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The competition is highly optimized and requires a 
very low rate of parasitic reactions

From the Economist July 30th 2020

Any solid-state battery will have to excel over Li-ion in at least one property, and probably multiple ones

Need to have ≈ 10-5 fraction parasitic reaction



Content for today

• Cathode/SSE electrochemical interface
• Coatings
• Mechanical issues and dendrite propagation



The electrochemical stability problem on the cathode side

Vcathode = – µLi =   (µLi+ + µe-)

• Both Carbon/SSE and 
SSE/cathode interface are reactive

• Oxidation occurs by Li extraction 
and removal of electron from the 
anion

• This is very different from liquid 
electrolytes

Carbon black

CathodeSSE

Oxidative Li extraction from the SSE followed by SSE decomposition can occur 
at every interface that has an electron path to the current collector and an ionic 
path to the SSE

Y. Xiao, L.J. Miara, Y. Wang, G. Ceder, Computational Screening of Cathode Coatings for Solid-State 
Batteries Joule (2019), https:// doi.org/10.1016/j.joule.2019.02.006.  (2019)
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Oxidation limit is set by 
anion, and modified by its 

bonding with metals

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

Cathode coatings



Oxidative decomposition is problem for sulfides

DFT calculated stability windows

S2–

e–
Easy to extract Li+ and e– from a sulfide SSE
Many sulfides oxidize slightly above 2V

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



Experimental evidence that sulfide is oxidized at the 
interface with carbon

Yoon, Kang et al., Scientific reports 8 (2018)

No carbon additive

When carbon is present, XPS indicates that 
LGPS is oxidized after first charge.

5 wt% carbon additive

Zhang et al., ACS Appl. Mater. Interfaces 9 (2017)

With the present of carbon, the cell 
impedance after the first charge 
increased significantly, mainly from the 
contribution of the carbon/LGPS 
interface.



Coating as an effective strategy

Carbon black

CathodeSSE
Li+X

XSS
E
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• Still require high oxidative stability
• But reductive stability easy to accomplish

Even common coating materials are 
predicted to have limited stability



M orbital

O orbital

bonding “O” state

antibonding “M” state

Weak hybridization

e–

M orbital

O orbital

Strong Hybridization

e–

Polyanion systems are better

Hybridize oxygen in coating to improve oxidation 
resistance

Prediction of highly stable borate coating



Uniform amorphous coatings through solution method

TEM

HRTEM

Y-Q. Zhang et al, Adv. Energy Mater., 2020, 1903778, DOI: 10.1002/aenm.201903778 (2020)



Experimental confirmation:  Comparison of Li-Zr-O coated NMC 
with Li-borate coated NMC

Cycle life testing in graphite/LPS/coated-NMC solid state cell (0.05 mA cm−2 between 2.5 and 4.3v) V

Much better cycling is achieved 
with LBO-coated NMC
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Y-Q. Zhang et al, Adv. Energy Mater., 2020, 1903778, DOI: 10.1002/aenm.201903778 (2020)



LZrO coating breaks down after 1st cycle
§ After 1st cycle, LZrO coating 

breaks down. The decomposition 
product can be indexed to ZrO2
(Figure b). Li is extracted and some 
O exchanges with S in SSE.  Leads 
to (Mn,Ni) sulfide compounds

§ This is consistent with the 
computationally predicted reaction

Li2ZrO3 → 2 Li + ZrO2 + O

§ The decomposition of LZrO is 
attributed to oxidation of O2- at 
high voltage.

§ ZrO2 was found to distribute 
inhomogeneously on NCM 
surface. STEM-HAADF and EDX 
mapping shows the aggregation of 
decomposition products, where a 
70 nm-thick ZrO2 layer could be 
observed. 



LZrO vs. LBO coating in long-term cycling (50 cycles)

Confidential (UCB-AML-SAIT) 14



Current collector/SSE

SSE/Carbon black

SSE/Coating

Coating/CathodeSSE/Cathode (imperfect coating)

Solid State 
Electrolyte 
(SSE)

Cathode with 
perfect 
coating

Cathode with 
imperfect 
coating

Uncoated 
cathode

Carbon black

Current 
collector

Cathode (imperfect coating)
/Carbon black

Cathode coating strategy is not perfect
§ Imperfection on coating exposes cathode particle to SSE.
§ Perfect coating insulates electron conduction path.
§ Cathode coating cannot protect SSE/Carbon (or current collector) interfaces.



