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ABSTRACT: LiTaSiOj, with its suitable conduction channels and Liinsertion > Li,,,Ti,Ta,,SiO; Temperature (°C)
wide electrochemical stability window, has been previously Crystalline Grain 60 50 40 30 20 10 0 -10
suggested as a potential host of concerted Li migration triggered Concerted 7 4 Grain conductivity
by inserting Li interstitials. However, without proper separation of " $’a'" ] S Li; > ot Eo ¥
grain and grain boundary contributions, previous experimental P 5) -5
efforts have been unable to isolate and quantitatively characterize E
the defect chemistry—conductivity relationship within the lattice. £-6 0.29eV
In this work, LiTaSiO5 was identified by descriptor filtering of the ) ) 0.34eV
Materials Project database, and Li,* were inserted via Ty, dopin Easiiy °

roject ¢, i wet : Ta dOpINg Li+ Intergrandlall = .74, .. 0.37eV
to form Lij,,TiTa; ,SiO;. The grain and intergranular con- Transpor linsertion % g 500y
ductivities were separated using electrochemical impedance s phase 11 3.0 32 34 36 38
spectroscopy with distribution of relaxation times analysis (EIS/ 3 1000/T (1/K)

DRT). We showed the first clear observation of a monotonic

decrease in activation energy E, from 0.50 to 0.29 eV and a 6X increase in Li* conductivity in the grains to 2.49 X 107 S/cm for x =
0.15 (30 °C) as more Li;* were inserted, providing insight into how Li;* potentially triggered concerted transport. The necessity of
separating grain and grain boundary contributions was further emphasized by observation, via STEM-EDS, of a Si-rich/Ta-poor
intergranular amorphous phase that increases in volume with increasing Tir,” concentration. This phase led to a 19X increased
specific grain boundary conductivity to 5.95 X 1075 S/cm for x = 0.15 (30 °C) with decreased E,. The distribution of the
intergranular phase was inhomogeneous (variation in size, stoichiometry), resulting in a wide distribution of relaxation times for the
intergranular transport. L, Ti,Ta, ,SiO; also exhibited wide electrochemical stability, up to 4.9 V, making it suitable for application
as a solid electrolyte or cathode coating.

KEYWORDS: grain conductivity, concerted ion transport, specific grain boundary conductivity, intergranular phase,
electrochemical stability

1. INTRODUCTION In this work, we rediscovered (via high-throughput screening)
and explored (electrically, electrochemically, chemically, and
structurally) an emerging class of Li* conductors, based on
LiTaSiOs. Previous work by Xiong et al.” and Wang et al.'
suggested computationally that the insertion of Li interstitials
into this composition could trigger concerted ion transport—a
desirable mechanism for superionic Li conductivity with low
effective migration barriers."' ™" In addition to increasing
carrier concentration, the extra Li* inserted through acceptor
doping in Li,,,Zr,Ta,_,SiO; was reported to displace some Li*

Li-ion batteries are developing rapidly to support various
applications, from mobile devices to electric vehicles and grid-
level storage. With an ever-increasing need for better perform-
ance, all-solid-state batteries (ASSB) have drawn significant
attention because of their potential to offer higher energy density
and better safety. To realize ASSB, the development of new solid
electrolyte materials to replace liquid electrolytes is of vital
importance. For that reason, researchers have developed and
studied many promising Li* conductors. However, issues like
poor interface stability/compatibility, limited electrochemical

stability window, poor air stability, and high mechanical stiffness Received: July 3, 2023 %\
still present as hurdles toward their application in full cells.”” In Revised: ~ October 22, 2023 @, Xy
addition to concentrated efforts to break through the Accepted:  October 25, 2023 "1“_§>
aforementioned limitations by engineering existing materials, Published: November 13, 2023 l“

the discovery and exploration of new solid electrolyte

compositions is another important route to realize ASSB.*™°
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originally on the low-energy site (Lil) to occupy the high-energy
site (Li10).”'" As a result, the Li* sublattice became more
disordered, and mobile ions migrating downhill from high-
energy sites balanced out a part of the energy barrier
encountered by other uphill-climbing ions. These strong
interactions between mobile ions can effectively reduce the
migration energy barriers and increase the ionic conductivity.
This concerted mechanism has also been reported to be
responsible for hiigh ionic conductivity in many superionic
conductors (SIC)," assuming a long-range ordered crystalline
lattice without extended defects. However, in practical use, SICs
are typically polycrystalline or not fully crystalline, and
performance is commonly measured in the form of total
conductivity, which consists of the contributions from both
grain and intergranular/grain boundary (GB) transport. In
previous experimental work on Li,,Zr,Ta,_,SiOs, grain and GB
transport were not deconvolved,”'” and monotonic trends in
activation energy with doping were not observed. Without
evaluating the two processes separately and without observing a
monotonic trend, the effect of Li* insertion on concerted ion
transport within the grains remains unconfirmed, even if the
total conductivity increased and activation energy decreased.
This separation is particularly important for solid electrolytes
containing glass-forming elements, like Si in the present case, as
there is a reasonable expectation of amorphous regions, such as
intergranular phases, that also contribute to the measured total
conductivity. Therefore, in our work we focused on this
necessary isolation of grain and grain boundary/intergranular
contributions to transport through careful microstructure, ac
impedance, and relaxation time analysis.

Using a descriptor-based screening approach of nearly 16000
Li-containing compositions in the Materials Project (MP)
database, LiTaSiOg was identified as a promising material with
desirable properties for solid electrolytes (i.e., low electronic
conductivity, suitable conduction channels, and an electro-
chemical stability window suitable for use with high-voltage
cathodes). Into this composition we experimentally substituted
a portion of Ta** with Ti* acceptors to introduce systematically
varied amounts of Li interstitials for charge compensation,
making the final compositions Li,,,Ti,Ta,_SiOs (x = 0, 0.0S,
0.1,0.15). Ti** (0.605 A) has a similar ionic radius to Ta>* (0.64
A), which could potentially lead to better dopability compared
to the previously explored dopant Zr** (0.72 A) and potentially
minimize chemo-mechanical effects on transport. We explored
the synthesis parameters for Li,, Ti,Ta,_,SiOs, followed by in-
depth microstructure and transport studies. Li,,, Ti,Ta,_,SiO;
consisted of mostly crystalline grains with an intergranular
amorphous phase. We carefully separated the grain and grain
boundary transport processes to (1) more clearly understand the
effect of Li* insertion within the crystalline lattice and (2)
correlate the intergranular/GB transport behavior with the
microstructure and local composition. Furthermore, in the
screening process, additional electrolyte candidates were
identified that are expected to exhibit favorable ionic
conductivity behavior with either high or low voltage stability.

