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ARTICLE INFO ABSTRACT
Keywords: High-throughput descriptors are of interest for identifying new Li* conductors for all-solid-state batteries. Li-
High-throughput descriptor sublattice disorder is one feature commonly observed in superionic conductors but not explored as a
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descriptor, since defect thermodynamics are time-consuming to calculate and absent from large materials da-
tabases. To screen for this feature using a computationally cheap descriptor, we hypothesized that coordination
flexibility — the ability of Li' to occupy sites with different bonding environments — a) correlates with ease of Li
vacancy/interstitial formation and sublattice disorder, and b) exists in compounds having nearby phases with
similar Li stoichiometry. Insertion of Li" interstitials may even trigger concerted transport. We applied “proximal
stoichiometry” and other filters (e.g., bond-valence migration energy, Li-Li coordination number) to down-select
compositions from Materials Project. We found that many superionic conductors satisfy the “proximal stoichi-
ometry” filter, motivating exploration of our newly identified compositions - LiyBiOg, LiaB4O7 - with similar
characteristics. Computationally, relatively low Li vacancy/interstitial formation energies were found for both.
Experimentally, Li;BiOg exhibited increased ionic conductivity upon Li * insertion (via extrinsic doping), albeit
without induced concerted transport. LipB4O7 behaved like a line compound. The “proximal stoichiometry”
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feature correlates with facile Li vacancy/interstitial formation (intrinsic Li-sublattice disorder), but not directly

with concerted transport.

1. Introduction

Effective use of renewable but intermittent energy sources and the
need for portable power supplies has driven the rise in energy storage
via Li-ion batteries in everything from electric vehicles to grid-level
storage. In recent years, this technology has seen a transition from
liquid to solid electrolytes to realize next-generation, high-energy-den-
sity storage systems: all-solid-state batteries (ASSB). As a crucial
component in ASSB, inorganic solid electrolytes can offer significant
improvements in safety, longevity, and performance. While a number of
promising Li* conductors have been studied, practical issues such as
poor air stability, high mechanical stiffness, poor interface stability,
limited electrochemical stability window, and manufacturing and
recycling challenges still limit their applications in full cells [1,2]. It is
clear that the identification of new solid electrolyte materials is of vital
importance to realize ASSB [3-8]. However, the search for such candi-
dates often relies on experimental trial-and-error attempts. Systematic
exploration of design rules for new solid electrolyte materials can ulti-
mately increase the efficiency of electrolyte development.

One approach to accelerate the materials discovery process is
through computational, data-driven screening. For example, many de-
scriptors focusing on framework ion structures [9-11] have been
applied to identify new ionic conductors; approaches based on statistical
correlation analysis and machine learning [12-15] can also improve the
predictive power of these structural descriptors. In this study, we focus
on a relatively unexplored chemical descriptor: Li" sublattice disorder,
which has been suggested to be a key feature for high ionic conductivity
[16-23]. Such disorder can also be described as cation Frenkel defect
disorder, as Li" vacancy/interstitial pairs exist when Li" ions occupy
various crystallographic sites, compared to a reference structure with
Li" ions in a regular array of identical crystallographic sites. As Li"
transport often occurs via point defect migration in superionic conduc-
tors (SICs) [24], the ability to form Li" vacancies/interstitials can be
thought of as a prerequisite for ionic conduction. Thus, one expects ion
transport to benefit from low Li* vacancy/interstitial formation en-
ergies. However, defect formation energy calculations are computa-
tionally expensive; they are also not widely available in searchable
databases, especially for new or underexplored compositions. For the
above reasons, a computationally cheaper proxy is needed to predict
compounds capable of hosting Li* sublattice disorder and accommo-
dating defects.

To that end, we hypothesized that the presence of diverse Li* coor-
dination geometries within the ground state of a family of compounds
would indicate that such chemistries enable Li* to occupy sites with
different coordination environments readily, leading to low Li" va-
cancy/interstitial formation energies and the possibility for Li* sub-
lattice/positional disorder at finite temperatures. More specifically, we
hypothesized that compounds that support coordination flexibility are
those that have nearby stable phases with proximal Li stoichiometry: Li"
ions in these proximal compounds are often coordinated differently. In
short, we propose that this “proximal stoichiometry” feature may be
used as a descriptor/proxy to identify Li-disorder-tolerant compounds as
candidate good ionic conductors. Fig. 1 illustrates this hypothesis.

Furthermore, if high Li" interstitial populations could be supported
(e.g., by extrinsic acceptor doping), because of low defect formation
energies, concerted ion transport could potentially be triggered. This
mechanism, in which multiple ions travel collectively with reduced
overall migration barriers, was shown to be responsible for high ionic
conductivity in many SICs [25-32]. The insertion of extra Li*/Na®* (or
interstitials) was proposed as a strategy for triggering concerted ion
transport [25], which proved effective for improving ionic conductivity

in LiTaSiOs [25,33], LiAlSiO4 [25], and NaZry(POg4)3 [34]. If more
compositions capable of accepting extra Li* as interstitials can be
identified, it is possible that strategic doping could be deployed to
trigger concerted ion transport in a broader range of com-
pounds/chemical systems.

In summary, the present work is predicated on two key assumptions.
First, the “proximal stoichiometry” feature could be useful as a proxy for
identifying disorder-tolerant or defect-rich compositions with low Li*
vacancy/interstitial formation energies. Second, if extra Li" can be
inserted into the structure owing to the tendency to preferentially form
interstitial LiT defects upon doping, concerted ion transport may
potentially be triggered. Regardless of transport mechanism, defect
formation is always an essential aspect for ionic conduction, making it
the primary focus of this work.

As a result, we designed inexpensive descriptors based on the
aforementioned assumptions, along with other physical properties fil-
ters to down-select Li-containing compounds in the Materials Project
(MP) database [35] in a high-throughput fashion. After the inexpensive
screening process, two selected compositions (LiyBiOg, LioB4O7) were
chosen for experimental synthesis/electrical measurements along with
costly computational phase stability and defect calculations, to evaluate
the efficacy of the descriptors and the implications of the “proximal
stoichiometry” feature.

2. Methods
2.1. Inexpensive screening for new solid Li * conductors

2.1.1. “Proximal stoichiometry” descriptors

As described in Sec. 1, this effort aimed to design innovative
descriptor sets capable of identifying new Li-disorder-tolerant compo-
sitions as candidates for solid electrolytes in ASSBs. To achieve this aim,
we hypothesized that a “proximal stoichiometry” feature (compounds
having nearby stable phases with similar Li stoichiometry) is indicative
of flexibility in Li* coordination environment. We further hypothesized

Proximal Stoichiometry

Compounds can coordinate
differently and still be stable

Coordination Flexibility
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Fig. 1. Illustration of the main hypothesis of this work: “Proximal stoichiom-
etry” is a feature that can be used as a computationally cheap proxy to search
for new Li" conductors.
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that such coordination flexibility can be associated with Li* sublattice/
positional disorder and low Li™ vacancy/interstitial formation energies.
If Li" interstitials could be more readily inserted due to the ability to
accommodate defects, concerted ion transport [24,25,33] may poten-
tially be triggered.

A descriptor was designed to identify compounds exhibiting this
“proximal stoichiometry” feature, and it was implemented in the
following steps:

(1) Compounds with the same set of elements were categorized into
their respective compositional space, with the atomic percentage
of each element calculated.

(2) Compounds in each compositional space were arranged in the
order of Li atomic percent. For each compound, the differences in
Li atomic percent with its nearest neighbors were calculated.

(3) The difference in Li atomic percent must be smaller than set
threshold for a given compound to pass through. In addition,
when comparing two proximal compounds, the difference in ra-
tios between non-Li elements must be smaller than 0.2. Consid-
ering LisB407 for example (B:O = 0.5714): the B:O ratios are 0.5
and 0.4286 for its nearest neighbors LiBO, and Li3B;015. As a
result, both LiBO, and Li3B;015 were considered close to LisB407
since they satisfy both the Li-difference and non-Li-ratio criteria.

2.1.2. Additional physical descriptors

Additional filters were also applied, as the “proximal stoichiometry”
descriptor alone does not include any information on electrical prop-
erties, structures, compound stability, etc. These properties could
impact a compound’s application as a solid electrolyte, and were
therefore also obtained/calculated. Bandgap and energy above the
convex hull were properties directly obtained from MP using pymatgen
packages [35]: bandgap is related to intrinsic electronic conductivity;
energy above the hull is associated with thermodynamic stability.

