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ABSTRACT: We study a hexagonal oxide KLisTaOgs (KLTO), proposed as a Li-ion solid electrolyte by using a recently developed
screening method. First-principles calculations predict that KLTO presents a good Li-ion conductivity (o1;) and a low activation
energy (E,). Li migration is enhanced by the presence of excess Li ions in the interstitial region via a kick-out mechanism. Our ex-
perimental results demonstrate that Sn-doped KLTO presents a conductivity of 1 x 10°S cm™, a o1, of 6 x 107°S cm™, and a rela-
tively low E, of 36 kJ mol™!, which confirm the validity of the proposed screening method. Conversely, detailed analyses of the
microstructure and X-ray diffraction patterns of KLTO samples indicate that a stable Li-excess condition is not achieved, therefore,
leaving potential improvement of the performance of KLTO as a Li-ion solid electrolyte by optimizing extrinsic doping and fabri-

cation process.

1. Introduction

Owing to their high energy density, Li-ion batteries have been
widely used for applications ranging from smart phones to air-
plane components. Given the increasing demand for energy densi-
ty and safety, all-solid-state Li secondary batteries have attracted
increasing attention because they can significantly outperform
conventional battery systems. One of the key materials in all-
solid-state Li batteries is the solid electrolyte with a high Li-ion
conductivity. Recently, the search for new solid electrolytes has
become a research hotspot. In particular, since LiioGeP2Si2
(LGPS) whose Li-ion conductivity (ovi) higher than 1072 S cm™'at
300 K was discovered, the sulfides have attracted increasing in-
terest.! The ionic conductivity (6) of Lios4Si1.74P1.44S11.7Cloz,
which is a LGPS-type superionic conductor, was reported to be 2—
3 times higher than that of liquid electrolytes.? Sulfides are con-
sidered good candidates for all-solid-state Li batteries; however,
other types of solid electrolytes, such as oxides, present higher
chemical stability and mechanical strength than sulfides. Among
oxides, Li7La3Zr2012 (LLZO), which is a garnet-type oxide, pre-
sents a high ori (>10* S cm™!), high chemical stability against
metallic Li, and wide electrochemical window.? The search for
new solid electrolytes with suitable properties for high perfor-
mance Li-ion batteries is ongoing.

Recently, we developed a new screening method for the identi-
fication of potentially good Li conductors.* This method relies on
the so-called corrugation descriptor to efficiently estimate the Li
migration energy of materials using first-principles calculations,
and thus allowed us to quickly screen the Li-containing oxides
included in the Inorganic Crystal Structure Database.’ The list of
oxides with a low corrugation energy is summarized in Sec. S1 in
Supporting Information (SI). Consequently, we determined that
three oxides with a hexagonal crystal structure, namely KLisTaOs
(KLTO),® KLisBiOs (KLBO),” and KLisIrOs (KLIO),® were good
Li conductors with low corrugation energies. Among them Sn-
doped KLBO has been recently proposed as a potential good Li
conductor using first-principles molecular dynamics (FPMD)
calculations;” ' however, the theoretical results have not yet been

validated experimentally. In addition, KLIO was not promising
for all-solid-state Li batteries because it is almost metallic.

In this study, we evaluate the potential of KLTO as a Li-ion
conductor. First-principles and FPMD calculations are performed
to analyze the conductivity and migration mechanism of Li ions.
We synthesize doped KLTO samples using Ta, Sn, Ti, Zr, Hf, and
Fe as dopants. The samples are characterized by powder X-ray
diffraction (XRD) and scanning electron microscopy (SEM) anal-
yses. We then determine their oLi and activation energy (Eu),
which are discussed with the theoretical predictions.

2. Method
2.1. Theoretical calculations

Figure 1(a) and Figure 1(b) present the hexagonal crystal struc-
ture of KLTO in a conventional KsLiisTasO1s cell with a R-3m
space group. The valences of K, Ta, and Li were 1+, 5+, and 1+,
respectively. Figure 1(c) illustrates the trigonal crystal structure of
KLTO in a 2 x 2 x 2 primitive cell with the formula KsLisgsTasOus.
Cell transformations were performed using the SPGLIB soft-
ware,!! which was implemented in the PHONOPY code.'> 13 The
Li interstitial (Li;) sites were identified using an empty space find-
er module implemented in the MedeA program.'* The 9d Li; sites,
for which the multiplicity of the Wyckoff position corresponded
to that in the conventional cell, were determined to be stable.



