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Abstract We developed a ReaxFF reactive force field for NASICON-type Li1+xAlxTi2-x(PO4)3
(LATP) materials, which is a promising solid-electrolyte that may enable all-solid-state
lithium-ion batteries. The force field parameters were optimized based on density
functional theory (DFT) data, including equations of state and the heats of formation of
ternary metal oxides and metal phosphates crystal phases (e.g., LixTiO2, Al2TiO5, LiAlO2,
AlPO4, Li3PO4 and LiTi2(PO4)3 (LTP)), and the energy barriers for Li diffusion in TiO2 and
LTP via vacancies and interstitial sites. Using ReaxFF, the structural and the energetic
features of LATP were described properly across various compositions – Li occupies more
preferentially the interstitial site next to Al than next to Ti. Also, as observed in
experimental data, the lattice parameters decrease when Ti is partly substituted by Al
because of the smaller size of the Al cation. Using this force field, the diffusion mechanism
and the ionic conductivity of Li in LTP and LATP were investigated at T = 300–1100 K. Low
ionic conductivity (5.9 × 10-5 S/cm at 300 K) was obtained in LTP as previously reported. In
LATP at x=0.2, the ionic conductivity was slightly improved (8.4 × 10-5 S/cm), but it is still
below the experimental value, which is on the order of 10-4 to 10-3 S/cm at x=0.3–0.5. At
higher x (higher Al composition), LATP has a configurational diversity due to the Al
1
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substitution and the concomitant insertion of Li. By performing a hybrid MC/MD
simulation for LATP at x=0.5, a thermodynamically stable LATP configuration was obtained.
The ionic conductivity of this LATP configuration was calculated to be 7.4 × 10-4 S/cm at
300 K, which is one order of magnitude higher than the ionic conductivity for LTP and LATP
at x=0.2. This value is in good agreement with our experimental value (2.5 × 10-4 S/cm at
300 K) and the literature values. The composition-dependent ionic conductivity of LATP
was successfully demonstrated using the ReaxFF reactive force field, verifying the
applicability of the LATP force field for the understanding of Li diffusion and the design of
highly Li ion conductive solid electrolytes. Furthermore, our results also demonstrate the
feasibility of the MC/MD method in modeling LATP configuration, and provide compelling
evidence for the solid solution sensitivity on ionic conductivity.

1. Introduction
In the past few decades, great effort in lithium-ion battery technology has been devoted to
enhancing power, capacity and safety.1 Lithium ion conducting solid electrolytes with
various crystalline structures have been investigated extensively as promising alternatives
to conventional liquid or polymer electrolytes. The use of inorganic solid electrolytes would
greatly improve safety issues associated with flammability of organic liquid electrolytes and
lifetime of the battery.2 In addition, liquid electrolytes allow Li dendrites to grow due to
uneven lithium deposition at the anode and can cause internal shorts and several
associated safety issues.3 The suppression of Li dendrite growth not only enhances safety in
Li-ion batteries, but may also allow metallic Li to be used as the anode, thereby enhancing
energy densities. For these reasons, highly lithium conducting solid electrolytes based on
inorganic materials have been intensively investigated.
Both oxide and sulfide-based materials have been considered as solid electrolytes for
battery applications. It was reported that the sulfide-based solid electrolytes such as Li2SP2S5 glass (1.6 × 10-4 S/cm)4 and Li10GeP2S12 (LGPS) crystal (1.2 × 10-2 S/cm)5 show high
lithium ionic conductivity at room temperature due to the higher ionic radius and higher
polarizability of the sulfur ion relative to the oxygen ion. However, LGPS has strong
reactivity with air and moisture, forming hazardous H2S gas when exposed to water. In
2
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addition to the sulfide-solid electrolytes, the oxide-solid electrolytes also exhibit an
excellent combination of high conductivity (~10-4 S/cm at room temperature), chemical
stability against Li metal anodes, and electrochemical stability. For example, garnet-type
Li7La3Zr2O12 (LLZO)6, 7 has been attracting attention because of its high conductivity of 3 ×
10-4 S/cm and high chemical stability against Li metal. Perovskite-type Li3xLa2/3-xTiO3
(LLTO)8 also exhibits high ionic conductivities at room temperature (~10-3 S/cm for x=0.3).
NASICON(Na super ionic conductor)-type materials are known as excellent Li ion
conductors, showing high ionic conductivity, low thermal expansion coefficient, low
thermal conductivity and low electronic conductivity, and provide great potential as solid
electrolytes in all-solid-state lithium batteries.9, 10 LiM2(PO4)3(M=Ti, Zr, Hf, Ge, Sn) systems
have been widely studied.11-15 LiTi2(PO4)3 (LTP) is one of the promising solid electrolyte
candidates.10, 16 LTP structure consists of two TiO6 octahedra linked to three PO4 tetrahedra.
The interstitial channel generated by this TiO6-PO4 three-dimensional network provides the
conduction path for Li ion transport. Sintered LTP was reported to exhibit relatively poor
conductivity of 10-6–10-5 S/cm at room temperature, which is not good enough for practical
use.17 However, the ionic conductivity of LTP can be considerably increased when Ti is
partly substituted by trivalent metal cations such as Al, Sc, Cr, Fe, Ga, Y and La16, 18 or when
Li concentration increases. The conductivity increases up to 10-4–10-3 S/cm for Li1+xAlxTi2-

x(PO4)3

(LATP) at the most promising compositions, x=0.3-0.5.16,

19-21

This high ionic

conductivity is due to an increasing number of charge carriers as the result of the
associated addition of Li to balance the charges and due to the smaller size of the Al cation.
The smaller size of Al can result in strong densification of the material, thus making the
interstitial void space more appropriate for Li ion diffusion. The ionic conductivity of LATP
glass-ceramic obtained from heat-treatment of Li2O-Al2O3-TiO2-P2O5 also exhibits high
conductivity of 1.3 × 10-3 S/cm at room temperature.22 However, the preparation of glass
ceramics is complex and the effect of aging on the conductivity is not clearly understood.
High conductivity of 2.4 × 10-4 S/cm at room temperature was also reported for
Li1.5Al0.5Ge1.5(PO4)3.23
Although remarkable progress has been made over the last few years as described
above, optimum solid electrolyte materials have not been identified. Also, because of their
complicated crystallographic structures and compositions, the diffusion mechanism of Li
3

Physical Chemistry Chemical Physics

ion has not been elucidated in detail with theory. Thus, tools to perform atomic-scale
simulations and examine ionic conductivities are warranted. In the present study, a ReaxFF
reactive force field was developed to describe NASICON-type Li1+xAlxTi2-x(PO4)3 materials at
various aluminum compositions by optimizing the force field parameters against DFT data
sets: equations of state of various composite crystal phases and the energy barriers for Li
diffusion. To validate the ReaxFF force field and to relate the compositional features of LATP
to its ionic conductivities,20, 24 diffusion constants and ionic conductivities of LTP and LATP
at x=0.2 and 0.5 were calculated by performing ReaxFF MD simulations at the temperature
range of 300–1100 K. To model LATP at x=0.5, which has a local configurational
heterogeneity due to Al and Li distributions, we performed a hybrid MC/MD simulation.
The composition-dependent ionic conductivity for LATP is in good agreement with
previously reported values. In particular, it was found that the Li ionic conductivity at x=0.5
is greatly enhanced. XRD patterns and ionic conductivity of LATP were compared to
experiment and found to be in good agreement. Our simulations allow us to develop a
mechanistic description of Li diffusion in LATP.

