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A battery is an electrochemical cell

Electrical
Load

An electrochemical cell includes 3 components:

 Anode (A): oxidation reaction, releasing electrons

e Cathode (C): reduction reaction, accepting
electrons

 Electrolyte (E): conducting ion flow, electronically
A E C insulating, electrochemically inactive

AN OX! RED CAT! An eIectro.chemlcaI cell cF)nverts chemical energy
to electricity through a discharge process.



Look back history: Daniell cell
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Zinc Copper Anode: Zn > Zn?* + 2e-

a0 0 S0 Cathode: Cu?* + 2e- = Cu

Overall: Zn + Cu?* = Zn%* + Cu



Primary battery vs. secondary battery

Primary battery: low-cost general Secondary battery:
commodity applications or niche market diverse applications
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Main rechargeable battery chemistries

2V Lead acid
Electrolyte
‘ (H,SO, aq.) @
= Pb(IV) — Pb(II)

Pb + PbO, +2 H,SO, —* 2 PbSO, +2 H,0

Nickel-based alkaline

. Electrolyte @

(KOH aq.)
Ni/Cd Cd — Cd (1)
NiH, H, — H,0
Ni/MH LaNiH, — LaNi;

1.2-14V

Ni (III) — Ni (1)

2 NiOOH + Cd +2 H,0 — 2 Ni(OH),+ Cd(OH),
NiOOH +12H, —  Ni(OH),
NiOOH + MH, — Ni(OH),+ MH_

21-2.6V o Sodium-&u)lfur (HT)
Electrolyte
Na—> Na* B’ Na-ALO; S — 82
Ni (II) — Ni
270 - 350°C

2Na+ xS —  Na,S_ (x=5-3)

2 Na + NiCl, -+ 2 NaCl+Ni

32-42V Li-ion

‘ Electrolyte @

LiC,— C (LiPFg M (IV) — M(III)
in organic _ :
SACh6 Fe (I11) — Fe(Il)

Li, Mn,0,+C, — LiMn,O,+ LiC,
FePO,+C, —* LiFePO,+ LiC,

Chem. Soc. Rev. 2009, 38, 2565



Li-ion battery (LIB)

Mechanism: lithium intercalation chemistry (solid state chemistry)

Why Li-ion?

* Smallest and lightest cation as charge carrier
* Occupy empty interstices in host materials
* Move fastest in host materials

* Provide high energy stored in host materials

®

Li* &
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Separator

Chem. Soc. Rev. 2009, 38, 2565



Battery development
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LIB anode: intercalation in graphite

Graphite can accommodate ions in its interlayer space. Stoichiometry depends on
the size of the ions, e.g., LiC, (372 mAh g1) vs. KCq (279 mAh g?)

(a) stage-1 (b) stage-2 (c) stage-3 (d) stage-4

Staging: one
interlayer space is
completely filled
before intercalation
starts in another
layer due to
interlayer expansion
upon intercalation.

RSC Adv. 2020, 10, 23573



Voltage / V

LIB cathode Genl1: layered LiCoO, (Co3*/4+)

Li/ Li,_CoO,
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Chem. Rev., 2014, 114, 11636
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* Li* deintercalation at 0.5 < x £ 1 causes irreversible structural change

* Cois expensive (relative to Ti, Fe, and Mn) and toxic
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LIB cathode Gen2: spinel Li,, Mn,0, (Mn3+/4+)

(b) 45
‘.
2
8 P
1) S
Octahedral Mn (16d) Tetrahedral Li (8a) Empty octahedral (16¢) 7 —
0 20 40 60 80 100 120 140 160 180 200 220 240
Specific capacity (mAh g”)
(a) Crystal structure of and (b) Li* diffusion tunnel in LiMn,O, _ _
Adv. Energy Mater., 2020, 2000997 Mn,0, discharge profiles
J. Am. Chem. Soc., 2013, 135, 1167

* High voltage as a cathode (4.0 V)
Li* deintercalation variesat0 <x<1(vs.0.5<x<1in Li; CoO,)

Presence of Mn3* gives a Jahn-Teller distortion that limits cycling
* Rather slow Li*t movement and poor e conductivity



LIB cathode Gen3: olivine LiFePO, (Fe?*/3*)
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Crystal structure of olivine LiFePO, Discharge-charge curves of olivine LiFePO,.
Nature, 2001, 414, 359 Nature, 2001, 414, 359

* Li* deintercalation variesat0<x<1(vs.0.5<x<1in Li,_Co0,)
* Relatively low voltage as a cathode (~3.5 V) — Mn-doped LiFePO, (LMFP)

* Rather slow Li* movement and poor e conductivity



Most important performance parameter

High power density
(Fast charge)

Energy density determines the
maximum potential of a battery.

* The value of a battery is evaluated by
High energy the total usable energy (W h), and the
density price of a battery is often represented
by the price of energy (S kW1 h1),
because this measure can compare any
kind of battery regardless of battery size
or weight.
* If the energy density (W h kg?) of a
Long lifetime High safety battery is improved, it contributes to a
decrease in the cost of energy in the
battery.

