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All-solid-state batteries which use inorganic solid materials as electrolytes are the futuristic energy storage
technology because of their high energy density and improved safety. One of the significant challenges
facing all-solid-state batteries is the poor compatibility between electrolyte and electrode materials at
their point of contact, which negatively impacts battery performance. Therefore, it is important to find
appropriate interfacial materials that can mediate the electrolyte—electrode reaction while maintaining
efficient ionic transportation in all-solid-state batteries. In the past, the mechanism of interaction
between the electrolyte and the electrode was explored and a number of potential coating materials for
layered NCM and LiCoO, cathodes were found. In this paper, employing a similar computational
scheme, we extend such coating material screening to LiFePO4-based all-solid-state batteries with
sulfide electrolytes. Harnessing a trove of first-principles data in the Atomly materials database, we
comprehensively evaluated and screened the coating compounds based on their thermodynamic
stability, (electro)chemical stability, electronic conductance, ionic conductance, etc., and successfully
found 41 promising coating compounds out of the 54 005 candidates. This paper offers insightful
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1. Introduction

Lithium iron phosphate (chemical formula LiFePO,, shortened
as LFP) has emerged as a crucial energy material for electric
vehicles (EVs) owing to its commendable cycle stability, cost-
effectiveness, environmental friendliness, and impressive
gravimetric capacity." Nonetheless, commercial LFP batteries
utilizing liquid electrolytes are plagued by inherent issues, such
as iron dissolution, flammability concerns, and restricted
electrochemical stability.> To address these challenges, the
development of all-solid-state batteries (ASSBs) based on LFP
holds significant promise.

The most significant challenge in the transition from liquid
electrolytes (LEs) to solid-state electrolytes (SSEs) lies in
searching for solid-state phases that can offer Li-ion
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directives for optimizing the performance of LiFePO,4-based all-solid-state batteries.

conductivities at least comparable to those of LEs (~10
mS cm ). Fortunately, to date, several innovative Li-ion solid-
state conductors have been identified, primarily classified into
oxide- and sulfide-based chemistries.**® Experimentally, Yan
et al. assembled an LFP-based ASSB with the Li;La;Zr,0,,
(LLZO) electrolyte.” However, owing to the relatively modest Li-
ion conductivity of LLZO (~10~" mS em "), the thickness of the
electrolyte should be reduced to just a few micrometers. This
results in a thin-film ASSB with limited capacity, which poses
a challenge for its application in EVs. Compared to oxides,
sulfide-based SSEs can achieve significantly improved Li-ion
conductivities, typically two orders of magnitude higher.*
Surprisingly, several sulfide electrolytes exhibit superior Li-ion
conductivities, even surpassing those of LEs, such as Lijo-
GeP,S;, (~12 mS cm™ ') glass-ceramic Li,P3Sy; (~17
mS em '),® and Lig54Si;74P1.448117Clos (~25 mS cem™').°
Therefore, it is expected that large-sized LFP-based ASSBs
incorporating sulfide electrolytes will be promising next-
generation energy storage devices.

Despite the breakthrough in Li-ion superionic conductors,
solid-state interfaces (SEIs) have been detected at the SSE/
cathode contact points, resulting in high interfacial imped-
ance and irreversible capacity fading upon cycling.” The pres-
ence of SEIs can be attributed to two main reasons: (1) the
instability of the SSE at high or low lithium chemical potential,

This journal is © The Royal Society of Chemistry 2024
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which induces the electrochemical decomposition of the SSE,
and (2) the favorable chemical reactivity between the SSE and
the electrode. To mitigate the deleterious side reaction at the
SSE/electrode interface, one of the most effective strategies is to
apply a buffer layer on the electrode to prevent direct contact
between the active material and the electrolyte.

In this study, we systematically evaluated viable compounds
that could serve as promising coating layers between the LFP
cathode and sulfide-based SSEs to prevent any deleterious
(electro)chemical reactions. Previously, a number of papers
have investigated the same issues for layered compounds and
developed screening protocols. For example, Zhu et al
demonstrated that Li;TaO, and LisTaOs can effectively protect
the interface between Li;La;Zr,0;, and LiC00,." Xiao et al.
identified several lithium phosphates such as LiH,PO,, LiTi,(-
PO,);, and LiPO; as interfacial coatings for the NCM-Li;PS,
system.'* LFP batteries have become one of the most successful
commercial cathodes. However, based on our knowledge,
comprehensive screening of coating materials for LFP elec-
trodes has not been conducted, and this paper aims to fill this
gap. Leveraging a dataset of 54005 lithium-containing
compounds from the Atomly materials database,">* we con-
ducted a systematic assessment of their thermodynamic
stability, band gap, electrochemical stability window, chemical
reactivity, and ionic migration barrier. Finally, forty-one
screened compounds were identified as appealing coating
materials for LFP-based ASSBs with sulfide electrolytes. Addi-
tionally, by performing a statistical analysis of the reactivity
between different pairs of chemical compositions, we proposed
several rules of thumb that can offer effective guidance for
coating selection in different electrode-electrolyte systems.

