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1. Motivation

Liquid LiS-battery: — +
+ Higher energy density compared to LIB " :

+ Sulfur = cheap raw material ‘[‘

— Polysulfide (PS)-shuttle Qe

Solid state LiS-battery:

+ lon selective = No PS-shuttle

+ High (volumetric) energy densities

+ Non flammable

— External pressure necessary

—
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.o _Efectrolyte: DME/DOL; E/S: 5 pi/mg.
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1. Motivation 528
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Liquid: 220
o
» Two plateaus during (dis-)charging > 18
1.6-
*  Opening of the sulfur-S8-ring, formation of soluble polysulfides 1.4 . . . .
* Reduction to short chain polysulfides, disproportionation 0 400 8_00 1200 1600
capacity [mAh/gg]
» Polysulfide shuttle = capacity loss o g Electrolyte: LiPS,Cl
2.4
_ 2 22
Solid state: £ 20
« one plateau during (dis-)charging g 1.8,
o 16-
» Higher overpotential E’ 1]
*  Mechanism not clear yet, assumption: stepwise reaction from Sg to 2 42
LIZS 1.0 -
« Theoretical capacity of sulfur (1672 mAh/g.) reached °-3° 200 200 1200 16800 14

capacity [mAh gJ
M. Wild, L. O'Neill, T. Zhang, R. Purkayastha, G. Minton, M. Marinescu, G. J. Offer, Energy Environ. Sci. 2015, 8, 3477.
S. Ohno, W. G. Zeier, Acc. Mater. Res. 2021, 2, 869.
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2. Challenges

« Balance between ionic & electronic pathways
« Volume change during cycling at anode & cathode - stack pressure crucial in ASSB

« Volume change leads to contact loss = sulfur not adressed

» Pore structures could compensate the volume change of sulfur = investigation of different
carbons + carbon structures

Li,S Sg

LY a

LN

\
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3. Cathode preparation
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Ball milling optional: melt infiltration Ball milling
50 ml ZrO2 jar; ZrO2 balls (& = 5 mm) Th @ 155 °C (argon atmosphere) 50 ml ZrO2 jar; ZrO2 balls (& = 5 mm)
—
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3. Cathode preparation

Influence of ball milling

Routine A - high energy ball milling Routine B - low energy ball milling
« Carbon structure is destroyed due to ball milling » Pore structure maintained - volume change could be

« Formation of homogenous cathode compensated

« No sulfur infiltration  Sulfur infiltration step

Highenergyballmilling> : .

* No defined particles after ball milling

« Particle shape maintained - close packing

R, |
& rta X
Low energy ball miIIing>

K g melt infiltration ) _

* Lower mechanical stress at cathode side

« lonic and electronic pathways provided by triple phase * Compensation of volume change within the composite

boundaries

T. ANDO, Y. Sato, T. MATSUYAMA, A. Sakuda, M. Tatsumisago, A. Hayashi, J. Ceram. Soc. Japan 2020, 128, 233.

—
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4. Results
4.1. high energy ball milling

High energy ball milling

')

..

Printex XE2B

« Hierarchical carbon black
* Influence of ball milling: Porosity decreased

» very low pore volume and surface area after ball milling

N 2000 : 0.20 [ ont T St cylindric spherical
P "hy,} "‘,‘ —-—P:D{-XEzB raw mat_er.:af —P‘]'X.XEZB raw mat_er_ial
ik B I o, - —=— high energy ball milling —— high energy ball milling
v’d,’h‘&.“f&f"u"&ﬁ: o —=— Adsorption o V. fmicro) = 6.16 cm¥g
:> ﬁé‘ﬁ@’;;‘:’:,&. - 1500 l—0=—Desorption O -2 015 V,fmeso) = 1.29 cmg]
f?:,;m VT g E V, fimicro) = 0.08 cmg
A L T V, meso) = 0.16 cmg
“ 1000 - ¢ 0.10 ]
Primary particle Aggregate Agglomerate 5; %
10-100 nm 50 - 500 nm 1—-100 ym © 5004 ’D.‘.’.'E-’-' iy
Micropores < 2 nm Mesopore 2 — 50 nm Macropore > 50 nm > a_a___a,._a-u&-"' T 0.054
ml
o 'r:‘"—"” - 0.00 . e ]
0.0 0.5 1.0 0 10 20 30 40 50
Pipo Pore size [nm]
|
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4. Results
4.1. high energy ball milling

