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Energy

> how much potential a physical system has to change. In physics,
energy is a property of matter and space, objects and fields.




Conservation of Energy

> Energy can be transferred between objects and can also be
converted in form. It cannot, however, be created or destroyed
(conservation of energy).

Fuel 2 movement

Electricity - light

Movement -
electricity - light
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Energy Required

World energy consumption by energy source (1990-2040) =
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« 28% increase in energy from 2015 to 2040
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Climate Change
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Changes in Earth's Surface Temperature Distribution
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Robert Rhode
https://www.youtube.com/watch?v=xWpTGbZhZ{fQ



https://www.youtube.com/watch?v=xWpTGbZhZfQ
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CO, Temperature Scenarios
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Sustainable Energy

For example Sun:

s

Radiatan ntanmily
= =2 ES B2 2 EES

! Short infrared

Shortwave -

&% > Sun: 9000x the required energy
| » Intermittent availability > STORE
» Not all energy is easy “to catch™
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Periodic Table of Elements
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Cop';ngh! JOUY by Home Science Tooks. Al rights recerved
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Electrochemical/Galvanic Cell Cu-Zn

Voltmeter + 1.10 W

0.76 V
Copper
(cathode) Salt bridge
0,2
Reduction Cut* +2e—» Culs) +0.34 V Znis) —» Zn?* +2e +0.76 ¥  Oxidation

Cu?* + Zn(s) —» Zn?* + Cu(s)

Redox reactions

LEO the GERman
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Battery

A diry cell battery relaased abectricity thauwgh a chemical reaction that

takes place between the zinc al by outer can |thee amnde}

A porous candbaand separator keeps TR0t AR
cathode snd anode aoan 1 PLASTIC SEAL

The i iy iy fonfacied

JACEET Erepugh & cartemn noad in Bhe
canber of the battery
‘When a cirowt | dosed, cument flowes through the b d

Baktery. It can maws i eXher dinection, depending
ugEan circul dedign arel cordloclive malenal




university of
groningen

Lead Acid Battery

Planté, G., Comptes Rendus Acad. Sci. 1860;
Planté, G. The Storage of Electrical Energy: And
Researches in the Effects Created by Currents
Combining Quantity with High Tension; London:
Whittaker, 1887.

Discharge Charge
Positive Electrode Negative Electrode Positive Electrode Negative Electrode
Anode (+) Cathode (-) Anode (+) Cathode (-)
+ - + Pb504 + 2H20
P02 Hi‘:{‘* SH Pb + HSO4" PbSO4+ H™ + 2"
2e
o PbOz + HSO4 +3H + )
PbSO4 + 7H20 PbSOs+H +2e e Pb - HSO4
Ovwerall Cell Reaction Overall Cell Reaction
Pb + PbO2 + 2H' + 2HSO+ 2PbS04 + 2H20
2PbS04 + 2H20 Pb + PbO2 + 2H' + 2HSO«

 Low cost
- Car battery

Low volumetric and gravimetric capacity
Sulfuric acid, lead....
But, high surge current and large power-to-weight ratio
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CELL DISCHARGING -CELL BEING CHARGED
Nickal oxyhydroxide Iron and water | Nickel hydroxide turning Iron Hydroxide &
& water turning into turning into into water & water turning into
nickel hydroxide iron hydroxide nickel oxyhydroxide pure iron
 Cheap
| 1 « Low efficiency of charge
- y be * H, gas formation in side-
ELECTROLYTE .I ELECTROLYTE rea Ct' on
POTASSIUM POTASSIUM
HYDROXIDE HYDROXIDE
yeg § -
~L & ~. ’(\j] g 2 NiO(OH) + 2 H,0 + 2 e~ <> 2 Ni(OH), + 2 OH-
Fe + 2 OH™ < Fe(OH), + 2 e~

« 1.2Volt » <« 1.6 Volt

Jungner, E. W. Satt. Swedish patent no. 15567, 1901.
+ _ L _ Jungner, E. W. Swedish patent no. 10177, 1899.
Edison, T. A. Reversible Galvanic Battery. US patent no. 692,507, 1902.
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lll. Miklas Elmehed. © Nobel ll. Niklas Elmehed. © Nobel Il. Niklas EImehed. & Nobel

Media. Media. Media.
John B. Goodenough M. Stanley Akira Yoshino
Prize share: 1/3 Whiﬁingham Prize share: 1/3

Prize share: 1/3

The Nobel Prize in Chemistry 2019 was awarded
jointly to John B. Goodenough, M. Stanley
Whittingham and Akira Yoshino "for the
development of lithium-ion batteries."
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Periodic Table and Lithium

Very reactive with
oxygen, air and water!

