synthesis methods, and
electrochemical performance [9], [12] [1]. However, the aim
of this review is to provide an overview of lithium titanate
and discuss the challenges and improvement opportunities
or methods related to this material, particularly in
investigating the performance of Li,Ti5;0,, and its impurity
dopants as Li-ion batteries anodes.

2. ALTERNATIVE ANODE MATERIAL: Li,Ti50,

Another material that can play a role as an anode and as a
replacement for graphite is lithium titanate (Li,Ti50;,). In
the previous study, spinel Li,Tis;0,, is a type of material
that is commonly used as a battery due to its excellent
performance, reduced risk of dendrite formation (14.; 15)
and is recognised as a safe alternative material [16]. The
structure and specific characteristics of lithium titanate as
an anode material, as well as its properties and applications,
will be presented in the following sections. In addition, a
discussion on battery parameters and lithium titanate
anode performance is also given.

2.1. Structure and Characteristics of Li,Ti;04,

Li,Tis0;, has a face-centred cubic spinel structure with an
Fd3m space group [9], where the octahedral site 16d is
randomly occupied by lithium and titanium, the tetrahedral
site 8a is occupied by lithium only, and site 16c¢ is vacant.
Basically, Li* ions at the initial stage of the insertion
(discharge) process, three lithium ions from 8a will move to
site 16¢c. During the (charging) process, lithium ions are
extracted from site 16¢ through site 8a, and other lithium
ions return to site 8a from site 16¢ [12], [17].
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Li;TisO1,

Figure 2. Structure of Structure of Li,Ti50,, and Li;Ti50,,,
showing no volume change after charge-discharge [19].

Furthermore, it is generally believed that during normal
discharge over 1.0V, Li,Ti;0,, goes through a two-phase
transformation from Li,TizO,, and Li;Tiz0,, (rock salt
structure; space group Fm3m) which leads it to be stable as
shown in Figure 2, with a volume change as shown in Figure
2of only 0.2%, which is negligible, hence referred to as “zero
strain” material [18], [19], [20].

In the following equation, the working principle is that Li*
will diffuse from the electrolyte solution, and then a charge
transfer reaction occurs on the surface of the Li,Tis0;,
particle/electrolyte interface accompanied by electron
acceptance, then Lit will diffuse into the Li,Tis0,, [21].
Whereby one Li,Ti;O;, mole can accommodate 3 mol of
Lit, resulting in a theoretical specific capacity of 165
mAh/g. Since it accommodates 3 moles of Li* during the
charging/discharging process, it will not affect the
structural stability, or it can be mentioned that there is no
irreversible capacity loss during the initial charge and
discharge cycle, and as long as the Li* ion insertion process
occurs, Li,Tis0;, may undergo negligible volume changes
[22], [20], [16].

-
=

Li,Tig0y, + 3LiT +3e” Li;Ti504, 1)
The study by Ohzuku et al. presented the lattice parameter
obtained as a = 8.365A and indicated that the lattice
dimensions also do not change during charge and discharge.
Besides that, due to Li* ions have the same size as the lattice
in the LiyTisO;, structure, which helps maintain the
stability of the Li,Tiz0,, structure with fewer particles
experiencing fatigue during the charge-discharge process. It
shows a flat voltage plateau at around 1.55 V vs. Li/Li%, as
itis considered a two-phase process between Li,Ti;0;, and
Li;Tis0;, [23]. It is well above the voltage for interfacial
solid electrolyte (SEI) layer formation and lithium dendrite
growth (at ~0,8 V), ensuring the battery's safety when in
use (14).

2.2. Properties and Applications of Li,Ti; 0,

Li,Tis0;, is an attractive material with several desirable
properties that can be exploited in various applications.
Li,Tis0,, exhibits a flat voltage profile, as mentioned
earlier, which signifies that its voltage remains relatively
constant throughout most of the charge and discharge
process. This flat voltage characteristic is beneficial as it
prevents overcharging and over discharging, thus
improving the safety and lifetime of Li-ion batteries. In
addition, the intrinsic stability of lithium titanate
(Li,Tis0,,) allows operation in extreme temperatures
(from —50° C to +65° C) without sacrificing lifetime, which
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cannot be achieved by most other lithium cells (14). Further
details on the properties and the factor of Li,Tis0,, are
summarised in Table 1 Besides electric vehicles and grid
energy storage, as previously described, Li,Ti;0,, is also
being considered for new applications. For example,
Li,Tis0,, is being explored in high-power devices, such as
industrial equipment, where safety, durability, and fast
charging are critical. In addition, the stability of Li,Ti50,, in
extreme temperatures and long cycle life make it suitable
for defense applications, such as satellites and unmanned
aerial vehicles (UAVs) [24], [25].

At the same time, compared with other anode materials,
spinel Li,Tis0;, is cheaper and easier to fabricate than
alloy-based anodes and has better electrochemical
performance and higher safety than carbon anodes in
lithium-ion batteries [32]. The comparison between spinel
lithium titanate and other anode materials is shown in
Table 2.

