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The technological improvement of lithium-ion battery (LIB) has been the center of research attention in the field
of rechargeable batteries. This work reports investigation on prospects of lithium titanate oxide (LTO) nano-
particles as anode material in LIB via density functional theory and ab-initio molecular dynamics (AIMD)
stimulations. The first study on effects of size variation and doping of carbon via AIMD simulations in LTO
nanoparticles is studied here to explore the anodic properties of the material on the basis of structural properties,
electronic characteristics, thermal stability, storage capacity, lithiation energy, and diffusion kinetics. The doping
appeared to increase the storage capacity of LTO from 175 mAhg ™" to 1057 mAhg ™! which points to practicality
of the material as anode in LIBs. The open circuit voltage is found as 3.08 V, 3.40 V, 2.70 V and 0.70 V for 1.2 nm,
1.5 nm, 3.4 nm and carbon doped nanoparticles respectively. CI-NEB simulations are carried out to study the
migration paths of Li and vacancy in the host structure indicated low energy barrier of 0.86 eV for 1.2 nm, 0.75
eV for 1.5 nm and 0.45 eV for the doped structure, respectively. Furthermore, the MD simulations indicate the
diffusion coefficient as 4.3x10~'2 mz/s, 5.0x107 12 mz/s, 0.83x10" 2 m?/s and 1.72 x10~® m?/s for 1.2 nm, 1.5
nm, 3.4 nm and doped 3.4 nm respectively. The calculated values of ionic conductivity of LIBs are 5.32 x 103
Sm™,0.19x1072Sm ™}, 9.32x 102 Sm ™! and 7.33 x 10~ Sm™? for 1.2 nm, 1.4 nm, 3.4 nm and doped 3.4 nm
respectively.

1. Introduction energy storage device [4,5]. The versatility and low cost of LIBs make

them a major contributor to the global clean energy revolution but with

The global energy sector is undergoing a major transformation via
replacement of fossil fuels with renewable and sustainable energy
sources to fulfil the worlds energy demands [1,2]. The energy demand is
estimated to increase by 50 % by 2050 due to which the production of
high performance energy storage systems has become inevitable [3]. In
this regard, rechargeable batteries are proved viable solutions to power
the electronic devices and electrical vehicles. The commercially avail-
able metal ion batteries include LIBs, magnesium ion batteries (MIBs)
and aluminium ion batteries (AIBs). The current technology related to
LIBs offers up to 95 % discharge permissible making them suitable for
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the surging demand of high performance anode materials, the existing
limitations in LIB technology have also became more prominent (see
Table 1).

The search of appropriate anode materials offering suitable physical,
and chemical properties along with high storage capacity for use in
multivalent batteries is still in progress. The currently available LIBs
mostly rely on graphite anode which exhibits theoretical capacity of 372
mAhg~! which is deficient when future energy needs are taken into
account [6]. The theoretical storage capacity of 4000 mAh/g has been
reported in case of silicon based anode material in LIBs [7]. However, its
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Table-1
Comparison of key parameters of emerging anode materials for battery
applications.

Anode materials Theoretical Diffusion Stability Reference
(Battery type) Specific Capacity Barrier (eV) (DFT/
(mAh/g) AIMD)
o-Graphyne (Na- 279 0.23 High [23]
ion) (AIMD)
PsCs Monolayer 590.5 0.019 High [24]
(Na-ion) (AIMD)
B,C Monolayer 796.9 0.07 High [25]
(K-ion) (AIMD)
B-doped 560.67 for Li - High (DFT) [26]
Biphenylene 934.45 for Na
(Li/Na-ion)
Zr,N MXene (Ca- 1034 0.076 High [27]
ion) (AIMD)
o-SiN (Li-ion) 956.16 0.30 High [28]
(AIMD)
a-SiP (Li-ion) 733.66 0.16 High [28]
(AIMD)

stability is compromised due to large volume expansion of about 400 %
during the lithiation process which causes unaffordable mechanical
degradation [8,9]. Similarly, the tin oxide-based anode materials have
gained spotlight with high storage capacity of 790 mAh/g but its large
volume changes during charging and discharging cycles cause early
degradation which limits the stability of battery. The alternative mate-
rials like transition metal oxides, and niobium-based anode materials
have also been inspected in this regard but despite their stability, the
poor Coulombic efficiency, low conductivity, and scalability problems
are yet to resolve [10-12]. The usage of SnO nanoparticles in potassium
ion batteries facilitated ionic transport in the electrolyte to produce the
storage capacity of 231.7 mAh/g at 1 A/g after 400 cycles [13]. The
utilization of SrRuO3 and B4C3 as an anode in multivalent-ion batteries
has exhibited excellent transport characteristics with high capacity but
high costs due to fabrication issues make it economically challenging for
use in practical applications [14-16].