- Water and oxygen free
system and solvent
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=
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Lightest metal with density 0.53 g/cm?

Low standard reduction potential Li*/Li = -3.05 V vs SHE

- High density, high voltage battery

Be
Na 2 Mg
K |®ca |? sc
37 Rb 38 Sr 39 Y
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Li ion Battery

> Lithium anode > cathode should be able to incorporate Li* ions

Charge ———> ¢

Current Collector (Al)

@ <“——Discharge

P E.

K Discharge)

Electrolyte

C

N. E.

g
Li)

r g

Separator

(Charge)

Current Collector (Cu)

(1) large, constant intercalation free energy change

(2) accommodate the guest ion with minimal structural

(3) high diffusivity of the alkali ion within the structure

(4) allow the intercalation reaction to proceed reversibly

(5) display good electronic conductivity

(6) be insoluble in the electrolyte, no co-intercalation of
electrolyte components

(7) operate under close to ambient conditions.




university of
groningen

Whittingham (~1976)

LITHIUM ION

ELECTRON

ANODE
METALLIC
LITHIUM

BARRIER

ELECTROLYTE

CATHODE TITANIUM DISULPHIDE

Li, TiS, (0 < xs1)

©Johan Jarnestad/The Royal Swedish Academy of Sciences

TiS; layer

TiS; layer

TiS,; layer
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S S8 885S585 85 S8 85 §

van der Waals gap

Li* Li* Li* Li* Li* Li* Li* Li* Li® Li* Li* L

S § 8§58 8§ 88 88 85 8§

Tin Tim Tl Tiw T§0 Ti Til Tim T Tin Tee T

S§ 5855856585855 88565 8§

Li# Li* Li* Li+ Li* Li* Li* Li* Li*+ Li* Li* Li

+Li
5§ 555555858555 8§ discharge 55555555558 8
T T TV TV T T TRV T TV TV TEY T IS Tl T T Ty Tl Ta® Til Ti® Tl Tl Tl T
S § 5 58 5585585 S g T S 55555855 855 85 S

-Li

van der Waals gap charge

§ § 8§ 55§55 68§85 85 5 g

T TEY TVY T TV TV TiY T TV Ti'¥ iV T

S 5§ 55858585 8858 85 8

Li* Li* Li* Li* Li* Li* Li* Li* Li* Li* Li* Li

B
=]
-
3
o
=]
-
3
=)
3
-
=

Whittingham, M. S. J. Chem. Soc., Chem. Commun. 1974,
328-329; Whittingham, M. S. Belgian patent no. 819672, 1975;
Whittingham, M. S. Science 1976, 192 (4244), 1126-1127.



Goodenough (~1980)

1980 Goodenough 200 ® 0 ®. °

J SIS [ O/
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COBALT OXIDE I
X yo " - 4. 4 4

©Johan Jarnestad/The Royal Swedish Academy of Sciences

Oxygen small electronegative element: cation uptake large negative free energy change and high cell voltage:
4-5V
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Lithium Anode

 \Whiskers and/or dendrites
->short-circuit

« ‘Dead’ lithium — no longer
available for EC

WHISKERS

METALLIC
LITHIUM

©Johan Jarnestad/
The Royal Swedish Academy of Sciences

(i) Potentiostat -
Li-Li svmmetric Cell

positive electrode

Lms Separator

Cavity

negative electrode

In situ X-ray tomoaraphy observation of lithium dendrites: (a) schematics of an in situ cell (Eastwood et al),?°° Reproduced from ref. 20

