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Introduction

Lithium-ion batteries commonly used as energy storage in many systems can induce safety issues due to their toxic, corrosive and flammable liquid electrolyte [START_REF] Zheng | Lithium Ion Pathway within Li 7 La 3 Zr 2 O 12 -Polyethylene Oxide Composite Electrolytes[END_REF]. Therefore, solid-state batteries (SSB) based on a polymer and/or inorganic electrolyte are being developed. They aim at being safer, more compact and having a higher energy density thanks to the use of a lithium metal anode [START_REF] Li | An advance review of solid-state battery: Challenges, progress and prospects[END_REF][START_REF] Isaac | Dense inorganic electrolyte particles as a lever to promote composite electrolyte conductivity[END_REF]. These electrolytes can be composed either of polymer, glass, and ceramic or can be hybrid [START_REF] Zheng | Lithium Ion Pathway within Li 7 La 3 Zr 2 O 12 -Polyethylene Oxide Composite Electrolytes[END_REF][START_REF] Zheng | New Insights into the Compositional Dependence of Li-Ion Transport in Polymer-Ceramic Composite Electrolytes[END_REF]. However, the lithium behavior in these materials is currently poorly understood, and it requires studies at different scales, from macroscopic to nanoscopic, to characterize the lithium mobility. Isotopic labelling can be used for that purpose: one battery component is enriched in 6 Li and then the evolution of the lithium isotopic ratio is determined in the bulk and at the interfaces along cycling. Different techniques are used for that purpose, with various analytical performances. Berthault et al. [START_REF] Berthault | Etude de la dynamique du lithium dans un système électrochimique Li-ion par traçage isotopique en combinant les spectrométries RMN et ToF-SIMS[END_REF] reached a 2 to 5 % precision on the lithium isotopic abundance of electrodes using solid-state nuclear magnetic resonance spectroscopy (ssNMR). Heumann et al. [START_REF] Heumann | Precision and accuracy in isotope ratio measurements by plasma source mass spectrometry[END_REF] reported an average relative standard deviation of the isotopic ratio lower than 1 % for several isotopes using glow discharge mass spectrometry (GD-MS). A precision of about 1 ‰ on the lithium isotopic ratio was reported by Chan [START_REF] Chan | Lithium isotope analysis by thermal ionization mass spectrometry of lithium tetraborate[END_REF] for thermal ionization mass spectrometry (TIMS) measurements. All these methods allow to obtain good precision of the lithium isotopic abundance, but they do not present a high enough spatial resolution to be able to perform isotopic tracing at the different scales of interest in solid electrolytes. A 2 ‰ precision and accuracy on lithium isotope ratios with 30 µm lateral resolution using femtosecond laser ablation inductively coupled plasma mass spectrometry (fs-LA-ICP-MS) in various glass reference materials and minerals was achieved by Steinmann et al. [START_REF] Steinmann | In situ high-precision lithium isotope analyses at low concentration levels with femtosecond-LA-MC-ICP-MS[END_REF]. To our knowledge the only method currently used for isotopic analysis of lithium in solid electrolytes with a sub micrometric lateral resolution [START_REF] Kubicek | A novel ToF-SIMS operation mode for sub 100nm lateral resolution: Application and performance[END_REF] and a good precision on the lithium isotopic ratio (<1 % [START_REF] Berthault | Etude de la dynamique du lithium dans un système électrochimique Li-ion par traçage isotopique en combinant les spectrométries RMN et ToF-SIMS[END_REF]) is time of flight secondary ions mass spectrometry (ToF-SIMS). However, all of the mentioned methods are very expensive and complex to operate.

