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Abstract  

Improvements to battery performance, reliability, and lifetime are essential to meet expansive 

demands for energy storage. As part of this, continuous monitoring of the dynamic chemistry inside cells 

offers an exciting path to minimizing parasitic reactions and maximizing sustainability. Building upon 

recent fiber optic-battery innovations, we report the use of operando infrared fiber evanescent wave 

spectroscopy to monitor electrolyte evolution in 18650 Na(Li)-ion cells under real working conditions. This 

approach enables identification of chemical species and reveals electrolyte and additive decomposition 

mechanisms during cycling, thereby providing important insights into the growth and nature of the solid-

electrolyte interphase, the dynamics of solvation, and their complex interrelations. Moreover, by directly 

embedding fibers within the electrode material, we demonstrate simultaneous observations of both the 

material structural evolution and the Na(Li) inventory changes upon cycling. This illuminating sensing 

method has the power to reveal the otherwise opaque chemical phenomena occurring within each key 

battery component. 

 

 



 

Introduction 

Batteries play a central role in the ongoing transition from fossil fuels to renewable energy and are 

the versatile key enablers for the deployment of electric transportation, but their full acceptance is highly 

reliant on the ability of scientists to improve their autonomy, cost, lifetime, and safety1. Since chemical 

and electrochemical reactions are dynamical processes, these “living” devices suffer from multi-parameter 

degradation mechanisms leading, for instance, to the formation of the solid-electrolyte interphase (SEI) 

which often governs the life of the cell. Consequently, monitoring the intertwined electrolyte decomposition 

and SEI evolution is of paramount importance to understand and control the battery lifetime and safety.  

While operando techniques such as nuclear magnetic resonance (NMR), transmission electron 

microscopy (TEM), infrared (IR) or electron paramagnetic resonance (EPR) are powerful tools to access 

the microscopic scale2–5, they are not readily translated out of laboratory test cells and into commercial-

grade batteries. In this context, non-destructive diagnostic techniques, such as optical sensing, allow for 

real-time characterization with spatial resolution afforded by placing sensors directly inside cells 6,7. Using 

optical fiber Bragg grating (FBG) sensors numerous parameters of interest can be measured, such as 

temperature (T), pressure (P) and strain (with the feasibility of correlating these metrics to battery 

electrochemical behavior8,9.  

Moreover, using multiple sensors, we have even succeeded in tracking the heat associated with the 

formation of the SEI10 and its dynamic evolution during cycling11. Although prolific, such approaches are 

ill-suited to capturing molecular insights occurring within each critical component of the battery, and the 

cascade of chemical reactions underlying the formation of the SEI. Aiming to close this gap, tilted fiber 

Bragg grating (TFBG) sensors offer a possibility for accessing additional observables (refractive index 

and turbidity) since by their nature, they allow for fiber guided light to interact with its local surroundings12. 

However, these sensors are still not capable of identifying individual molecular species.  

Possible ways to overcome this limitation can be inspired by the field of spectroscopy and the use of 

UV-Vis, IR, and Raman activity ranges for chemical detection13–15. For instance, photonic crystal fibers 

(PCFs) are widely used in the development of biosensors for molecular recognition16,17 and once paired 

with microfluidics, have recently been employed in the field of batteries to follow the evolution of electrolyte 

by Raman spectroscopy during cycling18.  However, a weakness of the reported work is that it hinges on 

an external system (e.g. pumps and piping), preventing both continuous monitoring and the ability to track 

changes in the electrode materials themselves. Looking for other inspiration, we come across the use of 

fiber-based IR spectroscopy in the medical field19–21. Interestingly, even though this ex vivo approach can 

detect and follow severe liver disease via the detection of specific molecules, such an approach has never 



been implemented with battery electrolytes or electrodes under real test conditions, where 

electrochemical potentials and reactive chemistries continually pose complex challenges. 

Herein, we report in-operando IR fiber evanescent wave spectroscopy (FEWS) in commercial 18650 

Na-ion cells and in Swagelok-type Li(Na)-ion cells. Since silica (SiO2) optical fibers commonly employed 

in telecommunications are restricted to the 0.8 to 2 µm transmission region, we instead implement 

chalcogenide (sulfides, selenides, tellurides) glass fibers which have transmission windows ranging from 

3 to 13 µm22. This opens a critical pathway to molecular identification and monitoring of the chemical 

dynamics occurring inside a cell during cycling. Hence, the method can provide evidence of the steps 

involved for SEI growth after cell manufacturing, as well as a means for tracking the Li(Na) inventory upon 

cycling (e.g., state od charge and state of health) and corresponding ion insertion kinetics. Such 

revelations highlight the emergence of a new era for rechargeable batteries, both in terms of chemical 

selection and cycling conditions. 

 

Operando IR fiber evanescent wave spectroscopy 

Fig. 1a shows the experimental setup for conducting fiber optic infrared detection via the use of 

Te2As3Se5 (TAS) fiber. As depicted, absorption spectroscopy relies on the use of evanescent waves to 

probe molecular species at the fiber surface over a distance that depends upon the refractive index of the 

surrounding media (see calculation in Supplementary Fig. 1). Typical experiments are realized by passing 

the TAS fiber through a pre-drilled 18650 jelly-roll cell for the case of Na-ion (NVPF/HC) chemistry (Fig. 

1a), or across a modified Swagelok cell (as described in Fig. 1b and c caption). The cells can then be 

connected to a Fourier transform infrared (FTIR) spectrometer equipped with a mercury-cadmium-

tellurium (MCT) detector that collects IR-FEWS spectra while the cell is charged and discharged. 



