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Tracking solid electrolyte interphase
dynamics using operando fibre-optic infra-
red spectroscopy and multivariate curve
regression

Cédric Leau 1,2,3, Yu Wang1,2, Charlotte Gervillié-Mouravieff1,2,
Steven T Boles 4, Xiang-Hua Zhang 5, Simon Coudray 5,
Catherine Boussard-Plédel5 & Jean-Marie Tarascon 1,2,3

As batteries drive the transition to electrified transportation and energy sys-
tems, ensuring their quality, reliability, lifetime, and safety is crucial. While the
solid electrolyte interphase (SEI) is known to govern these performance
characteristics, its dynamic nature makes understanding its nucleation,
growth, and composition an ambitious, yet elusive aspiration. This work
employs chalcogenide fibres embedded in negative electrode materials for
operando Infra-red Fibre-optic Evanescent Wave Spectroscopy (IR-FEWS),
combined with Multivariate Curve Resolution by Alternating Least Squares
(MCR-ALS) algorithms for spectra analysis. By establishing molecular finger-
prints that can be used to identify reaction products, IR-FEWS combined with
MCR-ALS enables improved understanding of SEI evolution during cell for-
mation with notable differences stemming from electrolyte or anodematerial.
For example, despite operating at an elevated potential, lithium titanate’s SEI
has intrinsic instability, evidenced by continued carbonate formation. This
approach leads the hunt for the SEI down a new path, giving empirical for-
mulations theoretical roots.

Widespread electrification combined with low-carbon electricity
production is becoming the primary strategy for mitigating climate
change. Lithium-ion (Li-ion) batteries, as mature and efficient energy
storage devices, play a major role in this transition as their impact on
mobility is yielding unprecedented cost reductions that are further
broadening their application space. Given this massive deployment,
there is a pressing need for cutting-edge and cost-effective Li-ion
batteries with improved energy density, autonomy, lifetime and
safety1. However, battery operation is governed by a multitude of
complex and constantly evolving chemical, physical, and

electrochemical processes. Among them, the formation and stability
of the solid electrolyte interphase (SEI) plays a key role. Resulting
from electrolyte reduction over the course of the first few battery
cycles, the SEI is made up of a complex mosaic of inorganic and
organic species, which depends on both the electrolyte and elec-
trode materials, as well as the thermodynamic and kinetic situation
of the cell. The SEI is a double-edged sword—it is crucial for
improving the initial capacity, efficiency and lifetime of batteries, but
an unstable SEI can lead to parasitic reactions, consuming lithium
ions, electrolyte solvents and additives, thereby increasing the
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thickness (and resistance) of the interface and generating deleterious
gas by-products. However, with its thickness ranging from a few
nanometres to almost a micrometre, understanding and character-
izing the SEI continues to be a major and longstanding challenge for
battery researchers.

X-ray photoelectron spectroscopy (XPS) and Fourier transform
infra-red spectroscopy (FTIR) have proved to be fruitful com-
plementary techniques for elucidating the SEI composition of
recovered negative electrode materials. While XPS analysis can
identify the inorganic components comprising the surface of the SEI,
such as LiF or Li2O

2, vibrational spectroscopy, namely Raman and
mid-infra-red FTIR, provides additional insights into the organic
compounds present, such as the ROCO2Li semi-carbonates3–5. Several
sophisticated in situ methods such as XPS6 or transmission electron
microscopy7, have been utilized to analyse the evolution of the
interface (and overcome problems of contamination during the post-
mortem treatment of samples, such as washing and glovebox hand-
ling). In this context, since the pioneering work of Goren et al. in
19918, infra-red (IR) operando monitoring of the SEI has been
developed using electrochemical cells with innovative designs. For
instance, reflective glassy carbon electrodes and amorphous silicon
thin-films deposited on the attenuated total reflectance (ATR) crystal
have been used as model systems for graphite and silicon anode
surfaces, respectively9,10. In the study by Shi et al. a silicon substrate
was used to observe the chemisorption of ethylene carbonate (EC),
as well as formation of diethyl 2,5-dioxahexane dicarboxylate
(DEDOHC) and lithium ethylene dicarbonate (LEDC) after several
cycles11. Conversely, Raman spectroscopy has proven to be a valuable
tool for characterizing the SEI by detecting lower-wavenumber
vibrational modes of molecules. For instance, Gogoi et al. investi-
gated in situ the reduction of EC to lithium carbonate (Li2CO3) on a
gold film electrode12. However, the Raman effect is weak compared
to IR absorption despite plasmonic enhancement techniques,
including tip probes13, nanoparticles14 or nanostructured substrates15,
and requires laser light sources operating in the visible region which
can potentially damage the SEI samples. For brevity, we direct
interested readers to more comprehensive reviews on progress with
operando optical spectroscopy of the SEI found elsewhere, e.g.
Meyer et al. 16.

Nevertheless, these highly specialized cell designs cannot be
translated to commercial cells where precise design tolerances in
packaging meet zero-excess-anything. Thus, cell producers and pack
integrators are handling something like a fractally illuminated black
box when it comes to dynamic electrochemical and chemical pro-
cesses, with some understanding of ideal scenarios, but a limited
ability to confirm and verify internal cell evolution post-production.
This is even more true for the SEI due to its dynamic nature and
complexity that depends on a wide variety of experimental
conditions17 and amazing sensitivity to such conditions18.

In this context, Grey and Tarascon have highlighted a range of
attempts to demonstrate the usefulness of integrating optical or other
sensors into batteries19. Notably, Huang et al. monitored the heat
generation associated with electrolyte reduction and SEI formation
under real-world conditions20. However, this preliminary work was
unable to identify the individual molecular species associated with
these parasitic reactions. Using ultrafine double fibre probes and
hollow-core microstructure fibres, respectively21–23, Yamanaka et al.
and Miele et al. overcame the double challenge of sample excitation
and Raman photon collection. They implemented operando fibre-
based Raman spectroscopy to pouch cell configuration, evidencing
electrolyte composition change and gas bubbles formation. However,
their setup depends on an external microfluidic system to pump the
electrolyte through the fibre and enhance the signal, limiting both
continuous monitoring and the ability to track changes in the elec-
trode materials themselves.

