
www.advenergymat.de

Full paper

1900807 (1 of 12) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

A High-Throughput Search for Functionally Stable 
Interfaces in Sulfide Solid-State Lithium Ion Conductors

William Fitzhugh, Fan Wu, Luhan Ye, Wenye Deng, Pengfei Qi, and Xin Li*

DOI: 10.1002/aenm.201900807

to construct batteries using higher energy 
density electrode materials than what is 
permissible with liquid-electrolytes.[8–10] 
For example, lithium metal represents 
the theoretical limit for the negative elec-
trode material possible for Li ion batteries,  
due to the maximized contrast with the low 
Li chemical potential positive electrodes. 
However, the practical use of lithium 
metal and other high capacity materials 
is inhibited by the issue of lithium den-
drites. Ceramic solid electrolytes offer 
the possibility to physically inhibit the 
formation of such dendrites.[10,11]

Like liquid counterparts, the key 
performance metrics for solid-elec-
trolytes are stability and ionic con-
ductivity. For lithium systems, two 
very promising families of solid-
electrolytes are garnet-type oxides[12–16]  
and ceramic-sulfides.[6,17–20] These fami-
lies are represented, respectively, by the 
high-performance electrolytes Li-La-Zr-
O oxides and Li-X-P-S (X = Si, Ge, etc.) 
sulfides. Oxides tend to maintain good 
stability in a wide range of voltages[17] 
but often show lower ionic conductivity  
(<1 mS cm−1).[1] Conversely, the sulfides 

can reach excellent ionic conductivities up to 25 mS cm−1[6,20] 
but tend to decompose under battery operating conditions.[17–19]

Instabilities in solid-electrolytes can arise from either 
intrinsic material-level bulk decompositions or interfacial 
reactions when in contact with other materials. At 
the materials-level, solid-electrolytes tend to be chemi-
cally stable (i.e., minimal spontaneous decomposition) but 
are sensitive to electrochemical reactions with the lithium 
ion reservoir formed by a battery cell. The voltage stability 
window defines the range of the lithium chemical potential 
within which the solid-electrolyte will not electrochemically 
decompose. The lower limit of the voltage window repre-
sents the onset of reduction, or the consumption of lithium 
ions and the corresponding electrons, whereas the upper 
limit represents the onset of oxidation, or the production of 
lithium ions and electrons. This voltage window affects the 
bulk of any solid-electrolyte particle as the applied voltage is 
experienced throughout. Interfacial reactions occur between 
the solid-electrolyte and a second “coating” material at the 
point of contact.[8,21,22] These reactions can either be two-
bodied chemical reactions, where only the solid-electrolyte 
and the coating material are reactants, or three-bodied 
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Solid-State Batteries

1. Introduction

Solid-state lithium ion batteries represent one of the most 
promising directions in the field of next-generation energy 
storage.[1–3] Most notably, ceramic solid-electrolytes, which are 
intrinsically nonflammable, eliminate many of the safety issues 
that accompany highly flammable organic liquid-electrolytes. 
Moreover, unlike liquid-electrolytes, solid-electrolytes do not 
experience viscosity increases that inhibit operation at low 
temperatures,[4–6] a key operating condition for the rapidly devel-
oping electric-vehicle market. In some cases, solid-electrolytes 
can even maintain a higher ionic conductivity than that of 
liquid-electrolytes.[6,7] Solid-electrolytes also offer the potential 
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electrochemical reactions, in which the solid-electrolyte, 
coating material and the lithium ion reservoir all participate. 
These two types of reactions are state-of-charge or voltage 
independent and dependent, respectively, as determined by 
the participation of the lithium ion reservoir.

Prior studies have revealed that the most common lithium 
ion electrode materials, such as LiCoO2 (LCO) and LiFePO4 
(LFPO), form unstable interfaces with most solid electrolytes, 
particularly the high performance ceramic sulfides.[21–23] 
Successful implementation of ceramic sulfides in solid-state 
batteries will hence require suitable coating materials that 
can mitigate these interfacial instabilities. These coating 
materials will need both the intrinsic electrochemical sta-
bility and interface electrochemical stability with the ceramic 
sulfide, in the full voltage range of operation. In addition, 
if different solid-electrolytes are to be used in different cell 
components for maximum material-level stability, then the 
coating materials must also change to maintain chemically 
stable interfaces.

In short, the choice of a coating material is complex and 
depends on both the type of solid-electrolyte and the intended 
use of operation voltage (anode film, separator, cathode 
film, etc.). Pseudo-binary computational methods[21,22,24] can 
approximately solve for the stability of a given interface at 
these operating conditions but are computationally expensive 
and have not yet been deployed in very-large scale. A major 
algorithmic component of determining phase diagrams is the 
calculation of the convex hull,[25,26] which is known to scale in  
computational complexity as O( )/2nd ,[27,28] where n is the number 
of materials considered and d is the dimensionality of the phase-
diagram (binary, ternary, etc.). This scaling factor indicates that  
interfacial stability calculations can quickly increase the compu-
tation cost. For example, calculating the phase stability of LCO 
requires only the ternary phase diagram Li − Co − O, whereas 
the LCO + Li10SiP2S12 (LSPS) interface requires a 6D phase  
diagram Li − Co − O − Si − P − S. This increase in dimen-
sionality will over square the cost as d doubles and n increases 
monotonically with d. The result is that while computational 
resources may be able to brute force calculate high-throughput 
material stability,[29] care is needed in interfacial calculations to 
avoid unattainable computational needs.

