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Next generation batteries

Solid state batteri
X - r a y s & n e u t r 0 n s . gl;erfsa:éestalilgyr,’ersneta/ stripping & deposition

High temperature batteries

« lonic liquid electrolytes, SEI formation, ...
Na-ion batteries

« Operando imaging of hard carbon electrodes

Aqueous Zn-metal batteries ) ORI ) .
" -y ELECTROGHEMICAL PERFORMANGE
« Functional separators “
« Electrode engineering
* Plating stripping processes 7
. Processes on metal anodes & interfaces

* X-ray Imagmg (SAXS/WAXS nano-XTM, uXTM)
* GI-SAXS/W/

Elsctrochemlcal signatures i i% Q
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My research?
Looking at things while the happen...

X-ray tomography Raman spectroscopy P’
(chemlcal specificity, fast) i
| ! s'a' LNO H
Graphite a2 M e
Na-ion '
ChemPhysChem 62021100853 (2021)
(2021)

nergy. Mat. 21031 )
Batteries & Supercaps 6202400070 (2024) Sci. Adv. 7, eabf0812

Small angle x-ray imaging

Neutron and x-ray

SEl formation

\mall Stuictures 2300119 (2023) Advanced Science e08635 (2025)
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The Nobel Prize in Chemistry 2007

THE NOBEL PRIZE
IN CHEMISTRY 2019

The Nobel Prize in Chemistry 1918
Chemistry 2000
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The Nobel Prize in Physics 1987

Electricity & heat generation

Increase efficiency of
conventional sources!

=
e My

What do we need in the ture’?
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Energy saving...

The Savings...

2026-03-16

Electricity & heat generation

Enable future renewable
energy systems!
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Solar energy harvesting

Best Resea
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Electricity transfer

Can we reach 1 MV?

O Franbeter
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= o = Hydrogen storage gets real

a7 VN
CHEMISTRY \\ORL D AVs Pk [E)

Energy storage & conversion
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Energy storage & conversion
100 years of development....
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Energy storage & conversion

OcToBER 27, 1934 NATURE

‘men who founded this Institution 1o come amongat | piston temperatures, b
ehich thay left us has been fully preserved.
Battery-Blectric Cars

Training of Mercantle Marine Officers many yoars of

in & roport just issued by
10 tho Manning Committoo of the Shipping Federa- | Great Britain is Jargor

of instruction, to sct snnual examination apoi

“I fool that if it wers possiblo for those far-secing | wear, valvo scat wear, bear
rakes and other matters, ond
to-day, they would consider that tho great heritago | from thes valuable information has btained.

Arrea many 3 almost suspended animation,
Sour important recommendations for the better | the battery.clectrie vehicle industry is showing signs.
training of apprentioss for sca service aro containod | of lifo. At the Exido motor show, Mr. D. P. Dunne
st is ‘Advisory Committoo | stated that the monthly ontput of these vohicks in

than it has ever been bef
tion. To qualify for tho position of & junior officer | Compared with petrol vehicles, thoy mako less noiss
‘hocossary 1o | and produco le atmospheric pollution. _Statistics
servo an apprentiocship of four yoars, or throo years | provo that their ifo is much longer and their main
tenane

o
road vohiolo. Several

Trado oxamination for sccond ms poras ric vans in connoxion with
thers is course of instruction or any | their cloctrical appacatus hiring schemes.

formity in training for apprentices or cadet fam has vans with o spocd of 20 miles
very often it s only with the + difficulty that | per hour 50 mills por charge. They
apprentiocs pr hemselves for oxamination. an clostrio motor coupled to the back-axle through
Some shipping companies have special sch differential Tho o ents aro
training ; but suoh is not tho gencral case. Tt is now | quite i provided on tho dashboard
proposed that a Central Boand of Control should bo | for mai ero is an auto-
ot up with the powar to draw up a stands

iood & night taril of 0-66d.

ws ‘ matic control to limit the rato of charging. This

per unit for vehiclo charging. In cortain cases, such
ehiles will prove more cconomical than petrol vans
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Looking into materials and devices

Discipline

° !
Gev Nuclear ‘Electroni
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Mo
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Electronic transitions EE
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Length Scale
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From atom to cell

|

Adv. Energy Mater. 2022, 12, 2102694

.

