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1.0 Introduction

Isotopes are nuclides of a given element that share the same atomic number (Z) but differ in mass
number due to variations in the number of neutrons (N) within the nucleus. Since they contain an
identical number of protons, isotopes exhibit nearly identical chemical properties. Isotopic analysis is
essential across a wide range of scientific disciplines. In biology, isotopes are employed as tracers to
study metabolic processes in plants, animals, humans, and microorganisms®>. Archaeology makes use
of isotopic techniques to date fossilized remains®’, in the physical sciences domain, isotopes serve as
markers for investigating processes such as diffusion and corrosion®. Isotopic methods are also central
to geochronology and geochemistry, where they are employed to analyze history and composition of
planetary bodies®'!. Energy-storage materials research also benefits from isotopic studies as they

contribute to advances in understanding charge transport and related bottlenecks!*%3,

Li isotope tracing in batteries

For Li two stable isotopes exist:SLi and }Li. Both possess Z = 3, but their mass numbers differ by one
unit, corresponding to the presence of an additional neutronin ZLi. The natural abundances of lithium
isotopes are not identical. Among the two stable isotopes, ’Li is the more prevalent, comprising
approximately 92.4% of naturally occurring lithium (hereafter referred to as “'Li), while °Li accounts
for about 7.6% of M'Li. There are commercially available lithium materials that exhibit isotopic
compositions that deviate from natural abundance. These materials are enriched by a specific isotope.
Such materials are termed as isotopically labeled. They have been extensively employed in battery

8Li enrichment
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Figure 1 Schematic describing isotope tracing process for a two-electrode cell with isotopically labelled (enriched in 6Li
up to 95.4%) anode.

research to elucidate Li transport mechanisms across different cell components!*?®, As mentioned
previously, °Li and ’Li share identical chemical properties, so isotopically labeled materials as battery
components enable the use of isotope-sensitive analytical techniques to track variations in isotopic
abundance arising from directional flow of Li due to applied chemical, electrochemical or thermal
stress. This is referred here to as isotope tracing (Figure 1).

The isotope tracing studies can be instrumental in deciphering the ion transport pathways in batteries,
especially at the interfaces and through the passivating interfacial layers (SEl, CEl) via operando
analysis. Here we report on the development of both ex-situ and operando analysis workflows for Li
isotope tracing in batteries using different isotope sensitive techniques. The techniques described in
this report are namely NMR, OEMS SIMS, and neutron imaging. Complementary information from
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these techniques provides details about both the surface and bulk of the sample at different length
scales, allowing analysis of the battery sample both at particle scale and electrode scale.

This report details the findings from conventional ex-situ analysis as well as innovative operando
workflows developed within the framework of this project for accelerating isotope tracing studies in
operando conditions.
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1.1 Operando, in-situ and ex-situ solid-state NMR studies of
full cells including isotope labelled studies

Solid-state nuclear magnetic resonance (NMR) spectroscopy is particularly well suited for the
investigation of battery materials- [12,2]]. Unlike diffraction-based techniques, it is a non-invasive and
quantitative probe that does not rely on long-range structural order [ELX4], making it highly valuable
for the study of disordered and heterogeneous phases such as those present in the solid—electrolyte
interphase (SEl) [1,2]. In addition, solid-state NMR provides unique sensitivity to local environments
and is exceptionally powerful for the detection and quantification of dynamic processes, including ion
hopping and interfacial diffusion across distinct phases [12,©l]—for instance, between electrode bulk
structures and the SE| [[Z,EL2]],

Operando solid-state NMR spectroscopy has recently emerged as a powerful tool for probing
electrochemical processes in batteries under realistic working conditions [2,29,211], Unlike ex situ or
post-mortem analyses, operando NMR enables the direct observation of structural, compositional,
and dynamic changes as they occur during cycling [10]. Because operando NMR experiments are
generally conducted in static (non-MAS) mode—given the challenges of implementing fast magic-
angle spinning in electrochemical cells—a combined analysis that integrates operando and ex situ
approaches is highly valuable [2Z]. This strategy provides unique insight into local nuclear
environments while also enabling the study of reaction intermediates, ion-transport pathways, and
the evolution of interphases such as the SEI [9,10,231]. By coupling structural sensitivity with real-time
monitoring of dynamics, solid-state NMR offers a complementary perspective to diffraction and other
spectroscopic methods, advancing our understanding of degradation mechanisms and enabling the
rational design of more stable electrode—electrolyte interphases [14,23]],

A particularly promising frontier is the integration of isotopic labelling into operando solid-state NMR
[28]], The use of °Li/’Li, *3C or 2H-enriched species enhances sensitivity and enables the selective
tracking of targeted components within complex electrochemical environments. For instance, 3C-
enriched carbonate solvents can be employed to follow electrolyte degradation and SEI formation,
while ®Li-enriched metal electrodes and electrolytes allow direct observation of isotope exchange
processes at buried interfaces. Operando solid-state NMR, combined with ex situ NMR and isotopic
labelling, not only improves signal-to-noise but can also provide mechanistic insight into reaction
pathways, transport, and interphase evolution that would otherwise remain inaccessible. This
combination offers a powerful route to probe electrochemical transformations.

As part of the OPINCHARGE project, we carried out a solid-state NMR study that integrates isotope-
labelling schemes directly into operando and ex situ experiments. We tracked isotope exchange
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among cell components in half-cells employing LFP and Si/graphite electrodes, using °Li metal anodes
and, in separate experiments, 3C- and ?H-labelled organic electrolytes.

1.1.1 Operando and Ex Situ NMR of Lithiation, Li-lon
Transport, and SEI

Operando solid-state NMR allows real-time analysis of materials under operational conditions but
operates in static mode, which limits resolution, especially for broad signals or complex interfaces like
the SEl. The absence of magic angle spinning (MAS) further hinders detailed structural insights.

To address these limitations, combining ex situ and in situ NMR is essential. Ex situ NMR improves
precise structural characterization, while in situ NMR captures real-time processes. This combined
approach allows for a comprehensive analysis of material behavior in both operational and ideal
conditions. In the following sections, the ex situ and operando NMR studies of Si/Gr composites and
LFP electrodes are presented.

1.1.1.1 SEl in Si/graphite Electrodes (ex situ NMR)

The main goal of this part of the work is to characterize the organic and inorganic phases in the SEl, as well as Li
exchange, using ex-situ solid-state NMR.

The systems investigated comprise Si/graphite (Si/Gr) electrode materials in a half-cell configuration. To probe
SEl formation and its influence on the chemical and electrochemical characteristics, two electrolyte formulations
were selected:

1. EC-based: 1.0 M LiPFg in EC:EMC (3:7 by wt.)

2. FEC-based: 1.0 M LiPFg in FEC:EMC (3:7 by wt.) + 2 wt.% VC.
This selection focuses on electrolytes that favor either LiF-rich (inorganic) or polymeric organic SEI formation.
Fluoroethylene carbonate FEC, is known for preferential decomposition on the electrode surface during its initial
cycles, promoting LiF-rich SEI layers.

While in-situ characterization provides a more realistic view of battery behavior, it does not allow for Magic
Angle Spinning (MAS), which limits resolution in solid-state NMR experiments. Operando measurements are
typically hindered by the inability to rotate cells rapidly.

Two ex-situ samples were prepared after the first discharge (lithiation) using EC- and FEC-based electrolytes. The
resulting “Li NMR spectra (Figure 1b) reveal three main signals at ~42, 10, and 0 ppm, corresponding to lithiated
graphite, LixSi phases (from Si lithiation), and diamagnetic Li* ions in the SEl, respectively.
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Figure 1. (a) Voltage profile of the first lithiation of the cells used for the ex-situ
samples. (b) ’Li NMR spectra of the FEC- and EC-based samples, showing the presence
of Li in the SEI, LixSi phases, and lithiated graphite (LiCs).

To detect and confirm the presence of LiF in the SEI formed on both electrodes, °F NMR experiments were

conducted, and the resulting spectra are shown in Figure 2. A signal at ~-70 ppm is observed in both samples,

corresponding to residual PFs~ molecules embedded in the SEI. Additionally, small resonances at ~-80 and -150
ppm are assigned to PO,F,™ and POsF,", respectively, resulting from the partial hydrolysis of PFe™.

The key difference between the spectra is a prominent signal at -204 ppm in the FEC-based sample, which is

attributed to LiF. This confirms the formation of a LiF-rich inorganic SEl layer in the FEC-based material,

consistent with FEC decomposition during SEI formation.

To further analyze the SEI composition, 'H NMR experiments were performed on solid samples. These results

revealed a significantly higher concentration of proton-rich organic (polymeric) material in the sample cycled

with the EC-based electrolyte.
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Figure 2. (a) "F solid-state NMR spectra of FEC- and EC-based samples, showing the

presence of LiF in the FEC sample and its absence in the EC sample. (b) 'H solid-state
NMR spectra of FEC- and EC-based samples, indicating a higher concentration of

organic material in the SEI of the EC-based sample.
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2D Exchange Spectroscopy (EXSY) in the solid state is an NMR technique used to investigate the reversible
exchange of Li* ions between different lithium sites in equilibrium. In these homonuclear experiments, off-
diagonal correlation signals between two sites at a given mixing time indicate Li* ions exchanging positions
between sites with different chemical shifts.

A 2D EXSY experiment was performed for the FEC- and EC-based samples, as characterized by the ’Li spectra in
Figure 1b. The resulting 2D spectrum for the FEC sample, shown in Figure 3a (’Li-’Li correlation), reveals no off-
diagonal signals for the LiCs resonance. However, clear correlation signals are observed between the 7Li SEl signal
(0 ppm) and the LixSi resonance (~10 ppm) at a mixing time of 100 ms.