Bond valence migration energy (Enpy) [36,37] evaluates the elec-
trostatic interactions between Li* and other immobile framework ions,
and was used to ensure 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 Li* transport (1-2 min/structure on a personal computer); Ey,
gy had also been shown to be positively correlated with activation en-
ergies (E) calculated by DFT [38]. By first assigning the oxidation states
of the ions with the program FormalCharges [12], bond valence
migration energy (Ep, py) could be calculated using the program BondStr
[39].

Average Li-Li coordination number (CNy; ;) is a new descriptor
implemented in this work, in order to evaluate the Li-Li interaction in a
given compound. CNy; 1; was calculated from the Li-sublattice in the
following steps using pymatgen packages [35]:

(1) The Li-sublattice was obtained by removing all non-Li elements
from the crystal structure.

(2) A 3 x 3 x 3 supercell was formed surrounding the original Li-
sublattice.

(3) The distances between every Li in the center cell of the supercell
and all the other Li in the supercell (dy;1;) were calculated.

(4) The shortest distance between Li (dy;.ri, min) was determined for
every Li in the center cell.

(5) For each Li in the center cell, if dpiri < 1.1 x djpimin, the
neighboring Li was considered to be coordinated. Rare instances
where elongated 3 x 3 x 3 supercells were present (caused by
primitive cells with very large/small angles) do not invalidate the
calculations for Li-Li coordination number.

(6) After the Li-Li coordination number for each Li in the center cell
was calculated, they were averaged to obtain CNp; p;.

With the aforementioned materials properties calculated, we begin
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to down-select compounds based on the materials properties in a high-
throughput fashion using python scripts in a high-throughput fashion.
The filtering steps/criteria will be discussed in greater depth in Sec.
3.1.1. LiyBiOg and LisB4O7 were among the final candidates in the
filtering process, and, for reasons expounded upon later in Sec. 3.1.2,
were chosen for in-depth experimental/computational investigation in
this work. Methods for experimental synthesis/characterization (Sec.
2.2, 2.3) and detailed computation calculations (Sec. 2.4) will be pre-
sented in the following sections.

2.2. Synthesis

2.2.1. Liy.yBi;ZrOg

Both undoped and Zr-doped BiO3 powders were synthesized using
the citrate gel method [40,41]. Undoped Bi,O3 powders were synthe-
sized by dissolving Bi(NO3)3-xH50 in ethylene glycol, followed by the
addition of citric acid. Zr-doped BizO3 powders (BixZrxO151x/2, X =
0.05, 0.075, 0.1, 0.125, 0.2) were synthesized by first dissolving stoi-
chiometric amounts of ZrO(NO3),-xH0 in deionized water, followed by
the addition of citric acid. After stirring for 30 min at 80 °C, Bi
(NO3)3-xH20 was added, followed by balancing the pH to pH = 7 with
addition of NH4OH. The molar ratio of metal cations: citric acid was 1:6
for all samples. In both cases, the solution was stirred until a gel formed.
The gel was then dried at 200 °C for 5 h and crushed. The dried gel was
then calcined at 750 °C in air for 3 h and quenched in dry air to form
BiyO3/Zr-doped BizOs powders. The BizOs/Zr-doped BipO3 powders
were then mixed stoichiometrically with Li;O (with 5% excess in Li to
compensate for Li loss) in a mortar and pestle. The mixed powders were
then pressed uniaxially under 125 MPa with a hydraulic press (Carver,
Model 4350), followed by sintering in air to form Liy, 4Bi; xZryOg pellets.
Chemicals used include Li;O (lithium (I) oxide, Thermo Scientific,
99.5%), Bi(NO3)3-5H20  (bismuth(III) nitrate  pentahydrate,
Sigma-Aldrich, 99.99%), ZrO(NOs3)2-xH20 (zirconium(IV) oxynitrate
hydrate, Sigma-Aldrich, 99%), CeHsO- (citric acid anhydrous, Thermo
Scientific, 99.5%), (CH2OH), (ethylene glycol, Thermo Scientific).
Water contents of starting reagents were measured by separate mass-loss
analysis, in which the nitrates were decomposed into anhydrous oxides
at high temperatures.

2.2.2. Li3B40y

Li;B4O; was synthesized using precipitation-assisted, solid-state
synthesis, by dissolving stoichiometric amounts of Li;CO3 and H3BO3 in
deionized water and heating gently until a viscous gel formed. Excess
H3BO3 was added to compensate for B loss; details regarding the exact
amount of excess B added will be discussed in later sections. The gel was
then calcined at 650 °C for 1 h to form Li;B4O; powders; the calcination
temperature was determined using thermogravimetric analysis
(Fig. S12). Chemicals used include Li;COs3 (lithium carbonate, Thermo
Scientific, 99.998%) and H3BO3 (boric acid, Thermo Scientific, 99.99%).

2.3. Characterization

Sample densities were determined from measured masses and ge-
ometries of the pellets, and expressed in terms of their respective theo-
retical densities (measured density/theoretical density = %TD). The
phase content of the Liy 4Bi; xZryO¢ and Li;B4O7 pellets was 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 to all XRD data were performed using TOPAS with Powder
Diffraction Files (PDF) from the International Centre for Diffraction Data
(ICDD) database [42] for phase quantification and lattice parameter
refinement.

The microstructure and grain size of the pellets were characterized
by scanning electron microscopy (SEM) (JEOL 7000F Analytical SEM)
and transmission electron microscopy (TEM) (JEOL 2010 LaBg TEM).
Thermogravimetric analysis (TGA) was performed using a TA
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Instruments Q50 Thermogravimetric Analyzer. For electrical measure-
ments, electrodes were deposited by sputtering Au on both faces of the
samples, and Pt wires were attached as current collectors. Two-point AC
impedance spectroscopy measurements (Ametek/Solartron ModulabXM
ECS impedance analyzer with femtoammeter and potentiostat attach-
ments) were carried out in pure O, (UHP grade, flow rate of ~50 sccm)
at various temperatures. All ionic conductivity measurements were
carried out over a frequency range of 1 MHz-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. Selected impedance spectra were also analyzed
with a “Distribution of Relaxation Times” (DRT) approach, using
DRTtools software [43].

Geometric corrections according to the dimensions of the pellets
were applied to calculate measured conductivities from the measured
resistances. Assuming pores to be completely insulating, Bruggeman
symmetric medium theory (Eq. (1)) was used to porosity-correct the
conductivity for Liy 4Bij xZryOg samples (<90 %TD); asymmetric me-
dium theory (Eq. (2)) was used for Li;B4O7 samples (>90 %TD) [44-46].
o is the measured conductivity, oy is the porosity-corrected conduc-
tivity, representing the conductivity of the material matrix, and f is the
volume fraction of the porosity. DC polarization experiments were
performed using sputtered Au electrodes and a constant applied voltage
of 0.1 V, with monitoring of the current as a function of time.

Eq. (1)

o= an(1—f)7 B (2)

2.4. Detailed computational study

2.4.1. Structure relaxation and phase stability

The first-principles calculations were performed using the plane-
wave basis Vienna ab initio simulation (VASP) package [47], imple-
menting the Perdew-Burke-Ernzerhof generalized gradient approxima-
tion (PBE-GGA) functional [48]. We adopted the projector-augmented
wave (PAW) [49] pseudopotentials to represent core electrons, with
cores of [H] for Li, [Xe] for Bi, and [He] for B and O. A plane-wave
energy cutoff of 340 eV and an automatically generated I'—centered
regular k-point mesh was used to sample the Brillouin zone for the
primitive cells. During structural relaxation, the convergence criteria for
energy and forces relaxations were set as 10> eV and 10* eV/A
respectively.

