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echanical constriction on the
operation of sulfide based solid-state batteries

William Fitzhugh, Luhan Ye and Xin Li *

Recent years have seen an explosion in the amount of literature focused on sulfide solid electrolytes for use

in solid-state batteries. Successful battery performances based on sulfide solid electrolytes have been

reported, while the electrochemical bulk stability of sulfide electrolyte materials and their interfacial

stabilities with different high voltage cathode materials remain the current focus of research. Recent

studies have suggested that mechanical constriction can introduce energy barriers opposing bulk and

interfacial decompositions in sulfide solid-state batteries. These energy barriers have been shown to

have the effect of expanding the operating window for sulfide based solid-state batteries. Moreover, the

consideration of such mechanical constriction as a design principle introduces a largely neglected

degree-of-freedom for next-generation energy storage systems. That is, to design mechanically

constrained electrolytes for the purpose of expanding the operational voltage window of solid-state

batteries. This review will focus on both the studies leading to and detailing these new understandings as

well as exploring, retroactively, the impact of these understandings on this field's previously made

conclusions. In particular, the differences in the determined operating window between multiple

experimental methods will be evaluated against the mechanical nature of the methods themselves.
1. Introduction

Solid-state batteries offer paradigm shiing potential over
conventional liquid-electrolyte based batteries.1–7 By imple-
menting solid electrolytes, solid-state batteries can enable the
adoption of higher-energy density electrode materials8–11 while
simultaneously providing improved temperature robust-
ness.12–14 Moreover, solid-state batteries eliminate the most
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dangerous component in current batteries, the ammable
liquid-electrolyte. On the negative electrode side, solid electro-
lytes can potentially enable the adoption of lithium metal by
providing a physical barrier that prevents lithium dendrite
formation.15,16 Such lithium metal anodes represent the theo-
retical optimum for negative electrodes with a capacity of 3860
mA h g�1 and a voltage of 0 V. This, in contrast to graphite's 372
mA h g�1 and 0.2 V,17,18 would represent a signicant
improvement in the anode material. With regards to the posi-
tive electrode, solid electrolytes have demonstrated compati-
bility with a multitude of high-energy density cathodes
including both 1000 mA h g�1 high-capacity11 and 5 V high-
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voltage9 materials. Solid electrolytes also maintain superior
performance at low temperatures, where viscosity increases can
plague liquid electrolytes, a key performance metric for many
applications including electric vehicles for low-temperature
markets.

In evaluating the potential of solid electrolytes, two of the
most important criteria are the lithium ion conductivity and the
electrochemical stability window. The stability window consti-
tutes the range of voltages versus lithium metal in which the
solid electrolyte will not electrochemically decompose.
Considering the two most studied families of solid electrolytes,
oxides and suldes, there remains an inherent tradeoff between
these metrics. Oxides have a wider stability window than
suldes, but suffer from much lower ionic conductivities than
those of the current organic liquids (10�4 to 10�3 vs. 10�2 S
cm�1).19–23 On the other hand, sulde solid electrolytes have
reached ionic conductivities up to 25 mS cm�1, exceeding most
liquids, but suffer from poor electrochemical stability.24–27 With
intrinsic stability windows of approximately 1.7–2.1 V versus
lithium metal, sulde solid electrolytes are, theoretically,
incompatible with most electrode materials.28,29 In addition, the
compatibility of the electrolytes with mass production proce-
dures including brittleness and air stability30 of the electrolytes
as well as the applicability of the low-cost cold pressing proce-
dure also remain critical factors for solid-state battery
development.

Historically, sulde solid electrolytes have progressed from
glassy to glassy-ceramic to ceramic, with each progression
resulting in a corresponding increase in ionic conductivity.
Glassy suldes, which maintain the advantage of not having
grain boundary resistances, were among the rst solid electro-
lytes to be discovered. The ionic conductivities of these mate-
rials typically range from 0.01–1 mS cm�1.31,32 The Li2S–P2S5–LiI
glassy system, for example, achieved an impressive conductivity
of 1.7 mS cm�1.54 The partial crystallization of glassy suldes to
form glassy ceramics, or ceramic suldes embedded in a glassy
framework, can signicantly boost the ionic conductivity. In
some cases, this partial crystallization can increase ionic
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conductivity by as much as two orders of magnitude. Glassy
ceramics frequently exhibit conductivities on the order of 1 mS
cm�1.34–36 Li10GeP2S12 (LGPS) was amongst the rst solid elec-
trolytes to meet or exceed conventional liquid electrolytes with
a conductivity of 12 mS cm�1 in 2011.37 Five years later, it was
surpassed by Li10SiP2S12 (LSPS) which reached an astonishingly
high conductivity of 25 mS cm�1.14

Despite a huge amount of interest in ceramic-sulde solid
electrolytes due to their exceptional conductivities, there have
been contradictory reports with regards to their electrochemical
stability. Solid-state batteries based on ceramic suldes have
been demonstrated with good cyclability up to around 4 V as
well as at large current rates (18C or approximately 3 minutes
for full charge/discharge).14 These results imply that ceramic
suldes are either stable up to around 4 V or, at the very least,
kinetically stable. Some other experimental results have sug-
gested that ceramic suldes are not, in-fact, stable in this
voltage range. Oxidation of ceramic suldes above 2.5 V has
been reported by cyclic-voltammetry measurements.24 Ab initio
computation agrees with later experiments, predicting that
LSPS and LGPS are only stable at room temperature in a narrow
voltage range of approximately 1.7–2.1 V.25,26 Moreover,
computation predicts that at 4 V, the reaction energy of LSPS/
LGPS oxidation is on the order of �1 eV per atom (approxi-
mately �1500 kJ mol�1). To further complicate these contra-
dictory reports, ceramic suldes have also demonstrated
a propensity to react with common electrode materials.28,29

Despite being cycled to 4 V with LiCoO2 (LCO) for over 1000
cycles, computational studies have suggested that ceramic
suldes will react with LCO with a reaction energy on the order
of �300 meV per atom, indicating the importance of the
cathode coatingmaterial of LiNbO3 used for interfacial stability.

Recent studies have suggested a unifying theory to help
understand these disparate experimental and computational
results.38 Ceramic suldes can undergo substantial volume
expansion upon oxidation. This suggests that the decomposi-
tion can be signicantly perturbed by the introduction of
mechanical constriction that resists such expansion. In experi-
ments, mechanically constricted core–shell morphologies have
moved the onset of oxidation from circa 2.5 V to in excess of 5
V.38,39 Theoretical considerations have shown that the pressure
inducedmetastability can reach 4 V and the introduction of new
kinetic limitations can further expand the functional voltage
window. Additionally, such mechanical constraints also play
a major role in the interfacial stability of ceramic suldes with
common active materials. These new scientic understandings
have opened the door to design principles that can enable the
development of practical solid-state batteries based on ceramic
suldes.

These mechanically induced stability mechanisms could
also, in principle, be implemented with oxide solid electrolytes
to obtain even larger stability windows. As will be discussed in
Section 3, the mechanical stabilization mechanism is directly
dependent on the electrolyte's bulk modulus. Suldes typically
have bulk moduli on the order of 25–30 GPa, whereas those of
oxides are on the order of 110–120 GPa.40 Thus it is possible that
the mechanically induced stability is even more pronounced in
This journal is © The Royal Society of Chemistry 2019
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oxides than in suldes. However, such a mechanical constraint
requires the formation of a dense pellet, which could be chal-
lenging for oxides with such stiffmoduli by low-cost procedures
like cold pressing, and instead requires high temperature sin-
tering or thin lm techniques.

In this review, we focus on updating the audience on recent
developments that suggest that mechanical constriction can be
used to improve the operating performance of sulde based
solid-state batteries. Moreover, we highlight evidences that
mechanical constriction may have played a role in many prior
studies that, while not considering the constriction explicitly,
adopted experimental methods in which it actually plays an
important role. The possibility that the non-standardized
constriction between literature studies may be responsible for
the variability in reported stabilities is discussed.

In Section 2, we provide a brief overview of the historical
progression of the sulde electrolyte eld along the pathway of
glassy, glass-ceramic, ceramic, and constrained ceramic
suldes. This progression is discussed in terms of the moti-
vating factors of improved conductivity and the inherent costs
to electrochemical stability. Comparing the results of prior
sulde studies, we highlight that there have historically been
widely varying reports of electrochemical stability amongst
similar materials. Moreover, the magnitude of the variability
suggests the existence of an uncontrolled experimental degree-
of-freedom. Section 3 provides an overview of recently devel-
oped theoretical frameworks for understanding this constrain-
ing degree-of-freedom. This understanding suggests that the
variability in historical reports may be due to using non-stan-
dardized microstructures of electrolytes and methods for
battery testing with regard to the mechanical constraint of the
electrolytes. Section 4 details computational methods and
results that are relevant to mechanically constrained solid-state
batteries, including both bulk and interfacial calculations.
Finally, concluding remarks constitute Section 5.
Fig. 1 (a) Conductivity versus composition for glassy sulfide solid-electr
from Elsevier. (b) Temperature dependence (1000K/T) of conductivities
permission from Elsevier.

This journal is © The Royal Society of Chemistry 2019
2. Experimental history
2.1 Background

Since inception, the sulde eld has been principally focused
on developing solid electrolytes with a comparable ionic
conductivity to that of their commercial liquid counterparts.
Recently, with materials such as LGPS/LSPS achieving these
conductivity goals, the amount of attention given to electro-
chemical stability has increased dramatically. Below is a brief
overview detailing how experimental conditions relevant to
mechanical constriction (e.g. pressurized cells and glass
embedding matrices) originated from the pursuit of high
conductivity and ultimately became common place within the
eld. In accordance with these historical norms, mechanically
relevant developments are introduced here in terms of the
eld's pursuit of conductivity. However, a detailed analysis on
the impact on ionic conductivity is outside the scope of this
work. Such a detailed overview can be found in ref. 1, 3–7, 41
and 42.

