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ature of grain boundary resistance
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Solid electrolytes for all-solid-state batteries are generating remarkable research interest as a means to

improve the safety, stability and performance of rechargeable batteries. Solid electrolytes are often

polycrystalline and the effect that grain boundaries have on the material properties is often not fully

characterised. Here, we present a comprehensive molecular dynamics study that quantifies the effect of

grain boundaries on Li-ion transport in perovskite Li3xLa(2/3)�xTiO3 (0 < x < 0.16) (LLTO). Our results

predict that grain boundaries hinder Li-ion conductivity by 1 to 2 orders of magnitude compared to the

bulk. We attribute the poor Li-ion conductivity of the grain boundaries to significant structural alterations

at the grain boundaries. Our detailed analysis provides important insight into the influence of grain

boundary structure on transport of Li-ions in solid electrolyte materials.
Introduction

Li-ion batteries are at the heart of modern technological inno-
vation and key to current and future technologies, such as
portable electronic devices,1 hybrid/electric vehicles,2 and
stationary applications.3–7 Traditional Li-ion batteries have
critical safety issues because of the highly ammable organic
liquid electrolytes. These liquid electrolytes have low thermal
stability, which introduces the risk of short circuit, cell failure,
re and in some cases explosion.8–10 Signicant effort is directed
towards replacing liquid electrolytes with solid electrolytes.
Solid electrolytes have the potential to isolate the distinct
chemistry of each electrode, and for example, reduce dendrite
formation at the anode and to replace the current ammable
liquid electrolytes,10–15 with safer materials that are free from
leakage. However, this replacement in commercial Li-ion
batteries introduces new challenges, such as insufficient ionic
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conductivity, narrow electrochemical stability windows and
chiey interfacial instabilities.12,16

A range of materials have been investigated as solid elec-
trolytes, based on garnet (Li7La3Zr2O12),17,18 NaSICON (NaxZr2-
Six�1P4�xO12), LiSICON (Li14Zn(GeO4)4),14 thio-LISICON
(ternaries in Li2S–SiS2–Al2S3)19 and LGPS-like structures.15,20–22

The perovskite Li3xLa(2/3)�xTiO3 (0 < x < 0.16) (LLTO) was rst
studied as a solid electrolyte material and has become a viable
alternative for next generation of all-solid-state batteries
because of its unique physical and electrochemical behav-
iours.23–25 Crystalline LLTO exhibits a high ionic conductivity (1
� 10�3 S cm�1) at room temperature.10,23–26

LLTO is an A-site decient perovskite with A-site vacancy
partially lled with Li ions. Unless quenched at high tempera-
tures,27 LLTO in Fig. 1 displays an alternate stacking of La-rich
Fig. 1 Structure of Li3xLa(2/3)�xTiO3. La atoms are shown in orange, Li
in purple, O in red and TiO6 polyhedra are in blue.
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and Li-rich layers with A-site vacancies localised primarily in the
Li-rich layers. The La-rich layers tend to block Li-ion conduction
due to the small concentrations of Li-ions and charge carrying
A-site vacancies. This limits Li-ion transport to be two dimen-
sional and localised to the Li-rich layers.27

As for many ceramic materials, grain boundaries in LLTO
play an important role on the overall ionic conductivity of the
material.28 The applicability of LLTO is challenged by grain
boundary resistance, which can reduce the ionic conductivity by
2–3 orders of magnitude.29–31 It has been suggested that
a reduction in performance is due to structural changes that
occurs at the grain boundaries, which may disrupt the Li-ion
diffusion pathways within the Li-rich layers of LLTO.29 Grain
boundary resistance is not unique to LLTO but is common for
a range of solid electrolytes,13 as well as other ion-solid
conductors.32–35 While there are many reports of the grain
boundary blocking effects,30,31,36 these studies lack the structural
description at the atomic scale structure, which is ultimately
linked to the overall reduction of Li-ion conductivity. Under-
standing the effects of these structural extended defects in
ceramic materials will provide clear guidance for the optimi-
zation of the synthesis and sintering procedures improving the
overall ion transport of these materials.

