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Abstract

Garnet-structured LirLagZro0O19 is a promising solid electrolyte for next-generation
solid-state Li batteries. However, sufficiently fast Li-ion mobility required for battery
applications only emerges at high temperatures, upon a phase transition to cubic struc-
ture. A well-known strategy to stabilize the cubic phase at room temperature relies on
aliovalent substitution; in particular, the substitution of Lit by AI** and Ga37 ions.
Yet, despite having the same formal charge, Ga®* substitution yields higher conduc-
tivities (1072 S/cm) than AT (107* S/cm). The reason of such difference in ionic
conductivity remains a mystery. Here we use molecular dynamic simulations and ad-

vanced sampling techniques to precisely unveil the atomistic origin of this phenomenon.



Our results show that Lit vacancies generated by A>T and Ga3T substitution remain
adjacent to Ga3* and AI** ions, without contributing to the promotion of Li™ mobility.
However, while Ga?* ions tend to allow limited Lit diffusion within their immediate
surroundings, the less repulsive interactions associated with Al** ions lead to a com-
plete blockage of neighboring LiT™ diffusion paths. This effect is magnified at lower
temperatures, and explains the higher conductivities observed for Ga-substituted sys-
tems. Overall this study provides a valuable insight into the fundamental ion transport
mechanism in the bulk of Ga/Al-substituted LiyLagZr,O12 and paves the way for ratio-
nalizing aliovalent substitution design strategies for enhancing ionic transport in these

materials.
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1 Introduction

From the electrification of transportation (e.g., electric vehicles) to the support of smart
grids (e.g., storing wind and solar energy produced during off-peak hours), rechargeable
Li-ion batteries are called to create a new energy paradigm. Yet, progress in these fields
demands new and improved materials with high ionic conductivities. In particular, in many
applications, it is of utmost importance to replace current flammable and toxic organic
liquid electrolytes with an inorganic solid alternative, which can offer improved safety by
preventing thermal runaway in case of battery failure. Many good Li-ion solid electrolyte
candidates crystalize in a few crystal structures: perovskites,! NASICON-like,? LISICON-
like,® garnets,? and argyrodite.> Among them, Li;LaszZr,O;, (LLZO) garnet is a strong

contender in terms of good Li-ion conductivity,%” wide electrochemical operation window,?®



and formation of stable interfaces with many cathode materials.?

LLZO garnets can crystallize in at least two different polymorphs, a poorly Li-ion con-
ductive tetragonal structure [space group (SG) 4, /acd| and a much more conductive cubic
one (SG ITa3d).'® More recently, an additional acentric cubic polymorph with SG I43d has
also been identified. ''"'2 The cubic structure is unstable at room temperature, but it can be
stabilized by supervalent substitution at the Li, La, or Zr crystallographic sites. In partic-
ular, substitution of Li by Al and Ga ions has extensively been studied, with most efforts
focused on elucidating the site preferences of Al and Ga and their effect on Li-ion conduction
in LLZO garnets. '3 Despite having the same formal charge, Ga substitution is found to
lead to higher room temperature conductivities (~ 1072 S/cm) than Al substitution 1517
(~ 107* S/cm). However, the origin and degree of this phenomenon is yet to be fully un-
derstood. Recently, Rettenwander et al.!' combined several characterization techniques to
systematically explore the structure and Li-ion conduction properties of Al/Ga dual substi-
tuted LLZO garnets, with formula Lig 4Ga,Alg s, LazZrsO19, (z = 0, 0.05, 0.1, 0.15 and 0.2).
They found that the conductivity increases monotonically as x increases (i.e., with increasing
Ga content), but the effect tends to vanish as the temperature rises. The observed rise in
conductivity with x was attributed to the formation of additional Li-ion diffusion paths for
x > 0.15, caused by a phase transition from centric SG Ia3d to acentric SG I43d. However,
this mechanism does not explain why this trend is observed at all values of x and why it dis-
appears with temperature. Here, we aim to further investigate this phenomenon and gain an
atomic-level insight into the different role the similar substitutional metal ions (Al, Ga) have
in the bulk Li-ion mobility of LLZO ceramic electrolytes. To tackle this study, force-field-
based molecular dynamics (MD) simulations have been applied to a range of model systems
and temperatures. In addition to conventional MD simulations, and in order to effectively
account for exhaustive sampling at low temperatures, a Generalized Shadow Hybrid Monte
Carlo (GSHMC)!® approach has been applied for the first time to study single and dual

substituted LLZO systems.



We focus on three different Ga/Al contents in Lig4Ga,Alys . LagZrsOqa: x = 0.0, 0.1
and 0.2. The simplified notation Ga,Alys_, will be used throughout. Hence, the structures
to be considered are referred to as GaggAlge, Gag1Aly.1, and GagaAlgy. The structure of the

pristine cubic-garnet LLZO is shown in Figure 1. Li ions partially occupy 24d tetrahedral

E La dodecahedra “ Zr octahedra

Figure 1: (a) Crystal structure of garnet-type cubic LLZO (SG Ia3d). Li ions are shown
as partially filled spheres, indicating partial occupancy. La dodecahedra and Zr octahedra
are depicted in orange and blue, respectively. (b) The Li-ion diffusion pathway, comprising
tetrahedral (Ty) 24d sites coordinated by 4 octahedral (Oy) 48g/96h sites.

(Tq) and 48g/96h octahedral (O,) sites, La ions fully occupy 24c¢ dodecahedral sites, Zr
ions fully occupy 16a octahedral sites, and O ions fully occupy the 96h sites. No definitive
consensus exists on the site preferences for Al and Ga ions, with some studies proposing
that Ga ions prefer to enrich the 96h sites while Al ions occupy 24d sites.!%2° This may
be explained by the influence of experimental factors including sample preparation and the
synthesis conditions chosen, as discussed in recent experimental works. 32° Since the 24d sites
act as junctions for Li-ion diffusion,?! this site distribution was originally thought to explain
why Ga enhances Li-ion mobility compared to Al. However, recent works locate both Al and
Ga ions at 24d sites'116:2224 and conclude that no site preferences exist for either.!®?! Here,
we assume that both Ga and Al prefer the T} sites, as most recent experimental evidence
appears to tilt in this direction.

The paper is structured as follows; first, the details of the atomistic model and the force
field for Lig4Ga,Alys_,LagZrsOqo are given. Afterward, a series of MD and GSHMC sim-

ulations are performed for a set of Al/Ga-substituted LLZO systems to obtain diffusion



dynamics of Li ions. Finally, the predictions gained in this work are compared with available
experimental data, in particular, Li-ion diffusivities and conductivities at different temper-
atures and concentrations of Al/Ga ions in LLZO garnets. Furthermore, we thoroughly
examine Li-ion diffusion paths in presence of Al and Ga ions. The results are discussed
in the context of the observed experimental enhancement of Li-ion conductivity properties
of LLZO electrolytes caused by insertion of Ga over Al ions in 24d tetrahedral sites. Our
findings reveal an increase in Li-ion conductivity of Ga-substituted bulk LLZO over Al-
substituted phases for all temperatures and offer an atomistic insight into the role of Al/Ga

ions in the Li-ion transport performance of LLZO electrolytes.