Chemical Society reviews 2018, DOI:10.1039/c7¢cs00180k



https://doi.org/10.1039/c7cs00180k
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Yoshino (~1985)

LITHIUM ION

ELECTRON

ELECTROLYTE

BARRIER Cu

current

collector =
PETROLEUM COKE ©Johan Jarnestad/The Royal Swedish Academy of Sciences ==

Graphene
structure

Al

current
[} asTmE= W collector

Li*  Solvent LiMO, layer
molecule structure

Anode material: Intercalation Li not easy, (carboneceous) material not stable - Petroleum coke stable;

mixture of crystalline and non-crystalline coke
4.2 V; 400 Wh/I
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Cathode Development

Oxide of choice:

NMC — Ni, Mn, Co oxide

layered LiCoO2 spinel Liano4 olivine LiFePO4
2D 3D 1D
S -
‘D‘Y.-'-

of the Li*-ions transport

- "

Dimensionality

Padhi, A. K.; Nanjundaswami, K. S.; Goodenough, J. B. J. Electrochem.
Soc. 1997, 144, 1188-119; Thackeray, M. M.; David, W. |. F.; Bruce, P.
G.; Goodenough, J. B. Mater. Res. Bull. 1983, 18, 461-472.



per 1gm Graphite (LiCe)
= 26.8/(1276) Ah/g
=0.370Ah/g
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LCO / Graphite Battery

a Current Collector  [10um Nickel n
‘ 65um Graphite
I —— Cathpde
| Separator | 20um PP/PE

75um LCO

Cun-ent Co"ectur 1 25'_“11 SsS : Current Collector

Graphite/Ni

Graphite/Ni

LCO/SS
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Battery Build-up

Metal Foil - Current Collector

Cathode
Separator
Graphite Anode

Metal Foil - Current Collector



WHAT IS NEXT?



BT, university of
¥ % groningen

Safety

 Lidendrites/Whiskers
« Electrolyte stability

https://www.youtube.com/watch?v=SMy2 gNO2Y0
start and after 1.50 minutes



https://www.youtube.com/watch?v=SMy2_qNO2Y0
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Electrolytes

0.0 1.0 2.0 3.0 4.0 5.0
V vs. Li
: Ether 0~3.5V
0 . o . Esters 1.0~4.1 V.
MeO~ "OMe é{ﬂ )I\ : E
)4 ' SHE
dimethyl ethylene propylene I
carbonate carbonate carbonate 1
| - | | |
Li’ LCO LMNO
| NMC LCP
. - >
Expanded window due to kinetic
SEI protection CEl

~5.0V
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Stability Li Ion Batteries

240 - . uelom’

220 A mg,./cm’

200 4

180 - 105820777 mAhlg, 4.3 %

160 - -

140- o55:4.0947 NG, 26.% Dissolution metal ions?
20 4

=
o
o

]

Spec. Discharge Capacity [mAh/g,,.]

80 -
60 30V ~43V
01C,0:2C,0,5C; 1C;
40 42¢. 3¢ 4C.5C,10C, 30V -43V
5 cycles 1C 50 cycles; 1C
20 - Charge: CCCV max. 1C 1C Charge: CCCV
0 Discharge: CC \ Discharge: CC B
| | | | | | | | W
0 10 20 30 40 50 60 70 80 90 100 110
Varta

Cycle VIV
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4 batteries
21 Wh = 76 kJ

o 9 55 batteries

2000 — 2500 kcal
p 1000 kJ

.
3k

i
= Rl al
-

Huishouden (4 personen)

S 8 miljoen batteries per day
3200 AA batteries 55 biljoen (10'2) Joules per year o[ % {
16 kKWh = 57600 kJ i B i i
11756 km! 60 biljoen (10'2) batteries

1075 peta (10°) Joules per year
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Volumetric and Gravimetric Capacity

» Store large amounts of energy
» Weight or volume important?