The thermodynamic stability of Li;B4O; and LiyBiO¢ against
decomposition into competing phases was determined using convex hull
analysis. The competing phases (binary, ternary) considered in con-
structing the convex hull were obtained from the Inorganic Crystal
Structure Database (ICSD) [50]. The total energies of the competing
phases were calculated by geometry relaxation, using the same meth-
odology as described above. The reference elemental chemical poten-
tials of Li, Bi and B were calculated from their total energy. The chemical
potential of O is sensitive to synthesis conditions and can be controlled
by varying temperature or pressure. Therefore, we used realistic con-
ditions for the chemical potentials of O at the assumed quenched-in
temperature and pressure as obtained from thermodynamic tables
[51]. The stability regions of Li;B4O; and Li7BiOg in ternary chemical
potential space are thermodynamically limited to several three-phase
corners: at each corner the main phase is in equilibrium with 2 other
competing phases. A python toolkit for visualizing phase stability and
defect chemistry, VTAnDeM (github.com/ertekin-research-group/
VTAnDeM), was utilized in this work for creating chemical potential
phase diagrams.
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2.4.2. Native defect energetics

To understand the defect chemistry, we employed the standard
supercell approach [52] to calculate defect formation energies of native
point defects. The defect formation energy (AEp,) for a defect D in
charge state g was calculated from density-functional theory (DFT) total
energies according to the formula:

AEpy=Epg = Epow + D _ift; + GEr + Ecory Eq. (3)

where Ep 4 and Epg are the total energies of the defective supercell and
host supercell, respectively, Er is the Fermi energy (electron chemical
potential) relative to the valence band maximum (VBM), and E_,; is the
correction term to the defect formation energies that accounts for the
finite-size corrections within the supercell approach. The chemical po-
tential of elemental species i is denoted by y;, n; is the number of atoms of
species i added (n; < 0) or removed (n; > 0) from the host supercell to
form defects. y; is expressed as y; = u + Ay, where p? is the reference
elemental chemical potential (see section above) and Ay; the deviation
from the reference chemical potential. The bounds on Ay; are deter-
mined by the thermodynamic stability condition, with Ay; = 0 denoting
i-rich conditions and negative values of Ay; corresponding to i-poor
conditions.

Corrections to the defect formation energies E.,, arising from finite-
size corrections were calculated using the approach proposed by Lany
and Zungers. Corrections implemented in this work include (1) image
charge correction to account for long-range electrostatic interactions
between charged defects and their periodic images across periodic
boundaries, (2) potential alignment correction for charged defects to
address misalignment of spatially average electrostatic potentials, and
(3) band-filling corrections for shallow defects with Moss-Burnstein type
band filling. The static dielectric constant (electronic + ionic contribu-
tions) needed for image charge correction was calculated using density
functional perturbation theory (DFPT) [53].

The defect calculations were performed on a LipB4O7 primitive cell
with 104 atoms and 2 x 2 x 2 supercell of Li;BiOg with 112 atoms. The
total energies were calculated by fully relaxing the atomic positions with
fixed cell volume and cell shape for the optimized values for stoichio-
metric compound. A plane-wave energy cutoff of 340 eV and Brillouin
zone sampling using a I'-only k-point grid was used to relax the super-
cells. The native point defects considered in this work include vacancies
(VLi, VB, VBi, Vo), anti-site defects (Lio, O, By, Lip, Biyj, Lig;, Bio, Ogi, Bo,
Op) and interstitials (Li;). The interstitials for Bi and O were not
considered due to their relativey large ionic size. All native point defects
are calculated in charged states ranging from —3 to +3. Moreover, all
unique Wyckoff positions in the structure (see Fig. S17) were considered
for vacancies, anti-site defects. The possible interstitial sites were
determined using a Voronoi tessellation scheme. The pylada-defects
software [54] was utilized in this work to automate point defect calcu-
lations for finding interstitial sites and calculation of finite-size
corrections.

2.4.3. Defect and carrier concentrations
At thermodynamic equilibrium, the concentration of a defect Cp g4
can be obtained by:

—AE
Cp 4= Nexp <k77?q>
B

where N is the density of the corresponding lattice sites to form the
defects, kg is the Boltzmann constant, T is the temperature, and AEp g is
the formation energy of defects (see Sec. 2.4.2). To calculate the defect
concentrations at thermodynamic equilibrium, the self-consistent solu-
tion for the Fermi energy for all native defects under the charge-
neutrality condition must be obtained. The charge neutrality condition
is given as:

Eq. (49
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> 4Cpy—n+p=0 Eq. (5)
D

where q is the charge state of the defects, and n and p are the free
electron and hole concentrations, respectively. The charge-neutrality
condition is valid at thermodynamic equilibrium and in the dilute
regime where the defect concentration is sufficiently low such that
defect-defect interactions are negligible.

When solving the charge-neutrality condition, we assume that most
defect populations are “frozen-in” at synthesis temperatures when the
system is cooled down to measurement temperatures due to the large
kinetic barriers for the defects to re-equilibrate with the system at low
temperatures. Since Li ions are mobile and can equilibrate with charge
carriers at low temperatures, the defect concentrations for Li-related
defects are calculated at measurement temperature.

3. Results
3.1. Descriptors

3.1.1. Implementing preliminary descriptors

In order to identify potential Li" conductors, the descriptors dis-
cussed in section 2.1 were used in series to down-select compounds from
Materials Project. Among the descriptors used in this study, large band
gap, low bond valence migration energy (Engy), and low energy above
the hull are properties generally considered beneficial for solid elec-
trolyte applications; on the other hand, the “proximal stoichiometry”
feature and average Li-Li coordination number (CNy; 1) are novel de-
scriptors developed in this work. The filtering steps are illustrated in
Fig. 2 and outlined here:

1. All Li-containing compounds were taken from MP and categorized
into ternary, quaternary, or quinary compounds (binary compounds
and others were excluded). At the time of search, there were 4840
ternary, 10507 quaternary, and 2401 quinary Li-containing
compounds.

2. Ideally, a large bandgap is preferable for solid electrolyte materials
to limit intrinsic electronic conductivity. Since bandgaps available
from MP are calculated by DFT using the generalized gradient
approximation (GGA) functional, they are often underestimated.

Ternary  Quaternary Quinary
[(1) All Li Compounds ] 7
(Materials Project) 4840 10507 2401
[(2) Bandgap > 1 eV 1704 5614 1335 ]
(2]
Proximal Stoichiometry g
[( ) (Li difference < 10 at%) e iy e ] %
o
[(4) Bond Valence E,, < 1 eV 739 310 4 ] §
Q
Li-Li Coordination Number T
[(5) >9 618 225 36 ] §
n
Energy Above Hull
[(6) < 50 meV/atom <17 12 27 ]
Exclude Transition Metal
[(7) (V, Cr, Mn, Fe, Co, Ni, Cu) 158 44 0 ] -
i' Potential Lit — Experiments: Synthesis/Characterization ‘: 7 g
i Conductors ™™ Computation: Phase Stability/Defect Chemistry ,: o 5

Fig. 2. Workflow of the filtering process: the “proximal stoichiometry”
descriptor along with additional physical properties filter were implemented to
down-select compounds from Materials Project [35]. Step (1)-(7) were cheap
descriptions that can be implemented in a high-throughput fashion. Afterwards,
candidates can be chosen for costly calculations and experiments.
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Therefore, a relatively low cutoff value of >1 eV was chosen as a
starting point.

3. Then, the “proximal stoichiometry” descriptor was implemented to
find compounds with the “proximal stoichiometry” characteristic.
Only compounds with at least one nearby compound within 10% Li
atomic percentage (at%) difference in stoichiometry were chosen;
this feature is denoted by “Li difference <10 at%” in Fig. 2.

4. Only compounds with a E;, gy < 1 eV were chosen to rule out com-
pounds with an unsuitable framework-ion sublattice for Li ™ trans-
port. Ep, gy tends to overestimate the actual activation energy, with a
scaling factor of 0.3-0.7 compared to E4 calculated by DFT [12,38].
Since many superionic conductors have an E4 in the range of 0.2-0.5
eV [1,24,25], we believe an intermediate E, gy < 1 eV correlating to
an E4 below 0.3-0.7 €V is a reasonable criterion.

5. CNpi1i > 2 was used as an indicator for potentially significant Li-Li
interaction. For a given Li" ion, there will be many other nearby Li"
ions interacting electrostatically. In addition, we hypothesized that a
high CNy; 1 may lead to the formation of a chain of closely situated
Li" in the conduction channel, potentially migrating in a correlated
fashion [25,34].

6. Only compounds with energy above hull < 50 meV/atom were
allowed to pass, ensuring their thermodynamic stability. Because of
prediction errors of DFT calculations using the GGA functional [55],
50 meV/atom is used as a rule of thumb for phase stability.

7. Compounds containing potentially multivalent transition metals (V,
Cr, Mn, Fe, Co, Ni, Cu) were excluded, to limit the probability of
electronic conductivity.

There were also additional properties that were obtained/calculated,
but not implemented as filters. For example, for a given compound,
numbers of nearby phases within 5 at% Li stoichiometry difference were
calculated. For another instance, information such as Li-Li distances, the
coordination environments of Li" (ex. Li-anion/Li-cation coordination
number) and the space groups of Lit sublattices were obtained for the
compounds. A full list of properties can be found in SI Sec. 1, and the
compounds selected in each step are listed in the excel files in the SI,
along with all the materials properties calculated (3_Ternar-
y_compound_data.xlsx, 4_Quaternary_compound_data.xlsx, 5_Quinar-
y_compound_data.xlsx).

