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ABSTRACT: Ionic diffusivity plays a central role in battery performance. A cathode material
for lithium-ion (Li-ion) batteries, LiFePO, (LFP), performs poorly at high current rates due
to low Li-ion diffusivity. An increase in ionic diffusivity is essential to enhance battery
performance for high-power-density applications such as hybrid and electric vehicles. Here,
we use molecular dynamics simulations with machine learning force field and climbing-image
nudged elastic band calculations to show that Li-ion diffusivity in LFP increases when doped
with the transition-metal dopant ruthenium. This increase is associated with a reduction in

Li-diffusion energy barrier, diffusion length, and Li-vacancy formation energy, and it is
accompanied by changes in the electronic band structure, specifically the appearance of electronic states in the middle of the band

gap and vicinity of the conduction band.

KEYWORDS: LiFePO,, LFP, doping-induced changes in conductivity, ionic diffusivity, nudged elastic band, on-the-fly learning,

machine learning force field, molecular dynamics

1. INTRODUCTION

LiFePO, (LFP) is an extensively studied cathode material for
large-capacity lithium-ion (Li-ion) batteries needed for electric
vehicles and other applications due to its relatively high
theoretical specific capacity of 170 mA h g™, high energy
density, chemical and thermal stability, lower cost, environ-
mentally benign nature, and good cyclability.'~* It has a cell
voltage of 3.5 V"° versus Li*/Li’. The phases LiFePO, and
FePO,, which form during the intercalation and deintercala-
tion of Li ions, have the same structure and nearly the same
volume, leading to excellent electrochemical cyclability and
charge retention. However, its practical capacity is low (~110
mA h g™') even at low current densities of about 2 mA/g; this
capacity decreases further at increased current rates,'
suggesting limited applicability for both low- and high-power
rechargeable batteries. Low values of practical capacity are due
to its poor electronic conductivity (~107° to 107'° S cm™!)°
and low Li-ion diffusivity (~10712 to 107 cm? s7!).>”~” The
poor ionic diffusivity limits electrochemical performance as
evidenced by low power density and low capacity retention
during charging/discharging, leading to reduced cycle life and
low charge/discharge rates.> %101 Increasing the electronic
conductivity and Li-ion diffusivity is essential for improving the
rate performance of high-power rechargeable batteries.

It is known that local crystal structure, electronic
configuration, and ionic diffusion can be enhanced by surface
engineering, for example, coating with carbon,'? minimizing
the particle size at the nanoscale, and doping with suitable
dopants.”> The carbon coating”*~'® improves the electron
conductivity by forming the interparticle charge-conduction
layers with enhanced charge mobility. Minimizing particle size

© XXXX American Chemical Society

WACS Publications

at the nanoscale increases the surface-volume ratio and eases
the interparticle transfer of electrons and ions. Doping with
suitable dopants increases the electronic conductivity and Li-
ion diffusivity by reducing the energy band gap, increasing the
charge carrier density, forming new defect states in the bands,
shortening the diffusion path, expanding the diffusion channel,
and lowering the diffusion activation energy barrier. Changes
in the local crystal structures, lattice distortions, and electronic
structures accompany these changes.

The literature on the doping of LFP includes primarily
experimental studies”®”'’7*° along with few theoretical
studies”’ ~*" including large materials genomics type of study
involving multiple dopants.’> While these studies aim to show
that suitable dopants can improve electrochemical perform-
ance, a detailed understanding of the effect of doping leading
to performance enhancement remains unclear. The first-
principles atomistic simulations known for unveiling the
structure—composition relationship contribute to the under-
standing of mechanisms behind performance enhancement by
elucidating the effect of dopants on electronic band structure,
electrical conductivity, ionic diffusivity, lattice distortion, and
average lithium-ion intercalation/deintercalation potential.
Since the mechanisms behind enhanced properties for many
dopants remain unclear, we chose Ru as a model dopant and
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investigated its effect on the local structure and electronic and
ionic conduction. While LFP might contain other intrinsic and
extrinsic defects and they manifest themselves depending on
growth conditions, our calculation focuses on unraveling
detailed fundamental reasons behind performance enhance-
ments upon Ru doping, keeping other macroscopic conditions
nominally the same. Typically, in intentional doping studies,
the concentration of the dopants is high enough to dominate
the observed changes in properties.