2. Methodology
2.1 ReaxFF method
ReaxFF has been developed to bridge the gap between quantum mechanical (QM) ab initio
and non-reactive empirical force fields.25 The ReaxFF reactive force field is a bond order
dependent force field with instantaneous connectivity for the chemical bonds formed in the
atomic local environment. Thus, it is suitable to elucidate not only bond formation and
bond-breaking in chemical reactions, but also the reaction process by providing the
energetics for various reaction intermediates along a reaction path.26 The overall system
energy is described by physically meaningful many-body empirical potential terms,
including bond order-dependent energy terms such as bond, angle and torsion energy
which disappear upon bond dissociation, and long range interaction terms such as van der
Waals and Coulomb interactions. Since all atom pairs are subject to the long range
interactions, a distance-corrected Morse-potential for the van der Waals energy is used to
avoid excessively high repulsion at a short distance between atoms sharing a bond. For the
4
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Coulomb

interaction, ReaxFF

employs

the

geometry-dependent

electronegativity

equalization method (EEM) to determine the atomic charges and the electrostatic
interactions, and takes into account the shielding between two atoms at a short distance. By
using this dynamic charge scheme, ReaxFF can readjust the atomic charges, depending on a
local environment generated in ionic or heterogeneous systems. In particular, in
multicomponent metal oxides such as LATP, it is important to describe not only various
bonding natures such as metallic, covalent and ionic bonds, but also realistic charge
dynamics during the reactive events. The classical pairwise potential with a fixed27 or
partially variable charge model (e.g. a shell model)28-30 has been also widely used for
studying Li transport in lithium transition metal oxides at a low computational cost,
compared to first-principles density functional theory (DFT) calculations and reactive force
fields coupled with the variable charge model, e.g. ReaxFF, the charge-optimized many bond
(COMB) potential31 and a modified embedded atom method (MEAM) with Qeq.32 However,
most previous studies using the classical pairwise potentials have been restricted to a
relatively simple chemical structure of specific materials and have not been suitable for
covering the wide range of important materials chemistry in lithium battery materials.
Since the ReaxFF force field parameters are optimized against typically, a large training data
set, the description of the interactions between elements is transferable across phases,
reproducing reactive events at the interface between solid, liquid and gas phases. The
ReaxFF force field for LATP in the present work was developed to enable simulations
involving not only diffusion of Li in a solid crystal phase, but also dynamic behavior of Li in
a transient liquid phase (e.g., water) such as dissolution and precipitation of LATP and to
understand cold-sintering process,33-35 which has been very actively employed in the past
decades to transform constituent material powders into dense solid materials. All force
field parameters describing energy terms are optimized against the QM data and/or
experimental values using a single-parameter based parabolic extrapolation method. The
details of the ReaxFF force field and its applications are given in our earlier publications.3638

2.2 DFT calculations
For the calculation of LixTiO2 (x=0.25-1.0) crystal phases, the spin-polarized first-principles
5
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DFT calculations were performed using the Vienna ab initio simulation package (VASP)39
with plane wave basis sets. The DFT calculations use projector augmented wave (PAW)40
pseudo−potentials and Perdew-Burke-Ernzerhof (PBE)41 exchange-correlation functional
with an energy cutoff of 520 eV. The Brillouin zone is sampled with a 6×8×2 MonkhorstPack k-point mesh for monoclinic Li0.25TiO2, a 2×8×6 Monkhorst-Pack42 k-point mesh for
monoclinic Li0.33TiO2, a 4×4×4 Monkhorst-Pack k-point mesh for monoclinic Li0.5TiO2 and a
6×6×4 Monkhorst-Pack k-point mesh for tetragonal Li1.0TiO2. For trigonal Li0.25TiO2 and
Li1.0TiO2 crystal phases, a 4×4×2 and a 6×6×4 gamma-centered k-point mesh were used,
respectively. Ionic coordinates of all atoms in the crystal phase were allowed to fully relax.
To obtain the energy-volume relation, the lattice parameters remained fixed to those of the
given lattice parameters in the range from -20 to +30% of the ground state volume while
ionic coordinates of atoms were relaxed. Similarly, we calculated the equation of state (EOS)
for β-Al2TiO5 crystal phase43 in the volume range of ±20% of the ground state volume using
an energy cutoff of 520 eV and a 6×2×2 Monkhorst-Pack k-point mesh for the k-point
sampling of Brillouin-zone integrals.
For Li3PO4, β- and γ-phases44 were included in the training set. Ionic relaxation
calculations of β- and γ-Li3PO4 unit cells were performed, using the ground state bulk lattice
parameters taken from literature.44 Structures were optimized until forces on each atom
were less than 0.05 eV/Å. The energy vs. volume data for β-Li3PO4 and γ-Li3PO444 were
fitted to a Birch–Murnaghan equation of state, which gave a bulk modulus of 72.45 and
72.02 GPa for β-Li3PO4 and γ-Li3PO4, respectively. These values are compared well with the
reported bulk modulus of 72.2 and 71.9 GPa from Murnaghan equation of state fit.45 The
EOS data sets were generated by compressing and expanding the unit cells within ±15% of
the ground state volume and evaluating energy relative to the ground state. The parameters
from the Birch–Murnaghan equation of state46 fit were used to predict the relative energy
with respect to the ground state at each volume. The Monkhorst-Pack k-point mesh of
6×6×6 and 6×6×4 were used for β- and γ-Li3PO4, respectively, with a plane-wave basis set
energy cut-off of 500 eV.
For AlPO4, it has been reported that with increasing pressure, berlinite phase changes to
CrVO4, then to a stishovite-type phase and finally to a m-CaCl2.47-49 In addition, it has been
6
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suggested that three more phases (moganite-like, AlVO4, P21/c) exist between berlinite and
CrVO4 phases, based on pressure and temperature.50 Considering the pressure-temperature
range relevant to the current study, the EOS data for the stable berlinite phase, a moganitelike phase and the high pressure CrVO4 phase were included into the training set. The bulk
lattice parameters for each phase were taken from the literature.47, 50 Instead of lattice
optimization, the lattice parameters were increased or decreased by the same amount to
match the ground state bulk volume reported in literature. Ionic relaxation of these
structures was performed. Finally, the parameters50 of Birch–Murnaghan equation fit were
used to calculate the relative energy at different volumes for each phase. The plane-wave
basis set energy cut-off was 680 eV and Monkhorst-Pack k-point meshes of 2×2×4, 4×2×6
and 6×4×6 were used for berlinite, moganite-like and CrVO4 phases, respectively.

