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for anode stable solid-state
electrolytes†

Tan-Lien Pham, Lin Wang and Bin Ouyang *

Metal containing oxides and halides offer a wide range of design spaces for solid-state electrolytes.

However, the stability of these electrolytes at the anode/electrolyte interface remains a concern. It is

commonly believed that electrolytes containing metals, such as lithium perovskite and lithium metal

halides, are inherently unstable at the anode. This issue of electrochemical stability has been somewhat

overlooked amidst the surge of research focusing on the development of new superionic conductors. In

this work, we employ a computational framework to uncover the underlying causes of anode instability

in different electrolytes that contain metals. Our findings indicate that deficient compounds in lithium,

such as lithium perovskite or lithium metal halide, tend to be unstable at the anode regardless of the

metal chemistry involved. This instability is primarily due to their unsuitable lithium stoichiometry,

positioning them in regions of the phase diagram where stronger decomposition phases prevail.

Conversely, lithium-rich compounds, such as newly identified overlithiated disordered rocksalt-type

electrolytes, exhibit significantly better anode stability. Additionally, our research also shows that while

anode stability is generally less problematic for sodium metal oxide-based electrolytes in solid-state

sodium-ion batteries, it remains a challenge for sodium metal halides. This work rationales the choice of

metal species and structural phases as stoichiometry for more electrochemical stable solid-state

electrolytes.
1. Introduction

The advancement of solid-state electrolytes has been signi-
cantly propelled by the computational and experimental
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identication of novel superionic conductors. Substantial
efforts have been dedicated to the discovery of metal contained
solid-state electrolytes, particularly metal oxides1–7 and metal
halides8–13 as both of them show rich chemical space and
structural form. It is of no doubt that both metal oxide and
metal halide based solid-state electrolytes can be designed to
show very competitive ionic conductivity, even approaching the
conductivity of sulde electrolytes14–16 and liquid electro-
lytes.17,18 However, one overlooked phenomenon is that many
metal oxides and metal halides are very unstable against Li or
Na metals.1–4,10–12 To give a few examples, LixLa1−x−dTiO3

3,19–21

was discovered decades ago but suffers from the reduction of
Ti4+. Similarly, Li and Na metal halides, despite being at the
forefront of recent materials research for superionic conduc-
tors, tend to be unstable against Li/Na metal anodes.10–12 This
instability necessitates their use as catholytes, while sulde
electrolytes are employed as the actual electrolyte in contact
with the anode.

This abovementioned issue highlights the challenges and
considerations in developing solely metal contained solid-state
electrolytes in solid-state-batteries that aims at long lifetime. In
this work, we conducted an extensive theoretical analysis of the
various chemical factors inuencing anode stability in metal-
containing solid-state electrolytes. Furthermore, we propose
a set of generalized compositional and structural design prin-
ciples aimed at developing stable electrolytes at the anode. The
J. Mater. Chem. A, 2024, 12, 19979–19987 | 19979
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issues discussed previously raise signicant concerns regarding
the exclusive use of metal-containing solid-state electrolytes in
solid-state batteries, especially those designed for long life-
times. In our study, we conduct an extensive theoretical analysis
of the various chemical factors inuencing anode stability in
metal-containing solid-state electrolytes. Furthermore, we
propose a set of generalized compositional and structural
design principles aimed at developing stable electrolytes at the
anode. Specically, through a high-throughput screening of 16
644 compositions across three typical structures1,2,5–13 – 3846
compositions for Li(Na) perovskite-based metal oxides, 1238
compositions for Li(Na) disordered rocksalt-type metal oxides,
and 11 560 compositions for Li(Na) metal halides – we have
discovered that lithium-rich compounds, such as overlithiated
disordered rocksalt types, generally exhibit signicantly better
anode stability than lithium-decient compounds, such as Li
perovskites or Li metal halides, even when the same metal
species are involved. Additionally, we found that halides tend to
be more unstable against anodes than oxides, primarily due to
the increased likelihood of forming reduced metal halides.
Importantly, our research also highlights that sodium metal
oxides typically demonstrate much better stability against the
anode compared to lithium metal oxides. However, sodium
metal halides exhibit a similar level of instability against the
anode as their lithium counterparts. These ndings underscore
the importance of carefully selecting the composition and
structure of solid-state electrolytes to enhance their stability
and, by extension, the longevity of solid-state batteries.
2. Methodology