2. METHODS

2.1. Screening for Solid Li* Conductors. Before the in-depth
experimental efforts, our initial selection of LiTaSiOj arose from a high-
throughput descriptor filtering process to identify candidate compo-
sitions with desirable properties as solid electrolyte material. In the
screening process, materials properties such as bandgap and energy
above the convex hull were directly obtained from MP using pymatgen

packages.”” For example, the bandgap is related to intrinsic electronic
conductivity, and energy above the hull is associated with
thermodynamic stability. The thermodynamic electrochemical stability
window was also obtained from MP using the pymatgen.analysi-
s.phase_diagram module. By variation of the chemical potential of Li, it
determines the range in which a certain composition can be
thermodynamically stable. Additional calculations were performed to
evaluate the migration energy. Bond valence migration energy
(Empy)’ " evaluates the electrostatic interactions between Li* and
other immobile framework ions and was used to ensure that the
framework scaffolds form conduction channels and allow for Li*
conduction. Although there are some inherent limits in E, gy
calculations, it is one of the fastest routes to estimate the ability for
Li* transport (1—2 min/structure on a personal computer); E, gy has
also been shown to gpositively correlate with activation energies (E,)
calculated by DFT.>® By first assi§ning the oxidation states of the ions
with the program FormalCharges,”* the bond valence migration energy
(Empv) was calculated using the program BondStr.>’

These calculations were performed for many Li-containing
compounds in MP, similar to our previous work, where we used a
slightly different descriptor filter.”® After obtaining important proper-
ties for electrolytes, the compositions were filtered, with the filtering
steps/selection criteria illustrated in Figure 1 and outlined here: (1) All

Ternary Quaternary

.\ All Li compounds

( ) (Materials Project) 5264 11545 )
(2) Bandgap 21 eV 1766 5906

.« Energy above hull ]
(3) Jhgoy o 1018 3016

[ 1 Exclude transition metal )
;(4) (V, Cr, Mn, Fe, Co, Ni, Cu) ik e )
(5) Bond Valence Ep< 1 eV 236 412

[~y Electrochemical Stability )
k(6) (Left: Vg < 0.5V, Right: V,, > 3.5V) g & & )

Figure 1. Workflow of the filtering process: material properties suitable
for solid electrolyte materials were used to downselect compositions.
Steps 1—S5 ensured low electronic conductivity, low energy above the
hull, and low migration energy. For ternary and quaternary compounds,
in step 6, the left split arrows selected compositions with stability
against low-voltage anodes, and the right split arrows selected materials
with stability against high-voltage cathodes; LiTaSiO5 was one of the
candidates in this category (Vg and V,, are respectively the calculated
thermodynamic reduction and oxidation stabilities vs Li).

Li-containing compounds were taken from MP and categorized into
ternary and quaternary compounds (binary compounds and others
were excluded). At the time of the search, there were 5264 ternary and
1154S quaternary Li-containing compounds. (2) A large bandgap is
preferable for solid electrolyte materials to limit intrinsic electronic
conductivity. Bandgaps from MP are often underestimated as they are
calculated by DFT using the generalized gradient approximation
(GGA) functional. Therefore, a relatively low cutoff value of >1 eV was
chosen as a starting point. (3) To ensure their thermodynamic stability,
only compounds with energy above hull <50 meV/atom were allowed
to pass. 50 meV/atom was used as a rule of thumb for phase stability
because of prediction errors of DFT calculations using the GGA
functional.”” (4) Compounds containing potentially multivalent
transition metals (V, Cr, Mn, Fe, Co, Ni, Cu) were excluded to limit
the probability of electronic conductivity and redox activity. (5) Only
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compounds with a E,, sy < 1 eV were chosen to rule out compounds
with unsuitable framework-ion sublattices for Li* transport. E, 5y tends
to overestimate the actual activation energy, with a scaling factor of
0.3—0.7 compared to E, calculated by DFT.”*** With many superionic
conductors having an E, of 0.2—0.5 eV, we think an intermediate
criterion of E,, yy < 1 €V correlating to an E, below 0.3—0.7 eV was
reasonable. (6) Compounds with electrochemical stability <0.5 V were
selected in the left split arrows for ternary and quaternary
compounds—these materials have better compatibility with low-
voltage anodes. On the other hand, compounds with electrochemical
stability >3.5 V were selected in the right split arrows for ternary and
quaternary compounds—these materials have better compatibility with
high-voltage cathodes. Experimental electrochemical stability windows
tend to be wider than calculated thermodynamic electrochemical
stability windows.'”*® Therefore, intermediate cutoff values of 0.5 or
3.5 V were chosen as starting points.

Additional explanations of the filtering steps can be found in Section
1 of the Supporting Information. The compounds selected in each step
are listed in the Excel files in the Supporting Information along with all
the material properties calculated (3_Ternary dataxlsx and 4_Quar-
ternary_data.xlsx).

2.2. Synthesis. LiTi, Ta;_,SiOs (x = 0, 0.05, 0.1, 0.15) pellets were
synthesized using solid-state reactions. Chemicals used include Li,CO,
(lithium carbonate, Thermo Scientific, 99.998%), TiO, (titanium
oxide, Alfa Aesar, 99.99%), Ta,O; (tantalum oxide, Fisher Scientific,
99.99%), and SiO, (silicon oxide, Sigma-Aldrich, 99.5%). Prior to the
mixing of the precursors, the SiO, powders were annealed at 1300 °C
for 24 h, resulting in crystalline SiO, powders (confirmed using X-ray
diffraction). Water contents of the reagents were measured by separate
mass-loss analysis, in which the precursors were dried to anhydrous
states at high temperatures and quenched. Then, Li,CO; (with 10%
excess in Li to compensate for Li loss), TiO,, Ta,05, and SiO, powders
were mixed stoichiometrically and high-energy ball-milled for 1 h in
ethanol with zirconia balls to reduce the particle size and facilitate
reactions. After ball-milling, the powders were calcined at 700 °C for 3
h. The calcined mixtures were then dry-pressed uniaxially under 125
MPa with a hydraulic press (Carver, Model 4350), followed by sintering
to form Li;,, Ti,Ta;_,SiO; pellets. Undoped pellets (x = 0) were
sintered at 1250 °C for 24 h; doped pellets (x = 0.0S, 0.1, 0.15) were
sintered at 1150 °C for 24 h. All sintering processes were performed in
air under the cover of mother powders to reduce Li loss and
contamination from the crucibles. Overall sample composition
(including Li content) was confirmed to match the nominal targeted
composition of selected samples using inductively coupled plasma
optical emission spectroscopy (ICP-OES)—first, the samples were
transferred into HF/HNO;/HCI mixture solutions and digested in a
CEM MARSG6 microwave digestion system; then, the sample solutions
were diluted and analyzed on a PerkinElmer Optima 8300 ICP-OES
instrument (the digestion and ICP analyses were performed by the
microanalysis laboratory at the University of Illinois Urbana—
Champaign).

