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The race for Li-ion batteries with higher energy density has led researchers toward Si-rich/Carbon composites,
though their >200 % volume change induces strong electrolyte dynamics. The challenge is therefore to un-
derstand how this electrolyte dynamics contributes to cell formation and degradation under real operating
conditions. Herein, we answer this question by combining optical calorimetry, and use of multiplexed tilted fiber
Bragg grating sensors (TFBGs), to monitor electrolyte motion and Li-ion concentration gradient within a cell. For
proof of concept, we used 21700 cylindrical prototype cells based on either graphite or SiC composite as negative
electrode. We found a continuous and irreversible heat generation associated with the solid electrolyte inter-
phase (SEI) formation throughout the entire charging process for SiC, unlike graphite-based cells. In addition, we
provided evidence of reversible changes in hydrostatic pressure in SiC cells during cycling, related to the real-
time movement of the electrolyte. Interestingly, the concomitant expansion-contraction and electrolyte move-
ment caused depletion and inhomogeneous LiPF¢ concentration, with nearly 35 % in the bottom area and 10 % in
the middle area of the cell mandrel after 100 cycles. These insights, obtained through operando optical detection
of cylindrical cells, should be of great help to battery manufacturers in streamlining formation protocols and
reducing manufacturing costs.

1. Introduction were observed in LiySi [3,4].

In recent years, a variety of methods have been successfully devel-

Driven by the global trend toward electric transportation, research
on lithium-ion batteries is increasingly focused on improving their en-
ergy density to meet future demands [1]. One approach is to use the high
energy density anode materials such as Silicon (theoretical specific ca-
pacity of 4200 mAh g™ 1) to replace the conventional graphite anodes
(372 mAh g~1), which significantly improve the cell capacity [2].
However, several challenges hinder practical implementation -
including substantial volume expansion of up to 300 % during the
lithiation/delithiation process, continuous growth of the solid electro-
lyte interphase (SEI), relatively low Li* ionic conductivity (ranging from
10°t01073S cm_l) and diffusion (around 107 t0 10713 cm? s_l)

oped to address these challenges. For example, researchers have syn-
thesized Silicon carbon (SiC) nanocomposite anodes to reduce the
volume expansion [5,6], engineered electrolyte additive [7,8], incor-
porated heteroatoms into silicon oxide [9]. However, many of these
studies are conducted on small batches of material and electrodes, which
limits their applicability to testing in coin cells or single-layer pouch cell
formats. Some studies, however, have reported aging mechanisms that
do not appear at the laboratory scale but which become evident in
large-scale format cells due to the mesoscopic and macroscopic char-
acteristics of cell geometry [10,11]. Besides, multiple reports have
shown significant irregularities in lithium plating patterns during
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cycling [12,13]. These inconsistencies are often triggered by variations
in temperature, pressure, and the distribution of materials across and
along the cell [14,15].

A study conducted by Solchenbach et al. at BMW showed that elec-
trolyte movement plays a critical role in the aging of large-format 4695
cells during repeated fast charging [11], and that the distribution of
LiPF¢ salt becomes uneven throughout the jelly roll during cycling.
Post-mortem analysis revealed higher salt concentrations near the cen-
ter of the jelly roll and lower towards the edges. Areas with reduced salt
levels, especially near the anode, showed signs of lithium plating, likely
due to decreased ionic conductivity resulting in local overpotentials.

Recently, Dahn J.R. et al. used synchrotron X-ray computed tomog-
raphy (SR-CT) to image electrolyte movement during fast charging in
two types of 18650 cells, one with a graphite anode and the other with a
graphite/SiOx composite anode [10]. The influence of gravity was
investigated by orienting the cells both vertically and horizontally. The
motion patterns of the electrolyte were then correlated with
post-mortem measurements of salt concentration within the jelly roll.
These results demonstrate how gravity and cell geometry impact elec-
trolyte dynamics, contributing to inhomogeneous distribution of elec-
trolytes and degrading Li-ion batteries. To investigate these phenomena
further, operando measurements of temperature, pressure and electro-
lyte dynamics, together with access to key metrics are particularly
valuable for understanding and optimizing the next generation
silicon-based Li-ion cells.