Active material
— insertion/intercalation/phase change...

Particles

— volume change/cracking/interphase
Electrode

— cohesion/inhomogeneous distribution of
components

Cell
— swelling, inhomogeneity of processes, ..
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Looking into materials and devices

:i:?%w’ .

o @

NMR SAX/SANS
ND/XRD XT™M
TEI\>/<IPS SEM
ol ‘e Electronictransitions

£

Length Scale

24




X-RAYS & NEUTRONS?

2026-03-16
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Neutrons?

692

TheExistence of a Neutron.

£

LI
bombard
the y-ray
this Lind

Proceedin|
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X-rays & neutrons

X-rays Neutrons
« Electromagnetic waves = Subatomic particles
A—0.1-100 A (E=120 eV-12keV) = Interact with atomic nucleus
« Interact with the electronsinthe = No “free” neutrons
material v

= By changing their velocity we can get
4=1-30 A (80-0.1 meV)
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X-rays & neutrons

Neutrons:
+  Scatter
— elastically
— inelastically
+  Absorbed
X-rays:
= Scatter
— elastically
— inelastically
= Absorbed
= Excite core electrons i@
Roger Pynn: Neutron scattering — a primer — photoelectrons e
Los Alamos 1990 B4
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Characterization techniques

D S e e % ol
e e S
Walevector Q[AY] 193 102 100 1 10 107 10° —
78 T g  robe s -
100 it ooy St "’“...«"’;',,‘
e
= o
= et e
zl 4 Ught ml:”,,.\w
£ z [ e e
= 5 = e
o - o |,
g 1 e H £ 107 o
S 10° witosn S & = o,
Omenicute i scio it e
eoterng 383
L] 10¢
Length[m] 1049  twerns o
100102 10% 105106 107 10% 10° 10% 10" 10% 101 101

il

EPJ Web of Conferences 188, 05001 (2018)

Scattering experiment

2
d*o
0 = [ dwsQ

do total scattering cross section

Oy =0 +0, +0p

—i{wt-0r) (

Po / .
20 farfare 0(r0)p(r +74)) = S(Q.0)

#rd) =% [ plr O)p(r +72))

‘ 2(t) < S(0,w) (Fourier transforms) ‘

detector
In the experiment we measure the double kldvfl
differential scattering cross section g Scattered beam
o ko, Eg 20 ko, Ep
R0 incident beam transmitted beam

Dynamic structure factor
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Neutrons for materials science
= Fission in a nuclear reactor

= Spallation process —

X-ray and neutron facilities for materials science
bombardment with protons E ”

o2 e

Length Scale
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Neutrons

MAXIV

4;"“‘ SLSPSI
Fy.f Gl

PETRAII ESRF

User facilities
— best science

User facilities .
— best science ISIS
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Contributing to the development of society!

sustainability
health
energy

— tackling global challenges with research infrastructures!

2026-03-16

Contributing to the development of society!

L ——

0e0
]

Virtual Screening Identifies SARS-CoV-2 Main Protease
with Broad-Spectrum ruses

e
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Using neutrons to look into materials @
X-RAYS OR NEUTRONS?
;’;y;\ca\ Review 83, 334 (W%T
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X-rays & neutrons

X-ray scattering power Neutron scattering power

ne oo @ m o IV Y JIJ
-2 2 QU9 I IR
.
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Physics Today 59, 5, 44 (2006,
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X-rays & neutrons

neutrons:

J=1-30 A Neutron X-ray X-rays:

(80-0.1 meV) N /7 i10-0.1A
L2 h* 8181 (E=1.2- 120 keV)

Eoam R

Oxygen Copper  Barium
* [ ]

Neutron scattering power [ ) . [ ]

x-ray scattering power
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X-rays & neutrons — structure/morphology )

molecules

10 1 01 001 ogor @-2Wd A w
T Torbreih ] T £

viruses

bacteria
nanopiticios gy

micellos pol

,Mi}mm

" Xcray imaging
SISANS Neutron imaging
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X-rays & neutrons — spectroscopy
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Binding energy / oV

& . INS

i tam mm 1oomey
= Excitations |
(electronic/magnons/phonons)
= Dynamics

oes oy

= mﬂm'.

