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* TUTORIAL: Use of Atomistic simulations to
interpret experimental X-ray data
1. What information can we extract?
. How to set up your calculation
3. Comparing computed and experimental
data — VERIFICATION and VALIDATION
4. How to use the information to understand
our scientific conandrum
 RESEARCH talk: Can computational modelling
reveal what experiments can’t?
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Synchrotron v. HPC synchrotrons

They all look the same?

High Performance
computing (HPC)

* Application process (S,H)

* Energy consuming (S,H)

 Computing fast results (H)

* Limitations —over subscription (H,(S))

* Less data but higher intensity faster
data collection (S)

* Automatic/robots faster data
collections (S)
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How does a battery work?

leFeSlO (Operando XAS)
Can we use computer
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Why Polyanionic compounds? Kent

Fe-based compounds as they are:

» Low cost
» Environmentally benign

» Non-toxic @ - . b ,
> Biodegradable Q. L
» Can be synthesised following aqueous based Qo

routes. @ -

» Aqueous-based binders

. . > b O~ ;‘

»Reduce energy consumption during LA
O o G\ isa

manufacturing and processing

LiFePOs
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LiFePO, (LFP) Crystal Structure

* LFP structure:
* Olivine-type structure (Pnma)
PO, tetrahedra; FeO,4 octahedra
* Layers are stacked — 3D framework

* Li-ion diffusion occurs through a 1D
pathway across the b-axis

L1F ePO4

) Capacity Retention in LFP:
* Strong P-O covalency stabilises the Fe?*/Fe3*
state through the Fe-O-P back-bonding « QQ LZ’“ cja-. s
* High theoretical specific capacity if um W&
(170 mAh/g) '” o
* Good thermal & structural stability Fel*

-
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Li

FePO, (LFP) Crystal Structure

-

- ,Cons:

LFP has poor electronic and ionic conductivity
(~10° S cm™); Impedes Li-ion diffusivity
Voltage 3.5V

/Solutions:

00— Ty
LiFePOa4

C * a

* Conductive coating

LiFePO,

e Different binders in electrodes

* Nanoparticle morphology and size A A\

* Cation doping
* Aliovalent (Mn?")
_ ¢ Supervalent (Al%*, Sc®*, V3*, Ho®, Y3*) Y,




For this tutorial we will use Materials studio (D’Assult University of
package) to model LiFePO, (LFP) and FePO, (FP Kent
Steps:

1. Download the LiFePQO, .cif file from Materials Project
2. Import the .cif file in Materials studio GUIl and confirm it is the correct structure
3. Create the FePO, structure — note same space group

LiFePO, FePO,
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For this tutorial we will use Materials studio (D’Assult package) Kent
to model LiFePO, (LFP) and FePO, (FP

Steps:
1. Run a geometry optimisation ,‘
2. Calculate the XRD-pattern using the Module Reflex n

—— Undoped LFP)|
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For this tutorial we will use Materials studio (D’Assult University of
package) to model LiFePO, (LFP) and FePO, (FP Kent
Steps:

1. Calculate the X-ray Absorption Near Edge Spectra (XANES)
2. Properly represent the ELECTRONIC STRUCTURE

High Spin (HS) or Low Spin (LS) High Spin (HS) or Low Spin (LS)

AFM or FM or PM? AFM or FM or PM?
LiFePO, | FePO,
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For this tutorial we will use Materials studio (D’Assult
package) to model LiFePO, (LFP) and FePO, (FP Kent

Steps:
1. Calculate the X-ray Absorption Near Edge Spectra (XANES)

2. Properly represent the ELECTRONIC STRUCTURE
3. Calculate PDOS to interpret your features
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For this tutorial we will use Materials studio (D’Assult University of
package) to model LiFePO, (LFP) and FePO, (FP Kent
Steps:

1. Calculate the X-ray Absorption Near Edge Spectra (XANES)
2. Properly represent the ELECTRONIC STRUCTURE
3. Calculate PDOS to interpret your features

LiFePO,

. P—
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For this tutorial we will use Materials studio (D’Assult University of
package) to model LiFePO, (LFP) and FePO, (FP Kent
Steps:

1. Calculate the X-ray Absorption Near Edge Spectra (XANES)
2. Properly represent the ELECTRONIC STRUCTURE
3. Calculate PDOS to interpret your features

1.5
Two Issues: = (a) Fe K-edge )
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-Addressin 1stIssue
LiFeSO,F - PEDOT (XAS)

R(s-0) (A)
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A. Blidberg et al., J. Power Sources, 418, 84 (2019).

p W e .
4] "] 1]
s-edge position (eV)

]

S K-edge in the SO,% anion is sensitive to changes in
electron distribution
Electron distribution changes with battery cycling

]

ot | Fe K-adge

E“I 0 - —
[

£

Eﬂ.ﬁ- FEE* FE,!-I-

= — R
W™ ] . 3,50V
Eoo- il 4.10 V
L= T T T T T T T T T T
- TA100 TA10 T120 F130 T4 T150 F1el

Excitation energy / eV

e 2
'\-
I 1%
III
1
..-ﬂ-..._l_
e

=

-

LL

Normalized absorbance =
%]

1S K-edge

5
L
L
F
¥ s
.

|
| = -r-|l-||

—_—2.50V
1 3.59 V
0 " LA
T I Li r L | | L . L
2460 2470 2480 2490 2500 251{!
Excitation energy / eV




Normalized absorbance

LiFeSO_F - PEDOT (XAS)

1S K-edge
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S K-edge increases with oxidation of Fe?*
to Fe3*

R(S-0) bond distance decreases as Fe?*
is oxidised to Fe3*

Mulliken charges on S increases as Fe?*
is oxidised to Fe3*

~

R(5-0) (A)

/
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1.496

1.492

1.488

1.484

1.48
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S K-edge in the SO,% anion is sensitive to changes in

electron distribution

Electron distribution changes with battery cycling
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B Addressing 2"d issue

Density of States
a-Fe, 0,

> Experimentally a-Fe,O;;
charge transfer (CT)
insulator; O 2sp —» 3d

> BLYP = Mottt Insulator
O 2sp/Fe 3d —» Fe 3d

> B3LYP = Mott Insulator
O 2sp/Fe 3d —» Fe 3d

»BLYP+3.75 and F40LYP
= CT Insulator;
O 2sp —» Fe 3d

Density of the states [states eV-1]
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__ What is the solution?
Modelling of XANES spectra y . id bFT methods

. - : ; 2
Which of the interpretations is correct~ applied to model XANES
o-Fe,O,

/i

/

n Exp.
———BLYP + 3.75 eV

|
b,
l I\
" ——BLYP + 6 eV A
| F40LYP EAVA

|||||||||||||||||||

Normalized intensity [ arb. units]

Energy [eV]

f AFM - solution
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Modelling of EXAFS spectra

Forcite Analysis - RDF
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Modelling of EXAFS spectra University of
e 0 Kent

Solid oxide fuel cells - Conduction mechanisms

Vacanc

Working temp ~900°C Working temp ~600°C

Marcus Bertuzzo




Results - LaSrGa,;0,

(A™)

[X(R)|

== T S U ¥ = e L I =

==
=

LaSrGa307/ in R space

Parameter

(Ga-O.)(A)
R(Ga-Ga)(A)

Radial distance (A)

University of

Kent




Lay 5570568307 55 rjversity of
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(Jn
Ga K-edge EXAFS spectra (k3-weighted) and corresponding I<— t
Fourier transforms of the parent
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Gettlng hotter......... Kent

La, 5Sr, 563307 25

T = 250°C to 900°C S0 — |

Starting to access both position

/ \
J
I u e P -y - ____ - |
I 1 : "” — I s il
- 1 1.5 25 3 3.5 4

Radial distance (A)
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interpret experimental X-ray data
1. What information can we extract?
. How to set up your calculation
3. Comparing computed and experimental
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4. How to use the information to understand
our scientific conandrum
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reveal what experiments can’t?
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{ o Oxygen redox in L| FeS|O In5|ghts from X "__.f'f_ﬁ
man Spect roscopy (XRS) 5

- How manage Oxygen redox in LINIMnCc CoO
(NMC): Insights from DFT simulations




) i_FeSiO, (XRD)
Sol-Gel

ALISTORE ‘

Jropeagn research institute

oo (a) % space group P2, /n K3
III'l ;D ﬂlf r"' "IID '."ID Erf
Pasition ['Z7] (Copper {Cul)
A) . . 6 -
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| i FeSiO, (In operando XAS)
Question 1: Is it possible to access the Fe3*S Fe4* redox pair? Kent

e No evidence Fe#*

Li,FeSiO, )

s 1 : — i Fe,(ll1)O,

s oo Cycled samples

S 044 0.1

—m Between (2+) and (3+)
. . . A A o AL Li,FeSiO,
7110 y 135/ 7140

111/ [/ 3.6 -.—-‘. .

