M atte r ¢? CellP’ress

OPEN ACCESS

Compositionally complex perovskite oxides:
Discovering a new class of solid electrolytes
with interface-enabled conductivity
Improvements

Compositionally Complex Perovskite Oxides (CCPOs): St 4o, o Lem, i ©F, .

A New Class of Solid Electrolytes T T

Jian Luo

ongsp@eng.ucsd.edu (S.P.O.)
xiaoginp@uci.edu (X.P.)
jluo@alum.mit.edu (J.L.)

Highlights

Discovered compositionally
complex perovskite oxides
(CCPOs) as solid electrolytes

Compositionally complex designs
can outperform conventional

doping
(Lig 375570 4375)(Tag 375N 37527 125H 0 125) O35 Demonstrated grain-boundary-
LSTNZH CCPO enabled conductivity

= 4Bulk ,/' improvements

g (Lio.375ST0.4375)(Ta0.75210.25) O35

a GB LSTZ Baseline

N Quenched v

Bt LSTNZH T

Z' (Qcm) g
Grain Boundary (GB) Enabled Conductivity Improvements
Compositionally complex perovskite oxides (CCPOs) with enhanced conductivity are
discovered as an exemplar of compositionally complex solid electrolytes. This study
demonstrates that non-equimolar compositionally complex designs can achieve
properties beyond the limit of conventional doping. Grain-boundary-enabled
conductivity improvements are demonstrated. The materials discovery strategies via
simultaneously exploiting non-equimolar complex compositional designs and controls
of interfaces and microstructures can be utilized to discover and tailor a broader range
of compositionally complex ceramics (CCCs) for energy storage and other applications.
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SUMMARY

Compositionally complex ceramics (CCCs), including high-entropy
ceramics, offer a vast, unexplored compositional space for materials
discovery. Herein, we propose and demonstrate strategies for
tailoring CCCs via a combination of non-equimolar compositional
designs and control of grain boundaries (GBs) and microstructures.
Using oxide solid electrolytes for all-solid-state batteries as an
example, we have discovered a class of compositionally complex
perovskite oxides (CCPOs) with improved lithium ionic conductiv-
ities beyond the limit of conventional doping. For example, we
demonstrate that the ionic conductivity can be improved by >60%
in (Lio.3755r0.4375)(Tag.375Nbg 375Zr0.125Hf0.125)03.5 compared with
the (Lig.3755r0.4375)(Tap.75Zro.25)03.5 (LSTZ) baseline. Furthermore,
the ionic conductivity can be improved by another >70% via quench-
ing, achieving >270% of the LSTZ. Notably, we demonstrate GB-
enabled conductivity improvements via both promoting grain
growth and altering GB structures through compositional designs
and processing. In a broader perspective, this work suggests new
routes for discovering and tailoring CCCs for energy storage and
many other applications.

INTRODUCTION

The classical materials discovery methodology typically relies on searching for new
stoichiometric compounds, where small amounts of dopants or additives are often
introduced to modify or improve properties. The recent emergence of high-entropy
ceramics (HECs) with diversifying crystal structures’ ® unlocks vast compositional
spaces with multi-principal (but no dominant) components. Specifically, high-en-
tropy perovskite oxides (HEPOs), which were first reported in 2018, attracted great
research interest because of their interesting catalytic,” dielectric,'®"" ferroelec-
tric,'? magnetic,'® thermoelectric,’* magnetocaloric,'® and electrocaloric'' proper-
ties, as well as promising applications as strongly correlated quantum materials'®
and in solid oxide fuel cells,"” solar thermochemical hydrogen generation (water
splitting),'® lithium-ion batteries,'” and supercapacitors.”” In 2020, Luo and co-
workers further proposed to broaden HECs to compositionally complex ceramics
(CCCs)'" to consider non-equimolar compositions and short- and long-range or-
ders, which reduce the configurational entropy but are often essential for optimizing
or further improving properties. Moreover, controlling the interfaces and micro-
structures of HECs and CCCs, along with non-equimolar compositional designs

PROGRESS AND POTENTIAL
The recent emergence of high-
entropy ceramics and a broader
class of compositionally complex
ceramics (CCCs) unlocks vast
compositional spaces for
materials discovery. This study
proposes and demonstrates
strategies for tailoring CCCs via a
combination of non-equimolar
compositional designs and
control of interfaces and
microstructures to discover a new
class of compositionally complex
solid electrolytes. Consequently,
compositionally complex
perovskite oxides with enhanced
ionic conductivity are unearthed.
Notably, this study discovers
grain-boundary-enabled
conductivity improvements,
where compositional designs and
processing are utilized to alter
microstructures and interfacial
structures to improve properties.
Promising applications in all-solid-
state batteries are envisioned.
More generally, these materials
discovery strategies can be
utilized to discover, design, and
tailor a broader range of CCCs for
energy storage and many other
applications.
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with aliovalent doping, represents additional (unexplored) opportunities that moti-
vated this study.

Oxide solid electrolytes are promising candidates for building high-energy-density
all-solid-state batteries (ASSBs) owing to their electrochemical, thermal, and struc-
tural stability.”” Among the different oxide solid electrolytes, perovskite-type
Lio.sLag sTiO3 (LLTO) drew significant attention owing to its high bulk Li-ion conduc-
tivity (o},) on the order of 1073 S/cm. Its resistive grain boundaries (GBs), however,

constrain its total ionic conductivity (ogp ~107° S/cm so that gy ~107° S/cm).?>

Furthermore, Ti*" can be reduced to Ti*" at potential below 1.8 V vs. Li/Li*,?*?°
which transforms LLTO into an electronic conductor that will ultimately short circuit
the battery cell.”® In an attempt to address the shortcomings of LLTO, Chen et al.
reported perovskite Lig 3755r0.4375Ta0.752r0.2503 (LSTZ) holding one order of magni-
tude higher GB ionic conductivity (agp ~107* S/cm) than that of LLTO, a op of 2 X
10~ S/cm, and a wider electrochemical stability window down to 1.0 V vs. Li/Li*.?”
LSTZ has shown better performance compared with LLTO, but its ionic conductivity
is still lower than other inorganic solid electrolyte candidates,?®??

tive strategies to improve.

calling for innova-

In general, ABOj3 perovskite oxides have broad applications. It is known that aliova-
lent doping can tune structures (e.g., ordering of A sites,?®"
vacancies,’? lattice parameter33'34)

concentration of A-site
and influence properties including Li-ion con-
ductivity. To date, the majority of the studies have been limited to single and co-
doping. The amount of dopants is typically below 10 mol % in A- or B-site sublattices
to avoid precipitation.”®?> The perovskite structure can tolerate a wide range of
cation dopants following a criterion using Goldschmidt's tolerance factor,?® which
renders it promising as a model system for exploring complex or high-entropy
compositions. However, only a single study explored HEPOs as a solid electrolyte,
where the reported ionic conductivity was lower than that of baseline material
LLTO.?” In fact, the field of high-entropy solid electrolytes remains largely unex-
plored, with only few prior reports.?”’*? Notably, a recent study demonstrated a
high-entropy mechanism to improve ionic conductivity, achieving 2.2 x 107>
S/cm in Li(Ti,Zr,Sn,Hf),(PO4)3, which represents substantial improvements from their
base materials (thereby being promising).***' Herein, we discovered a new class of
compositionally complex perovskite oxides (CCPOs) to achieve (an order of magni-
tude higher) 2.56 x 107* S/cm total ionic conductivity with improvements (from the
LSTZ baseline) through not only the bulk compositional complexity but also
microstructure and GB effects.

Specifically, we discovered a class of LSTZ-derived compositionally complex solid
electrolytes (CCPOs) in this study. We further revealed the phase-microstructure-
property relationship to enable us to achieve improved total ionic conductivity,
achieving >270% of the state-of-the-art LSTZ baseline, yet with comparable electro-
chemical stability. In addition, we showed GB-enabled conductivity improvements,
through both promoting grain growth and altering the GB structure and segregation
profile via compositional designs and materials processing. To investigate the un-
derlying mechanisms, aberration-corrected advanced microscopy and atomistic
simulations using a state-of-the-art active learning moment tensor potential (MTP)
and additional density functional theory (DFT) calculations were employed. This
work highlights the significance of microstructure and GB controls of CCCs in boost-
ing their ionic conductivities, in addition to non-equimolar compositional designs,
which points to a new direction to design and tailor compositionally complex solid
electrolytes and potentially many other functional CCCs.
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Figure 1. Several generations of CCPOs discovered in this work, benchmarked with the LSTZ
baseline

The first-generation CCPO LSTNZS (square) shows a total ionic conductivity of 0.218 mS/cm, which
is ~2.3% the 0.094 mS/cm of the LSTZ baseline (star), but the electrochemical stability of the Sn-
containing LSTNZS is compromised. The second-generation Hf-containing (and Sn-free) CCPO
LSTNZH (gray circle) shows comparable electrochemical stability with LSTZ and a total ionic
conductivity of 0.151 mS/cm, which can be further enhanced through quenching (red circle) to 0.256
mS/cm. The improvement via quenching is primarily due to the increase of specific GB conductivity
(by 77%, albeit the bulk conductivity is also improved moderately by 26%). Overall, the total
conductivity of the air-quenched LSTNZH is ~2.7 x that of the LSTZ baseline.

RESULTS AND DISCUSSION

Overview: CCPOs as solid electrolytes

In this study, we synthesized 28 different compositions of CCPOs (through high-energy
ball milling and sintering at 1,300°C for 12 h in air; see experimental procedures) as a
new class of lithium-ion solid electrolytes. The key results of three series of Sn-contain-
ing (Li,Sr)(Ta,Nb,Zr,Sn)O3; (LSTNZS) CCPOs and two series of Hf-containing
(Li,Sr)(Ta,Nb,Zr,Hf)O3_5 (LSTNZH) CCPOs are summarized in supplemental information
(Tables S1-S3). 3 represents oxygen non-stoichiometry in perovskites. We showed that
enhanced ionic conductivities, in comparison with the state-of-art LSTZ baseline, can be
attained in these CCPOs via compositional designs and controlling GBs and microstruc-
tures, while maintaining comparable electrochemical stability.

Figure 1 presents an outline of several generations of CCPOs discovered in this study,
in comparison with the LSTZ baseline. In the first generation, the best Sn-containing
LSTNZS CCPO (Lig.3755r0.4375)(Tao.33aNbg 347Zr0.211Sn0.108)O3.5 shows total ionic
conductivity >2.3x higher than that of the LSTZ baseline; however, its electrochem-
ical stability is compromised due to the presence of redox-active Sn (Figure S1). In the
second generation, an Hf-containing (and Sn-free) LSTNZH CCPO (Lig.3755r0.4375)
(Tao.375Nbg 375Zr0.125Hf0.125)03.5 shows electrochemical stability comparable with
LSTZ with slightly lower ionic conductivity (but >60% improvement from the LSTZ
baseline), which can be further improved to achieve 0.256 mS/cm total ionic conduc-
tivity or 270% of the LSTZ baseline via quenching. A notable discovery of this study is
GB-enabled conductivity improvements through both promoting grain growth and
altering the GB structure and segregation profile through compositional designs
and materials processing. For example, the observed conductivity improvement
via quenching is primarily from an increase in specific (true) GB ionic conductivity
(Note S1),%? resulting from changes in the GB compositional profile and structure,
as shown by aberration-corrected (AC) scanning transmission electron microscopy
(STEM) presented and discussed in a subsequent section.
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Figure 2. XRD patterns and crystal structure of new series of LSTNZS and LSTNZH CCPOs

(A) The crystal structure model obtained from XRD refinement of LSTNZH (x = 9/16). The A sites are occupied by Li and Sr cations, while the B sites are
occupied by Ta, Nb, Zr, and Sn/Hf cations.

(B) The atom arrangement of LSTNZH (x = 9/16) bulk in {100} plane family shown in an HAADF-STEM image (scale bar, 1 nm). The atoms are labeled in
accordance with the model in (A).

(C-E) XRD patterns of (C) the LSTNZS x series, benchmarked with LSTZ baseline, and (D) the LSTNZH x series CCPOs, respectively, both following a
general formula [Li2/3)xSr1-x[(5B)4/3)x(4B)1-(4/3)x]O3-5, and (E) the LSTNZS y series with optimized B-site cation ratio (fixed) and changing A-site cation
stoichiometry following [Li(z/g)ysr1_y][Tao_334Nbo_347Zrov2113“0_103]03_54

Compositional designs and composition-phase-property relationship

Figure 2A displays a schematic of the CCPO unit cell of the ABO3 perovskite (A-site-
centered view). The atomic-resolution high-angle annular dark-field (HAADF) STEM
image of a representative LSTNZH CCPO is shown in Figure 2B and its X-ray diffrac-
tion (XRD) pattern is shown in Figure 2D, which confirmed the cubic perovskite
structure.

Next, we discuss the compositional designs of CCPOs and the resulting phase sta-
bility (any secondary phases) and properties (conductivities).

Expanding on a simpler compositional design for LSTZ,”” we first designed our “x
series” CCPOs following a general formula [Li(z/a)XSn_x(VX)“/3))(][(5B)(4/3)X(4B)1_(4/3)x]
O3.5. Here, the A site is occupied by Li™, Sr?*, and A-site vacancies Vi (in the Kro-
ger-Vink notation), and the B site is occupied by a (presumably random) mixture
of 5B (5+ B-site) cations, which are equal moles of Ta>*" and Nb°* cations, and 4B
(4+ B-site) cations, which are equal moles of Zr** and Sn** (or Hf**) cations for
LSTNZS (or LSTNZH). Omitting V)1 for brevity, the chemical formulas are (Liz/3xSr1-x)
(Taz/3xNb2/3xZr0.5(1-4/35N0.5(1-4/39O3-5 Tor the x series of LSTNZS and (Liz/3xSr1.x)
(Ta2/3XN b2/3XZro,5(1_4/3X)Hf0,5<1_4/3x)03_5 for the x series of LSTNZH.
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Here, we first investigated the (primary vs. secondary) phase formation and stability
using XRD. Figures 2C and 2D present the XRD patterns of x series of LSTNZS and
LSTNZH, respectively. For x = 8/16, the Sn-containing LSTNZS shows a cubic perov-
skite structure in the space group Pm 3 m, which matches the crystal structure of
KTaO; (PDF #38-1,470) and that of LSTZ. The amounts of secondary phases increase
as the x value increases to 9/16 and higher. At x > 9/16, LiNbOj3-prototyped rhom-
bohedral structure (space group R3c) and Sr; g3TasO1s-prototyped with tetragonal
structure (space group P4/mbm) formed, which consequently triggered the precip-
itation of secondary SnO; and ZrO, phases. The corresponding phase separation is
evident in scanning electron microscopy (SEM) energy-dispersive X-ray spectros-
copy (EDS) maps in Figure S2. The Hf-containing LSTNZH system shows a wider sin-
gle-phase range of up to x = 9/16, with only trace amounts of ZrO, secondary phase
found. At x> 9/16, however, the primary phase becomes LiNbOj3-prototyped rhom-
bohedral instead of the cubic perovskite phase.

