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Abstract

The influence of co-substitutions on the structural and mechanical properties
of garnet structured Li;LaszZr,O9 (LLZO) is investigated. Ab initio simu-
lations of the cubic phase under Al and Ta substitutions are performed for
an analysis of substitution dependencies on lattice constants, elastic moduli
and hardness. The use of the differential effective medium theory methods
enables a scale bridging description towards porous LLZO, with a 27 % decay
of Young’s modulus for a porosity of 10%, compared to dense LLZO.
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1. Introduction

Li-based all solid state batteries (ASSBs) are promising next generation
batteries due to their high energy densities, high cycle life, low self-discharge
rate and their improved safety behaviour [1, 2, 3, 4, 5]. The absence of liquid
electrolytes prevents the cell from leakage and allows an effective usage as
a modern battery in electric vehicles and other battery power driven prod-
ucts. However, downsides are still present like the disadvantageous volume
expansion of solid battery components during usage and production [3, 4, 6].
Arising stresses and deformations can lead to instabilities and limitation of
lifetime, what makes the knowledge of the mechanical behaviour a crucial
part of actual research. Another important problem is the Li metal dendrite
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growth or rather intrusion [3, 7, 8, 9] inside the electrolyte and therefore oc-
curing short circuits, which can lead to premature and sudden degradation.
A recent study by Fincher et al. showed that the dendrite propagation in
solid-state batteries can be controlled and deflected by an imposed stress,
where a critical stress of around 150 MPa can prevent short circuits [10].
McConohy et al. found out that the main reason for lithium intrusions are
localized microstructural defects and cracks within the electrolyte, whose
propagation direction can also be controlled mechanically [7]. Therefore, the
knowledge of the solid electrolyte’s mechanical properties is crucial for an
effective usage and production. However, the choice of a suitable solid elec-
trolyte, which determines the performance of the battery, is also important,
where Li;LagZroO;5 (LLZO) is a promising candidate. LLZO is an oxide
with high Li-ion conductivity and chemical stability in combination with
lithium metal [1, 4, 11]. A thermodynamically stable tetragonal phase with
poor Li-ion conductivity [12, 13] exists, whereas the highly conductive cubic
phase is desired, which is unstable at ambient temperature [12, 14]. Here,
substitutions of different aliovalent elements are an effective way to stabilize
the desired cubic phase, where substitutions with AI**, Ta’* and Ga** show
good results [13, 14, 15, 16]. Experimentally, combined substitutions with
Ta’* and Ga3" lead to higher ionic conductivity [13]. Nonemacher et al. [17]
investigated experimentally and theoretically single substitutions of Al and
Ta in LLZO and their influence on microstructure and mechanical properties.

In this work, we stabilize the cubic phase via combined substitutions of
Al and Ta, where benefits of both dopants are exploited and the mechani-
cal behaviour is investigated. Both dopants tantalum (Ta) and aluminium
(Al) stabilize the cubic phase, however Al blocks lithium pathways [18], what
compensates the increased ionic conductivity, while for Ta substitutions ben-
eficial ionic conductivities are found [19], but the material’s costs are also
increased [17]. Shin et al. showed the fast stabilization of the cubic phase
in co-substituted LLZO and the overcoming of the mentioned blocking effect
20].

Here, the determination of the mechanical properties occurs via density
functional theory (DFT) simulations, where a good agreement between ex-
periments and simulations was found for single substitutions in LLZO [17].
Research was also done in respect to the computation of elastic properties of
LLZO with Al and Ta single substitutions via DFT simulations [21].