2 Methodology and Computational Details

2.1 Force field derivation

We model the interatomic potential between atoms 7 and j, U;;, as the sum of Coulombic
and van der Waals (vdW) interactions:
4i9; VAW
U.. = + U 1
Y 471'6‘1'7;]" ) ( )
where, € is the vacuum permittivity, |r;;| is the distance between particles ¢ and j, and g

and ¢; are their respective charges. The vdW interaction, Uivjdw, is modeled through the

Buckingham potential,

Ui"jdW = A;jexp (_Bij ’rij’) - Ir;;]6
ij

(2)

with the Buckingham parameters A;; > 0, B;; > 0 and C;; > 0. While Coulombic inter-
actions are considered between all pairs, only interactions with oxygen atoms are included
in U;;dw. For pristine LLZO, parameters for the force field described by eqs 1 and 2 are
readily available.?!"?52" However, to the best of our knowledge, no parameters have been

reported for dual substituted Ga,Alys_, systems. Thus, we combined the parameters from



two independent force fields proposed in the literature: one developed by Jalem et al.?! for
Ga-substituted LLZO, and the Al-O potential proposed by Pedone et al.?® for oxides and

1.2% used Morse functions

silicates. Instead of the Buckingham functional form, Pedone et a
to describe Uy, Therefore, we fitted their Al-O potential to eq 2 in order to extract the
required parameters. Unfortunately, the raw parameters extracted from these sources and
being used in isothermal-isobaric (NPT) MD simulations could not accurately reproduce the
unit cell size of Ga,Alys_, reported by Rettenwander et al.!' for 0.0 < z < 0.2 (details
of the simulation setup are provided in the following section). Our numerical experiments
reveal a sensitivity of the predicted unit cell parameters to a value of the particular force-
field parameter, namely B;; for the Li-O interaction, Brio. Therefore, by fixing the cubic
structure, we chose to fine-tune the parameter By o, until the predicted cell size was within

0.1% of the experimental value for each concentration z. The fine-tuning strategy included

the following two steps:

1. Generation of configurations with minimal potential energy (PE) for each
x in GayAlys ,: A 3 x 3 x 3 supercell (containing 1944 available Li sites, 648 La
atoms, 432 Zr atoms, and 2592 O atoms) is considered for the calculation. Even
with all Ga and Al ions confined in Ty sites, there exists an enormous number of
conceivable arrangements of the Li, Li vacancies, Al and Ga within the Li sublattice.
A simple sampling approach consists of randomly adjusting the Li/Ga/Al/vacancy
arrangements according to the desired stoichiometry.?!?42930 Consequently, for each
x, a total of 10000 random structures were generated, and those with the lowest total
PE (electrostatic + van der Waals) for each value of x were selected for the subsequent
step (the obtained energy distributions are shown in Figure S1 of the SI). Calculations
of the PE on the static structures were performed using LAMMPS.3! This sampling

step is carried out only once.

2. Optimization of Bp; o for each z: This task is performed using the minimum PE

configuration obtained in the previous step. First, we evaluated the unit cell parameters



using NPT-MD simulations with the current values of the force-field parameters By, o.
Then we updated Br;.o and repeated the process until the desired fitting of the MD

predicted unit cell parameters into the experimental data is achieved.

Following this optimization procedure, we observe a uniform increase of the unit cell parame-
ter with increase of Ga content; this is expected since only repulsive interactions are included
in the Ga-O interatomic potential (see Table S1 of the SI). In consequence, an optimal value
of Brio varies with x, and thus it has been decided to assign to each concentration z an
x-specific force field. The variation of the optimal Brio with = is depicted in Figure S2 of
the SI. In Table S1 of the SI, we show the parameters of the force field (eq 2) used in this

study.

2.2 Simulation Setup

Atomistic simulations were carried out with the MultiHMC-GROMACS software code.3*33
This is an in-house modified version of the open-source MD package GROMACS version
4.5.4% which is available under the GNU General Public License. In addition to the al-
gorithms offered by the standard GROMACS package, MultiHMC-GROMACS provides an

18,35,36

implementation of various hybrid Monte Carlo (HMC) methods and multi-stage in-

tegration schemes3337

with the aim of increasing accuracy and sampling performance of
a molecular simulation without a significant loss of computational efficiency and parallel
scalability.

In this study we employed two atomistic simulation techniques: MD and GSHMC.
GSHMC by Akhmatskaya and Reich®® is an importance sampling HMC?> method where
sampling is performed with respect to modified Hamiltonians, and stochastic Monte Carlo
(MC) proposal steps and MD short trajectories alternate to enhance sampling efficiency.
In particular, GSHMC can be viewed as an alternative to HMC which preserves dynamical

information and provides high acceptance rates. On the other hand, in contrast to MD,

GSHMC rigorously controls temperature and samples much broader due to its stochastic



nature. These features of GSHMC are achieved by (7) including a partial update of particle
velocities instead of a full velocity resampling between MD trajectories and (4i) by sampling
with modified Hamiltonians instead of true Hamiltonians. Modified, or shadow Hamilto-
nians, determined as asymptotic expansions of Hamiltonians in powers of a time step, are
better conserved by symplectic integrators than true Hamiltonians which leads to enhanced
acceptance rates in GSHMC. The GSHMC method has been successfully employed in the
studies of high dimensional configurational spaces and rare events, including simulations

32,3840 and, more recently, ionic diffusion in solid crystalline Na,FePO,

of biological systems
systems. 142 A complete description of the GSHMC method can be found elsewhere. 18323740

In this work, MD and GSHMC simulations have been performed for a range of tem-
peratures from 193 K to 313 K at intervals of 20 K. While at temperatures above 233 K,
the preference has been given to MD, due to the simplified tuning of its parameters, at
low temperatures (7" < 233 K), we used GSHMC to take advantage of its enhanced sam-
pling abilities, particularly desired at this temperature regime. Sampling efficiency of MD
and GSHMC can be estimated through calculation of integrated autocorrelation functions
(IACF) during the equilibration stage. Low values of IACFs indicate a lower correlation
between generated samples (i.e. more efficient sampling). The calculated IACF values ob-
tained with MD and GSHMC for GaggAlp2, Gag1Alg; and GagoAlyy at 233 K, 273 K and
313 K are presented in Table S2 of the SI. As observed, GSHMC performs up to 14 times
better than MD for the tested systems and temperatures, and the margin of its superiority
increases with decreasing temperature.