All electrochemical stability analyses were performed with the
phase diagram-based approach established by Ceder and Mo
et al.22–25 This method involves constructing a phase diagram for
the specic compositional space of the target solid-state elec-
trolyte composition. These phase diagrams are created through
convex hull optimization, utilizing the DFT (Density Functional
Theory) relaxed experimental or hypothetical compounds from
the Materials Project database.26 With the constructed phase
diagram in hand, we evaluate the electrochemical phase
stability using grand canonical phase diagrams. For any given
lithium/sodium chemical potential (mLi/mNa), the grand poten-
tial (F) is considered as

F[c,mLi/Na] = E[c] − nLi/Na[c]mLi/Na (1)

where c represents the material's composition, E[c] is the
enthalpy per formula unit, and nLi/Na[c] denotes the number of
Li or Na atoms per formula unit. Recognizing that materials can
exhibit metastability, which may be stabilized by both cong-
urational and vibrational entropy at elevated temperatures, the
enthalpy of a material is equated to the convex hull energy at its
specic composition for the purpose of evaluating its electro-
chemical stability window. The range of chemical potentials for
lithium or sodium (mLi/Na), dened using [mred, mox], where the
material remains stable within the grand potential phase
diagram, can be translated into the electrochemical stability
19980 | J. Mater. Chem. A, 2024, 12, 19979–19987
window [Vred, Vox], by referencing the chemical potential to the
energy of the Li/Na metal.27–29

The systematic exploration of the metal-dependent reduc-
tion limits involves a comprehensive examination of three
promising categories of metal-containing electrolytes:
perovskite-based metal oxides (Li-PRX or Na-PRX),1,2,30,31 disor-
dered rocksalt-type metal oxides (Li-DRX or Na-DRX),5–7 and
metal halides (Li-MH or Na-MH).8–13 To ensure our screening
encapsulates all typical stoichiometries and compositions
capable of maintaining charge balance within these three
structures, we employed grid enumeration, as detailed in the
ESI Section S1.† In total, we analyzed 3846 compositions for
Li(Na)-PRX, 1238 compositions for Li(Na)-DRX, and 11 560
compositions for Li(Na)-MH, covering a comprehensive range
of possibilities for solid-state electrolytes in lithium and sodium
battery technologies.
3. Results
3.1. Metal dependency of the reduction limit

The results in Fig. 1 offer a comparative analysis of the reduc-
tion limits (referenced to Li/Li+) of (a) Li-PRX, (b) Li-DRX and (c)
Li-MH, respectively. Fig. 1(a)–(c) illustrate the distribution of
the reduction voltage obtained from our phase diagram calcu-
lations across different metal species. In general, post-
transition metals demonstrate the highest voltage for reduc-
tion. Several notable examples are Sb5+, Sn4+, Ge4+ and Te6+. In
contrast, alkali earth metals and early transition metals, rep-
resented by Mg2+, Ca2+, Ba2+, Sc3+ and Y3+, show very low
reduction limits in all three structures. It is also notable that
several rare earth metals, e.g. La3+, Nd3+, Gd4+ and Sm3+, present
very low reduction voltage, which makes them good candidates
when designing electrolytes stable against anodes. In general, it
can be summarized that alkali (earth) metals and early f-block
metals typically result in lower reduction potentials, which is
largely attributed to the low electronegativity of these metals. In
addition to the general trends, there are divergent trends for
some metal species. For example, Ti4+ show a high minimum
reduction voltage of 1.714 V in Li-PRX and 1.877 V in Li-MH.
However, the reduction voltage turns out to be 0.121 V in Li-
DRX. The interesting divergence reveals additional factors
that can inuence electrochemical stability of metals.
3.2. Lithium content dependency of the reduction limit