However, DFT calculations of LLZO lead to a high computational de-
mand due to the large number of atoms inside the unit cell (around 190
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atoms), a large number of possible substitution sites and the required high
precision simulation parameters, in particular energy cutoff and the stopping
criteria for electronic and ionic self-consistency loop. Therefore, an accelera-
tion is strongly desired to increase the efficiency and to lower the necessary
number of DFT runs and in the end to save energy and computing time.
Apart from prescreening techniques for the identification of most favorable
lattice site occupations based on an estimation of the electrostatic interac-
tion energy [17], we present here additionally machine learning techniques
for obtaining optimized predictions for the ion positions. In general, artifi-
cial intelligence, especially machine learning (ML) represents an important
part in research, where data sets are analyzed efficiently and workflows and
calculations are accelerated drastically. In the field of battery research, ML
approaches and models are widely used for example for the prediction of
battery lifetime [22]. A common ML method are artificial neural networks
(ANNs), which are based on layers and nodes as “neurons” to mimic the
human brain and are used to solve prediction, classification and recognition
tasks [22, 23, 24, 25]. The optimization via ML methods inside ab initio DF'T
simulation workflows is a current topic and studies focused on the automat-
ically generation of force fields [26], the improvement of chemical accuracy
[27] or the prediction of further physical quantities and properties [28, 29, 30].

LLZO used for battery applications is typically polycrystalline and porous,
which has influence on the elastic and mechanical properties [17, 31, 32]. Ex-
periments on LLZO have shown that the results of indentation tests are
influenced by the porosity regarding different indentation depths and corre-
sponding loads [17], indicating the multi-scale nature of the material. Thus, it
is crucial to extend the electronic structure modeling level to the microstruc-
ture scale for a parameter free prediction of the coarse-grained mechanical
properties.

2. Methods

2.1. Calculation of the mechanical properties

For all simulations density functional theory (DFT) is used, as imple-
mented in the Vienna ab initio simulation package (VASP) [33] with plane
wave basis set and the projector augmented wave (PAW) method [34, 35].
The exchange-correlation energy is determined via the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation (GGA) [36] using for Li and Zr
the softer pseudopotential variants which treat p and s semi-core states as
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valence states. Pure lithium lanthanum zirconate Li;LazZr,Oq5 (LLZO) is
substituted with different amounts of Al (x=0.125, 0.25, 0.375, 0.5, 0.625
and 0.75) and Ta (y=0.125, 0.25, 0.375, 0.5, 0.625 and 0.75), where the
co-substituted LLZO results in Li;_3,_,Al,LasZry_,Ta, 012 (Al Ta,:LLZO).
The substitution of Li with Al creates a 3+ oxidation state, which leads to
two more Li vacancies to achieve electrically neutral structures. However, the
substitution of Li with Ta do not lead to more Li vacancies, but a Zr atom
is replaced in the sense of electroneutrality. Due to the large set of possible
substitution sites, preliminary screening calculations as explained in Ref. [17]
are performed to reduce the configuration space drastically (see Fig. 1). We
note that these four prescreening steps are optional, but improve efficiency
and precision of the following calculations drastically. This electronic model
is based on the calculation of the electrostatic energy via Ewald summa-
tion [37] and the pymatgen library [38], which provides various materials
analysis features. Based on these estimates, ionic substitutions are made on
sites which have the highest electrostatic energy, under consideration of the
assigned oxidation states Li'", La*t, Zr*", O?~, A>T and Ta’".

The acceleration of the equilibrium atomic coordinates’ determination
can be beneficial for the reduction of the computational effort. Therefore,
ML methods can replace the determination of the equilibrium structure in
the calculation workflow. In this work we have developed an approach which
takes guessed atomic coordinates as input values. As output, the trained ML
algorithm delivers directly suggested equilibrium coordinates of the ions. To
this end, we construct an artificial neural network (ANN), where the atomic
Cartesian coordinates of each structure with different volumes are processed
as input values (with maximum substitution level of Al x = 0.5 and Ta
y = 0.375). Further details of the developed machine learning model will be
presented elsewhere.

