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Recent	advances	in	solid-state	lithium	conductors		

N.	Kamaya	et	al.,	Nat.	Mater.	10,	682-686	(2011)	
Y.	Seino	et	al.,	Energy	Environ.	Sci.,	7,	627	(2014)		

12	mS/cm	@	R.T.			
Ea	≈	0.25	eV	

17	mS/cm	@	R.T.			
Ea	≈	0.17	eV	

New	Li7P3S11		
solid	electrolyte	

Garnet	oxides	



Li10GeP2S12	
Crystal	structure1	

Top	view	

Side	view	

Ge/P	
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1	N.	Kamaya	et	al.,	Nat.	Mater.	10,	682-686	(2011)	
2	Y.	Mo,	S.	P.	Ong,	G.	Ceder,	Chem.	Mater.	24	15-17	(2012)	

Li+	diffusion	in	Li10GeP2S12	
from	ab-ini'o	molecular	
dynamics	simula'on2	

Good	understanding	of	what	creates	high	Li-conduc'vity	

Ac4va4on	
energy		
(eV)	

Conduc4vity	
at	R.T.	

	(mS/cm)	

Exp.1	 0.25	 12	

Comp.2	 0.21	 13	C	axis	

A-B	plane	



Excellent	DFT	predic'ons	on	conduc'vity	

Ea	(eV)	 σRT	(mS	/	cm)	
Li9S3N	(DFT)	 0.53	 2.40E-03	
Li9S3N	(Exp)	 0.52	 8.30E-04	

Li10SiP2S12	(DFT)	 0.2	 23	
Li10SiP2S12	(Exp)	 0.196	 2.3	
Li11Si2PS12	(Exp)	 0.19	
Li9.54Si1.74P1.44S11.7Cl0.3	(Exp)	 25	

Li10GeP2S12	(DFT)	 0.21	 13	
Li10GeP2S12	(Exp)	 0.25	 12	

Li10SnP2S12	(DFT)	 0.24	 6	
Li10SnP2S12	(Exp)	 0.27	 4	

Na10SnP2S12	(DFT)	 0.317	 0.6	
Na10SnP2S12	(Exp)	 0.356	 0.4	

Li7.08La2.96Rb0.04Zr2O12	(DFT)	 0.21	 2.74	
Li7.25La2.875Rb0.125Zr2O12	(Exp)	 0.29	 0.8	

DFT	vs.	Experiment	
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Sn	

Rb-LLZO	garnet	

Only	LLZO	and	Li10GeP2S12		
known	before	calcula'on	

LZPS	
(new	predic'on)	

Predic4ons	
(*)Richards	et	al,	Nature	Communica'ons	7,	11009	(2016)	

(*)	



The	anatomy	of	superionic	conductors		
-	insight	from	LGPS	and	other	conductors	

LGPS	 S	sublafce	 matching	BCC	
S	lafce	

•  In	Li10GeP2S12	and	Li7P3S11	the	
sulfur	anion	arrangements	are	
very	close	to	bccc	

Materials	 Anion	
lafce	 Ea	(exp.)	 σ	at	R.T.		

(mS/cm)	

Li7P3S11	 bcc	 0.18	 18	
Li10GeP2S12	 bcc	 0.21	 12	
Li4GeS4	 hcp	 0.53	 2	×	10-4	
Li2S	 fcc	 0.74	 \	

•  Some	other	sulfides	have	
anion	sublafce	matched	to	
close-packed	frameworks	
(fcc/hcp)		

bcc	

T2	

T1	

S2-	

Y.	Wang	et	al.	Nature	Materials,	14	(10),	1026–1031	(2015).		



Novel	conductor	predicted	

W.	Richards,	Energy	and	Env.	Sc.		10.1039/C6EE02094A	2016		

Zn2+	

P5+	

Li+	

hollow		
site	



Some	requirements	for	good	solid	state	electrolytes	

•  High	Li+	conduc'vity	
•  No	electron	conduc'vity	
•  Processability	
•  No	interfacial	reac'ons	with	electrodes	(or	
passiva'on)	



Electrochemical Stability 

W.D. Richards et al., Interface Stability in Solid-State Batteries, Chem. Mat, 28 (1), 266-273 (2016). 
 

Solid State 
Electrolytes 

Electrodes 

Nature editor 



Current–voltage curve of Li/
Li10GeP2S12/Au cell. The 
decomposition potential of the new 
Li10GeP2S12 phase exceeds 5 V. 

