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ARTICLE INFO ABSTRACT
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The enhancement of Lithium-ion batteries (capacity, power, life span, etc.) poses a significant challenge in the
pursuit of decarbonizing individual modes of transportation. The behavior and performance of these batteries
vary primarily based on the nature of their electrode materials, with some still undergoing development. To gain
a deeper understanding of the aging mechanisms that occur during battery operation, it is essential to assess the
distribution of lithium within the electrodes with the highest possible spatial resolution. In this study, we
showcase the application of micro-LIBS imaging as a multi-elemental characterization tool for investigating the
aging mechanisms. By employing a high numerical aperture (0.42) microscope objective and a short wavelength
laser (266 nm), we have developed a high lateral resolution micro-LIBS imaging experimental device
approaching 2 pm. Performance evaluation was conducted on a certified aluminum sample with a high silicon
content (~18 %). The utility of this new micro-LIBS instrumentation in studying Nickel Manganese Cobalt
(NMC) batteries, revealing the formation of preferential sites for inactive lithium in negative electrodes, is also

demonstrated.

1. Introduction

Lithium-ion (Li-ion) batteries have become indispensable for pow-
ering portable electronic devices. Concurrently, as European govern-
ments initiatives intensify to curtail CO, emissions (European green
pact), the evolution of electric vehicles is an ongoing endeavor [1]. To
facilitate the widespread adoption of electric cars necessitates continual
enhancements in their performance and safety. An essential means of
achieving such advances lies in the comprehensive characterization of
Li-ion batteries for modeling validation, particularly the electrodes
constituting their core components [2]. The investigation of aging
phenomena at the electrode scale, whether positive or negative, emerges
as a distinct and imperative research focus. The principal aging phe-
nomenon within Li-ion batteries is identified as Solid Electrolyte Inter-
phase (SEI) growth [3-5]. Starting from the inaugural charge cycle, a
subset of lithium ions undergoes a reduction reaction of the electrolyte
when in contact with an electrode possessing a potential less than 1 V vs.
Li/Li". A permeable lithium ions passive layer is then formed in contact
with the negative electrode. The evolution of this layer is mandatory for
the utilization of low-potential electrodes, such as graphite. However,
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across successive charge/discharge cycles, the SEI layer undergoes
continual expansion resulting in a progressively entrapping more and
more cyclable lithium (known as LLI for Loss of Lithium Inventory). This
growth of a non-conductive SEI layer can also lead to the electrical
insulation of some graphite particles in the composite electrode, which
is one of the phenomena responsible for the loss of capacity of the
electrode (known as LAM for Loss of Active Material). Insulated active
material particles are in more or less lithiated states, and therefore also
trap some of the lithium cyclable (LLI) within them. Consequently, a
gradual diminishment in the internal capacity of the battery ensues.
Furthermore, the layer imposes a hindrance on the transfer of lithium
ions, resulting in a gradual escalation of the system’s internal resistance.
Under specific operational conditions, such as fast charging or low
temperatures, the occurrence of lithium plating is noteworthy. This
phenomenon involves the deposition of lithium in metallic form on the
negative electrode’s surface [6]. While this process is largely reversible
during discharge, it contributes to the formation of a SEI, which,
contingent upon the morphology of the lithium deposits, may gradually
isolate metallic lithium particles from the electrode’s electronic perco-
lation network (referred to as “dead lithium”). Aside from safety
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concerns arising from the formation of lithium dendrites, this phenom-
enon gives rise to a substantial LLI and therefore a loss in capacity [7].
The main consequence of all the aging phenomena mentioned above is
therefore the trapping of cyclable lithium in various forms: in the SEI
layer, in metallic form on the surface of the electrodes, or intercalated in
the grains of materials that have become inactive.

