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X-rays & neutrons 

?
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Next generation batteries

Solid state batteries 
• Interface stability,  metal stripping & deposition
High temperature batteries 
• Ionic liquid electrolytes, SEI formation, ...
Na-ion batteries
• Operando imaging of hard carbon electrodes
Aqueous Zn-metal batteries
• Functional separators
• Electrode engineering
• Plating stripping processes
Processes on metal anodes & interfaces
• X-ray imaging (SAXS/WAXS, nano-XTM, µXTM)
• GI-SAXS/WAXS
• Electrochemical signatures

INTERFACE FORMATION

SOLVATION STRUCTURE

MORPHOLOGY

ELECTROCHEMICAL PERFORMANCE
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Looking at things while the happen…

x-rays

Li-metal
LiS

Graphite

SEI formation

Neutron and x-ray reflectometry

X-ray tomography Raman spectroscopy 
(chemical specificity, fast) 

LNO
LiS

Na-ion
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Small angle x-ray imaging

Nature Comm. 14, 854 (2023)
Adv. Energy. Mat. 2103126 (2022)
Batteries & Supercaps e202400070 (2024) 

Small Structures 2300119 (2023)

ChemPhysChem e2021100853 (2021)
Sci. Adv. 7, eabf0812 (2021)

My research? 

Na-ion

Advanced Science e08635 (2025)
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Photo: E. Matic
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What do we need in the future?
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Electricity & heat generation

Increase efficiency of 
conventional sources! 
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Energy saving…
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Electricity & heat generation
Enable future renewable 
energy systems!
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Solar energy harvesting
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Electricity transfer

Can we reach 1 MV?
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Aug 2019

Fuel cells – catalysis, ion transport, storage

H2 O2

17

Energy storage & conversion
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100 years of development….
Energy storage & conversion
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© 1934 Nature Publishing Group

Energy storage & conversion
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Looking into materials and devices

21

Å – cm

From atom to cell

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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Characterization techniques?

23

Looking into materials and devices

ND/XRD

TEM SEM
XTM

NMR

XPS

SAX/SANS

24
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X-RAYS & NEUTRONS?

25

X-rays?

26

Proceedings of the Royal Society A 136, 692 (1932)

692

1

The Existence of a Neutron.

By J. Ch a d w i c k , F.R.S.

(Received May 10, 1932.)

§ 1. I t was shown by Bothe and Becker* that some light elements when 
bombarded by a-particles of polonium emit radiations which appear to be of 
the y-ray type. The element beryllium gave a particularly marked effect of 
this kind, and later observations by Bothe, by Mme. Curie-Joliotf and by 
Webster J showed that the radiation excited in beryllium possessed a pene-
trating power distinctly greater than that of any y-radiation yet found from 
the radioactive elements. In Webster’s experiments the intensity of the 
radiation was measured both by means of the Geiger-Muller tube counter and 
in a high pressure ionisation chamber. He found that the beryllium radiation 
had an absorption coefficient in lead of about 0*22 cm.-1 as measured under 
his experimental conditions. Making the necessary corrections for these 
conditions, and using the results of Gray and Tarrant to estimate the relative 
contributions of scattering, photoelectric absorption, and nuclear absorption 
in the absorption of such penetrating radiation, Webster concluded that the 
radiation had a quantum energy of about 7 X 106 electron volts. Similarly 
he found that the radiation from boron bombarded by a-particles of polonium 
consisted in part of a radiation rather more penetrating than that from beryl-
lium, and he estimated the quant um energy of this component as about 10 X 10® 
electron volts. These conclusions agree quite well with the supposition that 
the radiations arise by the capture of the a-particle into the beryllium (or 
boron) nucleus and the emission of the surplus energy as a quantum of radia-
tion.

The radiations showed, however, certain peculiarities, and at my request 
the beryllium radiation was passed into an expansion chamber and several 
photographs were taken. No unexpected phenomena were observed though, 
as will be seen later, similar experiments have now revealed some rather 
striking events. The failure of these early experiments was partly due to the 
weakness of the available source of polonium, and partly to the experimental 
arrangement, which, as it now appears, was not very suitable.

* ‘ Z. Physik,’ vol. 66, p. 289 (1930).
11 . Curie, ‘ C. R. Acad. Sci. Paris,’ vol. 193, p. 1412 (1931).
J ‘ Proc. Roy. Soc.,’ A, vol. 136, p. 428 (1932).

Neutrons?

