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Solid-state batteries are considered the next generation of batteries, but they still
suffer from high interfacial resistance. One strategy to mitigate the problem is to
use coating. We performed a computational screening to find promising cathode
coating compositions. Polyanionic oxides are highlighted for good overall
characteristics, and LiH,POy, LiTi»(PO4);, and LiPO3 are particularly appealing
candidates. Furthermore, factors including oxygen bond covalency and Li content
are identified to affect oxidation stability of polyanionic oxide coatings.
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Computational Screening of Cathode
Coatings for Solid-State Batteries

Yihan Xiao,'? Lincoln J. Miara,® Yan Wang,® and Gerbrand Ceder'24*

SUMMARY

Solid-state batteries are on the roadmap for commercialization as the next
generation of batteries because of their potential for improved safety, power
density, and energy density compared with conventional Li-ion batteries.
However, the interfacial reactivity and resulting resistance between the cath-
ode and solid-state electrolyte (SSE) lead to deterioration of cell performance.
Although reduction of the cathode/SSE interfacial impedance can be achieved
using cathode coatings, optimizing their compositions remains a challenge. In
this work, we employ a computational framework to evaluate and screen
Li-containing materials as cathode coatings, focusing on their phase stability,
electrochemical and chemical stability, and ionic conductivity. From this tiered
screening, polyanionic oxide coatings were identified as exhibiting optimal
properties, with LiH,POy, LiTiz(PO,)s, and LiPO3 being particularly appealing
candidates. Some lithium borates exhibiting excellent (electro)chemical stabil-
ity at various interfaces are also highlighted. These results highlight the promise
of using optimized polyanionic materials as cathode coatings for solid-state
batteries.

INTRODUCTION

Li-ion battery technology has become indispensable in applications ranging from
portable electronics to electric vehicles to grid-scale energy storage. However, com-
mercial Li-ion batteries that use organic liquid electrolytes suffer from problems of
flammability, low ion selectivity, limited electrochemical stability, and poor stability
of the solid-electrolyte interphase (SEI) against Li metal." Solid-state batteries (SSBs)
show potential to mitigate these issues by replacing the organic liquid electrolyte
with an inorganic solid-state electrolyte (SSE). To avoid compromising the high ionic
conductivity (> 1 mS/cm) of liquid electrolytes, solid Li-ion conductors with compa-
rable ionic conductivities are highly desirable. To date, several families of Li-ion con-
ductors that exhibit room-temperature ionic conductivity rivaling that of liquid
electrolytes have been discovered.” Most of these inorganic SSEs fall into two cate-
gories: (1) oxide-based electrolytes including Li garnets®> and Na superionic
conductor (NASICON)-type materials® "% and (2) sulfide-based electrolytes such as
Li»S-P,Ss glass'' and the glass-ceramics12 and Li1oGeP,S1, (LGPS) and its computa-
tionally predicted derivatives with LGPS-type structures.'* ' Bulk ionic conductiv-
ities at room temperature (ogy) of ~1 mS/cm to greater than 10 mS/cm have been

achieved in both categories.'®"”"?

Nevertheless, the power density, rate capacity, and capacity retention of SSBs em-
ploying these superionic conductors remain poor, impeding their ultimate commer-
cial usage.”®?" These poor properties reflect the high resistance at the electrode/
SSE interfaces, which grows upon cycling. Experimental studies of electrode/SSE
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Context & Scale

The flammability of organic liquid
electrolytes in Li-ion batteries is a
serious safety risk. Solid-state
batteries (SSBs) replace the liquid
with an inorganic solid,
dramatically improving the safety.
Unfortunately, solid-solid
contacts at the cathode/
electrolyte interface are often
unstable, leading to high
interfacial impedance that grows
during operation. Buffering this
interface with another layer
effectively improves stability;
however, optimized buffer
materials have not been found by
previous research. This work
develops and uses a
computational framework to
screen a wide range of chemistries
for use as buffer layers between
oxide cathodes and sulfide solid
electrolytes and identifies the key
factors such as Li content and
oxygen bonding covalency that
affect the stability of these
materials. Many of these materials
are polyanionic oxides that
substantially outperform
conventional oxide buffers. Our
work provides guidance for
material selection for the next-
generation SSBs.
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interfaces have revealed possible causes for the interfacial resistance: (1) mutual
diffusion and interfacial reactions between the SSE and the electrode,?>?° (2) elec-
trochemical decomposition of the SSE at the SSE/electrode and the SSE/carbon
interfaces during cell cycling,”*?” and (3) poor contact between the SSE and the
electrode due to poor wetting and/or volume change of the electrode during
cycling.?*?® First-principles calculations have demonstrated the lack of thermody-
namic stability of LGPS-type SSEs'®?’ and predicted the interfacial reactions
occurring at the interfaces between various electrodes and SSEs in SSBs.*~%° Hence,
engineering stable interfaces in SSBs is critical to further improving the cell

performance.

To mitigate the interfacial resistance, a buffer layer is often applied to prevent direct
contact between the active material and the electrolyte.?®* In principle, either the
electrode or the electrolyte could be coated to stabilize the electrode/electrolyte
interface. A buffer layer has been used in the protected Li electrode in Li-air batteries
to prevent the reduction of Ti** in NASICON-type solid electrolytes by metallic Li.*’
On the cathode side, coating the electrode is usually preferred because coating the
SSE would significantly increase the resistance along ion migration pathways.

Oxides used to coat conventional cathode materials have shown varying degrees of
effectiveness in SSBs.?" They include, among others, LizPO,4,*® LIAIO, and AlL,O3,%”
LiTaO3,"° LiNbO3,%% 4142 Li,TisO15,2%*% Li»Si03,%2 LisBO3,** and Li,ZrOs,*® most of
which are metal oxides. Cathode coatings are used to isolate the SSEs from the low
Li chemical potentials exerted by the cathode in its highly charged state, thereby
preventing their electrochemical self-decomposition. Indeed, most SSEs are not
thermodynamically stable at the voltage of many charged cathodes.*°~*? In terms
of chemical stability, energy dispersive X-ray (EDX) spectroscopy mapping has
shown that cathode coatings can also prevent direct contact between the electrode
and the SSE, thus suppressing elemental diffusion and interfacial chemical reac-
tions.??*? Recently, computational results have shown that these oxide materials
are effective because of their widened electrochemical windows and excellent
chemical stability against oxide cathodes compared with those of SSEs.?"%?
Summarizing insights drawn from experimental and computational studies, an ideal
cathode coating material should exhibit the following properties: (1) a wide electro-
chemical window that spans the cathode operating voltage and overlaps with the
electrochemical window of the electrolyte (electrochemical stability), (2) limited
chemical reactivity with both the electrolyte and the cathode (chemical stability),
(3) reasonable Li-ion mobility, and (4) low electronic conductivity (when paired
with electrolytes that are unstable at high voltage).

Whereas the experimental approach to finding new coating materials is time
consuming and low throughput, computational evaluation of potential coatings
based on properties 1-4 can be more efficient. Using a computational approach

developed in the previous works'®?%3

to predict the electrochemical stability
and the chemical stability of different interface systems, Zhu et al. proposed several
oxides as potential cathode coatings that are chemically similar to the aforemen-
tioned oxide coatings, e.g., LisTiO4, Li,TiOs3, LigSiOg, LisSiO4, LisTaOs, and
LisTaO4.?? In a similar spirit, Aykol et al. performed high-throughput screening of
cathode coatings for Li-ion batteries using liquid electrolytes by considering their
thermodynamic stability, electrochemical stability, and hydrofluoric acid (HF) reac-
tivity.*® For SSBs, it is also desirable to consider the chemical compatibility of the
coating with both the cathode and the SSE. In addition, the ionic conductivity, an

important criterion for coating performance,”**’ has often been neglected in the
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computational search for new coatings, presumably because of the high computa-
tional cost of ion conductivity predictions with ab initio techniques and the difficulty

in integrating them with a high-throughput environment.*%*?