Beside the metal dependent reduction, the inuence of the
other factors is further investigated in our screened composi-
tional spaces. This analysis allows us to understand the effect of
Li stoichiometry by comparing Li-PRX with Li-DRX, as depicted
in Fig. 2(a). This comparison highlights a considerable differ-
ence in the reduction limit for the same metal species but with
a different Li stoichiometry. More specically, for elements
such as Sb5+ and Ti4+, the reduction limit differs by 1.824 V and
1.593 V, respectively, when compared Li-PRX to Li-DRX. The
essential difference between Li-DRX and Li-PRX with the same
metal species is the Li content per formula unit. The prototype
formula for Li in Li-DRX electrolytes,5 Li1+x+d(M1M2)1−xO2,
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 The metal dependent reduction voltage (referenced to Li/Li+) of (a) Li perovskite (Li-PRX), (b) Li disordered rocksalt (Li-DRX) and (c) Li
metal halide (Li-MH) compounds.
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contrasts with that for Li-PRX1,32 electrolytes, Lix(A,Vac)1−x(M1-
M2)1O3, indicating a signicant variation in Li fraction per
formula, regardless of chemical formulae. Typically, Li-PRX will
have maximum one Li per ve sites or per three anions,33 while
Li-DRX will have at least one Li per two anions.5,6,34–38 In essence,
the major difference between Li-PRX and Li-DRX is that Li-PRX
is substantially more Li decient than Li-DRX.
Fig. 2 (a) The minimum reduction voltage of Li-DRX and Li-PRX, and (b) t
target compounds are marked as orange stars, and the orange arrows sh
equilibrium voltage profiles and phase equilibria for lithiation reactions of
respectively, the decomposition products of lithiation reactions at the
voltage range is marked in green color.

This journal is © The Royal Society of Chemistry 2024
To delve into the inuence of Li content, we established
a comparison group, e.g., LiSbO3 following the Li-PRX stoichi-
ometry constraint1,32 and Li5SbO5 following the Li-DRX stoi-
chiometry constraint.5 The phase diagram of the Li–Sb–O
system is visualized in Fig. 2(b) to indicate the fundamental
difference in metal reduction mechanisms between these two
systems. The two targeted compositions are labelled as orange
he phase diagram of Li–Sb–O shows stable phases in green circles, the
ow the Li decomposition pathway of LiSbO3 and Li5SbO5. (c and d) The
the interface reactions at the anode/electrolyte of LiSbO3 and Li5SbO5

anode side are labeled in red color, and the electrochemically stable

J. Mater. Chem. A, 2024, 12, 19979–19987 | 19981
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stars in Fig. 2(b). It's important to note that the actual phases of
LiSbO3 with a Li-PRX structure and Li5SbO5 with a Li-DRX
structure may not represent the ground state within that
specic composition. However, the method employed for elec-
trochemical stability analysis aligns with the approaches used
by Ceder and various other research groups.23,25,39–41 This
method treats all structures of the same composition equally, as
if they were on the convex hull. Given this approach, the precise
energetic states of LiSbO3 and Li5SbO5 do not affect the
outcomes of our analysis. It is also worth mentioning that the
choices of LiSbO3 and Li5SbO5 as our focused compositions are
arbitrary solely because they satisfy the stoichiometry constraint
of Li-PRX and Li-DRX, respectively. Variations in stoichiometry
for practical applications as electrolytes are unlikely to alter our
primary conclusion, as any other compounds tting within the
Li-PRX and Li-DRX frameworks would occupy the same region
on the phase diagram as these two compounds.

Guided by the orange arrows in Fig. 2(b), the differences in
decomposition pathways can be elucidated. Together with the
phase diagram, the voltage curves that plot the Li uptake of the
target compound at different voltages for both LiSbO3 and
Li5SbO5 can be found in Fig. 2(c) and (d) respectively. The
decomposition pathway of both target compounds towards zero
voltage can be directly determined by the intersections between
the Li-target tie line (orange arrows) and the ground state tie
lines of the phase diagram, which can be supported by the
actual voltage curve in Fig. 2(c) and (d). It is evident that Li-
decient compounds are positioned further from the Li metal
termination, especially when comparing LiSbO3 with Li5SbO5.
This positioning results in more intersections with the ground
states on the phase diagram, leading to decomposition at
signicantly higher voltages (lower Li chemical potentials).
Such a trend is also dictated by the topology of phase diagrams,
as a phase far away from a certain terminal element tends to
Fig. 3 (a) The minimum cathodic limits (referenced to Li/Li+) for Li reduc
Zr–Cl. The formation energy of compositions in the convex hull is illustra
the target compounds are marked as orange stars and orange arrow
respectively. The equilibrium voltage profiles and phase equilibria for lit
products of lithiation reactions at the anode side are labeled in red color, a

