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ABSTRACT: Defects are pervasive in electrochemical systems
across multiple length scales. The defect chemistry largely differs
from the bulk behavior and often dictates the rate performance for |
battery materials. However, the impact of material defects on Li “0’9 © &a‘?"? 0 &G €
kinetics remains elusive because of their complex nature and the :'$ {a

sensitivity of the reaction kinetics on the local atomic environment. 3% O 99{3‘4 0 g5 C
Here we focus on the grain boundaries (GBs) in layered-oxide 1 ) éué o rGé 094
X Pogk

cathodes and address their role in Li transport using the first-

principles theoretical approach. We construct the coincidence site T Qlidee ?
lattices of 3'2(1104), >'3(1102), Y'5(1101), and ) 9(1104) GBs. = ?'?q:&k S o
The energy profiles for Li migration across and along the grain g °S ;
planes are plotted. We discuss in detail how the atomistic features

associated with various grain structures such as the local structural

distortion and charge redistribution determine the Li transport kinetics. Specifically, the coherent ) 2 GBs facilitate Li migration
with 1—2 orders of magnitude increased diffusivity than the bulk diffusion, the asymmetric )3 GBs significantly impede Li diffusion,
and the locally disordered Y5 and )'9 GBs cause slightly increased Li diffusivity at the intermediate diffusion distance (~15 A). We

further evaluate the overall Li diffusivity and conductivity in the layered-oxide lattice by a distinction of Li transport in the bulk,
across the GBs, and along the grain planes. The fundamental understanding sheds insight on a prevalent defect in the state-of-the-art
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cathode and its potential optimization of Li kinetics.

1. INTRODUCTION

Li-ion batteries (LIBs) emerge as the most prominent choice
of modern energy storage technologies. The flourishing electric
vehicle industry and the ever-increasing demand of long
duration and fast charging of portable electronics drive LIBs
toward high energy density, high-rate performance, and long
cyclic stability."” The battery performance is fundamentally
dictated by the structural features at various length scales, as
such, tremendous efforts in the past decades were dedicated to
tailoring the chemical responses by doping,” > controlling the
morpholo§ies,6 tuning tortuosity,’ and engineering the
interfaces.”'? Defects are prevalent in electrochemical
materials.'”'> The subtle variation of the local chemical
environment at the atomic scale can drastically alter the redox
kinetics and cast heterogeneity across a wide range of time and
length scales. Figure 1 illustrates material defects present at the
atomic scale up to the cell and pack levels of LIBs. At the large-
scale modules, manufacturing defects such as deflected anode
and overweld joints can plague the cyclic reliability and even
cause battery explosion.m’14 At the smaller scales, in the
layered-oxide cathode for instance, the structural defects are
widely dispersed including the inter- and intragranular cracks
in the secondary particles,'"™"" grain boundaries (GBs)
between the primary particles,” dislocations inside the
single-crystal domains,”’ and point defects such as vacancies,
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cation mixing, and lattice distortion at the nanoscale.”>*

Material defects interact with the Li kinetics in a complex
manner; on the one hand, they can aggravate the structural
instability and cause progressive degradation of the cyclic
performance, on the other hand, they may facilitate the kinetics
of Li transport and charge transfer, and thus promising defect
engineering of capacity and rate capability for battery
materials.”*

Grain boundaries are the nexus of multiscale defects and
have evoked enormous interest in electrochemical materials
due to their distinct physicochemical properties from the bulk,
including the thermodynamic, transport,”>*® electrochemi-
cal,”” and mechanical*® responses. However, it remains elusive
how the GBs are intertwined with Li reaction kinetics in LIBs.
In a prior study of the solid-state electrolyte Lis,La, ;. TiO;
(LLTO), it was found that GBs impeded Li-ion transport by
the severe deformation of the Ti—O polyhedral and the
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Figure 1. Defects in LIBs spanning multiple length scales from the atomic to the pack levels, including lattice disorder at a few angstroms or
nanometers, dislocations at tens to hundreds of nanometers in the primary particles, grain boundaries at several micrometers in the secondary
particles, cracks extending to tens of micrometers in the composite electrodes, and manufacturing defects such as deflected anode in the cells, and
overweld joining in battery packs. Graphics reproduced from the references with permission: (Lattice disorder) ref 22. Copyright 2017 American
Chemical Society. (Atomic-level) ref 42. Copyright 2020 Elsevier. (Dislocation) ref 21. Copyright 2017 Springer Nature. (Primary particle) ref 43.
Copyright 2017 American Chemical Society. (Grain boundary) ref 20. Copyright 2018 Springer Nature. (Secondary particle) ref 40. Copyright
2019 John Wiley and Sons. (Crack) ref 16. Copyright 2018 IOP Publishing, Ltd. (Electrode-level) ref 40. Copyright 2019 John Wiley and Sons.
(Manufacturing defects) ref 13. Copyright 2018 MDPL. (Cell-level) ref 44. Copyright 2017 American Chemical Society. (Over-weld joining) ref 14.