.'I ", + Fe-Si(2nd shell)

3.5 — " L
* Fe-Odistance increase with oxidation state m " -;—0{3;d;he|n
' A27mg_ 1.
* Si-Fe constant as oxidation state change g : « 26mg_4.2C
3. ¥ - | ©26mg_4.4C

Question 2: Is O redox active? 31 RS IS R S »27mg 15 b

26mg_4.2C b

Ang)

ho w s

Avg Bong Lengt

3

26mg_4.4C b
1.7 1.8 2.1 2.3 2.5 2.7 29 3.1

Oxidation State (Fe"*)
Brownrigg et al., J. Mat. Chem. A, 3, 7314-7322 (2015) ‘



M| i FeSiO, (XRS) - Oxygen edge

Question 2: - 4
Is it possible to oxygen contributes to extra capacity24g 4

el . Fe L-edge

705 710 715 720 728 730
Energy Loss [eV]

Li,FeSiO, + Carbon
electrode

30 um Oxygen K-edge
526 530 535 540 545 550
Energy Loss [eV)




M| i FeSiO, (XRS) - Oxygen edge

University of
FeL-edge |  Question 2: Is O redox active? O K-edge
(a) T b T hd T v |3¢ ‘ V X >
+ charge Fe* Fe" Tllec /) =1
g —A S
8 —B 2L
e @
: o § (Y —rocmmdce
s ]!
& = pre-edge peak
s £ [
; !
= 3 C main edge Charge
T T T T T T - — i r
704 706 708 710 712 714 716 3 : = - : it pesk .
1 530 535 540 545
Energy Loss [eV] é Energy Loss [eV]
Fez\b Fea, | E : T T T L T L] i . T T T
—_ \ & | Fe2+/3+ theoretical E 7
= 10 i capacity g
g -0 : 5, — ]
5 : -
> T T T T T T 'E.
$ 100 200 300 g
;g | Capacity [mAh/g] E — G
- g —F
g S % main edge D 7
: Oxygen contributes § twin posk
S 2
’ , . R — , to t h e eXt ra i Discharge ]
704 706 708 710 712 714 716 —T T T T T T T
L] 532 534 536 538 540 542 544 546
-~ i capacC |ty Energy Loss [eV]

Bulk-Sensitive Soft X-ray Edge Probing for Elucidation of Charge Compensation in Battery Electrodes, Fehse M, Sahle CJ, Hogan MP, Cavallari C, Kelder EM, Alfredsson M, Longo A, J. of
Physical Chemistry C, 123, p. 24396-24403 (2019) ‘
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Take away message

® No evidence of Fe*
® Electrolyte degradation above 4.2 eV
® Modify electrolyte hold cell at 4.5 eV
® OK-edge is redox active
® Oxygen contributes to extra S
capacity B i,FeSiO, (XRS) - Oxygen edge e

® Fe3*/Fe* reached about>5.6V

® Oxygen contributes to the DOS

® Modelling is CRUCIAL for the
intpretation of the XRS simulations

® Your chances to get beamtime
INCREASES if you predicted the XRS

¥ Loss
Bulk-Sensitive Soft X-ray Edge Probing for Elucidatio
s F! e ct r a Physical Chemistry €, 122, p. 24296-24402 (2019)

What does the calculations tell us: /

4 i
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* Oxygen redox in Li,FeSiO,: Insights from X-ray

JRaman Spectroscopy (Xl s g
"~ How manage Oxygen redox in L|N|I\/InCoO M
(NMC): Insights from DFT simulations ____%
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stoichiometries of NMC and
e Understand its effects on * EMMC *

* *

electrochemical performance af 2

_d



Computational Setup

Computational Set-up

« CRYSTAL2023" - All electron Gaussian
basis set

* PBEO - hybrid functional

e 2x2x1 cell contains 12 transition metal (TM)
sites.

* We thus refer to it as the 12-formula unit
cell.

* NMC633: Ni-poor NMC phase compare NMC622
* NMC1011: Ni-rich NMC phases compare NMC811

_d
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Jahn-Teller Distortion - Validation of method

Ni2* Bond lengths (A)

Ni-O
Ni-O
Ni-O
Ni-O
Ni-O
Ni-O

2.014
2.018
2.025
2.032
2.051
2.059

Ni3* Bond lengths (A)

Ni-O
Ni-O
Ni-O
Ni-O
Ni-O
Ni-O

1.879

1.881
1.907

1.914

2097&:
2.103

4x&2x
Similar
Ni-O

« 1st and 37 layer:

» Local distortion and spin state of the TM ions are strongly correlated.

Even if composition is the same, different layers have different
local structures.

- Ni?t HS, JT inactive
- Ni** LS, JT active

- co®* LS, JT inactive
- Mn** HS, JT inactive

« 20 |ayer:

- Ni‘* HS, JT inactive
- Ni** LS, JT active

- co®* LS, JT inactive
- Mn*" HS, JT inactive

PBEO using the CRYSTAL23 code correctly identify local geometries
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Polarons

NMC633: Observed Metastable State

. Intermediate state (IS) c:-bserved for

- The structure is metastable relative to
the low spin (LS) solution, but a local
minimum in the energy surface could be
formed as transient species during
cycling.

- Importance of polaron-induced
distortions.

« AE,;_,s~0.5eV per Cobalt ion.

Oxidation and electronic state of the
———  TMs adapt to the local environment.

Local distortions induced by polarons
can force ions to adopt a different spin-
configuration, even if other
configurations are energetically more
favorable.

E

University of
AE; c_;s~0.56eV per Cobaltion. I(Q'nt
®
$ N : } i Why is this important?
el e  §
Y e, & * e~ are added and removed from the d-
- | orbitals upon battery cycling. If the local
| dy2_ )2 environment permits, some e~ may be
dea_y2 dyz pulled from and added to TM sites where
[ d,: the JT distortion is not the most stable.
d, « Could be important in the
e degradation of a battery.
L d d,,

Se-pa rator
E . 'L‘h.i g ing
Dmhar*'l; ®
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lon distribution sty o
on distributio Kt

Our focus is on Nickel-poor and —rich Li(NiMnCo)O2 (NMC) cathodes.

« Configuration with Mn and Co in
same layer is more favorable.
« A 12-formula unit cell is used in

1Ni?t, INi®*, 1Mn** and 1co*t. both cases.

Ni/Mn disproportionation is
present in each TM layer.




De-lithiation - OXYGEN redox

~ 1eV activation energy/Li-Ni anti-site defect.

75% Lith.

Local threshold for O activation: at 75% and 50% lithiation no O activation.
Once the cell reaches 25% lith. Oxygen will participate in a redox reaction.

50% Lith.

| 25% Lith.

University of

Kent




OXYGEN activation Ul(eﬁf

Density of States analysis shows a difference between O ions in defect-free vs
anti-site environments.

0 2s . Li Vacancy Env.

25% Lith.




R
Co-protects oxygen activation K i

There is a threshold for Co activation also: at 50% lith. no O
activation, but Cobalt goes to 4+ oxidation state (initially 3+ ).

CadeL5)

-

Sheorter Co0; bond lengths, higher A,

Cala(l? [

4 - + -
Longer Co@; bond lengths, smaller &,

Lo+ {1}

unoccupied
t2g state

:nq-u. eV} : HEEWihr distorted environment

50% Lith.
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A Hybrid DFT-CTM Method for Theoretical Spectroscopy  ujiversityof

Kent
1. DFT: Nickel L-edge Spectra (NMC622)
Pl =~ 172+ V(1) Vi) + Vi 1) 4 ry =
"\". «eeses State B

2. CTM:

~ ~ ~ ,\1-,\ ,\T,\ A
Herm = Hatom + Hor + Vinix ; (Cdck ¥ Cde) T Zk: &Ny

Y
oG

!
!

