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Development of novel energy storage materials

e Performance (2200 Wh kg and 300 W kg-")
conomically and ethically available raw materials
afe cell reactions

ow weight

igh active surface
ong cycle life

ow-cost production and recycling
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Ize and shape adaptable

= safe, sustainable and smart
Energy Storage Materials (3sESM)
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Charge Storage
Materials

lonic Materials

Modern

Batteries

Combination of...

Nature-Inspired
Materials
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Conductive polymers
3D Carbon materials
Zeolites

Charge Storage
Materials

lonic liquids
lonic Materials lonogels

Deep eutectic solvents
Modern

Batteries

Combination of...

Nature-Inspired & A% Natural fibres and tissues
Materials \ A Engineered microorganisms

Al, Mg, Na, Zn, Si
Metal oxides
Conductive glass
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Conductive polymers
Charge Storage POYY

Materials

lonic liquids
lonic Materials lonogels
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Nature-Inspired
Materials
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Conductive Polymer
’q'n ..' - ‘;"é’.)-'

Aluminium

1-Ethyl-3-methylimidazolium chloride — Aluminium chloride

charge
3MonomerUnitg+3X™+4Al5Cl; =  3[MonomerUnit]gX+Al+7AICl,

discharge

T. Schoetz et al. Journal of Solid State Electrochemistry 21, 3237-3246, 2017 .
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charge

MonomerUnitg+X = [MonomerUnit|gX + e
discharge

T. Schoetz et al. Journal of Solid State Electrochemistry 21, 3237-3246, 2017.
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Uncharged PEDOT chains

A

Polymer

l Capacitors

Modern
Batteries

specific power / Wh kg

Super
Capacitors

Batteries Fuel
cells

1 10
specific energy / Wh kg
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Charging PEDOT chains:
faradaic charge transfer

Modern
Batteries

Batteries

Anion
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Insertion anions between PEDOT chains:
non-faradaic charge transfer

C

l Capacitors

Modern
Batteries

Super
Capacitors

X1< Xy <X3
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Electropolymerisation

» Conductive polymer (PEDOT) with wide

: . : X(EMImCI) x(AICI;) Lewis Anions in
potential stability window of 4 V Imol-%  /mol-%  Acidity liquid
» Control of anion insertion/removal by 333 °6./ acidic AloCly, Al
50 50 neutral AICI,
cyclic voltammetry 66.7 33.3 basic AICl,, CI

— Definition of charge/discharge potentials

(A) lonic liquid synthesis (EMImCI-AICI,) s
basic

{.1.\1 EDOT

(B) Lewis basic, neutral and acidic ionic liquid

(C) lonic liquids with EDOT monomer

T. Schoetz et al. Electrochimica Acta 263, 176-183, 2018.
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Electropolymerisation

Polymerisation,

» Conductive polymer (PEDOT) with wide e o oxidation and

potential stability window of 4 V

» Control of anion insertion/removal by

cyclic voltammetry

— Definition of charge/discharge potentials

Reduction nd

anion removal v

Number of cycles

Current density, j/ mA cm’”

(Oxidation) Polymerisation and anion insertion into
-0.5 0.0 0.5 1.0 B 2.0 20 3.0

polymer structure at the same time Electrode potential, E vs. Al|AI(IIY V
(Reduction) Anion removal without dissolving the WE: PEDOT/vitreous.carbon, CE: vitreous carbon,
RE: Al, 100 mV s-1, Lewis neutral EMImCI-AICI;, 25 °C.
polymer layers T
4 & ua oV o 2
4 _ . o+ ‘J 4
P IR TR T L d
J ‘ 9 4 J 4
9

T. Schoetz et al. Electrochimica Acta 263, 176-183, 2018.
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Electropolymerisation on 3D Substrates

» Higher active electrode surface

 Maintenance structural integrity

— Allows Internal polymer expansion/contraction
without electrode degradation and volume

change of the battery

Anion insertion

r—
AlCls

e —————-

Anion removal

Conductive polymer
(PEDOT)

Reticulated vitreous carbon
(RVC)

T. Schoetz et al. Electrochemistry Communications 89, 52-56, 2018.
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Polymer Behaviour in lonic Liquid

-
L

cycle 200 e
1 5 cyde 200 o

P e g 1
V . High electrochemical stability

- » Coulombic efficiency 297 %

W SR

. ‘ Fw  Anion insertion/removal potentials are

8 \’\' .
M= After polymerisation, | predefined by electropolymerisation
: Before cycling
& e -~ . B
B ) 3 ) i N 2 cle 2
n« ' \’\ ‘ o . 20 oycle 100 e
-~

- o
i A 4 £ :
;- £ < 2 Zi';ﬁ Oxidation and :
= ha g 10- , anion insertion b
B "‘g 7 !
a C‘ ' < 5
W o 5 ;
S s S o N
_ ‘," :Z - Reduction and
€ Ny, T - z - anion removal WE: PEDOT it ]
. o S ) vitreous carbon,
inArLtgir’\g(r):eg‘::SIL o CE: vitreous carbon,
~, \ 15 RE: Al, 100 mV s1, Lewis
20 neutral EMImCI-AICI;, 25 °C.
) I | T T I T T
T. Schoetz et al. Electrochemistry 0.0 0.'5 1.'0 15 2_'0 2f5

Communications 89, 52-56, 2018. Electrode potential, £ vs. Al|Al(IIY V
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—
n