The conventional anode materials used in LIBs exhibit various
challenges including limited cycle life, thermal runaway, and lithium
plating at high charging rates, which restrict the electrochemical per-
formance of the battery. In order to overcome these challenges, more
focused research efforts are needed to obtain high-performance anode
materials. Among all the promising anode candidates, lithium titanate
oxide (Li4TisO12) has grabbed attention owing to its unique properties
including “zero-strain” characteristic during lithiation and delithiation
which ensures exceptional structural stability and long cycle life [17].
These properties enable Li4TisO;5 (known as LTO) to endure thousands
of cycles without major decay while the traditional graphite anode is
prone to degradation over time. In addition to that, the higher operating
voltage (1.55 V vs. Li*/Li) of LTO alleviates the risk of lithium plating
making it suitable for large-scale applications and reducing the chances
of thermal runaway [18].

The high rate capability of LTO makes its way into applications like
electric vehicles and grid energy storage systems by providing extremely
fast charging and high-power delivery [19]. The capability of LTO to
perform in both high-temperature and low-temperature environments
makes it more appealing than traditional graphite, which exhibits slow
kinetics at low temperatures and decomposition of electrolyte at high
temperatures. The durable spinal structure of LTO demonstrates its
compatibility with multivalent ions (e.g. Zn+2, Al+3, and Mg+2), making
it potential candidate for future multivalent ion batteries [20]. More-
over, the significant improvement in coulombic efficiency of LTO is
primarily attributed to the reduction in the formation of solid-electrolyte
interface (SEI) layer. Futhermore, LTO is advantageous due to its
non-toxic nature from the environmental and economic perspective and
longer lifespan which provide low maintenance benefit and longer ser-
vice life that compensate its initial higher cost. By combining these
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characteristics with high power density and minimal volume expansion
during charging and discharging cycles, LTO is an ideal choice for
high-performance, low maintenance and fast charging applications of-
fering added stability and safety features [21]. However, despite the
mentioned attractive material features, the LTO based anode faces
challenges due to its low electronic conductivity, moderate lithium-ion
diffusion kinetics, and low theoretical capacity of 175 mAh/g [22].

The research activities are in progress to increase functionality of
LTO by material modification strategies including doping, alloying,
surface reconstrution, formation of nanoclusters of different sizes and
morphology. DFT and AIMD calculations are helpful to predict and
assess new competitors for high-performance anode materials beyond
graphite and silicon. Recently, several efforts have been made in
investigating two-dimensional (2D) materials, heterostructures, and
doped materials for a variety of ion batteries such as lithium, sodium,
potassium, magnesium, and calcium systems in order to increase specific
capacities, reduce barriers to diffusion, and improve stability [23-28].
The development of new materials appeared to offer improved proper-
ties when compared to the conventional graphite and silicon. PsCg and
B>C show low diffusion barriers and thus quicker charge/discharge rates
[24,25]. In addition, many of these new materials maintain structural
and thermal stability under operational conditions, which gives them an
advantage over silicon, which undergoes large volume expansion. The
comparison of key parameters of emerging anode materials is provided
in the Table 2.

The doping of carbon in experimental settings has been found useful
to optimize the electronic conductivity and stability to promote the
charge transfer and prevent the agglomeration of particles [29-32]. In
contrast, this work offers the dual staretegy of carbon doping and the
reduction of size of LTO to nanoscale which helps in in shortening Li™
diffusion pathways by increasing the electrode-electrolyte contact area
[30,31,33-36]. LTO is spinel material which holds substantial market
presence after graphite due to its good cycle, solidity, rate potentiality
and protection not only with conventional but also with low tempera-
ture electrolytes [37]. It can be used as an excellent anode material
whose structure can naturally sustain during the Li-intercalation and
de-intercalation to ensure a long cycle stability [38]. Hence, the LTO
based anode enhances the structural stability of multivalent batteries
providing more intercalation potential than conventional graphite
anode (0.1-0.2V against LiT/Li) and prevents thermal runaway of the
battery [39].

The pathways for optimizing the anode materials by understanding
the role of size-dependence and doping on utilization of LTO can be
exploited to improve the current status of LIBs. This research addresses a
crucial gap in anode materials field by investigating the combine effect
of doping and size reduction in LTO nanoparticles for use as anode in
LIBs. The work involves comprehensive analysis of structural, elec-
tronic, and electrochemical properties of LTO nanoparticles via first
principles-based calculations. The findings of this work highlight the

Table-2
The calculated parameters of the C doped LTO as anode material and compar-
ison with literature.

Anode materials Capacity Open circuit Energy Reference
(mAh/g) Voltage (V) barrier
(eV)
C-Li4Tis0Oq 2 (for 1057 0.70 0.45 Current
LIBs) work*
Green phosphorus 288.4 2.07 0.14 [60]
(GP) (LIBs)
AlP (LIBs) 924 0.56 0.38 [61]
TiB4 (LIBs) 2353.2 - 0.24 [62]
GeP3 (LIBs) 648 0.4 0.5 [63]
Covalent triazine 925.99 0.51 0.65 [64]
framework (LIBs)
TiCs (LIBs) 1916 0.26 0.25 [65]
WCj, (LIBs) 577 0.65 0.55 [66]
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potential of this approach to overcome the limitation of low storage
capacity in the conventional anode materials, while offering new strat-
egy to develop novel anode materials in LIBs. This study contributes to
the existing knowledge to address the future demands related to
dependable, sustainable, and more efficient energy storage tools.