2.3. Characterization. Sample densities were determined from
measured masses and geometries of the pellets and expressed in terms
of their respective theoretical densities (measured density/theoretical
density = %TD, where the theoretical density was obtained from the
structure of the crystalline phase). The phase contents of the
LiTi,Ta;_,SiO; pellets were examined by X-ray diffraction (XRD)
(Bruker D8 Advance XRD; Cu Ka radiation; step size: 0.01°; time per
step: 0.1 s; panoramic Soller slit). Rietveld refinements of all XRD data
were performed using TOPAS with Powder Diffraction Files (PDF)
from the International Centre for Diffraction Data (ICDD) database™
for phase quantification and lattice parameter refinement. R, values
from Rietveld refinements can be found in Table S1.

The microstructure and grain size of the pellets were characterized by
scanning electron microscopy (SEM) (JEOL 7000F Analytical SEM),
bright-field transmission electron microscopy (TEM), and scanning
transmission electron microscopy (STEM) using high-angle annular
dark field (HAADF) detectors (JEOL 2010 LaBg TEM and Talos
F200X G2 (S) TEM). Energy-dispersive spectroscopy (EDS) analysis
was also performed in STEM mode. TEM specimens were prepared

using focused beam (FIB) milling to lift out site-specific lamellae
containing several grains and the intergranular phase (Thermo Scios2
dual-beam SEM/FIB).

For electrical measurements, electrodes were deposited by sputtering
Au on both faces of the samples and Pt wires were attached as current
collectors. Before electrical measurements, the samples were dried in
dry air at 400 °C for 8 h to remove any potential contribution from
possible proton conductivity. Two-point AC electrochemical impe-
dance spectroscopy (EIS) measurements (Ametek/Solartron Modu-
labXM ECS impedance analyzer with femtoammeter and potentiostat
attachments) were performed in dry Ar/O, mixtures (UHP grade, po, =

0.21 atm, flow rate of ~100 sccm) from 20—100 °C in a tube furnace;
for measurements at 5—20 °C, samples were sealed in small airtight
plastic box filled with Ar and immersed in a water bath cooling system
during EIS. All EIS measurements were performed over a frequency
range of 1 MHz to 100 mHz. The impedance spectra were analyzed by
equivalent circuit fitting in the frequency range of the sample responses
(omitting electrode response), where Boukamp notation (R, resistance;
Q, constant phase element) was used to describe the circuits. An
equivalent circuit of (RQ)(RQ) was used to fit all of the EIS spectra
using ZView. Geometric corrections according to the dimensions of the
pellets were applied to calculate measured conductivities (0,,) from the
measured resistances. Selected impedance spectra were also analyzed
with a “Distribution of Relaxation Times” (DRT) approach using
DRTtools software®® (methods of discretization: Gaussian; regulariza-
tion parameter: 1 X 1077; regularization derivative: second-order).
Unless otherwise specified, the electrical grain boundary widths and
specific grain boundary conductivity were estimated using the brick
layer model using eqs 1 and 2

Cgrainegrain
Cerécn (1)

dGB

Dg ()

where dGBJ DG: Cgrailv CGB) Eoraiv €GBr Om,GB specr and Om,GB,eff aI€
respectively the electrical grain boundary width, average grain size, grain
capacitance, grain boundary capacitance, grain relative permittivity,
grain boundary relative permittivity, specific grain boundary con-
ductivity, and effective grain boundary conductivity. For simplicity,
Oum,GBeff A0 Oy Gpspec are used to represent the conductivity of the
intergranular regions (potential contributions from both the
intergranular phase and GB). In Figures S11 and S12, we also provide
specific grain boundary conductivities calculated using the mean size of
the intergranular pockets as electrical grain boundary thickness.

DC polarization experiments were performed using sputtered Au
electrodes (which are blocking to Li but nonblocking to electronic
carriers and O) at a constant applied voltage of 0.1 V at room
temperature, with monitoring of the current as a function of time. To
determine the electrochemical stability window, cyclic voltammetry
(CV) was performed at room temperature on Li;,  Ti,Ta,_,SiO pellets
under Ar with the following configuration: Ti current collectorl
sputtered Aulsintered LiTi,Ta,_,SiO; pelletILisPSsCl powdersILilCul
Ti current collector. A buffer layer of LigPS;Cl (NEI Corporation)
between the Li), Ti,Ta,_,SiOj; pellet and lithium was used to prevent
side reactions with Li. LigPS;Cl was pelletized to 300 MPa and
interfaced with Li at 20 MPa. The Li;, Ti Ta;_ SiO5 was then
interfaced with LigPS;Cl at 20 MPa; the other side of Li,,Ti,Ta,;_,SiO;
was sputtered with Au beforehand for better electrical contact with the
Ti current collector. The setup was tested at a constant pressure of 20
MPa to ensure contact, while the potential was swept from 2 to 6 V (0.1
mV/s) with respect to Li as the reference electrode.

dgg = Dg

Um,GB,spec = Um,GB,eff

3. RESULTS

3.1. Descriptor Filter Outcome. The details of the
automated descriptor filtering calculations are described in
Section 2.1, and the outcomes in terms of compositions that
satisfied the criteria are provided as Excel files available in the
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Supporting Information. As these selection criteria are
commonly recognized as desirable properties for solid electro-
Iyte materials, these candidates (provided in the Supporting
Information) could be of interest for the future exploration of
new electrolyte materials. Additionally, as the MP database
grows, more candidates may become available. LiTaSiOg was
selected among compositions that successfully passed through
the filter shown in Figure 1 with oxidation stability >3.5 V, and
its calculated properties are listed in Table 1. These properties

Table 1. Calculated Material Properties of LiTaSiOg,
Exhibiting Large Bandgap from Materials Project (MP), Low
E,, sy, and Good Stability against High Voltage, Make It a
Suitable Candidate for Application as a Solid Electrolyte”

composition ~ MP bandgap E. v Vg (V) V., (V)
(ev) (eV) (vs Li) vs Li
LiTaSiOg 3.807 0.51 1.406 4.106

“E, sy represents the bond valence migration energy; V.4 and V,, are
respectively the calculated thermodynamic reduction and oxidation
stabilities vs Li.

suggest suitability as a solid electrolyte, and the oxidative
stability, in particular, may enable compatibility of LiTaSiOj
with high-voltage cathodes. However, the total conductivity of
undoped LiTaSiOg was 8.39 X 1077 S/cm at 30 °C according to
our measurements, which was not high enough for application in
a solid-state battery. As a result, strategies to improve its
conductivity were explored, as will be discussed in the following
sections. In addition, experimental methods were used to verify
the computationally predicted wide electrochemical window.