2.1.1 Glass suldes. Glass suldes rst reached promi-
nence in the 1980's as one of the earliest high performance solid
electrolytes.3,41,43 The basic structure of glass sulde systems
consists of Li2S plus glass formers such as GeS2,44 SiS2,31,45 or
P2S5.46,47 While the conductivity of glass suldes is typically one
to three orders of magnitude less than that of the industrial
standards set by liquid electrolytes, they are amongst the
highest conductivity glasses. Fig. 1a depicts the relative scale of
conductivity for sulde glasses versus the next most promising
family, oxide glasses.47 Compared to crystalline solid electro-
lytes at that time, these glassy phases enjoy the benets of
isotropic conduction, decreased grain boundary resistances,48

and high conductivity with a variety of compositions. An addi-
tional advantage of glass suldes over other solid electrolytes is
the compatibility with multiple synthesis techniques, poten-
tially easing the barriers to commercial adoption. Some of the
most prevalent synthesis methods for glassy sulde electrolytes
olytes at room temperature. Reproduced from ref. 47 with permission
for (100 � z)(0.6Li2S$0.4SiS2)$zLi4SiO4. Reproduced from ref. 51 with

J. Mater. Chem. A
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Fig. 3 (a) Temperature dependency of the conductivity of 70Li2-
S$30P2S5 samples prepared by mechanical milling or a solid-state
reaction. LIPON, a typical oxide solid electrolyte, is also shown. (b) XRD
patterns of (a) the 70Li2S$30P2S5 glass, (b) the glass ceramic, and (c) the
sample obtained by the solid-state reaction. Both images reproduced
from ref. 34 with permission from John Wiley and Sons.
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have been quenching, twin-roller quenching, and mechano-
chemical milling.31,44,49,50

Glass suldes experience characteristic ionic conductivities
on the order of 10�3 to 100 mS cm�1 and stability windows that
can exceed 4 V. Successful pursuits to reach the higher range of
conductivities have included the doping of a small amount of
oxide51–53 or halide salts49,54 as well as the adoption of pressur-
ization to improve contact and reduce the presence of voids.55

Fig. 1b, for example, shows the impact of oxide doping in the
system (100 � z)(0.6Li2S$0.4SiS2)$zLi4SiO4. A small (5 mol%)
doping is seen to approximately double the ionic conductivity of
the glass. Pressing 80LiS2 + 20P2S5 glass pellets at pressures up
to 360 MPa was shown to decrease the presence of voids and
increase the conductivity by nearly an order of magnitude.55 The
adoption of battery cells which remain pressurized during
electrochemical cycling (illustrated in Fig. 2) has become
a common place.3,46,56 In a study on silicon anodes by Piper
et al.,57 this pressurization of the cell has been considered as an
independent variable, and the impact on battery operation
beyond just conductivity has been reported. In many other
studies, particularly those focused on increasing the conduc-
tivity, however, pressurized cells have simply been listed as an
experimental detail rather than a systematic point of study.

2.1.2 Glass-ceramic suldes. An alternative approach to
improve the conductivity of glass suldes has been partial
crystallization to form the so-called glass-ceramic suldes.34,58–61

These phases consist of crystalline materials embedded in
a matrix of glass suldes. Generally, partial crystallization is
considered to reduce the bulk conductivity, as most crystalline
phases are poor ionic conductors. However, in specic cases,
the crystallized phase can be highly conductive, leading to bulk
conductivities that surpass the values of the parent glass. For
example, this phenomenon is depicted in Fig. 3a and b for the
composition 70Li2S + 30P2S5 (mol%).34 In this case, the base
glass was synthesized via mechanochemical milling of crystal-
lized Li2S and P2S5. The glass had a room temperature ionic
conductivity of 5.4 � 10�2 mS cm�1. Crystallization was
Fig. 2 Typical solid-state battery cell design for applying and main-
taining pressure. Reproduced from ref. 57 with permission from the
Electrochemical Society.

J. Mater. Chem. A
performed by heating to 240 �C for 2 hours, resulting in a glass
ceramic with a drastically improved room temperature ionic
conductivity of 3.2 mS cm�1. In contrast, the same precursors
were used for solid-state synthesis and resulted in an ionic
conductivity of 2.6 � 10�5 mS cm�1. As shown in the XRD
pattern of Fig. 3b, the crystallization step and solid-state
synthesis resulted in completely different crystal phases. The
solid-state reaction produced the low conductivity phases
Li4P2S6 and Li3PS4. Recrystallization, however, resulted in an
unknown crystalline phase with high conductivity (later deter-
mined62 to be Li7P3S11).63

Later work showed that this high conductivity Li7P3S11 (LPS)
phase could also be crystallized directly from the melt via
quenching, suggesting that it is the thermodynamically favored
phase at high temperatures.64 This is in contrast to the low
temperature favored low conductivity phases Li4P2S6 and
Li3PS4. Thus, it was concluded that while LPS is not a thermo-
dynamically stable phase at room temperature, it can become
metastable at room temperature when embedded in certain
glassy matrices. However, the mechanism by which this meta-
stability arises has been little studied.

2.1.3 Thio-LISICON. Amongst the rst crystalline lithium
solid electrolytes families to be discovered was the oxide lithium
superionic conductor (LISICON) family.65 The LISICON family is
based on the framework Li16�2xDx (TO4)4 where D and T
represent divalent and tetravalent cations, respectively. The
LISICON member Li14Zn(GeO4)4 was recorded as achieving
a remarkable 100 mS cm�1 conductivity at elevated tempera-
tures.65 The sulde equivalent, thio-LISICON family, was intro-
duced based on a similarly structured Li4GeS4 framework.66,67

The introduction of lithium vacancies via phosphorus substi-
tutions (VLi

1� � PGe
1+) resulted in crystalline phases with

conductivities as high as 2.2 mS cm�1 at room temperature.66

Varying the vacancy concentration from x ¼ 0 to 1 in Li4�x-
Ge1�xPxS4 resulted in a seemingly continuous shi in the XRD
signature as shown in Fig. 4a from that of Li4GeS4 to Li3PS4.
Analysis of the lattice parameters (Fig. 4b), however, indicated
that the cation ordering could be separated into three distinct
ranges. Thio-LISICON I are those for which x < 0.6, whereas
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) XRD patterns of Li4�xGe1�xPxS4. (b) Compositional dependence of the lattice parameters (a, b, and c) and angle b of Li4�xGe1�xPxS4
determined by XRD analysis. (c) Compositional dependence of ionic conductivity. (d) CV of a Li/Li3.25Ge0.25P0.75S4/Au cell. All images reproduced
from ref. 66 with permission from the Electrochemical Society.
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thio-LISICON II and III have 0.6 < x < 0.8 and x > 0.8,
respectively.

The ionic conductivities of Li4�xGe1�xPxS4 are seen to
increase monotonically with x in regions I and II (Fig. 4c) before
sharply decreasing in region III. The maximum conductivity
reached was 2.2 mS cm�1, which occurred in region II at x ¼
0.75. The other region II compositions (x ¼ 0.65, 0.7) were the
only others to exceed the 1 mS cm�1 threshold. Cyclic voltam-
metry (CV) was performed using a Li/Li3.25Ge0.25P0.75S4/Au cell
to evaluate the electrochemical stability window. With the
exception of lithium deposition and dissolution (Li+ + e� 4

Li(m)), negligible current was seen in the window of �0.5 to 5 V
(Fig. 4d).

2.1.4 LGPS/LSPS. Li10GeP2S12 (LGPS) was rst demon-
strated by Kamaya et al.37 to have a remarkably high room
temperature conductivity of 12 mS cm�1, making it the rst
room temperature solid electrolyte to reach typical liquid elec-
trolyte conductivities. Five years later, its silicon analog, Li10-
SiP2S12 (LSPS), provided an even greater conductivity of 25 mS
cm�1.14 LGPS and LSPS are tetragonal crystals with highly
conductive channels running alongside the c-axis. Additional
channels in the ab-plane allow three-dimensional conduction.
The structure of LGPS consists of a framework of PS4 and LiS4
tetrahedra, LiS6 octahedra and disordered68 (Ge0.5P0.5)S4
This journal is © The Royal Society of Chemistry 2019
tetrahedra. As depicted in Fig. 5, the c-axis of LGPS consists of
one-dimensional chains of edge-sharing (Ge0.5P0.5)S4 tetrahedra
and LiS6 octahedra. Those chains are in turn connected by PS4
tetrahedrons. LGPS differs from thio-LISICONs in structure by
the ordering of (Ge/P)S4 tetrahedra.69

Understanding the mechanism by which LGPS and LSPS
derive this remarkable conductivity has been the subject of
intense computational and experimental work. He et al.70

showed that LGPS experiences low lithium migration barriers
when multiple lithium ions move in concert, rather than in
single ion steps. Additionally, both experiment and compu-
tation have shown that the lithium ion conduction is largely,
but not exclusively, along the c-axis channels.25,71 The
importance of the ab-plane diffusion pathway is believed to
be that it enables transitions from one one-dimensional
channel to another. In the event of a defect or a blocked
channel, these pathways would allow alternative diffusion
routes to circumvent the blockage.25,69,71 The presence of such
c-axis channel blocking events is extremely likely in the
thermodynamic limit, hence the need for a three-dimen-
sional mechanism is paramount. Recent work has conrmed
this anisotropic mechanism in single crystal LGPS.72 In short,
LGPS and LSPS combine the high conductivity of one-
J. Mater. Chem. A
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Fig. 5 The structure of LGPS. (a) The ion conduction framework. (b) One-dimensional chains formed by LiS6 octahedra and (Ge0.5P0.5)S4
tetrahedra, which are connected by a common edge. (c) Conduction pathways of lithium ions. Zigzag conduction pathways along the c axis are
indicated. Lithium ions in the LiS4 tetrahedron (16h and 8f sites) participate in ionic conduction. Reproduced from ref. 37 with permission from
Springer Nature.
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dimensional diffusion pathways with the robustness of three-
dimensional pathways.
2.2 Inconsistent stability reports

The initial reports on the stability of LGPS by Kamaya et al. were
surprisingly good.37 Not only could LGPS be synthesized (implying
chemical stability), but it also survived cycling in a battery cell with
an indiummetal anode and LiNbO3-coated LiCoO2 (LCO) cathode.
Such cycling clearly demonstrated that LGPS was sufficiently
electrochemically stable for battery operation. Similarly, LSPS was
used to construct solid-state full cells with lithium titanate (LTO)
anodes and LCO cathodes with good cyclability, indicating elec-
trochemical stability.14 Additionally, these full cells could sustain
charge–discharge currents of 18C (charge/discharge in circa 3
minutes). In this regard, LGPS/LSPS seemed to have joined the
growing number of sulde solid electrolytes with operational
electrochemical stability windows that reach above 4 V versus
lithiummetal.66,73–75 However, other reports indicated that this was
not the case and that battery cycling with LGPS/LSPS would quickly
decay.24,56 First principles calculations have supported the later
viewpoint, suggesting that the stability window for LGPS/LSPS is
limited to roughly 1.7–2.1 V versus lithium metal.24–26,29

Fig. 6 illustrates these complicated reports of electro-
chemical stability for LGPS and LSPS. Fig. 6a shows the initially
reported cyclic voltammetry (CV) for LGPS by Kamaya et al. No
J. Mater. Chem. A
decomposition peaks were reported from below 0 V to 5 V,
except for the lithium dissolution/deposition peaks. The battery
was constructed as Li/LGPS/Au in the CV test, where no carbon
was mixed with LGPS. Conversely, Han et al.24 drew a differing
conclusion that LGPS reduces in the range 0–2.0 V (Fig. 6b) and
oxidizes in the range 1–3.5 V (Fig. 6c) when combining carbon
in the LGPS cathode. Adjusting for the weight of LGPS in the
cathode (7.5 mg LGPS + 2.5 mg graphite), the oxidation current
is on the order of 0.001 A g�1. While this decomposition current
was quite small, the CV supported the computationally deter-
mined voltage range of 1.71–2.14 V. Fig. 6d–f from Wu & Fitz-
hugh et al.38 show how core–shell LSPS can change the
decomposition current by orders of magnitude depending on
the nature of the surrounding shell of the core–shell particle.
These measurements were made with carbon added and in the
absence of external pressure. The measured current rates
ranged from a small 0.01 A g�1 at the 3.1 V onset of decompo-
sition and around 0.1 A g�1 up to 5 V to a large 100 A g�1

catastrophic decomposition beyond 3.5 V depending on the
shell. This order of magnitude change was attributed to the
differing mechanical stabilization provided by each shell as will
be discussed in depth in Section 3. The decomposition currents
of 0.01–0.1 A g�1 observed between 3 and 4 V for strong core–
shell particles had no obvious detrimental effect on the solid-
state battery performance, and the voltage window was reported
to be 0.7–3.1 V, with a quasi-stable performance up to 5 V.38
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Various CV results for ceramic sulfides. (a) A 0–5 V CV sweep of LGPS shows no noticeable decomposition at any voltage. Reproduced
from ref. 37 with permission from Springer Nature. (b) Reduction experienced by LGPS in the 0–2.0 V range. Reproduced from ref. 24 with
permission from John Wiley and Sons. (c) Oxidation experienced by LGPS in the 1–3.5 V range. Reproduced from ref. 24 with permission from
John Wiley and Sons. (d–f) Orders of magnitude change in decomposition current experienced by core–shell LSPS as a function of synthesis
temperature. Temperature ranges from 400 to 500 �C. Images reproduced from ref. 38 with permission from Springer Nature.
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LSPS with a voltage window of up to 4.1 V paired with LCO was
also reported in an earlier solid state battery test,14 but without
any discussion of the microstructural morphology or mechan-
ical constriction effects.