With the task to understand the impact of grain boundaries
on Li-ion transport in LLTO, we apply large-scale molecular
dynamics simulations to a representative ceramic solid elec-
trolyte material with formula Li3xLa(2/3)�xTiO3. We demonstrate
that the formation energies of such grain boundaries are low,
suggesting that grain boundaries are prevalent. Our ndings
elucidate that grain boundaries reduce Li-ion conductivity and
concomitantly increase the activation energy for Li+ migration.
We use these ndings to establish a model that can quantify the
effects of grain boundaries on the overall Li-ion conductivity of
LLTO. These results provide a useful link between the atomic-
scale insight and the role of grain boundaries on Li-ion trans-
port of solid electrolytes. We establish a relationship between
grain size and grain boundary resistance, which provides
a heuristic principle to improve Li-ion conductivity and can be
applied to all solid-state electrolytes.
Methodology

The grain boundary (GB) models were generated using the
METADISE code.37,38 A complete procedure for the generation of
the GB is given in the ESI.† The twin grain boundaries were
constructed using coincidence site lattice theory, where two
individual grains are titled by a given angle until their surface
planes coincide. We explored the potential energy surfaces
(Fig. S1†) of ve symmetric tilt grain boundaries, namely,
S2(110), S3(111), S5(210), S3(211) and S5(310). We nd that
the global minimum congurations of these grain boundaries
resemble those described in detail in previous experimental and
computational literature.32,33 In this notation, S is the coinci-
dence index and the ratio of the coincidence unit cell volume to
the primitive unit cell volume. These grain boundaries were
selected because they have been observed in high
6488 | J. Mater. Chem. A, 2021, 9, 6487–6498
concentrations in LLTO, as well as other perovskite materials,
e.g., CaMnO3 and SrTiO3.39–43

The grain boundary formation energy, gGB, is the energy
needed to form the grain boundary from the bulk material per
unit area:

gGB ¼ EGB � Ebulk

A
(1)

where EGB and Ebulk are the energies of the grain boundary and
bulk cells (with the same number of species), and A is the area of
the grain boundary plane.

Using these GB models, molecular dynamics (MD) simula-
tions were performed using the DL_POLY code.44 MD simula-
tions of 5 ns were completed using a timestep of 1 fs with
supercells of �8000 atoms (details are given in Table S2†) and
a 10 Å potential cut-off. The equilibration was performed using
the NPT ensemble until the cell volume had been converged.
Production simulations were carried out within a temperature
range of 300–1500 K at intervals of 100 K using the NVT
ensemble. The Nose–Hoover thermostat (for NVT) and barostat
(for NVT and NPT) were used.45,46

The self-diffusion coefficient of Li ions was derived from the
mean square displacement (MSD), hri2(t)i, of Li ions as in
eqn (2).

hri2(t)i ¼ 6DLit (2)

where DLi is the Li diffusion coefficient, and t is time. The
conductivity (s) was derived using the Nernst–Einstein
relationship:

s

DLi

¼ HR

nq2

kT
(3)

where n is the number of Li per unit volume, q is the electron
charge, k is the Boltzmann constant, T is the temperature and
HR is the Haven ratio. HR was set to unity.

The electrostatic potential of the grain boundary structures
is calculated from MD trajectories according to:

D4ðxÞ ¼
ðx
x0

EðxÞdx (4)

where E(x) is the electric eld and is given by:

EðxÞ ¼ 1

�30

ðx
x0

rqðxÞdx (5)

where rq is the total charge density perpendicular to the inter-
face and 30 is the vacuum permittivity.

The structure generation and MD simulations employ
a classical potential model, derived by Pedone et al. (details in
Table S1†).47 The potential model used, accurately reproduced
the lattice parameters and bond lengths of the LLTO perovskite
structure.27 This model is based on rigid ions and partial
charges and has been used extensively to investigate other
materials and their GBs.32,33,48–53

It is accepted that altering the lithium content x value
Li3xLa(2/3)�xTiO3 (0 < x < 0.16) affects the conductivity and
activation energy of transport in LLTO. In this study, we set x to
0.05, corresponding to Li0.16La0.62TiO3.
This journal is © The Royal Society of Chemistry 2021
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Results
Grain boundary structures

The bulk tetragonal polymorph (with space group P4/nmm) of
LLTO was simulated. The calculated lattice parameters show
good agreement (a ¼ b ¼ 3.84 and c ¼ 7.96 Å) with existing
experimental work (a ¼ b ¼ 3.87 and c ¼ 7.79 Å).54–56 We have
constructed our GB models from this optimized structure.