3.2. Crystal Structure, Microstructure, and Intergra-
nular Chemistry of Li,,,Ti,Ta;_,SiOs. Previous studies have
suggested that the introduction of Li;* through acceptor doping
on the Ta sites may trigger concerted ion transport to improve
ionic conductivities.”'? In addition, doping also seemed to lead
to better sinterability and higher density.'’ In this work, to
introduce Li;*, Ti** (0.605 A) was chosen as the dopant on the
Ta%* (0.64 A) sites because of its similar ionic radius for
potentially better doPability vs the larger Zr** (0.72 A) dopant
previously studied”'® and to potentially avoid large lattice
expansion/contraction upon doping that might also impact
transport behavior. The monoclinic LiTaSiOg structure, with
space group P121/c1 (e.g, PDF#: 00-045-0644), remained the
dominant crystalline phase in all Li, Ti,Ta,_SiOs samples
explored in this work (x = 0—0.15), as evident from the XRD
data presented in Figure 2. Regardless of dopant concentration,
all samples showed <2 wt % of a LiTaO; impurity phase after
sintering, as seen in Table S1. Similar results have been reported
previously”'*—formation of a small amount of LiTaO5 seemed
inevitable during bulk synthesis of LiTaSiOs. Nevertheless, its
impact on electrical properties was deemed ne%ligible on the
basis of the low conductivity (2.35 X 107* S/cm'’) and limited
volume fraction of the LiTaO; impurity phase. It was also noted
that the cell volume decreased going from x = 0 to x = 0.1 and
then increased slightly from x = 0.1 to x = 0.15. In all cases,
doping with Ti** led to a slight shrinkage in the lattice relative to
the undoped composition, likely due to the smaller radius of Ti**
compared to Ta®".

The microstructures of sintered Li,, Ti,Ta,_,SiO; pellets can
be seen in the SEM images in Figure 3, which consist primarily of
relatively large (>1 um) crystalline grains, along with an
intergranular phase that becomes more evident with increasing
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Figure 2. XRD patterns of i, Ti,Ta,_,SiOs (x =0, 0.0S, 0.1,0.15) are
plotted above the broken line; reference patterns for phase analysis are
shown below the broken line. Undoped pellets (x = 0) were sintered at
1250 °C for 24 h; doped pellets (x = 0.0S, 0.1, 0.15) were sintered at
1150 °C for 24 h. <2 wt % of LiTaO; impurity phase is observed for all
samples. The inset shows the fitted cell volume at different dopant
concentrations (the colors of the data points in the inset correspond to
the XRD patterns); Ti substitution led to a slightly smaller cell volume
compared with the undoped composition.
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Figure 3. SEM images of Li|,, Ti,Ta,_SiOs (x = 0, 0.05, 0.1, 0.15).
Undoped pellets (x = 0) were sintered at 1250 °C for 24 h; doped
pellets (x = 0.05, 0.1, 0.15) were sintered at 1150 °C for 24 h. The
microstructure consists of mostly crystalline grains with an amorphous
phase between grains and along some grain boundaries. As Ti
concentration increases, more of the amorphous phase can be observed
(also see Figure 4b), along with an increase in grain size (Table S1).
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Figure 4. (a) STEM-HADDF image of Li; ; Tiy; TaSiO; (x = 0.1) sintered at 1150 °C for 24 h, showing intergranular phase pockets between
crystalline grains. Thin, Si-rich layers can be found along some GBs, while other GBs (“clean” GB) do not exhibit any chemistry variation with respect
to the grain. Samples with different dopant concentrations showed similar microstructural features. Additional high-magnification STEM images and
EDS analyses are shown in Figures S and 6. (b) Size distribution of the intergranular amorphous pockets as a function of dopant concentration in
Liy,, Ti,Ta,_,SiO; based on (S)TEM samples; the average sizes were respectively 297, 627, 660, and 714 nm for x = 0, 0.05, 0.10, and 0.15. Larger
intergranular amorphous pockets formed as the dopant concentration increased. The sizes of the amorphous pockets and the electrical GB widths
(dgpsec) evaluated using the brick layer model (eq 1 with the assumption that the grain and grain boundary relative permittivities are equal) were of
the same order.
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Figure 5. STEM-EDS analysis of different regions in Li; 4sTi 0sTa0,0sSiO5 (x = 0.05) °C sintered at 1150 °C for 24 h. The EDS and HAADF intensity
signals at each position on the arrow were integrated along the direction perpendicular to the arrow, and the blue box shows the bounds of the region in
which the signals were integrated. The elemental distribution and HAADF intensity along the light blue arrow are plotted below each micrograph. The
crystalline grains have brighter contrast; the intergranular amorphous phase has darker contrast. (a) A pocket of intergranular amorphous phase
between grains with significant Si excess. (b) A thin layer of intergranular amorphous phase between two grains with significant Si excess. (c) A “clean”
GB showing an unchanging elemental distribution across it and brighter HAADF contrast compared to those of (a) and (b).

Ti concentration. Although less significant, the formation of an
intergranular phase was still visible in the microstructure for x =
0. Both higher sintering temperatures and higher dopant
concentrations led to an increased volume fraction of the
intergranular phase. As a result, a lower sintering temperature of
1150 °C was used for Ti-containing samples, as opposed to 1250
°C for the undoped samples, to minimize the formation of the
amorphous phase. Longer sintering times or slower cooling rates
resulted in more impurity phase and amorphous phase
formation.

In addition to observation through SEM, the crystalline phase
and intergranular phase were examined more closely by
(S)TEM. Electron diffraction in TEM confirmed that the grains
were crystalline, and the intergranular phase was amorphous
(Figure S1). Because of its relatively small volume fraction and
amorphous nature, the intergranular phase was not detected by
XRD. In STEM-HAADF images (Figures 4—6), crystalline
grains had brighter contrast, and the intergranular amorphous
phase had darker contrast, suggesting lighter elements and/or
lower density on average in the intergranular amorphous phase.
Furthermore, Ta-rich particles (30—200 nm) were found within
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Figure 6. STEM-EDS analysis of different regions in Li; ; TiyTa,,SiO5 (x = 0.1) sintered at 1150 °C for 24 h. The EDS and HAADF intensity signals
at each position on the arrow were integrated along the direction perpendicular to the arrow, and the blue box shows the bounds of the region in which
the signals were integrated. The elemental distribution and HAADF intensity along the light blue arrow are plotted below each micrograph. The
crystalline grains have brighter contrast; the intergranular amorphous phase has darker contrast. (a) A pocket of intergranular amorphous phase
between grains with significant Si excess. (b) A thin layer of intergranular amorphous phase between two grains with significant Si excess. (c) A “clean”
GB showing an unchanging elemental distribution across it compared with (a) and (b).

