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!ƴƴǳŀƭ /ƻƴŦŜǊŜƴŎŜ нлнп 
twhDw!aa9 
aŀȅ ну ς 5ŀȅ м 

 

луΥлл ς лфΥлл wŜƎƛǎǘǊŀǘƛƻƴ ŀƴŘ /ƻŦŦŜŜ Ҍ ǇǳǘǘƛƴƎ ǳǇ ǇƻǎǘŜǊǎ 

aƻŘŜǊŀǘƻǊΥ tƘƛƭƛǇǇŜ WŀŎǉǳŜǎΣ 9aLwL 

лфΥлл ς лфΥмл ²ŜƭŎƻƳŜ ōȅ /9! ŀƴŘ /bw{ tŀǎŎŀƭ .ŀȅƭŜπDǳƛƭƭŜƳŀǳŘΣ /9!κ5wCκLǊƛƎ 
ŀƴŘ WŜŀƴπaŀǊŎ .ŀǎǎŀǘΣ /bw{ Lƴǎǘ ƻŦ /ƘŜƳ 

лфΥмл ς лфΥнл ²ŜƭŎƻƳŜ ōȅ ǘƘŜ 9ǳǊƻǇŜŀƴ /ƻƳƳƛǎǎƛƻƴ WƻƘŀƴ .ƭƻƴŘŜƭƭŜΣ 5D w¢5 

лфΥнл ς лфΥол ¢ƘŜ ōŀǘǘŜǊȅ ǇŀǊǘƴŜǊǎƘƛǇ ς ǎƻƳŜ ǊŜŦƭŜŎǘƛƻƴǎ CŀōǊƛŎŜ {ǘŀǎǎƛƴΣ .9t! 

лфΥол ς лфΥпр .!¢¢9w¸ нлолҌ ǘƘŜ ǇǊŜǾƛƻǳǎ ǇƘŀǎŜ ŀƴŘ ǿƘŀǘ 
ƴƻǿΚ 

YǊƛǎǘƛƴŀ 9ŘǎǘǊǀƳΣ .!¢¢9w¸ нлолҌΣ 
¦ǇǇǎŀƭŀ ¦ƴƛǾŜǊǎƛǘȅ 

лфΥпр ς млΥол [ƛǘƘƛǳƳπǊƛŎƘ ƭŀȅŜǊŜŘ ŀƴŘ ŘƛǎƻǊŘŜǊŜŘ ǊƻŎƪ ǎŀƭǘ 
ŎŀǘƘƻŘŜǎΥ ǘƘŜ ǊƻƭŜ ƻŦ ƻȄȅƎŜƴ ǊŜŘƻȄ tŜǘŜǊ .ǊǳŎŜΣ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ hȄŦƻǊŘ 

млΥол ς млΥпр ¢ƘŜ Ǝƭƻōŀƭ ōŀǘǘŜǊȅ ƭŀƴŘǎŎŀǇŜ aƻƴƛƪŀ /ǳǊǘƻ CǳŜƴǘŜǎΣ ±5Lκ±59 

млΥпр ς ммΥмр /ƻŦŦŜŜ ōǊŜŀƪ  

aƻŘŜǊŀǘƻǊΥ {ƛƳƻƴ tŜǊǊŀǳŘΣ /9!  

ммΥмр ς ммΥол t9twΣ ŀ ƭŀǊƎŜ CǊŜƴŎƘ ōŀǘǘŜǊȅ ƛƴƛǘƛŀǘƛǾŜ IŜƭŜƴŜ .ǳǊƭŜǘΣ /9! 

ммΥол ς мнΥлл .LDπa!t ¢ŜƧǎ ±ŜƎƎŜΣ 5¢¦ 

мнΥлл ς мнΥмр .Ŝǎǘ ǇǊŀŎǘƛǎŜǎ ς ǘƘŜ ƴŜȄǘ ǎǘŜǇǎ {ƛƳƻƴ /ƭŀǊƪΣ {Lb¢9C 

мнΥмр ς моΥлл hǊŀƭ ǇǊŜǎŜƴǘŀǘƛƻƴǎ ǇƛŎƪŜŘ ōŀǎŜŘ ƻƴ ŀōǎǘǊŀŎǘǎ aŀǊǘŀ aƛǊƻƭƻΣ 9{wC ŀƴŘ  
aŀǊƛŀ !ǊƴŀƛȊΣ /L/Ŝ 

моΥлл ς мпΥол [ǳƴŎƘ ōǊŜŀƪ ŀƴŘ ǇƻǎǘŜǊ ǎŜǎǎƛƻƴ  



tŀƎŜ н ƻŦ п 
 

 

  
 

