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Abstract

All-solid-state batteries (ASSBs) are one of the most forthcoming elements of the electrochemical energy
systems of new generation. One of the most attractive perspectives of using all-solid- state batteries as
the platform for energy storage is the increased safety, energy density and possible device miniaturization.
During the last decades the intensive research of the solid state electrolyte materials has been observed.
Among the most investigated and attractive candidates for Li-ion batteries one can distinguish the garnet-
structured solid electrolytes, NASICONs, LGPS electrolytes and argyrodites. Despite the ever-growing
interest to ASSB technologies there is a room in their chemistry to be explored especially concerning the
aspects of the defects, vibrational characteristics, strain- and facet-engineering effects. The aim of this study
is to investigate the possible role of composition, disorder and the synthesis details on the Li-ion conductivity
and activation energies in garnet-structured solid electrolytes.
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1. Introduction

All solid state batteries (ASSB) are one the most technologically attractive realizations of the forthcoming
energy storage systems [IL [2], 3, 4, ] [6], [7]. The perspectives for using all-solid-state batteries as the basic
elements of energy storage systems is the increased safety, energy density and possible device miniaturization.
Solid electrolytes as the key and relentlessly investigated elements for ASSBs are the objects of ever-increasing
attention and garnet-structured oxides first studied by Weppner et al [8 @, 10 [II] are keenly elaborated
candidates for this role. There are a number of requirements the material has to satisfy to be the good ion
conductor: (i) the transference number close to unity, (i) wide electrochemical window, (%) retention of the
interface during cycling, (7v) high ion conductivity values in order of those of conventional organic electrolytes
over the temperature range of battery operation, (v) chemical stability over working temperature and power
ranges, (vi) safety, (vii) low cost and low toxicity[I2]. Garnet structure type is known for its competitive
ionic transport characteristics (o7; ~ 1073 —107* S - cm™1) with a transference number close to unity, the
possibility to use garnets with Li metal anode, wide electrochemical window and the negligible electronic
conductivity [I3] [5 [T]. Recently, a number of critical reviews have been published in this field considering
the different aspects concerned with solid electrolytes and their practical application|T], 2, T4 [3], 15l 16 17, [7].
Figure 1 (a) represents the mostly investigated types of solid electrolytes in line with the information on the
groups of symmetry, the ionic conductivity values and the electrochemical stability windows.

One can see that the objects of given study, garnet-structured solid electrolytes, adopt the structure of the
highest group of symmetry that can be seen as the criteria for assessing the potential for enhancing the
ion transport properties. Another important feature defining the ionic conductivity in a large extent is the
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lattice softness criteria that is closely related with the polarizability characteristics of the constituent ions.
Generally, the ionic conductivity can be enhanced by means of (i) introducing the defects or the strain, (i)
the cation and anion substitution strategy, (iii) the synthesis route, (i) introducing the disorder.
Additionally, one of the aspects we consider is concerned with the co-doping as well as with doping by
cations with distortion-inducing related potential that can invoke the correlative disorder in garnet structure
which is known to be the initiator of the diversity of the related effects in inorganic crystalline materials. In
[18] authors spotlighted the relationships between the ionic conductivity values, the structural factors as well
as some physical parameters responsible for the transport properties in superionic conductors and the results
of this analysis are represented in Figure 1(b). The bottleneck, lattice volume and local disorder impact are
perhaps the most discussed factors affecting ionic conductivities in garnet-structured solid oxides|[I].
In recent decades, machine learning methods demonstrated the permanent success in materials science as
in one of the most actively growing areas of their application and formalized the materials informatics as
assertive direction that, however, should be awared of the actual experince gained in the allied fields [20].
Recent materials informatics studies include (4) information retrieval and text mining [21] 22], (4) the di-
rect rational screening of materials with tailored characteristics|23] 24} 25| 26, 27, 28] 29, 30}, 3], () the
post-processing and analysis of the results of the materials characterization techniques|32], [33, 34}, [35, 36],
(iv) the modeling of the processes at the interfaces|37], (v) the crystal structure prediction[38] 39, [40], (vi)
design of experiment [41] [42] and many other applications. The computer-aided screening of fast Li solid
state electrolytes or the modeling of Li transport characteristics have been performed in a number of studies
[43], 44, [45], [46] 47, 48, 49, B0, BFI]. The aim of this study is the computer-aided analysis of the role of
composition, disorder and the synthesis details on the Li ion conductivity and activation energies in garnet-
structured solid electrolytes.

