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LizLasZr,O1, (LLZO) and related ceramic solid electrolytes feature excellent stability and reasonable ionic
conductivity, but processing remains challenging. High-temperature co-sintering is required for suc-
cessful integration with the electrode, which is energetically costly and can lead to unacceptable
cathode degradation. The introduction of dopants can promote lower-temperature processing by
improving deformability and disrupting lattice integrity; however, an unbiased, systematic study cor-
relating these properties to the dopant chemistry and composition is lacking. Here, we rely on a set of
static and dynamic metrics derived from first-principles simulations to estimate the impact of doping on
LLZO processability by quantifying LLZO structural deformability. We considered three distinct dopants
(Al, Ba, and Ta) as representatives of substitutional incorporation on Li, La, and Zr sites. Our descriptors
indicate that doping in general positively impacts lattice deformability, although significant sensitivities to
dopant identity and concentration are observed. Amongst the tested dopants, Al doping (on the Li site)
appears to have the greatest impact, as signaled across nearly the entire set of computed features. We
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could enable the use of first-principles simulations to computationally screen new ceramic electrolyte
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Introduction

Ever-growing energy demands and the impetus for clean energy
continue to drive the development of advanced, reliable, and
economical energy storage technologies.'™ Conventional
lithium-ion battery technology, despite its dominance in both
small portable electronics and large-scale applications such as
electric vehicles, is fast approaching its theoretical limits for
energy density and manufacturing efficiency. In addition,
safety issues associated with the use of organic liquid electro-
lytes continue to be a concern. All-solid-state battery (ASSB)
technology,”™® on the other hand, can be a promising alter-
native given its potential to achieve high energy density while
reducing the fabrication cost and safety concerns.” ' However,
current ASSB technology faces several challenges, notably the
development of favourable solid-state electrolytes (SSEs), to
achieve decent electrochemical performance. An ideal SSE
should exhibit high ionic conductivity, a wide electrochemical
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compositions with improved processability.

window, excellent stability against the electrodes, and a flexible
mechanical response at the interface to accommodate volume
changes of the electrodes during cycling. In addition, large-
scale deployment requires cost-effective processing routes for
SSEs and ASSBs.

A wide range of material classes (e.g., polymers, ceramics,
glasses etc.) has been explored over the past decades as
potential candidates for SSEs, but none of them can simulta-
neously meet the abovementioned requirements for optimal
performance. For example, inorganic sulfide-based SSEs, such
as Li;oGeP,S;, (LGPS) and LigPSsX (X = Cl, Br, I),"'™** possess
superior ionic conductivity in the range of 10 *-10 > S cm ™ at
room temperature but are chemically reactive with lithium
metal and are not air stable,">™® which presents practical
challenges for handling and large-scale fabrication. In contrast,
oxide-based SSEs, such as the garnet-type Li,La;Zr,0;, (LLZO),
show improved chemical stability against the environment and
common electrodes, including Li metal anodes,"* " as well as
tunable conductivity over a wide range of compositions.**™°
The highest Li-ion conductivity has been observed for the cubic
phase of Li, ,La;Zr,O;,, although at room temperature it
transforms into the thermodynamically more stable tetra-
gonal phase with two orders of magnitude lower conductivity
(~107° S ecm *).?”*® Previous experimental efforts have been
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focused on stabilizing the cubic phase of LLZO, either by
controlled synthesis at elevated temperatures'®?**° or via ele-
mental doping®*~* to achieve high Li-ion conductivity. Several
dopants, such as Al, Ta, and Ga, have been successfully
incorporated into the LLZO lattice that result in bulk conduc-
tivities of ~107* S em™'.?*%°