This result demonstrates, for the first time, the presence of Li* exchange between Si particles and the SEI. This
finding is highly significant, as Li* exchange is directly linked to Li diffusion through the SEI and electrode
accessibility—key parameters for SEI performance.

The 2D EXSY experiment proves to be a powerful tool for correlating SEI chemistry with its functional
performance. It enables a direct comparison between LiF-rich and organic-rich SEl layers, which is a central goal
of this study.
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Figure 3. 7Li—’Li 2D EXSY experiments on ex situ Si/Gr samples obtained with EC-based
(left) and FEC-based (right) electrolytes. In both cases, clear exchange cross-peaks are
observed between Li in the SEIl and Li in the Si particles, whereas no clear exchange
signals are detected involving Li at the lithiated graphite sites (LiCe).

Solid-state NMR cross-polarization (CP) experiments are effective for detecting heteronuclear spin species at
close distances. For example, "H-’Li experiments detect Li* ions near protons (polymeric SEl), while "F-’Li
correlations reveal LiF and Li-F spin interactions. Coupling CP to EXSY in CP-EXSY experiments allows assessing
Li* exchange between distinct SEI components and Si particles at different mixing times.

Figure 4 shows “Li {"H}-’Li CP-EXSY and “Li {"®F}-’Li CP-EXSY spectra for the FEC and EC samples. The main CP
signals arise from dipolar-based magnetization transfer, while signal buildup (~10 ppm) at increasing EXSY mixing
times corresponds to Li* exchange from the polymeric (organic) phase (in 7Li {"H}-’Li CP-EXSY) and LiF (in ”Li {"°F}-
7Li CP-EXSY) into Si particles.

Alarger Li* exchange amplitude is observed from the organic phase compared to the inorganic LiF in FEC (Figures
4a and b). Similarly, 7Li {"H}-’Li CP-EXSY for the EC sample (Figure 4c) shows intense Li* exchange.

The Li* buildup intensities (Figure 4d) were fitted with single-exponential functions, yielding different exchange
rates: EC: Tex(SEI-Li,Si) =55 ms, Kex = 18 71 FEC: Tex(SEI-LixSi) = 40 ms, Kex = 25 577
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The 7Li{"H}-’Li CP-EXSY data show a larger Li* exchange amplitude for the EC sample, consistent with a more
extensive organic SEI coating on Si particles than in the FEC sample. By contrast, the FEC sample exhibits faster
Li* exchange, indicating higher Li* diffusivity through its SEI and cohering with its superior electrochemical
performance [2Z]. This behavior can be rationalized by the LiF-rich SEI formed with FEC, which suppresses
complete organic coverage at the Si surface and shifts a greater fraction of organic material farther from the Si
particles. The CP-EXSY experiments provide valuable insights into the SEI structure and function, highlighting
that the Li diffusivity and SEl composition critically influence performance. The faster exchange rate in the FEC-
based SEI correlates with enhanced Li transport, a key parameter for SEI efficiency.

a) Li exchange b]

'H-’Li CP-EXSY i 19F-7Li CP-EXSY
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Figure 4. (a) "H-"Li CP-EXSY experiments for FEC, (b) "F-’Li CP-EXSY experiment for
FEC, and (c) "H-"Li CP-EXSY for EC. (d) “Li buildup signals from the 'H-’Li CP-EXSY
experiments at increasing mixing times, fitted with single-exponential functions.

1.1.1.2 Si/graphite and Li Metal (operando NMR)

Solid-state cells for operando NMR studies were assembled using rectangular-shaped electrodes within a PEEK
polymeric cage. The setup included a Si/Gr electrode, a Li metal counter-electrode, and an FEC-based
electrolyte (1.0 M LiPFg in FEC:EMC (3:7, wt.) + 2 wt.% VC).

The in situ “Li NMR spectral evolution (Figure 5) shows the appearance of a broad signal between 10 and 40 ppm

at each full discharge, corresponding to a superposition of resonances from lithiated LEf‘=5E('”1O ppm) and LiCs
(~40 ppm). As the operando NMR experiments were recorded in static cells, the resonances appear broadened
compared to the ex-situ spectra in Figure 1, which were recorded under 20 kHz Magic Angle Spinning (MAS).

Additionally, a strong signal at 0 ppm, attributed to Li* ions in the electrolyte, decreases in intensity upon cycling.
This reduction aligns with the partial precipitation of Li* ions from the liquid electrolyte into the solid SEI, though
the SEl is not directly visible in the static spectra.

Oscillations in the ’Li signal intensity are also observed for the Li-metal region (around 260 ppm). While no
significant spectral changes are seen initially, an increase in signal intensity is noted after the first charge.
Importantly, NMR signals from metals are not proportional to the bulk Li content but rather to the accessible
surface, because the RF penetration is limited by the skin depth at the metal surface [ 23] The observed
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increase therefore indicates the in-situ formation of a rougher Li surface (e.g., dendrites or disordered deposits)
after the first and second charge.
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Figure 5. Operando solid-state NMR was performed on a half-cell comprising a Si/Gr
working electrode, a Li-metal counter electrode (’Li), and an FEC-based electrolyte
(1.0 M LiPFs in FEC:EMC, 3:7 wt/wt, with 2 wt% VC). The evolution of the ’Li NMR
signal was monitored during electrochemical cycling. One-dimensional spectra were
extracted from the 2D map at the indicated charge/discharge points (right panel).
Spectral regions assigned to Li metal (240-280 ppm), lithiated graphite and silicon
(LiCx and LixSi, ~5-50 ppm), and Li species in the SEI (~0 + 10 ppm) are highlighted. No
resolvable separation of the lithiated active-material signals is obtained under static
(non-MAS) conditions.

1.1.2 Operando and Ex Situ NMR with Isotope-Enriched
Components

To track the evolution of materials and the SEl over time, isotopic labeling was introduced into both
operando and ex situ characterizations

1.1.2.1 °Li/’Li Isotope Tracing in Operando NMR of Si/Gr-Li
Metal Cells

To track Li-ion evolution in a Si/Gr half-cell, we conducted in situ measurements replacing the Li metal
with SLi-enriched material while using an EC-based electrolyte at natural ’Li abundance. The resulting
7Li NMR evolution is shown in Figure 6A. Both the Li-metal signal and the 10-50 ppm region—
associated with LiC, and Li,Si—follow the expected charge/discharge trends. Accordingly, at the
dashed markers indicating fully discharged states in Figure 6B, the Li-metal signal reaches a maximum
and the lithiated-Si/graphite signals a minimum; the corresponding Li-metal intensities at
charge/discharge points are summarized in Figure 6C. Interestingly, an increase in the “Li metal signal
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is already visible during the first discharge—when “Li plating is not yet expected—supporting our (and

WP3 partners’) conclusion that spontaneous isotope exchange occurs upon electrolyte—metal contact.
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Figure 6. (A) Operando “Li NMR of a half-cell with °Li metal and an EC-based
electrolyte (natural “Li abundance). (B) Corresponding electrochemical profile. The “Li
metal resonance evolves markedly, consistent with 6Li¢<>7Li isotopic exchange and

redistribution during cycling.

Figure 6C compiles the evolution of the 7Li metal signal (from Figure 6A) at the indicated
charge/discharge states. The oscillation amplitude decays with successive cycles, consistent with
isotopic redistribution and progressive averaging of the éLi/’Li composition.

1.1.2.2 2H Isotope Tracing in Operando and Ex Situ NMR of
Si/Gr-Li Metal Cells

In Section 1.2.1 (SEI components and Li dynamics in EC- and FEC-based systems, ex situ), we found
that the SEl formed with these electrolytes contains a high fraction of organic solid species and exhibits
measurable Li dynamics across the layer. In this part of the work, d4-EC-labeled material was
integrated into the same electrolyte configuration, and the evolution of this material was monitored
operando and further characterized ex situ. EC was selected for this study as it will generate an
organic-rich SEl that is better sutured for *C and ?H characterizations.

An operando cell was prepared composed of a ’Li metal counter-electrode, a Si/Gr composite
electrode, and an electrolyte, where EC was substituted by d4-EC. The aim of this experiment was to
monitor the 2H NMR signal operando in order to evaluate the possible consumption of this molecule
from the electrolyte to form a solid SEl in situ. The result is shown in Figure 6, where the deuterium
signal was monitored during electrochemical cycling. The first relevant information from this cell is
the rapid decrease of the 2H NMR signal during the first discharge process. This signal decay is followed
by a slightly oscillating signal whose intensity remains approximately constant during the subsequent
cycles. Therefore, this initial decay is assigned to the formation of a solid organic deposit containing
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most of the 2H NMR signal, which is eliminated from the spectrum. The formation of organic material
from the initial d4-EC in solution is observed as an eliminated signal, where the deuterium from the
solid compound is not detected due to quadrupolar broadening of the 2H NMR in the solid state, longer
relaxation times in solid compounds, and the heterogeneity of the solid. All these factors create a
situation where the solid deuterated material cannot be easily identified in operando studies but will
be further analyzed ex situ using MAS techniques in the following subsection.
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Figure 6: 2H operando soldi state NMR evolution of the d4-EC signal upon
electrochemical cycling

In addition to the first decay of the deuterium signal during the initial discharge, a slight oscillation of
the signal is observed that clearly matches the electrochemical curves, as highlighted by the dashed
lines in Figure 6. These oscillations were assigned to the minor reversible formation of the SEl and/or
the reversible effects of ionic diffusion within the bulk of the electrolyte induced by the varying
voltages.