 

Fig. 1 | Integration of chalcogenide fiber into batteries. a, Schematic drawing of the mid-infrared 
light in the range from 830 to 5000 cm-1 propagating via internal reflections through the TAS fiber core  
(fiber diameter, d=150 µm). At the fiber surface, an evanescent wave is created, whose depth of 

penetration (dp, ~1 µm) is given by the relation44,45: dp =
λ

2π√n1
2 sin

2
θi-n2

2
 , where λ is the wavelength of 

the propagating light, θi the incident angle of the light, and (n1) and (n2), the refractive indexes of the  
fiber and of its surrounding medium, respectively. The TAS fiber is passing through the central void of 
a 18650 jelly-roll allowing IR-FEWS operando measurements of the electrolyte while cycling the 
battery. b, Two-electrode Swagelok cell modified for operando measurements. The body of the cell has 
been drilled with two hole so that the fiber can be embedded in the electrode material. c, Modified two-
electrode Swagelok cell for acquisition of reference spectra. The Swagelok cell is drilled with two holes 
for the fiber to pass through, and two metal tubes terminated with rubber septa are welded to the cell 
body to inject solutions using syringes and evacuate the electrolyte while maintaining the inert 
atmosphere inside the cell core.  

 

As a proof of concept, operando IR spectra recorded on a modified Swagelok cell (Fig. 1c) before 

and after adding the electrolyte are shown in Fig. 2a, and compared with reference spectra of the same 

solutions acquired with attenuated total reflectance spectroscopy (ATR) (Fig. 2b). As expected, no 

absorbance is observed in absence of electrolyte (considering the absorbance A =  log (
I0

Is
) and Is = I0, with 

I0 and Is the transmitted intensity through the fiber with and without the sample, respectively). By contrast, 



at each injection step, the IR bands characteristic of the added solutions appear concomitantly to their 

injection in the cell (Fig. 2a). This first result validates the use of TAS fibers to characterize electrolytes 

with a high molecular sensitivity (concentration less than 1%, see Supplementary Fig. 2) and fast 

response (4 seconds).  

 

 

Fig. 2 | Online IR-FEWS measurement. a, Absorbance IR-FEWS spectra plot in function of time obtained 
via the use of a modified two-electrode Swagelok cell for hosting the TAS fiber. The IR-FEWS absorbance 
spectra were recorded every 120 s, with a resolution of 4 cm-1, a number of scans of 16 and an acquisition time 
of 4 s. The acquisition starts at t=0 when the cell is empty, then every 30 minutes different solutions are added 
in the following order: 1 M NaPF6 in dimethyl carbonate (DMC) (NaPF6/DMC), DMC/FEC (1/1, v/v, DMC/FEC), 
and DMC saturated with DMO (DMC/DMO). b, Reference IR-ATR absorbance spectra of the different solutions 
injected during the experiment 

 

 

 

Operando measurements of pure electrolyte mixture in 18650 cells 

Before conducting operando measurements in 18650 cells, few considerations on the reliability of the 

measurement need to be addressed. Firstly, since the refractive index is function of temperature, this will 

also affect the penetration depth of the evanescent wave and hence the absorbance. Therefore it is 

essential to determine if temperature could affect our results, bearing in mind the range of temperature 

changes which can occur during battery cycling (see Supplementary Fig. 3 and 4). With temperature 

changes of 5°C, the measured changes in signal absorbance is 1% and the shifts in band positions are 

less than the spectrometer resolution, allowing us to safely neglect any temperature effect in exploiting 

future IR-FEWS data. Secondly, TAS fibers were installed into commercial NVPF/HC 18650 Na-ion cells 

and the inertness of the IR fiber was checked by monitoring the capacity retention of two cells with and 

without hosting fibers and by leaving the fibers in the electrolyte at 55 °C for one month (Supplementary 



Figs. 5 and 6). Both cells show the same capacity retention at least up to 100 cycles, while SEM 

observations of the fiber stored in a harsh environment do not reveal any concerning visible change in 

fiber morphologies. Altogether, these results indicate that the nature of the fiber, together with the means 

of injecting it into the cell, have no discernable impact on the electrochemical process nor any interaction 

with the cell environment.  

Having done these tests, we are ready to explore the potential of our optical IR-FEWS technique in a 

NVPF/HC 18650 cell with 1 M NaPF6 in DMC (NaPF6/DMC) electrolyte, which is known to be a mildly 

unstable system. In addition to the TAS fiber, a FBG sensor was incorporated in the cell to measure the 

internal temperature changes (ΔT) during cycling. Detailed working principle and calibration curves of the 

FBG are given in Supplementary Fig. 7). 

The cycling data shown in Fig. 3a indicates an initial irreversibility as high as 80 mAh g
NVPF

-1
 between 

the first charge and discharge (≈160 mAh g
NVPF

-1
 and 80 mAh g

NVPF

-1
 capacities, respectively) indicative of 

copious electrolyte decomposition, in concert with a large temperature increase during the charge. To 

solely spot changes in the cell’s evolving chemistry, the IR-FEWS absorbance spectra together with the 

relative evolution of absorbance A(t)-A(𝑡0), after subtracting from the absorbance spectra A(t) the 

reference absorbance at t=0 (A(𝑡0)) when the cell is first connected, were plotted in Fig. 3b,c and d. 

During the first charge, a color change from green to dark blue is observed in Fig. 3b and is ascribed 

to the decrease of DMC absorption bands (see Supplementary Fig. 8 for DMC and NaPF6 DMC reference 

spectra), while, at higher voltage, the change from green to yellow highlights the formation of products, 

confirming the expected decomposition of DMC. Turning to absorbance as a function of wavenumber 

(Fig. 3d), most of the bands corresponding to decomposition (negative band) and species formation 

(positive band), evolve during the first charge and can be attributed, according to the literature, to free 

and coordinated DMC, noted DMCfree. and DMCcoor., respectively (Fig.3c, d)23. Indeed, the solvation of 

Na+ ions by the DMC molecules translates to a weakening of the C=O vibrational band of DMC resulting 

in a shift from 1753 cm-1 to 1732 cm-1 and in a strengthening of the O-C-O band associated with a shift 

from 1274 cm-1 to 1315 cm-1 (see Supplementary Fig. 8). 

