ot 8 : : PR T
Development of cross-linked polymer electrolytes for lithium
batteries: an overview

Helmholtz Institute Munster (HI MS) ionics in energy storage, Germany

it

18.07.2018 / Dr. Jijeesh Ravi Nair

WWU RWNTH NiPS Summer School 2018
MONSTER Perugia (Italy): July 17 - 20, 2018
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ENERGY

Global Total Primary Energy Supply, 2012

Nuclear provides about 5% of total energy and 10.8% of global electricity generation.

Nuclear
4,80%

Hydropower
2,36%

-

Geothermal,

Solar, etc.
; 1,06%
Data: International Energy Agency
IS I AAUNCIY >
UNIVERSITY

J

JULICH

Forschungszentrum



THE ENERGY SCENARIO

Fluctuating price and limited resources

Nuclear

Jan=18T0 How=187T Sep-1585 Jul-1583 Blay-2001 Har-200%
B oil-wh Gruce Leveli i)

Crude Oil Price History Chart

Pollution

WWU RWTHAACHEN

UNIVERSITY 3 9 JULICH
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THE PRESENT BATTERY SCENARIO

3% 2% 1%
5% 3%

37%
8%

20% Global Battery Market 2009
@ Lithium-ion (37%) B SL| (Starter Battery)(20%) B Alkaline (15%)
I Stationary Lead Acid (8%) O Primary Carbon Zinc(6%) & Deep Cycle Lead Acid (5%)
B Nickel Metal Hydride (3%) O Primary Lithium (3%) @ Nickel Cadmium (2%)
@ Other (1%)
WWU RWTHAACHEN A
MUNSTER UNIVERSITY

35.00
30.00
25.00
20.00
15.00
10.00

5.00

Market research and consulting services

® | ead Acid ® Lithium lon

®m Nickel Cadmium = Others

®Nickel Metal Hydnde I I I I

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

IJ JULICH
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https://marketresearchandconsultingservices.wordpress.com/

THE ENERGY SCENARIO

Consumer Electronics

wWWwWu R\WNTH

MUNSTER

Battery charger

Power electronics
for traction motor

Charging point with
charge status display

DC/DC Inverter

Range Extender
Electric generator module
traction motor
Fuel tank for

i range extender

High voltage
Li-Ion rechargeable
battery pack

12V vehicle High voltage
battery harness

High voltage air
conditioning compressor
High voltage distribution

unit and fuses




PRESENT MOBILE BATTERY

Martin Cooper
Motorola
DynaTAC 8000X
$3995
(Ni-Cd) battery
10 hours to Recharge

wWWwWu R\WNTH

MUNSTER

L
Lu
L
Lk
cl
GL
L
-

Thisisa Takeit
Motorola
ce‘fﬁé’{ towork,
?e?ephoﬁe to P lay’
and stlll
i keep up with
—— your customers,
R your suppliers,
yourllfe
% 1.15kg
y 20 minutes
| Only to Talk

Motorvia  Noha
e ne o Y2l

Nehia  Ervivsen Mol Bavswrg  ode  BacowBaenry Savaryy  Saevvay Seewy Lpera
™ oMM % Praorw Owrve Bie G.opil Gadary 84 < U

Today:
8GB RAM

256 GB Hard disk
Octa core processor
No Display to OLED

4-6 Ah Batteries

Fast Charging

1-2 day
3-4Ah




LI-ION CELLS: Working principle and characteristics

Li-ion batteries are based on fully mature technology with a wide range of applications

SONY 1990s

<—‘e'- <—\ /D (_lsc‘:_f-irge(_
P& — NS W TYPICAL SETUP:

Charge

Li* conducting electrolyte

* Di““aL'%j Cathode: Li-TMOs supported on Al metal
l_ \) ‘K\;} — - Separator: synthetic glass-fiber or Celgard®
° '}_ m;\*' 3 -~ Electrolyte: liquid solutions (organic
ﬁ :ﬁ = ;_\\\"t% - solvents + Li-salt)
< _T: —_— {“Q” %?JJ Anode: C-based compounds supported on Cu
lf-_ Charge Ll(l-x)C6 ‘__ /
Cathode Separator Anode

Li* ions migrate back & forth in the electrolyte between the negative and positive electrodes upon discharge or charge.
The electron flow counterbalances the ion flow within the electrode materials and externally through the outer
electrical circuit. The potential difference between the positive and negative electrodes defines the cell potential.

