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Design principles for interface reaction 
in all‑solid‑state batteries
Xin Li* 

In the past decade, with the development of solid-state batteries, many promising results 
have emerged in the field, suggesting that it can be a paradigm-shift solution to next-
generation mobile energy storage with the potential for breakthrough performance beyond 
commercial Li-ion batteries. This article attempts to explain the unique fundamental 
mechanism that dominates interface reaction in a solid-state battery. The interface reactions 
that largely limited the battery performance in the early stage of the field instead become 
the design opportunity to unlock many breakthrough performances. This article will focus 
on explaining the fundamental principles regarding how electrochemical interface reactions 
are locally coupled with mechanical and transport properties to dictate battery performance, 
particularly through dynamic voltage stability, giving opportunities to design electrolyte and 
interface coating materials for advanced battery performance.

© The Author(s), under exclusive license to the Materials Research Society 2023

doi:10.1557/s43577-023-00626-0

Introduction
An early motivation for using solid electrolytes to replace 
liquid electrolytes is the possibility to increase the safety of 
batteries. Not only is the solid electrolyte less flammable, but 
there is also a hope that the mechanical strength of the solid 
ceramic electrolyte could block the lithium dendrite penetra-
tion to prevent a short-circuit of batteries. A sufficiently dense 
ceramic electrolyte separator layer is thus naturally wanted. 
However, the dendrite growth process could be robust enough 
driven by battery cycling to find all of the possible existing 
pathways and even create new cracks to penetrate.1,2 Thus, 
engineering a sufficiently dense ceramic electrolyte layer to 
prevent dendrite has been a big challenge.

Unlike the mechanically stiff oxide electrolyte, it is less 
challenging for the soft sulfide and halide electrolytes to form 
a relatively dense layer by the cold press calendering process 
that is widely used in the battery industry, due to the low bulk, 
shear, and yield moduli.3–7 After the cold press of a sulfide 
electrolyte layer, there can still be 5 to 15 percentages of 
remaining porosity. Whether such a separator electrolyte layer 
can prevent the dendrite penetration depends on other aspects 
of the battery design, at both device and material levels.

External pressure during battery operation is an important 
device-level parameter. Although from a practical device per-
spective the external operational pressure must be reduced to 

a low level, initial performance demonstrations of sulfide and 
halide solid-electrolyte-based batteries were mostly under high 
operational pressure using a simple pressurized coin cell.8–10 
This is because it is the simplest way to ensure good interface 
contact between dry powder so that scientists can have an elec-
trochemically functional solid–solid interface to develop and 
test electrolyte and electrode materials. Meanwhile, people are 
also forced to directly face the new challenges arising from 
such an interface, which is electrochemically quite different 
from the conventional solid–liquid interface.

Importantly, these closely contacted solid–solid interfaces 
form the mechanical  constriction11–13 to any local volume 
expansion from decompositions induced by interface chemi-
cal and electrochemical reactions, which is a unique effect 
in all-solid-state batteries in comparison with batteries with 
liquid inside, causing different reaction pathways thermody-
namically and kinetically. This is because now reaction Gibbs 
energy, G, is strongly coupled with various variables and thus 
is a function of them, which include local strain, stress, and 
any induced diffusion and reaction limiting processes.

For these all-solid-state batteries, to be compatible with 
a future industrial scale-up, one goal of material and device 
development is to demonstrate performance metrics at low 
operational pressure of a few megapascals or below, while 
simultaneously aiming to maintain the performance that was 
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previously demonstrated at high operational pressure. Without 
understanding the real function of external pressure and taking 
the right approach to compensate for it, directly lowering the 
pressure, however, often significantly lowers the initial capac-
ity or critical current density and quickly decays the cycling 
capacity. Therefore, it is of particular interest to obtain a fun-
damental understanding about how to make those previous 
innovations transferable to the lower pressure regime upon a 
proper battery design.

For example, because one role of the operational pressure 
is to maintain a low porosity and good interface contact dur-
ing battery cycling, it is thus important to develop advanced 
battery formation and assembly procedures to maintain the 
same level of contact at a low pressure, such as introducing 
the right polymer  binders14 and more deformative electrolyte 
materials.15 Also, if we assume at low pressure the effective 
area of a well-connected interface is reduced, then develop-
ing a faster Li-ion  conductor16 will be of more importance, in 
addition to the obvious capacity benefit at low temperature. 
Furthermore, because interface electrochemical reactions are 
modulated by the mechanical constriction condition, repre-
sented by the mechanical constriction modulus Keff, rather than 
the external pressure, many materials chemistry and battery 
configuration  innovations17–20 made to stabilize such inter-
faces, initially tested in batteries at high external pressure, can 
thus be transferable to low operational pressure, if additional 
methods can be introduced to maintain a close interface con-
tact during the battery operation.