N. Kamaya et al., Nature Materials, 2011, 
10 (9), pp 682-686. 

Rangasamy el al., J. Am. Chem. Soc., 2015, 137 
(4), pp 1384–1387 

 Li10GeP2S12 

 Li7P2S8I 

Remarkable stability claims have been made 

BUT, 
in all reported cells 

electrode coatings are 
required! 

In metal anode, 
LiNbO3 coated cathode  

In metal anode, 
Li2SiO3 coated cathode 

Lots of stability claims made for 
contact with Li metal 

LiPON,  
Li3P3S11 
Li10GeP2S12 
 
 



1. Electrochemical Stability 
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Li+ source 

No chemical reaction with electrodes 

2. Chemical + Electrochemical Stability 
Including chemical reaction with electrodes 



1. Electrochemical Stability 

Ca
th
od
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Li+ sink 
Cathode is a Li 
sink with very low 
chemical potential 
for Li 

A
no

de
 

E
 =

 0
 V

 
Li+ source 

Anode is a Li 
source with very 
high chemical 
potential for Li 

No chemical reaction with electrodes 

Li+ can always be removed or inserted  
    as it is a fast-ion conductor 

e– requires oxidation/reduction 

These are fast processes, 
kinetics cannot help you 



How stable can an oxide conductor be ? 

Ca
th
od

e 

Li+ sink 

SY Kang and GC, dx.doi.org/10.1021/cm401720n | Chem. Mater. 2013, 25, 3328−3336 

 Li-oxides/peroxides:  Metastable oxidation 
of the oxygen anion starts at about 3.3V  

Li+  

e–  

? 

Require voltage stability up to 4.5 or 5V 

At what potential are 
electrons extracted 
from oxides ? 



Lee, E., Persson, K. A. (2014). Adv. Energy Mater., 4: 1400498. doi: 
10.1002/aenm.201400498 

Li2MnO3 

Oxygen oxidation ≈ 4.5 V 

Given strong stabilization of oxygen by Mn in Li2MnO3 difficult to imagine solid oxide 
electrolytes to have much higher anodic stability than 4.5V 

When a transition metal is present, oxidation 
voltage moves up 

MK Aydinol and GC, Phys Rev B, 57 
(3) 1354 1997 

M orbital 

O orbital 

Hybridization with a metal 
increase the voltage for 
oxygen oxidation 



How to calculate Electrochemical Stability 

Ca
th
od

e 

Li+ sink 
Cathode is a Li 
sink with very low 
chemical potential 
for Li 

A
no

de
 

E
 =

 0
 V

 

Li+ source 

Anode is a Li 
source with very 
high chemical 
potential for Li 

Thermodynamics is well defined 
 
Equilibrium under high and low Li chemical potential:  
 

 Φ = G – µLi xLi 

No kinetic limitations !  Fast ion conductor 
allows Li extraction and anion can be oxidized 

	Y.	Mo,	S.	P.	Ong,	G.	Ceder,	Chem.	Mater.	24	15-17	(2012) 



Need energy of all phases in the chemical space 

O 

Li 

La 

Zr 

Project at some Li chemical potential 



La2Zr2O7 + 
La2O3 + 

O2 

Li7La3Zr2O12 garnet 

Stability range for oxide garnet is much larger 

Decomposition to: 
 Zr(O2) + La2O3 +  Li8ZrO6  
 

W.D. Richards et al., Interface Stability in Solid-State Batteries, Chem. Mat, 28 (1), 266-273 (2016). 
 

0 V 5 V 



More oxides 

Li2O is lower limit of 
anodic stability 

All reaction decomposition products can be found in the Supplementary Information in W.D. 
Richards et al., Chem. Mat, 28 (1), 266-273 (2016). 
 

M 
orbital O 

orbital 



More oxides 

Li2O is lower limit of 
anodic stability 

Strong hybridization with 
d  or  p orbitals from 
other metals will increase 
high voltage stability 

BUT … Possibility of reduction 
of metal will decrease stability 
against Li anode 

All reaction decomposition products can be found in the Supplementary Information in W.D. 
Richards et al., Chem. Mat, 28 (1), 266-273 (2016). 
 



Oxidation of Sulfide Conductor  

Difficult to imagine Sulfides have much higher redox potential than ≈ 2.5V 

Li-S battery charges at about 2.3 – 2.4V:   

Ca
th
od

e 

Li+ sink Li+  

e–  

? 