2. Methods

2.1 First-principles density functional theory calculations

Density functional theory (DFT) calculations were performed
using the projector-augmented wave (PAW) method imple-
mented in the Vienna ab initio simulation package (VASP).'*'> A
plane wave energy cutoff of 520 eV and a k-point grid of nypoins
X Naoms >1000 were adopted for all the calculations. The
calculations relied on the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA) exchange-
correlation functional.’® Additional setting details can be
found in our previous studies.””>* All the energy data and band
gaps were directly extracted from the Atomly materials
database.'®

2.2 Atomly database

The Atomly materials database (URL: atomly.net (http://
atomly.net)) is a comprehensive repository of inorganic
crystalline compounds, housing the DFT calculated properties
of approximately 349000 materials. These valuable data
encompass essential information such as optimized
structures, energy band, density of states, elasticity, and
thermodynamic stability. The dataset was meticulously
developed through high-throughput DFT runs, utilizing
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a protocol akin to the one used in the Materials Project. As such,
these data are compatible with the Materials Project, adding
significant depth to the overall available dataset as it is currently
2.3 times larger. Notably, Atomly features an abundance of
newly added structures, primarily composed of transition
metal-containing ionic compounds. These structures have been
created through element substitution and then screened for
their thermodynamic stability by an Al model. Consequently,
the dataset is particularly well-suited for electrochemical
applications.

2.3 Phase diagram constructions

To evaluate the thermodynamic stability of compounds, phase
diagrams were constructed based on the energy data in Atomly
materials database. The python materials genomics (pymatgen)
open-source library was employed to generate all the phase
diagrams.”

2.4 Electrochemical stability window

The calculation of the electrochemical stability window
employed the method developed in several pioneer studies.'®*
For a composition ¢, we convert its energy E[c] to a grand
potential @[c], assuming that the system is open to lithium

D[c,puri] = Efc] — nuilc]uwi (1)

where ny4[c] is the lithium concentration in the compound, and
uri denotes the lithium chemical potential determined by the
external environment. For each u;;, we constructed a grand
potential phase diagram for the composition ¢, from which the
corresponding grand potential convex hull can be derived. By
varying uy;, there exists a chemical potential range, [ired,iox),
within which the composition c is located precisely on the grand
potential convex hull. p.q and uoy denote the reduction and
oxidation onset for the composition c, respectively. Finally, the
electrochemical stability window, [Vyeq,Vox], can be derived from
the chemical potential range based on the Nernst equation:
/Jf?_i — Mred

Vieg= —/———— 2
d p’ (2)

0 _
Vou = i Fer (3)

where u!; stands for the chemical potential for lithium metal
and e is the elementary charge.

2.5 Interfacial chemical reaction energy

According to the relative methodology developed by recent
studies,'®* we performed calculations of the interfacial chem-
ical reaction to evaluate the contact compatibility between two
materials. An interface consisting of two compositions, ¢, and
¢p, exhibits a composition of

cinterface[caacbsx] =Xxcy t (1 - X)Cb (4)
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where x denotes the molar fraction of the composition ¢, which
varies from 0 to 1. Omitting the surface energy, this interface
shows an energy of

Einterface = Egs[cimerface] (5)

where Egq[Cinterface] i the ground-state energy at the composi-
tion Cinterface derived from the corresponding energy convex
hull. Finally, the interfacial chemical reaction energy between c,
and ¢y, is

AE, = Xren[(i)%]{Egs [xca + (1 = x)ey] — xE[ca] — (1 — x)E[co]} (6)

To assess the interfacial reaction energy at an applied
voltage, the voltage V can be converted to the lithium chemical
potential u;; based on the Nernst equation. Using eqn (1), all the
energies mentioned in eqn (6) can be replaced with the corre-
sponding grand potentials:

AD )

IXt,up i

_ i ) Bes e + (1= x)op]—
a ‘gl[ér}]{ -x;p.l_i [Ca} - (1 - 'X)d)#]_i[cb] }

2.6 Migration barrier calculations

Coarse migration barrier evaluation was performed using the
bond-valence approach, as implemented in the SoftBV
package.** Furthermore, the accurate migration barriers of Li-
ion vacancies were evaluated using the climbing image
nudged elastic band (NEB) method.**?* The GGA functional was
adopted. A reciprocal space discretization of 25 k-points per A™*
was applied, and the convergence criteria were set as 1 x
1077 eV for electronic steps and 0.05 eV A~ for ionic steps. For
each compound examined in this work, all its distinct vacancy
migration paths were assessed using NEB, and the highest
barrier was chosen as the net migration barrier.