To the best of our knowledge, this is the first time that 2H NMR detection has been performed in a cell
during an operando experiment.

In order to characterize the organic solid deposit of the SEI formed during the first discharge in a Si/Gr
half-cell, two ex situ coin cells were discharged to 10 mV, and the electrodes were collected and
packed into a rotor for MAS measurements. The electrochemical curves and the resulting "Li NMR
spectrum are shown in Figure 7.
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Figure 7: 7Li NMR spectrum of the ex situ sample obtained by collecting the two
electrodes “celll” and “cell 2” after the first discharge
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Three main signals are observed in the “Li NMR spectrum of Figure 7, which are assigned to lithiated
graphite (LixCe), lithiated Si (LixSi), and Li at the SEI (Li@SEl). This spectrum is very similar to that
obtained from the unlabeled material, as shown in Figure 1C.

2H solid-state NMR measurements performed on the sample obtained after mixing both electrodes ex
situ from the cells used in Figure 7 are shown in Figure 8.

Isotropic reorienting d,-EC [3%)
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Rigid organic deuterated phasi
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T
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Figure 8. Ex situ %H solid-state NMR spectrum obtained from a static measurement of
the electrodes collected from the cells shown in Figure 7 after the first discharge.

The ?H solid-state NMR spectrum shown in Figure 8 presents three distinct components with different
values of intensity, quadrupolar coupling, and asymmetry. In general, 2H spectra in the solid state are
characterized by Pake-shaped patterns resulting from the quadrupolar interaction present for this
isotope with nuclear spin | = 1 [29]. For rigid organic samples with fixed C—D bonds that are not subject
to fast reorientations, the quadrupolar splittings are typically around ~160 kHz with no asymmetry
[21]. This is, in fact, the main signal observed in the spectrum, accounting for approximately 63% of
the total 2H NMR intensity.

Lower values of quadrupolar coupling are observed when local reorientations of the corresponding
C-D bonds occur faster than the intrinsic quadrupolar coupling (160kHz in this case). This is the case
for the intermediate signal, which accounts for approximately 34% of the organic phase. Finally, the
low-intensity central Lorentzian line corresponds to liquid-like behavior, presumably arising from
unreacted d4-EC in the SEI.

In general, 2H solid-state NMR is not able to resolve different chemical species, but it is a highly
sensitive technique for assessing local dynamics and, in this case, for evaluating the rigidity of the SEl,
which is a relevant parameter for understanding its performance.

1.1.2.3 13C Isotope Tracing in Operando and Ex Situ NMR of
Si/Gr-Li Metal Cells
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Anin situ (operando) half-cell was prepared, consisting of a Si/Gr electrode, standard Li metal counter-
electrode, and an electrolyte in which EC was homogeneously enriched with 3C isotopes. 3C NMR
spectra were recorded as a function of electrochemical cycling. The results of this experiment are
shown in Figure 9. Two main signals are observed during the experiment, corresponding to the two
13C sites of EC: the two equivalent CH, carbons (~65 ppm) and the carbonate carbonyl C=0 (~155 ppm),
as expected. The evolution of the intensities of each of these resonances is shown in purple and green
in the figure.

In line with observations made for *H operando experiments, the main finding is a reduction of the
signals corresponding to the EC-labeled isotopes, which is more significant during the first discharge.
This is consistent with SEI formation during the initial discharge process (Si/Gr lithiation). In addition,
minor oscillations of the intensity were observed, which are coupled to the electrochemical cycling
and assigned to variations in the bulk magnetic susceptibility of the electrodes, with a minor impact
on the shifts and line broadening of the electrolyte signals.
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Figure 9: C in-situ (operando) evolution of a half-cell composed of Si/Gr anode, Li
metal with natural isotopic distribution, and an EC-based electrolyte with EC
homogenously enriched in ™C isotopes. The electrochemical evolution and the
intensity of the C signal evolution are shown in the figure.

Careful inspection of the 1D spectra associated with the electrochemical evolution in Figure 9 reveals
an additional resonance between 10 and 50 ppm. Although faint in the 2D map, it is evident in the
individual 1D traces. This feature, which does not match the *C resonance of EC, grows during the first
cycle (Figure 10), consistent with the formation of an SEI degradation product. Its chemical shift is
compatible with a CH,/CHs carbon from an open-ring EC derivative (e.g., LEC or LBDC), as detailed in
the ex situ characterization in the next chapter.
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Figure 10. (A) 1D spectra extracted from the in situ 2D map in Figure 9 at time 0 (black)
and after 15 h (red), i.e., upon completion of the first electrochemical cycle. The
principal resonances correspond to the EC "C sites (labels shown). A weak, broad
feature appears near 30 ppm. (B) The intensity of this feature grows over the first
cycle.

It should be noted that, because the in situ measurements are performed under static conditions, only
signals from relatively mobile species are clearly observed; more rigid molecules—such as carbonates
that may be present—are not easily detected in situ. The signals in the 10-50 ppm region observed in
Figure 10 are therefore attributed to species undergoing relatively fast local reorientation, consistent
with the proposed assignment.

As the ™C signal evolution obtained under operando conditions does not allow high-resolution
detection of the solid components formed (due to the absence of magic-angle spinning), ex situ
measurements were performed in parallel to obtain higher-resolution spectra under MAS conditions.
The sample was prepared by packing into an NMR rotor the material obtained after extraction of the
Si/Gr electrode from a coin cells stopped at the discharge.
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Figure 11: The ex situ ™C solid-state NMR spectrum of an electrode sample recovered
from a cell comprising a *C-labeled EC electrolyte, a Si/Gr composite, and a lithium-
metal anode is shown. The structures of the possible compounds formed in the SEI
from EC degradation as proposed previously are presented in the figure inset,
together with the expected C NMR chemical shifts for the different carbon sites.

Two main 3C signals are observed, centred at ~70 and ~160 ppm (labelled B and A, respectively, in the
figure). Owing to the intrinsic broadening of solid-state *C NMR—further exacerbated by material
heterogeneity—these resonances are not straightforward to assign. In principle, they could include
contributions from residual, unreacted EC solvent embedded in the SEIl. Nevertheless, we do not
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consider EC a major constituent of the organic phase: the 2H spectra of the ex situ sample prepared
with ?H-labelled EC (Figure 8) indicate pronounced rigidity. Residual EC would be expected to exhibit
relatively fast dynamics, whereas the 2H data reveal that the dominant organic component is rigid.
Previous ex situ solid-state NMR characterizations using homogeneously *C-enriched EC resulted in a
similar spectrum, with main resonances at ~160 and ~70 ppm. Based on those ex situ NMR results, the
EC decomposition reactions shown in the figure inset were proposed—particularly PEO, LEC, LEDC,
and LBDC [22]. The predicted ™C chemical shifts for these molecules (highlighted in blue) place
carbonyl carbons in the 161 ppm range, overlapping under signal A, and their alkyl/ethylene carbons
in the 61-70 ppm region, consistent with the broad resonance B. Additionally, a minor resonance at
~170 ppm is attributable to lithium carbonate (Li»COs), while a feature near ~133 ppm matches the
expected C response of lithiated graphite [2]].

Consistent with the in situ evolution described above, an additional resonance appears within 10-50
ppm; here it occurs at a lower shift (~18 ppm, Figure 11). This feature is compatible with open-ring EC
derivatives (LEC/LBDC) formed as degradation products. The absence of the ~30 ppm signal likely
reflects material loss during the rinsing step used to prepare the ex situ sample.

1.1.2.4 °Li/’Li Isotope Tracing in Operando NMR of LFP-Li
Metal Cells

Operando NMR experiments were conducted in a cell composed of a Si/Gr composite electrode, the
EC-based electrolyte described before, and a Li metal counter-electrode isotopically labeled with SLi.
The cell was cycled (Figure 12 A), and the NMR spectra were recorded during electrochemical cycling
(Figure 12 B). Different signal evolutions are observed at various chemical shifts, as assigned in Figures
12 Cand D, corresponding to bulk and dendritic Li metal, Li in the electrolyte at approximately O ppm,
and Li in LFP, extracted as the intensity evolution around 60 ppm. Although the chemical shift for Liin
LFP appears as a very broad resonance centered around 0 ppm due to paramagnetic interactions, this
signal is so broad that under the static conditions used for recording this operando experiment, it is
almost indistinguishable from the baseline in a single spectrum. Nevertheless, this broad component
evolves as expected for Li in LFP, as will be discussed in the following section.

The cycling of this cell begins with a charging process up to approximately 3.8 V (Figure 12). During
this time, a decrease in the ’Li signhal intensity at LFP is observed, as expected, because Li ions are
extracted from the cathode and migrate to the Li metal through the electrolyte. Interestingly, the “Li
signal intensity of lithium in the electrolyte increases during this period (blue line). This effect indicates
that a spontaneous exchange occurred between °Li at the metal and the Li with natural isotope
distribution in the electrolyte. This spontaneous exchange was also observed by other partners in WP3
and confirmed by us through liquid NMR measurements. As a consequence, with all Li migrated from
the cathode to the electrolyte, a net increase in the “Li signal intensity is observed. Concurrently, both
signals of Li metal centered at 263 and 280 ppm increase in ’Li magnetization, as expected due to the
plating of ’Li metal at the surface of the Li electrode. After reaching 3.8 V, during the discharge, the
reverse process is observed, where the ’Li magnetization in the electrolyte and Li metal decreases as
ions migrate back to the LFP cathode. During the second charge process and subsequent cycles, a
cyclic behavior is observed, where the intensity of dendritic Li metal increases during charging and
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decreases during discharging, coupled with the corresponding oscillations of the Li signal inside the
LFP.