This limitation was overcome by our group in 2022, who suc-
ceeded in characterizing the chemistry at work in commercial 18650
batteries, under real-world conditions, by the integration of Infra-red
Fibre-optic Evanescent Wave Spectroscopy (IR-FEWS) in their central
cavity, within the electrolyte24. This was made possible by the use of
chalcogenide glass (Te2As3Se5 or TAS) glass fibres, allowing efficient
transmission of infra-red light in thewavelength range from3 to 13 µm,
wheremany relevant molecules show absorbance. This study affirmed
the ability to monitor, in real-time, the decomposition of the electro-
lyte and the formation of parasitic products, such as dimethyl-2,5-
dioxa-hexane carboxylate (DMDOHC), while simultaneously observing
the dynamics of ion-solvation.

Therefore, by placing the IR-sensing fibre close to the interface
of interest, this new technique offers exciting opportunities for SEI
characterisation. However, challenges remain due to the overlapping
IR signatures of electrolytes and by-products, whether soluble or
solid. In addition, charge transfer events inevitably lead to local
variations in the concentration of lithium ions in the electrolyte and
at the interfaces, affecting the absorption and position of the IR
band. These must be taken into account when analysing IR spectra25.
To address these issues, mathematical tools such as correction, lin-
ear decomposition, and machine learning-based models can be
employed. For instance, Alves Dalla Corte et al. performed electro-
lyte correction by adding a carefully scaled reference spectrum and
thus were able to observe the formation of the SEI operando10.
However, as the authors acknowledge, this method could not take
into account the change in salt concentration and the associated
dynamic solvation phenomena. Ellis et al. took the understanding of
solvation phenomena further by introducing calibrated models for
predicting the composition of the electrolyte from its spectrum26.
More recently, Meyer et al. demonstrated that linear approaches
such as Principal Component Analysis (PCA) or Multivariate Curve
Resolution by Alternating Least Squares (MCR-ALS) could be used to
model the effect of solvation27. This approach is based on the linear
hypothesis represented by Beer-Lambert’s law, according to which
the absorbance of a given species linearly depends on its con-
centration. Finally, excellent prediction of lithium concentration
could be achieved using a convolutional neural network (CNN) to
overcome small non-linear deviations27. While the latter approach is
particularly effective in the context of a pristine electrolyte, it will
face immediate challenges when presented with new species both in
solution and forming the SEI, which are unknown and unrecogniz-
able to the model.

Herein, we extend our preliminary work on IR-FEWS24 to real-time
observations of the evolving SEI, by implementing a chalcogenide
glass (TAS) optical fibre directly into the negative electrode of the
battery. Using MCR-ALS analysis, we were able to distinguish the sig-
nature of the electrolyte from that of the SEI. More specifically, by first
training with a linear representation of the electrolyte and then
applying it to the operando data, we carry out an unsupervised
approach to determining the composition of the SEI and observe its
formation and evolution during cell operation thereafter.

As proof of concept, the formation of the SEI from various elec-
trolytes is investigated first using bare copper electrodes. Then,
negative electrodes were investigated operating either with a conver-
sion mechanism (CoO) or with alloying reactions (LixSn), both known
to lead to abundant SEI formation when electrochemically reduced by
lithium28–30. In addition, by considering lithium-titanium-oxide (LTO)
insertion electrode, we highlight the role of catalytic activity against
electrolyte decomposition at lowpotential. Basedon the time-resolved
evolution profiles of IR spectra collected during electrochemical
reduction, we demonstrate the feasibility of identifying the nature and
evolution of the SEI during battery operation and suggest ways for-
ward for others hoping to also track the complex chemical footprints
in this dynamic liquid-solid landscape.

Article https://doi.org/10.1038/s41467-024-55339-y

Nature Communications |          (2025) 16:757 2

www.nature.com/naturecommunications


Results
Preliminary step: establishing reference curves
As noted, the possibility of FTIR using a chalcogenide glass (TAS)
single-index multimode optical fibre was previously demonstrated to
allow for indirectmonitoring of the SEI formation in commercial 18650
Na-ion cells24. Recapping briefly: when the infra-red beam is guided
through a single-index TAS fibre (n1 ≈ 2.931), evanescent waves develop
beyond the fibre-surface interface, interacting with the surrounding
media, and encoding the interaction into the infra-red signal. The
spectrum resulting from the propagation of infra-red light along the
fibre length integrates the absorbance of thefibre’s surroundings, such
that molecules present around the fibre can be tracked and identified.
Thus, an IR spectrum can simply be obtained by immersing part of the
TAS fibre in a size-controlled droplet of electrolyte, as depicted in the
schematic of Fig. 1a.

Using this method, 26 solutions of ethylene carbonate (EC) and
dimethyl carbonate (DMC) at various solvent ratios and various hex-
afluorophosphate salt (LiPF6) concentrations were tested system-
atically tomap the anticipated parameter space. The resulting IR-FEWS
absorbance spectra (Fig. 1b, detailed in Supplementary Fig. 1) show
that both solvents display their IR absorption fingerprint within the
same spectral window. Moreover, when the LiPF6 salt is added, a
separation of several bands is observed, corresponding to the free and
coordinated solvent molecules to the Li+ cation and referred to as
DMCfree and DMCcoor., respectively. In order to separately identify the
effects of the solvent, the salt and their interactions,wehave chosen to
implement linear modelling, by MCR-ALS. More precisely, we assim-
ilate our operando data to amatrix D, the rows of which are composed
of the IR spectra, which we factor into two smaller matrices ST and C
representing the pure spectra and their respective contributions,

along with the summative remaining error E.

D=CST +E ð1Þ

This algorithm, which is widely used in the chemometrics com-
munity, consists of an iterative regression of C from D andST, and ST

from D and C, with mathematical or chemical constraints applied to
the new estimates of concentration and spectral profiles between
regression steps32. Lastly, a goodness of fit is assessed by calculating
the mean square error (MSE).

MCR-ALS analysis was carried out on the spectra of the 26 elec-
trolyte compositions (Fig. 1b) by applying positivity (S>0) and nor-
malisation constraints to the spectra. The spectral rangewas restricted
to 2000 cm−1 to 900 cm−1, excluding the anion band at 840 cm−1 as this
deviates from linearity at salt concentration higher than 1 molar, as
shown in Supplementary Fig. 2. Several decompositions with different
numbers of components nelectrolyte were performed to assess the
accuracy of the fit, which improves markedly with the number of
components (Fig. 1c). Within the test-space here, all the electrolyte
solutions can be accurately described with four components (Fig. 1d)
corresponding to DMCfree, DMCcoor.olv, ECfree and ECcoor. molecules,
respectively. This result is in line with Meyer’s previous results that
four principal components are necessary to explain similar electrolyte
spectra27. Consequently, this data analysis method will be used to
differentiate between the absorbance characteristics of the electrolyte
and the SEI in a series of IR spectra.