Interestingly, Fig. 3e highlights the asymmetric changes in the amplitude ratio of the free and solvated 

bands of DMC. This effect can be visualized within the 𝜈C=O absorption domain between 1700 cm-1 and 

1800 cm-1 with the appearance of two peaks evolving in opposite directions: the positive shift, 

corresponding to the relative absorbance band of free DMC, has a smaller amplitude compared to the 

negative band shift corresponding to coordinated DMC. A similar effect is visible between 1150 cm-1 and 

1400 cm-1 corresponding to the 𝜈OCO band of free and coordinated DMC. This indirectly indicates 

electrolyte dissolution involving both salt and solvent, which is confirmed by the decrease of the 𝜈PF band 



at 850 cm-1 starting at the beginning of the charge and reaching a stable value before the end of charge 

(see Fig. 3e and ex-situ spectra in Supplementary Fig. 9). The 𝜈PF band no longer changes upon 

subsequent cycling or when the cell is left under open circuit voltage (see Supplementary Fig. 10) which 

indicates a partial, but irreversible, decomposition of NaPF6 fully consistent with the presence of F- based 

components (e.g, NaF) in the SEI, consistent with previously demonstrated  XPS experiments on a similar 

NVPF/HC cell chemistry24. 

Besides these bands, we observe a broad band between 1600 cm-1 and 1700 cm-1 (indicated by a 

black dotted line in Fig. 3c,d) that grows upon charging and that could reasonably be assigned to the CO2 

asymmetric stretching mode of alkyl carbonate (RCOO-). The large band width and low amplitude of the 

band being explained by the poor solubility alkyl carbonate in NaPF6 DMC (see Supplementary Fig. 11). 

This confirms the well-known reacting pathway of electrochemical reduction of DMC25,26 that can proceed 

via the cleaving of either the C-O or O-CH3 bonds leading to alkyl carbonate and methoxy species, 

respectively. The absence for evidence of bands associated to Na-methoxy in our experiment may 

indicate that one bond cleavage is favored to the other under our experimental conditions.  

 

 

 

 



 

Fig. 3 | Operando IR-FEWS measurements of NaPF6/DMC decomposition in 18650. a, Voltage (top) 
and temperature (bottom) change during the first charge (blue) and discharge (red) of NVPF/HC 18650 cell 
with NaPF6/DMC electrolyte at C/20. b, Wavenumber versus capacity contour plot of the IR-FEWS operando 
absorbance spectra. The color change from green to yellow or blue implies a change in the relative evolution 
of absorbance 𝐴(𝑡) − 𝐴(𝑡0), as showed in the colorbar. c, Operando IR-FEWS spectra collected during the 
first charge with the colors of the spectra varying from blue in charge to red in discharge. Spectra collected 
during OCV are colored in gray. The notations DMCcoor. and DMCfree refer to DMC molecules coordinated or 
uncoordinated to Na+, respectively. d,  𝐴(𝑡) − 𝐴(𝑡0) relative absorbance evolution during charge (bottom, 
blue) and discharge (top, red). The formation of alkyl carbonate (RCOO-) is highlighted by a black dotted line 
at 1650 cm-1. The relative absorbance of the bands of interest at different wavenumbers during charge are 
indicated by a circle. Namely, 𝜈C=O of DMCfree (red), 𝜈C=O of DMCcoor. (dark blue), 𝜈OCO of DMCfree 
(orange), 𝜈OCO of DMCcoor. (light blue) and 𝜈PF of PF6

- (green). e,  𝐴(𝑡) − 𝐴(𝑡0) relative absorbance 
evolution of the above-mentioned bands during the first charge. Note that prior to conducting operando IR 
measurements, the background was first collected (I0) in atmosphere, with the fiber inserted into the cell 
before filling the electrolyte. 

 

 

 

 



Binary electrolyte mixture 

We now test the reliability of our technique by exploring a 18650 NVPF/C cell containing a binary 

electrolyte mixture (1 M NaPF6 in ethylene carbonate-dimethyl carbonate (EC/DMC) (1/1, v/v)). Its 

capacity is shown in Fig. 4a together with the temperature evolution, revealing three peaks during the first 

charge and two peaks during the following discharge, in perfect agreement with our previous work10 in 

which we correlated the larger temperature peak to electrolyte decomposition and SEI formation.  The IR-

FEWS absorbance spectra and relative absorbance 𝐴(𝑡) − 𝐴(𝑡0) plots are given in Fig.4b, c and d, 

with EC bands assigned according to reference spectra (Supplementary Fig. 8) and from previous 

studies27. Interestingly, the relative change in the IR contour plot (Fig. 4b) from blue to yellow confirms 

the formation of extra species with the appearance of several bands in the 𝐴(𝑡) − 𝐴(𝑡0) relative 

absorbance spectra (Fig. 4d). 

The growth of these bands upon charge (indicated by purple stars) can be attributed to the dimethyl-

2,5-dioxa-hexane carboxylate (DMDOHC) resulting from the well-known trans-esterification reaction 

between EC and DMC25,28. The DMDOHC bands absorption reach their maximum amplitude at the end 

of charge (and beginning of discharge; most likely due to incomplete reaction and delays in species 

diffusion) and then stabilize on the subsequent discharge (Fig. 4e), suggesting their participation in the 

formation of the SEI that is nearly completed at the first charge. In concert, the decrease of the 𝜈C=O 

band of EC at 1775 cm-1 (yellow circle) and the subsequent DMDOHC bands growth, confirm the EC 

involvement in the SEI formation (Fig. 4e). 