Based on these results, we conclude the primarily single-phase range of CCPOs in
the x series is mainly determined by the x value, and the threshold (for the appear-
ance of large amounts of secondary phases) depends on the difference in cation
ionic radii. The Sn-containing LSTNZS x series has a lower threshold (x > 9/16)
than the Hf-containing LSTNZH x series, which can be attributed to the larger dif-
ference in ionic radii between Sn** and Zr** (~4.17%) than that between Hf** and
Zr** (1.39%), calculated using Shannon ionic radii (Table S4).** This large ionic
radius difference makes it more difficult for LSTNZS to form stable cubic perovskite
solid solution at x > 9/16 and results in precipitation of the secondary SnO, and
ZrO; phases. To further test this hypothesis, LSTNZS (x = 9/16) was benchmarked
with Nb and Sn co-doped LSTZ counterparts in Figure S3, which again implies that
the poor single-phase formation is due to the large ionic radii difference on the
B site.

To further improve the single-phase formability of the LSTNZS system, we adopted a
“natural selection” composition optimization strategy described in the supple-
mental information (Figures S4-S6é; Tables S5 and Sé; Note S2) to synthesize the
composition of the primary phase guided from SEM-EDS compositional quantifica-
tion results of the single-phase region of the prior generation, in an iterative proced-
ure. Accordingly, an LSTNZS "y series” with the optimal B-site cation ratio (Li»/3,Sry.,)
(Tag.33aNbg 347Zr0.211SN0.108)O3.5 was developed. XRD patterns of the LSTNZS y se-
ries (Figure 2E) exhibit improved single-phase formation compared with the LSTNZS
x series. For LSTNZS (y = 0.6), the main secondary phase was determined to be Li(Ta,
Nb)Os. The design workflows of x and y series are illustrated in Figure S7.

For subsequent characterizations, we will focus on the Sn-containing LSTNZS y series
and Hf-containing LSTNZH x series, which are the two best series obtained in this
study.

To quantify the primary phase fractions, we performed Rietveld refinements of XRD
patterns of LSTNZS y series (Figure S8) and LSTNZH x series (Figure S9). The results
are summarized in Table S7. We also quantify the primary phase fractions from
SEM-EDS maps (Figure S10) and the results are shown in Figures 3A and 3B for
the Sn-containing LSTNZS y series and the Hf-containing LSTNZH x series, respec-
tively. Figure S11 compares results obtained from the two methods, which are
largely consistent. The exception is for LSTNZH (x = 10/16), where the refinement
accuracy is low due to the presence of multiple secondary phases and peak overlaps
and quantification from SEM-EDS maps is likely more accurate.
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Figure 3. Plots of primary phase fraction and bulk ionic conductivity for the LSTNZS y series
[(Liz/3ySr1.y)(Tao.33aNbo 347Zr0.2115N0.108)O3.5] and the LSTNZH x series [(Liz/3,Sr1.x)
(Taz/3xNb2/3xZro.5(1.4/3)Hf0.5(1-4/3x)03.51, experimentally measured Arrhenius plot vs. simulated
Li-ion diffusivities for LSTNZS (y = 9/16)

(A and B) The areal fraction of the primary phase for (A) the LSTNZS y series and (B) the LSTNZH x
series, quantified from elemental EDS maps (that are consistent with XRD Rietveld refinement as
shown in Figure S11), as function of y or x values (bottom axis) and Li/Sr ratio (top axis).

(C and D) Correlation plots of fitted oy, vs. y or x values for (C) LSTNZS y series and (D) LSTNZH x
series. The ok is optimized when y or x=9/16 or 0.5625 for both the Sn-containing LSTNZS y series
and the Hf-containing LSTNZH x series. The total conductivities of two series are benchmarked with
the LSTZ baseline (star). Insets are Nyquist plots.
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Figure 3. Continued

(E) The Arrhenius plot of the experimentally measured total ionic conductivity for LSTNZS (y = 9/16)
in the temperature range from 25°C to 150°C.

(F) The Arrhenius plot of Li diffusivity calculated using the bulk model and two selected LSTNZS (y =
9/16) GBs equilibrated with MC/MD simulations at 1,573 K.

(G) The corresponding Dy;, 300k (right y axis) and activation energies (left y axis).

In addition, we measured the Li-ion conductivities of the as-synthesized specimens.
Figure 3Cillustrates the influence of the compositional variable y (that correlates with
the Li* concentration, %y, and the V concentration, %y, in the A site) on the bulk ionic
conductivity gp, (fitted from the measured impedance spectra by the model dis-

cussed in Note 51) of the Sn-containing LSTNZS y series. When y = 0.387, L5IN?S is

0.004 mS/cm (the lowest). As y increases to 0.5, o55IN* is improved by two orders

of magnitude to 0.118 mS/cm. The bulk ionic conductivity is maximized at y =
9/16, even with the increase of secondary phase fractions. Hence, the change of
oSTNZS is dominant by A-site carrier and vacancy amount (rather than phase purities)
aty < 9/16region. In contrast, the influence of secondary phases becomes dominant
when y > 9/16. Although the nominal A-site carrier and vacancy amount are the high-
estaty=0.6inFigure 3C, the existence of Sr; g3TasO1s, LiTaO3, and LiNbO3 second-
ary phases indicates the actual Li* in the main phase is less than the nominal amount.
Therefore, the ¢-5IN? value reduces to 0.14 mS/cm aty = 0.6. The maximum of o> [NZ5
is 0.218 mS/cm at y = 9/16, which is higher than that of optimal LSTNZS x series

composition (x = 8/16; 0.11 mS/cm).

Given that both samples exhibit similar phase stability (LSTNZS, y = 9/16 vs. x =
8/16), the improvement can be attributed to the higher A-site carrier and vacancy
concentration while maintaining cubic perovskite structure. To justify the selection
of B-site stoichiometry that gives optimal ionic conductivity, an additional LSTNZS
“w series” was fabricated following the formula (Lig 3755r0.4375)(Ta0.33aNbo 347
Zr0.319-wSNW)O3.5, Wwhere w variable dictates the Sn cation fraction on the B site.
The results shown in Figures S12A and S12C indicate the improvement of both
phase stability and ¢>IN% upon increasing the Sn/Zr fraction until more SnO, sec-
ondary phase precipitates. Furthermore, the lattice constant of the primary phase re-
duces linearly with w (the Sn fraction on the B site), which is consistent with the solid
solution formation (Figure S13). Further discussion can be found in supplemental
information. Table S1 summarizes the results for the three Sn-containing LSTNZS se-
ries, which shows that y = 9/16 in the y series is the composition exhibiting the high-
estionic conductivity (0.218 mS/cm) in all Sn-containing LSTNZS specimens made in
this study.

Likewise, Figure 3D shows the influence of the compositional variable x (which is
again equal to the total Li* and Vj concentrations in the A site) on the bulk con-
ductivity ok of the LSTNZH series. The measured o5 1N value increases as x
increases from 7/16 to 9/16, indicating an increase in the ionic conductivity
with concentration of Li* and Sr vacancies at the single-phase stable regime.
Beyond the threshold at x = 9/16, ¢f>IN"! decreases again due to the presence
of secondary phases shown in Figure 3B. Similar to LSTNZS, the optimal A-site
ratio takes place at the value where the total A-site charge carrier and vacancy
amount equals 9/16. Table S2 displays the properties for the LSTNZH series dis-
cussed above.

Table 1 provides a summary of compositions, sintering conditions, and total ionic
conductivity values of representative samples (of optimized compositions) in the
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Table 1. Chemical composition, sintering condition, and total ionic conductivity for the optimized LSTNZS, LSTNZH, and LSTZ in this work,
benchmarked with LSTZ-related compounds and LLTO from the literature

Composition Sintering condition Giotal (MS/cm) Reference
(Lio.3325r0.5)(Tao.33aNbo 3472r0.2115n0.108)O3-5 1,300°C, 12 h 0.218 this work
(Lio.3755r0.4375)(Tao. 375Nbo 3752Zr0.125Hf0.125) O35 1,300°C, 12 h 0.151 this work

air quenched 0.256
(Lio.3755r0.4375)(Tao.75Zr0.25)O03.5 1,300°C, 12 h 0.094 this work
(Lio.3755r0.4375)(Tao.752r0.25)O3.5 1,300°C, 15 h 0.08 Chen et al.”’
(Lio.375Sr0.4375)(Nbo 75210 25)03.5 1,200°C, 15 h 0.02 Yuetal.**
(Lio.3755r0.4375)(Tao.755N0.25)03.5 1,450°C, 15 h 0.046 Thangadurai et al.*®
(Lio.3755r0.4375)(Nbo 755N0.25)03.5 1,450°C, 15 h 0.00182 Thangadurai et al.*®
(Lip.34La0.51)TiO3.5 1,350°C, 6 h 0.02 Inaguma et al.*’

All specimens, except for the one labeled “air-quenched,” were furnace-cooled.

present work compared with the results of LSTZ-related compounds reported in the

literature.?’:#4=%/

Complementary to Nyquist plots, we further conducted the distribution of relaxation
time (DRT) analysis to deconvolute resistor—capacitor (RC) circuit components (po-
larization processes) involved.*®*" According to the overlay of DRT peaks with
Bode plots in Figure S14, CCPOs show polarization processes (P; and P5) at only
high-frequency regime (10° Hz), which are assigned to the responses from bulk. In
contrast, additional polarization response is presented in the LSTZ at low-frequency
regime (10* Hz), which may come from GB or resistive secondary phase components
that requires further investigation. It is worth noting that only one semicircle is shown
on the Nyquist plot for these CCPOs (Figures 3C, 3D, and S15) and no DRT peaks
exists at the low-frequency regime. Thus, the GB contribution is not the determining
factor constraining the total ionic conductivity (a desirable feature), which is different

from the case in the well-known Lig 5LagsTiO3 (0gp = Tiotal = 107° S/cm).?®

Temperature-dependent conductivity: Experiments vs. simulations
Temperature dependence of ionic conductivity and Li diffusivity for LSTNZS (y =
9/16) were obtained by experiments and simulations, respectively, and compared.
Figure 3E shows the Arrhenius plot measured in the temperature range from 25°C
to 150°C with the calculated activation energy, E,, of ionic conductivity of 0.32 eV
(see experimental procedures).

Since only one semicircle is observed in the experimentally measured impendence
spectrum, Li diffusivities (Dy;) of the bulk and GB components were simulated to
better understand the role of each. An MTP for LSTNZS (y = 9/16) is fitted using
an active learning strategy and subsequent MD simulations were performed on three
equilibrated structures, i.e., bulk, twist =3 [110](110) GB, and symmetric tilt
=5 [100](012) GB to obtain the Arrhenius plots in Figure 3F. It can be observed
that, regardless of the temperature, the magnitude of Dj; follows the order:
bulk > simple twist 23 [110](110) GB > symmetric tilt =5 [100](012) GB.

To convert the simulated Li diffusivity to ionic conductivity at temperature T, we use
the Nernst-Einstein equation:

_ pZ?F? D(T)
oM ="%F m

(Equation 1)

where p is the molar density of diffusing ions in the unit cell, and z, F, and R are the
charge of Li* ions (z = 1), the Faraday constant, and the gas constant, respectively.
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D~ is the tracer diffusion coefficient and Hg is the haven ratio (Hg = D*/Dy;), and, in

line with previous studies,”” ™’

it is set as unity in this study.

At 300 K, the simulated bulk ionic conductivity is 0.285 mS/cm, matching well with
the experimentally measured value of 0.218 mS/cm. Furthermore, the simulated
E, of bulk D/ is 0.33 eV, also matching well with the experimentally obtained value
of 0.32 eV. The activation energy data are summarized in Figure 3G and Table S8.

A slightly lower activation energy occurs at and above 700 K, comparable with the
non-Arrhenius behavior observed in the LSTZ.%® In addition, Dy; at low-= GBs is in
the same order of magnitude as Dy; in bulk, which matches with the reference
LSTZ and differs significantly from that in LLTO. The origin of low GB resistance in
LSTZ has been reported in our previous study.”” It is worth mentioning that the Li dif-
fusivities at GB and bulk of LSTNZS (y = 9/16) are similar to those of LSTZ, while GB
resistance of LSTNZS (y = 9/16) could not be measured in Nyquist plots. Thus, the
difference in microstructure between LSTZ and CCPOs likely plays a role in the
observed ionic conductivity enhancement.

Evaluation of a high-entropy mechanism on the bulk conductivity

Most recently, a high-entropy mechanism was proposed to lower the energy differ-
ence between two different Li sites via high-entropy mixing at the transition metal
sites and thereby effectively decreases diffusion barriers and improves ionic conduc-
tivities for one to two orders of magnitude.”® To examine and evaluate this
mechanism in our specific CCPOs, the excess energies are calculated to evaluate
the energy difference between atomic energy and the averaged atomic energy of
all atoms in the system (Note S3). Figure S16 shows the narrower range of distribu-
tion of excess energies in LSTNZS (y = 9/16) than that in LSTZ, which indicates lower
energy differences between different atom sites of same elements. However, in our
LSTNZS (y = 9/16), we observed comparable activation energy with that of LSTZ. We
attribute this to the fact that there is just one type of Li site in the perovskite structure.
Therefore, the high-entropy effect has minimal effect on the activation energy in our
CCPOs. For future material designs with the aim of achieving lower diffusion bar-
riers, this high-entropy mechanism can be more helpful for materials with different
Li sites.