All first-principles calculations were performed using the pro-
jector augmented wave (PAW)!> ¢ method implemented in the
Vienna A4b-initio Simulation Package.!” ¥ We used the exchange-
correlation function of the generalized gradient approximation
(GGA) parameterized in the Perdew—Burke—Ernzerhof (PBE)
functional."” Structural optimizations of the primitive cells (14
atoms) with associated changes in lattice constants and atomic
coordinates were performed until the interatomic force on each
atom was reduced to within 0.005 eV A~'. The cutoff energy was
set to 520 eV. The Brillouin zone was sampled using I'-centered
4 x 4 x4 meshes with integration based on Gaussian smearing
(width of 0.1 eV). Electronic spin polarizations were turned on,
except for the case in which the up- and down-spins compensated
each other. The bandgaps were calculated using a screened hybrid
density functional parameterized by Heyd—-Scuseria—Erzerhof
(HSE06)?-2! as well as the GGA.

The migration barrier energy (Emig) was calculated using the
climbing image nudged elastic band (CI-NEB) method?* 23 with
three intermediate images using a supercell (112 atoms) that was
generated from a 2 x 2 x 2 primitive cell. The CI-NEB method
was employed using seven intermediate images. CI-NEB calcula-
tions were performed until the forces decreased below 0.03 eV
A~ with a spring constant of 5 eV A2 between images. The k-
space was sampled using I'-centered 2 x 2 x 2 meshes. We adopt-
ed a singly charged interstitial Li ion (Li;") for Emie calculations
and assumed that this charged point defect was formed via extrin-
sic doping. Supercells with charged point defects were described
by changing the number of electrons to compensate for the back-
ground charges.

To determine the Li-ion diffusivity (DLi) of the samples, we
performed FPMD calculations using a supercell of the same size
as that used to calculate Eui, which included one Li; atom ran-
domly placed at a 94 site. We also adopted the Li point defect for
FPMD calculations and assumed that the charged point defects
were formed via extrinsic doping.

The D value of each element at high temperature was deter-
mined from the mean-square displacement (MSD) after a long
simulation time () as follows:?* 2
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where 7 is the number of atoms of each element, ri(to) and ri(¢ +
t0) are the positions of the i-th atom at the multiple time origin (o)

and new time (¢ + to), respectively. To improve the statistics, the
MSD was smoothed by averaging the MSD (¢, t) values. An in-
terval of 1 fs was used for each atomic movement cycle. Tem-
perature was increased from 573 K to the target temperature dur-
ing the first 1000 cycles. Thereafter, FPMD was performed using
the Nose thermostat®® 27 with a canonical ensemble for 60 000
cycles and averaging the data over a period of 2—60 ps to calculate
the MSD with sufficient movement of Li atoms after ignoring the
first 2000 cycles. Three FPMD trials were performed at each tem-
perature to calculate average D values. The isosurface of the Li-
ion probability density distribution was obtained using the
Pymatgen-diffusion module.?® Atomic distribution data were col-
lected every three ionic steps over a period of 2—60 ps.

We predicted the ovi values using the Dvi values at low temper-
ature as follows. DLi(7) can be calculated using the Arrhenius
equation

_E,
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where Duio0 is the pre-exponential factor, ks is the Boltzmann
constant, and T is the absolute temperature. £, was determined
from the slope of the In(Dvi) vs. 1/T or In(7*oLi) vs. 1000/T plots.
oLi(7) at the dilute level can be calculated using the Dri(T) values
and the Nernst-Einstein equation as follows:?% 3
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where z is the valence of a Li ion, e (1.6 x 107" C) is the unit
charge, and # is the ionic concentration of Li atoms in the compu-
tational cells of the oxides.

For computational efficiency, the cutoff energy was decreased
to 300 eV, a soft pseudopotential with a low maximum cutoff
energy (288 eV) was used for O, spin polarization was turned off,
and only the I'-point was used for k-space sampling. To accelerate
the diffusion of Li atoms, we performed calculations in the high
temperature range of 573—1273 K. The Dy values of the analyzed
quaternary oxides that did not undergo phase transitions were
correctly determined, and the MSD values of the O atoms and
cations other than Li calculated using FPMD were not greater
than 1 A2 in the selected temperature range (data not reported).

2.2. Experimental procedure

As reported in Section 3.1, our theoretical results predicted that
oLi of KLTO should increase when Lii* ions are introduced.
Therefore, aliovalent doped samples in which Sn replaced Ta
were investigated. Appropriate amounts of precursor materials,
namely KOz, KTaOs, Li2O, and SnO2 powder (>99.9% purity,
Kojundo Chemical Laboratory Co. Ltd., Japan), were weighed to
prepare Ki.1Lis.3Ta0.9Sno.106 according to its nominal composition.
Excess Li and K were used considering the previously reported
loss of K and Li during synthesis.® The raw powder materials
were mixed in an agate mortar and pestle in an Ar-filled dry box
(dew point of approximately 250 K) and were subsequently added
to an alumina crucible. Thereafter, the samples were calcined in
an O gas stream (1.5 L min™!) at 1073 K for 5 h, and then in air at
1073 K for 7 h. The calcined samples were pulverized in an Ar-
filled glove box (dew point of approximately 193 K) to avoid
powder exposure to moisture in air.