2. Methods

2.1. Analysis of experimental data on Li-ion conductivity values in garnet-structured oxides

2.1.1. The dopant impact

Garnet-structured oxides of general formula A,;B3C5015 are known to crystallize in three polymorphs:
one tetragonal and two cubic (Figure 1 (c)). The different Li ion distribution among the sites with complete
ordering of Li ions accommodating tetrahedral sites of the tetragonal polymorph while the re-distribution of
Li among the tetrahedral (24d) and distorted octahedral (96h) sites depending on Li concentration and the
composition of the cubic polymorph defines the difference in the ionic conductivity values of ca. 2 orders of
magnitude at average. Several studies have been published on the local structure and the difference in the
sites accommodation by cations A (LiT, AI*", Ga3™") [19, 52, 53| 54, 55, 56, 57]. The tetragonal polymorph
is thermodynamically stable at RT while the superionic cubic phase has to be stabilized by means of doping
strategy or synthesis route/conditions.
The taxonomy of the collected experimental data with the distribution of the total ionic conductivity values
and the activation energies is given in Figure 2(a). Figure 2(b) represents o+ vs activation energy E, and
otot and activation energy E, vs Li content. The correlation between the considered characteristics is of
weak character.

The high-conductivity phase of garnet electrolytes exhibits the maximum values of Li-ion conductivity at
Li content of about 6.4+0.1. [58]. Analyzing acquired experimental data, one can distinguish two character
subgroups of garnet-structured compounds: (i) with E, > 0.4 eV while characterized by o, values among
the best observed compounds and (i) with E, < 0.35 eV while ceding oy,+ values. First group contains Hf-,
W-, Te-doped, two Ta-doped LLZO (x=0.25, 0.5) and In-doped garnet-structured oxides.
Table 1 contains the information on the impact of the dopants and the lattice parameters on the ionic
conductivity o4, and activation energy values E, for LLZO compounds with highest oy, values. The
Li-ion conductivity values for considered Lig 4Lag.gZr1.6Wgo.3012 compound with different lattice constants
0=12.9651 and a=12.933 are 7.89 and 0.58 mS cm ™!, respectively, with, however, very close E, values of
0.45 and 0.46 eV. This observation counts in favor of the principal importance of the precise range of the
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Figure 1: (a) Inorganic solid electrolytes: main structure types with ion transport and electrochemical window characteristics,
(b) Main structural and physicochemical characteristics acknowledged as of dominant impact for transport properties in ion
conductors. Reprinted with permission from [I8], (¢) garnet-structured solid electrolytes: known polymorphs with given scheme
of the sites accommodated by Li ions. Part of the Figure reprinted with permission from [19]. Copyright of American Physical
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Figure 2: Description of the experimental data: (a) Li5, Li6 and Li7 phases with distribution of the total ionic conductivity
and activation energy values and (b) activation energy Eq, €V vs total conductivity o, S-cm ™!, Li content vs activation energies
Ea, €V, Li content vs total conductivity, S-cm™1!.
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lattice constant values as well as the synthesis route and maybe the result of the defect chemistry, phase
composition or grain boundaries. The data represented in Table 1 may serve as the illustration of the conclu-
sion on the existence of correlation between the "optimal" range of values of the lattice constants in LLZO
garnet-structured fast Li ion conductors and the ion transport characteristics. The effect of "optimality" in
lattice constant values is well-known and, in particular, was introduced in [59], where authors investigated
the minimizing of lattice disturbance by means of the changes in elements concentrations. Here, in this
study, one may define the range of lattice constant values that correspond to the "best" Li-ion conductivity
otot and activation energy E, values and within which the threshold value can be searched as 12.950 - 12.965
A. Tt can be supposed that the Al, Ga [64] and Fe doping has the extra contribution changing this range
and the precise impact of these dopants is of complex character.

From the Table 1 one may spotlight the highest values of o;p; ~ 1.5-1.6 mS-cm™! that were observed for
the compounds with dual Rb and Ga and Y and Ga co-substitution.