As a complement to such analytical approaches, a new technique called laser-induced breakdown selfreversal isotopic spectrometry (LIBRIS) was developed for isotopic analysis of lithium in solids without sample preparation [START_REF] Touchet | Laser-induced breakdown self-reversal isotopic spectrometry for isotopic analysis of lithium[END_REF]. The technique aims at overcoming the low spectral shift between 6 Li and 7 Li lines using the self-reversal phenomenon. This is an extreme case of self-absorption where the photons emitted by the plasma core are absorbed by its outer layers, leading to an emission line reversed in its center. The wavelength of the absorption dip is correlated to the lithium isotopic ratio. This analytical method was shown feasible for lithium isotopic analysis in a model material, lithium carbonate, with a relative uncertainty on the 6 Li isotopic abundance of 6 % [START_REF] Touchet | Laser-induced breakdown self-reversal isotopic spectrometry for isotopic analysis of lithium[END_REF], and the same principle was recently exploited by other authors through a chemometric analysis of self-reversed lithium spectra [START_REF] Kautz | Influence of ambient gas on self-reversal in Li transitions relevant to isotopic analysis[END_REF]. Thus, the LIBRIS technique is a viable alternative to the currently used methods thanks to its ability to make spatially-resolved measurements, analytical performance, cost, simplicity of implementation and speed of analysis in the minute range. This paper presents the development of the LIBRIS method to achieve high lateral resolution (7 µm) for isotopic labelling of lithium in a solid-state polymer electrolyte. The targeted spatial resolution is adapted to the hybrid electrolyte of interest composed of ceramic inclusions of about 10 µm diameter, dispersed in a polymer matrix containing a lithium salt, respectively poly(ethylene oxide) (POE) and lithium bis(trifluoromethylsulfonyl)imide (LiTFSI). The feasibility of LIBRIS analysis for such a material is first demonstrated with a standard lateral resolution. Then, the method is developed at a high resolution. Finally, analytical performances are characterized for two samples, lithium carbonate and the solid-state polymer electrolyte, POE/LiTFSI.

Materials and methods

Experimental setup and measurement parameters

Experiments were carried out with two different LIBS systems enabling to work at two different lateral resolutions, both operating with a 266 nm frequency-quadrupled Nd:YAG laser. The laser of the low resolution system (Quantel Ultra) generated pulses of 4 ns duration with an energy of 5.3 ± 0.3 mJ. A 200 mm plano-convex lens focused the laser beam. The laser of the high resolution system (Continuum Minilite II) was operated at 10 ± 0.5 µJ with 5 ns duration pulses and produced a top-hat beam through an 80 µm diaphragm. The laser beam was then focused on the sample surface by a x15 microscope lens. The dimensions of ablation craters obtained on the samples were characterized using a white light optical profilometer (Bruker ContourGT). Spectroscopic measurements were performed using a 1 m focal length spectrometer (Jobin Yvon THR1000) equipped with a 2400 lines/mm diffraction grating and an ICCD matrix detector (Andor iStar). The instrumental spectral width was measured as 12.5 ± 0.5 pm using a hollow cathode lamp at 670.776 nm and with 43 μm spectrometer slit width.

The acquisition parameters are summarized in Table 1 for both configurations. natural isotopic abundance (7.5 ± 0.1 at. % of 6 Li) (Sigma Aldrich, purity >99 %) and the second enriched in 6 Li (95.5 ± 0.1 at. %) (Sigma Aldrich, purity >99 %). The powders were milled 15 min at a frequency of 30 Hz using a ball miller (Retsch, MM400) before being pelletized in a 13 mm diameter pelletizer (Maassen Spektroskopie) using a pressure of 14 tons during 15 minutes. The lithium isotopic abundance of powder mixtures was measured by ICP-MS/MC (ThermoFisher Scientific, Neptune model).

Solid polymer electrolytes were composed of poly(ethylene oxide) (POE) (Sigma Aldrich, Mv~300,000)

and lithium bis(trifluoromethylsulfonyl)imide (LiTFSI). The powders were first dried 5 days at 60°C for the polymer and at 150°C for the lithium salt under reduced pressure at 20 mbar to remove water before being mixed in a solvent. Two lithium salts with different isotopic abundances were used: one at the natural isotopic abundance (92.4 % 7 Li and 7.6 % 6 Li) (Sigma Aldrich, purity > 99.0 %) and one enriched at 95.4 % in 6 Li (Sigma Aldrich, purity > 99.9 %). In each membrane, the salt concentration was 1.2 M and the ratio of EO/Li was fixed at 16:1. All POE/LiTFSI samples were prepared in a dry room (Dew point: -40 °C).