To reduce research costs and development, various electrochemical
models have been devised, including the pseudo 2D (P2D) model [8,9].
This model delineates each point on the electrode as a spherical particle
representing the grains of active material. The study encompasses two
dimensions, employing parameters such as the radius of the grains of
active material and the thickness of the electrode (mean size positive
and negative active matter grain of electrodes is ~5 pm [8]). Aging
mechanism modeling consists of modeling each of the aging mecha-
nisms mentioned above such as SEI growth, and adding them to the set
of equations of the P2D model [10,11]. However, the application of this
model necessitates knowledge of many parameters (at least 30 param-
eters) associated with Li-ion batteries (e.g., mean particle radius,
porosity, lithium concentration, activation rate, etc.) [8]. The research
for these parameters is often laborious and demands tailoring to the
specific battery under investigation. While certain variables may be
taken from literature, others require direct measurement, with some,
like the quantitative distribution of lithium in the positive/negative
electrodes, posing challenges. The quantification and imaging of lithium
at the required spatial resolution presents difficulties using conventional
techniques due to its low weight. SEM-EDS (Scanning Electron Micro-
scopy - Energy Dispersive Spectroscopy) has gained popularity in bat-
tery characterization due to its ability to analyze various elements of
interest (with Z > 3) at low spatial resolution (~pm) [8,12]. Never-
theless, its limitation in detecting low lithium content in a sample con-
stitutes a primary drawback for this study. Presently, EDS detectors have
a lithium detection and quantification limit of approximately 20 wt%
[13,14]. While X-ray imaging exhibits higher spatial resolution
compared to SEM-EDS (~30 nm), it facilitates both in-situ and ex-situ
investigations of a battery [15].

Laser-Induced Breakdown Spectroscopy (LIBS) stands out as a
remarkably sensitive technique for lithium monitoring. This method has
been effectively employed to characterize the elemental distribution of
many elements including lithium within diverse positive [16,17] and
negative [18,19] electrodes. To the best of our knowledge, the most
advanced spatial resolution achieved by a LIBS system dedicated to
lithium elemental mapping in the context of Li-ion battery studying is
38 pm, as demonstrated on a solid electrolyte [20]. In the pursuit of
studying aging phenomena at the electrode level with microscopic
precision, it becomes imperative to enhance the spatial resolution of the
LIBS technique to the micrometer and even targeting the sub micrometer
range. Several investigations have been conducted to develop femto-
second (fs)-LIBS [21-23] and nanosecond (ns)-LIBS [24,25] systems,
incorporating large numerical aperture microscope objectives to achieve
spatial resolutions in the micrometer to sub-micrometer range. This
refined resolution facilitates the in-depth study of lithium distribution at
the microscopic scale. In micro-LIBS imaging, the spatial resolution is
contingent upon the distance between two successive craters, and
reaching smaller craters allows to reduce the measurement pitch. The
dimensions of these craters are fundamentally influenced by the com-
bination of the laser energy and the size of the laser beam at focus on the
analyzed sample. The literature attests that ultraviolet (UV) lasers offer
enhanced reproducibility and the formation of smaller craters due to the
lower diffraction limit of the laser beam [26]. However, UV lasers
typically exhibit generally a multimode beam profile with an M2 value of
about 2 or above, thereby compromising the achievable focusing power.
Consequently, the focusing apparatus must be equipped with an optical
instrument capable of correcting the laser beam profile to a (close-to)
Gaussian beam, ensuring optimal performance in term of focalization.

In this study, we introduce a novel micro-Laser-Induced Breakdown
Spectroscopy (micro-LIBS) imaging apparatus designed to attain
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micrometer-scale spatial resolution. This device employs a microscope
objective with high numerical aperture and a UV ns laser, thereby
achieving an outstanding lateral resolution of 2 pm. The capability of
this system extends to generating elemental maps, specifically of
lithium, along with other pertinent elements, within diverse electrodes
undergoing distinct lithiation states. The experimental configuration of
the apparatus will be described, accompanied by a presentation of
illustrative examples obtained from various electrode types.