19982 | J. Mater. Chem. A, 2024, 12, 19979–19987
have lower chemical potentials for that element.23,42 Specically
in the comparison between LiSbO3 and Li5SbO5, Li-poor LiSbO3

begins to decompose at voltage as high as 2.250 V, yielding
LiSbO2 as the initial reduction product, followed by Sb and
LixSb at even lower voltages. Conversely, Li5SbO5 initiates
reduction at a lower voltage of 1.349 V. As the voltage decreases,
its reduction pathway skips LiSbO2, leading directly to the
formation of Sb and LixSb. Supported by the comparative
analysis of LiSbO3 and Li5SbO5, we elucidate the underlying
reason why Li-decient compounds result in higher reduction
voltages and the electrochemical instability of certain metals
when used as solid-state electrolytes.
3.3. Anion dependency of the reduction limit

In addition to the effects of metal species and Li content,
a notable distinction has been observed as shown in Fig. 3
between Li-MH and Li-DRX regarding the inuence of anion
sites. The results in Fig. 3 indicate that Li-MH in general gets
reduced at much higher voltage compared with Li-DRX with the
same metal. To probe the thermodynamic origins, a compar-
ison with controlled variables has been conducted in the
chemical space of Li–Zr–Cl in comparison to Li–Zr–O space as
shown in Fig. 3(b). Two specic material compositions are
picked as Li6Zr2O7 and Li6ZrCl10 respectively with the rationale
that both satisfy the stoichiometry constraint of Li-DRX and Li-
MH as well as share a similar Li fraction per formula unit (0.4 Li
per f.u. and 0.35 Li per f.u.). Such a design will thus ensure a fair
comparison which minimizes the inuence of the Li content
effect that has been presented above.

The decomposition pathways of Li6Zr2O7 and Li6ZrCl10 are
indicated by the orange arrows in both phase diagrams,
respectively, in Fig. 3(b). Along with the phase diagram, the
voltage curves that depict the Li uptake of the target compound
tion of Li-DRX and Li-halide and (b) phase diagram of Li–Zr–O and Li–
ted by the color contour, the stable phases are shown by black circles,
s illustrate the decomposition pathways of Li6Zr2O7 and Li6ZrCl10,
hiation reactions of (c) Li6Zr2O7 and (d) Li6ZrCl10. The decomposition
nd the electrochemically stable voltage range is marked in green color.

This journal is © The Royal Society of Chemistry 2024
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as a function of voltage for both Li6Zr2O7 and Li6ZrCl10 can be
found in Fig. 3(c) and (d). Notably, Li6Zr2O7 intersects with two
facets on the phase diagram that possess smaller convex hull
depths. The convex hull depth is dened as the formation
energy of the ground state in a specic phase facet of the phase
diagram, which is illustrated by the color contour in Fig. 3(b).
According to the Gibbs phase rule, the facet with larger convex
hull depth will lead to lower chemical potential of elements,
which will lead to higher voltage with respect to Li metal. To
make comparisons, we calculate mZr for both compositional
spaces. In particular, the mZr is calculated to be −8.570 eV per
atom for the Li2O–Zr3O–Zr4O facet and −8.552 eV per atom for
the Li–Li2O–Zr4O facet. Both facets set up the decomposition
pathway of Li6Zr2O7. In comparison to Li6Zr2O7, the decompo-
sition pathway for Li6ZrCl10 will encompass the LiCl–ZrCl3–
ZrCl2 facet, LiCl–ZrCl2–ZrCl facet, LiCl–ZrCl–Zr facet and Li–
LiCl–Zr facet, which has −9.401 eV per atom, −8.747 eV per
atom, −8.548 eV per atom and −8.548 eV per atom mZr corre-
spondingly. The higher mZr in Li–Zr–O compositional space
when compared with that in Li–Zr–Cl compositional space
indicates that the competing phases for halides are much more
stable than in the case of oxides. Themore stabilized competing
phases in halide compositional space will thus create interac-
tion facets with lower mLi. Specically, Li6ZrCl10 will start to
decompose at voltage as high as 1.750 V, yielding reduction of
Zr4+ to Zr3+, Zr2+, Zr+ and Zr metal, as voltage goes down
continuously. As a contrast, Li6Zr2O7 will not decompose until
reaching a voltage of 0.036 V, yielding decomposition products
of Zr3O and Zr4O respectively. Based on the case studies
involving Li6Zr2O7 and Li6ZrCl10, we elucidate that halide con-
taining compounds lead to an elevated reduction voltage limit
due to the existence of stronger competing phases of metal
halides.
Fig. 4 (a) The minimum reduction potential of Li metal oxide and Namet
diagram in Li–Zn–O and Na–Zn–O. The formation energy of compositio
is marked by the color contour. The stable phases are shown by black cir
arrows illustrate the decomposition pathway of Li2ZnO2 and Na2ZnO2,
lithiation reactions of (c) Li2ZnO2 and (d) Na2ZnO2. The decomposition pr
electrochemically stable voltage range is marked in green color.