Observing and modelling formation of the SEI
Swagelok-based electrochemical cells were designed to allow the fibre
to rest directly on the current collector surface, as depicted in Fig. 2a.
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error (MSE) associated with several MCR-ALS decompositions of the electrolyte
calibration dataset, up to five components. d Spectral components of theMCR-ALS
decomposition using 4 components.
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Thanks to this configuration, metal powders, electrode material sus-
pensions or slurries are applied to the IR fibre by drop-casting, which
improves physical adhesion of the particles to the fibre’s surface. The
cell is then assembled in an argon-filled glovebox, before connecting
the two ends of the fibre to a FTIR spectrometer for sequential oper-
ando spectra acquisition during the electrochemical cycling of the cell
(see setup in Supplementary Fig. 3). The acquired spectra were pre-
processed to correct for atmospheric water vapour contributions and
baseline variations (see 'Methods' section). In addition, the initial
spectrum was subtracted from the time series spectra to directly
obtain the absorbance variation A(t)-A(t0), as this accounts for small
spectral changes related to electrolyte concentration perturbations, as
well as the formation of the SEI.

Prior to exploring SEI formation on anode surfaces themselves,
we first start by assembling a cell with a mixture of copper powder/
polyvinylidene fluoride (PVDF-HFP, also referred to as PVDF) on the
IR fibre as positive electrode, Li metal as negative electrode (Fig. 2a)
and 1M LiPF6 EC:DMC (1:1 w:w), or LP30, as electrolyte. Then, the cell
was cycled using a Galvanostatic Intermittent Titration Technique
(GITT) protocol with reduction pulses of 206 µA for 45min (corre-
sponding to 3 × 10−2mA/cm2 of effective surface area, estimated in

Supplementary Fig. 4), followed by open circuit voltage (OCV) peri-
ods of 2 h. The magnitude of the reduction current was selected with
the aim of observing reduction events on a reasonable timescale. The
GITT trace is shown in Fig. 2b: during reduction, the electrode
material initially shows a minor capacity of around 1mAh (Supple-
mentary Fig. 4), which we attribute to conversion reaction of surface
copper oxides, whose presence on a pristine sample was confirmed
by XPS, as shown in Supplementary Fig. 5. Importantly, no mid-infra-
red contribution is expected from metallic copper or copper oxides,
which absorbs below 700 cm−1, beyond the transparency limit of TAS
glass33.

The variation in absorbance A(t)−A(t0) over the course of the
experiment is illustrated in Fig. 2d, with the original electrolyte spec-
trum provided for comparison in Fig. 2c. Looking at the characteristic
negative and positive symmetric absorbance variations in the νC=O
and νOCO regions reveals variations in Li+ concentration occurring in
the electrode, with an entirely new band appearing at 1640 cm−1,
attributed to the asymmetric stretching mode of the CO2 group of
lithium semi-carbonate species (such as lithium methyl carbonate
(CH3OCOOLi, or LMC) or lithium ethylene dicarbonate
((CH2OCOOLi)2, or LEDC)

4,34,35). In the 1550 cm−1 and 1400 cm-1 regions,
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we also observe the emergence of the characteristic double band that
is a fingerprint of Li2CO3 formation4,5,36. Thus, the formation and evo-
lution of the SEI constituent species was evaluated by monitoring and
comparing single wavenumber absorbance of semi-carbonates (i.e.
LMC, LEDC) at 1640 cm−1 relative to the absorbance Li2CO3 at
1525 cm−1, where neither LMC nor LEDC shows absorbance. Figure 2b
(purple line) highlights the formation of semi-carbonates that is
enhanced during reduction event, in agreement with the formation of
the SEI by electrochemical reduction of the electrolyte (see arrows in
Fig. 2b). In contrast, the Li2CO3 band (red line in Fig. 2b) shows a more
regular increase, consistent with its description as a by-product of the
primarily formed semi-carbonates37. Finally,wenote thatbothbands at
1640 cm−1 and 1525 cm−1 continue to increase at lower potential even
when no current is applied (circled area in Fig. 2b), suggesting that
solvent reduction is not theonlymechanismat play for semi-carbonate

formation and thus somedegree of spontaneous chemical evolution is
also observed.

As to the origins of this contribution, the spontaneous electrolyte
reduction on Li metal surface of the counter electrode should be
considered as a possible source. To address this a pristine half-cell was
rested over a period of several hours while monitoring the IR spectra,
as shown in Supplementary Fig. 8. Considering the twoWhatman glass
fibre separators (~500 µm) and room temperature LP30 diffusivities
(roughly ~10−6cm2/s)38, only a couple hours would be needed to
observe counter electrode product migration to the sensor surface.
Comparison of this background to the Cu-PVDF spectra seems to
disqualify chemical oxidation of the Li-metal counter electrode as a
source of any deposited products on the reference electrode.

However, outside the 1700–1500 cm−1 range, the bands of the SEI
species overlap with those of the electrolyte, complicating further
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direct analysis. Therefore, the MCR-ALS method was used to analyse
the operando IR spectra collected during the reduction of LP30 on
copper using additional constraints summarized in Fig. 3a and dis-
cussed in detail in the 'Methods' section.

The resulting eight components are shown in Fig. 3c–f. Firstly, the
four components comprising the electrolyte in Fig. 3c, d (C1 to C4)
clearly reflect the change in electrolyte concentration during cell
polarization. We observe an increase in the contributions of the
components attributed to non-solvating solvents (C1, C3), while the
components ascribed to solvating solvents decrease (C2, C4), indi-
cating a decrease in salt concentration near the fibre surface, as also
observed tracking the PF6

− anion band using the single wavenumber
approach (Supplementary Fig. 11). It should be noted that the salt
gradient returns to equilibrium during the two hours of rest.