Copyright 2014 Elsevier.

deviation of the chemical composition at the interfaces.”””° In

contrast, the interconnected network of GBs in the Li,Ti;O,,
anode serves as the fast diffusion channel for Li atoms, thus
enhancing the ionic conductivity and enabling fast charging
performance.’’ In the SnO, anode, the twin boundaries (TBs),
a special form of GBs, provide energetically favorable sites for
Li intercalation and thus promote the capacity and assist with
Li migration.”> A few recent studies on GBs in layered-oxide
cathode materials were reported. In LiCoO,, a study
performed by conductive atomic force microscopy (c-AFM)
observed that GB planes generally acted as fast pathways for Li
transport.”® Atomistic modeling’® further revealed that the
coherent GBs/TBs in LiCoO, facilitated Li migration along
the GB with 3 orders of magnitude higher diffusivity than that
across the GB. Asymmetric GBs were found to significantly
block Li transport across the grain planes.®® Albeit LiCoO, has
been widely used in portable devices since its commercializa-
tion in 1991, its major drawbacks are low practical capacity,
high material cost, and the toxicity of cobalt.’® The NMC
family, with a general formula of LiNi,_,,Mn,Co,0,, emerges
as the state-of-the-art cathode of choice®” ? that can deliver a
higher specific capacity and lower cost than LiCoO,. The
defect chemistry in NMC is largely unexplored. More recently,
Lee et al."’ and Sharifi-Asl et al."' observed highly coherent
symmetrical GBs in experiments; however, the impact of GBs
on Li transport and its context on the rate performance in
NMC are yet to be elaborated. It is an urgent task to
understand the microstructures of GBs in NMC and their
relationship to the capacity and reaction kinetics in LIBs, so
that layered-oxide cathodes of enhanced rate capability and
structural stability can be rationally designed.

In this paper, we use LiNijsMng;Coy,0, (NMCS32,
hereinafter referred to as NMC) as a model compound to
systematically study the atomic features of grain boundaries
and their deterministic effect on Li transport using the first-
principles theoretical approach. We construct four representa-
tive coincidence site lattices of »2(1104), Y3(1102),
>'5(1101), and Y,9(1104) GBs. The supercell models enable
the studies of Li diffusion in the bulk, across the GBs, and

along the grain planes at the short (~3 A) and intermediate
(~15 A) ranges. The GBs of different microstructures play
distinct roles in regulating Li migration and therefore causing
significantly different Li diffusivities and overall conductivities.
The coherent Y 2 GB accelerates Li transport, both along and
across the grain planes, due to its unique structural feature
where oxygen atoms of different charge environments are
colocated in the vicinity of the GB. The more negative Bader
charge and smaller Voronoi occupancy of oxygen near the
transition state of Li collectively reduce the barrier for Li
migration. In comparison, the )3 GB presents an asymmetric
feature in which the transition-metal (TM) slab and the Li slab
share the oxygen atoms along the GB. Because the TM slab has
a smaller space than the Li slab, the lattice mismatch results in
a smaller free volume for Li diffusion which reduces Li
diftusivity by nearly 7 orders of magnitude across the GB. For
the 'S and )9 GBs, the thickness of the GBs increases
because of the locally disordered lattice. The amorphous-like
network near the GBs promotes Li transport owing to the
loosely packed interface. These findings provide theoretical
understanding of a prevalent material defect in the layered
oxides cathode, and shed important insights on the local Li
transport regulated by the various natures of GBs which further
infers Li conduction in NMC beyond the atomic scale.