Apart from the high ionic conductivities required for the
SSEs, good physical contact between the SSEs and the electro-
des needs to be realized to ensure sufficient Li-ion transport at
their interfaces. In this regard, co-sintering can be an effective
and economical approach for large-scale processing of the
ASSB. However, due to the rigid ceramic nature of oxide-
based SSEs, such as LLZO, ultra-high sintering temperatures
(>1000 °C) are usually required to reach proper densification,
at which point common cathode materials, such as LiCoO,,
may already be decomposed. Ideally, the sintering temperature
of oxide-based SSEs ought to be lowered to below 900 °C to
prevent or minimize interfacial reactions while ensuring good
physical contacts at the SSE-cathode interfaces. Experiments
have reported that doping LLZO with Al, Ga, or Ta can lower its
sintering temperature by as much as 250 °C.>*?*>*%*! Degpite
these advances, most of these experiments were limited to
single dopant compositions, and they adopted a variety of
sintering approaches, e.g., conventional sintering, hot pressing,
microwave assisted sintering, spark plasma sintering and field
assisted sintering.*>*® Hence, a more systematic study of the
impact of dopant chemistry and concentration on the sintering
behaviour of LLZO would provide significant benefit.

In principle, atomistic simulations based on density func-
tional theory (DFT) offer a way of systematically exploring
dopant activity and comparing impacts in an unbiased way.
However, the connection to processability is not straightfor-
ward, and the wide disparity in time and length scales make
direct first-principles simulations of sintering unmanageable.
Here, we instead introduce several metrics associated with
lattice deformability that can be computed directly from DFT.
Because local deformation is precursory to sintering, these
metrics are expected to track with experimental trends in
sintering temperature and densification kinetics during proces-
sing. Specifically, both static and dynamic metrics—including

Fig. 1
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elastic constants, energy penalties for bulk and surface struc-
tural disordering, structural fluctuations of local building
blocks, thermal vibrations of atoms, and surface energies—are
combined to unravel the local correlation between structure,
chemistry, and mechanics upon varying the choice of dopants
and doping level. We also discuss impacts on ionic conductiv-
ity, which must be balanced against the benefits for processing.
We suggest that these metrics can be used as descriptors to
select suitable dopants and concentrations for optimizing
LLZO processing conditions, particularly when calibrated and
validated against well-controlled experiments.

Methods

The unit cell of cubic LLZO is comprised of interconnected
LaOg and ZrOs polyhedra as shown in Fig. 1, with Li ions
partially occupying the interstitial 24d (tetrahedral) and 96h
(octahedral) sites.*® In this work, we consider three doping
levels of three dopants, Al, Ba and Ta, distinct by their pre-
ference for occupying Li, La and Zr sites, respectively, in cubic
LLZO as summarized in Table 1. The computational details on
obtaining ground state for different doped LLZO compositions
are provided in the ESI.f We note that the highest dopant levels
can be difficult to achieve through experimental synthesis;
however, trends obtained from the three dopant levels that
we explore can be interpolated to draw conclusions for inter-
mediate dopant concentrations.

Properties of these nine doped LLZO systems were com-
pared with those of undoped LLZO. The bulk mechanical
properties were calculated by performing static DFT calcula-
tions at 0 K. We employed the generalized gradient approxi-
mation (GGA) with the projector-augmented wave (PAW)>®
pseudopotentials implemented in the Vienna Ab Initio Simula-
tion Package (VASP).>'>* The selected plane-wave cutoff was
530 eV with a Monkhorst-Pack k-point sampling using 3 x 3 x 3
grid. The DFT energies and atomic forces were converged to
within 0.01 meV per atom and 107> ev A™!, respectively.
To calculate the dynamic properties, ab initio molecular
dynamics (AIMD) simulations were performed to compute the

(a) Unit cell of cubic LLZO, with a zoom-in representation of the LaOg (yellow) and ZrOg (blue) polyhedra, and O atoms in red. (b) Highlight of the

interconnected Li network in cubic LLZO. The 24d tetrahedral and 96h octahedral Li sites are shown in light and dark green.
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Table 1 Summary of different dopants and their relative concentrations
considered in this work

Dopant type Composition Doping site

Undoped reference Li;LazZr,04, N/A

AP* Alg 55Lig 25La3Z1,04, Li (24d and 96h)
Alg 50Lis 5LazZr,01
Alg 75Lis 7512321501,

Ba* Liy 25125 75Bag.25Z1,01, La
Liy sLa; 5Bag 50212015

F Liz 75125 25Ba0.75Z1,01,
Ta*" Lig.75La3Z11 75T20.25012 Zr

Lig sLasZry 5Tag.50012
Lig 25La3Zr14 55Ta0.75012

amorphization energy and thermally activated atomic displace-
ments and structural fluctuations. The amorphization energy of
LLZO phase X was calculated following eqn (1):

