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Ni-Cd

Ni-MH

Graphite/LiFePO4

Graphite/LiCoO2

Graphite/Li1+xNMC

Si-GR/Li1+xNMC

Li-metal/High-Ni NMC

To break the energy density limit

Chem. Rev. 2018, 118, 11433.

Upper limit of LIBs

> 400 Wh kg−1

Batteries for sustainable energy



Lithium–sulfur batteries

Volumetric energy density Wh L−1

Gravimetric energy density Wh kg−1

Lithium–sulfur batteries promise high energy density.

J. Electrochem. Soc. 2015, 162, A2509.



Lithium metal anode

Atomic weight: 6.94 g mol−1

Lightest alkali metal (0.54 g cm−3)

Silvery, metallic solid

Theoretical capacity: 3860 mAh g−1

E = −3.04 vs. SHE

Sulfur cathode

Atomic weight: 32.06 g mol−1

Light yellow solid   (2.07 g cm−3)

Non-toxic, “green” material

Abundant and cheap  (28 $ ton−1)

Theoretical capacity: 1672 mAh g−1

Energy density 

2600 Wh kg−1

Lithium–sulfur batteries

Chem. Soc. Rev. 2013, 42, 3018.

http://images.google.co.kr/imgres?imgurl=http://www.angelo.edu/faculty/kboudrea/molecule_gallery/element016_sulfur/sulfur_sublimed_01.jpg&imgrefurl=http://www.angelo.edu/faculty/kboudrea/molecule_gallery/element016_sulfur/00_sulfur.htm&usg=___we9B1kXhb_16Z8-jfaPfdmcFXg=&h=1024&w=1280&sz=462&hl=ko&start=56&um=1&itbs=1&tbnid=xy5SzD6uIw6JQM:&tbnh=120&tbnw=150&prev=/images?q=sulfur&start=40&um=1&hl=ko&lr=&newwindow=1&sa=N&complete=1&ndsp=20&tbs=isch:1


C

S
Li2S

e−
e−

Low conductivity
Dead Li2S

Dead S

Volume

expansion

Shuttle effect Anode corrosion & dendrite growth

Li

Slow redox kinetics

Lithium–sulfur batteries

Anode

or

Cathode



C Li2S

Electrolyte

e−

Electron

conduction Mass

transfer

Interfacial

charge transfer

Cathode kinetic regulation

at multi-phase boundaries

• High conductivity

• Fast mass transfer

• Reduced interfacial 

resistant

• Reduced activation 

energy

• Fast redox reactions

• High reversibility

Cathode kinetic regulation
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Adv. Mater. 2022, 34, 2201555.

Energy density

vs.

Lifespan

Cathode kinetic regulation→High energy density

？

Long lifespan is the prerequisite for practical Li–S batteries.

Challenges of practical high-energy-density batteries



Key parameters to design high-energy-density Li–S batteries

• High sulfur loading: > 5 mg cm−2

• Low E/S ratio: < 3 μL mgS
−1

• Limited Li excess: N/P ratio < 2

Energy density: > 400 Wh kg−1

Challenges of practical high-energy-density batteries

Adv. Mater. 2022, 34, 2201555.

What is the failure mechanism?

Analysis on pouch cells is necessary.



Cycling performance of a 300 Wh kg−1 Li–S pouch cell 

• Rapid capacity decay with reduced Coulombic efficiency

• Diminished second discharge plateau with growing polarization

Failure analysis of Li‒S pouch cells

Energy Storage Mater. 2017, 6, 18.

300 Wh kg−1



Massive Li dendrite and dead Li are found on cycled anode.

Failure analysis of Li‒S pouch cells 300 Wh kg−1



The reaction between Li metal anode and electrolyte is the 

main reason for the failure of Li‒S pouch cells.