2. METHODS

2.1. Density Functional Theory Parameters and Structural
Details. We used the density functional theory (DFT) implemented
in the Vienna ab initio Simulation Package (VASP) within the plane-
wave pseudopotential method®® to evaluate the structure—property
relationships of the LFP and Ru-doped LFP. The projected
augmented wave®* method was used to evaluate the electron—ion
potential. The Perdew—Burke—Ernzerhof form of spin-polarized
generalized gradient approximation (GGA)®> was used to approx-
imate the exchange—correlation effects. Since the GGA method
underestimates the band gap and Li-ion intercalation voltage partly
due to incomplete accounting of strong electron correlation within
the Fe 3d state, we used the GGA + U method,*® where Hubbard
correction U describes the on-site electron repulsion. We found that
the GGA + U method with U,z = U — J of S eV at the Fe 3d state (U
=5eVand ] =0, ] is the exchange term), calculated band gap energy,
and the average Li intercalation/deintercalation voltage [also known
as an open-circuit voltage (OCV)] are close to the experimentally
measured values">*”~*' (Table S1). Thus, we adopt a U,g of 5 €V for
all calculations. Structure optimizations are performed using a kinetic
energy cutoff of 520 eV, a k-point mesh of 2 X 2 X 2, and convergence
criteria of energy difference of 107° eV and atomic force of 0.01 eV
A~!. The valence electronic configurations for Li, Fe, P, O and Ru are
1s22s!, 3d74s', 3s23p3, 2522p4, and 4p65514d7, respectively. The denser
k-point mesh of 4 X 3 X 4 is used for calculating the electronic density
of states (DOS). We have also used the HSE06 functional*** in our
calculations to calculate the DOS for verification of the energy
position of the Ru-defect states.

We varied the concentration of dopants using different-sized
supercells. We used a 2 X 2 X 1 supercell with one Fe atom replaced
with one Ru atom to create LiFe;,Ruy0sPO,4 and a unit cell with one
Fe atom replaced with one Ru atom to create LiFe,;sRuy,sPO,
(Figure S1). The Ru-defect sites were chosen randomly. The distance
between doped Ru atoms depends on the concentration. In
LiFey 9,Ru,0sPO,, the typical inter-Ru atom distance is 9.5 A, whereas
in the case of LiFe,,sRu,,sPO,, the inter-Ru atom distance is 4.74 A.
The best electrochemical performance has been observed in
LiFey 93Ru, 0,PO,;** thus, we have chosen the LiFeyg,Ruq PO,
stoichiometry for our study. The conjugate gradient relaxation
doped structure with varying concentrations (0.06 to 0.25 atomic
%) retains the orthorhombic structure with a lattice constant and
volume reported in Table 1 (manuscript).

2.2. Climbing-Image Nudged Elastic Band Method. We used
the climbing-image nudged elastic band (CI-NEB) method** as
implemented in the VTST interface to the VASP to calculate the
activation energy barrier for Li diffusion along the path that Li-ions
follow when hopping between two neighboring Li sites. Five
intermediate configurations (also called images) were generated by

Table 1. Lattice Parameters and Volume for Pure and Ru-
Doped LiFePO4 Using the GGA + U, U = § eV Method

lattice parameter LiFePO, LiFey g4Rug0PO, LiFe;;5sRug,sPO,
a (A) 4.743 4.745 4.746
b (A) 6.066 6.060 6.045
¢ (A) 10.419 10.405 10.377
volume (A%) 299.82 299.28 297.78

linear interpolation between the initial and final configurations. The
local relaxation calculations using a quick-min*® force-based optimizer
were implemented to find the saddle point (the highest energy image)
with the convergence criteria of maximum force of 0.01 eV A™" on all
the images. For these calculations, we used the maximum step size of
0.2A for the translation of the atom and the dynamical time step of
0.01 fs.