(1)

where Egisordered(X) is the energy of amorphous LLZO with or
without dopants at 300 K averaged over >5 ps, and Ecpystaline(X)
is the ground state energy of the identical composition at 0 K.
The details of generating amorphous phases are provided in
the ESL.{

A lower plane-wave cutoff of 400 eV with I'-centered k-point
mesh was selected for computational efficiency with similar
DFT accuracy. All the AIMD simulations were perfomed under
NVT ensemble during equilibration as well as production runs.
The equilibration runs were performed for 10 ps followed by
production runs of 60 ps, from which the dynamic property
data were computed: mean square displacement (MSD) and the
local distortion of building blocks. The MSD data were used to
compute the Lindemann ratio, and the local distortion of
building blocks was determined by calculating the continuous
shape measure® (CSM) of the LaOg and ZrOgs polyhedra
throughout the dynamics run. The details of the MSD plots,
Lindemann ratio calculations, and CSM calculations are pro-
vided in the ESL{

Surface energies and surface disordering energies were
computed starting from the symmetric Li-rich Li;;La;Zr,Oq,
slab model. Charge balance was retained by removing atoms,
which results in Li;LazZr,0,, stoichiometry. Additional details

Eamorphization(X) = Edisordered(X) - Ecrystaline(X)

128
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of constructing the slab models are provided in the ESL{ The
surface energy was evaluated as

1

= ﬁ(Eslab — Ay, X Eﬁhfo)

o (2)
where A is the surface area, Eq,p, is the total energy of the slab
model, n¢,,. is the number of formula unit (f.u.) in the slab, and
EpifO is the total energy bulk LLZO per f.u. with and without
dopants. Like the amorphization energy, the surface disorder-
ing energy (SDE) was evaluated by

(3)

1
ESDE - ﬂ(Edisordered - Eordered)
where Egisordered aNd Eorgerea are total energies of the slab
models with and without surface disorder. Additional details
on these calculations are provided in the ESL

Results
Impact on bulk properties

We start by computing the elastic moduli as the first estimate
of potential impact of dopants on the overall mechanical
strength of the LLZO lattice. As shown in Fig. 2(a and b), our
calculated bulk and shear moduli for undoped LLZO agree well
with existing literature (B = 116.7 GPa and G = 63.7 GPa).>*™”
For Al, Ba and Ta doping, we observe a continuous drop in the
bulk and shear moduli with increase in doping concentration.
Overall, when dopants are incorporated into the LLZO lattice,
our calculations predict generally lowered elastic moduli than
undoped LLZO, suggesting a softer lattice response and hence
easier deformability of LLZO to external mechanical stress
during sintering.

Another parameter that informs the ease of bulk deform-
ability is the amorphization energy, defined as the energy
difference between the amorphous and crystalline phases of
the material. As the amorphization energy quantifies the energy
penalty for disordering from the ordered crystalline state, lower
values indicate easier symmetry breaking and atomic rearran-
gement. Such rearrangements are experienced locally at sur-
faces and interfaces during high-temperature sintering.
Fig. 2(c) compares the amorphization energy of doped LLZO
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Fig. 2 The computed (a) bulk moduli, (b) shear moduli, and (c) amorphization energy per f.u. of undoped and doped LLZO.
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with the undoped phase. The results show that Al doping in
Al Li;_3,La;Zr,04, can gradually lower the amorphization
energy by as much as 1 eV per formula unit at x = 0.75. A high
doping level of Ba also shows some effectiveness in reducing
the amorphization energy, although lower doping levels of Ba
as well as Ta doping are less impactful. The overall trend for the
observed variations in amorphization energy upon doping
roughly agrees with the results obtained for the elastic moduli:
any type of doping chemistry or substituting site can relax the
overall lattice resistance to disordering, whether induced by
external mechanical stress or internal distortions at high
temperatures.