2. METHODS SECTION

Density functional theory (DFT) calculations and DFT-based
ab initio molecular dynamics (AIMD) simulations are
performed using the Vienna Ab initio Simulation Package
(VASP).* The projector augmented wave (PAW) method*® is
implemented with a kinetic energy cutoff of 520 eV to describe
the ion—electron interaction. The exchange and correlation
energy functional Perdew-Burke-Ernzerh of generalized gra-
dient approximation (GGA-PBE) is employed.”” Due to the
very large supercell (each supercell contains 240 atoms), the
Brillouin zone is sampled by 3 X 1 X 1 k-points in the
Monkhorst—Pack scheme for DFT computations, while single
I' point Brillouin zone sampling is applied for the AIMD
simulations. Lattice constants and atomic coordinates are fully
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Figure 2. Atomic structures of NMC supercells of several representative GBs. (a,b,c) pristine bicrystalline NMC lattices with the grain boundary of
>2(1104), Y3(1102), and Y 5(1101), respectively. (al—cl) GB structures after energy relaxation. Grains remain symmetric about the Y2 GB
(al), grains become asymmetric about the .3 GB due to the translational motion of the GB in the b-axis direction (b1), and lattice is disordered
nearby the .5 GB (cl). The distorted polyhedral units of TMOg and LiOg at the GBs are shown in the enlarged panels. (a2—c2) atomic
displacement trajectories after the structural relaxation. The green, blue, gray, purple, and red spheres represent the Li, Co, Ni, Mn, and O atoms,

respectively.

optimized with an energy convergence of 107° eV per atom
and the force convergence of 0.04 ¢V A™'. The DFT+U
method was used to treat the TM-3d states, combining van der
Waals (vdW) corrections (DFT+D3) with DFT+U to yield
structural properties of high accuracy compared to the
experimental results.***’ Li diffusion barriers are calculated
using the climbing image nudged elastic band (CI-NEB)
calculations, which are complementary to the NEB meth-
0d.*>*" CI-NEB calculations are carried out with the standard
PBE functional (without +U) to avoid the overlocalization of
electron density between the diffusion barrier and the charge
transfer barrier."””>™>* The lattice parameters for CI-NEB
calculations are fixed, and are obtained from the PBE+U+D3
structural optimization processes. Dispersion corrections are
negligible for the CI-NEB calculations since Li diffusion
barriers are calculated at the fully lithiated state and with a

fixed lattice parameter. Full details are given in the Supporting
Information.

3. RESULTS AND DISCUSSION

GB Model Construction. We construct four symmetric tilt
GB supercells (Figure S1, Supporting Information) with low-
Y and low-index planes based on the coincidence site lattice
(CSL) theory,” namely, Y'2(1104)[1120], ¥'3(1102)[1120],
>'5(1101)[1120] and Y 9(1104)[1120], hereafter termed as
32, X3, XS, and X9 for short, respectively. It is worth noting
that all the GB supercell models contain the energetically
favorable TM configurations verified by the USPEX program.*®
We do not find TM clustering or ordering at the GB core
which is a similar finding in our earlier work.”” We also note
that it is not possible to construct a .7 grain structure with a
low-index crystal plane and a low GB energy in NMC. Two

https://doi.org/10.1021/acs.jpcc.1c02400
J. Phys. Chem. C 2021, 125, 10284—10294


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c02400/suppl_file/jp1c02400_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c02400/suppl_file/jp1c02400_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c02400/suppl_file/jp1c02400_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02400?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02400?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02400?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02400?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c02400?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry C

| Article |

pubs.acs.org/JPCC

a

0o 0°0o0
000@ 0000200 (
S EY- X 00000200
00°00®°00
OOQOOObOOOQ
00000
Q0c00@o0cDo0O°
00°0@00000c00°(C
0020000200020«
00209 Q

e Flap.o o Bo B

b

a

00°00¢Q c

; @+-—b® 1----@4---»@1—-»@1---0@1--1-@
L o6t
>
2
0.4}
@
Lo2f
©
& 0.0}
Migration path (A)
% 0.6 B -.-k_> k!
S [ -@-d—d
204r g.h—h .
@
6 0 2 L
3 0. e 2\
= . ~g
T 0ol o-Jo-g-o
48] & &
D: " " n

0.0 1.0 2.0 3.0
Migration path (A)

Figure 3. Li migration pathways across and along the >'2 GB. (a) Li transport across the GB from the sites a to g, and within the GB plane from
the sites h, d, k to h’, d’, and Kk, respectively. The blue arrows indicate the migration direction of each substep. (b,c) energy profiles for Li transport
across and within the )'2 GB plane, respectively. Inset in panel c displays a typical octahedra—octahedra path for Li diffusion in the grain plane.