Interestingly, the signal evolution around 0 ppm, corresponding to ’Li ions in the electrolyte, appears
to oscillate in chemical shift, with these oscillations matching the charge and discharge processes. We
assign these oscillations and the observed changes in Li signal height to variations in the bulk magnetic
susceptibility that occur when the Fe oxidation state changes between 2+ (lithiated state) and 3+
(delithiated state). Such variations in bulk magnetic susceptibility can slightly affect the chemical shifts
of electrolyte signals in the vicinity, as they are in fast exchange during the course of the experiment.

It is also interesting to observe that the deposition of Li metal after the first cycle is seen as oscillations
of the dendritic lithium at 280 ppm, and not at the surface of the bulk Li metal at 263 ppm, which is
only clearly observed during the first cycle. We assign this observation to the preferential plating of
lithium on top of microstructured Li particles, which act as seeds for further lithium growth, with
limited access to the surface of the Li metal bulk.

Finally, it is noteworthy that, apparently, the overall “Li signal intensity is reduced after the first cycle.
We assign this observation to two main factors. First, ’Li NMR magnetization inside LFP is not visible
in the spectra due to extreme line broadening caused by paramagnetic interactions. Second, once Li
ions are incorporated into the SEI, the signal is lost because of the much longer relaxation times of “Li
in the solid state. The relaxation times used between scans in this setup are sufficient to polarize Liin
LFP, the mobile electrolyte, and Li metal particles, but the times required to effectively recover
magnetization of SEl components, such as Li in LiF, can be on the order of hundreds of seconds, which
would be impractical in this experiment.
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Figure 12. Operando ’Li NMR study of a cell comprising LFP and an isotopically labeled °Li-metal
counter electrode. ’Li NMR spectra were recorded during the electrochemical cycling shown in (A).

Panels (C) and (D) display the intensity oscillations of signals assigned to Li metal and to the
electrolyte/LFP, respectively.

1.1.3 Operando solid-state NMR studies on full cells

Within this project, operando solid-state NMR full-cell investigations were carried out. Figure 13
shows the corresponding experiments: (A) tracking the ’Li signal in a Si/Gr||LFP full cell, and (B)
monitoring the 3C NMR response of a 3C-labelled EC-based electrolyte in a Si/Gr||LFP cell. In both
cases, the results are consistent with the evolutions previously discussed for the half-cell
configurations (Figures 5 and 9). As noted earlier, the ’Li spectra are dominated by the emergence of
resonances between ~20 and 50 ppm, assigned to lithiation of the graphite component (Figure 13A).
In the 13C experiment, the main observation is the clear initial decay of the solvent 3C signal, reflecting
irreversible partial decomposition during the first charge associated with SEI formation (Figure 13B).
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Figure 13. (A) Operando full-cell investigation of a Si/Gr electrode vs LFP using an FEC-based electrolyte. (B)
Operando full-cell evolution of a 3C-labelled EC-based electrolyte in a cell composed of Si/Gr and LFP.

In future experiments within the OPINCHARGE project, ex situ characterization of the corresponding
full cells will be performed, as it has proven valuable for identifying compounds formed at the
interphases. SEI components are expected to be clearly resolved; however, determining CEl

components remains challenging due to bulk magnetic susceptibility effects from the Fe-containing
cathode material.
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1.1.4 Conclusions

Operando + ex situ ssSNMR are complementary. Static operando ssNMR tracks processes in real
time, while ex situ MAS provides spectral resolution for chemical assignments and SEl
mapping. Together they deliver a structural-dynamic view that neither approach can provide
alone.

SEl chemistry governs Li* transport. FEC-based electrolytes yield a more inorganic, LiF-rich SElI
and higher effective interfacial exchange, whereas EC-rich SEl contains a larger organic fraction
with broader but slower exchange—consistent with the distinct electrochemical responses.
EXSY/CP-EXSY resolve Li* exchange at the interface. Cross-peaks between SEI (~0 ppm) and
lithiated silicon (~¥10 ppm) quantify interfacial exchange (e.g., T_ex, k_ex), directly linking SEI
composition to Li* transport and interfacial efficiency.

2H tracing reports SEI rigidity and heterogeneity. Operando 2H signals decay early, indicating
rapid formation of rigid organic SEI. Ex situ 2H MAS separates at least three populations (rigid,
semi-mobile, minor liquid-like), providing a direct handle on SElI mechanical/transport
heterogeneity.

3C tracing identifies electrolyte-decomposition products. Beyond the EC solvent resonances
(~65, ~155 ppm), additional intensity between ~10-50 ppm is consistent with ring-opened
carbonate species (e.g., LEC/LEDC/LBDC), corroborated under MAS ex situ.

8Li tracing reveals heteroisotopic exchange and Li-metal morphology. Spontaneous
metal | electrolyte isotope exchange is observed, and oscillations in the metal signal (~260-280
ppm) indicate increased accessible surface area (roughening, microstructures). The Li-metal
NMR intensity reflects surface accessibility (skin depth), not bulk content.

Practical implication. Tuning SEI composition/architecture (e.g., LiF-rich outer layers with
discontinuous organics) and controlling Li nucleation mitigate interfacial limitations. Isotopic-
tracer ssNMR establishes actionable operando metrics (t_ex, exchange amplitude, SEI rigidity)
that connect SEI chemistry < Li* transport <> electrochemical performance, guiding rational
interface design.
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1.2 Development of an in-situ isotopic electrolyte exchange
setup for operando neutron imaging and OEMS

Neutron imaging is a powerful tool to analyze the Li distribution in a lithium-based battery chemistry.
However, in both in-plane and through-plane measurements, no distinction can be made between
lithium contained within the active material (e.g. silicon) and the interphases formed at the active
material-electrolyte interface.

Within OPINCHARGE, we address this challenge by developing a novel in-situ isotope exchange setup:
after labelling interphases with a high-contrast isotope composition (e.g. ®Li) and removing all active
lithium, we aim to replace the electrolyte with another isotopic (e.g. ’Li) composition of lower contrast
for neutrons. This would allow to mainly observe the spatial distribution and/or average signal of the
lithium contained within the initially formed, labelled interphases. Figure 2 shows the strategy to label
the SEI of silicon electrodes.

6 j|
SLi-labelled electrolyte S
(°Li, 'H)

(L, H)
Lithiation, 6Li, 1H SEI
SLi Silicide Phases

Electrolvte oLj 1H SEI
Exchan

De-
lithiation

Figure 2 Exemplary electrolyte exchange methodology for silicon. Attenuating phases are marked in blue, while phases
invisible to neutron radiation are depicted in grey.

In addition to the isotope exchange functionality, additional requirements such as compatibility with
through-plane and in-plane neutron imaging as well as external compression had to be considered,
requiring a step-wise development process. In the first phase, basic functionalities related to neutron
imaging and applying currents under an external compression were tested. In phase two, pressure
control of the cell is implemented, based on a syringe pump connected to a laptop with custom
software allowing a constant pressure operation mode. Finally, the electrolyte exchange core feature
is added to the final setup (Figure 3).
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Phase 3: in-situ electrolyte exchange
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Figure 3 Different components and related project phases of the electrolyte exchange setup.
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In the following subsection, we present all goals that were initially defined for the setup.

1.2.1 Goals for OPINCHARGE electrolyte exchange setup

These are requirements specific to the electrolyte exchange system, which operates in conjunction
with the battery cell:

1. System Design
o The system must facilitate the controlled exchange of electrolyte for the cell.
o Reservoirs: Two separate electrolyte reservoirs must be connected to a peristaltic
pump via valves, enabling precise flow control into the cell.
o Waste Management: Two waste reservoirs must collect the electrolytes separately.
2. Volume and Speed Requirements (System-Specific)
o The system must handle electrolyte volumes between 50-200 uL, ensuring complete
exchange within 60 seconds or faster.
3. Electrolyte Properties (System-Specific)
o The system must account for electrolyte viscosities ranging from 0.7 to 1.5 cP at room
temperature when designing tubing and pump flow rates.
4. Maintenance and Cleaning
o The system must allow easy disassembly and cleaning, ensuring no contamination
between experiments.

Battery Cell Requirements
These are the requirements specific to the battery cell itself:

1. Electrolyte Exchange Mechanism
o The volume of the chamber containing the cell stack should be designed to limit the
total electrolyte volume within this region to a maximum of 200 uL, minimizing the
electrolyte volume that needs to be exchanged.
o Electrolyte Properties: The cell must accommodate carbonates and ether-based
electrolytes containing typical concentrations of 1M LiPFs and other lithium salts.
o The cell must allow for complete electrolyte removal without simultaneous addition,
to enable specific experimental requirements.
2. External Pressure Application
o The cell must support mechanisms to allow defined external pressure application up
to 10 bar.
o The compression should ideally be monitored throughout cycling via a force sensor
(e.g. load cell).
o Special care must be given to the homogeneity of the compression, to avoid
inconsistencies during experiments.
o Tobe considered: For neutron capture imaging, the pressure can only be applied from
one side since the working electrode contacts a scintillator fixed to a metal plate.
3. Material Specifications
o The materials used for the sides of the cell stack (perpendicular to the working
electrode) must have low neutron absorption to support neutron-based experiments.
o The electrical connections for applying a current must be designed in a way that is
compatible with working electrode (e.g., copper foil) being in contact with an
electrically insulating glass substrate on the side facing the outside of the cell stack.
4. Optical Specifications
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o The housing of the cell on the working electrode side should be designed in a way that
permits neutrons to enter from a low angle (< 30°)
5. Environmental Requirements
o The cell must operate under inert conditions with <0.1 ppm H,0 and <0.1 ppm O,, or
in a vacuum of 1073 bar.
o Sealing Mechanisms: Appropriate sealing must ensure inert or vacuum conditions are
maintained, with HPLC fittings strongly favored.
6. Size and Portability
o The cell must be portable, i.e. transportable by hand.
7. Compatibility with OEMS
o The cell should ideally be compatible with Online Electrochemical Mass Spectrometry
(OEMS), meaning that the connectivity with the OEMS system (inlet and outlet)
should align with the OEMS Cell currently used at PSI. If this cannot be combined with
the previous requirements, a second cell needs to be developed, with all
requirements except for those particularly related to neutron absorption.