2.3. Ab Initio Molecular Dynamics Machine Learning Force
Field Generation. We performed molecular dynamics (MD)
simulations using ab initio and machine learning force field
(MLFF) with VASP to evaluate the dynamical quantities like mean
square displacement (MSD), diffusion coefficient (or diffusivity), and
diffusion activation energy barrier.

MLFFs were generated on-the-fly***’ during Ab-Initio-MD
(AIMD) simulations. In this work, AIMD simulations use the NVT
ensemble with the temperature of the system controlled by the Nose—
Hoover thermostat®® with a time step of 1 fs for a duration of 10 ps
heated gradually from 800 to 2000 K. The simulation cell consisted of
a2 X 1 X 1 supercell of LFP with $6 atoms (8 formula units). We
took a relaxed structure from the static DFT calculations as the initial
structure for on-the-fly learning calculations. Only 915 AIMD
calculations were performed out of a total of 10,000 MD steps, and
the structures corresponding to these AIMD calculations constitute
the reference structure data sets. From these reference-structure data
sets, 1844, 3104, 8000, 2523, and 828 local reference configurations
were selected for Fe, Li, O, P, and Ru, respectively. These local
reference configurations describe the local environment of the
involved atoms. The total energy of each structure was evaluated as
the sum of the local energies that are a function of the local
configurations. The local energies were fitted using the kernel
regression method*®' to generate the force field function. The
threshold for the Bayesian error on the forces was set at 0.002 eV/A,
which was set to update automatically as the simulation becomes
more accurate with the number of steps.

For constructing the descriptors and kernel functions,®*>* we set
the cutoff radius of S A to represent the local environment of each
atom. The width of the Gaussian functions used for broadening the
atomic distributions of the descriptors was set to 0.5 A. We used 8
radial basis functions to construct descriptors. The weight of the radial
descriptors in the kernel was chosen as f = 0.1, and the polynomial
power of the kernel was set to be ¢ = 4. The CUR algorithm®* was
used to sparsify local reference configurations with a threshold of
107,

To validate the generated MLFF, we plotted the differences
between the energies, forces, and stress tensors (Figure S2) predicted
by the MLFF and the DFT calculations for the structures in the
training data set. We found that the differences in energies, forces, and
stress tensors are less than 4 meV atom™, 0.8 eV A™!, and 6 kbar,
respectively. The root-mean-square errors in the energies, forces, and
stress tensors predicted by this MLFF for the training data set were
1.25 meV atom™, 0.076 eV A™!, and 1.17 kbar, respectively. The
zero-temperature lattice parameters and volume for undoped and
doped LFP were also calculated using MLFF and compared with the
values from the DFT calculations (Table S2). We found the difference
in lattice parameters and volumes to be less than 0.5%. These tests
and results from the previous literature™*"*>*° indicate that the
MLFF calculations have an accuracy near the DFT calculations.

2.4. MD Calculations. We performed the MD simulations on
both pure and doped LFP 2 X 2 X 1 supercells (112 atoms; 16
formula units) using the MLFF generated during on-the-fly machine
learning at various temperatures (1000, 1200, 1400, 1500, 1600, 1700,
1800, and 1900 K) for 40 ps to calculate the MSDs of Li, Fe, P, O,
and Ru atoms. We performed the MD simulations at higher
temperatures as we did not see significant Li migration even at
1200 K with a simulation time of 40 ps (Figure S3), consistent with
the previous AIMD studies.’®>” Note that the 2 X 2 X 1 supercell is
approximately isotropic, which allows the defect-induced charge
density to distribute radially around the defect sites.
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3. RESULTS AND DISCUSSION

3.1. Site-Selective Doping. The doped Ru prefers to
occupy the Fe site. Figure la shows the crystal structure of

Figure 1. Crystal structure of LiFePO, (LFP) (a), evolution of Fe-
and Li-centered octahedra, and P-centered tetrahedra of pure LFP (b)
upon doping with Ru (c).