The solvent was either acetonitrile for the electrolyte at the natural abundance or a mixture of 1,2dimethoxyethane (Sigma Aldrich, anhydrous, purity > 99.5 %) and 1,3-dioxolane (Sigma Aldrich, anhydrous, purity > 99.8 %) for the 6 Li enriched samples. However, the solvent does not affect the isotopic abundance. The solution was then stirred 72 h at 50°C to obtain a homogeneous solution. It was coated on a copper foil and dried at 60°C under reduced pressure at 20 mbar to evaporate the solvent. The membrane thickness after drying was about 80 µm. Discs of 3 cm diameter were punched.

Before being analyzed, they were stored in controlled atmosphere boxes sealed in a glovebox under argon at 630 mbar.

Absolute uncertainties on the lithium isotopic abundance in lithium carbonate and solid polymer electrolyte samples are less than 0.1%, mostly due to the uncertainty on the isotopic abundance of commercial powders.

Spectra treatment

The lithium transition considered is the resonance line Li I 2s²-2p² at 670.7 nm due to its largest isotopic shift of 15.8 ± 0.3 pm [START_REF] Walls | Measurement of isotope shifts, fine and hyperfine structure splittings of the lithium D lines[END_REF][START_REF] Hughes | Isotope Shift in the First Spectrum of Atomic[END_REF] between the resonant doublets at 670.7760 / 670.7911 nm and 670.7918 / 670.8068 nm, respectively for 7 Li and 6 Li [START_REF] Sansonetti | Measurements of the resonance lines of 6Li and 7Li by Doppler-free frequency-modulation spectroscopy[END_REF].

To measure precisely the wavelength of the self-reversed line, a fit of the line profile was applied to the experimental spectrum. This fit was composed of two Lorentz functions modelling respectively the emission line and the absorption dip. The choice of a Lorentz function is due to the strong Stark broadening (several hundreds of pm) compared to the instrumental width, inducing a higher Lorentzian contribution compared to the Gaussian one [START_REF] Touchet | Laser-induced breakdown self-reversal isotopic spectrometry for isotopic analysis of lithium[END_REF]. In case of non-self-reversed lines, a simple

Lorentzian fit was applied [START_REF] Touchet | Direct isotopic analysis of lithium at trace concentration levels in solids under ambient pressure[END_REF]. Examples of fitted single-shot spectra are shown on Figure 1. For both configurations, i.e. 7 µm and 250 µm lateral resolution, measurements resulted from 20 single-shot craters. This accumulation mode was chosen because the polymer membranes were thin, which did not enable to accumulate laser shots on a same location for those samples. Each single-shot spectrum was fitted, and then the 20 resulting wavelengths (absorption dip or emission line) were averaged. Averaging over 20 craters necessarily leads to a lower equivalent lateral resolution.

However, the averaging was performed along a line of the sample, so that the nominal resolution was achieved along the perpendicular direction. 

Results and discussion

Isotopic analysis of lithium in Li2CO3 and POE/LiTFSI with low lateral resolution

Our first objective is to demonstrate the feasibility of LIBRIS analysis of a polymer component of hybrid solid electrolytes in a standard ablation configuration. In order to characterize the lateral resolution of the analysis, the single-shot craters dimensions obtained on three samples were analyzed using a white light optical profilometer. Craters of 50 ± 5 µm diameter were obtained on aluminum, taken as a reference sample. Li2CO3 and POE/LiTFSI samples were also measured, leading to a crater diameter of 230 ± 30 µm and 250 ± 20 µm, respectively. The significant difference compared to the aluminum craters was attributed to the lower mechanical resistance to the shock wave produced by laser ablation, and to the samples thermal properties.