LTP has a rhombohedral unit cell (space group 3) that can be converted into a

hexagonal cell. The experimental bulk lattice parameters of the hexagonal unit cell,51 a = b =
8.5110 Å and c = 20.843 Å, were used as the initial structure with 108 atoms and the ionic
coordinates were optimized. To generate the EOS data, the hexagonal unit cell was
compressed and expanded within ±15% of the initial volume and ionic relaxation was
performed at each volume. The lowest energy structure was found to have bulk lattice
parameters a = b = 8.6502 Å and c = 21.1114 Å. The overestimation of the equilibrium
volume is a well-known error of the PBE (GGA) functional.52 The 1.6% overestimation of
lattice parameters is within acceptable limit for force field training purposes. The planewave basis set energy cut-off for these calculations were 650 eV and a Monkhorst-Pack kpoint mesh of 3×3×2 was used.
The valence angle potential energies for Ti-O-Al and Ti-O-P bond angles in gaseous
molecular species, i.e., (OH)3Ti-O-Al(OH)2 and (OH)3Ti-O-P(OH) were calculated with
Jaguar software package53 using M06-2X functional with the LACV3P+G** basis set. To
obtain the potential energy profile along the valence angle distortion in a molecular
fragment, the constrained geometry optimization was applied to Ti-O-Al and Ti-O-P bond
angles. The atomic coordinates of all atoms in the system were allowed to fully relax to
obtain the optimized structure with fixed valence angle.

2.3 Experimental methods
7
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For comparison of the LATP phase obtained from MC/MD simulations and its ionic
conductivity with experiment, LATP films (LIC-GC, LATP/SiO2, 19 mm diameter × 160 µm
thickness) supplied from Ohara Inc. were used. X-ray diffraction patterns of LATP were
collected using a PANalytical Empyrean XRD with Cu-Ka radiation (λ = 1.54059 Å) in the 2θ
range from 10 to 70o in steps of 0.026o. To obtain the ionic conductivity of LATP, we
measured impedance spectra in the temperature range of 273 – 373 K, using a Solatron
Ametek Modulab with an AC amplitude of 10 mV in the range of 10-1–106 Hz after
sputtering 100 nm Au electrodes on both sides of the sample.

3. Results and discussion
3.1 ReaxFF force field development
Based on our earlier developed metal oxide force fields for Al/O,54 Ti/O,55 Li/O56, Al/O/Li57
and phosphate,58 in the present work we merged and expanded these force fields into one
large comprehensive force field to describe various combinations of ternary metal oxides
and metal phosphates, e.g., Al/O/Li, Ti/O/Li, Al/O/Ti, Li/O/P, Al/O/P and Ti/O/P in LATP
materials. The extension of the oxide force fields to one complex ternary metal oxide force
field is relatively straightforward, requiring only a few parameters to be optimized with an
explicit training data set – the van der Waals long range interactions for Ti-Li, Al-Li, Ti-Al,
Al-P, Li-P and Ti-P and the valence angle parameters for Ti-O-Li, Al-O-Li, Ti-O-Al, Al-O-P, LiO-P and Ti-O-P valence angles were parameterized using DFT data sets, including equations
of state and heats of formation for the oxides and phosphate crystal phases, hydrolysis
reactions of molecular fragments of (OH)3Ti-O-P(OH)3 and (OH)3Ti-O-Al(OH)2, and Li
diffusion pathways in rutile-TiO2 and LTP via interstitial and vacancy sites. Since the Li/O
force field has been recently improved by adding the solvation in liquid phase to the
training data set,56 in this work, we also re-optimized the van der Waals long range
interaction terms for Al/Li and Al-O-Li valence angle parameters to reproduce equations of
state for LiAlO2 alloy oxide phases of reference 57.
Equations of state – the energy-volume relationship – for ternary oxide crystals such as
LixTiO2 (x=0.25-1.0), α-, β-, γ-LiAlO2 and β-Al2TiO5 are plotted in Fig. 1. The volume of the
crystal phase was expanded and compressed in the range from -30% up to +40% of the
8
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ground state volume. As shown in Fig. 1, LixTiO2 phases are placed close to each other with
formation energies of -7.8 to -3.1 kcal/mol in ReaxFF and -8.0 to -0.99 kcal/mol in DFT
when rutile-TiO2 and bcc Li are used as references. ReaxFF slightly overestimates the heat
of formation of Li0.5TiO2 (monoclinic) and Li0.25TiO2 (trigonal) by about 2 kcal/mol, however
the relative stability between the crystal phases is well reproduced.
β-Al2TiO5, which is a composite of α-Al2O3 and rutile-TiO2 is known to be unstable and
decompose into α-Al2O3 and rutile-TiO2 under T = 1553 K.43 The density of this ternary
oxide is 3.61 g/cm3 in both ReaxFF and DFT, which is lower than α-Al2O3 (3.87 g/cm3) and
rutile-TiO2 (4.19 g/cm3), thus the formation of this phase is accompanied by an increase of
molar volume. The heat of formation of β-Al2TiO5 is -0.02 kcal/mol in ReaxFF, which
indicates that there is negligible energy to gain by the formation of Al2TiO5 phase. This is in
excellent agreement with the DFT value (-0.01 kcal/mol) and the observation in the earlier
work.43 Valence angle parameters for Ti-O-Al bond angle were fitted against the potential
energy profile for a broad range of Ti-O-Al valence angle distortion in (OH)3Ti-O-Al(OH)2

fragment. As shown in Fig. 2(a), the potential energy change responding to the valence
angle change is well reproduced in ReaxFF.
LiAlO2 oxide, in particular γ-LiAlO2 has been implemented in many battery applications
such as coating for lithium-conducting electrodes or an additive in composite electrolytes.59,

60

The mechanical responses of LiAlO2 under compression and expansion in different

orientations were included for the optimization of Al/O/Li force field parameters. The
formation energies for α-LiAlO2, β-LiAlO2 and γ-LiAlO2 phases in DFT are -72.5, -73.0 and 73.1 kcal/mol, respectively, when fcc Al, bcc Li and molecular oxygen are used as references.
The corresponding ReaxFF values are -76.7, -78.8 and -79.2 kcal/mol, respectively. For
comparison of the thermodynamic stability with LixTiO2 and Al2TiO5, formation energies
can be also calculated using α-Al2O3 and Li2O oxides as references – the formation energies
with these references are -8.8, -11.0 and -11.3 kcal/mol in ReaxFF and -10.2, -10.7 and 10.8 kcal/mol in DFT, which indicates that LiAlO2 oxides are thermodynamically more

stable than LixTiO2 and Al2TiO5 oxides. As shown in Fig. 1, the energy−volume relationship
and the relative stability of the oxide crystal phases are well reproduced in ReaxFF.
Metal phosphates are also important for describing LATP materials since LATP
9