2. Computational details

The work was carried out using Reaxff module of Amsterdam density
functional (ADF) to examine Li4TisO15 as an anode material for use in
LIBs. The base material of LTO contained spinal-like framework with
monoclinic structure and C2/c space group containing three inequiva-
lent Li T sites with tetrahedral and octahedral coordination and three
Ti** sites with octahedral coordination [40-42]. The unit cell of the base
material was fully relaxed with ‘none’ periodicity and the optimized
structure was converted into zero-dimensional supercell in the form of
nanoparticles having size of 1.5 nm containing 84 atoms. The primitive
unit cell containing 42 atoms was constructed by reducing the size of
1.5 nm-1.2 nm cluster and optimized using Reactive Force Field method
to ensure the structural stability. Similarly, larger cluster of 3.4 nm in
length was obtained by constructing the supercell having 672 atoms.
The structure was optimized using convergence criteria 1075 ev,
gradient convergence criterion was 0.001 eV/A while keeping the step
convergence at 0.01 A. The LTO was investigated in the form of nano-
particles having different sizes including 1.2 nm, 1.4 nm, 3.4 nm. The
thermal stability of the nanoparticles was investigated via ab initio
Molecular Dynamics (AIMD) simulations. A Nose-Hoover Chain ther-
mostat with a step size of 0.25 fs and 100,000 steps was used in the
AIMD arrangement. To maintain the total angular momentum of the
system, the chain length was fixed at 10 with time constant of 0.5 fs over
the temperature range of 300 K, 500 K, 700 K, and 900 K. The geometry
optimization of the nanoparticles was performed to investigate the
intercalation energies of Li-atoms at different symmetry sites via
ensuring the exothermic conditions engaged in the intercalation of
Li-atoms. Meanwhile, the energy involved in intercalating Li into the
host material Li4TisO12 nanoparticles is calculated using equation (1).

Eintercatation = Ex,Liatiso12 — N X Ex — Epjatiso12 (€Y)

The value Eircaaion denotes the intercalation energy of Li atom
placed into the host structure, Ex,iismiso12 indicates the energy of
intercalated host LisTisO12, X represents Li, n represents the number of
Li atoms involved in simulations, and Eji1is012 points to the optimized
energy of the pure Li4TisO;2. Equation (1) can be used to determine the
adsorption energy by systematically introducing the Li atoms into the
host system. The reaction is considered favorable only if the adsorption
energies show negative values indicating an exothermic reaction.

The storage capacity is calculated using equation-(2).

n*z*F

Cu=——""— 2)
M Muiarisorz

Where F represents Faraday’s constant, n represents the number of Li
atoms involved in the simulation, z indicates the valance number (z = 1
for Li), and Myistis012 denotes the mass of Li4TisO12 in the denominator
of the equation-(2).

The open circuit voltage (OCV) provides primary information for
evaluating the electrochemical performance of any anode material.
Equation-(3) is used to determine the value of OCV.

OCV ~ Ex ,tiatiso12 —Exviatisorz — (M2 — M)y 3)
z(ny —my)e

Where Ex,,Li4iso12 and Ex,,Listiso12 are the optimized energies associ-
ated with the intercalated host materials having ny and n; concentration
of Li. py, e and z denotes the chemical potential of guest atoms and
electronic charge and the valence number (z = 1 for Li), respectively
[43].
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The energy barriers faced by the intercalating atoms in the host
structure were computed by using the nudged elastic band (NEB) sim-
ulations which are used to model the diffusion process. This information
is used to understand battery’s charging and discharging rates. The
intercalation processes insights were developed by examining the
movement pathways of Li within the host structure. In order to model
the Li migration diffusion procedure across the host material layers, the
value of energy barrier was computed.

The energy required for Li to transverse the layers of host structure’s
is critical process to evaluate the charging efficiency of LIBs and
different paths are pursued for Li atoms in this regard. During the CI-NEB
simulation, the spring constant is set at 1 Ha/Bohr? with a skewness
value of 1. The energy criteria are set as 10> eV with a step convergence
of 0.01 A while the restart displacement is 0.05 A. The force magnitude
acting on the analyzed image is analyzed by using equation-(4) given
below:

F=|F|, - |VE(R)|, (@)

Where Fi indicates the overall force on the i picture, F{ || represents the
spring force, and |VE (R;)|, shows actual force. The state with the
feasible energy is produced by Equation-(5),

R; max = VE (R; max)+2VE|R; max |, 5)

In order to determine the diffusion coefficient, the molecular dy-
namics simulations are utilized while incorporating the Einstein relation
which states that the self-diffusion coefficient of any atom moving
randomly in three dimensions is determined via mean-square displace-
ment (MSD) as a function of time. Equation-(6) and equation-(7) were
used to determine the values of MSD and diffusion coefficient
respectively.

Mean Square Displacement = { |r(t) — r(0)?| ) (6)
Diffusion coefficient = 1 limE i (|ri(t) —ri(0)[* ) )
" 6N t—wdt ey

where the position vector of the atom at times t and t = 0 is indicated by
the symbols r(t) and r(0), respectively. Equation-8 is used to calculate
the ionic conductivity to study the charging rate.

_ng*

“K,T (3

o

where T is the temperature at which simulations are run, ¢ is the ionic
conductance, q is the charge, D is the diffusion coefficient between 300K
and 900 K, and K}, is the Boltzmann constant.