Electrochemical Stability is embedded in the 
quaternary phase diagrams 

 
 

Cathode 
Ε = 5 V 

 LGPS 

Li + source 
Li + sink 

Anode 
E = 0 V 

What is the phase 
diagram of LGPS under 
chemical potential of 
metallic Li? 

Phase diagram of LGPS 
under µLi = -5eV 

E = 0 V; high µLi 

Decomposition into 
Li2S, Li3P, Li15Ge4 

Decomposition into 
S, GeS2, P2S5 

E = 5 V,  
high µLi 

E = 5 V 
The Materials Project 



Li10GeP2S12 Li15Ge4 + 
Li3P + 
Li2S 

Li4GeS4 + P 
+ Li2S GeS2 +P2S7 +S 

Stability range for LGPS is actually quite narrow.   

Li Extraction Li Insertion 
0 V 5 V 



An electrolyte only battery … 

Decomposition products 
actually become 
electrochemically active 
Han et al. Adv. Mater. 2015 

LGPS as anode, cathode, 
and electrolyte 



Same for Li3PS4 and Li7P3S11 

P2S7 + S 

Li2S + P 

Li2S + Li3P Li3PS4 

P2S7 + S 

Li2S + P 

Li2S + Li3P 

Li3PS4 + Li2PS3 

Li7P3S11 

W.D. Richards et al., Interface Stability in Solid-State Batteries, Chem. Mat, 28 (1), 266-273 (2016). 
 



All Sulfides 

DFT calculated stability windows 



Recent	XPS	experiments	show	thiophosphate	electrolyte	
reduc'on	by	Li-metal�

Li10GeP2S12	-	>	Li2S	+	Li3P	+	Li15Ge4�

S.	Wenzel	et	al.,	Chem.	Mater.	
(2016)�

experiment.18 The sample was cooled to temperatures between
−80 °C and −90 °C to avoid sulfur loss into the vacuum and to
slow down the interfacial reaction, as previously reported for
Li7P3S11.

20 Then, lithiummetal is sequentially deposited onto the

sample. Waterfall plots for the S 2p, Ge 3d, and P 2p regions are
shown in Figure 4 for different deposition times. Changing
intensities of different spectral features represent compositional
changes. The strongest change can be seen in the S 2p region and

Figure 4. X-ray photoelectron (XPS) spectra recorded during deposition of 31 nm Li metal on Li10GeP2S12. S 2p, Ge 3d, and P 2p/Ge 3p detail spectra
are shown for different deposition states. With increasing Li deposition time, LGPS decomposes. The identified species are marked and labeled in the
spectra.

Figure 5. S 2p, Ge 3d, and P 2p XPS spectra and model fits for the pristine LGPS sample and after deposition of 31 nm Li metal. The identified species
are marked and labeled in different colors. The small oxygen signal is caused by tiny fractions of oxygen in the atmosphere of the XPS chamber.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.6b00610
Chem. Mater. XXXX, XXX, XXX−XXX

D

Direct Observation of the Interfacial Instability of the Fast Ionic
Conductor Li10GeP2S12 at the Lithium Metal Anode
Sebastian Wenzel, Simon Randau, Thomas Leichtweiß, Dominik A. Weber, Joachim Sann,
Wolfgang G. Zeier,* and Jürgen Janek*

Physikalisch-Chemisches Institut, Justus-Liebig-Universitaẗ Giessen, Heinrich-Buff-Ring 17, 35392 Giessen, Germany

*S Supporting Information

ABSTRACT: The very high ionic conductivity of Li10GeP2S12 (LGPS)
makes it a potential solid electrolyte for lithium all-solid-state batteries.
Besides the high ionic conductivity, another key requirement is the stability
of the solid electrolyte against degradation reactions with the electrodes;
here, we analyze the reaction of LGPS with lithium metal. In situ X-ray
photoelectron spectroscopy (XPS), in combination with time-resolved
electrochemical measurements offers detailed information on the chemical
reactions at the Li/LGPS interface. The decomposition of Li10GeP2S12 leads
to the formation of an interphase composed of Li3P, Li2S, and Li−Ge alloy,
which is in perfect agreement with theoretical predictions, and an increase of the interfacial resistance. These results highlight the
necessity to perform long-term, time-resolved electrochemical measurements when evaluating potential new solid electrolytes for
solid-state batteries. The kinetics of this interphase growthcomparable to SEI formation on lithium anodes in liquid
electrolytesseems to be governed by diffusion across the interphase, as a square root time dependence is observed.