Intensity

3. FGR:
21 A 12
I; =7|(f|H ||)| S(E; —E,)

Using electron density in 3D structure
from CRYSTAL-code to predict K- and L-edge spectra
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Ni - Theoretical L., — edge transitions University of
s 5 Kent

Ni3+ {Low Spinl

* Octahedral Symmetry 0,

M —— Wi+ [Low Spin]
N i2+ » 6 0% ligands

#» Charge-transfer Agp = 3.5 eV

Difference
in L;-edge

o6 > 1|]Dq =2elV

# Slater-Condon screening at 50%

* Hybridization:

[o5::1.8 eV
B2 sz:::,:l.[} = SpeCt ra
o e e w0 Bes At a7 frr as betwee n
Ni3+ (Low Spin), O1- ligand
LD [ ]
B bl ik o - Expectations: Broken 0, Symmetry: N |2+ a nd JT—

as Ni3+ »5x0% +1x0°

¥ Larger charge-transfer Apr = 5eV

distorted
Ni3*

06

¥ Smaller 10Dg = 1.2eV

04
¥* Slater-Condon screening at 90%

* Less hybridization:

L%

o,

B30 853




Theoretical L,3; — edge transitions

To write down the absorption spectrum use Fermi’s Golden Rule: N i2+

* Nil_-edge agree
P — with experiment
L-edge still

need more work

— Nid4 Low Spin) — Data Discharged

a8

0.6

L)

a2

0.0

T T T T
a0 B3 |60 aes arn ars BE0 Bas BS50 BSS aed HES aro B7S

*= Kleiner et. Al., A rewiew and outlook on anionic and cationic redox in Ni-, Li- and Mn-rich layered oxides LiMeQ2

Calculated L-eage XAS: Cod4

- + Calculated L-edge XAS: Mnd+
O Co3+ 1o
+ OMa+
‘ [ Background
. - Data ue n [CBackground
— Flt : « Data
. —Fit
0.6
o4
04
az
0.2
Ii;S T;D Té! ?;0 ?S"J BA;O 805 K
Fhoton Enermy (ev) 775 780 785 790 795 800 805 — . . - ; !
635 640 643 650 635 80 637 642 647 652 657 662

Photon Energy (eV)

Importance of choosina the correct set of CTM parameters!




1ase study Creatlng Database - MLtools Al u s

NMC622 Ni K edge XAFS (reci| proca al s spac e) 1

q . ExperlmentalXRD
and XAS data
B e Simulations of * Visualisation Tools
: structural ANE'd » Statistical Tools
' parameters Y
| * Training Set
————

DATABASE

* Experimental XRD
N
data

i e Simulations of
XRD
. Validation I o
B . z
g: | — /. Training Set - Machine Learning (ML) tools
. I T b ——— . * Predictive tools — Artificial Intelligence (Al) l




F
Example OpMetBat: Creating Database - ML tools - Al

Neural Network using Tensor Flow

<TM Layer 1

<TM Layer 2

i=1

( Loss = —— > i log(3) + (1 — y:) log(1 — )]

Generate TM bond lengths
(random or by DFT) Y; = actual label (@ or 1)

H 4J; = predicted probability from your network

N = number of training samples

V

Construct simulation data

‘ Train on simulation
S data
{"Sim ID": 1 " SQL Database |

7
"Bond_Lengths": { Y 9
llTMll : { ~/ ——
" ", —
13":[1.881, 1.886, ...] > > ;
} JT classification : AT
} 4 \ Neural NetWOI‘k y & 3 50% Lith. ;25%(IV.|th.
—_— @s 52ms/step
: predicted Distorted (p=0.89) | actual: Distorted .879, 1.934, 1.935, 2.857, 2.865]
FetCh : predicted Distorted (p=0.98) | actual: Distorted .89, 1.897, 1.982, 2.185, 2.1@9]
t) (j | tr] : predicted Distorted (p=0.73) | actual: Distorted .919, 1.942, 1.948, 2.151, 2.159]
ond lengths : : :
: predicted Distorted (p=0.93) actual: Distorted .872, 1.923, 1.933, 2.7, 2.87]

: predicted —- (p=0.02) | actual: —

: predicted Distorted (p=0.9@) | actual: Distorted
: predicted Distorted (p=08.96) | actual: Distorted
: predicted -- (p=0.81) | actual: —-

: predicted -- (p=0.85) | actual: ——

: predicted Distorted (p=6.88) | actual: Distorted
: predicted (p=6.87) | actual:

: predicted (p=.85) | actual:

.906, 1.967, 1.913, 1.92, 1.921]
.876, 1.944, 1.947, 2.872, 2.874]
.884, 1.912, 1.915, 2.892, 2.893]
.01, 2.04, 2.943, 2.855, 2.856]

.928, 1.931, 1.931, 1.932, 1.938]
.918, 1.935, 1.937, 2.154, 2.169]
.932, 1.933, 1.938, 1.938, 1.942]
.925, 1.926, 1.928, 1.94, 1.943]

RPRRREPRNRREPRPRRERR
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Take away message

® Ni?*/Mn* disproportions if in same layer

® Polarons forms as metastable states,
leading to battery degradation

® Oxygen shows redox activity in
presence of Ni anti-sites

® Co protects oxygen activity

® Hybrid XRD/XAS; XAS/SAXS; XAS/XRD/Raman;
XAS/XRD/EIS

® Collect standardised data in database

® ML tools applied to structural (experiment/theory) and
electrochemical battery properties
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Summary and Aims of WP4

@ka‘eﬂ* Bat

Metrology Project

The aim of this work package is to develop computatjonal BN
4

tools to support the experimental metrology that is tlo be

developed in WP1, WP2 and WP3. bornb]
Develop modelling and computational tools - large datasets -

enabled by hybrid metrology.

-

Task 4.1
Theoretical

~

calculations to aid in
the interpretation of
experimental data

generated in WPs 1-3

-

Task 4.2
Establishment of a

tools to handle the
accompanied large
datasets

~

database and associated

/ Task 4.3 \

Application of ML approaches
to enable automation of
hybrid operando data
handling.
Specifically targeting
prerimental outputs of WP3J




Why dope LFP? | @~ 0 0
* Doping can occur at Li, Fe, or P sites P oﬁ\ W ¢
* Improves electronic and ionic conductivity @ 4
* Creates defects in the unit cell d°

 Facilitates Li-ion diffusion OV

* |Improves internal conductivity o

* Better rate performance, capacity e Y W
retention, & cycling capability and stability - e

ePO4‘
Aims of the Study

* Use XAS K-edge data to follow electronic structure during battery cycling.

* Follow changes in the local structure for doped-LFP
* Establish whether the PO, polyanion is electrochemically active
* Does the PO, polyanion contribute to extra capacity (induction

effect) _d



- 2D printed Flexible (Organic) Batteries

IEEE An na Transaction
Caccarami et al, 2018

Cu side Al side

Materials

Cathode

at &
<
aterlascost reduction
-‘ | M f in rocess
Light weight
l Read Range
z about 7m | (transmltting/receiving
* : 6 o | Inte ration with sensors
" . . *Sustainable/bioco atible
s 4 ateri 5 —
P
| e e
2
- niversity o
=
]

AlMs
— Polyanionic compounds > Low cost
: . » Environmentally friendly
L!ZFeSIO4 > Non-toxic
L|FeSO4F > Biodegradable
LiFePO4 > Reduce energy consumption

- Layered Oxides
LiINiMnCoO, (NMC)

 Solid Oxide Fuel Cells (SOFCs)
LaSrGa,0,




*AS Spectrum EXAFS Region:

XANES Region: z°',‘dhi'3ta“°es
Oxidation State elg . our.s

) ) Coordination
Coordination Number

Number
L Ceany

!ase StUdy e Menlite La1.55ro_5Ga307.25 University of

Ga K-edge EXAFS Fourier Transform of x(k) Kent

7p
3
Z.
<
<

xu(E)

10200 10400 10600 10800 11000 1120(
Enerqy (eV)




University of
Layout | Ke'nt

{+ Decoupling Polyanion Redox from Electrolyte -
\ Contributions in LiFePO,: Insights from Fe, Ho, f
and P K- Edge XANES I
~Rn e R ; S| ght S fr om X r ay
Raman Spectroscopy (XRS)
* How manage Oxygen redox in LiNiMnCoO,
(NMC): Insights from DFT simulations