3. Results and discussion

The description of the findings on size-dependent electrochemical
properties, effect of carbon doping on reaction kinetics and diffusion
barrier in Li4TisO;12 for anodic applications is given in the coming
sections.

3.1. Pure and carbon-doped lithium titanate oxide

The spinal structure LisTisO15 has a monoclinic phase with the space
group C2/c and density of 3.50 gem™>. The optimized lattice parame-
ters, a = 8.35 ;\, b =28.32 A and ¢ = 13.17 A and calculated band gap
2.66 eV suggests that it is a semiconductor material [44,45].
First-principles calculations are carried out to determine the structural
properties of Li4TisO12 at the 0 D level [46] as depicted in Fig. 1, which
reveals that Li and Ti atoms are bonded with O atoms. The structural
impact on electrode material in LIBs is studied by considering the three
structures of Li4TisOq5 of different sizes 1.2 nm (42 atoms), 1.5 nm (84
atoms) and 3.4 nm (672 atoms). The calculated bond length of Li-O is
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Carbon-Doped

Fig. 1. The optimized nano-clusters of LTO shown along x-axis (a) 1.2 nm (b) 1.5 nm (c) 3.4 nm and (d) Carbon doped 3.4 nm.

165.60 p.m. (1.65 A), the bond length of Ti-O is 157.60 p.m. (1.57 A)
and the bond length of Ti-Li is 276.81 p.m. (2.76 A). The value of
calculated dihedral bond angle Li-Ti-O is calculated as 91°. The calcu-
lated values of formation energies of the structures suggested that
structures are stable.

We further investigated the LTO by increasing the size of the struc-
ture from 1.2 nm to 1.5 nm and then to 3.4 nm after which the structure
remains stable as shown in figure-1. The 2 x 2 x 2 supercell of Li4TisO12
contains 672 atoms with size of 3.4 nm as shown in ﬁgureo-31 with 128 Li
atoms, 160 Ti and 384 O atoms with a volume of 871.1 A". In the pure
LTO supercell having 672 atoms, 5 % carbon doping is introduced to
study the effects on the electrochemical performance of the structure. 8
carbon atoms are introduced on Ti cite (Cr;) inside the supercell
attempting to uniformly distributed the dopants in the cluster as shown
in the figure-1. The carbon atom is introduced in larger cluster to ensure
the structural integrity while gaining the benefits of electron donation
from C atom. The carbon atoms can be uniformly distributed into 3.4 nm
cluster while preserving the ‘zero-strain’ property of LTO and providing
better kinetics and reducing diffusion barrier. The calculated bond
length of Li-O is 1.96 A, the bond length of C-O is 1.84 A and the bond
length of Ti-Li is equal to 1.58 A. The calculated value of dihedral bond
angle of Li-Ti-O is 91°. The calculated formation energy of the Cr;-LTO
structure is —6.36 eV/atom pointing to stability of the doped structure.

3.2. Thermal stability

The thermal stability of anode materials plays important role in the
batteries as it sheds light on mechanism of heat transfer and overheating
which may lead to thermal runaway [47]. High thermal stability helps

(@) ——— MD-Temperature

g
\§ 020 W}‘ !

Energy(eV)

s 6 - 8 - 10 % 12
Time (ps)

indicates efficient dissipation of heat generated during battery opera-
tion, contributing to better overall performance and lifespan of the de-
vice. To evaluate the thermal stability of LTO, AIMD simulations were
carried out at temperatures 900 K. The calculations employed on the
host materials ran for 12 ps at a time step of 0.5 fs. The results showing
temperature and energy plotted against time as shown in Fig. 2(a) which
demonstrates that energy fluctuations are about 2.0 eV. Fig. 2(b) dis-
plays the structural snapshots obtained after 12 ps at 900 K which shows
any absence of structural distortion or bond breakage, confirming that
the structure of the material remains intact at high temperatures.

Moreover, rather than merely relying on DFT based energies to
calculate the lithiation energy via equation (1), the AIMD simulations
were performed to model the potential incorporation of Li atoms. The
maximum numbers of Li in the host material determined by using
equation (2) per the exothermic conditions helps modeling the optimal
stoichiometric ratio required to maintain charge neutrality and struc-
tural stability. The intercalation of Li atoms in the host without any
indication of metallic clustering and dendrite formation as per figure-3
(c) and (d) is valuable. Figure-3 (a)-(d) illustrate the energy and tem-
perature stability of fully loaded structure over time during AIMD sim-
ulations conducted at 900 K for LIBs. Throughout the simulation the
observed minimum system’s energy changes points to thermal stability
of the structure. Fig. 4(a)-4(d) show the host structure snapshots with
13Li atoms, 19Li atoms, 101Li atoms in the host LisTisO12 and 568Li
atoms in the C doped LisTisO;15 adsorbed following 12 ps of AIMD
simulations 900 K, respectively.