In this work, we report high-throughput analysis of the 
interfacial stability between LSPS, which has shown the 
highest lithium conductivity of around 25 mS cm−1,[6,20] and 
over 67 000 materials from the Materials Project (MP).[30] We 
use preprocessing methods to first determine what is the 
minimal [i.e., optimal] number of convex-hulls needed to eval-
uate all 67 000 materials and then we introduce a new binary-
search method to speed up the pseudo-binary evaluation while 
retaining high accuracy. We consider both the chemical and 
electrochemical stability of the interface and partition the 
coating candidate materials into those that are stable at anode 
and cathode voltage ranges, respectively. Coating material can-
didates that are both intrinsically stable at the material level 
and form stable interfaces with LSPS within the prescribed 
voltage range are termed “functionally stable.” This high-
throughput data are used to highlight major trends in the 
correlation of elemental composition with LSPS-interfacial 
stability. We show that anionic composition can be a strong 

indicator of stability metrics. Ultimately, we provide a list 
(Supporting Information) of all of those materials determined 
to be functionally stable.

It is worth noting that in order to obtain the maximum 
amount of data for statistical analysis, we do not implement a 
restrictive sequential filtering method. Such a filtering method 
(i.e., only calculating the interfacial stability of materials that 
have already passed a material-level threshold) can reduce the 
computational burden but eliminates many of the datapoints 
that are useful for gaining scientific understanding through sta-
tistical analysis. In this work, every one of the over 67 000 mate-
rials undergo 24 stability calculations. Both the material and 
the material-LSPS interface are evaluated for chemical stability 
plus electrochemical stability at 11 voltages ranging from 0 to 
5 V versus lithium metal in 0.5 V increments. This results in 
the first largescale understanding of the electrochemical reac-
tions experienced by LSPS when operating in standard battery 
voltage ranges.

In order to maximize the applicability of our functional sta-
bility catalog, we in general have not considered the equally 
important interface between the coating material and the active 
material. This has been done because searching for materials 
that are functionally stable for one active material (e.g., LCO) 
may not also be functionally stable for another active mate-
rial (e.g., LFPO or LiNixMnyCozO2). By cataloging these mate-
rials that are functionally stable with LSPS, we aim to reduce 
the future complexity of choosing a coating material from the 
2D case of simultaneously finding a coating compatible with 
both LSPS and the active material to a much faster 1D case of 
searching from the provided catalog of LSPS stable materials 
for a material compatible with the given active material. How-
ever, a special 2D case of coating materials that are also chemi-
cally stable with LCO are marked in the supplemental catalog, 
which forms a subset of the predicted compounds in the 1D 
case. To establish standards, we focus on finding anode coating 
materials, which are functionally stable in a window of 0–1.5 V  
versus lithium metal, and cathode coating materials, which 
are functionally stable in a window of 2–4 V versus lithium 
metal. These voltage ranges are based on cycling ranges com-
monly found in today’s lithium ion batteries. Within the anode 
range, we are particularly interested in finding materials that 
are stable at 0 V versus lithium metal, as it could enable the use 
of lithium as an anode material.

Due to remaining computational limitations, this work 
focuses only on those materials that require an LSPS inter-
facial hull-dimensionality of less than or equal to 8. In 
other words, materials were only considered if the elements 
present in that material consisted of {Li, Si, P, and S} plus 
up to four additional elements. A total of 69 640 crystal 
structures were evaluated for material-level voltage win-
dows. Of those, 67 062 materials satisfied the less than 8D 
requirement and were accordingly evaluated for functional 
stability with LSPS. In total, over 1000 entries were found 
to be functionally stable in the anode range and over 2000 
were functionally stable in the cathode range for LSPS. These 
material phases are cataloged in the Supporting Informa-
tion. To demonstrate the validity of these predictions, a few 
selected materials from the provided list are used to confirm 
interfacial stability with LSPS.
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2. Results and Discussion

2.1. Data Acquisition and Computational Efficiency

Figure 1A describes the computational methodology used to 
screen input density functional theory (DFT) phase energy 
data for LSPS interfacial stability. In order to minimize the 
computational costs needed to evaluate the interface between 
each of these 67 062 potential coating materials and LSPS, 
two strategies were adopted. First, prior to the construc-
tion of the convex hulls, the materials were preprocessed and 
binned into groups that represent the minimum number of 
required convex hulls. Each unique set of elements requires 
a different hull, but elemental subsets can be simultaneously 
solved. For example, the calculation of interfacial stability 
between LSPS and iron-sulfate (Fe2(SO4)3) requires solving 
for the convex hull of the 6D element set {Li, Si, P, S, Fe, O}. 
This hull is the same hull that must be calculated for the inter-
face between LSPS and LFPO, which includes, as a subset, 
the 5D hull needed for the evaluation of iron-sulfide (FeS). 
To capitalize on this, rather than iterate through each of the 
67 062 materials and calculate the hull needed for that mate-
rial, the minimum number of elemental sets that span the 
entirety of the materials were determined (Figure 1B). Then 
for each elemental set, only one hull is needed to evaluate all 
of materials that can be constructed using those elements. 
This approach reduces the total number of hulls needed from 
67 062 (one per material) to 11 935 (one per elemental set). 
As seen in Figure 1B, few hulls with a dimensionality below  
7 were needed. Those compounds that would otherwise require 
a low dimensional hull are solved as a subset of a larger element 
set. Additionally, the number of required 7D and 8D hulls are 
largely reduced due to multiple phases of the same composi-
tional space requiring the same hull. It should be noted that the 
impact of such a minimization strategy is more pronounced 
in interfacial calculations than in single-phase material calcu-
lations for two reasons. The first, as discussed above, is that 
interfacial reactions are inherently higher dimensional than 
single-phase calculations due to the additional elements and, 
hence, the poor convex hull scaling is more prominent. The 
second is that because every material is checked with LSPS, 
there is more overlap between the required convex hulls. This 
is exemplified above for the case LFPO and iron-sulfide. While 
the interfacial phase diagram of LSPS-LFPO contains the iron-
sulfide interface as a subset, the material phase diagram of 
LFPO does not contain the material iron-sulfide phase diagram 
as a subset. Hence, this preprocessing step is both more impor-
tant in high dimensional interfacial calculations and more 
effective as compared to single-phase material calculations.