LiFePO, with the Fe site located at the center of the O-centric
octahedra interspersed between Li-centered octahedra. PO,

tetrahedra fit between tilted Fe-centered and Li-centered
octahedra, as shown in Figure 1b. Out of Li, Fe, P, and O and
interstitial sites, Ru prefers occupying the Fe site because of
relatively similar ionic radii and preference of the Ru ion for an
octahedral environment similar to Fe. Table S3 shows the
energy cost of replacing Fe, Li, P, and O with Ru and the
energy cost associated with occupying interstitial sites. The
energy cost for replacing the ions is calculated using E(HF) =
E(doped) — E(pure) =+ Y nu; where E(doped) and E(pure)
are the energies of the doped and pure LiFeO, and #; is the
number of ions added or removed with the corresponding
energy i;. The energy cost of replacing Fe is 1.46 eV, which is
lower than that of replacing other atoms in the lattice. Below,
we discuss the effect of such replacement.

3.2. Effects of Doping on Structure. Ru doping reduces
the volume of LFP by asymmetrical change of the lattice
parameters. Table 1 summarizes defect-induced changes in the
LFP lattice upon Ru-doping. Lattice parameter ¢ decreases
upon incorporating Ru, while a and b remain roughly the same,
resulting in decreased volumes. A similar decrease in volume
upon doping has been observed experimentally.'”** This slight
reduction has been attributed to the smaller ionic radius of the
Ru ion (0.68 A) compared to that of the Fe ion (0.78 A),
leading to local distortion (Figure 1b,c). The asymmetric
reduction in lattice parameters indicates more asymmetric

bonding with nearby O, with reduced bond length along the
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Figure 2. DOS and band structure of LiFePO, (a,b) and Ru-doped LiFePO, (c,d), respectively. Blue and red bands in (b,d) represent the spin-up
and spin-down bands. The inset in (b) shows the Brillouin zone. The position of Ru electronic states is shown in both DOS and band structure
plots. In (d), solid brown lines are for spin-up and broken brown lines are for spin-down bands. Zero of the energy level corresponds to the Fermi
energy. The iso-surface plot (e) shows the distribution of charge density induced due to Ru doping with the iso-surface level set to 0.012 e/A>.
Differential DOS (f) evaluated by taking the difference between the DOS of Fe in pure and doped one, plotted as a function of energy near the

VBM edge.
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[001] directions compared to others in the FeOg4 octahedron.
This effect is mediated by a defect-induced charge distribution
in a nearby Fe-site that is oriented along the [001] direction
because it is mainly contributed by d.> and d,, orbitals (Figure
2e,f). Any possible interaction involving these orbitals would
likely affect the c-lattice constant more than others.

3.3. Effects of Doping on the Band Structure. Figure 2
shows that doping Ru induces electronic states that are mostly
localized around the defect site and leaves valence and
conduction bands roughly unchanged. Figure 2a,c shows the
DOS, and Figure 2b,d shows corresponding band structures of
pure and Ru-doped LFP showing that Ru-electronic states
(gray lines) lie in the band gap. We found that Ru as a dopant
is only weakly hybridized, and its electronic configuration
remains close to that of Ru solid. The occupied and empty Ru
states can be qualitatively interpreted as t,, and e, orbitals in
low spin configurations, occupying about 4.7 electrons per
dopant. The availability of these extra electronic charges due to
dopants may help in enhancing the specific charge capacity.

The position of the Ru-electronic states was verified with
hybrid functional HSE06,*”** which explicitly includes the part
of the exact Hartree—Fock exchange to account for electronic
correlations missing in standard generalized gradient func-
tionals. The DOS calculation using the HSE06 functional
(Figure S4) also shows that Ru-electronic states lie in the band
gap. The valence band maxima and conduction band minima
of the Ru-doped case consist of the Fe-d state like in the
undoped case. If the Ru-electronic states are removed from the
gap of the doped case, the band structures of pure and doped
LFP become roughly similar, except that the conduction bands
lie near the Fermi energy level in the doped case.