Five grain boundaries, namely, S2(110), S3(111), S5(210),
S3(211) and S5(310), were constructed as outlined in the
methodology.32,33,37 Using eqn (1), we estimated the thermody-
namic propensity of such grain boundaries to form from LLTO
bulk, which are shown in Fig. 2.

All grain boundary formation energies are relatively low (<1.3
J m�2) compared to other perovskite and polycrystalline mate-
rials,32,33,52,57–59 signifying that these GBs are likely present in
high concentrations in the real material. The lowest energy was
calculated for theS2(110) grain boundary (0.30 J m�2), while the
least stable is the S5(310) structure (1.26 J m�2).
Fig. 2 Structures and formation energies of the S2(110), S3(111), S5(210
grain boundaries are located at the centre and edges of each supercell.
blue respectively.

This journal is © The Royal Society of Chemistry 2021
The relative stability of the grain boundaries and thus their
concentration in the material is an important factor to consider
when analysing the Li transport in LLTO. For example, it is
likely to nd a higher concentration of S2(110) grain bound-
aries than the S5(310) boundaries due to its lower energy.
Li-Ion conductivity in LLTO and its grain boundaries

As noted previously, computational studies have not explored
the effect of GBs on the observed grain boundary resistance in
this material.

MD simulations of the GB structures were performed to
probe the impact of the GB resistance on the Li-ion conductivity
in solid electrolytes, using LLTO as a model system. The Li+

diffusion coefficients were evaluated using the Nernst–Einstein
equation of eqn (3). Fig. 3 shows the Arrhenius plots of the
calculated Li-ion conductivities of each grain boundary
compared to the bulk LLTO from theMD simulations computed
between 300–900 K. Experimental data, calculated from A.C.
), S3(211) and S5(310) grain boundaries in Li0.16La0.62TiO3. Equivalent
The O, La, Li and TiO6 octahedra are shown in red, orange, purple and

J. Mater. Chem. A, 2021, 9, 6487–6498 | 6489
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Fig. 3 Arrhenius plot of temperature-dependent conductivities (sT) of
Li-ion and activation energies (Ea) for bulk LLTO and the five GBs. The
bulk and the grain boundaries S2(110), S3(111), S5(210), S3(211) and
S5(310) are denoted by blue, orange, green, red, turquoise and grey
dashed lines, respectively.
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impedance experiments for polycrystalline LLTO (with grain
boundary and bulk contributions) is plotted for comparison.24

The calculated bulk LLTO conductivity at room temperature
is 3.4 � 10�4 S cm�1, which is in good agreement with experi-
mental studies examining single crystals.23,24,60,61 However, due
to the variation in Li/La concentration, different synthesis and
sample preparation techniques, a wide range of electrochemical
impedance spectroscopy measurements have been reported in
the literature.27

In general, the computed Li-ion conductivities of the ve GBs
appear lower than the bulk values at typical battery operating
temperatures (�25 to 150 �C). This effect was observed across
the whole temperature range and conrms the high GB resis-
tance in LLTO.

The Li-ion conductivities for the ve GBs follow the order
S3(211) > S2(110) > S5(310) > S3(111) > S5(210). Between 300
and 900 K, there are signicant variations in the calculated
grain boundary conductivities. For example, at 300 K the Li-ion
conductivities were found to vary by approximately two orders
of magnitude between the most conductive, S3(211) �1.2 �
10�4 S cm�1 and the least conductive GB, S5(210) �2.7 �
10�6 S cm�1. There is a small difference in conductivity between
the bulk and the highest conducting GB, the S3(211), but a two
order of magnitude difference between the bulk and the lowest
conducting grain boundary, the S5(210). Inaguma et al. calcu-
lated the grain boundary conductivity (2 � 10�5 S cm�1) of
LLTO at 300 K to be 2 orders of magnitude lower than that of the
bulk (1 � 10�3 S cm�1).23