A first LIBRIS calibration curve was realized on our model material, lithium carbonate. Then, the calibration curve in the solid-state polymer electrolyte POE/LiTFSI was recorded with the same temporal parameters. Both curves are presented in Figure 2, and analytical figures of merit are shown in Table 2. The value Δ 6 Li/ 6 Li (50 %) is the chosen indicator to evaluate the analytical performances. It is equal to the relative uncertainty on the 6 Li abundance in the center of the calibration range ([ 6 Li] = 50 %). This value is reported for 20 averaged laser shots.

In LIBRIS analysis of lithium, the theoretical calibration slope of the calibration curve a corresponds to the isotopic shift between the 6 Li and 7 Li isotopes, i.e. 15.8 pm, and the theoretical intercept b is the wavelength of the 7 Li line observed in a pure 7 Li sample, i.e. 670.781 nm. As previously observed, for lithium carbonate the intercept is slightly blue-shifted compared to the theoretical value [START_REF] Touchet | Laser-induced breakdown self-reversal isotopic spectrometry for isotopic analysis of lithium[END_REF]. Stark and Doppler effects can explain that, the first one being towards shorter wavelengths [START_REF] Puric | Stark broadening and shift of alkali-metal resonance spectral lines[END_REF], while the second one can be blue-or red-shifted depending on the movement of emitting and absorbing particles. The reader is referred to ref. [START_REF] Touchet | Laser-induced breakdown self-reversal isotopic spectrometry for isotopic analysis of lithium[END_REF] for more details. As for the slope of our calibration curve, it is consistent with the theoretical value. 6 Li. Δ 6 Li/ 6 Li (50 %): relative uncertainty with 95 % of confidence at 50 % 6 Li applied to the average of the replicas, FWHM: full width at half-maximum of the absorption dip. Error bars are equal to 2 standard deviations over the number of replicas. Absolute uncertainties on the lithium isotopic abundance in the samples are less than 0.1%.

For the POE/LiTFSI the uncertainty on the slope is consistent with the expected value compared to lithium carbonate, a lower spectral shift can be observed and presumably explained by a lower plasma electron density for the electrolyte. This is supported by the intercept value slightly red-shifted compared to the theoretical one, but which encompasses it if we consider its uncertainty. This indicates that the Stark effect is less pronounced than for the lithium carbonate. The loss of precision on the 6 Li isotopic abundance is attributed to the lower signal recorded with polymer samples (around two times less), inducing more difficulties to perform a precise fit of the wavelength absorption dip.

Table 2: analytical performances of LIBRIS analysis of 6 Li isotopic abundance in lithium carbonate and POE/LiTFSI with 250 µm lateral resolution. a: slope of the calibration line, b: intercept, R²: correlation coefficient, Δ 6 Li/ 6 Li (50 %): relative uncertainty with 95 % of confidence at 50 % 6 Li, FWHM: full width at half-maximum of the absorption dip. 

Theoretical values

Isotopic analysis of lithium with 7 µm lateral resolution

The LIBRIS analysis of POE/LiTFSI, the polymer entering in the composition of hybrid solid electrolytes, showed a 12.6 % uncertainty on the 6 Li isotopic abundance at 250 µm lateral resolution. Thus, the interest was focused on increasing the lateral resolution in order to be able to study in the future the ceramic microparticles included in these electrolytes, particularly the solid/polymer interface. The characterization of laser ablation craters was first performed.

Single-shot craters of 11.0 ± 3.0 µm diameter and 3.5 ± 2.0 µm depth were obtained on lithium carbonate samples. As for the polymer, craters of 6.9 ± 0.6 µm diameter were measured. In micro-analysis based on laser ablation, it is not possible to accumulate the signal over successive laser shots on a same location due to the low depth of field of the laser beam focused by the microscope lens. In addition, it is not desirable to accumulate the signal over different locations on the surface since this decreases the lateral resolution. Therefore, high-resolution analysis ideally requires optimizing and recording the analytical signal on a single-shot basis.

For that purpose, we first chose to widen from 43 to 141 µm the entrance slit width of the spectrometer in order to maximize the detection efficiency. Demonstration was made that this parameter had no significant influence on the wavelength of the absorption dip as shown in Figure 4.