Besides, the formation of SEI and dendrites can be
prevented by Li,Tis0,, material. It should be noted that
Li,Tis;0,, spinel has been widely known to have a lower
theoretical specific capacity of (165 mAh/g) compared to
graphite, which is about 372 mAh/g [45]. This limitation
results in a trade-off between specific capacity and high-
speed capability. Therefore, the choice of Li,Ti;0,, as an
anode material depends on the specific needs of the
application, where safety and high performance are more

important than achieving the highest energy density. At the
same time, researchers have explored various strategies to
improve the performance of Li,TizO,,, with some
approaches through nanostructured, surface modifications
or composites [46], [47], [16].

Nano-sized particles are one of the strategies to improve the
electrochemical performance of electrode material. The
nanostructure can be attributed to the shortened Li*
transport path and enlarged access area of the electrolyte,
so that it has a very fast charge/discharge capability [48]. In
the sample preparation at the micro/nanoscale, it can
improve the electrical conductivity and increase the tap
density, and it is often used to modify the surface of the
Li,Tis0;, itself. In addition, reducing the size of carbon,
rGO, copper, etc., which are highly dispersed on the particle
surface (in the size range of 4 — 200 nm), can improve the
contact between Li,Ti;0;, particles through the wet
chemical route, thereby improving its rate performance.

On the other hand, it was discovered that increasing the
carbon content itself can enhance the rate capability.
However, the higher carbon content in Li,Tis0;,/carbon
nanocomposites is undesirable as it leads to lower tap and
less material in the electrode. Additionally, the nano-sized
composite can be attributed to the shortened Li* transport
path and enlarged access area, which allow the electrolyte
to have a very fast charge/discharge capability [48], [49],
[50].

Table 1. Properties and Applications of Li,Tis0,

No. Properties Factors

Applications References

1. High safety and
thermal stability

It has a stable working voltage of 1.55V,
resulting in no dendrite growth, and Li* ions
have the same size as the lattice parameter.

Electric vehicles, large
stationary power sources

[26], [27], 28]

2. Long cycle life and
high-rate capability

Small volume change, "zero strain,” is the key
factor of their excellent cyclability and high
coloumbic efficiency (nearly 100%) at 1 C.

Energy storage systems, smart
grids.

[29], [14], [16]

3. Wide operating The intrinsic stability of Lithium titanate Electrochemical energy storage [14], [30], [31]
temperatures (Li4Ti504,) allows operation from —50° C to system for renewable
range +65° C, without sacrificing lifetime, which electricity.
cannot be achieved by most other lithium cells.
4. Environmental Non-toxic and cheap Satellites, aerospace and could [27]
friendliness play an essential role in future

clean energy systems.

Table 2. Comparison of performance for other anode materials

Anode Materials Theoretical, Coulombic Efficiency Cycle Stability (cycles) References
Practical Capacity (%)
(mAh/g)
Graphite 372,311 99.16 100 [30], [33]
Graphene 540-945 99.0 20,200 [34], [27], [36]
Graphene Oxide 456 - 200 [37]
Si 3578 - - [38]
Alloy materials: >1000 >95 250-1200 [36], [39], [40]
Germanium (Ge) 994
Sn, Liy,Sns 248
Ag
Tio, 335,314 88 100 [41], [42]
LiyTis04, 150-165 ~100 70,250 [43], [44], [16]
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Another way to improve the electrical conductivity of
Li,Tis0,, is to perform surface modification. Carbon
coating is a common approach for surface modification to
enhance electrochemical performance, including rate
capability and cycle stability. Due to its high electronic
conductivity and good chemical stability, this coating
improves interparticle contact and contributes to forming a
homogeneous SEI layer on the surface of the active
particles, thereby reducing side reactions. As discussed by
Cheng et al. carbon-coated Li,Tiz;0,, improves the surface
electrical conductivity and contact with the electrolyte
solution, leading to significantly enhanced electrochemical
performance; where carbon has access to electrons and Li
ions at every point of the particle surface, it can present
much higher reaction rates than Li,Ti50;,. In this study, it
has also been explained that the optimal condition for
Li,Tiz0,, coating (thermal vapour decomposition TVD
method) is at 800° C, with an Li,Tis0,,/carbon capacity of
160 mAh/g obtained based on the weight of the composite
material, i.e., carbon is slightly lower than Li,Ti;0;, and the
800° C Li,Tis0;,/C sample shows good rate capability,
even at a discharge rate of 24C [21]. Sakai et al. (2020)
prepared Li,Tis0,, powder coated with aluminium fluoride
(AlF3), and placed it in an Ar atmosphere at 400°C for 2
hours. The amount of aluminium fluoride coating was
controlled at 1 and 5 wt% by the weight of Li,Tis0;,
powder. The results showed that at a surface modification
of 5% AlF;-Li,Tis0,, experienced a sharp decrease in
charge/discharge capacity. While at 1% AlF;-Li,Tis0;,
gives a stable discharge capacity of about 160 mAh/g after
50 cycles. Itis due to the surface layer component exceeding
the required amount and partially reacting with the
aqueous solution, which makes it a resistance layer and
inhibits the insertion/deinsertion of lithium ions.
Therefore, the ratio control to modify the surface is also
very influential [51].