The second strategy used to minimize computational cost 
was a binary search algorithm for determining the pseudo-
binary (a.k.a. pseudo-phase) once a hull was calculated. The 
pseudo-binary approach[21,22] is illustrated in Figure 1C. Since 
decomposition at an interface between two materials can 
consume an arbitrary amount of each material, the fraction of 
one of the two materials (x in Equation (1)) consumed can vary 
from 0 to 1.

∑( )− + →1 x LSPS xA d Di i  (1)

The pseudo-binary is a computational approach that deter-
mines for which value of x the decomposition described by 
Equation (1) is the most kinetically driven (e.g., when is the 
decomposition energy the most severe). The right-hand-side 
of Equation (1) represents the fraction ({di}) of each of the 
thermodynamically favored decay products and defines the 
convex hull for a given x in terms of the products’ Gibbs ener-
gies (Ghull (x) = ∑di(x)Gi). The total decomposition reaction 
(RXN) or hull energy accompanying Equation (1) is

( ) ( ) ( )∆ = − − −1RXN hull LSPS AG x G x x G xG  (2)

The most kinetically driven reaction between LSPS and the 
coating material is the one that maximizes the magnitude (i.e., 
most negative) of Equation (2), which defines the parameter xm.

( ) ( )∆ ≡ ∆maxRXN m RXNG x G x  (3)

This maximum decomposition energy is the result of two 
factors, as illustrated in Figure 1C. The first, denoted ∆ ( )RXN

0G x ,  
is the portion of the decomposition reaction or hull energy that 
is due to the intrinsic material-level instability of the two mate-
rials separately. That is, it represents the energy that would be 
released following the spontaneous decay of LSPS and A when 
isolated from one another. In terms of the decomposed products 
of LSPS (DLSPS) and the coating material (DA), ∆ ( )RXN

0G x  is the 
decomposition reaction or hull energy corresponding to the reac-
tion (1 − x)LSPS + xA → (1 − x)DLSPS + xDA. By subtracting this 
materials-level instability from the total hull energy, the fraction 
of the decomposition reaction or hull energy that is due solely to 
the interface ( RXN∆ ′G ) can be isolated as defined in Equation (4).

RXN RXN RXN
0( ) ( ) ( )∆ ′ = ∆ − ∆G x G x G x  (4)

Physically, ∆ ( )RXN
0G x  represents the instability of the mate-

rials when separated and ( )RXN∆ ′G x  represents the increase 
in instability caused by the interface once the materials are 
brought into contact.

The binary search algorithm for determining xm is illustrated 
in 1A,B in the Supporting Information along with a linear 
search method for contrast. A linear method solves for ΔGRXN(x) 
at interval values of x between 0 and 1 and returns the x-value 
which maximizes Equation (3). In contrast, the binary search 
method evaluates both ΔGRXN(x) and ∂xΔGRXN(x) at an initial 
x-value guess and uses the derivative to make the next guess 
(see the Computational and Experimental Section). As depicted 
in 1A in the Supporting Information, the binary search spends 
considerably less time evaluating the hull far from xm as com-
pared to the linear method. The result (1B, Supporting Informa-
tion) is that the binary search method can reach the same accu-
racy for xm as the linear method in far fewer evaluations. In this 
case, where prescribed accuracy is xm to within 0.01%, a linear 
method would require 10 000 evaluations (error ≈ 1/N) whereas 
the binary search requires only 14 evaluations (error ≈ 2−N).  
Alternative simplex based methods have been used that mini-
mize Ghull(x) rather than maximize Equation (3). While in 
many cases these two optimization problems occur with the 
same xm, there is not enough evidence, however, that this is 
true in general in high-throughput evaluations.

Adv. Energy Mater. 2019, 1900807
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Figure 1. A) Flowchart describing computational evaluation of materials for LSPS coating. B) The number of hulls required to evaluate the stability of 
the 67 k materials considered if the evaluation schema is material iteration (red) or elemental set iteration (blue). C) An illustration of the pseudo-binary 
approach to interfacial stability between LSPS and an arbitrary material A. The x-axis variable (x) represents the fraction of A consumed in an arbitrary 
reaction and, hence, fixes the composition. Ghull(x) is the energy of the decay products. ΔGRXN(x) is the change in energy of a reaction that consumes 
xA and (1 − x) LSPS. ( ), ( )RXN

0
RXNG x G x∆ ∆ ′  are the fractions of ΔGRXN that are due to intrinsic materials-level instabilities and interfacial-instabilities, 

respectively. The most kinetically driven reaction (maximum ΔGRXN) occurs when x  = xm . DA and DLSPS are the decomposed coating material and 
LSPS in the absence of an interface (e.g., at x = 0, 1). D) Correlation of elemental fraction with the added chemical interfacial instability ( ( )hull mG x′ ). 
Negative (red) values are those atomic species such that increasing the concentration decreases hullG′  and improves interfacial stability. Conversely, 
positive (blue) values are those atomic species that tend to increase hullG′  and worsen interfacial stability. Elements that are only present in less than 
50 crystal structures are grayed out due to lack of high-volume data.
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2.2. Functional Stability