some crystalline grains of Li,,, Ti,Ta,_,SiOs (Figure S2), which
were likely the 1-2 wt % LiTaO; observed in XRD. The
distribution of the amorphous phase can be categorized into two
types: (1) large pockets of intergranular phase filling spaces
between grains, particularly at triple points (size: 50—2000 nm,
e.g,, Figures Sa and 6a); (2) thin layers of amorphous phase
along grain boundaries (thickness: 2—4 nm, e.g., Figures Sb and
6b). STEM-EDS was utilized to further analyze the composition
of the intergranular phase. In the case of lower Ti dopant
concentration (x = 0, x = 0.05), the Si concentration in the thin
layers (~60 at. % Si) tends to be lower than that in the large
pockets (~80—90 at. % Si), as seen in Figures S3 and S. In the
case of higher Ti dopant concentrations (x = 0.1, 0.15), the
composition in the large pockets and the thin intergranular
layers was similar, around ~80 at. % Si, as shown in Figures 6 and
S4.In either case, the Ti distribution appeared relatively spatially
uniform across grains and intergranular regions, and the Ti
concentration within the grains matched the nominal dopant
concentration, within error. Regardless of the dopant concen-
tration, the amorphous phase consistently had higher Si
concentration and lower Ta concentration according to EDS.
In addition to thin layers of amorphous phase with Si excess,
“clean” GBs without Si excess compared to the grains were also
observed in all samples (e.g., Figures Sc and 6¢); fewer of these
“clean” GBs without excess Si were found in samples with higher
dopant concentrations. As the Ti dopant concentration
increased, Si-rich amorphous phase(s) (also containing
relatively small amounts of Ta and Ti) increased in volume in
the intergranular pockets, and a higher fraction of Si-rich grain
boundaries were observed (see more discussion in Section 4),
concurrent with an increase in the size of such pockets (cf.
Figure 4b). Taken together, all these results showed that the
distribution and chemistry of the amorphous phase were
nonuniform, and each grain boundary or intergranular region

as a result may be expected to behave differently from an
electrical standpoint. In later sections, we link the complex
spatial and chemical distribution of the intergranular phase and
grain boundaries (variation in size and stoichiometry) to a
distribution of electrical relaxation times in the intermediate-
frequency region of impedance spectra. Additionally, as shown
in Figure 4b, we observe reasonable agreement between the
intergranular pocket size range observed via microscopy and the
average GB width determined electrically by the brick layer
model.

3.3. Electrical/Electrochemical Properties of
Lij iy TicTa;_,SiOs. In terms of electrical properties, DC
polarization experiments showed that the measured current
decayed rapidly with time under constant voltage, confirming
that Li, ,Ti,Ta;_SiO; samples were primarily Li* conductors
with low electronic and oxygen transference numbers (Li*
transference number: 0.97—0.99, also see Figure SS). The AC
impedance spectroscopy measurements revealed that the total
conductivities (6, o) increased as a function of Ti concen-
tration without significant changes in activation energy (Ey), as
seen in Figure 7. From x = 0 to x = 0.15, 6,y increased by
~1500%, from 8.39 X 107 to 1.25 X 107 S/cm, at 30 °C. While
the insertion of Li interstitials raised overall conductivity, the
effect of doping on Li transport in the crystalline grains remained
elusive without analyzing EIS spectra and separating the
transport processes taking place in different microstructural
regions and frequency ranges. The Nyquist plots and
distribution of relaxation times (DRT) spectra are shown in
Figure 8. DRT analysis showed that there were three transport
processes within the spectra of the x = 0, 0.05, and 0.10 samples:
the high-frequency (HF) peak A, D, or G corresponds to the HF
arc in the Nyquist plots, representing grain transport within
crystalline grains; the two middle-frequency (MF) peaks B and
C,Eand F, or H and I can be interpreted as transport processes
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Figure 7. Total conductivities (0p,ow) of Lij,,Ti,Ta; ,SiOs (x = 0,
0.0S, 0.1, 0.15) as a function of temperature. The inset shows 6,1, at
30 °C for different Ti concentrations. The total conductivity increased
as a function of dopant concentration while the total activation energy
did not vary significantly. The separation of grain and intergranular
phase transport can help elucidate the effect of Li interstitials on the
transport processes.

40 4.2

across grain boundaries and the intergranular amorphous
phase(s). On the other hand, only two processes can be
observed for x = 0.15 in the DRT spectrum, with a HF peak ]
from grain transport and a broad MF peak K from transport
between grains. The HF contributions were attributed to grain
transport; the MF contributions were attributed to intergranular
transport. The assignments were based on four factors. First, it is
well documented that transport within grain boundaries is
typically more blocking as compared to the grains in oxide Li*
conductors,"”*' 7" and as a result (combined with capacitance
differences), grain boundary mediated transport is usually
assigned to lower-frequency regimes in EIS spectra with higher
activation energy than the grains (Figures S8 and S9). Second,
the stoichiometry and structure within the grains are observed
microscopically to be more homogeneous, giving rise to only
one relaxation time, while the variation in the intergranular
phase and grain boundaries observed by STEM-EDS can lead to
broad distributions of relaxation times in the MF regime (see
more discussion in Section 4). Third, the electrical GB widths
obtained from these assignments are in reasonable agreement
with those observed microscopically (Figure 4b). Fourth, the
capacitance of the MF arc is generally higher than that of the HF
arc, as expected for interfacial behavior, while the relative
permittivity determined from the HF arc capacitance and
sample geometry is reasonable for a pure ion conductor in this
temperature range (Figure S10).

Despite complicated behaviors in the DRT spectra, the MF
transport processes can still be considered as one (depressed)
MEF arc in the Nyquist plots for equivalent circuit fitting, where
the use of a constant phase element (Q in Boukamp notation,
where the exponent values of the constant phase elements from
the MF arcs ranged between n = 0.68—0.73) captures some of
the relaxation time distribution, compared to a perfect capacitor.
In fact, it was quite challenging to fit the Nyquist plots with three
(RQ) in series and still be confident in the fitting. As a result, an

equivalent circuit of two (RQ) in series, i.e., (RQ)(RQ) in
Boukamp notation (any electrode portion was not included in
fitting), was used to fit the HF grain transport and MF
intergranular transport processes. Grain conductivities (O'm’grain)
increased as a function of dopant concentration from 4.11 X
1076 (x=0) S/cm t0 2.49 X 1075 S/cm (x = 0.15) at 30 °C (see
Figure 9), while the E, decreased from 0.50 to 0.29 eV with
increasing Ti content. Plots of E, vs dopant concentration are
given in Figure S9; the biggest decrease observed was between
the undoped x = 0 composition and the slightly doped x = 0.05
composition, and E, continued to decrease more gradually upon
further acceptor doping. The conductivity pre-exponential
factor was also observed to decrease in the same way with
increasing dopant concentration (Figure S9); the sharpest drop
was observed for the initial dopant introduction with more
gradual decreases following further Ti and Li content increases.
A comparison plot of In(oy,) versus E, for the samples with
different dopant concentrations can be seen in Figure S8, with
the behavior following the Meyer—Neldel rule. While this
behavior is consistent with expectations for triggering concerted
ion migration within the grains, a discussion of additional
experimental methods to further verify concerted ion transport
can be found in Section 4.

