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Next Generation Batteries based on

Understanding of Materials Interfaces -
Operando Characterisation
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Operando Characterisation

» Characterise the detailed
(changing) structural and electronic
properties of electrodes,
electrolytes

« Development of surface- and interface-
sensitive operando techniques and
methods

« Understand interface reactivity as well
as diffusion phenomena

"@‘ The 'BatteryNL — Next Generation Batteries based on Understanding Materials Interfaces' project
M (with project number NWA.1389.20.089) of the NWA research programme 'Research on Routes by
Wile, Consortia (ORC)'is funded by the Dutch Research Council (NWO).

Electrolyte

decomposition by
Li-metal dendrites

Dead/inactive Li-
metal formation

Solid electrolyte-
electrolyte
interface Li-ion
transport

Li-metal
delamination,
contact loss

Solid electrolyte-

electrode
interface
decomposition
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Li-dendrite
induced short
circuit

Transition metal
leaching

. Space charge

formation
Solid
Solid electrolyte-
Electrolyte electrode
interface contact
loss

Solid electrolyte-
electrode
interface

~~ decomposition
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Techniques & Methods
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"Q‘ The 'BatteryNL — Next Generation Batteries based on Understanding Materials Interfaces' project
(with project number NWA.1389.20.089) of the NWA research programme 'Research on Routes by
Wile, Consortia (ORC)'is funded by the Dutch Research Council (NWO).
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Time and spatially-resolved XAS: Transition Metal Dissolution
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e Dissolution of TM, esp. Manganese (and accumulation on graphite anode)
J. Mater. Chem. A 2016,4, 18300; JES 2018; JES 2020; JES 2023; under review 2026
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Spatial Resolved Oxidation States
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Operando XRD Li NMC(611)
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Fluorescent
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Operando Neutron Depth Profiling to Track Li-density

Setup and principle

SLi + n — *He?* (2055 keV) + 3H* (2727 keV)

Measure energy loss to determine the depth of Li

Investigate plating stripping mechanism
Guide liquid electrolyte design in Li metal batteries

Cu foil window Li metal deposits Li* electrolyte SLi metal
Spatial distribution
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M (with project number NWA.1389.20.089) of the NWA research programme 'Research on Routes by
e, Consortia (ORC)'is funded by the Dutch Research Council (NWO).

BatteryNL

DUTCH BATTERY MATERIALS

Operando Cell development
towards Solid State (pressure)

Liquid pouch cell Solid state cell Solid state NDP cell
Li n (Cu)
Electrolyte (liquid) Li Li
Li Electrolyte (solid) Electrolyte (solid)
Li Li
B Pre e plate
=+

2000

s
g
3
H
&

§

) Distance From The
o Current Collector (ym)

3 & 8 &% 8 &
! I

First Operando Li
metal plating and
stripping in solid state

.
3 8 &
Li Concentration
(mmol cm™?)

3

2 4 6 8 10 12 14 16 18 20 22
Time(h)

28 september 2026 | 10



BatteryNL

DUTCH BATTERY MATERIALS

Conclusions

W Advanced Characterisation Methods reveal complementary information

B Operando time and spatial resolved data reveal dynamic structural and electronic
properties providing insights in (ir)reversible mechanisms and degradation pathways

M Careful experimentation can reveal interface vs. bulk behavior, as well as SEl

M Insights can help to prevent or control reactivity

"@ The 'BatteryNL — Next Generation Batteries based on Understanding Materials Interfaces' project
M (with project number NWA.1389.20.089) of the NWA research programme 'Research on Routes by
Wile.  Consortia (ORC)'is funded by the Dutch Research Council (NWO).

28 september 2026 | 11



ttttttttt

batterynl.nl

©

NWO



00
0000
00000

000

» Marnix Wagemaker

Professor in Electrochemical Energy Storage
Delft University of Technology

Professor and Head of the Storage of Electrochemical Energy section at

Delft University of Technology

Coordinator of the national NWO-NWA consortium BatteryNL and the
SmartCbat project within the National Growth Fund project “Materials

Independence and Sustainable Batteries”

Research focused on understanding critical processes in future battery
materials through advanced characterization and computational

techniques

Develops novel battery materials in close collaboration with industry



HEEE DUTCH BATTERY MATERIALS

Towards stable interfaces in
solid state batteries
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Solid Electrolyte Design for Li metal and Si anodes,
Dealing with electrochemical stability to realize a long cycle life

Energy density Batteries (cell level)
atteryNL

UTCH BATTERY MATERIALS

Mg-ion

Li-air

Energy Density (W/I)