equivalent GBs are located at the center and the top/bottom of
the bicrystalline supercells. The supercells contain 240 atoms.
The model size is consciously relatively small for the
exploration of grain boundaries with a wide range of
perturbations of the equilibrium structures. Our choice of
the supercells affords the explorations of Li transport at the
intermediate diffusion distance at a reasonable balance of
computational accuracy and cost. According to the CSL
theory, grain boundaries can be built by either tilting the grains
about a specific axis or twisting them against a special plane.”®
All the GB models in this work are generated by the tilting
method, where the grains are rotated by specific angles about
the tilt axis [1120] (see Table S1, Supporting Information).
Structural Optimization. To obtain the thermodynami-
cally stable GB structures, we perform annealing at an elevated
temperature and quenching using AIMD and subsequent
geometric optimization using DFT modeling. This procedure
and model parameters (Supporting Information) were
calibrated by comparing the model GB configurations in
LiCoO, obtained via the rigid body translation method.”***
Figure 2 shows three representative GBs and the displacement
trajectories for all the atoms mapping from the pristine states
to the energetically optimized structures. ».2 GB retains its
mirror symmetry (Figure 2al) with a notably low GB energy
(ygs) of 0.097 J m™* (Figure S1). In comparison, GBs of
higher Y values present distinct structural features compared
with their initial states. The upper grain in the )3 model
translates by 1.786 A relative to the lower counterpart along
the b-axis (Figure 2b1). The GB energy is calculated as 0.286 ]
m~2. S exhibits slightly shifted grains as well as a disordered
lattice surrounding the GB (Figure 2cl). The GB energy
reaches 1.836 J m™* which is significantly larger than that of the
lower-Y. GBs. Similarly, the distorted lattice nearby the Y 9
GB leads to a high GB energy of 1.649 ] m™* (Figure S1). The

energetic analysis suggests that the Y2 and >3 GBs
(especially >’2) are more likely stabilized in NMC grains
given their lower GB energies and less lattice distortion. This
finding is consistent with the experimental results in which )2
GBs in LiCoO, are most observed.”***

The translational motion in )3 GBs and the lattice
distortion/amorphization of }.5 GBs are attributed to their
atomic features. In the pristine )3 GBs, the TMO, complex at
the GB core presents a prismatic structure (Figure 2b), of
which the O—TM—O dihedral angles are significantly distorted
(~116.5°) compared to those of the regular TMOg octahedra
(~179.3°). Nevertheless, the coordination number and the
coordinating atoms of TMs and Li around the GB are not
altered, thus the shear stress in the distorted TMOg polyhedra
drives the formation of asymmetric »,3 GBs as shown in
Figure 2b1. For )5 GBs, in addition to the lattice distortion in
the initially generated structure, O atoms around the GBs are
in close proximity while Li atoms at the GBs are loosely
packed, both of which disturb the lattice. Meanwhile, the
effective coordination number and the coordinating species of
TMs and Li near the GB are changed, which provides a large
driving force to disorder the lattice around the GB (Figure
2c2). The blue arrows in Figure 2a2—c2 draw the displacement
vectors of atoms from their original positions (Figure 2a-c) to
the optimized positions (Figure 2al—c1). The trend of the GB
evolution with the increasing Y. is clear—the atoms in the Y2
model only vibrate locally around their original positions, the
upper and lower grains of )3 slide against each other to
mitigate the local shear stress, while the complex GB core
structure of ) distorts the surrounding atoms and leads to a
turbulent flow in their displacement map.

In addition to the GB energy as discussed above, the GB
structural stability can be quantitatively evaluated by the
vacancy formation energy (or configurational energy) for the
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Figure 4. Energy profiles for Li hopping in the vicinity of the disordered Y.5 GB. (a) Li diffusion across (from site a to f) and within (c—c’, d—d’,
h-h’, i1/, j—j’, and k—k’) the GB plane. (b) The energy profiles along the Li migration pathway across the GB. (c) The energy barriers with a

large variation for Li diffusion within the GB plane.

structures containing different Li-vacancy populations at the
GB."* More generally, this method can be used to determine
the structural stability of the NMC lattice as a function of the
Li concentration upon Li deintercalation. Herein, as we focus
on the pristine state in which the Li sites are fully occupied, Li
diffusion is primarily dominated by the oxygen dumbbell
hopping (ODH) mechanism, which is also referred to as
isolated-vacancy diffusion.”” The formation energy Egomation 18
defined as™