Optical sensors now play a crucial role in operando battery analysis,
enabling real-time tracking of chemical, thermal, and mechanical
changes that contribute to enhanced safety, lifetime, and sustainability
[16]. In particular, Fiber Bragg Grating (FBG) sensors have been inte-
grated into 18650 and pouch cells to monitor temperature (T), pressure
(P), strain (¢) and heat (Q), and to correlate these variations with the
battery's state of charge (SoC) and state of health (SoH) [17-21]. To
decouple the internal temperature and pressure, pressure-sensitive
microstructured FBG (MOF-FBG) sensors were employed alongside
FBG implemented on single mode fiber (SMF-FBG). Moreover, tilted FBG
(TFBG) sensors have been employed for operando monitoring of elec-
trolyte temperature, refractive index, and turbidity, providing correla-
tions with reaction pathways associated with battery capacity loss [22,
23].

In this study, we used operando optical sensor technology combining
SMF-FBG, MOF-FBG, and TFBG sensors, to analyse the abnormal be-
haviours observed in NMC622/SiC 21700 cylindrical cells compared to
NMC622/graphite cells. Unlike graphite-based cells, we observed
continuous and irreversible heat generation associated with the SEI
layer formation throughout the entire first charging process for SiC cells.
Additionally, cells with a SiC composite anode exhibited reversible
variations in hydrostatic pressure during cycling, which were associated
with electrolyte movement. This, in turn, led to a non-homogeneous Li™
concentration in the electrolyte - a crucial parameter for ensuring the
long cycling life of SiC cells.

2. Methods
2.1. Cell specifications and preparation

Prototype classical tab-based 21700 dry cells were provided by
VARTA Innovation and comprised NMC622/SiC-based cells with nom-
inal capacity of 4.1 Ah and 5 Ah, as well as NMC622/Graphite-based
cells with the nominal capacity of 2.6 Ah. The electrolyte consisted of
1 M LiPFg dissolved in EC:EMC:FEC solvent mixture of either 25:70:5 or
20:70:10 (vol %), where EC, EMC, and FEC are ethylene carbonate, ethyl
methyl carbonate, and fluoroethylene carbonate, respectively. Unless
noted otherwise, all cells were tested using an electrolyte containing 5
vol% FEC. A higher FEC content (10 vol%) was used only for the elec-
trolyte consumption study and was limited to the 4.1 Ah NMC622/SiC-
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based cells. Table 1 presents the comparison of the key parameters of the
NMC622/SiC-based cells used in the experiments. The only difference
between the 4.1 Ah and 5 Ah cells was the cathode coating height while
keeping the same areal loading.

2.2. Optical sensor fabrication and integration

Three different types of sensors were used, namely single mode fiber
Bragg grating (SMF-FBGs) sensors, FBG sensors inscribed in micro-
structured optical fiber (MOF-FBG) and tilted fiber Bragg grating
(TFBGs) sensors. The properties of each, including their sensitivity, are
summarized in Table S1. By using appropriate sensors, temperature and
pressure can separately be measured [17]. FBGs can monitor
external-internal T, P, ¢ and RI changes under real battery cycling
without interfere to the cell performances [16].

To place the internal SMF-FBG and MOF-FBG sensors, a 0.8 mm
diameter hole was drilled at the negative pole of 21700 cells. The hole
location was chosen based on the welding point, which serves as a good
approximation of the cell's center. The cells were vacuum-dried over-
night in an oven at 80 °C, before entering to the Ar-filled glove box with
H30 and O, content below 0.1 ppm. Afterwards, the cells were filled
with electrolyte; specifically, SiC cells were filled with 7 mL (4.1 Ah) and
7.3 mL (5 Ah), compared with 5 mL for graphite cells, in accordance
with the manufacturer's recommendation and supporting literature
[24]. This higher fill accounts for SiC anodes' higher porosity and surface
area, greater reversible expansion, and increased SEI formation,
ensuring sufficient electrolyte uptake, full wetting during swelling, and
avoidance of dry regions. Finally, cells were sealed with epoxy glue and
cured overnight before the measurements. For the degassing procedure,
the sensors were passed through a homemade setup (Fig. S2) and sealed
after completing the first formation cycle.