Also mechanical contact loss occurring



Chemical Reactivity

CathodeSSE
Li+

• Important for co-sintering of SSE and cathode
• Also important for coatings with SSE



High reactivity at sulfide SSE/oxide cathode interface

Large instability driven by S-O exchange: LiMO2 + Li-P-S   ->  Li3PO4 + M-S 
> 300 meV/atom driving force

Computed reactivity

Oxide-Oxide
Mostly OK, except possible interdiffusion at high T

Sulfide - Oxide

e.g.:  Tsukasaki et al, J. Power Sources, 434, 226714 2019; Koerver et al, Chem. Mat. 29, 5574 (2017)

Y. Xiao et al.  Computational Screening of Cathode Coatings for Solid-State Batteries Joule 
(2019), https:// doi.org/10.1016/j.joule.2019.02.006.  (2019)



Oxide coatings are stable with oxide cathodes
and have reduced reactivity with sulfides 

§ Non-polyanionic oxide coatings provide a stable interface 
with oxide cathodes.

§ However, the oxide coating/sulfide SSE interface still has 
reactivity > 100 meV/atom, but less than the cathodes 
themselves.  

Y. Xiao et al.  Computational Screening of Cathode Coatings for Solid-State Batteries Joule (2019), 
https:// doi.org/10.1016/j.joule.2019.02.006.  (2019)



Polyanionic oxides have good stability with both 
oxide cathodes and sulfide SSEs

Polyanionic oxides more stable 
with sulfide SSEs than oxide 
coatings as they already have a 
formed PO4 group

Polyanionic oxides are more reactive 
with oxide cathodes than oxide 
coatings because Li3PO4 formation



Coating recommendations



Li metal issues

• Dendrite propagation in solids
• Current homogeneity

• L. Barroso-Luque, Q. Tu, G. Ceder, An Analysis of Solid-State Electrodeposition-Induced 
Metal Plastic Flow and Predictions of Stress States in Solid Ionic Conductor Defects, J. 
Electrochem. Soc. 167 020534 (2020)

• Q. Tu, L. Barroso-Luque., G. Ceder. Cell Reports Physical Science 1 (7), 100106 2020



Possible mechanisms for dendrites growth in 
solid electrolyte

1. Connected porosity: Li simply grows through the SE

2. Mechanical: Stress intensification leading to propagating fracture 
through the grains or grain boundaries. 

Fracture

4. Isolated pores: Li deposits due to electronic conductivity. 

3. (Electro)chemical reactivity leading to SEI formation.

Reaction layer

Cathode Solid 
electrolyte Li metal 

Pressure

e-



Can Li crack a Solid Electrolyte ?

Can stress intensification at 
the crack tip be large enough 
to fracture the SSE ?

P

Crack

Li

SS
E

Porz, et al, Adv. Energy Mater. 2017, 7, 1701003

• Li is a very soft metal:  yield stress is ≈ 1MPa
• Assuming Li can crack a SSE is asking if jelly can crack concrete ?

DATA taken from Q. Tu, L. Barroso-Luque., G. Ceder. Cell 
Reports Physical Science 1 (7), 100106 2020, and refs therein



Metal protrusion in SSE focusses current: concept
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Q. Tu, L. Barroso-Luque., G. Ceder. Cell Reports Physical Science 1 (7), 100106 2020

Li+
i0 = 0.1mA/cm2

Increased deposition rate at crack tip needs to push Li metal 
towards the anode -> results in increase pressure at crack front

1µ
m



Model

• Continuum PDE model for coupled deposition and electrode metal plastic flow.
• Approximations:

– Isotropic ionic transport in SE
– Metal viscous flow.
– Planar crack geometry.
– Model 1: No feedback between stress in crack and Li transport in SSE
– Model 2: Feedback between stress in crack and Li transport in SSE

26

Li deposition rate 
higher at crack tip 

L. Barroso-Luque. Q. Tu, G. Ceder. 2020 J. Electrochem. Soc. 167 020534



Solution with no mechanical coupling between Li transport in 
SE and electrochemistry leads to very large possible pressures

Pressure at the crack tip

Pseudo viscosity of Li Current density

Crack length

Crack radius

• This pressure can become very large for long narrow cracks.  
• Even at low current density (0.1mA/cm2) any sized flaw would cause fracture
• This behavior has been used to argue that Li metal can crack SEX

L. Barroso-Luque. Q. Tu, G. Ceder. 2020 J. Electrochem. Soc. 167 020534



Coupling of the mechanical stress to the transport equations 
limits the pressure increase in a significant way

28
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• Pressure increase leads to potential 
increase for Li:  DF = Vm DP/F

• Potential increase at crack tip pushes 
current away (screening !)

