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WHY SOLID STATE? 
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HOW SOLID STATE? 

POWER

SAFETY

ENERGY

𝑡𝐿𝑖+ =
𝐼𝐿𝑖+

𝐼𝑡𝑜𝑡𝑎𝑙
~1
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SOLBAT



THE TEAM
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INORGANIC CERAMICS

Perovskite (LLTO)
𝐿𝑖3𝑥𝐿𝑎2/3−𝑥 1/3−2𝑥𝑇𝑖𝑂3

Anti-perovskite
(𝐿𝑖3𝑂𝐶𝑙)

NaSICON 𝐿𝐴𝐺𝑃
𝐿𝑖1.3𝐴𝑙0.3𝐺𝑒1.7(𝑃𝑂4)3

Garnet (LLZO)
𝐿𝑖7𝐿𝑎3𝑍𝑟2𝑂12

Thio-LiSICON 
𝐿𝑖4−𝑥𝑍𝑛𝐺𝑒1−𝑥𝑃𝑆4

LGPS
𝐿𝑖10𝐺𝑒𝑃2𝑆12

LiSICON
𝐿𝑖14𝑍𝑛𝐺𝑒4𝑂16

Argyrodite
Li6PS5Cl 8



Garnet, Li7La3Zr2O12 Argyrodite, Li6PS5Cl

𝜎𝐿𝑖+/ S cm-1 1·10-3 (Ta doped) 3·10-3

Stability vs. Li metal stable ?

Electrochemical window wide ?

𝜌 /g 𝑐𝑚−3 4.89 1.89

Janek, Nazar, Nan, Maier, Armand, Chen et.al., New horizons for inorganic solid state ion conductors, EES (2018)

TWO MODEL 
SYSTEMS

𝐸/GPa 175.1 22.1

𝐺/GPa 68.9 8.1
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770 Whl-1

300 Whkg-1

1339 Whl-1

434 Whkg-1

+ 74% vol. 

+ 45% grav. 

TECHNOECONOMICS
Conventional Li-ion Argyrodite, Li6PS5Cl
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770 Whl-1

300 Whkg-1

1339 Whl-1

315 Whkg-1

+ 74% vol. 

+ 5% grav. 

TECHNOECONOMICS
Conventional Li-ion LLZO, Li7La3Zr2O12
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Deiseroth et.al. Angew. Chem. Int. Ed. (2008)

ARGYRODITE: HISTORY
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Boulineau et.al. Solid State Ionics (2012)

Li2S
5

P2S5
1

LiCl
2

SYNTHESIS

Li6PS5Cl
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CHARACTERIZATION

5 mm

σLi+:  ~3 mS/cm @ RT 

E = 15 ±3 GPa

MICROSCOPY ELECTROCHEMICAL STRUCTURAL  

MECHANICAL  
20 μm

2 μm
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100 nm

HIGH-RESOLUTION PHASE CONSTRAST
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SURFACE ANALYSIS
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Journal of Power Sources 293 (2015) 941-945

Raman spectra of bare Li6PS5Cl

IN-OPERANDO RAMAN

𝑃𝑆4
3−

Optical Window
50 nm Au/Cu

SE

Li

Laser

SS-Back Contact
CE/RE

Contact pin
WE

O-ring

Cell body

17



Potentiostatic: 15 minutes hold

IN-OPERANDO RAMAN
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EFFECT OF PRESSURE
1.0 mA/cm2 1.0 mAh/cm2 7 MPa
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Effect of Current Density on Failure
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X-RAY TOMOGRAPHY
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VOID EVOLUTION

22



50lambda

electrode   
.

electrolyte electrode

–+

+
+
+

–
–

–

–+

+
+
+

–
–

–

0 0.5 1 1.5 2

Position (nm)

0

0.2

0.4

0.6

0.8

1

O
c

c
u

p
a

ti
o

n
 p

ro
b

a
b

il
it

y
 

Ideal blocking (i=0)

0.32 V

0.24 V

0.16 V

0.08 V

Li+ depletion

‘jamming’
(signature of 

Fermi statistics)

uniform conc.
in the bulk 

0.08 V

0.32 V

position (nm)

L
it

h
iu

m
-s

it
e 

o
cc

u
p

an
cy

 x

0 0.5 1 1.5 2

Position (nm)

-600

-500

-400

-300

-200

-100

0

P
re

s
s
u

re
 p

-p
 (

M
P

a
)

Ideal blocking (i=0)

0.08 V

0.16 V

0.24 V

0.32 V
p

re
ss

u
re

 p
–

p
re

f
(M

P
a)

tension O (0.1 GPa)

10
-2

10
0

10
2

10
4

Current density i (A/m
2
)

0

10
2

10
4

10
6

10
8

p
 (

P
a

)

30
3 

K

34
3 

K

37
3 

K

40
3 

K

43
3 

K

c
= 3 kPa

current density i (A/m2)

st
re

ss
 (

P
a)

A simple predictor:Space charging (screening) in 
double layers produces  large 

forces at the interface

‘Critical current’ or  ‘critical 
stress’?

data = • from
Sharifi et al., J. Power Sources 302 (2016) 135

Transport model output

position (nm)

ELECTRO-CHEMO-MECHANICS
Guanchen Li
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ALL-SOLID-STATE: LTO| Li6PS5Cl|LTO

Li4+xTi5O12/Li6PS5Cl/Super P 
(3:6:1, mass)
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Ying Zhao
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PROBE-STRUCTURE BASED DISCOVERY
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DEVICE FABRICATION

Mihkel Vestli
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INDUSTRIAL INTERACTION
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PDRA PRESENTATIONS

Dr. Guanchen Li
Prof. Monroe’s group
University of Oxford 

Dendrite nucleation in polycrystalline lithium-
conductive ceramics

Dr. Ying Zhao  
Prof. Fleck’s group
University of Cambridge  

Dr. Mihkel Vestli
Prof. Irvine’s group
University of St. Andrews  

Dr. Paul Sharp
Prof. Rosseinsky’s group
University of Liverpool 

Towards an Optimized Composite Cathode 
Structure 

Tape-casting of NASICON-based solid state batteryUsing Probe Structures to Explore the Li-Mg-P-S-Cl 
Phase Field with ChemDASH
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