Conductivity improvements via enhanced grain growth: The microstructure
effect

To investigate microstructures of the CCPOs, electron backscattered diffraction
(EBSD) in SEM was used to obtain information on grain sizes and orientations.
Figures 4A, 4B, and 4C present the orientation maps of representative regions in
the LSTZ, LSTNZS (y = 9/16), and LSTNZH (x = 9/16) pellets along with their corre-
sponding grain size distribution statistics (Figures 4D-4F). The color-coded inverse
pole figures (Figures 4A-4C) indicate both LSTZ and the CCPOs experienced
isotropic grain growth and the resulting pellets consisted of largely randomly ori-
ented grains (Figure S17A). However, both LSTNZS (y = 9/16, ~9.5 um) and
LSTNZH (x = 9/16, ~10.7 um) have average grain size that are three times greater
than that of the LSTZ reference (~2.9 um). Additionally, their larger standard devia-
tions (SDs) translate to a broader distribution in grain sizes, which correspond to
larger kurtosis (sharpness) and skewness (asymmetry) values. Notably, the maxima
of grain sizes are ~51.5 pm (LSTNZS) and ~64.4 pm (LSTNZH), respectively, in
CCPOs, which indicate faster grain growth. The grain size enlargement effectively
reduces the overall volume fraction of GBs. As a result, the total ionic conductivities
are primarily determined by the bulk conductivity for CCPOs. Thus, only a single
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Figure 4. The inverse pole figures of EBSD; grain size statistics of LSTZ, LSTNZS (y = 9/16), and LSTNZH (x = 9/16); and the correlation plots of mean

grain size and total ionic conductivity with the Nb®* occupancy

(A-F) The inverse pole figures along the normal direction of (A) LSTZ, (B) LSTNZS (y = 9/16), and (C) LSTNZH (x = 9/16) pellets. The corresponding grain
size distribution histograms of (D) LSTZ, (E) LSTNZS (y = 9/16), and (F) LSTNZH (x = 9/16) extracted from (A)-(C), respectively.
(G) The correlation of mean grain size (top left y axis), relative density (top right y axis), phase stability (single phase with bule shade; not a single phase
with yellow shade), and total ionic conductivity (bottom left y axis) with the Nb>* occupancy (z in (Lig.3755r0.4375)(Tao 75.2Nb,Zro 125Hf0.125)O3.5) in B site.

semicircle is observed in the Nyquist plots of measured impedance spectra
(Figures 3C and 3D).

To further probe the origin of larger grain sizes in CCPOs, an additional "z series” of
LSTNZH (Li043755r0,4375)(Ta0,75_ZNszroJ25Hfo,125)03_5, where only the Ta/Nb ratio
was varied and all other cations are kept to the same stoichiometry as that in
LSTNZH (x = 9/16), were synthesized and characterized. The Nb>* substitution
shows an independent relationship with the lattice constant in Figure S18 because
of the identical ionic radii of Ta®* and Nb>* (Table 54). Figure 4G plots the measured
mean grain size, relative density, and total ionic conductivity of (Lip.3755r0.4375)
(Tap.75..Nb,Zrg 125Hfo 125)03.5 against z (i.e., the Nb fraction on the B site). In general,
all three parameters (grain size, relative density, and total ionic conductivity) in-
crease with the Nb fraction zup to z= 0.375. At > 0.375, a single phase is no longer
maintained, and all three parameters generally decrease with the further increasing
Nb fraction z. The characterization of phase stability, grain size distribution, and ionic
conductivity are summarized in Figures $19-522. These results suggest that Nb°*
substitution in B site promotes grain growth and broadens the grain size distribution,
coincident with the ionic conductivity enhancement until the single-phase stability
threshold. The large grains are homogeneously distributed throughout the samples,
as shown in Figure S20. Nb,Os is known as a sintering additive and has been re-
ported to promote grain growth.”®°? In fact, single crystals are favorable for
improving total ionic conductivity and enhancing material rigidity by completely
eliminating GBs.®%®' However, the cost of growing single crystals makes this
approach impractical for large-scale manufacturing. Here, our series of (Lig 375
Sro.4375)(Tao.75.,Nb,Zrg 125Hf0 125)O3.5 demonstrates a simple, cost-effective way to
decrease volume fraction of GBs and increase ionic conductivity via the addition
of Nb,Os to promote grain growth.
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Figure 5. MC/MD simulated GB structures of LSTNZS (y = 9/16) based on active learning MTP

(A) Four GB structures of LSTNZS (y = 9/16) before MC/MD simulations were constructed with large-scale GB models with over 10,000 atoms. Elements
on A and B sites are randomly assigned. The exact geometric information of those GB models is provided in Table S9.

(B) The evolution of the atomic percentage of cations at GB regions of the four GB models during the MC/MD simulations at 1,573 K.

The beneficial effects of adding Nb,Os to promote grain growth in CCPOs can be
attributed to the relative low melting temperature of Nb,Os (1,512°C), in compari-
son with other B-site oxide components: ZrO, (2,715°C), HfO, (2,758°C), and
TayOs (1,871°C). Here, we hypothesize that segregation of a relatively low-melting
component Nb,Os can induce GB premelting like interfacial structures (liquid-like
complexion) to promote GB kinetics, akin to those observed for activated sintering
of refractory metals®?~®° and ceramics.®*° Note that Nb segregation was observed
in quenched (but not furnace-cooled) specimens with apparently more disordered
GBs (in AC STEM and EDS elemental mapping shown in Figures 6E and 6F, as dis-

cussed later), which supports this hypothesized mechanism.

The GB structures in LSTNZS: Experiments vs. atomistic simulations

Apart from the microstructure observations, Figures S23A and $23B display atomic-
resolution HAADF-STEM images of LSTNZS (y = 9/16) general GB and (010) faceted
GBs (with respect to the left-side grain), respectively. The dark bands observed at
both GBs can indicate compositional or mean density variation across the GB.
Hence, STEM electron energy loss spectroscopy (EELS) measurements were per-
formed to unravel the change of compositions at GBs. However, owing to the lower
volume densities of Li" ions compared with other types of electrolytes and the poor
scattering power of Li (Z = 3),%*" the Li-K edges cannot be detected in the STEM-
EELS spectrum shown in Figure S24A. More details are discussed in Note S4.

To further investigate the local composition of LSTNZS (y = 9/16) GBs beyond exper-
imental limitations, we have fitted an active learning MTP potential to simulate and
compare bulk and GB structures of LSTNZS (y = 9/16). Our MTP is verified to have
excellent accuracy in reproducing DFT energies, forces, stresses, and GB energies
(see supplemental experimental procedures). With this MTP, hybrid MC/MD simula-
tions were conducted at the experimental calcination temperature of 1,573 K. The
evolution of GB composition is shown in Figure 5B and Table 2. In line with our pre-
vious computational results in the LSTZ reference,”® A-site Sr vacancies and
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Table 2. Local composition of the GB regions in the four GB models before and after 5 ns MC/MD simulations at 1,573 K

Elements Sr Li Zr Ta Nb Sn (@]
Pristine 9.7% 8.0% 4.6% 6.9% 6.9% 2.3% 61.7%
Simple twist £3 [110](110)

MC/MD 0 ns 9.8% 9.1% 4.2% 7.0% 6.6% 3.2% 60.1%

MC/MD 5 ns 8.5% 10.1% 4.7% 6.3% 6.9% 3.0% 60.4%
Symmetric tilt £3 [1 10J(17 1)

MC/MD 0 ns 9.1% 8.8% 4.6% 7.6% 6.9% 2.5% 60.6%

MC/MD 5 ns 7.0% 11.1% 4.8% 6.8% 7.1% 2.0% 61.1%
Simple twist X5 [100](100)

MC/MD 0 ns 9.5% 7.3% 4.4% 7.8% 6.4% 2.7% 61.9%

MC/MD 5 ns 6.8% 11.2% 5.6% 5.4% 7.4% 2.0% 61.5%
Symmetric tilt 5 [100](01 2)

MC/MD 0 ns 9.7% 8.1% 4.9% 6.4% 6.2% 2.9% 61.7%

MC/MD 5 ns 8.2% 8.4% 3.0% 9.2% 6.0% 2.5% 62.6%

The atomic percentage of pristine LSTNZS (y = 9/16) was listed for reference.

preserved or increased Li concentration were generally observed at the GB
regions of LSTNZS (y = 9/16). The absence of Li depletion at GB regions, which is
observed in the resistive GB of the LLTO, promotes Li diffusion at GB regions. In
terms of B-site composition, the equilibrated atomic percentage at GB is generally
comparable with that of bulk, while slight variations are found to be GB orientation
dependent. For instance, the atomic percentage of Ta atoms increased from 6.4%
to 9.2%, which is the highest among all other elements at the symmetric tilt £5
[100](0 T 2) GB. On the other hand, Nb atoms become enriched at the simple twist
25 [100](100) GB, whereas the atomic percentage of Ta decreases from 7.8% to
5.4%. This result indicates the variations in B-site compositions at GB regions at
1,573 K. Therefore, the elemental segregation observed in STEM-EELS map in Fig-
ure S25C can be a phenomenon depending on the GB character (crystallographic
anisotropy).

Further conductivity improvements via GB engineering through quenching
Having improved the ionic conductivities of CCPOs to higher than those of the base-
line LSTZ, we further demonstrated the performances (conductivity) of CCPOs can
be further tuned and improved via employing different cooling rates, which can
change (hopefully improve) the total conductivity through changing the GB segrega-
tion (compositional profiles) and structure to increase the specific GB conductivity
(and potentially also bulk conductivity). This opens a new window to tailor and
improve CCPOs and potential other solid electrolytes. Here, we attempted to
employ quenching to improve the conductivity of both LSTNZS (unsuccessful) and
LSTNZH (successful), which are discussed below.

On the one hand, Figure S26A displays the Nyquist plots of furnace-cooled (brown
curve) and air-quenched (orange curve) Sn-containing LSTNZS (y = 9/16). For the air-
quenched sample, a second arc attributed to polarization of GBs, secondary phase,
and defects has appeared; the calculated bulk, GB, and total ionic conductivity
(Tbulk, Ogb, and aior), respectively, following Note S1) are opy = 2.37 X 1074
S/em, agp = 3.90 % 107* S/em, and oo = 1.47 x 107% S/cm. When comparing
the XRD patterns of the furnace-cooled and air-quenched sample (Figure S26B),
the latter shows more pronounced ZrO; and SnO, peaks as well as appearance
of the SrO peaks. SEM-EDS data (Figure S26C) further confirm the increase in the
amounts of the secondary phases in the air-quenched LSTNZS (y = 9/16). In sum-
mary, quenching generated additional secondary phases and caused the total
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conductivity oots to decrease (by ~32.6%) in Sn-containing LSTNZS (despite a slight
increase of bulk conductivity), which is undesirable.

On the other hand, similar experiments and characterization were performed on the
Hf-containing LSTNZH (x = 9/16) samples to show a beneficial effect of quenching.
Figure S26D shows the Nyquist plots of furnace-cooled (gray curve) and air-
quenched (red curve) pellets. A smaller arc measured from the latter indicates
quenching LSTNZH (x = 9/16) resulted in a desirable increase in the total conductiv-
ity Ototal- When comparing data of the air-quenched sample with those of furnace
cooled, XRD pattern (Figure S26E) and SEM-EDS analysis (Figure S26F) both confirm
that quenching LSTNZH (x = 9/16) does not generate additional secondary phases.
The results thus suggest that (Liz/3,Sr1-,0(Taz/3xNb2/3xZr0 5(1-4/39Hf0 5(1-4/3)O3.5 has a
greater stability threshold than both (Liz/3xSr1.0(Taz/3xNb2/3xZr0.5(1-4/35N0.5(1-4/3x)
O3.5 and (Liz/3,Sr1-,)(Tao 33aNbo 347210 2115n0.108)O3-5. This is likely due to the smaller
difference in ionic radii between Hf** and Zr** (1.39%) than that between Sn** and
Zr'* (4.17%).

Comparing Sn-containing LSTNZS and Hf-containing LSTNZH, we can conclude that
the choice of elements, stoichiometric ratio, differences in ionic radii, and overall va-
lency concurrently influence the phase stability and consequently macroscopic
property. Itis possible to achieve desirable conductivity improvement via quenching
(through the improvement in the specific GB conductivity as we will show next) in Hf-
containing LSTNZH where the primary phase is sufficiently stable.

To better understand the influence of cooling rate to the conductivity improvement
of the LSTNZH (x = 9/16), larger pellets were synthesized to give greater number of
GBs, so that the polarization of the GB component is more pronounced in the AC
impedance measurement. Figure 6A shows the Nyquist plots of furnace-cooled
(gray curve) and air-quenched (red curve) LSTNZH (x = 9/16). For the air-quenched
sample, the calculated bulk, (apparent) GB, and total resistivity (ppx. Pgbs and
Protals Tespectively) are ppu = 2.22 x 10° Q cm, pgp =1.69 X 10° Q cm, and
Protal = 3.91 x 10 Q cm, which are ~21%, ~43%, and ~32% lower than those of
the furnace-cooled sample (Figure 6B). The corresponding bulk, (apparent) GB,
and total ionic conductivities of the air-quenched LSTNZH (x = 9/16) are gp i =
0.45 mS/cm, g4, = 0.59 mS/cm, and oo = 0.256 mS/cm, which represents
~26%, ~77%, and ~48% increase from the furnace-cooled sample (as shown in Fig-
ure 1, with data listed in Table S3). Moreover, the specific (true) GB conductivities
were calculated to be a;’fdﬁc ~ 1.36 x 107° S/cm for the air-quenched LSTNZH
VS. o;iedﬂc = 0.77 x 107¢ S/cm for the furnace-cooled LSTNZH (x = 9/16) based
on the model approach described in Note S1.

Mechanistic study of the cooling rate effects on GB structure and conductivity
To understand the cause of this decreased GB resistivity (or increased GB conductiv-
ity), high-spatial-resolution STEM-EDS measurements were performed at general
GBs of furnace-cooled vs. air-quenched LSTNZH samples, and DFT calculations
were also performed.

Atomic-resolution HAADF-STEM image of a general GB in the furnace-cooled
LSTNZH (x = 9/16) is shown in Figure 6C, from which the EDS spectrum was
collected. Figure 6D displays the atomic-resolution elemental maps of Sr, Ta, Nb,
Hf, Zr, and O. The maps were generated using intensities from Sr-K, Ta-L, Nb-K,
Hf-L, Zr-K, and O-K edges. To analyze the correlation between HAADF image and
the elemental maps, plots of vertically integrated intensity profiles across the GB
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Figure 6. The effects of the cooling rate on structure-property relationship of LSTNZH (x = 9/16)
samples, including GB structure (segregation) and conductivity

(A) AC impedance spectra of furnace-cooled (gray curve) and air-quenched (red curve) LSTNZH (x =
9/16) samples measured at 25°C. Equivalent circuit model used to fit the data is shown in (A).

(B) Bulk, GB, and total resistivity of furnace-cooled and air-quenched LSTNZH (x = 9/16) samples.
(C and D) (C) HAADF-STEM image and (D) elemental maps of Sr, Ta, Nb, Hf, Zr, and O collected at
the furnace-cooled LSTNZH (x = 9/16) general GB.