No dense specimens were successfully prepared using the sol-
id-state sintering process because significant K and/or Li loss
occurred at a high sintering temperature required for sintering.
Alternatively, we used the spark plasma sintering (SPS) method.3!
This method promotes quick sintering at a relatively low tempera-
ture. Calcined powder (5 g) mixed with additives was put into a
graphite mold in an Ar-filled glove box, which was placed in the



SPS chamber. For an additive, Lis3BOs (5 wt.%) which is a known
sintering additive effective for densification was used.’?> KO> was
also used as an additive to compensate for the loss of K during
SPS. To optimize the SPS conditions, we changed the sintering
temperature from 973 to 1073 K and increased the amount of
excess KOz added to the calcined powder up to 40 mol% (corre-
sponding to KisLie3Tao9Tio.106). SPS was performed for 10 min
at the specified temperature under a pressure of 50 MPa in an Ar
atmosphere (—0.02 MPa).

We also examined the effects of Ti, Zr, Hf, and Fe as dopants
using TiO2, ZrO2, HfO2, and Fe:03 (>99.9% purity, Kojundo
Chemical Laboratory Co. Ltd., Japan) as precursors. The nominal
compositions and SPS temperatures of all samples are summa-
rized in Table 1.

Table 1. Synthesized samples: nominal compositions,
amount of KO: additive, and spark plasma sintering (SPS)
temperatures. The nominal compositions include the KO:
additive listed in the second column. All samples under-
went SPS for 10 min at the specified temperature under a
50 MPa pressure in an Ar atmosphere (—0.02 MPa).

Nominal Amount of KOz SPS tempera-
composition added before SPS ture (K)
(mol%)

Ki.1Li63Ta0.9Sn0.106 | O 973
Ki.1Li63Ta0.9Sn0.106 | O 1023
Ki3Li63Ta09Sno.106 | 20 1023
Ki4Li63Ta09Sn0.106 | 30 1023
KisLi63Ta09Sno.106 | 40 1023
Ki4Li63Ta09Sno.106 | 30 1073
KisLi63Ta09Sno.106 | 40 1073
KisLie3TaooTio.1O6 | 40 1073
KisLi63Ta09Zro.106 | 40 1073
KisLie3TaooHf0.106 | 40 1073
KisLis3TaooFe0.106 | 40 1073
KisLi63TaO¢ 40 1073
(non-doped)

The density (o) of the samples was measured using the Ar-
chimedes' method. The relative density (pr) was calculated as o r
= o/ 00, Where oo is the ideal density calculated from the exper-
imental lattice constant of KLTO.® The microstructure and ele-
mentary distribution of all samples were analyzed using field-
emission scanning electron microscopy (FE-SEM) and energy
dispersion X-ray spectroscopy (EDX). The electron accelerating
voltage of the FE-SEM instrument was set to 10 kV. Crystal
structures were identified using powder XRD data collected utiliz-
ing synchrotron radiation (15.5 keV) at the Aichi-SR center. The
lattice parameters and site occupations were refined using the
Rietveld analysis program, RIETAN-FP.3 The diffraction data
were calibrated by comparing the measured and calculated dif-
fraction peak positions of NIST-CeO: standard powder.

The alternate current (AC) impedance of the samples was
measured using an LCR meter (IM3536; Hioki Denki, Japan).
Prior to measurements, the surface of the pellets was smoothed
using sandpaper up to the 800 grade and polished utilizing a lap-
ping film. Thereafter, Au electrodes were sputter-coated on both
sides of the specimens. AC impedance measurements were per-
formed in the frequency range of 4 Hz to 5 MHz at several tem-

peratures in the range of 300473 K (an average of two measure-
ments were taken with a 10 min interval after each temperature
remained stable for 10 min) under a N> flow of 1.5 L min™! to
achieve a P,, of 107 atm.

The direct current (DC) ¢ and transference number of Li ions
(tLi) values were evaluated using a symmetric cell (Fig. 2). To
block electronic contribution to conductivity, a 100 um thick pol-
ymer electrolyte sheet was inserted between the Li metal electrode
and the sample on each side of the cell.>* The polymer electrolyte
was prepared by adding lithium bis(trifluoromethylsulfonyl)imide
(LiTFSI) to poly(ethylene oxide) (PEO) keeping a O:Li molar
ratio of 10:1, where O is the ether oxygen in PEO. For the DC
measurements, the changes in current with time at a constant bias
voltage were measured for 10 h at 300 K. We also measured the
AC impedances of the cell before and after DC measurements,
and evaluated the interfacial resistances between the PEO-LiTFSI
polymer electrolyte and sample. We also confirmed that the re-
sistance between the polymer electrolyte and Li mental was negli-
gible (less than 1/100 of the total resistance of the cell). The volt-
age drops within the sample during DC measurements were de-
termined by compensating for the interfacial resistances and con-
verted to DC conductivities of the sample using the currents
measured initially and after 10 h. The 7 value was then deter-
mined using the ratio of the DC ¢ value after 10 h to the initial DC
o value.