Importantly, controlling the evolution of an interface reac-
tion, rather than completely preventing them from happening, 
has become a useful design principle to advance the battery 
performance. Such interface reactions can be used to arrest 
lithium dendrite growth through self-limited localized decom-
position of a solid  electrolyte19 and is also inherent behind the 
expanded operational voltage window beyond the thermody-
namic voltage stability limit of the electrolyte to work with 
high-voltage cathode materials.12,21 Furthermore, when reach-
ing the external pressure regime of 10 MPa or below, pores 
can also form in the plated or stripped lithium metal layer, 
especially at a high current density.22 This further emphasizes 
the importance of designing beneficial dynamics of anode 
interface reactions for dendrite suppression, through material 
and device innovations, which could include the thin graph-
ite protection  layer20 that covers the lithium-metal anode, the 
Si, Si-C, Mg alloys, and Ag-C  anodes14,23,24 that assist more 
homogeneous lithium plating,24 and the multi-electrolyte-layer 
configuration that suppresses Li dendrite penetration.19

It is worth noting that a recent work shows that under 
an external pressure of 7 MPa or above, the lithium plating 
can be easier to generate cracks than under 0.1 MPa pres-
sure,25 pointing out a potential performance benefit by lower-
ing the operational pressure. Furthermore, at a lower pressure 
of 2–3 MPa, the sulfide electrolyte-based solid-state battery 
was also demonstrated with 30 mg/cm2 cathode loading at 
0.5 C for 1000 cycles.14 These results suggest the opportunity 

for low-pressure solid-state batteries not only to maintain, but 
also surpass, the battery performance at a high pressure, upon 
overcoming those remaining technical barriers.

This article focuses on the fundamental understanding 
of interface reactions under mechanical constriction that is 
behind many important experimental innovations in solid-
state batteries. Although the initial experiments reported in 
the field that inspired the physical picture and the constrained 
ensemble description of such interface reactions were mostly 
performed at a high operational pressure, the knowledge is in 
fact transferable to the design of low-pressure solid-state bat-
teries, because a global external operational pressure is not a 
fundamental variable in the constrained ensemble description.

Under the local mechanical constriction, it is the coupling 
of local reaction strain ( ǫ ), stress ( σ  ), and effective stress 
( σ

eff
 ) with Gibbs reaction energy G(ǫ, σ , σ

eff
) that dictates the 

interface reaction through a unique dynamic voltage stability, 
which contains both thermodynamic metastability and kinetic 
stability. One essential aspect of the dynamic voltage stabil-
ity here, counterintuitively, is to design and utilize the initial 
interface instability. The effect can be utilized to innovate new 
materials and devices in combination with other approaches to 
design advanced low-pressure solid-state batteries with higher 
cycling stability against interface degradation at high current 
densities, with the potential to break the technical limit set by 
commercial Li-ion batteries.

Self‑limiting decomposition reaction at solid–
solid interface
The standard convex-hull computational approach has been 
useful to calculate the voltage stability window for liquid-elec-
trolyte Li–ion batteries, which is also the method to precisely 
calculate the intrinsic thermodynamic voltage window of solid 
electrolytes.26,27 Above this voltage window, the oxidization 
decomposition reaction will occur, while below it, the reduc-
tion reaction will occur. The self-decomposition of a liquid 
electrolyte and the interface decomposition, in principle, can 
both be calculated by the  approach18 (Figure 1a), where the 
yellow star in the illustration refers to the liquid-electrolyte 
phase (when calculating the electrolyte self-decomposition) 
or the pseudo-phase (when calculating the interface reaction 
between liquid electrolyte and solid electrode). Because there 
is a hull energy of Ghull > 0 for the reaction at a given lithium 
chemical potential or electrochemical voltage, the phase or 
pseudo-phase above the hull will decompose to D1 and D2 
phases that are on the “convex hull” in the illustration.

If a liquid electrolyte is added to the solid-state battery 
(i.e., it is not an all-solid-state battery anymore), the predicted 
voltage window from the standard convex hull approach in 
many cases can match well with the experiment. For example, 
the narrow intrinsic voltage window of a sulfide solid electro-
lyte from 1.7 to 2.3 V is such a case,12 beyond which sulfide 
solid electrolytes were found to deeply decompose. Note that 
the liquid electrolyte cannot provide a mechanical constriction 
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so in principle Keff = 0 GPa. Another example without liquid 
being involved is to put lithium metal in direct contact with 
sulfide electrolyte, such as  Li10GeP2S12 (LGPS), where the 
interface chemical decomposition can happen immediately 
during the battery  assembly19 that is thus a process initially 
under little mechanical constriction at time t = 0 ( Kt = 0

eff
= 0 ). 

These decomposition reactions give  Li15Ge4 alloy and  Li3P in 
experiment following Equation 1, where both Ge and P are 
in highly reduced valence states, consistent with the standard 
convex hull prediction.

In an all-solid-state battery without any liquid electro-
lytes, however, it was found that to describe the full evolution 
process of interface reactions, a modification of the standard 
convex hull approach is needed in order to make a more rel-
evant comparison with experiments in many cases. First, going 
beyond the intrinsic voltage stability window, only a limited 
level of decomposition of  a solid electrolyte was observed 
rather than the deep or even complete decomposition when 
a liquid electrolyte is added. Further decomposition can be 
well inhibited at such a mechanically constricted solid–solid 
interface, thus still giving a functional battery performance.