In this work, we conducted a high-throughput search for suitable materials for
cathode coatings spanning a very wide range of chemistries. We systematically
considered the following aspects of these coating compounds: phase stability, elec-
trochemical stability, chemical stability (with both cathodes and SSEs), and ionic and
electronic conductivity. We demonstrate that polyanionic oxide compounds offer
the best combination of excellent electrochemical stability and chemical stability
without sacrificing the ionic conductivity. The highly covalent bonds between M
and oxygen in the many MO, (M = non-metal elements) polyhedral units lower the
energy of the oxygen orbitals, thereby protecting them from oxidation. This effect
increases the oxidation stability while also decreasing the chemical reactivity of
the polyanionic compounds. Among the polyanionic oxide compounds identified
in the high-throughput screening, we specifically highlight the three compounds
LiH,POy, LiTiz(PO4)s, and LiPO3 as cathode coatings that show great potential for
improved performance relative to that of state-of-the-art coatings.

RESULTS

We performed sequential high-throughput screening for coating materials following
the flowchart presented in Figure 1. The database used in this study is an internal
database of density functional theory (DFT)-computed bulk energies of compounds
with crystal structures obtained from the Inorganic Crystal Structure Database
(ICSD)*° as well as those generated by applying data-mined chemical substitu-
tions.”" This database contains both energetic information, such as the formation
energy, and electronic data, such as the Kohn-Sham band gap. As a prerequisite
for achieving reasonable Li ionic conductivity, we only considered the 104,082
Li-containing materials in the dataset as potential coating candidates.

Initial Screening

We began the screening by excluding compounds containing radioactive elements.
In addition, cathode coatings designed to stabilize SSEs with low oxidation limits
must be electronically insulating (property 4); otherwise, the SSE at the SSE/coating
interface will still be subjected to the high voltage of the cathode. We used Kohn-
Sham band gaps (Eg) determined from DFT calculations as a first-order screening
criterion for electronic conductivity for materials. While a low band gap almost

certainly leads to some electronic conductivity,>”

even wide-band-gap materials
can exhibit electronic transport when point defects in the material create carriers
in the valence or conduction bands.>? As such, electronic conductivity may depend
on synthesis and processing conditions and the susceptibility of the compound to
create carrier-generating point defects.”® While the energy of these defects
depends to some extent on the band gap, as it contains the energy to create an elec-
tron (hole) in the conduction (valence) band, it is certainly possible that wide-band-
gap materials become electronically active under certain synthesis and processing
conditions. Such an analysis would require calculations of all possible point defects
as a function of Fermi level, as is sometimes done for oxides and chalcogenides,>***
but would be fairly expensive in this high-throughput screening and further compli-
cated by the amorphous nature of some coating materials.*®

Thus, to the first-order approximation, materials that are potentially electronically con-
ducting, such as metals and alloys, were also excluded by limiting the Kohn-Sham band

1254 Joule 3, 1252-1275, May 15, 2019
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Inorganic Crystal DFT Energy Data-minedN 104,082 Li-containing
Structure Database Database d (?o-:msun dsew compounds
(ICSD) < N P
\
Filter 1: Initial Screening 62,437 compounds

® Exclude radioactive elements
 Exclude electronically conductive materials (Eg >0.5¢eV)

\
Filter 2: Phase Stability Screening 1,600 compounds
Energy above convex hull < 0.005 eV/atom (Duplicates removed)

Y

Filter 3: Electrochemical Stability Screening 302 compounds
V,,<27V&V, >40V

Y

Filter 4: Chemical Stability Screening 184 compounds
AE_, > -0.1 eV/atom with LPS electrolyte
and NCM cathode

|

Filter 5: Polyanionic Oxides

66 compounds

Y
Filter 6:
6 polyanionic oxides picked for detailed
stability and conductivity analysis

|

Promising Cathode Coatings:
LiH,PO,
LiTi,(PO,),
LiPO,

Figure 1. Flowchart Describing the Computational Screening of Cathode-Coating Materials
Following the initial screening, phase stability, electrochemical stability, and chemical stability
were used as sequential filters for the high-throughput screening. Eg is the density functional theory
(DFT)-calculated Kohn-Sham band gap; V,eq and V, are the reduction and oxidation limits of the
electrochemical stability window in V versus Li metal, respectively; AE,, is the reaction energy of
the material with the cathode or electrolyte in eV/atom; LPS denotes the SSE material Li3PSy4; and
NCM denotes the fully lithiated cathode material LiNij/3C01,3Mnq,30,.

gap to be larger than 0.5 eV. The more than 62,000 compounds that meet these initial
screening criteria were then evaluated for their phase stability.

Phase Stability Screening

A good cathode coating is expected to maintain its structural and chemical integrity
during the shelf life and the operation of the battery. The phase stability of a material
determines both its long-term stability and synthesizability. In this study, we only
considered Li-containing materials that are thermodynamically stable (or stable
within the DFT or temperature error) against decomposition into other phases.
We evaluated the phase stability of a material by building the energy convex hull
in the chemical space that includes this material and calculating its energy above
this hull (see Experimental Procedures).***® Only materials whose energies are
<0.005 eV/atom above the convex hull or exactly on the hull were considered ther-
modynamically stable (or stable within DFT or temperature error). This phase
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Figure 2. Histogram of Numbers of Compounds for Each Category That Pass Each Filter in the
High-Throughput Screening

Red, fluorides; green, chlorides; purple, oxyfluorides; orange, non-polyanionic oxides; blue,
polyanionic oxides; black, others. Filter 2, phase stability screening; filter 3, electrochemical
stability screening; filter 4, chemical stability screening.

stability filter returned 1,600 compounds with unique compositions for further
consideration of the electrochemical stability.

To better understand the composition-property relationship, we categorized
materials according to their anion chemistry: fluorides, chlorides, oxyfluorides,
oxides, and others (sulfides, nitrides, bromides, iodides, phosphides, etc.). We addi-
tionally divided the oxides into polyanionic oxides and non-polyanionic oxides. In
this study, polyanionic oxides refer to oxides with “non-metal-oxygen cluster”
anion groups, including PO,”", S04%~, BOY, CO32_, AsO,3~, Se0,%, NO;3~,
Si032~, ClOY~, BrO3™, and 10,0~ Using this definition, the conventional ternary
metal oxide coatings (e.g., LIAIO,, LiTaOg, LiNbOg3, LisTisO4,, and Li,ZrO3) belong
to the non-polyanionic oxides category. Figure 2 and Table 1 summarize the
numbers and percentages of compounds for each category of materials that pass
the phase stability filter (filter 2), electrochemical stability filter (filter 3), and chemical
stability filter (filter 4). As observed in Table 1, greater than 50% of the 1,600 phase-
stable materials that pass filter 2 are oxides, implying that oxides have a rich
chemical space for property optimization. Note that within the oxide category, there
are approximately equal numbers of non-polyanionic oxides (397) and polyanionic
oxides (411).

Electrochemical Stability Screening

The Li electrochemical stability window of a material is the voltage range (versus Li
metal) in which the material is stable against decomposition by either Li consump-
tion or release. Specifically, the oxidation and reduction limits of the stability window
are defined as the voltage limits at which the material begins to be oxidized via Li
extraction or reduced via Li insertion, respectively. Thermodynamically, the voltages
are obtained from the limits of the Li chemical potential that keeps the grand poten-
tial of the material on the convex energy hull."®*°>> For example, at the lower
chemical potential value of this range (corresponding to higher voltage), the com-
pound will decompose into one or more phases with an overall reduced Li content.
Since a significant driving force may be required to form new phases from the
compound, some kinetic stabilization beyond the predicted voltage limits may be
expected. For example, the overpotential for the oxidation of Li;La3Zr,O4, (LLZO)
has been shown to be greater than 1 V.>¢ The methodology for the electrochemical
stability window calculation is described in Experimental Procedures.