Periodic boundary conditions were applied in all directions. For both simulation ap-
proaches, Coulomb electrostatics were evaluated with the smooth particle mesh Ewald (PME)
method® taking a cut-off radius of 11 A. For short-range interactions, a cut-off distance of
12 A was considered.

Following the energy minimization with the steepest descendent method, the supercells

were equilibrated for 500 ps using MD in the NPT ensemble where the average temperature



and pressure where kept constant by the v-rescale algorithm®* and Andersen barostat?®®

at the specified target temperature and pressure P=1 bar, respectively. The production
simulations were run in the NVT ensemble, with a total simulation time ranging between
80 and 320 ns depending on the target temperature. The v-rescale thermostat has also
been applied in production MD NVT simulations. In contrast to MD, in the GSHMC
simulations, temperature is controlled by design in the Metropolis step, while short MD
trajectories are performed in the NVE ensemble, therefore, no thermostats are required. In
all MD simulations, the velocity Verlet method was used to integrate the particle motion
with a time step of 2.5 fs for temperatures above 233 K.

GSHMC was combined with the M-BCSS integrator, the two-stage integrator specially
derived for sampling with modified Hamiltonians,*® for which a time step of 4.0 fs was
possible. The parameters to be defined for GSHMC include the length L of MD trajectories,
time step At, noise parameter ¢ for partial velocity update, and the order of modified
Hamiltonian, whereas only time step At has to be defined for MD simulations.

To validate the GSHMC parameters, we ran MD and GSHMC simulations with a different
set of parameters at a target temperature of 233 K for the Gag oAlg 2 system. Our calculations
revealed that the choice of L = 250, At = 4.0 fs, ¢ = 0.5 and a 4" order modified Hamiltonian
for GSHMC, keeps the average temperature (T"), kinetic energy (K') and potential energy (U)
in good agreement with the data obtained from the MD simulations. For low temperatures
investigated in this study, long simulation runs (>300 ns for the lowest temperature) were
needed in order to obtain accurate estimates of the transport parameters. A thorough search
for the relevant literature confirms that this is the first time when the low temperature
regime in LLZO garnets is studied using atomistic simulations, with previous works focusing

21

on very high temperatures?! or exploring only room temperature conditions.?” Simulations

were performed on 24-core Intel nodes with RAM capacities of 384 GB.



3 Results and Discussion

3.1 Li-ion Transport as a Function of Temperature and Ga/Al Con-

tent

Thermal expansion/contraction of Ga/Al substituted LLZO has been calculated for temper-
atures between 193 K and 313 K for GaggAlya, Gag1Aly1 and GagoAlyg. Our calculations
reveal that increasing Ga content produces a subtle expansion of the unit cell volume at
all investigated temperatures (see Figure S3 of the SI). This behavior is in agreement with
experimental results at room temperature reported by Rettenwander et al.,!! where a com-
parison between the experimental lattice parameters and our predictions at 293 K shows
a discrepancy of less than 0.1% for all studied Al/Ga concentrations in LLZO. In Table 1,
calculated lattice parameter for the investigated Ga,Alyo_, systems are shown (differences
are less than 0.5%).

Table 1: Experimental and calculated (this work) lattice parameters of Ga,Alys_,.

Composition a (A) ref.
GagoAlp,  12.9804(2) 11
13.0458 47
12.9681 48

12.9652(4) 12
12.9893 this work
Gag,lAlo_l 129905(2) 11
12.9892 this work
Gag2Alyo 12.9936(2) 11
12.9736(1) 12
12.9733(6) 49
12.9945 this work

Mean-squared displacements (MSDs) of Li ions at GagAly for temperatures between
193 K and 313 K are shown in Figure 2. Simulations at 7" > 233 K were performed with
MD in the NVT ensemble, whilst at T < 233 K, GSHMC simulations were used with the
parameters reported in the previous section. Diffusive motion of Li ions can be identified

from those regions in the log-log plot where the slope is approximately unity. As expected, Li
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Figure 2: Calculated MSDs of Li ions in GagoAlgg as a function of simulation time at
temperatures between 193 and 313 K. Colored solid and dashed lines represent MD and
GSHMC results, respectively. Black dotted lines are the linear fitting in the log-log scale
identifying the diffusive regime.

ions move faster at high temperatures while their mobility progressively decreases by orders
of magnitude with lowering temperature. This trend is independent of the use of GSHMC
or MD simulations. We have included MSDs obtained from MD and GSHMC simulations at
233 K to facilitate the comparison between Li-ion diffusion across LLZO garnets modeled by
both methods, revealing similar behaviors at the target temperature. However, differences
are expected to increase considerably when lowering temperature. A higher, up to 14 times,
sampling efficiency of GSHMC compared to MD demonstrated in Table S2 of SI ultimately
has to result in a better capture of dynamic properties at low temperatures.

In Figure 3 we provide an atom’s eye view of Li-ion transport by considering a complete
trajectory of a selected Li ion across simulations at different temperatures and total time
lengths. As expected, Li-ion transport is isotropic. At 313 K, the selected Li ion crosses
frequently different Ty and Oy, sites in a relatively short lapse of time (80 ns). In addition,
we notice that a Li ion can visit the same T} site several times, as revealed by the presence

of branches centered in the nodal Ty sites along the diffusive path as shown in the inset of
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Figure 3: Simulated trajectories of an individual Li ion (orange) in the GagoAlg lattice at
different temperatures. From top to bottom the temperature decreases, whereas from left to
right the simulation time increases. Li, Zr, O and Ga ions are depicted in green, yellow, red
and blue spheres, respectively (La ions are not shown for simplicity).