These reports are compared in Table 1 to survey the dispa-
rate ndings for LGPS and LSPS. Voltage windows listed in
Table 1 are distinguished by computation (C), cyclic voltam-
metry (CV), and battery cycling (B). For computational windows,
the values given are the points where the hull energy exceeds the
thermal energy (see Section 4). CV windows are where signi-
cant redox currents begin whereas battery windows are the
voltage ranges in which the batteries were cycled. For reference,
CV results for a characteristically stable glassy sulde (0.7Li2S +
0.3P2S5) up to 5 V, an exceptionally stable glassy sulde
(95(0.6Li2S + 0.4SiS2) + 5Li4SiO2) up to 10 V, and a characteristic
glassy-ceramic sulde up to 4.3 V are also included. Computa-
tional predictions of the electrochemical stability of glassy
suldes are generally absent given the complexity in the atomic
structures.

Doping of LGPS, both isovalent (e.g. LSPS) and aliovalent, for
improved conductivity and/or stability has been the focus of major
research attention. The simplest doping scheme is the deviation of
LGPS away from Li10GeP2S12. For example, Du et al.68 computationally
This journal is © The Royal Society of Chemistry 2019
investigated the stability of LixGeP2S12 and concluded that it will lith-
iate [delithiate] at voltage below [above] approximately 1 V [3 V]. This
nonzero capacity suggests that lithiation/delithiation might improve
the electrochemical window. However, the energy gain of this effect is
only on the order of 100 meV per atom, which would not be able to
account for all of the voltage window widening reported previously.
XRD of LGPS with composition Li10+dGe1+dP2�dS12 showed smooth
shiing of the XRD peaks as d increased from 0 to 0.35.76 This implies
that the material is, in fact, a solid solution with respect to (Ge/P)S4
tetrahedra, as a stoichiometrically xed phase would require the
adoption of impurity phase(s) as the precursor ratio shis.

Ong et al.26 performed a systematic rst-principles study on
Li10�1MP2X12 where M ¼ Ge, Si, Sn, Al, P and X ¼ O, S, Se. The
chemical and electrochemical stabilities were studied using
convex hull analysis77 and the conductivity was evaluated using
ab initio molecular dynamics. This work concluded that sulfur
could not feasibly be replaced with oxygen or selenium. Oxygen
substituted structures were found to have large chemical
instabilities (>90 meV per atom) and poor lithium ion conduc-
tivity (circa 0.03 mS cm�1). Selenium substitution was predicted
to increase conductivity (24 mS cm�1) but came at the cost of
narrow electrochemical stability.
J. Mater. Chem. A
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Table 1 Electrochemical windows of sulfide electrolyte systems as
reported by experiment (cyclic voltammetry (CV) or battery (B)) or
computational prediction (C). Reported battery windows are not
exclusive (i.e. 2.5–4 V for a battery window does not mean that
a voltage outside that range is unstable). Computational and CV results
are exclusive as they represent the onset of electrochemical reduction
or oxidation

Electrolyte
type

Operating
window
type

Reported voltage
window

Computation
or
experiment Ref.

LGPS Wide 0–5 V (CV) Experiment 37
Narrow 1.71–2.14 V (CV + C) Both 24
Both Without constraint: 1.7–

2.1 V (C), with constraint:
1.25–4.0 V (B + C)

Both 39

LSPS Wide 2.5–4.1 V (B) Experiment 14
Narrow None Computation 26
Both Without constraint: 1.7–

2.1 V (C), with constraint:
0.7–3.1 V (B + C)

Both 38

Glassy
0.7Li2S +
0.3P2S5

Wide 0–5 V (CV) Experiment 78

Glassy
95(0.6Li2S +
0.4SiS2) +
5Li4SiO2

Wide 0–10 V (CV) Experiment 79

Glassy-
ceramic
0.8Li2S +
0.2P2S5

Wide 2.6–4.3 V (B) Experiment 47
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In short, there exists substantial variance in the reported
feasible operating window for ceramic-sulde based solid-state
batteries. The possible operating windows range from as narrow
as 1.7–2.1 V to as wide as 0–5 V and possibly even wider. These
results suggest that there exists an independent variable of
battery design that can control this operating range, offering the
wide stability needed for pragmatic battery development. Based
on computational studies26,68 regarding doping, it seems
unlikely that compositional differences between the afore-
mentioned studies could potentially account for this variability
in results. Moreover, the results of recent computational and
experimental studies suggest that unreported mechanical
differences in the experimental design may be able to account
for these disparate ndings.
2.3 Mechanical constriction

2.3.1 Internal stresses. A unique, and oen neglected,
aspect of solid-state batteries as compared to liquid counter-
parts is the mechanical coupling of various components. In
conventional battery cells, the liquid electrolyte is free to ow
and, hence, shields particles from the strain of other particles in
the adjacent neighborhood. With the exception of lithiummetal
cells,80,81 the effects of external stress are largely negligible in
liquid batteries. In solid-state batteries, however, this is not the
case. Zhang et al.82 showed, using in situ pressure measure-
ments, that solid-state batteries undergo “breathing” as
J. Mater. Chem. A
depicted in Fig. 7. On the le in Fig. 7 are the in situ results for
an indium metal anode paired with LCO. As the indium metal
alloys with lithium during cycling, very large periodic strains are
measured. These strains rise and fall as the battery cell cycles
lithium to and from the anode. The pressure accompanying this
cell breathing can be seen to uctuate by up to 1.25 MPa in each
cycle. This high strain anode is seen to have a poor cyclability. In
contrast, a low strain LTO anode is used for reference and
depicted on the right of Fig. 7. The adoption of LTO in place of
indium reduced the pressure uctuations during breathing
from 1.25 MPa to approximately 0.08 MPa. This pressure uc-
tuation decrease is seen to accompany an increase in the cell's
cyclability.

Whitely et al.83 investigated the effects of applying pressure
on a solid-state battery using a tin cathode and an indium–

lithium alloy anode. The electrolyte used was a glassy sulde
with composition 77.5Li2S–22.5P2S5. Batteries were cycled at
three distinct pressures (0.05 MPa, 10 MPa, and 20 MPa). It was
reported that 0.05 MPa was the lowest pressure that could be
used and ensure that the current collectors maintained a good
contact. Both the cyclability and the discharge capacity of the
batteries were shown to improve as the applied pressure was
increased. Similarly, Piper et al. showed57 that the introduction
of pressurized cells can modify the working potential of elec-
trode materials. In this case, a glassy-sulde based half-cell was
constructed using a silicon anode material as the cathode and
lithium metal as the anode. It was found that the introduction
of an applied pressure (up to 230 MPa) would increase the
chemical potential of the lithiated silicon. This is a direct
realization of an isothermal Gibbs–Duhem relationship (Nidmi
¼ Vdp).

Historically, pressurized battery cell congurations have
been prolic in the solid-state battery eld and particularly so in
sulde systems. Unlike liquid cells, where electrolyte soaking of
the active materials leads to conductive interfaces, solid-state
designs must account for voids, grain boundaries, and intimate
solid–solid contact. Pressurized cells have been implemented to
solve many, or all, of these issues. For example, hot pressing
80LiS2 + 20P2S5 glass pellets at pressures up to 360 MPa was
shown to decrease the presence of voids and increase the
conductivity.55 Typically, sulde based solid-state batteries are
fabricated via the pressing of powdered electrolytes into pellets,
rather than by thin-lm techniques. Fig. 2 demonstrates
a typical pressurized solid-state battery cell. Such systems typi-
cally consist of a modied die/punch apparatus. An insulating
die is used to inhibit internal short circuit andmetallic punches
are used as current collectors. The battery is assembled in the
die and then placed under an external pressure assembly.

As the eld has progressed from glassy to glass-ceramic to
ceramic sulde electrolytes, the use of pressurized cell designs
has remained constant.84 In 2012, for example, one year aer
discovery, the high rate discharge performance of LGPS was
compared with that of glass electrolytes in a similar assembly to
that in Fig. 2.85 The high conductivity of LGPS resulted in
a much improved high rate capability. Koerver et al.86 per-
formed a detailed analysis of the impact of pressurized cells on
the open-circuit voltage of solid state batteries (b-Li3PS4
This journal is © The Royal Society of Chemistry 2019

https://doi.org/10.1039/c9ta05248h


Fig. 7 In situ pressure measurements for solid state batteries. (a and b) Cycling and pressure data for a high strain anode (In metal anode). (c and
d) Cycling and pressure data for a low strain anode (LTO). Reproduced from ref. 82 with permission from the Royal Society of Chemistry.

Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
3 

Se
pt

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 H
ar

va
rd

 U
ni

ve
rs

ity
 o

n 
9/

14
/2

01
9 

9:
05

:3
7 

PM
. 

View Article Online
electrolyte), assuming that the pressure was homogenous
throughout the cell. The state-of-charge dependent reaction
volume was determined electrochemically via a linear regres-
sion between the applied pressure to the cell and the shi in the
cell's open circuit voltage (OCV). This contrasted with reaction
volumes determined by XRD. Ultimately, it was reported that
the OCV shi is on the order of 1 mV MPa�1.