Interestingly, the 𝜈C=O band of DMC is visible all along the charge process, although it may be partly 

hidden by the DMDOHC bands, proving the ability of EC to prevent DMC decomposition and is in line with 

the fact the solvent with the highest dielectric constant, EC, will decompose first.  

As observed for the NaPF6/DMC electrolyte, the 𝜈P-F band at 850 cm-1 decreases during the first 

charge and stabilizes during discharge (see Fig. 4f). In parallel, note the decrease and increase of the 

bonds corresponding to the 𝑣C-C vibration of the coordinated (1180 cm-1) and uncoordinated (1164 cm-

1) EC ring, as expected due to the change in the salt concentration, associate to the degradation of NaPF6 

(Fig. 4f). Because of the fermi resonance of the EC molecule29 this effect cannot be detected on the 𝑣C=O 

band stretching, but is confirmed by observing the solvation changes on the IR spectra of solutions at 

different concentrations of salt in EC/DMC, as shown in Supplementary Fig. 12. Finally, the broad band 

growth observed at 1675 cm-1 most probably pertains to a sodium alkyl carbonate and the one at 1033 cm-

1 to sodium methoxide (indicated by black dotted line in Fig. 4c,d)30. However, the weak intensity of these 

bands together with their broadness do not allow a precise identification. This appearance of several new 

species in the electrolyte can be explained by the poor solubility of alkoxides and carbonates in DMC, as 



opposed to EC/DMC, (see Supplementary Fig. 11), which is consistent with the greater dielectric constant 

of EC ( = 89.7) compared to DMC ( = 3.1).  

 

 

Fig. 4 | Operando IR-FEWS measurements of NaPF6 EC/DMC decomposition in 18650. a, Voltage (top) 
and temperature (bottom) change during the first charge (blue) and discharge (red) of NVPF/HC 18650 cell with 
NaPF6 EC/DMC electrolyte at C/5. b, Wavenumber versus capacity contour plot of ∆A(t-t0) as a function of 
capacity. c, Absorbance spectra in function of charge (blue) and discharge (red). d 𝐴(𝑡) − 𝐴(𝑡0) relative 
absorbance spectra in function of charge (bottom, blue) and discharge (top, red). The formation of DMDHOHC, 
alkyl carbonate RCOO- and alkoxide CH3O- are highlighted by purple stars, black dotted line at 1675 cm-1 and 
black dotted line at 1033 cm-1, respectively. The relative absorbance of the bands of interest at different 
wavenumbers are indicated by a circle. Namely, νC=O of EC (yellow), νOCO of DMDOHC (purple) and νPF of 
PF6

- (green). e, evolution of the relative absorbance 𝐴(𝑡) − 𝐴(𝑡0) of the above mentioned bands during the 
first cycle. 

 

 



Decomposition of vinylene carbonate additive  

As a proof of concept, the decomposition of the vinylene carbonate (VC) additive was studied in 

NVPF/HC 18650 cells with 1 M NaPF6 in EC/DMC (1/1, v/v) electrolyte with 3 wt% VC for two cycles at a 

C/5 rate (Fig. 5a). Reference spectra of VC and 1 M NaPF6 in EC/DMC + 3 wt% VC are given in 

Supplementary Fig. 13 for comparison. The contour plot of the relative absorbance evolution, 𝐴(𝑡) −

𝐴(𝑡0) shown in Fig. 5b indicates that most of the chemical evolution occurs during the first charge and 

then stabilizes thereafter, in agreement with an important increase of the cell temperature, observed only 

during the first charge (see Fig. 5a).  

The IR spectra and their relative evolution 𝐴(𝑡) − 𝐴(𝑡0) relative absorbance spectra are presented 

in Fig. 5b, c and d. The decomposition of VC is evidenced by the decrease in intensity of its band at 

1834 cm-1 (Fig. 5e, bottom) corresponding to the 𝜈C=O stretching mode (black dotted line in Fig. 5c,d). 

Concomitantly, the derivative capacity dQ/dV shows the onset of a broad peak at 3.1 V during the first 

charge (Fig. 5e, top) that can be unambiguously ascribed to VC decomposition in light of previous studies 

on Na-ion NVPF/HC cells24 and match perfectly with the largest peak in the thermal profile (Fig. 5e, 

middle). The 𝜈C=O band of VC decays during the charge, prior to reaching a plateau at the end of first 

charge (Fig. 5f). The absorbance of the 𝜈C=O band remains nearly constant upon the subsequent 

discharge and the following cycles, and the absence of any peak in the dQ/dV plot for the second charge 

confirms the general belief that VC contributes to the formation of a stable SEI during the first charge 

through the formation of an elastomer that prevents further electrolyte decomposition31. Interestingly, and 

in contrast to the previous case of binary mixtures, none of the characteristic bands of DMDOHC 

(1258 cm-1) or sodium carbonate (1675 cm-1) are detected, thus demonstrating the effectiveness of the 

additive32.  

In addition to the evolution of the VC bands upon charge, changes in the 𝜈C=O bands of free EC 

(1799 cm-1) and free DMC (1749 cm-1) are consistent with an overall decrease of PF6
- in the electrolyte. 

As with the previous cases, the PF6
- anion decomposes with a consequence on the solvent that is directly 

visible in the intensity decrease of the 𝜈OCO and 𝜈C-C modes corresponding to coordinated DMC and 

coordinated EC, and the concomitant increase of those corresponding to free molecules (Fig. 5f). 