Why Polyanions? Li,FeSiO, |

LN. Zhao et al. / Materials Today Nano 10 (2020) 100072 - Li 2 Fe S i 04 (X R D)
Sol-Gel

B ; FeSiO, (XRS)- Oxygen edge
Question 3:
Is it possible to oxygen contributes to extra capacit:

(a)

| T Fe L-edge
b 1 ]
L: -NM W’V‘“‘ . % space group P2y /n
m M i2FeSiOs 165mAng’ (115 removal) BBy
(e) (h) A -’ | skl ; UsFesi04 (F2u/n) . hard X-ray beam ~10keV |’
Fe;04 0 705 70 M8 7 728
Energy Loss foV)
* LiSio 1
Velagsdrop e 1o s resrengement () "‘:‘i Li,FeSiO, + Carbon|
- o electrode
1. Voltage drop because structural changes 3‘_'0 Oxygen K-edge
. [ 5 5 “m
2. Extra capacity? - = R F P

B | ;. Fesio, (In operando XAS) e ™ cosi0, (XRS) - Oxygen edge o
Question 1: Is it possible to access the Fe3*S Fe** redox pair? Kent / e yt

‘ L F So F o N 'd F 2 FeL-edgeI Question 2: Is O redox active? O K-edge
M i,FeSi — O eviaence re
Ire N

C AL gy
y 3
Fe(I1)O and / \ :
- ; Fe,(Il)O, "
LiFeSO4F - PEDOT (XAS) |+ SK-edgeinthe SO,* anion s sensitive to changes in 1 7’ Cycled samples N e i > -
electron distribution R - 3 ] e
0 ) + 2 /" main edge
* Electron distribution changes with battery cycling | Between (2 ) and (3 ) i e e raee YA twin peak _ Charge
State of charge / % o 530 535 540 5
0 20 a0 9 e 80 Fesio, vt : Ry Lo
i : Fe K-edge .t = H o 3
10 35 S s e | capacity ] A~
. 7., g A s IR — . / N
3s P : : SIS 225 H OB i) / M=
37 5] i i * Fe-Odistance increase with oxidation state —e!—;T”"'. . Fe0 (30d shel) o /
S ¥ 2mat / 3
uP 30 3 UIFeSO F-PEDOT —2%y * Si-Fe constant as oxidation state change <. ¢ - /e 5
. gt S Chuserotie, G0, oo = A P / N Oxygen contributes SR
e 2 . ive? & . e o ene s b < S
T mm - s = Py 7100 7110 E?;gﬂa'lg:‘sgneg;ul e ne Question 2: Is O redox active? 31 to the extra o
Q/ mAhg' 3 3 2 Gl R Al . 532 534 536 538 540 Si2 544 546
5 15 o 6s 3 0 A M s 35 4y a8 ag CMewwdd Energy Loss o) capacity Energy Loss (oV]
Z DFT simulations | ’ L S K-edge ' e ] Oxidation state (Fe”") " X-ray Cdge Fehse M, Sahle CJ, Hogan MP, Cavallari C, Kelder EM, Alfredsson M, Longo A, J, of
vass 6 < 3 T i . 4 B X 3 3 3 3 .
- z : AN Brownrigg etal., J. Mat. Chem. A, 3, 7314-7322 (2015) ‘ o Pirysicol Chemistry C, 123, p. 24396.24403 (2015
g 1m s s 0ufPC 00 | s § i LLe——o )
2 ‘8
. 3 1
Lase o * nso)(A) as = / —250V
« s-edge position (ev) e 359V
208 . B 410V
226 228 23 23 2 236 2 24 24 24 2460 2470 _ 2480 2490 2500 2510
Muliken charge (e} Excitation energy / eV

A. Blidberg et al., J. Power Sources, 418, 84 (2019). ‘
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(Soft) X-Ray (XAS) Measurements

Data collected @ BM28 (XMas, ESRF)
and B18 (DLS) P, Mn, V, & Fe K-edges,
and Ho L, ,-edge
 Ex-situ samples: Chamber sealed
under vacuum throughout experiment
 Fluorescence mode ©Ryan Parmenter
 Data analysed using Athena, Larch
« Operando cell: in He-environment

Battery Assembly

Electrode slurries of LFP (active
material): (PVDF) Binder: Carbon
black made up —90:5:5 ratio

* Pouch cells

. . . Separator
Conducting mylar window Cathode
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Material Characterisation LiFe, Mn PO, st

Kent

ﬂ —LiMnPO,
—~ —— LiFes.sMno.sPOs ' : .

3

I Jt NN VTSN VT
."5
é ——LiFeo.sMng..PO4 /\
2 o e
9 s 8 8 8 ~

g = 3 |85 s <=8 aszg  —LiFePO, A

R BRI

‘ —COD 1101111
I| : || : | I||I|I ||I |I||‘ |.|||.I|'."'.|'|'. ] J\I | : | . :

10 20 30 40 26 (%) 50 60 70 80 32 34 36 38 40
Sample a (A) b (A) c(A) Vol. (A3) R, R,
LiFePO, 10.326 6.004 4.693 290.9 3.72 2.4

LiFe, ;Mn, ,PO, 10.353 6.023 4.705 293 4 3.42 2.20
LiFe, .Mn, -PO, 10.397 6.052 4.727 297.5 4.65 2.90
LiMnPO, 10.452 6.103 4.749 302.9 8.57 5.57




_
Tools simultaneously SAXS:

: Particle
ﬁN ES Region: .
Oxidation State distribu 7 ‘
Coordination Number V.
| | ‘. EXAFS ‘ y
al |\ EXAFS Regio 4
=l \ .
AN /. °* Bonddist | S e T ([ ¢
E >’ £ | ™~ : — : e Fem, ' -L
=1 < | Edge H"'“““HH. Nelf ) o e I 4 tiol
> | - A | | N N4 v
T coora M. . Atomistic Simulations
~J number £m -
I -l[J)I;Fa;s-:l)th pseudopotentials !jr;]‘c;:-ﬂ—s;cs;rglzpotentials
Molecular dynamics
L I I ] ]
\ 10200 10400 10600 10800 11000 Gaussian type Ba:snmons
Energ'f [EV:' Hybrid functionals
Other techniques:

electrochemistry; XRD; XES; XRS etc \




Battery Cycling/States of Charge (SOC) | | -
* Galvanostatic Cycling: f .
: S between 2-4.3V Tl
LiFePO, 2 FeP ' | |
€ Og,-sé;a,gee 04 e C-rate: 0.1C T e v e

30 6‘0
Time (h) @ 0.1 C

4.2
,t
FePO, ——
>
8) LixC6 Li*
S > O g2
S q s R 4
i &5
' p— =3 LiFePO, . -
|
X 24 |
U 0 -
Time, s _ @
1.8 . . —
« Upon charging, LFP is delithiated O 2imew

* Upondischarging, LFP is lithiated e Batteries cycled up to 5.5 times ’



Battery Cycling V-LFPd

Galvanostatic curves
 Capacityis lowerin V-

LFP than LFP ™
* Capacity increases as g,,.,,'
batteries are cycled
CV- Curves 26

* V-LFP double peak:
surface and bulk sites

* V-LFP distorted structure (c),,

EIS-LFP

 Second semi-circle due
to CEl formation

EIS - V-LFP

 Semi-circle in 15t cycle
due to CEl or space
charging

=Z" [ Ohm

Galvanostatic Cycling

3.8 -

—— LFP 1* Cycle
— LFP 5" Cycls
—— V.LFP 1% Cyele
—— V-LFP 5" Cyclo|

ir I||

A

1 " ) ! ’ g ! w
é 20 44 &0 1] ] = 160

Capacity  mAh g™

- = LFP 1 Cycla Fit
| ——LFP & Cycles

EIS-LFP
a0 -

——LFP 1 Cycle

— - —LFP 5 Cycles Fit

B0 100 120 140 1860 160 200
Z' | Ohm

(b)

I 7T mA

CV-curves

b= v-LFP 1 Cyela
|—— V-LFP & Cycles

L LFP 1 Cyche
—— LFP 5 Cycles

20 Lll 3.0 3.5 -Il.ﬂ
Ewe !V
[——WV.LFP 1 Cycle cre
- -V-LFP1Cycle Fit | | O
|==W¥.LFP § Cycles -1 i . '_T‘l"
- -VALFP 5 Cycles Fitf | M




WSV K-edge in V-LFP

3,8
36
2 34
® 3,2
S ’
5 30 Cycle 1
>
2,8 —Cycle 2
2,6
2,4
0 100
Capacity (mAh/g)
—~ | VK-Edge o
: ',/".--'—..;,\,s
‘u‘ XANES /,‘//('/‘- ''''' \\. '\~’,‘__’_“
> 1.0 - »[/’
= ;
" 1
c ’
0 <
£ . ;
— Discharge «3— Charge
S0.5- /
i) 2/
o A / . —- V-LFP SOC1
E W) .. V-LFP SOC3
> P V-LFP SOC9
0.0~ .. V-LFP SOC10
5460 5480 5500
Energy (eV)

Intensity (a.u.)