\ =" pergizerl ==

& | nnger

- D

SWh = 18 kJ 20 kWh = 72*106 J 100 kWh = 360*10°6 J
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Capacity - Electric Cars

> Projected mectrics for current Lithium Ion Battery and BEV Technology:

o 200 Wh/kgbattery 1] 150 km

o 95% discharge efficiency range

o 80% state-of-charge range Required 20 kWhpatrery EEELAULpItR,
@)

@)

250 €/kWh,er, (2030 estimate)!?! ;”ftrgy — —
100 Wh/km (4-passenger car) waeigeh? g g

Battery cost RsIS[0[0E3 16500 €

% Current technology only feasible for short-range BEVs
— Range anxiety may limit market-penetration

» Additional issues like safety, deactivation, etc.
» Similar problems stationary storage

1. F. T. Wagner, B. Laksmanan, M. F. Mathias; J. Phys. Chem. Lett. (2010) 1, 2204
2. Transition to Alternative Transportation Technologies — PHEV, National Research Council (2010)
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Ca pa C I ty CO m pa red Higher density batteries for mobile applications

1600
I LMR-NMC/SE/Li

500/~ (b)

Li-metal/High-Ni NMC
LMR-NMC/LE/Li
L L | e e e e .| ittt :
Approximate theoretical limit of

e
~.
s
>
lg
v
c
Q
(]
>
bo
-
Q
c
L

Fy graphite/layered cathode couple LMR-NMC/LE/Si-C
"

C mn - . .

o 300 " Graphite/Liy, NMC NMC811/LE/Si-C

ry

B2 NCA/LE/C

E 200]- Graphite/LiCoO, NMC622/LE/C

L

N Existing state of the art
Li-ion technology

100|~ Ni-MH
400 500
Ni-Cd

0 . . . . ! . Energy Density (Wh/kg)
1970 1980 1990 2000 2010 2020 2030

Year

Graphite/LiFePO,

Liquid - solid electrolytes
Lithium ions = Lithium metal



university of

/ whp groningen

Battery Processes

Cell Chemical Reaction Times
Electml},rte Electrode

— T —

Mass transport / Diffusion reglon | | Intercalation reglin
T>several hours T>several hours

Charge transfer regio nl_ T<1minute

if—

Charge transfer / chemical conversion at the electrode surface (Short time constant)

Mass transfer / diffusion of lons in the electrolyte bulk
{Long time constant. Continues until all materials have been transformed or transferred)

Intercalation of ions in the electrode bulk (Long time constant)
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1896
Rontgen Nobel Prize 1901

Museum Boerhave, 2015
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Stability Li Ion Batteries

240 - . uelom’

220 A mg,./cm’

200 4

180 - 105820777 mAhlg, 4.3 %

160 - -

140- o55:4.0947 NG, 26.% Dissolution metal ions?
20 4

=
o
o

]

Spec. Discharge Capacity [mAh/g,,.]

80 -
60 30V ~43V
01C,0:2C,0,5C; 1C;
40 42¢. 3¢ 4C.5C,10C, 30V -43V
5 cycles 1C 50 cycles; 1C
20 - Charge: CCCV max. 1C 1C Charge: CCCV
0 Discharge: CC \ Discharge: CC B
| | | | | | | | W
0 10 20 30 40 50 60 70 80 90 100 110
Varta

Cycle VIV
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Li-ion Deactivation: Metal Dissolution
| |
—
1.0F é
S 08} 5
8 osf g
o)
@D oal Separator . >
éi‘ ¢ Graphite electrode Cell potential 1.0 =
0.2} —— NMC electrode Graphite vs. Li/Li" ey
s =
0.0 : : : : : = NMC vs. Li/Li 0.5 I
6500 6550 6600 6650 6700 6750 6800 D?
Energy [eV] =gt T 7 0.0
0.012 i | Fl —
| e N | -
c o0.010} 1000 umol h™'l -
S , s
2 0.008} Separator position — =
% e | =
o] 5 ) n =
2 0.006 " » ‘ =
] S
0004 i & | gl * - 1 O
i T S N
6500 6550 6600 6650 6700 0 2 4 6 8 10 12 14
Energy [eV] Time [h]

« Dissolution of TM (and accumulation on graphite anode) - no longer available for EC
« Compare ,dead’ Li

J. Mater. Chem. A 2016,4, 18300.



JES 2018 165(7) A1288; J. Phys. Chem. C 2018. 122 (10), 5303
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Challenges: Self-Discharge

xS
FZSGDEL’

1.0

—

(=]
o

=
b

LiS battery

> Dissolution Sg
> Migration of sulfur through cell .