From Fig. 3, we could extract the activation energies, which
follow the order S5(210) z S3(111) > S2(110) > S5(310) >
S3(211). This trend follows the order of Li-ion conductivities,
6490 | J. Mater. Chem. A, 2021, 9, 6487–6498
except that the S5(310) and S2(110) switch their orders. An
experimental activation energy of �0.32 eV was reported for
polycrystalline LLTO and is clearly much larger than our
calculated bulk activation energy. This is because the experi-
mental value includes the contribution from both grain
boundaries and bulk transport.

The directional dependence of the conductivity can be
visualised by analysing the Li-ion trajectories of the MD simu-
lations to produce Li-ion density maps, as shown for the
S2(110) in Fig. 4a and b (plots for other grain boundaries can be
found in S4–S8 of the ESI†). These plots illustrate the effect of
the grain boundary structure on Li-ion diffusion channels in
terms of both, diffusion within Li-rich layers and diffusion
between Li-rich layers (via La-rich layers). The diffusion maps in
Fig. 4a and b show the positions occupied by Li-ions (purple)
and La-ions (orange) at all timesteps of the MD simulation and
provide insight into the migration pathways of these atoms. To
facilitate the visualization, the S2(110) grain boundary is placed
at 0 Å and is shown from two viewpoints. The Li-rich layers can
be clearly visualised (purple) and the mismatch between the
layers of each grain at the grain boundary can also be observed.

These plots show clearly dened Li-ion migration channels
in the bulk (Fig. 4a), with distinct Li-ion sites and inter-
connecting migration pathways. In contrast, at the grain
boundary (Fig. 4b) these Li-ion sites and pathways are less
clearly dened and, in many parts, non-existent, highlighting
the heterogeneity of Li-ion conductivity between grains. Within
the bulk, Li transport is restricted to the Li-rich layers and
minimal transport occurs between these layers. However, at the
grain boundary, a small number of Li-ions can be seen moving
between such Li-rich layers. This is due to a misaligning
between the Li-rich layers of each grain which instead, provides
a continuous series of Li-ion sites. The effect introduced by this
misalignment can be seen in Fig. 4c, which displays the acti-
vation energy for Li-ion conductivity along the grain boundaries
(blue bars) and across grains via the grain boundary (orange
bars). It is clear that the transport across grains (grain to grain)
is hindered relative to transport along the grain boundaries.

Using our calculated Li-ion conductivities of LLTO, we have
rationalised the effects of GBs on the overall ionic conductivity
of a real polycrystalline sample, using a phenomenological
model rst derived for polycrystalline Li3OCl.52 The model is
based on the equivalent circuit used in the interpretation of
impedance data as in eqn (6).

stotal ¼ ybulk

�
1

sbulk

þ lGB

d

1

sGBt

��1
þ yGBsGBk (6)

where stotal and sbulk are the total and bulk conductivities, and
s+t and sGBk are the GB conductivities perpendicular and
parallel to the grain, respectively, as taken from our calcula-
tions. d is the grain size (which can vary in our model), lGB is the
length of the GB, and ybulk and yGB control the volume fraction
of the bulk and GB domains, respectively. The full derivation of
eqn (6) is available in ref. 52.