~— wwu RWTH 7 9 JULICH

MUNSTER
Forschungszentrum




LI-ION BATTERIES

KEYWORDS
DRAWBACKS: SOLUTIONS: ccosfriendly
expensive/toxic materials (materials, v'Inventive, Innovative, Relevant and -
solvents, binders) eco-friendly materials Top Notch
- - L - L performing
Safety issues (liquid electrolyte) v Optimisation of existing chemistries -
Design adaptability (metal foils) v'Reliable and low-cost synthesis fow-cost
Expensive to manufacture _ ;J
End-of-life treatment v'Easier/faster processes
v'Switching to all-solid-state... ap-s%

safe

Better
Batteries

WWU

IJ JULICH

MUNSTER

Forschungszentrum



LITHIUM ION BATTERY

Charge

Organic carbonates
Additives
Salts

. Celgard as separator

Fire
Leaking

Gas Evolution

wwy PN RERSITY : @) JULICH

MUNSTER
Forschungszentrum



LITHIUM POLYMER BATTERY

Lithium Polymer Battery

o \7.
F+ 9
N
y

ancde T
e
OLi N
-
~ @cC
OMn
OH
@0 | X « Thin
X « Safety
Al Current \§ Cu Curent « Flexible
Collector Collector « High energy
J. Mater. Chem. A, 2016,4, 10038-10069  Leak-free

WWU RWTHAACHEN

UNIVERSITY 10 'J JULICH

Forschungszentrum



P. V. Wright,
Polymer, 1973,14, 589.

D. E. Fenton, J. M. Parker,

PEO (Wright,
Armand 1979) J

wWWwWu R\WNTH

MUNSTER

POLYMER CELLS

Wright and co-workers were the first to discover that the ether-
based polymer, poly(ethylene oxide) (PEO) was able to dissolve

' inorganic salts and exhibit ion conduction at room temperature. !

e o o o o = = = = = = = = = = = = = = = = = = = = = = = -

————————————————————————————————————————————————————————————————————————————————————

iThe microscopic environment remains liquid like for Li*-ion, and the !
' conductivity is “coupled” to the local segmental motion of the polymer, |

' often characterized by T, of the polymer.

" IJ JULICH

Forschungszentrum



ION CONDUCTION IN POLYMER ELECTROLYTE

Intrachain hopping

&j_} %ggb * lon transport occurs by intrachain or
J

iInterchain hopping

Interchain hopping - the continuous segmental rearrangement
) results in a long-range displacement of
@ — D
Y lithium 1ons

J. Mater. Chem. A,2015, 3,19218-19253

wWWwWu R\WNTH

12 9 JULICH

Forschungszentrum



REQUIREMENTS OF POLYMER ELECTROLYTE
'nC Separator

4 Li Anode

* High ionic conductivity (>1 mS.cm);
e Li* transference number (~1);

« Good mechanical strength (Mpa - GPa); =NaiuiE Comman-6=7436 (2015)

* Wide electrochemical stability window (> 5 V vs LI/LI*);

« Excellent chemical and thermal stability;

- Processability; ACS Cent. Sci. 2, 11, 790-801
* Availability & Cost;
* Eco-friendly.

wWWwWu R\WNTH

13

MUNSTER




PHYSICAL PROPERTIES OF POLYMERS

* Polymers are semi-crystalline;
« Crystallization (slow chain dynamics) is detrimental
for ion transport;

| Amorphous phase (segmental mobility) aids ion

transportation;

J. Mater. Chem. A,2015, 3,19218-19253

Crystallinity suppression is achieved by:

Addition of plasticizer, nanofiller, polymer blends, grafting onto polymer backbones, cross-linking, designing of

block copolymers etc...

— WWwWUu RWTH 14 'J JULICH

MUNSTER
Forschungszentrum
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POLYMER ELECTROLYTE SYSTEMS

Solid Polymer Electrolyte

Gel Polymer Electrolyte
Polymer Composite Electrolyte
Single-ion Conductor

Hybrid Electrolyte

Cross-linked Polymer Electrolyte etc...

RWTH

15

« Lithium ion conductivity
 Mechanical property

« Li*ion transport number

s 4

JULICH

Forschungszentrum



SOLVENT FREE POLYMERIZATION

Monomer

Oligomer N

Salt Deposition
Additives Polymerisation
Initiator

« Electrolyte components can reach to active materials; _

Crosslinked network
* Good contact between the electrode and the electrolyte;
» Use existing state of the art manufacturing facility;

 No solvents needed. G?‘

Wwu RWIH 16 16 9 JULICH

MUNSTER
Forschungszentrum



UV INDUCED FREE RADICAL POLYMERIZATION

Initiation is triggered by UV irradiation:

solid polymer (glassy or rubbery state).