LFP Volume [A3) a(A) b (A) c(A)

] auztl:j 291.240 10.31924 6.00191 4.70234 LiFe P0-95V0.0504
1600004 ~ LFP A —— LiFe0.95V0.05P 04
ey T L B TN V=D PO P 11
100000 - E E ] | C V(I") iS

80000 - V-LFP 1 . Vin P-site .

] . occupying
| 1 ‘ , an Fe-site

10 20 30 ”e (d:;rees) 50 60 70

~ 1V Linear Coﬁm\bination Fit * Visredox

= N\ inactive during
> battery cycling
g —— V-LFP

£ it  Linear

D — Residual combination

) V20s crys . .

"g V,0, fittings indicate

V,0 . .
5 , - that Visin the
Z & o — . .
, (I11) oxidation
5450 5500 5550 state
Energy (eV) ‘



Bond Distances from Radial Distribution Function V-LFP

State of Fe Oxidation _ V—LFP
Charge (SOC)

State R(Fe—O), R(Fe—O),
OCV Fe?* 16 £0.05 |(g2.14 £ 0.05 .08 £0.03
SOC3(DC) Fe3* 1.99+0.04 l1 99 £0.04 2.05 +0.03
SOC9(C) Fe?* 15+0.04 10+ 0.03 2.08 +£0.03
SOC10(DC) Fe3* _1.99£0.04 '2 00 £0.02

« Bond distance decreases with Fe oxidation from Fe(ll) to Fe(lll)
 R(Fe-0) similarin both doped & undoped LFP

 R(Fe-O) shorter in V-LFP after cycling

 R(V-0) changes very slightly — confirming redox inactivity -



[——LFP 1 Cyele Anodic

B Diffusion Coefficients V-LFP | oischargs

Randles—Sev¢ik equation
i, = +(2.69 X 10%) n"/2 AC /Doy v :

Diffusion LFP (1 cycle) LFP (5 cycle) V-LFP (1 cycle) V-LF P (cycle)
Coefficents

Anodic D, ,, 2.79x 10710 7.61 x 10710 0.69 x 10710 1.38 x 10710
(cm?/s)

CathodicD,,, 1.50x 10710 4.45 x 10710 0.34 x 10710 0.89 x 10710
(cm?/s)

&% « Diffusion lower in V-LFP than LFP
Py Diffusion faster for Discharge in both materials
j * Diffusion rate increases by cycling in both materlals‘
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Ho L, -Edge XANES

Holmium
@ Phosphorus
@ Oxygen
@ ion

® EDX analysis indicated that Ho
was present in the LFP sample

1% Ho-doping I
Synthesised Ln-doped LFP Volume (A3) a (A) b (A) c(A) : :

= Ho-LFP OCV
Undoped LFP 290.435 10.21462 5.99651 4.69567 4] — Hg-LFP S0C2 i
1% Ho 290.686 10.31458 6.00224 4.69526 —— Ho-LFP SOC3
=~ Ho-LFP SOC4
= Ho-LFP SOC5
ce HO-LFP e LFP 3 ] —— Ho-LFP SOC9 .
3.8 ™ ~ Ho-LFP SOC10
' et
©
[}
3.6 % 2 - -
£
3.4 2
>
% o Discharge I
S One plateau ;
3 One redox Charge
v active element 0 , , | | iy
’ 8040 8060 8080 8100 8120
E (eV)
2.6
0 20 40 60 80 100 120 140
. e o
Capacity/mAh g? NO Shlft N the edge

® Hois not redox active




___
Fe K-Edge XANES 'Ho-doped LFP

o
o

Normalised u(E)

I I I
7100 7110 7120 71

Energy (eV)

—— Ho-LFP SOC9
1.2 4 —— Ho-LFP SOC10 s
—— LFP SOC9
—_ - | FP SOC10
V-doped LFP 3 10- !
1.4 LFP SOC3 8
——LFP SOCY .
——LFP SOC10 é" 0.8 -
~~1.2 4 —-—-V-LFP OCV TR
s —--—-V-LFP SOC3 -
© {1 - VLFPSOCY [T
<10 —-=- V-LFP SOC10 = 0.6 B
> o2/ 9 — LiFePQO, —
; 3
2 0.8 " 0.4 L) L
9 © Charge
= £ et
B 0" 0-27 =
U o 1.0 ~—— Ho-LFP SOC4
% z =
lg == Ho-LFP SOC10
g
-
@)
pa

T T T T T T
7100 7110 7120 7130 7140 7150 7160
E(eV)

700 70 7120 7% 740 7150 . Ng clear change in the K-edge position
Energy (eV) between LFP and the doped materials
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Fe K-edge and correlatlon XANES
= ’ @ Ho-LFP

> | @ Lep ft_\

- (" soco

0-2> J {5055 soc2 ’
0.23 S0C10

Normalised p(E)

Intgrated pre-edge intensity

Discharge
0.21 Fe?*
. b d Charge t
| . | . . . 0.19 .¥ Fe** \_ SOC10
7110 7112 7114 7116 7118 7120 7122
E(eV) \_  -soco Y,
0.17
«—=Ho-LFP ——LFP 7114 7114.2 71144 71146 71148 7115 71152  7115.4

38 J Centroid position (eV)
3.6

w
~

%o -|/ \r ® Pre-edge intensities are higher in Ho-LFP than LFP
7, One plateau One ® Indicating higher disorder in Ho-LFP than LFP
re:l‘:a"r:::"("e ® Increased Li-ion diffusion

N
o

20 40 60 80 100 120 140
Capacity/mAh gt

o




)

g
o
|

Normalised Intensity (a.u

P K-Edge XANES; V-LFP

-
on
|

—LFP OCV
—LFP SOC3
—LFP SOC9

V-LFP OCV @
V-LFP SOC3 ‘* :

V-LFP SOC9
V-LFP SOC10

LFP SOC10

-
o
|

0.5 -

o 2170 2180 2190
Energy (eV)

K-edge energy values are
upshifted during delithiation

Change in pre-edge feature
due to electron redistribution

Caused by hybridization
between P (p-orbitals) and Fe
(d-orbitals) (DFT-calculations)

No discernable change
between LFP & V-LFP




]
P K_Edge XANES; Ho-LFP ® K-edge energy values are

upshifted during delithiation

ys T ‘ .74 * Changein pre-edge feature due to
oL 20010 j electron redistribution

= " . * Ho-LFP K-edge down(ll)/up(lll)-

| _° shifted compared to LFP

® Higher polarization (induction

a o w _
g7k \\ effect) in PO,3 anion in Ho-LFP
Y %

s o' }o \ than LFP

g 1.0 ° Di B ——Ho-LFP ——LFP

=

| o,
T

One plateau One
redox active
element

0.5

w
s

Voltage/V
w
N

I
w

0.0

g
©

| | | | | |
2148 2150 2152 2154 2156 2158
E (eV)

ik
o

0 20 40 60 80 100 120 140
Capacity/mAh g
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Conclusions V- and Ho-LFP
Fe and P K-edge correlation

V-doped Llil ‘Ho-doped L4|

T o Ep Charge( °@Q 50010
s Chal’ge o F33+ Y
| @LFP oY

7123 - 1 w4 SOC10
% 7132 1 - P _ - { SOCS
- 7122 8 > . -
(=] 1) -~
% 1 +? ;o 7131 /? \
o o ° ) f
T 7121 - o o o W™ - .\_
] H » -
~ . @ 7130 L ps ~ SOC4
£ 7120 p s 1P e ?

