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* Supply and demand not constant over day/year g
* Both need to be carefully balanced for electricity»
grid to work
— Coal — Gas - Qil = Hydro  — Nuclear = Non-hydro renewables
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https://www.carbonbrief.org/solar-is-now-cheapest-electricity-in-history-confirms-iea
https://ec.europa.eu/info/news/transforming-power-sector-new-report-about-integrating-renewable-energy-2019-feb-18_en
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Why Batteries » .o
Y | . .

* Supply and demand not constant over day/year, =~

« Both need to be carefully balanced for electricitysgrid to
work

* Only batteries can store considerable amounts of energy

— Coal — Gas - Qil = Hydro  — Nuclear = Non-hydro renewables
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http://www.joules-project.eu/Joules/technologies/storage_distribution_electrical_convertors
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Why Na?
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e Atleast in theory high power and energy density is possible
e So farirreversible changes in cells diminish performance
* Na 1000 more common in earth crust (Na: 2.36%; Li: 0.002%)!
https://de.wikipedia.org/wiki/Ragone-Diagramm
X. Pu et al., Small 15 2019 1805427.
https://case.edu/its/archives/presidents/ragsummary.htm
ABUNDANCE OF ELEMENTS IN THE EARTH’S CRUST AND IN THE SEA,
CRC Handbook of Chemistry and Physics, 97th edition (2016-2017), p. 14-17
C. Wiktor
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General Setup of a Battery »

Coin cell
Pouch cell
Cylindrical cell

Potentiostat/
Device/...

Electrolyte +
Chargeicarrier

Positive electrode Separator Negative electrode
,Cathode” ,Anode”

Electrocemically correct while performing

Definition of Electrodes:
Cathode: Undergoing Reduction
Anode: Undergoing Oxidation

C. Wiktor
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General Setup of a Battery .

 Lab setup

* Easier to assemble

e TEM preparation of one
electrode only

Potentiostat/
Device/...

Salt bridge

Positive Electrode Negative Electrode
,Cathode” ,Anode”

Electrocemically correct while performing

Definition of Electrodes:
Cathode: Undergoing Reduction
Anode: Undergoing Oxidation

C. Wiktor
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Positive Electrode - ,,Cathode” Reaction . S o .
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Performing Charging
e e
PbVO, + 2e" + 4H* Pb2* + 2H,0
— e M+ é M+ -
Pb?* +2H,0 PbVO, + 2e + 4H*
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Negative Electrode — “Anode” Reaction » e
' .
o

&
Performing Charging
e e
Pb — Pb?* + 2e- Pb%* + 2e” — Pb
—> M* <« M*
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Safety issues

N

Structure colapse

LiPFgin EC/DMC

Guyomard and Tarascon [18]

Bond-breaking/reforming Stable structure

Anodes and Cathodes in lon Batteries . *
a :b :c
Anode | Electrolyte I Cathode
1 |
Graphite Li metal ! | Intercalation materials
Li-ion intercalation to graphite I (0N Solvent PC I Ti&‘,2
Besenhard [4] : / M. Stanley Whittingham
Electrolyte co-intercalation I v (7. 8]
F’i;.? Sanyo’s researchers [6, 15] 1 k K— k M
and Dahn [16] 1 k/ k,/ —~ -
& | k ( k (/
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“Rocking-chair” concept

M. Armand [2] Commercial electrolytes

Retrolenmicoke LiPFg in @ mixture of ECand !