> Formation of polysulfides S,2- X postion ]

Y position [mm]
=
I

o
[

020 T

I 200.0

250.0

200.0

L]
‘FZEDEIEI-’

¥ position [mm]

X position [mm)]

2470.5 eV 24755 eV
¥ s ¥ T

I [a.u]

T T L
****** 12 min OCV |
——2hOCV

2465 2470 2475 2480
energy [eV]
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LiS Battery: Discharge

ys vs ES LS
. FISI]CIEF FESDGEI’ FE s00elV FEEDIDE'.-"
FZS FE.-H FES& 10 Lt
2500eF 2500wl 25006 1.0 300.0
Sz WE (60 pm) - o8 2500
= — o
GF separator + E,, » E . E 200.0
electrolyte é .§ E 150.0
(400-500 um) R — g g
b b > M 100
LiC. CE % i
50.00
SS cube 030 01 0200 01 0200 01 02
- j 00 : v
X position [mm] 00 01 02 0 01 02 0 04 02 00 04 02
X position [mm] X position [mm] X position [mm] X position [mm)]
; _ pyS Li;S
= S A R Fred_F25DDeV F2475.5€V . .
‘E‘ Li _‘:\4 {2 |.-1-.'-_-1_. n DOL:DME ] 24 : : —4 24
= NWMW 3 :
o ' . H 1
% Sﬁ E > Fred< <O- LIZS (blue) 2.2': : q2z _
. . , 2 . = | i { E
E /"‘L:;-' : > Fred>>0' SS (red) 5 Lok ] E‘
N e ’ ] . 2. . =T _\d,f - !
: > FredNO' SX (Wh|t€) E ! : [,. 8os Loa "™
ol | S | B lag l 1% >
2460 2470 2480 2490 2500 2510 i . | G ™
energy [eV] 0.2 ;_ _#: H _ 0.z 245 > i
: -. ‘ : _e) 5. 1000
0.0 00 00 0.0 :
0 250 500 750 00 01 D2
Formation inaccessible Li,S at counterelectrode Q (At X position [mm]

JES 2018 165(7) A1288; J. Phys. Chem. C 2018. 122 (10), 5303
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e Lithiated nafion membrane

247056y 24765V 2500 eV
] | 4 i
= Lithiated Mafion :
o 5 membrane | '
- 4
i
83 -
£ |
2 |
e s
1 -
t} 1 1 1' e) E Fz
2460 2470 2480 2490 2500 2510 |
energy [eV] _ pyS Li,S i
Fred - FZSDD eV F24'?5.5 eV

> Freq<<0: Li,S (blue)
> Freg>>0: Sg (red)
> Foq~0: S, 2 (white)

JES 2018 165(7) A1288: J. Phys. Chem. C 2018. 122 (10), 5303 e, b o

i 0 B R % 0 D2 00 01 02 00 04 03 BF B
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Rare Element Availability

Lithium, Cobalt and graphite

Lithium availability? Lithium
extraction from brine and
minerals

Cobalt is mined in the
Democratic Republic of Congo
(slave and child labor) and
political situation is unstable

Serious Rising threat Limited Plentiful From conflict Elements OTH E R BATTE RY
threat inthe [ from ovatapiey, I sippy ] nese ICECCN OLCENT CHEMISTRIES?

next 100 years increased use future risk to smart phone
supply



https://www.theguardian.com/environment/2017/jul/29/electric-cars-battery-manufacturing-cobalt-mining

Recycling E-waste

. i‘\' Not easy
T T

Energy and costs associated
Lots to be done!
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rojected Demands and Costs

3,60
3,20 -
2,80 -
No: 30 GWh GWh 2 40
10.000 L
Year GWh  Gigafactories S 500
2010 30 1 o E '
2015 70 2 & 1.60
=
2020 250 8 o 1.20
2025 1000 30 080 -
—an T =
recion
0.00
2040 6500 220 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
2045 8000 250 Ko
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Projections Mobility
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TIAM-ECN calculation of the
distance travelled in 2050 by
type of energy carrier for
passenger cars in Europe under
stringent climate policy and
100%/bl oil prices with varying
assumptions for the cost of
batteries.