Functional stability at a given voltage V was determined for each 
of the over 67 000 materials by requiring that both i) the mate-
rial’s intrinsic electrochemical instability (ΔGRXN(x = 1, V)) and 
ii) the instability added by the interface ( ( , )RXN m∆ ′G x V ) were less 
than 50 meV atom−1. Under these conditions, the only remaining 
instability in the system is that of the LSPS intrinsic material-level  

instability, which can be stabilized via strain induced methods,[31] 
kinetic metastability, etc. Evaluation of the entire reaction 
energy ΔGRXN(xm,V) will always return an unstable interface 
prediction above V > 2.1 as LSPS is intrinsically unstable at these 
voltages (Figure 2A). Hence, this approach of subtracting away 
the intrinsic LSPS instability is essential for determining what 
interfaces will be stable in systems where LSPS has been stabi-
lized via these various approaches (stress, kinetic, etc.).

Adv. Energy Mater. 2019, 1900807

Figure 2. A) Hull energy versus voltage relative to lithium metal for LSPS. Blue [red] shading highlights where the decomposition is oxidative [reductive]. 
Green shading represents the region where LSPS decays to without consuming or producing lithium (e.g., lithium neutral). The oxidation [reduction] 
region is characterized by a hull energy that increases [decreases] with increasing voltage. B,C) Hull energies at the boundary voltages for the anode 
and cathode ranges, respectively, in terms of anionic species (e.g., oxygen containing compounds versus sulfur containing compounds, etc.). Data 
points above [below] the neutral decay line are net oxidative [reductive] in the anode/cathode ranges. Those compounds on the neutral decay line 
are decaying without reacting with the lithium ion reservoir. D) Average hull energy for material-level electrochemical decompositions versus voltage.



www.advenergymat.dewww.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900807 (6 of 12)

Of the candidate materials, over 1000 were found to be func-
tionally stable in the anode range (0–1.5 V vs lithium metal) and 
over 2000 were found to be functionally stable in cathode range 
(2–4 V vs lithium metal). Additionally, over 100 materials in 
both the anode and cathode ranges were determined to violate 
condition (i) but only decompose by lithiation/delithiation to a 
single product. The practical use of such materials as an LSPS 
coating material depends on the reversibility of this lithiation/
delithiation process, as such these materials are referred to 
as “potentially functionally stable.” All functionally stable and 
potentially functionally stable materials are cataloged in the 
Supporting Information.

The correlation between each element’s atomic fraction 
and the interfacial stability is depicted in Figure 1D and 2 in 
the Supporting Information. Figure 1D depicts the correla-
tion of each element with ( )RXN m∆ ′G x  for chemical reactions 
whereas 2A–C in the Supporting Information depict the cor-
relations with ( )RXN∆ ′G xm  for electrochemical reactions at 
0, 2, and 4 V versus lithium metal, respectively. A negative 
correlation between elemental composition and ( )RXN m∆ ′G x  
implies that increasing the content of that element improves 
the interfacial stability. Figure 1D indicates that chemical sta-
bility is best for those compounds that contain large anions 
such as sulfur, selenium, and iodine. In general, 2A,C in the 
Supporting Information indicates that there is reduced cor-
relation between elemental species and ( )RXN m∆ ′G x  at low 
and high voltages, respectively. This suggests that at these 
voltage extremes, the interfacial decomposition is dominated 
by intrinsic materials-level reduction/oxidation (∆ 0GRXN) rather 
than interfacial effects (∆ ′GRXN). At 2 V versus lithium (2B, Sup-
porting Information) positive correlation (higher instability) 
is seen for most elements with the notable exception of the 
chalcogen and halogen anion groups, which are negatively 
correlated.

2.3. Anionic Species Impact on Material-Level Stability

Given the high correlation contrast for anionic species with 
respect to interfacial stability, analysis of the dataset in terms 
of anionic composition was performed. To eliminate overlap 
between the datapoints, the only compounds that were consid-
ered were those that are either monoanionic with only one of 
{N, P, O, S, Se, F, I} or oxyanionic with oxygen plus one of  
{N, S, P}. 45 580 entries met one of these criteria is outlined in 
Table 1. The percentage of each anionic class that was found to 
be electrochemically stable at the material-level is also provided.

Figure 2A illustrates the impact of applied voltage on the 
hull energy of a material, in this case LSPS. When the slope 

of the hull energy with respect to voltage is negative, the cor-
responding decomposition is a reduction, whereas it is an 
oxidation if the slope is positive. In the middle there is a region 
where the hull slope is zero, implying there is no reaction 
with the lithium ion reservoir (i.e., the reaction is neutral with 
respect to lithium). Considering this, Figure 2B,C plots the 
characteristic redox behavior of each anionic class in the anode 
and cathode ranges, respectively (plotted again, independently, 
in 3 and 4, Supporting Information, for clarity). The “neutral 
decay” line at 45° represents those compounds that have the 
same hull energy at both voltage extremes and hence are not 
reacting with the lithium ions. Datapoints above [below] this 
line are increasing [decreasing] in hull energy with respect to 
voltage and are hence characteristically oxidative [reductive] in 
the plotted voltage range.

