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Batteries
Design of elecirode materials for elecirochemical energy storage
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Infroduction to the electrochemical energy storage

- Principles of an accumulator

- Different types of batteries

- Li-ion battery: principle and different technologies

- Na-ion versus Li-ion baftteries — advantages and drawbacks

How to optimize an electrode material from its elaboration
- Playing on the composition

- Nano-structuration

- Surface functionalization

- Developing composite materials

General conclusion
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Generalities on Batteries

Battery or accumulators:

Device that generates electrical energy by direct conversion of chemical energy

chemical energy electrical energy

Primary battery

— 484
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https://www.lawinsider.com/dictionary/battery-or-accumulators

Generalities on Batteries

The most important breakthrough in
electrochemistry of last century
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Er I[Zm[:t] Generalities on Li-ion Batteries

Schematic
of positive
electrode
Thickness
~100 pm

Active material (94 wt%)

[

Binder (PVDF)
7 (3 wt%)

Negative electrode Positive electrode
(graphite)

Organic electrolyte with Li salt (ionic conductor)

Carbon black
2 electrodes composed of materials that are both ionic and electronic conductor (3 wt%)
(i) Reversible Intercalation of Li* (fopotatic reaction)

(i) Redox reactions

LiIM3* O, <> Li, M3*4+O, + xLi* + le-

C + xLi* + xe- - Li,C




How to evaluate cathode materials performance

Top cap
Spring
Spacer

Anode

Electrolyte
Separator

Cathode
Bottom cap

Adapted from JM Tarascon lecture 06/2023
Galvanostatic chardge/discharge

5 409 Efficacité énergétique 1 Polarization
= 38 IS — (resistance)
236

=

o 34

O)

60 90
Capacity in mAh/g

120 150

Cnergy density (Wh/kg) = Voltage (V) x Capacity (Ah/kg)

\ Nb electron /mol

n
Electronic structure Capacity (Ah/kg) = 26.8 x V

Molecular weigth u



Various Li-ion Batteries technologies

180 mAh/g Li-rich
Li (Mn,Ni,M),0, Layered Li,,(Mn,Ni,Co),.0,
LiNi,.,.,Mn,Co,0, Spinel LNMO Rock salt Li,,,M,_(O,F),
NMC
LiNig g9C0y 15Al5.050;
NCA ; v v v |
¢ Towards a higher energy density, better | ,,,.-n«/ .
LiFePO, stability and more sustainable composition i | e - LiMn, 0, (LMO)
LFP (Cobalt free materials) S | S s LiNI,/3Mn,,5Co,,30, (NMC)
5 30! / | LiNiy C0g 15Al5,0s0, (NCA)
LiCoO, -: LIFePO, (LFP)
LCO » -
o &
150 mAh/g § k _ S
5 N\
1.0} Li,TisO,,
C graphite
0.0 . R “: T ——————
0 50 100 150 200 250 300 350 400 7
L.Croguennec and R. Palacin, JACS, 2015 Capacity (mAh/g)




Various Li-ion Batteries technologies

180 mAh/g Li-rich
Li (Mn,Ni,M),0, Layered Li,,(Mn,Ni,Co), O,
LiNiy.,Mn,Co,0, Spinel LNMO Rock salt Li,, M, ,(O,F),
NMC
LiNig 89C0p.15Al0,050; Energy density comparison
NCA Comparison of different LIB technologies 200
. o P essmsNMC  ssm—NCA INMO e (O
LiFePO,
LFP Specific Energy 250
200
. : Life Span Specific Power X
LiCoO, e =
p g ” = 1
LCO - - 150
150 mAh/g g A - 100
= Cost \ Performance 50
.
Safety Lead-acid LFP LMO LCO

ML MNCA
®




LI-ION BATTERIES MARKET EVOLUTION
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d LI-ION BATTERIES MARKET EVOLUTION

The 90 natural elements that make up everything
How much is there? Is that enough? Is it sustainable?

Sustainability concerns !! . @
@ -~ Price of Positive electrode: 30 - 50% LiB

Figure 1: Volume-weighted average lithium-ion battery pack and cell price split, 2013-2022

real 2022 $/kWh
j Lithium : la flambée de I'or blanc

732 80000 €
649
60000 € c S
Pack 230 mondiale de lithium
208 40000 € Ty
2020 2021

420

20000 €

Oct.