High energy ball milling

BlackPearls 2000

« Hierarchical carbon black
» Higher surface area than Printex

» Porosity less destroyed during ball milling

QSDFT slit-cylindric-spherical
T —a— BP2000 raw material 0.30 T az L -
A "'?»“d't‘j;’ 7 ’.’g‘ —a— high energy ball milling B_PZOOO raw maten_al_
CISOILRR Y RS - - ——— high energy ball milling
A 23 ST, - ' 2000 J—=— Adsorption 0254 - |
& 3@1&‘3“”“"&" 'y o . - V_fmicro) = 043 cm¥g
W BNy e TR A @ —-— Desoiption ™ 3
S rotaten, gy £ '.'E V,{meso) = 1.16 cm¥g
P CLOER - i -
PR .«'q‘j?}:‘fu’ © 1500 & 020 V, (micro) - .39 cmg|
Gy W =~ QE V, {ieso) = 0.69 cr¥g
0 N G 015- -
< 1000 ~
Primary particle Aggregate Agglomerate ﬁ T .10,
10-100 nm 50 - 500 nm 1-100 pm > 550 | %
Micropores < 2 nm Mesopore 2 — 50 nm Macropore > 50 nm o e 0.05- 1
0+ T
0.0 0.5 1.0 0.00 T T T T
] 10 20 30 40 50

P/py .
Pore size [nm]

= Fraunhofer
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4. Results
4.1. high energy ball milling

High energy ball milling

Interconnected mesoporous carbon

« Template based mesoporous carbon

 Influence of ball milling: meso pore volume decreased

» Powder conductivity is lowered

0.20 QSDFT siit-cylindric-spherical
micropore —=— Interconnected mesoporous carbon ) Interconnec ted mesoporous carbon|
<\ —=— high energy ball milling - —— high energy ball milling

inert dilute - —=—Adsorption ‘_bi Vi fmicio) = 0.11 cmfg
heat treatment acid ™ 1500 {——Desorption 'E 0.15 V,{meso) = 1.63 cm g

Trap! .
macropore 'y ‘ » 2nm "‘e < V. jmicro} =0.16 cav'/g
~— S “"E V,fmeso) =0.29 cm g
messpore” Carbon dissolved - 1000 o 010 L

—t—ry p coating out Mgo z DD ~
: o~ ay
8 >" - S
500 = | % 0.05-
Schematic diagram aa—-'cr—.ﬂ-E‘
“IM
F..-
04 r 0.00 -
0.0 05 1.0 0 10 20 30 40 50
P/Py Pore size [nm]
https://www.toyotanso.com/Products/cnovel/
——
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T/°C 25

4. Results

. Ty P /MPa 25 (stack pressure)
. . High energy ball milling
4.1. high energy ball milling O/ WL 30
ga/mAh cm-2 2.5

—
Jeng/Jdschg / MA cm2 0.1 C ch/ rate test

E/V vs. InLi 1.0-24
PTX XE2B BP 2000 Interconnected mesoporous carbon
. ; 2 15 2- 25 mAhfcm?* 15 m>; 2.5 mAR/cm?
15 mofom 25 mAbem” 1 105 2000 o rnas/em 2.5 mAnem” . — 105 2000 Lo mas/em; 25 mAbem” . — 105
0o oo u] O o 04100 OOooOaD oD 4 100 mi| OO0|goao 1100
.11800- —————— D———-D——D—— ————— - - —:gg .11800'———;—. —————— D————D——D—ﬁ——u'[—n:gg .11800-———;—. ——————————— -D-D—El-———:gg
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EM00} w - R R e - 100} % So--f----p---%
1200 - - — - |- - - — e — 212004 - —— |- —— - I ST ——. — - P 1 B e —
2 1 s 1T ", 1”8 3 =
g8 10004 - - - - - - -~ il et il P e g 10004~ - -~ -~~~ -~ T g 1000 - ---—---- -y e m
© 800 - - - |- - - — - S T - o O 800+ - - - - |- - - -1 T —_——_ o S 1+ S [ S o
o J a @ - O o i a
o 30 o 30 o 30
S 600+ - - - - - - - i § 600 - - e Rl A R e Sl I
£
9 4004 - - - |- - - S T - E 9 404 - |- - S B S 8 W04 - - - |- = w120
o o o
2004 — - — — |- — — — R S I —— ] 2004 o |- = b 410 200-_______________._________:10
“ ol 08sc | 01c | e2c | esc | oic |, " 0 0o5Cc | o1cC ) 02C | 03C 1 01cC 0 " o] 085¢ | e1c | o2c | 0sc | oac|
0 3 6 9 12 15 0 3 6 9 122 15 0 3 6 9 122 15
cycle number cycle number cycle number
 High sulfur utilization above 1600 mAh/g.  High sulfur utilization above 1600 mAh/g. « Different porous structure (mesoporous)
*  More than 800 mAh/gc at 0.5C « Capacity loss at higher C-rates « High sulfur utilization
- increasing capacities (at higher C-rates) with decreasing pore volume
—
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4. Results
4.1. high energy ball milling

Long term performance

« Adaption of cut-off voltage to 2.1V
« Improved long term performance
« About 400 deep cycles