This journal is © The Royal Society of Chemistry 2024
3.4. Alkali metal dependency of the reduction limit in alkali
metal oxides

Additionally, it has been observed that the reduction voltage
dependency on the metal differs between Na metal oxides and
Li metal oxides, despite having the same stoichiometry. The
lowest reduction voltages for each metal, based on our dataset
of Li-DRX compounds compared to Na-DRX compounds, are
illustrated in Fig. 4(a). From Fig. 4(a), it can be deduced that Na-
DRX compounds generally reduce at a lower voltage than Li
metal oxides. To gain a deeper understanding of the thermo-
dynamic origins of this phenomenon, we conducted a compar-
ative analysis of Li2ZnO2 and Na2ZnO2. The phase diagrams for
the Li–Zn–O and Na–Zn–O systems are presented in Fig. 4(b),
while the respective voltage curves are depicted in Fig. 4(c) and
(d).

The orange arrows in Fig. 4(b) serve to highlight the varia-
tions in the decomposition processes. Specically, in the
comparison between Li2ZnO2 and Na2ZnO2, Li2ZnO2 is situated
on a facet with a darker blue hue, indicating greater convex hull
depths. This suggests that the formation energy of ground
states within a particular facet of the Li–Zn–O phase diagram is
lower than that within the Na–Zn–O space, as demonstrated by
the color contour in Fig. 4(b). Specically, the decomposition
pathway for Li2ZnO2 includes transitions through the
Li10Zn4O9–Li6ZnO4–Zn facet, Li6ZnO4–Li2O–Zn facet, Li2O–Zn–
LiZn3 facet, Li2O–LiZn3–LiZn facet, and nally Li2O–LiZn–Li
facet. Conversely, the decomposition pathway for Na2ZnO2

involves transitions through Na10Zn4O9–Na6ZnO4–NaZn13,
Na6ZnO4–Na2O–NaZn13, and Na2O–NaZn13–Na facets. While the
chemical potentials for Zn are similar in both decomposition
pathways, as detailed in Table S1,† lithium is more stabilized in
the competing phases than sodium (Table S2†), resulting in
al oxide compounds (combination of Li-DRX and Li-PRX), and (b) phase
ns in the phase diagram is illustrated by the color gradient, and its value
cles, the target compounds are marked as orange stars and the orange
respectively. The equilibrium voltage profiles and phase equilibria for
oducts of lithiation reactions at anode side are labeled in red color, the

J. Mater. Chem. A, 2024, 12, 19979–19987 | 19983
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signicantly higher reduction voltages for lithium compared to
sodium. This can be attributed to the competing phases of
sodium metal oxides being less stable than their lithium
counterparts, which may be attributed to sodium's lower
compatibility within the metal oxide framework. This difference
in stability is generally understood in terms of the signicantly
different ionic sizes between Na+ and transition metals, such as
Zn2+, as illustrated in Fig. 4.

In addition to examining the dependency of reduction limits
on alkali metals in alkali metal oxides, the inuence of alkali
metals on the reduction limits in alkali metal halides was also
explored. As shown in Fig. 5(a), both lithium and sodium metal
halides exhibit comparable reduction voltages across a range of
metal species, indicating that the reduction limit in alkali metal
halides is largely unaffected by the choice of alkali metal. This
observation suggests that the alkali metal component does not
signicantly impact the reduction limit within alkali metal
halides. To better understand the role of alkali metals in this
context, a comparative analysis was conducted using Li3SbBr8
and Na3SbBr8 as examples. This analysis, carried out within the
Li–Sb–Br and Na–Sb–Br chemical spaces, aimed to uncover the
thermodynamic principles underlying these observations, as
depicted in Fig. 5(b). The selection of Li3SbBr6 and Na3SbBr6 for
this comparison was based on their fulllment of the stoi-
chiometric requirements typical for alkali metal halide
chemistry.