Figure 2B indicates that, in agreement with expectations, 
most compounds are reduced in the anode voltage range 
of 0–1.5 V versus lithium metal. Nitrogen containing com-
pounds are seen to disproportionately occupy the y-axis, 
indicating a higher level of stability when in direct contact 
with lithium metal. This is in line with prior computation 
work that indicates binary and ternary nitrides are more 
stable against lithium metal than sulfides or oxides.[32] Within 
the cathode voltage range (Figure 2C), however, much more 
variance in anionic classes is seen. The oxyanionic and flu-
orine containing compounds remain principally reductive 
whereas the phosphorous, sulfide, and selenium containing 
compounds are characteristically oxidative. Oxygen con-
taining compounds are found on both side of the neutral 
decay line, implying that oxides are likely to lithiate/delithiate 
in this 2–4 V range.

The average hull energy of each anionic class is given in 
0.5 V steps from 0–5 V in Figure 2D. Nitrogen containing 
compounds are confirmed to be the most stable at 0 V with 
iodine and phosphorous compounds maintaining compa-
rable stability. Phosphorous and iodine surpass nitrogen in 
average stability for voltages above 0.5 and 1.0 V, respectively. 
At high voltages (>4 V), it is seen that fluorine and iodine 
containing compounds are stable whereas nitrogen con-
taining compounds are the least stable. Note that Figure 2D 
and 2B in the Supporting Information highlight the impor-
tance of maintaining both materials-level and interface-level 
electrochemical stability separately. For example, fluorides 
show high reactivity at 2 V (Figure 2D) with the lithium 
reservoir but are negatively correlated with interfacial electro-
chemical decomposition at 2 V (Figure 2B, Supporting Infor-
mation). This implies that at 2 V, a fluoride coating material 
would likely reduce with the lithium reservoir but leave the 
LSPS intact.

Adv. Energy Mater. 2019, 1900807

Table 1. Sizes of monoanionic and oxyanionic datasets and the percentage of each that is electrochemically stable in the anode range (0–1.5 V) and 
the cathode range (2–4 V). For example, F represents all compounds that contain F in the chemical formula, while O+N represents all compounds 
that contain both O and N in the chemical formula.

Anion(s) F I N O O+N O+P O+S P S Se

Number of entries 2902 911 1808 24 241 1171 7469 1220 982 3150 1726

Anode stable [%] 0.6% 1.1% 0.3% 0.01% 4.1% 0.5% 0.3% 9.3% 4.0% 5.7%

Cathode stable [%] 17.3% 13.4% 12.5% 5.7% 83.9% 64.8% 13.3% 35.7% 73.9% 55.8%
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2.4. Anionic Species Impact on Interface-Level Stability

The average values of total decomposition energy (ΔGRXN(xm)) 
and the fraction that is a result of the interface instability 
( ( )RXN m∆ ′G x ) are depicted in Figure 3 for each anionic class. 
Figure 3A shows the average instability due to chemical reac-
tions between the anionic classes and LSPS. Sulfur and 
selenium containing compounds form, on average, the most 
chemically inert interfaces with LSPS. Conversely, fluorine and 
oxygen containing compounds are the most reactive. As a gen-
eral trend, those compound classes that are more unstable in 
total terms (higher ΔGRXN(xm)) also maintain a higher interfa-
cial contribution ( ( )RXN m∆ ′G x ) relative to the intrinsic material 

contribution (∆ ( )RXN
0

mG x ). This implies that the difference of 
each class’s intrinsic chemical stability plays a less significant 
role than its reactivity with LSPS in determining the chemical 
stability of the interface.

Figure 3B shows the average total electrochemical decom-
position energy for the interfaces in 0.5 V steps from 0 to 5 V. 
In general, each anionic class follows a path that appears to be 
dominated by the materials-level electrochemical stability of 
LSPS (Figure 2A). This is particularly true in the low voltage 
(<1 V) and high voltage (>4 V) regimes, where electrochemical 
effects will be the most pronounced. The biggest deviations of 
the interfacial stability from LSPS’s intrinsic stability occur in 
the region of 1–3 V. Those compounds with the lowest chemical 

Adv. Energy Mater. 2019, 1900807

Figure 3. Comparison of average LSPS interfacial stability of compounds sorted by anionic species. A) The average total maximum kinetic driving 
energy (Ghull(xm)) and the contribution due to the interface ( ( )hull mG x′ ) for chemical reactions between LSPS and each of the considered anionic classes. 
B) The total electrochemical instability (Ghull(xm)) of each anionic class at a given voltage. C) The average contribution of the interface ( ( )hull mG x′ ) to 
the electrochemical instability of each anionic class at a given voltage.
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decomposition energies (compounds containing S, Se, I, and P) 
deviate the least from LSPS within this “middle” voltage range, 
while those with large decomposition energies (compounds con-
taining N, F, O, and O+) deviate more significantly. This trend 
suggests that the low and high voltage ranges are dominated by 
materials-level electrochemical reduction and oxidation, respec-
tively, while the middle range is dominated by interface-level 
chemical reactions. For example, at 0 V the interface between 
Al2O3 and LSPS is expected to decay to {Li9Al4, Li2O, Li3P, Li2
S, Li21Si5} which is the same set of decay products that would 
result from each material independently decomposing at 0 V. 
Hence the existence of the interface has no energetic effect.

The average interface-level contribution for electrochem-
ical decomposition is shown in Figure 3C. All anionic classes 
trend to ( ) 0RXN m∆ ′ =G x  at 0 V, implying that the materials tend 
to become fully reduced to lithium binaries at 0 V, in which 
case interfacial effects are negligible compared to material-
level instabilities. Significant interfacial instabilities arise in 
the middle voltage range and then lower again at high voltages. 
Again, this implies that interface-level chemical effects are 
dominant in the middle voltage range whereas material-level 
reduction [oxidation] dominates at low [high] voltages. At high 
voltage, the interfacial contribution to the instability approaches 
the reaction energy between the maximally oxidized material 
and LSPS. As a result, for any voltage above 4 V, the interface 
will add an instability of energy equal to this chemical reaction. 
This agrees with the high-voltage asymptotic behavior, whereas 
the low-voltage behavior always trends toward 0 eV atom−1. For 
example, for any voltage above 4 V, LFPO will decompose to 
{Li, FePO4} whereas LSPS will decompose to {Li, P2S5,SiS2,S}. 
The introduction of the interface allows these oxidized products 
to chemically react and form FeS2 and SiO2.