Fig. 4d plots the dependence of the total conductivity of
a polycrystalline sample of LLTO against grain size. The orange
This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Trajectory plot of Li-ion conductivity in the S2(110) at 700 K over 1 ns. The centre of mass of all Li and La atoms has been displayed in
purple and orange, respectively. Two orientations of the grain boundary structure have been shown. (a) shows the positions of all Li and La atoms
within each layer and (b) shows the positions of Li and La between layers. In panels (a) and (b) the GB is centred at 0 Å. Dashed lines have been
added to illustrate the bulk and grain boundary regions. (c) Li-ion activation energies (Ea) for five grain boundaries. Blue bars represent the
activation energy for Li transport along the grain boundary. Orange bars represent the activation energy for Li transport between the two grains,
via the grain boundary. (d) The evolution of the total conductivity (bulk + polycrystalline) as a function of grain size (in nm), for LLTO at 300 K. The
blue curve is the total conductivity of polycrystalline LLTO assuming the lowest conducting grain boundaries dominate themorphology, with the
blue band representing the upper and lower limits based on different densification behaviours. The orange curve is the total conductivity of the
polycrystalline material assuming the highest conducting grain boundaries dominate the morphology, with the orange band representing the
upper and lower limits based on different densification behaviours. The grey dashed line is the maximum average polycrystalline conductivity,
equivalent to 80% of the bulk conductivity. The pink dashed line is the calculated bulk conductivity at 300 K.
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line (Fig. 4d) corresponds to the total conductivity as a function
of grain size, assuming the polycrystalline LLTO contains the
most conductive grain boundaries (arithmetic average of
S3(211) and S2(110)). In contrast, the blue line assumes the
polycrystalline sample is dominated by the least conductive
grain boundaries (using an arithmetic average of the ionic
conductivities in S3(111) and S5(210)) and the green line is an
arithmetic average (of all grain boundary conductivities). The
pink dashed line identies the bulk conductivity (3.4 �
10�4 S cm�1). From our analysis, the total conductivity above
a �500 nm grain size is marked by a grey dashed line and
corresponds to �80% of the bulk conductivity. The blue and
orange bands around the lowest and highest polycrystalline
This journal is © The Royal Society of Chemistry 2021
conductivities represents two extreme cases calculated based on
different densication behaviours, as discussed in Dawson
et al.52

Fig. 4d reveals three main features. First, the Li-ion
conductivity in the polycrystalline material increases with
increasing grain size, as expected given the signicant resis-
tance of the GBs. Second, the inuence of GB resistance is
higher at very small grain sizes of <100 nm, with the highest
value of Li-ion conductivity occurring at grain sizes exceeding
500 nm, as identied by the upper bound of the blue band.
Third, for grain sizes < 100 nm, the total conductivity is domi-
nated by GB contributions.
J. Mater. Chem. A, 2021, 9, 6487–6498 | 6491
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We have also investigated the mobility of individual Li ions
depending on their location within the structure. We dened Li
ions that move out of their starting A site to be mobile and those
that do not to be immobile. In numerical terms, these immobile
Li ions have a mean squared displacement of less than 4 Å2,
which corresponds to the average the distance between the A
sites in LLTO. This indicates that an Li-ion has not moved from
its starting location or starting A-site during the entire simula-
tion. Fig. S7† show the mobile and immobile Li-ions in LLTO
grain boundary structures. The data shows that “immobile” Li-
ions are present in the system and located primarily at the grain
boundary.
Fig. 5 Electrostatic potential (EP) (solid red line) of the five GBs at 300 and
axis varies across GBs.

6492 | J. Mater. Chem. A, 2021, 9, 6487–6498
Previous work has discussed the relationship between the
size of the A-site and the associated bottleneck between A-sites,
the cation coordination and the size of the cation.27 Li-ions in
bulk LLTO are very mobile within the A-site and migrate
between the 12 coordinate A-site and 4 coordinate tetrahedral
sites within the A-site. Hence, the average coordination number
of Li in bulk LLTO is less than the expected 12, typical of other
perovskites. The comparatively large A-site allows diffusion of
Li-ions between A-sites with ease. We nd that the concentra-
tion of TiO6 polyhedra is greater in the grain boundary than in
the bulk (Section S8 in the ESI†), and hence, the size of the A-site
1000 K. The GB is located at 0 Å in these plots. Note, the scale of the y-

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Maximum and minimum values of electrostatic potential
(calculated according to eqn (7)) in the bulk (blue) and grain boundary
(orange). Bulk refers to the region between grain boundaries in each
simulation.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 1
1/

24
/2

02
4 

5:
33

:5
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
and associated bottleneck is reduced compared to the bulk
structure.

Furthermore, our data suggest that the average coordination
of Li is higher at the grain boundary than in the bulk, which
indicates that the A-site is smaller, while Li-ions are not moving
between tetrahedral sites in the A-site.