Additionally, it is known that conventional Li-ion batteries
consist of electrodes, which can act as electrode composites
because a large amount of binder and conductive additives
are added to the active material with the purpose of the
adhesion of the electrode to the current collector as well as
improving the current collection efficiency. Therefore,
carbon-coated Li,Tis0O,, can also be referred to as a
composite electrode, which has a certain core-shell
morphological structure with a low content of the second
material, usually less than five wt.%. Another advantage of
these composite electrodes is that the second material used
can also act as a support in improving the mechanical
properties of the electrode so that the amount of binder can
be reduced or even completely eliminated, which can
improve the gravimetric energy density, operational safety,
and service life of the electrode because side reactions
between the binder and other additives in the electrolyte
liquid can be minimised or avoided. Furthermore, the
electronic conductivity of lithium-ions can also be improved
[52].

However, it can be said that the current anode materials
make it challenging to meet the above requirements
simultaneously. Therefore, the recent research on anode
materials for lithium-ion batteries focuses on how to
increase the energy storage capacity of materials, reduce
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the irreversible capacity of the first charge, improve cycle
performance and safety, and reduce the cost. Based on the
above study results, it can be seen that the mixing of more
than one material with small-scale particle size can improve
the electrochemical properties of Li, Tis O, itself, compared
to pure Li,Tis0;, (which has a theoretical specific capacity
value of 165 mAh/g). Ultimately, the capability of Li,Tis0;,
as a battery storage application has many factors. In
addition, it is mentioned that the synthesis method
dramatically affects the morphology and electrochemical
performance of the obtained Li,Tis0;, materials. Even the
same material produced by different processes has different
morphology, structure, particle size, and electrochemical
properties. At the same time, using the same preparation
process, the performance of synthetic materials will be
affected by many factors, such as the lithium-titanium ratio,
reaction temperature, reaction time, reaction gas
atmospheric environment, etc. [27]. Each development
method, such as nanostructures, surface modifications, and
composites, has its advantages and disadvantages, and it
can be concluded that the best choice basically also depends
on the specific purpose and conditions. It is important to
carry out further research, characterisation, and
optimisation of each method to ensure maximum
performance improvement and to achieve the expected
results in Li,Tis0,, development.

3. THE IMPURITIES DOPING IN Li;Ti504,

Naturally, impurity doping involves the intentional
introduction of small amounts of elements with different
materials (impurities) into the crystal lattice of a material to
modify its properties. In the context of Li,Ti;0;,, the
researchers investigated the effects of various impurity
dopants on its electrochemical performance as an anode
material for lithium-ion batteries. These dopants can
modify the structural, electron, and ionic transport
properties of Li,Ti50,,, thereby improving the specific
capacity, rate capability, and overall electrochemical
stability. On the other hand, Ezhyeh et al. mentioned that
elemental doping is one of the efficient ways to improve the
performance of Li,Tis0;,. These stimulants work by
changing the bonding strength, local environment of the
lattice, valence state of positive ions, and lattice defects. At
the same time, doping causes changes in the host lattice
structure and creates new defects or gaps. The lattice
structure's resistance to ion migration changes, as does the
ion diffusion coefficient. To improve the electronic and ionic
conductivity of Li,Tis0,,, extensive doping studies have
been conducted, including replacing the tetrahedral Li site
8a, the octahedral Ti site 16d, the O site 32e, or a
combination of these sites. There are several types of
impurity dopants that have been investigated for doping
lithium titanate anodes. A few examples of the types of ions
that can be selected as dopants include metallic doping
(such as Al, Ba, Bi, Ca, Ce, Fe, Cu, etc.), non-metallic doping
(such as Br, F, and N), and co-doping (such as Al/Mg, Al/
Mn, La/F, etc.) [53].

3.1. Impact of Doping on Battery Parameters

However, to assess the suitability of lithium titanate
through doping as an anode material, understanding the
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electrochemical performance characteristics of the
resulting battery is essential. Several parameters in this
assessment need to be known to optimise the design of Li-
ion batteries as an anode and identify areas for potential
improvements, such as specific capacity and rate capability
(C-rate), energy density, coulombic efficiency, and cycle life.

3.1.1. Specific Capacity

Specific capacity is defined as the amount of energy or
electric charge that can be stored by a battery in units of
mass [54], which is measured in, Wh/g or Ah/g, known as
gravimetric energy density. For example, research studies
conducted by Johnson et al. synthesised Li,Ti;0;, anodes
by investigating the specific capacity of a lithium-ion cell. A
specific capacity of 160 mAh/g was achieved mAh/g. This
indicates that the battery could store 160 milliampere-
hours of charge per gramme of Li,Tiz0,, in the anode.
Several studies have highlighted the potential for dopants
to significantly increase specific capacitance [16]. For
example, Zou et al. showed that doping treatment of
Li,Tiz0,, resulted in an increase in specific capacitance,
with capacities ranging from 235.7 mAh/g to 200.8 mAh/g
[55]. Deng et al. also obtained a high-capacity value of 216.4
mAh/g, compared to the capacity of pure Li,Tis0,,, which
is 167.5 mAh/g at 1C, respectively. This increase can be
attributed to the occurrence of structural changes due to the
presence of impurities in the Li,Tis0,, structure itself, as
previously described [33]. A high specific capacity indicates
that the battery can store more energy per unit mass or
volume, resulting in a more durable and higher-capacity
energy storage system [16].