12



Figure 3. When the temperature is decreased to 253 K, the distance covered by the Li ion
in 80 ns decreases. In fact, even after 200 ns the number of Ty and O, sites visited has
decreased considerably in comparison with the simulation at 313 K, resulting as well in a
lower number of branches along the diffusive path. Finally, at 193 K we see that diffusion is
severely hindered, with the Li ion barely visiting more than one Ty site in less than 80 ns.
To better understand Li-ion diffusion across the LLZO garnet in a collective manner,
we systematically monitored the motion of individual labeled Li ions through the diffusion

coefficient, Dy;, which is calculated from the MSD according to,

Dy = lim ~ (Jri(t) — :(0) ), (3)

t—oo OF

where r;(t) is the position of Li ion 7 at time ¢. Figure 4 depicts the temperature dependence
of the diffusion coefficients of Li ions in LLZO garnets with different contents of Al and

Ga dopants between 198 K and 313 K. The diffusion coefficient follows an Arrhenius-type

'70 T T T T T T
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Figure 4: Calculated Li-ion diffusivity as a function of temperature for Ga,Alys , ( x =
0.0, 0.1, 0.2). Filled data points refer to simulation data in the bulk region (error bars

smaller than symbols). Experimental values, represented by empty diamonds, correspond to
GagAly g and were taken from Ref. 49.
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temperature dependence for all the examined Al/Ga contents. This behavior has also been
reported in MD simulations of Li-ion diffusion in Ga-substituted LLZO?' and LisLaszTasO15
garnets.” In addition, this trend is similar to the one observed in experiments for LLZO
garnets containing Al,?2? Ga*® and Ta®! ions. In particular, by using alternating current
impedance experiments, Wu et al.*® found GagAly diffusivities to be between 1072 and
107® cm? /s at temperatures between 213 and 263 K; these values are above the ones reported
in this work, where for the 213 - 253 K temperature range, the estimated diffusion coefficients
are of ~ 107 ecm?/s. Diverse effects can be the cause of the discrepancy between experimen-
tal and simulated diffusivities. On the one hand, MC and MD simulations of pristine LLZO
systems have revealed a difference up to 2 orders of magnitude in diffusivity when comparing
motion of Li ions in the grain boundary (GB) and bulk regions at 300 K for three GB geome-
tries.52 A similar observation was reported by Dawson et al.?? for polycrystalline electrolyte
LizOCl, where Li-ion MSD curves exhibit differences for bulk and GB diffusivities at 700 K.
Additionally, when considering more local experimental techniques, such as NMR?2°* and
muon spin relaxation spectroscopy? on Al-substituted LLZO, differences can be of several
orders of magnitude in measurements of the diffusion constant at similar temperatures.
Our results indicate that the Li-ion diffusivity in the bulk of the LLZO structure (i.e. not
considering the GBs), decreases as the Al content increases, which is corroborated by com-
paring experimental data for fully Al-2%235 and Ga-*° substituted LLZO. This is expected
to affect the conductivity and voltage stability of doped LLZO garnets. In consequence, it is
of utmost importance to understand how the presence and proportion of Ga/Al ions affect

the structure, path topology and Li-ion dynamics.

3.2 Pathways of Li-ion Diffusion

Figure 5 shows the maximum displacement per particle (MDPP) for Li ions in the GagAlpo
and GagoAlgo systems at 233 K and 313 K after 192 ns and 40 ns simulation runs, respec-

tively. It is important to remark that this plot was made using the “unwrapped” Li-ion
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coordinates and thus, it is not affected by the boundary periodicity. Naturally, the MDPP
increases with temperature. However, the MDPP differences between the GaggAlgo and
GagaAlg curves are more significant at 233 K than at 313 K. At 233 K, nearly the same
number of Li ions (~ 45%) are unable to jump into an adjacent site for both structures
(Li ions with MDPP under the yellow dashed line). Nevertheless, once this threshold is
crossed, the Li ions in GagoAlg g can move, in average, a longer distance than in GaggAlg.s.
For example, ~ 37% of Li ions are able to cover at least one Ty length for GagoAlg g, while
this fraction reduces to ~ 30% for GaggAlgs (particles with MDPP above the blue dashed
line). Moreover, ~ 20% of Li ions in GagoAlg are able to cross at least two Ty sites, but
only ~ 12% of Li ions in Gag Al are able to do likewise (particles with MDPP above the
magenta dashed line). At 313 K the differences are less remarkable, with the fraction of Li
ions displacing less than 7.3 A being identical for both structures (~ 57%). These numbers
are simulation length-dependant; however, they suggest two important insights: (i) at a
given temperature, nearly the same number of Li ions are trapped (cannot move to adjacent
sites) in Ga- and Al-substituted LLZO, (ii) mobile Li ions move in average a longer distance
in Ga-substituted than in Al-substituted LLZO, but this difference tends to vanish as the
temperature increases.

In order to further understand the implications of these new insights, we first recall
some general conclusions from previous works in the literature. Using DFT calculations,
Rettenwander et al.!! found that Ga raises the site energy of the neighboring T} site by 10
meV higher than Al. Since the O, sites are more energetic than the Ty sites,®® this energy
increase smooths the energy landscape and facilitates diffusion. Indeed, Al is less repulsive
than Ga (the attractive term in our Al-O Buckingham potential is nonzero), and it is therefore
expected that Ga smooths the energy landscape more than Al. Similarly, Rettenwander

et al. !

proposed that an additional diffusion path is activated for Ga,>015Alp2—, when a
phase transition from Ia3d to I43d occurs. In this scenario Li ions are allowed to bypass

the 12a junction (equivalent to 24d in Ia3d) and perform direct jumps between octahedrally
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Figure 5: MDPP for GagogAlpo and GagoAlgg at 233 K and 313 K after 192 ns and 40 ns
simulation run, respectively. The Li-ion indexes (horizontal axis) are ordered from lowest to
highest total displacement (vertical axis). The inset displays the geometry and characteristic
lengths of the Li-ion diffusion path: Ty site-nearest Oy, site (2 A), Ty site-nearest Ty site
(4 A), Ty site-second nearest Ty site (6.1 A), Ty site-third nearest Ty site (7.3 A). These
characteristic lengths are illustrated in the MDPP plot through the horizontal dashed lines.
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coordinated 48e sites (similar to 96k in Ia3d). Our results, however, suggest that both
Ga and Al tend to hinder the mobility of a significant number of Li ions at any dopant
concentration. To further examine this apparent disagreement, we depict the Li-M (M
= Al or Ga) radial distribution function, g(r), for GagsAlyg and GagoAlgs at 233 K for
four subsets of Li ions: Li(all), corresponding to all Li ions in the system (Figure 6a);
Li(<2 A), corresponding to those Li ions displacing less than the minimum 7y-O,, distance
of 2 A (Figure 6b); Li(>2 A), corresponding to those Li ions displacing at least the minimum
T4-Oy, distance of 2 A (Figure 6¢); and Li(>4 A), corresponding to those Li ions displacing at
least the minimum T} distance of 4 A (Figure 6d). Notice that grian-m(r) = gri<2 Ay m(7) +
ILi(>2 A)-M(T)-

Figure 6a reveals that the distributions of Li ions around tetrahedrally coordinated Ga
and Al ions are similar, although the first peak corresponding to the nearest occupied Oy, site
is ~ 0.3 A closer to Al ion than to Ga ion, as a consequence of the larger size of the latter.
The nearest T} site, corresponding to the second peak, is located ~ 3.9 A from the central
cation in both cases, and its occupancy is evidently higher than that of the nearest Oy, site.
The blue arrows represent peaks whose relative magnitude drop with respect to that shown
in Figure 6a. The three peaks at 7 < 5 A reduce considerably in Figures 6¢ and 6d, indicating
that diffusion is highly constrained in the vicinity on Al/Ga atoms. On the contrary, these
peaks are enhanced in Figure 6(b), corroborating the occurrence of Li entrapment up to the
neighboring Ty site of a Ga/Al ion. As a consequence, a significant fraction of diffusion paths
that include Ty sites neighboring Ga/Al ions are interrupted. However, the magnitude of
such entrapment is not identical for Ga and Al.