3. Results and discussion
3.1. Theoretical results and analysis

KLTO is a wide-bandgap insulator. Its bandgaps calculated us-
ing the GGA method in the PBE functional and HSE06 hybrid
functional were 4.41 and 5.97 eV respectively. The calculated
theoretical lattice parameters by the GGA method in the PBE
functional (¢ = 8.283 A, b=8283 A, ¢c=7265A, y= 120°)
were in agreement with previously reported experimental values
(@a=8.226A,b=8226A,c=7212 A, y =120°° within the
typical overestimation (less than 0.7%).

To calculate Euig using the NEB method, Li; atoms were con-
sidered to migrate between two 9d sites via a kick-out mechanism
(Fig. 3(a)). A 9d site Li; atom moved to 18f site kicking out the
existing Li atom, and then the kicked-out Li atom moved to an-
other Li; 9d site. The migration path of Li; was delocalized and
connected to neighboring cells in three dimensions. The NEB
results are presented in Fig. 3(c). The Emig of Li; was low (7.7 kJ
mol ™). Under stoichiometric conditions, a Frenkel pair of Li; and
oL (where O is a vacancy) was dynamically unstable (data not
reported). Therefore, Li-excess conditions were critical for the
formation of Li; species with a low Emig.
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Figure 2. Schematic diagram of the symmetric cell used for direct
current conductivity measurements. The cell was placed in an Ar-
filled beaker and two Cu electrodes were connected to an imped-
ance analyzer outside the beaker. Here, PEO-LiTFSI denotes
poly(ethylene oxide)-bis(trifluoromethylsulphonyl)imide.
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Figure 3. (a) Locations of a stable Li; site (9d) and its migration
path in KLi¢TaO¢ (KLTO). The identical migration paths are il-
lustrated as connections between the Li; (9d) and Li (18f) sites.
The arrows illustrate Li migration via a kick-out mechanism. (b)
Isosurface of Li; ion probability density distribution (P; gray) in a
conventional KLTO cell (0.3% of Puax) at 973 K obtained using
first-principles molecular dynamics calculations. (c) Nudged elas-
tic band profiles of a Li; site of KLTO with a kick-out mechanism.
The closed circles denote the initial and final states with a Li;
atom in the 9d site.

The dependence of the calculated (symbols) and fitted (lines)
oLi values of KLTO on temperature determined using FPMD cal-
culations is presented in Fig. 4. For KLTO under 5.6% and 2.1%
Li excess conditions, the E, values were 11 and 12 kJ mol™!, re-
spectively, which agreed well with the Ewm value determined

using the NEB method (7.7 kJ mol™). In addition, the trajectory
of Li determined using FPMD calculations (Fig. 3(b)) was in
agreement with the migration path with a low Ewmie suggested us-
ing the NEB method (Fig. 3(a)). The ovi values of the KLTO sam-
ples with an additional Li; atom prepared under 5.6% and 2.1%
Li-excess conditions predicted using FPMD calculations at 300 K
were 0.078 and 0.027 S cm™!, respectively, which were compara-
ble to those previously reported for Li-conducting sulfides (oLi >
1072'S cm™).">2 35 Conversely, under 2.1% Li-vacant conditions,
oLi at 300 K was 6.9 x 107 S cm™!, and E, was 29 k] mol™!. In
addition, under stoichiometric conditions, the Dyi value of the
KsLissTagOas cell was 3.1 x 107 cm?s™! at 1273 K, which was
three orders of magnitude smaller than that of the KLTO with a
Li; atom prepared under 2.1% Li-excess conditions (4.4 x 107
cm?s™"). This confirmed that in the absence of excess dopants or
Li defects, KLTO was not expected to present Li conductivity.
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Figure 4. Dependence of calculated (symbols) and fitted (lines)
Li-ionic conductivity (oLi) values of KLisTaOs (KLTO) on tem-
perature (7). The error bars indicate one standard deviation. The
“+” marks denote the oLi values at 300 K for reference.