O

O

CH,=CHCOO

—CH,-CHCOO

l

OCOCH=CH,

l

@—c —CH; GHCOO—»w=—0COCH=CH,

@c —CH,"CHCOO

C|-|2
CH
¢oo

OCOCH=CH,

i

OCOCH=CH,

CH2
(|3H—CH2—CH —Co
co o

|
o

O—COCH=CH,
O—CO—CH=CH,

OCOCH=CH,

Advantages

v' Rapid

v' Cost effective

v No solvents

v" No catalysts

v Single step preparation

v' Transferable to the industrial scale

17

liguid precursor mix is transformed into a

Applications

Coatings, Adhesives
Inks, Electronics
Dental Materials

.. Electrolyte Membranes 777

JULICH

Forschungszentrum
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POLYMER ELECTROLYTE TYPES

»

POLYMER

= Gel Polymer Electrolyte - GPE
PLASTICISERS

(all kinds of polymers — Thermoplastic / Thermoset)
Li-X

ADDITIVES

WWwWUu RWTH 18 ‘J JULICH

MUNSTER
Forschungszentrum




POLYMER MATRICES GPE

CH,
d
£=0 H ~OH

D\
s PEO

PMMA

CH,
—CH,—CH,—09—tCH,—CH—0y—CH,—CH,— 03—
PEO-PPO

‘KCHz— CH=CH— CHz} CH— CHE}

m n

SBR

WWU RWTH

MUNSTER

T { T} [ I ——
¢=Cc —1C—C1— 2T
HWLOJ\/hOH A R N4 B

PPO PVC PVDF PAN
H F F  CF,
[(|3 (|j]88 [(|j (|3]12 _"EE‘EQ’CW@-E—@-O—CHZ-CHTO}
PVDF-HFP PU
PEO-PS-PEO

PEO-PMMA-PEO

Block copolymers

19 9 JULICH

Forschungszentrum



GPE

ELECTROLYTES - Organic Carbonates - Plasticizers

Solvent name Structural Boiling Melting Dielectric
formula point/°C  point, T,,/°C constant, ¢
[\ 896
Ethylene carbonate, EC OYO 248 39-40 .
e ataoe
0]
Propylene carbonate, PC ° 2415 -49 644
g
Dimethyl carbonate, DMC i 91 42 312
H3C“‘o O,CH3
0
Diethyl carbonate, DEC )j\ 127 42 1 282
HC” 07 07 CH,
v-Butyro Lactone, y-BL & 202 -43 39.1
o O
RWNTH |
Wﬂg 20 M. Marcinek et al / Solid State lonics 276 (2015) mF_—TEﬁ ‘J J U L I C H

Forschungszentrum



GPE
ELECTROLYTES — Organic Ethers - Plasticizers

Solvent Structure M. Wt Te/"C Tw/C n/cP E
25°C 25°C
DM Hﬂﬁuf 76 — 105 41 0.33 2.7
DME O 90 —58 84 0.46 7.2
DEE 0 118 —74 121
THF — 72 — 109 GG 0.46 7.4
I___\_\_me
2-Me-THF —N 826 — 137 80 0.47 6.2
- 8 _
1,3-DL I‘fl > 74 05 78 0.59 7.1
: =~
4-Me-1.3-DL \r_,tiz B8 —125 85 0.60 6.8
)
2-Me-1,3-DL 0 ki 0.54 4,39
o >7
L o

WWU RWTH 21 M. Marcinek et al / Solid State lonics 276 (2015) 107-126 ‘J JUL'CH

MUNSTER
Forschungszentrum



| GPE
ELECTROLYTES - Li Salt

0
F4C CF, F CF C| "3& h
L Uit 3 2 / / 3 F3C/ \\D —b ﬁ + " ~ | _/F
\\ N // F——~F CF, | ) Li As
- N . 0—cl=0 SN
A\ AN / ~ S\\ //S\\CF ¢ % Li* /D—B—D Li . ﬁ F F
2 2 2 Li
FSG/ \\D D// \““GF;; | 0O O | \ O0=—=C ,L CF, | _O . i
CF, CF4 CF, \“c ~ LiCIO 4 LIASF ¢
LITFS LIBETI LIFAP CF3 ” ﬂ - F
0\ /0 LITFAB ’ 1 O_T—CF 3 F——>B F L' F>F|’<F
o) 0 p
\C""# \ / T~¢ / C.---"""'D\ /D“‘MC \ c! &L F l F