Electro-plastic screening length:  Length over 
which defect sizes are effectively screened
Increases with ionic conductivity in SE

Near crack tip the Li 
potential is raised

For sLi+ > 0.1mS cm-1 and reasonable pseudo viscosities for Li, screening length is tens of
microns.  Smaller defects are essentially ”invisible” for the current. 

L. Barroso-Luque. Q. Tu, G. Ceder. 2020 J. Electrochem. Soc. 167 020534



Importance of High Ionic Conductivity in Solid Electrolytes: Screening

Increasing Ionic Conductivity in Solid Electrolyte

Li anode Li anode Li anode Li anode

At low s current focusses on crack 
tip leading to stress increase

At high s current does not 
focus on crack tip

As the conductivity of the SE increases, the equipotential lines act like there is no defect, hence there is no current 
focusing and no stress build-up

Limiting value (maximum) Pressure that can be achieved for flaws below the 
screening length

Li metal

an
od

e

DF

L. Barroso-Luque. Q. Tu, G. Ceder. 2020 J. Electrochem. Soc. 167 020534



Materials Design & Cell Operation Criteria
• closed form equation for the stress intensity factor 

𝐾! ≈ 𝛽"
𝑧#𝐹𝑖$
𝜎#𝑉%

𝐿&/( + 𝛽(𝑃$𝐿"/(

30
L. Barroso-Luque. Q. Tu, G. Ceder. 2020 J. Electrochem. Soc. 167 020534

s+ = 0.1mS cm -1

s
+ = 0.5m

S cm
-1

s
+ =

1
m

S cm
-1

Safe operating zones for current density and stack pressure for SSE 
with 1MPa m1/2 fracture toughness and a 10µm flaw



Current homogeneity:  effects of conductivity, ASR, and 
stack pressure

Q. Tu, L. Barroso-Luque., G. Ceder. Submitted to Cell Reports Physical Science

How to reduce current inhomogeneity ?

Local current density is not the same as overall current density.  The more 
inhomogeneity, the higher local current density can be.  



Evaluate effects of stack pressure, ionic conductivity, and area-
specific-resistance on interfacial deposition inhomogeneity

Q. Tu, L. Barroso-Luque., G. Ceder. Cell Reports Physical Science 1 (7), 100106 2020



Models for charge transport

1. Charge-transfer kinetics at the Anode/SE interface can be described by 
Butler-Volmer relation:

𝑖# = 𝑖$%& 𝑒
'"()
*+ − 𝑒,

'#()
*+

• 𝑖# is the normal current density passing across the electrode/SE interfaces.

• 𝑖$%& is the exchange current density at the interfaces.
• 𝜂 is the surface overpotential: the drop of electrochemical potential of 𝐿𝑖-

( (𝜇!"!) at the electrode/SE interface.

2. Transport of 𝐿𝑖! in the SE can be described by Ohmic relation:

𝒊!"! = −
𝜎!"!
𝐹

𝛻 (𝜇!"!

𝛻. (𝜇!"! = 0

• Relation of current density (𝒊!"!) and electrochemical potential ( (𝜇!"!):

• Laplacian equation of electrochemical potential ( (𝜇!"!) at steady state:

Q. Tu, L. Barroso-Luque., G. Ceder. Cell Reports Physical Science 1 (7), 100106 2020



Higher ionic conductivity of SE reduces Li deposition 
inhomogeneity

• Current density becomes more 
even as ionic conduction in SE is 
faster (𝜎!"! is larger).
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• Larger 𝜎!"! is always good

Li Metal

SE
Li+ 𝒊𝟎 Li+

Expression Description Value

𝐴𝑆𝑅(𝛺 𝑐𝑚!) Area-specific-
resistance

12.5

𝜎"#! (mS/cm) Ionic conductivity Vary

𝑖$(mA/𝑐𝑚!) Applied C.D. 0.1

𝐿 (𝜇𝑚) SE thickness 1000

𝑤 (𝜇𝑚) Width of defect 1

𝑙 (𝜇𝑚) Length of defect 20
Q. Tu, L. Barroso-Luque., G. Ceder. Cell Reports Physical Science 1 (7), 100106 2020



Higher area-specific-resistance (ASR) reduces 
Li deposition inhomogeneity

• Current density becomes more evenly 
distributed as the charge transfer 
reaction is slower (ASR is larger).