Physical Chemistry Chemical Physics

structure is a three-dimensional network built of Ti(or Al)O6 octahedra linked to PO4

tetrahedra. In Fig. 1, it is shown that equations of state for berlinite, moganite-like and
CrVO4–AlPO4 phases and β, γ−Li3PO4 phases are well reproduced in ReaxFF. The formation
energy of AlPO4 with references of α-Al2O3 and P2O5 is calculated to be -5.3 for berlinite
phase, -5.5 for moganite-like phase and -3.3 kcal/mol for less stable CrVO4 phase, which is
well comparable with the DFT values, -6.2 kcal/mol for both berlinite and moganite-like
phases and -3.9 kcal/mol for CrVO4 phase. We note that the formation energy for Li3PO4 is
overestimated in ReaxFF (-22.9 kcal/mol in ReaxFF and -12.1 kcal/mol in DFT), probably
affecting the thermodynamic stability of LATP as well. However, since Li is placed at the
interstitial site of the three dimensional network in LATP, the lithium phosphate may not be
the structure directly observed in LATP. Also because the research focus in the recent work
is Li diffusion behavior such as the energy barriers along the diffusion pathways in LATP,
the overestimation of Li3PO4 crystal phase would be less concerned. Lastly, titanium (IV)
phosphate is of interest for their chemical and physical properties as ionic conductors or
catalysts. Since to the author’s knowledge, the crystal phase and structure of titanium
phosphate are not well known, as shown in Fig. 2(b), the potential energy profile along the
Ti-O-P valence angle distortion in a molecular fragment of (OH)3Ti-O-P(OH)3 was used to
optimize Ti-P van der Waals interaction terms and Ti-O-P valence angle parameters. Overall
the thermodynamic stability of oxides and phosphates describing LATP is in good
agreement with DFT.
Recently, it has been shown that LAGP could be sintered into solid monolithic materials
and also with polymer-composites through cold sintering.33, 61 Here a dense material can be
obtained through the use of a transient liquid phase that enables dissolution and
precipitation to enhance the densification process. To address the potential application of
the LATP force field to cold-sintering process, we here also consider the hydrolysis
reactivity between water and LATP. Hydrolysis of oxide and phosphate at the interface
between LATP and water can play a major role in determining the morphology and
chemical and physical properties of the interface or the grain boundary at the contact with
water. To describe such reaction correctly, it is essential to obtain a quantitative description
of the corresponding reaction. The gas phase hydrolysis reaction of (OH)3Ti-O-P(OH)3 and

10
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(OH)3Ti-O-Al(OH)2 molecular fragments produces Ti(OH)4, H3PO4 and Al(OH)3, respectively.
In ReaxFF, the reaction energy is -14.3 kcal/mol for (OH)3Ti-O-P(OH)3 and -10.3 kcal/mol
for (OH)3Ti-O-Al(OH)2, which is in good agreement with the DFT values, -13.0 kcal/mol and
-12.1 kcal/mol, respectively.
Furthermore, in order to describe the reactions involving phosphoric acid and hydrogen
phosphate derivatives in water, we included dissociation energies of phosphoric acid into
the training set. Phosphoric acid is a weak acid with the chemical formula H3PO4, which
dissociates in the following manner:
H3 PO4 (

!)

&
# H2 O($) ⇌ H3 O#
( !) # H2 PO4 ( !)

2&
H2 PO4 &
#H2 O($) ⇌ H3 O#
( !) # HPO4 ( !)
( !)
3&
HPO4 2&
# H2 O($) ⇌ H3 O#
( !) # PO4 ( !)
( !)

(1)

(2)

(3)

The dissociations of phosphoric acid require extremely long simulation times which are
not reachable by normal molecular dynamics simulations. Therefore, sampling methods are
employed to investigate the dissociation at atomistic level. Metadynamics is a commonly
used sampling method to accelerate rare events (e.g. dissociation of acids) by preventing
the system to visit previously sampled configurations.62 The metadynamics has been used
to calculate the dissociation constants of acids by several researchers.63-65 In this work, we
used ReaxFF-based metadynamics simulations to calculate the three dissociation reactions
of phosphoric acid. The initial configuration of the system was generated by solvating one
phosphoric acid molecule in 60 water molecules in a cubic box with a periodic boundary
condition. The side length of the box (12.39 Å) was determined by keeping the water
density in the system at 1 g/cm3. The initial system was equilibrated in the isobaricisothermal (NPT) ensemble for 1 ns before metadynamics was applied. The temperature
and pressure were controlled by the Berendsen thermostat and barostat, and kept constant,
respectively, at 300K and at 0.1 MPa.66 We used a 0.25 fs time step to integrate Newton’s
equation

of motion using Velocity-Verlet

algorithm.

Starting configuration

for

metadynamics simulations was taken from the last step of the equilibration simulation.
We defined four separate collective variables (CVs) for each of the oxygens in
phosphoric acid, namely, CV1, CV2 and CV3 for hydroxyl oxygens, and CV4 for double
11
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bonded oxygen. The CVs were defined as the coordination of phosphoric acid oxygens by
hydrogen atoms in the system (eq. 4).
SOH =

)

R OH- − d. 0
/
1−+
R.

R OH- − d. 12
341,…,NH
1−+
/
R

(4)

.

where NH is the number of hydrogen atoms and R OH- is the distance between oxygen and
jth hydrogen atoms. We set the parameters R0=0.3 Å and d0=1.0 Å.
The sampling was performed in three stages. During the sampling, the Gaussian
parameters for height and width were chosen as 0.3 kcal/mol and 0.01 Å, respectively. The
Gaussian potential was deposited with a time step of 50 fs to the selected CV depending on
the sampling stage. An upper wall was applied to the selected CVs depending on the stage
to prevent them being protonated by applying a restraining potential in the form shown in
eq. 5.
Vwall (SOH ) = κ<SOH − SOH limit >

?

(5)

where SOH is the value of the selected CV and SOHlimit is the maximum allowed value of the

selected CV. The parameters are set as SOHlimit = 0.01 and κ = 100. In the first stage, the

upper wall was applied to CV4 to prevent protonation and the Gaussians were deposited to
CV1 to trigger the dissociation. Since the purpose was to estimate the energy barriers of
dissociations, each stage ended after hydrogen atom detached from the oxygen atom and
formed a hydronium ion, and the hydronium ion has no interaction with residual conjugate
base ion. In the second stage, another upper wall was activated for CV1 and the Gaussians
were deposited to CV2. In the last stage, another upper wall was applied to CV2 and the
Gaussians were added to CV3. At the end of each stage, we checked if the entire free energy
surface was explored in CV space.