Voltage insights

In addition to the structural mismatch, described earlier that
impacts the Li ion transport, the relaxed grain boundaries are
also likely to modify the electric eld through which Li ions
move. Therefore, we examine the electrostatic potential expe-
rienced by Li ions to determine whether the grain boundaries
generate barriers to ion diffusion. The electrostatic potential (V)
is a property of a charged object, by virtue of its location in an
electric eld and is dened according to eqn (7).

V ¼ PE

q
; (7)

where PE is the electric potential energy and q is the charge. The
potential difference between two points, A and B(VA � VB) is
dened as the change in potential energy of a charge q moved
from A to B, divided by the charge. Units of potential difference
are volts and are dened as the work needed (per unit of charge)
to move a test charge between two points.

DV ¼ VB � VA ¼ DPE

q
(8)

We have calculated the electrostatic potential of the ve
grain boundaries in order to determine how the presence of
a grain boundary impacts the potential energy of Li ions. This
quantity is crucial to elucidate the effects of grain boundaries
on Li transport.

Fig. 5 shows the electrostatic potential calculated according
to eqn (4) and (5) of ve grain boundaries at 300 and 1000 K,
respectively. To facilitate the discussion the grain boundary
core is place at�0.0 Å on the x-axis (the non-periodic direction).
The sharp oscillations along the x-axis are due to oppositely
charged planes of cations and anions. Panels of Fig. 5 show
oscillations in electrostatic potential between planes of cations
and planes of anions in the grain boundary structures (region
near �0.0 Å).

Fig. 6 summarises the average positive (negative) peak in the
bulk and the largest positive (negative) peak in the grain
boundary plotted in Fig. 5. Note, bulk refers to the region
between grain boundaries in each simulation.

The electrostatic potential prole is considerably different
across the ve grain boundaries, which led us to qualitatively
separate them into two main categories: (i) with signicant
oscillations away from the bulk region, and (ii) with less
pronounced oscillations in the GB area (�0.0 Å in Fig. 5). The
S3(211) and S5(310) GBs display a negative DV in the region of
the grain boundary regions (see Fig. 5g, h, i, j, and 6). Thus, the
proles of these two grain boundaries vary considerably in the
grain-boundary region compared to the bulk. In contrast, the
S2(110) grain boundary (Fig. 5a and b) shows similar proles to
This journal is © The Royal Society of Chemistry 2021
that of the bulk. TheS3(111) andS5(210) grain boundaries have
rather similar proles and display distinct regions of negative
DV and regions of positive DV relative to the bulk (Fig. 6). In
particular, we observe that in both S3(111) (Fig. 5c and d) and
S5(210) (Fig. 5e and f) grain boundaries there are regions of
negative DV on either side of the GB region and areas with
positive DV in the core of the grain boundary (x � 0). We also
nd that temperature (le and right plots in Fig. 5) does not
affect signicantly the sign of DV in the GB studied.

These differences are better captured by analysing the widths
of the distortion in the electrostatic potential caused by the
grain boundaries. The width of the distortion eld appears
a unique feature of each grain boundary and follows the order
S2(110) < S3(211) < S5(310) < S5(210) < S3(111) from smallest
to largest, as in Fig. 5.
Discussion

Grain boundaries are a common structural motif found in
ceramic oxides, and they can have a signicant impact on the
material properties.13,18,52,57,62 A signicant body of research has
investigated the impact of grain boundaries in a wide range of
materials for different applications, e.g. Li-ion battery electro-
lytes,63 Li-ion battery cathodes,64 solid oxide fuel cells,32,65 solar
cell ceramics66 and nuclear fuels.33 Grain boundaries have been
shown to have a major impact on the defect chemistry of
materials.67 In many materials it has been shown that grain
boundaries contribute remarkably to high resistance to ionic
conductivity.68

In this work, we have focussed on the effect of grain
boundaries on Li-ion conduction in a representative solid
electrolyte material, i.e., Li0.16La0.62TiO3. To gain insights into
the design of solid electrolytes for solid-state batteries, we have
J. Mater. Chem. A, 2021, 9, 6487–6498 | 6493
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performed a comprehensive analysis of grain boundaries in
LLTO across a range of typical temperature conditions.