1256 Joule 3, 1252-1275, May 15, 2019
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Table 1. Numbers and Percentages of Compounds for Each Category That Pass Each Filter in High-Throughput Screening

Filter Fluorides Chlorides Oxyfluorides Non-polyanionic Oxides
Filter 2° 229 62 62 397
(14.3%) (3.9%) (3.9%) (24.8%)
Filter 3° 114 39 8 31
(37.7%) (12.9%) (2.6%) (10.3%)
Filter 4° 79 31 6 2
(42.9%) (16.8%) (3.3%) (1.1%)

®Phase stability screening.
PElectrochemical stability screening.
“Chemical stability screening.

The operating voltage of modern cathode materials can vary widely from 2.5 to
4.5 V during charge and discharge cycles. For a cathode coating to be effective,
the oxidation limits should be high enough for it to be stable at the top of the
charge. To allow for some potential kinetic stabilization, we set the criterion for
the oxidation limit to be 4.0 V. For the reduction limit, the coating can only be sta-
ble with the electrolyte if its electrochemical window overlaps with that of the elec-
trolyte to ensure that there is no driving force for Li transfer between the coating
and the electrolyte. Given that the calculated oxidation limits of sulfide electrolytes
are typically in the range of 2.2-2.7 V,*° we set the reduction limit of coatings to be
2.7 V. Therefore, the final stability window criterion used for the electrochemical
stability screening was an oxidation limit of Vo, > 4.0 V and a reduction limit of
Vieg < 2.7 V.

Figure 3A plots the electrochemical stability windows of all 1,600 compounds that
pass the phase stability screening. As noted by Richards et al., the oxidation limit of
a material is primarily determined by the anion chemistry.’® Separation of the
oxidation limits of materials with different anions is also evident in Figure 3A. Fluo-
rides typically have the highest oxidation limits, followed by chlorides, polyanionic
oxides, and non-polyanionic oxides. Compounds in the “Others” category gener-
ally have the lowest oxidation limits, below 2.5 V. In Figure 3A, the horizontal
dashed line at 4.0 V denotes the oxidation limit minimum in the electrochemical
stability window criterion, and the vertical dashed line at 2.7 V denotes the reduc-
tion limit maximum. The region shaded in green in the top left corner therefore
represents the stability window of interest, which contains 302 compounds. Figure 2
and Table 1 show that almost all the compounds in the “Others"” category are elim-
inated during this round of screening because of their low oxidation limits, consis-
tent with previous findings for sulfides, nitrides, and phosphides.”® Table 1 also
shows that approximately half of the phase-stable fluorides and chlorides meet
the electrochemical criterion, which is the highest percentage among all the
chemistries. Notably, after this round of screening, the polyanionic oxides (109)
outnumber the non-polyanionic oxides (31) because of their higher pass rates
(26.5% for polyanionic oxides versus 7.8% for non-polyanionic oxides). It is worth
noting that several polyanionic oxide coatings that have been used in cells with
liquid electrolyte have oxidation limits exceeding our threshold (e.g., LiCoPO,
(4.19 eV),*”F LiNiPO, (4.22 eV), and 7 LiTio(PO,)s (4.59 eV)®?), explaining their re-
ported good performance. The pass rate is 12.9% for oxyfluorides, which is in be-
tween the numbers for polyanionic oxides and non-polyanionic oxides. This is
because in these compounds with mixed anions, the oxidation limit is determined
by the anion with the lowest oxidation limit. Since oxides have lower oxidation
limits than those of fluorides, it is expected that the oxidation limits and pass
rate of oxyfluorides are similar to those of oxides.

Polyanionic Oxides Others Total
411 439 1,600
(25.7%) (27.4%)

109 1 302
(36.1%) (0.3%)

66 0 184
(35.9%) (0.0%)

Joule 3, 1252-1275, May 15, 2019 1257
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Figure 3. Electrochemical and Chemical Stability Screening Results

Each material is represented by a dot in the graphs. Red, fluorides; green, chlorides; purple,
oxyfluorides; orange, non-polyanionic oxides; blue, polyanionic oxides; black, others.

(A) Electrochemical stability windows of 1,600 phase-stable materials.

(B) Chemical reaction energy AE,,, with LizPS4 (LPS) and fully lithiated LiNij;3C01,3Mn1,30, (NCM)
for the 302 screened materials enclosed in the green box in Figure 3A. See also Table S1.

Chemical Stability Screening

Next, we considered the chemical stability requirements for cathode coatings. In the
absence of a coating, chemical reactions at the interface between the cathode
and the SSE have been observed to occur and are accompanied by the interdiffusion
of atoms and the formation of ionically insulating phases.’*?* When a cathode is
coated, the cathode/SSE interface is replaced by two new interfaces: the cathode/
coating interface and the coating/SSE interface. For a coating to function as
designed, it should not only act as a physical barrier that prevents interdiffusion
between the SSE and the cathode but also provide two new interfaces that are
more stable than the original cathode/SSE interface. For each interface system,
we determined the chemical mixing reaction with the most negative reaction energy
(AE,) using DFT-computed energies of the reactants and possible products.
The magnitude |AE,,| was used as an indicator of the chemical reactivity of that inter-
face, with a high |AE,,| indicating a reactive interfacial system. The methodology
used for the chemical mixing energy calculation is described in the Experimental

Procedures.*®

As an example, Figure 3B plots the reaction energy of possible coating materials with
Li3PS4 (LPS) as the SSE and the reaction energy with fully lithiated LiNiq,3C01,3Mn1,20;
(NCM) as the cathode for all 302 materials that pass the electrochemical stability
filter (filter 3). This plot is relevant for a coating that would be used to protect LPS
from NCM. As observed in Figure 3B, all of the non-polyanionic oxides exhibit limited
reactivity (|AE| < 50 meV/atom or 4.8 kJ/mol) with NCM; however, over three-
quarters of them exhibit large reactivity (|AE| > 200 meV/atom or 19.3 kJ/mol)
with LPS. Greater than 60% of the polyanionic oxides, however, exhibit limited reac-
tivity (|AE| < 100 meV/atom or 9.6 kJ/mol) with both LPS and NCM. To identify cath-
ode coatings that are chemically compatible with both the electrolyte and the cathode,
we set the criterion for chemical reactivity (defined as |AE,|) of the material to be
smaller than 100 meV/atom with both LPS and fully lithiated NCM. This reactivity
criterion was used to define the green shaded region in Figure 3B. This region contains
184 compounds, 106 of which were obtained from the ICSD. We provide their compo-
sitions, electrochemical windows, and reactivity (with NCM and LPS) in Table S1 for the

1258 Joule 3, 1252-1275, May 15, 2019
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reader’s reference. In Table 1, we see a preference for polyanionic oxides over non-
polyanionic oxides even stronger than that observed in the electrochemical-stability-
screening round. Concretely, the pass rates are 60.6% for polyanionic oxides versus
6.5% for non-polyanionic oxides. After this round of screening, only two non-
polyanionic oxides remain. Interestingly, LiCoPO, and LiNiPO, coatings used in cells
with organic liquid electrolytes were filtered out because of their high reactivity
(~150 meV/atom) with LPS to form transition metal sulfides and lithium phosphates,
indicating that they may not be suitable for use in SSBs with sulfide electrolytes.

Down-Selection to Polyanionic Oxides

Fluorides and chlorides are two classes of materials that exhibit exceptional electro-
chemical stability and chemical stability. As observed in Table 1, together they
account for nearly 60% of the 184 compounds passing filter 4. In particular, LiF,
LiCl, LiRbCl,, LiCsCl,, and LiRb,Cl3 have zero reactivity with both fully lithiated
NCM and LPS. However, the halides have been less explored than polyanionic ox-
ides in terms of ionic conductivity. Except for one recent report on LizYClg with
orr = ~107* S/cm,®" there have only been limited reports on lithium chlorides,
with the best room-temperature ionic conductivity reported being approximately
107 S/ecm,*?** and no inorganic fluorides as Li-ion conductors were reported to
the best of our knowledge. In comparison, numerous polyanionic oxides have
been reported to exhibit reasonably high room-temperature ionic conductivity
such as NASICON-type phosphates (orr = ~107% S/em),” 10454 Jithium superionic
conductor (LISICON)-type phosphates (ogrr = ~107% S/em),®’
phorus oxynitride (LIPON) (ogr = ~107% S/cm).?®¢” We decided to focus on polya-

and lithium phos-

nionic oxides for further analysis given that (1) some of them are known to be
good Li-ion conductors and (2) there are well-known methods to synthesize and
apply them as coatings. However, we want to emphasize that halides also have the
potential to exhibit comparable stability and ionic conductivity as shown recently
by LizYCle.°" Table ST provides a thorough list of the coating candidates that pass
the chemical stability filter that includes a wide range of chemistries, including fluo-
rides and chlorides.