Shared Requirements (Cell and System)

These requirements are applicable to both the cell and the system, as they depend on the integration
and overall design:

1. Material Specifications
o The materials used must be chemically inert to the electrolytes and resilient to applied
pressures, fluid dynamics, and inert or vacuum conditions
2. Safety
o Both components must comply with laboratory safety standards.

1.2.2 CADs and pictures of setup

1.2.2.1 Cell structure

In Figure 4a-b, schematic depictions of two novel cells are shown — one basic variant allowing to
perform neutron experiments under controlled compression, and one variant that additionally
incorporates an electrolyte exchange functionality. In both, the cell can equip a glass chip with a
scintillator coating on one side, which is needed for neutron capture imaging experiments (see next
task). For tests without electrolyte exchange, a steel piston is pushed at the electrode stack (e.g. Cu
current collector, separator and counter electrode) using a simple, 3D-printed part holding a screw
(Figure 4c) during cell assembly. For electrolyte exchange tests, the steel piston is fitted with a channel
for a tube, which is used to deliver the electrolyte to the cell stack. To achieve a homogeneous
spreading across the surface, a porous metal disk is added, and a mesh counter electrode is used with
the intention to allow a quicker diffusion to the (porous) separator and working electrode.
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Figure 4 a) Cross-sections of the OPINCHARGE cell without (left) and with (right) electrolyte exchange feature; (b) shows a
photo of the basic cell and the screw used for precompression.

1.2.2.2 Compression via syringe pump

For controlled compression on the electrode stack, a setup consisting of a pressure base (see Figure
5) connected to a syringe via tubing is used. This syringe is fixed in a syringe pump system, which can
be controlled by a custom program, currently still under development.

Figure 5 OPINCHARGE cell with compression base and 3D-printed holder for neutron imaging. The compression base is
connected to a syringe pump.

1.2.3 Example of experimental procedure

In preparation for the first tests with the electrolyte exchange cell, a procedure has been drafted.

1. The cell is assembled in the glovebox. To ensure that all electrodes are well aligned and do
not move during the transport, the cell is precompressed using an auxiliary system consisting
of a screw and a 3D printed part (Figure 4c).

2. The electrolyte reservoir syringe is filled with electrolyte, attached to the cell upside down to
avoid electrolyte contacting the counter electrode prematurely and fixed in a 3D printed
holder, which also holds the cell, as shown in Figure 6.
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Figure 6 3D-printed holder preventing the cell components from moving during removal of auxiliary compression system as
well as the premature injection of electrolyte into the cell.

3. The waste reservoir syringe is attached to the cell.

4. The cellin its holder is removed from the glovebox and transferred to the experimental
setup.

5. The auxiliary system is carefully removed and replaced by the syringe pump-controlled
compression system.

6. Using the custom software developed for the cell, the syringe pump is operated and used to
apply a constant force on the piston, which transmits it further to the working electrode. The
force is monitored by a load cell located outside of the cell.

7. The cellis connected to a potentiostat, the electrochemical experiment starts and the output
of the load cell is registered and automatically converted to pressure. The syringe pump is
controlled by a laptop with custom software, and automatically keeps the compression
constant

8. After the first charge and discharge cycle, the waste reservoir syringe is pulled to create a
mild vacuum and remove the electrolyte from the cell. At the same time (or subsequently),
the reservoir syringe is being pressed to introduce an additional (relatively neutron-invisible)
electrolyte into the cell.

1.2.3 Conclusions

To summarize, this section describes:

- Development of a novel setup allowing to apply a defined external pressure, perform
neutron imaging in-plane and through-plane as well as exchange the electrolyte in-situ

- Requirements, CADs, and photos of setup components

- Exemplary procedure for applying and sustaining a defined compression and exchanging the
electrolyte

1.3 Operando neutron imaging in combination with isotope
labelling

Neutron imaging provides a powerful tool to study lithium-ion batteries®. Unlike X-rays which
interact primarily with heavy elements, neutrons are sensitive to certain light elements such as H and
Li. In particular, °Li has a large neutron cross section of 861 barns thanks to the nuclear reaction
n+°Li - a+3H * With °Li isotope enrichment, neutron radiography (NR) can detect lithium
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distribution with a thickness precision down to 1 um and a spatial resolution in the 10 um order of
magnitude.

However, even when employing 6Li, NR meets a limitation when resolving very small quantities: For a
100 nm 6Li layer, only 0.07% of incident neutrons are absorbed, which generally results in too low
contrast to be detected against the intrinsic Poisson noise in the background®. Another restraint comes
regarding imaging lithium plating and stripping in lithium metal batteries with through-plane
transmission. If one attempts to obtain a 2D map of plated lithium on the current collector, the lithium
metal electrode on the opposite end would also contribute to the signal. To avoid collimation of the
lithium electrode and plated lithium, Eric et al. designed an annular electrode cell for operando NR
measurements®. A major drawback, however, is the necessity to use an annular 6Li counter electrode
to allow for neutrons to pass through. Consequently, most of the plated lithium is observed at the
electrode edges, and the impact of pressure is neglected, which has been shown to play a crucial role
in the efficiency of lithium plating and stripping.

Neutron Radiography Neutron Capture Imaging
neutron absorber +
scintillator scintillator
) _Separator
Ring-shaped °Li | Plated éLi on Cu Plated 6Li on Cu
o - light
neutron *H - light e e
' @ o« / neutron
a
;Measure Li thickness from beam\‘ "’Direcﬂv detect 5Li:neutr0n\
\attenuation through sample ) reaction in sample

Figure 7 Schematic of the principles of neutron radiography (left) and neutron capture imaging (right). In NR, the thickness

of 6Li as the major attenuating species in the sample is obtained by measuring the intensity of the attenuated beam. In NC,

the thickness of 6Li in the sample is obtained by measuring detecting the charged secondary particles produced by neutron
capture reactions inside the sample.

Supported by the OPINCHARGE project, we developed a novel neutron imaging approach based on
directly detecting the neutron capture by °Li in the cell instead of measuring the attenuation. The new
method is named neutron capture imaging (NCI). A comparison between the principles of NR and NCI
is shown in Figure 7. In NR, the transmitted, the scintillator (doped by neutron absorbers such as °Li
and Gd) receives the transmitted, attenuated neutron beam and produces light output. In NCI, the
scintillator does not react with the neutron beam, but only with the 3H* secondary particles produced
at the plated lithium on the Cu current collector.

While the contrast in absolute terms is the same as for radiography, the neutrons which are not
captured by °Li in the sample are not detected, resulting in a near-zero background. This allows for
higher signal-to-noise ratios (SNRs) and unprecedented °Li sensitivity. Since the transmitted neutrons
are no longer measured, the neutron beam can be incident from any angle, offering flexibility for the
cell design (e.g. circular Li metal electrodes). Moreover, there is no need for a collimated neutron
beam, meaning that the intensity of the beam could be increased significantly by using measurement
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positions near the neutron sources and/or by using focusing guides. Images will not be affected by
background scattering neutrons either.

1.3.1 NClI setup development

A number of NCI setup configurations were proposed and tested, and the specifications are shown in
Table 1. Setup A is the conventional NR configuration. Setup B is the first NCl test with the same optical
configuration and CCD camera as setup A, which offers a direct comparison. Setup C utilizes the special
TimePix 3 Camera which records individual photon arrivals with nanosecond time resolution’. The
photon statistics are processed to neutron events with a centroiding algorithm to obtain improved
spatial resolution and further suppressed background noise. To have the neutron beam reach the
plated lithium before the lithium metal anode, the MIDI camera box has to be oriented in the way that
the neutron beam hits the box and mirror first, which attenuates the neutron beam. To maintain high
neutron flux, we proposed setup D with a customized optical setup which places the cell directly in
front of a relay lens systema and the TimePix 3 Camera. The ZnS:Cu scintillator was also replaced by
ZnS:Ag whose light output, despite being lower in general, has wavelengths which match better with
the optimal performance wavelength of the TimePix 3 Camera’s intensifier (Photonis Cricket).