2018 2019 2020 2021 2022

150 141 151

—y B
‘ 139 324 .
) Cell 88 242
198
72 172
55
e, W [, WO Do B2 025 @ e e
next 100 years increased use future risk to resources smart phone
2021 2022

suppl
o 2013 2014 2015 2016 2017 2018 2019 2020

o ) ] Source: BloombergNEF. All values in real 2022 dollars. Weighted average survey value includes
Positive electrode: L|, N|, CO, Mn, Fe ... 178 data points from passenger cars, buses, commercial vehicles and stationary storage.
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Na-ion batteries,
a reliable alternative to Li-ion batteries




COMPARISON BETWEEN NA-ION AND LI-ION BATTERIES

Sodium Lithium
Potential (V vs. S.H.E.)
Cation radii (A) 0.97 0.68
Price (US$ per ton) 250-300 5800
Atomic weight (g) 23 6.9

O Lower AV for Na-ion
Xmax | V. x
Energy density: E Wh-kg™) = ] 3 60.-61\(7) dx

Xmin

For a similar chemistry: Energy density Na-ion < Energy density of Li-ion




Li-ion

Graphite

Composition d'une batterie Li-ion
Separator
4%+ Rod

Electrolyte Case
16% 2% 11% Lithium
2%
/Cobalt
11% ~= Nickel
‘ 6%

Manganese
Anode Coating

19%

; 6%
Oxygen

11%

No alloy formed
———-

Between Na and Al

AM. = Active material

ADVANTAGES OF NA-ION BATTERIES

Na-ion

Current .
Price
collector

Cu(11%) 10,000 US$/ton

Al (5%) 3,000 US$/ton

https://markets.businessinsider.com/.
Barker, J. et al. (Faradion Ltd),
US20170237270A1, 2017.

Sodium-ion
Batteries

VS

26% 16% 26%

U4 Material Cost:
A Reduce 30%~40%)| | |

43% 11% 15%

Lithium-ion
Batteries

13% 5%

MPositive Matarial liNagetive Material IElectrolyte W Separator liCurrent Collector BMOthers

Remark:
Sodium-ion batteries means NaCuFeMnO/C system
Lithium-ion batteries means LiFePO4/C system

https://www.ecolithiumbattery.com/sodium-ion-battery/
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https://markets.businessinsider.com/

WHY NA-ION BATTERIES ARE SAFER THAN LI-ION BATTERIES

All prototype cells stored and shipped physically shorted % TIAMAT
5 &
STARTEC
Y ENERGY

E " ——

g .  TIAMAT TIAMAT

E . bh Sodlu::?;:.‘:or\::rcells ”"“':‘a':"’:’:’:"":""" IE

8 prevd
% o No propagation of thermal
z 0 e o runaway from one cell to another
% 100 40 60 80 100 120 40 160 180
£ 80 Cathode Specific Capocitv [mAh/al
§ 60
E 40
5 2 0 V Voltage hold for 48 h

0 20 40 60 80 100 120 140 160 180

Cycle Number

Max: 6 months at 0 V = No Degradation

0 V safety storage




First generation of Na-ion Batteries competitive with
Li-ion ones

Abundance du Na Similar intercalation chemistry
between Li-ion and Na-ion batteries

Cheaper and safer

NMC811 -g
NMC111 -g
LCO-g
C-LFP-g
LMO -g

Li-ion

03-HC
NVPF - HC
P2-full - HC
P2-CE -HC
PBA -HC
NVP —HC
03-PI'GO
03-Sn/C > Na-ion
03 -Sh/C
03 - Sh,0,/C
03-SC
03 - MoS,/C
03 -TiO,/C
03 - Na,Ti;0,
03-cig

[ LI e LI e LI e R B B S R e s e n ey ]

800 600 400 200 0 0 50 100 150 200 250 300
Energy density (W.h.L") Specific energy (W.h.kg™)

Hasa, Mariyappan, Saurel, Adelhelm, Koposov, Masquelier, Croguennec, Casas-Cabanas - J. Power Sources, 2021




How to optimize the positive electrode
materials ?




What's a good cathode material ??