Even though we greatly narrowed down the compounds of interest to 66 polyanionic
oxides, it remains computationally expensive to study all of these candidates
using ab initio techniques, especially for dynamic properties such as the Li-ion
mobility. We therefore selected six representative compounds from the 66 polya-
nionic oxides to assess their potential as cathode coatings in detail. These six
compounds included the ortho-phosphates LiH,PO,4 and LiTi»(PO,);, meta-phos-
phates LiPOj3, LiLa(PO3)4, and LiCs(PO3),, and borate LiBa(B30s)3. These candidates
are among the polyanionic oxides with the highest oxidation limits (>4.5 V) in
Table S1.

Stability of Six Polyanionic Oxides

The electrochemical stability windows for the six polyanionic oxides are plotted as a
bar graph in Figure 4. For comparison, we also plotted the electrochemical stability
windows of common thiophosphate electrolytes: argyrodite Li¢PSsCl (LPSCI), LGPS,
the glass-ceramic LPS, and garnet-type LLZO and the ternary non-polyanionic coat-
ings Li»ZrO3,*° LiNbO3,?° and LiTa03.%° Consistent with the poor electrochemical
stability of sulfides in general, the three thiophosphates exhibit low oxidation limits
<2.5V.?° The oxide LLZO has a wider stability window with an oxidation limit of 2.9V,
which is still too low to be paired with high-voltage cathodes. Indeed, a recent
experimental study showed that the apparent oxidation limit of LLZO is approxi-
mately 4.0 V,°® indicating that slow oxidation kinetics may protect the material
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Figure 4. Electrochemical Stability Windows of Common Thiophosphate and Oxide Solid-State
Electrolytes (Gray), Non-polyanionic Oxide Coatings (Orange), and Polyanionic Oxides (Blue)

somewhat above its thermodynamic limit but not enough for it to function in battery
systems for which the voltage is above 4.0 V. Thus, protection of LLZO at high
voltage remains necessary. The three ternary metal-oxide-coating materials listed
in Figure 4 exhibit improved oxidation stability (3.4-4.0 V) as compared to both
thiophosphate and oxide electrolytes, which explains their previously reported
good performance.??4%-*2% In comparison, the polyanionic oxides listed in Figure 4
offer substantially higher oxidation limits (>4.5 V) than those of non-polyanionic
oxide coatings. For example, the ortho-phosphate LiTi»(PO,); exhibits an oxidation
limit of 4.6 V and all three meta-phosphates are stable at 5 V or higher, making it
possible to pair them with extremely high-voltage cathodes such as LiNig sMn4 504
(~4.7 V). 07

To examine the chemical reactivity of the down-selected coatings with cathodes and
electrolytes, we use the color-mapped cells representing the reaction energies AE,
in Figure 5 for the various interfaces: fully lithiated cathode/coating, fully lithiated
cathode/SSE, and SSE/coating. The SSEs and coatings are the same as those in Fig-
ure 4, and the cathodes evaluated are the commonly used oxide cathodes NCM,
LiCoO; (LCO), LiMn,O4 (LMO), and LiFePO4 (LFPO). The exact reaction energies
and products are listed in Tables S2, S4, and S5, respectively. To determine the
compatibility of the interfaces involving cathodes at different states of charge, we
repeated the procedure for half-lithiated cathodes, and the reaction energies and
products for the most favorable reactions are tabulated in Tables S3 and 54,
respectively.

As observed in Figure 5, all the thiophosphate electrolytes (LPSCI, LGPS, and LPS)
react strongly with all the cathodes except for LFPO, as indicated by the red colors
and very negative reaction energies in Table S2. Specifically, the LPS/NCM interface
of interest has a reactivity |AE,| as high as 422 meV/atom (40.7 kJ/mol). This high
reactivity is even more pronounced at the half-lithiated cathode/SSE interface
(Table S3). As noted in previous studies,***? the high reactivity between the oxide
cathode and thiophosphates originates in part from the strong tendency to ex-
change O and S between the SSE and cathode and form PO4*~ groups (as in
LizPO,4) and transition-metal sulfides, and the formation of P-O, species was indeed
detected experimentally at the NCM/LPS interface.”” The exchange of O-S is ener-
getically favorable because the bond dissociation energy is much larger for a P-O
bond (597 kJ/mol) than for a P-S bond (346 kJ/mol), while the bond dissociation en-
ergy difference is small for transition metal-O (e.g., Co-O: 368 kJ/mol) and transition
metal-S bonds (e.g., Co-S: 343 kJ/mol).”? However, in the LFPO cathode, phos-
phorus is already fully bonded with O atoms, leading to a lower reactivity of LFPO
with thiophosphates. Although some modeling results have been used to argue
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Figure 5. Reaction Energies AE,,; at Fully Lithiated Cathode/SSE, Fully Lithiated Cathode/
Coating, and Coating/SSE Interfaces in meV/atom

The specific values for AE,,; are provided in Table S2. Each cell is mapped to a color from green
to red according to the color bar on the right, with the dark green color denoting low chemical
reactivity and the dark red color denoting high chemical reactivity. See also Tables S2-S5.

that the reduction of phosphorus to phosphides is kinetically preferred over PO,*",

this unexpected result requires some experimental confirmation.*”

The garnet-type oxide electrolyte LLZO has a higher chemical compatibility with ox-
ide cathodes unlike thiophosphate electrolytes. In particular, the reaction energies
of LLZO with fully lithiated NCM and LCO are effectively zero, but reactions between
LLZO and half-lithiated cathodes are still thermodynamically favorable during
charging (Table S3). Despite the predicted low reactivity at O K, chemical reactivity
at the LCO/LLZO interface to form LayCoO, has been observed at 973 K.%° The
high temperature reactivity and reduction of Co from 3+ to 2+ can be understood
by considering oxygen loss and the associated reduction of the transition metal at
high temperature as in the study of LLZO/spinel cathode interface.”? Also, the
migration of larger cations is promoted at elevated temperatures, causing the inter-
diffusion of Co, La, and Zr.?® Therefore, a thermally stable coating is still needed at
the LCO/LLZO interface to suppress the interdiffusion of elements during high-
temperature sintering.

Ternary metal oxide coatings and polyanionic coatings generally provide a much
more stable interface with oxide cathodes than sulfide electrolytes, as indicated
by their small reactivity in Figure 5. In fact, some ternary metal oxide coatings
have no driving force to react with oxide cathodes in both fully lithiated and half-
lithiated states (e.g., LiTaO3/NCM and LiNbO3/LCO interfaces). Indeed, LiNbO3-
coated LCO and LMO have been used effectively in SSBs with a sulfide SSE.?%"
In contrast, phosphates-based coatings are predicted to exhibit higher reactivity
with oxide cathodes (except for LFPO) than oxide coatings, which is largely driven
by the tendency to form LisPO,4 (Table S4). Specifically, meta-phosphates containing
the PO3™~ group want to obtain O from oxide cathodes to form the PO,*~ group.
Even for the ortho-phosphate LiTiz(PO,)3, which already contains the PO,3~ group,
it is energetically favorable to give up transition-metal elements and obtain Li from
the cathode to form the LizPO4 phase. However, the formation of LizPO,4 may not
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always be detrimental, as it has been used as a cathode coating and thin-film solid
electrolyte.®®’*7> Crystalline LizPO,; possesses a reasonably high oxidation limit
(4.22 V) and chemical stability, as shown in Table S1, and in partially crystalline
form its ionic conductivity (ogr = ~1077 S/cm) is only slightly lower than that of
LIPON.”® Hence, LizPOy could function as a passivation layer, restricting further
reactivity. Not surprisingly, phosphate oxides are quite stable with LFPO, which
can be attributed to their high similarity in P-O bonding. In fact, when phosphates
were recently applied for all the components in a solid-state Li-ion battery, improved
interfacial stability and cyclability was observed,’® consistent with our computational
results.