3.1.2. Rate Capability (C-rate)

Rate capability is an important parameter for characterizing
a battery's charge and discharge capability. It refers to the
ability of a battery to provide or receive a charge at a
specified rate without significantly degrading performance.
Charge-discharge capability is often expressed in C-rate and
is used in evaluating current for battery testing or
operation. In theory, 1C-rate refers to the current that
consumes all the capacity within one hour. Batteries rarely
reach their theoretical capacity within one hour due to
polarisation associated with internal resistance, such as
ohmic and electrochemical resistance. Therefore, in
practical applications, the 1C capacitance is usually realised
with a low current density (such as €/10 or €/20), and the
resulting 1C capacitance is used to determine the
corresponding 1C rate. Since a lower C-rate means a slower
charge, each of C/10, C/2, and 1C take 10 hours, 2 hours,
and 1 hour, respectively. The rated capacity can be
determined by the capacity obtained at a high C-rate
compared to the capacity at a low C-rate and is broadly
defined by its theoretical capacity value [56]. The doping of
Li,Tis0;, with specific elements, such as Mo®*, has been
investigated by Maiti et al. to improve its C-rate capability.
This section describes the role of Mo®* doping in facilitating
faster lithium-ion transport within the Li, Tis 0, lattice. The
incorporation of Mo®* ions can modify the structural and
kinetic properties of the material, leading to an
improvement in the rate performance of doped Li,Tis0;,
[57].
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3.1.3. Energy Density

Energy density is often defined as the amount of energy a
battery contains relative to its size, also known as
volumetric energy density. Energy density is typically
measured in Wh/L or Ah/L. To increase the volumetric
energy density, the amount of inactive material must be
minimized so that more active material can be incorporated
into the electrode at a fixed volume. In particular, the
amount of electrolyte must be reduced to a level that does
not damage the electrochemical performance at the
electrodes. However, compared to gravimetric energy
density or specific capacity, volumetric energy density is
more difficult to calculate because the electrode density is
determined by the active and inactive redox materials [58].

3.1.4. Coulomb Efficiency

Coulomb efficiency is one of the most important
characteristics to recognise, as it can indicate the ratio of the
discharging capacity to the charging capacity of a particular
electrode in a cell. The ideal coulomb efficiency value is
100%, which means that every lithium-ion that leaves the
cathode in a fully charged state can return to the cathode in
an empty state. However, in each cycle, some lithium is
consumed due to side reactions trapped in the SEI
formation. For example, Li,Ti;0,, material has a higher
working voltage of 1.55V, which is far above the SEI
formation and lithium dendrite growth, thus ensuring the
safety of the battery during use, as mentioned earlier. A high
coulomb efficiency is essential for the long-term stability of
lithium-ion batteries, especially for applications that
require long life and consistent performance, as obtained by
Xu et al. in which the coulomb efficiency can remain stable
at >=98% after 1000 cycles [59]. Normally, the standard
service life of energy storage equipment in the electric
vehicle industry is 80%. Therefore, it is crucial to consider
the experimental factors that must be controlled to
precisely measure the coulombic efficiency during charging
and discharging [60].

3.1.5. Cycle Life

Cyclability is a measure of how often the electrode material
maintains its original capacity during cycling. Galvanostatic
charge/discharge is the standard method for evaluating
cycling stability. Excellent cycling performance necessitates
active materials with high structural stability against
electrochemical strain and volume changes, as well as a
stable electrolyte-electrode interface that allows reversible
ion transfer at each cycle without lithium loss, which is
related to their coulombic efficiency value [54]. A recent
study by Deng et al. showed excellent cycle stability, with
capacity remaining high (180.6 mAh/g) even after 500
cycles. In addition, the coulombic efficiency of Cu-doped
Li,Tis0,, almost always reaches 99.9%. It is explained that
this is due to the Cu?* doping, which can create abundant
oxygen vacancies, thus storing excess lithium ions and
improving electronic conductivity with low charge transfer
resistance. Another factor is the sample's porous structure,
which has a large specific surface area [61]. Besides, 0.V. et
al. on the synthesis of germanium-doped Li,Tis0;,
(LiyGeyTis_,0,5,). The investigation showed that
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germanium doping of Li,Tis0,, effectively increases the
lifetime of Li-ion batteries. The incorporation of germanium
into the Li,Ti;0,, lattice does not cause any stress or
deformation in the Li,Ti;0,, lattice, so germanium can
facilitate the diffusion of lithium ions and also improve the
ionic mobility. This germanium doping process reduces the
stress on the material during charge and discharge cycles,
which contributes to increased lifetime [62]. It is also
known that a stable SEI plays an essential role in achieving
high initial Coulombic efficiency. A greater coulombic
efficiency indicates a longer battery life cycle [63].

3.2. Impact of Various Dopants on Anode Performance

The introduction of dopant impurities into the lithium
titanate lattice can have various effects on its performance
as an anode material. In the following section, various types
of impurity dopants used in lithium titanate anode
materials have been investigated, and some other studies
are listed in Table 3.