Turning to the SEI, four other components (C5 toC8)were equally
assigned to describe their contribution to the operando IR spectra,
based on chemical rank analysis39 and iterative increase of the para-
meter, as discussed in Supplementary Fig. 12. Ultimately, only two
components are truly relevant to the SEI. The first component (C5,
dark green) shows a strong band around 1650cm−1, characteristic of
semi-carbonates (LMC4 and LEDC34,35), as indicated with the purple
marker at the bottom of Fig. 3e. Although exact identification remains
difficult due to overlaps, we have attributed the band at 1355 cm−1 to
LMC. Similarly, the band at 1310 cm−1 suggests the presence of LEDC,
with residual uncertainty due to difficulties in perfect decoupling
stemming from the overlapping DMC band at 1310 cm−1. The double
band between 1550 cm−1 and 1400 cm−1, reflected by the C6 compo-
nent (light green) is associated with Li2CO3 whose formation increases
at low voltage. Finally, two components (C7, grey and C8, brown in
Fig. 3f and Supplementary Fig. 9) only show minor contributions and
likely result from imperfect electrolyte modelling and remaining
baseline fluctuations.

Overall, direct wavenumber tracking and MCR-ALS prove com-
plementary in analysing operando spectra. Given that one species or
functional group only absorbs at a studied wavenumber, tracking it
provides the most straightforward analysis, while multivariate regres-
sion permits comprehensiveness correlating the wavenumber of the
entire spectrum inferring numerical components from statistical var-
iations, here without prior knowledge of the SEI spectra, but for pos-
terior comparison with established reference spectra. As a result,
species can only be distinguished once formed, provided they display
sufficient dynamics. Conversely, a given chemical species may spread
between several MCR-ALS components, as observed here for Li2CO3

(C5 and C6) and be influenced, to some extent, by coupled
concentration-intensity changes. Collectively, while the IR spectra of a
single substancemay indeed be considered as a unique fingerprint, the
MCR-ALS components provide a footprint without the same level of
definition, but now with a classification level suitable for a variety of
challenging dynamic conditions and environments.

To verify that the entities identified during our operando mea-
surements actually constitute the SEI, we used ex-situ ATR-FTIR to
characterise recovered electrodes, previously washed with DMC.
Similarly, we dismantled a cycled operando cell, rinsed the electrode
and fibre with DMC, dried and reconnected the fibre to the spectro-
meter. The resulting IR-FEWS spectrum shows a decreased intensity of
the EC band, indicating that the electrolyte was removed, while the
bands attributed to the SEI species were not affected (Supplementary
Fig. 13). This is in linewith the belief that SEI components like Li2CO3 or
semi-carbonates are poorly soluble in the electrolyte40 and is con-
firmed by the absence of new bands when comparing the IR spectra of
pristine LP30 electrolyte and LP30 electrolyte saturated with either
Li2CO3, LMC or LEDC (see Supplementary Figs. 14 and 15). While these
observations confirm that the SEI is indeed insoluble within the accu-
racy of the experiment, a few literature papers have reporteddetecting
semi-carbonate in liquid electrolytes via infra-red spectroscopy24,41.

This apparent paradox can be resolved by proposing that a nucleation-
precipitation process is likely occurring during SEI formation. There-
fore, while precipitated species are the major contributors to the SEI’s
signature, minor contributions from soluble molecules cannot be
totally excluded.

Finally, while the long-term chemical stability of TAS glass in the
electrolyte was previously demonstrated24, it should be further con-
sidered within the intimate contact of the electrode. Hence, the
integrity of the fibre in the conditions of the article was verified on
scanning-electron microscopy (SEM) images after cycling, and equally
demonstrated by the stability of the optic power transmitted over the
course of the experiment, as detailed in Supplementary Fig. 16.

Overall, these results demonstrate the feasibility of operando IR
optical spectroscopy to monitor the formation of SEI deposits on the
fibre. The complementary approach of using single wavenumber
tracking and MCR-ALS marks a path for testing its applicability with
respect to relevant electrolytes and anodematerials, such thatwemight
improve our prospects for understanding this critical interphase.

Tuning electrolyte composition
Several carbonated species were observed forming from the reduction
of the 1M LiPF6 in EC:DMC (LP30) electrolyte on copper (Cu) powders.
To determine whether these species result from the reduction of EC,
DMC, or a combination of both, the same GITT experimental protocol
was carriedout as implemented earlier, but this timeusing 1MLiPF6 in a
single DMC solvent as an electrolyte. The collected IR spectra (Fig. 4a)
show the appearance of the 1640 cm−1 semi-carbonate band as well as
small bands in the 1350 cm−1 to 1600 cm−1 region. As expected in the
presence of DMC, the semi-carbonate observed can be identified as
LMC, which is corroborated by the appearance of a band at 1355 cm−1,
observed in the original spectra in Fig. 4a and confirmed via MCR-ALS
(Supplementary Fig. 17). However, herein with the sole use of DMC
solvent, the increase of the 1640 cm−1 semi-carbonates band is generally
limited to the reduction events (highlightedwith arrows in Fig. 4b), with
an absorbance after 18 h of testing plateauing at 0.008 absorbance
units, versus 0.016 absorbance units for the previous EC/DMCmixture
electrolyte (Fig. 2d), and still increasing thereafter. Quantitative com-
parison between experiments should be taken cautiously, as variations
in sample preparation can lead to dispersion in observed absolute
intensities. However, similar trends were observed when duplicating
experiments.More importantly, the lowvoltage steps evolution ofDMC
solvent contrasts with the previous reduction of EC/DMC, which not
only showed an increase during reduction but also duringOCV periods.

This observation further supports the speculated SEI formation
mechanisms from the literature, such as those proposed by Gachot
et al., regarding a reaction cascade initiated by two successive elec-
trochemical reductions of DMC into LMC and subsequently lithium
methoxide. The latter chemically reacts with EC and DMC leading to
the formation of LMC as well as ethylene oxide oligomers42. Sup-
pressing EC inhibits the cascade of spontaneous reactions and the
copious formation of semi-carbonates, which is highly consistent
with our experimental observations when we have removed EC from
the electrolyte altogether.

In addition to changing solvents, another way of adjusting the
physical-chemical properties of electrolytes is to use low-level addi-
tives, such as vinylene carbonate (VC).We explored this possibility and
noted that by adding 2wt.% of VC to LP30, the intensity of the semi-
carbonate band is drastically reduced compared to the 1M inDMC and
LP30 electrolytes (Fig. 4c, d). Furthermore, the MCR-ALS decomposi-
tion, shown in Supplementary Fig. 18, confirms the absence of the LMC
band at 1355 cm−1 altogether. This is in agreement with Aurbach’s ori-
ginal work,whichdemonstrated howVCpolymerisation on the surface
of the electrode prevents subsequent electrolyte solvent reduction, as
directly deduced fromex-situ diffuse reflectance FTIRmeasurements43

or indirectly bymeasuring an improved first cycle reversibility. Finally,
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it should be noted how the spontaneous evolution previously
observed in Fig. 2b is inhibited byVC such that LMC is no longer part of
the cascade reaction scheme.