The W-doped LLZO compounds of nominally the same composition (x=0.3), however, may exhibit highly
distinct Li-ion conductivity values (Table 1) with the discrepancy of ca one order of magnitude while, how-
ever, very close E, values of 0.45 and 0.46 eV. This difference corresponds with the difference in the sintering
temperatures and time that may be th result of the oxygen vacancies formation. In [60] the stabilization
of the cubic polymorph by means of the Mo doping was investigated using NPD and Raman spectroscopy.
It was found that the certain polymorph formation and the phase content are highly dependent on the Mo
concentration. XPS spectra for W-doped LLZO in [61] shows the broadened and shifted W4f peaks as a
function of the dopant concentration that can indicate the different atomic environment, some underco-
ordination degree or the changes in the bond ionicity. The shift of W4f peaks to the lower energy as it
was observed in [6I] can be ascribed to the oxygen deficiency and the presence of the small amounts of
W5t or the decrease in the bond ionicity. The shifted positions of W4f peaks in this study well correspond
with the increased relative density of the samples. The EDX analysis performed by the authors found the
increase in the mass ratio W/La at the grain boundaries with increasing W concentration. Since the XRD
revealed no secondary phases formation authors supposed the presence of the W-containing glassy phase at
the grain boundaries that may enhance the grains contact as well as acting as the sintering aid. The Li-ion
conductivity in these samples is enhanced from 2.5-107° to 8- 1074 S cm ™.

Additionally, d° octahedrally coordinated TMs is known for their propensity for the off-centering. This
type of distortions can be attributed to second-order Jahn-Teller (SOJT) effects. According to [62], the
Mo+, Wbt and Hf** are characterized by the edge-preferred distortion strong-less frequent, moderate-less
frequent and weak-more frequent, respectively. According to this analysis, other cations (V5T Ti**, Nb5*,
Ta®t, Zr?* are different in the direction of the off-center intraoctahedral distortions or in the frequency).
The role of Vo1 cation, however, have to be more similar to Mo®+ and W®*. Such effects may probably
also impact the behavior observed for considered compounds.

One of the highest oy, values was observed for the Te-doped compounds that, however, exhibit relatively
high values of the activation energy. For highly conductive Te-LLZO with Te concentration x=0.25 no impu-
rities was observed at the sintering temperature of 1100° , instead one can observe the glass formation at the
grain boundaries (Figure 6). Besides, additional EDS analysis revealed the incorporation of Al from Al,O3
crucible during the process of sintering. The content of this glass phase was not defined in given study [63].
For the compound with Te content x=0.125, the glass phase at the GBs was not formed, and, therefore,
one can assume the presence of both cations Al and Te in this phase of the unknown content or only Te
oxide-based glass. Tellurite glasses exhibit high refractive index, low phonon energy, high dielectric constant,
excellent third-order nonlinear optical properties[64]. One of the system investigated in[64], AloO3-TeOs,
is characterized by the formation of Te-O;-Al bridges with the conversion of the bridging oxygens to the
terminal ones. We assume the possibility of the formation of the glass phase of this content.
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Figure 3: SEM images of (a) Lig.75LagZr1.875Tep.125012 and (b) Lig.5s LagZri.75Tep.25012 pellets sintered at 1100°C. Reprinted
with permission from [63]. Copyright of Elsevier.

Second group of compounds, with lower activation energies while moderate Li-ion conductivity character-
istics and suspected kinetically limited Li-ion transport, includes following compounds: ¢-LLZO compounds,
Nb-LLZO (x=0.375), Lig 5Las 5Bag 5Zr; gTa; gO12. The available data on the lattice constants for the un-
doped LLZO is not always available, according to Springer materials database[65] and [66], undoped ¢-LLZO
(HT) is characterized by the lattice constant values a= 13.098 A.

For LigsLag sBag 5Zr1 gTa; 0012, lattice constant a= 12.764 A. Figure 4 represents the data given in the
Table 1 (several points are omitted stretching the region of the enhanced Li-ion transport properties).
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Figure 4: The role of the substituent in LLZO garnet-structured compounds: Li-ion conductivity o¢ot and activation energy
E, as a function of lattice constant value.

One can see that the o4, and activation energy values are distributed with no direct correspondence and
the compounds with relatively low activation energy may nevertheless exhibit moderate oy,; value.



Table 1: The role of the dopant and the lattice parameters on

ionic conductivity and activation energy values for LLZO

compounds

Dopant Compound Tonic con- | Activation | Lattice con- | Ref.