7
/CHD/ \ch\ \ U}xo/ \Df(U / LiTf LiBF 4 LiPF ¢

LIBOB LiBBB

Fig. 2. New lithium conductive salts created for application in lithium-ion batteries, LITFSI - Li[ N{ S0,CF;) 5] - lithium bis(trifluoromethane sulfone)imide; LIBETI - Li| N{ SO,CF,(F;);] -
lithium bis(pentafluoroethane sulfone)imide; LIFAP - Li[PFy{ CF2CF;)5] - lithium fluoroalkylphosphate; LITFAB - Li[B{OCOCF; )] - lithium tetrakis(trifluomacetoxy |borate; LIBOB -
Li[B{C504);] - lithium bis(oxalato)borate; LBBB - Li[B{ C50,),] - lithium bis (1,2-benzenediolato(2-)-0,0¢ ) borate.

MUNSTER

WWu RWTH 02 M. Marcinek et al / Solid State lonics 276 (2015) 107-126 " JULlCH

Forschungszentrum



GPE

POLYMER ELECTROLYTES - RTILs - Plasticizers

ROOM TEMPERATURE
IONIC LIQUIDS - RTILs

0

F or
S
\p/ )J\ chloride
S I\‘. O
o] o]
F acetate \
N
hexafluorophosphate F \\S/ \S// F
. YK
. iodide F i
N=— S F F
thiocyanate bis(trifluoromethanesulfonyl)amide
- » » .
o "\ N\
" — R bromide F— S =0
dicyanamide
c VAR
< 5
rﬁ trifluoromethanesulfonate
—5—0
youdl /\o || O
formate 0 g
methanesulfonate s
F F
I F
F—i=F 0 trifluoroacetate
o
| A
tetrafluoroborate o// 2 0
i thylsulfat O
“ methylsulfate PR 75\
P o]
\0/ |\O/ 0/
o ethylsulfate

dimethylphosphate

ORGANIC CATION
ORGANIC ANION

R
N N \,
M /
o/ V4 ‘
1-alkyl{1}-3-alkyl(2}-imidazolium \N S
c /

N 4= l-alkyl(1]-3-alkyl[2)-benzotriazolium
O\
R/N-R\\/ »
t Q‘R
HM
o

R

1-alkyl(1)-3-alkyl(2)-pyridinium

Y g
-

tetraalkylphosphonium

1-alkyl(1)-3-alkyl{2}-pyrrolidinium

N\~
NC o \

tetraalkylammaonium

High ionic conductivity
High Boiling Point
Low Vapor Pressure
Fire resistant
Recycled and Reused

Green Solvent

Angew. Chem. Int. Ed. 2015, 54, 2-16

IJ JULICH

Forschungszentrum



POLYMER ELECTROLYTES - RTIL GPE

PVAF-[LiTFSI-lonic Liquid]

Ternary system: PEO-LiTFSI-lonic Liquid
TFSK

Pyr. .~

14

TFSI
» e T

_ Li
TFSI f

B
L]
.
.
L

Pyr. , TFSI >

Pyrm+
Pye .~ L TFSI

r
TFSK TFSI

P

14

- TFSI

Choice of Polymer Matrix

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

——Wwy  MTRR % g hom et 2o 0206 9 ) JULICH

Forschungszentrum




POLYMER ELECTROLYTES - RTILs GPE

Year  Electrolyte composition Am. T/°C ©at20°C/mScm™ o at60°C/mScm™
1996  PAN,[TEMAB,LIOAC,LITFSI,], - - 1.0x10° 3.0x10°
2003 PEO,,LiTFSI [Pyr,,TFSI], . no 60 3.0x10°* 1.5%10°
2003  PPEGDA,,.[LiBF,Im,,BF J,... -~ 81 12x10* 1.8%10
2004  [PPyry, TFSI]gs[Li (G4)]TFS Iy yes 55 1.0x10°* 8.0% 10
2005  [PEOsyse] My 16 TFsos] LiThy s no - 20x10° 2.0x10°*
2005  P(P[PEQ-PPOJACK:) o5 LITFSA-30,, yes 60 40x10° 2.0x107*
2007 PEO,,LIiTFSL, [Pyr, TFSI], o, yes - 1.1%10* 1.0x10°
2007  PEO,,LiTFSI, [Py, TFSI], no  —51 - 6.0x 10
2008  P(JAMPS-Lij;-VFs) 105 [1MysTCMIsosc yes —81 50x10° 2.0x10°2
2008  PEO,,LITFSI,[Pip,:TFSI], no  —49 - 1.2x10°°
2008  PEO,,LITFSI, [Pyr, TFSI, yes —65 1.0x10°* 2.0x10°*
2009  [PPyry, TFSI]3gaLiTFSI 400 [PyriaTFSI 5o - - 1.0x10™" 1.5 %10
2010 [PPyr,,TFSI],44LiTFSI, 0 [Pyri TFSI]gpa no —67  1.6x10° 1.0x10°°
2010  PEO,,LIiTFSI, [Pyr, o, TFSI], . no —73 7.0x10" 1.4x10°°
2011 [P(Guassae-MMA ;) TFSI] 795 LITFSl3ge - —60 - 1.8x10°°
2011 [P(Gua-MMA)]cgecLiTFSI 35 [GuaysTFSI]pse, [SiOz)esc  yes  —60 - 2.3 x107°
2011 PEOLITFSI, [S,25TFSI], no - 50x10°* 2.0x10°°