!ƴƴǳŀƭ /ƻƴŦŜǊŜƴŎŜ нлнп 
twhDw!aa9 
aŀȅ ну ς 5ŀȅ м 

 
aƻŘŜǊŀǘƻǊΥ YǊƛǎǘƛƴŀ 9ŘǎǘǊǀƳΣ ¦ǇǇǎŀƭŀ ¦ƴƛǾŜǊǎƛǘȅ  

мпΥол ς мсΥлл tǊƻƧŜŎǘ ǇǊŜǎŜƴǘŀǘƛƻƴǎ  

мпΥол ς мрΥмр IŜŀƭƛƴƎōŀǘΣ tƘƻŜƴƛȄΣ ŀƴŘ {ŀƭŀƳŀƴŘŜǊ 

 IŜŀƭƛƴƎ.ŀǘΩǎ ǊƻŀŘƳŀǇ ǘƻ ǎŜƭŦπƘŜŀƭƛƴƎ {ǘŜŦŀƴ tŀƭȊŜǊΣ  
¦ƴƛǾŜǊǎƛǘȅ ƻŦ 5ƻǊǘƳǳƴŘ 

 tƘƻŜƴƛȄ ς tǊƻƧŜŎǘ ƻǾŜǊǾƛŜǿ WƻǊƛǎ ŘŜ IƻƻƎΣ ±¦. 

 {ŀƭŀƳŀƴŘŜǊ ς ! ǎƳŀǊǘΣ ǎŜƭŦπƘŜŀƭƛƴƎ ōŀǘǘŜǊȅ 
ōǳƛƭǘ ŦƻǊ ŀ ǎǳǎǘŀƛƴŀōƭŜ ŜŎƻƴƻƳȅ 

{ŀƳǎƻƴ ¸Φ [ŀƛΣ LC9Σ  
LƴǎǘΦ ŦƻǊ 9ƴŜǊƎȅ ¢ŜŎƘƴΦ 

мрΥмр ς мсΥол hǇŜǊŀΣ hǇƛƴŎƘŀǊƎŜΣ ŀƴŘ ¦ƭǘǊŀōŀǘ   

 

hǇŜǊŀ ς 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ƻǇŜǊŀƴŘƻ ǘŜŎƘƴƛǉǳŜǎ 
ŀƴŘ ƳǳƭǘƛπǎŎŀƭŜ ƳƻŘŜƭƭƛƴƎ ǘƻ ŦŀŎŜ ǘƘŜ ȊŜǊƻπ
ŜȄŎŜǎǎ ǎƻƭƛŘπǎǘŀǘŜ ōŀǘǘŜǊȅ ŎƘŀƭƭŜƴƎŜΦ 

vƛƻƴƎ /ŀƛΣ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ {ǳǊǊŜȅ 

hǇƛƴŎƘŀǊƎŜ ς hǇŜǊŀƴŘƻ ŀƴŀƭȅǎƛǎ ŀƴŘ ƳƻŘŜƭƭƛƴƎ 
ƻŦ ƛƴǘŜǊŦŀŎŜ ŘȅƴŀƳƛŎǎ ŀƴŘ ŎƘŀǊƎŜ ǘǊŀƴǎǇƻǊǘ ƛƴ 
ƭƛǘƘƛǳƳπƛƻƴ ōŀǘǘŜǊƛŜǎ 

tƘƛƭƛǇǇŜ aƻǊŜŀǳΣ /bw{ 

¦ƭǘǊŀōŀǘ ς /ŀǇǘǳǊƛƴƎ ǳƭǘǊŀŦŀǎǘ ŜƭŜŎǘǊƻƴ ŀƴŘ ƛƻƴ 
ŘȅƴŀƳƛŎǎ ƛƴ ōŀǘǘŜǊƛŜǎ Iƛƭǘƻƴ .Φ ŘŜ !ƎǳƛŀǊΣ /bw{ 

мсΥлл ς мсΥол /ƻŦŦŜŜ ōǊŜŀƪ  

aƻŘŜǊŀǘƻǊΥ aƻƴǘǎŜ /ŀǎŀǎΣ /L/Ŝ  

мсΥол ς мсΥпр 
.ŀǘƳŀƴ ς ŀ CǊŜƴŎƘ ƛƴƛǘƛŀǘƛǾŜ ŦƻǊ ƴŜȄǘ 
ƎŜƴŜǊŀǘƛƻƴ ōŀǘǘŜǊƛŜǎΩ ŘƛƎƛǘŀƭ ǘǿƛƴǎΩ 
ŘŜǾŜƭƻǇƳŜƴǘ 

aŀǊƛƻƴ /ƘŀƴŘŜǎǊƛǎΣ /9!π[ƛǘŜƴ 

мсΥпр ς мтΥлл hǇŜƴǎǘƻǊƳ ς ǘƘŜ CǊŜƴŎƘ .ŀǘǘŜǊȅ 
/ƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ tƭŀǘŦƻǊƳ {ŀƴŘǊƛƴŜ [ȅƻƴƴŀǊŘΣ /9! 