Noteworthy here is the feasibility of observing a change in absorbance that matches the cycling behavior 

associated with a repeated change in the concentration of the coordinated cation complexes by switching 

from charge to discharge (see Fig. 5f). By changing the C-rate to 1C similar observations can be done, 

confirming the stability of the NaPF6 EC/DMC + 3 wt% VC electrolyte (see Supplementary Fig. 14). In 

comparison, this situation was not spotted in presence of NaPF6/DMC as the cell could not be cycled 

properly (see Supplementary Fig. 10).  



 
These results demonstrate that operando IR-FEWS allows for longstanding open questions to finally 

be answered: What happens when a new additive is mixed with electrolyte? How do different molecules 

interact with each other in specific voltage ranges? Will a cell be sensitive to resting at a particular state 

of charge (SOC) after assembly? Nevertheless, at this stage, a further question arises regarding the 

applicability of this method to probing the electrode material itself, since the capability of these fibers may 

not be limited to liquids. 

 

 

 

 

 



 

Fig. 5. | Operando IR-FEWS measurements of NaPF6 EC/DMC + 3 wt% VC decomposition in 18650. 
a, Voltage (top) and temperature (bottom) change during the first charge (blue) and discharge (red) of NVPF/HC 
18650 cell with NaPF6 EC/DMC + 3 wt% VC electrolyte at C/5. b, Contour plot of the ∆A(t-t0) spectra as a 
function of time. c, Absorbance spectra in function of the 1st charge (blue) 1st discharge (red), 2nd charge (purple) 
and 2nd discharge (orange). d, 𝐴(𝑡) − 𝐴(𝑡0) relative absorbance spectra in function of charge (bottom, blue) 
and discharge and the 2nd cycle (top, red, purple and orange). The bands of interest at different wavenumbers 
are indicated by a circle. Namely, νOCO of free DMC (red) and coordinated DMC (orange), νC-Cring of free EC 
(light blue) and coordinate EC (dark blue), νPF of PF6

- (green) and νC=O of VC (black). e, Differential capacity 
dQ/dV as a function of voltage between 3 and 3.5 V and intensity of the band at 1834 cm-1 (referenced by the 
black circle) versus voltage. f, 𝐴(𝑡) − 𝐴(𝑡0) relative absorbance evolution of the above-mentioned bands 
during the first two cycles plotted versus time. 

 

 



Embedded and coated fiber 

Among electrode materials, we chose to investigate LiFePO4 (LFP) and Na3V2(PO4)2F3 (NVPF) which 

are both IR active thanks to their PO4 stretching modes located33,34 between 900 cm-1 and 1200 cm-1, and 

also commercially relevant today. The former is selected first, as it undergoes a single-step biphasic 

electrochemical process between two structurally well-defined end-members. 

Prior to undertaking electrochemical testing, a TAS fiber was coated with LFP + carbon black (CB) + 

ethanol slurry, then dried prior to be immersed in a solution of I2 in acetonitrile, which serves as a chemical 

oxidant (Fig. 6a). The IR spectra collected as a function of time spectacularly reflects the removal of Li 

according to the reaction 2LiFePO4 + I2  2FePO4 + 2LiI with the appearance of bands at 1237 cm-1, 

1095 cm-1 and 951 cm-1 upon delithiation (Fig. 6b,c) similar to those reported for FePO4
35. According to 

the simulated IR spectra, the lithiated and delithiated compounds have equivalent IR-active modes in the 

900-1300 cm-1 region, therefore allowing a one-to-one correspondence of each mode, detailed in 

Supplementary Fig. 15. Thanks to this complete band assignment, the lithium extraction can be followed 

over time, providing new information on the reaction kinetics of LFP with I2 (see Supplementary Fig. 16). 

Next, a TAS fiber was embedded in the LFP+CB mixture and used as the positive electrode in a Li-

half cell (Fig. 6d) using 1 M LiPF6 in DMC as an electrolyte since its IR bands do not overlap with those 

of LiFePO4. (see Supplementary Fig.17). Upon charge, the voltage profile yields a plateau at 3.6 V 

characteristic of the biphasic mechanism between LiFePO4 and FePO4 (Fig. 6e and Supplementary 

Fig.17a). As observed in Fig. 6f and g, the IR spectra recorded upon cycling exhibit progressive 

modification of the 𝜈PO4 bands, similar to the change previously obtained with chemical oxidation (as well 

as ex-situ measurements provided in Supplementary Fig. 17c). Interestingly, the band evolution confirms 

the biphasic delithiation mechanism of LFP, with the intermediate spectra being a mixture of LiFePO4 and 

FePO4 spectra (an example for Li0.5FePO4 is given in Figure 6h). During discharge, the spectra reverse 

back to that of the pristine material (full cycle information is provided in Supplementary Fig.18), clearly 

evidencing the feasibility of tracking Li-intercalation and deintercalation processes in-operando and 

thereby enabling to track the Li-inventory during cycling and to access the cell’s SOC (see Supplementary 

Fig.19). As a means of simplification, we demonstrate that similar results can be obtained using a fiber 

coated with LFP+CB and tested in the same electrochemical conditions (full cycle information is provided 

in Supplementary Fig. 20).  