5

5,0 Iy

= Atomic arrangement -~ — diffusion, rotations, .... L P, ﬁﬁfﬁ ]"“,""

= Molecular aggregation E = Chemical information ol & 08K Bl

= Nanoparticles I — oxidation state, speciation... 3

= Interfaces X-ray/neutron imaging = Chemical contrast s UM -

= Morphology . O * s
JARos

3 it een ot NSE
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T 3

43

44

11



Contrast?

Time- & length scale of the process?
Spatial & temporal resolution required? i
Size of the beam?

Possibility for a relevant environment?

X-RAYS AND/OR NEUTRONS!

(or not atall...)

2026-03-16

Case study — batteries!

45
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®800

CELL MODULE PACK

MODULARITY — FLEXIBILITY — OPTIMISATION
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CELL MODULE PACK
MODULARITY — FLEXIBILITY — OPTIMISATION

x 7700 % 180
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X-rays and neutrons for batteries

LOOKING INTO MATERIALS

10101 00t opor CQ=2¥d (7
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LOOKING INTO DEVICES
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Material — component — cell

203,

separtor

390

% %\!
ND/XRD lg Q
s (-

NS

X-ray/neutron imaging

Adv. Energy Mater. 2022, 12, 2102694
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“Atomic level” — structure of material

A NEUTROK DIFFRACTION STUDY OF THE FERRIMAGNETIC SPINEL NiCo)0,

P. D. Battle and A. K. Cheetham
Chemical Crystallography Laboratory, 9 Parks Road, Oxford OX1 3D

J. B. Goodenough
Inorganic Chemistry Laboratory, South Parks Road, Oxford, OXI 3QR

John Goodenough

Mat. Res. Bull. Vol. 14, pp. 1013-1024, 1979. Printed in the USA.
0025-5408/79/081013-12§02.00/0 Copyright (c) 1979 Pergamon Press Ltd.
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“Atomic level” — structure of material
OPERANDO NEUTRON DIFFRACTION @ POLARIS/ISIS

Material — component — cell
: E ‘ }h — .,.;f e

LiFePOa vs. Li metal

 MAAAASER RRINR

XPS

INS SAXS/SANS
X-ray/neutron imaging

K. Edstrom et al, J. Pow. Sour. 248, 900 (2015); J. Pow. Sour. 226 249 (2013)

53 54

Adv. Energy Mater. 2022, 12, 2102694

“Particle level” — graphite/Si anode “Particle level” — graphite/Si anode

— Delithiated (2.8 V)

= Linoted (43 )
Cyeing iom baterycol 10

@

=

Cocaoer 3 Domains
3 3 nmto 60 nm

Nanoscale Nanoscale S| £
{om) (om) Fl 8

2107 |3
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e .
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‘_,// p. 3
== 0as| ~ =
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Lithiation & delithiation of graphite
ACS Nano 2019 13 (10), 11538

ACS Nano 2019 13 (10), 11538
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“Particle level” —inhomogeneous lithiation : “Particle level” —inhomogeneous lithiation

Lithiation of LFP cathode — all particles are not lithiated at the same time

Si Frame
SigN, Membrane

t=30min t=a3 min =85 min =90 min

Adv. Funct. Mater. 2015, 25, 3677-3687

57 58

Adv. Funct. Mater. 2015, 25,3677-3687

“Electrode level” — sodiation of a HC electrode ( %)
SWAXS |mag|ng of sodiation of hard carbon anodes

Material — component — cell

2033838800 u : Plateau reglon: . + SAXS.
. g pore filing . \ 5
= ] g i
Batte ] - Particiesurface _ Microporosiy
- — = —
Specic capacity = ——— : r\ e

b %\g
ND/xRD’g Q. ! J : 1L 7 '- s
EXAFS . R _— —};ﬁi e
NS SAXSISANS
X-ray/neutron imaging Adv. Energy Mater. 2022, 12, 2102694

59 60
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“Electrode level” — sodiation of a HC electrode &
SWAXS imaging of sodiation of hard carbon anodes .

s
10! 10°
q[nm']
waxs
HL.”A,L;,,,
s
q[nm']
SSAXS
SWAXS — —
—_—
Pt e e a e
1nm 1pm 1 mn

“Electrode level” — sodiation of a HC electrode
Operando SWAXS imaging of micropore filling

2026-03-16

@ Micropore filing .