Failure analysis of Li‒S pouch cells

Depletion of electrolyte No failure of cycled cathode Failure of cycled anode

300 Wh kg−1



Failure analysis of Li‒S pouch cells 400 Wh kg−1
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sulfur loading: 6.3 mg cm−2

Anode: 50 μm lithium

E/S ratio: 3.0 μL mg−1

Area: 28 cm2

Capacity: 6 Ah  

Energy density: 400 Wh kg−1

J. Energy Chem. 2022, 66, 24.

• Actual capacity: 6.44 Ah

• Actual energy density: 422 Wh kg−1

Constructing 400 Wh kg−1 Li–S pouch cells under high sulfur 

loading, low E/S ratio, and ultrathin Li anode



Failure analysis of Li‒S pouch cells 400 Wh kg−1

Morphology evaluation of electrodes after the 1st cycle
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• Limited electrolyte 

after only 1 cycle

• Barely no left Li metal 

after 1st discharge

• No obvious change 

on cathode



Failure analysis of Li‒S pouch cells 400 Wh kg−1

100

0 0

55.53

0.14

44.33

73.34

26.13

0

0.25

0.5

20

50

80

110
 Cathode

 Anode

 Electrolyte

ChargedDischarged

S
u

lf
u

r 
c
o

n
te

n
t 

(w
t.

%
)

Pristine

Sulfur distribution in pouch cell

0.53

Spatial analysis

• Sulfur exists in cathode and electrolyte while limited amount on Li

metal anode.

• Li2S4 and Li2S8 dominant in discharged and charged electrolyte,

respectively

Sulfur in electrolyte

0 0

68.4

33.0
40.3

0

50

100

150

200

Discharged Charged

 Sulfur

 Lithium

Pristine
A

m
o

u
n

t 
o

f 
s
u

b
s
ta

n
c
e
 (

m
m

o
l)

N.A.

0 10 20 30 40
1.6

2.0

2.4

2.8

3.3

8.2

1.1

35.6

Capacity (μAh)

 Discharged electrolyte

 Charged electrolyte

V
o

lt
a

g
e

 (
V

)

Spatial and species analysis of sulfur



Failure analysis of Li‒S pouch cells 400 Wh kg−1

Energy Storage Mater. 2022, 53, 315.

Cycling performance of a 400 Wh kg−1 Li–S pouch cell 

• Rapid capacity decay with reduced Coulombic efficiency

• Increased peak-shaped polarization at the second discharge plateau



Failure analysis of Li‒S pouch cells 400 Wh kg−1

Analysis of cathodes after battery failure

• Conductive surface and cathode structure are well-maintained. 



Failure analysis of Li‒S pouch cells 400 Wh kg−1

Analysis of anodes after battery failure

• Cycled anodes suffer huge volume variation.

• SEI is mainly composed of organic species with high C and O contents.



Failure analysis of Li‒S pouch cells 400 Wh kg−1

Capacity analysis of electrodes after battery failure

• Capacity of cycled cathodes and anodes is well-maintained.

• What is the failure reason?



Failure analysis of Li‒S pouch cells 400 Wh kg−1

Reinjecting electrolyte to recover the cycling of pouch cell

• Discharge capacity recovers after injecting solvent.

• Discharge capacity & CE recover after injecting solvent + LiNO3.

• Electrolyte exhaustion is identified as the main failure reason.



Li Excessive Li anode

> 500 μm 

High E/S ratio

> 10 μL mgS
−1

Li Limited Li anode

< 50 μm 

High loading cathode

> 5 mg cm−2

Low E/S ratio

< 3 μL mgS
−1

Coin cell Pouch cell

Utilization ratio of Li ~2% Utilization ratio of Li ~50%

The reaction between Li metal anode and electrolyte 

hinders the long cycling of practical Li–S batteries.

Low loading cathode

< 2 mg cm−2

Challenges of practical high-energy-density batteries



Challenges of practical high-energy-density batteries

Lithium polysulfide

⚫ High concentration (> 6 M [S])

⚫ Multiple species (Li2S4–8)

⚫ Dynamic change (0–10 M)

Mater. Today 2021, 45, 62.