Akira Yoshino [5]

Protected graphite

linear carbonate (DMC/DEC/:

Increase potential

\. . , L LiCoO,
|, Sanyo’s Researc%eg; [6,15] an({fahnl (\EMC) and additives etc. John B, Goodenough CHEAEY £, TicAd
o s C C , [9, 1] /
‘ L& L NIRRT A A A AN AT e L/
‘ ischarge ' 3 3o\ biaeirise
& @ - l ® 4.0 eV il
Cori— I YYVVY e~
< Charge DMC/DEC/ | y 4 Co**/Co
V 4 EMC 1 : el [ :3p6
Stable structure : )  VYVYVW 0*:2p
Smaller capacity SEI formation Seperator N({) — N(e) —

Modern Li-ion battery

J. Xie et al., Nature Comm. 11 2020 2499.
C. Wiktor
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Anodes and Cathodes in lon Batteries

Ano

Graphite
Li-ion intercalation to graphite
Besenhard [4]

Electrolyte co-intercalation
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Structure colapse

Petroleum coke
Akira Yoshino [5]

E

HLi
eV

Stable structure
Smaller capacity

Li

C. Wiktor
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Intercalation materials

TiS,
M. Stanley Whittingham
[7,8]

Stable structure

Increase potential

/ Es Ti: 4s°
2.3 eV-" Ti4+/Ti3+
e
Co*/Co3*
e —
O.’—:zpr? SZ 33p6
N(e)—  IN(e)—

Y. Takahashi et al., J. Solid State Chem. 180 2007 319-321.

J. Xie et al., Nature Comm. 11 2020 2499.




Electron Energy Levels of Anodes and Cathodes

Energy

AU SESWAEETESe

Oxidant

is reduced

SEI
1

I
SEI :
v H7H»

P

:<_____ f

Electrolyte

Reductant

is oxidized

Voc

Potential vs H*/H,

Lit+e — Li

Nat*+e — Na

A

-3,04V
-2,71V

* Plating vs ion intercalation/adsorption depends on voltage and

cell composition!

e Usually transition metals and C species undergo redox reaction
e.g. Li,Co""VO, — LiCo"0, during performance/discharge

SEl: - AF, AOR, A,CO,, A(OH)... = SEl consumes A*
- needs to be A* conductive

C. Wiktor

J.B. Goodenough et al., Chem. Mater. 22, 3 2010 587-603.
https://de.wikipedia.org/wiki/Elektrochemische_Spannungsreihe
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The Plan 1 - o
' . W,

* First steps are proof of principle for TEM preparation/characterization»
* Beyond these steps we are free to develop our own materials

Preparation and Characterization of lon Batteries (Cooperations)

Preparation of more Complex Electrodes (NP@rGO,...)

Nanostructured Electrodes (LOT, Kilian Group,...) in Half Cells and
their TEM Characterization

>

‘o "o o o ‘o "o 0
0 0 0 0 0 0 0
>, >, >, >, >, >, >, >, >,
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Where to start? What is there to learn? . e Ntz

Potentiostat [\ W

* (Half) Cell Setup: Electrode vs Metal
e SEIs? EC, Ethylencarbonate
e Na*orNa?

¢ Where in/on rGO? CYO
O

 Why Counter Electrode?
— Charge Compensation!

DEC, Diethylcarbonate

O
Electrolyte: EC + DEC P )J\ P
' HiC O (@) CH
o Nat  NaPF Na* <> 3 3
Na electrode Separator rGO electrode
,Cathode” ,Anode”
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TEM Preparation of Electrodes: Na Proof of Principle» e e .
- . o

* Na highly reactive

* Handling in inert gas or encapsulated

e Cutting with ultramicrotome

* Transfer to TEM in cryo transfer holder

e STEM-EELS/EDX to check for O

N

(Plastic Foil)  Na Epoxy Resin

uv Heat
Curing of resin via

Transmission

electron
microscope
Nanoanalytics

Glovebox
Synthesis &
Sample Handling

ek

I

) = _ Leica UC7 Ultramicrotome with
LN,-Cryo-Upgrade FC7 (12/'19) LN,-Cryo & Inert-gas
3 Cross-sectioning for TEM/SEM/OM TEM transfer holders (01/20)

Representative equipment (details coming soon); pictures origin: Leica Microsystems, GS Glovebox Systemtechnik, FEI, Fischione, Gatan
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TEM Preparation of Electrodes: Na Proof of Principle» N Y . -~

">
- B AN~
* Na highly reactive Actual electrodes should be calendered”
* Handling in inert gas or encapsulated 5 2
e Cutting with ultramicrotome

* Transfer to TEM in cryo transfer holder

2 @

or ' @
/ \\// * Guarantees uniform thickness

(Plastic Foil)  Na Epoxy Resin * Smoothens surface (increased SEI stability)

e STEM-EELS/EDX to check for O

uv Heat
Curing of resin via

https://de.wikipedia.org/wiki/Kalander
J. Conder, Chem. Commun. 55 2019 1275.
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Where to start? _ e e .