3.1.2. Descriptor results

After step (3), compounds that have at least one nearby phase within
10 at% Li stoichiometry were selected. It was found that several base
structures for SICs were indeed able to pass through, including LiLa-
TisOg (LLTO), LisPO; (LISICON), LiMs(PO4); (NASICON), LizOCl
(antiperovskites), LisPS4 (thio-LISICON), and LiBH4 (borohydrides).
Although some SICs such as LLZO, LigPSsX (X = Cl, Br, I), and
Li;0GeP2S12 (LGPS) were filtered out at the time of descriptor imple-
mentation, it was later found that their omission was due to incom-
pleteness of the database. Owing to a recent update, LLZO and LigPS5Cl
now indeed exhibit the “proximal stoichiometry” characteristic and pass
through the filter step (3). For LiyLagZr,01 garnet, Lis 7sLasZroO12 (mp-
1239180) and Lig gsLazZroOq2 (mp-1120817) were recently added as
proximal phases; for LigPSsCl argyrodite, LisPS4Cl; was added. From our
initial screening, many SICs satisfied the “proximal stoichiometry” cri-
terion, which motivated our exploration of other compounds sharing a
similar characteristic as candidates for new Li" conductors.

While considerably narrowed down, 1244 ternary, 670 quaternary,
and 100 quinary compounds after step (3) were still too many compo-
sitions for computationally costly calculations or experimental work.
Therefore, candidates for experimental testing and in-depth computa-
tion were chosen after step (7), where the number of remaining com-
pounds was reasonable for human analysis. These compounds, listed in
the excel sheets in SI, additionally exhibited low E,, gy and high CNy;_y;,
which were considered to be desirable properties for Li™ transport in this
work. Low energy above the convex hull and the exclusion of transition
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metal ions were also advantageous for compound stability and appli-
cation as a solid electrolyte. Among the compounds after step (7),
LiyBiOg and Li;B407; were selected as candidates for costly experi-
mental/computational investigation in this work, with their properties
listed in Table 1. LiyBiOg and LisB4O; exhibited an even stronger
“proximal stoichiometry” characteristic than the criteria set in step (3)
(at least one nearby phase within 10 at% Li stoichiometry difference),
with two nearby phases within 5 at% Li stoichiometry difference. We
hypothesized that this attribute may correlate strongly with coordina-
tion flexibility and potentially high ionic conductivity. While there were
still over 50 compounds exhibiting this attribute, Li;BiOg and Li;B407
were relatively unexplored oxide compositions (from the perspective of
electrolytes), with reasonably simple chemistries (low number of cat-
ions) and potential air-stability as oxides, which may be less challenging
than some others in terms of synthesis. Therefore, they were explored
first; other compounds could be of interest in future work.

Li;BiOg was pursued initially, given its high Li* concentration, which
could lead to a high conductivity pre-factor. It also has 3D conduction
channels with relatively low E,, gy that are beneficial for ion movements.
Lastly, LiyBiOg includes both tetrahedral and octahedral sites in the
structure [56], which could satisfy the high-energy/low-energy sites
configuration theorized to be ideal for concerted ion transport [25].
Although some studies have previously characterized the ionic con-
ductivity of LiyBiOg [56-60], no systematic manipulation of Li{ or vy’
through doping has been reported. Therefore, in this work, we explored
the defect chemistry and attempted to introduce Li{ through aliovalent
doping in Li;BiOg. In addition, only total conductivities have been re-
ported for LiyBiOg [56-60], whereas systematic separation of micro-
structural contributions to overall transport processes (bulk/grain vs.
grain boundary transport etc.) has not been tackled prior to this work,
leaving open questions regarding the magnitude of the true bulk
conductivity.

LioB4O7 was pursued secondarily, despite having a lower Li con-
centration, as it also exhibited a low E,;, gy, with a reported experimental
E4 of 0.46 eV for Li * transport measured in a single crystal [61]. It was
additionally predicted to have a 1-D conduction channel with low E4 of
0.27-0.37 eV using DFT [62]. In terms of doping studies, most research
focused on its application towards thermoluminescent dosimetry ap-
plications [63-66], whereas doping studies intended for introducing Li{
or vii’ to modify ionic conductivity were limited. This knowledge gap
motivates the exploration of the relationship between defect chemistries
and ionic conductivity in Li;B4O7 in this work.

3.2. Experimental testing on new compositions

In this section, we describe the effectiveness of the descriptors ac-
cording to experimental characterization of the two filtered composi-
tions in Table 1, Li;BiOg and LiyB40O7. In-depth phase analysis and
electrical measurements were carried out for both systems, to evaluate

Table 1

Two of the practical compositions of interest in this work for synthesis/char-
acterization and in-depth computation based on the descriptors. Li;BiOg and
Li»B407 exhibited an even stronger “proximal stoichiometry” characteristic than
the criterion set in step (3) in Fig. 2, which we hypothesized may correlate
strongly with coordination flexibility and potentially high ionic conductivity. An
experimental band gap of 2.85 eV was reported for Li;BiOg [67], larger than the
theoretical band gap calculated in MP (calculations by DFT using the generalized
gradient approximation functional are known to underestimate band gaps).
There are over 50 other compounds with similar features listed in the Excel
sheets in SI that can be of interest for future work.

Composition MP Em,sv Number of Proximal CNyjy;
Bandgap (eV) Compositions (within 5 at% Li
(eV) difference)
Li;BiOg 1.861 0.68 2 3.29
LizB407 5.668 0.69 2 2.00
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the feasibility of excess Li" insertion and potential activation of the
concerted ion transport mechanism.

3.2.1. LiyBiOg: phase stability and electrical properties

LiyBiOg includes both tetrahedral and octahedral sites in the struc-
ture [56], with the tetrahedral sites fully occupied and the octahedral
sites partially occupied [35,58]. If excess Li" could be added to the
already high Li* concentration through aliovalent doping, concerted ion
transport could potentially be triggered, by shifting the distribution of
Li" among sites with different energies and increasing Li-Li interactions.
To introduce acceptors that could be compensated by Lif, Zr** (0.72 A)
was doped on the Bi*® (0.76 1°\) site, making the final composition
Liy_Bi1 xZ1x0g (x = 0, 0.05, 0.075, 0.1, 0.125, 0.2).

Asseen in Fig. 3, XRD patterns of the Liy «Bi; xZryOg samples showed
no impurity phase when x < 0.1, while the presence of ZrO5 and Li»CO3
was detected in x = 0.125 and 0.2. This finding likely indicated that the
solubility limit of Zr** in the Li;BiOg phase was around 10%, and excess
Lit and/or Zr** led to the formation of impurity phase(s). Close exam-
ination showed that peak intensities also varied as the amount of Zr**
increased, suggesting Zr*t ions were able to substitute for Bi°* in
Li7BiOg (Fig. S1). On the other hand, the peak positions were invariant
as the amounts of dopants increased, which may be due to Li{ countering
any lattice contraction from the slightly smaller Zr™* ions. The XRD
patterns for samples annealed in O at 400 °C for 8 h remained similar to
as-sintered samples (Fig. S3), while the microstructure changed from a
mix of crystalline and amorphous-like phase (obtained immediately
after sintering) to a crystalline-dominant structure after Og-annealing
(Fig. 4). Relative densities of all Liy xBi; xZrxO¢ samples were in the
range of 70-80%; detailed information on the densities and phase
fractions can be found in Table S1.

In terms of electrical properties, DC polarization experiments
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Fig. 3. XRD patterns of Liz;4Bi;4ZryO¢ (x = 0, 0.05, 0.075, 0.1, 0.125, 0.2)
were plotted above the broken line; reference patterns for phase analysis were
shown below the broken line. Impurity phases like ZrO, and Li,CO3 were
observed for x = 0.125 and 0.2, suggesting the solubility limit of Zr in Li;BiOg
was around 10%.
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Fig. 4. SEM images of (a) as-sintered Liy osBio.95Zr0.0506 and (b) 400 °C 8 h O,-
annealed Liy osBio.9s5Zr 050¢. Before annealing, both crystalline grains and
amorphous-like phase could be observed; after annealing, crystalline grains
became more dominant, and the amorphous-like phase volume was reduced
significantly. Similar microstructures were found for other Liy Bij.
xZ1yOg samples.

showed that the measured current decayed rapidly with respect to time
under constant voltage, confirming that Liy,xBi; xZryO¢ compositions
were primarily Li T conductors with low electronic and oxide-ion
transference numbers (Fig. S2). Impedance spectroscopy measure-
ments were performed for both as-sintered and 400 °C 8 h Os-annealed
samples, with their Nyquist plots shown in Fig. 5 and SI Sec. 2.5. The
annealing step was taken to ensure dehydration of the samples and
consequently minimize the effect of protons on conductivity; it also led
to a change in impedance response in the Nyquist plots (SI Sec. 2.5),
resulting in higher total conductivities compared to unannealed (as-
sintered) samples. Corresponding to the microstructure evolution
(Fig. 4), the change in impedance spectra was likely due to the elimi-
nation of the residual amorphous phase in as-sintered samples. More
discussion of the effect of annealing and the interpretation of Nyquist
plots is presented in SI Sec. 2.5, while the bulk (grain) conductivities of
annealed samples are the focus in the main text.