Additional preliminary ab initio simulations at the I' point are performed
for the five most energetically preferable configurations, selected via the de-
scribed electronic model. Here, the energy cutoff is 550 eV and the stopping
criteria for the electronic self-consistency loop is at 107%eV, while the ionic
relaxation is stopped for forces smaller than 0.05eV/ A. We note that all sim-
ulations are performed for fixed cell volume and cell shape but variable ionic
positions, hence the ionic positions inside the cubic unit cell can relax during
the DF'T calculations for given volumes and deformations states of the cell.

The configuration with the lowest energy among the preliminary I' point
simulations is chosen for the productive calculations of the mechanical prop-
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Figure 1: Ilustration of the prescreening workflow. The large set of possible substitution
sites is reduced via the electronic prescreening model to only five energetically favourable
configurations, which can be pre-equilibrated via ML methods. Preliminary I" point calcu-
lations determine the configuration with the lowest energy among the five structures. We
note that this configuration is used for all following productive calculations, which include
in particular a full k-point sampling.

erties. The simulation parameters are unchanged for the productive runs,
except for the chosen energy cutoff of 700 eV and the 2 x 2 x 2 mesh for the
Brillouin zone, sampled using the Monkhorst-Pack scheme [39].

For the determination of mechanical properties, i.e. the elastic moduli
in a cubic system, the knowledge of three elastic constants is required, and
these elastic constants are calculated following the approach of Soderlind
et al. [40]. First, the volume of the structures is varied isotropically for
volume changes of up to £3% and the resulting energy-volume curves are
fitted with the Birch-Murnaghan equation of state [41, 42, 43] to determine
the equilibrium volume and the bulk modulus of each structure. Next, the
energy as function of a shear strain ¢ determines the three elastic constants
in a cubic system, therefore the structures are deformed according to two



deformation matrices [40]

1+¢ 0 0
D, = 0 1+€ 0 , (1)
0 0 1/(1+¢)?
1 € 0
D, = e 1 0 , (2)
00 1/(1—¢%)

where fitting allows to calculate the elastic constants via the tetragonal shear
constant C" and bulk modulus B [40],

, 1
¢ = 5(011 — Cha), (3)
1
B = 5(011 + 2012). (4)

With the knowledge of the elastic constants, i.e. Cy, C5 and Cyy, we calculate
the directional Young’s modulus [21]

1> _ (C11 — Ch2)(C1y + 2C12)
1100 (C1 + Ch2) ’

4(C1y = C12)(C11 4+ 2C12)Cy
2C11Cu + (C11 — Ch2)(Cry 4 2Ch,)
3(Ch1 + 2C12)Cy

E = 5
] Cii+2C + Cy’ ©)

Epnwg =

and the shear modulus

Gprooy = Cu,

2(C11 — C12)Cy
Ciy — Ciz + 20y,
3(C11 — C12)Cy . (6)
Cri — Cra +4Cy

The comparison of these directional properties permits the evaluation of

anisotropy of co-substituted LLZO. Additionally, we quantify the anisotropy
of a cubic system via the Zener ratio [21]

204
== 7
Ci1 — Cha (7)

Gy =

Gy

A
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As for most battery related applications, polycrystalline LLZO with ran-
dom grain orientations is used, we use homogenization models for the es-
timation of the isotropic material properties on the representative volume
element scale. Therefore, the isotropic Voigt’s shear modulus is used as up-
per bound [44, 45]

1
GV - 5(011 - 012 + 3044) (8)

and the Voigt-Reuss-Hill averaging scheme involving upper and lower bound
contributions [21]

1 (011 — (12 +3Cy 5C44(Cy1 — Cha) ) ()

GvRi = —
VRH ™ 9 5 4C4 + 3(Chy — Cha)

These two estimates allow to get an impression of the range of elastic con-
stants’ variations within polycrystalline LLZO using different homogeniza-
tion approaches. As will be shown below, the values are rather close to
each other, and therefore the consideration of more sophisticated Hashin-
Shtrikman bounds [46, 47| is not required.
Next, for an effectively isotropic polycrystalline material Young’s modulus
is estimated as [44, 45]
_ 9BGy
- 3B+Gy

Afterwards, we determine Vicker’s hardness via the following equation [48]

(10)

Hy = 2(k*Gy)"™® — 3, (11)

with k& = Gy /B being the ratio of shear and bulk modulus. This semi-
empirical model is based on Pugh’s modulus ratio k£ and correlations between
shear and bulk modulus and hardness, leading to an expression for Hy =
Ck™G"™, where the parameters C,m and n were previously determined by
analyzing experimental data [48]. A good agreement between this theoretical
model and experiments on LLZO was shown in [17].