On the other hand, as the dopant concentration increased and
more of the intergranular phase formed, both the effective GB
conductivity (6,, g Figure S6) and specific GB conductivity
(6, spec Figure 10) increased.” The 6,, g ofris 5.95 X 1070 S/
cm at 30 °C for x = 0.15. The E, values from 6, gy . Were higher
in doped states compared to the undoped state, which resulted
in little change in the total conductivity despite the reduction of
E, in grain conductivity. Note that o, gp.s represents the
ensemble contribution from all the grain boundaries and
intergranular regions and is not a local or specific GB
conductivity.”> On the other hand, Opm,GB,spec Values, representa-
tive of local GB/intergranular transport, were evaluated using
electrical grain boundary widths (dgg) estimated from the AC-1S
data by the brick layer model (egs 1 and 2), assuming equal grain
and grain boundary relative permittivities at all temperatures.
The E, from 6,,, Gp spec estimated this way decreased in the same
way as the grain conductivity as a function of increasing dopant
concentration, with the biggest change upon first introducing
the dopant (see Figure S9 and Section 4.2 for more discussion,
as the E, trend for the specific GB conductivity depends on how
it is estimated). Comparing the specific grain boundary
conductivity pre-exponential factor and activation energy
revealed Meyer—Neldel behavior (Figures S8 and S12). Note
that regardless of dopant concentration, GBs remained relatively
blocking for Li* transport with lower specific conductivities in
the GBs relative to the grains. As a result, with the separation of
grain and intergranular transport, we can better understand the
trends in local transport behavior and conclude that the total
conductivity increasing as a function of dopant concentration
can be attributed to both grain and GB conductivities increasing.
Particularly, isolation of the crystalline lattice response in the
grains permits observation of the nonlinear but monotonic trend
in decreasing in E, with increasing Li interstitial concentration
(Figure S9).

As seen in Table 1, LiTaSiOs had a calculated wide
electrochemical stability window of 1.406—4.106 V vs Li,
suggesting excellent stability at high voltages. Cyclic voltamme-
try (CV) was performed to determine the experimental
electrochemical stability window of Li;  Ti Ta,_,SiO;. A slow
scan rate of 0.1 mV/s was used to minimize overpotentials and
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Figure 8. Nyquist plots of Li,, Ti,Ta,_,SiO; (x = 0, 0.0S, 0.1, 0.15). High-frequency (HF) arcs were attributed to grain transport, whereas middle-
frequency (MF) arcs were attributed to GB and intergranular amorphous phase transport. The hollow data points on the Nyquist plots mark the peak
frequencies from DRT analysis as shown in figures on the right; y(f) is the distribution function of relaxation times, and f is the relaxation frequency.
Nyquist plots of the lowest measurement temperatures for each composition are shown here. Z,," and Z,,” are respectively the real and imaginary parts
of the geometry-corrected impedance. The equivalent circuits used to analyze the spectra are shown in the bottom-right corners of each spectrum. The
semicircles serve as approximate eye guides for how the impedance responses were fitted.

more accurately probe the oxidation/reduction limits compared
to a fast scan rate. As seen in Figure 11, in the undoped state, an
oxidation peak can be seen at 5.03 V, while no significant
reduction was observed down to 2 V. With Ti doping, the
oxidation potential remained high at ~4.9 V, but the reduction
limit increased to ~2.3 V. (Note that the higher voltage
oxidation peak around ~5.4 V may correspond to O, evolution.)
In order to test for any reaction between Li,,, Ti,Ta;_.SiO; and
adjacent LisPS;Cl powder during the CV measurements (see
Section 2.3), the two electrolyte powders were separately mixed
intimately and heat-treated at 200 °C for 2 h. No additional
phase was observed in the subsequent XRD pattern (Figure S7),
confirming no reaction between Lij, Ti Ta, ,SiOs and
LigPS;Cl. In summary, Li,, Ti,Ta,_ SiO; exhibited excellent
high voltage stability upon Ti doping, as expected from and
exceeding the calculated value; however, the reduction potential
increased to some degree.

11475

4. DISCUSSION

In this work, it was found that while the grains of
Li;, Ti, Ta;_,SiO5 were mostly crystalline, an amorphous
phase was present in intergranular pockets and along some
grain boundaries. We first discuss the transport within the
crystalline grains, followed by the GB transport, and last the
electrochemical stability in terms of processing—structure—
property relationships pertinent to electrolyte design.

4.1. Grain Transport. By carefully separating HF and MF
responses in the EIS measurements, we analyzed grain transport
independently. Our results show for the first time a monotonic
trend of increasing 6, ., and monotonic but nonlinearly
decreasing E, (into the ~0.2 eV range) for Li conduction within
the crystalline Li,, Ti,Ta,_,SiO; grains as Li was progressively
inserted. This observation may provide more direct support for
the conclusion of concerted transport drawn from previous
studies,”'” where only total conductivity was investigated, and
activation energy varied widely and nonmonotonically with
respect to dopant content. As noted (see Figure S9), the
reduction of grain conductivity E, appears most pronounced
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Figure 9. Grain conductivities (G grain) Of Lip, Ti,Ta;_,SiOg (x = 0,
0.05, 0.1, 0.15) as a function of temperature. The inset shows Oy grain 3t
30 °C for different Ti concentrations. The conductivity increased as a
function of dopant concentration; activation energy decreased
nonlinearly but monotonically as Li interstitials were inserted (see
also Figure S9), suggesting concerted ion transport being triggered.
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Figure 10. Specific grain boundary conductivities (0y,gpspec) Of
Liy,Ti,Ta;_,SiOg (x = 0, 0.05, 0.1, 0.15) as a function of temperature,
determined from AC-IS data using the brick layer model with the
assumption that grain and grain boundary relative permittivities are
equal (eq 1). The inset shows the 6, g spec Values at 30 °C for different
Ti concentrations. With more Ti dopant and intergranular phase
formed, the specific GB conductivity increased while the activation
energy decreased nonlinearly but monotonically (see Figure S9) as a
function of dopant concentration. However, see Figure S11 for an
alternative approach to calculating specific GB conductivity using the
microscopically determined average GB widths and grain sizes, which
reveals the same trend in the magnitude of conductivity but a different
activation energy trend.