For TFBG sensor integration, 0.8 mm holes were drilled at both the
positive and negative poles of the 21700 cells. Then the sensors were
carefully aligned through the middle void. Afterwards, the positive side
was sealed with the epoxy glue, cured overnight before filling electrolyte
through the negative side hole. The first formation cycle was performed
while the negative side hole left opened in the Ar-filled glove box.
Finally, the cell was sealed, cured overnight, and placed in the climate
chamber for further cycles.

2.3. Electrochemical testing protocols

The electrochemical performance was carried out using a BCS-810 or
MPG2 potentiostat (Bio-Logic, France) at 25 °C in a temperature-

Table 1
Comparison of the parameters of the NMC622/SiC-based cells used in the
experiments.

Positive electrode

Type NMC622 (4.1 Ah) NMC622 (5.0 Ah)
Nominal capacity 4.1 5.0
(Ah)
Active material 96.5 96.5
(wt.%)
Coating Width 5.50 6.00
(em)
Conductive agent identical identical
Binder
Coating thickness
length
Areal loading
Electrolyte 5% 1 M LiPFg in ECCEMC:FEC 5% 1 M LiPF¢ in EC:EMC:

(25:70:5)
10 % 1 M LiPF¢ in EC:EMC:
FEC (20:70:10)

FEC (25:70:5)

Negative electrode
SiC (Wt%) 75
Width (cm) 6.14
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controlled oven (Memmert, accuracy +0.1 °C). Among the three for-
mation cycles, the first galvanostatic charge-discharge cycle was per-
formed at a C/20 rate within a 2.5-4.2 V voltage window on an open cell
to facilitate degassing. The second and third formation cycles were
conducted on a sealed cell. Following the formation process, pulse tests
were carried out at 0.5C and 1C. After the pulse tests, a control cycle (C/
20) was performed, followed by cycling at a C/2 rate for 100 cycles.

2.4. Optical measurements and data processing

For operando SMF-FBG and MOF-FBG measurements, the reflected

Fiber Bragg grating
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spectra were collected using the HYPERION si255 interrogator (Micron
Optics, USA). According to the specifications, the wavelength resolution
accuracy is 1 pm. For operando TFBG measurements, optical trans-
mission spectra were recorded every 10 s intervals using T100S-HP
(EXFO SOLUTIONS) laser connected to a CTP10 optical testing plat-
form in the wavelength range of 1500-1600 nm.

2.5. Calibration procedure

After sensor integration and before starting the formation cycles,
thermal calibration was performed to calibrate each sensor. During this
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Fig. 1. (a) Working principle of FBG sensor and scheme of the SMF-FBG/MOF-FBG sensors integration in a 21700 cell, (b) and (c¢) comparison of the temperature and
the pressure changes during the first charge of the formation cycle in NMC622/Graphite and NMC622/SiC cell, respectively. (d) and (e) Internal temperature and
pressure changes during the subsequent 2" and 3™ cycle for NMC622/Graphite and NMC622/SiC cell, respectively.
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process, the oven temperature was set to 25, 27, 29, 31, and 33 °C, with
each temperature maintained for 4 h. This approach allowed for the
calculation of the sensitivity coefficients of each sensor, enabling the
conversion of wavelength shifts into temperature measurements. The
estimated sensitivity coefficients are shown in Table S1. For concen-
tration calibration, measurements began with 3 ml of EC:EMC (3:7)
solvent mixture, and a 150 pl of pre-prepared 3 M LiPFg solution was
added stepwise. After that, related cladding peak shifts from TFBG
transmission spectra were corrected with the bragg shifts to eliminate
the T, P and ¢ (see Fig. S5a). Finally, sensitivity coefficients were esti-
mated by plotting bragg-corrected wavelength as a function of solution
concentration, along with the corresponding linear fit (see Fig. S5b).