Challenges of Li metal anode

Li

Unstable SEI

Li dendrite & dead Li

Artificial SEI

Polysulfide solvation 

structure

Stable SEI

solvent

Li salt

Additive

High-concentration polysulfide

LiPS

Blocking LiPS reaction pathway

Uniform Li deposition

Reducing LiPS reactivity



Other Li metal batteries

Polysulfide chemistry: Solvation structure of polysulfide

Li+ Anion                Solvent                   PS                    SEI           Li metal anode

LiPS solvation

Li–S batteries

The solvation structure of LiPS is the key for electrolyte 

engineering and SEI regulation.

Mater. Today 2021, 45, 62.

Contact ion pair

Aggregate

Solvated Li+

？



Chem 2022, 8, 3031.

LiPS: Weakly dissociated & Cationic 

Polysulfide chemistry: Solvation structure of polysulfide



LiPS + Li salt: Neutral   & Cationic 

Polysulfide chemistry: Solvation structure of polysulfide



Cationic Li3Sx
+ is thermodynamically favorable. 

Polysulfide chemistry: Solvation structure of polysulfide



Cationic Li3Sx
+ intensifies Li anode corrosion. 

Decreased cathode kinetics Enhanced Li corrosion

Polysulfide chemistry: Solvation structure of polysulfide



DOL/DME electrolyte

Encapsulating polysulfide electrolyte (EPSE) to protect Li 

metal anode from LiPS corrosion

EPSE

• High reduction stability

• Weak solvation ability

Anode protection: Encapsulating polysulfide electrolyte

Chem 2022, 8, 1083.



Double-shell solvation structure of LiPS: DIPS in the outer 

shell to reduce the reactivity of LiPS

DOL/DME

EPSE

Anode protection: Encapsulating polysulfide electrolyte



EPSE reliefs the corrosion of Li metal by LiPS.

Anode protection: Encapsulating polysulfide electrolyte



EPSE prolongs cycling stability in coin and pouch cells. 
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50 μm Li

S loading = 6.1 mg cm−2

E/S = 2.7 μL mgs
−1

0

20

40

60

80

100
 C

E
 (

%
)

0.5

1.0

1.5

2.0

2.5

D
is

c
h

a
rg

e
 c

a
p

a
c
it

y
 (

A
h

)

0 250 500 750 1000
1.6

1.8

2.0

2.2

2.4

2.6

V
o

lt
a
g

e
 (

V
)

Specific capacity (mAh g−1)

  DOL/DME with LiNO3

   DIPS-EPSE with LiNO3

5th

57th

0 200 400 600 800 1000

1.8

2.0

2.2

2.4

2.6

V
o

lt
a
g

e
 (

V
)

Specific capacity (mAh g−1)

 5th 

 40th

 80th

Anode protection: Encapsulating polysulfide electrolyte



The general design of EPSE

Regulation of outer solvent shell

⚫ High reduction stability

⚫ Weak solvation ability

……

Anode protection: Encapsulating polysulfide electrolyte

Adv. Mater. 2022, 34, 2205284; Angew. Chem. Int. Ed. 2021, 60, 15503.
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Weakening the solvating power of outer-shell solvents enables 

long-cycling Li–S batteries.

Anode protection: Encapsulating polysulfide electrolyte



Anode protection: Regulation of SEI

Modification of NO3
− to form LiNxOy-rich SEI

with LiNO3

w/o LiNO3

Indispensable LiNO3 ？

Electrochim. Acta 2012, 83, 78.

LiNxOy in SEI



The preferential decomposition of ISDN vs. NO3
−

Resonance Non-resonance

High reactivityLow reactivity

Anode protection: Regulation of SEI

Angew. Chem. Int. Ed. 2022, 61, 202201406.

LiNxOy in SEI

Atom Spin population

O1 0.04

O2 0.04

O3 0.04

N 0.88

Atom Spin population

O1 0.44

O2 0.11

O3 0.11

N1 0.32



ISDN enables superior cycling stability than LiNO3. 