1. INTRODUCTION
All-solid-state batteries attract large scientific interest as potential
next-generation battery technology, replacing organic liquid
electrolytes with solid electrolytes (SE).1−3 Especially,
Li10GeP2S12 (LGPS) shows very promising ionic conductivities
as originally reported by Kanno and co-workers,4−8 which is a
necessary prerequisite for a solid electrolyte material. Ionic
conductivity data up to σ(Li+) = 12 mS/cm, low electronic
conductivities9 of σ(e−) ≈ 5.7 nS/cm and an electrochemical
stability window of up to 4 V vs Li/Li+ have been reported, using
cyclic voltammetry (CV).9 Unfortunately, Li10GeP2S12 contains
resource-critical germanium and, therefore, isostructural ana-
logues have been synthesized substituting Ge with Sn and
Si.10−12 Furthermore, aliovalent substitution with P and Al has
been predicted to only slightly influence the ionic conductivity,
due to changing Li contents.13 LGPS appears to be a phase with a
narrow range of homogeneity, which causes difficulties in
obtaining phase-pure material. Structurally, Li10GeP2S12 exhibits
similar bonding motifs as the parent phases, with PS4 and (P/
Ge)S4 tetrahedra forming tunnels for Li to diffuse, resulting in
the observed high ionic conductivities.8

Besides high ionic conductivity, a low interfacial resistance in
contact with electrode materials is a very important constraint for
the applicability of a solid electrolyte in a battery. Generally, this
means that the solid electrolyte must be stable in contact with the
electrodes, as any reaction between electrolyte and electrode will
usually lead to degradation of the interface and a resulting
resistance increase, which will be detrimental to the rate
performance.14 On the one hand, LGPS has been reported to
be stable against reaction with lithium metal because only
currents corresponding to lithium deposition and dissolution

were seen in CV measurements.9 On the other hand, there are
conflicting reports that LGPS is indeed reduced by lithiummetal,
forming Li2S.

15,16 As lithium metal electrodes are desired for all-
solid-state batteries with high energy density, it is necessary to
clarify the stability of Li10GeP2S12 in contact with lithium metal
and to identify reaction paths and products.
Generally, little is known about the interfacial chemistry and

interphase formation on solid electrolytes from experiments, but
the awareness for this subject is improving fast.17 Three different
types of Li/SE interfaces may be defined, which can be
differentiated by their thermodynamic and kinetic stability, as
recently introduced by our group:18

(I) Stable interfaces are formed by solid electrolytes that are
thermodynamically stable against reduction by Li metal. Naturally,
the interfaces in binary systems such as Li/LiI or Li/Li3N belong
to this group.
(II) Interfaces of solid electrolytes that are thermodynamically

unstable against reaction with Li metal, and at which a mixed
ionic-electronic conducting interphase (MCI) with both reasonably
high ionic and electronic conductivity is formed. This interphase
allows for continuous flow of Li and electrons, and as a result the
electrolyte will finally be completely lithiated. We like to note
that we prefer to distinguish the term MCI from the established
term MIEC (mixed ionic-electronic conductor) in solid state
ionics, as MIEC is used to denote a broad class of materials, in
general.
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Li10GeP2S12	

S.	Wenzel	et	al.,	Solid	State	
Ionics	286	24–33	(2016)	�

Li7P3S11	

Li7P3S11	-	>	Li2S	+	Li3P�

DFT	predic4ons	at	Li-metal	interface:	



Kato	and	Kanno	et	al.,	Nature	Energy	(2016)	�

Electrochemical	stability	of	the	LGPS	family�
•  The	consumed	capacity	during	the	first	

charge–discharge	process	indicates	the	
occurrence	of	side	reac'ons	leading	to	the	
genera'on	of	the	surface	layer.	

•  Coa'ng	layer	(LiNbO3)	of	the	cathode	is	
required	

•  Stable	cycling	only	achieved	using	the	
Li4Ti5O12	anode.�

Very	recent	experiment	confirmed	theore'cal	predic'ons:		
Thiophosphates	unstable	against	high	voltage	cathode	
and	Li	metal�

Characterized	by	LiCoO2/solid	electrolyte/Li	cell�



Summary on Sulfides 

•  Sulfides will decompose against Li metal into Li2S and Li3P (or other 
phosphides).   