 
 

Fig. 6 | Operando IR-FEWS measurement of fiber coated and embedded in LFP. a, Schematic drawing 
of fiber coated with LFP + CB. The material is immersed at t = 0 s in a solution of acetonitrile (ACN) and iodine 
(I2) in order to chemically delithiate the material. b, Contour plot of the absorbance spectra in the 800-1150 cm-

1 region as a function of time. c, Stacked absorbance spectra of the coated fiber at 0 s, 200 s, 400 s, 600 s and 
800 s. The PO4 local structures of LiFePO4 and FePO4 are shown in the right blue and green panel respectively. 
For the olivine structure (LiFePO4/FePO4) two oxygen atoms (orange) share an edge with one FeO6 octahedra 
and the two other ones (red) share a corner with two different FeO6 octahedra. The vibration modes are indicated 
in top of the figure. d, Schematic drawing of the fiber embedded in an electrode of LFP + CB. e, First charge of 
LFP/Li cell with 1 M LiPF6 in DMC as an electrolyte at C/10 up to 4 V. For an easy follow-up of the band evolution, 
circles have been added on the voltage profile and kept in the infrared spectra. f, Contour plot of the absorbance 
IR-FEWS spectra in the 800-1150 cm-1 region as a function of the lithium content x in LixFePO4. g, Stacked 
absorbance IR-FEWS spectra at different value of the lithium content x. h, IR-FEWS absorbance spectra of 
LiFePO4, Li0.5FePO4, FePO4 obtained in operando by electrochemical delithiation, and calculated Li0.5FePO4 

spectra using the average spectra of the two phases.  



 

A TAS fiber embedded in a mixture of NVPF + CB was then used in order to track the Na uptake-

removal in NVPF, which is known to undergo a multi-step electrochemical mechanism associated with 

phase transformations36. A Na/NVPF half-cell was assembled and cycled with 1 M NaPF6 in DMC + 1 

wt% of VC as an electrolyte and two plateaus at 3.7 V and 4.2 V corresponding to the extraction of two 

sodium ions, from Na3VPF to Na2VPF and from Na2VPF to Na1VPF, respectively (see Fig. 7a) become 

evident. The de-intercalation of sodium in Na3VPF has been reported as a four-steps mechanism, 

including two different bi-phasic regions in the first plateau followed by one solid solution and one bi-

phasic region in the second plateau 36. The IR spectra corroborates this mechanism with the appearance 

of first a band at 937 cm-1, followed by another one at 1084 cm-1 during the first Na removal. During the 

second Na removal, growing of broad bands at 998 and 937 cm-1 (see Fig. 7b,c) are observed, as well as 

shift of the band at 1084 cm-1. The simulated IR-spectra shown in Supplementary Fig. 15 confirm the 

appearance of two new IR-active modes for the desodiated Na1VPF in the 900-1000 cm-1 region which 

are assigned to the vibration of the Na-cages, and other PO4 bands which are common to Na3VPF and 

Na1VPF. All these bands convert back to their initial position on the subsequent discharge, with the pre-

charge spectrum being nearly identical to the post-discharge. Simultaneously, we spot only slight changes 

with the solvent absorption bands due to the dynamics of Na during intercalation and deintercalation, as 

well as the decomposition of the electrolyte (see Supplementary Fig. 21), further highlighting the sensitivity 

of the technique. Lastly, it worth mentioning that IR optical detection can also be used to track Li(Na) 

uptake-removal process in organic electrodes (see Supplementary Fig. 22). 



 
 

Fig. 7 | Operando IR-FEWS measurement of fiber embedded in NVPF. a, Schematic drawing of the 
experiment and voltage profile in function of the sodium content x in NaxV2(PO4)2F3 during the first cycle of 
NVPF/Na cell with NaPF6/DMC + 1 wt% VC as electrolyte at C/10 between 2 and 4.5 V. For an easy follow-
up of the band evolution circles have been added on the voltage profile and kept in the infrared. b, Contour 
plot of the absorbance spectra in the 850-1200 cm-1 region as a function of the sodium content x during the 
first cycle. c, Stacked absorbance spectra in the 850-1200 cm-1 region at different value of the sodium content 
x following the color circle in the voltage curve, during the 1st charge (left) and the 1st discharge (right). Readers 
may note that the spectral changes observed around 850 cm-1 for the 1st cycle of NVPF with embedded fiber 
are incongruent with those observed previously and attributed to 𝜈PF. We humbly consider this to underscore 
the power of the IR-FEWS approach, as opposed to being an inconsistency. In each case, measurements are 
spatially localized to such an extent that the same spectral regions can be used to observe different physio-
chemical phenomena, (e.g., either in the electrolyte or in the electrode material) without need for complex 
decoupling approaches. The PO4 local structures of Na3VPF and Na1VPF are shown in the blue and green 
panel respectively (see Supplementary Fig. 15 for calculated spectra and vibrations). 

 

 

 



Altogether, such findings indicate that this approach is capable of following the intercalation and 

deintercalation processes of Li(Na) in battery materials and high carbon content composite electrodes, , 

thereby circumventing limitations of conventional ATR spectroscopy. Moreover, we were able to follow 

the decomposition of the electrolyte and the dynamics of the solvent within the same experiment, hence 

underscoring another advantage of operando IR-FEWS, since electrode and electrolyte interactions will 

always be interlinked and codependent on each other. 

 

Conclusions  

We have introduced an operando optical-fiber-based evanescent wave infrared spectroscopy relying 

on benign chalcogenide fibers for monitoring the evolving chemistry in commercial 18650 Na-ion batteries 

under operating real working conditions, which is a long-standing dream within the field of battery sensing. 

We demonstrate the validity of our technique by surveying the respective stability of electrolytes with 

various composition of solvents or additives. We successfully revealed changes in the dynamic of these 

solvents and additives without any latency, which enables us to identify the nature of the electrolyte 

decomposition species with excellent sensitivity as well as changes in the ion solvation dynamics as a 

function of the voltage and current. Through our study, we could verify the greatest instability of DMC 

versus EC-DMC or EC-DMC-VC based 1 M NaPF6 electrolytes and similarly confirm the proposed 

decomposition mechanism that took years of conventional lab work to establish. Furthermore, we have 

shown the ability to track the potential at which a popular electrolyte additive, VC, is electrochemically 

reduced to stabilize the reduction of EC/DMC.  