going from undoped (x = 0) to x = 0.0, after which point it
continues to decrease more gradually with increasing dopant
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Figure 11. CV of Li, Ti,Ta,_ SiO;s (x = 0, 0.05, 0.1, 0.15) performed
at room temperature at a slow scan rate of 0.1 mV/s to minimize
overpotential. High voltage stability can be retained at ~4.9 V upon Ti
doping, while the reduction limit increased with a reduction onset of

~2.3 V. Overall, Li}, Ti,Ta;_,SiOs exhibited good high-voltage
stability.

content (x); insertion of additional Li interstitials in high-energy
sites (which may hop downhill under the driving force for ion
flux) may increasingly counteract the energy barrier encoun-
tered by uphill-climbing ions from low-energy sites."*° In
further support of this interpretation, the reduction of E,
occurred despite the lattice contraction upon dopin%, which is
usually expected to raise E, and lower conductivity."”***” We
suggest therefore that the reduction of E, stemmed primarily
from the insertion of Li interstitials instead of from a chemo-
mechanical effect. We may also consider that if the activation
energy contains both Li migration and defect generation terms
in the undoped (intrinsic) state, the transition to an extrinsic
regime upon introduction of the dopant might effectively
remove the defect formation energy term. This effect could
presumably still coexist with concerted migration in the doped
state. Concerted ion transport was also predicted by previous
simulation results in Li,,Zr,Ta,_,SiO¢, where insertion of Li
interstitials led to Li-sublattice disorder and multiple ions
hopping in a correlated fashion.”'? Our experimental grain E, of
0.29 + 0.02 eV corresponds well with the simulated concerted
hopping E, of 0.25 + 0.02 eV.”'" The observed systematic
increase of conductivity and decrease of E, with respect to Li
concentration and thereby Li site occupancy disordering is
suggestive of concerted ion migration, but additional character-
ization tools may provide further and more direct support for the
conduction mechanism as a function of Li content."” For
example, advanced techniques like pulsed field gradient nuclear
magnetic resonance (PFG-NMR) 19,3839 and quasi-inelastic
neutron scattering (QENS),* each as a function of temperature,
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could be of interest to further validate the transport mechanism
in future work: By probing tracer and uncorrelated diffusion
coefficients using these techniques, we can obtain the Haven
ratio to evaluate the number of ions traveling in a correlated
fashion.

Studies with even higher dopant concentration (if possible)
could be of interest to see if the E, continues to decrease or
plateaus above x = 0.1S5 or whether a solubility limit is reached.
EDS analysis revealed a ratio of Ti/(Ti + Ta) = 0.153 + 0.03
within the grains of the x = 0.15 sample. As a result, it is possible
that the solubility limit for Ti had not been reached yet at x =
0.15. Therefore, there may be room for a further increase in the
dopant concentration and improvements in conductivity. In this
case, systematic tuning of synthetic parameters may be needed,
as the intergranular phase forms in larger volume fractions at
higher dopant concentrations. The increased formation of the
intergranular phase at higher Ti concentration may be due to the
Li;,, Ti,Ta; ,SiOj structure becoming less stable: Xiong et al’
have shown computationally that the energy above the hull
increases with Zr dopant concentration in Li, Zr,Ta;_ SiOs.
More discussion regarding the formation of the intergranular
phase can be found in Section $ of the Supporting Information.

The grain conductivity pre-exponential factor decreased in
the same way as the activation energy with respect to dopant and
Li concentration, consistent with the Meyer—Neldel rule
(Figure S8). While doping is expected to generate additional
Li interstitial charge carriers that could raise the pre-exponential
factor, other dynamic effects that also impact the pre-
exponential factor, such as decreased jump distances, attempt
frequency, and particularly migration entropy, could be
overriding this carrier concentration term.

4.2. Grain Boundary Transport. Next, we consider the
impact of the GBs and the intergranular phase on the observed
electrical behavior. With such a wide distribution in thickness of
the intergranular phase and grain boundaries, the estimations of
electrical “grain boundary” widths in the range of 600—900 nm,
obtained from the brick layer model analysis of impedance data,
were in reasonable agreement with the microscopically observed
range of widths of the intergranular phase (see Figure 4b). The
estimated electrical grain boundary width also increased with
dopant concentration, consistent with the microstructure
analysis showing a higher volume fraction of the intergranular
phase with increasing Ti content. However, it is important to
note that the evaluations of electrical GB widths were only
estimates because the brick layer model analysis assumes that
the relative permittivities of the grains and the GBs/
intergranular phase are equal at all temperatures. Also, the
brick layer model does not account for inhomogeneous GBs/
intergranular phases.

Similarly, considering the DRT analysis, the broad distribu-
tions of electrical relaxation times (1—2 broad MF peaks) in the
MF range are consistent with the microscopic observation of
variation in intergranular phase thickness and stoichiometry.
Interestingly, only one broad MF peak K was observed in the
DRT spectrum for the x = 0.15 sample (Figure 8), which may be
explained by somewhat more homogeneous stoichiometry in
the intergranular phase as more Si exsolved. There have also
been an increasing number of recent reports demonstrating the
fact that each grain boundary in an ionic conductor can behave
uniquely, even in samples without amorphous regions.””*"*!

To evaluate the local transport in the intergranular phase and
grain boundaries, we focus our discussion here on specific GB
conductivities. As can be observed from Figures 10, S6, and S9,

the dependence of E, on Ti or Li content is different for the
specific vs effective GB conductivities, when one makes the
assumption in estimating the specific GB conductivity that the
grain and grain boundary permittivities are equal at all
temperatures in eq 1 (as is common practice in applying the
brick layer model). According to eqs 1 and 2, this discrepancy in
E, could in principle arise from temperature-dependent grain
boundary widths or temperature-dependent ratio of grain-to-
grain boundary relative permittivity that was not accounted for.
The former is unlikely in intergranular-phase-dominated GBs
over the temperature range of the impedance measurements,
and indeed the electrical GB widths extracted in this way were
not found to be significantly temperature dependent for the
doped samples, only for x = 0 with the lower intergranular phase
content. Alternatively, in Figure 10 and surrounding analysis, the
permittivity ratio was assumed to be 1 and constant with respect
to temperature, which may not be the case given the different
structure and composition of some GBs vs the grains. To
circumvent this potential issue, we also estimated specific GB
conductivities using eq 2 and the measured average grain sizes
and apparent grain boundary widths from SEM, which were held
fixed for all temperatures. The resulting conductivities and
related parameters are shown in Figures S11 and S12. In this
case, the E, values match those of the effective GB conductivity
shown in Figure S6. However, regardless of the route taken to
applying the brick layer model, the specific GB conductivity was
found to increase monotonically with increasing dopant and Li
concentration.