3. Results

3.1 Incompatibility between sulfide-based SSEs and the LFP
cathode

Previous experimental and theoretical research efforts have
primarily focused on addressing interfacial issues between SSEs
and high-voltage cathode materials."*** Herein, we initially
conduct a comprehensive evaluation of the interfacial compat-
ibility between the sulfide-based SSE and the LFP cathode,
considering both electrochemical and chemical perspectives.
Several outstanding sulfide electrolytes were considered for the
evaluation, including LiChT-type Li,SnS, (LSnS),*" iodide-based
Li;P,Sgl (LPSI),** argyrodite LigPS;Cl (LPSC),** halide-rich
argyrodite LissPS,5Cl;5 (LssPSC),* B-LisPS, (LPS),* glass-
ceramic Li,P;S;; (L,PS),* Li;0GeP,S;, (LGPS),* thio-LISICON
Liz25Geo.25P0.7554 (L3.25GPS),*® LGPS-type Lig 54Si1.74P1.44511.7
Cly3 (LSiPSC),® and Lig ¢P3S15 (Lo.PS).®

As depicted in Fig. 1a, all the sulfide-based electrolytes
demonstrate rather narrow electrochemical stability windows,
typically ranging from 1.7 to 2.2 V, which is consistent with
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previous experimental and theoretical observations.”® For
instance, Cronk et al. conducted linear sweep voltammetry to
confirm that the electrochemical window of argyrodite LPSC
ranges from 1.4 to 2.3 V.*” This finding aligns closely with our
predicted range of 1.7-2.1 V, indicating the accuracy of our
calculation results. The dashed line in Fig. 1a illustrates the
equilibrium voltage of LFP upon cycling, corresponding to the
potential of the Fe**/Fe®* redox couple. It is evident that there
are significant gaps between the oxidation limits of sulfide-
based SSEs (~2.2 V) and the operating voltage of LFP (~3.45
V), implying that sulfide-based SSEs could potentially undergo
significant electrochemical oxidation when in direct contact
with the LFP active materials upon cycling. For instance, at
3.45 V, LGPS will be dramatically oxidized to

Li]oGEPzS]Z — Li+ G6S14 + st7 + GCSZ [8)

with a low electrochemical decomposition energy of —744 meV
per atom. These sluggish Li-ion conductors may be deposited
on the surface of LFP particles, leading to poor cycling perfor-
mance and reduced capacity retention. Besides, commonly
used electron conductive materials in LFP cathode composites,
such as carbon additives, have the potential to significantly
accelerate this electrochemical oxidation process. Hence, we
predicted that sulfide-based SSEs would demonstrate poor
electrochemical compatibility with the LFP cathode.

Additionally, we estimated the chemical reactivity of sulfide-
based SSEs toward cathode materials. Both LFP and FePO, (FP)
were considered, corresponding to the discharged and charged
states of the battery, respectively. As demonstrated in Fig. 1b, all
the sulfide electrolytes undergo favorable reactions with LFP,
exhibiting an average reaction energy of —150 meV per atom.
These reactions are thermodynamically driven by the formation
of lower-energy equilibrium phases, primarily composed of iron
sulfides and lithium phosphates. For example, argyrodite LPSC
mixed with LFP favors a reaction of

LePSsCl + LiFePO, —
Li3PO4 + Li4P207 + FePS + FeS2 + LiCl (9)

with a decomposition energy of —153 meV per atom. The
generated iron sulfides, such as FeS, and FeS, possess
moderate-to-high electronic conductivities, which might not
efficiently passivate LFP active materials, enabling the
continued electrochemical oxidation of sulfide electrolytes. In
the case of a charged state (the second column in Fig. 1b), even
more pronounced reactions may take place between the elec-
trolytes and FP, delivering an average decomposition energy of
—230 meV per atom. Hence, it is evident that sulfide-based SSEs
are likely to exhibit strong chemical reactivity with both the LFP
and FP active materials.

Finally, we evaluated the reactivity of the SSE/cathode
interface across the entire operating voltage range of the LFP
electrode. As depicted in Fig. 1c, due to a combination of elec-
trochemical and chemical reactivity, all the interfaces between
sulfide electrolytes and LFP demonstrate very poor stability,
with reaction energies ranging from ~—230 meV per atom at 2 V

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Electrochemical stability windows of various sulfide-based SSEs. (b) Chemical reactivity of sulfide-based SSEs with LFP and FP. (c)

Interfacial reactivity between sulfide-based SSEs and LFP at voltages ranging from 2-4 V.

to over —1000 meV per atom at 4 V. It was demonstrated that the
interfacial issues between the SSE and cathode would become
extremely challenging at an applied voltage. For instance, the
aforementioned LPSC/LFP interface undergoes chemical
decomposition, delivering a reaction energy of —153 meV per
atom. Whereas, at merely a low operating voltage of 2.5 V, the
reactivity between LPSC and LFP is greatly enhanced, boosting
the reaction energy to —218 meV per atom. The details of sulfide
electrolyte decomposition at applied voltages and the reactions
between electrolytes and electrodes can be found in Tables S1-
S3, ESLY

Overall, sulfide-based SSEs exhibit poor compatibility with
LFP cathode materials. Strong side reactions will take place at
the SSE/cathode interface, leading to the gradual deterioration
of the LFP cathode and a decline in battery performance. To
mitigate this interfacial issue, one of the most effective strate-
gies is to coat a buffer layer between the LFP active materials
and sulfide-based SSE.