High Voltage

High Capacity
Easy to recycle
Stable upon cycling
Cheap Non-toxic
Fast ionic Conductor

Good electronic conductivity

Active material (94 wt%o)

Bnder FYOF) Playing with the chemical composition

(3 Wt%) _
(solid-state chemistry)

Carbon black ) ]
(3 Wi%) Control of the particle’s size and morphology

Applying a coating

Towards composite active materials
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!r‘ Icmcb Different chemistry of polyanionic material

matiére condensée de bordeaux

Lantern unit

Na,V,(PO,), =3 Na,;V,(PO,),F;

NazV,(PO,);
€ (eV)

Na2s

NASICON structure

High Na* conductivity

but low potential : 3.2 V vs Na*/Na Vv 3d

Widely studied, fundamental research
on new NASICON chemical composition,
new polymorphs ...

Na,;V,(PO,),F;
(NVPF)

Croguennec and Masquelier, Chem. Rev. 2013




n ]| b Different chemistry of polyanionic material
=g ICITICO Y OTPeY

Lagggm _Enit

Polyanionic compounds

(d) 454 NasV,(POy)3 (NVP) (8) 4.5- NasV(POy)zFs (NVPF)

_ i |

% 4.0 2 409 5 Na* extracted

- l 2 Na* extracted ‘s i

a8 A | 2 354
1Na*/V, 3.2 V vs Na*/Na f 1 { () e '

-~ 3.0 = 3.0 g
V3+/v4+ g ] % -

. . 895 o i 1Na*/V, 3.95V vs Na*/Na
Capacité reversible § 2.5 _ % 2.5
< 100 mAh/g gl st = R > 20 i SIS i oo, e Sl 34+
Limited Energy Density 0 30 60 90 120 0 30 60 90 120 Reversible capacity
Specific capacity / mAh g Specific capacity / mAh g”' > 110mAh/g

Increased Energy Density

Croguennec and Masquelier, Chem. Rev. 2013



Different chemistry of polyanionic material

) v @O 0

V3+ 4+ 4.4F T v T v T v T v ™)
Na,V,(PO,),FO, .
O-substitution sl V2l O™ Oe ]
Foe— F — F . ‘
3-6 - -

3+ \/3+ \Vas 1 = 1 =
F F 0 44f :
Na3V,(PO,),F; Nag(VO),(PO,),F : Na;V,(PO,);F 15045 ;
(NVPF) (NVPFO,) 40} o
Full solid solution = sl i
-E Z i 1 1 1
L | = oaaf u
S y , Na,V,(PO,),F,0 ;
: o > 401 :
When O content increases ofl"“ :
and thus - | jf
saf ' ' ;
L\ Na,V,(PO,),F; .
40} C-coating
Important to control the 36l d
composition during the synthesis & . '

1.0 1.5 2.0 2.5

x in Na XVZ(P04)2F3_’/0 v

Nguyen et al. Energy Storage Materials, 2019




Particle’s nanosizing

Example: case of Na;V,(PO,),FO,

(002)

(220)

NVPFO,-Bulk
Crystallite size: ~85 nm

VPO, VOPO,, NaF and Na,CO,
with a molar ratio 1:1:1:1 |
[ [ | 1 [ 11

550° C 2 hours

002)

(
(222) (111) ﬁ

155 160 165 17.0 17.5
2 Theta (°)

NVPFO,-Nano

NN W W

NVPFO,-Bulk

N Y W

Same phase,

‘ .
10 20 30llll4IOllll5IOllll60
Argon flow 2 Theta (°)

same composition but

different particles size and crystallinity

NVPFO,-Nano
Crystallite size: ~30 nm

v\( = )’4’%
0 b~

+ VO(acac),, NaF and H;PO,
(molar ratio of 1/1.5/1)

* 4.5mLethanol/4.5mL H,0O

« Autoclave 180°C 10 hours

21

Olchowka et al. Nanoscale, 2022



Particle’s nanosizing

T(°C)
327 287 247 207 167 127 87

Crystallite size
NVPFO,-Nano ~30 nm
NVPFO,-Bulk ~85 nm

NVPFO,-Bulk
Crystallite size: ~85 nm

NVPFO,-Nano
Crystallite size: ~30 nm
VPO,, VOPO,, NaF and Na,CO,

with a molar ratio 1:1:1:1 - No Carbon coatlng “—r
-6 — : : : ~®* + VO(acac),, NaF and H;PO,