The interface between an oxide coating and a thiophosphate SSE behaves
similar to an oxide cathode/SSE interface with reactivity that is often larger than
100 meV/atom, driven by the formation of Li3PO,4 and transition metal sulfides. In
contrast, many polyanionic coatings provide greatly improved compatibility with
thiophosphate electrolytes (|AE: | < 100 meV/atom), a result we observed in the
high-throughput chemical reactivity screening. Interestingly, the trend is reversed
at the coating/LLZO interface. Oxide coatings show low reactivity with LLZO, while
the phosphates are predicted to have a non-trivial (|AE | > 100 meV/atom) reac-
tivity with LLZO, driven by the formation of Li;PO4. Some polyanionic oxides other
than phosphates such as LiBa(B30s); show extremely high chemical compatibility
with both cathodes and thiophosphate electrolytes, indicating that all the interfaces
in the cathode/coating/SSE configuration can remain intact. Other lithium borates in
Table S1 such as LiSr(B3Os)3, LiH,B5Og, LiCs(B3Os),, LiB3Os, LisB;O45, LiAI(BO,)s,
and LizB7;0+,Cl exhibit similar low chemical reactivity. Their excellent chemical
stability, in addition to their good electrochemical stability, makes borates very
promising cathode coatings. There are other polyanionic compounds with zero
chemical reactivity with NCM and LPS: LiAISiO4 and Li3PQOy, although their oxidation
limits (4.09 and 4.22 V) are slightly lower than that of LiBa(B3Os)s.

lonic and Electronic Conductivity Considerations

The ionic conductivity of a coating has been emphasized less than its stability in pre-
vious studies. However, Sakuda et al. studied the electrochemical performance of
SSBs using SiO,-coated and Li,O-SiO,-coated cathodes and attributed the better
rate capacity of the Li,O-SiO,-coated cathode to the higher Li-ion conductivity of
its coating.”’ Also, a recent report has shown that SSBs with LizBO;-Li,CO3
(LBCO) cathode coating exhibit better cell performance than with Li3BO3 (LBO)
coating, which is explained by the Li ionic conductivity of LBCO, which is two orders
of magnitude higher than that for LBO.** To evaluate and understand the ionic con-
ductivity of the polyanionic coating candidate, we performed nudged elastic band
(NEB) calculations for the single Li vacancy migration barrier. The interstitial mech-
anism was not considered, as interstitial Li atoms are not likely to survive at high
voltage. We also did not include the vacancy formation energy in the migration
barrier, as we expect that a coating layer of nanometer thickness prepared using
common coating methods would be highly defective and contain intrinsic vacancies.
In each structure, there are multiple possible vacancy hopping pathways. The lowest
migration barrier, E,, for a pathway that percolates the supercell is provided in the
third column in Table 2, with the migration pathways shown in Figure S1. The NEB
migration energies for individual hopping events are also listed in Table Sé. As a
reference, the migration for a reported ternary metal oxide coating material,
Li»ZrO3, was also calculated. Li,ZrO3 has a calculated migration barrier of 0.48 eV
for Li vacancy migration, which is smaller than the 0.56 eV found for LiPON.%¢7
Among the six polyanionic oxides considered in the current study, the calculated
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Table 2. Computed Li Vacancy Migration Barrier, Electronic Band Gap, and Experimental Conductivity Data for Li,ZrO; and the Six Polyanionic

Oxides

Coatings ICSD # Calculated Migration ~Experimental Experimental lonic
Barrier (eV) Activation Energy (eV)  Conductivity (S/cm)

Li,ZrOs 31941 0.48 0.5,/ 0.687¢ ~107% (598 K)’®

LiH,PO, 100200 0.33 = =

LiTi,(POg)s; 95979 0.42 0.4777 ~107¢ (333 K)"?

LiBa(B3Os)s 93013 1.96 = =

LiPO3 51630 0.40 1.40%2 2.5 x 1078 (553 K)*?

LiLa(PO3), 416877 1.39 0.92°% 6.35 x 1078 (553 K)®'

LiCs(POs), 62514  1.27 1.31%° ~1078 (573 K)*°

See also Figure S1 and Table Sé.

an_n

means no experimental data found in the literature for the ICSD crystal structure.

Kohn-Sham

Experimental Electronic

Band Gap (eV) Conductivity at RT (S/cm)

3.99
6.30
2.26
6.20
5.60
5.22
5.65

The experimental activation energy for LiLa(POs), was re-calculated from the Arrhenius plot in Mounir et al.,?! as the value deduced in the original paper is not

consistent with its Arrhenius plot.

migration barriers in LiH,PO,4 (0.33 eV), LiTiz(POy) (0.42 eV), and LiPO3 (0.40 eV) are
similar to or less than those of LiPON and Li,ZrOs3, indicating that fairly good ionic
conductivity can be expected in these materials. However, the compounds with the
highest oxidation limits have vacancy migration barriers larger than 1 eV, such as
1.39 eV for LiLa(PO3)s and 1.27 eV for LiCs(POs),, implying low room-temperature
Li-ion conductivity. We also list the experimental activation energies (E,) and ionic
conductivity for Li conduction in Table 2 for reference. As observed in Table 2, the
calculated migration barriers for Li,ZrOs, LiTi(POg)s, and LiCs(POs), agree fairly
well with the experimentally determined activation energy for the same crystal struc-
tures.””~8%n contrast, the experimentally determined activation energy for LiLa(POs3),4
is 0.92 eV,®" which is considerably lower than the calculated vacancy migration en-
ergy, which may indicate that a different migration mechanism controls the measured
conductivity. Although this measured activation energy for LiLa(PO3), is lower than
the calculated migration energy, it remains prohibitively high for Li-ion migration.
LiPOs is experimentally reported to have an activation energy of 1.40 eV,?” which is
1 eV higher than the calculated migration energy. This large difference may originate
from a large vacancy formation energy, a different migration mechanism, or another
rate-limiting step in the experiment. However, the conductivity of LiPO3 has also been
shown to be enhanced by four orders of magnitude in its glass form (50 Li,O-50
P,Os), with a reduced activation energy of 0.72 eV.%? Therefore, LiH,POy, LiTi»(PO4),
and LiPO3 may exhibit satisfactory ionic conductivities for coating application.

As seen in the crystalline LiLa(PO3),4 and LiPOg, the calculated migration energies are
not always consistent with the experimentally measured values. The mismatch is ex-
pected, as we made several assumptions in our calculations: (1) the carrier formation
energy is not included, (2) a vacancy migration mechanism is assumed, and (3) the
migration in grain boundaries is not considered. In experiments, the measured
activation energies are complicated by the factors that were neglected in the as-
sumptions 1-3 and thus deviate from the predicted values. Additionally, the coating
may be amorphous, possibly resulting in a different ionic conductivity and activation
energy compared to those in the crystalline form, as is observed in LiPO3. Nonethe-
less, our predicted migration energies can give guidance on how the compounds
may perform in crystalline form.

In terms of electronic conductivity, we use the Kohn-Sham band gaps determined
from DFT calculations as a rough indicator in Table 2. This is approximate, but
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true electronic polaron calculations®® are extremely time consuming and their quan-
titative accuracy can be debated. Because the band gap calculated using LDA and
GGA is underestimated,®* we used the calculated band gap values as the lower
bounds for the real band gap. As observed in the sixth column in Table 2, all the coat-
ings have relatively large band gaps above 2.2 eV, indicating low expected elec-
tronic conductivity. As a reference, the calculated band gap for a fully lithiated
NCM cathode is 1.5 eV. To improve the electrochemical stability at the coating/
SSE interface, the coating must have an electronic conductivity that is at least lower
than that of NCM. Thus, from the band gap indicator results, all these coatings
should meet this requirement. The experimentally measured electronic conductivity
of LiTio(PO,) is approximately 1077 S/cm,®® which is much lower than that of NCM
(107221077 S/cm).?® This result is consistent with the electronic conductivity assess-
ment based on the DFT-calculated band gap. Therefore, all the coatings listed in
Table 2 have the potential to have low electronic conductivity and meet property
4. However, as stated in the Initial Screening, when the coating contains point de-
fects that create carriers in the valence or conduction band®® or is in amorphous
form, both of which are likely to happen during the synthesis and coating processes,
it is possible that the actual electronic conductivity of these polyanionic coatings are
non-negligible despite their wide Kohn-Sham band gaps.