2.6. ICP-MS measurements

Li-ion concentration depletion in the electrolyte extracted from the
aged cell was quantified using inductively coupled plasma mass spec-
trometry (ICP-MS; NexION 2000, PerkinElmer). First, the epoxy filling
was removed from the aged cell, and electrolyte was ejected through a
0.8 mm hole. A volume of 14 pL of the ejected electrolyte was diluted
with 2 wt% nitric acid and made up to a final volume of 100 mL to obtain
a Li concentration in the 20-1000 ppb range. The fresh electrolyte
sample (1.0 mol dm™2 LiPFg in EC:EMC:FEC = 2.5:7:0.5 v%) was pre-
pared using the same dilution procedure. Calibration solutions were
prepared from a lithium ICP standard solution (Sigma-Aldrich, 9981 mg
L' Li) and diluted with 2 wt% nitric acid to concentrations of 20, 50,
100, 200, 300, 500, 700, 800, and 1000 ppb.

3. Results and discussion

FBG sensors inscribed in single-mode fibers (SMF-FBGs) reflect the
Bragg wavelength (Ag = 2n.¢A), which is sensitive to temperature, strain
and slightly to pressure (Fig. la), while FBG sensors inscribed in
microstructured optical fiber (MOF-FBG) offer greater pressure sensi-
tivity (Table S1). SMF-FBG and MOF-FBG were inserted in cylindrical
NMC622/SiC 21700 cells to monitor internal temperature and pressure
variations during formation cycles. The results were then compared with
those from NMC622/graphite cells (Fig. 1 and S1) for cells charged at a
current rate of C/20. For graphite, the temperature rise is more pro-
nounced at the beginning of charging. This is associated with an increase
in pressure of up to 2 bars due to electrolyte decomposition during SEI
layer formation and subsequent gas formation (Fig. 1b). In contrast,
NMC622/SiC cells exhibit consistently higher temperatures throughout
the first charge, alongside a much more significant pressure increase of
up to 10 bars, primarily driven by gas release during SEI formation
(Fig. 1c). The expansion of silicon anodes amplifies this effect, inducing
mechanical stress and cracks and causing additional electrolyte degra-
dation as well as further SEI formation [25]. Furthermore, we frequently
observed that the performing formation cycle (at C/20) on sealed device
leads to a significant increase in pressure, which triggers the Current
Interrupt Device (CID) at around 4.1 V, rendering the cell inoperable
(Fig. S2a). To address this issue, we have designed a special setup
(Fig. S2b) that enables simultaneous sensor integration and controlled
degassing during the first formation cycle. This involves connecting the
cell to a balloon to collect the gas released during the first formation
cycle. Once this is complete, the connection is cut and sealed, allowing
the cell to continue operating while optical fiber detection continues.
Moreover, the CID break measured at approximately at 10 bars (ex-
pected range 10-12 bar) indicates that epoxy applied around the drilled
hole provides an effective sealing for the cell during measurements.
Additionally, Fig. S2a demonstrates no detectable effect on the elec-
trochemical response between drilled and undrilled cells. These obser-
vations are consistent with previous reports that FBG sensors do not alter
cell chemistry [17].

The heat released during SEI formation, as calculated from the first
and second cycles using optical calorimetry, is 4853 J for the silicon-

eTransportation 28 (2026) 100554

based cell and 2712 J for the graphite cell. However, it should be
noted that these values are not actually that different when expressed in
J Ah’l, as the capacity of silicon-based cells (5 Ah) is twice that of
graphite-based cells (2.6 Ah). Fig. 1e shows the temperature and pres-
sure profiles of the NMC622/SiC cells during the second and third cy-
cles. Exothermic events of weak amplitude related to subtle Li-driven
structural changes occur during charging and discharging [26], with a
notable increase in hydrostatic pressure halfway through charging. This
continues until the end of charging, after which it stabilizes during the
relaxation phase prior to converting back to its initial value at the end of
discharge. These reversible changes in hydrostatic pressure most likely
mirror electrolyte motion during cycling and are primarily driven by the
well-known expansion and contraction of silicon.

When comparing the second and third cycles, graphite-only cells
exhibit only a slight, fully reversible pressure change (Fig. 1d), sug-
gesting minimal electrolyte displacement or bulk volume change. In
contrast, SiC-containing electrodes show a more pronounced, reversible
pressure rise that is consistent with electrode volumetric expansion.
While direct observation of electrolyte motion is not available, these
reversible pressure changes in SiC-based cells may reflect transient
electrolyte-level variations. Such effects appear negligible in graphite-
only cells, in line with previous computed-tomography studies of
18650 graphite and SiC-based electrodes, which report limited electro-
lyte movement in purely graphite anodes [10]. Accordingly,
electrolyte-level measurements in this work are presented only for
SiC-based cells.