=&

©
Advanced Science 08635 (2025)

2D images
5 B
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“Electrode level” — sodiation of a HC electrode
SWAXS tomography — 3D imaging of micropore filling

@ T\

Distribution of average intensity at 0.2 — 0.5 A"
a) Pristine b) Low degree of sodiation ) High degree of sodiation

209

300 um 300 um 300 um
= development heterogeneity with degree of sodiation %
Advanced Science e08635 (2025)

o) [ I High degree of sodiation
I Low degree of sodiation
Pristine

Aysusju pejeiboju

°
Y0801y 240
® fysuou perebon)
[
°
& syoeo-syzio @
fusuarun paresboli

o
® yogo-iyzio ©

°
o

10

Integrated intensity
at0.12A7-0.30 A"
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“Electrode level” — Li-metal

Theoretical capacity density (mAh g”)

ELECTROCHEMICAL SCIENCE
—— AND TECHNOLOGY

The Electrochemical Behavior of Alkali

The Solid Electrolyte Interphase Model

= E i
ssLuB It f Chamitry, Tei-Ave Uisrsty, Tt Ave, sk

4000 3860
3000
2000 [y
1000 4 M
Graphite Lithium metal JOURNAL OF THE ELECTROCHEMICAL SOCIETY

and Alkaline Earth Metals in Nonaqueous Battery Systems—

63

64
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“Electrode level” — Li-metal ﬁ Ce‘ “Electrode level” — Li-metal @ g @

= Operando XTM @ TOMCAT SLS/PSI (CH)
- 50 s/ tomogram Nano-tomography
—0.325 pm voxel size, ~ 1.0 pm resolution 832 um

CcHALMERS

Detcor
X-ray beam L |

-

= Counter electrode .
(Li-metal) ™

= Electrolyte
(liquid)

| = Working electrode

(Cu-pin)

* = 1min/tomo (3D) singe distance
— operando experiments

* phase contrast imaging = 8 min/tomo
— in situ/ex situ experiments

Plated Li (black) ie-

ID16B ESRF

Electrolyte (grey) e = Voxel size 50 nm/resolution = 150 nm

Cu pin (light grey){e-—

@ Psl

Nature Comm. 14, 854 (2023) chemrxiv-2025-wfdwx-v2

65 66

8- B

“Electrode level” — Li-metal
Growth of Li structures

“Electrode level” — Li-metal

6 min 12 min 24 min 60 min

" Celgard separator

200 kPa — 6 MP: ‘ i
a a DepostedLi Porosity 1st cycle:

760 kPa - 3.2%

BulkLi
=36.5mm

E

WP 180 kPa — 18 %

= EUROPEAN = EUROPEAN
BATTERY Bmmsnv
chemrxiv-2025-wf4wx-v2 AN HUEAA
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Porosity:
1stcycle: 3.2%
ot cycle: 20 %
-top 3.7%

- bottom: 33 %

2026-03-16

Material

— component — cell

Ns SAXS/SANS

X-ray/neutron imaging

Adv. Energy Mater. 2022, 12, 2102694

“Cell level” — a fulllreal battery

Nature Comm. 11, 777 (2020)

“Cell level” — a full/real battery

Al
A ier 4 iker

Synchrotron source

Journal of The Electrochemical Society, 2022 169 080531

71

72
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Improved s
LAy

ESRF-EBS

Exwenel

What to do with more neutrons/photons?

Bright sources & small beams

X-ray Imaging

= Image extended sample
volume with high resolution -

= Flexibility on sample
environment

= Combined modalities >

Acc. Chem. Res. 51, 290 (2018); ACS Energy Lett. 3, 356 (2018); Chem. Rev. 117, 13123 (2017)

2026-03-16

What to do with more neutrons/photons?