DISCUSSION

Interface compatibility has been a well-known issue in the development of SSBs. For
some SSEs such as LiPON, decomposition at high voltage leads to the formation of a
SEI layer through a self-limiting reaction.?” The phases in these SEI layers typically
have extended oxidation stability and also conduct Li ions but prohibit electron trans-
port, passivating the cathode/SSE interface.®%*" For other SSEs, such as sulfides, the
interfacial resistance continues to grow upon cycling, causing rapid capacity fade.”*
Coating these non-passivating systems can be viewed as creating an artificial SEI. The
advantage of coating is the control over the thickness and composition of the coating.
A non-artificial SEI layer results from reacting an arbitrary amount of cathode and SSE,
and interdiffusion of elements can extend as far as 50 nm from the interface, impeding
ion transport through the thick SEI layer.?? In contrast, a coating layer can have a well-
controlled chemistry, composition, and thickness of approximately 1-10 nm.?%34288

Strong Bonding with O Improves Coating Stability

Polyanionic oxide coatings appear promising because of their generally high oxida-
tion stability and smaller chemical reactivity with thiophosphate solid electrolytes.
For example, in the case of phosphates, the latter is due to the fact that no O-S
exchange occurs between the SSE and the coating as all phosphorus in the coating
is already bonded with oxygen. On the other hand, any phosphate in contact with a
readily available source of Li (such as a discharged cathode or an SSE) will still have a
tendency to react, driven by the very favorable formation of Li3POy,.

Polyanionic oxides have a higher oxidation limit because of the covalency of oxygen
with the non-metal cation in the polyanion. The breakdown of a coating at the oxida-
tion limit likely starts by extraction of an electron and a Li ion. Because the O?~ states
are the highest occupied state in these coating oxides, they set the oxidation limit,
and electron removal from them leads to the formation of peroxides, superoxides, or
possibly even O, gas. Strong hybridization (covalency) of these oxygen states with a
main group cation pushes them down in energy and effectively protects them from
oxidation. This is similar to the understanding of anion oxidation in cathode mate-
rials.?” Table 3 demonstrates this effect by comparing the oxidation limits and
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Table 3. Oxidation Limits and Decomposition Products for Non-polyanionic Oxides and Polyanionic Oxides with Similar Cation Chemistry

Non-polyanionic Oxidation Decomposition Products at Polyanionic Oxidation
Oxides Limit (V) Oxidation Limit Oxides Limit (V)
Li;ZrO3 3.44 7rO,, O, LiZry(PO4)3 4.52
LiTa3Os 4.09 Ta,0s, O, Li»Tas(P,05)s 5.44
LiCr3Og 4.26 CrsO12, O3 LiCrP,0Oy 4.61

decomposition products for six non-polyanionic oxides and polyanionic oxides with
similar cation chemistry. It can be observed that oxygen anions are oxidized at high
voltage to form O, gas, similar to the O, loss observed at the surface of the cathode
upon the first charge.”®?" Polyanionic oxides, however, exhibit significantly higher
oxidation limits than their non-polyanionic oxide counterparts.

We further explored the class of phosphate compounds to determine the correlation
between the nature of bonding and oxidation limits. Figure 6 presents a violin plot of
the distribution of the oxidation limit for the 150 phosphates that pass the phase
stability filter (filter 2). They can be categorized into ortho-phosphates (31), pyro-
phosphates (23), and meta-phosphates (96). In general, the PO3™ group in the
meta-phosphates exhibits the highest oxidation limits, followed by the pyro-phos-
phates with the P,O;* group. Ortho-phosphates with the PO, group possess
the lowest median oxidation limit among all the phosphates. Condensation of the
polyhedral units decreases the O/P ratio in the sequence PO,3, P,O4, PO3~
and enhances the hybridization of each O with P, thereby increasing the oxidation
limit. This phenomenon is reminiscent of the increase of intercalation voltage in
phosphate cathodes with decreasing O/P ratio due to the inductive effect.”? In
fact, both the increase of oxidation limit and the intercalation voltage can be attrib-
uted to the enhanced covalency in P-O bonding during phosphate condensation.”

This hybridization protection of oxygen can, to some extent, also be observed in the
high oxidation limits of LINbO3 and LiTaO3 oxide coatings. As 4d and 5d early tran-
sition metals, Nb and Ta have less contracted d orbitals than later transition metals or
3d transition metals, providing good hybridization for the oxygen states in these ma-
terials. While these oxides do not have an oxidation limit as high as some of the phos-
phate coatings, they have the benefit of very low reactivity with many oxide cathodes,
as no LizPO, formation is possible. As such, they may be an excellent compromise
when high-temperature operations are needed to create the coated cathode mate-
rials or to process them in a device. Unfortunately, with thiophosphate SSEs, there
will be some driving force for LiNbO3 and LiTaOj3 to exchange S and O and produce
PO, groups. However, they are expected to be ideal as a buffer layer between LLZO
and oxide cathodes if they can be kinetically stabilized at high voltage (Figure 5).

Lithium borates form an interesting and fairly unexplored alternative to phosphate
coatings. The recent application of LBO and LBCO as cathode coatings has shown po-
tential for interfacial protection.** Similar to phosphorus, boron provides oxygen with
substantial oxidation protection through strong hybridization. Therefore, the borate in
our down-selected list has very low reactivity with both cathodes and SSEs, likely due
to the even stronger B-O bonds than P-O bonds, as indicated by their bond dissoci-
ation energies (597 kJ/mol for P-O bond versus 806 kJ/mol for B-O bond).”?

Trade-off between lonic Conductivity and Oxidation Stability
Despite the high electrochemical stability of polyanionic oxides, we note that there is
a trade-off between a high ionic conductivity and a high oxidation limit in these

Decomposition Products at
Oxidation Limit

ZryP20q, ZrP,05, O,
P,Os, TaPOs, O,
CI’(PO3)3, CFPOA, Oz
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Figure 6. Distribution of Oxidation Limit for Ortho-phosphates (PO,>"), Pyro-phosphates
(P,05*"), and Meta-Phosphates (PO; ) That Pass the Phase Stability Filter (Filter 2)

The violin plot shows the kernel density estimation of the distribution, and the inner box spans the
interquartile range (IQR) of the distribution, with the whiskers extending the box by 1.5 x IQR on
both sides. The white dot inside the box denotes the median.