Table 2. Measured and relative densities ( 0o and o r, respectively) and conductivities (6) at 300 K of Sn-doped
KiLis3Ta09Sne.10s (x = 1.1, 1.3, 1.4, 1.5) samples. The ¢ value of the KisLis3Ta09Sno.10s sample could not be determined
using the Nyquist plot. Here, SPS denotes spark plasma sintering.

Sample SPS P PR o
conditions (g em™) (%) (Scm™)

Ki1.1Li6.3Ta0.9Sn0.106 973 K, 10 min 3.77 89.4 2.0x10°
Ki1.1Li6.3Ta0.9Sn0.106 1023 K, 10 min 3.82 90.7 3.3x10°
Ki.3Lis:3Ta0.9Sno.106 1023 K, 10 min 3.33 79.0 -

Ki.4Lis:3Ta0.9Sno.106 1023 K, 10 min 3.14 74.4 3.6 x10°
Ki.5Lis:3Ta0.9Sno.106 1023 K, 10 min 2.91 69.1 6.7 x 107
Ki.4Li63Ta0.9Sno.106 1073 K, 10 min 3.84 91.0 1.3 x10°
Ki.5Li6.3Ta0.9Sn0.106 1073 K, 10 min 3.93 93.2 5.7x107°

The NEB and FPMD results provided a scientific rationale for
the great potential of KLTO as a Li-ion conductor. Finding a reli-
able method to achieve Li-excess conditions is a challenge for
practical applications. One such method, which has been success-
fully used for garnet-type oxides is aliovalent cation doping to
compensate for charge imbalance.?% 37 To analyze the effect of an
extrinsic dopant on oLi, an acceptor cation Sn*" was substituted
with Ta’* to compensate for the charge of the Li;" ions. Then, oLi
decreased to 7.8 x 107 S ecm™ at 300 K and E, increased to 22 kJ
mol™!, compared to those without the extrinsic dopant (Fig. 4).
These results were ascribed to the interactions between point de-
fects. Furthermore, a detailed analysis of Sn-doped KLTO re-
vealed that Enig was 28 kJ mol™! and a large energy barrier of 32
kJ mol™! was present around the Snr.” sites, which quantitatively
agreed with the high E, of 22 kJ mol™" in FPMD. This suggested
that extrinsic dopant selection is important for achieving a high
Li-ion conductivity.

3.2. Experimental results and discussion

The por and o at 300 K (6@300 K) values of the Sn-doped
K«Lis3Ta09Sno.106 (x = 1.1, 1.3, 1.4, 1.5) samples after SPS are
listed in Table 2. The o r values approached 90% in the
Ki.1Li6.3Ta0.9Sno.106 sample without excess KO2, and decreased
with increasing excess KO2 amount at the same SPS temperature
of 1023 K. Conversely, o increased with increasing excess KOz
amount. These results suggested that the excess KOz hindered
sintering; however, it also compensated for the loss of K during
sintering, contributing to the high ¢ values of the
K«Lis3Ta09Sno.10¢ samples. As the SPS temperature was in-
creased from 1023 to 1073 K, orexceeded 90%; however, the o
value of the Ki4Lis3Ta09Sn0.106 sample was lower than those of
all other KxLis.3Ta0.9Sno.106 samples probably because of the loss
of K with increasing SPS temperature. Lastly, the
Ki5Li63Ta09Sno.10¢ sample that underwent SPS at 1073 K pre-
sented high o r and o values.

The SEM secondary electron images of KxLis3Ta0.9Sno.1O0¢ are
presented in Fig. 5. The microstructure of the Ki.1Lis3Ta0.9Sno.106
sample without excess KOz after SPS at 973 K was dense (Fig. 5
(a)), which was consistent with the high o r of this sample. The
excess KOz and SPS at 1023 K resulted in pore and precipitate
formation (Figs. 5 (b)—(d)). After SPS at 1073 K, the

K1.5Li6.3Ta0.9Sno.10¢ sample presented a dense microstructure (Fig.

5 (f)). The grains in the microstructure of the Ki.sLis.3Ta0.9Sno.106
sample that underwent SPS at 1073 K (Fig. 5(f)) were larger than
those of the Ki.1Lic3Ta0.9oSno.10s sample that underwent SPS at
973 K (Fig. 5(a)).
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Figure 5. Scanning electron microscopy secondary electron imag-
es of KxLi63Ta09Sno.10s (x = 1.1, 1.4, 1.5) samples sintered at
various spark plasma sintering temperatures.