Indeed, volumetric integration of gr;ican-m(r), between 0 and 3.45 A (vertical dotted line
in Figure 6) yields an average number of Li, <nLi(an)>M, of 1.39 and 1.11 for Al and Ga,
respectively. This means that in the case of Ga ions, only one of the nearest O, sites is
generally occupied. In contrast, for Al ions, between one and two of these sites are occupied.

On the other hand, integrating between 3.45 A and 4.45 A (distances between the dotted
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Figure 6: Li-M (M = Al or Ga) radial distribution functions averaged over 192 ns for
Gag2Alg o and GagpAlys at 233 K, including (a) all Li in the system, Li(all); (b) only those
Li remaining within their initial site (i.e., Li ions displacing less than 2 A, Li(<2 A)); (c)
only those Li jumping at least to one adjacent site (i.e., Li ions displacing more than 2
Li(>2 A)); and (d) only those Li ions jumping at least the distance between two Ty sites
(i.e., Li ions displacing more than 4 A, Li(>4 A)). In every case, the g(r) is scaled by the
fraction x of Li ions in each subset. The peak before the dotted vertical line corresponds to
the nearest Oy, sites to the Al/Ga dopant, whereas the peak between the dotted and dashed
vertical lines corresponds to the nearest Ty sites. While the absolute height of the peaks
differ from (a)-(d), their relative heights reveal the effect of Ga/Al presence on Ty sites. The
blue arrows point towards peaks whose relative magnitudes drop with respect to that shown
in (a).
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Figure 7: Scheme of the environment surrounding an Al ion (a) and a Ga ion (b,c) in LLZO.
Labels Ty and Oy, represent the nearest Li ions in Ty and Oy, sites to the central cation,
respectively, while Opgn stand for the second nearest octahedral sites.
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and dashed vertical lines) produces (nLi(aH)>A1 = 2.87 and (nLi(aH)>Ga = 3.20 at the nearest Ty
sites. Although these numbers correspond to about three Li ions, it indicates that, in a few
instances, an Al ion would have only two, while a Ga atom would have 4 Li, neighbors at this
position. In order to facilitate interpretation, Figure 7a represents the idealized situation
in which all Al cations have the same relative distances to surrounding Li ions. In that
case, <nLi(au))Al = 2.87 can be understood as two nearest Ty sites having a 100% occupancy,
and one additional Ty site having a 87% occupancy. Since all Al ions are assumed to be
identical, a partial occupancy is a sign of Li-ion mobility. Performing similar integrations
on gri— Ay-ar(r) (Figure 6b), leads to (np; 5 4))* = 0.91 in the nearest Oy sites, and to
(M2 A)>A1 = 2.34 in the nearest Ty sites. Given that these values correspond to Li ions
that do not displace to an adjacent site, and considering that <nLi(au)>Al = 1.39 and 2.87
for the Oy, and Ty sites, respectively, we suggest that about one Oy site is permanently
occupied by a Li ion, while another Li ion jumps back and forth between two nearest Oy
and Ty sites. Indeed, integrating g;.o 4).41(7) in Figure 6¢ leads to (np;» A))Al ~ 0.5 for
both the nearest O, and Ty sites, an indication that a mobile Li ion spends half of its time
on a Oy site and the other half on an adjacent Ty site. However, there is no long range
diffusion in the nearest vicinity of an Al ion: integrating gy;-4 4).a1(r) in Figure 6d produces
(Mpi(=a A)>A1 ~ 0.1 for the nearest Oy, and Ty sites; that is, no diffusion path exists within
4 A of an Al ion. In addition, since two T} sites are permanently occupied, it is likely that
the vacancies generated by Al substitution remain in empty Oy, sites adjacent to the Al ion.
These conclusions are summarized in Figure 7a: the double blue arrow indicates that a Li
ion moves alternatively between nearest T and Oy, sites, but no long range diffusion occurs;
the gray spheres constitute the permanent locations of the Li vacancies nearest to Al.
Based on the above interpretation, every Al atom blocks in average five junctions (4
nearest Lip, neighbors + 1 Al site). Such effect appears to be synergistic, with two or

more Al ions within 6 A from each other causing a considerable disruption of the available

diffusion paths, as we will show later. Interestingly, the second nearest Oy, sites, Ongn (peak
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at 5 A in the g()), present low availability for long range diffusion, with (nri=q a))™ = 0.70.
On the one hand, every Li ion jumping onto one of these sites must reverse its path due to
the aforementioned junction blocking. On the other hand, at 5 A the attractive short range
forces from Al ions are still significant, and might reduce the ability of Li ions to perform
the path reversal.

An analogous analysis can be performed for Ga. Integrating the g(r) curves for Ga-Li
(red dashed lines in Figure 6) between 0 and 3.45 A, yields the average number of Li ions
at the nearest Oy, sites to the Ga cation. Performing this integration on Figures 6a, 6b,
and 6c yields (npian)®* = 1.0, (ng;—g 4))%* = 0.72, and (ng;5 4))%* = 0.28, respectively.
This result can be interpreted in the following way: there is in average one occupied Oy, site
around each Ga ion. However, 72% of Ga ions have one permanently occupied Oy, site with
a fixed Li ion (Figure 7b), while 28% of Ga have a mobile Li ion instead. In order to assess
long range diffusion in the mobile Li ion, we integrate the Ga-Li g(r) curve in Figure 6d
between 0 and 3.45 A, obtaining (NLi(=a /g))Ga = 0.09. This suggest that the mobile Li ion
at the Oy, site is occasionally moving to the adjacent Ty site, but is unable to undergo long
range diffusion (see sketch in Figure 7c).