3.4. Effects of Doping-Induced Charge Distribution
and Li-Vacancy Formation. The lithium vacancy formation
energy, E (Li,) = E(Li,) — E(Li) + nuy; where E(Li,) and
E(Li) are the energies of the supercell with and without Li
vacancies, n is the number of Li vacancies, and p;; is the
chemical potential of Li, decreases upon Ru-doping as shown
in Table 2. Li atoms removed to create vacancies in the

Table 2. Lithium Vacancy Formation Energy for Pure and
Doped LFP and the Distance of the Vacant Li Site from the
Dopant Ru Atom

pure doped LFP

Li distance from Ru (A) 360 370 563 559
Li vacancy formation energy (eV)  3.83 2.67 2.71 2.72 2.73

supercell are shown in Figure SS. Though the defect-induced
charge is mostly localized around the defect sites, it spans
approximately 1 nm around the defect (Figure 2e). Since some
of the charges moved away from the defect site, the defect site
is slightly positively charged. The interaction between an
additional positive charge (hole) induced by a Li vacancy and a
positively charged atom at the defect site will increase the
energy of the defective system and reduce the formation
energy of Li-vacancy.

Alternatively, the reduction can be interpreted as Li-vacancy
helping to restore charge neutrality that is perturbed by donor-
type Rug, defects. As a result, the average Li-vacancy formation
energy decreases by ~1 eV (Table 2) in the presence of Ru
dopants. As expected, this reduction is dependent upon the
distance from the dopant site. The farther the distance from
Ru, the lower the reduction in the Li-vacancy formation

energy. This reduction of Li-vacancy formation energy may
lead to the reduction of the amount of energy required to
charge the battery and, hence, charging voltage.

3.5. Effects of Doping on the Voltage for Li-lon
Intercalation. The Li intercalation voltage remains roughly
the same after doping. The evaluated average Li intercalation
voltage of 3.59 V for bulk LiFePO, changes to 3.52 V upon
doping; a small change between the two cases lies within the
accuracy of the calculations. Li intercalation voltage, also
known as OCV, is defined as V(x) = —[p§3hode(x) — p220%] /ze,
where z is the number of electrons (e) transferred and pgthode
and pi"°% are the chemical potentials of the cathode and
anode. However, it is convenient to evaluate OCV by
evaluating the energy involved in the Li-ion intercalation in
the cathode of the cell:**~*

Li,,(cathode) + (n — m)Li = Li,(cathode), the average Li-
ion intercalation voltage can be obtained from the ground-state
energies calculated from the DFT as V(x) = —[Ey;,)(cathode)
— (n — m)(By + Epgm(cathode))]/(n — m)e, where
ELi(,,)(cathode) and ELi(m)(cathode) are the energy of the
cathode having n and m number of Li atoms, Ej; is the energy
of the isolated Li atom, and (n — m) is the number of Li atoms
intercalated in the cathode. In the limit case of m = 0, n = 1,
which corresponds to a fully lithiated/delithiated case, the
average Li intercalation voltage of undoped and doped LFP is
found to be 3.59 and 3.52 V, respectively. The evaluated
average Li intercalation voltage is similar to the experimental
value?” of 3.40—3.50 V and the value of 3.46 V evaluated
using HSE functionals.

3.6. Doping Induced Modulation of the Li-lon
Activation Barrier. Doping modulates the ionic conductivity
and diffusivity by changing the height of the hopping barrier.