We reported grain boundary energies (0.3–1.26 J m�2) which
are consistently lower compared to other perovskite materials,
notably, SrTiO3 (0.86–1.86 J m�2),57 BaTiO3 (1.03–1.57 J m�2),58

BaZrO3,59 Li3OCl (0.34–1.04 J m�2),39,52 as well as binary oxides,
such as CeO2 (ref. 32) (1.16–2.10 J m�2) and UO2 (0.30–1.97 J
m�2).33 These low grain boundary energies suggest their high
concentrations within LLTO polycrystalline samples. This
nding is in agreement with previous experimental work, which
showed that S3/S5-type grain boundaries are prevalent and in
high concentrations in LLTO.43 Therefore, our results, are
representative of the overall structural properties of LLTO.

We predict an activation energy for bulk LLTO in good
agreement with previous calculations on single crystals,23,24,61,69

but underestimate the electrochemical impedance spectroscopy
values of �0.3 eV.23

It is generally accepted that grain boundary resistance is
responsible for the discrepancy between the polycrystalline and
single crystal measurements. Thus, our results highlight the
importance of directly considering GB contributions to Li-ion
conductivity in solid electrolyte materials. Depending on the
grain boundary structure, we predicted grain boundary
conductivities to range from 1 to 2 orders of magnitude lower
than that of the bulk (3.4� 10�4 S cm�1). This result aligns with
experimental observations, which suggest that grain bound-
aries in LLTO are responsible for an increase in the resistance
associated to Li-ion transport.

The calculated grain boundary conductivity is particularly
low (1.2 � 10�4 to 2.7 � 10�6 S cm�1) compared to the bulk and
appears in line with previous experimental observa-
tions.23,24,26,30,61,69–72 From an atomistic standpoint, we have
shown that grain boundaries introduce signicant structural
alteration, with direct effects on the local coordination of Li+

ions and hence their mobility. This alteration corresponds to
a mismatch between the Li-rich layers of the two grains (Fig. 4a
and b). The mismatch between Li-rich layers at the grain
boundary observed experimentally decreases Li-ion conduc-
tivity at grain boundaries followed by a breakdown of the
layered motif.61 It has already been proposed that the alteration
in the layered structure at the grain boundary is responsible for
the reduction in conductivity in polycrystalline LLTO and our
calculations provide evidence for this.31 Layered-type lithium
conducting materials are common in battery research and
similar reports of poor grain boundary conductivity can be
explained by the misalignment of Li rich layers at the grain
boundary.

We have used the electrostatic potential as a useful metric to
understand the charge distribution within a structure. We have
demonstrated that the electrostatic potential can be used to
interpret the calculated conductivities. From the changes of
electrostatic potential (DV) between the bulk and grain
boundary (Fig. 5 and 6) four possible situations, types can be
identied:

Type I – the electrostatic potential increases at the GB andDV
is positive. This is regarded as the accumulation of positively
charge species in the grain boundary core, e.g., anion vacancies
6494 | J. Mater. Chem. A, 2021, 9, 6487–6498
or a local increase in cation concentration. In this case Li-ions
in the bulk will experience a potential energy barrier that
must be overcome to access the grain-boundary core. A poten-
tial barrier will hinder the percolation of the Li-ions between
grains. In Li-ion batteries, DV being positive, suggests that there
is a depletion of Li-ion vacancies (negative species) relative to
the bulk. Li vacancies facilitate Li-ion transport and conse-
quently the grain boundary conduction can be expected to be
poor. Thus, in polycrystalline samples with small grain sizes
and high concentrations of type I grain boundaries, Li-ion
transport will be limited to conduction along the grain
boundaries, resulting in samples with poor Li-ion
conductivities.