 
•  If a metal cation is present, such as Ge, it will be reduced to the 

metal, and potential alloy with Li 

•  On all systems investigated in detail experimental evidence is in 
agreement with computational predictions 

•  Li2S and Li3P are insulating and as such may be able to lead to a 
passivation SEI 

W.D. Richards et al., Interface Stability in Solid-State Batteries, Chem. Mat, 28 (1), 266-273 (2016). 
 



Similar	results	recently	seen	in	LiPON	�

Our	predic'on:	
		
LiPON	+	Li						->						Li2O	+	Li3N	+	Li3P			

O1s	 N1s	 P2p	
In-situ	XPS:	

Pris'ne	

With	Li	

A.	Schwöbel	et	al.	Solid	State	Ionics	273	(2015)	51–54	



Thermo analysis easily 
applied to wide range 

of systems 

W.D. Richards, et al.   Chemistry of 
Materials, 28 (1), 266-273 (2016)  

Chlorides 

Bromides 

Oxides 

Sulfides 

Hydrides 

Nitrides 

Fluorides 

•  Simple binaries Li-anion 
set the best possible 
stability against Li-metal 

•  Adding other components 
reduces stability against 
Li metal 

Great against the 
anode 



Limit at high voltage is 
modified by other 

cations 

W.D. Richards, et al.   Chemistry of 
Materials, 28 (1), 266-273 (2016)  

Chlorides 

Bromides 

Oxides 

Sulfides 

Hydrides 

Nitrides 

Fluorides 

•  Cations that move up 
anion oxidation potential 
(e.g. through inductive 
effect) raise the anodic 
high voltage stability 
 

•  Explains good 
performance of barrier 
layers (LiNbO3, LiAlO2, 
Li2ZrO3) 

Great cathode 
coatings 



But passivation may help.   
Need to investigate the passivation products 

W.D. Richards, et al.   Chemistry of 
Materials, 28 (1), 266-273 (2016)  



Unemoto	et	al.	Chem.	Mater.	2015	10.1021/acs.chemmater.5b02110	

•  DFT	predicts	limited	stability	window	
of	LiBH4	
–  Forms	layer	of	Li2B12H12	at	high	voltage	

(>2	V)	

•  Experimental	cell	has	good	stability	
and	shows	the	expected	
decomposi'on	products	

a strong reducing agent, it reacts with oxygen under
atmospheric conditions to form multicomponent oxides and
hydroxides, such as Li2O and LixByOzHm at the LiBH4 surface.

42

Thus, there might be an argument that the exposure of LiBH4
to atmospheric oxygen would also affect the interface stability
between TiS2 and LiBH4 and thereby battery performance. We
carried out the preparation of the bilayer compact consisting of
the composite positive electrode and the electrolyte layers in a
dry room to avoid the influence from water vapor. Despite the
long-term (3 h 20 min) exposure of the powders containing
LiBH4 to atmospheric oxygen, our battery exhibited a notably
high TiS2 utilization ratio as well as good cycle life, similar to
the battery assembled in an Ar-filled glovebox, as shown in
Figure 2. The initial discharge capacity was 190 mAh g−1, and
the second one recovered to 205 mAh g−1. The capacity
retention ratio at the 50th discharge (to the second discharge)
was 96% with nearly 100% Coulombic efficiency (See details on
the battery performance and characterization of specimens in
Supporting Information, Figures S2 and S3). Since the
structure and composition of the LiBH4 surface that may
contain Li2O and LixByOzHm after exposure to oxygen is
complicated,42 further investigation is necessary to better
understand the materials stability to the environmental gas.
3.2. Effect of Annealing Time on Battery Performance.

To examine the effect of annealing duration before the battery
test on its performance, we assembled two batteries, i.e.,
battery−(A) and battery−(B), and the former and latter
batteries were kept in open circuit for 2 and 200 h, respectively,

at 393 K. Then, the initial discharge was carried out at 0.1 C.
Figure 3a shows the charge, Q, passing through the battery−