27

X-rays
• Electromagnetic waves 
l – 0.1-100 Å (E=120 eV-12keV) 

• Interact with the electrons in the 
material

Neutrons
§ Subatomic particles
§ Interact with atomic nucleus
§ No “free” neutrons

€ 

E = 1
2mv

2 =
h2

λ2m
=
81.81
λ2

§ By changing their velocity we can get 
l ≈1-30 Å (80-0.1 meV)

X-rays & neutrons

28
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Neutrons:
• Scatter

– elastically
– inelastically

• Absorbed

X-rays:
§ Scatter 

– elastically
– inelastically

§ Absorbed
§ Excite core electrons

– photoelectrons
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nλ = 2d sinθ

Roger Pynn: Neutron scattering – a primer
Los Alamos 1990

X-rays & neutrons
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€ 

In the experiment we measure the double 
differential scattering cross section

  

€ 

∂2σ s
∂Ω∂ω

 

σ s =
d2σ
dΩdω

dωsΩ∫∫
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∂2σ
∂Ω∂ω

∝ dt dre
−i ωt −Qr( ) ρ r,0( )ρ ) r + r,t( )∫∫ = S(Q,ω)

g(r,t) Û  S(Q,w) (Fourier transforms)

Dynamic structure factor
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σ tot =σ s +σ a +σT
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total scattering cross section
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Scattering experiment

30

Characterization techniques

31

X-RAYS FOR MATERIALS SCIENCE

32
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Neutrons for materials science
§ Fission in a nuclear reactor § Spallation process – 

bombardment with protons

33

X-ray and neutron facilities for materials science

Nature (2015), 527, 349

34

MAXIV

PETRA III

SLS/PSI

ESRF

X-rays

User facilities
– best science 

35

ILL

ESSISIS

SINQ

Neutrons

User facilities
– best science 
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Contributing to the development of society!

– tackling global challenges with research infrastructures!

sustainability

health
energy

37

Contributing to the development of society!
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Using neutrons to look into materials

Physical Review 83, 841 (1951)

Physical Review 83, 334 (1951)
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X-RAYS OR NEUTRONS?

40
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Neutron scattering powerX-ray scattering power

Physics Today 59, 5, 44 (2006)

X-rays & neutrons

41

x-rays:
l – 10 - 0.1 Å 
(E=1.2 - 120 keV)

neutrons:
l≈1-30 Å
(80-0.1 meV)

x-ray scattering power
Neutron scattering power€ 

E = 1
2mv

2 =
h2

λ2m
=
81.81
λ2

X-rays & neutrons
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ND/XRD
SAXS/SANS

X-ray imaging
Neutron imaging

§ Atomic arrangement
§ Molecular aggregation
§ Nanoparticles
§ Interfaces
§ Morphology

X-rays & neutrons – structure/morphology
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ND/XRD

SAXS/SANS

XRR/NR

X-ray/neutron imaging
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XPS

§ Excitations 
(electronic/magnons/phonons)

§ Dynamics
– diffusion, rotations, ....

§ Chemical information
– oxidation state, speciation...

§ Chemical contrast
§ ...

X-rays & neutrons – spectroscopy

EXAFS XPS

INS NSE

44
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X-RAYS AND/OR NEUTRONS!
(or not at all...)

§ Contrast?
§ Time- & length scale of the process?
§ Spatial & temporal resolution required?
§ Size of the beam?
§ Possibility for a relevant environment?
§ .....

45

Case study – batteries!

46

CELL MODULE PACK

MODULARITY –– FLEXIBILITY – OPTIMISATION

47

x 7700 x 180

CELL MODULE PACK

MODULARITY –– FLEXIBILITY – OPTIMISATION

48
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LOOKING INTO MATERIALS LOOKING INTO DEVICES

structure/morphology/dynamics/functionality processing/products/operation

X-rays and neutrons for batteries

50

Material – component – cell

ND/XRD

SAXS/SANS

XRR/NR

X-ray/neutron imaging

EXAFS XPS
INS

51

“Atomic level” – structure of material 

52
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OPERANDO NEUTRON DIFFRACTION @ POLARIS/ISIS 

LiFePO4 vs. Li metal

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

2.2. Electrolyte

Three different electrolytes were used in these experiments:

! Conventional: A commercial electrolyte containing 1 M LiPF6 in
a 1:1 mixture of Ethylene Carbonate (EC)/diethyl carbonate
(DEC) supplied by Purelyte.

! Deuterated: In house prepared 1 M LiPF6 in a 1:4 mixture of
Ethylene Carbonate (EC)/dimethyl carbonate (DEC). The EC and
PC were both supplied in the deuterated form from Qmx
Laboratories. The EC and PC were first combined and left with
molecular sieve for 48 h to reduce the levels of water impuri-
ties (Karl Fisher measurements showed that the water content
was reduced to below 10 ppm).