wwu W 2 IJ JULICH

Angew. Chem. Int. Ed. 2015, 54, 216 rsohungssemerum



Composite Polymer Electrolytes

A) Acidic

DR e

N
.f/
N
A PEO
4 LiX
b Al203
/
.\('ll~
w | Solvent
& Processing
N

CPE: High surface area fillers such as ZrO,, TiO,,
Al, O, and hydrophobic fumed silica were
Incorporated into the polymer matrices and are
called “composite polymer electrolytes” or
“composite ceramic electrolytes”

- wWWwu Electrochimica Acta 46; 2001; 2457

y 26
MUNSTER

Crystalline Polymer Electrolytes

PEO,LiXF,
(X=P, As, Sh)

10°7/10°Scm™?

The polymer film is
composed of many
grains each of
which is composed
of many such
crystallites.

P.G. BRUCE - Dalton Trans., 2006, 1365-1369

IJ JULICH

Forschungszentrum
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0

I 11

Cationic

POLYELECTROLYTES - PIL

DO « @

111 1

) @

Anionic

. A schematic representation of ionic liquid like monomer: | - reactive group, Il - spacer, Il - ion species.

Solid Polymer Hectrolytes (SPE)s

Gel Polymer Electrolytes

POLY (IONIC LI QUIDIS |OMNGELS
*T o) O ® @
e ) O 6 ©

Single ION
conductors

opm——

c=0 N
o)
R{EHﬂm-@
e
(CF3S0,)4N
@ Y o\
BN, 0]
CH;
m= 2or3

Shaplov et al. / Electrochim.
Acta 175 (2015) 18-34

.

\

®,CH;
—N: CH,
CH,

/




PHOTO-POLYMERIZATION: UV-CURING

A polymerization reaction where initiation is triggered by a UV radiation

Photoinitiator

Rapid

Multifunctional Inexpensive

Reactive species
monomer

Single step preparation

UV irradiation No solvents

Polymer
radical or ion

No catalysts

Transferable to the industrial scale

Crosslinked polymer

WWwWUu RWTH 28 ‘J JUL'CH

MUNSTER
Forschungszentrum



POLYMER ELECTROLYTES PREPARATION

1. Mixing of reactive ingredients

. ¢
Reactive

mixture

Substrate
7
Z{::::}su ‘4
Max. 3 min
35mW cm™2
WWwWU R\WNTH
MUNSTER

2. Pour it over substrate

\ 3. Draw down over substrate

4. UV exposure

29 Polymer Membrane ‘J JULICH

Forschungszentrum



CROSSLINKED GEL POLYMER ELECTROLYTES GPE

Methacrylate based polymer backbone

BEMA - Bisphenol-A-ethoxylate dimethacrylate

flill CH, ﬁ
CH;=C—C—0+C H;—CHg—O»’T@—é—@—éO—C Hz—CHg-};D—C—C=CHz
éHS éI"]. éH}

PEGMA Darocur 1173, (D1173)
o) CH
axdopofan (-1
CH;
. LiTFSI O
LiClO ?
4 O |
O=C|-O Li+ F3C—iT“—I|\I—S—CF3
I .
0O 0O L1 0O
WWwu RWNTH 30

MUNSTER

aterials

Organic Carbonates

Diethyl (DEC), Dimethyl (DMC) carbonate

r
~

Ethylene (EC), Propylene (PC) carbonate

r

Excellent conductivity

P
J.Power Sources 178 (2008) 751-757 ‘ '
stry

JULICH

Forschungszentrum



POLYMER ELECTROLYTES (SILOXANE) - Surface Modification

Acrylated Silicone Polyether Copolymers

Surface enriched with -Si-O- groups:
increase hydrophobicity, separating layer
at the surface of the film