(E and F) (E) HAADF-STEM image and (F) elemental maps of Sr, Ta, Nb, Hf, Zr, and O collected at the
air-quenched LSTNZH (x = 9/16) general GB. Scale bars, 1 nm. Additional examples are given in
supplemental information to show the statistical significance of the observations.

are shown above the HAADF image (Figure 6C). The intensity profile of the HAADF
image increases from left to right because the right grain is in the low-index [100]
zone axis, and HAADF intensity of the GB is close to that of the left grain. Consistent
with the HAADF image, intensity profiles of Sr, Zr, Hf, and O are mostly uniform,
while those of Ta and Nb increase slightly from left to right. Similar results are found
at a small-angle GB of furnace-cooled LSTNZH (x = 9/16) (Figure S27).

In contrast, significant differences were observed in STEM-EDS of the air-quenched
sample. Figure 6E displays the atomic-resolution HAADF-STEM image of an air-
quenched LSTNZH (x = 9/16) general GB. Similar to the LSTNZS (y = 9/16) GBs,
an obvious dark band is observed, indicating a compositional variation across the
air-quenched LSTNZH (x = 9/16) GB. Figure 6F displays the atomic-resolution
elemental maps of Sr, Ta, Nb, Hf, Zr, and O generated using the same edges as
those used in Figure 6D. To analyze the correlation between HAADF image and
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the elemental maps, plots of vertically integrated intensity profiles across the GB are
again shown above the HAADF image (Figure 6E).

For the Sr profile, a decrease at the GB and an increase at the left and right sides
adjacent to the GB was observed. This indicates that the GB has undergone
elemental segregation, with Sr segregating out of the GB core and into sides of
the abutting grains. This off-center segregation profile, which has been observed
in limited other materials such as Co and Ti co-doped WC,®’ represent an interesting
feature showing complex interactions of multiple elements (cations) at the GB.

For the B-site elemental signals, Ta, Zr, and Hf decrease while Nb increases at the
GB. This indicates Nb is substituting Ta, Zr, and Hf at the GB. Both Sr elemental
segregation and Nb substitution suggest greater disorder at the GBs of air-
quenched LSTNZH (x = 9/16), which can be a factor contributing to their decreased
resistivity. To further quantify the B-site stoichiometry at the LSTNZH GBs,
Figures S28A, S28B, and S28C plot the total B-site atomic percentage against dis-
tance to GB for GBs examined in Figures 6C, S27B, and 6E, respectively. Unlike plots
for furnace-cooled LSTNZH (Figures S28A and S28B), the plot for air-quenched
LSTNZH (Figure S28C) shows a pronounced decrease in total B-site atomic percent-
age atthe GB. This suggests that quenching resulted in increased B-site vacancies at
the GBs, and that Nb does not stoichiometrically fully compensate for the decrease
in Ta, Zr, and Hf. Since the O signals do not show a decrease at GBs, the air-
quenched LSTNZH GBs likely have higher Li concentration than the nominal value
(or net negative charges). Although the Li content cannot be experimentally deter-
mined for LSTNZH as well, owing to distinct Li-K edge not observed in low-loss EELS
(Figure S29), both excess Li* charge carrier at GBs or net negative charges can
decrease the GB resistivity.

Moreover, the decrease in HAADF intensity at GB is consistent with the trends
observed in elemental signals. Since HAADF-STEM detects inelastically scattered
electrons transmitted through the STEM specimen, having less Srresults in less scat-
tering and therefore produces darker A-site atomic columns at the GB core than at
the sides of the abutting grains. Similarly, having B-site vacancies at GBs results in
darker B-site atomic columns. Furthermore, atomic columns with higher average
atomic number appear brighter in HAADF-STEM images, so lighter Nb (Z = 41)
substituting heavier Hf (Z=72) and Ta (Z= 73) results in darker B-site atomic columns
at GB. It is also possible the general GBs in quenched specimens are more structur-
ally disordered (quenching the high-temperature interfacial disordering that has
been widely observed®®”’? and can be enhanced by compositional complexity”").
Thus, the likely effects of quenching are as follows. It causes compositions of both
GBs and the nearby bulk regions to deviate from the nominal stoichiometry
(Lio.375Sr0.4375)(Tag.375Nbq 375210 125Hf0 125)O3.5. This change in composition likely
results in increased B-site vacancies and potentially greater chemical (and structural)
disorder at the GBs, all of which can facilitate Li* ion migration to decrease GB
resistivity.

It should be noted that multiple GBs were characterized for both air-quenched and
furnace-cooled specimens to ensure the observed differences are general and
statistically significant. Additional examples are documented in supplemental infor-
mation. Further STEM-EDS measurements were performed at one GB formed by
grains that have average grain size (Figure S30) and at two GBs by grains that
have above-average grain sizes (Figure S31). The results are similar to those found
in the general GB shown in Figure 6E. From these observations, it is reasonable to
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Figure 7. GB models and the corresponding DFT calculations for the stabilization energy
investigation

(A and B) The lowest-energy relaxed (A) =5 [100](0 T 2) and (B) =3 [110](17 1) structures of LSTNZH,
respectively. The red rectangles indicate the GB regions in the model systems. In (A), the black
circle and arrow indicate an Sr locating at GB to be placed at a nearby vacancy away from the GB
center for calculating the stabilization energy (the driving force of elemental depletion).

(C) The result of stabilization energy calculations in boxplots. The squares indicate the mean values,
and the black diamond represents an outlier.

infer that Sr segregation and Nb substitution are present in all general GBs of air-
quenched LSTNZH, regardless of the sizes of grains forming the boundaries.
Following the same analysis performed earlier, Figures 528D, S28E, and S28F plot
the total B-site atomic percentage against distance to GB for the GBs examined in
Figures S30C, S31C, and S31E, respectively. Both Figures 528D and S28F display
a pronounced decrease in total B-site atomic percentage at the GBs, further
providing confidence to the conclusion that air quenching promotes B-site va-
cancies at GBs. As for Figure S28E, the decrease is not observed due to a thickness
gradient in this selected region, thinner on left and thicker on right of GB, which
might be excluded as an artifact of single incident.

It is worth noting that, despite the compositional change, the cubic perovskite
crystal structure is still maintained at the GBs of the air-quenched sample, albeit
the general GBs can be more disordered as discussed above, as (premelting-like)
high-temperature GB disordering induced by the temperature and enhanced by
segregation may be partially quenched.®®’ HAADF-STEM images (Figures &E,
S30C, S31C, and S31E) clearly show the same crystal lattices from the bulk extend
all the way to the GBs, with the observed decrease in intensity at GBs. Thus, GBs
of air-quenched LSTNZH likely consist of defective perovskite structures with
increased number of B-site vacancies and possible (relatively low levels of) GB
structural disordering.

Furthermore, first-principles DFT calculations were conducted to investigate the
A-site elemental contents at LSTNZH (x = 9/16) GBs. Twenty randomly ordered
LSTNZH systems that satisfied nominal stoichiometry at both bulk and GB regions
were generated for =5 [100](0 1 2) and =3 [110](11 1) GBs (see Figures 7A and 7B
for the lowest-energy relaxed structures). After relaxation, the changes of A-site
elemental fractions have been observed in the lowest-energy structure of =5
[100](0 T 2) GB (the change of fraction from 7/16 to 3/16 for Sr, and from 6/16 to
5/16 for Li), demonstrating a higher tendency for Sr ions to leave the GB regions.
For each type of GB, three lowest-lying relaxed structures, which represent various
local ordering of A-site and B-site elements, were selected for further stabilization
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energy calculations. The stabilization energy is defined as the total energy of the sys-
tem with a target A-site ion placed at nearby A-site vacancy away from GB center
minus the total energy of the original system with the ion located at the GB region
(see Figure 7A for an example), which estimates the driving force for the depletion
of the ion. As shown in Figure 7C, Srions in general possess lower stabilization en-
ergies, suggesting a larger driving force to depart from GB regions than Li ions for
the LSTNZH system. The result is in line with the MTP MC/MD simulations for the
comparable system LSTNZS, where Sr depletion and maintaining Li concentration
at GBs have been found. The trend can be attributed to the distinct coordination en-
vironments and the shorter A-site-to-A-site distance at the GB regions, which have a
larger effect on the Srion due to its larger ionic radius and valency charge. It appears
to be consistent with the off-center GB segregation of Sr, with relative Sr depletion at
the GB core, revealed by STEM-EDS (Figure 6E), although it does not explain the off-
center segregation directly, which can be a complex interplay (including possible GB
disordering effects) at more general GBs (than the simplified special £ GBs that can
be modeled by DFT). Importantly, the calculations suggest less tendency for Li
depletion at the GBs for LSTNZH, so that it is less of a concern to reduce the specific
GB conductivity of this class of materials (consistent with the MTP MC/MD results of
LSTNZS shown above).

Electrochemical stability

To characterize the electrochemical stability window of our CCPOs, cyclic voltamme-
try (CV) scanned at 0.1 mV/s was performed using half-cell configuration. Figure 8A
presents an overlay of the cyclic voltammograms to compare the reduction limits of
LSTNZS (y = 9/16), LSTNZH (x = 9/16), and LSTZ. The onset reduction potential, the
voltage at which a large amount of reduction reaction begins to take place, is
defined as the intersection point of the dashed line extrapolated from the low-cur-
rent-response region and that extrapolated from the large negative-current-
response region. The onset reduction potential is 1.4 V for both CCPOs and LSTZ
(inset in Figure 8A). On the one hand, LSTNZS displays an additional oxidation
peak at 0.5 V, corresponding to Sn/Li dealloying reaction.”? On the other hand,
LSTNZH exhibits reduction and oxidation onset potentials comparable with those
of LSTZ despite its compositional complexity. According to the grand potential di-
agram in Figure S1, the calculated electrochemical stability window of LSTNZH is
1.63-3.58 V and that of LSTZ is 1.13-3.56 V. The small discrepancies between simu-
lated and experimental results may be due to sluggish kinetics of decomposition re-
actions and passivation by decomposition interphase, which was not accounted for
in the theoretical calculations.””

To validate the cyclability of CCPOs, the liquid-solid hybrid Li | LSTNZS | Li symmet-
rical cell was assembled and tested at 300 pA cm™2. The result in Figure 8B shows
that the cell was cycled for 120 h with a stable overpotential of 200 mV for Li strip-
ping/plating reactions before polarization increased. Since LSTNZH is more elec-
trochemically stable than LSTNZS, CV of LSTNZH coated on Al foil
was measured to further test its stability at high voltage. Cyclic voltammogram
shows stable cycling from 1.75 to 4.0 V when the electrode was evaluated
from 0.8 to 4.3 V (Figure 8C). Given this electrochemical stability window, one
possible ASSB would be LiFePOy, || LSTNZH || prelithiated V,Os. The voltage pro-
files in Figure S32 show the galvanostatic charge and discharge curves of prelithi-
ated V,0s5 and LiFePOy half-cells, demonstrating their working windows fall within
1.75-4.0 V. Since the ASSB full cell assembly requires extensive optimization in
fabrication process, it is out of the scope of this study and will be pursued as future
work.
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Figure 8. The electrochemical stability testing by cyclic voltammogram using half-cells for
LSTNZS, LSTNZH, or LSTZ

(A) The comparison of CV curves among three sample groups, as indicated: LSTNZS (green),
LSTNZH (blue), and LSTZ (gray). The half-cells were assembled using Li metal (anode), LP40 with 10
vol % FEC (liquid electrolyte), and testing sample coated on Cu foil (cathode). The CV
measurements were scanned within the potential window of 0-3.5V, with a scan rate of 0.1 mV/s.
The enlarged region shows the onset reduction potential at 1.4 V.

(B) The Li-Li symmetrical cell testing using LSTNZS as the solid electrolyte separator with trace LP40
liquid electrolyte and 3501 Celgard separators on both sides between LSTNZS and Li metal. The
cell was tested at 300 pA cm~—2 for 120 h, with an overpotential of 200 mV.

(C) Cyclic voltammogram of half-cell assembled using Li metal (anode), LP40 with 10 vol % FEC
(liquid electrolyte), and LSTNZH coated on Al foil (cathode). The CV curves were scanned from 0.8
to 4.3V at a scan rate of 0.1 mV/s.

Conclusions

In summary, we have discovered a class of CCPOs as solid electrolytes with
improved properties via new compositionally complex materials discovery strate-
gies, followed by a systematic investigation on the influence of mobile carriers
(Li*), vacancy sites (Vo""), and B-site aliovalent substitution (Sn**, Nb>*) on phase sta-
bility, grain size, and ionic conductivity. We have further discovered the composi-
tion-phase-property relationship to suggest a suitable cation stoichiometry range
for maintaining single phase upon maximizing A-site carrier concentration. Using a
fitted active learning MTP, MC/MD simulations revealed increased Sr vacancies
and equal or greater Li" concentration at the GB regions of LSTNZS (compared
with bulk) that explained the reduced GB resistance. Moreover, a statistical analysis
of the microstructures uncovered increased grain sizes of CCPOs, which reduced the
amounts of GBs to improve total ionic conductivity. To unravel the origin of
enhanced grain growth in CCPOs, a controlled experiment suggested that Nb>*
substitution in B site promotes grain growth, thereby reducing the total (apparent)
GB resistance. It is hypothesized the Nb segregation at GBs (observed in quenched
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specimens) induces interfacial disordering at high temperatures, thereby promoting
grain growth. An additional interesting and useful finding was that quenching can be
adopted to enhance the GB, and therefore the total, ionic conductivity of LSTNZH,
thereby providing a new knob to tailor and improve the properties. Aberration-cor-
rected STEM-EDS attributed the 77% increase in specific (true) GB ionic conductivity
to compositional and structural changes in the GBs of air-quenched LSTNZH. For
A-site elements at LSTNZH GBs, DFT calculations revealed that the Srions have a
higher tendency to leave the GB regions than Liions. Along with MTP MC/MD results
of LSTNZS, the calculations suggest that GB Li depletion is less of a problem for
these CCPOs to reduce specific GB ionic conductivity. Finally, cyclic voltammogram
of LSTNZH showed stable cycling from 1.75 to 4.0 V, with comparable electrochem-
ical stability with the state-of-the-art LSTZ baseline but achieving ~2.7 X increase in
the total ionic conductivity.

In a broader perspective, this study has established new strategies to tailor CCCs via
a combination of non-equimolar complex compositional designs and microstructure
and interface engineering via controlled materials processing. Using solid electro-
lytes as an exemplar, we have validated these new strategies in this study via discov-
ering a new class of CCPOs to show the possibility of improving ionic conductivities
beyond the limit of conventional doping, where controls of the microstructures and
interfaces are important beyond the complex compositional designs. This work
opens a new window for discovering compositionally complex ceramics or CCCs
for energy storage and many other applications.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to
and will be fulfilled by the lead contact, Jian Luo (jluo@alum.mit.edu).