i @ ,. e
_ o ol € e - L S0C2
. S0CY-
7119 4 Discharge P /‘
7128 ~
Fe2* ocv - 5’6 9 Discharge
7118 T T T T T T T T T T T T T ] \ / Fez"'
2151.2 21514 21516 2151.8 2152 2152.2 2152.4 2152.6 7127 A0 — . . :
2151.8 2152.2 21526 2153 21534

P K-edge E; (eV)

P K-edge Ey/eV

* P K-edge Linear Correlation with the Fe K-edge
* PO, is active in the material enhancing inductive effect
* Higher capacity due to inductive effect

T
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Take away message

V and Ho are redox inactive and does not contribute to
the induction effect during battery cycling

V-LFP introduce an up-shift in the K-edge position
resulting in shorter Fe-O bond distance — improved Li-
ion diffusion

Ho-LFP shows higher disorder in the local structure than
LFP

Lattice defects due to presence of V and Ho may improve
rate capability as b-axis shorter

P is active in the redox mechanism during battery
cycling

® P K-edge in Ho-LFP is upshifted compared to LFP
indicating higher polarisation (induction effect) - higher
specific capacities.
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* Decoupling Polyanion Redox from Electrolyte

Contributions in LiFePOa: InS|ghts from Fe, Ho,

e Oxygen redox in Li, FeS|O

xaman Spect roscopy (XRS) . e

. HOw manage Oxygen redox |nL|N|I\/InCoO
(NMC): Insights from DFT simulations
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Layout | Kenyf

* Decoupling Polyanion Redox from Electrolyte | S
Contributions in LiFePOs: Insights from Fe, Ho,
V and P K-Edge XANES

* Oxygen redox in Li,FeSiO,: Insights from X-ray

nage Oxygen redox in L|N|I\/InCoO

: Insights from DFT simulations ¥




Aims of study ot I Fupeir
ALISTORE*
’Flykﬂem Bat
“ A Our aims are: Metrology il;OfCt
* Understand the @.
activation of oxygen for \_ S o]
different stoichiometries [E—
of NMC and e
 Understand its effects on L N )
electrochemical Gen-Al

performance Ontologies 4




Summary and Aims of WP4

@ka‘eﬂ* Bat

Metrology Project

The aim of this work package is to develop computatjonal BN
4

tools to support the experimental metrology that is tlo be

developed in WP1, WP2 and WP3. bornb]
Develop modelling and computational tools - large datasets -

enabled by hybrid metrology.

-

Task 4.1
Theoretical

~

calculations to aid in
the interpretation of
experimental data

generated in WPs 1-3

-

Task 4.2
Establishment of a

tools to handle the
accompanied large
datasets

~

database and associated

/ Task 4.3 \

Application of ML approaches
to enable automation of
hybrid operando data
handling.
Specifically targeting
prerimental outputs of WP3J




Computational Setup

Computational Set-up

« CRYSTAL2023" - All electron Gaussian
basis set

* PBEO - hybrid functional

e 2x2x1 cell contains 12 transition metal (TM)
sites.

* We thus refer to it as the 12-formula unit
cell.

* NMC633: Ni-poor NMC phase compare NMC622
* NMC1011: Ni-rich NMC phases compare NMC811

_d
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Jahn-Teller Distortion - Validation of method

Ni2* Bond lengths (A)

Ni-O
Ni-O
Ni-O
Ni-O
Ni-O
Ni-O

2.014
2.018
2.025
2.032
2.051
2.059

Ni3* Bond lengths (A)

Ni-O
Ni-O
Ni-O
Ni-O
Ni-O
Ni-O

1.879

1.881
1.907

1.914

2097&:
2.103

4x&2x
Similar
Ni-O

« 1st and 37 layer:

» Local distortion and spin state of the TM ions are strongly correlated.

Even if composition is the same, different layers have different
local structures.

- Ni?t HS, JT inactive
- Ni** LS, JT active

- co®* LS, JT inactive
- Mn** HS, JT inactive

« 20 |ayer:

- Ni‘* HS, JT inactive
- Ni** LS, JT active

- co®* LS, JT inactive
- Mn*" HS, JT inactive

PBEO using the CRYSTAL23 code correctly identify local geometries
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Polarons

NMC633: Observed Metastable State

. Intermediate state (IS) c:-bserved for

- The structure is metastable relative to
the low spin (LS) solution, but a local
minimum in the energy surface could be
formed as transient species during
cycling.

- Importance of polaron-induced
distortions.

« AE,;_,s~0.5eV per Cobalt ion.

Oxidation and electronic state of the
———  TMs adapt to the local environment.

Local distortions induced by polarons
can force ions to adopt a different spin-
configuration, even if other
configurations are energetically more
favorable.

E

University of
AE; c_;s~0.56eV per Cobaltion. I(Q'nt
®
$ N : } i Why is this important?
el e  §
Y e, & * e~ are added and removed from the d-
- | orbitals upon battery cycling. If the local
| dy2_ )2 environment permits, some e~ may be
dea_y2 dyz pulled from and added to TM sites where
[ d,: the JT distortion is not the most stable.
d, « Could be important in the
e degradation of a battery.
L d d,,

Se-pa rator
E . 'L‘h.i g ing
Dmhar*'l; ®
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lon distribution sty o
on distributio Kt

Our focus is on Nickel-poor and —rich Li(NiMnCo)O2 (NMC) cathodes.

« Configuration with Mn and Co in
same layer is more favorable.
« A 12-formula unit cell is used in

1Ni?t, INi®*, 1Mn** and 1co*t. both cases.

Ni/Mn disproportionation is
present in each TM layer.




De-lithiation - OXYGEN redox

~ 1eV activation energy/Li-Ni anti-site defect.

75% Lith.

Local threshold for O activation: at 75% and 50% lithiation no O activation.
Once the cell reaches 25% lith. Oxygen will participate in a redox reaction.

50% Lith.

| 25% Lith.

University of

Kent




OXYGEN activation Ul(eﬁf

Density of States analysis shows a difference between O ions in defect-free vs
anti-site environments.

0 2s . Li Vacancy Env.

25% Lith.




R
Co-protects oxygen activation K i

There is a threshold for Co activation also: at 50% lith. no O
activation, but Cobalt goes to 4+ oxidation state (initially 3+ ).

CadeL5)

-

Sheorter Co0; bond lengths, higher A,

Cala(l? [

4 - + -
Longer Co@; bond lengths, smaller &,

Lo+ {1}

unoccupied
t2g state

:nq-u. eV} : HEEWihr distorted environment

50% Lith.
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A Hybrid DFT-CTM Method for Theoretical Spectroscopy  ujiversityof

Kent
1. DFT: Nickel L-edge Spectra (NMC622)
Pl =~ 172+ V(1) Vi) + Vi 1) 4 ry =
"\". «eeses State B

2. CTM:

~ ~ ~ ,\1-,\ ,\T,\ A
Herm = Hatom + Hor + Vinix ; (Cdck ¥ Cde) T Zk: &Ny

Y
oG

!
!

Intensity

3. FGR:
21 A 12
I; =7|(f|H ||)| S(E; —E,)

Using electron density in 3D structure
from CRYSTAL-code to predict K- and L-edge spectra
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Ni - Theoretical L., — edge transitions University of
s 5 Kent

Ni3+ {Low Spinl

* Octahedral Symmetry 0,

M —— Wi+ [Low Spin]
N i2+ » 6 0% ligands

#» Charge-transfer Agp = 3.5 eV

Difference
in L;-edge

o6 > 1|]Dq =2elV

# Slater-Condon screening at 50%

* Hybridization:

[o5::1.8 eV
B2 sz:::,:l.[} = SpeCt ra
o e e w0 Bes At a7 frr as betwee n
Ni3+ (Low Spin), O1- ligand
LD [ ]
B bl ik o - Expectations: Broken 0, Symmetry: N |2+ a nd JT—

as Ni3+ »5x0% +1x0°

¥ Larger charge-transfer Apr = 5eV

distorted
Ni3*

06

¥ Smaller 10Dg = 1.2eV

04
¥* Slater-Condon screening at 90%

* Less hybridization:

L%

o,

B30 853




Theoretical L,3; — edge transitions

To write down the absorption spectrum use Fermi’s Golden Rule: N i2+

* Nil_-edge agree
P — with experiment
L-edge still

need more work

— Nid4 Low Spin) — Data Discharged

a8

0.6

L)

a2

0.0

T T T T
a0 B3 |60 aes arn ars BE0 Bas BS50 BSS aed HES aro B7S

*= Kleiner et. Al., A rewiew and outlook on anionic and cationic redox in Ni-, Li- and Mn-rich layered oxides LiMeQ2

Calculated L-eage XAS: Cod4

- + Calculated L-edge XAS: Mnd+
O Co3+ 1o
+ OMa+
‘ [ Background
. - Data ue n [CBackground
— Flt : « Data
. —Fit
0.6
o4
04
az
0.2
Ii;S T;D Té! ?;0 ?S"J BA;O 805 K
Fhoton Enermy (ev) 775 780 785 790 795 800 805 — . . - ; !
635 640 643 650 635 80 637 642 647 652 657 662

Photon Energy (eV)

Importance of choosina the correct set of CTM parameters!