550° C 2 hours 1.6 1.8 2.0 2.2 2.4 26 2.8 (molar ratio of 1/1.5/1)
1000/T(K 1)  4.5mL ethanol/4.5mL H,O
Argon flow
— |

« Autoclave 180°C 10 hours
Morphology and cristallinity
Very important influence on electrical conductivity
Olchowka et al. Nanoscale, 2022 a




Particle’s nanosizing

0 640 E= OCV
T( C) ¢  Nano f (Hz) T=200 °C
327 287 24 207 167 127 87 Fitting 106
e SSEE— s va::o — . ') [0 R)ICPE, [ ok
2- Nano (heating R ICPE
-2 1 O NVPFO3- Nano (cooling) e 480 A ©) (90) L 104

— ® NVPFO,- Bulk (heating) R R H .
x_ 0~6'9 O NVPFO3- Bulk (cooling) g 4 Gkl .

1 3 (Q)GI/ G - 10°
E S 10
o "

FI| - o 100
G -4- 04 N
~— 0~c9 . 3(3)6 1
F 3(4) %4
L, v
O 5.

IS 5

O 4 1 " I 5 I — >
6 ' . ' . ' . ' . ' . . 0 160 320 480 640
16 18 20 22 24 26 28 Z'  (kQ.cm)

1000/T(K™)

Grain impedance response is about one order of
magnitude higher than that of the grain boundaries
— impedance observed is the impedance of material

Absence of polarization phenomenon (low f)
— mostly electronic conductors at this temperature.

Olchowka et al. ACS Applied Energy Materials, 2022




Potential (V vs. Na*/Na)

Half cells vs. Na at C/20

2.4 1

NVPFO,-Bulk

~

NVPFO,-Nano

0 20 40

60

———
80 100

Capacity (mAh.g™?)

Key Message:

—————r
120

Capacity (mAh.g™t)

Particle’s nanosizing

120 ] C/20 C/10 C/5 Ci2 C 2C C/10
:.......... NVPFOZ-Nano
1 (X N N X ) ee

100 -
: [ XN X N

80—- XXX
1e

60—- "” XXX
] YA XX XY e

40 XXX NVPFO2-Bulk
] PR

20 H X
] sse0e

L B L A L

0 5 10 15 20 25 30 35

Number of cycle

Small particle size decreases electron diffusion parameters
(benefit: high rate capability; detriment: need for percolation to current collector)
High surface area allows active material to absorb Na* (Li*) more effectively
(benefit: higher capacity; detriment: higher reactivity electrode/electrolyte)
Small particle size may accommodate crystalline expansion of lattice
(benefit: improved cyclability)

Olchowka et al. Nanoscale, 2022

NVPFO,-Nano
Crystallite size: ~30 nm

NVPFO,-Bulk
Crystallite size: ~85 nm




Particles morphology and orientation

Solvothermal synthesis

Different precursors:
xV(CsH,0,),5/VCl,4/... + yNaF + zH;PO,/NaH,PC

Different
stoichiometries

Oven:
Standard/microwave oven

Additives:
F127/citric acid etc...

Heating rate:
1°C / min, 10°C / min etc...

Solvent:
DMF/Ethanol/Water/Acetone/IL/DES




Particles morphology and orientation

4 samples with homogenous morphologies, good crystallinity and no amorphous part
Reproducible syntheses

& ~300-400 nm Length ~3 pm thickness: ~5pm & ~3 um thickness: nanometric & ~1 pum

H,O:Ethanol=50%: 50% H,O:Ethanol=10%:90% H,O:Ethanol=10%:90% H,O:Ethanol=50%:50%
10h 180°C autoclave Pluronic F127 90mg 10h 180°C autoclave 10h 180°C autoclave
10h 180°C autoclave 0.5°C/min
1°C/min

Fang et al., Batteries and Supercaps. 2022, 5, 1. a




Particles morphology and orientation

(220) (222)

(002) NVPF;, 0O,

(111) (113)

| (200)
NVPF1

L —

NVPF2

——

NVPF3

NVPF4

1 NVPF-ref
" | J'l. J A A JJA JJ“L——-—JUL—-\J k-—JL-—JLJ e

| Il 0 e e [ (] N N (A

10 20 30 40 50 60
20°

Similar crystallite size ~-40-50 nm but different morphology
= 90 nm for the reference Fang et al., Batteries and Supercaps. 2022, 5, 1.