Si Anode / Li Anode

Energy Density (Wh/kg)




Challenges Solid State Batteries
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Cathode Electrolyte Anode

60 - 100 um ~30 um  10-20 um
< bt P>

Li-metal of

. Silicon Anode
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_a -
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Schwietert et al. Nature Materials 2020, 19, 428435

Roh et al Energy Mater. 2025, 5, 500061
JACS Au 2021, 1, 1488—-1496

High conductivity comes with low electrochemical
stability and high hygroscopicity

The 'BatteryNL— Next Generation Batteries based on Understanding Materials Interfaces' project
(with project number NWA.1389.20.089) of the NWA research programme 'Research on Routes by
Consortia (ORC)'" is funded by the Dutch Research Council (NWO).
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Voltage

Capacity

Korver et al J. Mater. Chem. A, 2017,5, 9929-9936

The mechanochemical challenge ™.
The low stack pressure challenge
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Electrochemical Stability

Scenario 1: Intrinsic Stability AG > 0

Solid
lectrolyte

Anode

Stable Situation

e.g. Fully Reduced SE
vs Li-metal

Anode LUMO

9 00 e,

Electrolyte

o
A

HOMO

@ The 'BatteryNL— Next Generation Batteries based on Understanding Materials Interfaces' project
M (with project number NWA.1389.20.089) of the NWA research programme 'Research on Routes by
e.  Consortia (ORC)'"is funded by the Dutch Research Council (NWO).



Solid Electrolyte Research BatteryNL

Cathode Electrolyte Anode
60 - 100 um ~30um  10-20 um
e

Direction 1 Direction 2
Interphase design to protect the electrolyte New Electrolytes, that are specifically stable
from the anode (and cathode) based on %« towards the anode (or cathode)
Atomic Layer Deposition)

Lider ¥ 0O, % ?: f y 'ﬁil L/
<Li,co,> LiP0> § Uclol;[ | \ ‘ J \ -\.& “Z’ @
o “— TMPO EH‘ /"y §
#TMPO pulses a$——%
TMPO co.
\ Li,CO; A T —_
|0 B4 LiPO | it Ty et al J. Am. Chem. Soc. 2026, 148, 12, 12576-12586
Pieters et al Irreducible Solid Electrolytes: New Perspectives on Stabilizing High-Capacity

Anodes in Solid-State Batteries
J. Phys. Chem. C 2026, 130, 15, 5458-5469 Zhao et al 2025 in ACS Energy Lett. 2025, 10, 11, 5363-5372

2026 roadmap on next-generation solid electrolytes for battery applications
Strauss et al 2026, In: Materials Futures. 5, 3, 60 p.

@ The 'BatteryNL — Next Generation Batteries based on Understanding Materials Interfaces' project
M (with project number NWA.1389.20.089) of the NWA research programme 'Research on Routes by
e.  Consortia (ORC)'" is funded by the Dutch Research Council (NWO).
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Li-metal of
Silicon Anode

Solid State
Electrolyte

NMC
Cathode

Direction 3

Nano composites:
empower interphases

Enhanced Li-ion conductivity

Increased mechanical strength

de Kort et al J.Phys.Chem.C
2023,127,3988-3995
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Interphase protection:
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ALD on Li metal anodes to protect M. Picters NT. I, Brakenhoff
. (PhD TU/e) Hoogendoorn (PhD RUG)
the solid electrolyte (PAD TU/e)
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M Critical current density (CCD): highest current density that can be sustained during repeated lithium plating/stripping without
causing Li dendrites and cell failure.

B Increase in CCD: Li anode can sustain higher current densities with ALD Al,O;, LiPO, LiF.
B @ 1 mA/cm?: pristine device stable for 200 hours; with LiPO up to 600 hrs and with LiF up to 2300 hrs.
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Interphase protection:
ALD on Li metal anodes to protect N pieters NT. . Brakenhoft

o (PhD TU/e) Hoogendoorn (PhD RUG)
the solid electrolyte (PhD TU/e)

T T T

Scenario 2: ,| Uncoated | AlD; coatings " Zn0 coatings

Kinetic Stabilization AG < 0

Anode Solid
LI 1 metal Lith i um M etal Exhaust Exhaust Exhaust Exhaust Exhaust Exhaust
lectrolyte

e
n
T
1

Ar-Shield Precursor1 Ar-Shield Precursor2 Ar-Shield

w
T
1

LigPSsCl
rgyrodite

ccD (mA/em™)
- ~N
w N o
T T :!\.II
=
1
C——
1
:
f . 4 1
1
1
:
¢
1
1
1
—e—i !
1
1
1
1§
1
1
1
1
1
1
:
1
S —%
1
i
—— |
1
;
1
|
1 1 1 1