Influence of the material on SEI formation
By adjusting the electrolyte formulation, we were able to observe
significant changes in the nature of the SEI and its evolution with
preliminary insights into the (electro-)chemical chain of reactions
and reactant-product links. Nevertheless, it is widely recognized
that the formation of the SEI is complex, influenced not only by
the electrolyte but also by the negative electrode material and the
interface between them. To investigate how different materials
influence the SEI’s nature during electrolyte reduction, electrodes
made of tin (Sn), cobalt oxide (CoO), and lithium-titanium-oxide
(LTO) powders were deposited at the surface of the IR fibre and
assembled in half-cells against lithium using LP30 as the elec-
trolyte, intermittently cycled as before. The reduction current
was chosen with the intention of observing a sufficient number of
reduction events on a reasonable timescale. For Sn, CoO and LTO,
it was C/80, C/5, and C/2.5 respectively, (C/N: 1 stoichiometric
lithium, Δx = 1, per N hours). It therefore corresponds to a theo-
retical reduction time of 10 h and 7.5 h for CoO and LTO,
respectively. We note that the theoretical capacity of the tin
electrode was not reached, presumably attributed to the copious
SEI formation in the Sn electrode that is coupled with materials
rapid and dynamic increase in surface area that is coupled with
volume change. The wavenumber tracking results are reported in
Fig. 5 and following the spectral analysis methods discussed

previously, MCR-ALS decomposition of the operando IR spectra
was conducted as shown in Fig. 6 (in detail with electrolyte
components, in Supplementary Figs. 20–25).

In agreement with previous reports, the voltage composition
curve for a Sn/Li cell shows additional capacity at 1.5 V before reaching
the low-voltage plateau associated with the LixSn alloy reaction at
0.5 V28,29. The collected IR spectra (Fig. 5b, c) show a significant for-
mation of Li2CO3 as deduced from its characteristic double band at
1525 cm−1 which reveals an increase in absorbance of +0.014 through
the reduction process, while the appearance of lithium semi-
carbonates at 1640 cm−1 remains limited. In addition, note that MCR-
ALS reveals a second component (C6, light green) not only repre-
sentative of Li2CO3 double band between 1550 cm−1 and 1400 cm−1 but
also of what could be DMDOHC.

Figure 5d, e shows the IR spectra collectedduring the reduction of
LP30 on CoO, revealing a SEI dominated by semi-carbonates. This is
complementarily confirmed by MCR-ALS decomposition, showing an
initial component (referred to as C5, dark green in Fig. 6d, e), which we
attribute to DMDOHC (strong absorption bands at 1750 cm−1 and
1280 cm−1)44, with a contribution of the semi-carbonates band at
1640 cm−1. A second component (C6, indicated in light green in
Fig. 6d, e) appears toward the end of the reduction, well separated
from the electrolyte fingerprint, and assigned to LMC thanks to its
band at 1355 cm−1 4,35. These results strongly suggest that the film pre-
viously reported during CoO reduction30, but whose composition was
ill-defined, is indeed mainly made up of LMC.

Finally, we collected IR spectra during the reduction of LTO
half-cells, a compound often considered as SEI-free due to the
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high cycling voltage. When deployed with the operando cell, the
spectra surprisingly reveal abundant formation of carbonate
species, as shown by the band at 1640 cm−1 exhibiting a sharp
increase at the beginning and end of LTO lithiation, while the
absorbance at 1525 cm−1 regularly increases (Fig. 5g). This
assignment was confirmed via MCR-ALS which also provides
additional information on the composition of the SEI. The first
component dominates the main evolutionary trend (C5, dark

green in Fig. 6f, g). Its broad band around 1500 cm−1 is attributed
to Li2CO3, while the sharp bands at 1400 cm−1 and 1300 cm−1 are
indicative of LEDC. It is worth mentioning this reference spec-
trum of LEDC was recently questioned by Wang et al. (Supple-
mentary Fig. 26)45. Nevertheless, a second component (C6, light
green in Fig. 6f, g) is needed to model the end of LTO lithiation
which indicates the further formation of LMC (characteristic band
at 1355 cm-1).

100012001400160018002000
Wavenumber (cm )−1

0.00

0.05

0.10

0.15

0.20
Ab

so
rb

an
ce

a

EC EC D
M

C f
re

e
D

M
C c

oo
r.

D
M

C c
oo

r.
D

M
C f

re
e

EC
co

or
.

EC
fr

ee EC
co

or
.

EC
fr

ee

100012001400160018002000
Wavenumber (cm )−1

−0.02

0.00

0.02

0.04

0.06

A
t

A
t

(
)−

(
) 0

b

15
25

16
40

Li CO2 3

Sn | 1M LiPF in EC:DMC (1:1 w/w) | Li6

0 10 20 30 40
Time (h) 0

1

2

3

E(
V)

vs
Li

/L
i

+

c

C/80 OCV

0 5 10 15 20 25
Time (h)

0.00

0.01

0.02

0.03

A
t

A
t

(
)−

(
) 0

d

−0.02

0.00

0.02

0.04

0.06

A
t

A
t

(
)−

(
) 0

15
25

16
40

νC = O
semi-

carbonates

CoO | 1M LiPF in EC:DMC (1:1 w/w) | Li6

100012001400160018002000
Wavenumber (cm )−1

DMDOHC

0

1

2

3

E(
V)

vs
Li

/L
i

+

e

C/5

0 10 20 30 40
Time (h)

0.00

0.01

0.02

0.03

A
t

A
t

(
) −

(
) 0

100012001400160018002000
Wavenumber (cm )−1

−0.02

0.00

0.02

0.04

0.06

A
t

A
t

(
)−

(
) 0

f

15
25

16
40

νC = O
semi-

carbonates

LTO | 1M LiPF in EC:DMC (1:1 w/w) | Li6

0

1

2

3

E(
V)

vs
Li

/L
i

+

g

C/2.5

0 5 10 15 20
Time (h)