1 0V-0.5v 0.5Vv-1.5v 15V-2.1V 21V-25V

; Polymer /
| oxidatio
IV

| I 11
/Polymer
\_\/ reduction

-15
-4100 -

4200-_ M Anion
4300 - insertion
-4400 - M

-4500 S

Hybrid Battery-Capacitor Behaviour

—
o

o
|

Electrochemical Quartz Crystal Microbalance

o
|

Current density, j/ mA cm 2
¢n

-
o
|

* Determination change shear modulus during

2.5

charging (oxidation, anion insertion) and

discharging (reduction, anion removal)

cy change, df/ Hz

Frequen

-4600 -
J-‘ 4700 - .
Reference Counter electrode e Am&
electrode (vitreous carbon rod) _ removal 3
[ -4900 -
(Al-wire)

| v v | Y | v I v |
9900 - 0.0 05 1.0 15 2.0 2.5

_ Polymer
2160 - stlffenlng

—— PTFE-cell

2120 ~

2100_‘ Polyme

- softenmg
2080 -

Shear Modulus, G’/ MPa

2060 -

Charging
Discharging

Working electrode (Au, C)
Electrode Potential, E v AIIAI(III)/V

O-rings

| Bass WE: PEDOT/gold,
| CE: vitreous carbon,
RE: Al, 100 mV s, Lewis
T. Schoetz et al. Journal of Materials Chemistry A6, 17787-17799, 2018. neutral EMImCI-AICI;, 25 °C.
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Hybrid Battery-Capacitor Behaviour

In-Operando Atomic Force Microscopy

* Visualisation morphological changes
of the polymer surface during

charging/discharging

~n Photodiode

Counter electrode: |
l Vitreous carbon ring
" orking electrode:
Vitreous carbon
with PEDOT

Reference electrode: '
Aluminium wire

WE: PEDOT/vitreous carbon, CE: vitreous carbon,
RE: Al, 100 mV s1, Lewis neutral EMImCI-AICI;, 25 °C.

T. Schoetz et al. Journal of Materials Chemistry A6, 17787-17799, 2018.
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Polymer charging:
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Oxidation to PEDOT*
Generation positive charges in polymer backbone

— Battery-like behaviour

] ] 18pum| A Charged
Repulsive forces open transport paths for anions

Polymer swelling and softening
Anion insertion and double layer formation
— (Pseudo)-Capacitor-like behaviour

Polymer stretching to its boundaries and stiffening

1.0um
Polymer Polymer

swelling contraction

Reduction/

P O Iy m e r d is C h a rg i n g : Anci):r:C::?:r:{on Grai,rj'm*e:ging Anion removal

Reduction to PEDOT?

Anion removal due to open transport paths
— (Pseudo)-Capacitor-like behaviour
Removal positive charges

— Battery-like behaviour

Polymer contraction and grain relocation
Closing transport paths

Polymer stiffening

Polymer chains

Initial polymer layer

Substrate

T. Schoetz et al. Journal of Materials Chemistry A6, 17787-17799, 2018.
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rgc

l

p—— e
harge

Al-Deposition

[ Al-Dissolution

charge
4AI2CI;+3e_ — AI+7AICIZr
discharge

T. Schoetz et al. Journal of Solid State Electrochemistry 21, 3237-3246, 2017.
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Electrodeposition
of Aluminium in lonic Liquids

| X(EMImCI):3(AICL)
[mol-%:mol-%] Coulombic efficiency

{1 —50:50
——— 45-55 \
20 -
—40:60 /

40

* (50:50) neutral, no Al-deposition

| — 35:65 . |
0| T 3070 P e + (45:55) very light-acidic, 63%

e

/ * (40:60) light-acidic, 66%

-20 4 X
» (35:65) acidic, 80%

Current density, j/ mA cm™

\ * (30:70) ultra-acidic, 65%

' ra-
. 2 /
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0.4 -0.2 0.0 0.2 0.4
Electrode potential, £ vs. AllAl(lll)/ V

WE/CE: vitreous carbon, RE: Al, 100 mV s,
Lewis neutral to acidic EMImCI-AICI;, 25 °C.
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Battery Performance

40-180 Ah kg-

50-230 Wh kg-*

30-140 W kg

Charge rate up to 80C
21000 cycles

295 % coulombic efficiency

2.2
2.0
1.8
1.6
1.4

1.2

Cell potential, E/ V

1.0
0.8

0.6

Discharge
0.4

0.00 0.02 004 0.06 0.08 010 0.12 014 0.16
Capacity, Q/ mAh

Anode: Al, Cathode PEDOT, + 0.1 mA, Lewis neutral
to acidic EMImCI-AICI;, 25 °C.
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PEDOT-Aluminium Battery

Aluminium Anode

PEDOT Catho
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Southampton Improvements

Electrodeposition
of Aluminium in lonogels

* Increase potential window by 2 V

 Removal separator battery cell

 Decrease active mass by factor 3

— Increase cell potential (3 V discharge potential)

— Increase specific capacity, specific energy and power
(max. theo. 260 Ah kg, 338 Wh kg and 211 W kg')

—— Al deposition in Lewis neutral ionogel
Stability window Lewis neutral ionogel
Stability window Lewis neutral liquid

Al-dissol utlon /

S/

WE/CE: vitreous carbon,
' -deposition . RE: Al, 100 mV s1, Lewis
TR neutral EMImCI-AICI; ionic

liquid and ionogel, 25 °C.

-1 0 1 2 3
Electrode potential, E vs. Al|Al(lI1)/ V

Current density, j/ mA cm™
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Electropolymerisation of conductive Electrodeposition of aluminium from
polymers suitable for energy storage ionic liquids

Development of alternative battery systems | Improvement of aluminium batteries with
beyond lithium-ion ionogel electrolytes

Conductive Polymer Aluminium

1-Ethyl-3-methylimidazolium chloride — Aluminium chloride
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