Li Metal

SE
Li+ 𝒊𝟎 Li+

Expression Description Value

𝐴𝑆𝑅(𝛺 𝑐𝑚!) Area-specific-
resistance

vary

𝜎"#! (mS/cm) Ionic conductivity 0.3

𝑖$(mA/𝑐𝑚!) Applied C.D. 0.1

𝐿 (𝜇𝑚) SE thickness 1000

𝑤 (𝜇𝑚) Width of defect 1

𝑙 (𝜇𝑚) Length of defect 20
• ASR is not always good when getting 

too small
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Q. Tu, L. Barroso-Luque., G. Ceder. Submitted to Cell Reports Physical Science



Can define“damping length” which is length scale 
over which inhomogeneity can be removed

SE 𝑖$%&
(𝒎𝑨 𝒄𝒎𝟐)

ASR 
(𝛀 𝒄𝒎𝟐)

𝝈𝑳𝒊 (𝒎𝑺
/𝒄𝒎)

𝑙$
(𝝁𝒎)

LPON 1.2 21 10,0 0.2
LLZO 12.5 2 0.1 2
LPS 1 25 0.5 125

q Typical SE material

𝑙* =
𝜎+#)𝑅𝑇
𝑖,-.𝐹

= 𝜎+#) 5 𝐴𝑆𝑅
𝜎!"! : Ionic conductivity
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q Current inhomogeneity near defect

q Definition of damping length

𝐴𝑆𝑅: Area specific resistance

Tsai, Chih-Long, et al. ACS applied materials & interfaces8.16 
(2016): 10617-10626.

Sharafi, Asma, et al. Chemistry of Materials 29.18 (2017): 7961-7968.
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q Contour of pressure near the defect q Plastic Deformation of Li under 3MPa 
stack pressure

Stress is concentrated near the defect area at the 
interface

Full plastic

Full elastic

MPa

X

Y

5

3

1

X

5

Pressure

VonMises 
Stress

St
re

ss
 c

om
po

ne
nt

s 
(M

Pa
)q Stress distribution along interface

• Large pressure at the defect area.  
Pressures exceed yield stress (due to 
hydrostatic components)

• The VonMises stress determines the 
plastic flow of Li metal at the interface.
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Less contact loss is developed with larger stack 
pressure and lower yield strength of Li metal

v Effect of stack pressure (P) when yield strength of Li is 1MPa
P = 1 MPa P = 2 MPa P = 3 MPa

v Effect of yield strength when stack pressure is 1MPa

Yield Strength: 1MPa Yield Strength: 2MPa

Li Metal

SE Li+ 𝒊𝟎 Li+

Li Metal

SE Li+ 𝒊𝟎 Li+

Li Metal

SE Li+ 𝒊𝟎 Li+

Li Metal

SE Li+ 𝒊𝟎 Li+

Li Metal

SE Li+ 𝒊𝟎 Li+
38



Summary:  Mechanical effects in conductors
• Electrochemical degradation of SE and coatings occurs.  Stable coatings can be 

designed by maximizing the anion covalency (polyanion systems, low Li content in 
coating, etc.)  NMC with such optimized borate coating has improved cycling.  
Carbon/SE is also active interface.

• Chemical reactivity is driven between S <-> O exchange (for sulfide SE and oxide 
cathode) or Li3PO4 formation for phosphates in contact with SE with high Li content.  

• Stress concentration at the front of a Li dendrite does not grow unlimited but feeds 
back to transport of Li in SSE.  Increased pressure raises potential, which in turn 
reduces current focusing on the dendrite. Purely mechanical cracking does not seem 
very likely in conductors with typical fracture strength and reasonable conductivity.  

• For SSE with good conductivity defect screening length is tens of microns and 
maximum pressure developed is limited.  High ionic conductivity is not only
important for impedance lowering, but it also limits the buildup of stress
concentration.

• Current homogeneity improved by higher ionic conductivity, increased ASR, stack 
pressure higher than a few times Li yield stress.
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