2.5. Anionic Species Impact of Functional Stability

The total number of each anionic class that were determined to 
be functionally stable or potentially functionally stable are given 

in Figure 4A (anode range) and Figure 4B (cathode range), 
where they are both intrinsically stable at the material level 
and form stable interfaces with LSPS within the prescribed 
voltage range. For the anode range, nitrogen, phosphorous, and 
iodine containing compounds have the highest percentage of 
stable compounds (2–4%), whereas all other classes are below 
1%. The cathode range showed much higher percentages with 
sulfur containing compounds reaching 35%. Iodine and sele-
nium were both above 10%. Table 2 provides a list of represent-
ative materials from each of the six highest performing anionic 
classes recommended for future study.

It should be noted that there are many cathode range coating 
materials that do not contain lithium, as the absence of lithium 
precludes delithiation/oxidation at high voltages versus lithium 
metal. Accordingly, if a nonlithium containing material is 
chemically stable against LSPS, it is likely to be a viable cathode 
coating. This effect explains why sulfur containing compounds 
have a high cathode stability presence (35%) yet display a ten-
dency to oxidize more than, for example, oxides at high voltage 
(4A,B, Supporting Information). Those sulfur-based compounds 
with lithium are predisposed to electrochemical decomposition 
at high voltage, but those without lithium are not.

2.6. Experimental Comparison

The chemical compatibility between various coating mate-
rials and LSPS were tested experimentally by hand-milling the 
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Figure 4. Functionally stable results for compounds sorted by anionic species. A,B) The total number (line) and percentage (bar) of each anionic class 
that was determined to be functionally stable. The bottom bar (red) represents the percentage of materials that are functionally stable and the top bar 
(blue) represents the percentage of materials that are potentially functionally stable depending on the reversibility of lithiation/delithiation.

Table 2. Representative materials found to be functionally stable in 
the cathode voltage range. The six anionic classes that have the largest 
success rate (Figure 4B) are represented.

Anion(s) F I O P S Se

Cathode

Coating

Examples

AlF3

CaF2

LiAlCaF6

AgI

PbI2

SnI2

LiAl5O8

MgSiO3

SiO2

CoP

Ni2P

CoNi2S4

Si2Cu5S7

ZnS

Cu2GeS3

MoSe2

ZrSe2
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mixture powder of LSPS and coating materials with/without 
high-temperature annealing, followed by X-ray diffraction 
(XRD) measurements at room temperature. Any chemical reac-
tion between the powder will cause compositional and struc-
tural changes in the original phases, which can be detected 
by the change of peak positions and intensities in XRD pat-
terns. It is worth noting that even if interfacial reactions are 
predicted to happen based on thermodynamic calculations, a  
certain amount of energy may be needed to overcome the 
kinetic energy barrier for these reactions to happen.[8] There-
fore, the mixed powders were annealed at high temperatures 
(300, 400, and 500 °C) to determine the onset temperature of 
interfacial reactions as well as the reaction products, and to fur-
ther assess the role of kinetics by comparing these results with 
the DFT computed thermodynamic reaction products.

Figure 5A–C depicts representative materials that are 
not predicted to be chemically stable versus LSPS whereas 
Figure 5D–F depicts representative materials that are pre-
dicted to be chemically stable versus LSPS. The later cases 
(Figure 5D–F), predicted to be stable, show negligible 
changes in XRD structure after heating, whereas the former 
(Figure 5A–C) predicted to be unstable, show the disappear-
ance of several XRD peaks. The XRD patterns for each indi-
vidual phase at room temperature and 500 °C are used as  
reference (5, Supporting Information). By comparing these 
XRD patterns, it is obvious that at room temperature, no 
coating materials reacts with LSPS, since the XRD patterns 
only show peaks of the original phases. However, after being 
annealed at 500 °C for 6 h, different materials show completely 
different reaction capabilities with LSPS. LCO is observed 
to react severely with LSPS because the peak intensities and 
positions of the XRD pattern for the mixed powders changed 
completely in the whole 2-theta range of 10°–80° (Figure 5A). 
The original LCO and LSPS peaks either disappeared or 
decreased, while extra peaks belonging to new reaction prod-
ucts appeared (such as SiO2, Li3PO4, cubic Co4S3, and mono-
clinic Co4S3), indicating that LCO is not compatible with LSPS. 
As a sharp contrast, peak intensities and positions of the XRD 
patterns for SiO2+LSPS mixture never change, showing only 
original peaks both before and after 500 °C annealing. This is 
the direct evidence to show that no interfacial reaction happens 
when SiO2, MgF2, or ZnS is in contact with LSPS, despite large 
external thermal energy provided. SnO2 and Li4Ti5O12 (LTO) 
also show incompatibility with LSPS, as new peaks belonging 
to reaction products appeared in the XRD patterns for their 
500 °C-annealed sample; however, the peaks of reaction prod-
ucts are much weaker than the case of LCO+LSPS. The 2-theta 
ranges, where peak positions and intensities change for four 
materials, are highlighted by color regions in Figure 5A–C, 
as an indication of the incompatibility of different materials 
with LSPS. It can be observed from panel that such incompat-
ibility order is LCO > SnO2 > LTO > SiO2, MgF2, ZnS, which 
agrees with our theoretical prediction based on thermody-
namic calculations. Respectively, LCO, SnO2, and LTO have 
predicted interfacial chemical reaction energies of 200, 97, and 
75 meV atom−1, corresponding well to the decreasing amount 
of XRD change from Figure 5A–C. SiO2, MgF2, and ZnS are all 
predicted to have interfacial chemical reaction energies below 
50 meV atom−1. The onset temperature for interfacial reactions 

of various materials with LSPS are shown in Figure S6 in the 
Supporting Information.