Besides the static metrics presented in Fig. 2, we performed
AIMD at 1200 K and 1500 K to capture thermal vibrations of
atoms and distortions of building blocks, namely LaOg and
ZrOg polyhedra. Dynamic variations of atomic displacements
and shapes of polyhedra are of interest particularly in the
vicinity of dopant sites that may act as hotspots to
promote structural deformation or pre-melting at higher tem-
peratures. It is worth noting that 1200 K and 1500 K
approach the experimentally reported sintering temperature
(1650 K-1800 K), and thus enable direct analysis of dynamic
properties at simulation-accessible timescales. From the AIMD
trajectories, the MSD of individual La and Zr ions were
extracted to calculate the Lindemann ratio. According to Lin-
demann’s criterion, melting occurs when the average ampli-
tude of thermal vibrations of atoms exceeds 10% of the
interatomic distance (e.g., a Lindemann ratio of 0.1). Due to
the volume constraint in the NVT ensemble, melting is gener-
ally suppressed in our simulations, but the value is nonetheless
a suitable and easily calculable metric informing the degree of
local bond deformation. In Fig. 3(a, b), we present the calcu-
lated Lindemann’s ratio for La and Zr in doped LLZO at 1200 K
(dashed lines) and 1500 K (solid lines). For Ba- and Ta-doped
LLZO, since the Ba and Ta ions substitute La and Zr ions, the Ba
MSD is included in the La MSD for Ba-doped LLZO, and the Ta
MSD in the Zr MSD for Ta-doped LLZO respectively. We observe
that La ions exhibit higher Lindemann’s ratios compared to Zr
ions, suggesting weaker La-O bonds which may serve as the

0.12 :
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= —e— Li,, La; BaZr,0,,
8 0.114 —— Li, La,Zr, TaO,,
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first sign of melting or deformation in the bulk lattice. As
the temperature increases from 1200 K to 1500 K, the Linde-
mann ratio increases, which is expected as the temperature
approaches closer to the melting temperature. On the contrary,
at 1200 K, Ta doping seem to have negligible impact on the Zr
Lindemann ratio whereas Al and Ba doping result in small
increase in Lindemann ratio with increase in doping concen-
trations. With increase in temperature, at 1500 K, there are two
factors that contribute towards distinctive Zr Lindemann ratio
trends: (a) elevated temperatures introduce a degree of anhar-
monicity for the atomic vibrations which increases the Linde-
mann ratio and (b) increased interactions with more mobile
neighboring LaOg polyhedra (being relatively weaker vibrates
with greater amplitude as evident from higher Lindemann
ratio). These factors are more dominant at high temperatures
closer to melting temperature and therefore we observe distinct
trend at high temperature as compared to 1200 K where the
Zr-O bonds are is quite stable. The distinct trends at high
temperature suggest distinct response of dopants on the Zr
Lindemann ratio at high temperatures wherein localized pre-
melting/melting could be initiated. This supports our claim
that Zr Lindemann ratio especially at temperatures closer to
melting temperatures could be a probable descriptor for deter-
mining the ease of sintering. Overall, for all dopants, higher
doping levels increase the La and Zr Lindemann ratios, indicat-
ing enhanced local fluctuations in the La-O and Zr-O bond
environments. Such increased bond deformation at high tem-
peratures suggests possible pre-melting of the LLZO lattice on
doping.

To assess the impact of dopants on the local environments
in LLZO, we further expanded our scope from the La-O and Zr-
O bonds represented by the Lindemann ratio to the LLZO
structure building blocks: LaOg and ZrOs polyhedra. The
ground-state structure of LLZO consists of perfect LaOg and
ZrOg polyhedra (Fig. 1). At elevated temperatures and in the
presence of dopants (The difference in the electronegativties of
the dopant atoms could influence the nature of bonding
between dopant and nearby oxygen atoms causing possible
localized distortions within the crystal structure), the shapes of
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Fig. 3 The computed Lindemann ratio averaged over (a) La and (b) Zr atoms at 1200 K and 1500 K for undoped and doped cubic LLZO.
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(a) and (b) The computed mean and standard deviation (bounding bars) of CSM for (a) LaOg and (b) ZrOg across all simulation frames at 1200 K. (c)