Materials availability
All the materials generated in this study are available from the lead contact, Jian Luo
(jluo@alum.mit.edu), upon request.

Data and code availability

The data supporting the conclusions and findings are provided in the article and sup-
plemental information. Additional data are available from the lead contact, Jian Luo
(jluo@alum.mit.edu), upon request.

Materials synthesis

All specimens were synthesized using solid-state reactions. The precursor Li;CO3
(Acros Organics, 99.999%), SrCO3 (Alfa Aesar, 99.99%), Ta,Os (Inframat Advanced
Materials, 99.85%), Nb,Os (Alfa Aesar, 99.9%), ZrO, (US Research Nanomaterials,
99.9%), and SnO; (US Research Nanomaterials, 99.9%) powders were used for
LSTNZS series, and HfO, (Alfa Aesar, 325 mesh) was also used for LSTNZH series
instead. The 10 wt % excess Li,COj3 precursor was added for LSTNZS to compensate
Li,O loss during high-temperature sintering (Figure S33). All weighted precursors
were ball milled using SPEX 8000D high-energy ball mill for a continuous 100 min.
Subsequently, the powder mixture was calcinated at 800°C for 2 h in air to remove
carbonates and was pressed into green pellets 10 mm in diameter by a hydraulic
press. The specimens were sintered at 1,300°C for 12 h in air. The air-quenched sam-
ple was taken out from the high-temperature furnace at 1,300°C after 12 h of sinter-
ing and placed in air to quench to room temperature (>40°C/min cooling rate). All
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as-sintered pellets were ground and polished on both sides before material
characterizations.

Conductivity measurements

The pellet samples were prepared using the procedures described in the materials
synthesis section. lonic conductivity was evaluated at 25°C and frequencies from
100 Hz to 40 MHz with an applied voltage amplitude of 0.1 V, using a Hewlett-
Packard 4194A Impedance Analyzer. To validate the negligible electronic conduc-
tivity contribution in the impedance measurement, DC polarization was measured
at constant voltage of 0.1 V for 8 h and measured from 0.5 to 5.5 V with a 1.0 V in-
terval for 12 h at each step, using a Solartron potentiostat. In Figure S34, the
ionic transference number of LSTNZH (x = 9/16) was calculated (t; = 0.998 at
0.1 V), and the resistance was fitted as the slope of potential-electronic current
line (91.81 £+ 7.27 MQ). Before the ionic and electrical conductivity measurements,
both planar surfaces of the sintered pellet were polished and subsequently coated
with lithium-ion-blocking Ag electrodes. Ag electrodes were coated using the Den-
ton Discovery 635 sputter system.

The temperature dependence of ionic conductivity for LSTNZS (y = 9/16) was
measured in the temperature range from 25°C to 150°C. The activation energy
(E,) was calculated from the slope of In(aT) vs. 1/T plot using the rearranged Arrhe-
nius equation’*:

E. .
In(¢T) = — Ka_l_+ln(ao) (Equation 2)
where E, is the activation energy, kg is the Boltzmann's constant (1.380649 x 10728
J/K), T is temperature, and oq is a constant. Thus, E, of ionic conductivity can be
calculated from the slope fitted from In(aT) vs. 1/T curve.

Crystallography and microstructure characterization

The crystal structure was characterized by XRD with Rigaku MiniFlex (Cu Ka. radia-
tion, A = 1.5406 A, scan rate = 2.3°/min, step = 0.01°). SEM (FEI Apreo) with EDS
(Oxford N-MAX) was performed to probe the elemental homogeneity using applied
current 3.2 nA and voltage 20 kV. The relative densities of sintered pellets were
calculated by the ratio of the experimental density (measured by weight and volume)
and the theoretical density from XRD refinements. EBSD was conducted at 26 nA
and 20 kV, using FEI Apreo LoVac SEM with Oxford Instruments Symmetry EBSD de-
tector. The grain size and coincidence-site lattice grain-boundary (GB) analysis were
performed using the inverse pole figures along the sample normal direction. The
grain size and coincidence-site lattice (CSL) GB analyses were performed using
Tango software.

Electron microscopy

Transmission electron microscopy (TEM) specimen preparation procedures are
described in the supplemental information (see supplemental experimental proced-
ures) with a sensitivity test on mechanical polishing medium (Figure S35). HAADF-
STEM imaging, core-loss EELS, and EDS measurements were conducted using a
JEOL JEM 300CF operated at 300 kV. The microscope was equipped with double
aberration correctors, Gatan Image Filter Quantum with Gatan K2 Summit, and
dual 100-mm? Si drift detectors (SDDs). Z-contrast HAADF-STEM imaging was per-
formed with a probe convergence semiangle of 25.7 mrad and a large inner collec-
tion angle of 70 mrad. For core-loss EELS measurements, a dispersion of 0.5 eV per
channel was used to collect the edges in the ultra-high-energy-loss regime (Sr-L; 3,
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Ta-My 3, Ta-My s, Nb-Ly 3, and Zr-L, 3 edges), while 0.1 eV per channel was used to
collect the O-K edge. These EELS spectra were obtained using the Gatan K2 Summit
direct detection camera. The use of a direct electron detector allows for a low elec-
tron dose and minimizes irradiation damage. Edges in the low loss regime (Sr-N; and
Ta-O,,3) were obtained using the US1000 detector, with a dispersion of 0.1 eV per
channel. All core-loss EELS spectra were collected using a 2.5-mm aperture and a
spectrometer collection angle of 35.89 mrad. For EDS measurements, spectra
were acquired using the dual 100-mm? SDDs. Seventy-five scans (each with a
0.15-ms dwell time and 0.4 A pixel size) in the same area at the GBs were summed.

Electrochemistry

The as-sintered pellet samples were ground into powders through high-energy ball mill-
ing. The as-ground powders were mixed with carbon black and PVDF binder at a ratio of
50:30:20 by weightin NMP solvent using Thinky mixer. The slurry was cast on the current
collector foil (Cu/Al) with a film thickness control of 20 pm and dried at 80°C under vac-
uum for 12 h. The electrodes were punched into 10-mm diameter discs and assembled
into 2032-type coin cells in glovebox with Li metal as counter electrodes, LP40 (1 M LiPF,
in 1:1 EC/DEC) with 10 vol % fluoroethylene carbonate (FEC) as liquid electrolyte, and
Celgard 3501 as separator. CV measurements were implemented at 0.1 mV/s step,
sweeping between vortex potentials for three cycles. Figure S36 shows SEI formation
from the decomposition of EC and DEC in the first cycle, but no further influence
from LP40 liquid electrolyte was observed in second and third cycles.

The Li-Li symmetrical cells were assembled in a glovebox using Swagelok-type cell
with 0.7-mm-thick LSTNZS pellet as the solid electrolyte layer. For wetting purposes
atthe interface of Li and LSTNZS pellet, 50 pL of LP40 liquid electrolyte with 10 vol %
FEC additive and 3501 Celgard separators were applied on both sides between
LSTNZS and Li metal. The cell was cycled at a constant discharge and charge current
density of 300 uA cm~2 using Landt CT2001A battery tester. The LiFePQy | Li and
prelithiated V,Os | Li half-cells were prepared using the same procedure described
for half-cell assembly. The galvanostatic cycling test was done to obtain discharge
profile of prelithiated V,Os | Li at 1.8-3.0 V and the charge profile of LiFePOy | Li
at 3.0-4.1 V.

Simulations

For both accurate and efficient simulations, we adopted a slightly modified chemical
formula to represent LSTNZS (y = 9/16), i.e., Liz/18Sr17/36Ta1,3Nb1/3Zr2/9Sn1,603 with
the experimentally optimized cation ratios. We utilized the active learning workflow
in our study on pristine LSTZ with slight modification to fit an active learning MTP for
LSTNZS. The workflow is shown in Figure S37 and described in detail in the supple-
mental information (see supplemental experimental procedures). The DFT and ab
initio molecular dynamics (AIMD) simulation procedures are also described in sup-
plemental information (Figures S38-540). The convergence criteria are the same
as our work in LSTZ. The active learning scheme proposed by Podryabinkin and
Shapeev was used to develop an MTP that can accurately simulate both bulk and
GB structures.”>’® An extrapolation grade v is defined to evaluate the extent to
which a given configuration is extrapolative with respect to those in the training
set, thereby correlating the prediction error without ab initio information. All
training, active learning, evaluations, and simulations with MTP were performed us-
ing MLIP,””"® LAMMPS,”? and the Materials Machine Learning (maml) Python pack-
age. The visualization of bulk and GB models were conducted using OVITO. The
analysis on MD trajectories to extract diffusivities were performed with the pymat-
gen-analysis-diffusion package.
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Figure S1. Thermodynamic electrochemical potential windows of LSTNZH (x = 9/16), LSTNZS (y =
9/16), and LSTZ (from top to bottom) according to the calculated grand potential phase diagrams
using the Materials Project database

LSTNZH (x = 9/16) and LSTNZS (y = 9/16) retain metastable structures at 1.63-3.58 V and 2.04-3.56 V,
respectively. By comparison, LSTZ is stable at 1.13-3.56 V.
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Figure S2. SEM-EDS elemental maps for the LSTNZS x series

(A) to (C) present elemental distribution maps of (A) LSTNZS (x = 8/16), (B) LSTNZS (x = 9/16) and (C)
LSTNZS (x =10/16), based on Sr-La1 (orange), Ta-La1 (blue), Nb-La1 (purple), Zr-La1 (green), Sn-La1
(aqua) and O-Ka1 (red) peaks. The scale bar is 50 um.
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Figure S3. B-site stoichiometry effect on the phase stability of the Nb and Sn co-doped LSTZ-NS
series (Lio.375Sr0.4375)(Tao.75.kNbxZro.25.kSnk)Os3.5 (k = 0.025, 0.05), LSTNZS (x = 9/16) and the LSTNZS-
iteration1 (equimolar B-site cations), benchmarked with the LSTZ

The XRD patterns from the bottom to top are patterns of the LSTZ, LSTZ-NS-1 (k = 0.025), LSTZ-NS-2 (k
=0.05), LSTNZS (x = 9/16), and LSTNZS-iteration1 with equimolar B-site cations. Given the same A-site
stoichiometry, the phase instability becomes pronounced when the half of Ta®* sites and the half of Zr**
sites are replaced by Nb®* and Hf** with 5B:4B = 3:1 by molar to maintain the charge balance. The
secondary phases are suppressed again when B-site cations are equimolar with 5B:4B = 1:1 by molar
and the configurational entropy of the B site is maximized despite of the slight deviation from charge
balance. The secondary phases are indicated as: SnOz (blue), Li(Ta, Nb)Os (brown) and ZrO2 (orange).
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Figure S4. The composition optimization methodology adopted in this work following a “natural
selection” rule

In the optimization iteration loop, an initial composition guess was given:
(Lio.375Sr0.4375)(Ta0.25Nbo.25Zr0.25Sno.25)O3.5. After sample preparation process described in the experimental
procedures section, the samples were characterized by XRD to determine phase stability. If the samples
presented trace/no secondary phases, the impedance measurements were conducted to evaluate ionic
conductivity. If not, the cation ratio at the primary phase region was quantified using SEM-EDS, and the
new composition was designed following the quantified ratio. At the end of the iterations, if the measured
ionic conductivity was not enhanced, A-site cation ratio was further tuned to maximize the performance.
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Figure S5. SEM-EDS elemental maps at the primary phase regions of LSTNZS-iteration1 and
LSTNZS-iteration2 in the composition optimization loops described in Figure S4

(A) and (B) present primary-phase elemental distribution maps of (A) the initial LSTNZS-iteration1 with
equimolar B-site cations and (B) LSTNZS-iteration2 with non-equimolar B-site cations. The maps are from
the Sr-La1 (orange), Ta-La1 (blue), Nb-La1 (purple), Zr-La1 (green) and Sn-La1 (aqua) peaks. The
homogeneous elemental distribution justifies the selection of the primary phase regions. The
quantification results are shown in Table S5. Notably, the contrast and brightness of maps are scaled
automatically during data collection and have variations between different samples.
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Figure S6. Phase stability comparison of CCPOs developed in the composition optimization loop
The XRD patterns from the bottom to top are patterns of the LSTNZS-iteration1, LSTNZS-iteration2, and
LSTNZS (y = 9/16) designed based on LSTNZS-iteration2. With fixed A-site stoichiometry, the fraction of
SnO:2 secondary phase (indicated by blue triangles) decreases upon changing B-site stoichiometry.