мтΥмр ς муΥлл 
LƴǘǊƻŘǳŎǘƛƻƴ ǘƻ ǇƻǎǘŜǊ ǇƛǘŎƘŜǎ  
ŀƴŘ ŜǾŜƴƛƴƎ ōŜŜǊ ǎŜǎǎƛƻƴ 
!Ŏǘǳŀƭ tƻǎǘŜǊ ǇƛǘŎƘŜǎ 

aŀǊǘŀ aƛǊƻƭƻΣ 9{wC ŀƴŘ  
aŀǊƛŀ !ǊƴŀƛȊΣ /L/Ŝ 

муΥлл ς муΥмр DǊƻǳǇ ǇƘƻǘƻ  

муΥмр ς нмΥлл tƻǎǘŜǊ ǎŜǎǎƛƻƴ ŀƴŘ ǊŜŦǊŜǎƘƳŜƴǘǎ  
 
 
 
 
 



tŀƎŜ о ƻŦ п 
 

 

  
 

!ƴƴǳŀƭ /ƻƴŦŜǊŜƴŎŜ нлнп 
twhDw!aa9 
aŀȅ нф ς 5ŀȅ н 

 
лтΥол ς луΥлл aƻǊƴƛƴƎ /ƻŦŦŜŜ  

aƻŘŜǊŀǘƻǊΥ YǊƛǎǘƛƴŀ 9ŘǎǘǊǀƳΣ ¦ǇǇǎŀƭŀ ¦ƴƛǾŜǊǎƛǘȅ 

луΥол ς млΥол tǊƻƧŜŎǘ ǇǊŜǎŜƴǘŀǘƛƻƴǎ  

луΥол ς лфΥмр wŜ¦ǎŜ aŀǊŎƻ {ŎƘƻǘǘ 

 
wŜƴƻǾŀǘŜ ς ! ŎƛǊŎǳƭŀǊ ŀƴŘ ŎƘŜƳƛǎǘǊȅπƴŜǳǘǊŀƭ 
ŀǇǇǊƻŀŎƘ ŦƻǊ ǊŜŎȅŎƭƛƴƎ ŀƴŘ ǊŜŎƻǾŜǊȅ ƻŦ ōŀǘǘŜǊȅ 
ǿŀǎǘŜ ŦŜŜŘǎΥ ǘƘŜ ǊŜƴƻǾŀǘŜ ǇǊƻƧŜŎǘ 

9ƭƛŀƴŀ vǳŀǊǘŀǊƻƴŜΣ 
¦ƴƛǾŜǊǎƛǘȅ ƻŦ tŀǾƛŀ ŀƴŘ Lb{¢a όLǘŀƭȅύ 

 

wŜǾƛǘŀƭƛȊŜ ς wŜŎȅŎƭƛƴƎ ƻŦ ƭƻǿ ǾŀƭǳŜ ŎƻƳǇƻƴŜƴǘǎ 
ǳǎƛƴƎ ƘƛƎƘ ǇǳǊƛǘȅ ǇǊŜπǘǊŜŀǘƳŜƴǘΣ ŘƛǊŜŎǘ 
ǊŜŎȅŎƭƛƴƎ ŀƴŘ ƎǊŜŜƴ ƘȅŘǊƻƳŜǘŀƭƭǳǊƎƛŎŀƭ 
ŀǇǇǊƻŀŎƘŜǎ ŦƻǊ ǊŜŎȅŎƭƛƴƎ ƻŦ [ƛǘƘƛǳƳ ƛƻƴ ŀƴŘ 
{ƻŘƛǳƳ ƛƻƴ ōŀǘǘŜǊƛŜǎ 

{ǳƭŀƭƛǘ .ŀƴŘȅƻǇŀŘƘȅŀȅΣ b¢b¦ όbƻǊǿŀȅύ 
 

лфΥмр ς млΥол 

.ŀǘ/ŀǘ ς LƴǘŜƎǊŀǘƛƴƎ ǇƘȅǎƛŎǎπōŀǎŜŘ ƳƻŘŜƭƭƛƴƎ 
ǿƛǘƘ ƭƻƎƛŎǎ ŀƴŘ Řŀǘŀ ŘǊƛǾŜƴ ƳŜǘƘƻŘǎ ƛƴǘƻ 
ŀŎǘƛƻƴŀōƭŜ ƳƻŘŜƭƭƛƴƎ ŀƴŘ ŘŜŎƛǎƛƻƴ ǎǳǇǇƻǊǘ ŦƻǊ 
ōŀǘǘŜǊȅ 

aŀǊǘƛƴ ¢ƘƻƳŀǎ IƻǊǎŎƘΣ 
bƻǊǿŜƎƛŀƴ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ [ƛŦŜ {ŎƛŜƴŎŜǎ 