In short, internal stresses are a key factor in the design of
solid-state batteries and are paramount to the progression of
the eld. Unlike the tradition liquid cell counterparts, particles
in solid-state cells do not have the luxury of [largely] decoupled
strain. That is, strain in one particle is not shielded from strain
in the neighborhood by conversion to hydrostatic pressure.
Moreover, the increased presence of strain also leads to changes
in the electrochemical behavior of the materials. The chemical
potentials of the individual components are fundamentally
coupled to stress via the Gibbs–Duhem relationship. While this
provides challenges to the development of solid-state batteries,
it also affords opportunities for more electrochemical control of
the devices. For example, Wu & Fitzhugh et al.38 showed that
microstructural modications that apply mechanical constric-
tion could expand the onset of oxidation in LSPS full cells from
2.1 V up to 5 V.
3. Theoretical considerations

The relationship between electrochemical lithiation/delithia-
tion and the deformation/stress experienced by active material
particles is well documented in the literature.87,88 Less studied,
but intimately connected from a theoretical point of view, is the
impact of stress on the electrochemical stability window of
solid-state electrolytes. As will be discussed below, the unique
This journal is © The Royal Society of Chemistry 2019
nature of solid-state battery systems is such that the active
materials and electrolyte particles interact via both electro-
chemical and mechanical mechanisms. Oen, this mechanical
inuence on the electrochemistry in solid-state batteries is seen
as an obstacle to be overcome. In this section, prior studies are
reviewed from an alternative point of view. It is suggested that
this perceived weakness could, in-fact, be a great potential
advantage for solid-state batteries. The electrochemical–
mechanical coupling provides a mechanism which can be used
to control lithium batteries in new and unprecedented ways.
Recent work that supports this point of view will be highlighted.

The coupling of strain to electrochemical lithiation/deli-
thiation in battery components results from a variety of mech-
anisms. The integration of these components and their
interactions gives rise to cell level coupling. It is this totality that
must be considered for optimal development of solid-state
batteries. In active materials, lithiation/delithiation occurs in
either intercalation, alloying, or conversion reactions. Each of
them is accompanied by varying amounts of strain resulting
from lattice vector distortions, defect formations or more
drastic phase transitions. Generally speaking, alloying and
conversion are accompanied by much more signicant strains
than intercalation. For solid electrolytes, decomposition is most
akin to conversion reactions, where the electrolyte decomposes
to a series of other phases. For example, at high voltage LGPS is
expected to decompose to GeS2 + P2S5 + S + Li(m).24–26 These
conversion decomposition reactions are not expected to be
reversible. On the other hand, ab initio calculations have sug-
gested that lithium excess/depleted LGPS is more stable at low/
high voltages than stoichiometric LGPS, respectively.68 This
implies that such electrolytes do maintain certain intrinsic
lithium capacity. This was conrmed by the construction of
J. Mater. Chem. A
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a pure-LGPS battery with LGPS serving as the cathode, electro-
lyte and anodematerial in a limited voltage range.89 However, as
discussed in the Experimental history section (Fig. 6), going
beyond a certain voltage range was found to decompose LGPS,
with the reported ranges varying between studies.24,37,38 Like the
active material analogs, electrolytes that decompose via phase
transitions are expected to experience far larger strains than
those that are partially lithiated/delithiated.

This section is organized as follows. In subsection 3.1, an
overview of the thermodynamics of electrochemical–mechan-
ical coupling is provided. Relevant thermodynamic theory
provides a foundation to discuss exciting recent work in
mechanical stabilization of LGPS/LSPS. The stresses experi-
enced in a solid-state battery system as a result of such
mechanical stabilization are the subject of subsection 3.2.
Subsection 3.3 discusses the impact of the decay morphology on
voltage window widening. The second order effects of
mechanical stabilization are introduced in subsection 3.4.
Finally, the relationship between these thermodynamic theories
and the experimentally observed lithium dendrite formation in
ceramic suldes constitutes subsection 3.5. This nal subsec-
tion will also tie together the quantied theories of mechanical
stabilization and passivation layer theory for solid-state elec-
trolytes. In each of these subsections, discussion will be
included that evaluates various studies from the preceding
Experimental history in light of the theoretical topic presented.
† The repeated indices of tensor elements imply summation (Einstein notation).
3.1 Mechanically induced metastability

The physical picture of mechanically induced metastability,
introduced by Wu & Fitzhugh et al.,38 stems from the fact that
LGPS and LSPS tend to expand signicantly upon decomposi-
tion. For example, the high voltage decomposition of LGPS was
predicted to be Li10GeP2S12 / 10Li(m) + P2S5 + GeS2 + 5S by ab
initio calculations.24 In the absence of pressure, this decompo-
sition is accompanied by over 30% volume expansion.
Mechanically induced metastability arises from the application
of a mechanical constraint such that this volume expansion
negates the electrochemical driving energy. For simplicity,
isotropic models of the electrolyte are typically considered.38,39

Polycrystalline values are used for moduli by averaging Voigt
and Reuss models.90 This approach has the added benet that it
reects that, in practice, battery designers use polycrystalline
pellets of pressed electrolytes rather than single crystals. The
general physical picture of mechanically induced metastability
resulting from this reaction strain is illustrated in Fig. 8. In
short, mechanical constriction can improve the experienced
stability window by introducing an energy barrier that inhibits
structural decay.

To quantify the metastability of the electrolyte, the problem
is framed in terms of the decomposed fraction (xD) of the
material.38,39 The Gibbs energy of partially decomposed LGPS is
G(xD) ¼ (1� xD)GLGPS + xDGD, where GLGPS and GD are the Gibbs
energies of pristine and decomposed LGPS, respectively. The
total decomposition reaction energy is G(1)�G(0). Pristine LGPS
(xD ¼ 0) is metastable whenever the inequality of eqn (3.1) is
satised. In this case, an increase in the fraction of LGPS that is
J. Mater. Chem. A
decomposed will increase the system's Gibbs energy and hence
is not probable (Fig. 8a). Note that this inequality is evaluated
only at xD ¼ 0. This guarantees the metastability of the pristine
state, but it does not require the more stringent condition that
the pristine LGPS is properly stable. This fact has important
implications for the strain experienced in the particles and will
be discussed in depth in the following sections.�

vG

vxD

�
xD¼0

. 0 (3.1)

The Gibbs energy given above, G(xD), represents a coarse-
grained model for this system. That is, the volumetric Gibbs
energy of a small, but still macroscopic, subsystem of the pellet
in question is given by the average volumetric Gibbs energy
within that subsystem. For example, if the material in this
subsystem is half pristine (xD ¼ 0) and half decomposed (xD ¼
1), then the subsystem is, on average, xD ¼ 1/2 and has Gibbs
energy G(1/2) to be within surface effects. The volume expansion
discussed above is termed the “reaction strain”38 and dened as
eRXN ¼ V�1(xD ¼ 0)(V(xD ¼ 1) � V(xD ¼ 0)). The average volu-
metric reaction strain within the subsystem is given by 3 ¼
xD3RXN. Within the elastic limit, the average pressure within the
subsystem is given by an effective bulk modulus (Keff) to be p ¼
Keff3 ¼ xDKeff3RXN. The elastic limit of the subsystem is justied
in the limit of xD / 0, where pressure and strain both trend
towards zero. Different decay morphology models can be used
to estimate Keff (Section 3.3) for a given mechanical constraint.
Three morphologies are plotted in Fig. 8b and discussed in-
depth in Section 3.3. Fortunately for stabilization attempts, the
actual decay morphology appears to be that of inclusion decay,
which has the highest value for the effective modulus.39

Following the notation of Eshelby,91 the coarse-grained
stress tensor (s) of the subsystem is expressed in terms of
deviatoric stress/strain tensors (sd) and a generalized pressure�
p ¼ �1

3
trðsÞ ¼ �1

3
sii

�
.†39 Similarly, the strain tensor (3) is

divided into deviatoric (3d) and volumetric strain 3V ¼ V0
�1(V �

V0), where V0 is the volume of the subsystem in its reference
[undeformed] state. The deviatoric components are given by

sdij ¼ sij + pdij and 3dijh3ij � 1
3
3Vdij . By adopting this convention,

the work differential can be expressed as eqn (3.2) and the Gibbs
differential as eqn (3.3).39

dW ¼ V0s
d
ijd3

d
ij � pdV (3.2)

dG ¼ �SdT + midNi + Vdp � V03
d
ijds

d
ij (3.3)

Combining eqn (3.1) with (3.3), neglecting the deviatoric
components which are expected to be smaller and applying the
coarse-grained pressure model, the metastability condition
becomes:
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 (a) Pictorial description of metastability in ceramic sulfides. Gibbs energy is plotted versus decomposed fraction (xD). For adequately steep
Gstrain(xD), the total Gibbs energy has a positive slope in the pristine case (xD¼ 0). (b) Pressure build up due to reaction strain in either a hydrostatic
model of varying thickness or an inclusion model. The inclusion model was shown to be the infinite thickness limit of the core–shell model.
Reproduced from ref. 39 with permission from John Wiley and Sons.
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V3RXNKeff . �
�
mi

vNi

vxD

�
xD ¼ 0

¼ �DG0
RXN (3.4)

where the right-hand side, dened as �DG0
RXN, is the reaction

energy of the decomposition in an unconstrained system (i.e.
�DG0

RXN ¼ G(1) � G(0) ¼ GD � GLGPS).38,39

The metastability condition of eqn (3.4) allows for calcu-
lating the effects of the mechanical constraint on the voltage
window, using Keff ¼ (bmaterial + bconstraint)

�1 where b represents
the compressibility of either the material or the constraint.38

Fig. 9a shows the voltage window widening of LGPS and LGPS
doped derivatives, as a function of a core–shell constraint
mechanism (bconstraint ¼ bshell). The limit of isovolumetric
constraint corresponds to bconstraint / 0, whereas bconstraint /
N represents no constraint. Such a constraint can be realized
through thin or thick core–shell structures, as in the case of
Fig. 8b (Section 3.3). For nearly isovolumetric constraints, the
voltage window has widened from approximately 1.7–2.1 V to
0�3.6 V (Fig. 9a). This calculation was performed following the
perturbation method discussed in Section 4. For the core–shell
structure presented in ref. 38, the estimated bconstraint was
approximately 0.03 GPa�1 with a predicted stability of 0.7–3.1 V.
This prediction was in excellent agreement with cyclic voltam-
metry (CV) measurements for the core–shell LSPS stability. As
will be discussed in Section 4, the nearly isovolumetric
constraint in Fig. 9b was applied through minimizing�

vG
vxD

�
xD¼0

. This approach is quantitatively stricter than that

shown in Fig. 9a as all the possible decomposition reaction
pathways were considered simultaneously. The predicted high
voltage stability in Fig. 9b is slightly wider to nearly 4 V at Keff ¼
20 GPa.

An alternative derivation of this effect arises directly from the
Gibbs–Duhem relationship. For conventional battery cells that
do not experience pressure or temperature changes, the Gibb–
Duhem relationship reads Nid(mi + qif) � Vdp + SdT z Nid(mi +
This journal is © The Royal Society of Chemistry 2019
qifi) ¼ 0 where mi and qif are the chemical and electrostatic
potentials of element i, respectively. This necessitates the rela-
tionship between the cell voltage and the lithium chemical
potential to be DmLi ¼ �qLiDf. That is to say that, for example,
when the cathode is charged to 4 V above the anode, the cath-
ode's chemical potential is �4 eV relative to the anode's
chemical potential. In other words, the equilibrium lithium
electrochemical potential (mLi + qLif) is constant throughout the
battery cell as any increase in the voltage is cancelled by a cor-
responding decrease in the chemical potential. However, the
case of solid-state batteries can deviate from this model, as the
pressures are no longer negligible. Instead, the equilibrium
condition becomes DmLi¼�qLiDf + rLi

�1Dp where rLi ¼ NLiV
�1.