The thermal endurance of LTO was checked by varying the tem-
perature up to 900 K and the absence of abrupt energy spikes in Fig-3(a)
to Fig. 3(d) indicates that LTO anode material can withstand the high-

-
S

%

il

Figure-2. (a) Computed AIMD simulations illustrating how energy changes with temperature (b) The LTO structural snapshot at 900 K, taken before and after 12 ps.
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Figure-3. AIMD calculations representing the change in the temperature and energy with time for (a) intercalated 13Li atoms (b) intercalated 19Li atoms (c)
intercalated 101Li atoms in the Pure LisTisO;-» and (d) adsorbed 568Li atoms in the host C- LisTisO15.

Figure-4. The snapshot of the host taken at 900 K before and after the AIMD simulation with (a) 13 Li atoms and (b) 19 Li atoms (c) 101 Li atoms in pure LTO and
568 Li atoms in the host C- LTO.
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temperature conditions. The material is stable even at high temperature
due to its zero-strain characteristics and negligible volume changes
during charging and discharging process making it ideal choice for
battery applications. The reliability of the computational setup is
ensured by keeping the time step of 0.5 fs which captures the high fre-
quency atomic motions while remaining efficient hence providing LTO a
rigid framework which is resistant to the thermal degradation. Similarly,
minor structural changes with minimum bond breakage are observed in
Fig-4 which indicates that the LTO is an ideal material for its applica-
tions in high temperature energy storage systems.

3.3. The adsorption energies of Li intercalated LTO

The addition of Li atoms into the host LTO is investigated to model
the charge/discharge cycles of LIBs [48]. The lithiation energy refers to
the energy obtained after placing Li-ions in the host as a crucial process
in batteries. The adsorption energies for Li atoms intercalated into the
host material is studied for all LTO nanostructures to determine the
interaction between the intercalants and host atom to monitor whether
the reaction is exothermic or endothermic. The adsorption energy is
calculated via equation (1) which indicates gradual rise with the number
of intercalating as depicted in Fig. 7(a). Firstly, the value of lithiation
energy is computed for 1.2 nm LTO by positioning different numbers of
Li atoms at various sites in the host structure. We find out the lithiation
energy exhibits exothermic reaction until the intercalation of 13 Li
atoms takes place in the host as shown in Fig. 5(a). The further inter-
calation indicates that the subsequent Li moves away from the structure
and thus the insertion of 14™ Li atom switched the reaction to endo-
thermic as seen in figure-6(a). Secondly, the intercalation of Li atoms
into the 1.5 nm LTO is modeled by arranging varying quantities of Li
atoms at different locations inside the host structure. The calculated
values indicate that the process remains exothermic up to intercalation
of 19 Li atoms into 1.5 nm LTO as shown in figure-5(b). However, the
process turns endothermic upon intercalation of 20" Li atom into the
host structure as depicted in figure-6(b) according to which the next Li
goes away from the structure indicating the host’s inability to adsorb the
further intercalants.

Thirdly, the lithiation energy for 3.4 nm LTO is determined different
configurations of placing Li atoms at various points inside the host
structure as shown in Fig. 5(c). The calculated values show that lith-
iation process remains exothermic up to insertion of 101 Li atoms inside
the host. The reaction becomes endothermic upon insertion of 102" Li
atom into the host structure as shown in figure-6(c) according to which
the further intercalant goes away from the structure depicting the ma-
terial’s limits of hosting the Li atoms.

The lithium intercalation in the host C-LTO structure is shown in
Fig. 5(d) according to which the intercalation of 568™ Li switches the
reaction to endothermic as the next intercalating Li moves away from
the host as depicted in Fig. 6(d). The process of Li intercalation is
strongly influenced by environmental factors, host material properties
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and guest-host interaction. The performance parameters of battery such
as capacity, OCV and cycle life are determined by the lithiation energy
due to which optimizing lithiation energy is essential for developing
high-capacity anodes. Figure-6 demonstrates the computed valued of
lithiation energy in LTO host. The detailed comparison of adsorption
energy and storage capacity for 1.2 nm, 1.5 nm, 3.4 nm structures for
pure LTO and 3.4 nm cluster C-Ti doped LTO structure is shown below in
figure-7(a) and figure-7(b) respectively.

The doping of carbon in LTO appeared to increase the number of
intercalating Li atoms in the host which points to improvement in
storage capacity of LIBs. The defect engineering has been known to
optimizes the charge transfer resistance and enhances the rate capability
of anode materials [49].

3.4. Storage capacity of LTO

The calculation of storage capacity of a material is essential for its
utilization as an electrode [50]. The storage capacity of transition metal
oxides has been evaluated for application as anode material in LIBs on
the basis of relevant chemical reactions for conversion. To determine a
material’s theoretical capacity equation-(2) is utilized [51]. The value of
storage capacity of an anode material in LIBs is referred to the amount of
charge stored in the electrode per unit mass and is usually represented in
milliampere-hours per gram [52]. The Li concentration in LTO de-
termines its storage capacity which is crucial for optimizing the elec-
trochemical performance of the battery. The exceptional increase in the
capacity to 1308mAh/g has been observed in porous nitrogen-doped
carbon nanofibers by embedding red phosphorus nanoparticles of
about 97.7 nm size using the electrospinning approach for sodium-ion
batteries [53]. Similarly, the enhancement in lithium-ion storage in ti-
tanium dioxide nanoparticles have been reported in literature by uti-
lizing the co-doping of carbon and sulfur. The doped TiO, nanoparticles
displayed about 83 % capacity retention as compared to the undoped
material [54]. The number of Li atoms stored in LTO nanoparticles as
anode material for different sizes appeared as 42 atoms in 1.2 nm, 82
atoms in 1.5 nm, and 672 atoms in 3.4 nm. The respective computed
values of the storage capacity are 379.46 mAhg !, 277.29 mAhg ! and
184 mAhg™! for 1.2 nm, 1.5 nm and 3.4 nm sized LTO as depicted in
Fig. 8. The number of intercalated Li atoms increased in carbon doped
structure resulting rise in storage capacity of the anode. The computed
value for Cr; based LTO is thus 1057 mAh/g as shown in Fig. 8(d) which
is four times larger than that of the pristine material [55]. The structural
changes upon carbon doping reduced the particle size which provides
more active sites owing to an increased active surface area when
compared with the undoped LTO [56].