Particles morphology and orientation

Cylinders, Flakes and Sand roses

Primary particles exhibit lattice fringes of (002) .

an orientation of the nanoplatelets along c-axis

—
T

Tunnels for Na*

transport along Stacking of nanosheets risks of

\\d :(8652‘;””“ e direction tHO! causing difficult Na* migration

|
Plane of
flake

Fang et al., Batteries and Supercaps. 2022, 5, 1.

Easy access to the surface of the nanosheets
should promote Na* diffusion

Fang et al., Batteries and Supercaps. 2022, 5, 1.



Particles morphology and orientation

d=0.53nm (111) \\
(002)

Primary particles exhibit different lattice fringes (220), (002) and (111)
—> tends to confirm spherical morphology which should promote Na* diffusion

Fang et al., Batteries and Supercaps. 2022, 5, 1. a




Particles morphology and orientation

C/20 CM110 C/5 CJ/2 C 2C C/1o

120 - Nanospheres
IRA LY XY H ;
'.o-.ooo-o; ?to--o

ceecensss®®®®® Sand roses

—

=]

=]
|

i i : @esee
®tecciences®tooso00e reoee
*eeee besse

Flal?es 5"."% |

co
==}
s 1

o]
L]
1

eeeee mAh/g

5000-02 20

L ]
.
i»
3

CyE:inder'

-y
[
1

Specific capacity (mAh.g-1)

M
=
1

1 6 11 16 21 26 31 36
Number of cycles
120

1 Nanospheres C/lO
100-_\- 95 %

(— Sand roses

80 Cylinders

:& Flakes

60 4

— 81 %

Specific capacity (mAh.g™")

40 T T T
0 50 100 150 200
Number of cycles

Particles morphology can strongly affected the electrochemical performance
“Nanospheres” deliver the best performance

Fang et al., Batteries and Supercaps. 2022, 5, 1.




Why commercial cathode material are not « nano »

\ .":w Voo 7

Solvothermal Solid state lonothermal method
e Nanospheres Cubes Flakes

Tapped density

0.85 g/mL 1 g/mL 0.7 g/mL




Synthesis of carbon coated material

Early 20t century Michel Armand (LiFePO,)

Electrolyte

(a) Without coating (c)
f\f—(0

w Dissolution
Surface oxidation Surface corrosion
In air In electrolyte U

Electrolyte decomposition

Destruction of interparticle contacts

(b) With coating due to lattice expansion during cycling

e Electrons
® Li" ions

Poor transfer of electrons and
In air In electrolyte Li* ions between particles

Li, H. et al. Chem. Commun. 2011, 48, 1201-1217

Method to apply a Carbon coating

Hydrothermal / Solvothermal

Sol-Gel Method

The Chemical Polymerization Routes

High-Temperature Solid-State Method

Chemical Vapor Deposition

Physical Vapor Deposition




Synthesis of carbon coated material

Reflux, 100°C

3h
- 890°C, 2h
Under Ar/H,
flow
b
V,0;5 + H;PO, +
HNO, + distilled
water
— VOPO,.2H,0 VOPO, VPO,

+ carbon source

(0.0, SUCTOS) CVPO, +1.5NaF = Na,V,(PO,),F.@C

- - -
4 ' ot . K
~ & > 7 N 9
g 3 ; a
) . C i |

Broux, Fauth, Hall, Chatillon, Bianchini, Bamine, Leriche, Suard, Carlier, Reynier,
Simonin, Masquelier, Croguennec - Small Methods 2019




ﬂ. n ©®
!-r= ]CH]CD Synthesis of carbon coated material

An homogenous coating at the material surface - - - -
1004 55°C, C/5 A
g 95
Prepared from cellulose decomposition > | |
S 7% C coated "
g 901 Two batches 88% -
O of NVPF in
“g, 854 NVPFHCcell .
5 80 C = ]
0O 1 kst 7]
75 a2t 100% SO0C =+ 3% C coated i
o 5 10 15 20