That means sulfide solid electrolytes can show a much 
wider operational voltage  window12,21 in practical solid-
state batteries than the standard convex-hull computational 
prediction. This experimental fact forms the foundation 
that sulfide electrolyte-based solid-state batteries can cycle 
with a 4 V cathode and 0 V lithium-metal anode.14,19,23 In 
the previous example of the solid–solid interface of Li|LGPS, 
further decomposition is inhibited, as the local mechanical 

(1)
LGPS + 23.75Li

K
eff

= 0 GPa

−−−−−−−→ 0.25Li15Ge4 + 2Li3P + 12Li2S

(2)LGPS + 14Li

K
eff

> 10 GPa

−−−−−−−−→ GeP2 + 12Li2S

constriction after the initial decomposition evolves to nonzero 
values at time t1 > 0 (i.e., Kt1 > 0

eff
> 0 ). The LGPS phase can 

still be well observed from x-ray diffraction  (XRD), although 
the thick decomposition interphase makes the primary inter-
face electrochemically dead without sufficient ionic conduc-
tivity when the Li metal layer is in direct contact with the 
LGPS layer.

Furthermore, when the electrolyte is separated from direct 
contact with the Li metal in the battery assembly by a thin 
graphite layer,20 to avoid the initial primary interface contact 
at Kt = 0

eff
= 0 , it is found that lithium metal will be mixed with 

graphite to form a composite layer during battery cycling, so 
local interface contact points are formed in situ with more 
interface reactions at Kt1 > 0

eff
> 0 . Now it can be more easily 

observed from experiments that the decomposition pathway is 
changed, where  GeP2 becomes the product instead, which is a 
phase with much less-reduced valence states for Ge and P. This 
means under mechanical constriction, the reduction level of 
the decomposition at anode (or oxidation if at cathode) can be 
suppressed by mechanical constriction. We find that at a local 
effective constriction modulus Keff above 10 GPa and effective 
constriction stress σ

eff
 around 3  GPa12,21 (since σ

eff
= ǫK

eff
 ), 

the predicted decomposition reaction based on our constrained 
ensemble computational platform follows Equation 2 that 
gives  GeP2 as the product, agreeing well with experiment. 
Note that the actual local stress σ can be much smaller than 
3 GPa, as the effective stress σ

eff
 also contains the effective 

contribution from kinetic effects (i.e., σ
k
 ), to be discussed later 

(i.e., σ
eff

= σ + σ
k
).

If we borrow the framework of the convex-hull computa-
tional approach, the experimental fact of a wider operational 
voltage window means that the phase (solid electrolyte) or 
pseudo-phase (interface between the solid electrolyte and 
electrode materials) that was above the hull in the energy-
composition space at the beginning of the decomposition when 

a b c

Figure 1.  (a) Convex hull illustration for pseudo-phase models of the solid interface reaction. The yellow star represents the interphase composi-
tion (x-axis) and energy (y-axis) of the two reactive phases represented by green dots. The dark blue dots represent phases that are thermodynam-
ically favorable, and the black line represents a linear combination of these phases (i.e., the convex hull).18 (b) An illustration about how mechanical 
constriction modulus Keff impacts the interphase convex hull. When Keff > Kcrit, the interphase is now lower in free energy than the decomposition 
products on the hull due to KeffǫV .18 (c) Electrolyte dynamic voltage stability window, reaction strain, and decomposition energy in response to 
constriction by direct minimization method using LGPS as an example.28 (a–b) Reprinted with permission from Reference 18. © 2021 Royal Soci-
ety of Chemistry. (c) Reprinted with permission from Reference 26. © 2023 Wiley.
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K
t = 0

eff
= 0 (the yellow star in Figure 1a) should have the abil-

ity to quickly evolve to zero or negative hull energy (Ghull) to 
avoid further decomposition when Kt1 > 0

eff
> 0

18 (the yellow 
star in Figure 1b). This evolution is thus a dynamic process, 
which also indicates that a modified convex hull approach that 
considers the Keff driving force for the evolution is needed to 
describe such a unique “dynamic voltage stability,” or simply, 
“dynamic stability” at the solid–solid interface under mechani-
cal constriction. Due to this effect, the decomposition products 
are also changed away from D1 and D2 at zero constriction to 
other products at nonzero constriction, which is also the princi-
ple underlying the specific case of changing from  Li15Ge4 and 
 Li3P at Keff = 0 GPa to  GeP2 at Keff = 10 GPa as previously dis-
cussed (Equations 1 and 2). The simplest explanation is that 
higher Keff will select reactions with smaller reaction strain and 
energy to happen (Figure 1c), as systematically demonstrated 
in a recent work.28 The effect causes a greatly expanded volt-
age window (Figure 1c).