= E(Li, MO,) — (1 — x)E(LiMO,)
— xE(MO,) (1)

E Formation

where M = NiysMn,;Coy,, ¥ = 0.0167 for a single vacancy in
the supercell containing 60 Li atoms, E(Li;_,MO,) is the total
energy of the GB model with 1.67% of Li-vacancies, E(LiIMO,)
and E(MO,) are the free energies of the fully lithiated and the
fully delithiated states, respectively. A lower value (more
negative) of Eg,. represents a higher structural stability upon
Li extraction. Figure S2 shows the Li-vacancy formation energy
(Egom) as a function of the Y value. To minimize the variation
inherent to the small model size, we consider four possible
configurations of Li;_ MO, of the same Li concentration in
our calculations. The open squares in Figure S2 represent the
average values of the vacancy formation energy and the error
bars are the standard deviation. The results show that Eg, . for
all the GB models are negative, confirming the structural
stability of the NMC lattice for Li migration mediated by the
vacancy mechanism.

10288

Li Transport Characterization. We next explore the
kinetics of Li transport in the NMC lattice of various GB
structures. We determine the activation energies of Li
migration in the bulk, along the grain planes, and across the
GBs separately, and then evaluate the overall Li diffusivity and
conductivity in the NMC electrode. We employ the CI-NEB
method to obtain the optimized Li migration pathways and
calculate the energy barriers at the transient state.””>' Taking
the single crystal NMC as a reference structure (see Figure
§3), the energy barrier of Li diffusion is determined as E,,, =
0.505 eV, being consistent with the result of a prior report.*’
The lattice parameters a = 2.908 A and ¢ = 14.220 A are also
found in excellent agreement with the experimental results.”"**

To examine the influence of GBs on Li transport, we
investigate four representative types of GB models from the
32 GB of a high mirror symmetry to the 3.9 GB of a much-
reduced symmetry. Each model is divided into the GB region
and the bulk-like grain region. Near the GBs, Li migration can
be classified into two types: one is across the GB plane (L)
and the other along the GB plane (//). Li diffusion within the
bulk grain, across the GB planes, and along the GBs are
simulated separately, with their energy barriers denoted as
Eyuw Egsy, and Egg ), respectively. For the coherent )2 GB,
Figure 3a shows Li diffusion pathways across the GB plane
labeled as a-b-c-d-e-f-g, and along the GB marked as h-h’, d-d’,
and k-k'. Figure 3b and Figure 3c plot their corresponding
energy profiles. The energy barrier of Li diffusion across the
GB (from the sites ¢ to d and then d to e) possesses a notably
lower value of Egp, .y, = 0.389 eV compared with that of Li
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squares), across (Dgpy, purple squares), and along (Dgp//, green squares) the GB plane in the supercells. (b) Li conductivities in the bulk-like
grains 6y, blue circles), across the GB plane (g, purple circles), along the GB plane (o¢p),, green circles) and the effective conductivity (6o,
red points) of the supercell as a function of the Y, values. Error bars represent the standard deviation.

migration in the bulk lattice (from the sites a to c and e to g)
which has an average value of Ey .y, = 0.508 V. Likewise, the
energy barrier of Li migration along the GB plane, Egp,,.y, =
0.449 eV, is also smaller than that of bulk diffusion. Besides, no
obvious vacancy segregation is observed at the GB; for
instance, there is nearly no difference in the vacancy energy
between the sites b, d, and c in Figure 3b which implies that Li
trapping at the GB is less likely. This result demonstrates that
the Y'2 GB facilitates Li transport in NMC by acting as a fast
channel for Li conduction. The mechanistic understanding in
terms of the charge environment and the local atomic features
will be discussed later altogether with other types of GBs.

In the asymmetric )3 model, the Li diffusion pathways and
the corresponding energy profiles are shown in Figure S4. The
average energy barrier of Li across the translational GB plane
from the sites b to e is calculated as 0.931 eV, which is
significantly higher than that of bulk diffusion with Ey, . y3 =
0.501 eV (Figure S4b). Such a high activation barrier will block
Li migration across the GB plane. For the diffusion within the
GB plane, the energy profiles are relatively uniform, and the
average energy barrier is Egg//.y; = 0.539 eV (Figure S4c).
The extremely high energy barriers for Li migration across the
GB and the increased cost along the grain plane demonstrate
the unfavored Li transport in the NMC lattices containing
asymmetric .3 GBs. Specifically, compared to the positive
effect of D)2 GBs shown in Figure 3, }'3 GBs perform as
nearly a dead-end for Li transport across them. The distinct
effects are due to the local coordination surrounding Li and the
charge redistribution which will be rationalized in a later
section.