Typical Nyquist plots of Liy xBi; xZryO¢ after annealing in O, at
400 °C for 8 h were shown in Fig. 5. From the analysis in SI Sec. 2.5, the
high frequency (HF) arcs were attributed to bulk transport in the crys-
talline grains, whereas the middle frequency (MF) arcs could be caused
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Fig. 5. Nyquist plots of 400 °C Os-annealed LiyBi; xZryO¢ as a function of
dopant concentration at 28 °C: High frequency (HF) arcs were attributed to bulk
transport, whereas middle frequency (MF) arcs were attributed to grain
boundaries or residual amorphous phase transport. The hollow data points
mark the tops of the HF and MF arcs. For x = 0 and x = 0.05, MF arcs were
absent above 28 °C; they were only observed below 28 °C. More discussion can
be found in SI Sec. 2.5. (Z,,” and Z,,”” were respectively the real and imaginary
part of the impedance that were geometry-corrected and not porosity-corrected.
The equivalent circuits used to analyze the spectra were drawn on the bottom-
right corners of each spectrum. The semicircles served as approximate eye
guides for how the impedance responses were fitted.)

by grain boundaries or residual amorphous phase. Fig. 6 showed the
bulk conductivity of annealed Liy xBijxZryO¢. The extrapolated
porosity-corrected bulk conductivity (op pui) at 30 °C was 4.15 x 107°
S/cm. At x = 0.05, when 5% of Zr*" and extra Li* were introduced, the
conductivity increased by just over 50% to O bulk,30°c = 6.45 X 10765/
cm. However, higher dopant concentrations (x > 0.075) did not follow
the same increasing trend in conductivity; instead, the conductivities for
x = 0.075 were lower than for x = 0.05 and continued to decrease from
x = 0.075 to x = 0.1. The conductivities for x = 0.1 and x = 0.125 were
nearly identical, suggesting that the solubility limit was likely reach-
ed—consistent with the XRD results. Moreover, the activation energies
remained nearly unchanged as a function of dopant concentration.
These results suggested that while Li;BiOg was dopable and Li{ helped
improve conductivity to some degree, the benefits were limited. The fact
that E4 remained independent of dopant concentration also suggested
that doping did not trigger concerted ion transport behavior in Liz. 4Bi;.
XZI’XOG.
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Fig. 6. Porosity-corrected bulk conductivities (6p,pui) Of LizxBiixZrxOe as a
function of dopant concentration (x) and temperature. The inset showed the
on,buik at 30 °C for different Zr concentrations. Compared to x = 0, the bulk
conductivity increased for x = 0.05. Higher dopant concentrations then led to a
reversal of the trend, whereas bulk conductivity remained the same for x > 0.1.
The activation energies were nearly invariant with respect to Zr content.

3.2.2. LisB4Oy: phase stability and electrical properties

Precipitation-assisted solid-state synthesis [68] was used to synthe-
size Li;B4O7 powders and pellets. The following processing challenges
made it difficult to obtain phase pure and dense Li;B4O7 samples: (1) B
evaporates during sintering; (2) densification behavior changes drasti-
cally with small variations in Li:B ratio and sintering temperature.
Clearly these factors were closely coupled, making the actual Li:B ratio
in the sample difficult to control, and LiBOy and Li3B;0;2 impurity
phases formed easily in all samples. The presence of either Li-rich or
Li-poor secondary phases, depending on overall stoichiometry, also
suggested that the Li»B4O7 phase did not accommodate much flexibility
in Li stoichiometry. Because of the challenges mentioned above, instead
of obtaining completely phase pure samples, small amounts of LiBO, or
LisB;0,2 were formed intentionally in the samples, by adding different
amounts of extra B in the initial solution, with a combination of different
processing techniques. In this case, for samples in thermodynamic
equilibrium, the Li © concentration in the Li;B40; phase could be
assumed to be pinned at its upper limit when LiBO, was present (Li-rich
samples) and pinned at its lower limit when Li3B;O;15 was present
(Li-poor samples). With a combination of high-energy ball milling, spark
plasma sintering (SPS), and conventional heat treatment, dense Li-rich
and Li-poor Li;B40; samples were obtained. The phase fractions/den-
sities of the LioB4O7 samples are listed Table 2, with their XRD patterns
plotted in Fig. S13.

Before analyzing the electrical properties of the Li-rich and Li-poor
LipB4O7, we surveyed the literature for transport properties of the
observed impurity phases LiBO5 and LigB7012. The ionic conductivity of
LiBOy was reported to be ~4 times higher than those of LizB40O7
measured in this work [69], whereas the ionic conductivity of LizgB;012

Table 2
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was unexplored to our knowledge. Regardless, because of their small
volume fractions (<5 vol%), LiBO, and Li3B;015 were assumed to have
negligible effects on the electrical properties. The relative densities were
also high, indicating only minor porosity corrections to the electrical
data were needed.

Li»B407 samples were confirmed to be primarily Li conductors using
DC polarization experiments (Fig. S16), with a Li* transference number
of 0.991—consistent with the large band gap shown in Table 1. For the
Li* conductivity measurements, Li-rich and Li-poor Li,B407 were held in
dry O3 at 300 °C for 8 h for possible dehydration before temperature-
dependent impedance spectroscopy measurements, during which time
no change in conductivity was observed. The Nyquist plots (Fig. 7)
appeared to reveal two poorly resolved processes; these processes could
be resolved more clearly in the DRT spectra (Fig. 7(c)(f)). For Li-rich
LisB407, the relative permittivities (¢;) were 69-74 for the HF process,
with a HF capacitance of 3.7 x 107! - 4.0 x 107! F and a MF capac-
itance of 4.7 x 10711 - 5.3 x 107!} F; for Li-poor Li»B407, &, were 65-69
for the HF process, with a HF capacitance of 1.1 x 10711 ~1.2 x 10711 F
and a MF capacitance of 1.0 x 10711 — 1.2 x 107! F. These HF ¢, values
were comparable to those reported in other work on LizB407 [70]. Based
on the crystalline microstructure (Fig. S14) and the assumption that
grain boundaries were blocking, the HF and MF portions of the spectra
were attributed respectively to bulk (grain) and grain boundary pro-
cesses in the main phase, Li;B407. Using the HF portion from the spectra
(e.g., highlighted portion in Fig. 6), the bulk conductivities were
determined and are plotted in Fig. 8. The 6y, pyik of the Li-rich sample was
only slightly higher than that of the Li-poor sample, indicating that the
intrinsic change in defect concentration may be limited between Li-rich
and Li-poor conditions, and that the influence of secondary phases were
negligible. The total conductivities (including both grain and grain
boundary contributions) were also similar, as seen in Fig. S15. These
electrical findings are consistent with the XRD results demonstrating a
narrow width to the phase and indicating that variation in Li stoichi-
ometry in the Li»B4O7 phase is limited.

3.3. Computational phase stability/defect chemistry analysis of Li;BiOg
and LigB407

In addition to experimental testing, it was also important to deter-
mine computationally the phase stability and defect chemistries of
Li7BiOg and LisB407. Through computational convex hull construction
(Sec. 2.4), it was determined that both Li;B4O; and Li;BiOg¢ are ther-
modynamically stable phases. To realize quantitative control of Li
stoichiometry, it was important to understand the native defect chem-
istry of Li;BiOg and LisB407. In this work, we employed a thermody-
namic defect model that considers a broad range of native point defects
(vacancies, anti-site defect, interstitials) in all possible charge states (see
Sec. 2.4.2, Sec. 2.4.3), which had been shown to obtain more accurate
equilibrium defect concentrations than simple vacancy-compensation
model [71].