Hence, returning to the above example, the chemical potential
of a subsystem in the cathode does not need to be �4 eV below
that of the anode when charged to 4 V as the pressure can
contribute signicantly. For LGPS/LSPS, rLi

�1 z 50 Å3 per
lithium leading to a pressure term on the order of 300 meV per
atom per GPa of pressure generated via reaction strain (Fig. 8b).

As discussed in depth in Section 2, glassy-ceramic sulde
solid electrolytes consist of metastable crystalline structures
embedded in a glassy matrix. For example, Li7P3S11 was found
to crystallize within a glassy matrix at high temperature.62 It was
concluded that Li7P3S11 is only chemically stable at high
temperatures. Its existence within the glassy-ceramic implies
that the glassy matrix provides an environment in which
Li7P3S11 is metastable at room temperature.41 In other words, in
the absence of the glassy matrix, Li7P3S11 cannot be stable at
room temperature as it will spontaneously decay. The mecha-
nism by which the glassy environment stabilizes such phases, to
the author's knowledge, has not yet been understood. However,
the above outlined theory offers a viable explanation for this
stabilization.

In ref. 38 and 39, core–shell microstructures are used to
widen the electrochemical stability windows of LGPS and LSPS.
Unlike Li7P3S11, LGPS and LSPS are chemically stable at room
J. Mater. Chem. A
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Fig. 9 Comparison of metastable calculation procedures. (a) Chemical potential window versus lithiummetal for LGPS, and doped derivatives, in
the hydrostatic limit, calculated via the perturbationmethod. The effective compressibility is given by the LGPS bulkmodulus (KLGPS) and the shell
compressibility (bshell) via the relationship Keff

�1 ¼ KLGPS
�1 + bshell. (b) Chemical potential window versus lithium metal for LGPS, and doped

derivatives, in the hydrostatic limit, calculated via the minimization of the Gibbs slope in the pristine case. Reproduced from ref. 39 with
permission from John Wiley and Sons.
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temperature and, hence, can be synthesized.14,37 However, LGPS
and LSPS are not electrochemically stable outside the range of
approximately 1.7–2.1 V versus lithium metal.24–26 The applica-
tion of rigid amorphous shells can drastically improve this
stability window.38,39 This same mechanical stabilization
mechanism may be responsible for both the chemical meta-
stability of Li7P3S11 and its wide electrochemical window when
embedded in a glassy matrix. In such a case, the glassy matrix
would not only provide improved conduction between the
Li7P3S11 particles, but also provide the mechanical constriction
needed for voltage and chemical stabilities. In short, the glassy
matrix is analogous to the shell in ref. 38 and 39. By providing
constriction that resists decay, the glassy matrix and/or rigid
shell inhibit the decay of the electrolyte material.
3.2 The stresses experienced

Mechanical work within a battery can be the result of either
elastic deformation or an external load. In elastic deformation,
stresses acting on the material deviate the lattice parameters
away from the equilibrium state. The energy of such deforma-

tions scales as
1
2
E32V0 where

1
2
E32 is the elastic energy density

and V0 is the volume of the reference state. External loads
represent the work done to assemble a phase in the presence of
an external stress (s). The work done to assemble a reference
state with volume V0 in the presence of a pressure p is pV0.

Koerver et al.86 showed that the open circuit voltage (foc) of
a solid state full cell follows the anticipated relationship when
pressurized �

vfoc

vp

�
T ;ni

¼ � 1

e
DrVm (3.5)

where e is the charge of an electron and DrVm is the reaction
volume (i.e. the change in volume experienced as a result of
J. Mater. Chem. A
discharge). The relationship of eqn (3.5) arises from the external
load mechanism, rather than elastic deformation. The work
needed to assemble the charged materials of volume Vc in the
presence of an external pressure (pc) is pcVc. The same can be
said for the discharged materials, with work pdVd. Thus, the
change in work occurring from an external load is DW ¼ pdVd �
pcVc. For the case of constantly maintained pressure (p ¼ pc ¼
pd), the work is given by DW ¼ p(Vd � Vc) ¼ pDrVm. Due to the
requirement that the discharge reaction does this work in order
to change the volume and proceed, the open circuit voltage
reduces foc / foc � DW/e, which in turn yields eqn (3.5).
Physically, eqn (3.5) represents the net effect of the free energy
cost of assembling a discharged phase plus the free energy gain
of disassembling a charged phase. Note that the moduli of the
phases have not been considered. Even in the event that the
moduli trend towards innity, and thus 3 ¼ 0 and there is no
deformation energy, this open circuit voltage effect remains.
However, changes in the elastic deformation can also
contribute to changes in the open circuit voltage.

The stresses resulting from decomposition differ from those
in the above case in two principal ways. First, the decomposi-
tion stresses are quite localized in solid-state batteries. The
pressure resulting in eqn (3.5), in contrast, is assumed to be
relatively constant throughout the battery cell. When a ceramic
sulde solid electrolyte decomposes, it tends to do so by
forming inclusions.39 The nature of these inclusions is that
there could be considerable stress within the inclusion and in
the nearby pristine material, but the stress quickly decreases
with increasing distance from the inclusion. The second major
difference is that the stresses being discussed are not always
experienced. That is, the stresses in question are the stresses
that would only occur in the event of a decomposition. Whether
or not those stresses are realized depends on whether that
reaction is thermodynamically favorable. For example, when
This journal is © The Royal Society of Chemistry 2019
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eqn (3.1) or (3.4) is satised, no decomposition is predicted and
hence the pressure p¼ Keff3RXN will not be experienced. When it
is not satised, however, the decomposition will proceed and
the stress will occur.

It is important to note that the metastability of eqn (3.4) is
distinct from high-pressure stability. For high-pressure
stability, both the reactants and products are evaluated at the
same pressure. In the example leading to eqn (3.5), the charged
and discharged phases were both evaluated at a pressure p ¼ pc
¼ pd. Accordingly, the change in open circuit voltage repre-
sented the change in the high-pressure stability of the charged
phase. In contrast, for mechanically induced stability (i.e. eqn
(3.4)), the products and reactants are not evaluated at the same
pressure. For example, in pristine LGPS, there is no decompo-
sition induced stress. However, once decomposition does occur
in a subsystem, the subsystem becomes pressurized. Hence, the
decomposed products exist at an elevated amount of stress
relative to the pristine LGPS. This increase in the amount of
stress following decomposition is the pressure given by Keff3RXN.
In short, the thermodynamic comparison to bemade is between
the product (e.g. LGPS/LSPS) at [nearly] zero stress and the
reactants at pressure Keff3RXN.

A natural question to arise in light of the mechanically
induced stability using a core–shell design is regarding the
strength of the shell. That is, can the shell adequately contain
the generated pressures without fracturing? Or more generally,
when do mechanical constraints fail to constrain rather than
stabilize the electrolyte? Eqn (3.4) is derived in the innitesimal
limit. That is, a decay in which a subsystem goes from xD ¼ 0/
0 + dxD is accompanied by an increase in the pressure p ¼ 0 /

0 + dp ¼ Keff3RXNdxD. If this decay is not thermodynamically
favorable (i.e. eqn (3.4) is satised), then no more pressure will
build up. Hence, the only thermodynamic requirement on the
constraining system is with regards to the effective modulus.
The strength of the system is not a thermodynamically
mandated quantity.

However, the strength of the constraint does have
a substantial potential impact on the kinetics of decomposition.
In Fig. 8a, the fracturing of the constraint is said to occur at
a decomposed fraction xf. That is, the maximum stress that the
system can handle without failure occurs at xf. For strong
systems (thick core–shell microstructure, inclusion decay
morphology, or densely packed pressurized battery cells) this
failure point will be much higher than for weak systems (thin
core–shell microstructures). The barrier posed by such a frac-
ture limit is Gbarrier ¼ Gʹ(xf) � GLGPS. Metastability only requires
that Gbarrier > 0, which is guaranteed by eqn (3.4). However, even
if the material is metastable, the decomposition rate will scale
as exp(�Gbarrier/kBT). Thus, a stronger constraint will have
higher xf, and by extension a higher barrier, and will decompose
at a slower rate. In short, the constraint should be strong
enough to be able to withstand thermal uctuations of the
electrolyte at about xD ¼ 0.

This section has surveyed stresses experienced in solid-state
batteries as is relevant to the stability of solid electrolytes. The
mechanical properties of the constraining system needed for
practical ceramic suldes were discussed in terms of both
This journal is © The Royal Society of Chemistry 2019
thermodynamics and kinetics. Most importantly, the discus-
sion focused on the absence of pressure in the metastable state.
Whenever eqn (3.4) is satised, it is thermodynamically pre-
dicted that there will be no pressure in the pristine electrolyte.
When considering kinetics, there will likely be small thermal
uctuations in the experienced pressure in the zero-pressure
state, but these uctuations should be innitesimal in any
macroscopic subsystem of the electrolyte. The constraint
should be rigid enough to satisfy eqn (3.4) and strong enough to
reverse small thermal uctuations.
3.3 The impact of the decay morphology

The effective modulus (Keff) used in eqn (3) relates the average
pressure in a subsystem to the average reaction strain within
that volume (p(xD) ¼ Keff3(xD) ¼ KeffxD3RXN). The precise value of
the effective modulus depends both on the material properties
of the subsystem and the mechanical nature of the neighbor-
hood. This dependence of Keff on the neighborhood leads to the
dependence on the morphology of the decay. That is, in order to
know Keff for a given conguration, the conguration of the
decayed products must be accounted for. Ref. 39 compared
experimental stability results for core–shell LGPS with predic-
tions from two decay morphology extrema (Fig. 8b). In the rst
extrema, termed “hydrostatic” decay, the decomposed fraction
was taken to be constant everywhere within the LGPS particle.
In the second, the decay morphology was assumed to be that of
spherical inclusions. That is, the decay fraction was 1 within
a spherical region and 0 elsewhere. It was shown that the
spherical inclusion model provided a larger value of Keff and
better matched experimental results.

In the hydrostatic model, the local decomposed fraction was
taken to be equal everywhere within the core of the core–shell
particle (xD(~r) ¼ xD for arbitrary~r within the core). In this case
the effective bulk modulus of the system was the parallel
addition of the core's material modulus and the modulus of the
shell (Keff

�1 ¼ KLGPS
�1 + Kshell

�1). The modulus of the shell
represents how much the shell will respond to pressure within
the core and is a function of both the shell's material properties
and the geometry. Keff was calculated for thin and thick core–
shell structures where both the core and shell materials had
a modulus of K ¼ 30 GPa and a Poisson ratio of n ¼ 0.2. It was
found that when the thickness of the shell is approximately
equal to the radius of the core (i.e. thick shell) the effective
modulus was on the order of 13 GPa. When the thickness of the
shell was only one tenth of the core radius, the effective
modulus dropped to 4 GPa. These values correspond to the
slopes in Fig. 8b.