Then, since time-resolved detection of the plasma emission was not found sufficient to get enough signal to be able to perform a reliable fit of the line profile, we chose to integrate temporally the plasma emission. Finally, for the polymer electrolyte, measurements were performed under argon flow. Note that in this case, the lithium line is not self-reversed, but the center wavelength of the line determined by a single Lorentzian fit also enables to measure 6 Li isotopic abundance [START_REF] Touchet | Direct isotopic analysis of lithium at trace concentration levels in solids under ambient pressure[END_REF]. In order to estimate this possible effect, the center wavelength of the absorption dip was measured between 0 and 100 µs after the laser pulse with a 50 ns gate width. Twenty single-shot spectra were averaged in this case. The results are presented in Figure 5. Spectra from 0.02 ms were difficult to fit due to the low signal-to-noise ratio, hence the wider error bars observed for the last points. Overall, we did not detect any significant spectral shift during the 0-100 µs time range. Therefore, the flattening of the line profile was mostly due to the instrumental response. With the optimized experimental parameters, we found that the repeatability of high-resolution single-shot measurements of the POE/LiTFSI was around 4 pm (one standard deviation). As the total measurement range is 15.8 pm, this is not sufficient to have an acceptable uncertainty on the lithium isotopic ratio. Physically, this poor repeatability is due to large fluctuations of the amount of ablated sample and of the resulting plasma temperature and density. However, those physical variations are related to different instrumental fluctuations, which take a variable part in the measurement repeatability and reproducibility.

First, we remind that in micro-ablation conditions, for which the laser beam numerical aperture is high, the tolerance on the sample positioning in the microscope objective focal plane is much lower than in standard conditions. While micro-analysis is usually performed on polished surfaces, the surface state of our samples could not be so well controlled (see Figure 7). Therefore, the uncertainty on this positioning was estimated to be around 5 µm on both sides of the focal plane. As shown on Figure 6, this leads to an uncertainty on the wavelength measured by LIBRIS 𝜎 𝑓𝑜𝑐𝑢𝑠 2 of around 1 pm. We note that defocusing the sample tends to reduce the blue-shift attributed to the Stark effect, which is consistent with a lower irradiance and a lower electron density in the plasma.

In addition to the global sample positioning, sample surface irregularities also induce a shot-to-shot fluctuation of the sample surface altitude. Figure 7 shows that it can vary of several tens of µm (peakto-peak) over a typical surface probed by micro-ablation (150x150 µm² with a 15 µm step between Apart from focusing conditions, shot-to-shot variation of the pulse energy can also induce some uncertainty on the LIBRIS measurements. In our micro-ablation conditions, the laser irradiance is moderated in the order of 4 GW/cm², and a small variation might lead to a significant fluctuation of plasma conditions, hence of the LIBRIS measurement affected by Stark and Doppler effects. Figure 6 shows the effect of the pulse energy on the measured wavelength. We see that it decreases when the pulse energy increases, consistently with a more pronounced Stark effect. We also note that for a typical shot-to-shot variation of 10 % of the pulse energy around 10 µJ, the resulting uncertainty on the LIBRIS measurement 𝜎 𝑝𝑢𝑙𝑠𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 2 is typically 1 pm.

Figure 6: variation of the wavelength of the emission line in function of the defocus (blue triangles) and the pulse energy (orange dots). Measurements were performed on the 7.5 % 6 Li POE/LiTFSI sample with a 7 µm lateral resolution.

Finally, the high noise level observed in micro-ablation conditions is also likely to induce random fluctuations of the spectral intensities, mostly due to the optical shot noise. This also contributes to the uncertainty on the measurement 𝜎 𝑛𝑜𝑖𝑠𝑒 2 . Note that the numerical procedure used to fit the spectra and to extract the wavelength might also induce an uncertainty 𝜎 𝑓𝑖𝑡 2 , but we assumed it to be negligible compared to other sources of variance. 

pulse energy (µJ)

The repeatability (i.e shot-to-shot variance) of high-resolution LIBRIS measurements can be expressed as:

𝜎 2 𝑠ℎ𝑜𝑡-𝑡𝑜-𝑠ℎ𝑜𝑡 = 𝜎 2 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑖𝑟𝑟𝑒𝑔𝑢𝑙𝑎𝑟𝑖𝑡𝑖𝑒𝑠 + 𝜎 2 𝑝𝑢𝑙𝑠𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 + 𝜎 2 𝑓𝑖𝑡 + 𝜎 2 𝑛𝑜𝑖𝑠𝑒 ( Equation 1) 
From Equation 1we can estimate that 𝜎 𝑛𝑜𝑖𝑠𝑒 2 ≈ 3.5 pm.

The reproducibility 𝜎 𝑟𝑒𝑝𝑟𝑜𝑑𝑢𝑐𝑖𝑙𝑖𝑡𝑦 2 was also characterized from a series of spectra acquired over a period of nine days. A hundred laser shots were accumulated for these measurements. The reproducibility can be expressed as:

𝜎 2 𝑟𝑒𝑝𝑟𝑜𝑑𝑢𝑐𝑖𝑏𝑖𝑙𝑖𝑡𝑦 = 𝜎 2 𝑓𝑜𝑐𝑢𝑠 + 𝜎 2 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑖𝑟𝑟𝑒𝑔𝑢𝑙𝑎𝑟𝑖𝑡𝑖𝑒𝑠 + 𝜎 2 𝑝𝑢𝑙𝑠𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 /100 + +𝜎 2 𝑓𝑖𝑡 + 𝜎 2 𝑛𝑜𝑖𝑠𝑒 /100
(Equation 2)

Where the 100 factor accounts for the accumulation of laser shots. Experimentally, a standard deviation 𝜎 𝑟𝑒𝑝𝑟𝑜𝑑𝑢𝑐𝑖𝑙𝑖𝑡𝑦 2 ≈ 1.4 pm was obtained, while the calculation from the terms of Equation 2leads to the same value. This good accordance means that the main sources of variance were correctly identified and estimated. Thus, the signal noise is by far the most important source of uncertainty for single-shot measurements, while the overall reproducibility is mostly affected by the variance due to the sample positioning and surface irregularities.

The LIBRIS calibration curve of 6 Li isotopic abundance in lithium carbonate was performed under air atmosphere. As for the electrolyte, due to the lithium salt high hydrophilicity, surface alteration occurred during the first 15 minutes after air exposure, inducing surface irregularities. To avoid changes of the surface during the analysis, samples were exposed to air 24 h before analysis, allowing electrolyte stabilization. However, as shown in Figure 7, these irregularities could reach several tens of micrometers in depth, much higher than the depth of field of the focused laser beam, estimated to be around ± 5 µm. Therefore, a significant fraction of single-shot spectra exhibited a too weak or even null signal, when the laser beam was focused inside a hollow of the sample surface. Thus, spectra with a maximal intensity lower than 50 % of the highest intensity of the series were rejected. Hence, 10 to 30% of the spectra were rejected with this criterion. In relation to the total sample area mapped by the analysis, this loss of spectra induced an average lower equivalent lateral resolution, of 8 to 10 µm instead of 7 µm. However, it can be noted that this sorting could be avoided through the use of an airtight analysis cell under neutral atmosphere, avoiding the exposure of the sample to air and thus the degradation of its surface condition. Calibration results are presented in Figure 8 and Table 3 when twenty single-shots craters are averaged per measurement. Not surprisingly, the overall analytical performances are lower than at 250 µm resolution, due to the lower amount of ablated mass and to the reasons described above. As a result, the relative uncertainty on the isotopic abundance at 50 % of 6 Li increases by a factor 2 to 5. Looking in more details at the calibration parameters, we see that the slope and intercept obtained with the polymer are consistent with the expected values. For the lithium carbonate, the slope is correct within a quite large uncertainty, but the intercept is significantly blue-shifted compared to previous results at 250 µm resolution. As the FWHM of the absorption dip is similar between the 250 and the 7 µm lateral resolution this blue shift cannot be attributed to a more pronounced Stark effect. The reason of this shift is unknown.