Potentiostat

* (Half) Cell Setup: Electrode vs Metal
e SEIs? EC, Ethylencarbonate
e Na*orNa?

¢ Where in/on rGO? CYO
O

 Why Counter Electrode?
— Charge Compensation!

DEC, Diethylcarbonate

O
Electrolyte: EC + DEC P )J\ P
' HiC O (@) CH
o Nat NPk Na* <> 3 3
Na Electrode Separator rGO Electrode
,Cathode” ,Anode”
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The First (Half) Cell = Why rGO, not Graphite? _ R

o
(3]
®

* Simulations hint at change of covalent (Li/C) and vdW
(from K/C on) character of ion/graphite bond

1
o
(6]

L
o A

Formation energy (eV/f.u.)
R

N
(6) ]

Li Na K Rb Cs

Alkali metal

H. Moriwake et al., RSC Adv. 7 2017 36550—36554.
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The First (Half) Cell = Why rGO? _ R

-
0.5 . ® o % o
f; .
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* Simulations hint at change of covalent (Li/C) and vdW - 05
(from K/C on) character of ion/graphite bond g 1
* GO in highly oxidized state is an insulator ¢ -
* |s otherwise reduced during first charging cycle of % -1.5
electrode € 5
e
2.5 ' ' - -
Li Na K Rb Cs
Alkali metal

T. Szabd et al., Carbon 43 2005 87-94.
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The First (Half) Cell = Why rGO? * R S v I
( ) Y . - *"

~ 0.5 |
= | \
3 ° /A %
 Simulations hint at change of covalent (Li/C) and vdW - 05 k
(from K/C on) character of ion/graphite bond %
e GO in highly oxidized state is an insulator § T
* Isotherwise reduced during first charging cycle of % -1.5 -
electrode E H L
e Large accessible surface 2 . _ . ‘
e Defects change adsorption behaviour of Na* =2 Li Na K Rb Cs
Alkali metal

Graphite - rGO dried at

JoJetal. R. Soc. open sci. 6 2019 181978; D. Datt et al., ACS Appl. Mater. Interfaces 6 2014 1788-1795.
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Preparation of Anode .

* Dispersion of electrolyte and rGO added to Al foil via doctor blading

Tape
Spread Dispersion
__— Al Foil

Quelle SEM-Querschnitte: AG Schmitz. WWU MOnster

Kathode LIFePO,
3.0

Verdichtung um 10% " —«— nicht kalandriert
der Elektrodenverbunddicke > .
= kalandriert 125
= Verdichtung 1
120 ©
; g g
[ o -1 =
Drying - w5
. = g
° = . s
Calendaring g g
Jos
0.0

Porenradius r [pm]

https://youtu.be/pm1lyzlwaWAU; https://www.ipat.tu-bs.de/de/forschung/elektrochemische-speichertechnik/kalandrierencalendering
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Further into the Future

Changes to rGO

e Defect density

* Dominant type of defects
e Decoration with NP

Preparation of batteries

e Coin vs Pouch Cells

 TEM Preparation of Cathode/Electrolyte/Anode
e Electrochemical cycling of batteries

SEIl design

e SEl prepared on electrode
« Assembly of battery But which battery materials will we study?

e TEM characterization

Solid electrolytes
Mixed 2D material anodes
Clever anode/cathode design for increased SEI stability
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Thank you for your attention!
Questions?

Applications and new methods of advanced electron microscopy