! Flourinated: In house prepared 1 M LiPF6 in methyldi-
fluoroacetate (MFA, supplied by DAIKIN Chemical) which had
been dried with molecular sieve for 48 h as above. (Karl Fisher
measurements indicated similar water content was achieved as
for the deuterated electrolytes).

2.3. Full cell construction

The battery stack is either housed in a quartz or aluminium tube
as shown in Fig. 2b and c sealed at both ends using Swagelock joints.
A cylindrical cell design was chosen to ensure that a constant
pathlength and therefore a constant absorptionwas experienced by
all neutrons exiting at all angles from the cell. These joints have PTFE
ferrels so as to electronically insulate the central tube fromeach end
piece. The ends of the Swagelock tubes are sealed using metal
current collectors, one of which is copper and the other aluminium.
These current collectors are metallic cylinders with an aperture
wherewires from the electrode stack can be inserted and contacted

to using a grub screw. In the case where all conventional compo-
nents were used, established “coffee bag” packaging and vacuum
sealing technique was implemented [3]. Inside the main tube the
wound cell is inserted as shown schematically in Fig. 2a. The elec-
trode, separator (pre-soaked in electrolyte), lithium foil and
a further piece of separator are placed on top of one another to form
a stack which is rolled into a coil as shown in the top view cell
interior schematic. This process can be thought of similar to how
one prepares the cakes “swiss roll” or “chocolate log”. By using this
approach thin electrodes (<70 mm) can be used to obtain
high quality electrochemical performance and large sample masses
(1e3 g) can be used to ensure high quality diffraction data. The large
quantities of sample will ensure large count rates and short
collection times. The Swagelok ends are then closed and the cell is
ready for testing. This whole construction process was completed in
an argon filled glove box (H2O, O2 < 1 ppm; Unilab from MBraun).
Table 1 summarises the composition of the 4 cell designs prepared.
Also shown in Table 1 is a comparison of the percentage of sample
and hydrogen in the four battery configurations. The values were
calculate based on approximations of the battery compositions and
are not exact, but give a guide to the expected quantities.

Cell 1 was built using an all conventional construction, including
the following hydrogen containing components; PVdF ((C2H2F2)n),
EC (C3H4O3), DEC (C5H10O3), and Polypropylene ((C3H6)n). These
contribute to substantial levels of hydrogen within the cell (indi-
cated in Table 1) which will result in large incoherent scattering
reducing the likelihood of obtaining high quality diffraction data. In
Cells 2, 3 and 4 we used alternative components to reduce the
amount of hydrogen. The PVdF binder was replaced by PTFE
((C2F4)n). The EC and DEC electrolytes are replaced by deuterated
equivalents in Cells 2 and 4. In Cell 3 MFA (F2CHCO2CH3) electrolyte
was used to reduce the hydrogen content.

Fig. 2. Images of the battery cell for in situ neutron diffraction measurement. a) A schematic of the battery cell. b) A photo of the diffraction setup sealed in aluminium tube (Cell 4).
c) A photo of the cell design and placement on the diffraction instrument goniometer (Cell 2).

M. Roberts et al. / Journal of Power Sources 226 (2013) 249e255 251

“Atomic level” – structure of material 
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Material – component – cell

ND/XRD

SAXS/SANS

XRR/NR

X-ray/neutron imaging

EXAFS XPS
INS
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ACS Nano 2019 13 (10), 11538

“Particle level” – graphite/Si anode

55
ACS Nano 2019 13 (10), 11538

Lithiation & delithiation of graphite

Silicon lithiation/delithiation

“Particle level” – graphite/Si anode

56
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§ Fluorescence X-ray microscopy following lithiation of LFP particles

“Particle level” – inhomogeneous lithiation

57

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

“Particle level” – inhomogeneous lithiation
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Material – component – cell

ND/XRD

SAXS/SANS

XRR/NR

X-ray/neutron imaging

EXAFS XPS
INS
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“Electrode level” – sodiation of a HC electrode
SWAXS imaging of sodiation of hard carbon anodes 

60
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SWAXS imaging of sodiation of hard carbon anodes 

SAXS

10 -2 10 -1 100
q [nm-1]

WAXS

5 15 25
q [nm-1]

WAXS detector
Pilatus 300k

SAXS detector
Pilatus 2M

2m flight tube
X-rays

Sample

Dip coated 
hard carbon 
electrode

Sodium 
electrode

1 mm

0.2 mm

Capillary cell

Advanced Science e08635 (2025)