Assuming Li* doping in A-sites and Ta%* and Nb%* doping in B-sites of Sr(B)O,; framework:

lil [Li213ST1-J[(5B)a(4B)1.(a150] 055 |—l

C. (Lig,Sr1.)(Taz3,ND/3,Zro s5(1413)Hfo0 5(1.4139) 035

|

A. (Li2/3xsr1-x)(TaZ/3xNb2/3xzr0.5(1 -4/3x)sn0.5(1 -4/3)())03-6

Tuning x values

Optimize B-site guided from EDS quantification [ B. (Lis,S71,)(T20354Nb 541270 2115M0.106) O35 comuning x values

results at single-phase region (See SI)

Figure S7. Composition development workflow from x series to y series

The initial x series composition design follows the assumption of A-site and B-site substitution by Li* and
5B cations (Ta®", Nb®*). We firstly examine phase stability of samples with x = 9/16. If the specimen
shows a single phase in Pm3m cubic structure, the x is varied to investigate the effect of x value on
phase stability and ionic conductivity. If the specimen shows poor phase stability, the additional
optimization strategy described in Figure S4 is used to obtain the y series.
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Figure S8. Rietveld refinements of XRD data of LSTNZS (y series)

(A)-(D) present the calculated XRD patterns (green curve) of LSTNZS samples with (A) y = 0.6, (B) y =
0.5625, (C) y=0.5and (D) y = 0.387. The phase identification fingerprints are primary phase (brown),
SnO: (light blue), ZrO2 (green), LiTaOs (yellow-green), and SrTa+O11 (grey). LiTaOs powder diffraction
pattern was used to represent Li(Ta, Nb)Os phase.
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Figure S9. Rietveld refinements of XRD data of LSTNZH (x series)
(A)-(C) present the calculated XRD patterns (green curve) of LSTNZH samples with (A) x = 7/16, (B) x =
8/16 and (C) x = 9/16. The phase identification fingerprints are primary phase (brown) and ZrO2 (green).
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Ta

Figure S10. Morphology of polished sample surfaces and SEM-EDS maps for LSTNZS (y series)
and LSTNZH (x series)

(A) and (B) present sample morphology of (A) LSTNZS (y series) from y = 0.387 to 0.6 (left to right) and
(B) LSTNZH (x series) from x = 7/16 to 10/16 (left to right) from SEM images. As-sintered pellets show
relative density of over 97%. As y and x values get larger, the sample porosity gets higher. (C) and (D)
display the EDS maps of elemental distribution of (C) LSTNZS (y series) from y = 0.387 to 0.6 (bottom to
top) and (B) LSTNZH (x series) from x = 7/16 to 10/16 (bottom to top). As y increases from 0.387 to 0.5,
SnO: formation becomes pronounced because of the increase of Li/Sr molar ratio. When y = 0.5625,
ZrOz starts to form. Finally, Nb segregation at y = 0.6 indicates the formation of LiTaOs/LiNbOs as Li/Sr
molar ratio is approaching 1 and A-site to B-site valence ratio is close to 0.2 for A"*B5*O3. On the other
hand, the ZrO2 and HfO2 secondary phase fraction is the least for LSTNZH (x = 9/16). As x increases or
decreases from 9/16, more amounts of ZrO2 and HfO2 are observed.
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Figure S11. The comparison of primary phase fraction quantification using SEM-EDS image

analyses vs. XRD Rietveld refinements
The primary phase fractions are quantified for (A) LSTNZS (y series) and for LSTNZH (x series) by

imaging processing on EDS maps (brown dots and lines) and by XRD refinement (navy blue dots and
lines). The Rietveld refinement accuracy is too low for LSTNZH (x = 10/16) due to the overlap of XRD
peaks of multiple secondary phases (ZrO2, Li(Ta, Nb)Os, and Taz20s). Thus, it is not included here.
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Figure S12. Phase stability and ionic conductivity characterization for LSTNZS Sn/Zr “w series”

(A) XRD patterns of (Lio.375Sro0.4375)(Tao.33aNbo.347Zr0.319-wSnw)O3-5 (w = 0, 0.054, 0.108, 0.15, 0.2), where

ZrO2 forms at w < 0.108, while SnO2 forms at w > 0.108. The (110) peak shifts towards higher diffraction
angle, representing a decrease in lattice constant upon Sn** substitution. (B) Nyquist plot of the overlay of
impedance curves. As Sn fraction increases, the bulk resistance reduces till the SnO2 formation becomes
pronounced at w = 0.15. (C) The obuk correlation with nominal Sn/Zr molar ratio. At w = 0, no Sn cation is
in B-site, which shows similar obuk magnitude compared to that of LSTZ. obuk is maximized and saturated
at w=0.108 and 0.15; however, Ototal is smaller at w = 0.15 due to the increasing amount of SnOz2. Obuik is

0.0 0.5 1.0 1.5
Nominal ng,s+/ ny 4+

further reduced at w = 0.2 because of the phase instability.



b
o
=3
=3
L
H

3.995

3.990 4

3.985

Refined lattice constant (A)

Lattice constant = 3.9986 - 0.0569w

3.975 L - -
0.0 0.1 0.2

w, Sn fraction in B-site (LSTNZS)

Figure S13. The change in the lattice constant with respect to the Sn fraction in the B site of
LSTNZS

The refined lattice constant is plotted against w values in (Lio.375Sr0.4375)(Ta0.334Nb0.347Zr0.319-wSNw)O3-5. The
error bars are defined as three times the estimated standard deviations from the refinements.
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Figure S14. Distribution of relaxation time analyses of LSTZ, LSTNZS (y = 9/16) and LSTNZH (x =

9/16)

(A)-(C) The Nyquist plots as indicated: (A) LSTZ, (B) LSTNZS (y = 9/16) and (C) LSTNZH (x = 9/16). The
blue shade highlights the semicircle parts at high frequency regime, whereas the yellow shade represents
the low frequency regime. The overlay of Bode plots and DRT peaks is presented for (D) LSTZ, (E)
LSTNZS (y = 9/16), and (F) LSTNZH (x = 9/16). P4, P2, and P3 stand for responses from the bulk, and P4
is the response from low-frequency process (GB or secondary phases). However, we are unable to fit P4
contribution in the original Nyquist plot (Figure S15B). By comparison, P4 is not shown in CCPOs, which
indicates the change of polarization processes in CCPOs that requires further investigation.
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Figure S15. Nyquist plots of LSTNZS (y series) and LSTNZH (x series)
(A) The equivalent circuit model used in impedance curve fitting, which is composed of a series

resistance, an RC circuit, and a constant phase element. (B) Impedance curves change upon increasing
y values indicated as: LSTNZS (y = 0.387) (purple), LSTNZS (y = 0.5) (blue), LSTNZS (y = 0.5625)
(brown) and LSTNZS (y = 0.6) (green). The smallest semicircle for LSTNZS (y = 0.5625) is presented in
the range of 1.5 MHz shown in the enlarged figure in (B). Similarly, (C) Impedance curves as indicated as:
LSTNZH (x = 7/16) (purple), LSTNZH (x = 8/16) (blue), LSTNZH (x = 9/16) (brown), LSTNZH (x = 10/16)
(green), and LSTNZH (x = 11/16) (black). The smallest semicircle is also shown at x = 9/16 in the range

of 1.5 MHz in the enlarged figure in (C).
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Figure S16. The distributions of excess energies calculated in LSTNZS (y = 9/16) and LSTZ

The calculation of excess energies of elements is described in Note S3. The distributions of excess
energies for all elements in LSTNZS (y = 9/16) (orange) are narrower than those in LSTZ (blue), which
indicates lower energy differences between different atom sites of same elements.
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Figure S17. The misorientation angle distribution and the statistics of low-X GB fraction for
LSTNZS (y = 9/16) from EBSD maps

(A) The misorientation angle distribution from 0.5 to 61.5 degrees. The distribution follows a normal grain
growth, where no preferential orientation is observed. (B) The fraction of low sigma GBs from X3 to 229,
where X3 and X5 GBs are dominant and most representative among low-X GB groups.
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Figure S18. The change in the lattice constant with respect to the Nb fraction in the B-site of
LSTNZH

The refined lattice constant is plotted against z values in (Lio.375Sr0.4375)(Tao.75-zNbzZro.12sHf0.125)O3-5. The
error bars are defined as three times the estimated standard deviations from the refinements. The error
bar becomes large in the last composition of z = 0.6, where multiple secondary phases are present.
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Figure S19. XRD patterns of the LSTNZH Ta/Nb “z series”

(A) Phase stability of (Lio.375Sr0.4375)(Tao.75-zNbzZro.125Hf0.125)O3-5 from z = 0 to 0.6 with an interval of 0.075.
Z represents the molar fraction of Nb in B site. From z = 0 to 0.375, the single phase is stable without
observed secondary phase peaks. At z = 0.45, ZrO: peak is indicated by circle symbol. At z=0.525 and
0.6, SrsNb10030 is indicated by diamond symbol. (B) Phase stability from z = 0 to 0.15 with an interval of
0.025, which shows single phase of cubic perovskite.
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Figure S20. The spatial distribution of grains color-coded with mean grain size values for LSTNZH
Ta/Nb “z series” in the single-phase regime

(A)-(F) The color-coded EBSD maps visualized by MTEX toolbox!®" as indicated from z = 0 to z = 0.375.
The larger grains are colored in gold; the intermediate size grains are colored in green; the smaller grains
are colored in blue. An isotropic grain growth is presented without preferential growth direction.
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Figure S21. Statistical plots of the grain size distribution for LSTNZH Ta/Nb “z series” in the
single-phase regime

(A) The box plot with median value as the red lines within boxes. The upper limit of a box stands for 75"
percentile, while the lower limit is 25" percentile. The red cross marks represent outliners. As Nb
occupancy in B-site increases to 0.375, the values of grain size median, maximum and standard deviation
(SD) as well as the distribution of outliers all increased. (B) The grain size distribution in terms of areal
fraction. The broader distribution and large grains are shown at z = 0.375.
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Figure S22. The correlation of the bulk ionic conductivity, GB ionic conductivity, and specific GB
ionic conductivity with the Nb occupancy in the B site

The apparent GB ionic conductivity increases significantly upon increasing the Nb occupancy in B-site. In
contrast, the bulk ionic conductivity is independent of Nb occupancy. The variation of specific GB ionic
conductivity is shown in the inset figure on the upper left. The large variation is due to the fitting error
caused by the overlapping of semicircles.



Figure S23. Atomic-scale GB structures of LSTNZS (y = 9/16)

Atomic-resolution HAADF-STEM images of (A) a general grain boundary and (B) a (010) faceted grain
boundary (with respect to the left-side grain). The zone axes parallel with the incident electron beam were
indicated. The left-side grain in (A) and right-side grain in (B) were not oriented along any particular zone
axis, and the crystallographic plane corresponding to the lattice fringes was indexed for the latter.
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Figure S24. Distinct Li-K and Sn-Ma,s edges of LSTNZS (y = 9/16) are not observed in the EELS
spectra

(A) Raw integrated EELS spectrum collected at the low energy loss regime. Edge corresponding to each
peak is assigned. Distinct Li-K edge of LSTNZS (y =9/16) is not observed due to its close proximity to the
Nb-N2;3 edge. (B) Raw integrated EELS spectrum collected at the energy loss range where Sn-Ma s edge
is expected (485 eV).
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Figure S25. Core-loss EELS data of a LSTNZS (y = 9/16) general GB

Integrated EELS spectra of (A) O-K and (B) Sr-L2;3, Ta-Mz;3, Ta-Ma s, Nb-L23, and Zr-L2,3 edges for the
general grain boundary shown in (C). (C) Atomic-resolution HAADF-STEM image of a general grain
boundary. Elemental maps of (D) Sr, (E) Ta, (F) Zr, (G) Nb, and (H) O. All scale bars are 1 nm. Intensity

profiles of (C) — (H) are shown above (C).
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Figure S26. The Nyquist plots, XRD patterns, and SEM-EDS maps of the furnace-cooled and air-
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(A)-(C) Impedance curves, phase stability and elemental distribution of furnace-cooled and air-quenched
LSTNZS (y = 9/16). (D)-(F) The same set of data for the furnace-cooled and air-quenched LSTNZH (x =

9/16).
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Figure S27. STEM-EDS data of furnace-cooled LSTNZH (y = 9/16) small-angle GB

(A) Integrated EDS spectrum for the small-angle grain boundary shown in (B). (B) HAADF-STEM image
and elemental maps of (C) Sr, (D) Ta, (E) Nb, (F) Hf, (G) Zr, and (H) O collected at the furnace-cooled
LSTNZH (y = 9/16) small-angle GB. Scale bars are 1 nm.
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Figure S28. More B-site vacancies observed in the GBs of air-quenched LSTNZH (x = 9/16) than in
those of furnace-cooled LSTNZH (x = 9/16)

Total B-site atomic percent plotted against distance to GB for furnace-cooled LSTNZH (x = 9/16): (A)
General GB and (B) small-angle GB. The individual B-site elemental atomic percentages that sum up to
the total shown in (A) and (B) are displayed above Figure 6C and Figure S27B, respectively. Total B-site
atomic percent plotted against distance to GB for air-quenched LSTNZH (x = 9/16) (C—F) General GBs.
The individual B-site elemental atomic percentages that sum up to the total shown in (C), (D), (E), and (F)
are displayed above Figure 6E, Figure S30C, Figure S31C, and Figure S31E, respectively.
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Figure S29. Distinct Li-K edge of the LSTNZH (x = 9/16) is not observed in the EELS spectrum

Raw integrated EELS spectrum collected at the low energy loss regime. Edge corresponding to each
peak is assigned. Distinct Li-K edge of LSTNZH (x = 9/16) is not observed due to its close proximity to the
Nb-N2,3 edge, the low Li* content in LSTNZH (x = 9/16), and the poor scattering power of Li (Z = 3).
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Figure S30. STEM-EDS data of air-quenched LSTNZH (x = 9/16) general GBs formed by average
sized abutting grain

(A) Shadow image of general GB formed by grain that have average grain size. Inset shows high
magnification shadow images of the GB. (B) Integrated EDS spectrum for the GB shown in (A). (C)

HAADF-STEM image and elemental maps of (D) Sr, (E) Ta, (F) Nb, (G) Hf, (H) Zr, and (I) O collected at
the general GB boxed in (A). Scale bars are 1 nm.
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Figure S31. STEM-EDS data of air-quenched LSTNZH (x = 9/16) general GBs formed by large
abutting grains

(A) and (B) Shadow images of general GBs formed by grains that have above average grain sizes. Insets
show high magnification shadow images of the GBs. (C), (E) HAADF-STEM image and (D), (F) elemental

maps of Sr, Ta, Nb, Hf, Zr, and O collected at the general GBs boxed in (A) and (B), respectively. Scale
bars are 1 nm.
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Figure S32. The voltage profiles of galvanostatic charge-discharge curves of prelithiated V205 and
LiFePO4 half-cells

The 1%t cycle charge curve of LiFePOs | Li half-cell (grey) and the 1%t cycle discharge curve of prelithiated
V20s | Li half-cell (blue) are used to evaluate the working potential of anode (1.8 V - 3.0 V for prelithiated
V20s) and cathode (3.0 V - 4.1 V for LiFePOa).
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Figure S33. The phase stability test on excess Li2CO3; precursor amount added in LSTNZS (y =
9/16) and LSTNZH (x = 9/16)

(A) The influence of the amount of excess Li2COz precursor on the phase stability of LSTNZS (y = 9/16).
10 wt. % excess Li2COs was chosen in LSTNZS. (B) The same test on LSTNZH (x = 9/16), which shows
the best stability when no excess Li2CO3 was added.
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Figure S34. DC polarization measurements of LSTNZH (x = 9/16)

(A) The DC polarization measurement of LSTNZH (x = 9/16) at a constant applied voltage of 0.1 V for 8
hours. (B) The electronic current values after applying various constant potentials for 12 hours. The fitted
slope represents the ohmic resistance of LSTNZH (x = 9/16).
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Figure S35. Moisture test on the phase stability of LSTNZH (x = 9/16)

(A) The XRD patterns of LSTNZH (x = 9/16) before and after soaked in DI water for 24h. No secondary
phases/surface impurities are observed after moisture test. (B) Impedance curves of samples before and
after moisture test. The fitted ionic conductivity is 0.23 mS/cm after moisture test (vs. 0.255 mS/cm before
the test).
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Figure S36. The cyclic voltammetry profile of (Lio.375Sr0.4375)(Ta0.334Nbo.347Zr0.211SN0.108) O3-5 using
scan rates of 0.1 mV/s.