3.2.1. Metallic Doping

First of all, in the study of F. Li et al. the preparation of Mg-
doped Li,Tis0;, (nanoparticles, 200 nm) was carried out
with a solid-state reaction route at 800° C for 8 h in water.
This study aims to determine the effect of nano-sized
materials and Mg2?*tdoping on the electrochemical
performance of Li,Ti;0,,. However, a charge-discharge
cycling test and EIS analysis were performed to study their
electrochemical performance. The test results show that the
dopedLi,Tis0;, has excellent electrochemical performance,
having obtained an initial discharge capacity of 190 mAh/g
at 1C and even after 100 cycles at 5C, it still produces a
capacity of 150 mAh/g. While the undoped electrode only
showed a discharge capacity of about 134 mAh/g. Thus, the
Mg-Li,Tis0,, electrode obtained from the solid-state
reaction method can be considered a promising anode
material for high-performance Li-ion batteries [75].

In addition to Mg?*, Priyono et al have also doped
LiyTisO,, with Ca?* to improve the performance of
Li,Tis;0;, anodes. In this study, the solid-state method was

also applied to form Li,_,Ca,Tis0;, (with x=0, 0.05, 0.075
and 0.125). The characterisation of the Li,Tiz0,, by XRD
showed that the Ca dopant was successfully inserted into
the Li,Tis0,, structure. As a result, it was found that Ca
doping can improve performance at a high C level, and the
best performance was shown by Li; gsCa, ¢75Tis0,, with a
discharge capacity of 30.2 mAh/g at 12C, along with the
increase of electronic conductivity and the decrease of
particle size to shorten the diffusion distance [47]. Further
analysis of Li,Tiz;0,, performance enhancement by doping
was also carried out by [62], which pure Li,Tis0;, and Ge**
doped Li,Ti50,, were successfully synthesised in the form
of Li,Ge,Tis_,0;,; x = 0.1 and 0.2. Generally, germanium
has intrinsic electrode properties such as charge carrier
mobility and excellent lithium-ion diffusivity. Therefore,
when it acts as a dopant, Ge can improve the
electrochemical properties of Li,Tis0;, itself. Doping
mechanisms generally use smaller amounts of dopant
materials. In this study, Ge** doping was also carried out via
solid state at 950° C in the air for eight hours (with ethanol
as solvent). The electrochemical characterisation results
show that the doped Li,Tis;0;, can increase its capacity
compared to pure Li,Tiz0,,. The best doping composition
results were obtained with Li,Gey1Tis40;,, with x = 0.1.
The addition of germanium can effectively reduce the cell
impedance and improve the diffusion of Li* ions, producing
capacities of 159 mAh/g and 145 mAh/g at 0.1C and 1C,
respectively, after 300 cycles.

On the other hand, Deng et al. synthesised Cu-doped anode-
based Li,TisO,, with a porous structure. The Cu-doped
Li,Tis0;, was prepared via a facile synthesis-from-solution
(DSS) route assisted by freeze-drying. The resulting Cu-
doped Li,Tis0;, exhibited good cycling performance and
rate capability, providing a stable capacity of 180.6 mAh/g
at 10C and even after 500 cycles [67], and the study of
Noerochim et al. showed that Li,Tis0;, doped with 0.2 mol
iodide exhibited greatly improved lithium ion diffusion
ability and ion conductivity compared to pure Li,Ti50;,. It
is due to the opening of larger pathways in the crystal
structure of Li,Ti50;,, and at the same time, it is found that
lithium iodide-doped Li,Ti50;, has no significant effect on
the size and shape of Li,Tis 0;, particles [30].

Table 3. Electrochemical performance of different doping in Li,Ti50,, matrix

at 1C after 100 cycles

Doping species Performance Remarks References
Nb>* 119.4 mAh/ g at 5C with 500 cycles; Good capacity retention rate and cycle stability, [64], [65]
164.7 mAh/ g at 1C after 200 cycles especially at low temperature
Lanthanum (La) 164.7 mAh/g at 0.5C; 206.9 mAh/g Almost did not have the initial capacity loss; high rate [66], [67]

capacity and cyclic, large-scale applications such as

electric vehicles

Iron (Fe) 110 mAh/g at 1C;
100 — 125 mAh/g;

192.1 mAh/ g after 100 cycles

Good Li-ion insertion/extraction; high coulombic

[68], [69], [70]
efficiency of approximately 100%

Sodium (Na) 135 mAh/g at 5C after 200 cycles

Excellent cycling and safety [71]

Bromine (Br) 125 mAh/g at 1C; 133 mAh/g at 1C;

150.2 mAh/gat 1C after 50 cycles

Fast electronic and ion transmission, high-rate
capability; higher cyclic stability than pristine

[72], [73], [74]

Li,TisOq,
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3.2.2. Non-metallic Doping