The corresponding free-energy profile in Fig. 3 shows well-defined energy barriers for

each dissociation reaction in eqs. (1) – (3). The pK a value for each of the dissociations was

estimated using the free-energy and the formula, pK a = ∆G⁄2.303RT.63, 65 The pK a values

for phosphoric acid dissociation reactions were calculated as pK a1 ≈ 1.1, pK a 2 ≈ 6.3 and
12

Page 13 of 42

Physical Chemistry Chemical Physics

pK a I ≈ 11.4. The experimental values of dissociation constants are 2.1, 7.2 and 12.6 at

298.15 K, respectively.67 The difference between computed and experimental pK a values

corresponds to an energy difference approximately as small as 1.36 kcal/mol. This energy
difference is reasonable, compared to the errors in other models,68 therefore, it is safe to
mention that the dissociation trend is in agreement with experiment.
To validate the ReaxFF force field for LATP, we studied the structural and the energetic
characteristics of bulk LATP. The unit cell of LTP (a = b = 8.647 Å, c = 21.103 Å, as shown in

Fig. 4a) adopts the well-known NASICON type structure which consists of a three-

dimensional network built of TiO6 octahedra and PO4 tetrahedra and six Li ions at M1 site.
The 108-atom unit cell contains six formula units. For LATP at x=0.2, one Ti in the unit cell
is substituted by Al and one Li is added to the M1/2 interstitial site for charge compensation

as shown in Fig. 4(b). There are six equivalent M1/2 sites per one M1 site. By adding
additional Li to one of the M1/2 interstitial sites, Li atom that was initially on M1 site also
shifts to the facing M1/2 interstitial site, generating two interstitial Li atoms – Li(4) and Li(7)

in Fig. 4(b). Unlike LTP, there are two distinguishable M1/2 sites available for Li in LATP –
one is the site next to Al and the other is the site next to Ti. It has been reported that the site
next to Al is thermodynamically more stable than the site next to Ti by 4.6 kcal/mol.69 In
ReaxFF, Li is also preferentially located next to Al with the energy difference of 6.3 kcal/mol
from M1/2 site next to Ti. Since the interstitial Li next to Al is energetically more favorable, it
is expected that Li stays longer near Al than Ti.

Fig. 5 shows equations of state for LTP and LATP (x=0.2). The ReaxFF potential energies

at different densities of LTP are well compared to the DFT data. In LATP at x=0.2 (a = b =
8.639 Å, c = 21.084 Å), the equation of state shifts slightly toward lower densities (99.65%
of LTP) and is less sensitive to large volume changes. When Ti is substituted by Al in LTP,
the system lattice parameters assuredly decrease due to the smaller size of the Al cation,
probably making the interstitial channel more appropriate for Li diffusion. However,
because Al is lighter than Ti, the density becomes slightly lower than that of LTP as
observed in experiment (99.76% of LTP).19 The composition-dependent lattice parameters
are well reproduced in ReaxFF.
Understanding the diffusion behavior of Li in LATP would help understanding the
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composition-dependent ionic conductivity of LATP and modeling highly Li ion conductive
LATP materials at x=0.3–0.5. As a first step, we discuss Li diffusion in rutile-TiO2. RutileTiO2 structure consists of TiO6 octahedra linked via oxygen, generating one dimensional
void channel in the c-direction. The thermodynamically preferred site for Li insertion has
been known to be the octahedral site surrounded by six oxygen atoms. Energetically
efficient Li diffusion in rutile-TiO2 can take place along the path connecting these two
octahedral sites, which is the channel parallel to the c-axis. In order to investigate the
diffusion of Li in TiO2, an isolated Li atom was inserted into the octahedral interstitial site of
a (2 × 2 × 2) supercell and the potential energy profile for Li migration was obtained along
this diffusion pathway. As shown in Fig. 6, the energy barrier is very low, 0.8 kcal/mol in

ReaxFF, which is in excellent agreement with the DFT value (1.1 kcal/mol).70 Low energy
barrier for Li diffusion indicates that Li in rutile-TiO2 can diffuse fast even at low
temperature.
LTP and LATP structure consists of a TiO6–PO4 three-dimensional diffusion network,
providing a potentially efficient ionic conductivity channel. Li transport can take place
through this channel by a series of Li migration via interstitial or vacancy sites. For example,
in LTP rhombohedral structure, all Li atoms are placed at M1 sites surrounded by six oxygen
atoms. In the presence of vacancy, a three-dimensional network linking one M1 site to
another M1 site throughout the LTP crystal provides a Li diffusion channel. Due to the
complexity of the structure, the diffusion of Li in LTP has been studied by a few
computational methods – from MM and MD simulations,71 the activation energy for Li
diffusion via vacancy was estimated to be 6.9 kcal/mol. In DFT,69 the activation energies for
Li diffusion via vacancy and interstitial sites in LTP were reported to be 9.4 kcal/mol and
4.4 kcal/mol, respectively.
For comparison with published work, we modeled a LTP system of a 108-atom unit cell

and created one vacancy at M1 site as shown in Fig. 7. The energy barrier for the vacancy
diffusion is 8.3 kcal/mol in ReaxFF, which is in good agreement with the DFT value (9.4
kcal/mol). While Li diffusion via vacancy can take place by a simple mechanism of hopping
from one M1 site to the neighboring M1 site, the diffusion pathway through interstitial sites
can be more complex because three Li atoms at M1/2 sites are involved in the diffusion
process, performing concurrent migrations. For example, the insertion of Li into M1/2 site
14
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induces migration of the neighboring Li at M1 site to another M1/2 site, consequently
generating two Li atoms at M1/2 site, which is similar to Li(4) and Li(7) in Fig. 4(b). When

Li(7) at M1/2 site diffuses toward Li(3) at M1 site through the three-dimensional diffusion
channel, Li(4) at M1/2 site diffuses concurrently back to M1 site. As Li(7) approaches the
interstitial site next to Li(3), Li(3) also starts migration to the facing M1/2 site, finally
generating two M1/2 Li atoms (Li(3) and Li(7)). The diffusion process through interstitial
sites can be more important in LATP because additional Li atoms have to exist for charge
balance. In DFT work,69 the activation energy for the interstitial diffusion in LTP was
reported to be 4.4 kcal/mol, which is only a half of the activation energy for the vacancy
diffusion. Since the interstitial diffusion is kinetically more efficient than the vacancy
diffusion, it is expected that the interstitial Li diffusion would be more dominant, in
particular at low temperature. In ReaxFF, the energy barrier is 6.0 kcal/mol, which is
slightly higher than the DFT value but lower than the energy barrier for the vacancy
diffusion, making the interstitial diffusion to be dominant as is expected in DFT.
In the current ReaxFF force field, the energetic and the structural features of LTP and
LATP are reproduced properly, agreeing well with the DFT data. In addition, Li diffusion
through interstitial and vacancy sites, which is essential to study the ionic conductivity of
LATP, is also in good agreement with the earlier works.