However, experimentally, a thin core–shell was applied to
LGPS using ultrasonication (thickness approximately 10% of
the core radius). The value of Keff was found by comparing the
voltage window widening as determined by cyclic voltammetry
with eqn (3.4). The determined Keff was approximately 15 GPa –

well beyond the 4 GPa expected for hydrostatic decay.
A spherical inclusion model was constructed which distin-

guished the average decomposed fraction �xD from the local
decomposed fraction xD(~r). In this model, it was assumed that
J. Mater. Chem. A
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the LGPS decomposed in local inclusion spheres such that xD(~r)
¼ 1 within the sphere and remained pristine (xD(~r) ¼ 0) else-
where. The radius of the spherical inclusion relative to the
whole particle was determined by �xD. In the limit of the pristine
case (lim �xD / 0), the predicted modulus was found to be 15
GPa (Fig. 8b), in excellent agreement with the experimental
metastability window. Moreover, the mechanics of this case
predicted that the shell thickness needs only to be comparable
to the size of local spheres of inclusion decay, on the order of 20
nm – again agreeing well with the experimentally synthesized
shell. The nature of LGPS to decay via inclusions was also
demonstrated experimentally using electron microscopy. For
those LGPS particles that were not constrained, TEM images
taken aer cycling showed nucleated centers of sulfur rich
decay products.
3.4 Second order effects: kinetics and interfaces

Beyond voltage window widening and improving interfacial
contacts in ceramic suldes, a mechanical constraint can also
have signicant positive second order effects on solid-state
batteries. Sluggish decomposition kinetics have previously been
speculated as a reason for successful lab-scale cycling of solid-
state batteries based on sulde electrolytes beyond the intrinsic
stability window. Generally, these slow kinetics are believed to
come from limited electrical conductivity as adding an elec-
tronically conductive material can rapidly increase the decom-
position rate.24,84,89 However, the pressurization induced by
inclusion decomposition once eqn (3.4) is violated could lead to
slowed kinetics due to reduced ionic conductivity in the
surrounding material. Thus, mechanically constrained suldes
would not only have a wider thermodynamic stability window,
but could also have a kinetically slower decomposition once the
stability window is exceeded. Additionally, interfaces with active
materials remain a major problem for sulde batteries. Eqn
(3.4) applies equally as well to interfaces as it does to bulk
materials, allowing for the possibility of improved prediction of
interfacial stability.

In ref. 38, a core–shell microstructure was used to widen the
voltage window of LSPS from 1.7–2.1 to 0.7–3.1. Additionally,
once above 3.1 V, LSPS with a more rigid shell was shown to
decompose at an orders of magnitude slower rate than LSPS
without such a shell. In fact, the decomposition rate was suffi-
ciently slow that batteries based on LSPS could be cycled up to 5
V with strong cyclability. For this reason, it was termed “quasi-
stable” up until 5 V. It was suggested that pressurization
between 3.1 and 5 V could decrease conductivities which in turn
slows down decomposition. This is in agreement with the
predictions of Ong et al.26 that conductivity drops quickly with
lattice compression.

Multiple experimental studies have shown that LiNbO3

(LNO) can be used as a coating material for improved interfacial
stability between ceramic suldes and LiCoO2 (LCO).14,37

However, pseudo-binary computational methods based on ab
initio data predict that LNO-LSPS does not form a stable inter-
face.92 This remains an open question and is suggested to be
solved by combining pseudo-binary methods with constrained
J. Mater. Chem. A
decay models. In a pseudo-binary method, the composition and
energy of a two-phase interface are linearly interpolated and
evaluated for stability as a single material (see Computation
Section 4). We suggest that the same could be done for
a pseudo-phase volume and modulus, which is then applied
with eqn (3.4) to nd the metastability window. Given the
nature of oxides being stiffer than suldes,40 it is anticipated
that the pseudo-phase modulus for LSPS–LNO would be much
higher than the typical 25–30 GPa experienced by ceramic
suldes,40 hence leading to even greater potential for voltage
window widening.
3.5 Passivation layers and dendrite formation

Non-mechanical attempts to explain the variability in the
operational stability window have included the proposal of
a chemical passivation layer. It has been speculated that an
electronically insulating layer coating LSPS/LGPS could serve as
such a passivation layer by either (i) allowing deviation of the
lithium metal potential within the electrolyte away from the
value within the rest of the cell70 or (ii) sufficiently slowing down
the decomposition kinetics that require electron transport.24

More recent work39 has suggested that a critical advantage of an
electronically insulating layer may in fact be related to
mechanical methods in that it retains lithium atoms within the
particle. This maximizes the reaction strain during high-voltage
oxidation and leads to greater stabilities induced by eqn (3.4).

The proposed picture of potential retention of lithium atoms
by an electrically insulating shell would also partially answer
complicated questions regarding dendrite formation in solid
electrolytes. Many experimental studies have shown
a surprising result that lithium metal dendrites form with
comparable ease in solid electrolytes as in liquid-electrolytes. In
some cases, it is suggested that the dendrites form even more
readily in solid electrolytes than in liquid ones.93–95 This is
counter intuitive as one major goal of developing solid elec-
trolytes has been to inhibit dendrite formation by a rigid elec-
trolyte, enabling the use of lithium metal as a commercially
feasible anode material.9 The picture of an electronically insu-
lating shell for the retention of lithium atoms would suggest
that lithiummetal can form locally (i.e. within the electronically
isolated electrolyte particle).39 Thus the ease of dendrite
formation in solid electrolytes could be explainable not only by
dendrite growth from the anode into the electrolyte, but also
through local internal formation. This mechanical picture
would also explain why dendrites are particularly likely to form
in grain boundaries and voids,93,96,97 where the effective
compressibility is lower than in the bulk.

The role of pressure during dendrite formation at the
interface between lithium metal and suldes has been studied
for both amorphous and crystalline phases.98,99 The effect of
pressure on the stability of the interface between lithium metal
and 75Li2S–25P2S5 was measured in terms of the critical current
density or the current density at which short circuit occurs.98 It
was found that hot pressing the glassy sulde increased this
critical current density. A recent study on pressurized interfaces
between sulde Li6PS5Cl and lithium metal has suggested that
This journal is © The Royal Society of Chemistry 2019
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lithium creep plays a central role in the formation of
dendrites.99 Voids in the interfacing lithiummetal are known to
form when the lithium stripping current exceeds a threshold set
by the system's ability to replenish the lithium.99–101 Such voids
can lead to signicantly increased local current densities,
causing dendrite formation even when the total current density
is low. Using a pressurized, three-electrode cell, Kasemchainan
et al. were able to distinguish the polarization that occurs
during stripping versus plating under pressure. Signicantly
more polarization was seen during stripping than during
plating. Moreover, stripping showed a strong dependence on
the applied pressure leading to the conclusion that creep, not
diffusion, is the principal means by which lithium at the
interface is replenished.
4. Computational methods and
results

Computational studies regarding the impact of mechanical
constriction on the important solid electrolyte gures of merit
([electro-]chemical stability and ionic conductivity) have
required advancement beyond conventional methods. The
chemical and electrochemical stabilities of bulk materials have
required modication to account for the variable pressure that
exists in constrained systems following decay. Interfacial reac-
tions with electrolyte materials, which are already complicated
by cumbersome interfaces, must also account for these same
mechanisms. Additionally, the kinetics of solid electrolytes
under constraint could deviate from unconstrained values both
in terms of reaction kinetics (Section 3.4) and ion transport
kinetics. This section provides a survey of relevant uncon-
strained computational methods and discusses how these
methods have been adapted for use in constrained electrolyte
systems.

In unconstrained systems, calculations based on density
functional theory (DFT) collected data have greatly improved
understanding and design principles for crystalline solid elec-
trolytes.5,26,77,92,102 This has been particularly important for
ceramic suldes as the seemingly contradictory experimental
results have warranted a more detailed understanding of
competing effects.14,25,26,37,89 Comparing ground state energies
for crystalline phases, determined via DFT, has proven to be
a remarkably accurate method for evaluating chemical and
electrochemical stabilities.5,103 This has been true despite DFT
phase energies only being accurate at absolute zero (and are
also typically calculated at zero pressure). Large-scale DFT
repositories, which catalog material phases and the DFT
determined ground state energies, have enabled highly accel-
erated evaluation of high throughput phase diagrams.92,104,105

Computational methods for evaluating lithium ion mobility in
various crystalline phases have also been very successful at
correctly predicting experimental results.26,102,106 Nudged elastic
band (NEB) methods have been used to determine the migra-
tion barriers of particular migration pathways. Ab initio molec-
ular dynamics (AIMD), which implements DFT determined
force elds, has been able to predict bulk ionic conductivity
This journal is © The Royal Society of Chemistry 2019
with remarkable precision. Recent developments in pseudo-
phase methods have allowed the approximation of interfacial
stability using only bulk energies, eliminating the need for
cumbersome interface calculations.28,29,92

The calculation of the thermodynamic stability of a material
using DFT phase data is done by minimizing the relevant free
energy of a linear combination of all considered materials,
subject to the constraint of a xed net composition.77 Of para-
mount importance in performing these calculations is that the
span of included crystal phases must be a faithful representa-
tion of the truly stable ground states.77,102 That is, exclusion of
a ground state material will quickly cause phase stability errors.
Fortunately, large experimental databases of observed crystals,
machine learning prediction of new but feasible stable struc-
tures, and large-scale DFT material databases have negated
much of these concerns – providing computationalists with
a robust framework of data with which to operate.107–109 Using
the ground state energies, approximations can be made to
calculate both the chemical (canonical ensemble) and electro-
chemical (grand canonical ensemble) stabilities of mate-
rials.25,26,77,92,102 Vibrational entropy can be determined via
phonon calculations, potentially allowing for renement of
stability calculations that otherwise do not consider
entropy.110,111 Furthermore, recent studies have adapted these
computational methods for determining the metastability of
phases under general constriction mechanisms.38,39

The interfacial reactions of ceramic suldes with common
electrode materials have been a substantial barrier to solid state
battery development. Computational methods for under-
standing such reactions either require the direct simulation of
the interface, where two crystals are spliced together, or the use
of pseudo-phase methods. Direct simulation of the interface
accounts for surface energies and allows the direct examination
of abundant interface phenomena, such as the space charge
effect or grain boundary segregation, but requires the deter-
mining of the energetically favorable interfacing planes – of
which there are many.112,113 Pseudo-phase methods were intro-
duced to provide more convenient estimates of the interfacial
energy. Such pseudo-phase calculations have proved invaluable
in high-throughput determination of coating materials that can
allow the use of LSPS/LGPS with common cathode materials
such as Li(NixMnyCoz)O2 (NMC) or LiCoO2 (LCO).92,114Moreover,
these pseudo-phase methods allow for the separation of the
instability due to bulk vs. interfacial effects, which can be
combined with mechanically constrained bulk calculations to
determine whether an interface will be unstable when
constrained.92
4.1 Chemical and electrochemical stability

The chemical and/or electrochemical stability of a material
phase is determined by the energy difference between the phase
in question and the lowest possible energy subject to
constraints.5,77,102 For chemical stability, the only constraint is
that of a xed composition. For example, the chemical stability
of LCO is evaluated against the constraint that the products
have a total composition of Li + Co + 2O. Electrochemical
J. Mater. Chem. A
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stability calculations swap the constraint of lithium ion
conservation for the constraint of a xed lithium chemical
potential with all non-lithium atoms remaining conserved. The
energy difference is termed the “energy above the hull” or the
“hull energy” and represents the magnitude of the decay energy
of a material. If the hull energy is zero, then there is no
combination of materials at that composition with lower energy
and, hence, the material is stable. If the hull energy is positive,
then there does exist a combination of materials that is lower in
energy. In this case, the material is in principle considered to be
unstable thermodynamically and the magnitude of the
decomposition energy is given by the hull energy. The hull
energy will never be negative as being negative would imply that
the predetermined hull energy is not the minimum energy.