To check for electrolyte movement inside cells, we used multiplexed
Tilted Fiber Bragg Grating (TFBG) sensors. In addition to being sensitive
to T, P and € due to Bragg resonance (see Table S1), these sensors are also
sensitive to variations in the refractive index (RI) of the media sur-
rounding the fiber via resonance peaks in the cladding modes (see
Fig. S3a for TFBG spectra). Thus, by correcting the shifts of the cladding
peaks for the temperature, pressure and dielectric constant effects, we
can determine changes in RI with high precision (~3000 pm/RIU). To
provide a simple proof of concept, a 0.9 cm TFBG sensor was placed in
an 18650-cell casing, which was then progressively filled while the
sensor spectra were monitored. As shown in Fig. S3b and S3c, the
cladding peak intensity decreased and shifted towards a longer wave-
length as the electrolyte was added, and the reverse happened when the
electrolyte was removed. This shift towards longer wavelengths
(redshift) is simply due to an increase in the effective refractive index
(Nciad of) Of the cladding, since the electrolyte has a higher RI than air (in
air 1 and ~1.39). Additionally, the maximum peak intensity decreases,
and the sensor detects two low-intensity peaks when the cell is halfway
full. This indicates independent coupling and transmission of light from
the gas phase and the electrolyte. Overall, these results demonstrate the
effectiveness of using TFBG to monitor electrolyte levels in a cell and
prompt analysis of changes in electrolyte levels over the approximate 6
cm length of the 21700 battery.

To achieve this, three TFBG sensors were inscribed in a single SMF
fiber, spaced 1.4 cm apart, with each grating measuring 0.9 cm in
length. Each grating period exhibited a slight variation in grating pe-
riods, causing the bragg and the cladding-mode spectra to appear in
distinct wavelength regions (Fig. 2a). Moreover, each sensor responds
independently, sensing only its local 0.9 cm segment without interfer-
ence from the others. The sensors were positioned along the central void
of the jelly-roll in a 4.1 Ah 21700 NMC622/SiC cell, which was filled
with 7 mL of EC:EMC:FEC (25:70:5 vol%) electrolyte (Fig. 2b).

Fig. 2c shows the TFBG responses of the top, middle and bottom
sensors recorded at multiple time intervals while the cell is being
charged/discharged (Fig. 2d) during the first formation cycle. The
spectral response confirms that, after resting, the bottom sensor is fully
immersed in the electrolyte, while the top sensors remain above the
electrolyte level. Additionally, the relatively low insertion loss observed
in the middle sensor suggests partial immersion of its edge in the elec-
trolyte (as observed in Fig. S3). Interestingly, nearly 4 h after the
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Fig. 2. (a) Schematic of the 3-array TFBG sensor and its transmission spectral response, (b) schematic representation of a TFBG sensor placed and sealed into a 21700
cylindrical cell, (c) evolution of selected cladding mode peaks during the first charge and discharge cycle at C/20 for the 21700 NMC622/SiC 4.1 Ah. cell (Vertical
lines indicate the “dry” and “wet” wavelength positions, and arrows show the direction of spectral shift), and (d) Voltage vs. time curve for the same cycle.
Highlighted regions correspond to the spectral changes shown in (c), with the same color code. Approximate electrolyte levels are shown schematically at each step.

formation cycle started, a gradual modification of the middle sensor's
transmission spectra was observed, reminiscent of its progressive im-
mersion into the electrolyte. This observation is most likely the result of
SEI growth and the Li-driven expansion of the SiC composite electrode,
which exerts pressure on the electrode and forces electrolyte out of the Si
electrode [27,28]. This hypothesis was confirmed by discharging the cell

and observing a reversible response in the middle sensor, whose spec-
trum shifted toward lower wavelength and reach a higher insertion loss
than before charging. This indicates that the sensor, which was previ-
ously partially immersed before charging, is now fully above the elec-
trolyte, revealing a net decrease in electrolyte level after only one cycle.
Similarly, the bottom sensor exhibits a shift toward lower wavelength,
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indicating that it is now positioned above the electrolyte level. (see
36.5-39.3 and 44-48 h in Fig. 2c).