Cycle Number
Na:;V-5(PO,).F // 1M NaPF; in EC-DMC // Hard carbon

15

100% SOC, 55 °C,
1.24 1 week

0.9+

Increase electronic conductivity
Stabilize the material / avoid V dissolution

V dissolved from NVPF (%)

Broux et al. - Small Methods 2019 o 7% C cc_:nated 3% C cbated

Desaii ef al., Energy Storage Materials, 2023




N b
‘ Institut de chimie de la matiére condensée de bordeaux

An homogenous coating at the material surface

Obtained from cellulose
decomposmon

B Na3V3+2(PO4)2

'3"( r
7 o

®

Increase electronic conductivity
Stabilize the material / avoid V dissolution

Broux et al., Small Methods, 2019

Discharge capacity (%)

Synthesis of carbon coated material

100 -

95 -

90

85

80

75

Two bafches
of MVPF in
NVPF-HC celf
( |
- &=

7% C coated

1 week storage
at 100% soc ™

3% C coated

55°C. C/5

88% |

S 10 15

Cycle Number

20

Na:;V-5(PO,).F // 1M NaPF; in EC-DMC // Hard carbon

V dissolved from NVPF (%)

15

100% SOC, 55 °C,
1.24 1 week

0.9+

0 . "
7%C coated 3% C coated

Desai et al., Energy Storage Materials, 2023,




Synthesis of carbon coated material

444 2c C Cl2 CI5 C/10 C/20 4.4-
T 2.0 Nl J = 4.0
40 g
+ +
© ©
z NVPFO2-Bulk Z 36
s 3.6 1 v
> >
2 b
S35 T 32+ C/20
2> = C/10
5 5 C/5
o o 2.84 CI2
2.8 -
2C
2.4
0 20 40 60 80 100 120 0 20 40 60 80 100 120 140 160
Capacity (mAh.g™) Capacity (mAh.g?)

Better performance especially for fast charging




Other type of coating

Arrhenius-like plots electric conductivity Y @.%, s
T(OC) Coating by an lonic Liquid - WP L
to enhance ionic conductivity \/v@,,,é ”,.@N,\,\
327 287 24 207 167 127 87 T8 A
0 +—t—1 . 1 . 1 . I . 1 . 1 '@# \/\/u’\@‘ A A D

At 200 °C the conductivity:
NVPFO,-lono(h)=10-%° >
NVPFO,-Nano=10-3°>
NVPFO,-Bulk=~10-°
=NVPFO,-lono(c)

log[aT(Q".cm™ K)]

IL enhances significantly the ionic conductivity,
16 18 20 22 24 26 28 especially at grain boundary
But do not really improves energy storage

-1
1 OOOIT(K ) performance ®
Olchowka et al. Nanoscale, 2022

-7 : |




Towards composite materials

Conductivity
10_E T T T T I T I ’ T T T i -E
" M“““m B3-HxCoO,
5 / ; : . @
011 B3-HxCoO, ; ‘—3:@
= 0.01 ] c
(&)
B - C
< 0.001 3 %éh E B I4,38 A
] A
1E-5 DE\:D'@ .
-Abundance §
- Low cost =0 | | _ _ | ] - Good faradic properties
- Layered structure => favored the ionic 26 30 35 40 45 50 55 - High conductivity
diffusion 10007T

- High theoritical capacity : 300 mAh/g

=> Combine the two materials for a synergy effect
=> Play on the morphology of the initial precursors
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Towards composite materials

Exfoliation and restacking - Sonication
\_\_ with ultrasonic probe
/—\ /HN_\_\ few hours

TBAOH
G2 B

Zeta potential

J State of surface

Choose a pH to do the
restacking

Stirred few weeks/months

Final restacked materials > Colloidal suspension




( NaOH/KOH \
K

7 8 centrifugations
until neutral pH )

lnHCI01M

protonated

\ Stirring 72h

KMnO heated
during 5 hours

‘ 800°C
5 hours

k 3-4 centrifugations

|

J

Towards composite materials

7,24 A

3,62A
PH'Mn02

7,20A ]