-
T
1

T Vo ' Nl Vo " W Vo "

05+ -
ter ALD Artificial Substrate >
nanometer rtificia 0 T 5 5 - o
protection layer “°°°°‘\° R \s‘f‘h\ ..wm %w”“ as” \s°°l° 0 ¥ q,e°°’“°
B Spatial-ALD: High throughput roll-to-roll ALD processing.
B CCD: sALD ZnO can sustain higher current densities compared to sALD Al,0O;,.
B No surface cleaning: Lower CCD for spatial-ALD Al,O, compared to ALD Al,O,
B Next: Design sALD processes for more complex coatings on Li metal (e.g. LiF)
rijksuniversiteit
’ . ) . . . _ EINDHOVEN . olst Centre .
@ The 'BatteryNL — Next Generation Batteries based on Understanding Materials Interfaces' project TU / g;‘é‘:{ﬂ‘g{g&? poversd by imec 4TNO groningen 5

M (with project number NWA.1389.20.089) of the NWA research programme 'Research on Routes by
WWWe  Consortia (ORC)' is funded by the Dutch Research Council (NWO).



Disordered irreducible antifluorite solid electrolytes

Li metal Li metal

Fully-reduced
SEs

Common SEs 3

Q 09D
GO & <0

‘reducible’
LigP(+3)S;Cl  Li;P(-3), Li,S, LiCl, ...

@ The 'BatteryNL— Next Generation Batteries based on Understanding Materials Interfaces' project
M (with project number NWA.1389.20.089) of the NWA research programme 'Research on Routes by
e.  Consortia (ORC)'"is funded by the Dutch Research Council (NWO).

Challenge:

Sufficient Li-ion conductivity

-d Py

]
TUDelft
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_L.---- Silicon/Li-metal

Li-metal or
Silicon Anode

Irreducible
° Solid
Electrolyte

Solid
Electrolyte

NMC
Cathode
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Inducing disorder in fully reduced anti-fluorite Li-S-N
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Anti-fluorite
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Density Functional Theory Molecular dynamics simulations

(DFT-MD)
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GEMDAT Development of an analysis tool for understanding

diffusion in solid state

GEMDAT

Python molecular dynamics analysis

INPUT

Molecular Dynamics data

=

ANALYSIS

Diffusion Metrics

CODE

gemdat.metrics

gemdat.orientations
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Lavrinenko et al. NPJ Computational Materials 2026
https://doi.org/10.1038/s41524-026-02133-7
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Demonstrated stability towards Silicon Anodes in Full cells
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Conclusions and perspective

Kinetic Stabilization AG < 0
Anode Solid Ordered Disordered

Li-metal lectrolyte
LigPS:Cl ’9. o9
- Boost ‘i" : [
Conductivity %’\3 £.

rgyrodite
Thin ALD layers improve the stability of Li-metal anode — solid electrolyte
interfaces, spatial ALD makes this scalable
Next: Advanced characterization and towards advanced chemistries

nanometer ALD Artificial
protection layer

Fully reduced electrolytes are intrinsically stable towards Li-metal and
Silicon anodes in solid state batteries

Disorder and correlation diffusion boosts conductivity, 1 mS/cm achieved
(Li,S: o5, = 1011 mS/cm).

Next: Softer fully reduced electrolytes for low pressure cycling, how to
process thin anode-protective layer?

@ The 'BatteryNL — Next Generation Batteries based on Understanding Materials Interfaces' project
M (with project number NWA.1389.20.089) of the NWA research programme 'Research on Routes by
e.  Consortia (ORC)'" is funded by the Dutch Research Council (NWO).
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Thank you for your attention
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» Mark Huijben

Professor in Materials Science
University of Twente

Leading role in Battery Centre Twente, strengthening battery research
at the University of Twente, cross-border NL-DE collaboration and
within the European ALISTORE network

Coordinator of the national NANEXBAT consortium on sodium-ion
batteries within the National Growth Fund project “Materials

Independence and Sustainable Batteries”

Research focused on novel nanostructured materials with advanced

structural and functional properties at interfaces

Develops new materials for improved energy storage, including solid-

state batteries and thin-film micro-batteries
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Sodium-ion battery

Battery components : Sodium vs. lithium

\

Separator
NaMO, I Hard Carbon Components

(oD

Cathode

JO103[[0D) 1uaLInN))

10199[[0)) JUaLIN))