The drastically different behaviors of )2 and )3 are
evidence of the complex effect of GB structures on the Li
kinetics for battery materials. To continue the survey of
different types of GBs, we construct GBs of higher Y. values to
understand the impact on Li transport by the local amorphous
network. The diffusion trajectories and the energy barriers for
Li migration in the vicinity of the distorted )5 GB are shown
in Figure 4. The oblique GB pathway is marked by b—e in
Figure 4a, and the corresponding energy profile is shown in
Figure 4b. The overall barrier across the grain plane, Egp,_ys =
0.499 eV, is about the same as that of bulk diffusion Eyy.ys5 =
0.508 eV (calculated by the substeps of a—b and e—f in Figure
4a). It should be noted that the local environment for Liin Y5
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varies substantially around the GB. To minimize the error due
to the limited sampling paths, we calculate the energy profiles
for Li diffusion in all parallel pathways within the GB plane as
denoted by the lower panel in Figure 4a. The energy barriers
are in the range from 0.288 to 0.653 eV (Figure 4c) with the
mean value of Egg/,.ys = 0.459 eV. The result shows a locally
anisotropic transport behavior of Li in )5, and in general, that
the amorphous-like GB increases the rate of Li migration due
to the loosely packed interface.

A similar study on the )9 GB is performed with two
prospective Li diffusion paths perpendicular to the GB being
identified, which are labeled as al—a6 and b1—b6 in Figure SS.
Along the path a, the sites a3 and a4 near the GB are the
energetically favorable positions with a negative Li segregation
energy of —0.45 eV, and the energy barrier between a3 and a4
is rather small at around ~0.2 eV. For the path b, the GB effect
is not as substantial as for path a. The average barrier for Li
across the GB (substeps a2—a5 and b2—b4), Egy_yy = 0.481
eV, is slightly smaller than its diffusion in the bulk regime. The
overall results of .5 and .9 GBs indicate facile Li migration
mediated by the distorted lattice around the high-) GBs.

Evaluation of Li Kinetics. Now we can use the calculated
energy barriers to determine the Li diffusivity (D) in various
GB structures. The diffusivity is determined by the rate of Li
migration through the host, and the hopping rate I' can be
approximated by the transition state theory®

I(T) = v*exp( _kAIS;]

)

where v* is the effective vibration frequency for which 10" to
10" 57! are the typical values.””*> Here we choose 10" s7! as
an approximation in our calculations.”® The activation energy
AG =~ E,, where E, is the above calculated barriers Ey, Egp,
and Egg,/; kg is the Boltzmann constant; and T = 300 K is the
temperature. The diffusivity is then determined by D(T) = d*
I'(T), where d is the hopping distance which is roughly
estimated by the lattice parameter in the a-axis direction in
each GB system.”’

We can convert the diffusivity D to Li conductivity ¢ via the
following Nernst—Einstein relationship to compare with the
experimental measurement:
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Figure 6. Isosurfaces of charge density distributions at the transition states of Li migration. The transition states are labeled as I and II for the
coherent symmetric GB .2 in (a) and as III and IV for the disordered >.9 GB in (b). 2D projections of the charge density distribution at the
transition states (the third column) are viewed along the specific cut planes (black lines) in the 3D space (the second column).

NLi‘12
T) = ——D(T
0'( ) VkBT ( ) (3)

where Ny, is the number of Li atoms (or charge carriers) by
assuming that all the Li atoms are the charge carrier of
conductivity, V is the supercell volume, and q is the electronic
charge. To rationalize the GB effect on the overall conductivity
for each polycrystalline system, the total conductivity 6, is
introduced. 0, is an effective value by combining the
contributions of the bulk and the GB conductivities. It is
evaluated according to a generalized equivalent circuit model®®
which is expressed as®

1 lagg 1
Ototal — (pbu]k[ + 7
Obulk OGBL

-1
] + Psp%s// @

where 6., Gpuw OcpL, and o¢p,, are the total conductivity, the
bulk conductivity, and the GB conductivities across and along
the GB plane, respectively. ¢ and @ g respresent the volume
fraction of the bulk-like grain and the GB regime, respectively.
Igp is the thickness of the GB, and d is the grain size.