2. Experimental methods
2.1. Samples

This study involved the analysis of three samples, a certified
aluminum reference (MBH-54x GS20J1 E), internal components from a
commercial disassembled Li-ion battery cell (NMC811/Graphite pouch
type), and pristine Li-ion positive electrodes mounted and cycled in half
cell configuration. The aluminum sample was composed mainly by
aluminum (80.7+0.5 %), silicon (18.8 +0.5 %), copper (0.308 +0.009
%) and magnesium (0.186 + 0.003 %). Li-ion batteries sample prepa-
ration was performed in our laboratory and is the same for both elec-
trodes. Both battery samples were initially disassembled and rinsed of its
electrolyte under argon atmosphere. From the first battery sample
(Fig. 1.a) a stack of positive, separator and negative electrodes origi-
nating from commercial battery scrap were fixed in an epoxy resin. The
battery being in the discharged state, Li will be mainly present in the
positive electrode. Due to the lack of information concerning this sam-
ple, the exact number of cycle and the exact stoichiometry is unknown
for this sample. The second battery sample (Fig. 1.b) is composed by
NMC 811 electrodes. Coin cells with pristine electrodes (Customcells
NMC811) were mounted for the purpose of this work in half-cell con-
figurations versus lithium metal foils with electrolyte composed by 1 M
LiPFg in EC/DMC (1/1 wt.) (Ethylene Carbonate / DiMethylCarbonate)
mixture doped with 1 % wt. vinylene carbonate, imbibed in a glass fiber
(Whatman GF/D) separator. The half-cells were formed and then placed
at different state of charge (SOC): 0 %, 50 % and 100 % experiencing
only one full cycle of charge and discharge at ambient temperature. The
capacity window is defined by the potential limits of the system ac-
cording to the datasheet: Upi, = 3 V vs. Li/Li" and Upay = 4.3 V vs. Li/
Li*. The electrodes thus obtained have different lithium intercalation
states (xg;): SoC 0 %: xg; ~ 0.95, SoC 50 %: x1; ~ 0.59 and SoC 100 %: X1 ;
~ 0.27 estimated from the number of exchanged electrons and the mass
of active material. Once these states were achieved, we included after
dismantling only the positive electrodes in the epoxy resin in ambient
air. The use of epoxy resin improves the analysis conditions by solidi-
fying the sample and allows achieving a mirror-like polishing of the
electrode cross sections, which is required to have a full control on the
focal point. Both epoxy-mounted samples were polished with SiC abra-
sive sheets lubricated by heptane solvent under ambient air condition.
They were stored in moisture-free boxes before LIBS imaging.

2.2. LIBS instrumentation

2.2.1. General overview

The experimental setup is schematically depicted in Fig. 2.a. It
consists of a Q-switched, fourth-harmonic Nd:YAG UV laser at 266 nm
(Q-smart 450, Lumibird) with an energy of 50 mJ, and operating at a
repetition rate of 20 Hz with a pulse duration of 5 ns. This repetition rate
allows for the creation of 72,000-pixel maps in 1 h. The laser beam is
directed to the microscope lens using mirrors (NB1-K04, Thorlabs)
selected to match the laser’s wavelength. The modification of the laser
energy is ensured by a tandem of computer-controlled attenuators
(Altechna Power XP, ATT266 Quantum Composer), allowing an accu-
rate control of the laser energy. Then, the laser beam goes through a
beam shaping system, described more precisely below. The goal of this
device is to improve the quality factor M2 of laser beam. The laser beam
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Fig. 1. (a) Optical image of the sample composed of NMC-type battery. (b) Optical image of the sample composed of NMC 811-type electrodes at SoC 0, 50 and

100 %.

is finally redirected by a dichroic mirror (DM) and focused on the sample
surface by a x 50 microscope lens (LMUL-50x-UVB, Thorlabs). This
microscope objective has an entrance pupil diameter of 3.4 mm, a focal
length of 4 mm (0.42 numerical aperture), and a working distance of 12
mm. This objective has an optical design chromatically optimized in the
UV wavelength range, from 240 to 360 nm. The used dichroic mirror
(DM) reflected every wavelength below 400 nm and transmitted all
wavelengths above. Its utilization is necessary to observe the image of
the sample surface through the objective lens, and adjust accurately the
objective to sample distance. To this aim, we used a Thorlabs LED at 405
nm (M405L4) coupled with a monochrome CMOS camera (CS165MU,
Thorlabs). Despite the wavelength of the LED being outside the nominal
optical range of the microscope objective, it is still possible to visualize a
sharp image at the focal position, and use this image to accurately
control the objective-to-sample surface position. A typical image
recorded with this monitoring camera is shown in Fig. 2.c, which cor-
responds to a crater formed on a steel sample. An argon flow of 0.7 L/
min directed at the plasma region was used both to prevent surface
contamination due to ablated material deposition from previous laser
shots and to enhance the emission signal collection. The diameter and
the distance from the plasma of the nozzle was respectively 2 mm and ~
8 mm.