3.2 MD simulation for Li diffusion in bulk LATP (x=0-0.5)
According to earlier experimental works,16, 19, 72, 73 the substitution of Ti by Al in LTP
enhances significantly the Li ionic conductivity. Depending on the synthesis and sintering
conditions, the total ionic conductivity of LATP was reported to vary between 10-4 and 10-3
S/cm.19, 22, 74-78 In particular, it was reported that significantly high Li ion diffusivity can be
achieved in LATP at x=0.3-0.5.16, 19-21, 73, 79 This may indicate that the diffusion behavior of Li
is affected by the composition. Thus, understanding of the diffusion process in LATP at
different compositions is essential for understanding its high ionic conductivity. The
diffusion mechanism of Li in LTP and LATP has not been well elucidated in detail in theory
due to its complicated structure and composition. Atomistic scale MD simulation can be an
essential tool to study the Li diffusion mechanism and find the relation between LATP
composition and Li diffusion. Using the ReaxFF force field developed in the present work,
15
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we investigated the Li diffusion in LTP and LATP at x=0.2 and 0.5.
First, we performed MD simulations for Li diffusion in LTP without defect – all six Li
atoms in a 108-atom unit cell are placed at M1 site and there is no Li atom at M1/2 site. A (4
× 4 × 2) supercell was generated using this unit cell to perform MD simulations at T = 300–
1100 K. The system was equilibrated at 300 K, 400 K, 500 K, 700 K, 900 K and 1100 K for
100 ps under NVT ensemble using Berendsen thermostat with a relaxation constant of 100
fs. To collect diffusion trajectories for analysis, NVT MD simulations were performed for
400 ps, using Berendsen thermostat with a weak thermostat coupling of a relaxation
constant of 1000 fs. For parallel ReaxFF MD simulations, we used the ADF/ReaxFF
implementation.80
Li diffusion constant at each temperature is obtained from the slope of the averaged
mean square displacement (MSD) using Einstein’s relation.
R

1
MSD(t) = )〈NrO (t) − rO (0)P2 〉
n
O

MSD(t) = 6Dt

(6)
(7)

where D is the diffusion constant of Li at a given temperature (T), n is the number of Li in
the system and ri(t) is the position of Li at time t. The MSD of each Li atom is calculated
using its position as a function of time. The MSDs of all Li atoms are summed and averaged
to extract the diffusion coefficient. For LTP, the diffusion constant is very low, 2.1 × 10-9
cm2/s at 300 K. From the diffusion constants calculated from MSDs at different
temperatures, the plot of ln D vs. 1/T is shown in Fig. 8. Since diffusion in the given
temperature range exhibits Arrhenian behavior, a fit to D = D. exp(−EV /RT) can give an

activation energy. From the slope of the fit, the activation energy for Li diffusion in defectfree LTP is estimated to be 3.8 kcal/mol, which is close to the DFT value (4.4 kcal/mol) for
the diffusion via interstitial sites in LTP. However, since there is no interstitial Li at M1/2 site
at the initial configuration, diffusion via interstitial sites cannot explain the diffusion in
defect-free LTP. To understand the diffusion process in LTP, the decomposed MSD was
analyzed. The decomposition of the MSD in Fig. 9 shows that the dominant diffusion occurs
along the ab-plane rather than the c-axis at 300–900 K, e.g., at 300 K, D = 2.1 × 10-9 cm2/s,
16
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Dab = 3.1 × 10-9 cm2/s and Dc = 2.7 × 10-10 cm2/s and at 900 K, D = 9.4 × 10-8 cm2/s, Dab = 1.2
× 10-7 cm2/s and Dc = 3.9 × 10-8 cm2/s. This indicates that Li does not migrate toward
another M1 site and/or M1/2 site along the c-axis but diffuses relatively easily on ab-plane –
the migration within six M1/2 sites surrounding one M1 site or the migration from M1/2 site

to the neighboring M1 site. The diffusion pathway of Li is visualized in Fig. 10(a) by tracking
the trajectories of several Li atoms over time at 900 K. It is observed that the diffusion of Li
takes place within M1/2 sites on ab-plane. Due to the low diffusion constants, its motion is
still limited to around its initial position. However, at high temperature, it is possible that
LTP has the local lattice distortion caused by temperature. Temperature induced defect
structure may allow Li to diffuse along the locally generated energy barriers in the cdirection. At 1100 K, diffusion constants in all three directions are obtained within the
same order of magnitude (Dab = 3.1 × 10-7 cm2/s and Dc = 2.7 × 10-7 cm2/s).
Based on the Nernst-Einstein equation, the Li ionic conductivity (σ) can be calculated
from the Li diffusion constant, the system temperature and the concentration of Li.
F 2 n. q 2
σ=
D
RT

(8)

where F is the Faraday constant, n0 is the number of Li per volume of the system, q is the
ion charge, R is the gas constant and D is the diffusion constant of Li at a given temperature
(T). The ionic conductivity of LTP from this equation is estimated to be 5.9 × 10-5 S/cm at
300 K, which is within the same order of magnitude of the experimental value (7.2 × 10-5
S/cm at 300 K).17
For the system of LTP that includes point vacancies, two out of six Li atoms at M1 site

were randomly chosen to be removed from a 108-atom unit cell as shown in Fig. 11. MD
simulations were carried out in a (4 × 4 × 2) supercell and the diffusion constants were
calculated at T = 500–1300 K. Unlike LTP without vacancy, it was observed from the ln D vs.
1/T plot that two types of diffusion take place at low and high temperature. At low
temperature below 700 K, the diffusion constants appear to lie very close to the linear fit of
the defect-free LTP. This may indicate that the vacancy defect which has a high energy
barrier for diffusion does not affect much the low-temperature diffusion. The diffusion
constants are placed within the same order of magnitude of those in defect-free LTP. From
17
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the decomposition of the MSD, it was observed that at T ≤ 700 K, Li diffusion occurs
dominantly on ab-plane with a slightly higher diffusion constant– at 500 K, Dab = 2.8 × 10-8
cm2/s and Dc = 1.9 × 10-8 cm2/s. Due to the distortion around the vacancy defect, slow
diffusion along the c-axis that was observed in the low temperature diffusion of the defectfree LTP is less significant. On the other hand, at high temperature range (> 700 K), Li can
overcome the energetic cost for the vacancy diffusion from one M1 to another M1 along the
c-axis. The slope of the ln D vs. 1/T plot is steeper than that of the low temperature region

as shown in Fig. 8. The energy barrier for Li diffusion is 10.8 kcal/mol, which is comparable
to the DFT value (9.4 kcal/mol) for the vacancy diffusion in LTP with a single vacancy. At the
temperature above 900 K, the diffusion constants are two to three times higher than those
of the defect-free LTP because of the activated three-dimensional diffusion – at 900 K, D =
3.0 × 10-7 cm2/s with vacancy and 0.94 × 10-7 cm2/s without vacancy, and at 1100 K, D = 5.5
× 10-7 cm2/s with vacancy and 2.9 × 10-7 cm2/s without vacancy.
Ionic conductivity can be enhanced by increasing the concentration of Li (the higher
number of charge carriers) and by providing more efficient diffusion pathway. To
understand the composition-dependent ionic conductivity of LATP, we investigated the
diffusion behavior of Li in LATP at x=0.2 and x=0.5. For the system of LATP at x=0.2, one out
of 12 Ti atoms in a 108-atom LTP unit cell was replaced by Al. For charge balance, one
additional Li atom was added to the M1/2 site next to Al, which is known to be more stable
than that next to Ti. We note that an extra Li atom can generate two interstitial Li atoms. In
LATP at x=0.2, about 29% Li atoms are positioned at M1/2 interstitial site. The 109-atom
unit cell of LATP was expanded to generate a (4 × 4 × 2) supercell for the MD simulation.
While the configuration of LATP at x=0.2 has been already well determined by DFT studies,
the configuration of LATP at higher Al composition has not been known yet. The threedimensional distribution of Al and interstitial Li atoms can play a key role in generating
locally heterogeneous various LATP materials. Thus, it is critical to predict and model an
appropriate configuration of LATP for studying the diffusion behavior. Since there are a
number of possible configurations for LATP, depending on Al and Li atomic distributions, it
is inherently challenging to fully characterize both Al and Li configurations. Although it is
also of great interest to study the Li configuration, sampling a number of possible Li
interstitial sites is computationally very expensive. Thereby, we only searched the
18
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thermodynamically stable Al configuration in the given Li distribution at a reduced
computational cost. To predict the thermodynamic stability of various Al atomic
configurations in LATP at x=0.5, we performed a hybrid MC/MD simulation. The initial
configuration was constructed by replacing randomly chosen three Ti atoms by Al atoms in
a 108-atom LTP unit cell and adding three additional Li atoms to M1/2 interstitial sites next
to Al site. In this system, more Li atoms (about 67% Li at M1/2 interstitial site) are available
for diffusion via interstitial sites. This 111-atom unit cell was expanded to generate a (4 × 4
× 2) supercell. Using this initial configuration, we performed a MC/MD simulation to
determine the Al configuration. In the MC/MD simulation, two metal atoms (Ti and Al) are
allowed to exchange the position with an identity swap move. All accepted configurations
were stored during the simulation and the last configuration was taken to give a good