The DFT calculations determine the elastic quantities at 0 K, where an
extrapolation of the values to room temperature (298 K) leads to more ac-
curate comparisons with experiments. As proposed in [21] for increasing
temperatures the elastic moduli of oxides decrease and a reduction by 5% to
mimic this decrease at 298 K can be applied.

We note that all results for the mechanical properties base on these de-
scribed DF'T calculations.



2.2. Differential effective medium theory

The pores appear on a scale which is larger than the electronic structure
scale, therefore a scale bridging description is required. We employ a dif-
ferential effective medium theory approach [49, 50] to capture the influence
of pores on LLZO. As the polycrystalline material is effectively isotropic,
also a random distribution of spherical pores does not influence the symme-
try, and therefore we can describe the elastic response through e.g. Young’s
modulus and Poisson ratio alone. Specifically, the effective Young’s modulus
calculated via the differential effective medium theory is given by [31]

B 3(c—1)*[c(8v —2)(c* = 3c+3) — 3(1 + v)]
E (v+1)ec(dr —1)(c2 =3¢+ 3) =32

(12)

which is expressed here in terms of the void concentration ¢ and the Poisson

ratio of the dense phase
_ 3B —2Gy

- 6B +2GY’
using the upper bound of Voigt’s shear modulus Gy.

(13)

v

3. Results

3.1. Mechanical properties

Following the steps described above, we calculate the elastic constants for
different co-substituted LLZO structures via DFT simulations and determine
the corresponding mechanical properties under the influence of high amounts
of co-substitutions.

The mechanical properties of LLZO are determined via the calculation
of the elastic constants. First, the comparison of the different values for the
directional properties of Young’s modulus and shear modulus, see equations
(5) and (6), allows the evaluation of the co-substituted LLZO’s anisotropy.
The direction [111] shows the highest values of Young’s modulus for all sub-
stitutions, whereas EJjqo) is lowest. The ratio between these directional con-
tributions ranges from 1.13 to 1.36 for the different co-substituted config-
urations. The directional properties of the shear modulus exhibit similar
ratios between 1.13 and 1.29, whereas the highest contribution belongs now
to the [100] direction and the smallest to the direction [111]. The Zener
anisotropy, see equation (7), allows the quantification of anisotropy in cu-
bic systems, where a value of A = 1 indicates isotropy. The highest value
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Figure 2: DFT calculated (a) Young’s modulus and (b) lattice constant for different
dopant configurations with (a) fixed Al and (b) fixed Ta concentrations. The grey point
indicates the corresponding value for the unsubstituted structure in each plot. We note
that this cubic structure is unstable at ambient temperatures.

A = 1.44 is found in the single substituted Alg195:LLZO system, while the
lowest value A = 1.19 results for the co-substituted Alg g25Tag 75:LLZO struc-
ture. Overall, a decrease with increasing substitution level is visible, where
the values for the Zener anisotropy range in the magnitude of other isotropic
oxides like NiO (A = 1.45) or MnO (A = 1.54) [21]. Therefore, we ex-
pect that in polycristalline LLZO with random grain orientation, which is
isotropic, the elastic properties will not deviate much from the averaged
values. This is confirmed via a comparison of the upper bound of Voigt’s
shear modulus (Eq. 8) and the Voigt-Reuss-Hill averaging scheme (Eq. 9),
where the deviations between both quantities are small. The highest dif-
ference (Gv — Gyru)/Gvra = 0.015 between upper bound and average
shear modulus is found for Alg195Tag 105:LLZO, while the lowest difference is
(GV - GVRH)/GVRH = 0.002 for A10,625Ta0,625:LLZO.