Table 3: analytical performances of LIBRIS analysis of 6 Li isotopic abundance in lithium carbonate and POE/LiTFSI with 7 µm lateral resolution. a: slope of the calibration line, b: intercept, R²: correlation coefficient, Δ 6 Li/ 6 Li (50 %): relative uncertainty with 95 % of confidence at 50 % 6 Figure 8 shows that it is feasible to analyze the lithium isotopic ratio with a high lateral resolution in polymer solid-state electrolytes of 4 th generation batteries with 25 % uncertainty on the 6 Li isotopic abundance, for measurements accumulated over 20 laser shots. Compared to analytical techniques used in the literature for similar studies such as ToF-SIMS [START_REF] Kubicek | A novel ToF-SIMS operation mode for sub 100nm lateral resolution: Application and performance[END_REF], LIBRIS is less precise on the 6 Li isotopic abundance. However, this technique allows to perform faster analysis than ToF-SIMS on bigger surfaces, with a simpler sample preparation, a cheaper and less complex instrumentation.

Therefore, the LIBRIS technique is very promising for the study of lithium transport mechanisms in electrolyte materials used in solid-state batteries, in particular when using isotopic tracing. For now, an important limitation of high-resolution LIBRIS analysis is that analytical performances are limited for the reasons described above, and this is all the truer for single-shot analysis for which the measurement uncertainty would be clearly insufficient. To improve those uncertainties a correction based on the shot-to-shot laser energy measurement is considered, as well as a better control of the sample surface state and positioning in the ablation focal plane. The technique can nevertheless already be used with a satisfactory measurement uncertainty, either at the expense of lateral resolution, or by accumulating enough laser shots. This latter option can be considered even in a highresolution configuration, for one-dimensional model systems composed of lithium metal, polymer and ceramic layers for the analysis of lithium mobility in solid electrolytes and at interfaces. 

Conclusion

Laser-induced breakdown self-reversal isotopic spectrometry (LIBRIS) enables to perform isotopic analysis of lithium in solids. In this paper, we developed this technique for studies of isotopic labelling of lithium in solid-state electrolyte of lithium batteries at high lateral resolution. Starting from standard ablation conditions with a lateral resolution of 250 µm, the technique was improved to perform measurements at 7 µm resolution, adapted to spatial scales of interest for solid hybrid electrolytes.

Calibration curves were obtained in both configurations on a model material, lithium carbonate, and on a solid electrolyte polymer, POE/LiTFSI. In this material, at high resolution, experimental parameters were accurately optimized, and the sources of signal fluctuations were characterized. We finally obtained a relative uncertainty on the 6 Li isotopic abundance of 12.6 % and 25 % respectively at 250 µm and 7 µm resolution. It is remarkable that this uncertainty only increases by a factor 2-5, while the amount of ablated material decreases by a factor 30-40. Although single-shot analysis remains not enough accurate for now, those results demonstrate the feasibility of high resolution isotopic analysis by the LIBRIS technique applied to the characterization of the lithium mobility in battery materials.

Several ways of improvement can be suggested. Instrumental modifications could be implemented to better control the sample surface state and positioning in the ablation focal plane, and to correct fluctuations of the laser pulse energy. Increasing the efficiency of the plasma emission collection setup would also be useful. Our future work will address those issues, particularly in order to analyze the lithium isotopy at the polymer/particle interface within hybrid electrolytes, and then to study of transport of lithium after electrochemical cycling. Nevertheless, it is not currently certain that the relative uncertainty obtained is sufficient to allow the study of isotopic variations in solid electrolytes following their charging. Two ways of improving measurement uncertainties are envisaged: either by instrumental improvement or by adapting samples by increasing charging time and/or electrolyte thickness, so that the difference in isotopic abundance between an uncharged and a charged system is greater.
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Figure 1 :