The dynamic stability and the nonzero effective modulus 
K

t1 > 0

eff
 are originated from the decomposition reaction itself, 

which suggests that it is a self-limiting decomposition. These 
interface reactions are often with positive reaction strains (i.e., 
ǫ > 0 ), meaning that the reaction products are larger in vol-
ume than the reactants.29 Note that in calculating the volume 
change, the Li metal volume is not counted as reactant (i.e., in 
a reduction reaction), but it is counted as product (i.e., in an 
oxidization reaction). For example, in the reduction reaction 
of Equations 1 and 2, the volume of Li metal on the left side 
is not counted. This is because it is the volume change of the 
solid-electrolyte side in the interface reaction that is relevant 
to the effects of particular interest here. More specifically, Li 
was absorbed into the electrolyte through the decomposition 
reaction with volume expansion into the local sites of solid 
electrolyte. In contrast, in an oxidative reaction, the Li metal 
reaction product is encapsulated within the decomposition 
composite, contributing to the local positive reaction strain. 
In both reduction and oxidation reactions, reaction products 
are encapsulated by the reaction front that is ionically pas-
sivated (will discuss later), thus no Li ions can escape from 

the ionically screened decomposition region. The  Li+ ions 
and electrons that must leave the cathode or anode to com-
plete such electrochemical reactions are from the ion and elec-
tron reservoir outside the local decomposition region defined 
by the reaction front.

If the reaction continues without a stop, the inhomogene-
ous local volume expansion will for sure detach the interface 
between particles or even create cracks inside the electrolyte 
particles, regardless of external pressure, because the 1–100 
MPa scale of the external pressure is 10–1000 times smaller 
than the scale of any reaction-induced local stress. However, it 
was found that in a properly designed solid-state battery even 
under low or moderate external pressure (1–25 MPa), reaction-
induced loose contacts and cracks can be largely avoided, and 
the reaction can be limited at a very early stage.

For example, in the multi-electrolyte-layer configuration 
(Figure 2a), the central electrolyte layer that is reactive with 
Li based on the standard convex hull prediction can instead 
serve to prevent the lithium dendrite penetration using 
dynamic stability, where the dendrite growth is arrested by 
the reaction to prevent the penetration, thus little cracks were 
observed after long cycling at high current densities. Although 
the initial demonstration of the multi-electrolyte-layer design 
was performed at high operational pressures of 100–250 
MPa and a low cathode loading of 2 mg/cm2 in a pressurized 
cell,17,19 more recently, the pressure has been reduced to 5–25 
MPa for a slurry-casted pouch cell, where 5000+ cycles have 
been demonstrated at a high cathode loading above 15 mg/cm2 
at a high C-rate of 5 C charge and 5 C discharge.24 Further-
more, at lower pressures of 2–3 MPa the argyrodite  Li6PS5Cl 
(LPSCl1.0) sulfide electrolyte-based solid-state battery was 
also demonstrated with 30 mg/cm2 cathode loading at 0.5 C for 
1000 cycles, where the lithium plating is assisted by a Ag-C 
composite layer in direct contact with LPSCl1.0.14

These experiments also suggest that it is not the external 
pressure in the megapascal regime that makes the reaction 
self-limiting. Instead, it more reflects a certain intrinsic prop-
erty of such a solid–solid interface under mechanical constric-
tion utilized by a proper battery design. In fact, to reduce the 

hull energy (Ghull) to zero, the effect 
of interest here needs to interact with 
the positive reaction strain ( ǫ ) by giga-
pascal level of effective constriction 
modulus (Keff), so that G

hull
= K

eff
ǫV ,

17,18 where V is the reference volume 
(Figure 1b). The effective constric-
tion modulus Keff often needs to be at 
the level of 5–15 GPa for sulfide and 
halide solid electrolytes to suppress 
the decomposition, and the “effective 
constriction stress” σ

eff
 is calculated 

by multiplying Keff with ǫ . Because the 
reaction strain ǫ is often around 30% 
at low Keff and further decreases to 
approach zero with increasing Keff (as 

a b c

Figure 2.  (a) Multi-electrolyte-layer design in a symmetric battery configuration of Li|graphite 
(G)|Li5.5PS4.5Cl1.5(LPSCl1.5)|Li10GeP2S12(LGPS)|LPSCl1.5|G|Li with dynamic voltage stabil-
ity to prevent Li dendrite penetration. (b) Symmetric battery of Li|LPSCl1.5|Li with dendrite 
penetration-induced short circuit. (c) Symmetric battery of Li|LGPS|Li with severe primary 
interface decomposition-induced diffusion impedance.
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higher Keff energetically prefers reactions with lower reaction 
strain, as illustrated in Figure 1c), the σ

eff
 is usually less than 

4 GPa here.
Because the magnitudes of σ

eff
 and the fracture stress limit 

σ
frac

 of these electrolyte materials are comparable, the fact that 
in many cases the decomposition is inhibited at an early stage 
without crack formation suggests that the effective terms of 
stress σ

eff
 and modulus Keff include a significant contribution 

with an effective kinetic origin (i.e., σ
k
 ), so that the actual 

local stress σ is less than the fracture stress limit σ
frac

 (i.e., 
σ < σ

frac
 ), even if σ

frac
< σ

eff
 , where σ

eff
= σ + σ

k
.