Sust. En. Tech. Ass., 2014, 5, 106
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Queen opens
electrical cracker
Yesterday, Queen Amalia
switched on the third electrical
cracker in the renovated chem-
istry complex in Rotterdam
Pernis. The Queen praised the
“e-Refiner” launched in 2018.
This national initiative for the
development and scaling up of

! istry was

Dutch chemists create breakthrough

A GENUINELY CLEAN
AND CHEAP BATTERY

GRONINGEN - Environmentally friendly,
safe and affordable battery packs for the
storage of electricity at home has been a
holy grail for many years. However, Dutch
researchers have now turned this into a
reality in collaboration with industry.

By Bastienne Wenrzel

group of Dutch chemists have

A developed batteries that contain just
iron and carbon and that make use

from the outset, explains: ‘At the start of the
2030s, we started a project to make iron-aic
batteries suitable for use on a large scale. The
technolagy was shown to work in the lab back
in 2025, more than five years after we had
developed a nickel-sulphur battery, but we then
encountered practical problems. For example, it
took us a long time to find the right combina-
tion of graphene and porous carbon to increase
the efficiency of the air electrode. Just like with
its predecessor, the stability and cost-efficient

Lili

y on a largs le was also a

of air. These are more i \ly friendly,
safer and cheaper than standard batteries.

The battery is ready for the market: the first
megafactory in Groningen was opened on 1
October 2038.

These batteries are expected to replace the
nickel-containing variant and the lithium
Datteries that many people have ac home ta
store electricity from solar panels. A previous
pilot from E-Stone, which in 2018 was involved
in the development of the nickel-iron-sulphur
battery, has already demonstrated that the new
batteries provide just as much energy, havea
longer lifespan, are just as efficient and also
cheaper.

Professor of sustainable energy storage Moniek
Tromp, who has collaborated with E-Stone

problem. However, we have solved that now."

Capital injection

\E-Stone received a large order for nickel-
iron-sulphur batteries and that made it passible
to further develop the environmentally friendly
variant. E-Stone provides all storage capacity
for the largest Dutch offshore wind park,
“IJmuiden Ver”, which has been operational
since 2030, That order gave us sufficient capital
to develop the nickel-free battery.

Nickel continued ta be a thorn in the eye.
d

afforda 1
electricity for the ent:

extracted from mines and this has a consider-
able environmental impact. Plus the price of
nickel has risen considerably.

A Dbattery that just contains iron, carbon and air
is genuinely environmentally friendly’, states
Tromp. ‘Iron is widely available, and easy and
clean to extract and recycle. Carbon and air do

not cause any environmental problems either!

Cars and mobile phones
For the time being, the iron-air battery is
not yet suitable for use in mobile equipment.
“The systems for the air inlet in the iron-air
battery are still too complex for use in portable
electronics.!
The researchers are also working on a variant
of these batteries for use in electric cars and
buses. *The batteries need to be able to charge
and discharge very quickly. We are currently
working on that’, says Tromp. ‘We have
demonstrated that it is possible. Vehicles can
currently only travel 400 kilometres on an
iron-air battery. The best lithium batteries
have a range of 8oo kilometres - we therefore
still have a long way to go. The weight of the
iron-air battery needs to be halved for the
same energy content, That is theoretically
possible, but it requires a better understanding
of the reactions involved. Recent research into
new catalysts has brought this a step closer,
as well as the falling price of materials such
as graphene. We think that we can now more
ly control the ions that take

Although the safety of the battery is g
and it cannot explode like a lithium-ion battery,

place in that cell. However, it will certainly be
anather ten years before these batteries can be

nickel-sulphur compounds can be detrimental
to human health. Furthermore, nickel has to be

| launched on the market’ ¥
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Energy Storage
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