0.00

0.01

0.02

0.03

A
t

A
t

(
) −

(
) 0

Li2CO3 at 1525 cm-1

Semi-carbonates
at 1640 cm-1

Semi-carbonates
at 1640 cm-1

TAS

Li Metal
LP30

CoO

TAS

Li Metal
LP30

Sn

TAS

Li Metal
LP30

LTO

1640 cm-1

Li2CO3 at 1525 cm-1

Li2CO3 at 1525 cm-1

DMDOHC
O

O

O
O O

O

Fig. 5 | Reduction of commercial LP30 electrolyte on various electrode mate-
rials. a 1M LiPF6 in EC:DMC (1:1 v/v) electrolyte IF-FEWS reference spectrum. b A(t)
−A(t0) absorbance variations operando spectra for the Sn electrode. The range
where only Li2CO3 and semi-carbonates absorb is highlighted with red and purple
rectangles, respectively. c GITT voltage profile of the Cu-PVDF//LP30//Li Metal cell

(resting OCV time is highlighted in yellow) and detailed A(t)−A(t0) absorbance
variations for two selected wavenumbers representative of Li2CO3 (1525 cm

−1, red),
and lithium semi-carbonates (1640 cm−1, purple). Subfigures (d–g) are similar to
(b, c), for CoO and LTO electrodes, respectively. The three shadings refer to the
scale in (b). The IR bands of DMDOHC44 are shown below (d).

Article https://doi.org/10.1038/s41467-024-55339-y

Nature Communications |          (2025) 16:757 8

www.nature.com/naturecommunications


Table 1 summarizes the composition of the SEIs for the various
types of electrodematerials (Sn, CoO, and LTO) explored above. These
values, without being calibrated species concentration, still assess the
relative abundance of the SEI species within an experiment. Compar-
ison between experiments should be taken more qualitatively than
quantitatively, asobserved absolute intensitiesmay varydepending on
the contact between electrode particles and the fibre (as illustrated in

Supplementary Fig. 27 for LTO), but it can be noted that similar trends
are observed when duplicating experiments.

LTO—longer cycling
Aware of the dynamic nature of the SEI during cycling, we attempt to
explore its evolution in time by operando IR-FEWS over a few cycles. A
cell using a LTO/SuperP composite as the positive electrode, Li as the
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negative electrode and a LP30 as the electrolyte, was assembled and
cycled over the range 0.8– 2.5 V at a C/2.5 rate (2.5 h per 1 lithium,
hence 7.5 h for full lithiation) for at least 5 cycles while collecting IR
spectra (Fig. 7). The graphical representation of absorbance variations
A(t)−A(t0) (Fig. 7c) indicates progressive changes upon cycling are
better visualized considering two selected wavenumbers representa-
tive of Li2CO3 (1525 cm

−1, red), and lithium semi-carbonates (1640 cm−1,

purple). Remarkably, the semi-carbonate band at 1640 cm−1 (purple in
Fig. 7c, d) exhibits a large increase at the beginning of the first LTO
lithiation, then almost stabilizes on the following delithiation before
increasing again on the next lithiation and so on. In contrast, the
Li2CO3 (red in Fig. 7c, d) shows smooth rather than staircase variations
upon cycling.

The data were exploited further by MCR-ALS analysis to deter-
mine the compositional evolution of the SEI upon cycling and it was
found that three components are needed to best describe it. The first
component (C5, dark green in Fig. 7e, f), in addition to representing
contributions from the electrolyte (reversible solvation-desolvation
changes during cycling) also includes bands that can be attributed to
LEDC (1650 cm−1, 1400 cm−1) which forms rapidly during the Li+ inser-
tion plateau, even at a potential as high as 1.55 V. The two other MCR
components model long-term SEI accumulation, with a distinction
between the component of the first three cycles (mainly C6, light
green, enlisting both Li2CO3 and semi-carbonates, including LMC), and
the next two cycles (mainly C7, grey, having a lessened Li2CO3 con-
tribution). More precisely, we attribute C7 to contributions from LMC
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d Detailed A(t)−A(t0) absorbance variations for two selected wavenumbers

representative of Li2CO3 (1525 cm
−1, red), and lithium semi-carbonates (1640 cm−1,

purple). e SEI spectra components resulting from MCR-ALS decomposition of the
operando data, shifted along the vertical axis for readability. The IR bands of
LEDC34,35 and LMC4 are shown below the plot for comparison. f Associated time-
dependent contributions. This decomposition is associated to MSEoperando = 1.35e-
02 and MSEcalib = 3.88e-04.

Table 1 | Absorbance of semi-carbonate and Li2CO3 bands at
the end of the intermittent reduction test and associated SEI
nature, for the three-electrode materials

Semi-carbonates, at
1640cm−1

Li2CO3, at
1525cm−1

Additional information
from MCR-ALS

Sn 0.004
Low content

0.014

CoO 0.034 0.009 Principally LMC

LTO 0.038 0.015 LEDC, then LMC at low
voltage
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(bands at 1635 cm−1, 1460 cm−1, 1355 cm−1, and 1104 cm−1), pre-
dominantly formed at the end of the reduction phase.

Overall, the LEDC appears to form mainly during the reduction
plateau, while the LMC emerges at a lower voltage at the end of the
lithiation. Nevertheless, the SEI components appear to evolve and
grow over time, suggesting ongoing electrolyte reduction. This was
previously demonstrated by ex-situ XPS by Song et al., who reported
repetitive formation of lithium semi-carbonates on LTO electrodes
during the 1.55 V plateau, completely masking the electrode material
after 50 cycles46. In addition to identifying the continued growth of the
SEI, our approach has themerit of identifying the nature of the species
that make it up (LEDC and LMC) and the way in which their respective
ratios evolve over cycles.

Discussion
In this research, constraints of traditional ATR-FTIR spectroscopy as
conventionally practised within the field of batteries are circumvented
by integrating a chalcogenide IRfibrewithin the negative electrodes of
half-cell batteries. Embedding such fibre sensors allows for localized
probingofboth thedeposited SEI species andelectrolyte components.
Beyond first-order single-wavenumber absorption tracking, we show
that by employing MCR-ALS as a numerical technique, it becomes
possible to tackle another prevalent issue in IR spectroscopy: the
overlapping of infra-red signatures from species with similar func-
tional groups. This strategy allowed us to distinguish the IR variations
stemming from the electrolytes, enabling real-time observation of SEI
layer formation and growth during battery operation.