This was further observed in back scattered electron images and
elementary EDX mappings of the Ki.iLis3Ta09Sno10s and
Ki.5Li6.3Ta0.9Sno.10s samples (Figs. 6 (a) and (b), respectively).
EDX is not a quantitatively accurate method and presents a low
energy sensitivity for Li; however, the overall phase distribution
of the analyzed samples can be evaluated using their EDX map-
ping images. For the Ki.1Li6.3Ta0.9Sno.10s sample that underwent
SPS at 973 K, the KLTO phase (Area C, Fig. 6 (a)) consisted of
small grains, which were isolated by a surrounding Ta-rich/K-
poor secondary phase (Area E, Fig. 6 (a)) and voids, though the
bulk phase was mostly in the single phase of KLTO (Fig. S3 in
SI). Conversely, for the Ki.sLis.3Tao9Sno.10s sample that under-



went SPS at 1073 K, the KLTO phase (Area E in Fig. 6 (b)) con-
sisted of large grains, which were interconnected throughout the
solid, and only traces of a Ta-rich/K-poor secondary phase were
observed (Areas A and B, Fig. 6 (b), and Fig. S3 in SI). These
results suggested that the excess KO2 can effectively decrease the
amount of Ta-rich/K-poor secondary phase and promote the grain
growth of the KLTO phase, probably because it compensated for
the loss of K during SPS. Such larger grains can contribute to a
high o value, as indicated in Table 2, while the small isolated
secondary phase could not affect o so much. The KLTO phase did
not contain a detectable amount of Sn (Area C, Fig. 6 (a) and Area
E, Fig. 6 (b)); instead, Sn segregation was observed around the
grain boundaries (Area D, Fig. 6 (a) and Area D, Fig. 6(b)).
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Figure 6. Back electron images of (a)
K1.1Li6.3Ta0.9Sn0.10¢ sample that underwent spark plasma sinter-
ing (SPS) at 973 K, (b) KisLis3Ta0.9Sno.10¢ sample that under-
went SPS at 1073 K, and (c) Ki.5Lic3TaOs sample that underwent
SPS at 1073 K. The numbers in the table represent the composi-
tions in atom% and the K/Ta atomic ratios determined using ener-
gy-dispersive X-ray spectroscopy analysis for the areas marked in
the images on the left.

The Rietveld analysis results for the powder XRD data of the
Ki.5Li6.3Ta0.9Sne.106 sample that underwent SPS at 1073 K are
presented in Fig. 7. The major and minor peaks were attributed to
the KLTO and Li7TaOs phases, respectively. Rietveld analysis
indicated that the Li7TaO¢ phase content of this sample was 1.8%,
and the Ta-rich/K-poor secondary phase observed in the EDX
mappings was consistently identified as Li7TaOs. The excess KO2
effectively compensated for the loss of K during SPS and reduced
the content of Li7TaOs phase in the KxLis.3Ta0.9Sno.10¢ samples.
Another important result derived from the Rietveld analysis was
the site occupancy of Sn. We achieved the best convergence when
Sn occupied just 2% of the Ta sites, which was lower than the
nominal doping level of 10%. In addition, significant Li vacancy
was indicated. These results suggested that Sn doping could not
effectively introduce excess Li/™ ions. We will discuss the for-
mation of Li;” with conductivities and theoretical analysis later.
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Figure 7. Rietveld analysis of the Ki.sLis3Tao9Sne.1Os sample
subjected to spark plasma sintering at 1073 K. The red dots, cyan
lines, upper green vertical bars, lower green vertical bars, and blue
lines represent the observed intensity, calculated intensity, peak
position of KLisTaOs, peak position of Li;TaOe, and errors, re-
spectively. The table summarizes the lattice parameters (a and c),
site occupancies (occ.), and Rietveld analysis convergent parame-
ters (Rwp and S) considering that the secondary phase consisted of
Li7TaOs. For this analysis, we assumed that no vacancies were
available for the Ta sites where either Ta or Sn thus occupies.

Next, we examined Ti, Zr, Hf, and Fe dopants, in search of a
better dopant than Sn. Based on the aforementioned data for Sn-
doped KLTO, we focused on K .sLis3Tao9Mo.106 (M = Ta, Sn, Ti,
Zr, Hf, and Fe) samples that underwent SPS at 1073 K. The nom-
inal compositions and p and pr values of the samples after SPS
are listed in Table 3. A non-doped sample was also synthesized
and was used as the reference. The pr values of all samples were
higher than 90%.

Table 3. Measured and relative densities (p and pr, respec-
tively) of non-doped and doped KisLis3Ta0sMo1Os (M =
Ta, Ti, Zr, Hf, Sn and Fe) samples that underwent spark
plasma sintering at 1073 K for 10 min.