Figure 5 displays the variation of Li diffusivities and
conductivities in the various GB structures at T = 300 K. As
discussed above, we distinguish the bulk diffusion, across and
along the GB plane transport, and denote the diffusivities by
Dy Dgg1, and Dgg,/, and conductivities by oy, 0gpy, and
oGy respectively. The symbols in Figure S represent the
average values calculated by different pathways as specified
before for each Y system, and the error bars are the standard
deviation. In Figure Sa, the bulk diffusivity for the GB
structures (blue squares) remains approximately a constant of
Dy = 2.5 X 107" cm? s7', which agrees very well with the
experimental values of 4.64 X 107" cm* s™'7% and 1.55 x 107"

2 s71%% Diffusivities across and along the GB plane vary

substantially depending on the nature of the GBs. Dgp,, and
Dgpy in )2 are 1—2 orders of magnitude larger than Dy,
while Dgg,, and D¢y in .3 are smaller than Dy by 4 times
and 7 orders of magnitude, respectively. For )5 and )9, the
overall diffusivities of Dgp; and Dgp,, are 1—10 times higher
than that of bulk diffusivity with a large error bar. Using the
Nernst—Einstein relationship, Li conductivity is shown in
Figure Sb. Li conductivity in the perfect single crystal NMC, o
= 4.99 X 10 S cm™!, again agrees well with the previous
study.®” The variation of the conductivity with an increased Y|
follows the same trend as the diffusivity (Figure Sb).
Compared to the single crystal, the total conductivity 6.,
for 32 is ~2.3 times (1.14 X 107> S cm™") higher, whereas
>3 reduces Gy by 1 order of magnitude (4.83 X 1077 S
cm ™). Gy for 3.5 and Y9 are around 2—3 times higher than
that for the single crystals. Clearly, both the Li diffusivity and
conductivity are dependent on the specific GB structures;
meanwhile, it is noteworthy that the effective conductivity 6y,
does not change drastically due to the relatively small fraction
of the GBs.

Local Atomic Environment Analysis. The local atomic
environment and charge interactions are responsible for the
distinct Li transport behaviors in different GB models. To
understand the underlying mechanism, we analyze the Li
occupation volume, distortion of the Li—O polyhedral, and
Bader charges for the GBs before Li migrates, and charge
density redistribution at the transient state of Li migration. The
local microstructural features surrounding Li atoms are
quantitatively represented by the Voronoi volume of Li
atoms (Vp;) and the local distortion index of Li-polyhedra.
We introduce the distortion index (dy;) as follows:

= (16-6, .|
we 5[

n i=1 ave

()
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where 6, is the O—Li—O dihedral angle for the central Li with
the i pair of the two neighboring O atoms, 6,,. = 90° is the
average O—Li—O angle in the regular LiOg4 octahedra. The
variation of the averaged V;; and di; along the c-axis (i.e., GB—
bulk—GB—bulk—GB) is shown in Figure S6. For the )2 GBs,
both Vj; and d|; remain nearly a constant in the supercell. In
contrast, Vi; and di; in )3, DS, and Y 9 models show distinct
values at the GB regions versus in the bulk-like grains. More
specifically, '3 exhibits a smaller V;; and a larger dy; at the GB
compared to its bulk counterpart due to the lattice mismatch
between the TM slab (space distance 2.17 A) and the Li slab
(space distance 2.58 A) at the GB, which leads to the reduced
Li occupation volume and increased structural distortion
(Figure S7b). The GB regions in Y5 and Y9 GB show larger
values of Vj; and d;; due to the under-coordinated Li atoms,
causing loosely packed GB structures and locally disordered
lattices. In general, a larger Voronoi volume of Li would
facilitate Li diffusion with a reduced energy barrier. However,
the high local distortion of the Li-polyhedra in the course of Li
diffusion can induce a competing effect. On the one hand, the
lattice distortion may reduce the coordination number of Li,
and thus facilitate Li migration, on the other hand, some
residing atoms close to Li (i.e., O atoms in Y.5 and )9 GBs)
would hinder Li transport. The analyses of the Voronoi volume
and the distortion index of Li polyhedra is inadequate to fully
describe the local chemistry of Li atoms in the )2 GB because
of its coherent structure. The coordination environment of two
O sites at the GB is different from that in the bulk. In the arrow
direction of the GB (Figure S7a), at the odd number sites, O
atoms (Typel) are coordinated by 4 Li atoms and 2 TM atoms
(4Li+2TM), while at the even number sites, O atoms (Type2)
are coordinated by 2Li+4TM. In contrast, O atoms (Type3) in
the bulk are bonded by 3Li+3TM. In the pristine NMC, the
average Bader charge of the above three types of O atoms is
—1.1872 ¢, —1.0935 ¢, and —1.1329 ¢, respectively. The Typel
O atoms play a larger role in Li migration compared to Tpye2,
because Typel O is much closer to the transition state, as
shown in the substep path c¢—d in Figure S7a. The more
negative Bader charge of Typel O provides a stronger
attraction force for Li migration to the transition state.
Furthermore, the smaller Voronoi occupation of Typel O
atoms also supplies a larger space for the Li passage. The
distinct O coordination at the GB explains the lower energy
barrier for Li migration across and along the ) 2 GB relative to
the bulk behavior.