Classic curvefitting approaches cannot be applied to theobtained
IR spectra because quantitative differences instantly arise between the
static reference samples (synthetic/pure SEI compounds) and dyna-
mically convoluted operando spectra. Instead, an approach without a
priori knowledge on the SEI composition was adopted where the
interpretation is facilitated by employing a limited number of com-
ponents in the numerical analysis, although admittedly at the risk of
oversimplification or exclusion of minor species. As is often the case
with numerical-driven methods, a critical posture should be adopted
when interpreting the decomposition results, keeping the established
literature surrounding the SEI in mind. Nevertheless, we hope this
opens the door for groups with stronger chemometrics expertise to
pursue work in the direction of robust decomposition algorithms.

Thanks to the versatility of our setup, various electrolyte for-
mulations, electrode materials, and electrochemical protocols were
investigated. Firstly, the reduction process of electrolytes with similar
formulationswas trackedusing themethods established.Notably from
these experiments, Li2CO3 and lithium semi-carbonates (LEDC and
LMC) can be identified as key SEI components. The addition of the
popular additive, VC, or the exclusionof EC, shows clear changes to the
formation and evolution of the SEI through electrochemically driven
and spontaneous chemical reactions. Additionally, the crucial impact
of the electrode material on the SEI nature and evolution was con-
firmed, underscoring the importance of future work with potentio-
static experiments to isolate surface-material-driven reactions from
surface-potential-driven ones. Finally, the possibility to follow the SEI
evolution over several cycles was demonstrated on LTO, observing a
repeated formationof SEI carbonate species during prolonged cycling.

The synergy of optical fibre technology, spectroscopy, and
numericalmethods offers diverse opportunities in the batterydomain,
facilitating the resolution of intricate issues related to interactions
among anodes, cathodes, and electrolytes. Specifically, fibre-based
infra-red spectroscopy enables detailed exploration of the SEI nature
and the impact parameters such as additives, temperature, and cycling
conditions. Moreover, we believe this approach should be combined
with other innovative fibre-based characterization techniques. For
example, if the linearity between the techniques is strong enough,
augmenting the FTIR dataset with simultaneous acquisitions of other

methods, such as Raman spectroscopy, it may be possible to facilitate
linear decomposition into chemically meaningful components.

As of today, several efforts remain to bring these lab-scale
experiments to the level of industrial research and development
teams. Notably, this work has been limited to serial, one-cell-at-a-time
testing of homemade laboratory cells. The implementation of this
approach to commercial pouch cells is being successfully carried out
in our group, as it will be described in a forthcoming article. Addi-
tionally, designing optical and automation systems that enable
sequential testing of multiple cells will elevate the technology to a
higher level. Moreover, the current commercial availability of chalco-
genide fibres is limited to a handful of companies, at prices that dis-
courage their use as consumables. However, these pricing estimates
stem from the modest size of the current market rather than material
sourcing, which promises decreased prices upon development.

Overall, these results offer a new temporal resolution to monitor
the composition of the SEI and its dynamics. With this rationalization,
it is possible to guide the optimization of electrolyte composition and
SEI formation protocols, to identify cost-effective material/formation
schedule combinations that enhance cell longevity. While our team
continues to explore SEI nucleation dynamics using the demonstrated
tools, we hope to empower others to pursue intersecting research
pathways to the benefit of the whole community.

Methods
Electrode material preparation
Copper powder, -100mesh, 99% (metals basis) (Alfa Aesar) was mixed
with PVDF-HFP binder (Arkema) (99/1 wt.% ratio) into an N-Methyl−2-
pyrrolidone (NMP, DodoChem) slurry. Tin metal powder, -325 mesh,
99.8% (metal basis) (Alfa Aesar) was used as received. Cobalt(II) oxide
powder (≥99.995%, Alfa Aesar) was mixed with conductive SuperP
carbon black (90/10wt.% ratio) and ground for 5minutes in ethanol,
with a SPEX grinder. Commercial LTO powder (Nanomyte BE-10, NEI
corporation, unknown purity) was mixed with conductive SuperP
carbon black (90/10wt.% ratio) and manually ground for 5min, with a
mortar and a pestle.

Electrolyte preparation
Several LiPF6 electrolytes were used in this work:

• Commercial 1M LiPF6 in EC:DMC (1:1 w/w), or LP30, provided by
DodoChem.

• 1M LiPF6 in EC:DMC (1:1 w/w) + 2% VC was prepared from LP30
(DodoChem) and 2wt.% of fresh VC (TCI, stored at low
temperature).

• 1M LiPF6 in DMCwas prepared from LiPF6 (Solvionic) and battery
gradeDMC (E-Lyte) driedwithmolecular sieve prior to electrolyte
preparation.

Integration of the fibre in the Swagelok cell
TAS fibre was drawn in-lab (Glass&Ceramics team at Institut des Sci-
ences Chimiques de Rennes) from synthesized TAS preform47,48. It was
cut to 50 cm long fragments equipped with temporary FC-PC fibre
connectors (BFT1, Thorlabs). Each end of the fibre was polished with
three successive lapping sheets (3 µm, 1 µm and 0.3 µm grit, Thorlabs)
and cleaned with ethanol-wetted Kimtech paper. Two 0.5 mm-deep
grooves allow fibre integration in the Swagelok cell and vertically align
with the top of a current collector, deposited on the bottom of the cell.
Epoxycure (Buehler) resin was applied in the grooves to secure the fibre
andwas cured for 12 h. Additional epoxy resin fixes the current collector
to the base. Posterior cell assembly involves screwing top part on the
base, with top O-ring facing epoxy-filled grooves, ensuring airtightness.

Cell and electrode preparation
After integration of the fibre in the Swagelok cell, the electrode
material is deposited on the fibre via drop-casting.
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For the Copper-PVDF slurry, 10 drops were deposited to fully
cover the section of the fibre on the current collector, with a total area
of ~1 cm2. Subsequent weighing revealed a deposited mass of
approximately 80mg (i.e. 80mg.cm−2).

Other electrode materials were previously weighed (80mg for Sn
powder, 10–15mg for CoO/SuperP and LTO/SuperP. These powders
were dispersed into anhydrous ethanol and drop-casted onto the fibre
and current collector on an area of approximately 1 cm2, giving mass
loadings of 80mg.cm−2 (Sn) and 10–15mg.cm−2 (CoO/SuperP and LTO/
SuperP). Upon drying, the fibre is fully covered with particles adhering
on its surface, ensuring good solid-solid contact. The electrodes were
dried at 80 °C under vacuum for at least 12 h, after which the fibre was
connected to the spectrometer for a background spectrum acquisi-
tion. Finally, the electrode was assembled against a lithium metal disk
(diameter: 14mm, thickness: 0.4mm) with two Whatman borosilicate
glass fibre discs (GF/D grade) as separators (diameter: 20mm, thick-
ness: 675 µm) and soaked with 700 µL of electrolyte, in an argon-filled
glovebox.