3.2 Preliminary screening of coating candidates for the LFP
cathode

Fig. 2 depicts a schematic representation of a high-throughput
workflow for screening potential coating candidates for the LFP
cathode. Lithium-free binary compounds such as Al,O3, ZrO,,
and AlF; are commonly employed as coating layers in batteries
with liquid electrolytes.*®** However, these kinds of materials
are generally poor Li-ion conductors. It has been demonstrated
that maintaining a high Li-ion conductivity at the interfaces
between battery components is critical for achieving good
performance in ASSBs. Hence, as the initial screening criteria,
we concentrated on the 54 005 lithium-containing compounds
available in the Atomly materials database.

For each compound, an energy convex hull is constructed in
the corresponding phase space, and the derived energy above
the hull (Ep,;) is employed as a quantitative metric to evaluate

This journal is © The Royal Society of Chemistry 2024

its thermodynamic stability. A material with E},,;; = 0 lies on the
convex hull and is a thermodynamically stable phase at 0 K.
Whereas for a compound with Ep,j; > 0, there is a thermody-
namic driving force for its decomposition, and it is a metastable
(or unstable) phase. To take into account potential kinetic
stabilization, we set a stability criterion of Ey,; = 5 meV per
atom to identify synthesizable materials. To mitigate the elec-
trochemical oxidation of sulfide-based SSEs, coating layers
should effectively passivate the surface of LFP particles. Hence,
we set a band-gap (Eg) criterion of E;, = 0.5 eV to screen
compounds with potentially low electronic conductivities.
These two screening criteria returned a total of 3196 materials.

An effective coating layer should possess a sufficiently wide
electrochemical stability window to prevent it from being
reduced at the SSE side or oxidized at the cathode side.*® As

54005 ?_.Ll -containing compounds

@ red S
WVox = 3:04Vi
AE 4 = —0.1 eV/atom
with LFP, FP, and LGPS

Fig. 2 A screening workflow for potential coating candidates for the
LFP cathode.

Eg=05eV
Ehun < 5 meV/atom

En(Lit) < 0.7 eV
based on BV analysis
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described earlier in Section 3.1, sulfide-based SSEs demonstrate
an average electrochemical oxidation limit of ~2.2 V, and the
operating voltage of LFP is ~3.5 V. Hence, the electrochemical
stability window of a coating layer should at least range from 2.2
to 3.5V, corresponding to a reduction limit (V,eq) of lower than
2.2 V, and an oxidation limit (V,,) of higher than 3.5 V. This
electrochemical stability screening further reduced the list to
555 materials.

When a cathode is coated with a buffer layer, two new
interfaces are introduced: the coating/SSE interface and the
coating/cathode interface. Low chemical reactivity is essential
to ensure that these interfaces are intact. In this context, LGPS
was selected as a representative compound for sulfide-based
SSEs. We computed the reaction energies (AE.) for the
coating/LGPS, coating/LFP, and coating/FP interfaces. A
threshold value of —100 meV per atom was employed to identify
compounds that possess moderate-to-excellent chemical
compatibility with all three interfaces. This chemical stability
screening cut the compound list down to 320 materials.

While the number of compounds has been significantly
reduced from 54005 to 320, it remains computationally
expensive to assess the dynamic properties of all these materials
using ab initio methods. Hence, we performed a bond-valence
(BV) evaluation to calculate their net Li-ion migration barriers
(Em) with a relatively low computational cost. A criterion of £, =
0.7 eV was set to exclude compounds with poor Li-ion conduc-
tivities. Finally, this migration barrier screening popped up 100
materials. We will delve into a detailed discussion of these
coating candidates in the subsequent sections.

3.3 In-depth investigation of coating candidates for the LFP
cathode

We categorized these 100 coating candidates into six groups
based on their anionic chemistries, which include non-
polyanionic oxides, fluorides, phosphates, borates, silicates,
and others (oxyfluorides and chlorides).

Paper

3.3.1 Non-polyanionic oxides. Fig. 3 illustrates both the
electrochemical stability windows (Fig. 3a) and the interfacial
compatibility (Fig. 3b) of the 12 non-polyanionic (NP) oxide
coating candidates. To date, several lithium ternary metal
oxides have been extensively employed as cathode coatings,
including LiAlO,,** LiTaO3,** LiyZrO;,* Li,TisO4,,** and
LiNbO;.** However, only LiAlO, and Li Ti5O;, are included in
our preliminary screening results. According to the BV analysis,
LiTaO; was screened out because of its high net Li-ion migra-
tion barrier, which is consistent with the experimental obser-
vations. For Li,ZrO3, deleterious chemical side reactions may
take place at the Li,ZrO3/FP interface with a AE,,. of —124 meV
per atom. Besides, LiNbO; is predicted to undergo a favorable
reaction with LGPS, delivering a AE,,, of —108 meV per atom.