1ase study Creatlng Database - MLtools Al u s

NMC622 Ni K edge XAFS (reci| proca al s spac e) 1

q . ExperlmentalXRD
and XAS data
B e Simulations of * Visualisation Tools
: structural ANE'd » Statistical Tools
' parameters Y
| * Training Set
————

DATABASE

* Experimental XRD
N
data

i e Simulations of
XRD
. Validation I o
B . z
g: | — /. Training Set - Machine Learning (ML) tools
. I T b ——— . * Predictive tools — Artificial Intelligence (Al) l
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Example OpMetBat: Creating Database - ML tools - Al

Neural Network using Tensor Flow

<TM Layer 1

<TM Layer 2

i=1

( Loss = —— > i log(3) + (1 — y:) log(1 — )]

Generate TM bond lengths
(random or by DFT) Y; = actual label (@ or 1)

H 4J; = predicted probability from your network

N = number of training samples

V

Construct simulation data

‘ Train on simulation
S data
{"Sim ID": 1 " SQL Database |

7
"Bond_Lengths": { Y 9
llTMll : { ~/ ——
" ", —
13":[1.881, 1.886, ...] > > ;
} JT classification : AT
} 4 \ Neural NetWOI‘k y & 3 50% Lith. ;25%(IV.|th.
—_— @s 52ms/step
: predicted Distorted (p=0.89) | actual: Distorted .879, 1.934, 1.935, 2.857, 2.865]
FetCh : predicted Distorted (p=0.98) | actual: Distorted .89, 1.897, 1.982, 2.185, 2.1@9]
t) (j | tr] : predicted Distorted (p=0.73) | actual: Distorted .919, 1.942, 1.948, 2.151, 2.159]
ond lengths : : :
: predicted Distorted (p=0.93) actual: Distorted .872, 1.923, 1.933, 2.7, 2.87]

: predicted —- (p=0.02) | actual: —

: predicted Distorted (p=0.9@) | actual: Distorted
: predicted Distorted (p=08.96) | actual: Distorted
: predicted -- (p=0.81) | actual: —-

: predicted -- (p=0.85) | actual: ——

: predicted Distorted (p=6.88) | actual: Distorted
: predicted (p=6.87) | actual:

: predicted (p=.85) | actual:

.906, 1.967, 1.913, 1.92, 1.921]
.876, 1.944, 1.947, 2.872, 2.874]
.884, 1.912, 1.915, 2.892, 2.893]
.01, 2.04, 2.943, 2.855, 2.856]

.928, 1.931, 1.931, 1.932, 1.938]
.918, 1.935, 1.937, 2.154, 2.169]
.932, 1.933, 1.938, 1.938, 1.942]
.925, 1.926, 1.928, 1.94, 1.943]

RPRRREPRNRREPRPRRERR
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Take away message

® Ni?*/Mn* disproportions if in same layer

® Polarons forms as metastable states,
leading to battery degradation

® Oxygen shows redox activity in
presence of Ni anti-sites

® Co protects oxygen activity

® Hybrid XRD/XAS; XAS/SAXS; XAS/XRD/Raman;
XAS/XRD/EIS

® Collect standardised data in database

® ML tools applied to structural (experiment/theory) and
electrochemical battery properties
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Material Characterisation LiFe, Mn PO, st

Kent

ﬂ —LiMnPO,

—~ —LiFEO.sMno.5PO4

3

g 1 J( MJUL}LJUUJL)\_M w i A

."5

é ——LiFeo.sMng..PO4 /\

2 o e

9 s 8 & _&_ _

g | s 3 |85 s <=8 aszg  —LiFePO, A
R BRI
‘ ——COD 1101111
I| : || : | I||I|I ||I |I||‘ |.|||.I|'."'.|'|'. ] J\I | : | . :

10 20 30 40 26 (%) 50 60 70 80 32 34 36 38 40
Sample a (A) b (A) c(A) Vol. (A3) R, R,
LiFePO, 10.326 6.004 4.693 290.9 3.72 24

LiFe, ;Mn, ,PO, 10.353 6.023 4.705 293 4 3.42 2.20
LiFe, .Mn, -PO, 10.397 6.052 4.727 297 5 4.65 2.90
LiMnPO, 10.452 6.103 4.749 302.9 8.57 5.57
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N
O

Potential vs Li/Li+ (V)

24

1,9

LiFe, ,Mn,PO, Theoretical Capacity =170 mAh.g" (x = 0-1)

— LiFePO, (LFP)
__ LiFe,gMn, ,PO, (LFMP)

............

1st cycle

.......... 5th Cycle
3,35 : ' : ' '
20 40 60 80 100
Discharge Capacity (mAh.g-")
LiFePO, LiFe, ;Mn, ,PO,
1stcycle 5t cycle 1stcycle 5t cycle »
124 128 132 184 | (I S et
1 | 1 | 1 | 1 | 1 | 1
25 50 75 100 125 150

Specific Capacity (mAh.g)




Normalised p(E)

Fe K-Edge XANES

LiFe, jMn, ,PO,

-=- FeO(ll)
=+ FePO,(lll)

Discharge

f 2o0veasv/h — Ppristine

— 4.3V @ 15tCharge
~ 2.0V @ 1%'Discharge

_______

.-
- -

7200
Energy (eV)

* No change in K-edge
position

* Observable changes in

pre-edge features

* Larger upshift

==LFP 4.3V @ 1st Charge
r ==LFP 4.3V @ 5th Charge )
g | Caniens in LFMP than
= .
in LFP
E Higher Energy in
b —
: = Sl | e Increased
0 | | ) | Time (h) )
7105 7125 7145 7165 ca paCIty
Energy (eV)

during battery
cycling?

Mn K-Edge XANES

- \ Mn-K LiFeogMng,PO, | - o MO0
. - . L= Mg Qg (1L
NN : . . . R (¥ o 11} R
3 I e — Piistne
: : I'-I",: —— 43V @ 1% Charge :
. Ce "'-fz - 348V @ 19 Discharge’ * |-
: : —— 20V @ 1 Discharge -
g P P ...... —
=1 . Eogams T,
. ¥
@ :
0 L
£ .
E
=
. . 6544 . 5546 . 6548 . Iy g : ]
) o0z )
: 0 : B . o . e I653§ o “ 540 - 5542 :I654-4- L : :

Enarms (el




Fe K-edge and correlation XANES

| |
Increasing Disorder & Tetrahedral Coordination [6lFe2+
] []
' ' ~FePO, (Ill) 01 3 e
oot b o S
Ire ] f P
; ) | i B Mﬂ
® LiFeygMnj PO, (LFMP) : #1— o
L - Avg. Fe2*! | [4Fed* 45— @— 7O
1 1
g --- Avg. Fe?| i i
o | [IFe2* ' FeO (Il
< I ! FeSO,7H,0 e0 (I
% 02 r | | —& ! \
E : : 0 | i .
é E Fe;0, E 71127 7112.8 7112.9 7113
o ] ]
E ' \i : | | Fe higher oxidation state [6lFe3*
1 1
g : | [Fer ER #9
2 : e 0.11 L= H#2
E 0-1 i dl F3203 (I") \_ #2==" ,_E \E_ ii
[6]Fe2* i ’ﬁ—‘ ;\ :
FePOL-2H,0 (Il | FeL0: (1)
’. 4tz i ischarge
m}L e -0 I i FePO,2H,0 () —— &
FeO ()4, | Perfect symmetry | | sPO, 20 ()
O L 1 | I [ | 1 006 | i
7112.2 71127 7113.2 7113.7 7114.2 71147 7114.05 7114.15 7114.25
Centroid Position (eV)

Higher symmetry
lower XANES
intensity

Groups in
different oxidation
states

LFP higher
intensity than
LFMP

LFMP higher
ordering than LFP

Increased
intensities as
battery cycles

Atomic structure
is ordering during
batter cycling

 _d



Mn K-edge and correlation XANES

* Differences
between
standards due to
different local
environments

* Charged states
shows

011 | T

= :
s

e LiFe,;Mng PO, (LF

similarities with

\_ Mn(lll) )

_ _Infegratéd_Pr_eredgefAr_ea o

e
fan]
=

Mnac{II;_?%_ S

"j.':Standar:dS"':'"':"":"":"":"":'

MP)

Mn-I{LanP'D*.