The electrochemical stability of typical coating materials is 
characterized by cyclic voltammetry (CV) technique, in which 
the decomposition of the tested coating material can be mani-
fested by current peaks at certain voltages relevant to lithium. 
Two typical coating materials were used as a demonstration to 
show good correspondence between our theoretical prediction 
and experimental observation. The CV test of Li2S (Figure 5G) 
shows a relevantly flat region between 0 and 1.5 V, while a large 
oxidation peak dominates the region of 2–4 V. In contrast, the 
CV test of SiO2 (Figure 5H) demonstrates net reduction in  
the region of 0–1.5 V, and a neutral region with little decom-
position between 2 and 4 V. These results are again direct 
evidence to corroborate our theoretical predictions based on 
thermodynamic calculations.

2.7. Application to Particular Active Materials

Ultimately, developing a functional solid-state battery requires 
careful consideration of not only the LSPS-coating interface but 
also the coating-electrode interface. Two alternative approaches 
are to either coat the LSPS and the electrodes with independent 
materials (i.e., two separating coating materials) or to find a 
single coating material that is simultaneously stable with both 
the LSPS and the electrode. The later method has the benefit 
of being the simplest to experimentally implement and can be 
quickly calculated for an arbitrary electrode using the material 
catalog provided in the Supporting Information. For a given 
cathode material, LCO, for example, all the materials that form 
a stable interface with both LCO and LSPS form a subset of 
the materials provided in the Supporting Information. Hence, 
only those materials need to be checked for compatibility with 
LCO, rather than the full 67 000+ database. To consider the full 
range of LCO lithiation, each of the materials found to be stable 
in the cathode range against LSPS were checked for stability 
against LiCoO2 and Li0.5CoO2. Amongst those materials found 
to form stable interfaces with both LSPS and LCO are the well 
known SiO2, Al2O3 as well as less known materials such as AgI, 
CaF2, Li3AlF6, LiAl5O8, MgSiO2. All coating materials that are 
stable with both LCO and LSPS are also marked in our list in 
the Supporting Information. This process can be repeated for 
the many other types of cathodes, including NMC, LFPO, phos-
phates, oxyfluorides, etc., to determine the best coating material 
for each cathode when combined with LSPS.

3. Conclusion

Our high-throughput pseudo-binary analysis of Material Project 
DFT data has revealed that interfaces with LSPS decay via dom-
inantly chemical means within the range of 1.5 to 3.5 V and 
electrochemical reduction [oxidation] at lower [higher] voltages. 
The fraction of decomposition energy attributed to interfacial 
effects disappears as the voltage approaches 0 V. This result 
suggests that all material classes tend to decay to maximally 
lithiated Li binary and elemental compounds at low voltage, in 
which case the presence of the interface has no impact.

Adv. Energy Mater. 2019, 1900807
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Figure 5. A–C) Comparison of XRD patterns to demonstrate increasingly severe structural decay of LCO, SnO2, and LTO at the solid-electrolyte material 
interface (with no applied voltage). In (A) ▴, ✶, •, ◾, ▾, ✶ stand for LCO, LSPS, SiO2, Li3PO4, Cubic Co4S3, and monoclinic Co4S3, respectively. In (B) ▴, 
✶, •, ◾, ✶ stand for SnO2, LSPS, SiO2, P2S5, and Li2S, respectively. In (C) ▴, ✶, •, stand for LTO, LSPS, and Li1.95Ti2.05S4, respectively. D–F) Comparison 
of XRD patterns for materials predicted to be chemically stable versus LSPS. One representative is provided from each class of oxides, fluorides, and 
sulfides. In (D) ▴, ✶ stand for SiO2 and LSPS, respectively. In (E) ◾, ✶ stand for MgF2 and LSPS, respectively. In (F) +, ✶ stand for ZnS and LSPS, 
respectively. The shaded regions in (A)–(C) highlight where significant phase change happened after heating to 500°C. The interfacial chemical compat-
ibility decreases from (A) to (F), corresponding well with the predicted interfacial decay energies of 200, 97, and 75 meV atom−1 for LCO, SnO2, and 
LTO, respectively, and ≤ kBT/atom for SiO2, MnF3, and ZnS. G,H) CV results for Li2S and SnO2. The blue, red, and green shaded regions predict if the 
curve in that region will be dominantly oxidation, reduction, and neutral.

In terms of anionic content, we see that appropriately 
matching operating conditions to the coating material is par-
amount. Sulfur and selenium containing compounds, for 
example, demonstrate a very high chance to be functionally 

stable (>25% among all sulfides and selenides) in the 2–4 V 
cathode range. However, less than 1% of these same materials 
form a functionally stable coating material in the 0–1.5 V 
anode range, where iodine, phosphorous, and nitrogen have 
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the highest performance. Oxygen containing compounds have 
a high number of phases that are functionally stable in both 
voltage regions, but the percentage is low due to the even 
higher number of oxygen containing datapoints. Our results 
demonstrate the powerfulness of our new computational plat-
form for chemical, electrochemical, and functional stability 
analysis of materials database with big data, while our specific 
example on LSPS sulfide solid electrolyte predicts numerous 
valuable coating materials for both cathode and anode sides. 
Our work thus will speed up the design of next generation solid 
state batteries with superior interface stabilities.