As depicted in Fig. 3b, driven by a great tendency of breaking
P-S bonds to form (PO,)*~ polyanionic units, the majority of the
screened NP oxides demonstrate non-negligible chemical
reactivity with LGPS. Only LiAlO, and LiAl,H¢BrOg possess
exceptional compatibility with LGPS, with a |AE,,| of smaller
than 20 meV per atom. Li,CO; has been frequently employed as
the cathode coating layer in ASSBs with sulfide electrolytes.
However, we predicted a favorable reactivity between Li,CO;
and LGPS, following the reaction of

L12C03 + LilOGePZSu -

CSy4 + LigGeSy + LirS + LizPO4s + C - (10)
with a AE, of —78 meV per atom. Due to the generation of
carbon, Li,CO; cannot passivate the surface of the cathode after
decomposition, leading to the continuing electrochemical
oxidation of LGPS. Experimentally, a Li,CO3/LiNbO; hybrid
coating has been deposited on the surface of NCM622 in an
argyrodite-based ASSB (Li,CO; and LiNbO; exhibit similar
reaction energies and decomposition products to argyrodite
LPSC and LGPS).** Regarding the cycling performance of the
battery, it presents a steady capacity decay, ultimately resulting
in a capacity retention rate of only ~56% after 200 cycles. In

(2)

(b)

LiaTisOz |- IZ!:;] LiaTisO12 T°

LisNbOs | ] LisNbO, - . -0
LipTiOs | | : il vzmios [ | 50 2
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NaLiTi;0; " II.‘ZI NaLiTis0y " =% @
SrLi;TigO14" - I:Cl SrLi>TigO14 " - - —40 é
SrL.in::Z : | \:r:ﬂ1 srioTa0," 4 [ 503
. ) ; : LisTa0," .L ~ :
mand | I - Li»CO3 " R
BallzTleOue" I :::I BaLi;TigO1 " -70 §
LiAIO, " - 1 | . 3
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Voltage vs. Li/Li* (V) LFP FP LGPS

Fig. 3
marked with a star denote their experimental existence.
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(a) Electrochemical stability windows of various NP oxides. (b) Chemical reactivity of NP oxides with LFP, FP, and LGPS. Compounds
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contrast, an ASSB consisting of a B-LPS electrolyte and an
LiAlO,-coated NCM111 cathode exhibits a capacity retention
rate of ~75% after 400 cycles.”” Compared to Li,CO; and
LiNbOj;, LiAlO, demonstrates more promising coating perfor-
mance, which could be attributed to its excellent chemical
compatibility with sulfide-based SSEs.

Similarly, as shown in Fig. 3b, there are strong driving forces
for these NP oxides to react with LFP or FP as well. Even LiAlO,
exhibits a non-trivial reactivity with FP (AE,, = —51 meV per
atom), making it less applicable in an LFP-based battery. To
understand the poor chemical compatibility between NP oxides
and LFP/FP, we conducted a statistical analysis of the interfacial
reactivity between lithium ternary metal oxides and different

300
£
@)
-
g 200
[]
S
= 100}
B 4
W
a o L
LCO LO. SCO LN LO. 5NO LFP

Fig.4 Chemical reactivity of lithium ternary oxides with LCO, L0.5CO,
LNO, LO.5NO, LFP, and FP. Each box represents the quartiles of the
dataset (gray dots), and the whisker extends to show the rest of the
distribution.

(a)
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cathode materials, including LiCoO, (LCO), Liy 5C00, (Lo sCO),
LiNiO, (LNO), Liy sNiO, (L,.sNO), LFP, and FP. As depicted in
Fig. 4, compared to LCO and LNO cathodes, lithium ternary
metal oxides notably demonstrate poor compatibility with LFP
and FP, with an average |AE.| of greater than 100 meV per
atom. This phenomenon is induced by a great tendency for
these metal oxides to react with phosphorus-containing
compounds to form the lower-energy Liz;PO, phase. In short,
NP oxides may not be well-suited for coating LFP cathodes in
ASSBs with sulfide electrolytes.

3.3.2 Fluorides. Presently, fluorides have not been utilized
as coatings for cathode active materials in ASSBs. Our screening
workflow returned 30 lithium fluorides for coating LFP cath-
odes in ASSBs with sulfide electrolytes. As depicted in Fig. 5a,
these lithium fluorides demonstrate very wide electrochemical
stability windows, with oxidation limits exceeding 5 V. The
remarkable oxidation resistances of fluorides can be attributed
to their deep hybrid orbitals, originating from the high elec-
tronegativity of fluorine. LiAlF,, Li,TiFs, and Li,ZrFs have been
used to coat high-voltage cathode active materials in batteries
with liquid electrolytes.***® However, only Li,TiF, is involved in
our screening results. According to the Atomly materials data-
base, LiAlF, shows a relatively large metastability with an E, ) of
45 meV per atom. Besides, Li,ZrFs was excluded because of its
high Li-ion migration barrier.