 
.!¢¢ǿƛƴ ς CƭŜȄƛōƭŜ ŀƴŘ ǎŎŀƭŀōƭŜ ŘƛƎƛǘŀƭπǘǿƛƴ 
ǇƭŀǘŦƻǊƳ ŦƻǊ ŜƴƘŀƴŎŜŘ ǇǊƻŘǳŎǘƛƻƴ ŜŦŦƛŎƛŜƴŎȅ 
ŀƴŘ ȅƛŜƭŘ ƛƴ ōŀǘǘŜǊȅ ŎŜƭƭ ǇǊƻŘǳŎǘƛƻƴ ƭƛƴŜ 

aŀǊŎŜƭƭƻ /ƻƭƭŜŘŀƴƛΣ tƻƭƛǘŜŎƴƛŎƻ Řƛ aƛƭŀƴƻ 

 /ƛŎŜǊƻ ς a{!πōŀǎŜŘ ŦƭƻǿǎƘŜŜǘ ǘƻ ǇǊƻŘǳŎŜ 
aŀŘŜπƛƴπ9ǳǊƻǇŜ ba/ ŎŀǘƘƻŘŜǎ .ǊŜŎƘǘ 5ŜǿǳƭŦΣ Y¦ [ŜǳǾŜƴΣ {ƻƭǾƻƳŜǘ 

 
{ǘǊŜŀƳǎ ς {ǳǎǘŀƛƴŀōƭŜ ǘŜŎƘƴƻƭƻƎƛŜǎ ŦƻǊ 
ǎǘǊŜƴƎǘƘŜƴƛƴƎ ǘƘŜ 9ǳǊƻǇŜŀƴ Ǌŀǿ ƳŀǘŜǊƛŀƭǎ 
ǎǳǇǇƭȅ ŎƘŀƛƴ 

aŀǊŎǳǎ WŀƘƴΣ !L¢ 

млΥол ς ммΥлл /ƻŦŦŜŜ ōǊŜŀƪ  



tŀƎŜ п ƻŦ п 
 

 

  
 

!ƴƴǳŀƭ /ƻƴŦŜǊŜƴŎŜ нлнп 
twhDw!aa9 
aŀȅ нф ς 5ŀȅ н 

 
aƻŘŜǊŀǘƻǊΥ aŀǘƘƛŜǳ aƻǊŎǊŜǘǘŜΣ /bw{  

ммΥлл ς ммΥмл LƴǘǊƻŘǳŎǘƛƻƴ ƻŦ ǘƘŜ ōŀǘǘŜǊȅ ǾŀƭƭŜȅ ƛƴ bƻǊǘƘ ƻŦ 
CǊŀƴŎŜ  aŀǘƘƛŜǳ aƻǊŎǊŜǘǘŜΣ /bw{ 

ммΥмл ς ммΥнл ¢ƛŀƳŀǘ !ǎƳŀŜ Ŝƭ aŜƧŘƻǳōƛ 

ммΥнл ς ммΥол ±ŜǊƪƻǊ DƛƭƭŜǎ aƻǊŜŀǳ 

ммΥол ς ммΥпл {ȅŜƴǎǉƻ [ǳŘƻǾƛŎ hŘƻƴƻ 

ммΥпл ς ммΥрл wŜǾƛǎƛǘƛƴƎ ǘƘŜ ǇƘȅǎƛŎŀƭ ƳŀƴǳŦŀŎǘǳǊƛƴƎ ǎǇŀŎŜ ŦƻǊ 
ōŀǘǘŜǊȅ ŎŜƭƭǎ CǊŞŘŞǊƛŎ !ƎǳŜǎǎŜΣ /L59¢9/ 

ммΥрл ς мнΥлр {ƪƛƭƭǎ ŀƴŘ ǘƘŜ .9t!κ.ŀǘǘŜǊƛŜǎ 9ǳǊƻǇŜ 
Ǉƻǎƛǘƛƻƴ ǇŀǇŜǊ {ƛƭǾƛŀ .ƻŘƻŀǊŘƻΣ th[L¢h 

aƻŘŜǊŀǘƻǊΥ tƘƛƭƛǇǇŜ WŀŎǉǳŜǎΣ 9aLwL  

мнΥмл ς мнΥол wŜǉǳƛǊŜƳŜƴǘǎ ƛƴ ǘƘŜ .ŀǘǘŜǊƛŜǎ wŜƎǳƭŀǘƛƻƴ ǿƛǘƘ 
ŀ ŦƻŎǳǎ ƻƴ ǇŜǊŦƻǊƳŀƴŎŜ ŀƴŘ ǎŀŦŜǘȅ !ƴŘǊŜŀǎ tŦǊŀƴƎΣ Ww/ 