In the first cycle, the reduction of FEC occurs at a potential of 1.3 V (vs. Li/Li*). Subsequently, the
cathodic peak at 0.8 V (vs. Li/Li*) indicates the formation of solid electrolyte interphase (SEIl) due to the
reduction of organic solvent (EC, DEC) used in the liquid electrolyte.[5?! From the second to the third
cycles, the redox reactions are reversible without the influence of SEI reactions.
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Figure S37. Flowchart for the training and validation of MTP to study bulk and GB models of
LSTNZS (y = 9/16)
The flowchart describes three steps of training and validation of MTP, including i) generation of initial

training set, ii) active learning of MTP on the bulk and GB models, and iii) validation and application of
MTP to study bulk and GB models of LSTNZS (y = 9/16).



>

Stage1 bulk LSTNZS

:
2

10.00% |

1.00% |

0.10%

0.01% -

MD Reliability (100 ps)

o
g
.

°

T T
50 100 150 200 250 300

# of Active Learning Iterations

B Stage2 y3[110](110) GB
Ewooo%— — 300K >
o —— 600K

L 1000%- — 900K

> — 1200K

R

2 —— 2100K

& o10%

[a]

E 0.01%

o

=

0
# of

; 1‘0 lIS 2‘0
Active Learning Iterations

25

Stage2 y3[110](171) GB

100.00% -

10.00% -

1.00% -

0.10%

0.01%

MC/MD Reliability (50 ps) €

T T T
5 10 15 25

o 20
# of Active Learning Iterations
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Figure S39. The convergence of predicted GB energies by MTP with respect to DFT references
throughout the second stage of active learning

Beside the (A) simple twist £3[110](110) and (B) symmetric tilt £3[110](111) GB orientations included in
the training set, another two GB orientations out of the training set, i.e., (C) simple twist £5[100](100) and
(D) symmetric tilt £5[100](012) were also considered to verify the ability of our optimized MTP to
accurately simulate GB orientations out of the training set.
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Figure S40. The distribution of training and test errors of MTP energies, forces, and stresses with
respect to DFT

The training set contains 600 AIMD snapshots and 4133 active learning snapshots. The test set contains
880 structures collected from 1 ns MD and MC/MD simulations on the two GB models used in active
learning from 300 to 1200 K with 300 K intervals and from 298 to 1573 K with 425 K intervals,
respectively. At each temperature, 110 structures were collected.



Table S1. Summary of the physical properties of selected CCPO LSTNZS series and
LSTZ presented in this work

Nominal  Li/Sr Lattice o o Seconda
Group Nominal composition with Sample 1D Ve molar  constant > total ry
fraction ratio A) (mS/cm)  (mS/cm) phases
ZrO2,
LSTZ (Lio 3750 475)(Tao 75Zr0 25)O3.5, LSTZ 01875 0.86  3.994 0094 0094 t:Ligz
Sr283TasO1s
LLSIO_.I?:‘?%SSro(_;;()(;I'Zﬁass)Nbo.3332ro_167Sno_167)03-5, 0.1667 0.52 3.997 0.110 0.053 SnOs»
(Lio.375Sr0.4375)(Tao.375Nbo.3752r0.1258N0.125)O3.5, 0.1875 0.67 _?nooz 210z,
LSTNZS  LSTNZS (x = 9/16) : : - - - az0s,
“x series” Sr283TasO1s
SnOg, ZrOz2,
. LiTaOs
(Lio.4167Sr0.375)(Tao.417Nbo.417Zr0.083SN0.083) O35, . ’
LSTNZS (x = 10/16) 0.2083 0.86 - - - LiNbOs3,
Taz0s,
Sr283TasO15
f_"é‘)'Tzfjgg’-f;ET(]a;?;’)"b°-347zr°-21*S”O‘O*‘)O”’ 0129 042  4.002 0.004 0004  SrTa:On
S_Lé‘)-;ﬁgg’-agao"-?‘)"\'b°-347zr°-2113”0-108)0”' 0168 067  3.991 0.118 0.118 SN0z, Zr0;
LSTNZS
y series” (Lio375ST0.4375)(Ta0.334Nb0 34720 211SN0.108)O
i0.375Sr10.4375)(T@0.334Nb0.347Zr0.211SN0.108) O35,
LSTNZS (y = 9/16 or 0.5625) 0.1875 0.86 3.992 0.218 0.218 SnO:2
. SnOz2, ZrOz,
S-leo._liﬁg)g){ra_o.gazg\)lb0.347Zr0_211Sno_1os)03-a, 0.2 100 3.991 0.140 0.038 LiTaOs,
y="9 LiNbOs
S_lezx;ﬁgg).z(ti;sl('{)azo;MNbo_347Zro_1198no.2)03-5, 01875 0.86 3.088 0.103 0.034 SN0,
S-letzrsﬁgg).z(txsl('(l;a;)?;Nbo_347Zro_1698no.15)03-6, 01875 0.86 3.990 0.220 0.114 SN0,
LSTNZS (Lio.375Sr0.4375)(Ta0.334Nbo.347Zr0.211SN0.108) O3-5,
Sn/Zr ‘w LSTNZS (w = 0.108), equivalent to 0.1875 0.86 3.992 0.218 0.218 SnO:2
series’  LSTNZS (y = 9/16 or 0.5625)
S_lezx;ﬁgg).ﬁ;s):('gaoogi;)l\lbo.347Zro_2658no_054)03-6, 0.1875 0.86 3.094 0.169 0.169 210,
(Lio.375Sr0.4375)(Ta0.334Nb0.347Zr0.319) O35, 01875 0.86 4.000 0.089 0.089 710,

LSTNZS (w =0)




Table S2. Summary of physical properties of selected CCPO LSTNZH series presented in this

work
Nominal  Li/Sr Lattice o o Seconda
Group Nominal composition with Sample 1D Ve molar  constant b"g/ ““5', h v
fraction  ratio (A) (mS/em)  (mS/em)  phases
(Lio.2917Sr0.5625)(Ta0.202Nbo.202Zr0.208Hf0.208) O3-5,
LSTNZH (x = 7/16) 0.1458 0.52 4.014 0.005 0.005 ZrO2
(Lio.3333Sr0.5)(Tao.333Nbo.333Zr0.167Hf0.167) O3.5,
LSTNZH (x = 8/16) 0.1667 0.67 4.004 0.032 0.032 ZrO2
LSTNZH  (Lio.375Sro.4375)(Ta0.375Nbo.375Zr0.125Hf0.125)O3.5,
oo LSTNZH (x = 9/16) 0.1875 0.86 3.987 0.151 0.151 No
series”
LiTaOs,
(Lio.4167Sr0.375)(Tao.417Nbo.417Zr0.083Hf0.083) O35, LiNbOs,
LSTNZH (x = 10/16) 0.2083 1.1 - 0.0003 0.0003 ZrOs,
Ta20s
LiTaOs,
(Lio.4583Sr0.3125)(Ta0.458Nbo.458Zr0.042Hf0.042) O35, _ LiNbOs3,
LSTNZH (x = 11/16) 0.2292 1.47 0.0001 0.0001 ZrOs,
Ta20s
(Lio.375Sr0.4375)(Tao.75Zro.125Hf0.125) O35,
LSTNZH (z = 0) 0.1875 0.86 3.994 0.229 0.111 No
(Lio.375Sr0.4375)(Tao.675Nbo.o75Zr0.125Hf0.125) O35,
LSTNZH (z = 0.075) 0.1875 0.86 3.993 0.341 0.197 No
(Lio.375Sr0.4375)(Tao.sNbo.15Zro.125Hf0.125) O35,
LSTNZH (z = 0.15) 0.1875 0.86 3.993 0.311 0.214 No
(Lio.375Sr0.4375)(Tao.52sNbo.225Zr0.125Hf0.125) O35,
LSTNZH (z = 0.225) 0.1875 0.86 3.995 0.262 0.178 No
LSTNZH .
p (Lio.375Sr0.4375)(Tao.4sNbo.3Zro.125Hfo.125) O3.5,
Ta/.Nb” Z | STNzH (z=0.3) 0.1875 0.86 3.993 0.272 0.204 No
series
(Lio.375Sr0.4375)(Tao.375Nbo.375Zr0.125Hf0.125) O35,
LSTNZH (z = 0.375), equivalent to 0.1875 0.86 3.987 0.151 0.151 No
LSTNZH (x = 9/16)
(Lio.375Sr0.4375)(Tao.3Nbo.45Zro.125Hf0.125) O35,
LSTNZH (z = 0.45) 0.1875 0.86 3.980 0.206 0.131 ZrO2
Lomnon ol aaay orottilor)Oo 01875 0.86 3993 0150 0088  StNbuOw
(Lio.375Sr0.4375)(Tao.15sNbo.eZro.12sHf0.125) O35, 0.1875 0.86 3985 0.048 0.009 SreNb1oO30

LSTNZH (z = 0.6)




Table S3. Summary of the measured conductivities of the furnace-cooled vs. air-quenched
LSTNZH (x = 9/16).

spec
Obuik Ogb Ogb Ototal

Nominal composition with Sample 1D (mS/cm) (mS/em) (mS/cm) (mS/cm)

(Lio.375Sr0.4375)(Ta0.375Nbo.375Zr0.125Hf0.125)O3-5, 4
LSTNZH (x = 9/16) furnace-cooled 0.357 0.335 7.67x10% 0173

(Lio.375Sr0.4375)(Ta0.375Nbo.375Zr0.125Hf0.125)O3-5, 3
LSTNZH (x = 9/16) air-quenched 0.450 0.592 1.36 x 10°  0.256




Table S4. Summary of valence and Shannon ionic radii of selected B-site elements/®

lonic radius Coordination
Element Valence
(A) number
Ta 5 0.64 6
Nb 5 0.64 6
Zr 4 0.72 6
Sn 4 0.69 6

Hf 4 0.71 6




Table S5. The SEM-EDS quantification of normalized cation ratios of the primary phase region in
(Li0.375Sr0.4375)(Ta0.25Nbo.25Zro.25Sn0.25)03.5 (LSTNZS-iteration1) and
(Lio.375Sr0.4375)(Tao.2902Nbo.202Zr0.2528 n0.163)03.5 (LSTNZS-iteration2) in a “natural selection” search

Sample Composition Areal Sr- Nb- Ta- Zr- Sn-
ID P EDS Lat Lol Lal Lal Lot

Atomic% 38.6 17.8 181 155 10
:;esbr-arl’t\il(fr?']- (Lio.375Sr0.4375)(Tao0.2sNbo.25Zr0.25Sn0.25)O3-5

Normalized

Cation 0.629 0.290 0.295 0.252 0.163

Ratio

Atomic % 38 215 207 131 6.7
:Iesl:ar"t\gnsz_ (Lio.375Sr0.4375)(Ta0.2902Nbo.202Zr0.252SN0.163) O3-5

Normalized
Cation 0.613 0.347 0.334 0.211 0.108
Ratio




Table S6: The compositions and relevant physical descriptors of Nb and Sn co-doped
LSTZ and LSTNZS synthesized during composition optimization

Averaged

Sample ID Nominal composition ;ﬁlc(ia%(?s/ig A- (I;/ll‘OS_IaB;él';aBtio
cations cations
LSTZ (e S A b 6 3
LSTZ-NS-1 (Lio 375870 4375)(Ta072sNb002sZro 225SN0.025)O35 6 3
LSTZ-NS-2 (Lio 375S70.4375)(Ta0 7Nb0.05Zr0 25N0.05) O35 6 3
:ﬁ;’t\fﬁ (Lio 375ST0.4375)(Ta0.25Nb0.25Zr0 25SM0.25) 0.5 5.75 1
STHZS (Lio.375ST0.4375)(T20.262Nb0.262Zf0 25350 163) 035 5.83 1.404
LSTNZS (v = | j) 15Sr04375)(Ta0.304Nb0.347Zr0.211SM0.108) 035 5.931 21348

9/16 or 0.5625)




Table S7. The Rietveld refinement results and refined phase fractions for LSTNZS (y series) and
LSTNZH (x series, excluding x = 9/16 since it contains close to 0% secondary phase)

s Weighted _Refined phase percentage (%)
ample ID R-factor i i
Primary SnO: ZrO2 SrTasO11  Li(Ta, Nb)Os
LSTNZS (y = 0.6) 14.56%  96.37 2117 1.092 0.417
LSTNZS (y=0.5625) 13.99%  93.45 5.872 0.675
LSTNZS (y = 0.5) 9.767%  98.05 0.957 0.990
LSTNZS (y=0.387) 11.73%  97.10 2.899
LSTNZH (x = 7/16) 18.42%  96.26 3.741
LSTNZH (x = 8/16) 7.86% 96.45 3.545




Table S8. The summary of activation energies at 300 — 700K and 700 — 1000K, and Li-ion
diffusivities of the bulk and two GB models at 300K for LSTNZS (y = 9/16)

Activation Energy (eV)

Structure Dvi, 300k (10° cm?/s)
300 -700 K 700 - 1000K

Bulk 0.33 0.20 7.92

$3[110)(110) 0.32 0.30 3.22

$5[100](012) 0.33 0.23 4.59




Table S9. Interplanar distance (dinterpianar), GB thickness (dcg), cell dimensions (x, y and z; z is
perpendicular to GB planes) and total number of atoms (Nttal) of GB models of LSTNZS (y = 9/16)

GB dimensions” (A)

GB dinterplanar* dGB‘t Ni
orientations (A) (A) totel
y z
$3[110](110)  2.82 5.65 41.48 39.11 90.33 11,200
¥3[110](111) 2.30 9.22 33.87 45.16 82.97 8,400
5[100](100) 3.99 7.98 53.56 35.70 95.80 14,000
£5[100](012) 1.79 7.14 47.90 35.70 107.11 14,000

"The des was defined to be either two or four times the dinterplanar Of GB planes in the lattice with a general
requirement of des > 5 A. The dinterpianar, dos, and GB dimensions are values of the unrelaxed GB models,
which change with temperature. The GB regions for regional composition and diffusivity analysis were
defined with fractional z coordinates to make the GB regions consistent at different temperatures.