Thermal resistance

Chemical resistance | Surface Tension

Low T, polymers T Contact Angle ;; "‘ n

NO UV-induced degradation o bl —> —

Improved substrate wetting R £3 zi’:

Large variety of choices - Self migrating L., S— — == = §

Structure of Coatosil-3509 (SAC, Mn: 2700) _ _ o
Oxidation Stability

Hy | CHy | CH
CH,=CHCO—0—CH,~8i—0~8i—O1$i~CH,~OCH,~O-COCH=CH, _
SH, | CHy | CH, Li Interface

- -n

WWU RWTH €F = d 40
. aj\‘\/ﬁfe'i:f .y Electrochim Acta 55 (2010) 1460 J JULICH

MUNSTER
Forschungszentrum



CROSSLINKED GEL POLYMER ELECTROLYTES

Low volatile RTILs

Methacrylate based polymer backbone

BEMA - Bisphenol-A-ethoxylate dimethacrylate Structure of PYRA-TFSI
1 T i i \
CHZ_E:—O+Cm—cu;.—o_»;@—i;@—eo-cu;—cu,—;y—o—c—i:cuz
o r-:-L"“’/\C)I\/'Ie
PEGMA Darocur 1173, (D1173)
TFSI-
O O CH,
“2°Y‘LOPVO+C“3 @é‘:_é_m Structure of EMI - PFS|
n |
CHs; CH,
“Ha FocF,C
. / EhaliA e
LiC|04 LiTFSI 0 o / N* \S ’f‘
0 [ Iy 50
I F3C—S—N—=S—=CF; N N\
O=CI-0O [ =0
I O ) /N
H,C F,CF,C ©

WWU

Forschungszentrum

a 3. Memb. Sci. 423-424 (2012) 459 ' ' J U L | C H
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S
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-
[*2] [ee) o
o o o

Residual weight / %
N
o

0

POLYMER ELECTROLYTE MEMBRANES (RTIL)

N
o
1

ILBM-50 \\

ILBM-60 &
ILBM-70 —

Polymer

Flectrolyte

0 100 200 300 400 500

Temperature /°C

WWU

MUNSTER

600

700

SS-316
substrate

G roup

Dipplied

&
33 8 JJ\. at;.e:ials
@ lectrochemis try

c

Specific Capacity / mAh g”!

Cycle number

Nano Energy (2013) 2, 1279-1286 ‘J

- 100
T
z
=
: 2
S LE0 2
=
o
o
70 =
g
] L60 3
2() { —@— charge -
1 —@— discharge
— T T T T T T T T T T T T T T T T T T 50
0 30 100 150 200 250 300 350 400 450 500

JULICH
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CTP - Grenoble

POLYMER ELECTROLYTES — Reinforcement (2ye

S pplied

/J\ aterials
2nd

e lectrochemistry

UV-cured methacrylic membranes with cellulose hand-sheets for Li-based battery
electrolyte.

Kraft Pulp-HW/sW |

HW:SW — 60:40 95% pure+5%

water

Made into desired
concentration,

3g/L

Repulping:

Hand sheet
Preparation

Blendingin a High
speed Mixer

6

Weigh 2g/1.5g pulp,
. diluteto 1 L. Then
Filter, dry at 90 °C, RPM1500, introduce it to FRET
in vacuum for 7 time:45 sec SN }

min. \ paper maker macnine

TN

HAarD Woobp (HW)  Sort Woob (SW)
Soft material Hard material

|
kB
|

Short fibres Long fibres

Low porosity High porosity

LY : 2 | A \ N ; I’_~ \([ & e
HV Det [Pressure|Temp| 20.0pm
15.0 kV 1500x[10.1 mm|ETD

Wrﬂg R 34 Electrochem. Commun. 11 (2009) 1796 'J J U L I c H

Forschungszentrum




POLYMER ELECTROLYTE MEMBRANES (Cellulose) (e

Force /N

CTP - Grenoble

aaaaaaa
ectrochemistry

o c > 0.5mS/cm
3 / |
/ k Liquid >50%

Elongation / mm

Young’s modulus - 417 Mpa
Tensile strength - 2.7 MPa

. IJ JULICH

Forschungszentrum



PHOTO-POLYMERIZATION: UV-CURING

Photoinitiator

Reactive
species

Multifunctional
monomer

UV radiation

Polymer
radical or ion

Crosslinked polymer

RWTH

WWU

y 36
MUNSTER

O

o]