Cathode current collector

— ¢ - Electrolyte

Separator

I Graphite

_____ s R
S

Separator

Anode

Anode current collector

Sodium-ion Battery

Layered: NaMO,, M = Ni, Cu, Fe, Mn
Polyanionic: NasFe3(PO4)>(P207). NasFey(SO4)s
Prussian blue analogues:

Naz xM [Fe(CN)gly.y'oy'nH,0(0<x<2,0<y<1)

Al
1 M NaPFg in PC/DMC/EMC
PP/PE
HC

Al/Cu

Lithium-ion Battery

Olivine: LiFePO4

K Spinel: LiMn;04

Layered: LiMO,, M = Ni, Co, Al, Mn

v

Al
1 M LiPFg in EC/DMC

PP/PE

[ Graphite

Cu




Historical development of sodium-ion batteries

Fundamental Research Revival and Technological Breakthrough
ENERé?VJ Aquion Energy: m o @
Hard 5 x o TIAMAT
Na,CoO, report ar First large scale 30wh/0.5-1.8V. > Fitst SIB. compain . "
by Delmas Carbon:300mAh/g production of 5000cls. cost < ir: _company First SIBs company in
report by Stevens aqueous SIBs 300S/kWh focusing on France, focusing on
I { 3 ' PBA|PBA polyanionic cathode
| I
1981 2000 2008 2011 2012 2015
1966 1988 ] 2003 2010 2011 2015 2015
Na-S Battery Low capacity : i Hard ‘ Novasis Energies FiTSt..SIB cotf]pany Faradion Genl: Na,Ni , _ First commercial
Theoretical Energy graphite:35mAh/g | Carbon/NaVPO,F: | established by John B. foum!ng on layered M Mg Ti,O,/HC: 140- cylindrical 18650
Density:760 Whikg report by \ =50%@30cls report | Goodenough’s group oxide cathode " 150wh/kg. 200cls@80%  SIB by RS2E: 90wh/kg,
Fouletier \ by Barker / focusing on PBA S >2000cls
Turning Point _) ?{SP;E
Revival and Technological Breakthrough -” 7 CATL
First Prussi @52 — g
“irst Prussian AR o < - e i
HiNa: First 100kwl CATL first-generation ) :
whitescathode dull NATRILIM f:swbliSth' S.l Bz cn)g:gy stor:c] SIB, 160Wh/kg, to SIBs are listed in Natron Energy :
cell by Sharp commercializing NFM and power station in 80%/15min. 90%/-20/°C the 14th j‘Flvc.-Ycar 0 to 99%/1 5min.
laboratory other cathode materials woildwide Plan™ in China ~10k cls
i |
2015 2018 2019 2021 2022 2024 Present
2017 2018 2020 2021 2023 2024
First SIB company Novasis Energies: 160 Faradion : TEAMAT: . Elcclric v.'chiclcs 162Ah,
in China, HiNa mAh/g/0.1C,100- 32Ah/160wh/k >8(;"’ "40&)0 Equipped with SIBs by 4000cls@92.5%/45°C.,20
Battery 130wh/kg, . 3000cls /°§<€<' CATL: 146.05Wh/Kg, 000@70% with
_ 0.1C/10C=94%, whicale 80Ah, 170km Na,Fey(PO,),P,0,-HC
=700cls@200mA/g <SS CHERY £} KTHIUM

Accelerated commercialization

Source : Progress and Prospect of Industrialization of Sodium-lon Battery in China
Q. Liu et al., Advanced Energy Materials 16, e04877 (2026)
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Key challenges and proposed development pathways
for the sodium-ion battery industry

4 N

01

Achieve Technical
Breakthroughs

* Nickel-rich cathode

e Solid-state electrolyte

* ”Na-free” negative
electrode

* High-voltage electrolyte

¢ High-kinetics hard carbon

- J

Focus of

\El NexBat

SODIUM

Build a Mature Supply
Chain

Industrialize Battery Grade
Raw Materials

Develop supply and
material standards,
improve reliability
Demonstrate breakthroughs
in key application scenarios

02

03

Enhance Economic
Competitiveness

Develop robust supply
chains

Demonstrate cost-effective
technological
breakthroughs at scale
Reduce costs, improve
manufacturing efficiency
Strengthen industrial
coordination and financial
support mechanisms

Increase market
acceptance

Address safety risks and
concerns

Promote policy guidance
and industrial strategy
Establish industrial and
performance standards

04

Source : Progress and Prospect of Industrialization of Sodium-lon Battery in China
Q. Liu et al., Advanced Energy Materials 16, e04877 (2026)
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N N B t Sustainable materials innovation
a ex a for next-generation sodium-ion batteries

Goal : fundamental exploration on the development of sustainable sodium-ion batteries based
on abundant materials combining high energy, high power and long cycle life.