: Pﬁsﬁn&:

- ocv .

~TEOC 2
—= S0C3-

o © 20 ' 40

- ' 1

Specmszﬂapamt:.r{rnﬁhgﬂ . 0. - 1
6560

#3 _ : ESED

=4

#35F1ﬂ*d|scharge . : .

6600

.ﬁEdD.

-~ 0.03

- SIMn2+

MﬁF;[IIT

MnBry-4H,0 (II) - - 3 i | | | i

[6]Mn3*

e o e ——

.E .éEEﬁE N P

. . :M D:III : :
- C;5Hy MO, (I} Lo ."2.:*..{. ) .

654045"""

65405

6540.55

65406 -
Centroid Position (eV)

6540.75 -
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Li Fe P04 (S Oft-XAS) ‘ lLo Batteries cycled BM28

J— @ ESRF

= 4, : Ex el Special cell designed for
(. : \ operando measurements
. [ [
Capacity as function of P K-edge as function of
| binder 17 binder
| = PVDF NMP
g 15
PAA
) L 1,3
\ PVDF/NMP
| —CMC/SBR 2 1.1 —CMC SBR
3 & 09
w | -
| —= 0,7 5+
8 0.5 >P Simulations
p 7 f,ﬁ[ Predict
2 0,3 . PAA
! s 0,1 properties
0 25 50 75 100 s’ 15 = -0,1
Capacity/mA.h/g
2151 2152 2153 2154 2155

Energy (eV)

Parmenter, Attard-Trevisan, Pang, Hogan




Li Fe PO 4 (S Oft'XAS) : l'\” Batteries cycled BM28

- __-//L—""CI — @ ESRF
: o — G Special cell designed for
| , \ operando measurements

P K-edge as function of

Binder function .
17 binder
=5 PVDF NMP
Electrode Components 215
Traditional approach New polymer E PAA
Polymer: o - 1,3
Increase conductivity m _'? 1.1 ——CMC SBR
N
Active material vot / _|GC_2 0,9
‘ c
> P = 0,7 5+
3 .’._‘_ 3 0.5 >P Simulations
- Q7 f,é[ Predict
Y s N\ T 03 . PAA
5 0,1 properties
W 9 \
-0,1
2151 2152 2153 2154 2155

Energy (eV)

Parmenter, Attard-Trevisan, Pang, Hogan



LiZFeSiO4 (EXAFS) - Structural stability

Avg Bond Length {Ang)

University of

3.7

3.6

3.5

3.4

3.3

3.2

3.1

Li,FeSiO,
mar B
T ‘ ﬂ.
'. [ | N \
g B \
) X
L *e 4 »¢ *‘Q 2 ‘
1.7 1.9 2.1 2.3 2.5 2.7 2.9 3.1

Oxidation State (Fe"+)

Kent

e Si—-Fe constant as
oxidation state
hange

4 Fe - Si(2nd shell)
B Fe-O (3rd shell)

A27mg

26Mg

*26mg_4.4C * Fe -0 distance

increase with
oxidation state

®27mg_1.5Ch

—26mg 42Ch

-26mg 4.4C b




R(s-0) (A)

LiFeSO_F - PEDOT (XAS)

1.5

1.496

1.492

1.488

1.484

1.48

State of charge / %
B0

|
LiIFeSO F-PEDOT

Charge profile, C/10
2 XAMES measurements

k I L] I Ld L] L] | | L] L L] I L] L] L] I L] T L] i | L]
0 20 40 GO0 ; 80 100
Q/ mAha
@ . . L
DFT simulations e
- 1
alch £
50" \iwes® \laﬁ"‘.'gﬁo '.'-*E'i":"’“lr‘.'L
@
@
e ® R(5-0) (A)
» s-edge position (eV) *
2.26 2.28 232 2.32 2.34 2.36 2.38 2.4 2.42 2.44

Mulliken charge (e)

A. Blidberg et al., J. Power Sources, 418, 84 (2019).

p W e .
4] "] 1]
s-edge position (eV)

]

S K-edge in the SO,% anion is sensitive to changes in
electron distribution
Electron distribution changes with battery cycling

]

ot | Fe K-adge

E“I 0 - —
[

£

Eﬂ.ﬁ- FEE* FE,!-I-

= — R
W™ ] . 3,50V
Eoo- il 4.10 V
L= T T T T T T T T T T
- TA100 TA10 T120 F130 T4 T150 F1el

Excitation energy / eV

e 2
'\-
I 1%
III
1
..-ﬂ-..._l_
e

-

LL

Normalized absorbance =
%]

1S K-edge

5
L
L
F
¥ s
.

1 o
| = -r-H i1

—_—2.50V
1 3.59 V
0 " LA
T I Li r L | | L . L
2460 2470 2480 2490 2500 251{!
Excitation energy / eV




	Folie 1: Can computational modelling reveal what experiments can’t?
	Folie 2
	Folie 3
	Folie 4
	Folie 5
	Folie 6
	Folie 7
	Folie 8
	Folie 9
	Folie 10
	Folie 11
	Folie 12
	Folie 13
	Folie 14
	Folie 15
	Folie 16
	Folie 17
	Folie 18
	Folie 19
	Folie 20
	Folie 21
	Folie 22
	Folie 23
	Folie 24
	Folie 25: Can computational modelling reveal what experiments can’t?
	Folie 26
	Folie 27
	Folie 28
	Folie 29
	Folie 30
	Folie 31
	Folie 32
	Folie 33
	Folie 34
	Folie 35
	Folie 36
	Folie 37
	Folie 38
	Folie 39
	Folie 40
	Folie 41
	Folie 42
	Folie 43
	Folie 44
	Folie 45
	Folie 46
	Folie 47
	Folie 48: Summary and Aims of WP4
	Folie 49
	Folie 50
	Folie 51
	Folie 52
	Folie 53
	Folie 54
	Folie 55: Material Characterisation LiFe1-xMnxPO4
	Folie 56
	Folie 57
	Folie 58
	Folie 59
	Folie 60
	Folie 61
	Folie 62
	Folie 63
	Folie 64
	Folie 65
	Folie 66
	Folie 67
	Folie 68
	Folie 69
	Folie 70
	Folie 71
	Folie 72: Summary and Aims of WP4
	Folie 73
	Folie 74
	Folie 75
	Folie 76
	Folie 77
	Folie 78
	Folie 79
	Folie 80
	Folie 81
	Folie 82
	Folie 83
	Folie 84
	Folie 85
	Folie 86
	Folie 87: Material Characterisation LiFe1-xMnxPO4
	Folie 88
	Folie 89
	Folie 90
	Folie 91
	Folie 92
	Folie 93
	Folie 94
	Folie 95
	Folie 96


  Δ  E  L S − I S ~ 𝟎 . 𝟓 𝟔 𝒆 𝑽


   𝑳  𝟐 𝟑 − 𝐞 𝐝 𝐠 𝐞


   𝑳  𝟐 𝟑 − 𝐞 𝐝 𝐠 𝐞


  𝐋 𝐢 𝐅 𝐞 𝐏  𝐎 𝟒 ⇄ 𝐅 𝐞 𝐏  𝐎 𝟒


  𝐋 𝐢 𝐅 𝐞 𝐏  𝐎 𝟒


  𝐅 𝐞 𝐏  𝐎 𝟒


       i p = ±  ( 2 . 69 × 1  0 5 )    n   3 2   A C     D  a p p v #


  Δ  E  L S − I S ~ 𝟎 . 𝟓 𝟔 𝒆 𝑽


   𝑳  𝟐 𝟑 − 𝐞 𝐝 𝐠 𝐞


   𝑳  𝟐 𝟑 − 𝐞 𝐝 𝐠 𝐞