Fig. 2(a) shows the resulting Young’s moduli as a function of Al content.
The values of the co-substituted structures are smaller than the unsubstituted
structure, except for Alg105Tag 25:LLZO and Al 375Tag 05:LLZO. For increas-
ing Al level, the curves decrease slightly, however the variation of values for
Young’s modulus is small. We note in passing that the cubic and tetragonal
phase have comparable Young’s moduli, with a slighly higher value for the

tetragonal phase, which is consistently found in experiments and simulation,
see [17].



~~
o
N—"

(b)

bulk modulus (GPa)
lattice constant (A)

(c) (d)
=
e 3
9 % 9.5
E 5.9
2 §os
£ S 8
w 5
2 0.8 T 0.8
=]
2 0

0.4

04 ) -
Mol of 15 0.6 Mol of 15 06

Figure 3: DFT calculated (a) bulk modulus, (b) lattice constant, (c) Young’s modulus
and (d) hardness for different dopant configurations in a 3D representation. The plots

show that the mechanical properties of LLZO are preserved under substitutions with Al
and Ta.

The 3D representation in Fig. 3(a) shows the resulting bulk moduli as
a function of Ta and Al level. General, we expect a correlation between
the lattice constants and elastic moduli, where smaller /higher bulk moduli
lead to higher/smaller lattice constants due to weaker/stronger interatomic
bonding, respectively [17]. This relationship is visible in our data, however
the variation of data is again not very pronounced. Fig. 3(c) shows the
resulting Young’s modulus and confirms the previous finding, i.e. the decrease
with increasing Al level.

Fig. 2(b) illustrates the resulting lattice constants as a function of substi-
tuted Ta content. It is clearly visible that the substitution of Ta has a higher
influence on the lattice constant than Al substitutions. For low amounts
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of Ta the resulting lattice constant lies in the regime of the unsubstituted
structure, whereas for increasing Ta level the corresponding lattice constants
decrease. The decrease of the lattice constants of structures with high Ta
level is expected due to the smaller ionic radius of Ta compared to the sub-
stituted Zr [19]. We note that single substituted Al and Ta structures are
calculated for benchmarking and the later comparison to the experimental
data. For the single substituted Al,:LLZO structures a higher lattice con-
stant than for the unsubstituted structure is found, while for the Ta,:LLZO
structures smaller lattice constants are determined. This confirms the ob-
served influence of Ta on the microstructural properties of co-substituted
systems. These findings are also supported by the results of the theoretical
and experimental investigation with single substitutions [17]. Overall, the
variation of the lattice constants between the different co-substituted config-
urations is small and less than 0.1 A. The 3D representation of the resulting
mechanical properties in Fig. 3(b) reveals the same findings for the lattice
constants, i.e. the decrease with increasing Ta level.

Finally, the calculated hardness, as illustrated in Fig. 3(d), shows again
only a weak substitution dependence. All values are close to the unsubsti-
tuted structure.

3.2. Porous materials

LLZO used for typical battery applications is a porous material, whose
pores have an influence on the mechanical properties. However, these effects
cannot be captured via DFT calculations and therefore the differential effec-
tive medium theory is used as a scale bridging description. Generally, this
approximation method shows a good agreement with the true effective elastic
constants for low pore concentrations. For LLZO, the porosity is typically of
the order of 10% [17], and therefore a sufficient accuracy of the predictions
can be anticipated. Table 1 shows the resulting effective Young’s modulus
compared with corresponding experimental values and measured porosity
data reported in [17]. We note that we extrapolate the simulated results to
298 K for a realistic comparison to the experiments. For dense, tetragonal
LLZO without substitution, the computed and measured Young’s moduli
match. The unsubstituted, cubic structure results in a slightly smaller value
for Young’s modulus than the tetragonal counterpart.