Diffusion limit at reaction front and critical role 
of inhomogeneous lithium chemical potential
In a liquid-electrolyte environment, the electrolyte decomposi-
tion reaction can sufficiently develop due to thermodynamic 
instability with the electrode, because the local chemical 
potential of  Li+ ion is homogeneously surrounding the inter-
face. In an all-solid-environment, however, the local chemi-
cal potential is not homogeneous anymore, as numerous point 
contacts at (sub)nanoscale are inevitable, even the solid–solid 
interface was pressed to form a close contact at micrometer 
scale (Figure 3a). The local reaction strain field at these point 
contacts are thus inhomogeneous with a large local curvature 
(Figure 3b), unlike the flat reaction front in a homogeneous 
liquid environment.

Experimentally, it was found that the LGPS phase can 
completely decompose if being charged to 3.2 V in a liq-
uid environment, while the phase is almost intact in XRD 
except for some strain  broadening12,19 analyzed from the 
slightly increased width of XRD peaks. A similar phenom-
enon was also found for argyrodite sulfide electrolytes. This 
suggests that a flat reaction front at liquid–solid interface is 
much easier to propagate the decomposition deeply than a 
reaction front with large local curvature at the solid–solid 
interface. This is because the former can more easily release 
the local strain field to the environment, giving less steep 
variance of local strain at reaction front and thus a much 

smaller and ineffective σk, while the latter will hold the 
coupling of the tensile ( ǫ > 0 ) and compressive ( ǫ < 0 ) 
plastic strain fields on the two sides of the curved reaction 
front at nanoscale with a much larger σk that well divides 
the regions of decomposition product and the undecom-
posed electrolyte (Figure 3c).

The strain field near the reaction front is the origin of 
both the XRD strain broadening and the self-limiting decom-
position that maintains the crystalline phase of the electro-
lyte materials charged beyond the intrinsic voltage stability 
window. The strain field induced by reaction has also been 
observed by x-ray absorption spectroscopy in other sulfide 
electrolytes,12,30 unveiling the  PS4 tetrahedron deformation.

The atomic-scale lattice compression at one side of the 
reaction front with ǫ < 0 is critical to limit further decompo-
sition by the ionic passivation. It was found that a 5–10% of 
local compressive strain to the crystalline  lattice12,24 at the 
reaction front can already dramatically decrease the diffusiv-
ity of ions by orders of magnitude (i.e., diffusivity D → 0 in 
Figure 3c). This diffusion-limiting process leads to an ionic 
passivation at the surface that encapsulates the decomposed 
region to prevent further propagation of reactions, as any 
decomposition will need certain ionic interdiffusion to hap-
pen kinetically.12

Interface reactions will thus feel a significant effect from an 
additional energy stabilization term, E

kinetic
 , derived from such 

kinetic stability effect, giving a much wider interface voltage 
stability than what can be provided by thermodynamic intrinsic 
stability and the metastability. The thermodynamic metastabil-
ity to suppress the interface voltage reaction is from the strain 
energy E

strain
 that integrates the curve of actual local stress 

and strain (i.e., E
strain

=
∫
σVdǫ ). However, the magnitude of 

the strain energy is limited by the plastic deformation and the 
fracture limit of electrolyte materials, beyond which there is 
no local mechanical constriction. Because both energy terms 
of E

strain
 and E

kinetic
 share the same local reaction strain term 

ǫ , we have E
kinetic

=
∫
σ
k
Vdǫ , which defines the kinetic part 

of the effective stress σ
k
 . The total stabilization energy that 

a b c

Figure 3.  (a) Illustration of close interface contact at micrometer scale between electrode and electrolyte particles. (b) Inhomogeneous 
contact at a solid–solid interface with (sub)nanometer point contacts and gaps, giving spatially inhomogeneous decompositions. (c) Reac-
tion front at a point contact, where tensile strain ( ǫ > 0 ) of the decomposition reaction induces compressive plastic strain field ( ǫ < 0 ) in 
the undecomposed electrolyte region that immediately wraps the reaction front (red region), causing a significant drop of ionic diffusivity 
( D → 0 ) and the ionic passivation to further decomposition. More details can be found in a recent work.28 Reprinted with permission from 
Reference 28. © 2023 Wiley.
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includes both thermodynamic metastability and kinetic stabil-
ity for interface reactions beyond the thermodynamic intrin-
sic stability is thus E

total
= E

strain
+ E

kinetic
=

∫
(σ + σ

k
)Vdǫ , 

which also defines the total effective stress σ
eff

= σ + σ
k
.