7,18A

3,59 A

JL l HT,-MnO,

T T T T T T T T T T
10 20 30 40 50 60 70 80
29.,(°)

3 different morphologies for the birnessite
Na,,.) birnessite : small platelets (hm) P -MnO,
K(preq) Pirnessite : veals V,;-MnO,
Ksolig) birnessite : large platelets (Mm) HT,-MnO,
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H,0

\ 3-4 centrifugations

Co(NO,),.6H,0

/

Towards composite materials

(003)

pH[~]

Rev-g(Ill)Co

(012)
B(lll)Co

pH=14
(110)
(1

(107) 13)

20 30

40 50 60 70 80 90
29, (°)

2 different morphologies for the B(lll)Co :

B(ll1)Co => platelets (~80-100 nm)
Rev-B(ll)Co => small platelets (~30 nm)

Invernizzi et al. Nanoscale advances, 2023




Towards composite materials

20 1 \ 8(1ll)-Cobalt Mn Co
HTH'Mn02
<10 -
E I\ I + +
T Q- ‘ , 0
g 9 1 2I 4 5 6 7 & I~ 1
%10 . 1 V,-MnOo, |t
@ o |
N‘ZO . I I I ) )
L |
30 A I
F++FF++++++H+++ |
Tt | oo Large pH range to make the restacking :
[ ).EE | ) between 3 and 7 => 4.5




Towards composite materials

Molar Ratio
choose Mn/Co = 3:
ideal ratio in

neutral medium

Peristaltic

PhD C.TANG 2017

N

AN

pH 4,5
with
HNO,

\

-> Colloidal suspension

pH 4,5
with
HNO,

HNO,
solution
pH 4,5
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Towards composite materials

Blg platelets

md Nanocomposites
Big platelets

Ideal Morphology for a good
synergy ?

Small platelets




Towards composite materials

Mn Veils + Co Nano platelets . +

Homogeneous distribution
between Mn and Co objects

NanoAuger mapping

Mn platelets + Co Nano platelets Partial homogeneity between
Mn and Co objects
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Towards composite materials

B Expérimental 100
~_ Voiles + Petites plaquettes
| R,=3,4 Ohm 90_
E 601 T~ L—
° 2801
) 8 - -
g 40 E .
. Q -0 | Plzf\qgettes
S micromeétrique +
Re(Z) (Ohm) %60_ Petltes p|aquetteS
O —

40 60
Re(Z) (Ohm)

B Expérimental
——Fit

1000 2000 3000 4000 5000
Nombre de cycles

| R,=4,2 Ohm

-m(Z) (Ohm)
-lm(Z) (Ohm)

Lower resistance,
Higher capacity

T T
4 g

L]
Re(Z) (Ohm)

60 80 100 120
Re(Z) (Ohm)
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Towards composite materials
Mass loading : 7 mg/cm?
Scan rate and Current density : 5mV/s and 1 A/g
Electrolyte : K,SO, 0.5 M
Potential window : 0-0.8 vs Ag/AgCl
Current collector : stainless steel grid

0.6 100
0a] VirMnOB(I // 51 1A/g
: 90 V,,-MnO,/Rev-B(Ill)
0.2 1 HT,-MnO,/Rev- 8 1 —
= ] B(I) 5 80 -
0.0 - = __] V,,-MnO,/B(lll)
< 8 75 I~ o
S 70 -
S 657 HT,,-MnO,/Rev-B(lI})
0.4 - S 60— ~——
i VH'MnOZIReV' 55 - —
-0.6 - B(IN) 50 4 HT,-MnO,/B(llI
0.0 0.2 0.4 0.6 0.8 457
E vs Ag/AgCl (V) 40 y T y T g T T T T
0 1000 2000 3000 4000 5000

Number of cycle

Same composition but different performance
Synergy between the different phases in a composite is extremely important
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Take home message

Battery is a challenging and interesting field of research ©

Batteries performance strongly depend on the positive electrode material (cathode)

Several approaches to optimized a material:
- Nanostructuration and adapt particle’s morphology according to its structure
- Apply a coating to stabilize the material (and make it more conductive (carbon coating))

- Synthesize composite materials to take advantage of the synergetic effect

However, a good approach at the lab scale is not always good for industrial partners
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