4.1.1 Chemical stability. Following conventional methods
for phase diagrams,77 the calculation of the chemical stability of
ceramic suldes has been performed by neglecting pV and TS
terms in the Gibbs energy and directly minimizing the DFT
determined energy (G¼ UDFT � TS + pVz UDFT). For condensed
systems, these neglections are typically justied by small ener-
getic scales for entropic or volumetric changes. Typically,
a material is only reported as unstable when the hull energy is
large compared to thermal energy (kBT). This threshold, in part,
adjusts the calculations for any neglected entropic changes that
might have occurred. Precise cutoffs for when a hull suggests
sufficient instability to be termed unstable varies between
literature studies, and are dependent on the kinetics that the
reaction must drive, but generally are somewhere in the range
of 25–100 meV per atom.5,26,38,92,114 On the other hand, if the hull
energy is comparable to kBT, the material may or may not be
stable depending on entropic and mechanical contributions.
LGPS and LSPS have both, for example, been calculated to have
chemical hull energies on the order of 20–25 meV per atom.24,26

Considering the large lithium congurational entropy
compared to the predicted decay products, Li3PS4 + Li4GeS4,
Li4SiS4, it is not surprising that LGPS and LSPS are apparently
stable at room temperature. Li7P3S11 is expected to have a hull
energy comparable to thermal energy, with decay products
Li4P2S6 + Li3PS4 + S. Unlike the decay products of LGPS and
LSPS, these decay products maintain lithium congurational
entropy. Thus, the entropic effects that beneted the chemical
stability of LGPS and LSPS are reduced in the case of Li7P3S11.
This may explain why Li7P3S11 is typically seen inside of glass-
ceramic structures, where the mechanical effect of the glass
could compensate for the reduced entropic terms. Accounting
for vibrational entropy terms predicts that Li7P3S11 becomes
stable at 630K, conrming conclusions that it is a high-
temperature phase.64,110

4.1.2 Electrochemical stability. The electrochemical
stability of materials is calculated by nding the convex hull for
the lithium grand canonical phase diagram, with free energy
given by FLi ¼ G � mLiNLi z UDFT � mLiNLi. The chemical
potential of lithium is specied in terms of voltage versus
lithium metal (mLi ¼ �ef) and the hull energy is taken at each
potential of interest (Fhull(mLi)). No ceramic suldes have been
computationally determined to intrinsically maintain even
nearly stable hulls (Fhull z kBT) in a suitable voltage window for
J. Mater. Chem. A
battery operation.26 LGPS, for example, is expected to begin
oxidation at lithium chemical potentials below �2.1 eV versus
lithium metal and begin reduction at lithium potentials above
�1.7 eV. Hence the voltage window is just 1.7–2.1 V, far short of
the 4 V level needed for standard cathode materials.

4.1.3 High-pressure stability. The calculation of a mate-
rial's stability, chemical or electrochemical, at xed pressure
requires that the pV term is retained.38 Minimizing the free
energy FLi ¼ G � mLiNLi z UDFT + pV � mLiNLi for the Li–Ge–P–S
phase space resulted in the LGPS electrochemical window of
Fig. 10. When there is no applied pressure, the expected
stability window was reported to be 1.75–2.2 V. This window is
widened considerably to a reduction threshold of 0.495 V and
an oxidation threshold that exceeded 2.5 V when the applied
pressure was 20 GPa.

From a computational perspective, these isobaric calcula-
tions are far simpler than calculations of the stability window
under mechanical constraints. The ideal mechanical constraint
is an isovolumetric constraint, which cannot be represented as
an independent set of free energies. This is because the pres-
sure is not xed, but instead is a function of the reaction
strain.38,39 That is to say the pristine LGPS under a mechanical
constraint should be under little pressure, but upon decay, the
decomposed products will be under pressure Keff3RXN. Since the
reaction strain is not known a priori, the pressure of the
decomposed phases is also not known and hence the electro-
chemical stability cannot be calculated with such simple convex
hull methods. To deal with these computational limitations,
two approaches have been developed – perturbation and direct
minimization.

4.1.4 Constrained stability – perturbation method. As dis-
cussed above, unlike high pressure phase diagrams that show
stable phases at a constant pressure, where pV terms are
explicitly handled, in mechanically constrained systems the
products and the reactants of decay exist at different pressures.
The most direct method for addressing this is the perturbation
method,38,39 which was depicted in Fig. 9a introduced in Section
3.1. In this method, a convex hull is calculated for a solid
electrolyte at zero pressure and the decay products are used to
obtain a reaction strain 3RXN with which eqn (3.4) can be eval-
uated. bshell in Fig. 9a is a parameter that represents the
mechanical constraint of a core–shell microstructure. When
bshell ¼ 0 the shell is taken to be perfectly rigid and the stability
window is as wide as approximately 0–3.7 V. This perturbative
approach has the advantages that it is computationally efficient
and only considers reactions that are known to be problematic,
i.e., only applies the bshell mechanical constriction to the reac-
tions that are thermodynamically favored when unconstrained.
The trade-off is that other reactions which could potentially
have small reaction strains are neglected.

4.1.5 Constrained stability – direct minimization. In
Fig. 9b introduced in Section 3.1, a more robust approach is
used to minimize the derivative of the free energy
vxDG ¼ P

i
mvxD Ni þ VvxD p with respect to all possible decay

products.39 This method has the advantages of considering all
possible reactions, and hence not overlooking low strain
This journal is © The Royal Society of Chemistry 2019
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Fig. 10 The electrochemical windows of LGPS at pressures of (a) 0 GPa, (b) 1 GPa, (c) 10 GPa, and (d) 20 GPa. Windows are given in terms of
chemical potential versus lithium metal, rather than voltage. The electrochemical window is seen to increase dramatically from 1.75–2.2 V to
�0.5 to >2.5 V. Reproduced from ref. 38 with permission from Springer Nature.
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reactions that might otherwise be neglected, but is computa-
tionally more expensive. Unlike the perturbation approach,
a convex-hull method cannot be used as the products and
reactants exist at different pressures. Other minimization
schemes (e.g. Lagrange minimization) must be used with an
explicit representation of pressure as a function of the decom-
posed phases. That is to say the pressure changes based on
which products are thermodynamically favorable. In the case of
Fig. 9b, the pressure is given as p ¼ Keff3RXN, where 3RXN is
a function of the lowest energy phases and the initial sulde.
For rigid structures (Keff z 15–20 GPa) this shows high voltage
stability up to between 3.5 and 4 V. When the minimum slope of
vxDG is zero, the material is thermodynamically stable with
respect to all products.

4.2 Interfacial stability

Ceramic suldes solid electrolytes are known to suffer from
instabilities at interfaces with most electrode materials used in
This journal is © The Royal Society of Chemistry 2019
commercial batteries.8,28,70,92,115 Thus, the use of mechanically
induced metastability of the interface is a high priority. Like
bulk material reactions, interfacial instabilities can be either
chemical or electrochemical. The former consists of the ceramic
sulde reacting with the contacting material, whereas the later
consists of those two materials and the lithium ion reservoir
reacting. While the bulk ionic conductivity of ceramic suldes is
exceptional, these interfacial reactions can quickly build up
interfacial resistances that limit the rate capability.1,116–118

Amongst the most pursued ceramic sulde interfaces to be
stabilized are those with either lithium metal or various high-
voltage cathode materials.

The case of an interface with lithium metal is unique in that
the voltage of the interface is denitively 0 V, regardless of the
cathode's state of charge. Moreover, neglecting surface ener-
gies, the chemical stability of the interface is also equivalent to
the material's electrochemical stability at 0 V. Hence, from
a computational perspective, the only instability of concern is
J. Mater. Chem. A
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that of the 0 V electrochemical stability. Almost all sulde solid
electrolytes will fully reduce to constituent lithium binaries.24,92

It has been suggested that since virtually all materials fully
reduce to lithium binaries, the best approach to stabilizing the
interface with lithium would be to use a material with elec-
tronically insulating lithium binaries.5,119 Ideally, if the resulting
interphase is electronically insulating, then the growth rate will
be limited by electronic kinetics and the battery can function
with minimal impact. However, if the interphase is electroni-
cally conductive, no such electronic barrier can exist. For
example, LGPS is expect to decompose to Li2S + Li3P + Li15Ge4
when in contact with lithium metal.24 Since the Li–Ge alloy is
electronically conductive, such decomposition on the interface
is not self-kinetically-limiting and can continue to grow. This
theory has been supported by the use of pretreating lithium
metal with LPS, which would form an interphase that does not
contain any Li–Ge alloy, to improve sulde half cell batteries.38

Additionally, the alternative solid electrolyte LiPON, which
lithiates to an electronically insulating interphase Li3P + Li3N +
Li2O at 0 V, has been demonstrated in a solid-state half-cell with
very impressive cyclability (>10 000 cycles).9,120

The stability of the interface between ceramic suldes and an
arbitrary cathode active material proves computationally more
challenging. While the interface between suldes and lithium
metal anodes is simply the grand canonical stability of the
sulde at 0 V (to within surface factors), interfaces with cathode
materials require more advanced computational methods. The
most successful method for calculating these instabilities is the
pseudo-phase (or “pseudo-binary”) method.28,29,92,121 Rather
than directly simulating the interface by splicing two crystals
together and performing DFT at the interface, each material is
separately simulated and a pseudo-phase is dened as a linear
combination of the two phases' composition and energy. Eqn
(4.1) shows the pseudo-phase energy for an interface between
two materials (denoted as subscripts A and B).

Epseudo(x) ¼ (1 � x)EA + xEB (4.1)
Fig. 11 (a) Reaction energy determined via the pseudo-phase/pseudo-bi
Reproduced from ref. 29 with permission from the Royal Society of Ch
material and added instability when interfaced with LSPS. Reproduced fr

J. Mater. Chem. A
The parameter x is any value between 0 and 1. The same
value of x is used to linearly interpolate the composition. With
a pseudo-phase dened that represents the interface (i.e.
a composition and an energy), the methods of Sections 4.1 can
be applied to evaluate the pseudo-phase stability. For example,
the chemical hull energy of an LSPS–LCO pseudo-phase at x ¼
0.5 represents the chemical instability of LSPS and LCO in
reactions in which each phase constitutes 50% (mol) of the
reactants. Electrochemical instability calculations can be per-
formed similarly. In practice, the value of x that is used is the
one that results in the least stable system (thermodynamically
worst case). This value, dened as xm which maximizes the
relevant free energy hull (Ghull(xm) ¼ max Ghull(x)), represents
how much of each phase will be consumed if only the most
kinetically driven reaction occurs. In agreement with experi-
mental ndings, ceramic suldes form unstable pseudo-phases
with most cathode materials.28,29,121

Fig. 11a illustrates this process for the chemical stability of
interfaces between LCO and various solid electrolytes, including
LGPS. The decomposition energy of the interface (dened to be
negative of the hull energy) is plotted versus x from 0 to 1. The
minimum (i.e. most negative) decomposition energy for LGPS–
LCO denes an xm value of 0.42.29 At this xm value, the interface
is expected to decay to Co9S8, Li2S, Li2SO4, Li3PO4, and Li4GeO4

with a hull energy of 349 meV per atom.29 Of this hull energy,
340 meV per atom was due to interfacial reactions between
LGPS and LCO.29 Hence, only 9 meV per atom was due to the
intrinsic instability of LGPS or LCO when separated. The
instabilities at the interface between LPS and LCOwere found to
be even more severe.29

The high characteristic energies of the interfacial instabilities
relative to the material level instabilities necessitate the use of
stabilizing coating materials. Such coatings would serve as
a barrier between the solid electrolyte and the cathodematerial to
prevent both chemical and electrochemical reactions. Searching
for such stabilizing coating materials has been the subject of
recent high-throughput studies.92,114 One challenge that has
remained in evaluating the electrochemical stability of cathode
interfaces with ceramic suldes is that because the ceramic
nary method for interfaces between LCO and various solid electrolytes.
emistry. (b) Correlation between elemental composition in a coating
om ref. 29 with permission from John Wiley and Sons.