» High capacity retention
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4. Results

4.2. low energy ball milling

Printex XE2B

=  Commercial carbon black
= Porous structue less destroyed

= Higher meso pore volume

0.20 QSDFT Idlt—cylmtilc-sphenl

PoTa Ta oy j
~ -’f"" 3G ’\5 A —a— PTX-XE2B raw material
NI

e —— PTX-XE2B raw material
T 'u‘_"e’f"‘y‘\ﬁ‘ —=— low energy ball milling —— low energy ball milling
A AT TAATALUAY —=— high energy ball milling

——— high energy ball milling

:

—=— Adsorption
= Desorption

(=]
-
(]

Vp(nicm) = 0.16 cm¥ig

AN
WG o Tt
i e Y
'L,‘A% A%, :
I
!

o %
bR £ & V. fmeso) = 1.2 cmg
Ay ° o= V,(micro) = 0.6 cm’/g
) ] ~ miern) = 6.3 ey
Primary particle Aggregate Agglomerate = 5 wj fmesa) = 0.16 cm¥g
10— 100 nm 50 - 500 nm 1-100 pum £ 500, s '
Micropores < 2 nm Mesopore 2 — 50 nm Macropore > 50 nm T 0.054 '
0 ' 0.00 -
0.0 0.5 1.0 o 10 20 30 40 50
PP, Pore size [nm]
—
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4. Results

4.2. low energy ball milling

Interconnected mesoporous carbon

= Influence of ball milling: Porosity decreased

= Carbon structure less destroyed

= High meso pore volume maintained

micropore
([\
inert
heat treatment

i rap!

macropore: .8\
mesopore”

Carbon
ﬁp coating
QA/E‘\
Schematic diagram
https://www.toyotanso.com/Products/cnovel/
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Interconnected mesoporous carbon|
low energy ball milling
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4. Results

4.2. low energy ball milling

&y

melt infiltration B

Interconnected micro/mesoporous carbon

» Smaller pores compared to mesoporous carbon

« After ball milling: pore size below 10 nm

) 2000 QSDFT slitcylindric-spherical
micropore [—=— Interconnected micro/mesoporous carbon 0.35 '|'| T .
<\ . nterconnected micro/mesoporous carbon
inert dilute [—=— low energy ball milling - 0.30 - low energy ball milling
heat treatment acid Tb) 1500 I ;dsorp:’:on ‘I_b’ . V {micro) = .15 cm™g
Tram 7—o— Desorption 7 . v = 9.65 cm’
2 0.25 4 P{meso) .65 em Vg |
macropore: .8\ » » fom nE E Vfmicro) =0.23 cmg
mesopore/ Carbon dissolved '?., e "’E 0.20 Vi fmeso} = 0.58 cm g
coating out Mgo — 1000 4 e -
o e .",- O
- z o ~
3 L =
& s K2
Schematic diagram 500 - J %
F.
0+ T . T
0. 0.5 10 0 10 20 30 40 50
P/Po Pore size [nm]
https://www.toyotanso.com/Products/cnovel/
=
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4

. Results
4.2. low energy ball milling

I
PTX XE2B Interconnected mesoporous carbon
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» Lowered sulfur utilization « similar sulfur utilization compared to high
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Poor performance compared to high energy ball milling

energy ball milling

Low energy ball miIIing>

T/°C 25

P /MPa 25 (stack pressure)
D/ WE% 30
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Interconnected micro/mesoporous
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High sulfur utilization
More than 1300 mAh/gs at 0.5 C

- increasing capacities with increasing micro pore volume and decreasing particle size
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I . T/°C 25
4- Resu ts S "> P /MPa 25 (stack pressure)
4.2. low energy ball milling G il %

S ga/mAh cm2 25-32

Jeng/Jdschg / MA cm2 0.1 C ch/ rate test

E/V vs. InLi 1.0-2.1
Long term performance
2400 interconnected micro/mesopc:rous carbon _ 103
2004 - - - - - - - = 1.5mgg/cm? = 2.0 mgg/cm?- 133
. ==l _ .
« Adaption of cut-off voltage to 2.1V fggg ) ]
~
« Improved long term performance < 1600 7
T 1400 T
« More than 100 deep cycles < 12001 m
. : : : S 1000 - o
High capacity retention 2 800
S 600 -
400 -
200 -
0 . . 0
0 50 100 150
cycle number
—
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5. Summary

 High sulfur utilization > 1600 mAh/gs in LiS-SSBs

« High energy ball milling: hierarchical carbon shows best
performance

* Low energy ball milling: sulfur utilization increases with
decreasing pore size

« cathode preparation needs to be adapted related to the

used carbon
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6. Outlook

* Further investigation of cathode volume change
 Investigation of microporous carbons
 Investigation of encapsulated sulfur

* Influence of the particle sizes

» Pouch cell assembly
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