4. Computational and Experimental Section
Data Acquisition: The input phase energy data used in this work was 

the result of prior Density Functional Theory calculations that were 
performed as part of the MP[30,33] and was interfaced with using the 
Materials Application Programming Interface.[34] The Python Materials 
Genomics (pymatgen)[35] library was used to calculate convex hulls 
following the methods of refs. [22,26], and [36]. Of the initial 69 640 
structures that were evaluated, 2578 structures were not considered due 
to requiring hulls of dimension equal to or greater than 9.

Elemental Set Iterations: To minimize the computational cost of 
analyzing all 67 062 structures, the smallest number of elemental sets 
that spanned all the materials were determined. To do this, the set of 
elements in each structure were combined with the elements of LSPS, 
resulting in a list of element sets with each set’s length equal to the 
dimensionality of the required hull for that material. This list was ordered 
based on decreasing length of the set (e.g., ordered in decreasing 
dimensionality of the required hull). This set was then iterated through 
and any set that equals to or is a subset of a previous set was removed. 
The result was the minimum number of elemental sets in which every 
material could be described.

Chemical decomposition hulls were calculated using the energies and 
compositions from the MP. Changes in the volume and entropy were 
neglected (ΔG ≈ ΔE).[18,22,26,36] Similarly, electrochemical decomposition 
hulls were founded by using the lithium grand canonical free energy and 
subtracting a term μLiNLi from the energies (ΔΦ ≈ ΔE − μLiΔNLi), where 
μLi is the chemical potential of interest and NLi is the number of lithium 
ions in the structure. After a hull was calculated, it was used to evaluate 
every material that exists within the span of its elemental set.

The Pseudo-Binary: The pseudo-binary, as described in Section 2, seeks 
to find the ratio of LSPS to coating material such that the decomposition 
energy is the most severe and, hence, is the most kinetically driven. This 
problem is simplified by using a vector notation to represent a given 
composition by mapping atomic occupation to a vector element. For 
example, LiCoO2 → (1 1 2) in the basis of (Li Co O), meaning that there 
are one lithium, one cobalt, and two oxygen in the unit formula. Using 
this notation, the decomposition in Equation (1) can be written in vector 
form.
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Using u to represent a vector and U  to represent a matrix, 
Equation (5) becomes
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The relative composition derivatives for each decay product can be 
found by inverting D in Equation (6).

LSPS1d D Ax ( )∂ = −−  (7)

Equation (7) allows for the calculation of the derivative of the hull 
energy with respect to the fraction parameter x
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By using Equation (7) and the fact that the hull is a convex function 
of x, a binary search can be performed to find the maximum value of 
Ghull and the value at which it occurs xm. This process consists of first 
defining a two-element vector that defines the range in which xm is 
known to exist xrange = (0, 1) and an initial guess x0 = 0.5. Evaluating 
the convex hull at the initial guess yields the decomposition products 
{Di} and the corresponding energies { }GDi

. Equations (7) and (8) can 
then be used to find the slope of the hull energy. If the hull energy slope 
is negative, xrange → (x0,1), whereas if it is positive xrange → (0, x0). This 
process is repeated until the upper and lower limits differ by a factor less 
than the prescribed threshold of 0.01%, which will always be achieved in 
14 steps (2−14 ≈ 0.006%).

Equations (5)–(8) are defined for chemical stability. In the case of 
electrochemical (lithium open) stability, the free energy is replaced with 
Φi = Gi −μNi where μ is the chemical potential and Ni is the number of 
lithium in structure i. Additionally, lithium composition is not included 
in the composition vectors of Equation (6) to allow for the number of 
lithium atoms to change.

X-Ray Diffraction: The compatibility of the candidate materials and 
solid electrolyte was investigated at room temperature by XRD. The 
XRD sample was prepared by hand-milling the candidate materials 
(LCO, SnO2, SiO2, and LTO) with LSPS powder (weight ratio = 55:30) 
in an Ar-filled glovebox. To test the onset temperature of reactions for 
candidate materials and LSPS solid electrolyte, the powder mixtures 
were well spread on a hotplate to heat to different nominal temperatures 
(300, 400, and 500 °C) and then characterized by XRD.

XRD tests were performed on Rigaku Miniflex 600 diffractometer, 
equipped with Cu Kα radiation in the 2-theta range of 10°–80°. All XRD 
sample holders were sealed with Kapton film in Ar-filled glovebox to 
avoid air exposure during the test.

Cyclic Voltammetry: Candidate coating materials (Li2S and SiO2), 
carbon black, and poly(tetra-fluoroethylene) were mixed together in a 
weight ratio of 90:5:5 and hand-milled in an Ar-filled glovebox. The powder 
mixtures were sequentially hand-rolled into a thin film, out of which 
circular disks (5/16-inch in diameter, ≈1–2 mg loading) were punched 
out to form the working electrode for CV test. These electrodes were 
assembled into Swagelok cells with Li metal as the counter electrode, 
two glass fiber separators and commercial electrolyte (1 m LiPF6  
in 1:1 (volumetric ratio) ethylene carbonate/dimethyl carbonate solvent).

CV tests were conducted by Solartron 1455A with a voltage sweeping 
rate of 0.1 mV s−1 in the range of 0–5 V at room temperature, to 
investigate the electrochemical stability window of the candidate coating 
materials (Li2S and SiO2).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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