“Electrode level” – sodiation of a HC electrode
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2D images

sodiation

Advanced Science e08635 (2025)

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

62

SWAXS tomography – 3D imaging of micropore filling

Distribution of average intensity at 0.2 – 0.5 Å-1

⇒ development heterogeneity with degree of sodiation  
Advanced Science e08635 (2025)

“Electrode level” – sodiation of a HC electrode
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“Electrode level” – Li-metal

64
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832 µm

§ Counter electrode
(Li-metal)

§ Electrolyte
(liquid)

§ Working electrode
(Cu-pin) 

f)Plated Li (black)

Cu pin (light grey)

Electrolyte (grey)

§ Operando XTM @ TOMCAT SLS/PSI (CH)
– 50 s / tomogram
– 0.325 µm voxel size, ~ 1.0 µm resolution

Nature Comm. 14, 854 (2023)

“Electrode level” – Li-metal
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Nano-tomography

chemrxiv-2025-wf4wx-v2

§ ≈  1min/tomo (3D) singe distance
– operando experiments

§ phase contrast imaging ≈ 8 min/tomo
– in situ/ex situ experimentsID16B ESRF

§ Voxel size 50 nm/resolution ≈ 150 nm

nanotomo
FOV ≈ 100 µm

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

chemrxiv-2025-wf4wx-v2

6 min 12 min 24 min 60 min

20 𝜇m

“Electrode level” – Li-metal
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760 kPa 180 kPa

Bulk Li

Deposited Li

Celgard separator

Bulk Li

760 kPa 180 kPa

Bulk Li

Deposited Li

Celgard separator

Bulk Li

180 kPa

760 kPa

≈36.5 mm4mmLi
Li

Stainless steel

Stainless steel

2 mm

PEEK

1 mm

180 kPa or 760 kPa
200 kPa – 6 MPa Porosity 1st cycle:

760 kPa – 3.2%

180 kPa – 18 %

“Electrode level” – Li-metal

68
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Growth of structure – operando XTM

100 µm

Porosity:
1st cycle: 3.2%
9th cycle: 20 %
- top 3.7%
- bottom: 33 %

69

Material – component – cell

ND/XRD

SAXS/SANS

XRR/NR

X-ray/neutron imaging

EXAFS XPS
INS

70

Nature Comm. 11, 777 (2020)

“Cell level” – a full/real battery

71

“Cell level” – a full/real battery

72
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Improved sources? 

73

What to do with more neutrons/photons?

Bright sources & small beams:
§ Precise data
§ Nanocrystals
§ Fast experiment 

– screening
– kinetics, reactions
– spatial scanning

§ Complex samples/environment
– operando
– processing

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

74

Bright sources & small beams
X-ray Imaging
§ Image extended sample 

volume with high resolution
§ Flexibility on sample 

environment
§ Combined modalities

Lithium

Carbon/Current 
Collector

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

What to do with more neutrons/photons?
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What do we need for 2030+?

Fundamental 
discoveries

Materials & devices in 
action

InnovationEducation

§ Instrument development
§ Dedicated sample environments
§ Workflows & data infrastructure
§ Complementary infrastructure

§ Linking academy, industry & facilities 
§ User support & training
§ Access

76
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The battery hub at ESRF: accelerating and 
standardizing battery characterization workflows

Coordinator : S. Lyonnard 

78

Imaging
SAXS –tomo
GISAXS/WAXS

XRS/XES/XAS Micro diffraction

Micro diffraction

XANES/EXAFS

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

79

Community driven approach
§ sharing of ideas, beam time & data
§ develop and share methodology, 

sample environment & analysis tools
§ bring new capabilities to the facility

New way of working!

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

80
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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 & AI/ML

§ Focal point for the community
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Chalmers University of TechnologyIn 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?
and not this ...this ...

MAX VI
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Chalmers University of Technology

IS THIS THE NEW BLACK?

83

Chalmers:
§ Martina Olsson
§ Josef Rizell
§ Marita Afiandika
§ Quan Wu
§ Andreas Erlandsson
§ Elin Dufvenius

CEA/Grenoble:
§ Victor Vanpeene
§ Sandrine Lyonnard
ESRF:
§ Jakub Drnec
§ Valentin Vinci
§ Olga Stamati
§ Gustavo Pinzon Forero
MAXIV
§ Thorbjørn Erik Køppen Christensen
§ Innokenty Kantor

SLS/PSI :
§ Federica Marone
§ Manuel Guizar Sicairos

84



2026-03-16

22

Questions/thoughts? 

85