/ Scientific partners

UNIVERSITY Mark Huijben/Andre ten Elshof/
OF TWENTE. Payam Kaghazchi

Moniek Tromp/Giuseppe Portale/
university of Xin Sun/Lorenada Protesescu

groningen

n% Utrecht University Petra de Jongh/Peter Ngene

TU/e Adriana Creatore/Paul Poodt

] Marnix Wa k
gemaker/Swapna Ganapathy/
\TU Delft Alexandros Vasileiadis

Industrial partners
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Challenges Materials / Chemistry :

Enhanced performance Materials / Chemistry:
 Energy density e Earth abundant elements
* Charging rate * Recyclable

e Lifetime * Energy efficient

e Safety * Low cost

Research focus:

e Materials discovery (experiments and theory)
 Degradation analysis (operando characterization)
* |nterface engineering (e.g. advanced coatings)

* |nnovative battery design (e.g. 3D vs. 2D)



‘ Sustainable materials innovation
mNexBat . gt

for next-generation sodium-ion batteries

WP1 : Theoretical Modeling of high-performance material candidates

i § ]

@ \WP2 : Sustainable Na-ion WP4 : Development of WP3 : Sustainable Na-ion
cathode development sustainable liquid & solid anode development
electrolytes

1*1“1

P WPS5 : Demonstrators, sustainability and techno-economics

e

i\ ’ \ - WP6: P/rpject manager;{ent & knowledge transfer
- - - ~ =




WP1 : Theoretical modeling N B
Kaghazchi (UT) — Vasileiadis (TUD) m ex at

WP3 : Anodes

Tromp (RUG) — de Jongh (UU)
ten Elshof (UT) — Creatore (TUE)
Ganapathy (TUD)

PhD6 PhD7 PhD8 PD3

WP2 : Cathodes

Wagemaker (TUD) — Tromp (RUG)

i WP4 : Electrolytes
Creatore (TUe) — Huijben (UT) i

Ngene (UU) — Portale (RUG)
Wagemaker (TUD) :

PhD3 PhD4 PhD5 PhD9 PD5 PD6 PhD10

Poodt (TUE) — Wagemaker (TUD)

== UT - RUG . TUE e Uu -. TUD - RUG .. RUG _-1__i_ RUG .. UT .. TUD - UU
PD2 | i '
TUD ; : PDA

' I : TUE

i WP5 : Demonstrators, sustainability and techno-economics PD7 :

! Ten Elshof (UT) — Sun (RUG) — de Jongh (UU) RUG :



m NexBat

Sustainability & Circularity

Green chemistry will guide material selection (earth-abundant, low-toxicity),
battery design and waste prevention

Qualified batteries

Raw materials

* Optimize battery operation with
extended cycle life

Na Cu > Synthesis and manufacturing > 1
‘ V A A

@ N
®e r e

Manufacturing Regeneration

waste
* Regenerating spent batteries | |
i Failure parts Battery Battgry
. E ; use repair
e Fase Of separatlng components Materials Slurries Components
Regeneratlng components | o—
Direct
e Reduction of harmful P roducts ; T Spent batteries
: : | L Direct ... Mixed powder i e
during future recycling el T |
Outside scope NANEXBAT

Source : Recycling of sodium-ion batteries
Y. Zhao et al., Nature Reviews Materials 8, 623-634 (2023)



National Growth Fund program

m NexBat

Material Independence & Circular Batteries

Explore

Develop

Demonstrate

Market

-

Recycling of
End-of-Life Batteries
and Material Raffinary

/ Program Line 1 \
Raw materials .

Recycling materials
from LFP batteries
\_ J
( )
CRM Lion :
Recovery of critical materials
by enhanced recycling
o )

[ Company specific program

K Program Line 2 Program Line 3

Next gen. Components Circular Systems Heavy-Duty

& Pilot Production and Grid Stability

Materials & Cell
Components production

)

S

~\
11
Bulkbattery technology
Na NEXBat for net stability NWO
SODIUM j
f I )
SMART-CBAT : CIMBATT : SLD BATT :
Battery materials and production Circular battery systems| | Sustainable energy RVO
processes for next-generation for heavy duty mobility supply by long
\_ lithium-ion batteries duration batteries J
( N
Company specific program J {Company specific program I M K E
J
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> Thank you!

Battery Day 2026

From Research to Next-
Generation Batteries: Insights
from BatteryNL and NANEXBAT