In this research, the modified doping effects of non-metallic
elements (F,Cl,Br,I,C, and N) on Li,Tis0,, electrode
materials have been explored respectively. It is found that
each doping has different modification advantages. In terms
of changes in Li,Ti50;, structure and in terms of changes in
Li,Tis0;, electrochemical performance. Br dopants
performed best in increasing the unit cell volume of
Li,Tis0;, and resulted in greater capacity and rate
performance of lithium titanate batteries than doped with
Cl and I at 0.1C 164.5 mAh/g, 0.5C 162.3 mAh/g. On the
other hand, C dopant significantly reduced the particle size
and agglomeration between Li,Ti;0,, particles, which
made it capable of effectively reducing the charge transfer
resistance compared with pure Li,Ti;0,,. Meanwhile,
N dopants form an oxygen gap and a small amount of TiN
metal structure, which can greatly improve the high-level
performance of Li,Tiz 0, (up to 4.1%) compared with pure
Li,Tis;0;,. Meanwhile, doping with F also results in high
capacity and rate performance of Li,Tis0;, batteries
compared to doping with Cland I. More details, the
comparison of charge and discharge capacity, and cycling
performances can be seen in Figure 3.

The overall results show that C, N, and Br dopants play an
important role in improving the electrochemical
performance of different Li,Tiz0,,. These three dopants
can induce different Ti3* active sites, narrow the band gap,
and facilitate electron transport in the Li,Tis;0;, grid. This
research shows that in optimising the electrochemical
performance of Li,Tis0,, it is very important to consider
the properties of the material to be used such as the
morphology, crystal structure, and electron structure of
Li,TisO;, that match the properties of non-metallic
materials [76].

In another study, N-doped Li,Ti;0,, was produced by
thermal decomposition of Li,Ti;0,, and melamine. As a
result, surface modification of Li,Tiz0,, (LTON12) with a
certain change of N can improve the electronic conductivity
and diffusivity of Li ions compared with pure Li,TisO;,.
After 500 cycles in 5C, the N-doped sample yields a capacity
of about 124 mAh/g with a high-capacity retention of
89.1%, while the undoped sample (pure Li,Ti50;,) is about
43.7%. In fact, at 100C with a constant discharge rate of 1C,
LTON12 still has a capacity of 74.3 mAh/g. This excellent
electrochemical performance of N-doped Li,Ti;0;, is
attributed to the thin TiN layer on the particle surface [77].
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3.2.3. Co-doping

The Al/Mn material was used to dope Li,Tis0,, and
prepared by a solvent-thermal method. In this study, it was
reported that the first cycle at 0.1C had a specific capacity of
240.1 mAh/g, and even after 100 cycles, the specific
capacity only decreased by about 4.9% and still maintained
a high capacity of 223.1 mAh/g. Furthermore, at different
current levels from 0.5C to 7C, the specific capacities of
Li,Tis0,,-Al/Mn were still high, ranging from 235.7 mAhg*
to 200.8 mAh/g. When the C-rate returned to 0.5C, the
samples showed capacities between 200.8 mAh/g and
218.73 mAh/g. After the high C-rate cycle, the capacity
decreased to only 14.8%. This means that even after many
cycles the sample has successfully produced a high capacity.
High-speed performance plays a key role in the charging
and discharging rate, which is one of the most important
electrochemical characteristics of Li-ion batteries. In
addition, the high-speed stability of the cycling performance
is essential for the fast charging and discharging process.
This is attributed to the Li* migration in the two-phase
phenomenon of Li,Tis0;,, namely in Li,TisO;, and
Li,Tis;0;, phases during the charge/discharge processes.
This study also mentioned that Li,Ti5;0;,-Al/Mn has faster
Lit insertion and extraction as well as better
charge/discharge kinetics compared to other samples such
as pure Li,Tis0;,, Li,Tis0,,-Al and Li,TisO;,-Mn. This is
evident based on the characterisation, which shows that the
Al and Mn doped CV curves are sharper and higher (Figure
4 (a) than the other samples [55].

Zhang et al. [78] also doped Li,Tis0,, by the sol-gel method
from elemental materials such as Na* and Br ™~ to determine
the effect of co-doping on the structure and electrochemical
properties of Li,Tis0,, itself. It was found that codoping
(xNaBr — Li,Tiz0,,, where x = 0, 0.03, 0.04, 0.05 and 0.06)
was able to maintain the spinel crystal lattice by producing
a more uniform phase and smaller particle size based on
morphological and structural characterisation. The reduced
particle size can be advantageous for effective electrolyte
penetration. Each dopant has its own properties, including
Na*dopants on Li sites, which can increase the lithium layer
spacing and promote Li* migration. While the Br~ dopant
on the O site is able to form covalent bonds with Ti and
improve structural stability. In addition, with the addition
of the Na/Br elements, this composite is able to provide an
increase in high discharge capacity and is also able to reduce
its current resistance value compared to no dopant/pure
Li,Tiz0,,. The performance test is shown in Figure 4 (b)
using EIS characterisation. The test results show that Na/Br
0.05 has the lowest charge transfer resistance of about
151 Q compared to other samples and has the best
electrochemical performance of about 490.2 mAh/g and
243 mAh/g at 0.2C and 10C, respectively.