Sample p (gem™) PR (%)
Ki.5Li63TaOs (non-doped) | 3.93 933
Ki1.5Lis3Tao.9Tio.106 4.05 96.0
Ki.5Li6.3Ta0.9Zr0.106 3.96 94.0
Ki.5Li6.3Tao.oHf0.106 3.93 932
Ki.5Li6.3Ta0.9Sn0.106 3.93 93.2
Ki.5sLis.3Tao.9Fe0.106 3.85 914
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Figure 8. Powder X-ray diffraction  patterns  of
Ki.5Li6.3Ta0.9Mo.106 (M = Ta, Sn, Ti, Zr, Hf, and Fe) samples after
spark plasma sintering. All samples consisted mostly of single
phase KLicTaOg, and traces of LizTaO¢ were present as the sec-
ondary phase (V).

The powder XRD patterns of the KisLis3TaooMo106 (M = Ta,
Sn, Ti, Zr, Hf, and Fe) samples after SPS are illustrated in Fig. 8.
The peaks of the KLTO phase were dominant in the patterns of all
samples, whereas a trace Li7TaOs phase was observed, particular-
ly in the XRD patterns of the Ti-, Zr-, and Hf-doped samples. The
lattice parameters of the samples were determined via Rietveld
analysis (Sec. S3 in SI). The lattice parameter a of the
Ki.5Li6.3Ta09Mo0.106 (M = Ta, Sn, Ti, Zr, Hf, and Fe) samples and
ionic radii of the doped ions, (Sn**, Ti**, Zr*, Hf*", and Fe*") in
octahedral coordination are presented in Fig. 9. The changes in
the lattice parameter a were mostly proportional to the ionic radii
of the doped ions. Similar changes were obtained for the lattice
parameter c. These results may suggest that the samples consist of
solid solution of dopants, according to the Vegard’s law. A de-
tailed comparison of site occupancy for the Ki.sLis3Tao9Mo.106
(M = Ta, Sn, Ti, Zr, Hf, and Fe) samples is not presented because
we could not systematically reach Rietveld analysis convergence
for the doped samples. However, the doped samples can present
similar doping levels to the Sn-doped sample, a few % for the Ta
sites, as inferred from the results in Figs. 7 and 9.
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Figure 9. Lattice parameter a of Ki.5Lis3TaooMo.10s (M = Ta, Sn,
Ti, Zr, Hf, and Fe) samples that underwent spark plasma sintering
determined using Rietveld analysis and ionic radii of doped ions.

The bulk o values of the synthesized samples determined via
impedance measurements are illustrated in Fig. 10. The linear
dependence of In(7o) of 1000/T allowed us to determine the E.

values of the samples by fitting the data. The ¢ and E, values of
the Ki.5Lis.3Tao.9Mo.10s (M = Ta (non-doped), Ti, Zr, Hf, Sn, and
Fe) samples are summarized in Table 4. The Sn-doped sample
presented the highest @300 K of 1 x 107 S ¢cm™! and the lowest
Ea of 35.9 kJ mol™! of all samples. The 6@300 K and E. values of
the Zr- and Hf-doped samples were slightly lower and higher,
respectively, than those of the Sn-doped sample, and the s@300
K and E, values of the Ti- and Fe-doped samples were not signifi-
cantly different from those of the non-doped sample. The o@473
K values of all samples were similar. This suggested that a pre-
exponential factor of To, which was sensitive to the number of
active Li ions responsible for conductivity (Eq. 4), was not signif-
icantly affected by the dopants we studied.
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Figure 10. Logarithmic plot of conductivity ( o ) of
Ki.5Li6.3Ta09Mo.10s (M = Ta, Ti, Zr, Hf, Sn, and Fe) vs. 1000/T.
The data for the Sn-doped sample (solid line) were fitted and the
activation energy of the sample was determined to be 35.9 kJ
mol ™.

Table 4. Conductivities ( o) at 300 and 473 K and activa-
tion energies (E.) of the KisLis3TaooMo.10s (M = Ti, Zr, Hf,
Sn, and Fe) samples that underwent spark plasma sinter-
ing at 1073 K for 10 min.

Sample c@300K (Sem™) | Es
c@473 K (Scm™) (kJ mol™1)
KisLis3TaOs 4.0x107 55.1
(non-doped) 1.0 x 1073
Ki5Li63TaooTio.10s | 5.0 x 1077 50.7
50x10*
KisLis3Ta09Zro10s | 5.0 x 107 43.8
1.0 x 1073
KisLis3TaooHf0.10s | 2.5 x 107 43.9
8.0x10*
KisLis3Ta09oSn010s | 1.0 x 1073 35.9
1.1x1073
KisLis3TaooFe010s | 2.5 x 1077 55.3
3.9x10*




Table 5. Direct current conductivities ( o) and transference numbers of Li ions (7.i) of the Ki.sLis3Ta09Sne.10s sample evalu-
ated using the symmetric cell illustrated in Fig. 2. The 7.i values were calculated as the ratio of & after 10 h to the initial o.
The constant bias voltage was varied in the range of 0.5 to 1.5 V. The 7.i values were averaged to calculate 7.; ave.