2.2.2. Beam shaping system

To achieve the smallest possible laser beam size at the microscope
objective focal plane, a beam shaping system is used to correct the
original laser beam profile (M? ~ 2) into a quasi-Gaussian beam profile
(M2 ~ 1). This system is shown in Fig. 2.b and includes a circular
pinhole of 50 pm of diameter (metal-wire drawing dies made of dia-
mond, from Balloffet). This circular aperture induces an Airy disk

following the Fraunhofer diffraction pattern. The intensity profile of the
central lobe of this diffraction pattern is very similar to a Gaussian
profile [25,27]. To use only the central diffraction lobe, a collimation
lens and a diaphragm was employed to project the pinhole image to
infinity with the same diameter as the microscope objective’s entrance
pupil. This lens was chosen with a focal length of 50 cm for a 50 pm
aperture pinhole. According to our calculations and experiments, a
lateral resolution of less than 2 pm can be achieved in this configuration.
However, using such a small-diameter circular aperture leads to a
consequent loss of fluence at its output. To compensate for this loss, we
used a beam expander x2 (BE02-532) mounted in a reverse configu-
ration, reducing the laser beam diameter by 2 and increasing laser flu-
ence by about 4 at the pinhole output. For information, the typical
energy at the entrance of the pinhole was ~30 mJ, while ~3.5 pJ was
obtained at the output. With the used attenuators it was then possible to
work with a typical energy comprised between few hundreds of nano-
Joules and ~ 2.1 pJ, values measured at the x50 objective lens output.

2.2.3. Spectral detection

The spectral detection was ensured by two Czerny-Turner spec-
trometers with ICCD cameras. The first spectrometer was optimized to
work in the UV region (Shamrock 500i, iStar ICCD gen2, Andor tech-
nology). It was used principally to detect the aluminum and copper
intense UV lines (typical range used: 300-388 nm). The second spec-
trometer (Kymera 328i, iStar ICCD gen3, Andor technology) was
configured for the detection of intense lithium lines present the visible
range (610.353 and 670.791 nm lines). To maximize the light collection,
we used two aspheric lenses, both of 10 mm focal lengths. The first one
was coated for UV spectral range (245-420 nm) and was dedicated to
spectrometer 1, and the other was coated for the visible and NIR region
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Fig. 2. (a) Working schema of the experimental device. (b) Principle of the beam shaping system. (c) Zoom of the objective part of the experimental device.
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(650-1050 nm) for spectrometer 2. For each of the two collection sys-
tems, a circular to linear fiber bundle constituted of 19 optical fibers of
100 pm core diameter was used to couple the light to the spectrometers.
The first spectrometer was equipped with a 600 1/mm grating blazed at
300 nm. The typical slit aperture used was 50 pm. In this configuration,
we were able to detect the range between 300 and 388 nm with a res-
olution of ~0.2 nm. The second spectrometer was composed by a 600 1/
mm blazed at 600 nm. With this equipment we were able to detect
emission lines in a range of 600 to 688 nm with a resolution of ~0.3 nm.
Both detectors were synchronized to the laser Q-switch trigger (see
below for more details). The delay and gate were, 95 ns and 1 ps for the
first spectrometer, and O ns and 1 ps for the second, respectively.

2.2.4. Movements and triggering

Finally, the sample was placed on a motorized XYZ translation stages
(M-403-2PD, PI), allowing movement in each direction up to a distance
of 50 mm at a maximum speed of 10 mm/s. Such stages have minimum
incremental motion of 0.25 pm and repeatability of 1 pm. Homemade
software developed in the LabVIEW environment controlled the entire
system and allowed the use of automated sequences to scan the region of
interest.