When the integration of the Li-Ga g(r) curves is performed between 3.45 A and 4.45 A,
the average number of Li ions at the nearest Ty sites to the Ga cation is found. These
integrations yield (nrin))%* = 3.20 (from Figure 6a), (ng;_, A)>Ga = 2.74 (from Figure 6b),
(NLi(=2 4))* = 0.46 (from Figure 6c), and (ng;-4 4))%* = 0.18 (from Figure 6d). In order
to interpret these values, it must be considered that the occupied Oy site in Figure 7b
would prevent occupancy at the adjacent Ty site (because simultaneous occupancy would
lead to atomic overlapping). Since the number of fixed Li ions at Ty sites is 2.74, we can
assign to every Ga cation at least two fixed Li ions at the nearest Ty sites (holding the Ga
associated vacancies). Now, because (np;-, 4))* = 0.46, 46% of Ga can be described as
having a mobile Li-ion at a Ty site. Since it was established in the previous paragraph that

in 28% of the cases a Li ion is moving back and forth between adjacent Ty and Oy, sites, it
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Figure 8: Density volume maps at 233 K for all Li ions (Li(all)) in GagoAlp2 (a), and only
those Li ions jumping at least the distance between two adjacent Ty sites in 190 ns (Li(>4
A)) in GagoAlgg (b) and GagAlys, (¢). Al and Ga ions are represented by magenta and blue
spheres, respectively. (a) Can be interpreted as the total available volume for Li-ion diffusion,
while (b) and (c) correspond to the active volume where diffusion is actually occurring. The
extracts on the right of (b) and (c) constitute diffusion paths traversing the simulation box,
indicating that long range ionic transport happens in both cases. Only Ga ions allow, under
limited circumstances, the presence of active paths in their immediate surroundings (see
inset in (b)).
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must be the case that in 46% — 28% = 18% of Ga cations (precisely the estimated value of
(Mpi(=a A)>Ga) a Li ion passing through a Tj site neighboring a Ga can diffuse long range.
This can be happening in either of the scenarios depicted in Figures 7b or c. In other words,
approximately 1 in every 5 Ga has a nearest Ty site making part of a long range diffusion

path.
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Figure 9: Percentage of volume in the Li lattice that is actively engaged in Li-ion diffusion
for GagoAlgg, Gag.1Aly1, and GaggAlys at several temperatures.

Of course, the interpretations given above of the environment around Al/Ga ions are not
necessarily unique, because the g(r) results from an ensemble average. Nevertheless, they
match well empirical observations from a large number of simulated trajectories, as well as
the density volume maps depicted in Figure 8.

The differences in the local environment of Ga and Al can be explained by differences
in the short range interactions. The attractive term in the Al-O Buckingham potential
ultimately hinders all chances of diffusion around Al. Indeed, at the second nearest Oy
sites (np;-4 4))%* & 1.0, which is 30% higher than (ng;-, 4))™'. As mentioned above, DFT
studies!* have shown that diffusion in the vicinity of Ga is easier. However, our simulations

indicate that such effect only occurs in a minority of Ga ions, probably due to a combination
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of two factors: (i) the trapped Li vacancies associated to Ga-substitution stabilize Li ions
at the nearest Ty sites, (i) Li entrapment is intensified at intermediate sites between two or
more nearby Ga ions (separated by ~ 8 A or less). For the configurations examined here,
the mean distance between Ga ions at a concentration of 0.2 Ga per formula unit (pfu) is
10 A, which means that a considerable proportion of Ga ions displays this kind of negative
cooperation.

As the temperature increases, the additional kinetic energy allows more Li ions in the
vicinity of Al to overcome the effect of attractive non-bonded interactions, reducing the
diffusivity /conductivity gap between Al- and Ga-substituted LLZO (see Figure 4 and the
MDPP at 313 K in Figure 5). In order to show the overall effect of Ga/Al substitution,
Figure 8a depicts the density volume map for Li (all) in GaggAlgs. The picture is identical
for GagoAlyg when diffusing and non-diffusing Li ions are included. However, when only
diffusing Li ions, Li(>4 A), are considered, the differences between Ga- (Figure 8b) and
Al- (Figure 8c) substituted LLZO become more significant. While in both cases long range
diffusion paths traversing the length of the simulation box are found (examples of which are
depicted on the right side of the Figures), there is a greater absence of active paths in the
vicinity of Al ions than around Ga ions. In particular, local regions with a cation concen-
tration higher than average, experience the effect of Li entrapment more intensely. Notably,
for relatively isolated Ga ions (i.e., with their nearest Ga neighbor at least ~ 10 A away ),
active diffusion paths are observed within 4 A of the Ga ion. Two examples are shown in the
inset of Figure 8b. This type of paths are absent in GaggAlyo, where active diffusion paths
are always found outside the 4 A radius of each Al ion. Assuming that the volume of the Li
sublattice in Figure 8a corresponds to the total available volume for Li diffusion, we find that
37% of this volume is used in GagoAlyg, and reduces to 30% for GaggAlye. The difference
narrows with increasing temperature, as shown in Figure 9. For instance, at 313 K, 45%
and 42% of the available volume in the Li sublattice is used for diffusion in GagoAlge and

GagoAlg.e, respectively. Hence, from a theoretical standpoint, there is little benefit in Ga
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substitution over Al substitution at any temperature above 313 K. Of course, differences
arising from the density, porosity and grain boundary chemistry can still make one cation
more convenient than the other at these relatively high temperatures. Interestingly, the per-
centage of active volume for diffusion in Gag 1Al is closer to GagoAlgg than to GaggAlg.o
at all temperatures. This asymmetry suggests that the detrimental collective effect of Al
substitution can be readily mitigated by co-substitution of Al with a larger cation.

One important conclusion from the previous discussion is that Li substitution at any
concentration above the one necessary to produce the tetragonal to cubic phase transition in
LLZO is detrimental to Li conductivity. Indeed, since each cation tends to block between 4
and 5 tetrahedral junctions and trap its associated vacancies, adding Al/Ga would invariably
reduce the number of active diffusion paths. This is in line with Travis et al. findings,¢ who
conclude that a maximum Li-ion conductivity in Ta-substituted LLZO is reached at a con-
centration of 6.5 Li pfu, solely due to complete transition from tetragonal to cubic LLZO. A
maximum in Ga-substituted LLZO conductivity has been determined by several authors at
different Ga concentrations. Bernuy-Lopez et al.'® measured a maximum in conductivity of
1.3 mS/cm at 0.15 Ga pfu, while Wu et al.*® obtained a maximum of 1.46 mS/cm with 0.25
Ga pfu. On the other hand, Jalem et al.?! estimated through force field calculations that
a maximum of 1.42 mS/cm occurred around 0.02 Ga pfu. However, there is no consensus
regarding the concentration of Ga required for full phase transition from tetragonal to cubic
LLZO at room temperature. In addition, while Rettenwander et al.?° found through X-ray
diffraction that at concentrations as low as 0.08 Ga pfu Ga-substituted LLZO is found in the
cubic phase, Wu et al.*° determined through coupled plasma optical emission spectroscopy
that below 0.20 Ga pfu a combination of tetragonal and cubic phases exists, with complete
transition occurring only above this concentration. Therefore, it is unclear to which degree
the maximum is a consequence of the phase transition, or additional effects (e.g., volumetric
expansion due to additional electrostatic repulsion). Moreover, the maximum Ga content

that can be incorporated into the garnet can be affected by the synthesis route. Thus, while
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1.2% observed Ga contents up to 0.53 pfu in LLZO garnets, Shinawi and

Rettenwander et a
Janek®” achieved only small concentrations of Ga ions in LLZO due to segregation into
the grain boundaries. In all cases, the maximum appears to be very close to the concen-
tration at which the transition has been measured, making the exploration of high Ga pfu

13,20

concentrations very challenging.