Note S1. Calculations of the bulk, grain boundary (GB), total conductivities, and specific GB ionic
conductivity

In a brick layer model for polycrystals proposed by Van Dijk and Burggraaf,[54 the grains are assumed
to be cube-shaped with grain size (d), separated by flat grain boundary layers with thickness (0g»). The bulk
ionic conductivity (a,,,) and the macroscopic grain boundary (GB) ionic conductivity (o, ) are calculated
as

L .
Cputk = (Equation S1)
Ry A
and
L .
5 = , (Equation S2)
$ R,-A
g

where Ry, and R, are bulk and GB resistance using the equivalent circuit model shown in Figure 6A. L
is the sample thickness and A is the sample cross-section area. Considering Ry, and Ry, in series, the
total ionic conductivity (o,,.4;) is calculated as:

(o} -0
bulk” © gb .
o, = 8 (Equation S3)
ola
Gbulk+ O-gb

For the microscopic estimation, the specific (i.e., true) GB ionic conductivity is approximated to be:

o
O—;];e(' = gnggb. (Equation S4)

If the dielectric constant is approximately the same for the GBs and for the bulk,

5gb _ Cbu[k
d Cgb

, (Equation S5)

where Cy,, and Cy,, are bulk and GB capacitance. Therefore, combining Equations (S2), (S4) and (S5), the
specific GB conductivity is:

C

popec = L T bulk

gb .
Rgb A Cgb

(Equation S6)

Given the equivalent circuit model shown in Figure 6A, the constant phase element (CPE) is employed to
describe the non-ideality of semicircles in the Nyquist plot. The CPE is composed of the pseudo capacitance
(CPE-T), denoted as Q and the non-ideality term (CPE-P) between 0-1, denoted as n. Therefore, the bulk
and grain boundary capacitance are expressed as:

— -1

1 1 1 1
-1
R ("M )lem Ttk C, =R ["gb JQch(nzb] . (Equation S7)

Clmlk = N putk gb

The specific GB conductivity values presented in Figure 1 was calculated using Equations (S6) and (S7)
from the Nyquist plot fitting results in Figure 6A.



Note S2. The composition optimization strategy based on “natural selection”

To further improve the single-phase formability of LSTNZS systems, we initially synthesized
(Lio.375Sr0.4375)(Tao.25Nbo.25Zr0.25Sn0.25)O3-5 with equimolar B-site cations (LSTNZS-iteration1), which shows
less amount of secondary phases compared to LSTNZS (x = 9/16) (Figure S3). Next, we adopted the
“natural selection” strategy explained in Figure S4 to synthesize composition of the primary phase obtained
from SEM-EDS quantification results (Figure S5 and Table S5). Thus, the second composition
(Lio.375Sr0.4375)(Tao0.202Nbo.292Zr0.252SN0.163) O35 (LSTNZS-iteration2) listed on Table S5 shows a non-
equimolar B-site stoichiometry following the relative B-site cation ratio from LSTNZS-iteration1 primary
phase.

Based on the SEM-EDS elemental quantification results on LSTNZS-iteration2, we designed the third
composition as (Lio.375Sr0.4375)(Ta0.334Nbo.347Zr0 211Sn0.108)O3-5, which exhibits less amount of secondary
phases according to XRD patterns in Figure S6. The full list of samples in the composition optimization
process is shown in Table S6. Finally, the optimal stoichiometry follows the formula (Liws3)Sr-
y)(Ta0.334Nbo.347Zr0.211Sn0.108)O3-5 (y series) with a fixed optimized B-site cation ratio.



Note S3. The calculation of excess energies of elements in LSTNZS (y = 9/16) and LSTZ

The excess energy of atom i with type j, Eé;{cess equals to the difference between its atomic energy,

Efl'gomic, and the averaged atomic energy of all type j atoms, Eévemge, in the system:
EiJ =FEb]  — Ei ) (Equation S8)
excess atomic average

Excess energies have a much narrower range of distribution in LSTNZS (y = 9/16) than those in LSTZ. The
narrowed distribution of excess energies for all elements in LSTNZS (y = 9/16) indicates lower energy
differences between different atom sites of same elements. This effect is also reported in a recent work
reported by Zeng et al. on high-entropy solid electrolytes,’S where the introduction of high-entropy mixing
to transition metal sites lowered the energy difference between two different Li sites and induced lower
diffusion barrier. However, in our LSTNZS (y = 9/16), we observed activation energy comparable with that
of LSTZ. We attribute this to the fact that there is just one Li site in the perovskite structure; thus, the high-
entropy effect has minimal effect on the activation energy. For future material designs with the aim of
achieving lower diffusion barriers, this high-entropy concept can potentially be helpful for materials with
different Li sites.



Note S4. Investigation of LSTNZS (y = 9/16) GB structures through STEM-EELS

Dark bands can be observed at both GBs in Figure S23A and S23B. Since the HAADF-STEM image
intensity is dictated by the average atomic number of the elements present,S¢ this observation indicated
compositional or mean density variation across the GB. To better understand the dark bands observed at
GBs, STEM-EELS measurements were performed at the GB shown in Figure S23A. Because LSTNZS (y
= 9/16) is beam sensitive, large step size (1 A) was used to collect the data. Figure S25A and S25B shows
the integrated EELS spectra of O-K edge and edges in the high energy loss regime (Sr-Lz2,3, Ta-M23, Ta-
Mas, Nb-L2;3, and Zr-L23 edges), respectively. An atomic-resolution HAADF-STEM image of the GB, from
which the EELS spectra were collected, is shown in Figure S25C. The GB again exhibited a significantly
lower image intensity in comparison with the bulk. Figure S25D, S25E, S25F, S25G, and S25H display the
atomic-resolution elemental maps of Sr, Ta, Zr, Nb, and O, respectively. The maps were generated using
intensities from Sr-L2,3, Ta-Mas, Zr-L2;3, Nb-L2;3, and O-K edges. As expected, the elemental maps (Figure
S25D-G) show Sr atoms reside in the A-site positions, and Ta, Nb, and Zr atoms reside in the B-site
positions. To analyze the correlation between HAADF image and the elemental maps, a plot of vertically
integrated intensity profiles across the GB is shown above the HAADF image (Figure S25C). For the GB,
the significant decrease in image intensity correlates well with the decrease in intensity of Sr, Ta, and Zr
signals, though the decrease in Ta signal is much less than the other two. For the Sr signal, a decrease at
the GB and an increase at the left and right sides adjacent to the GB is observed. This indicates that the
GB exhibits elemental segregation, with Sr segregating out of the GB core and into sides of the abutting
grains. For the B-site elemental signals, Ta and Zr decrease while Nb increases at the GB. This indicates
that Nb is substituting Ta and Zr at the GB. Both Sr elemental segregation and Nb substitution suggest
greater chemical disorder at the GBs of LSTNZS (y = 9/16), which can be a factor contributing to its low GB
resistance. Finally, no decrease is observed in the intensity of O signals at the GB.

Although attempts were made to investigate the Li and Sn distribution at the GBs, low stoichiometric
ratios of these two elements in Lio.375Sr0.4375Ta0.334Nbo.347Zr0.211Sn0.1003 made the Li-K and Sn-Ma,5 edges
undetectable. Figure S24A shows the raw EELS spectrum of LSTNZS (y = 9/16). The two peaks at 39 and
47 eV are assigned to Nb-N2,3 edge. Due to the broad shape of the Nb-N2 edge, its proximity to the Li-K
edge, the low Li* content in LSTNZS (y = 9/16), and the poor scattering power of Li (Z = 3), the Li-K edge
is overwhelmed and cannot be detected. Previous studies have also reported distinct Li-K edges were
difficult to identify in perovskite-type solid electrolytes, owing to their lower volume densities of Li* ions
compared to other types of electrolytes.[5”58 Figure S24B shows that the Sn-M4,5 edge (expected at 485
eV) is also not detected in the EELS spectrum of LSTNZS (y = 9/16) due to the low concentration of Sn in
composition.



Supplemental Experimental Procedures
TEM Sample Preparation and Moisture Sensitivity Test

TEM specimens were prepared by mechanical polishing. Moisture sensitivity of LSTNZH (x = 9/16)
ceramics was first investigated in order to determine the material’'s compatibility with polishing fluid (either
water or mineral oil). Moisture sensitivity test was done by submerging the pristine LSTNZH (x = 9/16)
pellets in deionized water for 24 hours and then dried at 100 °C for 15 minutes. Crystal structure and ionic
conductivity characterization of the water exposed specimen were conducted using the same method as
the pristine specimen, and the results are shown in Figure S35. Results of both characterizations indicated
LSTNZH (x = 9/16) to be moisture insensitive.

To mechanically polish the TEM specimen, bulk pellets were first cut into rectangular blocks by a
diamond saw. The rectangular blocks were 3 mm by 2 mm in area and were cut to the least possible
thickness (typically ~0.5 mm). Then, a single rectangular piece was placed on an Allied Multiprep Polishing
System, thinned, and fine-polished against diamond lapping films (Ted Pella, Inc.) of various grit sizes.
Since we have found LSTNZH (x = 9/16) to be moisture insensitive, this procedure was performed with
water. The thinned ceramic was glued to a molybdenum ring (Structure Probe, Inc.) with M-Bond 610 epoxy
(Vishay Precision Group, Inc.). The polished pieces were then ion-milled under Ar gas for finer polishing
using a Gatan model 695 Precision lon Polishing System.



Computation Methods and Simulations

Figure S37 displays the flowchart for the training and validation of MTP to study bulk and GB models
of LSTNZS (y = 9/16). In thefirst step, we generated an initial training set for LSTNZS (y = 9/16). A3 x 3 x 2
supercell with 175 atoms were generated from a primitive cell with space group of Pm3m. The distribution
of cations was randomly assigned with the SQS code. AIMD simulations using NVT ensemble were carried
out on the relaxed supercell, wherein simulations were performed at three strains (0, £0.05) and four
temperatures (300 K to 1200 K with 300 K intervals). Snapshots were extracted from a production run of 5
ps at 0.1 ps intervals, i.e., 50 structures for each temperature and strain, resulting in a total of 600 training
structures (50 x 4 temperatures x 3 strains). Static self-consistent calculations were performed on the
training structures to obtain accurate energies, forces, and stresses for active learning moment tensor
potential (MTP) training. The convergence criteria are the same as our prior work in LSTZ.[59

In the second step, we use two stages of active learning to optimize the pretrained MTP for MD and
MC/MD simulations. Our MTP model complexity was set with the level of max (levmax) and the radial basis
size equal to 12 and 8, respectively, while the cutoff radius was set as 5 A, and the relative weights of
energies, forces and stresses was set as 100:1:0.1, in line with previous studies.[5'%S1"l |In each active
learning stage, the MTP was iteratively optimized in scenarios where the MTP will eventually be used.
These trial simulations were terminated if structures with y over the break threshold, y,,...x, emerge, and
structures with y over the select threshold, y,....:, Will be added into the training set, with which a new MTP
is fitted. This iterative loop is repeated until the trained MTP can complete a simulation without the
emergence of structures above y,,...x- In the first stage of active learning, the “early break” strategy, i.e.,
Voreak = Vsetect = 20 was used so that the MTP can complete 100 ps NPT simulation for the bulk supercell
without breaking after 186 iterations. Furthermore, a stricter strategy, Vy,eax = Vseiec: = 5 Was applied until
the 295th iteration, where the MTP can reliably complete 100 ps NPT simulation up to 1200 K (Figure S38).
In the second stage, the MTP was improved with a “loose break” strategy, i.e., the ¥y ear @aNd Vgerecr WEre
set as 20 and 5, respectively. Hybrid Monte Carlo/molecular dynamics (MC/MD) simulations were done to
two low-sigma GBs, i.e., symmetric tilt £3[110](111) GB and simple twist ¥3[110](110) GB. For the MC
runs, a swap attempt was evaluated by the Metropolis criterion at every timestep, where swaps between
Li/Sr on A-sites and swaps between Ta/Nb/Zr/Sn on B-sites, i.e., seven distinguishable atom pairs, were
considered. After 22 iterations (Figure S38), the MTP was able to reliably perform 50 ps MC/MD simulations
up to 2100 K, and the GB energies y;; were converged to within 0.15 J/m2 of DFT values (Figure S39).

In the third step, the active learning MTP was verified to reproduce the training energies, forces and
stresses with mean absolute errors (MAEs) of 3.68 meV/atom, 0.19 eV/A and 2.54 meV/A3, comparable to
our previous works.[5'2 A test set of 880 structures were generated from 1 ns MD and MC/MD simulations
at a range of target temperatures to verify the accuracy of MTP for long time simulation of target scenarios.
The MAEs of test energies, forces and stresses were 4.57 meV/atom, 0.21 eV/A and 2.69 meV/A3,
consistent to the respective training MAEs, which shows little sign of overfitting or underfitting (Figure S40).
Meanwhile, the predicted GB energies by DFT were reproduced by the MTP with absolute errors within
0.15 J/m2. We then apply this verified MTP for Large scale and longtime MD simulations. A 6 X 6 x 4
supercell with 700 atoms were generated from a primitive cell with space group of Pm3m as the bulk model.
GB models were constructed for four low-sigma GB orientations, i.e., simple twist X3[110](110), symmetric
tilt ¥3[110](111), simple twist £5[100](100), and symmetric tilt ¥5[100](012). The interfacial distances
between the two GB cores in each GB model were over 40 A. The GB models and their dimensions are
shown in Figure 5A and Table S9, respectively. MC/MD simulations were performed to bulk and GB models
at the experimental calcination temperature of 1573 K, with the same settings as those used in the second
stage of active learning. Next, MD simulations were performed to both bulk and GB models to study Li-ion
diffusion in LSTNZS (y = 9/16). The simulations were performed at 300 to 1000 K with 50 and 100 K intervals
below and above 500 K, respectively. To collect sufficient Li-ion diffusion at lower temperatures, the
simulation times were set as 10 ns and 2 ns at below and above 400 K, respectively. At each temperature,
five parallel MD runs were performed with randomly generated initial speeds, to average out the effect of
different initial states. The NPT ensembles were used, and the timestep was set as 1 fs. The methods of
calculation of Li diffusivity at bulk and GB regions were same as those in our previous works.[5'?

All DFT calculations were performed using the Vienna ab initio simulation package (VASP) with the
projector augmented-wave (PAW) approach.5'® The Perdew-Burke-Ernzerhof (PBE) generalized gradient



approximation (GGA) was used as the exchange-correlation functional.5'4$'1 The PBE functional was
verified in our previous work to have comparable accuracy with the optB88-vdW functionallS'®S'"l in terms
of matching the experimental lattice constants, lattice expansion and room temperature ionic conductivities
of the perovskite LLTO.[S'8 All DFT and ab initio molecular dynamics (AIMD) simulations were carried out

using fully automated workflows built on the Python Materials Genomics (pymatgen) library and the
FireWorks scientific workflow package.[519-521
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