The carbon doping in 3.4 nm cluster introduces the oxygen vacancies
and Ti®*/Ti2* states which increases the number of active sites for the
intercalation of additional Li-ions resulting the decrease in the energy
barrier for Li-ion insertion which in return causes the increases in the
storage capacity up to 1057 mAh/g. In addition to that the reduction of
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Figure-6. The optimized structure of LTO when further intercalating Li atom move away from the host (a) 14 Li atom intercalation (b) 20 Li atoms intercalation (c)

102 Li atoms intercalation and carbon doped LTO (d) 569 Li atoms.
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material size to nanoscale plays a pivotal role in increasing the storage
capacity enabling rapid kinetics by reducing the Li* diffusion distances
even at high current densities. When the titanium atoms are replaced
with smaller and more electronegative carbon atoms, the defects and
vacancies are created within the structure which provides the additional
space to store the lithium ions. In addition, the synergetic effects of
doping and size reduction lowers the diffusion barrier by facilitating the
faster and efficient charging/discharging cycles. This drastic improve-
ment in the capacity of LTO anode makes it a potential candidate for
next generation anodes for LIBs.

3.5. Open circuit voltage (OCV)

The OCV values demonstrates the energy per unit charge available
for external circuit and provide the insights into electrochemical char-
acter of the battery and is calculated using equation-(3) [57,58]. The
OCV is a critical parameter for assessing the performance anode in LIBs.
The material’s maximum storage capacity is considered only at the Li
concentration, where there is either a positive voltage or absence of
visible clustering [59]. As shown in fig-9, the increase in the Li con-
centration causes decrease in voltage values, thereby enhancing the
battery performance. The average lithiation/delithiation voltage of Li
for 1.2 nm LTO cluster in LIBs is calculated to be 3.08 V as shown in
fig-8a. Meanwhile the 1.5 nm cluster reveals the higher average voltage
span of 3.40 V depicted in fig-8b. Similarly, fig-8c represents the average
voltage of 3.4 nm cluster for both pristine and Cri-doped LTO spans at
2.706 V and 0.708 V respectively. The significant lower voltage in car-
bon doped (0.708 V vs. Li*/Li) structure represents its potential as a
high-performance anode material due to high output voltage obtained.

3.6. Diffusion pathways

The migration paths of intercalated Li in the host LTO were studied
using climbing image nudge simulations (CI-NEB). This method offers a
worthwhile analysis of energy dynamics, including critical points, en-
ergy amplification along the pathway, and energy reduction in alter-
native orientations. The energy barrier, inversely related to diffusion
rate, is determined through NEB calculations, providing valuable in-
sights into battery charging and discharging rates. The intercalating Li
atoms while traversing the host material encounter an energy barrier
which significantly influences the efficiency of battery charging. The
modeling of different paths of Li in LTO is carried out through different
pathways to explore the process of intercalation of each guest atom in
the host structures. Two different pathways were considered for lithium
migration into the host layers i.e. along x-axis and along y-axis. Fig. 10
(a) represents two different pathways for lithium atoms in 1.2 nm cluster
showing the energy barriers of 0.86 eV for path 1 and 0.91 eV for path 2.
The favorable migration pathways for 1.5 nm cluster, as depicted in
Fig. 10 (b), depicts the energy barrier of 0.93 eV and 0.75 eV for pathl
and path 2 respectively. As illustrated in figure-10(c) and 10(d) the
diffusion barrier of Li atoms decreases after 5 % carbon doping repre-
senting the second favorable path with energy barrier of 0.69 eV and
0.46 eV respectively (see Fig. 11).

