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Supplementary information 

 

Interface coating design for dynamic voltage stability of solid state batteries 

 

Table S1. Summary of the ionic conductivity and computation results of the electrolytes. 

Electrolyte 𝜎𝑖𝑜𝑛𝑖𝑐  

(mS/

cm) 

log 𝜎𝑖𝑜𝑛𝑖𝑐  Rw kox kre kox - 

kre 

intrinsic 

window 

refer

ence 

Li10Ge(PS6)2  12 -1.92 0.19 0.09 -0.06 0.15 0.80 1 

Li10Sn(PS6)2 4 -2.40 0.14 0.08 -0.02 0.10 0.70 2 

Li7P3S11 17 -1.77 0.26 0.09 -0.07 0.16 0.60 3 

Li10Si(PS6)2 23 -1.64 0.14 0.08 -0.05 0.13 0.90 4 

Li20Si3P3S23Cl 25 -1.60 0.15 0.07 -0.05 0.12 0.80 5 

Li3PS4 0.16 -3.80 0.18 0.08 -0.06 0.14 0.80 6 

Li5.5PS4.5Cl1.5 12 -1.92 0.20 0.10 -0.07 0.16 0.80 7 

Li3YCl6 0.5 -3.30 0.09 0.18 -0.13 0.31 3.60 8 

Li3YBr6 1.7 -2.77 0.10 0.12 -0.15 0.27 2.60 8 

Li3ErCl6 0.3 -3.52 0.10 0.20 -0.16 0.36 3.40 9 

Li3InCl6 1.49 -2.83 0.14 0.17 -0.12 0.29 2.10 10 

Li3ScCl6 3 -2.52 0.08 0.16 -0.13 0.29 3.50 11 

Li1.3Al0.3Ti1.7(PO4)3 0.7 -3.15 0.10 0.14 -0.10 0.24 2.30 12 

Li0.5La0.5TiO3 1.08 -3.24 0.03 0.08 0.00 0.08 2.50 13 

Li7La3Zr2O12 0.5 -3.30 0.06 0.07 -0.10 0.17 3.00 14 

Li3OCl 0.85 -3.07 0.03 0.10 0.00 0.10 2.80 15 

 

Table S2. LGPS 4V stability 

 

As shown in Table S2, without mechanical constriction, LGPS decomposition leads to 30.2% 

reaction strain with 0.988 eV/atom decomposition energy. When we assign KeffεVLGPS energy 

penalty to each reaction with different reaction strain ε, the sequence of the decomposition 

energy magnitude in the reaction space changes. Reactions with larger ε will have larger 

KeffεVLGPS penalty, thus increasing Keff will make reactions with smaller ε have larger 

decomposition energy in the reaction space, leading to a change of ground state reaction toward 

smaller ε with increasing Keff. At Keff = 20 GPa, LGPS does not decompose, suggesting a critical 

Keff (i.e., Kcrit or K*) between 10 GPa and 20 GPa, beyond which there is no oxidative 

decomposition reaction for LGPS. 

 

Keff (GPa) decomposition energy (eV/atom) strain Decomposition products

0 0.988 0.302 10 Li + 3 S +  P2S7 + 1 GeS2

10 0.183 0.264 8.8 Li + 2.4 S1 +  P2S7 + 0.7 Ge1S2 + 0.3 Li4Ge1S4

20 0.000 0.000 Li10Ge1P2S12

LGPS 4V stability ( Reference Volume = VLGPS)



 

Figure S1. Voltage stability window in response to mechanical constriction for different electrolytes. 

 

Technically, when Keff is small, perturbation method (see Methods) is approximately equal to 

minimization method. We know that in perturbation method, only the decomposition reaction with 

the highest reaction energy at 0 GPa is considered, so we take the derivative of equation (5) in 

Methods with respect to the Keff for both oxidation reaction and reduction reaction: 

𝑈′(𝐾𝑒𝑓𝑓)
𝑜𝑥

=
𝑉𝑆𝑆𝐸𝜀𝑜𝑥

𝑛𝑜𝑥𝑒
= 𝑘𝑜𝑥 (1) 

 



𝑈′(𝐾𝑒𝑓𝑓)
𝑟𝑒

=
𝑉𝑆𝑆𝐸𝜀𝑟𝑒

𝑛𝑟𝑒𝑒
= 𝑘𝑟𝑒 (2) 

Equations. (1) and (2) show that the volume of the electrolyte, the reaction strain, and the number 

of charge (or Lithium) transferred together decide the kox and kre. For example, comparing the kox 

between Li3YCl6 and LGPS, Li3YCl6 shows 13% larger atomic volume, 28% larger reaction strain 

and 33% larger 1/nox that in the end gives 92% larger kox, which is very close to the 100% larger kox 

calculated by the minimization method (Fig. 2d, Table S1). 