3.3.1. Computational thermodynamic phase analysis

The calculated Li-Bi-O ternary phase diagram was shown in both
composition and chemical potential space (Fig. 9 (a)). In the chemical
potential space of Li;BiOg, the stability region was limited by a range of
Li, Bi, and O chemical potentials shown by the grey shaded region. We
found that LiyBiOg was stable over a limited range of Li chemical po-
tentials, with Ayy; varying from —2.27 to —2.69 eV. The limited stability
region was expected, given the proximal stoichiometry requirement that

Phase fractions/densities of the Li-rich and Li-poor Li,B407 samples for electrical measurements.

Sample Extra B added Synthesis Route LisB407 (Wt%) LiBO, (wt%) Li3B;015 (Wt%) Density (%TD)
Li-rich 1% High Energy Ball Milling + Conventional Sintering 805 °C 12 h 98.6 1.4 0.0 99.0%
Li-poor 2.5% SPS 750 °C 50 MPa 3min + Post Annealing 800 °C 9 h 96.3 0.0 3.7 91.6%
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Fig. 7. (a)(d) Nyquist plots of Li-rich and Li-poor Li»B40; measured at 350 °C. (b)(e) Zoomed-in view of the high-frequency portion of the Nyquist plots. (¢)(f) DRT
spectra in the frequency range of the sample responses (omitting electrode response), to help deconvolute Nyquist plots. The DRT analysis revealed 2 processes for
both Li-rich and Li-poor Li;B407; these peaks corresponded to the hollow data points on the Nyquist plots, with their respective frequencies listed. The bulk con-
ductivities in Fig. 8 were fitted from the highlighted solid lines high-frequency (HF) portion of the arcs (1 MHz-50.1 kHz) using one (RQ) equivalent circuit.
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Fig. 8. Porosity-corrected bulk conductivities (6p,bux) of the Li-rich and Li-poor
Li»B40O; samples listed Table 2. The bulk conductivities were determined from
fitting the high-frequency portion of the impedance spectra, e.g., as shown in
Fig. 7. Li-rich samples were only slightly more conductive than the Li-poor
samples, and the activation energies were similar.

introduced competing phases of similar stoichiometry. The limited
tunability of Ayp; indicated that the defect formation energies and
concentrations of Li interstitials and Li vacancies within the Li;BiOg
phase would not change much by regulating the stoichiometry/chemical
potentials during experimental synthesis. We found that the phase sta-
bility region of Li;BiOg was bounded by 4 three-phase corners where
Li7BiOg is in equilibrium with 2 other competing phases. At the most Li-
rich synthesis condition (D), LiyBiOg was in equilibrium with Li,O

(cubic, Fm-3m) and Li3BiOg (triclinic, P1). At the most Li-poor synthesis
condition (A), Li;BiOg was in equilibrium with LisBiOs (monoclinic, Cm)
and elemental O. Since Li;BiOg was synthesized in ambient air, we
concluded that the real synthesis condition should be located between
corner A and B where Li;BiOg was in equilibrium with elemental O
under O-rich synthesis conditions (Ayuo = 0.0 eV).

The calculated Li-B-O ternary phase diagram and chemical potential
space were shown in Fig. 9(b). Similarly, LinB4O7 was only thermody-
namically stable over a narrow window (Fig. 9(b)). We found that the
phase stability region of LioB407 was bounded by 4 three-phase corners.
For all three-phase corners, LisB4O; was in equilibrium with BgO or
elemental O, with LiBOy (monoclinic, P2;/c) being the third phase in
more Li-rich synthesis conditions (G, H) and Li3B;015 (triclinic, P-1) in
more Li-poor conditions (E, F). In the chemical potential space, the
stability region of Li»B4O7 exhibited a “stick-like” shape, with small
tunability window for Ay and large tunability window for Aug (from
—0.17 to —6.04 eV) and Augp (from 0 to —3.92 eV). A small deviation of
Apri would lead to the formation of impurity phase LiBO; or LisB7015, as
observed in our experiments (see Sec. 3.2.2). The narrow range of Ay
would result in small variation of defect formation energies for Li va-
cancy and interstitial defects (see Eq. (3)) throughout the stability re-
gion. Again, since Li;B407; was synthesized in ambient air and in
equilibrium with elemental O, we can conclude that point E and F cor-
responded to synthesized Li-poor and Li-rich samples respectively by
matching the impurity phases.

3.3.2. Defect chemistries

To explore the doping response of Li;BiOg, we performed defect
analysis on LiyBiOg at different chemical potential conditions that may
be accessed synthetically. The range of chemical potentials under which
Li7BiOg was predicted to be thermodynamically stable lies between O-
rich/Li-poor and O-poor/Li-rich limits (Fig. 9(a)). For both O-rich/Li-
poor and O-poor/Li-rich synthesis conditions, the formation energies
(AEp g) of the native point defects in Li;BiOg were shown in Fig. 10. The
defect chemistry did not change much at different chemical potentials
(hypothetical synthesis conditions) due to the lack of chemical potential
tunability in the narrow stability region, and our discussion will focus on
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O-rich/Li-poor condition, which is close to our experimental condition
carried out in ambient oxygen. We found that Li-related defects (v;’, Li{)
were the dominant defects in Li;BiOg with the lowest formation en-
ergies. The lowest energy Li{ defect was located at the tetrahedral
interstitial site (See Fig. S17). These two lowest energy defects
compensated each other and thereby pinned the equilibrium Fermi en-
ergy (EfY) around mid-gap. Using the “frozen defect” model (Sec 2.1.4),
the estimated defect formation energies for vi;” and Li{ were 0.30 eV and
0.24 eV, leading to defect concentrations of 3.1 x 10'® and 3.2 x 10'®
em 3, respectively, at an operating temperature of 873 K. The results of
the defect analysis were consistent with our premise that intrinsic Li"
conductors may be identified from materials families that potentially
support Li coordination flexibility, and that such compounds would
exhibit disorder in the form of high concentrations of Li vacancies and

EF(eV)
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interstitials.

Similarly, the dominant defects in Li;B4O7 with the lowest formation
energies were also Li-related (vy;” and Lif). However, due to the high-
aspect-ratio “stick-like” phase stability region of LisB407, the achiev-
able chemical potentials of Li;B4O7 spanned a range of values changing
from the most Li-rich region (points G, H in Fig. 9) to the most Li-poor
region (points E, F in Fig. 9), and the defect chemistries of LiB407 at
Li-rich/O-poor and Li-poor/O-rich synthesis conditions were, therefore,
very different as shown in Fig. 10. At a Li-rich/O-poor synthesis condi-
tion, the crossing point of vi;* and Li{ was close to mid-gap; while at a Li-
poor/O-rich synthesis condition, the equilibrium Fermi energy was
pinned closer to the valence band maximum. For Li-poor conditions,
which more closely represented experiment conditions, the predicted
formation energies of vy;’ and Li{ were 0.48 and 0.72 eV, leading to
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defect concentrations of 3.5 x 10'® and 4.7 x 10" e¢m™2 673 K,
respectively; at Li-rich conditions, both defects had a defect formation
energy of 0.6 eV and a predicted concentration of 4.0 x 10'* cm™3,

4. Discussion
4.1. Effect of Li T insertion on LiyBiOg and Li;B405

4.1.1. Defect chemistries/electrical properties of Liy.BiixZrxO¢

With the presence of both tetrahedral and octahedral sites in Li;BiOg
[56], we hypothesized these sites may be different in energy for Li" to
occupy, which could satisfy the high-energy/low-energy sites configu-
ration theorized to be ideal for concerted ion transport [25]. The Li;BiOg
structure at 0 K from MP suggests that the tetrahedral sites were fully
occupied and the octahedral sites were partially occupied [35,58],
which was indicative that the tetrahedral sites were lower in energy. As
a result, we hypothesized that the introduction of extra Li*™ would shift
the distribution of Li" among sites of different energies, potentially
triggering concerted ion transport.>® In Sec. 3.2.1, XRD showed that
aliovalent Zr** can be doped onto Bi®* sites up to around 10%, while the
impedance results suggested that the acceptor doping in the presence of
compensating Li at least initially introduced the desired Li* interstitials
into the lattice. Zr doping first led to an improvement in the bulk con-
ductivity when x = 0.05, but additional Zr started to lower the bulk
conductivity again, down to the apparent XRD solubility limit (x > 0.1),
after which the conductivity remained unchanged with further Zr
addition. This result indicated that the defect concentration/distribution
did not continue to vary in the primary phase after the dopant solubility
limit was reached. Concerning the conductivity decrease for x > 0.05, it
is possible that there were too many Li" (less available vacant sites) in
the conduction channel as x > 0.05, such that the ratio between con-
centrations of mobile ions and available sites became suboptimal. As can
be seen in Eq. (S1), isolated hopping conductivity can be optimized
when the product of carrier concentration and available sites is maxi-
mized [24].