Bright sources & small beams:
= Precise data

= Nanocrystals

i OO
= Fast experiment i !
— screening g o
— kinetics, reactions s 1T/l e
— spatial scanning Q vivivi ;| {
= Complex samples/environment /"“ 1 f
— operando + N N ..
— processing —

Acc. Chem. Res. 51, 290 (2018)
ACS Energy Lett. 3, 356 (2018)

Chem. Rev. 117, 13123 (2017)

74

What do we need for 2030+?

N
/( Fundamental - g Materials & devices in A
[~ discoveries ™ action >/
~ s~ -
= Instrument development * Linking y, industry &

= Dedi sample envir
= Workflows & data infrastructure

= User support & training

= Access
———
Innovation ;

~— s S

= Complementary infrastructure

Education

—

75
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ENERGY.
PERSPECTIVE MATERIALS
advenergmatde

Accelerating Battery Characterization Using Neutron and
Synchrotron Techniques: Toward a Multi-Modal and Multi-
Scale Standardized Experimental Workflow

Duncan Atkins, Ennio Capria, Kristina Edstrém, Theodosios Famprikis, Alexis Grimaud,

Quentin Jacquet, Mark Johnson, Aleksandar Matic, Poul Norby, Harald Reichert,
Jean-Pascal Rueff, Claire Villevieille, Marnix Wagemaker,* and Sandrine Lyonnard*

Battery Interface Genome - Materials Acceleration Platform -5 @ﬁ’@
BIGMAP -

The battery hub at ESRF: accelerating and
standardizing battery characterization workflows

The batteryhub project
WPQ - Coordination. IRIG UBAA
Multiparameter Correlative characterization

WP1. Na-ion ®
11 Resctonand ot

degradation mechanismsin
ATTN  iquid-based NIB row ms an
A\ 4

12 Towards stable high
energy cathodesand

= enhanced composite anodes
s

WP3. Synchrotron-based workflows & methods o' “2ect wuss

(iicer)

s,. SAXS —tomo
GISAXS/WAXY

@ 31 New techniques, methods & tools (G, ces o
° i sision

@ 32 Tronsterabilty to new topics and communities 5%, i

WP4. Towards an all-solid state Na battery
G BT o e T

2026-03-16

The battery hub at ESRF: accelerating and
standardizing battery characterization workflows
s tor : S. Lyonnard

e

The battery hub at ESRF: accelerating and
standardizing battery characterization workflows

The batteryhub project Bty
WPO0 - Coordination. IRIG JBAA
i Correlative c! izati

WP1. Na-ion *

1.1 Reaction and g roww ]
degradation mechanismsin
liquid-based NIB row me, s

S 12 Towards sable high
@ energycathodesand

enhanced composite anodes
wst s o)

New way of working!

Community driven approach

= sharing of ideas, beam time & data

= develop and share methodology,
sample environment & analysis tools

= bring new capabilities to the facility

WP3. Synchrotron-based workflows & methods ¢, ‘2t e

@ 3.1 New techniques. methods & tools i, cuRs o
Simp . aar modision

@ 32 Tronsterabilty to new topics and communities 5%
s

WPA4. Towards an all-solid state Na battery
G BT <o et T

79
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Neutrons & X-rays for energy materials research
—role of large-scale facilities

= From atom to device
—length scales
—time scales
— chemical sensitivity
— operando

= Critical mass for method
development

= Cost effective user support
& training

= Resources for handling big
data, data sharing & Al/ML

= Focal point for the community

2026-03-16

In 2040....

How do we access facilities?

How are we doing experiments?

What do we need in terms of support?

How do we work with data?
this ...

—l

-

and not this ..

81 82
Chalmers: CEA/Grenoble:
= Martina Olsson - |ctoryanpeene <>
= Josef Rizell = Sandrine Lyonnard
= Marita Afiandika ESRF:
= QuanWu = Jakub Dmec
= Andreas Erlandsson . \o/?ling?aﬂgfi'
= Elin Dufvenius 9 ;
= Gustavo Pinzon Forero
SLS/PSI :
: MAXIV ,
. K,,eder'claGM.am”g. : = Thorbjern Erik Kappen Christensen
lanuel Guizar Sicairos - |nn0kenty Kantor
Cesrcithoney yaeny VINNOVA
v J— 203 bl
83 84
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