 

 

Figure S2. (a) Comparison of hull energies at 4 V versus Li of {Li5.5PS4.5Cl1.5-LiAlO2} interface with 

unconstructed Li5.5PS4.5Cl1.5 and constricted Li5.5PS4.5Cl1.5 at Keff = 20 GPa (Li5.5PS4.5Cl1.5@20GPa). The 

dashed line corresponds to the sum of intrinsic instability of Li5.5PS4.5Cl1.5and LiAlO2 at 4V. (b) 

Illustration of the change of hull after applying 35 GPa mechanical constriction at the interface of 

{Li5.5PS4.5Cl1.5@20GPa-LiAlO2} at 4 V, and the comparison between 𝐾𝑐𝑟𝑖𝑡(𝑥)𝑉𝑥𝜀𝑥 and 𝐾𝑒𝑓𝑓𝑉𝑥𝜀𝑥. (c) 

𝐾𝑒𝑓𝑓𝑉𝑥𝜀𝑥 of {Li5.5PS4.5Cl1.5@20GPa-LiAlO2} interface at 4V at 𝐾𝑒𝑓𝑓  = 35 GPa, and the definition of 

K*. 

 

In calculating the stability of interface and the effect of mechanical constriction, the pseudo-

phase method16 is adopted to interpolate the phase energy, composition and volume of two 

phases. The solid black curve in Figure S2a is an example of using the pseudo-phase method to 

calculate the interface hull of Li5.5PS4.5Cl1.5 and LiAlO2. The dashed line interpolates the hull 

of Li5.5PS4.5Cl1.5 and LiAlO2, showing the part of instability of the interface contributed by the 

intrinsic instability of the two ends. If the hull is below the dashed line, there is interfacial 



reaction between the two ends, which is the case of the {Li5.5PS4.5Cl1.5-LiAlO2} interface shown 

here. The interface hull is defined as the most negative hull among all the composition x in the 

solid black curve. But due to large decomposition energy of sulfide electrolyte, the interface 

hull will be the hull of sulfide electrolyte itself in most cases, which does not reveal the 

meaningful information of the interface, therefore we apply certain Keff (20 GPa here) to 

stabilize the electrolyte by raising the Li5.5PS4.5Cl1.5 decomposition reaction energy to be 

positive and keeping the energy of Li5.5PS4.5Cl1.5 itself unchanged, so the difference between 

the hull curve of {Li5.5PS4.5Cl1.5-LiAlO2} and {Li5.5PS4.5Cl1.5@20GPa-LiAlO2} is the difference 

in hull at the end point of Li5.5PS4.5Cl1.5. From x = 0 to x = 0.1, the metastability of the 

Li5.5PS4.5Cl1.5 is perturbed by the interfacial reaction, thus the large decomposition energy. The 

interface hull then shifts from that of the Li5.5PS4.5Cl1.5 end point to that of x = 0.1. 

 

Treating pseudo phase at each composition x (pp(x)) as a solid-state electrolyte and using 

∆𝐺𝐸𝐶−𝑅𝑋𝑁 =  𝐺𝐷𝑒𝑐 + 𝑛(𝐺𝐿𝑖 − 𝑒𝑈) − 𝐺𝑆𝑆𝐸 + 𝐾𝑒𝑓𝑓𝑉𝑆𝑆𝐸𝜀 (eqn. 2 in Methods), we can evaluate 

the constriction induced voltage stability of the interface. Each pp(x) has its own 𝐺𝐷𝑒𝑐 ,

𝑛, 𝐺𝑝𝑝(𝑥), 𝑉𝑥 and 𝜀𝑥. Fig. S2b shows how 35 GPa mechanical constriction affects the hull of 

{Li5.5PS4.5Cl1.5@20GPa-LiAlO2} interface. For example, at x = 0.2, when being normalized to 