ductivity energy, eV | stant, A

Otot * 10_4,

S-em™!
Nb5+ L16,75L33ZI‘1‘75Nb0,25012 8.0 0.3 12.95 167]
NijL Lie_75L&3ZI‘1‘75Nb0,25012 1.21 0.437 12.936 168]
1\Ib5+ Li6A6L8‘3ZI‘1A6Nb0A4012 5.09 0.311 12.8953 [69]
Nb5+ L164La3Zr14Nb00012 2.66 0.32 12.9468 170]
Ta’t Lis.7LasZr1 7Tag 3012 6.9 0.37 12.9721 [71]
Ta5+ LiGA4La3Zr1A4Ta0A6012 50 028 129491 [70]
Ta®* Lig.25LagZr1.25Tag.75012 2.86 0.407 12.9122 [72]
Ta®t, Nb>+ Lig.25LasZr1 4Tao.3Nbg 3012 4.48 0.29 12.9476 [70]
Sb5+ Lig.¢LasZr1.6Sbo.4O012 7.7 0.34 12.9596 [73]
Sh>+ Lig.4aLazZr1.4Sbg.6O12 6.6 0.36 12.9518 [73]
Sb5+ L16,4La32r1,48b0,6012 2.3 0.33 12.9638 170]
Ta5+, Sb5+ LieA25La3Zr1A4TaoA38boA3012 3.53 0.29 12.9568 [70]
Sr*t, Sbot Li 66 Laz 045r0.06 Zr1.6Sbo 4012 8.83 0.26 12.9508 [74]
Ga3Jr Lie,25Gao,25La3Zr2012 11.9 0.32 12.9773 [75]
Te6+ L16A75L33ZY1A875T60A125012 3.3 0.41 12.9469 [()3]
TeS Lig.sLagZry 75 Teg. 25012 10.2 0.38 12.9134 [63]
VV6Jr Lie,4La32r1,6W0,3012 7.89 0.45 12.9651 [76]
W6+ L16A4L8,3ZI‘1A6W0,3012 0.58 0.46 12.933 [77]
VVG+ Li@,oLa3Zr1,6W0.5O12 2.08 0.46 12.9439 176]
VV6Jr Lie,oLa32r1,6W0,5012 0.35 0.49 unknown [77]
MoS+ Lis.aLasgZr1.6Mog.3012 0.76 0.45 12.949 [77]
Zn2+ Lig‘g5Zn0,025La3Zr2012 0.45 0.38 13.0473 178]
803Jr Li7,0Lagzr1,625SC0,05012 1.65 0.387 13.0721 [78]
Rb4+, Ga3+ LieAgGaogLaQ,goRbo,1Z1"2012 15.3 0.26 12.9653 [79]
Y3, Ga’t Lig.4Gao.2Las 75 Y0.25Zr2O12 16.1 0.281 12.9516 [80]
CaZJr Li7,1La3Zr1,95Cao,o5012 5.2 0.27 12.9666 [81]
Mg? ™" Liz oLagZr1.05Mgo.1012 2.91 0.254 13.0798 [78]
Gd3+ Li7‘2L33Zr1_8Gd0.2012 2.3 0.25 12.961 182]




130

135

140

145

150

165

170

175

2.1.2. The processing impact: the role of hot-pressing, oxygen vacancies formation, cooling rate and mechanochem-

ical treatment

In the most of the studies, where the hot-pressing technology was used for the obtaining ¢-LLZO com-
pounds, the positive impact of this technology was related with increased density of the samples. It might
be worth notice that the lattice constant values of the hot-pressed samples are decreased comparing the
solid-state products with the difference of 0.02Aat average. It is not obvious whether these changes of the
lattice constant values of the irreversible character or the structure will be subjected to relaxation over time.
Additionally, the lattice constant of the hot-pressed sample of Lig 75La3Zry 75Tag 25012 is closer to the range
of those providing the "best" ion transport characteristics in the bulk garnet-structured electrolytes.
The performed analysis of the experimental data additionally revealed the discrepancy in the lattice con-
stant values of LigosLagZroGag 5012 obtained by solid state synthesis and sintered at 1230° for 6 hours
with those of other known samples. The Li ion conductivity of Lig o5LasZroGag. 05012 outperforms the ionic
conductivities of the compound obtained in other studies by an almost order of magnitude. One can assume
the formation of the oxygen vacancies in the structure. This assumption is enforced by the data obtained in
[83], where the oxygen tracer diffusion coefficients are shown to be related with the enhancement in Li-ion
conductivity value. The oxygen vacancies formation can also be responsible for the generation of the local
stresses due to the lattice distortions thus affecting the ion transport characteristics.
The combination of the cooling rate and the ligand selection can lead to the enhancement in Li-ion con-
ductivity vales. In[84] the quenching and using the ethylene-diaminetetraacetic acid (EDTA) during the
synthesis process allowed to obtain the final product with as much as one order of magnitude higher Li-ion
conductivity value than in other studies where the citric acid and furnace cooling were used. SEM images
of LizLagBisO12 pellets prepared by the furnace cooling (a) and the quenching method (b) differ. In the
latter case, the glassy phase at the grain surface can be suspected. Additional effects can be concerned with
the nature of the EDTA ligand used as the complexing agent having different stability constant values with
Li and other cations.
Obtaining superionic phase c-LLZO phase is possible as a result of the mechanochemical treatment where
the direct phase transition from the tetragonal to cubic polymorph is observed|[85].