3.3 Li-ion Conductivity in Bulk Structure

The conductivity in the bulk is related to the diffusion coefficient of Li ions through the
Nernst-Einstein relation,
C (ZF)2 DLi

_ cE) D 4
oL BT (4)

where c is the concentration of ionic species with ionic charge z, F' the Faraday’s constant, R
the gas constant, and 7" the temperature. The conductivities predicted in this work together

with experimental data available in Ref. 11 are displayed in Figure 10. According to the
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Figure 10: Li-ion temperature-dependent bulk (or grain) conductivities for Ga,Alys_, at
different Al/Ga concentrations. Conductivities calculated from simulations are represented
by filled symbols connected by dashed lines (error bars smaller than symbols). Experimental

data points (empty symbols linked with solid lines) were taken from Ref. 11 and correspond
to samples with relative densities close to 85%.
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simulations, the bulk conductivity decreases with decreasing temperature for all values of x
in Ga,zAlgo_,. The same behavior is found in experimental works based on impedance spec-
troscopy for Al-11:22:23.58°62 and Ga-substituted!2449:59.63.64 T 170 systems. Although the
overall trend in conductivity is independent of the substituent cation, this is not the case for
the corresponding slopes which are related to the activation energies. Indeed, the activation
energy calculated from the slope of log(cT) vs T~! in Figure 10 increases, going from 196
meV to 236 meV for GagoAlgg and GaggAlys, respectively, as the content of Al increases,
as also has been observed experimentally.!! Consequently, the difference between the con-
ductivities of Al-substituted and Ga-substituted LLZO systems decreases with temperature
increasing. According to our calculations, this occurs because the difference in the fraction
of available volume for Li ions to propagate in LLZO garnet increases as the temperature
decreases (Figure 9), going from 45% in GagsAlyg and 42% in GagoAlps at 313 K to 37%
and 30% in GagoAlyo and Gag Al at 233 K, respectively.

Though our results capture the main qualitative behavior of conductivity, Figure 10
shows that our predictions overestimate the experimental values from Rettenwander et al.!!
over the whole range of temperatures. Notably, the difference between the simulated and
experimental data reduces as the content of Ga increases, suggesting that the Ga-rich samples
synthesized by Rettenwander et al. tend to approximate better the ideal crystal structures
investigated in our simulations. Indeed, Rettenwander et al. indicated that while Ga-rich
LLZO displayed denser microstructures with better connected grains and smaller pores,
Al-rich LLZO lead simultaneously to more pronounced separation of grains and increased
grain sizes. The difficulty of producing dense Al-substituted garnets has been previously
reported, and new synthesis methods have been developed to overcome this problem.!7:6%-66
Nevertheless, incorporation of Ga ions appears to lead in general to better grain connectivity

1267 compared to Al-substituted garnets, and may be an important reason for

upon sintering,
the better agreement between experimental and simulated data observed for Ga-substituted

systems.
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In order to thoroughly assess the accuracy of our predictions, we reviewed the available
experimental data and identified two factors that make it problematic to perform a direct
comparison of the conductivities obtained from experiments and simulations:

Sample density: Higher garnet pellet relative densities tend to increase the conductiv-
ity. Matsuda et al.?® used impedance spectroscopy to show that decreasing the density
of GagosAly samples from 94% to 91%, reduced the bulk and total conductivities by 6%
and 33% at 298 K, respectively. Similarly, Yang et al.% synthesized Ga-substituted LLZO
samples with relative densities of 98% and 90% using different methods. Impedance mea-
surements produced one order of magnitude differences between the total conductivities of

both samples. Given that all Rettenwander et al.!!

samples have a density close to 85%,
it is not surprising that our predictions overestimate the reference experimental values in
Figure 10. For pristine LLZO, large variations in the conductivity with relative density were
reported by Yunsung and co-workers. %

Synthesis conditions: While synthesis conditions can affect pellet density, they also in-
fluence the purity, particle size and GB chemistry. For instance, the effect of moisture in
LLZO results in Lit-H" exchange, immobilizing part of the Li ions. Similarly, exposure of
LLZO to CO, from air forms Li;COg, which is insulating and tends to segregate at the GB
regions. More recently, Cheng et al.%? reported total conductivities at 298 K three times
higher for pellets processed in Argon atmosphere in comparison with samples sintered in air.
In addition, Yang et al.%* determined that total conductivities may vary from ~ 1073 to
~ 107* S/cm at temperatures below 358 K for Ga-substituted LLZO pellets synthesized by
Couette-Taylor or batch reactors, respectively.

To summarize, experimental conductivity data might be strongly influenced by synthesis
and characterization conditions making difficult to perform an adequate comparison with
values extracted from simulations. A close inspection of conductivities at a fixed temperature
may facilitate a clearer picture of this overall situation. For these purposes, we present the

conductivities at room temperature in Figure 11.
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Figure 11: Li-ion bulk and total conductivities at 298 K for Ga,Aly,_, at different Ga/Al
concentrations. Bulk conductivities calculated from simulations in this work and by Jalem
et al.?! are represented by filled symbols (error bars smaller than symbols). Literature data
from experiments by Rettenwander et al.,'! Bernuy-Lopez et al.,'® Wu et al.,*® Wachter-
Welzl et al.,% Suzuki et al.,”® Zhang et al.,%! Rangasamy et al.,%0 Matsuda et al.®® and Yi
et al. % are shown for comparison. Relative pellet density, and the nature of sample conduc-
tivity (bulk or total) are specified next to each experimental data point; in addition, data
for GagoAlg.17, GagoAlgos and GagasAlg are identified by (*), (**) and (***) superscripts,

respectively.
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Figure 11 confirms an increase in conductivity with increasing Ga concentration in
Ga,Aly .. Following the discussion in the previous section, this behavior can be explained
as follows: at z = 0 only Al atoms are substituted on the LLZO Li-ion sites. Non-bonded at-
tractive interactions in the vicinity of Al ions interrupt the diffusion paths of Li ions, limiting
the long-range conductivity of the system. As x increases the ratio of Ga to Al ions increases,
favoring the association between different diffusion paths as the attractive interatomic inter-
actions originated from Al atoms are progressively diminished. As a consequence, a higher
fraction of the Li lattice becomes active in Li diffusion (see Figure 9), resulting in a higher
conductivity.