1 closed atom per formula, the volume V(1/7 Li5.5PS4.5Cl1.5) = 128.78 Å3/closed atom, and the 

volume V(1/3 LiAlO2) = 13.806 Å3/closed atom, thus at x = 0.2, the pseudo phase volume V0.2 

= 0.2* V(1/3 LiAlO2) + 0.8* V(1/7 Li5.5PS4.5Cl1.5) = 0.2*13.806 + 0.8*128.78 = 105.79 

Å3/closed atom. 𝐾𝑒𝑓𝑓𝑉0.2𝜀0.2  well exceeds the hull and brings the decomposition reaction 

energy to ~ +1eV as shown by the long red arrow, so that the decomposition is suppressed and 

the hull at x = 0.2 becomes 0 by definition. At x = 0.9, however, the 𝐾𝑒𝑓𝑓𝑉0.2𝜀0.2 is not large 

enough to bring the decomposition energy to be positive, thus the interface can still decompose 

at Keff = 35 GPa, but the decomposition energy is much smaller, suggesting a more stable 

{Li5.5PS4.5Cl1.5-LiAlO2} interface. We define 𝐾𝑐𝑟𝑖𝑡(𝑥) to demonstrate the level of mechanical 

constriction just needed to suppress decomposition reaction of pp(x) as shown in Fig S2b by 

the thick green arrow at x = 0.9 and the black arrow at x = 0.2, which is the Keff value to equate 

eqn. (8) in the main text to 0, and gives eqn. (9). 

 

That is to say, at composition x, the particular decomposition reaction is suppressed if and 

only if 𝐾𝑒𝑓𝑓 > 𝐾𝑐𝑟𝑖𝑡𝑥
. As 𝐾𝑐𝑟𝑖𝑡 is a function of x, therefore, to suppress the reaction between 

two phases, the largest 𝐾𝑐𝑟𝑖𝑡(𝑥) has to be reached. We define the largest 𝐾𝑐𝑟𝑖𝑡(𝑥) to be K* 

(eqn. 10). Fig. S2c shows the 𝐾𝑐𝑟𝑖𝑡 of {Li5.5PS4.5Cl1.5-LiAlO2} interface at 4V and labels the 

K*. The 𝐾𝑒𝑓𝑓𝑉𝑥𝜀𝑥 is also plotted in Fig. S2c and shows a minimum at x = 0.9, coinciding the 

x for maximum 𝐾𝑐𝑟𝑖𝑡𝑥
. From Fig. S2a, the absolute value of hull at x = 0.9 is actually the 

smallest among the hull from x = 0.1 to x = 0.9, but due to its smallest 𝑉𝑥𝜀𝑥  (or smallest 

𝐾𝑒𝑓𝑓𝑉𝑥𝜀𝑥 ), the 𝐾𝑐𝑟𝑖𝑡(0.9)  becomes the largest 𝐾𝑐𝑟𝑖𝑡(𝑥) , suggesting that the smallest 

mechanical response is at x = 0.9. 



 

Figure S3. Halide electrolyte / oxide cathode coating after including LixCly as possible 

decomposition products. 

 

 

Figure S4. Constriction induced voltage stability of the decomposition reaction of solid-state 

electrolyte (SSE). ∆𝐺𝐸𝐶−𝑅𝑋𝑁 is the Gibbs free energy of the electrochemical decomposition 

reaction. Ure (Keff), Uox (Keff) and Uw (Keff) are the reduction limit, oxidation limit and the voltage 

stability window of the electrolyte, respectively, which are all functions of the effective 

modulus Keff in the unit of GPa representing the local level of mechanical constriction. 𝜀 is 

the reaction strain of a specific decomposition. (a) Perturbation method with just one 

oxidative decomposition reaction (red dots) and one reductive decomposition reaction (blue 

dots) at each voltage. The upward arrows show that the electrochemical decomposition 

energy is increased by mechanical constriction and the magnitude is proportional to reaction 

strain; (b) Direct minimization method demonstrated by an example of Li10GeP2S12 (LGPS): all 

decomposition reactions are considered and the 4 voltage window determining reactions in 

the illustration are labeled with 4 different colors. The 4 thin solid lines show the 

electrochemical reaction Gibbs free energy change with respect to voltage without mechanical 

constriction, and the 4 solid thick lines show that of the reactions with effective modulus Keff 

of 10 GPa.  
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