2.2. Methodology
2.2.1. Descriptors

The descriptors involved in this study can be divided into three groups: (i) compositional, (ii) atomic
characteristics and (i) synthesis details. Compositional descriptors are the strings of length nine (number
of the cations and the positions for two substituents for each cation). The atomic characteristics differ in
length since some positions remain unchanged (strings of length seven) and represent the information on
Shannon ionic radii, atomic scattering factor[86], ion polarizabilities in oxides (by Shannon)[87]. Finally,
the synthesis details include Li excess, temperature of decomposition for Li source precursors, calcination
temperature and time and sintering temperature.

2.2.2. Methods
Machine learning methods for regression. Four different methods were involved in model development: (%)
Support Vector Machines (SVM)[88] as realized in LIBSVM package [89], () Long Short-Term Neural
Networks (LSTM)[90L @1, (%i) Gaussian Processes[92] and XGBoost [93] were used.
In SVM, Epsilon-SVR and Radial Basis Function (RBF) kernel functions were employed as the method’s
parameters. The initial data was scaled (SVM-scale package of LIBSVM). The predictive performance of
each model was optimized in the grid search by varying three parameters within the given range: C =
275 273215 epsilon = 0.0001, 0.001 . . . 10 (internal parameters of method) and gamma = 2715 2713
. 23, The parameters used for the obtaining of the ensemble of models for LSTM (defined involving
Bayesian optimization procedure): number of neurons = 146, Dropout = 0.5, number of epochs = 300. The
parameters for Gaussian processes models developing are the following: number of inducing points = 20,
maximum number of iterations = 100 and 400 (for fixed and unfixed noise variance, respectively). For the
development of models with XGBoost regressor (XGBoost package[93] the following parameters were used:
max depth =3, learning rate =0.1, number of estimators = 100 and booster 'gbtree’.
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Shapley explainability analysis. . The Shapley explainability [94] analysis has been performed. The Shapley
value[95] is the method that was borrowed from the cooperative game theory that assesses the distribution
of the gain earned by the team among the individual members. In regression, the general gain corresponds
to the predicted property value whereas the individual members are the descriptors involved in the modeling
and the assessed global Shapley value ®¢(7) can be considered as the part of the model accuracy attributable
to the individual descriptors and can be represented as follows:

> ®5(i) = Epay)[fy (2)] (1)

i€EN

where p(z,y) is the labelled data distribution (we have used all the data available), f,(x) - model’s predicted
value, N - number of features. The local Shapley values assess the model’s prediction explainability for

features on data point x:
|

6oy = 3 BRI D514 () ©)
EN; '

Statistical performance metrics. The predictive performance of the developed regression models was assessed
using the ten-fold external cross-validation (10-CV) procedure where the entire dataset is divided into ten
non-overlapping pairs of training and test sets of compounds. The determination coefficient R? and root
mean squared error RMSE were evaluated to assess the models ability to quantitatively reproduce the
experimental data.

N
R2 —1_ anl(ypred,i - yewp,i)2 (3)
- N _
Zn:l(yew;mi - yezp,i)2
N o 2
RMSE = anl (yprei,z yemp,l) (4)

Dirty Multi-Task Feature Selection. This approach is based on the robust prior distribution. The suggested
approach argues for the principal role of the priors favoring the sparsity, i.e. the assumption of zeros in
the model coefficients, as the effective way to enhance the generalization ability of the models. The prior
involved in this approach is the extension of the discrete mixture prior introduced in [96] to the multi-task
feature selection thus the set of the latent variables was introduced to assess the individual task relevance
of the features as well as the feature importance across all the tasks. The latent variables indicate five
outcomes: (i) whether the certain feature is an outlier (can be considered independently), (i) whether the
certain task ¢ is an outlier, (%) whether the non-outlier feature 7 is relevant, (iv) whether the feature 7 is
relevant (for outlier tasks) and (v) whether the certain relevant feature is an outlier. All k tasks share the
same d attributes or features, but feature values can differ across tasks. A linear model is considered for

each task:
y(k) = ¢ (F)y(®) 4 e(k),w(k) (5)

where X(*) and y(*) are the descriptors and vector of target values, ¢*) is Gaussian noise with variance

U(Qk). This is a probabilistic approach with likelihood optimization. The likelihood function for the weight

coefficients W and the variance of the Gaussian noise O’,%:

K
p= X, W,0%) = [[N@W|x®Bw®) 157) (6)
k=1

The prior distribution for weights contains the information on these categories:

[T pw!® ) (7)

i=1k=1

d
p=(W|Q) =

Ne]
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where € includes all five latent variables, the corresponding joint probability distribution is normalized with
respect to latent variables, weight coefficients and noise. Under this prior, the weight coefficient wgk) differ
from zero if: (i) it corresponds to an outlier feature (relevant), (i) it is relevant for the task and this task is
an outlier and (74i) the feature is relavant for the prediction across tasks. The joint probability distribution
normalized with respect to W, Q and o? is represented as follows:

Y, W,Q,p,0°|X)
p(Y|X)

P(
p(W,Q,p,0%X) = (8)
where () is the collection of the latent variables, p is the parameters for the hyper-priors of the latent
variables, W - the weight coefficients and o2 is the variance of the Gaussian noise. The posterior is used to
predict the new unobserved samples:

P(Ynew|Tnew) = Z /N(ynew|$£eww(k)v G(Zk))p(I/V, Q, p,*|Y, X)dW dpdo® (9)
Q

Bayesian optimization. Bayesian optimization[97, 08 [99] is known as an efficient approach for the optimiza-
tion of the black-box functions. In common, Bayesian optimization techniques comprise three consecutive
and repeated steps: (i) using the prior to define the point for function evaluation, (i) evaluating the function
f(x) value at this point, (74i) update the prior using the updated data <x, f(x)>. The so-called acquisition
functions are used for the first step, the surrogate functions that are introduced to replace the unknown
black-box function quantifying the value of the function at given point. Several types of the acquisition
functions are recognized: (i)improvement-based (Probability of Improvement (PI), Expected Improvement
(EI)), (i) optimistic (Upper Confidence Bound (UCB)), (74) information-based (Thompson sampling (TS),
Entropy Search (ES), Predictive Entropy Search (PES)). The approximation of the function values is usually
performed using Gaussian Processes as the most popular methodology or the alternative methods allow-
ing to introduce the prior probability assessment. Spearmint-PESC package [100] was used for Bayesian
optimization of LSTM internal parameters: the number of neurons, dropout and the number of epochs
were optimized. The parameters were optimized within the given range using Predictive Entropy Search
(PES)[101] acquisition function: a number of neurons was varied from 5 to 100, the dropout was varied in
the whole range from 0.0 to 1.0 and the number of epochs was varied from 80 to 500.

Chemography methods. Machine learning-assisted experimental data visualization analysis has been per-
formed with dimensionality reduction approach known as t-Distributed Stochastic Triplet Embedding [102].
This probabilistic approach is the efficient simulation of the concept underlying human system of judgments
based on the principles of relative objects’ similarity (A is more similar to B than C) that defines proba-
bilities that measure how well the triplet ABC is modeled minimizing the sum of the log probabilities of
fairness of a given approval over all triplets of compounds in the training data:

H}gn Z logPyji (10)
V(4,5,0) E(7)

The probabilities are defined focusing on the local similarities as follows:

(1 + sz—a%W)—aT“

a+1

(1 + 4”%_;”1”2)*7 + (1 + ||zi;ﬂfl‘|2)f

Piji = P (11)
2
The resulting 2D map establishes the correspondence between the locations of the compounds in the
chemical space defined by the coordinates adjusted during the training with compounds similarity. The
number of considered triplets of compounds N = 10000 and the number of nearest neigbors k = 3.
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Figure 5: Results of quantitative processing-structure-relationship modeling of total conductivity and activation energy for
garnet-structured solid electrolytes: (a) Determination coeflicient and RMSE values for Long Short-Term Neural Networks
(LSTM), Gaussian Processes Regression (GP) and Support Vector Machines Regression (SVM) models, (b) results of ensemble
modeling represented as a plot with experimental-predicted values averaged over 100 individual models obtained using GP: R?,
RMSE

3. Results and discussion

3.1. Quantitative processing-structure-functional property relationship modeling

Statistical results of obtained machine learning models are represented in Figure 5. The logo;,: value
and the Ea values scaled from 0 to 1 were used for modeling. All four approaches, SVM, LSTM, GP and
XGBoost, involved in models development show similar predictive performance of the quantitative structure-
property models for total conductivity: R? varied from 0.76 to 0.78 with RMSE value in the range of 0.185
to 0.326 while different models stability was observed. Figure 5 (a and b) represents the R? and RMSE
characteristics averaged over 100 models.