aƻŘŜǊŀǘƻǊΥ ¢ƘƻǊŜ {ŜƪƪŜƴŜǎǎΣ 9.! нрл  

мнΥол ς моΥлл  tŀƴŜƭ ŘƛǎŎǳǎǎƛƻƴ ƻƴ Ƙƻǿ ǘƻ ŀŎŎŜƭŜǊŀǘŜ 
ƛƴƴƻǾŀǘƛƻƴ ŦǊƻƳ ǊŜǎŜŀǊŎƘ ǘƻ ǇǊƻŘǳŎǘǎ 

wŜȊŀ ̧ƻǳƴŜǎƛΣ bƻ±ƻΤ DƛƭƭŜǎ aƻǊŜŀǳΣ 
±ŜǊƪƻǊΤ [ǳŘƻǾƛŎ hŘƻƴƛΣ {ȅŜƴǎǉƻΤ IŜǊǾŞ 
.ŜǳŦŦŜΣ ¢ƛŀƳŀǘΤ Cŀƴƴȅ .ŀǊŘŞΣ {ƻƭƛǘƘƻǊ 

моΥлл ς мпΥол [ǳƴŎƘ ōǊŜŀƪ ŀƴŘ ǇƻǎǘŜǊ ǎŜǎǎƛƻƴ  

aƻŘŜǊŀǘƻǊΥ aŀǊǘŀ aƛǊƻƭƻΣ 9{wC ŀƴŘ aŀǊƛŀ !ǊƴŀƛȊΣ /L/Ŝ  

мпΥол ς мпΥпр LƴǇǳǘ ŦǊƻƳ ȅƻǳƴƎ ǎŎƛŜƴǘƛǎǘǎΤ ²Ƙŀǘ ƛǎ ǘƘŜ ŦǳǘǳǊŜ 
ς ŎƘŀƭƭŜƴƎŜǎ ŀƴŘ ǇƻǎǎƛōƛƭƛǘƛŜǎ 

aŀǊǘŀ aƛǊƻƭƻΣ 9{wC ŀƴŘ  
aŀǊƛŀ !ǊƴŀƛȊΣ /L/Ŝ 

мпΥпр ς мрΥол ¸ƻǳƴƎ {ŎƛŜƴǘƛǎǘǎ π hǊŀƭ ǇǊŜǎŜƴǘŀǘƛƻƴǎ   

aƻŘŜǊŀǘƻǊΥ tƘƛƭƛǇǇŜ WŀŎǉǳŜǎΣ 9aLwL  

мрΥол ς мсΥлл wŜŦƭŜŎǘƛƴƎ ŎƻƳƳŜƴǘǎ ŀƴŘ ǇƻǎǘŜǊ ŀǿŀǊŘ .ƻȊƻǊƎ YƘŀƴōŀŜƛ ό.9t!ύ ϧ IŀƭƎŀǊŘ 
{ǘŀŜǎŎƘŜ ό²ƛƭŜȅύ ϧ YǊƛǎǘƛƴŀ 9ŘǎǘǊǀƳ 
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Lithium-rich layered and disordered Rocksalt cathodes: the role of oxygen redox 

 
Peter G Bruce, Robert A House, John-Joseph Marie, Miguel A Perez-Osorio, Gregory J Rees, Jun Chen 

 
University of Oxford 

 
 
Li-ion battery cathodes that can store more energy than those in use today are an important target for 

materials research. The challenge has proved formidable and demands a deeper understanding of the science 
underpinning intercalation cathodes.  

 
For over 20 years it has been known that more Li+ (charge) can be removed from layered compounds 

such as Li[Li0.2Ni0.2Mn0.6]O2 or Li[Li0.2Ni0.13Co0.13Mn0.54]O2 than is charge compensated by transition metal 
oxidation. Many excellent contributions have been made to the endeavour of understanding oxygen redox, what 
happens when electrons are removed from the O2- ions (holes in the O valance band), the nature of the hole 
states and their link to the resulting structural changes. 