As illustrated in Fig. 5b, lithium fluorides generally present
good compatibility toward LFP, FP, and LGPS. Specifically,

(b)
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NasLiTi>F1a — ] ] NasLiTi>F12 A
LisScFyf 1 LiaScF;
LiZrsTIF,; s s | LiZrsTIF,; 15
RbLiBeF, - I : : RbLiBeF, -
LiHfFs - — ; ) LiHfFs -
Cs,LiAlFg I T T 1 Cs,LiAlFg -]
LIErF, | 1 T | LiErF, L _50 P
LiZrFs — : | LiZrFs 8
LiBF," - o ; 1 LiBF," [}
Li,BeF," | T ] : Li,BeFs " - g'
CsLify" [ . csuiF;" 1 I | 5, o
NayLiBeyF; " - — : NazLiBezF; " >
LiLuF," |t : : LiLuF, " - g
Cs,LiAlzF1 " I : : | CSzLiNaFu: . <
KqueF4 Foo - : KLIEeFa' A L _40 '§
LiYF4" | ¢ : : ' LiYFs D
LiF* ‘ ; LiF " <
RbLiBeyF;" I : : RbLi;BesF7" - b=
Na3Li3A|2F12‘ ~ [ 3 E NasLizAlF1; " L _50 =3
LiMgAIFs " F — : LiMgAIFs" Q
NasLisSc,Fp,* [ | : NasLisScoF " g
Li,SiFs* - = : ] Li,SiFg " - =
KLiAIFg" = & i n K, LiAIFg* o
LisZrFs* | I : : LisZrFg* -
KLiYFs™ [ § T E 1 KLiYFs "
CsLiBeF,* [ | ‘ CsLiBeF;"
KLiTmFs* [ ‘ : ] KLiTmFs " ~0
Li;TiFe " - m : ] Li,TiFs" :
LisAlFg* I t t LisAlFg "
1 1 1 H 1 1 1
o 1 2 3 4 5 6 7 ey
Voltage vs. Li/Li* (V) - 9

Fig. 5

This journal is © The Royal Society of Chemistry 2024
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Li3AlFg, LiYF,, LiLuF,, Li,BeF,, and LiErF, exhibit no chemical
reactivity with the three phases, indicating their very promising
performance as coatings. Despite usage in batteries with liquid
electrolytes, Li,TiFs demonstrates a non-trivial reactivity with
LGPS with a AE,; of —64 meV per atom, limiting its applications
considered in this work. Nevertheless, fluorides remain
a promising class of materials that are suitable for use in LFP-
based ASSBs with sulfide electrolytes.

3.3.3 Phosphates. Apart from lithium ternary metal oxides,
lithium phosphates are another extensively applied category of
coating materials. LizPO,, LiTi,(PO,);, and LiMgPO, have been
employed as cathode coatings in batteries with liquid
electrolytes.’*™* Specifically, a Li;PO,-coated LFP cathode
demonstrates improved rate and cycling performance. As shown
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LisSc2(PO)s" | S ——
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(a) Electrochemical stability windows of various phosphates. (b) Chemical reactivity of phosphates with LFP,
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in Fig. 6, these three compounds are also involved in our
screening results. Based on a computational screening, Xiao et al.
proposed two other new lithium phosphates as potential coatings
for high-voltage cathodes, including LiH,PO, and LiPO;."*
However, they are excluded from our screening workflow because
they exceed the selected electrochemical reduction limits, with
LiH,PO, and LiPO; exhibiting a V,.q of 2.3 and 2.5 V, respectively.

As depicted in Fig. 6a, compared to NP oxides, all nine
phosphates demonstrate a larger V,, of over 4 V. The enhanced
electrochemical oxidation resistance of phosphates can be
attributed to the inductive effect, which is often exploited to
increase the operating voltages of electrodes. Due to the simi-
larity of anionic units, these phosphates all present excellent
interfacial compatibility with LFP and FP, with a |AE,,| smaller
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(a) Electrochemical stability windows of various borates. (b) Chemical reactivity of borates with LFP, FP, and LGPS.
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than 10 meV per atom. In terms of the compatibility toward
sulfide electrolytes, these compounds generally show negligible
reactivity with LGPS, except for LiTi,(PO,); (AE.x = —47 meV
per atom) and Li,Zn(PO,), (AE, = —68 meV per atom). Hence,
it is evident that lithium phosphates may exhibit appealing
performance for coating LFP active materials in ASSBs with
sulfide electrolytes.

3.3.4 Borates. Lithium borates are a fairly unexplored
category of cathode coatings. Recently, Li;BO; and Li,B,0, have
been proposed as appealing buffer layers for high-voltage

(a) —
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cathodes.*** From Fig. 7, Li,B,0; is involved in our screening
results. Li;BO; is screened out because of its strong reactivity
with FP, with an AE,, of —112 meV per atom. As depicted in
Fig. 7b, LizB,0;,, Li,B,0;, and Li,Al(BO,); demonstrate perfect
interfacial compatibility toward LFP, FP, and LGPS, with
a |AE,| lower than 10 meV per atom. Specifically, LizB,0;,
exhibits no reactivity with the three phases, implying its
potential good performance as a coating material. However, as
depicted in Fig. 7b, the majority of the lithium borates still
exhibit favorable reactivity with LFP, FP, and LGPS.
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3.3.5 Silicates. To date, only a limited number of lithium
silicates have been employed as cathode coatings, including
Li,SiOs, LisSiO,, and Li,Si,05.°*** From Fig. 8, Li,SiO; and
Li,Si,O5 are included in our preliminary screening results. For
Li,SiO,, we predicted a strong reactivity between it and FP, with
an AE,, of —115 meV per atom. As in the case of lithium
borates, from Fig. 8b, most of the screened lithium silicates still
showcase favorable reactivity with LFP, FP, or LGPS. Even for
Li,SiO; and Li,Si,0s, both exhibit non-trivial reactivity with FP,
with the decomposition products of Fe,Os, Li;PO,4, and SiO,.