The RMSE of the models for the activation energy is varied from 0.043 to 0.05 with the lowest error value
of XGBoost models while, however, the lowest stability. The determination coefficient R? for LSTM, GP,
SVM and XGBoost models are 0.69, 0.62, 0.65 and 0.73, respectively. The discrepancy in the models stability
is observed for the involved approaches. The high values of the standard deviations of the averaged statistical
parameters for the LSTM is concerned with the high sensitivity of LSTM to the data used as the training set
(the batch of the individual models is obtained through the compounds re-shuffling) while the parameters
of the models remain unchanged. It is worth to note that this sensitivity is also observed for the number
of compounds in the training set. The changes in the number of compounds in the training/validation/test
sets may significantly affect the model predictivity as we observed using the bayesian optimization procedure
(see Figure 8)

Figure 5 (c) is a graph of the experimental vs predicted o, values for ensemble modeling of total conductivity
otot using LSTM NN with the associated data on the distribution of the property values for considered data.
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The predictive ability of this ensemble model is in line with the averaged values of the individual models of
LSTM and other methods: R? = 0.77 and RMSE = 0.320 (in log(cy0¢) units).

3.2. Analysis of descriptors contribution

The analysis of the parameters contribution in the developed regression models was performed using

the estimation of the Shapley values[94] and involving XGBoost[93] (results are represented in Figures 6
and 7) and (ii) based on Dirty Multitask Feature Selection[I03] (Figure 8). Shapley explainability data
are represented with two types of plots. The first type represents the mean absolute value of the Shapley
values for each parameter (feature) - averaged parameters contribution to the final property value. For the
Otot values the most significant impact belongs to Li content, La content, atomic scattering factor of cation
C, Shannon ionic radii of Al or Ga, polarizability of cation C, Shannon ionic radii of the substituent of
cation C, content of cation C and its substituents, calcination time, sintering and calcination temperatures,
Shannon ionic radii of the La substituent and of the cation C, decomposition temperature of the Li source,
polarizability of the substituent of the cation C (Figure 6(a)). The average impact on the model prediction
is accompanied by the distribution of Shapley values for the considered data (the parameters with the most
significant impact are given), where the Shapley values are given vs the parameters values themselves. One
can see that the Li content as well as Shannon ionic radii may have different effect on the studied func-
tional characteristics while the La content has the same role for all the analyzed data. These observations
are supported by the extended analysis given in Figure 7. From this Figure, one can see that the models
analysis of the impact of Li content well correspond with the literature. The models also highlight the role
of the Shannon ionic radii of the La substituted cations, Ca and Ba. One can also infer on the principal
importance of the atomic scattering factor of Zr, for other cations including Y this parameter has negative
contribution. For the Te-doped LLZO compounds, the influence of the Li content as well as the values of
the atomic scattering factor of Zr and Shannon ionic radii of the Te are of valuable importance. The impact
of the Shannon ionic radii here can be related with the Te instability in the C site resulting in decreasing
grain boundaries resistance due to secondary glass phases formation. For the Ga-doped compounds the
obtained models have shown the importance of the Li, Ga and La content, the absence of the substituent
of the cation C, the atomic scattering factor of Zr. The impact of the polarizability of the cation C can
be mentioned. Calcination time is one of the most valuable parameters with different effect on the final
compounds characteristics.
For the activation energy E, the most valuable contribution was revealed for the atomic scattering of the
cation C, decomposition temperature of Li precursor, Li content, sintering temperature at first step of sin-
tering process, the presence of the substituent of the cation C, the presence of the substituent of the cation
B (dodecahedrally coordinated site of La), Al or Ga doping, calcination temperature and Li excess.

From the results obtained with Shapley values estimator, the parameters that affect both properties
include: Li content (pfu), atomic scattering factor of cation C, sintering temperature, content of cation C
substituent, Al/Ga content, calcination temperature. The presence of the processing conditions in the list
of the parameters with high impact is awaited and may be concerned with the processes of e.g. defects
formation.