3.6.1. Hopping Barrier Height. We found that Ru doping
reduces the hopping barrier height for Li-ion diffusion.
Hopping barrier height is the amount of energy required for
the ions to hop from one lattice site to another. It is estimated
as the difference between the energy of structures with Li at
the saddle point along the hooping path and the energy of the
structure with Li at the initial high symmetry position. Figure
3a with one Li vacancy at the center of Li—O octahedra (better
seen in Figure 3b) represents the initial minimum energy
structure, and Figure 3b with Li at the intermediate sites
represents structures at the saddle points. Figure 3b shows 1D
chains of Li-centered, lithium—oxygen octahedra extending
along the [010] direction with the inter-Li atom distance of
3.03 A. On the other hand, phosphorus—oxygen tetrahedra
exist between two Li—O octahedral chains along the [100]
direction with an interlithium distance of 4.74 A (Figure S6).
The Li—O octahedra share their edges and corners along
[010], making it possible for bond-to-bond hopping, while in
the other directions, these octahedra are separated by P—O
tetrahedra and Fe—O octahedra. Figure 3c,d shows the
hopping barrier evaluated using CI-NEB methods along the
[010] and [100] directions. The evaluated barrier height of 0.5
eV along the [010] direction is significantly smaller than that
of 2.5 eV along the [100] direction. Previous calcula-
tions”**”**~%" have reported similar values for the energy
barriers. The even larger barrier height is expected for hopping
along the [101] direction owing to the larger separation of 5.72
A and the presence of Fe—O octahedra between two Li—O
octahedral chains.

Ru doping does not break existing chains along [010], and
hence, the activation energy remains lower. However, the value
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Figure 3. LiFePO, structure showing iron atoms in the center of the octahedra and lithium vacancy. The distances between lithium atoms are
shown along [010] and [100] directions (a). Two Li-centered octahedral chains (b) with the evaluated hopping lengths represented by red and
blue double-sided red arrows for the pure and doped cases, respectively. Diffusion activation energy along [010] and [100] directions for pure
LiFePO, (c,d) and Ru-doped LiFePO, (e,f), respectively. In the diffusion activation energy plots, the dots represent the evaluated energy of
different configurations with the Li-position shown in (b); solid lines are the spline fit of the calculated energy points; E, energy of the system with

maximum energy.

of the activation energy barrier decreases from 0.5 to 0.32 eV
along the [010] direction upon doping. This is consistent with
reduced hopping length from 3.53 to 3.40 A upon doping and
reduced Li-vacancy formation energy. The hopping involves
moving along the depression of the potential energy landscape,
and hopping length does not correspond to the bond length.
The hope length, however, increases along the [100] direction,
and with it, the activation energy barrier also increases from 2.5
to 5.25 eV.

3.6.2. Li-lon Diffusivity and lonic Conductivity. Ruthenium
doping enhances diffusivity along the [010] directions due to a
reduced activation energy barrier. The diffusivity increases to
3.86 X 107 cm® s7' from 3.66 X 107'* along the [010]
direction. In contrast to the earlier DFT evaluated value®® of
107* cm?® 57/, our calculated Li-ion diffusivity of 3.66 x 107"
cm® s™! in undoped LiFePO, at 300 K is comparable to the
experimentally calculated values of ~107'* to 107'* cm?
s7.%"7% In this study, the Li-ion diffusion coefficient (or
diffusivity) was estimated using the following equation:

_ 2 E, . . . .
D=av exp( - kBT) where a is the Li hopping distance

along the diffusion path, v is the frequency in the range of
phonon frequency (v = 10'* Hz), kg is the Boltzmann constant,
and T is the temperature. As expected from large activation
energy barriers, the diffusivity, 2.7 X 107 cm?® s~ for pure and

5.87 X 107¥ cm? s™' when doped, along the [100]direction is
much smaller than the diffusivity along the [010] direction.
This result indicates unidirectional Li diffusion in both pure
and doped cases.

The ionic conductivity was further evaluated using the
following equation: ¢ = qZND/ VkgT, where D is the diffusivity,
T is the temperature (K), N/V is the density of ions, and ky is
the Boltzmann constant.’® It was found that the ionic
conductivity increases with doping, as stipulated by D.
Specifically, ¢ increased by 3 orders of magnitude from 3.0
X 1077 to 3.2 X 107* S cm™" along the [010] direction, while
the ionic conductivity in the other direction was negligible
(10® times smaller). The unidirectional nature of Li-ion
diffusivity and the corresponding ionic conductivity in
undoped LFP has been noted in previous studies.”*”*~%

3.7. Doping Induced Modification on Atomic
Dynamics. Unconstrained finite temperature MD calculations
confirm that upon doping, the activation energy barrier for
lithium-ion diffusion is decreased, causing enhancement of the
ionic diffusivity and conductivity.