materials. For example, LiCs(PO3), exhibits an extremely high oxidation limit of
6.2 V; however, its high Li-ion migration barrier (1.27 eV) may prevent its use as a
cathode coating. The same problem also exists for LiBa(B3Os); and LiLa(PO3)a, as
observed in Table 2, and other phosphates with high oxidation limits shown in
Table S1, such as LIGA(PO3)4 (Vox = 5.30 V, E, = 0.96 eV”%), LIK(PO3), (Voy = 5.09
V, E, = 1.89 eV®9), and LiDy(PO3)s (Vox = 4.86 V, E, = 0.96 eV”°). The trade-off can
be understood by considering the correlation between the oxidation limit and Li
content in the material. Figure 7A shows the oxidation limits of all 411 Li-containing
polyanionic oxides that pass the phase stability filter (filter 2) as a function of their Li
atomic fraction (i.e., the ratio of the number of Li atoms to the total number of atoms
in the chemical formula). From the blue trend line calculated by the linear fitting of
the data points in Figure 7A, it can be observed that, in general, the oxidation limit
decreases with increasing Li fraction for polyanionic oxides. Figure 7B is a plot of the
maximum Li fraction as a function of oxidation limit for polyanion oxides passing
filter 2. For example, the point marked by “LiPO3" in Figure 7B has coordinates
(5V, 0.20), meaning that for polyanionic oxides an oxidation limit of 5 V or higher
can only be observed in compounds with a Li atomic fraction no greater than
0.20. Figure 7B shows that the maximum Li fraction decreases drastically at an oxida-
tion limit above 4 V. The low Li fraction in turn indicates a large Li-Li distance and/or
low Li-Li coordination number in the material. Both of these factors were observed to
be negatively correlated to ionic conductivity in a recent statistical learning study of
Li-ion conductors.”® The decreased oxidation limit as the Li content increases may
simply be a consequence of the fact that the chemical potential of Li tends to in-
crease as more Li is present in a material. However, it is also likely related to the
fact that Li removal from a stoichiometry is accompanied by oxygen removal, which
in the case of phosphates correlates with the condensation of PO~ units. The
condensation in turn increases the oxygen covalency, as previously argued. On
the other hand, although Figure 7B indicates that high oxidation stability can only
be achieved in low Li-fraction polyanionic oxides, it is certainly possible that a large
overpotential required for O, gas evolution (as is the case for LLZO) enables higher
Li-fraction compounds to be kinetically stabilized at a given voltage. For example, if
LisPOy4 (Vox = 4.22 V) is kinetically stabilized at 5 V, the limit of Li fraction would
increase from 0.20 (in LiPO3) to 0.38 (in LizPO,) at that voltage.

In Figure 7A, we also highlight in red the 66 polyanionic oxides that pass the chem-

ical reactivity screening (filter 5), 25 of which have an oxidation limit >4.5V (green
dashed line). Among the 25 compounds, LiPOj3 has the highest Li atomic fraction of
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Figure 7. Correlation between Oxidation Limit and Li Atomic Fraction in Polyanionic Oxides

(A) Oxidation limit versus Li atomic fraction for the 411 polyanionic oxides (polyanions) that pass the
phase stability screening (filter 2). The red dots denote the 66 polyanionic oxides that pass chemical
stability screening (filter 5). The green dashed horizontal line marks the oxidation limit = 4.5V
versus Li metal. The blue dashed line is the linear trend line.

(B) Maximum Li atomic fraction versus oxidation limit for the 411 polyanionic oxides that pass the
phase stability screening (filter 2). A point (x and y) in the profile means that all polyanionic oxides
with an oxidation limit of x or higher have a maximum Li atomic fraction of y. LiPO3 is marked by the
black arrows.

20%. The resulting small Li-Li hopping distance in LiPO3 contributes to the low calcu-
lated activation energy for Li vacancy migration of 0.4 eV in crystalline form and
0.72 eV measured in glassy form.?? Therefore, LiPO3 combines the advantages of
excellent high voltage stability (5 V) and a low migration barrier. In fact, the use of
LiPO3 on the high-voltage cathode LiNigsMn; 504 has been demonstrated to
enhance the rate performance and cyclability in a liquid electrolyte cell.?® For cath-
odes with a cut-off voltage lower than 4.5V (e.g., NCM and LCO), the electrochem-
ical stability requirement is less stringent. In this case, we expect that using LiH,PO4
or LiTiz(PO,); with an oxidation limit of 4.6 V as a cathode coating can also result in
good cell performance. Indeed, when charged to 4.6 V, LiTix(PO,); coating
enhanced the capacity retention and rate capacity of a Liq 5sNig 25Mng 75045 cath-
ode in a conventional Li-ion battery.®®

Challenges with the Current Coating Strategy

Beyond the screening requirements used in this work, there are many other chal-
lenges associated with designing an optimal cathode composite. For example,
the formation of electronically conductive interphase products at the coating/elec-
trolyte interface would make the coating a mixed conductor and compromise its
functionality. At the coating/sulfide interface, there is a driving force for the transi-
tion metals to form transition metal sulfides and Li transition metal sulfides as
reaction products. These transition metal sulfides typically have non-negligible elec-
tronic conductivity.”’~?? Thus, to further optimize the coating composition, the tran-
sition metal content in cathode-coating materials should be reduced. In this sense,
LiH,PO4 and LiPO3 are better choices than LiTi,(PO4); when paired with sulfide elec-
trolytes. On the other hand, LiH,PO4 may potentially produce H,O and H,S gas at
the interfaces with some oxides and sulfides, respectively (Tables S4 and S5).
However, we expect the amount of these to be small given that the other products
are passivating. These volatile products could be removed in the pre-treatment pro-
cedures such as annealing, sintering or hot-pressing, and vacuum drying. Another
side reaction may be that LiH,PO4 exchanges protons with Li ions in LCO (or
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Figure 8. Various Interfaces in a Coated Cathode Composite

The general coating strategy only considers the SSE/coating and coating/cathode interfaces,

whereas materials decomposition under electrochemical cycling can still occur at other interfaces,
i.e., the current collector/SSE, SSE/cathode (imperfect coating), and SSE/carbon interfaces.

NCM), forming H-inserted CoO, (HCoO,) and LizPO,4 (Table S4). According to the
data in Table S2, this exchange reaction is thermodynamically favored with a driving
force around 60 meV/atom. The fact that both proton'®° and Li* have good mobility
in LiH,PO,4 may facilitate the reaction at room temperature. For spinel LMO cathode,
a similar exchange reaction to form H-inserted Mn,O,4 (HMn,Oy4) and LizPO4 has a
small driving force (4 meV/atom), while for olivine LFPO cathode the exchange reac-
tion to form H-inserted FePO4 (HFePO,) and LisPO4 is not thermodynamically
favorable.

Furthermore, despite the improved performance when applying a cathode coating,
there is an inherent paradox of the general cathode-coating strategy: a perfect
coating that stabilizes the solid electrolyte from oxidation must be electronically
isolating; however, the lack of electronic conductivity in the coating would
completely prevent active material redox. This phenomenon can be observed in
coatings that are too thick and prevent appropriate cycling.'®" This paradox sug-
gests that coatings either should still allow some level of free electron transport or
should be imperfect, allowing the exposed surfaces of the cathode particles to
form percolating electronic conduction pathways with the electronically conductive
additive and current collector. Figure 8 presents a schematic illustration of a coated
cathode composite with various interfaces highlighted. Although an imperfect
coating would allow contact of the cathode and carbon, it also opens the door for
the exposed part of the cathode to contact with the electrolyte, possibly contributing
to the observed continuous impedance growth and capacity fade even in cells with a
cathode coating.?”** Ultimately, to resolve this paradox, an improved morpholog-
ical design of the different components in the composite cathode might be needed.

Another issue is the oxidation of the SSE at the interfaces with the conductive addi-
tive (e.g., carbon) and current collector, where the electrolyte is subject to the full

1268 Joule 3, 1252-1275, May 15, 2019



Joule

cathode voltage (Figure 8). As aresult, thiophosphate decomposition is unavoidable
when using a strategy of only coating the cathode, and degradation at these
interfaces will form ionically insulating “dead space” in electrolyte particles.?>%’ In
principle, because neither electron transfer nor Li-ion transfer is required at these in-
terfaces, the decomposition of thiophosphates should not immediately affect the
low-rate cell performance. However, “dead space” will negatively affect the ionic
conductivity of thiophosphate particles and therefore increase the internal resis-
tance of the cell. Thus far, the extent of this “dead space” effect remains unknown.
Application of coatings to a cathode can lead to either an amorphous®®*’
line form on the cathode surface. Although our studies focused on crystalline com-

or crystal-

pounds, we expect the chemical and electrochemical stability to be similar to their
amorphous counterparts. As discussed before in the case of LiPO3, the ionic
conductivity may, however, be different. In fact, in some coatings such as LiNbO3,
amorphous coatings exhibit higher ionic conductivity than their crystalline counter-
parts.'%? We note that both the six polyanionic oxides considered in the current
study and the other polyanionic oxides in Table ST mostly consist of phosphates
and borates, and in these materials, favorable Li-ion conduction has been reported

for their glassy form."9%104

Coating Selection Is Dependent on the Cathode, the SSE, and the Processing
Conditions