Time control of the various instrumental devices has been optimized
to reduce possible jitters and latency. To guaranty the best laser energy
stability, the laser was fired continuously and the shutter was used to
control the delivery of laser pulses to the sample surface. During a
scanning sequence, a shutter was closed between each line change. The
opening and closing of the shutter were controlled by a delay box trig-
gered by the laser’s flash lamp. This delay box allowed to open the
shutter for a duration corresponding to a controlled number of pulses.
Compared to usual LIBS analysis, when working with low energy pulses,
the plasma lifetime is drastically decreased, with a full duration in the
hundreds of ns scale (c.f. section 3.2). Due to the internal latency of ~50
ns of the ICCD camera used, detectors were triggered with a homemade

f=50cm
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comparator using the shutter and the external laser trigger signals. This
process allowed a perfect control on the triggering system, leading to the
recording of the entire plasma emission.

2.3. LIBS data processing

The general protocol used for the construction of the elemental im-
ages has been described in several papers [28,29]. Briefly, the line in-
tensities (associated with the elements of interest) were retrieved for
each sample position (i.e. spectrum) by defining a baseline on a spectral
range of a few nanometers and subtracting it from the emission line of
interest [30]. Therefore, this procedure involves the selection of two
spectral ranges—one dedicated to the retrieval of emission line intensity
and the other focused on estimating the spectrum background. Mathe-
matically, the extracted intensity I; may be expressed as follows:

ns
L =Y Ii—nlsg
i=1

Where, I; represents the spectrum intensity at the wavelength index i,
n, the number of spectral channels in the line range, Ip; the average
intensity of the background range (composed by ny, values). This
methodology offers two principal advantages. Firstly, given the large
number of spectra under consideration, expeditious processing is
imperative for generating extensive elemental images. The computa-
tional efficiency of this approach is notably high, with the capacity to
handle ~100,000 spectra per second. Secondly, it mitigates noise and
increase the robustness to a significant extent, compared to more con-
ventional extraction methods.

For each selected line, the retrieved 2D matrix, containing spatial
and spectral information, was saved in .txt format, and ImageJ software
(National Institutes of Health, USA) was used to apply a false color scale
to present a visual result in the form of elemental images.
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3. Results

While the main focus of this article is on imaging the distribution of
lithium at the micrometer scale in battery electrodes, we first conducted
a study on a reference aluminum sample to assess the achievable per-
formance in term of resolution with the proposed instrumentation. Due
to the inherently porous and heterogeneous nature of the electrodes, it
was not possible to evaluate crater size or plasma kinetic properties on
this type of sample. Therefore, a preliminary study was conducted on a
reference aluminum sample to assess the influence of energy on crater
size and plasma lifetime, and more generally, to evaluate our instrument
for micro-analysis purposes.

3.1. Reference aluminum sample

3.1.1. Crater morphology

The examination of crater size post-ablation is mandatory for
assessing the imaging device’s performance. To characterize these cra-
ters, laser shots were executed on the surface of a mirror-polished
aluminum sample spaced at 30 pm intervals. Ultimately, 100 laser
shots at six different laser energies were conducted to observe the crater
morphology and reproducibility. The selected energies for the study
were E; = 156 nJ, E; = 208 nJ, E3 = 522 nJ, E4 = 618 nJ, Es = 882 nJ
and Eg = 1.23 pJ (values measured at the microscope lens output). The
choice of aluminum as the sample was made in accordance with the
composition of Li-ion batteries. Specifically, the positive electrode col-
lectors are predominantly composed of aluminum, while the majority of
negative electrodes utilized consist of copper. Given that aluminum has
a lower ablation threshold than copper [31], resulting craters on its
surface are larger. Consequently, the optimal value obtained for
aluminum may be also applicable to copper.

The diameters of the craters formed on the aluminum sample at 6
laser pulse energies are depicted and scaled in Fig. 3.a. It is evident that
the formed craters exhibit a predominantly circular shape, crediting the
efficiency of the beam shaping described in Section 2.2. Craters gener-
ated with this profile exhibit a characteristic depth at their centers.
Furthermore, it is observed that increasing the laser energy results in an
augmented diameter of the surface-formed craters, as illustrated in
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Fig. 3.a. The crater diameter measurement was made at the top pe-
riphery of the crater formation. The diameter values showed in Fig. 3.b
represents the mean size of 10 different craters made at same laser en-
ergy. For the lowest energy (E;), the crater diameter formed at the
surface was 1.2 pm. Considering the FWHM of the measured craters, one
may anticipate possible sub-micrometric spatial resolution with a small
cross talk between adjacent pixels. Upon increasing the energy to 1.23
wJ, the crater size significantly expands, with an average diameter of 3.1
pm.