Zhang et al described related EIS plots in which the
semicircle in the high frequency region represents the
material's charge transfer resistance, and the upright
straight line in the low frequency region represents the
diffusion of lithium ions in the electrode material [78].
However, the nyquist plots produced were seen to have
skewed plots. This is probably due to the electrode surface
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irregularity on the sample as mentioned by Hansika (2019)
in [78].

Impurity dopants can be incorporated into the lithium
titanate lattice to induce various effects on its performance
as an anode material. By understanding the effects of
impurity dopants, researchers can advance the
development of high-performance Li,Ti;O,, anode
materials for next-generation lithium-ion batteries. Based
on previous research, each dopant causes unique changes to
the properties, structures, and performance of the
respective material, thus allowing Li,Ti;0,, to be
customised to specific application needs, in particular to
improve the conductivity, cyclability, and stability of
Li,TisO;, as an anode material for high performance
lithium-ion battery applications. Therefore, it is very crucial
to consider the properties and characteristics of each
material to be used in doping Li,Ti50,,.

4. MECHANISMS OF DOPANT EFFECT ON Li,Tis04,
ANODE PERFORMANCE

4.1. Authors Lattice Structure Changes

One of the main mechanisms that can affect the
performance of Li-ion batteries on a doped anode is the
occurrence of changes in lithium-ion diffusion kinetics or
changes in lattice parameters within the anode material.
Essentially, doping introduces foreign elements into the
crystal lattice of the anode material, and this can have a
significant impact on how lithium ions are transferred and
stored during charge and discharge. Doping the anode
material with impurity elements can introduce defects or
voids within the crystal structure itself. These voids will
provide additional sites or pathways for lithium-ion
diffusion. Conversely, some dopants can disrupt the normal
arrangement of atoms in the crystal lattice, creating an
energy barrier that prevents the diffusion of lithium ions.
These barriers can cause a delay in the movement of lithium
ions, which can affect the battery's energy capacity. In
addition, dopants that significantly change the electronic
band structure of the anode material can affect the electrical
and ionic conductivity, further affecting the flow kinetics of
lithium-ion distribution. In addition, the concentration of
dopants plays an important role in determining the effect of
dopant concentration on anode performance. In the
relationship between lattice strain and dopant
concentration, low dopant concentrations can cause local
changes that do not significantly affect the diffusion
dynamics of lithium ions, while high concentrations can also
cause significant changes, such as the overall lattice strain
becoming larger over the entire region and showing a
decrease in resistivity. In addition, changes in lattice
parameters are also caused by the difference between the
ionic radii of the two species (i.e.,, donor and acceptor),
external pressure, and temperature variations. Suppose a
dopant enters the lattice to be doped (e.g. Li,Ti50;, in this
case), then the system becomes more distorted, which
ultimately leads to the introduction of strain into the matrix
and causes the induced lattice to undergo strain
deformation [79], [80].
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Figure 4. (a) Results of the comparison of the CV curves for pure LTO, LTO-Mn, LTO-Al and LTO-Al/Mn samples; (b) Comparative EIS
characterisation results for pure LTO NB1-LTO, NB2-LTO, NB3-LTO and NB4-LTO [55], [78]

The effect of doping on the Li,Ti50;, lattice structure,
particularly cobalt doping, is a complex and multifaceted
phenomenon. It involves lattice expansion, changes in
interatomic distances and phase transitions, all of which
have a direct impact on the electrochemical performance of
Li,Tis;0;, as an anode for lithium-ion batteries. By tuning
the lattice structure, doping can improve lithium-ion
diffusion dynamics, electronic conductivity and ultimately
the overall performance of Li,TisO;, in lithium-ion
batteries. Doping's multiple effects on the lattice structure
highlight its importance for further development of energy
storage technology [81].

In general, by providing different dopants into Li, Ti or O
sites, it will provide an increase in the lattice parameters of
the sample and be able to increase the concentration of
lithium ion migration. Therefore, doping treatment can
increase the spacing of the lithium layer, which is conducive
to enhancing Li* migration, thereby reducing the free
energy and obtaining higher lithium ion conductivity [78].
However, dopant ions can be doped simultaneously on Ti
sites and Li sites at the 16d position, which may complicate
the mechanism of doping effects in electrochemistry.
Simultaneous substitution of Li* and Ti** by high-valence

cations will lead to excessive void formation. Although this
may increase the lithium storage capacity of the battery, the
excess lithium-occupied voids disrupt the "zero-strain”
structure of Li,TisO,, and reduce the cycle rate and
performance of Li,Tis0;,. Overall, each type of dopant has
a positive effect on the electrochemical performance of
Li,Tis0;, (as per the research presented above) [82].

As performed by Kim et al. in studying the effects of Zr**
doping in Li,Tis;0;, nanofibres on the lattice, electronic
structure, and electrochemical properties of Li-ion
batteries, it was found that the fibre dimensions and
electronic structure upon Zr** doping in Li,Tis0,, lattice
were almost unchanged. However, the given doping is able
to increase the average lattice constant and diffusion
coefficient of Li*. Based on Rietveld refinement, the
estimated average lattice constant is about 8.360 A for
Li,Ti50;,, and increases to 8.361 A-8.362 A for Zr-doped
Li,Tis0;, (with illustration as shown in Figure 5). This
increase is due to an increase in Li* diffusivity due to lattice
distortion (expansion) as a result of Zr** doping rather
than changes in the electronic structure affecting the
electronic conductivity. By accommodating a small portion
of Zr** ions on Ti** sites in the Li,Tis 0,, lattice structure.