We consider the Li-ion adsorption rate in the calculation, as Li-ion
migration energy barrier depending on Li concentration [14,67-69]. In
this regard, we examined two limiting cases here, namely migration of a
dilute Li ion and migration of a dilute Li vacancy. On the other hand, in
case of dilute Li ion, one Li ion is adsorbed on a supercell of LTO while
for the dilute Li vacancy case, one Li ion is removed from the supercell of
the fully saturated structure to generate the vacancy [70].
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The calculated energy barrier in the direction of vacancy migration
was found to be 1.4 eV, 0.5 eV, 1.75 eV and 1.5 eV for 1.2 nm, 1.5 nm,
3.4 nm and C-doped 3.4 nm respectively. The energy barrier obtained in
case of fully loaded structure with vacancy-dilute situation is more than
that of the dilute-Li structure [71].The enhanced vacancy mobility in
smaller nanoparticle cluster of 1.5 nm LTO system is observed with
lowest energy barrier of 0.5 eV which can result due to increased
structural flexibility and reduction of steric hindrance in nanoscale as
compared to the larger cluster with energy barrier of 1.75 eV for 3.4 nm
cluster. The higher energy barrier of 1.4 eV in 1.2 nm cluster may result
due to the surface reconstructions or edge effects which tends to trap the
vacancies temporarily. Furthermore, the vacancy migration barrier in
the carbon doped cluster reduced from 1.75 eV to 1.5 eV which clearly
indicates that the C-doping facilitates the vacancy diffusion. This
improvement in the diffusion barrier arises due to the electronic struc-
ture modifications introduced due to replacement of titanium with
carbon atoms. In addition to that, preferential migration pathways may
be created due to the strain fields introduced due to the carbon doping.
From a practical perspective, the reduction in the energy barrier of
C-doped LTO at 1.5 eV indicates faster Li* diffusion kinetics and supe-
rior cyclic stability.

3.7. Diffusion Co-efficient and ionic conductivity

The diffusion coefficient plays a pivotal role in inspecting the efficacy
of anode material. The MD simulations were performed in temperature
range of 300 K-900 K to investigate the diffusion coefficient. The
temperature-dependent behavior of diffusivity strengthens our

understanding of the transport properties. The fact that the ionic
conductance (o) is influenced by the variations in the host structure
caused by the guest atom which can be determined using equation (8).
Mean square displacement (MSD) for intercalating Li atoms is deter-
mined using equation-(6). The trajectory analysis points that diffusion
occurs more rapidly at elevated temperatures, which is attributed to
faster charging [72]. The diffusion rates of Li atoms in the host materials
are comparable to those reported for anode materials used in LIBs
[73-76]. Regardless of the advancement in anode materials [77-79],
there is the need of further improvement to keep up with the consumer
demands of high energy density, faster charging and improved stability.
In case of graphite which dominates the commercial market, the low
storage capacity motivates research into doping of LTO to enhance the
electrochemical characteristics. The MD simulations indicate the diffu-
sion coefficient as 4.3x107'2 m?/s, 5.0x107'2 m%/s, 0.83x10712 m?/s
and 1.72 x1078 m?/s for 1.2 nm, 1.5 nm, 3.4 nm and doped 3.4 nm
respectively. The carbon doped structure exhibits the excellent diffusion
coefficient of 1.72x107% m?/s indicating up to 4 orders of higher
magnitude then other undoped structures shown in Fig. 12. This causes
due to the low energy barriers for Li-ion diffusion as carbon dopants
introduce the additional charge carriers which enhance the ionic con-
ductivity of structure.

The ionic conductivity is another crucial parameter to access the
anodic capability of a material as it determines how fast Li can travel in
the host structure. Fig. 13(a), (b), (c) and (d) show the calculated ionic
conductivity of LIBs which appeared as 5.32 x 10> Sm™?, 0.19 x 102
Sm1,9.32x1072Sm ! and 7.33 x 1073 Sm™*! for 1.2 nm, 1.4 nm, 3.4
nm and C-3.4 nm respectively. The findings point to ease of Li to
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Figure-10. Diffusion Energy pathways of Li in LTO nanoparticles for (a) 1.2 nm (b) 1.5 nm (c) 3.4 nm pristine LTO and (d) 3.4 nm Cr; doped LTO.
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intercalate and de-intercalate in the host matrix of LTO.
The ionic conductivity in 1.4 nm cluster was lowest due to extreme
surface disorders and incomplete ionic pathways at ultra-small

10

dimensions. In contrast, the higher ionic conductivity in 1.2 nm cluster
indicates that it is the optimal particle size for balance ionic transport
and structural stability. These findings align with the previous studies on
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the nanostructured anodes in which the mid-range particle size often
contains better conductivity. These finding indicates the importance of
synergetic effects of size control and doping for optimizing the high-
performance anode materials for LIBs.

A common misconception rises when dealing with nanoscale mate-
rials: on considering the fact that diffusivity and conductivity are
intrinsic bulk properties of a material, they can exhibit substantial size
dependence at the nanoscale. The reported literature categorically
demonstrates that central mechanism of ion migration remains inherent
to the material’s properties, the ionic conductivity diffusivity in nano-
materials depend on several factors including particle size, defect con-
centrations and distribution, surface area, grain boundaries, which are
characteristic features at nanoscale[85-87].
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Figure-14. The Hirshfeld charge analysis of LTO with (a) Li intercalation in 1.2
axis), (c) Li intercalation in pristine 3.4 nm (snapshot along the x-axis) and (d)

3.8. Hirshfield charge analysis

Hirshfeld charge analysis is a resourceful method for examining
intermolecular interactions in solids [80]. The contour surfaces and
colour-coded fingerprint plots and are utilized to visualize these in-
teractions; a spectrum ranging from red (shorter) to white and blue
(longer) indicates distances that are shorter or longer than the sum of the
van der Waals (vdW) radii. In order to comprehend the electrochemical
mechanism at play, Hirshfeld charge analysis is performed to investigate
the host’s charge distribution before and after intercalation. The inter-
molecular interaction and behavior of electrode during charging and
discharging cycles in energy storage devices is to determine the elec-
trode’s ability to accumulate and release charge with associated energy
loses. Figure-14 depicts all the major and minor charges in the structure.
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nm (snapshot along the x-axis), (b) Li intercalation in 1.5 nm (snapshot along the x-
Li intercalation in Cr; 3.4 nm.
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Li bears a positive charge after intercalation in the host structure which
represents that charge is transferred from li to the host LTO structure.