Table 1 Specifications for four setups tested. The NR setup is also included to offer a cross-validation

MIDI box Gd;0S,:Tb 30um  Andor lkon-L CCD

B NCI MIDI box ZnS:Cu 50pm Andor lkon-L CCD
C NCI MIDI box ZnS:Cu 50pm ASI TimePix 3
D NCI Customized ZnS:Ag 50um ASI TimePix 3

It was found that the best sensitivity is offered by setup D: NCI with customized optical setup, ZnS:Ag
scintillator, and TimePix 3 Camera. Figure 8 shows a picture of the up-to-date setup D for NCI. The
camera, connected to the intensifier and relay lenses, is mounted onto a linear stage for focusing. The
cell holder is placed in front of the relay lenses, and the scintillator is incorporated into the cell. All
components are stored in a semi-lighttight anodized aluminum box (which is still to be upgraded).
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Figure 8 Setup D: NCI configuration with TimePix 3 Camera, linear stage, a relay lens system and the cell holder, all in a semi-
lighttight anodized aluminum box.

1.3.2 Validity tests on ex-situ electrochemically plated °Li
samples

To prove the validity of the NCI approach and find the best setup configuration, test measurements
were conducted on ex-situ electrochemically plated °Li samples of average thicknesses ranging from
10um to 10nm and a diameter of 12mm. The results are shown in Figure 9. With similar neutron flux
exposures, both NR and NCI offered sufficient sensitivity for the 10um and 1pum samples. However.
setup D saw a saturation in the image due to both the °Li layer is too thick at some positions (greater
than 40pm) and high light output exceeding the maximum photon hit rate of the TimePix 3 Camera
(80 Mhits/s). For the 100nm and 10nm samples, NR was not able to provide any sensible contrast as
the °Li signal is largely overridden by background noise. NCI with CCD camera (setup B) was able to
resolve the hundred-nanometer-thick °Li deposits in the 100nm sample, but the noise was still too
high for the 10nm sample. With additional noise suppression offered by TimePix 3 Camera and the
centroiding algorithm, NCI was able to resolve features in the 100nm and 10nm samples nicely,
improving the °Li sensitivity by at least tenfold.
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(a) Neutron
radiography

(b) NCI with CCD
camera

(c) NCI with TPX-
CAM

(d) NCI with TPX-
CAM, modified
optical setup

Figure 9 NR and NCI measurement results of four ex-situ electrochemically plated 6Li samples. ®Li of average thicknesses of
approximately 10um, 1um, 100nm, and 10nm was plated on Cu substrate, then sealed in 10um-thick Cu foil bags to prevent
contamination by air. For each sample, measurements were conducted at the same beamline (ICON or BOA at SINQ, PSI).
Measurement times were either kept constant or adjusted according to the flux difference at different sample positions to
obtain the same exposure for fair comparison.

1.3.3 Operando measurements

Operando tests were then conducted on an electrochemical cell adapted from X-ray diffraction
purposes, before the new pressure-controlled, electrolyte exchange cell was commissioned. °Li-
labelled carbonate electrolyte was prepared by dissolving ®LiPFs (Sigma-Aldrich, 99,99%, battery grade)
in 1:1 EC (ELyte)/DMC (E-Lyte). Plating and stripping was performed using a Biologic SP 150
potentiostat by applying a current density of 0.5 mA/cm? for 1.58 h, and -0.5 mA/cm? until a cutoff
voltage of 0.5 V vs Li*/Li was reached. The imaging results and the electrochemical data recorded by
the potentiostat are shown in Figure 10.

Generally, it could be observed that the average intensity of images evolved in a pattern that aligned
well with the electrochemical protocol: while no lithium was detected in the initial Open Circuit
Voltage phase (Figure 10 c), the intensity in some areas increased during the first plating process
(Figure 10 d) and was maximal at the end of plating (Figure 10 e). Then, the removal of lithium was
reflected by a decrease in signal (Figure 10 f) until the stripping step was finished (Figure 10 g). At this
stage, it was observed that around 68% of the lithium had been removed. These are thought to consist
of electrochemically passive “dead” lithium and lithium in the Solid Electrolyte Interphase (SEl). Finally,
another plating step resulted in the additional electrochemical deposition of lithium ( h), this time not
reaching the same signal intensity due to the shorter plating time. We note that the cell used for the
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experiment is not ideal as the mechanism of applying (under-)pressure on the layers may result in
damage (e.g. wrinkles) of the thin Cu foil, which might result in an inhomogeneous contact inside of
the cell and locally increase electrical resistance. To eliminate this as a reason for inhomogeneous
plating, as seen in the operando images, future operando tests should be conducted using a cell that
can be homogeneously compressed by an external force rather than underpressure applied by a

syringe.
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Figure 10 Results of operando NCI measurements of the electrochemical cell. Data were processed with 5-minute acquisition
windows. (a) Average °Li thicknesses calculated from NCI data, calibrated by the NCI measurement of a 1um thermally
evaporated uniform 6Li layer, and from the electrochemical data. (b) Raw electrochemical data recorded by the potentiostat
program. (c-h) NCI images at selected phases as marked on (a).

As the thickness calculated from the capacity can only be seen as an upper theoretical limit, it is not
surprising that the thickness calculated from neutron imaging is lower, as it also takes side reactions
such as electrochemical deposition of the electrolyte into account. Decomposition products of such
reactions also contain lithium but are likely to exhibit a considerably lower lithium density than
metallic lithium. It could also be due to calibration errors, as the reference measurement of the 1um
thermally evaporated layer was not fixed at the exact same position, leading to potentially different
neutron fluxes.

1.3.4 Resolution measurement and SRIM simulations

While the Li thickness sensitivity of NCI was demonstrated with the eletrochemically plated samples,
spatial resolution is estimated from the 1um thermally evaporated sample which provide a sharper
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edge. The line spread function at the egde was computed with a Voigt fit, from which the spatial
resolution was estimated to be 103um, close to the raw pixel size of 109um thanks to the centroiding
algorithm. An important limitation of the NCI method is the resolution limit caused by the isotropic
travelling of 3H particles once they are produced in the ®Li-neutron capture reactions.
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Figure 11 Spatial resolution estimation of the current NCI setup from the 1um thermally evaporated sample. The resolution
is estimated to be around 103um, which is close to the raw pixel size of 1091um due to the centroiding data treatment.

To verify the resolution limit of our system, Monte-Carlo simulations of the 3H particles were
performed with the SRIM software®. The results are shown in Figure 12. In each simulation, 10° 3H
particles were released isotropically, and those which travel through the °Li and Cu layers were
recorded. The point spread function of the 3H arrivals was then estimated, and the corresponding
resolution limit was computed as the 10% MTF (modulation transfer function) cutoff. For our current
operando setup of 10um Cu foil and °Li under 5um, it was shown that the resolution limit is around
18um to 30um. It is clear that our NCI system is now optically limited (by the camera pixel number
and size), rather than intrinsically limited by the NCI physical processes.
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Figure 12 SRIM Monte-Carlo simulation of the spread of secondary 3H particles reaching the scintillator. In each simulation
10° ions travelled isotropically in all direction, and the ones which transmit through the 6Li and Cu layers were recorded. The
thicknesses of the 6Li and Cu layers were varied and changes in the resolution limit and transmission rate are demonstrated.
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1.4 Development of an in-situ isotopic electrolyte exchange
setup for operando neutron imaging and OEMS

1.4.1 Electrolyte Labelling strategy

The envisioned use of OEMS to elucidate SEI and CEl formation of high-energy density electrodes is
paired with a strategy to increase the selectivity of the technique towards selected electrolyte
components. 3C-labelled carbonate solvents and additives should clarify questions regarding the
deconvolution and origin of gases such as C;H4, CO and CO,. Preceding the use of isotope-labelled
compounds are studies in which cells are built with electrolytes composed of single solvents,
facilitating an initial assignment of gases to electrolyte components (Figure 13, Phase 1).
Subsequently, employing LP30-based electrolytes composed of one 3C labelled component should
contribute to the better understanding of CO and C;H,4 evolution in realistic electrolyte compositions
(Figure 13, Phase 2). Finally, the gas evolution of additives will be selectively studied by following the
12C gas signals evolving from the non-labelled additive compounds in presence of the 3C-labelled main
solvents EC and DMC (Figure 13, Phase 3).

Pre-Study: Single solvent DMC, EC, FEC, VC Baseline (similar to
electrolytes (no isotope labelling) previous studies)
Phase 2: Deconvoluting CO & C,H, 15C-DMC + EC Clarifying EC vs DMC
evolution in LP30 electrolyte decomposition during
interphase formation
e Phalse 3 Degog;f)l_mm%gg/f}gpi 13C-DMC + C-EC + FEC Selectively studying
evolution of additives n additive decomposition
13- 130
LP30 electrolytes C-DMC + BC-EC+VC during interphase formation
BC-DMC + BC-EC + ... with real electrolytes

Figure 13 Overview of OEMS experiments involving isotope-labelled compounds. Labelled electrolyte components are marked
in red, and a summary of the target information is given on the right.

1.4.2 LMFP Gassing studies

In a system with the standard lithium-ion battery electrolyte LP30, the gassing behavior of LMFP was
studied, using the non-gassing electrode material LFP as a counter electrode, which was previously
delithiated electrochemically to 75 % by controlling capacity to achieve a stable potential vs the
working electrode. The LMFP working electrodes were obtained by blade-coating on an Aluminum
mesh.

It was observed that the LMFP is not exhibiting any gas evolution within the operational voltage
window of 2.4 V — 4.4 V (Figure 14a). Only when increasing the potential to 4.6 V vs Li*/Li or higher,
CO,is formed, as a result of electrolyte decomposition (Figure 14b).
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Figure 14: OEMS tests of LMFP in full cell configuration, with LP30 as electrolyte; a) CV between 4.4 V and 2.4 V vs Li*/Li, 50
mV/s. The test was carried out with three cells; b) Overcharging experiment, with C/3 constant current step charging to 4.6
V vs Li*/Li and subsequent voltage hold. The experiment was carried out with three cells.