The in-depth assessment of this chemistry at the molecular level in the first formation cycle after cell 

manufacturing and onwards can be of great value to battery manufacturers, since this formation step is 

the “trade secret” for each company. The lack of any real-time diagnostic technique means that even in 

today’s best Li-ion cells, the routine for SEI formation is established by trial-and-error approaches. While 

any new information regarding the selection of cell currents and cell potentials during formation are 

helpful, unique identification of the molecular species participating in SEI nucleation and growth can 

translate into a new era for extending battery life.   

In addition to the detection of the electrolyte, we proved the feasibility of following the Li uptake-

removal process in carbon composite electrode materials by monitoring the IR-active modes of the P-O 

for LFP and NVPF, and C=O bond for the Li-terephthalate, bearing in mind that carbon is usually not a 

friendly element for IR spectroscopy. We can readily envision extending this study to other inorganic 

compounds like V2O5, LiMnO2, and LiCoO2 or to Li-rich transition metal oxides undergoing still unclear O-

O bond reorganization upon cycling, provided that we slightly enlarge the transmittance window of the 

chalcogenide fiber. This calls for a deeper exploration of the chalcogenide glass design-space to enable 



the probing of larger IR windows, in particular probing the M-O IR bands which are usually located around 

16 µm. 

Although we stress the added fundamental insights that IR-FEWS can offer to the battery community 

regarding the nature of the pertinent chemistries and molecular species, we are not yet offering a novel 

turnkey diagnostic technology. Nevertheless, immediate utilization from preliminary experimentation can 

be envisioned, either regarding formation cycle strategies or with guidance for handling and storage as a 

function of SOC and temperature. Turning to use in the field, although the fibers are insulating and 

chemically stable, there are several engineering limitations dealing with the brittleness of TAS fibers and 

the engineering of apertures in the cell. Such designs must avoid perturbing the venting valve and affirm 

airtightness, in the absence of any effect on long term performance (beyond the 100 cycles we have tried 

here).  Additionally, different decomposition and formation reactions can induce counteractive effects on 

the infrared signal, hence making the deconvolution of the spectra complex without advanced data 

treatments. Methods based on machine learning could be one route to explore in order to quantify the 

different solvents during operando measurements19–21. Nevertheless, encouraging progress is already 

being made by the company DIAFIR that use fiber-based IR spectroscopy for medical diagnosis19,20, and 

thus solutions for some complications might be found from synergistic efforts in other domains. 

Lastly, we limited our concept demonstration to non-microstructured fibers, but we could envision that 

the same type of experiment with hollow core fibers could drastically increase the evanescent field 

penetration and enhance the sensitivity for IR detection. Noteworthy, compared to FBG sensing, one 

disadvantage of IR-FEWS is that we cannot host multiple distinct sensors in a single fiber segment, and 

we do not have multi-channel spectrometers, thus losing the multiplexing advantage. However, hope must 

prevail as ongoing studies are already utilizing the relatively quick spectrum acquisition time of IR-FEWS 

in combination with optical switches to enable a single IR channel to periodically monitor multiple fibers, 

hence enabling ageing studies and identification of ageing mechanisms. One envisioned scenario in the 

field would be to have a single battery module equipped with an IR-FEWS sensor, while the other modules 

in the pack could be considered as twins, and thus without the diagnostic hardware. 

With the demonstration here of in-operando IR spectroscopy via optical TAS fibers, we see 

unprecedented opportunities for improved battery diagnostics under real working conditions. It is our hope 

that this technique opens what has long been considered a black box (chemistry-wise) to new insights 

that will rapidly enable the battery community to conquer challenges with formulating new electrolytes and 

optimizing battery formation protocols that govern battery lifetime and inevitably, its environmental impact.  

 

Methods 



Cells and electrode preparation. The 18650 NVPF/HC cells were provided dried and hermetically 

sealed without electrolyte by TIAMAT company. To test the inertness of the TAS fiber, cells with a single 

0.8 mm hole was drilled in the center of the negative pole of the cell. The electrolyte is then injected in 

argon-filled glove box (<0.1 ppm H2O and O2) and the hole is closed with epoxy cured 12h. For the fiber 

embedded in the electrode, the active material powder LiFePO4 (UMICORE) and Na3V2(PO4)2F3 (made 

via a two-step ceramic process37) have been grounded around 10 minutes in a mortar with 10 wt% carbon 

black Super P (TIMCAL, Alfa Aesar) as a conductive agent. Next, a few droplets of ethanol were added 

to the powder and the slurry was placed on the fiber. For all the material the current collector was in 

stainless steel with a diameter of 19 mm. All electrodes were dried overnight in vacuum oven at 80 °C 

before transfer into the glove box.  

Electrolyte preparation. In this work, the different sodium-based electrolytes used NaPF6 (Stella 

Chemica) as the salt. The formulations were 1 M NaPF6 in DMC (DMC, E-lyte, anhydrous, >99%), 1 M 

NaPF6 in EC/DMC (EC, Mitsubishi Chemical) (1/1, v/v), and 1 M NaPF6 in EC/DMC + 3 wt% VC (TINCI). 

For the lithium-ion cell, the electrolyte prepared is 1 M LiPF6 (solvionic) in DMC + 1 wt% of VC (TINCI). 

The 1 M LiPF6 in EC/DMC (LP30) have been provided by E-lyte.  