The results of the analysis of descriptors contribution that was performed using Dirty Multitask Feature Se-
lection approach are represented in Figure 8. From the most valuable contributions one can distinguish the
polarizability, Li excess introduced during synthesis, Shannon ionic radii of the dopant in the dodecahedral
site as well as of the cations-substituents in octahedral coordination, atomic scattering factor, compositional
descriptors related to Li content, La and its substituent that well corresponds to the experimental data on
the compounds co-doped by Rb, Y and Sr. The negative contributions of the parameters may be concerned
with the cases when unconventional site accommodation takes place e.g. Mg and Ca accommodating octe-
hedral Zr site |78 [81] and other "outlier" descriptors values. Ion polarizability, the parameter that was used
as one of the descriptors in this study, can help to interpret some experimental observations known from
literature. In several studies, authors underline not completely clear discrepancy in the impact of Al and
Ga doping strategies on the total conductivity values in garnet-structured solid electrolytes oy, that can
reach approximately one order of magnitude despite similar preferences in site accommodation for Al and Ga
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doping derivatives. The Coulombic interaction between the Li-dopant pair and the difference in the lattice
constant have been proposed in the literature as the reasons that may explain such discrepancies[75]. In this
study, we suggest the explanation of such behavior as related with the difference in the ion polarizability
values of Al and Ga cations, which are accepted as 0.79 and 1.5 A®. Surprisingly, the temperature pro-
cessing details, according to the results of the performed analysis, have lower contribution to the functional
characteristics of garnet-structured solid electrolytes.

3.83. Chemography analysis of ionic conductivity and activation energy spaces for garnet-structured solid
electrolytes

Chemography analysis using dimensionality reduction techniques allows to visualize the data according
to the similarity principle reducing the data dimensionality from the number of descriptors involved in the
models to two dimensions while preserving the topology: the objects (compounds) that are neighbors in
the initial chemical space remain those in the new space of the reduced dimensionality while the distance
between the objects can be changed. The approaches are highly attractive since they allow to obtain the
mapping of the initial data in 2D thus providing with very simple, flexible and intuitively understandable
way for data analysis and comparison. The compounds with close values of functional characteristics are
visualized as neighbors in the map. The methods are unsupervised that means the property value is not
used in models development itself while only to distinguish the compounds on the study of visualization and
thus the points on the map can be attributed with any characteristic of interest.
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Figure 8: Analysis of contribution of considered descriptor parameters in the total conductivity o¢ot and activation energy E,
values performed with Dirty Multitask Feature Selection approach

In this study, one could compare the distribution of the compounds according to total conductivity oy.¢
and the activation energy E, values. Using these two maps in tandem allows one to find the regions of
the chemical space with desirable ion transport characteristics or some interesting deviations, e.g. several
compounds with high o, values while high activation energies. The areas of the compounds with low and
high oy, are well distinguished. Among the compounds in the "overlapped" regions one can see Sn-doped
LLTO, LLZO co-doped by Ga and Rb. For the E,-attributed maps the "anomal" positions of the Ln-doped
LLNO compounds are labelled.

4. Conclusions

Garnet-structured solid oxide electrolytes are the possible elements of the forthcoming energy storage
systems technologies and, therefore, this class of solid state electrolytes is well elaborated with the ongoing
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Figure 9: Chemography maps obtained with Crowd Kernel Learning method visualizing the ionic conductivity and activation
energy spaces for garnet-structured solid electrolytes: the points on the map correspond to the compounds with the coloration
associated with the considered property values

research in the directions of known shortcomings. This study consists of two parts: first, based on the
collected from literature data, the analysis of the experimental data has been made, the aspects concerned
with the role of the oxygen vacancies formation and the composition of the grain boundaries were considered.
The tandem use of these two strategies to the best of our knowledge are not explored yet. Garnet structure
type is very flexible and can accommodate the wide range of cations that can be highly beneficial to obtain
the grain boundaries of the desired composition and conductivity value. One can also infer that there is
the range of the lattice constant values that are associated with the enhanced ion transport characteristics.
The complement aspect affecting the ion conductivity characteristics is concerned with the disorder of the
Li ion distribution among the sites that can be controlled by means of the doping/co-doping strategies,
in particular. Analyzing the data, one can distinguish the compounds with high conductivity values while
high activation energies as well as vice versa the compounds with the low activation energy values while the
moderate ion conductivity values. In second part of this study, we develop quantitative regression models
that relate the composition, atomic characteristics of the compounds and the synthesis details with ion
conductivity and activation energies values. Four different methods were involved in model development:
Support Vector Machines, Long Short-Term Memory neural networks, Gaussian processes and Gradient
Boosting Trees (XGBoost). The predictive performance of the models for Li ion conductivity (RMSE) is
0.32 in log(oot) and 0.4 eV for E,.

The efficiency of the Bayesian optimization methods have been demonstrated in the optimization of the in-
ternal parameters of Long Short-Term Memory neural networks using Predictive Entropy Search acquisition
function. The contribution of considered parameters in the functional properties values was analyzed using
Shapley value estimator and Dirty Multitask Feature Selection Approach. The analysis of the parameters
contrinution was performed.
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