Because σ
eff

= ǫK
eff

 , we also have the effective mechani-
cal constriction energy E

total
= ǫK

eff
V  in the simplest form, 

obtained from the linear term in a Taylor expansion if assuming 
local infinitesimal reaction enters the plastic region quickly, 
which is also a useful approximation for the high-throughput 
computational search and design of interface reactions. How-
ever, as previously discussed, the mechanical constriction 
modulus K

eff
 evolves with time in the dynamic process of 

the interface reaction (e.g., Figure 1 and Equations 1 and 2). 
Fundamentally, this is because the reaction strain field evolves 
with time (i.e., ǫ(x, t) ), thus more precisely, both effective 
terms depend on ǫ(x, t) , i.e., σ

eff
(ǫ(x, t)) and K

eff
(ǫ(x, t)) , giving 

E
total

=

∫
σ
eff
(ǫ(x, t))Vdǫ(x, t) =

∫
ǫ
n(x, t)K

eff
(ǫ(x, t))Vdǫ(x, t).  

Thus, a more precise treatment of these details may devi-
ate Etotal away from the linear dependence of ǫ.

This effect gives the kinetic effective stress σ
k
 beyond the 

actual local stress σ  , forming one critical component of the 
dynamic voltage stability. The ionic passivation gives the self-
limiting nature of the decomposition that was observed at the 
interface between lithium dendrite and  electrolyte19 (e.g., Fig-
ure 2a), and cathode–electrolyte interface as well.28

Materials dependence of dynamic voltage 
stability and electrochemical stability
There is an obvious material dependence in interface elec-
trochemical stability and dynamic stability, which gives the 
opportunity to search and design advanced materials for 
solid-state battery applications. Sulfide electrolyte materials 

not only show very different electrochemical voltage sta-
bilities in solid-state batteries, but they also show different 
dynamic voltage stabilities. For example,  Li5.5PS4.5Cl1.5 
(LPSCl1.5) is more stable in direct contact with lithium 
metal (Figure 2b), whereas LGPS is less stable with lithium 
metal (Figure 2c). Thus, the decomposition at the primary 
interphase between LGPS and Li metal, although being 
self-limited, can still develop sufficient thickness and ionic 
impedance. In contrast, the primary interface between 
LPSCl1.5 and Li metal shows much less decomposition, but 
short circuit by Li dendrite penetration is easier to occur. 
This difference has been identified by various microscopy 
and spectroscopy techniques.12,19,20,31

In this article, I want to emphasize the electrochemical 
evidence related to these stability metrics. The difference 
in electrochemical stability can be measured by the cycling 
time at low current densities before the battery failure in a 
Li|electrolyte|Li symmetric cell. For LGPS, the cycling time 
is only a few hours at a current density of 0.25 mA/cm2 before 
the voltage ramps up quickly to 4 V voltage (Figure 4a), 
which is a battery failure mode caused by severe electro-
chemical decomposition-induced ionic impedance increase 
at the entire primary interface between Li and LGPS. In 
comparison, LPSCl1.5 shows >100 h of cycling time with 
a voltage polarization <20 mV before a voltage sudden drop 
(Figure 4b), which is another failure mode caused by internal 
short-induced impedance drop, suggesting that the primary or 
secondary interface of electrolyte to Li metal or its dendrite is 
stable enough to allow for the complete penetration of dendrite 
without consuming them up at the halfway by decomposition 
reactions, which otherwise would show the other failure mode 
of voltage ramping-up instead.

a b c

d e f

Figure 4.  (a–c) Symmetric battery tests of Li|Electrolyte|Li, with the electrolyte layer being (a)  LGPS19 and (b) LPSCl1.5,19 tested at 0.25 mA/cm2, 
and (c) LPSCl1.5,31 tested at 0.1 mA/cm2. (d–f) Symmetric battery tests of Li|G|Electrolyte|G|Li, where G is graphite layer. (d) LGPS as electrolyte, 
tested at various current densities.20 (e) LPSCl1.531 and (f) LGPS as electrolyte,20 tested at 0.25 mA/cm2. A Li|LGPS|Li battery at 0.25 mA/cm2 is 
also shown in (f) for comparison. (a, b) Reprinted with permission from Reference 19. © 2021 Springer Nature. (c, e) Reprinted with permission 
from Reference 31. © 2022 Elsevier. (d, f) Reprinted with permission from Reference 20. © 2020 Royal Society of Chemistry.
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Furthermore, at a lower current density of 0.1 mA/
cm2, more than 1400 h can be cycled for LPSCl1.5 at <15 
mV polarization voltage (Figure 4c), confirming that the 
Li|LPSCl1.5 interface is in fact electrochemically very sta-
ble. The short circuit in Figure 4b means that for such a stable 
interface of little reactions, Li dendrite growth can be driven 
by the slightly increased current density of 0.25 mA/cm2 to 
easily penetrate through the entire electrolyte layer. Over-
all, LGPS has a much lower electrochemical stability than 
LPSCl1.5 at the interface to Li metal, and hence exhibits 
higher hull energy Ghull (LGPS) > Ghull (LPSCl1.5) for more 
severe interface reactions with Li metal. On the other hand, 
due to the lack of reaction, Li dendrite is easier to penetrate 
the LPSCl1.5 layer.