Unlike the NEB calculations, where the initial and final
geometries are assumed a priori, MD simulations allow
unconstrained diffusion of ions according to thermal energy.

, 1 ¢N
Figure 4a compares the MSD, MSD=E2’,=1|1‘I-(t) —r(0)P

where r;(t) and r;(0) are the position vector of the ion i at time
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Figure 4. MSD of Li-ions with time along the [010] direction at 1500
K (a) and Arrhenius plot (Li-ion diffusivity vs inverse temperature)
along the same direction (b) for pure and Ru-doped LFP with their
respective Li-ion diffusion activation energy (E,). In (a)b), axes for
doped and pure LFP are presented in blue and red colors.

t and t = 0, respectively, and N is the total number of ions, as a
function of time along the [010] direction at 1500 K. As
expected, we found that the Li-ions have the largest MSD
compared to other ions (Fe, P, O, and Ru) in both doped and
pure cases (Figure S7). These suggest that the Li ions diffuse
easily during Li intercalation/(deintercalation) through the
channels shown in Figure 3a, while the other ions with low
MSD maintain structural framework and volume during
charging and discharging.

MSD is directly related to the diffusivity as
D= %tlim%(MSD) = %slope of MSD. We linear fit the
MSD vs simulation time (t) data to evaluate the slope.69’7o
During fitting, we only take points that show significant Li-ion
diftusion. Figure 4b compares Li-ion diffusivity, a thermally
activated process, for doped and undoped LEP as a function of
temperature along the [010] direction. The direction is
determined by changing position vector r of the ions. Figure
4b also shows a linear fit to log D vs 1/T data to find the
activation energy (E), according to Arrhenius expression

D =D, exp( - KEBT) The calculated values of the activation

energy for Li-ion diffusion along [010] for pure, E, = 0.45 eV,
and doped, E, = 0.21 eV, LFP were similar to the values
obtained from the CI-NEB calculations (Figure 3b,c). The
estimated values of the activation energy (E,) allow us to
estimate diffusivity at any temperature, for instance, at room
temperature (RT). The evaluated Li ion diffusivity values of
2.79 x 107" and 4.15 X 107 cm? s™! at RT are comparable
with the values obtained from our CI-NEB calculations. As
expected from MSD results, the diffusivity in the doped case is
much larger, by about 3 orders of magnitude than in the
undoped case, which is similar to the increase obtained from
our CI-NEB calculations. Not surprisingly, the activation
energy is much larger and the diffusivity is much smaller in
[100] directions. Figure S8 shows Arrhenius plots for pure and
doped LFP and their corresponding activation energies (1.62
and 3.08 eV) as well as Li-ion diffusivities (6.03 X 107 and
5.84 X 107 cm? s71).

4. CONCLUSIONS

In this study, both the CI-NEB calculations and MD
simulations show that the Li-ion diffusivity of LFP increases
after doping with Ru because of the shortened diffusion path
and reduced activation energy accompanied by the reduction
of the unit-cell volume. Our energy calculation shows that Ru
prefers to occupy Fe sites on doping. Since Ru has slightly
smaller jonic radii than that of Fe, the presence of Ru leads to
local distortion, resulting in asymmetric reduction in lattice

parameters and decreased volume. Additionally, the calculated
electronic structures show that in both undoped and doped
LFP cases, the band edges are similar. Still, the doped case has
Ru-induced electronic states in the band gap, introducing as
much as 4.7 e/dopant, and the availability of extra electrons
due to the dopant may help in enhancing the specific charge
density. The charges due to defect states are localized around
these defects and may not change the electronic conductivity
of LFP. Other methods, including coating LFP with
conducting materials, may be needed to increase the electronic
conductivity of LFP. Thus, our study on doping LFP
emphasizes the importance of atomic-level doping for
increasing the lithium-ion diffusivity, which may lead to
increased power density, maintaining the Li intercalation
potential to retain the energy density and electronically
conducting coating for enhancing electronic conductivity to
improve the overall electrochemical performance of LFP.
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