The differences in the decomposition pathway can be illus-
trated by the orange arrows in Fig. 5(b). Together with the phase
diagram, the voltage curves that plot the Li uptake of the target
compound as a function of voltage for both Li3SbBr8 and Na3-
SbBr8 can be found in Fig. 5(c) and (d), respectively. Notably,
Li3SbBr8 and Na3SbBr8 intersect with three facets on the phase
diagram that possess similar convex hull depths, which is
Fig. 5 (a) The minimum reduction potential of Li metal halide and Na me
Br. The formation energy of compositions in the phase diagram is illustrat
stable phases are shown by black circles, the target compounds are mark
pathways of Li3SbBr8 and Na3SbBr8. The equilibrium voltage profiles and
respectively. The decomposition products of lithiation reactions at the
voltage range is marked in green color.

19984 | J. Mater. Chem. A, 2024, 12, 19979–19987
illustrated by the color contour in Fig. 5(b). With the chemical
potentials across key facets tabulated in Table S3,† it is notable
that there is no obvious difference between these two chemical
systems. The decomposed products of Li3SbBr8 and Na3SbBr8
are both metallic Sb and simpler binary compounds (like LiBr
or NaBr) followed by continuous reduction tendency of anti-
monides to form lithium/sodium antimonides. Therefore,
lithiummetal halide and sodiummetal halide compounds have
similar reduction voltages as a result of being minimally inu-
enced by the specic alkali metal present.
4. Discussion

Our phase diagram calculations and analyses have unveiled
several design principles for developing Li or Na solid-state
electrolytes with enhanced stability against the anode. A key
nding from our study is the signicant role of metal electro-
negativity in determining electrolyte stability. This insight
extends beyond the typical metals used in cathodes, such as V,
Cr, Mn, Fe, Co, Ni, and Cu, indicating that the redox stability of
metals can vary widely. As suggested by our ndings, repre-
sented in Fig. 1, electronegativity serves as a useful indicator for
assessing the redox compatibility of a metal with Li or Na metal
anodes. Generally, metals that are more electropositive tend to
have lower redox voltages, rendering them more stable against
the anode. However, this trend can be inuenced by other
factors, including the standard oxidation potential of different
cations.43 For instance, while K+ is signicantly more electro-
positive than Mg2+, compounds containing K+ exhibit higher
reduction voltages than those with Mg2+. This anomaly can be
attributed to the considerably lower standard oxidation poten-
tial of Mg2+ compared to K+, highlighting the complex interplay
of other factors that affect the stability of electrolyte.43
tal halide compounds and (b) phase diagram of Li–Sb–Br and Na–Sb–
ed by a color gradient, and its value is marked by the color contour. The
ed as orange stars and the orange arrows illustrate the decomposition
phase equilibria for lithiation reactions of (c) Li3SbBr8 and (d) Na3SbBr8,
anode side are labeled in red color, and the electrochemically stable

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 The kernel distribution of the reduction limits of (a) Li-DRX, Li-
MH, and Li-PRX and (b) Na-DRX, Na-MH, and Na-PRX, respectively.
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Beyond the electronic properties of various metal species,
the effects of different material types are summarized in Fig. 6.
This gure illustrates the kernel distribution of reduction volt-
ages for six types of solid-state electrolytes examined in this
study. Unlike the trends seen in electrochemical stability
against cathodes, where the oxidation limit is consistently
linked to the oxidation potential of the anion group and typi-
cally above 3 V, oen exceeding 4 V, the stability against the
anode is inuenced by more than just chemical species. It also
depends on structural types and compositions. Based on the
general trends depicted in Fig. 6, we can identify several key
insights regarding the compositional and structural aspects of
these materials.