 
We have shown that oxidation of O2-  forms O2 that is either evolved from the surface or trapped in voids 

formed in the bulk by reorganisation of the Li vacancies on the transition metal sites within the structure. 
Although O2 in these nano-voids can be reduced back to O2-, the process is not energetically reversible, resulting 
in the 1st cycle voltage hysteresis (approx. 1eV). This mechanism also has implications which play out over 
extended cycling. The voids grow in size and O2 cannot be fully reduced rationalising the well known problem of 
voltage fade in Li rich materials. It is possible to suppress O2 formation, trapping hole states on O2- and obtaining 
energetic (voltage) and structural reversibility. The electron holes are not localised on oxygen but itinerant. Such 
behaviour may point the way towards high energy density cathodes for Li-ion batteries. 
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OPERA 
DEVELOPMENT OF OPERANDO TECHNIQUES AND MULTISCALE 

MODELLING TO FACE THE ZESSB CHALLENGE 
Qiong Cai 

School of Chemistry and Chemical Engineering, University of Surrey, Guildford, GU2 7XH, UK 
 

Anode-less or Zero-Excess Solid-State Batteries (ZESSB), where the anode is formed in situ, have 
emerged as a promising new generation of environmentally friendly batteries with high energy density, improved 
safety and higher cost-efficiency, but only after solutions for unstable anode formation are found. To develop 
these solutions, a deep understanding of the complex electro-chemo-mechanical processes within the battery is 
required, which is only accessible through advanced experimental and computational methods. 

In OPERA we are developing novel operando experimental techniques at the ALBA, ESRF and DESY 
synchrotrons and at the lab-scale and novel multiscale modelling approaches to make progress the ZESSB 
technology. We aim to collect multiparameter data that will provide for the first-time unique time- and multiscale 
spatial-resolved information on the in-situ formation and subsequent stripping and plating of Li and Na anodes 
in terms of nucleation kinetics, microstructure, phase distribution, chemical composition, local impedance, stress 
fields and defect formation across electrodes and interfaces of model ZESSBs. The conceptual understanding of 
the anode formation will be used to develop innovative approaches to enable ZESSB energy storage technology. 

During the first year we have made progress mainly on the following project lines: 
(i) Material screening for interlayers: We are developing interlayer materials at the anode side to enable stable 
plating/stripping during ZESSB operation. For this we have adopted a combination of Density Functional Theory 
(DFT) calculations and Molecular Dynamics (MD) coupled with trained Machine Learning (ML) potentials to 
screen nine different metals to be adopted as interlayer materials: Mg, Zn, Au, Ag, Pt, Al, Sn, Cu and Ni. We have 
performed an analysis of the adsorption, diffusion and dissolution energies of Li on the different metals to 
establish the best balance that promotes plating via 2D wetting. Guided by the simulation, we are testing the 
experimental behavior of the different metals to be used as interlayers by advanced electrochemical methods 
(dilatometry and ultra-fast transient methods), operando optical microscopy and Ion Beam Analysis (IBA). 
(ii) Development of novel devices for operando studies: We are developing novel devices to perform operando 
plating and stripping experiments of the model cells under bending and stacking forces. First a novel set-up to 
perform time- and space-resolved high-energy X-Ray Diffraction (XRD) analysis has been performed and 
successfully applied for the microscale study of chemo-mechanically induced stresses within NCA/LSPS batteries 
during cycling in the P07 beamline of DESY. Then a prototype of a stacking pressure device has been developed 
and successfully tested in the ID13 beamline of the ESRF to investigate at the nanoscale the development of 
stress-fields at the battery interfaces by operando nano-XRD. Last, a bending strain device based on a 
piezoelectric PZT bimorph has been designed to control the position of the neutral plane and the curvature radius 
independently in orthogonal directions during electrochemical experiments. 
(iii) Nucleation and growth kinetics during anode formation: We are studying the initial stages of plating by 
nanospectroscopy at the CIRCE beamline of ALBA. The growth kinetics of Na and Li anodes in ZESSB model cells 
have been investigated by a combination of Photoemission Electron Microscopy (PEEM) and Low-Energy 
Electron Microscopy (LEEM). The anode is grown in a virtual electrode approach which allows fine parameter 
control and high lateral resolution (20 nm). The initial stages of the anode formation are then analyzed in 
Ultraviolet (UV) and X-ray PEEM, using spatially resolved Photoelectron Spectroscopy (XPS) and X-ray Absorption 
Spectroscopy (XAS). The method results in an ideal tool to investigate the crucial first steps of anode formation. 
(iv) Electrode-SSE mechanical coupling at the cell scale: To account for the presence of a Solid-State Electrolyte 
(SSE) in the cell that prevents the free expansion of the electrodes during cycling we have extended the standard 
mechanical sub-model of the overall pseudo-2D (i.e. Doyle-Fuller-Newman) electrochemical model by creating a 
more detailed 2D finite-element mechanical model. The new model is implemented in the same software 
environment as the electrochemical model, allowing for a full coupling between both. Our next step is to adapt 
our mechanical model for a Li anode configuration and integrate it in the whole cell model. 
(v) Validation and transfer of strategies from model cell to practical ZESSBs: To validate the knowledge-based 
modification strategies gained during the project, a transfer from model half-cell to practically relevant ZESSB is 
necessary. Therefore, we are developing a reference full cell consisting of an LFP/PEO cathode, LLZO separator 
and anodic Cu current collector. An extensive electrochemical characterization of the cathode in half-cell 
configuration is being developed to ensure stable cycling behavior and consequently be able to deconvolute the 
influences of the anode modifications on the full cell performance. 
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Technology (NTNU), Trondheim, Norway.   