 1 Figure 1: fitted single-shot spectra of the Li I 670.8 nm line of Li2CO3 with 250 µm resolution (A) and POE/LiTFSI with 7 µm resolution (B). Both samples have a natural isotopic abundance, i.e. 7.5 % 6 Li. Black continuous line: raw data, light grey continuous line: fitted Lorentz profile modelling the emission line, light grey dashed line: fitted reversed line combining the emission line and the absorption dip, grey dotted line: residuals

Figure 2 :

 2 Figure 2: lithium LIBRIS calibration curves with 95 % prediction bands, 250 µm resolution, 20 averaged laser shots per measurement. Green triangles: solid electrolyte POE/LiTFSI. Blue dots: lithium carbonate Li2CO3. The wavelength of the absorption dip is plotted as a function of the isotopic abundance in6 Li. Δ6 Li/6 Li (50 %): relative uncertainty with 95 % of

  The craters distribution observed by an optical microscope on the polymer surface are presented on Figure 3. The crater diameter fluctuation is visible due to the shot-to-shot pulse energy variation and to surface irregularities leading to local fluctuations of the incident laser irradiance.

Figure 3 :

 3 Figure 3: micro-ablation single-shot craters on a POE/LiTFSI sample measured with a x125 magnification

Figure 4 :

 4 Figure 4: wavelength of the absorption dip in a lithium carbonate natural sample in function of the spectrometer slit width. 40 spectra averaged, 1 ns gate delay, 50 ns gate width, 7 µm lateral resolution, 1σ standard deviation uncertainties

Figure 5 :

 5 Figure5: center wavelength of the absorption dip (Li2CO3 with 7.5 %6 Li, blue dots) or of the emission line (POE/LiTFSI with 7.5 %6 Li, green triangles) in function of the delay with a gate of 50 ns and a spectrometer slit width of 141 µm. 3 repetitions of 20 averaged laser shots. 7 µm lateral resolution. 1σ standard deviation uncertainties.

Figure 7 :

 7 Figure 7: POE/LiTFSI surface observed using white light profilometer after air exposure

Table 1 :

 1 Measurement parameters with low (250 µm) and high(7 µm) 

lateral resolution 250 µm resolution 7 µm resolution

  

	Background gas atmosphere	ambient air	Li2CO3 : ambient air
			POE/LiTFSI : argon
	2.2. Samples		
	Lithium carbonate (Li2CO3) samples were prepared by mixing two lithium carbonate powders, one with
	Gate delay	1 µs	0 µs
	Gate width	0.5 µs	100 µs
	CCD exposure	0.05 s	0.07 s
	Intensifier gain	3000	3000
	Number of laser shots per crater	1	1
	Number of single-shot craters averaged per measurement	20	20
	Slit width	43 µm	141 µm
	Laser pulse energy	5.3 ± 0.3 mJ	10 ± 0.5 µJ

  Those results demonstrate the feasibility of isotopic analysis of lithium in POE/LiTFSI by the LIBRIS technique in a conventional configuration of laser ablation with a 250 µm lateral resolution.

	FWHM (pm)	/		[ 6 Li] = 50 %: 316 ± 50	[ 6 Li] = 34 % : 211 ± 17 [ 6 Li] = 66.5 % : 200 ± 27
	Δ 6 Li/ 6 Li (50 %) -20	/		6.0 %	12.6 %
	670.801 averaged single-shot			
	measurements	y = 1.68E-04x + 670.782 R² = 0.9966		
		670.796	Δ 6 Li/ 6 Li (50%) = 12.6% FWHM(34%) = 211 ± 17 pm		
		FWHM(66.5%) = 200 ± 27 pm		
	wavelength (nm)	670.786 670.791				
		670.781			y = 1.54E-04x + 670.779 R² = 0.9981
					Δ 6 Li/ 6 Li (50%) = 6.0%
					FWHM(50%) = 316 ± 50 pm
		670.776				
		0	20	40	60	80	100
					Li2CO3	POE/LiTFSI
		a (pm)	15.8 ± 0.3 [13]		15.4 ± 1.2	16.8 ± 2.9
		b (nm)	670.7810		670.779 ± 0.001	670.782 ± 0.001
		R²	/		0.9981	0.9966

Li (%)