3.3.5 Others. Finally, our screening workflow returned five
lithium chlorides and five lithium oxyfluorides. As shown in
Fig. 9a, chlorides demonstrate very promising electrochemical
reduction resistance, with the V,.4 even reaching 0 V. On the
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other hand, compared to NP oxides, oxyfluorides exhibit
improved oxidation limits (Fig. 9c), which can be attributed to
the inclusion of fluorine. In terms of the interfacial compati-
bility, these screened materials generally demonstrate inert
reactivity with LFP, FP, and LGPS. Hence, lithium chlorides and
lithium oxyfluorides are appealing classes of coating materials
for LFP-based ASSBs with sulfide electrolytes.

3.4 Summarization of promising coating materials

Building upon the initial screening results, we compiled a list of
coating materials that exhibit exceptional compatibility with
LFP, FP, and LGPS simultaneously, as illustrated in Table 1. To
allow for some potential kinetic stabilization, we set the

Tablel Promising coating candidates for usage in LFP-based ASSBs with sulfide electrolytes. For those compounds whose NEB calculations did
not converge (marked with *), their BV barriers were represented instead

Reaction energy (meV per

Identity atom) Electrochemical window (V)
Migration barrier
Formula Atomly ID ICSD LFP FP LGPS Reduction Oxidation (meV)
LizAlF, 0000093303 85171 0 0 0 1.10 6.22 462
CsLiBeF, 0000020963 9434 0 0 -1 0.66 6.02 1034
Li ZrFg 0000032607 80398 -7 -8 —18 1.17 6.05 386
Na,Li;Sc,F, 0000101912 27007 0 -6 -15 0.52 6.01 371
LiMgAIF, 0000006756 5007 -8 0 -7 1.29 6.30 610
Na;Li;ALF;, 0000105344 9923 0 0 -1 0.96 6.18 295
RbLi,Be,F, 0000010397 72 0 0 —11 0.96 6.13 467
LiF 0000057894 41409 0 —-12 0 0 6.05 631
LiYF, 0000002504 96 727 0 0 0 0.36 6.35 502
KLiBeF, 0000020198 2939 0 -10 -20 0.84 6.06 1350
Cs,LiALsFy, 0000099318 15785 0 0 —18 1.14 6.33 354%
LiLuF, 0000036754 152948 0 0 0 0.32 6.22 473
Li,BeF, 0000004787 14 360 0 0 0 0.93 6.25 365
LiErF, 3001234939 — 0 0 0 0.34 6.36 589*
RbLiBeF, 3001345161 — 0 0 —-19 0.79 6.05 564*
Li,ScF, 3001070431 — 0 -9 -9 0.62 6.08 85
LiMgPO, 0000083694 201138 0 -2 —6 1.64 4.20 285
LiZr,(PO,)3 0000018210 91112 0 0 —-11 2.01 4.62 1078
Li,Be;PsBro;, 0000114496 80472 0 0 0 1.90 4.44 762
LiyBesP;ClO;, 0000028543 74 525 0 0 -1 1.93 4.46 691
LizPO, 0000061102 10257 0 —6 0 0.72 4.23 428
LizSc(PO,); 0000110893 62301 0 0 —-12 1.91 4.25 371
Li,Be;P;10;, 0000041332 — 0 0 0 1.87 3.98 913
Li,Al(BO,)s 0000125099 279578 0 -8 0 1.79 4.25 354
Li,B,0, 0000030688 34670 -5 -8 -3 1.34 3.71 69
KLiB,O-, 0000088006 93601 -8 —20 —-16 1.21 3.78 383
LiSiBO, 0000088234 67536 -9 —-20 -1 1.45 3.81 759
Li;B5(HO5), 0000117025 20155 -3 —18 -9 1.70 3.90 659
RbLiB,O; 0000005274 93 602 -7 —18 —-18 1.18 3.80 143
LiSi,BOg 0000070152 90 849 -7 —14 0 1.45 3.83 633
Li3B,0;, 0000026116 68475 0 0 0 1.34 4.24 645
LiAl(Si,05), 0000063234 31283 0 -7 0 1.35 4.15 1016
NaLiZr(Si,0s)3 0000078334 100631 0 —-16 —-12 1.27 4.15 1415
KLi3Zr,(Si05)s 0000013946 89 899 0 —14 -5 1.26 4.09 1273
LiAl(SiO3), 0000058662 — 0 —-10 0 1.35 4.11 520
CsLiCl, 3001483162 423 634 0 -1 0 0 3.63 466
CsLi,Cly 0000045002 423 635 -2 -9 0 0 3.57 617
LiCl 0000122077 — -2 -9 0 0 3.80 399
Li,B;0,F; 0000028336 423 661 0 0 -5 1.90 4.50 541
NaLiMgPO,F 0000087290 426 199 0 —-13 —18 1.56 4.26 1150
Li,BgOoF, 0000054059 423435 0 -1 -4 1.91 4.34 274
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Fig. 10 Chemical reactivity of different compositions with various types of cathodes and electrolytes. The types of compositions include NP
oxides, phosphates, silicates, borates, fluorides, and sulfides. The types of cathodes include LCO, NCM111, LFP, and LiMnS; (LMS). The types of
electrolytes include LGPS, LLZO, Li; 3Alg 3Tiy 7(PO4)s (LATP), and Li,ZrClg (LZC). Each box represents the quartiles of the dataset (gray dots), and

the whisker extends to show the rest of the distribution.