 
As the need for effective battery waste management grows, NMC (Nickel Manganese Cobalt), LFP 

(Lithium Iron Phosphate), and Na-ion (Sodium- ion) batteries contribute significantly to this challenge, accounting 
for 85% of the problem. Traditional recycling methods prove inadequate, lacking efficiency and eco-friendliness. 
That's where the REVITALISE project, funded by the EU, steps in with an innovative solution.  

Utilizing cutting-edge techniques like electrohydraulic fragmentation and ultrasonication for material 
purity, REVITALISE aims to revolutionize battery recycling. Furthermore, it introduces water remediation, 
extracting lithium from wastewater streams. Collaborating with industry leaders Verkor, Hydro, and Hydrovolt, 
the project ensures closed-loop recycling, optimizing recovery rates while minimizing environmental impact. Our 
goal is a commercially viable process with minimal environmental impact, incorporating hydrometallurgy. 
REVITALISE sets a new standard for green, cost-effective battery recycling, guiding us toward a sustainable future. 

Overall recycling rates of 91%+ will be proven at TRL4 for waste processed from post-production scrap 
and end-of-life battery black mass. Our approach will enable direct recycling of 40% of the cathode and anode 
active parts, with direct characterization of the lithiation (or sodiation) being developed that will be used as a 
basis of a smart-reformation approach for reclaimed active materials. The remaining 60% being suitable for 
hydrometallurgical recycling based on leaching with green organic acids from food waste, such as vitamin C 
(ascorbates), vinegar (acetate) and citric acid (citrates) and inorganic acids produced from industrial wastes. A 
further innovation is the development of water remediation with Li recovery from all wastewater streams 
generated, through the implementation of polymeric nanocomposite membrane separation with direct Li 
recycling for Li in water concentrations down to 0.6mg/L. The recycled parts will be assessed for (closed-loop) 
battery and other secondary applications for precursors and semi-products by industrial partners, through 
reformulation and upcycling of battery materials and validation of remanufactured batteries. An optimized 
process flow will be determined to achieve commercially viable recycling with maximized recovery rates and 
minimal environmental impact. 
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Polymer electrolytes have attracted attention for their potential use in next generation LIBs due to their 

high energy density and safety, unlike liquid electrolytes which are prone to leakage and flammability.1,2 Quasi 
Solid Polymer Electrolytes (QSPEs) combine the advantages of liquid and solid components, with the liquid 
electrolyte immobilized in a polymer matrix. Capacity fading is a drawback associated with degradation and 
ageing of cell components. However, this problem can be overcome by using a self-healing PEG electrolyte based 
on hydrogen-bonded UPy moieties. 

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP) is considered one of the most important 
QSPEs due to its high dielectric constant, wider electrochemical window, high mechanical strength, shape and 
packaging flexibility, and good processability.3,4 However, the high crystallinity of PVdF-HFP results in low ion 
conductivity because of the limited free volume available for the mobile lithium-ion. To enhance the ionic 
conductivity, a blend was realized by combining a high molecular weight PEG-based self-healing polymer with 
LiTFSI salt. In addition, specific percentages of liquid electrolyte LiFSI 1M in EC:DMC were added. 

The quasi-solid electrolyte membranes were prepared by solution casting using N-methylpyrrolidone 
(NMP) as solvent. The autonomous self-healing ability, morphology, and composition (SEM, IR), thermal and 
mechanical stability (TGA-DSC, DMA), ionic conductivity at different temperatures (via EIS), electrochemical 
stability window (LSV) and Li+ transfer number (BEV method) of the QSPE blends were investigated. The 
electrochemical tests were carried out at 40°C on symmetrical Li|QSPEs|Li cells at a current density of 0.2 mA 
cm-2, which showed a cycle life of over 700 hours with low overpotential and excellent cyclability. The 
performance of the electrolyte was tested through galvanostatic cycling in half-cells with LFP as the cathode both 
in term of rate capability and stability over time with a Crate of 1C for a large number of cycles. Accelerated rate 
calorimetry (ARC) analysis was finally performed to demonstrate the robustness of the realized QSPEs also in 
terms of cell thermal stability. 