3.9. Current voltage (I-V) characteristics

To model the electron transport in solid electrolyte interface (SEI),
the NEGF calculations of pure LTO and Li adsorbed structures were
conducted as shown in fig-15. The voltage provided to the host material
using two leads of gold in the circuit. Since we are interested in the
electron flow caused by positive voltages, the IV-curves are calculated
within the —5 to +5 V range. Fig. 15(a), (b), 15(c) and 15(d) show Pure
LTO (1.2 nm), Li-adsorbed LTO (1.2 nm), pure LTO (1.4 nm) and Li-
adsorbed LTO respectively. Fig. 14 (e, f) shows that pure LTO has a
minimum current of 0.09 pA (1.2 nm), 0.13 pA (1.4 nm), which signif-
icantly increases to 59 pA and 184 pA, when Li atoms are intercalated in
the host material.

In addition, ethylene carbonate (EC) was used near the LTO anode
material to explore electron transport, as depicted in Fig. 16(a) for pure
(1.2 nm), 16(b) for Li, 16(c) for pure LTO (1.4 nm), and 16(d) for Li (1.4
nm). The IV-curves in Fig. 16(e) and (f) indicates that, (i) a large rise in
current upon intercalation, and (ii) a prominent drop in current after
addition of the electrolyte. The study of the intercalated host’s IV-curves
suggests that the current decrease is caused by electron transfer pro-
cesses. The first process indicates the electron donation which leads to
the formation of SEI on surface of the anode [81]. The SEI forms during
the battery manufacturing process’s activation step. Metal ions may
readily pass across the layered structure of the battery stack, which
comprises both SEI layers [82]. When the current (I) is supplied to the
battery, the electrochemical reactions take place at the negative elec-
trode, as follows:

Ieh = It + Iser ©

The current (I¥},) refers to the charge transfers as it facilitates inter-
calation of the metal ions in negative electrodes, while Igg; is the current
associated with SEI creation processes. The principal electrochemical
storage process requires the majority of the current to function [83]. SEI
components cause a significant reduction in current (measured by Alyx)
in comparison to the case without an electrolyte. It appears that valance
state of intercalating Li atoms affects the concurrent shift of electrons
from EC and Li ions to create SEI. The additional electrons in a multi-
valent ion battery can speed up the production of stable SEI, which is
crucial for devolving the cost-effective and efficient metal ion batteries
[84].

(a) LiyTisOy,
(1.4 nm)

(¢) Li,Tis0y,
(1.4 nm)
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4. Conclusion

The anodic properties of lithium titanate oxide (Li4TisO12) nano-
particles are studied to investigate the structural, thermal and electro-
chemical properties associated with variation of size, and carbon
doping. AIMD studies confirm thermal stability of the host material,
while CI-NEB computations indicate that energy barriers for lithium and
vacancy diffusion are small where the lowest barrier is found in the
carbon doped structure at 0.45 eV. This is particularly true at the carbon
site for 3.4 nm which when introduced at the titanium site, the storage
capacity is increased to 1057 mAhg ™. The material is also confirmed to
be able to keep safe and efficient with OCV of 3.08 V, 3.40V, 2.70 V, and
0.70 V for 1.2 nm, 1.5 nm, 3.4 nm, and carbon doped Li4Ti5O5 struc-
ture, respectively. The diffusion coefficient analysis at 300 K and 900 K
has demonstrated a very good rate performance of the C doped 3.4 nm
structure (1.72 x 108 m%/s) and is extremely beneficial in LIB appli-
cations. This study demonstrates a significant size dependence of
diffusivity and conductivity, in contrast to the fact that these parameters
are intrinsic material properties at bulk, indicating a complex relation-
ship of surface effects and quantum phenomena. The theoretical pre-
dictions made in this work offer helpful insights into the atomic-level
mechanisms on LTO to improve performance using carbon doping, it is
crucial to mention that the experimental realization will encounter
significant experimental challenges.
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Fig. 15. The view of NEGF setup of (a) pure LTO (1.2 nm), (b) Li adsorbed LTO (1.2 nm), (c) pure LTO (1.4 nm) and (d) Li adsorbed LTO (1.4 nm). The proposed
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Fig. 16. NEGF setup illustrating the deposition of ethylene carbonate (EC) electrolyte between gold lead and battery anode in the form of (a) pure LTO (1.2 nm) (b)
Li adsorbed LTO (1.2 nm) (c) pure LTO (1.4 nm) (d) Li adsorbed LTO (1.4 nm). The Current-Voltage (IV) characteristics illustrating the comparison of IV curves of (e)
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current with and without EC is demonstrated above. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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