g (Sem™) fLi ave.
Voltage (V) | 0.5 0.8 1.0 1.5
Initial 1.15 %107 1.06 x 107 1.08 x 107 1.04 x 107
after 10 h 6.09 x 107° 6.66 x 107° 6.50 x 107° 5.16 x 107°
fLi 0.53 0.63 0.60 0.50 0.57

The i value at 300 K measured from the DC ¢ values of the
Ki.5Li6.3Ta0.9Sno.106 sample using the symmetric cell illustrated in
Fig. 2 are summarized in Table 5. The initial DC ¢ value was in
good agreement with the o value determined using AC impedance
measurements (Table 4). The DC o values were reproducible with
respect to the different constant bias voltages, and the average fLi
was calculated to be 57%. The net oL at 300 K of the

Ki.5Li6.3T209Sn0.10s sample was determined to be 6 x 107¢S cm™.

We did not identify the other species in the residual transference
numbers; however, we hypothesized that one of the residual spe-
cies was K, as evidenced with its inhomogeneous distribution
illustrated in Fig. 6.

The experimental ori at 300 K and E, values of the
Ki.5Li63Ta09Sn0.10s sample (6 x 107¢S cm™! and 36 kJ mol™!,
respectively) were compared with the theoretical ones. The Sn-
doped theoretical model (Fig. 4) was built using a 2.1% Li-excess
where one of eight Ta atoms was substituted by Sn; therefore, the
Sn concentration of the theoretical model was similar to the nom-
inal composition of the experimental sample, and the o at 300 K
and E, values of the theoretical model were 7.8 x 10™*S cm™' and
22 kJ mol™!, respectively. Conversely, the predicted oi at 300 K
and E, values of the 2.1% Li-vacant model were 6.9 x 1073S cm’!
and 29 kJ mol™!, respectively, which were in better agreement
with the experimental results. According to the theoretical analy-
sis, the Li;" ions contribute to the high oL values of the samples.
On the other hand, defect formation energies obtained by the first-
principles calculations showed the formation of oL~ was more
stable than that of Li;* or (Snta” + Li;")° (Sec. S2 in SI). This sug-
gests that the existence of oL~ obstructs the formations of the
active Li;/" ions in the crystal. In fact, oL~ was suggested by the
Rietveld analysis (Fig. 7) and almost no dopant (within a variation
in the EDX analysis) was observed in the matrix phase of the
observed microstructure (Figs. 6 (a) and (b)). Instead, when com-
paring the microstructure of the Sn-doped and non-doped samples
(Figs. 6 (b) and (c), respectively), we concluded that Sn doping
promoted grain growth and, thus, lowered the rate-limiting diffu-
sion barrier at grain boundaries. This was consistent with the ob-
servation that the pre-exponential factors of o of all samples were
similar (Fig. 10).

4. Conclusions

In this study, we provided theoretical and experimental data
supporting the potential of KLTO as a good Li-ion conductor. Our
theoretical study based on first-principles calculations predicted
good oLi and low E. values with a kick-out Li migration mecha-
nism once excess Li/" species were introduced. The experimental-
ly determined o, ovi, and E. values of the Sn-doped sample were 1
x 107%Scem™!, 6 x 10°°S cm™!, and 36 kJ mol ™!, respectively. The
ovLi value of the Sn-doped sample was comparable to those of
previously reported LiPON*® and Li>Ti307 (c-axis)*® Li-ion con-
ductors. Moreover, the E, value of the Sn-doped sample was as
low as those of LLZO and (LiLa)TiO3.*’ Therefore, in this study
we demonstrated the effectiveness of our screening method based
on the corrugation descriptor, which proposes solids with low E.

values. Conversely, it was suggested that the dopants used in this
study were not effectively present in the KLTO matrix and did not
introduce stable Li;" ions in the KLTO matrix, which could limit
the experimental oLi values. This leaves the challenge of achieving
stable Li-excess conditions by selecting adequate extrinsic do-
pants and processing conditions.
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SYNOPSIS TOC.

We study a hexagonal oxide KLisTaOs (KLTO), proposed as a Li-ion solid electrolyte by using a recently developed screen-
ing method. First-principles calculations predict that KLTO presents a good Li-ion conductivity (o.i) and a low activation
energy (E,) under the presence of excess Li ions. Our experimental results demonstrate that Sn-doped KLTO presents a con-
ductivity of 1 x 10°S cm™! and a low E, of 36 kJ mol ™', which confirm the validity of the proposed screening method. De-
tailed analyses indicate that a stable Li-excess condition is not achieved, therefore, leaving potential improvement of the per-

formance of KLTO by optimizing extrinsic doping and fabrication process.
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