and (d) The calculated E st for (c) LaOg and (d) ZrOg polyhedra, derived from the full range of simulation temperatures. The insets in (c) and (d) show a log
(mean CSM) versus 1000/T plots for x = 0.75 in Al,Li;_3,LazZr,O1, LizixLas_xBa,ZroO1, and Liz_,LazZr, ,Ta,O1o; the slope of these lines determines Egist-

these LaOg and ZrOg polyhedra distort, which can be correlated
to local disordering and, ultimately, materials processability.
Therefore, using the AIMD trajectories at 1200 K, we computed
the continuous shape measure (CSM) to probe local symmetry
distortions of the LaOg and ZrOg polyhedra. A zero CSM value
indicates a perfect match to an ideal reference polyhedral
symmetry, which is extracted from the ground-state structure
of undoped cubic LLZO structure at 0 K, whereas higher values
correspond to greater distortions. Fig. 4(a and b) displays the
mean CSM values averaged over the number of LaOg and ZrOg
polyhedra in the simulation box. For undoped LLZO, the
temperature-induced mean CSM values are 1.08 for LaOg poly-
hedra and 0.93 for ZrOe polyhedra at 1200 K respectively. Like
the Lindemann ratio, the weaker La-O bonds amplify the local
distortion of LaOg polyhedra, raising their CSM values as
compared to those for ZrOq. Doping increases the mean CSM
values for LaOg polyhedra, implying the dopants easily break
the structural symmetry by perturbing local bond environments
in building blocks. With increase in temperature from 1200 K

13766 | Phys. Chem. Chem. Phys., 2024, 26, 13762-13772

to 1800 K, the CSM values for LaOg as well as ZrOq polyhedra
increase (as shown in Fig. S9 and S10 in ESIt), which corre-
sponds to highly distorted polyhedral units in the lattice. These
highly distorted polyhedral units would ultimately be destroyed
as melting starts. Therefore, along with the mean extent of
polyhedral distortions, the relative ease of thermally amplifying
such distortions would also signal lattice deformability and
processability. To quantify this ease of temperature-induced
polyhedral distortion, we introduce a thermal distortion energy
(Eais7) associated with the polyhedral building units. The mean
CSM for both LaOg and ZrOg polyhedra follow an exponential
relationship with temperature (T) (check Fig. S9 and S10 in the
ESIT). Eqisr is therefore calculated by determining the slope of
the log (mean CSM) versus inverse temperature (1000/T; see
inset in Fig. 4(c and d)). Eqisr provides an estimate of relative
ease of inducing thermal distortions of polyhedral unit in the
LLZO lattice. While it is difficult to correlate the absolute values
of Eq;sr to measurable physical properties, they are beneficial in
evaluating the amount of thermal energy necessary to

This journal is © the Owner Societies 2024
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meaningfully distort the polyhedral building units. Lower Egjsr
values correspond to lower barriers for polyhedral distortions,
and hence to easier sintering of the LLZO lattice.

Fig. 4 shows the computed Eg;sr for (c) LaOg and (d) ZrOg
polyhedra in undoped and doped LLZO. Al doping seems to
highly effective in lowering Eqg;sr for both LaOg as well as ZrOg
polyhedra as compared to other dopants. In conjunction with
relatively higher mean CSM as observed in Fig. 4(a and b), we
conclude that Al doping produces larger intrinsic polyhedral
distortions in the LLZO lattice, as well as higher thermal
sensitivity to further distortion. This points towards earlier
onset of sintering and premelting. The high relative impact of
Al in determining polyhedral distortions and deformability is
not obvious, given that Al substitutes on the Li site and there-
fore is not directly involved in the formation of LaOg or ZrOg;
nevertheless, it highlights the close coupling between the
conduction cations and the broader lattice moieties.