However, when the electrolytes are put in another type of 
symmetric battery with a configuration of Li|graphite|electro
lyte|graphite|Li, a different trend is observed from the sym-
metric battery cycling, unveiling the property of dynamic 
voltage stability. LGPS now shows no sign of short circuit 
at high current densities from 3 to 10 mA/cm2; afterward, 
it can largely recover the normal cycling voltage range at a 
low current density of 0.25 mA/cm2 (Figure 4d), suggest-
ing no severe interface decomposition after experiencing the 
previous cycling at high current densities. In addition, LGPS 
now can cycle stably at 0.25 mA/cm2 for >500 h (Figure 4f). 
Note that the polarization voltage cannot be directly com-
pared between the two types of symmetric batteries with and 
without the graphite layer.

As mentioned in the previous section, Li metal here will 
mix with graphite to form the composite layer upon battery 
cycling, so the in situ formed interface between Li metal and 
LGPS is under a local mechanical constriction and the reduc-
tion decomposition pathway of LGPS is changed from Equa-
tion 1 to Equation 2. The result here further shows that such an 
interface reaction is stable enough against both failure modes 
of short circuit and severe decomposition, suggesting that 
dynamic voltage stability limits the interface decomposition 

reaction at an early stage, where the decomposition serves to 
arrest the growth of Li dendrite to prevent the short circuit.

In contrast, LPSCl1.5 gives a short circuit-induced voltage 
drop after only 10 h of cycling test at a low current density of 
0.25 mA/cm2 (Figure 4e), which is 10 times shorter cycling 
time than the previous case without graphite (Figure 4b). This 
means without sufficient interface contact between LPSCl1.5 
and Li metal to give the local reaction strain-induced ionic 
passivation at the reaction front, Li dendrite can more easily 
penetrate the LPSCl1.5 layer. That is, LPSCl1.5 lacks suffi-
cient dynamic stability at the anode due to an electrochemi-
cally too stable interface with Li metal. This also further con-
firms that it is the dynamic stability of the central LGPS layer 
in the multi-electrolyte-layer configuration (Figure 2a) that 
suppressed the Li dendrite penetration.

Therefore, these symmetric battery tests show that LGPS 
exhibits higher dynamic stability against lithium dendrite pen-
etration and lower electrochemical stability against lithium-
metal anode decomposition in comparison with LPSCl1.5. This 
fact is also consistent with the full cell test using the multi-
electrolyte-layer configuration,19 where LGPS is suitable to 
serve as the central layer to arrest the growth of lithium den-
drite utilizing its good dynamic stability, while LPSCl1.5 is 
suitable to serve as the bottom layer in contact with Li|graphite 
anode to provide the primary interface stability using its good 
electrochemical stability (Figure 2a). The current density can 
be increased to 43 mA/cm2 or even higher in such a battery 
configuration.17

When a series of sulfide electrolyte materials are tested for 
the two metrics of electrochemical and dynamic stabilities, 
respectively, it is found that LGPS and LPSCl1.5 represent 
two extreme cases of drastically different two metrics in one 
material (Figure 5a). When tuning the Cl composition to 1.0 
and 0.5 in argyrodite sulfide electrolytes, the two electrochem-
ical metrics are less different (Figure 5a), and the failure mode 
is mainly dominated by severe interface decomposition.31 This 
explains why LPSCl1.0 can still cycle reasonably well without 

a b c

Figure 5.  (a) Summary of the cycling hours at low current density (0.1–0.25 mA/cm2) in a Li|Electrolyte|Li battery for different electrolytes of 
LGPS, LPSCl0.5, LPSCl1.0, LPSCl1.5 (left axis, black curve), in comparison with highest cyclable current density without battery failure in a 
Li|G|Electrolyte|G|Li battery (right axis, blue curve). Data points are obtained from References 19, 20, 31. (b) Cycling of different multi-electrolyte-
layer configurations.19 (c) Two-parameter space defined by interface decomposition hull energy (Ehull), defined as the absolute value of Ghull, and 
critical effective modulus (K*),17 which is a stricter criterion than Kcrit that requires decomposition energies to be zero at any interface reaction 
composition (i.e., Ehull (x) = 0 at any x when Keff = K*). (b) Reprinted with permission from Reference 19. © 2021 Springer Nature. (c) Reprinted with 
permission from Reference 17. © 2022 American Chemical Society.
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a multi-electrolyte-layer configuration when the current den-
sity is not too high.