To summarize and provide an intuition on the relationship
between the diffusion energy barrier and the local config-
urations, Figure 6 shows the charge density redistribution at
the transition state, wherein the charge accumulation/
depletion serves as an indicator of the strengthening/
weakening of the interatomic bonding. Two types of the GB
structures and their representative subtrajectories are shown,
one is the coherent Y2 GB (Figure 6a) and the other is the
disordered )9 GB (Figure 6b). At the transition state, the
diagonal space between O atoms at the state II (3.549 A) is
shorter than that of the state I (3.581 A), which indicates a
smaller free volume of Li and a stronger charge interaction
between Li and O at the state II. As a result, the cost of Li
passing the substep e—f (state II) is higher than that along d—e
(state I). Likewise, the lower barrier of the substep a3—a4 in
Figure 6b at the state III shows a weaker Li—O coupling
relative to the state IV due to the larger interval distance of
TM-O (4.105 A). Albeit the different local bonding environ-
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ments of Li at the transition states, such as the O—O interval
for the cases I and I, TM—O interval for the case III, and Li—
O interval for the case IV, a general observation is that the
lower energy barrier is attributed to the relative larger interval
space and the weaker Li—O/TM coupling for Li transport. To
the end, the results reveal that the energy profile along Li
migration is directly correlated with the Li space at the
transition state, which as a whole is determined by the local
microstructural features including the Li Voronoi volume, Li-
polyhedral distortion, and the charge interactions with the
neighboring atoms.

4. CONCLUSIONS

In summary, we study the grain boundaries in the layered-
oxide cathode for Li-ion batteries and evaluate their impact on
the Li transport kinetics at the intermediate diffusion length.
We construct the representative supercells including
>2(1104)[1120], X3(1102)[1120], X5(1101)[1120], and
>'9(1104)[1120] GBs of distinct atomic features. We use first-
principles theoretical modeling to determine the thermody-
namics and structural stabilities of the GBs, and then examine
the energy profiles of Li transport in the bulk, across the GBs,
and along the grain planes with a statistical evaluation. The
energy barriers that Li needs to overcome at the transition
states depend on the nature of the GBs but can be understood
by the local space of Li migration. More detailed analysis on
the Li Voronoi volume, Li-polyhedral distortion, and the Li—
O/TM charge interactions and their contributions to the Li
kinetics are elaborated. The specific conclusions are as follows:
(i) the coherent )2 GB exhibits the lowest GB energy of
0.097 ] m™? and enhanced Li transport both along and across
the GB plane with 1—2 orders of magnitude increased
diffusivity than that in the bulk, (ii) The asymmetric }.3 GB
is formed by the translational motion of the bicrystalline grains
and of a low GB boundary energy of 0.286 ] m™> The Y 3 GB
significantly impedes Li transport with a reduced diftusivity by
7 orders of magnitude across the GB, (iii) The Y.5 and Y9
GBs are of high GB energies and a disordered interface with
increased thickness. The amorphous network generally
promotes Li transport with an increased diffusivity up to 10
times that of the bulk diffusion; however, the large variation
inherent to the small model size cannot be overlooked. (iv) We
evaluate the effective conductivity of the polycrystalline NMC
containing GBs which is found in a relatively narrow range of 2
orders of magnitude. This work addresses an important
material defect in the layered-oxide cathode, and the findings
are applicable for other compositions of NMC materials. The
in-depth understanding of GBs/interfaces and their effects on
Li kinetics is crucial for tailoring and designing polycrystalline
cathodes of enhanced rate performance and structural
reliability.
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