Aside from the magnitude of the bulk conductivity, the activation
energy E, as a function of dopant content can be informative. The
invariance of the bulk E4 for undoped vs. doped compositions and vs.
dopant concentration may indicate three effects: (1) Electrostatic in-
teractions of the dopant and mobile ion that may lower Li mobility do
not appear to be dominant. (2) The nominally undoped (x = 0)
composition may have actually been slightly Li-rich, pushing the Egp
below the stoichiometric value (see Fig. 10) and thus favoring Lif for-
mation over vacancies. For a truly stoichiometric undoped sample, one
expects E4 to include the defect formation energy as well as the migra-
tion (including dissociation) energy, whereas for a doped sample, one
expects the defect formation energy term to be absent, since the defect
concentration is instead pinned by the dopant concentration and
temperature-independent. If the x = 0 sample was actually Li-rich, its Li]
defect formation energy term would be very small, and the sample
would essentially be self-doped already. (3) Concerted ion transport was
not triggered by extrinsic doping as additional Li{ beyond the intrinsic
population were introduced.?® One explanation may be that Li" were
able to partially occupy both octahedral and tetrahedral sites in LiyBiOg,
making the Li'" sublattice to be in a disordered state intrinsically [72].
Therefore, even if the Li ™ sublattice configuration could be modified
further through the introduction of additional Li{, it may have limited
effect on the conduction mechanism.

Other than bulk (grain) transport properties, there were extra mid-
frequency (MF) arcs that reduced the total conductivity for x > 0.075
at all temperatures measured, whereas the MF feature was not observed
above 28 °C for x < 0.05. In both cases, the MF arcs showed much higher
activation energy below 28 °C, which would lead to Liy,4BijxZryOg
having low total conductivity for low temperatures (more discussion on
this property can be found in SI Sec. 2.5). Therefore, Liy,yBijxZrxOg
might not be ideal for below-room-temperature applications as a Li"
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conductor.

Computationally, Li;BiOg was found to be thermodynamically sta-
ble, but only within a limited range of Apy;. This narrow stability limited
the ability to tune the chemical potentials widely across the chemical
potential space and maintain phase purity. Moreover, the calculated
concentrations of both vi;” and Li{ were similarly high at the equilibrium
Fermi energy. For those two reasons, simulations would indicate that
compositions are restricted to near the stochiometric 7:1:6 ratio for Li:
Bi:O. With this reasoning, one expects that the effectiveness of either
aliovalent doping (with ionic compensation) or varying the host ion
chemical potentials during synthesis is limited to induce significantly
off-stochiometric, single-phase compositions. Nevertheless, experimen-
tally it was still found that ~10% of Zrg;" and Li{ could be introduced
into LiyBiOg. This apparent discrepancy in the computational vs.
experimental results may be caused by the introduction of extrinsic
dopant, Zrg;i'—the low formation energy of Zrg’” may make it more
dominant acceptor defects than vi;’, pinning the equilibrium Fermi en-
ergy around lowest energy defects Li{ and Zrp;’ (instead of vi;” and Lif in
the intrinsic case). In this case, Li{ insertion and off-stoichiometry
become possible when energetically favorable extrinsic dopants are
introduced.

On the other hand, considering the intrinsic defect simulations, the
formation energies of vi;" and Li{ were low, which is supportive of our
initial hypothesis that the “proximal stoichiometry” feature correlates
with an abundance of vi;” and Li{. The high and almost equal concen-
trations of both vi;” and Li{ correspond to Li Frenkel disorder (Li sub-
lattice disorder), a characteristic generally considered to be beneficial
for ionic transport. As a result, as a compound selected by our descriptor
filter exhibiting a strong “proximal stoichiometry” characteristic,
Li7BiOg was indeed intrinsically Li-defect-rich and disordered. We
conclude that the vi;’ and Li{ defect concentrations would need to be
higher to boost the conductivity further and that, under these equilib-
rium conditions, they may not have been high enough to trigger the
concerted hopping mechanism - although the optimal concentration
and distribution of Li among sites for concerted transport remains an
open question. There are also likely more factors worth considering that
could augment our descriptor filters to identify new ionic conductors,
which will be discussed in Sec. 4.2.

4.1.2. Defect chemistries/electrical properties of Li;B407

In Sec. 3.2.2, it was found experimentally that (1) impurity phases
form easily with slight variation in Li:B ratio; (2) conductivities were
similar in both Li-rich and Li-poor conditions. These results suggest that
Li»B407 was likely a line compound with respect to Li stoichiometry, and
the defect concentrations in Li;B4O7 did not vary much between Li-rich
and Li-poor samples (corresponding to F and E in Fig. 9(b) respectively).
The E4 were also similar (and high) in both conditions, indicating that
concerted ion transport was likely absent in the system and possibly that
the defect formation energy term is contributing to E4 for the intrinsic
(stoichiometric) case. The calculated phase stability region also cor-
roborates the experiments. With limited Apyp;, impurity phases form
easily, making Li»B40O7 essentially a line compound in terms of Li stoi-
chiometry. Therefore, possible improvements in conductivity through
overall stoichiometry engineering may be limited, via either adjusting
relative chemical potentials during synthesis or extrinsic doping.
Furthermore, extrinsic doping can be experimentally challenging
because (a) the ionic radii of Li and B are similar and small, making it
difficult to find suitable dopants; (b) O substitution is challenging
through bulk synthesis.

Considering intrinsic defects, on the other hand, the defect calcula-
tions did again show that the formation energies of vi;’ and Li{ were the
lowest among all relevant point defect types, indicating that the corre-
lation between “proximal stoichiometry” and desirable Li Frenkel dis-
order was also present. However, the formation energies of vi;” and Li{
were not particularly low, and so their concentrations were low at the
temperatures studied. This is also consistent with experimentally lower
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conductivity of LipB4O7. These results suggest that one should also
consider strategies for finding even lower formation energies for both
vii’ and Lif, in addition to them being the easiest to form among all
defects; more details on this point will be discussed in Sec. 4.2.
Furthermore, although more expensive, it may be worth exploring
defect chemistries (specifically the vi;’ and Li{ formation energies)
computationally first, as a final filtering step, before experimental efforts

in future work.
4.2. Implication of proximal stoichiometry filter

The chemical potential spaces and defect calculation diagrams of
Li7BiOg and LisB407 had the following similarities:

1. The stability regions for Li;BiOg and Li»B407 were narrow and “stick-
like” in shape, due to many nearby competing phases cutting through
the chemical potential space. Thus, the tunability of Apy; is limited;
further variation of Apy; would lead to competing phases being more
thermodynamically favorable.

2. Li T interstitials and vacancies were the most favorable amongst all
possible point defects, forming a small tent-like shape in the plot of
defect concentration vs. Fermi level, with its peak near the equilib-
rium Fermi energy.

The above observations are supportive of a correlation between a
“proximal stoichiometry” descriptor and easier Li * interstitial and va-
cancy formation. Compositions satisfying the descriptor also tend to
have similar vi;” and Li{ concentrations, corresponding to Li Frenkel
disorder. On the one hand, the proximal phase feature therefore con-
strains the stoichiometry and may thereby limit asymmetric vi;” and Li{
populations via extrinsic doping, intentional introduction of off-
stoichiometry via starting reagent ratios, or modifying gas-phase
chemical potentials during synthesis. However, on the other hand,
having limited tunability of Ay, is not necessarily detrimental for defect
formation or transport, since intrinsic disorder that maintains the
overall stoichiometry could in principle generate high conductivity if
the formation energies are low enough and Li mobility high enough.

Existing phase stability/defect chemistry calculations for other SICs
also suggest a correlation between the “proximal stoichiometry” feature
and high Li" vacancy/interstitial concentrations. Several SICs exhibit a
narrow and stick-like thermodynamic stability region [71,73-75],
similar to those observed in Li;BiOg and Li;B4O7 (Fig. 9). Furthermore,
Li vacancies and interstitials were reported to be dominant point defects
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in LLZO [71], LigPSsX (X = Cl, I) [75], and LGPS [73,74] from
first-principles defect calculations, their vi;” and Li{ concentrations were
also reported to be in the same magnitude. Many experimental reports
also support the formation of Li-related defects in these SICs [1,24].
However, it is worth noting that in some cases, other point defects can
also have relatively low formation energies due to complex structur-
es/compositions and close ionic sizes, e.g., Laz,” and Zr{, anti-site de-
fects in LLZO [71], or Pg. anti-site defects in LGPS [73,74]. Li3OCl is
identified as an outlier that does not have high concentrations for both
vii and Lif [76]—the lowest energy point defects are v;’, v¢’ and O¢’
in Li3OCl, with the actual conduction mechanism of anti-perovskites still
under debate [1,24].