The formation of the intergranular phase was not necessarily
detrimental—the MF transport processes of Li,, Ti,Ta;_,SiO;
in this work were less blocking than in some oxide Li
conductors'”*'™** in terms of specific GB conductivities. In
fact, the increased formation of the amorphous intergranular
phase led to higher specific GB conductivities with increasing Ti
content. This result suggests that the “clean” GBs may be more
blocking than GBs and pockets containing the amorphous phase
and that intentionally promoting formation of the intergranular
phase (e.g, via doping or processing conditions) may be
beneficial for the local intergranular Li* transport. There have
also been reports showing that the formation of additional
phases instead of “clean” grain boundaries leads to additional
benefits.”*~** For instance, Stegmaier et al.*? proposed that the
formation of complexions along grain boundaries could inhibit
dendrite formation in Lij, AL Ti,_.(PO,); (LATP) solid
electrolytes. More work is needed to investigate if the
intergranular phase in Li;,, Ti,Ta;_,SiOs could have other
desirable properties (e.g., lower electronic transference
numbers) in addition to avoiding large grain boundary
resistance. Nevertheless, it could be of interest for future work
to take advantage of the formation of the intergranular phase
with careful microstructural engineering. For instance, the
thickness and composition of the intergranular phase could be
engineered by different thermal treatments.

4.3. Electrochemical Stability. Li,,,Ti, Ta;_,SiOg in an
undoped state (x = 0) was experimentally stable against
oxidation up to 5.03 V vs Li, higher than the calculated
oxidation limit, as expected.w’28 The introduction of Ti was
expected to not affect the oxidation limit significantly. This
oxidative stability was confirmed by the CV measurements—the
oxidation limit only decreased slightly with Ti doping to ~4.9 V.
On the other hand, Ti is expected to be less stable to reduction:
Ti-containing compositions can reportedly reduce at the
relatively high voltage of ~1.7 V** ys Li. In Li 1T T2 SiOs,
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the reduction limit also shifted toward higher potential upon Ti
doping. Although the CV measurements were cut off just below
2 Vin this study, reduction onsets of around 2.3 V were observed
for all Ti-doped samples, while no significant reduction was seen
for the undoped sample. The DC polarization results (Figure
S5) also indicated that electronic and oxide ion conductivities
were negligible, with >97% of the conductivity apparently
contributed by mobile Li ions. In summary, Ti doping led to
higher ionic conductivity while retaining high oxidation limits in
Li, Ti,Ta;_,SiOg, making it a promising candidate as a thin
solid electrolyte or a coating material on the cathode side. Future
studies can aim toward studying the decomposition products
upon oxidation/reduction—if a stable, electronic-insulating,
and passivating interphase forms upon oxidation/reduction, the
operating voltage window for a full cell can be wider than the
electrochemical stability window measured with CV. In
addition, no obvious reaction was found from a heat-treated
mixture of Li Ti Ta,;_,SiO5 and LizsPS;Cl at 200 °C. This
result suggested that the interface between Li,, Ti Ta, ,SiO;
and LigPS;Cl during room temperature CV was likely stable.
Furthermore, dual (bilayer) electrolyte solid-state cells with
wide operating windows could be feasible, potentially even for
higher-temperature applications.

5. CONCLUSION

In this work, we rediscovered LiTaSiOj; as a potential new solid
electrolyte material by downselecting Li-containing compounds
from the Materials Project using a descriptor filter to capture
desirable properties for solid electrolytes (i.e., low electronic
conductivity, suitable conduction channels, and wide electro-
chemical stabilit(?f window). To trigger concerted ion transport
in LiTaSiOs,”'" systematically varied concentrations of Li
interstitials were inserted via Tip," acceptors, making the final
composition Li,, Ti,Ta,;_,SiOs (0 < « < 0.15).
Li, Ti,Ta;_,SiOg consisted of mostly crystalline grains with
an amorphous intergranular phase forming between the
crystalline grains. As a result, the transport processes were
carefully separated using EIS/DRT and correlated to the
microstructure.

In terms of the microstructure, SEM and STEM-EDS revealed
a Si-rich/Ta-poor intergranular amorphous phase (varying in
size and stoichiometry) formed between the crystalline grains.
The amorphous phase formed at a higher volume fraction in
samples with a higher dopant (Ti) and lower Ta concentration,
which could be attributed to increased instability of the
structure. Interestingly, the Ti concentration did not vary
much between the grains and the intergranular phase.
Consequently, the Ti concentration in the grain remained
similar to the nominal overall doping level.

By carefully separating the grain and grain boundary
conductivities in EIS spectra and with DRT analysis, we showed
for the first time a monotonic increase in grain Li* conductivity
along with decreasing grain-specific E, as Li interstitials were
inserted. Corresponding with previous simulation results of
correlated hopping,”'® our results were supportive of Li
insertion leading to concerted ion transport being tri§§ered
within the %rains. Advanced techniques like PEG-NMR™*%*”
and QENS™ can be used to further verify the transport
mechanism in future work.

The middle-frequency (MF) transport process can be
attributed to a combination of transport through the
intergranular phase and GBs. As the widths and stoichiometries
of the intergranular phase and GBs varied, broad distributions of
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relaxation times were observed in the DRT spectra in the MF
regime. Overall, while GB/intergranular regions remained
blocking relative to the crystalline grains, the specific GB
conductivities were not as blocking as in some oxide Li*
conductors.'”?'™3* In fact, increased formation of the
intergranular phase at higher dopant concentrations led to
higher specific grain boundary conductivity, potentially due to
more intergranular phases forming and replacing some grain
boundaries as well as the change in local intergranular phase
composition. It could be of interest for future work to engineer
the formation of the intergranular phase to optimize its
thickness, chemistry, and distribution, which could potentially
lead to better electrochemical performance.

In terms of electrochemical stability, although the reduction
limit increased to some degree upon Ti doping, the oxidation
limit of Liy,,Ti/Ta; ,SiOs did not vary much, exhibiting
excellent high oxidation stability of ~4.9—5 V across different
Ti dopant concentrations. DC polarization studies also
confirmed the high ionic transference numbers in all samples.

In conclusion, Li,, Ti,Ta,_,SiO5 compositions are promising
Li" conductors with little electronic conductivity and low grain
conductivity activation energies upon sufficient acceptor doping.
There is also the potential for further improvement in
conductivity through either higher dopant concentration or
microstructural engineering. Given its wide electrochemical
stability window, Li,,, Ti,Ta,_,SiOs could be a good candidate
for application as a thin solid electrolyte or cathode coating
material.
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