A polymer electrolyte with self-healing properties, good mechanical strength, and high potential 
stability was developed for use in LIBs. The autonomous self-healing ability was confirmed by tests before and 
after damage, which showed a good recovery of conductivity values. The electrolyte structure and composition 
effectively suppress dendrite growth and maintain good ionic conductivity even at room temperature.  

The test results for a symmetrical and half-cell at a temperature of 40°C were promising in terms of 
stability and recovery capability over time, due to its self-healing properties.  
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In the context of the energy transition, researches on batteries are devoted to improving their energy density, 
i.e. their autonomy and their safety, particularly to the risk of fire. Among the different types of battery, all-solid-
state batteries are promising because of their high energy density. A ceramic or a glass electrolyte replaces some 
traditional components of lithium-ion batteries as the liquid electrolyte and the polymer separator. 
 

However, safety concerns related to ASSBs have remained relatively unexplored. This investigation is focused on 
understanding the behaviour of all-solid-state batteries subjected to overheating abuse. Specifically, two 
batteries compositions: Gr|LLZO|NMC811 and Li|LLZO|NMC81 are studied. [1,2] The first cell aids in 
comprehending the impact of the electrolyte (liquid or solid) safety and the second enables to assess the safety 
of a reconstructed lithium-metal all-solid-state cell.  
 

An innovative approach to assess the safety of all-solid-state cell in-development has been developed three 
distinct techniques: calorimetry, X-ray radiography and blast testing. This methodology could significantly 
contribute to the development of future battery technologies. Ensuring the integration of safety concerns right 
from the beginning is crucial, encompassing both cell performance and safety aspects. 
 

Substituting liquid electrolyte with a solid electrolyte, the initiation and the maximal temperatures remain 
unchanged. It reduced by 10 % the heat released and reduced by 40 % the duration of thermal runaway. Using 
solid electrolyte no prevent from thermal runaway. Substituting liquid electrolyte with a solid electrolyte and 
substituting the lithiated graphite with a lithium-metal foil, the initiation temperature remains unchanged. The 
maximum temperature is at least increased by 40 %; the amount of gas and the duration of thermal runaway are 
decreased by 90 % and 95 %. Furthermore, the Li|LLZO|NMC811 cell is not an explosive but a 188 mbar aerial 
pressure has been measured. It corresponds to a 2.7 g mass equivalent TNT. 
 

Furthermore, the characteristic parameters of thermal runaway are different. Therefore, the means to mitigate 
its thermal runaway are different and should be taken into account when all-solid-state batteries are developed. 
The impact of blast wave on the casing and battery pack integrity should be taken into when all-solid-state 
batteries are developed.  
 

To conclude, all-solid-state batteries are neither safer nor less safe than lithium-ion batteries. However, their 
characteristic parameters of thermal runaway are different. This work underlines the importance of evaluating 
the safety of all-solid-state batteries with respect to users and the environment. 
 

 
Figure 1: Experimental approach to characterize aerial overpressure using imaging and pressure sensor. [2] 
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Lithium-ion batteries have become indispensable energy storage devices in our modern world, powering an array 
of applications from portable electronics to electric vehicles. Understanding and optimizing their performance is 
of paramount importance. This study investigates the influence of external pressure on high-capacity pouch and 
prismatic NMC/G lithium-ion cells, a configuration commonly used in automotive and industrial applications [1]. 
 
The research employs a comprehensive experimental approach to examine the impact of external pressure on 
various aspects of lithium-ion cell behavior, including electrical performance and ageing. The study considers 
different pressure levels, mimicking real-world conditions such as stacking in battery packs and mechanical stress 
during operation. 
 
Results show that external pressure plays a crucial role in shaping the ageing of either pouch (Figure 1) and 
prismatic NMC/G lithium-ion cells. The first set-up involved maintaining a constant distance, simulating real-
world conditions such as stacking in battery packs. The second set-up of external pressure was applied using a 
constant pressure. Notably, the constant pressure approach stands out as the superior choice, significantly 
enhancing the lifetime of these lithium-ion cells. Conversely, excessive pressure may compromise cell ageing and 
safety by increasing the risk of internal deformations [2]. 
 

    
Figure 1. Effect of pressure on capacity loss for a specific 

pouch cell 
Figure 2. Different set-ups for testing prismatic 

cells under several pressure conditions 
 
This study underscores the importance of considering external pressure effects in the design and application of 
pouch and prismatic lithium-ion cells. The findings offer valuable insights into optimizing battery pack design for 
electric vehicles, where pressures can vary dynamically, and provide a foundation for enhanced safety measures 
in critical energy storage applications. Ultimately, this research contributes to the advancement of lithium-ion 
technology, bringing us closer to more reliable and efficient energy storage solutions for our increasingly 
electrified world. 
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