From our results, it is clear that the choice of a coating material needs to be carefully
tuned to a specific SSE/cathode combination. For example, Li,ZrO3 has the best
chemical compatibility at the LMO/LLZO interface among all oxide coatings, whereas
the lithium borate is the most stable chemistry for cathode/thiophosphate interfaces
(Figure 5). It should also be expected that the choice of coating is dependent on the
processing techniques that will be used to create the SSB. For example, if high-tem-
perature sintering is required to integrate the SSE and cathode particles,'** then the
chemical stability at cathode/coating and SSE/coating may be an overriding concern,
as interdiffusion of elements is accelerated at elevated temperature.”?** If batteries
are cold-formed (e.g., by pressing) or subject to mild thermal treatment, then electro-
chemical stability and Li ionic conductivity may be more important issues.”*

Finally, we make recommendations for coating materials in Figure 9 for various cath-
ode/SSE interfaces under different processing conditions (sintering, hot-pressing, or
cold-pressing). Lithium borates are recommended for all interfaces because many
compounds in this category show excellent chemical stability and high oxidation
limits as shown in Table S1. Although our NEB result indicates that LiBa(B3Os)3
has a high migration barrier for lithium ion conduction, it is possible that other
borates with higher Li content exhibit reasonable ionic conductivity. Phosphate
coatings are recommended to be paired with sulfide SSEs but not with LLZO
because their reactivity with LLZO is high and processing LLZO incurs high temper-
ature. On the contrary, oxide coatings such as LiNbO3 and LiTaO3 are recommen-
ded for pairing with LLZO; with sulfide SSEs they are not optimal because of the
high chemical reactivity. As shown before, oxide coatings featured a remarkable
chemical stability with oxide cathodes, although at high voltage they are electro-
chemically metastable. Thus, the charging voltage of oxide cathodes may need to
be limited when coated with these oxide coatings.

Conclusions
In summary, we have developed a computational framework to search for cathode
coatings in a high-throughput manner. Phase stability, electrochemical stability,
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Oxide
cathode

(e.g., NCM)

Sintering/Hot-pressing/Cold-pressing Sintering/Hot-pressing

* Borates ¢ Borates

¢ Phosphates ¢ Oxides (when charging voltage is limited)
c D

Sintering/Hot-pressing/Cold-pressing Sintering/Hot-pressing
® Borates ® Borates
¢ Phosphates ® Oxides

Examples:

* Borates: LiBa(B,0,),
 Phosphates: LiH,PO,, LiTi,(PO,),, LiPO,
¢ Oxides: Li,ZrO,, LINbO,, LiTaO,

Figure 9. Coating Recommendations for Various Cathode/SSE Interfaces under Different
Processing Conditions
(A) Oxide cathode/sulfide SSE. (B) Oxide cathode/LLZO. (C) LFPO/sulfide SSE. (D) LFPO/LLZO.

chemical reactivity, and ionic and electronic conductivity were used as screening
criteria, and the following trends were observed: (1) because of the high covalency
of oxygen, polyanionic oxides have higher oxidation limits and lower reactivity with
thiophosphate electrolytes than conventional ternary metal oxide coatings and (2) in
general, there is a trade-off between oxidation stability and ionic conductivity in
Li-containing polyanionic oxides. Although a high oxidation limit indicates a low Li
contentin the compound, a high ionic conductivity is correlated to a high Li content.

Six polyanionic oxide coatings were examined in greater detail. Lithium borates such
as LiBa(B30Os); possess excellent electrochemical and chemical stability but may suf-
fer from poor ionic conductivity at low Li content. Furthermore, three phosphate
compounds LiH,POy, LiTi(PO4)s, and LiPO3; with good overall characteristics are
highlighted for their superior properties as cathode-coating materials in SSBs. Based
on the results from high-throughput screening and detailed case studies, we make
specific recommendations of coating materials for various cathode/SSE interfaces.

EXPERIMENTAL PROCEDURES

First-Principles Calculations of Bulk Energies and Band Gaps

To calculate the bulk energies and Kohn-Sham band gaps of crystalline materials
in the database, we used DFT within the projector augmented wave (PAW)
formalism,’” as implemented in the Vienna ab initio simulation package
(VASP)."”” For the exchange-correlational functional, we employ a mixed scheme
of the generalized gradient approximation (GGA)'% and GGA with the rotationally
invariant Hubbard (+U) correction,’® "% as described in previous work by Jain
et al.""" An energy cut-off of 520 eV and a k-point grid of at least 500/n,t0m Was
used for all the calculations. Similar datasets are available online as part of the
Materials Project.''?
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Phase Stability Evaluation

The phase stability of each material was evaluated by computing the lower energy
convex hull and corresponding canonical phase diagram at 0 K formed by the
ground-state phases in the chemical space defined by all the elements in the mate-
rial. To construct the convex hull and the canonical phase diagram, all known
crystalline materials in the chemical space were included and processed using the
Pymatgen software package.''® As a result, materials with an energy above the
convex hull are expected to decompose into its nearest phase on the convex hull,
as this decomposition would lower the total energy of the system. The nearest
phases are uniquely defined as the phases that determine the Gibbs triangle (the
low-energy facet), which contains the desired composition in the phase diagram.
In contrast, materials with an energy exactly on the convex hull are thermodynami-
cally stable against decomposition and therefore pass the phase stability filter.
Note that in this work, materials with energies < 0.005 eV/atom above the convex
hull also pass the phase stability filter, as they are considered to be stable within
DFT or temperature error.

Electrochemical Stability Window Calculation

The calculation of the electrochemical stability window follows the methodology
used in the earlier work."®3%*> For any lithium chemical potential w;, we consider
the grand potential @ of a compound using Equation 1, where c is the composition
of the material, E[c] is the enthalpy, and nglc] is the Li concentration of
composition c.

Ple, py = Ele] — nulclwm (Equation 1)

Forthe stability and reaction energy calculations, materials that are metastable (e.g.,
Li;oGeP,S12) are placed exactly on the convex hull to account for the change in free
energy when temperature is increased from 0 K to elevated temperature. Similar to
using the DFT energy to construct the energy convex hull and canonical phase dia-
gram, one can use the grand potential of materials at given lithium chemical
potential p; to construct the grand potential convex hull and grand potential phase
diagram. The range of w(;, [tox, treal, Over which the material is stable in the grand
potential phase diagram can be converted into the electrochemical stability window
[Vied: Voxl using Equations 2 and 3, where pf; is the Li chemical potential of Li metal
and e is the elementary charge.

:u'(LJi - ru’red)

Vieq = ( (Equation 2)

0 _
Vox — (IU’L: - IU’OX)

(Equation 3)
Chemical Mixing Reaction Energy

The calculation of the chemical reaction energy at the solid/solid interfaces (cath-
ode/SSE, cathode/coating, and SSE/coating) followed the methodology used by
Richards et al.>* For two crystalline reactants A and B, the reaction energy AE
was determined by considering the mixing ratio x that yielded the largest reaction
driving force according to Equation 4, where ¢, and ¢, are the compositions of
reactants A and B normalized by their numbers of atoms, respectively; Eo4lc] is the
energy of the ground-state structure or phase equilibrium at composition ¢ deter-
mined from the convex hull. Note that AE,, has the unit of eV/atom or meV/atom
as it is normalized by the number of atoms in the reaction.

AE ¢ =miny o {Epd[xca + (1 —x)cp) — xE[ca] — (1 — x)E[cb]} (Equation 4)
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NEB Calculations

To study the Li-ion diffusion in the coatings, we performed climbing-image NEB cal-
culations' """ for the single-vacancy migration mechanism. For each material, we
only considered the crystal structure with the lowest energy in the database. The va-
cancy was created by removing one Li ion from the pristine structure, and the defect
charge was compensated by a uniform background charge to retain the oxidation
state for all ions. An energy cut-off of 400 eV was used for all the NEB calculations.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online with this article at https://doi.org/10.
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