As only for selected Ta content experimental elastic constants of pure
cubic phase LLZO are available both for dense and porous samples, we re-
strict the comparisons to these cases. Here it should be mentioned that due
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Substitution Porosity Young’s modulus F effective Young’s modulus Eeg

in [mol%)| in [%] in [GPa] in [GPa]
Un-substituted
t-LLZQO*P 23 156 £ 9 71+ 3
t-LLZOs™ 23 155.3 71.1
LLZOs™ 23 148.9 68.1
Ta-substituted
Ta0,125:LLZOSim 8 142.9 112.3
Tag 9:LLZO™P 8 141 £ 2 117+ 6
Tag.95: LLZOS™ 8 144.9 112.8
Tag 375: LLZOS™ 9 143.8 108.4
Tag.4:LLZO®*P 9 124 + 3 82 + 10

Table 1: Verification and comparison of the simulated, extrapolated results (superscript
“sim”) and experimental quantities (superscript “exp”), which are taken from [17], for
single phase materials. All structures are cubic, except two tetragonal, unsubstituted
configurations (prefix “t”). For the unsubstituted, tetragonal structure t-LLZOS™ the lit-
erature value E = 163.5 GPa (0K) from [51] is used. All simulated values are extrapolated
to 298 K (reduction of 5%), including the simulation literature value.

1 l
v=0.20
v=0.25
0.8 - v=0.30 7
w 0.6 |
=
()
w o 0.4 F .
0.2 - .
0 | | | L
0 0.2 0.4 0.6 0.8 1

void concentration

Figure 4: The decrease of the effective Young’s modulus. The resulting ratio of the effective
Young’s modulus as function of the void concentration for different values of Poisson ratio
v, showing a very weak dependence on v. We note that for an experimental expected
porosity of 10% a decrease of 27% in the elastic quantities is expected.
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to system size constraints, only specific Ta concentrations can be realized in
the simulations, and we picked them to be as close as possible to the experi-
mental compositions. The computed and extrapolated dense phase Young’s
moduli are similar to the experimental values with a deviation of the order of
a few GPa, where only Tag 4:LLZO®® is an outlier. For a porosity of around
10% we find a comparable drop of the effective Young’s modulus both in
simulations and experiments.

Fig. 4 shows the decrease of the ratio E.s/FE as function of the void con-
centration. Different values of the Poisson ratio v do not affect the behavior
of the elastic modulus decrease. Therefore, the expected LLZO porosity of
around 10 % leads to a decay by 27 % of Young’s modulus.

4. Conclusions

Ab initio DFT simulations of garnet structured Li;LagZrsOq5 with co-
substitutions of Al and Ta are performed and elastic constants and further
structural and mechanical properties are calculated.

LLZO shows a pronounced dependence on the Ta substitution level due
to the smaller ionic radius of Ta. Also, for the Young’s modulus a slight
dependency on the Al content is found, while the values for the resulting
hardness range in the order of magnitude of the unsubstituted structure. The
co-substitutions preserve the structural and mechanical properties, which is
important regarding the fabrication of batteries using LLZO.

The differential effective medium theory allows the inclusion of pores
and bridges the gap towards application relevant materials. Benchmarking
and validation of our simulation results with single substituted experimental
values shows a good agreement and allows the usage of our model for consis-
tency checks of experimental and theoretical results. The porosity of LLZO
lies at around 10 % and this leads to an expected decay of 27 % for Young’s
modulus.

Overall, the presented scale bridging calculations lead to reliable pre-
dictions of the mechanical properties of doped LLZO. The obtained results
can be useful for the optimization of the mechanical behavior of the solid
electrolyte as well as a beneficial mechanical matching to the electrodes to
potentially improve electrical contacting and to contribute to the suppression
of dendrite formation.
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