0 s 40 s 160 s
0

20

40

60

P
e
a
k
 a

re
a

 r
a
ti

o
 o

f 
L

iN
x
O

y
 (

%
)

Sputtering time (s)

 LiNO3

 ISDN

N/A

0 20 40 60 80 100
0

500

1000

1500

2000

  LiNO3

  ISDN

Cycle number

S
p

e
c
if

ic
 c

a
p

a
c
it

y
 (

m
A

h
 g

−
1
)

50 μm Li

S loading = 4.0 mg cm−2

E/S = 7.5 μL mgS
−1

0

20

40

60

80

100

C
E

 (
%

)

0

2

4

6

8
A

re
a

l 
c
a
p

a
c
it

y
 (

m
A

h
 c

m
−

2
)

v(NO2)

Anode protection: Regulation of SEI LiNxOy in SEI



AFA renders fast and complete defluorination and generates 

uniform fluorinated SEI.

Anode protection: Regulation of SEI

Angew. Chem. Int. Ed. 2022, 61, 202204776.

LiF in SEI



AFA enables superior cycling stability than LiNO3. 

Anode protection: Regulation of SEI LiF in SEI



Anode protection: Regulation of SEI Li2SxOy in SEI
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S-containing species are indispensable in SEI. (LiPS & Li salt)

High content of Li2SxOy for superior cycling stability of Li metal anodes

J. Energy Chem. 2022, 68, 300.



Anode protection: Regulation of SEI Li2SxOy in SEI

Li2SO4 is sustainably released to introduce abundant lithium 

oxysulfide components in SEI.

J. Power Sources 2022, 550, 232144.



Anode protection: Regulation of SEI Li2SxOy in SEI

Li2SxOy-rich SEI achieves long cycling stability of Li–S batteries. 
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Anode protection: Artificial SEI

PDMS-based artificial SEI as protective layer to repulse 

LiPS and exclusively permit Li+ transportation 

Lithium metal

Lithium metal

Li ion

Polysulfide

Angew. Chem. Int. Ed. 2021, 60, 18031.

Polysulfide

Polymer interphase

Li ion

Polymer interphase



PDMS-based artificial SEI promotes the cycling stability of 

Li metal in pouch cells.

Anode protection: Artificial SEI



Pouch cell evaluation

J. Energy Chem. 2023, 76, 181.

Constructing recyclable 700 Wh kg−1 Li–S pouch cells

• Long lifespan is still a big challenge.



Abrupt change of 

electrolyte properties

Slow kinetics under lean-electrolyte conditions

Three emerging challenges under practical conditions

Perspective

Severe reaction of 

electrolyte and anode

ACS Cent. Sci. 2020, 6, 1095.



Conclusion

1. Li–S batteries are promising high-energy-density energy storage systems.

The most promising system to achieve > 400 Wh kg−1

2. Li metal anode/electrolyte interphase is key for long cycling.

Sulfur insulation, volume expansion, and sluggish LiPS redox kinetics are being solved.

Rapid decay of anode interphase hinders long cycling of high-energy-density batteries.

3. Investigation at pouch cell level is necessary.

High sulfur loading, limited anode excess, and lean electrolyte are necessary.

Electrolyte and active Li exhaustion is the main failure reason for 300 Wh kg−1 pouch cell.

Electrolyte exhaustion is the main failure reason for > 400 Wh kg−1 pouch cell.

3. Polysulfide chemistry & Anode interphase regulation prolong lifespan.

Basic understanding of solvation structure of polysulfide (Neutral & Cationic)

Encapsulating polysulfide electrolyte (EPSE) to inhibit LiPS corrosion on Li anode

In situ SEI regulation (crucial components) & Artificial SEI to protect Li anode

4. Basic chemistry of Li–S system still needs to be explored.

Unique non-equilibrium system

Complex coupled process including mass transfer and electron conduction

Spatially uneven and irreversible pathway



Thank you!
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