(A) and −(B) operated at 393 K and 0.1 C. Figure 3b shows
the dQ/dV plot derived from the discharge−charge profiles of
the batteries shown in Figure 3a.
The short time (2 h) annealed battery−(A) overcharged in

the initial cycle for 0.9 coulomb, corresponding to x ∼ 0.45 in
LixTiS2 at the upper cutoff voltage of 2.7 V. During the initial
charge, an irreversible electrochemical oxidation wave attrib-
uted to the side-reaction appeared in the voltage range of ≥2.1
V, as evident in the dQ/dV-plot in Figure 3b. Such an
irreversible electrochemical oxidation was not observed from
the second cycle onward, and the Coulombic efficiency became
almost 100%. On the other hand, the overcharge was less
pronounced for the long time (200 h) annealed battery−(B).
Both cells exhibited notable cycle stability. The capacity
retention ratios of the 50th discharge to the second discharge
for battery−(A) and −(B) were 99% and 93%, respectively,
with almost 100% Coulombic efficiency over the battery test
(data not shown).
In the nonaqueous system, the intercalation of Li from LiBH4

into TiS2, i.e., the self-discharge reaction, is proposed as43

Figure 2. Performance of the bulk-type all-solid-state TiS2/Li battery
operated at 393 K and 0.2 C. (a) Discharge−charge profiles and (b)
discharge capacity, Coulombic efficiency (discharge capacity over
charge capacity), and discharge capacity retention ratio (to the second
discharge capacity). Theoretical capacity of TiS2 is 239 mAh g−1 when
x in LixTiS2 varies in the range of 0 ≤ x ≤ 1.36,37

Figure 3. (a) Charge, Q, passing through the bulk-type all-solid-state
TiS2/Li batteries operated at 393 K and 0.1 C. The temperature was
first raised up to 393 K, and subsequently the discharges were started
after 2 and 200 h for battery−(A) and −(B), respectively. The
discharges of battery−(A) and −(B) were started from red and blue
circles, respectively. (b) dQ/dV-plot derived from the discharge−
charge profiles of battery−(A) and −(B).

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.5b02110
Chem. Mater. 2015, 27, 5407−5416

5410

DFT	calculated	stability:	

Passiva'ng	interface	between	LiBH4	and	TiS2�

Cycling	voltage	



Electrochemical + Chemical Reactivity with the 
Cathode 

W.D. Richards, et al.   Chemistry of Materials, 28 (1), 266-273 (2016)  



Electrochemical + chemical reactivity with cathode 

Sakuda et al. Chem. Mater. 2009 
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Why this is complicated  

Ca
th
od

e 

Ca
th
od

e 

Cathode and electrolyte react in undefined ratio 

Construct the phase diagram made up of 
combined elements of cathode and electrolyte 
(sometimes as many as 7-8 elements) 



Approach 

Construct the phase diagram made up of 
combined elements of cathode and electrolyte 
(sometimes as many as 7-8 elements) 

Predicted to decompose 
to ZnS and LiCl 

W.D. Richards, et al.   Chemistry of 
Materials, 28 (1), 266-273 (2016)  



Example:  LLZO and LLTO against common cathodes 

LLZO/LiFePO4 

LLTO/LiFePO4 

LLZO/LiMn2O4 

LLTO/LiMn2O4 

LLTO/LiCoO2 

LLZO/LiCoO2 

L. Miara et al. Chem. Mater., 27 
(11), 4040–4047 (2015  

W.D. Richards, et al.   Chemistry of 
Materials, 28 (1), 266-273 (2016)  



Selec'ng	an	electrolyte/cathode	combina'on	

Reac'on	energy	
with	mixing	

Reac'on	energy	at	cathode		
chemical	poten'al	

Thiophosphates	react	
and	mix	with	high-
voltage	cathodes	



Selec'ng	an	electrolyte/cathode	
combina'on	

Reac'on	energy	
with	mixing	

Reac'on	energy	at	cathode		
chemical	poten'al	

Thiophosphates	react	
and	mix	with	high-
voltage	cathodes	

Good	voltage	stability,	
but	mixing	may	be	a		
concern	

Good	coa'ngs	



Summary 
}  Ab-initio methods predict Li conductivity extremely well. 
}  Electrochemical stability can be computed and seems to 

be in very good agreement with detailed experimental 
studies 

}  Sulfides have poorer electrochemcial stability than 
oxides.  React to Li2S and Li3P against Li metal.  
Undergo oxidation at the cathode 

}  Adding metals to the conductor may raise the anodic 
limit but almost always comes at the expensive of 
cathodic stability 

}  Chemical reactivity with cathodes lowers electrochemical 
voltage limit 

}  Barrier layers will be required for most (if not all) sulfides, 
and possibly many oxides 