Crater depth was measured by an optical microscope and are rep-
resented in Fig. 3.c. Each point in this figure represents the mean value
of 10 crater depths for one laser energy. Although the accuracy of the
measurement is questionable, it provides a reasonable estimate of the
crater depth and its evolution with regard to the energy. In this figure,
we observe a linear behavior (in the energy explored range) in the crater
depth along the laser energy, indicating a consistent ablation regime.
Furthermore, we note that the depth of the crater is substantially
correlated to its diameter. At low energy, we determined a mean depth
of 3.6 ym for a diameter of 1.2 pm, and at the highest energy level, the
depth is 8.5 pm for a diameter of 3.3 pm. On average, the crater depth is
twice the diameter. The estimation of the ablated mass, based on a
conical crater shape assumption, results in extremely low ablated ma-
terial mass: 4 and 66 picograms for the lowest and highest energy,
respectively.

The variation of the signal-to-noise ratio (SNR) along laser energy
was also studied and is depicted in supplementary fig. 1. To compare the
intensity of emitted lines, the average of 100 laser shots on the sample
surface was calculated. Additionally, the average emission spectra be-
tween 600 and 680 nm obtained on electrode films and for different
laser energies are presented in Fig. 3.d. At low laser energy levels, the
SNR starts to decrease, particularly in the case of aluminum, where it has
a value of 20, indicating some difficulty in working at this low energy.
For lithium, measured on an electrode film, the SNR is above 50 for the
same laser energy. If we observe the emission spectra associated at this
laser energy, we clearly see both emission lines of lithium. These lines
exhibit an intensity significantly higher than the neighboring noise,
indicating the feasibility of elemental imaging with the smallest
achievable crater size for Li-ion electrodes. Thus, all the elemental maps
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Fig. 3. (a) SEM imaging of craters made in aluminum sample with different energies (E; = 156 nJ, E; = 208 nJ, E3 = 522 nJ, E4 = 618 nJ, Es = 882 nJ and E¢ = 1.23
wJ). (b) Evolution of the diameter of the crater along laser energy. (c) Evolution of the crater depth along laser energy. (d) Mean spectra with background correction
obtained with 100 laser shots in an NMC 811 electrode for the different laser pulse energies.
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presented below were produced with a laser energy of E; ~ 208 nJ and
an accessible lateral resolution of ~2 pm. At this energy, the crater
diameter was evaluated to ~1.6 pm, which correspond to a fluence of
11 J.cm™2. Note that the measured diameter is just twice as large as the
theoretical spot diameter, estimated at 0.8 pm for this x50 magnification
lens and for a perfect Gaussian beam emitting at 266 nm.

3.1.2. Plasma kinetics

The plasma formed under such low energy condition is low emissive
and is approaching our detection limit. Therefore, it becomes crucial to
characterize the temporal behavior of the plasma to optimize acquisition
parameters (mainly the delay and gate). The experiments were con-
ducted on the same type of aluminum as in the previous section. A
temporal scan with an incremental delay of 20 ns and a gate of 20 ns was
performed. Additionally, the study of the environment where the plasma
is produced (air or argon) was also investigated for two laser energies (i.
e. in the range of E; and Es respectively) allowing to achieve 2 and 3 pm
lateral resolutions, respectively.

In Fig. 4, each point represents the accumulation of 200 spectra, and
the recorded intensity corresponds to the integration of the aluminum
line at 309.27 nm. As observed in this figure, the highest intensity value
is obtained in argon environment with a delay of ~40 ns. Without argon,
for the same laser energy, the maximum is obtained at ~60 ns. More
importantly, as can be seen, the use of argon increases the collected
signal by about a factor 2. Although in the low energy configuration, the
optimal delay is 40 ns, the addition of argon still increases the sensitivity
by about a factor 2. As expected, the plasma in argon, regardless of the
configuration, lasts longer, here, for 80 ns. Furthermore, the plasma
lifetime under argon is longer by 60 ns for the high energy configuration
compared to the low energy configuration. These findings reveal that, as
expected, the plasma powered by higher laser energy is better heated,
increasing both the quantity of emitted photons and its lifetime. In air,
this change is less pronounced, and no signal is obtained beyond 100 ns.
All these observations made us conclude that it is mandatory to use
argon for our experiments specially when we work with a low laser
energy.