Type II – the electrostatic potential decreases at the GB and
DV is negative. This case suggests the accumulation of nega-
tively charged species in the grain boundary core, e.g., cation
(Li-ion) vacancies or an increase in anion concentration. In this
case, the access of Li-ions to the GB from the bulk is barrierless.
However, there exists a potential energy barrier for Li-ions to
leave the GB. This effect may also suppress Li-ion conduction
between grains. Hence, in this situation, we speculate that Li-
ions can be “lost” orbiting near the GB surfaces. As with type
I grain boundaries, in polycrystals with a small grain size and
high concentrations of type II grain boundaries, conduction will
be limited to the grain boundaries. However, because DV is
negative, we expect the grain boundaries to contain a high
concentration of Li vacancies (negative species) relative to the
bulk. For this reason, Li-ion conduction in type II grain
boundaries is expected to be better than in type I grain
boundaries, because Li-ion vacancies are charge carriers for Li-
ion diffusion.

Type III – there is a mixture of positive and negative DV
regions in the grain boundary. This example is typically used
when discussing space charge models. In this case there is
a depletion of positive defects in the regions anking the grain
boundary core, leading to a negative DV and an accumulation of
positive defects in the grain boundary core, leading to a positive
DV.

Type IV – the trivial case where grain boundaries have no
impact on the electrostatic potential and DV is 0. In this
instance, the grain boundary will behave in the samemanner as
the bulk and there is no potential barrier.

None of the grain boundaries studied in LLTO can be clas-
sied as type I (with positive DV) or IV (DV ¼ 0) alone. The
S2(110), S3(211) and S5(310) boundaries have a negative DV
and fall into the type II category. The negative DV is due to the
depletion of Li-ions at the grain boundary, as depicted in Fig. 7.
Lithium atoms in the grain boundary core (in the range�5 < x <
5 Å) experience a potential energy barrier to percolate from the
core of the grain boundary into the bulk, and with notable
effects on Li-ion transport between grains is curbed. However,
the accumulation of Li-ion vacancies at the boundary facilitates
Li-ion transport within the grain boundary core, which explains
the high Li conductivity in the S2(110), S3(211) and S5(310)
models.

The S3(111) and S5(210) grain boundaries show amixture of
positive and negative DV across the GB and fall into the type III
This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Number density of the centre of mass of Li-ions (total number
of Li-ions in 0.1 Å histograms perpendicular to the GB) at the S5(210)
and S3(211) boundaries.
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category. In these grain boundaries we nd that there is
a depletion of Li atoms (accumulation of Li vacancies) in the
regions anking the grain boundary core and an accumulation
of Li ions at the GB core (depletion of Li vacancies). In this case
there is a potential energy barrier for Li-ions to pass from one
grain to the other.

In summary, Type III grain boundaries (S3(111) andS5(210))
are the least conductive boundaries studied, while the Type II
grain boundaries DV (S2(110), S3(211) and S5(310)) are the
most conductive. Nevertheless, in both cases our MD simula-
tions suggest poor conductivity across the grain boundary when
compared to the bulk.

Conclusions

The atomistic effects of grain boundaries are important to fully
understand the transport properties of solid electrolytes for all-
solid-state batteries. In this study, we have demonstrated the
impact of grain boundaries in a widely used solid electrolyte,
i.e., Li0.16La0.62TiO3 (LLTO). Our results revealed the following
features.

1. Low grain boundary formation energies indicate the
presence of a high concentration of grain boundaries in poly-
crystalline LLTO.

2. The calculated bulk ionic conductivity is 0.68 �
10�4 S cm�1 at 300 K, in good agreement with impedance
spectroscopy measurements. The grain boundaries studied
appear 1–2 orders of magnitude less conductive that the bulk.

3. There is an increase in the Li-ion migration activation
energy for all grain boundaries (0.22–0.29 eV) compared to the
bulk (0.21 eV). These results help to rationalise on why previ-
ously calculated activation energies for bulk LLTO have been
consistently underestimated compared to experiment.

4. Based upon our calculations, a model that describes the
effect of grain size on the ionic conductivity has been used to
This journal is © The Royal Society of Chemistry 2021
show that the conductivity of the material is strongly linked to
the grain size of the material.

The atomic-scale insights presented here qualify and quan-
tify grain boundary resistance in a solid electrolyte for Li-ion
battery applications and are generally application to a range
of materials and applications, e.g., solid oxide fuel cells and
electrolysers. Enhancing our understanding of grain bound-
aries and their inuence on Li-ion transport is crucial for the
future optimisation of new solid electrolytes for all-solid-state
batteries.
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