representation of the Al configuration paired with the given Li configuration. Fig. 12 shows
the potential energy data points of the configurations generated during the swap trials and
the snapshot of the final LATP configuration determined by the MC/MD simulation. From
the final configuration of LATP, it was observed that Al atoms prefer to be clustered on abplane and not to be isolated by neighboring Ti atoms. For comparison of the LATP crystal
structure from the MC/MD simulation with LATP materials in experiment, we calculated Xray diffraction patterns (XRD) of LTP and LATP at x=0.5 using X-ray and electron scattering

factors fitted to the analytic function and the coefficients for the fit.81, 82 In Fig. 13(a, b), in
comparison with LTP, the peaks in LATP shift slightly toward the higher theta angles
because the lattice parameters decrease due to the smaller size of the Al cation. Since the
lattice parameters in ReaxFF are slightly larger than those reported in experiments, it is
supposed that overall the peaks of patterns in ReaxFF shift slightly toward lower theta

angles than the peaks measured by experiment as shown in Fig. 13(c). Except for the shift
originated from the lattice parameter difference, the intense peaks of patterns for LATP
from the MC/MD simulation agree well with those in our experiment and earlier work.19, 83
This LATP configuration was taken for the study of Li diffusion at T = 300–1100 K.
From the analysis of the MD simulation data, the diffusion constant of LATP at x=0.2 was
calculated to be 2.6 × 10-9 cm2/s at 300 K, which is slightly higher than that of LTP. The

estimated activation energy from the ln D vs. 1/T plot (Fig. 14) is 3.9 kcal/mol. This value is
very close to the activation energy for either the interstitial diffusion in LTP (4.4 kcal/mol in
19
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DFT) or the diffusion in defect-free LTP (3.8 kcal/mol). We note that the energy barrier of
4.4 kcal/mol was calculated in LTP with interstitial Li atoms at M1/2 site next to Ti. In LATP,
interstitial Li atoms are initially positioned at more stable M1/2 site next to Al (by 6.3
kcal/mol). This may indicate that the energy barrier for the interstitial diffusion can be
higher than 4.4 kcal/mol. In addition, at x=0.2, only 29% of the total Li in the system are
available for the interstitial diffusion and 71% Li may behave similar to Li in defect-free LTP.
It was found that at low temperature, the diffusion constant along the c-axis is lower than
that along the ab-plane (Dab = 3.4 × 10-9 S/cm and Dc = 1.2 × 10-9 S/cm at 300 K), which is
similar to the observation in defect-free LTP. Since the diffusion constants are within the
same order of magnitude, this may imply that the three-dimensional diffusion via
interstitial sites partly contributes to overall Li diffusion as well. The ionic conductivity, 8.4
× 10-5 S/cm at 300 K is only slightly higher than that of LTP and lower than the reported
ionic conductivity (10-4 to 10-3 S/cm) at x=0.3-0.5.
A drastic change in Li diffusion and ionic conductivity was observed at the composition
of x=0.5. The diffusion constant was calculated to be 1.7 × 10-8 cm2/s at 300 K with the
corresponding ionic conductivity of 7.4 × 10-4 S/cm, which is one order of magnitude
higher than that of LATP at x=0.2. This value is close to the experimentally reported ionic
conductivities at 300 K – 7 × 10-4 S/cm in Li1.3Al0.3Ti1.7(PO4)316 and 2.5 × 10-4 S/cm from our
measurement by impedance spectroscopy. It is shown from Fig. 14 that the Li diffusion is

significantly enhanced at low temperature. As the number of Li at M1/2 site increases (67%),
the contribution of the three-dimensional interstitial diffusion to overall diffusion can also
increase. The diffusion constant along the c-axis is comparable to that along the ab-plane
over the temperature range of 300 K to 1100 K – Dab = 1.8 × 10-8 cm2/s and Dc = 1.5 × 10-8
cm2/s at 300 K and Dab = 1.8 × 10-7 cm2/s and Dc = 1.9 × 10-7 cm2/s at 1100 K. The threedimensional diffusion pathway of Li at 1100 K is shown in Fig. 10(b). In comparison with

the diffusion behavior of Li in LTP, interstitial Li atoms migrate from one M1/2 to the other
M1/2 along the c-axis as indicated by the decomposed diffusion constants. This may suggest
that the three-dimensional diffusion of interstitial Li atoms improves the diffusion constant
and the ionic conductivity. The energy barrier for Li diffusion at x=0.5 (1.9 kcal/mol) is
lower than that at x=0.2 and experimental values (5.5 kcal/mol from our measurement at

273–373 K in Fig. 15, 3.7–3.9 kcal/mol from NMR at low temperature range21 and 6.0
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kcal/mol from impedance spectroscopy21). Due to the heterogeneity induced by the Al
distribution, LATP with higher Al composition can have more diverse local configurations
and may have the various local minima with low energy barriers, resulting in the low
energy barrier for the overall diffusion. We note that at high temperature, the diffusion
constants for LATP are placed within the same order of magnitude of those in LATP (x=0.2).
When long-range diffusion takes place through interstitial sites, interstitial Li has a higher
chance to find and stay longer at thermodynamically more stable sites near Al. This may
retard the diffusion, resulting in low diffusion constant.
In summary, the diffusion constant, the activation energy and the ionic conductivity in
LTP and LATP at x=0.2, 0.5 are calculated in good agreement with the values reported in
experiment and theory. These results demonstrate the composition-dependent ionic
conductivity of LATP – from 5.9 × 10-5 S/cm in LTP (x=0) to 7.4 × 10-4 S/cm in LATP (x=0.5).