3.1.3. Imaging performances
Once all the technical and critical aspects related to the ablation

Intensity (counts)

0 100 200 300 400
Delay (ns)
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process were understood, a first mapping experiment was performed on
the aluminum standard. The obtained elemental images of Al, Cu, Mg,
and Si are presented in Fig. 5. The laser energy was in the range of Ej.
The sample was scanned over 1.3 mm along the horizontal and vertical
axes, corresponding to a total of 292,500 pixels (laser shots). The
analysis duration was ~4 h. As can be seen in Fig. 5, the sample contains
silicon inclusions within the aluminum matrix. Inside these inclusions,
no aluminum or magnesium is detected, and some copper is retained on
certain inclusions. In this case, copper is rather evenly distributed across
the analyzed area. The distribution of magnesium is subtler, with con-
nected ridges visible in the lower part of the sample. Beyond this,
magnesium is present significantly across the entire scanned surface.
These ridges might potentially be indicative of sample contamination.
Apart from the silicon inclusions, the distribution of silicon is complex
and exhibits ordered patterns. These patterns resemble the geometric
distribution observed in hypereutectic aluminum (with a silicon content
greater than 12.6 %), as explained in [32].

Nevertheless, in the aluminum map shown in Fig. 5, streaks of
aluminum distribution are observed. During analysis, the movement of
the stage is not always perfectly repeatable, leading to slight jerks and
causing observable streaks. To mitigate this non-chemical artifact, we
may propose a normalization using the standard normal variate (SNV)
method, which is well-suited for this case. The normalized images are
shown in supplementary Fig. 2, and as can be seen we observe a sig-
nificant improvement in the elemental image quality. Nevertheless, it
remains essential to tailor this normalization technique to samples that
permit it. In the case of a heterogeneous sample with a complex chemical
composition and emission spectra that vary only slightly, SNV normal-
ization may not be suitable. Its use would slightly smooth the elemental
map intensities shot by shot, leading to a loss of relevant information
about the sample. For these reasons, the analysis of lithium-ion battery
electrodes should be conducted without such normalization.

3.2. Examples of battery imaging

3.2.1. Commercial battery internal stack

The analyzed sample is depicted in Fig. 1.a. The region corre-
sponding to the LIBS images is outlined in Fig. 6.a. The scan size is 2 mm
by 2 mm, equivalent to 1 million laser shots at a 2 pm lateral resolution.
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Fig. 4. (a) Evolution of the net intensity collected with a delay and gate step of 20 ns with two different plasma environment, argon and air at two laser energy, (a) Es

and (b) E,. The sample is the same type of aluminum used previously.
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Fig. 6. (a) Optical image of the scanned sample. (b) Elemental image of lithium (Li 670.79 nm) at 2 pm lateral resolution. Positive (besides aluminum collectors) and
negative electrodes (besides copper collectors) are respectively represented by a high and low signal of lithium.

This experiment required an analysis time of ~14 h. The LIBS lithium
image obtained with the 670.79 nm line is represented in Fig. 6.b.
Additionally, given the observed high intensity dynamic range, in-
tensities were expressed on a logarithmic scale. This procedure has been
previously employed and validated in the analysis of complex matrices,
such as geological samples [33]. As the commercial battery was
dismantled in the discharged state, the concentration of lithium is very
high (around 6.6 %) in the positive electrodes compared to the negative
electrodes (less than 1 %). Therefore, the representation of lithium