Low cost
(Recycling)




Trends in energy densities of LIB cells

(a) 350

Numbers are capacity in Ah.
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Mater. Horiz. 2020, 7, 1937



Next generation LIBs: higher energy density — Li metal anode

Graphite Li
| .I C-
Li-ion battery Li metal battery
Li, MO, + x Li* +xe = LiMO, Sg+ 16Li* +16e = 8LiS 0,+2Li* +2e = Li,0,
Li metal battery Li-S battery Li-O, battery
(intercalation cathode) (conversion cathode) (conversion cathode)

Mater. Horiz. 2020, 7, 1937



The gap between theoretical and practical energy density

Theoretical voltage
determined by redox pair(s)

V (V)

A
VO
Theoretical energy
> density
>
W= QV,
t=0 Q (Ah) t

Theoretical capacity Q = nF

3

Experimental voltage affected by
the internal resistance R
1

W=|vdQ
Experimental energy
density =QVay X Veuteo
i

t=0 Q (Ah) ¢

4

Experimental capacity Q” affected

by discharge current i

Mater. Horiz. 2020, 7, 1937



Key technological parameters in improving energy density — cathode coating

* Mass loading of active materials
- Increasing the loading of active material (>90%)
- Optimizing ink formulation (conductive carbon, binder, solvent, etc.)

* Thickness and porosity of electrodes

A Higher

reversible capacity

N\l Lower ratio of
active material

binder +
conductor

active material

current collector
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(a) high porosity (b) thin

low mass loading

(c) thick

high mass loading

A Higher ratio of
active material

\l potential
polarization

Mater. Horiz. 2020, 7, 1937



Improving energy density — anode/cathode pairing (N/P ratio)

Capacity retention (%)

A Li-free-anode cell: continuous loss of the only Li inventory from cathode dominates thoughout the entire cycling

One repeating layer of double-sided pouch cell

———— A
4 mAh cm2 NMC

LT W,

Li anode-free

Cycling

50 um Li 50 um Li
N/P:2.5/1

bR W

Cycle number

Nat. Energy 2021, 6, 723



Improving energy density — electrolyte amount (E/C ratio)

a < 5 5
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For example (Li/NCM622)

——a. unstrained

—Db. areal capacity

~eiectr a nt

~Electrolyte amount
& Li thickness

A\

Discharge capacity (mAhcm-?)
N

0 50 100
Cycle number

150

200

Areal Li thick- Electrolyte Charge/dis- Cycle
capacity ness amount charge rate life

Expt. (mA h em ™) (um, N/P) (ul, 2 A h™") (mA em™?, Crate) (number)

0.45 250,173 100,210  0.90, 2 >300
3.8 250,20 100,25  0.76, 0.2 63
3.7 50,4 100,25  0.74, 0.2 16
3.8 250, 20 11,3  0.76, 0.2 12
3.5 50, 4 11,3 0.70, 0.2 12

Unstrained: flooded electrolyte, high N/P
ratio, large electrode area

Small electrode area and large areal
capacity

Low N/P ratio, large areal capacity
Lean electrolyte, large areal capacity
Low N/P ratio, lean electrolyte, and large

areal capacity

Joule 2019, 3, 1094



Next generation LIBs: higher energy density — Li-rich & O-redox cathodes

xin Li,Nij ;5Mn, 5,Co 150,
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Nat. Energy 2021, 6, 781



Voltage hysteresis
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Next generation batteries: beyond lithium (sustainability is key)

Co-rich rock formations Battery industry’s present share of
the demand for lithium and cobalt

Lithium

Li-rich salt flats
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Nat. Rev. Mater. 2018, 18013; U.S. Geological Survey, Mineral Commodity Summaries 2017

] Batteries [ | Otherindustries




Na-ion battery (NIB) & K-ion battery (KIB)

O High abundance
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Challenges of NIBs and KIBs

Voltage / V vs. Na

Li

Na||O3-NaCrO,

20", 10™ 1%

20" 10™ 1*°
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Chem. Rev. 2020, 120, 6358; Chem. Mater. 2018, 30, 6532



KIBs vs. NIBs: plating potential

(a)

Current / mA
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! F:fatmg / ] | at 0.05 mV s’
-0.5 0.0 0.5 1.0
E / Vvs. Li'/Li
0.15V lower

E / Vvs. Li*/Li

I

=
w

0.5

Li-ion Na-ion K-ion
———————— S - - - - - - = S - -~ - - - —\—
Anodic limit:
ca. 4.5V
| AE = | AE= |
{45V 42V
L
Na plating
------ S - - - - == ===ssssssc--eo-ccooo oo ooonne
Li plating E°(Na*/Na) Rolating
E°(Li*/Li) =0.3 Vs Li
=0V E°(K*/K)
==0.1Vvs. L

Electrochem. Commun. 2015, 60, 172



KIBs vs. NIBs: intercalation in graphite — a staging process

1M NaPF in EC
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KIBs vs. NIBs: intercalation in Prussian blue analogues (PBAs)

K.M[M'(CN)gl;-,0,zH,0 (M" = Fe, M = TM, O = anion vacancy)

-

LS-Fe?*

— — e(

4o,

LS-Fe**

Coordinated H,0O

RERF I

HS-Mn?*

HS-Mn3*

Open framework

Large interstitial sites
Directional ion diffusion
channels

Versatile TMs

Two-step redox process
involving low-spin (LS)
Fe connecting to C and
high-spin (HS) TM
connectingto N

Phase transition

JPhy. Energy 2023, 5, 021502



KIBs vs. NIBs: intercalation in Prussian blue analogues (PBAs)
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Chem. Rec. 2018, 18, 459; J. Phys. Chem. Lett. 2013, 117, 21158



PBAs for KIBs: promising results

Half cell
a 45 v
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Nat. Commun. 2021, 12, 2167



Other KIB cathodes

A KFeMnO metal oxide

Capacity

Rate

Density

Voltage

Cycle life
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Techno-economic model of KIBs — energy density
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Techno-economic model of KIBs — cost
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e Currently no cycling data of full cell KIBs with realistic form factors
* Results only relevant if reasonable cycling performance (>1000 cycles) can be
demonstrated for the full cell PBA KIB
* More sophisticated techno-economic models required to further the analysis
Chem 2020, 6, 2442
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