According to our simulations, the bulk conductivity at room temperature of GaggAlgs
IS 0GagoAln, = 1.1 mS/cm. There is a significant variation in the values reported in the
literature at similar compositions. Wachter-Welzl et al.%® obtained a maximum conductivity
of 0.8 mS/cm from a set of 44 samples, which matches well the one calculated here. In
contrast, Rettenwander et al.!! determined a value of 0.3 mS/cm at 293 K. For GagAlg.s,
a number of authors have reported conductivities in the range 0.4-1.3 mS/cm. 56!

For the other compositions, our simulations yield 0Ga,,a1,, = 1.3 mS/cm and 0gag ,A1,, =
1.5 mS/cm at room temperature. 0ga,, a1, 18 higher than the bulk conductivity from
Rettenwander et al.'' (0.8 mS/cm) for the same composition. However, the difference is
smaller compared to that for GagoAlys. Better agreement is further reached for GagoAlg.,
whose conductivity Rettenwander et al. estimates as 1.2 mS/cm. In addition, our re-
sults for GagoAly are in good agreement with experimental data reported by Wu et al.4?
(0.8 mS/cm), and Bernuy-Lopez et al.'® (1.0 mS/cm).

The maximal discrepancy between our estimates and experimentally measured conduc-
tivities decreases with increasing content of Ga ions, as shown in Figure 11. One of the
major reasons for that is a more pronounced variability in experimental conductivities of
Al-substituted LLZO systems in comparison with the full Ga-substituted garnets. In con-

trast, Ga-substituted LLZO systems exhibit a similar number of bulk!*%® and tota]!6:4%-63
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conductivities. This may suggest that the various factors involved in the experimental syn-
thesis of single subtituted LLZO may have a lesser impact on samples with a high presence
of Ga ions compared with the Al-substituted samples. The sensitivity of conductivity of
Al-substituted LLZO to the different experimental conditions has been known previously.

1.9 estimated differences up to 2 orders of magnitude for

For instance, Wachter-Welzl et a
opuk for 44 samples of GaggAlgo sintered at temperatures of 1150 and 1230 °C. Also, the
authors reported an inhomogeneous behaviour of conductivity when varying the size of sam-
ples, possibly caused by a non-uniform distribution of Al atoms in LLZO. The latter indeed
tends to segregate at the GBs?* making difficult a proper control of the stoichiometry of the
substituted garnet.

In general, to validate our theoretical results, accurate experimental measurements of the
local Li-ion mobility at the nanoscale on well-defined single crystals are severely needed. In
particular, nuclear magnetic resonance (NMR) and neutron total scattering measurements
of Al/Ga dual substituted LLZO garnets remain highly desirable. A step in this direction
was taken by Rettenwander et al.'® who used 27Al and "'Ga MAS NMR to determine the

substituent site preference and to infer the mean residence time between consecutive Li-ion

jumps.

4 Conclusions

In this work, the effects of Al and Ga substitution in LLZO garnets (placed in Lir, sites)
on Li-ion mobility were investigated, providing new insights into the role of each substituent
cation in the local Li-ion mobility. In addition to MD, the GSHMC method!® was employed
to simulate Lig,Ga,Alys_,LazZroOqo (x = 0.0, 0.1, 0.2) for up to 320 ns at temperatures
ranging from 193 to 313 K, using a force field specifically optimized for this system. To the
best of our knowledge, this is the first time that such a low temperature region is explored

in force-field simulations of garnet materials.
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Substitution of Li by Ga or Al ions is a well-known method to induce the phase tran-
sition from poorly conductive tetragonal LLZO, to highly conductive cubic LLZO at room
temperature. We found that when located in the T} sites of the Li lattice, both Ga and Al
tend to deactivate Li-ion diffusion within a 4 A radius (which is the distance to the nearest
four Ty sites). We put forward that this is not just a consequence of physical blocking, but is
possibly due to the stabilizing effect these cations have over the surrounding Li ions. More
specifically, the potential energy in the T} sites adjacent to the dopants is lower than that in
other Ty sites. In fact, the vacancies generated by Al/Ga substitution remained adjacent to
the cations, which means they did not contribute in promoting Li hopping. However, while
isolated Ga tend to allow diffusion in a limited capacity in their immediate surroundings, the
non-bonded attractive interactions associated with Al lead to complete blockage of diffusion
in the neighboring Li paths. Moreover, when Al ions were within 8 A from each other, the
synergistic effect can generate large volumes of material where Li-ion diffusion is effectively
inexistent. Hence, our work is in line with Travis et al. experimental findings,*® who found
that a maximum Li conductivity in single substituted LLZO is reached at a concentration of
6.5 Li pfu, solely due to complete transition from tetragonal to cubic LLZO. A concentration
of dopant that further reduces the amount of Li after the tetragonal to cubic transition will
tend to reduce the conductivity.

The difference between the diffusivities of Ga-substituted and Al-substituted LLZO reaches
its highest value at the lowest temperature. Indeed, at 233 K, Li ions that visit more than
one Ty site in Ga-substituted LLZO occupy 37% of the total available volume for diffusion,
whereas this value is reduced to 30% in the case of Al-substituted LLZO. As the tempera-
ture increases, the rise in kinetic energy of Li ions reduces the effect of attractive interatomic
interactions in the nearby regions of Al ions. This reduces the gap in the Li accessible vol-
umes. Thus, at 313 K the effective volumes for diffusion become 45% and 42% for Ga- to
Al-substituted LLZO, respectively. As a result, the calculated diffusion of GagoAlg g is found

to be up to 3 and 1.1 times faster than GagoAlgs at 193K and 313K, respectively.
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Our results show that in the bulk region, Li-ion conductivity increases with the Ga con-
tent at a constant dopant concentration. Although these observations fit qualitatively to the
available experimental data, the quantitative discrepancies are found to increase as the tem-
perature decreases. This can be caused by several factors, including, the relative density and
homogeneity of the samples and the synthesis process. Corrections to these effects are be-
yond the scope of this work since they would imply experimental investigation on local Li-ion
dynamics in the bulk (to avoid GB and porosity effects). In addition, a closer inspection of
experimental data at 298 K suggests that the conductivity in Ga-substituted LLZO systems
is less affected than Al- by differences in the experimental synthesis conditions. In conse-
quence, bigger discrepancies between our prediction and experimental data can be expected
for systems with higher content of Al ions. Accurate experimental measurements of local
Li-ion diffusion (e.g. using NMR or pair distribution functions obtained with synchrotron

or neutron diffraction data) would be of high interest to readily validate the simulations.
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