distribution in the sample is nuanced. Please note that the concentra-
tions of these two types of electrodes were obtained using ICP-AES.
Copper and aluminum collectors appear on both sides of their
respective active materials, as can be seen in the optical image. A slight
aluminum signal was observed (not shown here) at the separator level,
attributed to the presence of a thin alumina coating on the separator’s
surface. However, on these same pixels containing aluminum, lithium
was also present. Throughout the sample, we observe lithium into both
copper and aluminum collectors. In the positive electrodes, lithium is
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distributed rather homogeneously across the entire sample. Due to the
high concentration of lithium, it is difficult to notice lithium distribution
within the active material grains of the positive electrode. On the con-
trary, the lithium distribution is easily observable when examining the
negative electrodes where the concentration of lithium is low. In an ideal
scenario, no lithium detection should occur in the negative electrodes as
the battery was dismantle in the discharged state but a substantial signal
is obtained. Thus, a portion of the cyclable lithium crucial for the bat-
tery’s proper functioning is trapped in the negative electrode high-
lighting the high benefit interest of high spatial resolution imaging.
Since the battery’s origin is commercial, the SEI layer is formed during
the formation process of the battery. Thus, the lithium detected in the
negative electrodes is very likely due to this process. We observe that the
lithium distribution inside the negative electrode is not homogenous.
This is particularly evident in the central negative electrode, gradually
detaching from its copper collector (due to resin sample coating), where
the lithium signal is weak at the upper part but intense at the lower part.
Additionally, we observe lithium distribution within the active material
grains of the graphite electrode. However, despite this information,
determining the source of trapping, whether the growth of the solid
electrolyte interface (SEI) or lithium plating predominates (in addition
to other aging mechanisms), remains challenging. As we cannot clearly
see dense concentration of lithium inside the negative electrode, we can
assume that the formation process of the battery was controlled to
reduce the lithium plating effect.

3.2.2. NMC 811 electrodes at different SoC

The elemental distribution of lithium, with a lateral resolution of 2
pm, is illustrated in Fig. 7. Please note that an adaptation of this figure,
showing the distribution of lithium at a higher magnification, is avail-
able in Supplementary fig. 3. The elemental map encompasses a spatial
dimension of 0.4 by 1.3 mm, consisting of 260,000 pixels at a lateral
resolution of 2 pm. For the SoC 0 %, the lithium is intercalated in the
positive electrode. For samples with SoC 0 and 50 %, the lithium dis-
tribution shows the electrode’s structure with about 10 pm Li-rich round
zone and porosity very similar to the active matter grains microstruc-
ture. For these electrodes, it is difficult to see isolated grains (from the
electric percolation network) as the repartition of lithium is well
distributed along the electrode. These observations seem to be not
verified when we pay attention to the last sample (i.e. Fig. 7.c). If we
look at the lithium distribution, we observe that the lithium signal along
the left part of the electrodes is lower than the rest. Furthermore, we
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notice that few active matter grains have a high signal of lithium
compared to others. It could possibly indicate that some active matter
grains are isolated from the electric percolation network. Upon charging
the battery, a reduction in lithium quantity within the positive electrode
is observed, accompanied by a decrease in the number of active material
grains exhibiting high lithium concentrations. This observed behavior
aligns with the anticipated and inherent characteristics, validating the
suitability of the device for lithium analysis within electrodes.

4. Conclusion

In this article, we propose an original micro-LIBS instrumentation,
combining a high numerical aperture (0.42) microscope objective and a
short laser wavelength (266 nm), enabling access to lateral measure-
ment resolutions at the micrometer scale. This instrumentation, allows
an ultimate resolution of ~2 pm to be achieved. At this resolution,
sensitivity drastically decreases, presenting a challenge in further
improving lateral resolution due to this constraint. Given the short
lifespan of the formed plasma, precise control of the temporal window
during acquisition is imperative. In this regard, and to optimize signal
collection efficiency, all critical instrumental points are presented in
detail. Various examples are shown on different types of materials
(aluminum reference, battery electrodes) to assess the performance of
this system for mapping. Several instrumental shortcomings, which will
be corrected in a near future, have been identified, such as the long-term
stability of the laser energy and the precision of the translation stages.
However, these results demonstrate the full potential of this micro-LIBS
instrument for analyzing lithium distribution in electrodes. The attain-
ment of micrometric resolution in this study context indeed opens up
broad perspectives for battery research, particularly in understanding
aging mechanisms.
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