Therefore, isotope labelling is not necessary to track the gas evolution of additive decomposition
during interphase formation. Instead, the strategy described in 0 is considered more informative in
the context of Silicon electrodes (next section).

1.4.3 Silicon Gassing studies

1.4.3.1 Cycling tests
Long-term cycling tests of silicon half-cells, comparing a variety of electrolytes (Figure 15a) and two
binders (Figure 15b) were carried out to identify trends of cycling stability related to additive addition

and binder selection, as a higher cycling stability can related to a more stable SEI.

FEC effectively improves the capacity retention with increasing concentration up to fully substituting
EC; an opposite trend is visible when transitioning to VC, which can even result in lower capacities

than the reference LP30 electrolyte, if the ratio of VC to the active material exceeds a certain value.

With another set of cells, the impact of the binder on the cycling stability was investigated. With the
chosen electrode properties and experimental conditions, a PAA binder seems to clearly outperform
a NaCMC binder at the same weight percentage. This may be linked to SEl formation, as attempted in

a preliminary set of OEMS experiments (next section).
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Figure 15: Cycling data of silicon cells paired with different a.) electrolytes and b.) binders. FP30 is an analogue to LP30 with
EC being fully substituted by FEC. All cells were cycled under C/10 charge and discharge rate, with an initial cycle under C/20
for the purpose of SEI formation.

1.4.3.2 Preliminary OEMS tests

In preliminary OEMS studies with electrodes manufactured using a previously established bar coating
process, the goal was to identify the impact of the choice of counter electrode and the binder on the
gas evolution.

Moving from a half cell to a full cell (Figure 16 a and b) using a partially delithiated, non-gassing LFP
counter electrode mainly impacts the hydrogen evolution, as would be expected from the high
chemical reactivity of metallic lithium towards H; sources such as residual water. This chemical
reactivity may also explain why most of the hydrogen evolution is observed at higher potentials
between 1.66 V and 0.34 V vs Li*/Li, while in the full cell, most of the hydrogen is evolved at a potential
as low as 0.17 V vs Li*/Li, overlapping with the potentials at which C,H4 and possibly CO is evolved,
which are typically associated with the decomposition of EC as part of the SEI formation process.®

As for the impact of the binder (Figure 16 c and d), the onset potentials are similar for C;Hs, CO and
CO; while they differ considerably for H,. The H; evolution starting at 1.68 V vs Li*/Li, which is clearly
observed for the electrodes with the PAA, binder may be associated with the higher proton
concentration introduced by the binders during electrode preparation, as reported by previous
studies.®

For more quantitative studies of the gasses evolved, a novel electrode manufacturing process (see
next section) was developed to obtain a more homogeneous loading for each electrode. Once the
trends identified in the preliminary studies are confirmed with these electrodes, the labelling strategy
elaborated before will be introduced to bring further clarity on the origin of the gasses and improve
our understanding of the SEl formation process, the impact of the counter electrode and of the binder.
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Figure 16: Preliminary OEMS data of silicon electrodes; a) Comparison of half-cells and full-cells (using partially delithiated
LFP as counter electrode). The O; signal in the half-cell indicates residual oxygen not sufficiently removed during the
equilibration phase; untight cells may be explain the unstable signals of most gasses; b) A binder study comparing the impact
of NaCMC and PAA, at the same weight percentage. The CO; signal has not been calibrated correctly and onset potentials
could therefore not be identified clearly.
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1.4.3.3 New electrode manufacturing route

Previously, Si electrodes were produced by applying a highly viscous slurry to Cu mesh (3CU6-
031FSRx12’, Dexmet, USA) and then manually bar coating it (Figure 17 a). This approach has the
drawback that the loadings usually turn out to be highly inhomogeneous across the mesh surface, and
that the results highly depend on the person doing the coatings, as it is hardly possible to accurately
control the pressure applied to the mesh and the speed of coating. Furthermore, the loadings obtained

have a rather large error due to the mass unbalances of the bare mesh (Figure 17 b).

a) b)

Figure 17: a) Previously used bar coating method to obtain mesh electrodes; b) exemplary mesh electrode obtained from bar
coating. Electrodes were punched in areas with seemingly homogeneous loading, which corresponds to only a small fraction
of the total coating area.

With the goal to obtain more reproducible, homogeneous coatings and a smaller mass error, it was
therefore set as a target to use bladecoating instead, which allows to accurately control coating speed
and the gap between the substrate and the blade, and which turned out to be an excellent choice for
the manufacturing of LMFP mesh electrodes. Two meshes with a lower mass error compared to the
original mesh (Figure 18 a) were identified and chosen as potential substrates for a bladecoating
process. Next, the slurry composition was tuned to achieve all the goals listed in Figure 18 b. Figure
18 c shows pictures of the slurry manufacturing process and pictures of the final coating on steel mesh
(Steel mesh 212/90 um, Bopp AG, Switzerland).

All following OEMS tests were carried out with electrodes made using the described manufacturing
method.
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Figure 18: a) Column scatter plots of circular blank mesh weights (13 mm diameter), divided by median; b) targets for a
suitable slurry composition; c) blade coating process on Bopp steel mesh, attached to sticky underground and finished coating
after slurry application.

1.4.4 Conclusions

To summarize, this section describes:

- The isotope labelling strategy developed to attribute the source of gassing to single solvent
components in a realistic electrolyte mixture

- OEMS tests of LMFP electrodes, with no gassing observed in the operational window

- Electrochemical cycling experiments of Silicon electrodes in different electrolytes

- Preliminary OEMS tests of Silicon electrodes, showing major differences in the H; evolution
of half-cells and full-cells, and half-cells built with different binders. In contrast, CO, CO; and
C,Hs evolution onset potentials are comparable

- A new electrode manufacturing approach for Silicon OEMS electrodes
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1.5 SIMS based operando methodology

SIMS is particularly promising as an analytical technique for batteries because of its capability of
detecting Li, even at trace concentrations. Operando characterization techniques are particularly
important in this regard, as they can provide direct insights into Li-ion kinetics by enabling real-time
tracking of changes within a functioning battery. Therefore, operando SIMS methodologies offer
valuable opportunities to advance the understanding of Li transport at electrode—electrolyte
interfaces and related degradation processes. In this context, a few recent studies have employed
SIMS analysis of solid-state batteries in their operational environment. Masuda et al. developed an in-
situ ToF-SIMS based methodology for imaging Li distribution in composite cathode materials after
charge/discharge® They analyzed an all-solid-state battery with LiCoPO, (LCP) as the active material in
cathode and LiwxAlkGez« (PO4)s (LAGP) as a solid electrolyte and were able to image a cyclic increase-
decrease of Li intensity in the LCP particles after each charge-discharge cycle. Yamagishi et al. also
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developed a similar ToF-SIMS based in-situ imaging technique?. More recently Cressa et al. reported
a workflow that allowed them in-situ correlative SE-SIMS imaging at nanoscale lateral resolution of a
LLZO based solid state battery before and after cell failure®. They mapped presence of Li on the new
phases that appeared inside the LLZO after cell failure, confirming them to be the Li dendrites.
Although these reported studies showed the possibility of performing electrochemical charging inside
the SIMS instruments, one major limitation of these quasi-operando methods is that the
electrochemical operation of the cell had to be stopped or paused during analysis. The electrochemical
operation of a cell is inherently a non-equilibrium process, so, tracking the non-equilibrium changes
in Li distribution in solid state batteries during electrochemical charging requires a fully operando SIMS
technique that would allow us to perform SIMS analysis without interruption of the electrochemical
processes in the battery.

In the following subsection, we present our prototyping efforts to address the instrumental challenges
in the context of operando SIMS analysis. We describe the custom electrochemical cycling setup and
sample holder designed to facilitate real time SIMS imaging of SSBs. Finally, to valorize our operando
SIMS method, we present results from a proof-of-concept operando SIMS experiment, capturing in
real-time the spatial Li redistribution in a gel polymer electrolyte solid-state battery during battery
operation.

1.5.1 Operando setup development:

The prototype platform used for developing the operando workflow consists of a dual-beam FIB-SEM
(Thermofisher Scientific) fitted with a double focusing compact magnetic sector mass spectrometer
developed at LIST* This specific platform utilizes the Ga-FIB as the primary ion beam and use of a
continual focal plane detector allows detection of all masses in parallel. This FIB-SIMS system allows
us to achieve sub-20nm lateral resolution for SIMS-based elemental mapping, paving the way for us
to track nano-scale Li transport in batteries.

Performing SIMS analysis during electrochemical cycling is challenging because SIMS requires an
extraction field between the sample surface and the SIMS optics for collection of secondary ions
sputtered by the primary beam. In the FIB-SIMS system used here, this electric field is established by
applying a 500 V bias to the sample relative to the grounded first electrode of the SIMS optics®. This
voltage bias makes it incompatible with conventional potentiostats for electrochemical cycling
hindering operando SIMS analysis.

To overcome this limitation, an in-house special electrochemical cycling unit was developed. Our setup
works by referencing the terminals of the potentiostat at 500 V, this serves two key purposes:

1. It maintains the necessary extraction field needed for secondary ion collection by elevating
both battery electrodes to 500 V.

2. Itallows us to conduct electrochemical cycling concurrently with SIMS analysis, using 500 V as
the baseline potential to create a small potential difference between the electrodes to drive
electrochemical reactions.