CH,=CHCOO

@—Cﬁ—c H, CHCOO
O l
@—c —CH,"CHC OO —www—0COCH=CH,

CH2
¢ H
@c —CH,"CHCOO

OCOCH=CH,

OCOCH=CH,

|
coo

OCOCH=CH,

OCOCH=CH,

cH2
CIH—CHZ—CH —Co
Co o
3

O—COCH=CH,

O—CO—CH=CH,

JULICH

Forschungszentrum



ALL-SOLID STATE BATTERIES FOR LOW TEMPERATURE

MATERIALS and PROCESS
Hl’o\/\]FOH
PEO

.\“\(\(\% Tetraglyme attached
to the PEO chain

RTILs

ch{o\/}ows
4

TEGDME

MIX @60°C

F3C-S-N-S-CFy
O Lio

LITFSI

Hot Press

0

| | | Hydrogen Abstraction
J T oHy Mechanism . . .
Inter-connected PEO chains with plausible

ME-BENZOPHENONE branched clusters of TEGDME oligomers or RTILs
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CROSSLINKED MEMBRANES
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Conductivity (S cm™)
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GALVANOSTATIC CYCLING @ 20°C - TiO2 / PEM / LI
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CROSSLINKED POLYMER ELECTROLYTE (RTIL)

LiTFSI
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QUASI-SOLID DYE-SENSITIZED SOLAR CELL

a Nal molarity:
g 187 0.10
© —0.20
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10 -

AAAAAAA

ﬂ

s

N

{1 —@- Liquid DSSC
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J-V characterization @15’ swelling

) Joc (MACcm Efficiency
I (M) Voc (V) 2) FF (%)
0.1 0.57 12.40 0.52 3.70
0.2 0.56 14.95 0.53 4.42
0.3 0.59 19.00 0.55 6.10
0.45 0.57 17.1 0.54 5.22
WWwWU R\WNTH
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The versatility of these membranes in applications such as
electrochromic devices (ECD) & DSSCs make this process a
strong tool to prepare universal membranes with multi-utility.
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SEMI-INTERPENETRATING ELECTROLYTE NETWORKS
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CROSSLINKED SINGLE-ION CONDUCTORS FPLYMA

POLYMER ELECTROLYTES: Polymer Matrix + Lithium Salt

s 2 s 2

Neutral Polymer Matrix Polyelectrolytes

Cationic Anionic
6 6 Py

é Counter ion w@

j Polymer matrix

Lithium Single-ion Conductors

ACS Appl. Mater. Interfaces 8 (2016] 10350 RWNTHAACHEN a4 9 o ' J U Ll c H
MUNSTER UNIVERSITY The lithium transport number ~1
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CROSSLINKED SINGLE-ION CONDUCTORS
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SINGLE-ION CONDUCTORS

POLYMAT
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LITHIUM: THE NEW “GOLD” ?

Accessible global Li reserves are in remote or in politically sensitive
areas. Increasing utilization of Li in energy storage applications with a
higher “price point” will ultimately escalate the price of Li compounds
even with extensive battery recycling programs, thereby making large-

scale storage based on this element less affordable.

Market segmentation by application

Key Takeaway: The consumer segment
dominates the global lithium-ion battery
market with increased use in laptops, smart
phones, power tools, and other applications.

Key Takeaway: The utility segment dominates the

imarket as utilities are seeking smart grid solutions|

that utilize lithium-ion batteries to improve
operational efficiency and effectiveness.

Total Lithium-ion Battery Market: Percent
Revenue Breakdown by Application, Global,
2013

Automotive

, /' 18.9%

"N

Grid and
Renewable
Energy
Storage
6.9%

Consumer
60.3%

Total Lithium-ion Battery Market: Percent
Revenue Breakdown by Application, Global,

.'>._ Argentina
6.5 Mio

Current lithium by end user

Other

. Ceramics & Glass
Pharmaceutical

Rubber & Plastics Li reserves could
Continuous Casting JFCR be sustained for

Al Treatmont G // 65 years at most
6%

Aluminium Vi

Greases

Batteriey J U Ll C H
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Mass Fraction / kg kg

SODIUM-ION BAT
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EV € Grid
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410 %

40.1%

: 100 ppro
: 10 ppm

1ppm

ERIES: Large-scale Energy Storage

Sodium resources are “unlimited”, attainable at low cost and
geographically distributed.

Very suitable redox potential (-2.71 V versus SHE), only a small
energy penalty to pay vs. lithium.

Same working principle as Li-ion batteries, similar materials.