Overall, this implies that significant amount of electrolyte was
consumed during the SEI formation, besides the fact that an indefinite
portion may have evaporated (through less than 0.8 mm hole) since the
cell was not sealed for this test to prevent CID triggering. This could also
explain why the electrolyte did not reach the top sensor after the middle
sensor was gradually immersed, despite the continuous expansion of SiC
pushing the electrolyte level upwards.

Following the formation cycles, however the cell was sealed after
which further control cycles were performed at C/20 while changes in
the transmission spectra of the bottom, middle and top TFBGs were
mentioned (Fig. 3a). As shown in Fig. 3a, the initial independent
coupling and transmission of light from both gas phase and the elec-
trolyte occurred after 2-3 h. This suggests that the electrolyte level rises
slightly during the rest period after the first cycle, partially submerging
the bottom sensor. This is likely due to gravitational redistribution.

During charging, only the bottom TFBG exhibits a change in its
transmission spectrum, which indicates complete immersion in the
electrolyte from 30 % SoC onwards. Beyond this point, the transmission
spectrum remains unchanged until the end of the charging process.
During discharge, this phenomenon appears fully reversible, and the
bottom TFBG signal returns to its initial state, matching the spectrum
observed prior to charging. (Fig. 3a, bottom sensor 46-47 h and 2-3 h,
respectively). This shows that after the formation cycles, the amount of
electrolyte consumed is very low. This indicates that the most of the SEI
layer has already formed, which is consistent with our optical calorim-
etry measurements (Fig. 1c and Slc).

Tracking electrolyte consumption during critical SEI formation step
is a key factor for cell optimization and our optical sensing data provides
direct insight to this process. To further validate electrolyte level
changes during this SEI-formation step, we compared two electrolyte
formulations that differ in FEC content: EC:EMC:FEC (20:70:10 vol%)
and EC:EMC:FEC (25:70:5 vol%). Each cell was filled with 7.0 mL of
electrolyte. These formulations were chosen because their differences in
FEC contents are known to influence SEI formation behaviour and
electrolyte consumption, and thereby providing a sensitive test of our
electrolyte-level measurements [29]. Interestingly, as shown in Fig. 3b,
in the cell containing 10 % FEC under control cycle at C/20, the bottom
sensor was only slightly immersed in the electrolyte at 100 % SOC, and
this occurred again during subsequent discharging. The data indicate
that the electrolyte level reaches the bottom sensor only at full charge,
which corresponds to the cell's maximum expansion. At lower SoC, the
electrolyte level lies below the bottom sensor, with most of the elec-
trolyte retained within the jelly roll. These results confirm that the
electrolyte containing 10 % FEC undergoes greater degradation,
consuming a larger volume of electrolyte to form the SEI compared to
the electrolyte containing 5 % FEC electrolyte, as shown by the TFBG
sensors. Since FEC is preferentially reduced during the formation cycle
to form LiF rich SEI, increasing its concentration results in further ad-
ditives decomposition, consuming additional Li and thereby lowering
the initial coulombic efficiency [7,29,30]. This observation is consistent
with Fig. S4, which represents lower first-cycle coulombic efficiency for
the 10 % FEC cells (71.9 %) compared to the 5 % FEC cells (73.5 %).

Previous reports have indicated that electrolyte movement in the
jelly roll of cylindrical cells can cause significant variations in the
lithium ion (Li") concentration throughout the cell [11]. At this point, it
was therefore reasonable to ask whether these changes, which affect the
electrolyte's refractive index, could be detected using TFBGs. With this
in mind, we studied the spectral evolution of the cladding modes of a
single TFBG sensor under various LiPFg electrolyte concentrations. LiPFg
concentrations ranging from 0 to 1.4 M in EC:CEMC (3:7 v/v) were
selected for calibration purposes, and the corresponding sensitivity co-
efficients were determined via linear regression analysis. As shown in
Fig. S5a, the shifts in the cladding peak at each calibrated concentration
were corrected using the Bragg shift in order to eliminate any
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contribution other than changes in the refractive index (i.e. T, P and ¢).
Finally, we found that the sensitivity coefficient was found to be —40.0
pm/mol dm 2 (see Fig. S5b).