Impact on surface properties

Apart from metrics associated with bulk LLZO properties, we
further proceeded to investigate surface-dependent metrics.
This choice was motivated by an understanding that solid-
state sintering is driven by a reduction in surface area upon
%859 As a first step, we calculated the
surface energies for six low-index LLZO surfaces with different
terminations: (100) Li, (110) Li, (111) Li, (110) La, (111) Zr, and
(110) O (in this notation, the terminating species follows the
surface orientation). Increased surface energies indicate
reduced surface stability, implying higher driving force for
deformation and reconstruction during thermal processing.
Results are presented in Fig. 5(a-c). Here, significant differ-
ences are found among the three tested dopants. Al doping is
found to increase the surface energies almost monotonically,
whereas Ba doping shows the opposite trend. On the other
hand, Ta doping has negligible impact on the surface energies
across the entire doping concentration. We again conclude that
Al doping has the largest impact on surface destabilization,
which should translate to easier surface deformability.

As in the bulk case, it is further desirable to augment the

fusion and densification.

surface energy calculations with another metric that more
directly captures the dynamic atomic rearrangements on
surface.
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Accordingly, we introduce the concept of surface disordering
energy, defined as the energy difference between a disordered
and a structured surface configuration (analogous to the bulk
amorphization energy). It was previously shown by Canepa
et al.®® that the (100) Li surface of LLZO is the most stable
surface at high temperatures, making it a reasonable starting
point for surface disordering energy calculations. In addition,
we also calculated surface disordering energies for the (111) Zr
surface to represent a class of high-energy surfaces. Fig. 6
displays the surface disordering energies for Al, Ta and Ba
doped (100) Li and (111) Zr surfaces as a function of doping
level. For undoped LLZO, the (100) Li surface shows higher
surface disordering energy (11.85 ] m™~?) compared to the (111)
Zr surface (2.13 ] m~?), which is expected given that the higher
stability of the (100) Li surface also implies resistance to
disorder and deformation. When dopants are incorporated,
the disordering energy of the (100) Li surface gradually
decreases with increasing doping level up to x = 0.75, indicating
doping can facilitate surface rearrangement or reconstruction
and thus boost surface diffusion for sintering at elevated
temperatures. On the other hand, doping has little effect on
the disordering energy of the (111) Zr surface, presumably due
to the intrinsic instability of the surface.

Discussion

The computed results in Fig. 2-6 encompass bulk static
descriptors (elastic moduli and amorphization energy) measur-
ing the energy cost for overall lattice distortion; bulk dynamical
descriptors (Lindemann’s ratio and CSM) measuring the
deformability of local bonds and LaOg/ZrOe building blocks;
and surface static descriptors (surface energy and surface
disordering energy) measuring the energy cost for surface
reconstruction and deformation. Although it is challenging to
establish a direct relationship to the sintering rates of doped
LLZO compositions, these metrics encode the atomistic impact
of doping on the deformability of LLZO and can therefore
provide a useful guide to estimate of how doping could poten-
tially impact the sinterability of doped LLZO compositions.
For further analysis, we regroup our distinct calculated
metrics into five major descriptor categories based on the
physical property that is being assessed: (a) external stress: a

28 . 24 24
- @ —=—(100)Li ) ——(ooLi | _ (© —=—(100)Li
NE —e—(110)Li s +(110)Li (\IE —e—(110)Li
= 2.4 (11)Li ‘& 2.0 q—(:i(]))tl S 204 (111)Li
= ——(10La | S —0—211132? = ——(110)La
o0 ——(111)Zr > 1.6 on ——(111)Zr
8 201 2 T |
) 2 O 1.6
2 § 121 3 S
& 1.6 34 S
= < —
Z 5 08 & 12 i N
1.2 n ’_\Y
0.4
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Doping concentration (x) Doping concentration (x) Doping concentration (x)
Fig. 5 The calculated surface energies for (a) Li;_3,AlLazZr,O1,, (b) LasxLas_xBayZroO1 and (c) Liz_4LazZr, ,Ta,O1o.
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Fig. 6 The calculated surface disordering energies for (a) the (100) Li surface and (b) the (111) Zr surface for different doped LLZO compositions.

measure of ease of LLZO lattice deformability under external
stress, calculated based on the bulk and shear moduli; (b) bond
disorder: a measure of ease of localized bond vibration ampli-
tude and breaking, calculated based on the Lindemann
Ratio for La and Zr; (c) polyhedral disorder: a measure of
temperature-induced distortions in building blocks of LLZO
lattice, calculated based on the mean CSM and Eg;¢; values for
LaOg and ZrOg; (d) bulk disorder: a measure of ease of overall
lattice disordering, calculated based on the amorphization
energies; (e) surface kinetics: a measure of kinetics of surface-
controlled processes during sintering, calculated based on the
surface energies and surface disordering energies.