However, when pushing to the extreme, the multi-electro-
lyte-layer configuration still shows the highest critical current 
density. This is because the configuration can decouple the two 
stability-metrics of dynamic and electrochemical stabilities to 
two different electrolyte layers that were separately optimized 
for an individual metric. This greatly expands the battery 
design flexibility. Thus, sulfide, halide, and oxide electrolytes 
all can be combined with each other to greatly expand bat-
tery configurations (Figure 5b). A good configuration should 
exhibit device level dynamic stability, following the principle 
discussed above to put electrochemically stable material as the 
bottom layer in contact with lithium metal and graphite anode, 
and to put dynamically stable electrolyte material as the layer 
above. In contrast, relying on one electrolyte to have both 
metrics optimized simultaneously is a constraint to the design, 
as the material optimization often leads to the enhancement of 
one metric at the expense of another.

Design dynamic voltage stability for functional 
interface reactions
Understanding the above fundamentals about interface reac-
tion is important to the computational design of materials 
through composition control for solid-state batteries with 
enhanced dynamic voltage stability at various interfaces.

A metric of critical effective modulus K
crit

 was introduced, 
which is defined as the threshold K

eff
 at an interface reaction 

to make G
hull

= K
crit

ǫV
17,18 (Figure 1b), K

crit
 helps couple 

decomposition energy, reaction strain, and ionic passivation 
together. For a given decomposition energy G

hull
, larger reac-

tion strain means smaller critical modulus and larger reduction 
of ionic conductivity at the reaction front for the ionic pas-
sivation. Because both interface reaction energy and reaction 
strain can be computed ab initio and are composition- and 
phase-dependent, correlating them thus forms the foundation 
for the machine learning prediction of new compositions with 
adjustable dynamic voltage stability.

To enhance dynamic voltage stability at an interface, our 
goal is to adjust the chemical composition of a solid electrolyte 
or an electrode coating, so that the interface reaction can show 
reduced critical modulus K

crit
 to be more easily suppressed by 

local mechanical constriction at an early stage. Meanwhile, we 
also want to adjust the reaction hull energy Ghull into a certain 
range, because one precondition for dynamic voltage stability 
to function is for the reaction to happen. Thus, if Ghull is too low 
and the reaction cannot initiate sufficiently, such as LPSCl1.5 
in Figure 5c (the green dot), the material is only good to serve 
as the bottom layer in direct contact with the Li-metal anode 
for good electrochemical stability at the primary interface, but 
it cannot serve as the central electrolyte layer to arrest the den-
drite. In contrast, materials like LGPS in Figure 5c (the yellow 
dot) occupy a space with sufficient decomposition reaction with 
Li dendrite and then the reaction can be stopped quickly in a 
self-limiting way due to a low critical constriction modulus.

Interface reaction energy and critical modulus both 
can be computed ab initio, thus form a two-parameter 
space to design advanced solid electrolyte (Figure 5c). 
By machine learning analysis of a high-throughput ab 
initio computational database, such a design strategy 
guides the design of halogen-doped argyrodite electro-
lyte (e.g.,  Li5.5PS4.5Cl1.35I0.15) that occupies a similar 
region in the two-parameter space (e.g., the red dot) as 
LGPS, which gives >43 mA/cm2 current density. Note 
that for these sulfide electrolyte materials, the core–shell 
 microstructure17,29 also forms an additional degree of free-
dom to fine-tune the property of materials, where the shell 
composition can be adjusted with enhanced dynamic volt-
age stability with the core maintaining a high ionic conduc-
tivity. The principle has also been applied to design cathode 
electrolyte materials with enhanced dynamic stability in 
an oxidative  reaction18 and cathode coatings as well,28 and 
to design advanced anode materials such as Mg alloys by 
a new concept of constriction susceptibility derived from 
the dynamic stability here.24 In addition, these self-limit-
ing interface reactions also help glue the interface together 
dynamically to maintain the interface contact in a breathing 
battery device, unlike a propagating interface reaction or 
an interface without sufficient reaction that will break the 
interface contact upon cycling.

Summary and outlook
Understanding and utilizing interface reactions forms one 
important aspect to develop advanced solid-state batteries. 
This article emphasized the importance of the mechani-
cal constriction effect in modulating thermodynamic and 
kinetic interface stabilities, giving the crucial dynamic volt-
age stability. Local strain energy and ionic passivation work 
together to stabilize the electrolyte interface reaction with 
electrode materials. Fully utilizing the effect shows oppor-
tunities for breakthrough solid-state battery performance 
beyond commercial Li-ion batteries.

Furthermore, our constrained ensemble description of 
dynamic voltage stability does not rely on external operational 
pressure, but reflects more on the intrinsic properties of mate-
rials that can be designed through composition modification. 
To fully lift the requirement of external pressure in practice, 
the proper polymer binder in the slurry casting technique 
and advanced assembly technique such as isotropic press at 
an elevated temperature to achieve and maintain low poros-
ity during battery cycling will be important. Fortunately, it 
has been shown that decent cycling at a few megapascals is 
possible, and many approaches developed by the field at high 
operational pressures can be transferred toward the desired 
low-pressure range. To design low-pressure solid-state batter-
ies with paradigm-shift performance, however, it will still need 
further nontrivial engineering development, where I hope the 
fundamental understanding of interface reactions reviewed here 
can provide some help.
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