©
’.
©

Figure 5. Illustration of lattice distortion in Li,Tis0;, 1D spinel nanostructure doped Zr** [83]
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The lattice expansion of Li, Tis0;, through the substitution
of Ti** with Zr**, an ion with a relatively large ionic radius,

may have the benefit of facilitating and rapid
intercalation/deintercalation of lithium ions during
lithium-ion diffusion. These findings provide clear

evidence that there is a relationship between structural
changes and improved electrochemical performance
caused by Zr** doping. As a result, Li,Tis0,, doped with
Zr** is able to improve its electrochemical properties in
the form of specific capacity, rate capability, and cycling
properties when compared to undoped nanofibers [83].

4.2. Surface Effects and SEI Formation

In fact, stable SEI (solid electrolyte interface) formation
initially plays an essential role in rechargeable batteries,
protecting the anode from solvent decomposition at high
negative voltages and enabling the design of batteries
operating at high voltages beyond the "voltage window" for
the electrochemical stability of the electrolyte. However, if
SEI formation continues and is maintained during battery
operation, it will become unstable and form a solid layer on
the surface of the active material. This can lead to a
continuous loss of lithium, rendering the Li-ion battery
unusable. Thus, the formation of SEI at the
electrode/electrolyte interface significantly affects the
capacity and cycling stability of anode materials [84].
Dendrite growth results from the inhomogeneous
precipitation and dissolution of Li metal, which is
associated with the formation of an unstable SEI between
the Li metal and the electrolyte [85]. As mentioned above,
dendrite formation can cause significant thermal runaway
in Li-ion batteries, making them unsafe [11].

The studies by Wang et al. found that electronic and ionic
conductivity determine electrochemical performance and
have a strong influence on dendrite growth. In these
studies, it was mentioned that one way to suppress
dendrite formation is to use electrolyte materials with high
ionic conductivity so that only lithium-ion transfer takes
place. Meanwhile, the electrical conductivity is
recommended to be low/blank, with the purpose of having
no electrons moving through the electrolyte liquid [86].
Furthermore, Goodenough & Kim have reviewed several
types of electrolytes in Li batteries, namely electrolytes
that meet the criteria of lithium-ion battery electrolytes,
namely having an ionic conductivity above 10~ mS/cm
and a low viscosity [87]. Although Li,Ti;0,, is a safe and
stable anode, it unfortunately has a modest specific
capacity value, and its use as an anode material requires
the identification of a cathode with a better match. In this
case, LiFePO, cathodes and Li,TisO,, anodes have
demonstrated safe and fast charging and discharging.
Interestingly, in the research of Putra et al they have
successfully overcome the problem of SEI formation and
rateability with a very simple method, namely modifying
graphite anode material with Na-Li,Ti;0,, composite
through the addition of 4 wt% NaCl salt in the preparation
process. In addition, Na-Li,Tiz0,,-doped graphite can
improve Li-ion kinetic diffusivity and stability with only
1wt% Na-Li,Tis0,, composite. This is evidenced by the
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high initial charge capacity test results at 0.1C of 356.69
mAh/g, and even a stable discharge capability of 264.64
mAh/g and 220.65 mAh/g at 0.2C and 1C respectively
[88].

5. CONCLUSION

Li,Ti;0,, is an alternative to graphite as an Li-ion batteries
anode material due to its attractive properties such as zero
strain, long cycle life, good thermal stability and ability to
operate at extreme temperatures. Li,Ti;0;, has brought
significant progress and enormous potential in various
applications (mobile phones, laptops, cameras, etc.).
Recently, Li,Tis;0;, has been explored for its application
properties and use in high performance devices such as
industrial equipment requiring safety, durability and fast
charging for satellites and unmanned aerial vehicles
(UAVs). Unfortunately, Li,Tiz0,, is notorious for its low
theoretical specific capacity (165 mAh/g). Therefore, in
order to further improve performance and tailor
properties for specific applications, impurity dopants have
been investigated as a means of modifying the performance
of Li,Ti50,,. Throughout this review, it has been found that
doping Li,Tis0,, can on average improve Li,Tiz0;,
performance (such as specific capacitance, rate capability,
energy density, coulomb efficiency, and lifetime) compared
to pure Li,Tis0,,. Doping is one of the most effective ways
to improve the functionality of Li,Ti;O,, as an anode
material with the best results. Each type of dopant causes
unique changes to the material's properties, structure, and
performance, allowing Li,Ti;0,, to be tailored to specific
application requirements. It is therefore very important to
consider the properties and characteristics of each
material to be used in doping Li,Tis0;,. By modifying the
lattice structure, doping can improve lithium-ion diffusion
dynamics, electronic conductivity, and ultimately the
overall performance of Li,Tis0,, in lithium-ion batteries.
The different effects of doping on the lattice structure
highlight the importance of doping for the further
development of large-scale energy storage technologies.
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