Together, these five proposed descriptors effectively
characterize different thermal and processing conditions
encountered during sintering and therefore can be lever-
aged to quantify the sinterability of doped LLZO. The
external stress descriptor captures the response to mechan-
ical stresses experienced during sintering. The three dis-
order descriptors capture various impacts of temperature on
the lattice deformability from the atomic scale (bond dis-
order) to the local building block (polyhedral disorder) to
the bulk lattice (bulk disorder). Lastly, the surface kinetics
descriptor characterizes the surface-controlled processes
explored during sintering.

Ease of sintering

2.16
Overall 111

Surface kinetics -
- 0.65

Bulk disorder -
- 0.06

Polyhedra disorder -
- -0.46

Bond disorder -
-1.51

External Stress -
-3.08

> q&) (,)Q /\‘) qﬁ) g)Q (\‘) q:’) ‘)Q (\(’)

Fig. 7 The impact of doping on the five major classes of proposed descriptors is represented as “Ease of sintering”. The blue color indicates lowered
resistance to LLZO lattice deformability therefore implying relative ease of sintering as compared to undoped LLZO, whereas red color indicates
increased resistance to LLZO lattice deformability and implying relative difficulty to sinter as compared to undoped LLZO. In addition to the five
descriptors, we have also shown overall descriptor (which is a combination of all the five different descriptors) that captures the average effect of all major

descriptors.
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Table 2 The calculated activation energies (in eV) of Li* diffusion in pristine and doped LLZO compositions. The values presented in the parentheses are

previously reported from experiments and theory

Doping concentration (x) Al Li; 3, La3Zr,04,

Lis,La,_,Ba,Zr,04, Li,_,LazZr,_,Ta,Oq,

0.00 0.27 (0.25,°* 0.30,"° 0.32," 0.34%°)
0.25 0.40 (0.32,°° 0.36,°"%7 0.40°®%)

0.50 0.45

0.75 0.52

Fig. 7 collects these descriptors into a continuous and
quantifiable “Ease of sintering,” which describes how doping
impacts each descriptor with reference to the undoped system.
The Ease of sintering is a unitless entity calculated as:

Pdoped - Pundoped (4)
op

Ease of sintering =

where Pyopeq and Pundoped are the calculated absolute values of
the various metrics in Fig. 2-6 for doped and undoped LLZO,
respectively. The difference Pyoped—Pundoped, iS normalized by
op, the standard deviation for the property, which corrects for
the different intrinsic absolute magnitudes among the calcu-
lated properties to facilitate more direct quantitative compar-
ison. We determine the Ease of sintering individually for all the
properties calculated earlier and then take average of the
respective properties in each of the five proposed descriptors.
The Ease of sintering metric therefore provides an excellent
avenue to compare the relative impact of dopants on these
descriptors and thereby establish quantitative understanding
of impact of doping on the sinterability of LLZO. Further details
of Ease of sintering calculations are provided in the ESL{ We
also evaluated a collective Overall descriptor, computed as the
average of the five proposed descriptors to intuitively describe
the lattice deformability.

From Fig. 7, we can visually observe how distinct dopant
species and doping levels have different impacts on each of the
descriptors. Based on the Overall descriptor, we see that doping
in general is beneficial towards improving the material deform-
ability and should thereby assist in lowering the sintering
temperature of LLZO. Amongst the different dopants, Al doping
has a relatively larger impact on the LLZO deformability as
compared to other dopants. Digging deeper into the five
descriptor categorizations, we first note that all dopants seem
to improve the LLZO lattice deformability under external stress
as compared to the undoped LLZO. Next, in terms of
temperature-induced disordering, Al doping seems to impact
in broad extent from an atomic level up to bulk lattice,
represented by Bond, Polyhedra and Bulk disorder descriptors,
whereas the other dopants have mixed results. Similarly, Al
doping seems to be most efficient in accelerating the surface
kinetics. Additional computational screening may reveal
whether the apparently beneficial effects of Al doping are
connected to the dopant element itself or to the substitution
site, although this is difficult to discern in the current study.