Furthermore, as no commercial sample holders are available for operando FIB-SIMS analysis a special
holder was designed in-house with following considerations in mind:

-adaptability to the FIB-SIMS platform and inert gas transfer shuttle for contamination free transfer
from glovebox to the analysis chamber.
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-capability of applying dynamic stacking pressure to maintain intimate contact between the electrode
and electrolyte to ensure reliable electrochemical performance.

-stable interface between the electrical contacts of the holder and the cycling unit for noise free
electrochemical operation.

Figure 22 elucidates the schematic of the operando setup as well as the design of the sample holder
and a real-time view from the analysis chamber during operando measurements

(a) [Electrochemical cycling unit
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>
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Figure 19 (a) Schematic of the operando FIB-SIMS setup. (b) 3D design of the sample holder, the two electrical contacts are
shown in different color. (C) in chamber view during operando analysis

1.5.2 Proof-of-concept experiment: tracking Li-ion migration
pathways in SSBs

As a proof-of-concept study, here we tracked Li transport in a gel polymer electrolyte-based Li
symmetric cell®.

1.5.2.1 Sample details

(i) Electrolyte: The electrolyte is a gel polymer electrolyte (referred hereafter as GPE) composed of a
poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) polymer matrix. The matrix is
plasticized with polyethylene glycol dimethyl ether (PEGDME, Mn =500 g/mol) serving as the solvent,
and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) as the lithium salt. The LiTFSI salt had natural
Li abundance. Both the LiTFSI salt and the plasticizer used here for preparing the GPE were purchased
from Sigma-Aldrich. The solvent-to-salt composition was adjusted to provide an ethylene oxide units
to lithium cation (EO/Li) molar ratio of 20:1. The GPE was synthesized via the solvent casting method
and exhibited an ionic conductivity of 3.4x10*S cm™ at room temperature®. In comparison with
conventional carbonate-based solvents (EC + EMC) used in liquid electrolytes, the GPE demonstrated
markedly improved flame resistance, attributable to the low vapor pressure of the PEGDME solvent.
These characteristics highlight its strong potential as a candidate for next-generation solid-state
batteries.
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(ii) Electrodes and isotope labelling: For operando analysis, Li foil was used as both the working
electrode (W.E.) and counter electrode (C.E.). The W.E. of this symmetrical cell was enriched in °Li.
bLi-chunks (enriched to 95.4 % in °Li, immersed in mineral oil) were purchased from Sigma Aldrich
(CAS- No. 14,258-72-1). The C.E. used here was a Li foil having Natural Li abundance, i.e., they were
rich in ’Li (delivered by Alfa Aesar, CAS-No. 7439-93-2). First, an 8 mm-diameter semicircular disc of
the GPE was prepared using a lithium disc punching tool and a scalpel. For the isotopically labeled
W.E., °Li metal chunks were washed with cyclohexane to remove residual mineral oil and subsequently
roll-pressed by a rolling pin into foils of approximately 0.4 mm thickness. From one of these foils, a 6
mm-diameter circular disc was punched and then cut into a semicircular shape with a scalpel. The
counter electrode was prepared in the same manner from lithium foil of natural isotopic abundance.
The GPE was then placed between the two semicircular lithium foils and carefully mounted in the
operando sample holder (described in previous section), ensuring that the flat side of the assembly
was oriented toward the electron/ion beam for analysis. Stacking pressure was applied via the
movable compression plate of the sample holder to ensure good interfacial contact between
electrodes and the GPE. All preparation and cell assembly steps were conducted inside an argon-filled
glovebox (0, < 1 ppm, H,0O < 1 ppm) to prevent exposure to air and moisture. The sample was
transferred from the glovebox to the FIB-SEM-SIMS platform using an inert gas transfer shuttle. The
sample holder along with the sample is first loaded inside the shuttle in Ar atmosphere and the shuttle
is sealed. After removal of the sealed shuttle from the glovebox, it is taken to the airlock of the FIB-
SEM-instrument and is mounted on the airlock. The shuttle is opened once the airlock is purged with
Ar, and the sample holder is transferred inside the analysis chamber through a valve connecting the
airlock and the analysis chamber.
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Figure 20 SE image of the planar surface of the semi-circular cell assembly used for the operando SIMS imaging

1.5.2.2 Operando analysis

After transferring the sample from the glovebox to the FIB-SIMS chamber, SE images of the pristine
electrolyte were collected at 5 keV and 50-100 pA (Figure 23). The stage was tilted to 52° for normal
incidence of the FIB, and SIMS imaging was performed near the GPE-W.E. interface to assess the initial
bLi distribution.

Electrochemical cycling was carried out using a chronopotentiometry (CP) sequence at 100 pA/cm?
for 200 min, corresponding to the theoretical consumption of ~1.6 um of the Li-rich foil. Voltage
response was recorded, and SE and SIMS images were acquired at the GPE/W.E. interface at selected
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time points. Data were processed using Python and Fiji to generate °Li/(°Li+’Li) ratio maps, providing
a semi-quantitative measure of ionic transport relative to the pristine state.

1.5.2.3 Results and discussion

Figure 24(a) shows the voltage profile recorded during the CP sequence, the red circles mark the
specific time points at which SIMS imaging was carried out. Figure 24(b) displays the spatially resolved
®Li/ (°Li + "Li) ratio maps obtained from a selected region of the GPE located near its interface with the
W.E. during the CP sequence. These two-dimensional maps reveal a distinct and progressive
enrichment of °Li in the investigated ROl during the electrochemical charging process. Clearly
demonstrate that the concentration of °Li in the electrolyte increased steadily throughout the
operando experiment. This increase in °Li content can be understood by considering the ion-exchange
dynamics occurring during charging. The GPE was prepared using non-isotopically labeled LiTFSI salt,
meaning that its lithium reservoir predominantly consisted of ’Li. During the charging sequence, part
of the ’Li originally present in the GPE migrated toward the C.E. and was plated as Li®. At the same
time, in order to maintain charge neutrality in the system, °Li ions from the W.E. migrated into the
GPE, and replaced the depleted ’Li population. This process accounts for the observed increase in the
®Li fraction within the GPE as electrochemical charging progresses. These results validate the
applicability of our setup for localized high-resolution visualization of the transient changes in lithium-
ion distribution inside a battery during operation.

From the SIMS ratio maps it is clear that the °Li enrichment during the CP sequence occurred
heterogeneously. These heterogenous °Li enrichment was further confirmed from the data of
separately run operando experiments (not shown here). A number of reasons are attributable to this
observed heterogeneity:

-The plating/stripping of Li from the W.E. and C.E. respectively might be uneven due to initial
roughness of the electrode surface and the corresponding non-uniform contact between the
electrode and the electrolyte. This non-uniform contact will lead to localized electric field gradients
and inhomogeneous °Li flux.

- The other reason could be the fact that the ion transport pathway in the GPE depends on its
crystallinity. As discussed in literature regarding the ion transport mechanism in gel polymer
electrolytes, the ion percolation network forms through the liquid-rich amorphous regions of the
electrolyte’, which fits with the observed heterogenous enrichment of 6Li in Figure 24(b).

Another notable observation from SIMS maps is that the SLi fraction in the electrolyte, measured prior
to electrochemical charging, exceeds the natural abundance of °Li. Reference measurements with Li
metal samples for the same SIMS imaging parameters suggest that the observed increase is not due
to detector saturation. The sample had been left overnight in the FIB-SEM-SIMS instrument after
assembly before any SIMS measurements were conducted, allowing spontaneous diffusion of °Li ions
from the electrode into the electrolyte due to the chemical concentration gradient.
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Figure 21 (a) Voltage profile recorded during the operando experiment. A constant current of current density 100
uA/cm? was applied. The red circles are representative of the time points at which operando imaging was done. (b) Time
series of 2D ©Li/(®Li+’Li) ratio maps from the same ROI before and during electrochemical charging (Field of View (FOV)=59
um x 59 um, 512 x 512 pixels, Primary beam energy=30 keV, primary beam current=50 pA, dwell time per pixel=0.5 ms).
The color bar represents different values of 6Li fraction. The top side of each SIMS ratio map corresponds to the region
near the bLi enriched W.E., and the arrow indicates the direction of the incoming ®Li ionic flux.

This process led to the elevated SLi fraction even in the absence of an applied current. Spontaneous
diffusion of lithium ions without external bias has been reported previously in both liquid and solid
electrolytes. Because this phenomenon can occur concurrently with external electrical current-driven
electro-migration of Li-ions during charging, it is essential to distinguish the contribution of
spontaneous diffusion from that of the applied current when interpreting the operando results. From
the results of a control experiment for same time as the CP sequence applied during the operando
experiment, it was concluded that at room temperature spontaneous diffusion of Li (due to chemical
concentration gradient) detected by SIMS imaging is negligible compared to the observed Li
electromigration reported here.
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1.5.3 Conclusions

To summarize this section describes:

- Development of a new operando FIB-SIMS imaging workflow allowing simultaneous SIMS
analysis and electrochemical operation of sold-state batteries.

- Li isotope tracing here allowed us to track the Li electromigration through a gel polymer
electrolyte

- Observed heterogenous enrichment of ®Li in the electrolyte agrees with the ion percolation
mechanism through gel polymer electrolytes elucidated in literature’.

- The methodology can be extended to understand ion transport in composite
electrode/electrolytes as well as the SEI layers of SSBs

- To best of our knowledge, the setup described here is first to facilitate correlative analysis
combining SE, BSE and SIMS information in operando condition. This paves the way for deeper
insights into link between microstructural and chemical degradations processes in Li-ion
batteries and their effect on electrochemical performance.
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