Gravimetric and volumetric energy densities of Na-ion battery
would not exceed those of its Li analogue because of the
relatively heavier and larger Na atom and less-reducing
potential of Na. However, energy density is not a critical issue in
large-scale energy storage.

Sodium-based batteries offer a higher energy density than
aqueous batteries and lower cost than Li-ion batteries, with
some now approaching the energy density of the latter.

9

L. F. Nazar & co, Angew. Chem. Int. £d 54 (2015) 3431
P. Johansson & co., J Mater. Chem. A 3 (2015) 22
Y. S. Hu & co., Energy Environ. S5c¢i 6 (2013) 2338

48 S. Komaba & co., Chem. Rev. 114 (2014) 11636
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Na-POLYMER CELL TESTING
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Electrochemical stability window (ESW) between OCV and 5.2 V vs. Na/Na*
(anodic scan) and between OCV and —0.2 V vs. Na/Na* (cathodic).

No noticeable electrochemical reactions occurred at positive potentials
ranging from the sodium reversible plating/stripping process below 0.2 V to
above 4.7 V vs. Na/Na* where the current started flowing.

The polymer electrolyte is suitable for practical application even in NIBs with
high working potential.

Working electrode: TiO, anatase:
Na-CMC:C (74:8:18); Counter: Na.
Initial specific capacity: 350 mAh g1.

N o &Y Y e 4 |
N /’.terials | phot0p0|ymer

G 'i.éctrochem.istry
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Li-Sulfur: Nano cellulose-laden composite polymer electrolytes

casted over a substrate

nMFC

Film Casting

Dried and Polymerized

CN
0 . DEAM ’ (so °C, 1 hr) in an OV EN’
ey : Mixed thoroughly &

Then liquid electrolyte: 0.75 M solution of
LITFSI in a 1:1(viv) mixture of
tetraethylene glycol Dimethylether
(TEGDME) and 1,3-dioxolane + Lithium
Nitrate (LINO3, 0.5M),
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Towards paper-based energy storage devices °B?"o°°"r‘3')"|\, @._sp,

Spray coating and papermaking technologies were implemented on a pilot line for the large-scale production of
pattery electrodes coupling the use of water based electrode formulations and bio-sourced binders with flexible and
high production capacity technologies.

Electrode manufacturing vs. papermaking

¥

Materials:
+ Fluorinated binders (or CMC)
« Active materials

+ Polymeric additives

Coating technologies
+ Organic slurries (or aqueous)

+ Slurry coating on metal substrate
+ Solvent evaporation in oven

- Typical production rates:

+ Machine speed: 10-100 m/min
+ Machine width: 0.5-1 m

«  Throughput: 5-100 m2/min

WWU

MUNSTER
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Materials:
Cellulose fibres

Active materials
Mineral fillers

Papermaking technologies
Processing of fibre aqueous slurries
Slurry dewatering for sheet formation
Sheet coating with minerals/polymers

- Typical production rates:

Machine speed: 200-1000 m/min
Machine width: 2-7 m
Throughput: 400-4000 m?/min

51

Pre-industrial paper electrodes by spray deposition

Graphite
slurry feed 30 kN/m 30kN/m

...................

Press section ' Drying section i Winding reel

COOLEINTERNATIONALE
, 2 \ DU PAPIER, DE LA COMMUNICATION INPRIMLE £7 DES BIOMATERIAUX
Paper sheet: Electrode aqueous slurry:
pre-separator, beaten cellulose fibres MFC binder, carbon black, graphite

Chem. Eng. J. 243 (2014) 372 @J\%ﬁ% “:, Patent ‘ 2'34(’@ E1 c H
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Cellulose-based flexible Li/Na-ion paper cells  ‘ijj, @._Gp

Std Li-ron cell 2
(PVdF)
N Paper based
graphite
separator
Paper

LiFePO,on Al Foil
(PVdF)

%7 No metal-foils
%¢ No synthetic binders

&2 No synthetic separator
Paper based
LiFePO,

Papenebcvodej‘

95 % recyclable I
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MFC-reinforced quasi-solid polymer electrolytes °Li.’a%".-‘:';"|\, @._.spz S e

MFC by sulphite
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SUMMARY

e Suitable polymer matrix selection is very important

e Crosslinking can be used as an effective tool to modulate the physical properties of
polymer electrolytes

e UV induced crosslinking is effective in indusctrially upscaling the polymer
electrolyte process

e Cross-linked polymer electrolytes are versatile and can be applied in Li/Na
batteries, Lithium-Sulfur batteries, DSSCs, Supercapacitors, FETs, Memristors,
and so on..
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