Our discovery indicates the interesting fact that Li stuffed
compounds will tend to outperform Li decient compounds in
terms of electrochemical stability against the anode. Even
though both Li stuffing (oen referred to as interstitial medi-
ated diffusion) and Li removal (oen referred as vacancy
mediated diffusion) are widely used for enhancing ionic
conduction, our study reveals the advantages of Li stuffing if the
designed electrolytes form direct contact with the anode. Such
ndings also explain the limited anode stability of some well-
known Li-decient metal oxides, e.g. Li-PRX, as reported in
the literature.1,3,4 In contrast, Li rich oxides, such as Li-DRX, or
state-of-the-art Li7La3Zr2O12 and its derivatives,44,45 should in
principle have much better stability against the anode. This
pattern is further corroborated by the kernel distribution pre-
sented in Fig. 6. Specically, the formation of electronically
conductive SEI layers poses a signicant concern for Li-poor
metal oxides and Li/Na metal halides, as most of these
compounds have a reduction voltage signicantly higher than
0 V and produce electronically conductive decomposition
products. Conversely, SEI formation is much less of a concern
for Li-rich compounds, such as Li-DRX, and sodium metal
oxides. In general, the threshold for ideal Li or Na stoichiometry
is to have the target compound stay in the facet that contains Li
metal as one end compound. For many DRX and Na metal
oxides, this will be the case, but for Li perovskite, this will barely
be possible.

On the other hand, our theory elucidates two primary sour-
ces of instability against the anode in Li-MH-based electrolytes.
In recent years, there has been a surge in the study of Li-MH,
noted for their remarkable ionic conductivities.8–13 However,
these electrolytes are predominantly utilized as components in
This journal is © The Royal Society of Chemistry 2024
catholytes.46 This trend can be understood by examining both
the effect of Li content and the role of halogens as anions. The
challenges for Li-MH stem from: (a) their typically lower Li
content compared to Li metal oxides, as exemplied by the
common prototype formulae Li3MX6 or Li2MX4

47,48 and (b) the
generally more stable metal halide competing phases within the
convex hull of Li(Na)–M–X (X= Cl, Br), as opposed to their oxide
counterparts, a phenomenon illustrated in Fig. 4 and 6.

Importantly, we nd that stability against the anode is less of
a concern for sodium metal oxides than for lithium metal
oxides. Nevertheless, sodium metal halides exhibit similarly
poor electrochemical stability as lithium metal halides. The
contrast between Li containing systems and Na containing
systems can also be clearly demonstrated in Fig. 6(a) and (b).
This distinction is largely attributed to the differences in the
anion frameworks between oxides and halides. Specically, the
Shannon radius of an O2− anion is much smaller than that of
Cl− and Br−, resulting in a more compact framework in metal
oxides than in metal halides. Consequently, it is easier to
incorporate Li+ ions into the dense oxide framework due to their
smaller size compared to Na+ ions, whose ionic radius is much
larger than that of most transition metals found in metal
oxides. Conversely, the more spacious halogen-based anion
framework accommodates Li+ and Na+ well, leading to no
signicant difference in reducibility between lithium and
sodium metal halides. These observations suggest that sodium
metal oxides might offer advantages over sodiummetal halides,
especially in the development of all-solid-state sodium ion
batteries. However, it should bementioned that the size effect is
only a hypothesis that aims to describe a general trend when
comparing Na electrolytes with Li electrolytes. There are likely
other case-by-case factors that determine the actual electro-
chemical stability of specic compounds.

In addition to our thermodynamic insights, we would like to
highlight that electrochemical stability can be affected by
kinetic factors. A thorough review of all potential kinetic factors
is beyond the scope of this work. Nonetheless, a preliminary
understanding can be obtained from the analysis conducted
herein. Primarily, systems with a substantial thermodynamic
drive for decomposition can generally be expected to exhibit
faster decomposition reaction rates. This hypothesis aligns with
the ‘max deltaG theory’ for solid-state phase trans-
formations,49,50 also known as the Bell–Evans–Polanyi principle
in catalysis.51 Furthermore, there are instances where reduction
occurs in a more topotactic manner. For example, when LixMOy

with a rocksalt phase is reduced, it is possible for the rocksalt
phase to be maintained during reduction, as this reaction can
proceed without displacing all the atoms. A systematic explo-
ration of such phenomena would require considerably more
extensive further research.

5. Conclusions

We have systematically examined every conceivable chemical
factor inuencing the electrochemical stability of metal-
containing solid-state electrolytes. It has been indicated that
the electrochemical stability is not solely dependent on the
J. Mater. Chem. A, 2024, 12, 19979–19987 | 19985
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metal species but can also be signicantly inuenced by the
stoichiometry of Li (Na), the types of anion groups, and the
specic alkali metal species involved. This comprehensive
analysis sheds light on the inherent instability of most Li
perovskite-based electrolytes and Li (Na) metal halides when in
contact with anodes. Conversely, it highlights the promising
potential of Li-rich metal oxides and sodium metal oxides.
These materials emerge as solid-state electrolytes capable of
offering more dependable electrochemical stability, thus paving
the way for their use in creating more reliable and long-lasting
battery technologies.