It is worth emphasizing that our deformability descriptors
vary in terms of their apparent sensitivity to dopant species and

This journal is © the Owner Societies 2024

0.53 0.45 (0.34,%° 0.39,7° 0.447")
0.55 0.38 (0.40,”>7% 0.497%)
0.60 0.54

concentration. This reflects the fact that our metrics target
slightly different physical contributions. We suggest that the
most effective predictive model should incorporate several
individual descriptors, much as our Overall descriptor attempts
to do. Well-controlled experiments could provide the necessary
benchmark calibration and validation data to establish quanti-
tative relations between predicted structural deformability
descriptors and actual sintering temperature or densification
kinetics of doped LLZO. Proper calibration could allow suitable
weighting factors for the various descriptors to be determined
and applied for efficiently screening additional dopants and
their subsequent impact on densification kinetics, sintering
temperature, and surface premelting.

Finally, it must be cautioned that introduction of dopants,
though generally beneficial for sintering and processability,
may cause unwanted disruption of local Li* mobility. This can
occur either by disrupting well-defined conduction channels
that are necessary for maintaining good ionic conductivity,*'~**
or by altering Li" site occupancies as an intrinsic means of
mitigating local charge redistribution and perturbing the
potential energy landscape without rearrangement of the entire
lattice. To understand the additional impact of doping on the
Li" mobility, we calculated the activation energies for diffusion
through pristine and doped cubic LLZO, as reported in Table 2.
Our calculated activation energy of 0.27 eV for pristine cubic
LLZO matches closely to previously reported values from
experiments as well as theory. The activation energy was
calculated from the Li" diffusivity using the Arrhenius relation-
ship. Additional details are provided in the ESI}

Overall, doping shows a consistent increase in the activation
energy with doping concentration for all the distinct dopants.
Hence, while doping positively impacts the LLZO deformability,
thereby improving the processability of these solid electrolytes,
the negative impact on the Li" conductivity cannot be
neglected. Ideally, a delicate balance between improved proces-
sability and suitably retained Li* conductivity needs to be
ensured for rational design.

Conclusions

Our study represents an initial step towards rapid computa-
tional evaluation of the processability of LLZO solid electro-
Iytes, as well as related ceramics. Rather than simulating
sintering directly, we adopt an approach that examines effects
of chemical modification on lattice deformability based on a
series of static and dynamic metrics that can readily computed
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from first principles. Together, we suggest that these metrics
comprise a systematic, unbiased evaluation of the impact of
doping on the deformability of LLZO solid electrolytes, with
direct implications for promoting low-temperature processing.
The metrics were further grouped into categories representing
different physical contributions, which we suggest as suitable
descriptors: (a) external stress, (b) bond disorder, (c) polyhedra
disorder, (d) bulk disorder and (e) surface kinetics. These
descriptors, which have dual benefits of continuous valuation
and rigorous physical definition, are proposed as a new means
of quantifying the impact of doping on sinterability, and
should relate to both sintering temperature and densification
kinetics.

The approach was applied to evaluate the impact of three
dopants (Al, Ba, and Ta) at distinct dopant sites (Li, La, and Zr,
respectively). Overall, doping seems to be helpful towards
improving the LLZO lattice deformability; however, the dopants
were shown to differ significantly in terms of overall benefit
and sensitivity to dopant concentration. Among our tested set
of dopants, Al seems to have the most significant and consis-
tent impact on majority of our descriptors, which suggests
improved deformability of Al-doped LLZO solid electrolytes
compared to the other cases. Although the current analysis is
semi-quantitative at best, we further propose that our descrip-
tors could eventually be used for quantitative prediction of the
actual sintering temperature or densification rate. This would
require careful calibration against well-controlled experiments,
based on which individual descriptor weights could be opti-
mized. The resulting computational engine could enable rapid
screening of additional dopant compositions and concentra-
tions towards higher efficiency, lower-cost processing via
co-sintering of the ceramic electrolyte and cathode.
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