4. Conclusions
In the present work, we developed a ReaxFF force field for the study of NASICON-type
Li1+xAlxTi2-x(PO4)3 (LATP) solid electrolyte materials. Using ReaxFF, the structural and the
energetic features of LATP were reproduced properly – Li occupies more favorably the
interstitial site next to Al than next to Ti. In addition, it was found that the lattice
parameters decrease when Ti is partly substituted by Al in LATP, due to the smaller size of
the trivalent Al cation. This is in good agreement with the observation in experiment.
To validate the ReaxFF force field for LATP, we studied Li diffusion in LTP and LATP at
x=0.2 and 0.5. The ionic conductivity of LTP is 5.9 × 10-5 S/cm at 300 K, which is within the
same order of magnitude of the experimental value (7.2 × 10-5 S/cm). In LATP at x=0.2, the
interstitial diffusion (29% Li) contributes only partially to the overall diffusion and the
activation energy (3.9 kcal/mol) is close to the activation energy in defect-free LTP (3.8
kcal/mol). The corresponding ionic conductivity is 8.4 × 10-5 S/cm at 300 K, which is
slightly higher than that of LTP, but lower than the experimentally reported optimum ionic
conductivity for LATP at x=0.3-0.5 (10-4~10-3 S/cm).
Higher Al composition of LATP induces a configurational diversity, due to a number of
possible Al and Li distributions. Since locally heterogeneous LATP materials by the Li
21
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and/or Al configurations can affect Li diffusion, it is critical to model an appropriate LATP
configuration. Due to the computational cost, we searched only the most stable Al
distribution at the given Li distribution by performing a hybrid MC/MD simulation. The
ionic conductivity for the LATP configuration determined from the MC/MD simulation was
estimated to be 7.4 × 10-4 S/cm at 300 K, which is one order of magnitude higher than those
in LTP and LATP (x=0.2) and in the same range of experimental values (10-4 to 10-3 S/cm).
Due to the heterogeneity induced by the Al distribution, LATP can have more diverse local
structures with the various local minima. This can result in the low energy barrier for the
overall diffusion (1.9 kcal/mol).
In summary, the composition-dependent ionic conductivity of LATP was demonstrated
using the ReaxFF reactive force field in good agreement with the earlier works. These
results can provide important insights for the understanding of Li diffusion mechanism and
verify the applicability of the LATP force field for designing of highly Li ion conductive LATP
materials.
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FIGURES

Fig. 1 Equations of state of LixTiO2 (x=0.25-1.0), LiAlO2 and TiAl2O5 oxide, and Li3PO4 and
AlPO4 phosphate crystal phases in (a) DFT and (b) ReaxFF. Heats of formation (Hf) per atom
were calculated using bcc Li, fcc Al, molecular oxygen (O2), rutile TiO2, Li2O, o'-P2O5 and αAl2O3 as references at 0 K.
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Fig. 2 Valence angle energies for Ti-O-Al (top) and Ti-O-P (bottom) bond angle in ReaxFF
and DFT. Green, light gray, yellow, red and white atoms represent Ti, Al, P, O and H,
respectively.
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Fig. 3 (a) The free energy profile as a function of the total collective variable (STotal), which is
the coordination of oxygens in phosphoric acid by hydrogens. There are four peaks for
dissociated and undissociated states. (b-e) The snapshots taken from the MD trajectories of
metadynamics calculations. Atomic coordinates were visualized using VMD software. The
phosphoric acid, hydronium ion and selected water molecules were represented differently
than other molecules to increase visibility. (b) Dissociated state of HPO4 molecule in water
environment, (c) Dissociated state of H2PO4 molecule in water environment, d) Dissociated
state of H3PO4 molecule in water environment, e) Undissociated state of phosphoric acid
molecule in water environment.
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Fig. 4 Crystal structures of (a) LTP and (b) LATP (x=0.2). Li, Al, Ti, P and O atoms are
colored by cyan, light gray, green, yellow and red, respectively. Li(7), which is added for
charge balance in LATP, is positioned at M1/2 site next to Al as shown in red dot circle.
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Fig. 5 Equations of state of LTP in ReaxFF and DFT and LATP (x=0.2) in ReaxFF. The LATP
(x=0.2) curve shifts slightly toward the low densities (99.65% of LTP) because of the
smaller lattice parameters and the lighter mass induced by the Al cation.
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Fig. 6 Relative energy of Li diffusion in rutile TiO2 as a function of the Li position along the
diffusion pathway. The activation energy in ReaxFF is 0.8 kcal/mol, which is in good
agreement with the DFT value (1.1 kcal/mol).70 The snapshot in the graph shows the Li
trajectory along the diffusion coordinate.
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Fig. 7 Relative energy of Li diffusion via vacancy site in LTP as a function of the Li position in
ReaxFF and DFT.69 Since the M1-to-M1 pathway is symmetric, the potential energy profile
for the half of the pathway is shown. The snapshot shows the Li position at the initial, the
transition state and the final as a vacancy migrates from one M1 site to another M1 site. Li,
Ti, P and O atoms are colored by cyan, green, yellow and red, respectively.
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Fig. 8 Arrhenius plot, ln D vs. 1/T for Li diffusion in LTP with no vacancy and with two point
vacancies per unit cell. The energy barriers for the Li diffusion are estimated to be 3.8
kcal/mol and 10.8 kcal/mol (at high temperature range), respectively.
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Fig. 9 Plot of the decomposed MSD(ab, c) vs. time for LTP at (a) 300 K, (b) 900 K and (c)
1100 K.
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Fig. 10 Diffusion trajectories of interstitial Li atoms in LTP at 900 K (a) and LATP (x=0.5) at
1100 K (b). The trajectories of different Li atoms are distinguished by different colors. The
cyan atom in the snapshot on the ab-plane represents Li at its initial position.
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Fig. 11 A LTP unit cell with two vacancies (left) was expanded by (4 × 4 × 2) to generate a
supercell for a MD simulation of Li diffusion at T = 500–1300 K. Li, Ti, P and O atoms are
colored by cyan, green, yellow and red, respectively.
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Fig. 12 A MC/MD swap (Ti ↔ Al) simulation to obtain a LATP configuration at x=0.5. (a)
Potential energy of the system at MC/MD trials, (b, c) LATP final configuration (top and side
view). Li, Al, Ti, P and O atoms are colored by cyan, light gray, green, yellow and red,
respectively.
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Fig. 13 X-ray diffraction patterns of (a) LTP, (b) LATP at x=0.5 taken from the MC/MD
simulation in ReaxFF and (c) LATP measured from experiment.
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Fig. 14 Arrhenius plot, ln D vs.1/T for Li diffusion in LTP and LATP (x=0.2, 0.5). In LTP, all Li
atoms are placed at M1 site. In LATP, Li atoms are placed at either M1/2 site or M1 site. The
energy barriers for Li diffusion are estimated to be 3.8 kcal/mol in LTP, 3.9 kcal/mol in
LATP (x=0.2), and 1.9 kcal/mol in LATP (x=0.5).
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Fig. 15 Plot of log1. a vs. 1/T in LTP and LATP at x=0.2 and 0.5 in comparison with the
ionic conductivity of LATP in experiment. In ReaxFF, Li ion conductivity increases from 5.9
× 10-5 S/cm (LTP) to 7.4 × 10-4 S/cm (LATP at x=0.5).
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