This journal is © The Royal Society of Chemistry 2019
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suldes intrinsically have a nonzero hull energy in this region, so
too will any pseudo-phases in which the ceramic suldes are
a component. This presents a challenge in that unstable mate-
rials that have been stabilized via various mechanisms (kinetic,
mechanical, etc.) will always result in predictions of unstable
interfaces. For example, LGPS can readily be stabilized via
mechanical mechanisms at 3 V (ref. 38) but because the convex
hull does not account for this, any interface with LGPS will be
predicted to be unstable at 3 V. That is, the interfacial hulls do
not account for the stabilization that occurs within the LGPS.

Xiao et al.114 approached this problem by focusing on high-
throughput screening for coating materials that formed chem-
ically stable interfaces with LPS and common cathode materials
and were intrinsically electrochemically stable above 4 V.
Following these searching criteria, it was found that polyanionic
oxides, particularly phosphor oxides, were among the most
promising. This process has the advantage of not requiring
coatings be applied to stabilize ceramic suldes; however, the
electrochemical stability of the interface was not considered.
Alternatively, in ref. 92 a high-throughput search was explicitly
performed including the electrochemical stability of the inter-
face minus the intrinsic instability of the separate materials.
Hence, the criterion was that the interface does not add more
than an additional 50 meV per atom of instability. This
approach has the advantage that it directly measures the
interfacial stability relative to what the stabilization mechanism
(mechanical or kinetic) will have to apply in order to maintain
suitable material level stability. A total of over 2000 cathode
coating materials were predicted to be stable and are cataloged
in the supplementary information of ref. 92.

Fig. 11b shows the results of calculating the interfacial
chemical instability of LSPS with over 67 000 different crystal
phases.92 The correlation between the elemental composition
and the interfacial instability is the basis for the heatmap of
Fig. 11b. Those elements that are red have negative correlation,
meaning that increasing their concentration in the coating
material decreases the hull energy and improves the stability.
These results indicate that those compounds with large anions,
such as sulfur, selenium, and iodine, are most likely to form
chemically stable interfaces. Similar plots revealed elemental
correlation with electrochemical decomposition. Aer
accounting for all of the instability measures (material chemical
stability and interfacial chemical and electrochemical stability),
the large anions (S, Se, and I) were found to have the best
performance for high-voltage cathode coatings and nitrogen,
phosphorous, and iodine were found to have the best perfor-
mance for low-voltage anode coatings.

Interfacial stability calculations for mechanically con-
strained systems have not yet been performed, but our vision is
that it represents a logical next step in determining the best
cathode coatings. Some materials, such as LNO, that have been
experimentally successful but computationally are not pre-
dicted to form stable interfaces, suggest that a greater under-
standing is needed. Pseudo-phase methods could be readily
adapted for use with the mechanical constraint condition of
eqn (3.4).
This journal is © The Royal Society of Chemistry 2019
4.3 Lithium ion mobility

While ionic conductivity is not the principal goal of mechan-
ically stabilized battery cells, the calculation of lithiummobility
remains a key research direction for two reasons. First, core–
shell morphologies have been a prominent means to induce
mechanical metastability in ceramic suldes. Proper computa-
tional methods for high-throughput screening of the best shell
materials hence requires proper analysis of the lithiummobility
within the shell. If the shell is ionically resistive, then any
mechanically induced stability of the core ceramic is pointless
as the bulk conductivity will suffer. Additionally, once the
stability window has been exceeded, lithium ion mobility will
play an important role in kinetics of decomposition. That is,
once a fraction of the ceramic sulde has decomposed, the
generated local stress could inhibit ion transport in the neigh-
boring pristine ceramic material. This has been theorized to be
themethod of quasi-stability up to and in excess of 5 V in ref. 38.

The impact of compression on conductivity was previously
shown by Ong et al.26 in the simulated change in the conduc-
tivity of LGPS based on lattice parameter constriction using
AIMD. For intrinsic LGPS, the ionic conductivity was estimated
to be 13 mS cm�1. Upon constriction by 1%, the conductivity
dropped to 1.7 mS cm�1. Further increasing the constriction
decreased the conductivity by orders of magnitude, resulting in
a conductivity of 4.6� 10�8 mS cm�1 at 4% constriction. On the
other hand, lattice parameter expansion increases the conduc-
tivity to 75 mS cm�1 at 4% expansion. In line with the reaction
strain model discussed in Section 3.4, these results suggest that
mechanical constriction could provide a secondary kinetic
effect that inhibits Li ion conductivity in the crystalline phase
close to the decomposition. However, since stress decreases
quickly with increasing distance from the inclusion,39 such an
effect won't likely change the global Li-ion conductivity of the
electrolyte material when proper mechanical constriction is
designed.

Lithium ion mobility is typically investigated using either
NEB methods or AIMD. NEB calculations nd the minimum
barrier pathway between two prescribed ion congurations.102

For example, to obtain the migration barrier of a lithium ion
from one site to another. Such NEB calculations are useful
whenever the migration pathway is well known – either because
the system has a high level of lithium ordering or to isolate one
particular migration pathway from many.122,123 In contrast,
AIMD solves for ion migration at elevated temperatures using
DFT determined force elds and applied thermostat func-
tions.102,124,125 These AIMD results, the trajectories of mobile
ions at nite temperature, reveal the effects of all migration
pathways in parallel. The diffusivity of an ion can thus be
calculated using the Einstein relationship of eqn (4.2).

D ¼ 1

2dDt

1

N

X
i

�
|~riðtþ DtÞ � ri

!ðtÞ|2
�

(4.2)

where the summation yields the mean-squared displacement
during the time step t / t + Dt, N is the number of ions
considered and d ¼ 3 is the dimensionality of the system.
Combining the results of AIMD for diffusivity with the Nernst–
J. Mater. Chem. A

https://doi.org/10.1039/c9ta05248h


Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 1
3 

Se
pt

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 H
ar

va
rd

 U
ni

ve
rs

ity
 o

n 
9/

14
/2

01
9 

9:
05

:3
7 

PM
. 

View Article Online
Einstein equation recovers the conductivity of the system.
Typically, due to computational costs, AIMD is performed with
small time steps (Dt) at high temperatures and extrapolated
back to room temperature diffusivity. An Arrhenius relationship
D ¼ D0 exp(�Eab) is assumed for diffusivity where D0 and Ea are
the tted pre-exponential cofactor and activation energy,
respectively, and b ¼ (kBT)

�1 is the inverse of thermal energy.
For estimating ionic conductivity in ceramic suldes, AIMD

maintains a number of distinct advantages over NEB. The rst
is ceramic suldes derive much of the high conductivity from
lithium congurational entropy.126 Hence, uncertainty in the
ionic congurations prior to and post migration is signicant
and grows quickly as migration pathways progress from single
atom to multi-atom concerted migrations. Additionally, NEB
only reveals an energy barrier and not a pre-exponential cofactor
for determining diffusivity. Given the high conductivity nature
of ceramic suldes, AIMD can be performed with smaller time
steps to reduce computational costs relative to higher imped-
ance materials. Unlike NEB, AIMD can also be used to obtain
statistical data that illuminate the mechanisms of migration
(occupation, attempt rate, radial distribution functions,
etc.).125,127,128

AIMD has proven to be a remarkably accurate method for
computationally determining bulk phase ion conductivity.
Experimental measurements for LGPS placed the bulk
conductivity at 12 mS cm�1 with an activation energy of 249
meV (24 kJ mol�1).37 AIMD has predicted ionic conductivities on
the order 10–14 mS cm�1 with activation energies of 200–240
meV.25,26,124 Moreover, AIMD has predicted several mechanistic
aspects of ion diffusion that were later experimentally
observed.25,71,129

5. Conclusion

Ceramic sulde solid electrolytes represent a promising direc-
tion for the future of solid-state batteries. For commercial
feasibility, however, solid electrolytes must, at the very least,
match liquid electrolytes in terms of both electrochemical
stability and ionic conductivity. To date, no solid electrolyte is
known that can simultaneously meet these demands intrinsi-
cally. Ceramic sulde solid electrolytes have achieved remark-
able ionic conductivities, even surpassing liquid electrolytes. In
some cases, ceramic suldes have also maintained comparable
stability to their liquid counterparts but there exist many
complicated reports and confusion in understanding. Major
challenges remain in developing ceramic suldes to the level
needed for commercialization. One of the most pressing chal-
lenges is maintaining a wide voltage stability and interfacial
stability window consistently.

Recent theoretical developments introduced in this review
have suggested that the discrepancies in the reported electro-
chemical stabilities may not reect differences in the intrinsic
material-level stability but rather a difference in the mechan-
ically induced metastability. In certain cases, by applying
a sufficiently rigid mechanical constraint, the stability window
of ceramic suldes can be opened from roughly 1.7–2.1 V with
no constraint to nearly 0–5 V with a constraint. This behavior is
J. Mater. Chem. A
the result of the tendency of ceramic suldes to expand during
decomposition. By applying a constraint that resists these
volume expansions, the system can become metastable in
a wide voltage range. This theoretical understanding also
explains why some high-temperature phases (e.g. Li7P3S11) are
intrinsically unstable at room temperature but can be synthe-
sized as a precipitate in a glassy matrix. That is, the glassy
matrix serves as a mechanical constraint that impedes the decay
of the high temperature phase when at room temperature.

This review paper has aimed to update the reader on these
developments and provide a comprehensive introduction to
implementing mechanically induced metastable ceramic
suldes in solid-state batteries. A retrospective review of the
experimental history suggests that such mechanically induced
stability has been a key concept in ceramic suldes since the
rst glassy-ceramic suldes. Moreover, the importance of such
mechanical stabilization has grown by orders of magnitude as
the fraction of the ceramic material has increased to nearly pure
or pure ceramic suldes. Computational methods were
surveyed for predicting the magnitude of mechanically induced
stability for a variety of constraining mechanisms. We envision
that fully applying such a mechano-electrochemical effect is
critical to enabling the design of next generation solid electro-
lytes with competitive performance for solid-state battery
applications.
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