Interestingly, the position of the apex of the “tent” determines the
equilibrium Fermi energy around the lateral intersection of vi;’ and Lif,
and its height therefore determines the corresponding defect formation
energies/concentrations (illustrated in Fig. 11). For LLZO [71], the peak
of the tent formed by vi;’ and Lif is around 0.5 eV, leading to net Li
defect concentrations between 107 to 10'® ecm™ at a representative
synthesis temperature of 1500 K. For LGPS, the intersection points are at
approximately 0.20-0.25 eV, implying the abundance of Li defects and
Li sublattice disorder in the structure. The estimated defect concentra-
tions of Li{ in LGPS [74] span from 9 x 10 to 4 x 10%° cm™ at syn-
thesis temperature 823 K.

While Li™ interstitials and vacancies were the most abundant defects,
the conductivities of LiyBiOg and LisB407 were still lower than those of
the best SICs; their E4 is also relatively high. One likely reason for this
difference may be due to defect concentrations of vi;” and Li{ not being
sufficiently high, with the apex of the tent not being at low enough
formation energies (Eq. (4)). A lower tent apex, where vi;’ and Li{
concentration lines intersect, can effectively enhance concentrations for
both defects and promote Li" sublattice disorder (illustrated in Fig. 11).
On the other hand, the apparent E4 measured is a summation of both
defect migration energy and formation energies in the intrinsic case. As
a result, further lowering the formation energies of both vi;* and Li{ at
the equilibrium Fermi energy may be an important additional filter
criterion to design new compositions with high ionic conductivities —
beneficial for both increasing defect concentrations and lowering Ej,.
Therefore, we propose that an improved route to identify SICs is to find
candidates with both the “proximal stoichiometry” characteristic and a
“low tent” feature in defect diagrams, where the latter step would be the
final (most computationally expensive) filter applied to the least number
of compounds. However, it is still unclear how to design materials with
low defect formation energies for certain defects at equilibrium Fermi

concentrations

AEpq (eV)

peak of “tent”

concentrations

Li

peak of “tent”

Fig. 11. Illustration of formation energies (AEp ) of
vy and Lif as a function of Fermi energy (Eg). The
intersection of vi;" and Lif, or peak of “tent”, de-
termines their formation energies around equilibrium
Fermi energy. If the height of peak of “tent” can be
lowered, the formation energies of vi; and Lif at
equilibrium Fermi energy decrease, leading to higher
concentrations of vi;” and Lif. As a result, a low peak
of “tent” can lead to a high concentration of Frenkel
. defect, and promotes Li" sublattice disorder to
L| improve conductivity.

EF (eV)
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energy, in other words what the descriptor proxy may be to speed up
that stage of filtering.

Taken together, the “proximal stoichiometry” feature can be viewed
as a double-edged sword in terms of identifying compounds suitable for
ionic conductors from our observation in LiyBiOg, LisB4O; and several
SICs [71,73-75]. On one hand, it helps to find compounds with coor-
dination flexibility, and therefore supports the formation of intrinsic
Frenkel defects. On the other hand, it also leads to narrow stability re-
gions, due to nearby competing phases, which could make it challenging
for the introduction of extrinsic carriers. Relating back to our initial
hypotheses, our findings are supportive of the first part of our initial
hypothesis: there is some correlation between the “proximal stoichi-
ometry” feature and Li" sublattice disorder and defect formation.
Considering that MP is a materials database that does not include defect
thermodynamic data, the ability of this new MP-based proxy/descriptor
to predict compounds with favorably low Li Frenkel defect formation
energies is significant. However, Li;BiOg and Li;B4O7 did not satisfy the
second part of the hypothesis: concerted transport was not intentionally
triggered in them — either because the increased presence of Li" in-
terstitials did not initiate this transport mechanism (Li;BiOg) or because
significant Li non-stoichiometry could not be introduced (Li;B4O7).

Although there were still many untested compositions from our
screening results that could be interesting for future experimental/
computational work, our results still suggest that additional filtering
criteria may be required to identify compositions with the easier defect
formation and the potential for concerted transport mechanism:

a) Is there a method to quickly identify compositions with lower height
for the “tent” apex in defect diagrams to ensure even lower formation
energies?

b) An intermediate criterion of Ep, gy < 1 eV was used in this work; a
stricter constraint or more accurate measure/predictor of migration
energy may be needed.

¢) Occupancy of both high- and low-energy Li" sites was theorized to be
beneficial for inducing the concerted transport mechanism [25]. It
may be worthwhile to contemplate (1) more specifically what are the
descriptive features of the desired distribution of Li in 4D
space-energy coordinates, and (2) how might this distribution be
encoded using, e.g., pymatgen for screening large databases, as cal-
culations of potential unoccupied high energy sites are computa-
tionally expensive.

d) CNy1; was used as a descriptor in this work to approximate some
sense of Li-Li interactions, although Li-Li distances were also
calculated and considered. Could these other criteria such as Li-Li
distance or Li™ 3D density better capture Li-Li interactions, to serve
as high-throughput-suitable fingerprints for likely concerted
transport?

In addition to finding electrolytes, the “proximal stoichiometry”
descriptor may be of interest for identifying new electrode materials in
the future. Although the Apy; of each phase may be limited, these phase
diagrams indicate a series of stable phases at closely-spaced varying Li
chemical potentials, as would occur during lithiation/delithiation, and
many electrode materials undergo/rely on phase transitions during
charging/discharging [77-79]. In order to find electrode materials,
certain steps in the filtering process would need adjusting. For instance,
since electronic conductivity is desirable in this case, one can relax the
large bandgap criterion and re-allow inclusion of transition metals,
where the latter may also facilitate redox reactions.

5. Summary and conclusion

In this work, we hypothesized that the “proximal stoichiometry”
feature may be used as a computationally inexpensive proxy for iden-
tifying compositions supporting Lit sublattice disorder through the
formation of Frenkel defects. These compositions may have potential in
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application as solid electrolyte materials, as the ability to accommodate
Li" defects and disorder is crucial for promoting ionic conduction.

To test out this hypothesis, a series of descriptors based on “proximal
stoichiometry,” bond valence migration energy, Li-Li coordination
number, etc., were designed. Using Materials Project as the initial
database, the compositions were down-selected in a high-throughput
fashion. After preliminary screening, it was found that many SICs
possess this “proximal stoichiometry” feature, with low formation en-
ergies of vi;” and Lif. This finding indicated that our new descriptor is
correlated to the ability to host Li defects and create Li" sublattice dis-
order, and new compositions sharing the same characteristic could also
have high ionic conductivity.

From the complete, sequential descriptor filtering process, LiyBiOg
and LisB4O; were selected as candidates for in-depth computational/
experimental investigations. It was found computationally that they
were indeed Li-defect-rich with the formation of Frenkel defects, but
their tunabilities in Apy; were limited. Other SICs with “proximal stoi-
chiometry” feature also showed such similarities in terms of phase sta-
bility and defect formation. Experimentally, Li © insertion was
attempted on LiyBiOg, where Zr** was substituted on Bi°* sites to
compensate for Lit interstitials. It was found that up to 10% of Li{ and
Zrgi’ could be introduced, but the conductivity only improved for
Liy 05Big.05Z10.0506. Although Li;BiOg can accommodate Li * interstitials
to some degree, the improvement in conductivity is limited with un-
changed E4, and concerted ion transport could not be triggered over the
experimentally studied range of Apy;. On the other hand, Li;B4O7; was
found to be a line compound, and the conductivity and E4 did not change
much in Li-rich and Li-poor conditions.

In summary, our findings support that there is a correlation between
the “proximal stoichiometry” feature and the ability to accommodate Li
disorder in the form of interstitials and vacancies with low formation
energies. However, the correlation between the ability to accommodate
disorder/defects and concerted ion transport may not be straightfor-
ward, as seen in Li;BiOg and LizB407 experimentally. In other words, the
“proximal stoichiometry” feature does not necessarily mean that sig-
nificant improvements in conductivity can be achieved via extrinsic
doping or that the intrinsic conductivity is as high as the best SICs. As a
result, we have proposed questions and pathways to follow for addi-
tional descriptors/proxies that may augment this descriptor filter recipe
in future work. These additional features would ideally assist in iden-
tification of new compositions with even more favorable Li defect for-
mation energies, with a low peak of the Li interstitial/vacancy “tent” on
the defect diagrams, or the potential for concerted ion transport with
more suitable Li-sublattice configurations.
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