Data availability

All data of reduction/oxidation voltage as well as reduction
products are made available at https://github.com/Jeff-oakley/
EchemWindow/.

Author contributions

T.-L. P. and L. W. performed the data processing. T.-L. P. and B.
O. conducted the theoretical analysis of the data. B. O. super-
vised the project, provided critical feedback, and helped guide
the research. T.-L. P. and B. O. discussed the results, contrib-
uted to the nal manuscript, and gave nal approval for
publication.

Conflicts of interest

The authors declare no conict of interest.

Acknowledgements

The authors acknowledge support from the startup funding
from Florida State University. The computational resources
were provided by the Advanced Cyberinfrastructure Coordina-
tion Ecosystem: Services & Support (ACCESS), the National
Energy Research Scientic Computing Center (NERSC), a DOE
Office of Science User Facility supported by the Office of Science
and the U.S. Department of Energy under contract no. DE-AC02-
05CH11231 and the Research Computing Center (RCC) at
Florida State University. The computation and data processing
were also supported by the supercomputing resources from the
Department of Energy's Office of Energy Efficiency and
Renewable Energy at the National Renewable Energy
Laboratory.

References

1 D. Sun, N. Wu, C. Qin, R. White and K. Huang, Energy
Technol., 2023, 11, 2201455.

2 A. Manthiram, X. Yu and S. Wang, Nat. Rev. Mater., 2017, 2,
16103.

3 O. Bohnke, C. Bohnke and J. L. Fourquet, Solid State Ionics,
1996, 91, 21–31.

4 Y. Zhu, X. He and Y. Mo, J. Mater. Chem. A, 2016, 4, 3253–
3266.
19986 | J. Mater. Chem. A, 2024, 12, 19979–19987
5 Y. Chen, Z. Lun, X. Zhao, K. P. Koirala, L. Li, Y. Sun,
C. A. O’Keefe, X. Yang, Z. Cai, C. Wang, H. Ji, C. P. Grey,
B. Ouyang and G. Ceder, Nat. Mater., 2024, 23, 535–542.

6 R. Clément, Z. Lun and G. Ceder, Energy Environ. Sci., 2020,
13, 345–373.

7 H. Ji, A. Urban, D. A. Kitchaev, D.-H. Kwon, N. Artrith,
C. Ophus, W. Huang, Z. Cai, T. Shi, J. C. Kim, H. Kim and
G. Ceder, Nat. Commun., 2019, 10, 592.

8 X. Li, J. Liang, J. T. Kim, J. Fu, H. Duan, N. Chen, R. Li,
S. Zhao, J. Wang, H. Huang and X. Sun, Adv. Mater., 2022,
34, 2200856.

9 T. Asano, A. Sakai, S. Ouchi, M. Sakaida, A. Miyazaki and
S. Hasegawa, Adv. Mater., 2018, 30, 1803075.

10 J. Liang, X. Li, K. R. Adair and X. Sun, Acc. Chem. Res., 2021,
54, 1023–1033.

11 C. Wang, J. Liang, J. T. Kim and X. Sun, Sci. Adv., 2022, 8,
eadc9516.

12 Y. Yu, Z. Wang and G. Shao, J. Mater. Chem. A, 2021, 9,
25585–25594.

13 K. Kim, D. Park, H.-G. Jung, K. Y. Chung, J. H. Shim,
B. C. Wood and S. Yu, Chem. Mater., 2021, 33, 3669–3677.

14 Q. Zhang, D. Cao, Y. Ma, A. Natan, P. Aurora and H. Zhu, Adv.
Mater., 2019, 31, 1901131.

15 J. Wu, S. Liu, F. Han, X. Yao and C. Wang, Adv. Mater., 2021,
33, 2000751.

16 J. Lau, R. H. Deblock, D. M. Butts, D. S. Ashby, C. S. Choi and
B. S. Dunn, Adv. Energy Mater., 2018, 8, 1800933.
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