threshold for negligible interfacial reactivity to be —20 meV per
atom. To accurately evaluate the ionic conductivities of these
coating candidates, we conducted NEB calculations for the
single Li-ion vacancy migration barrier (detailed migration
profiles are depicted in Fig. S1-S41, ESIf). Experimentally,
a coating layer can have a well-controlled thickness of ~1-
20 nm.” This suggests that materials with moderate ionic
conductivities within the range of 1077-10"° S em ™" will be
sufficiently effective for coating applications. As depicted in
Table 1, the majority of the coating candidates demonstrate
moderate-to-low migration barriers, typically not exceeding
0.7 eV, implying their favorable kinetic performance in the
context of cathode coatings.

4. Discussion

It is a complex challenge to determine the interfacial compati-
bility between materials with different chemical compositions.
In this work, by categorizing potential LFP coating compounds
into seven chemical groups, it has been demonstrated that
anionic chemistry plays a significant role in determining the
reactivity between two materials in contact. For instance, we
have identified a general trend in which lithium ternary oxides
typically display significantly more favorable reactivity toward
LFP compared to LCO or LNO.

While this study primarily focused on addressing contact
issues between LFP and sulfide electrolytes, a comprehensive
evaluation of interfacial compatibility across various chemis-
tries is essential to provide further guidance for coating selec-
tion. As illustrated in Fig. 10, we performed a statistical analysis
of the reactivity between different pairs of chemical composi-
tions. Several rules of thumb can be derived: (1) materials with
the same anionic chemistry generally showcase exceptional
chemical compatibility, (2) NP oxides normally demonstrate
favorable reactivity toward phosphorus-containing compounds,
(3) compatibility between fluorides and phosphates is
outstanding, and (4) silicates and borates generally exhibit

This journal is © The Royal Society of Chemistry 2024

negligible reactivity with all types of cathode materials with
varying anionic chemistries, spanning from layered oxides and
polyanionic oxides, to layered sulfides.

From the lower panel in Fig. 10, sulfide electrolytes, such as
LGPS, generally demonstrate poor compatibility with various
chemical compositions, except for sulfides (sulfides cannot be
used as coatings because of their inherently narrow electro-
chemical windows), which poses a significant challenge for
coating selection in ASSBs with sulfide electrolytes. However,
despite a relatively high average |AE,| of 108 meV per atom
between LGPS and fluorides, twenty-five percent of fluorides
showcase no reactivity toward LGPS. This suggests that fluo-
rides are a superior choice of coating materials for ASSBs
utilizing sulfide electrolytes, aligning with the discussion in
Section 3.3.

It is widely recognized that LFP is a poor electronic
conductor, which imposes limitations on the rate performance
of LFP-based batteries. Experimental evidence has indicated
that the deposition of carbon on LFP particles is a crucial
process for enhancing the power capability of the cathode
composite.” This raises a significant paradox in the context of
the coating strategy discussed in this work, as carbon coatings
cannot protect sulfide-based SSEs from electrochemical oxida-
tion. To mitigate this concern, an effective strategy may be
coating LFP particles with a hybrid coating composite consist-
ing of both carbon and an electronic insulator.>**°

5. Conclusions

LFP batteries have emerged as a viable alternative to commer-
cial lithium-ion battery (LiB) technologies that use layered Co-
based cathodes. As LiBs advance toward the ASSB phase,
a systematic screening was conducted to identify the most
promising coating compounds that can reconcile the (electro)
chemical reactions between LFP and sulfide-based SSEs. This
study identified several potential coating materials from a pool

of 54005 lithium-containing compounds. The screening

J. Mater. Chem. A, 2024, 12, 3954-3966 | 3963



Journal of Materials Chemistry A

process was comprehensive, taking into account factors such as
thermodynamic stability, electronic conductance, electro-
chemical stability window, chemical reactivity, and ionic
conductance. The results indicated that fluorine-, chlorine-, and
phosphorus-containing compounds generally outperformed NP
oxides when utilized as interfacial compounds between LFP and
SSEs. Following further scrutiny of their reactions with LGPS,
a select few compounds emerged as the best candidates and are
listed in Table 1. This research illustrates the effective applica-
tion of a protocol for the virtual design, screening, and evalu-
ation of electrochemically inert materials from a wide-ranging
pool of prospective compounds. Though this methodology
builds on existing literature, prior studies mainly concentrated
on layered cathodes. This paper effectively broadens the scope,
offering valuable insights for engineering electrolyte-electrode
interfaces within LFP-based ASSBs.
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