IR-FEWS operando measurements
The operando measurements were performed with a FTIR spectro-
meter (Invenio S, Bruker) with an accessory connection system to
focus the infra-red beam on one end of the fibre. A liquid nitrogen-
cooled mercury–cadmium–tellurium (HgCdTe, or MCT) photo-
conductive detector with a spectral range of 12,000–600 cm−1 recor-
ded the optical signal at the output end of the fibre. The spectrumwas
averaged over 128 scans recorded over approximately 30 s.

During operando measurements, spectra were recorded sequen-
tially every 2–3min. The experiments were performed in ambient
conditions at within a 20–25 °C temperature range. A Plexiglas box
covered the experiment to limit ambient humidity atmospheric
changes along the IR beam path (see Supplementary Fig. 3b). Elec-
trochemical cycling was performed using an MPG2 potentiostat (Bio-
Logic), controlled with EC-Lab.

Spectra analysis framework
Data are analysed with Python language: original Opus spectra files
acquired by the spectrometer were opened with opusFC49. The con-
tribution of atmospheric water vapour is subtracted using OCTAVVS50

atmospheric correction function, and pybaselines51 was used for
baselining. SpectroChemPy52 modulewas used to plot and interactwith
spectral data. MCR-ALS was performed via pyMCR53 module, in the
framework of a scikit-learn pipeline54.

Pre-processing
Spectra were firstly corrected for water vapour. In accordance with
the state of the art of spectroscopy chemometrics, mean-centring
and standard deviation normalizationwere discarded, for they would
overexpress the noise of non-absorbing regions. To emphasize the
variations of spectra dominated by the contribution of the liquid
electrolyte, the first spectrum was subtracted from absorbance
spectra series, giving A(t)−A(t0). This favourably increases the weight
of the SEI contributions in the least-square penalties of posterior
numerical analysis, permitting more accurate fitting of these
contributions.

Baselining
Baselining is a critical step in spectra processing, extracting the spectra
enclosing the vibrational information from other physics-based affect-
ing parameters. Temperature of the liquid-nitrogen-cooled-MCT detec-
tor influences the overall intensity measured, resulting in changed
baseline when liquid nitrogen is refilled. This broadband intensity
reduction translates into vertical shift of the spectra, which was cor-
rected via subtraction of a reference value in a non-absorbing region of
the spectrum, without affecting the intensity of the absorbance bands.

Embedding the fibre into the electrode further affects the base-
line, e.g. using a conductive carbon filler (SuperP), due to its broad-
band absorption properties, as shown in Supplementary Fig. 32. This
effect is observable when cycling electrodes of material undergoing
significant volume change, such as CoO, with an increased contact of
carbon particles on optic fibre surface upon electrode particle
expansion. This is first corrected with a linear correction fitted in the
2200–2000 cm−1 range. To fullymodel this effect, a quadratic baseline
correctionwas applied on the A(t)−A(t0) spectra, fitted in three regions
of the spectra, 2000–1900 cm−1, 1580–1570 cm−1 and 940–925 cm−1;
respectively weighted 1, 10 and 5. These wavenumber ranges corre-
spond to regions of the spectra without electrolyte absorption, where
no SEI peak was observed for LP30 reduction on copper experiment.

Linear decomposition via MCR-ALS
The MCR-ALS linear decomposition was performed using pymcr
package53, adapted for interoperability with scikit-learn pipelines.

We first apply L2-normalisation separately on the operando
spectramatrix and thematrix of concentration calibration spectra, for
the MSE to be comparable throughout different datasets. To enhance
data conditioning for electrolyte decoupling, the normalized oper-
ando and electrolyte calibration matrices are concatenated, resulting
in a matrix D is of shape ðN,PÞ, consisting of N rows of absorbance
spectra, each composed of P wavenumbers.

MCR-ALS decomposition is then performed by allocating
nelectrolyte components to electrolyte modelling, and nSEI to SEI mod-
elling. The allocation is reflected in the constraints applied in-between
regression steps:

• Constraints applied on concentration (C):

• Non-negativity of the concentration for the SEI, while allowing
negativity for electrolyte components, reflecting the initial
absence of SEI and its subsequent formation (CSEI>0),

• Zero-concentration of the SEI in the calibration dataset (local
rank constraint55).

• Constraints applied on concentration (ST):

• Non-negativity of the spectra for all components,
• Equality of the electrolyte spectra to MCR components from
initial calibration (in Fig. 1d),

• Custom refitting of electrolyte spectra from SEI spectra, pena-
lizing the contributions of the electrolyte spectra in the SEI
components (see below),

• Normalisation of the spectra (L2-norm).

To avoid overfitting with diverging intensities, a ridge regressor
with a regularization parameter of 10−3 was used and weighted to
account for the number of spectra in calibration or operando datasets.
An additional parameter αelectrolyte finally weights calibration data to
operando data, with little effect considering the equality constraint on
electrolyte component spectra.

A custom refitting constraint was employed to limit possible
contribution of the electrolyte in the SEI band. We successively fit
each SEI component spectrum y with the electrolyte components
spectra X , minimizing the objective function ð1� αrefitÞky� Xwk2 +
αrefitjjminðy� Xw,0Þjj2, corresponding an ordinary least square (OLS)
optimization with penalization of negative residuals. The fitted elec-
trolyte contributions are then subtracted from the SEI components.

The goodness of the fit is assessed by calculating the coeffi-
cient of determination R2 as well as the mean square error (MSE)
defined as:

MSE=
1
NP

X

i, jð Þ2½½1,N�� × ½½1, P��
Di, j � CST

� �

i, j

� �2

ð2Þ
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Considering the L2-normalisation of the data, a MSE of 1 corre-
sponds to the null decomposition (C=0).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The original spectrum data generated in this study have been depos-
ited in the Zenodo database: https://zenodo.org/records/11122131. The
figure data generated in this study are provided in the Source Data
file. Source data are provided with this paper.

Code availability
The computer code and associated data for MCR-ALS analysis gener-
ated in this study have been deposited in the Zenododatabase: https://
zenodo.org/records/11122131.
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