Integration of fibers into the modified Swagelok for reference acquisition. The Swagelok cell 

(Ø 13 mm) was drilled with two holes of 0.45 mm for the fiber to pass through, and two metal tubes 

terminated with rubber septa were welded to the cell body to inject and evacuate the electrolyte while 

maintaining the inert atmosphere inside the cell core while adding and removing solutions. Then about 50 

cm long TAS fiber was passed through the cell and attached on both external side with epoxy and cured 

for 12 h. The cell was closed in the glove box, taken out and attached to the spectrometer and detector, 

and the air-sensitive solutions were injected using syringes also prepared in the glove box. 

Integration of fibers into the 18650. The 18650 cells were drilled with two holes of 0.8 mm on the 

center of the negative and positive sides of the cell to allow the fiber to pass through the central void of 

the jelly-roll. The drilled cell were dried under vacuum overnight at 80°C and introduced into the argon-

filled glove box. Using a needle (Ø= 0.45 mm) as a guide, TAS fiber with a length of about 50 centimeters 

was passed through the cell. Once the fiber was placed with approximately the same length of fiber going 

out from each part of the cell, the hole on the positive electrode side was closed with epoxy and cured for 

12h. Then, the fiber was connected to the spectrometer for background acquisition. Finally, in glovebox, 

about 5.3 ml of electrolyte was injected from the hole on the negative side and this hole was also sealed 

with epoxy and cured for 12 h. The cell was again connected to the spectrometer, to acquire the infrared 

spectra. In post-processing, the contribution of the epoxy to the infrared spectra was subtracted, allowing 

to have access only to the variations in the electrolyte. 



Fiber embedded/coated into the electrode. The body of a Swagelok cell was drilled from side to 

side (Ø 19 mm) and a stainless steel current collector was used to apply the electrode slurry. The stainless 

steel plunger and current collector were aligned with the holes in the cell body so that the fiber would pass 

through the hole on top of the current collector. The fiber was fixed on both sides with cured epoxy for 12 

hours and connected to the spectrometer once to acquire a background. Then, a droplet of the electrode 

formulation was deposited and spread on the surface of the fiber and the current collector. The entire 

assembly was finally dried overnight at 80°C in a vacuum oven.  

In glovebox, the cell were assembled with two glass fiber separators (GF/D, Whatman) and a disk of 

lithium metal for LFP electrode and sodium metal for NVPF electrode. 

For the coating, the fiber was first immersed for a few seconds in a slurry and air dried without contact 

on the previously immersed part. Then the fiber was passed through the cell and fixed with epoxy. The 

rest of the experiment proceeded as before. 

IR-FEWS operando measurements. The operando measurements were realized with a Fourier 

transformed infrared spectrometer (T37 or Invenio S, Bruker) with an accessory connection system on 

the right side to focus the infrared beam on one entry extremity of the fiber. The MCT detector with a 

spectral range of 12000 - 600 cm-1 was used to record the optical signal at the output extremity of the 

fiber. During all the experiments, the MCT detector was cooled with liquid nitrogen. For all the 

experiments, the edges of the TAS fiber were cleaved manually. First, the fiber was marked perpendicular 

to the axis with a scalpel blade. Then, the fiber was pulled apart to produce a clean break. Finally, the 

edge was inspected with a fiber inspection scope (Thorlabs). The edge had to be flat, perpendicular and 

clean to have the beam going through the fiber with minimal loss. Then, using bare fiber terminator and 

multimode connectors the fibers were attached to the light source and the detector. The signal between 

the input and output of the fiber was controlled – amplitude around 10000 for 150 µm TAS fiber. The IR-

FEWS spectra were acquired with 16 scans and a resolution of 4 cm-1 for a total acquisition time of 4 

seconds. The spectra are recorded every 120 seconds during all the electrochemical tests. Note that the 

recording between the spectra was set at 120 seconds because it was not necessary to have more spectra 

at the C-rates used in this study. To minimize the atmospheric variations that directly affect part of the 

fiber outside the cell and the background, a tight Plexiglas box was used to protect all the setup. Thanks 

to this, a change in water absorbance of only 0.0004 was observed after 24 hours of measurements (see 

Supplementary Fig. 23). 

Optical measurements with FBG. The FBGs used in the manuscript are provide by SAMYON 

Company and are 6 mm long, with a Bragg wavelength centered around 1,555 nm. The optical signals 

were acquired by FBGuard1550 (Safibra) interrogator, with a wavelength accuracy/resolution of 1 pm. 



Calibration of FBG sensors. The temperature calibration of the FBG sensors was conducted in the 

temperature ovens (IPP55, Mermmet) from 35 to 15 °C in 5 °C increments and 4 h steps. 

Electrochemical tests. Electrochemical properties were evaluated at room temperature by SP50 or 

MPG2 potentiostat (Biologic). The C-rate is calculated using the mass of active material of the positive 

electrode. The voltage window for NVPF/HC was 2.0 – 4.5 V, for NVPF/Na was 2.0 – 4.5 V, for LFP/Li 

was 3.0 – 4.0 V. 

Chemical delithiation. The chemical delithiation was realized using a solution of iodine (99+%, Alfa 

Aesar) in acetonitrile (Sigma Aldrich). The amount of iodine was calculated to be in excess compared to 

LiFePO4. 

Computational details: 

Calculations were performed using the CRYSTAL17 code 38–41 with all-electron atomic basis sets and the 

B3LYP functional for the exchange and correlation potential. Gaussian basis set of 6–11G, 86-411d41G, 

85-21d1G, 8-511G, 86-411d4G, 8-411G, and 7-311 were employed to describe the Li, Fe, P, Na, V, O and 

F atoms. All atom coordinates and lattice parameters were fully relaxed using conjugate gradient energy 

minimization and the force tolerance for structural relaxation was set to 2.10–5 eV/Å. Vibrational 

frequencies were calculated within the harmonic approximation and the IR intensities were calculated 

using the CPKS method42,43. 

 

 

Data availability 
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