Furthermore, we investigated the ability of the multiplexed TFBG
sensors to detect salt concentration gradients in the LiPFg-containing
electrolyte. Prior to this, the sensitivity coefficients were found to be
—29.5 pm/mol dm 3, -38.0 pm/mol dm > and -27.9 pm/mol dm 3 for
LiPFg concentration for the left, middle and right sensors, respectively
(see Fig. S6). Fig. S7a illustrates the experimental configuration,
wherein the three-sensor TFBG array was inserted through a horizontal
needle with two vertical syringes connected to permit the flow of solu-
tion. The test was initiated by adding a pre-prepared 3 M LiPFg solution
in EC:EMC (3:7) to one side that already contained a stabilized level of
EC:EMC (3:7) solvent mixture. This setup allowed the concentrated so-
lution to flow and diffuse through the needle. The cladding peak shifts
were continuously monitored. As shown in Fig. S7b, the cladding peak
wavelength shifted progressively along the array as the LiPFg concen-
tration increased. Fig. S7c shows the calculated concentration changes
at each sensor based on the wavelength shift and their respective
sensitivity coefficient. After 10 min, distinct concentrations had been
detected by each TFBG sensor, forming a measurable concentration
gradient that disappeared after 20 min. These results demonstrate the
ability of cascaded TFBG sensors to measure concentration gradients at a
spacing of 6 cm.

These experiments can only be carried out when the TFBG remains
fully immersed in the electrolyte, regardless of the state of charge or
discharge of the cell. In the 4.1 Ah cells used to study electrolyte dy-
namics, full immersion of the bottom sensor was only observed during
cycling above a certain SoC in cells containing 5 % FEC electrolyte. The
limited immersion makes it challenging to analyse the concentration
gradient across the cell using TFBG sensors. To address this, 21700
NMC622/SiC cells with a higher 5 Ah capacity were used, containing
7.3 mL of 1 M LiPFg in EC:EMC:FEC (25:70:5). As shown by the key cell
parameters in Table 1, the only difference between the cells is the wider
coated area of the 5 Ah NMC622 electrode (6.0 cm vs. 5.5 c¢cm), with
identical areal loading; the SiC content remains unchanged. We there-
fore expected the 5.0 Ah cells to undergo greater electrode expansion
and, as a result, a more pronounced electrolyte rises along the central
void compared with the 4.1 Ah cells.

During the formation cycle of the 5 Ah cell, the electrolyte rose to
cover all the sensors during the charging and then expanded signifi-
cantly due to the expansion of the SiC composite anode resulting in the
electrolyte being expelled through the degassing outlet (Fig. S8). The
displaced electrolyte was collected in an attached syringe and flowed
back into the cell during discharge. As shown in Fig. 4a and b, the
control cycle (at C/20) performed on the sealed cell produced distinct
changes in the transmission spectra monitored by the bottom and middle
sensor. Prior to cycling, the bottom sensor was only partially filled (1-3
h) as indicated by its independent coupling and transmission of light.
However, by the end of charging, both the bottom and middle sensors
were progressively fully immersed. This change is reversible, as the
discharge overlaps the initial level (Figs. 4a and 48.5-50.5 h). As the
only difference between the 4.1 Ah and 5 Ah is the increased height of
the cathode (55 mm and 60 mm, respectively), this supports the
conclusion that the 5 Ah SiC cells exhibit comparatively greater volume
expansion than the 4.1 Ah cells analyzed earlier (Figs. 2 and 3).

Fig. 4c shows how the insertion loss of the selected cladding peak of
the bottom sensor changes alongside the voltage profile, during the first
100 cycles. The cell was cycled at C/2, with a 4 h rest period after every
ten cycles. During the initial C/2 cycles, the bottom and middle sensors
are completely filled with electrolyte during charging, and this process is
then reversed during discharging (see Fig. 4d, left). However, as shown
in Fig. 4d (right), continued cycling causes the electrolyte level to slowly
and irreversibly rise, most likely due to the permanent expansion of the
silicon anode displacing the electrolyte upwards. These results are
robust, having been repeated for two different cells.
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As mentioned earlier, fully immersing the sensors during cycling
enables us to extract additional information, such as changes in the
concentration of the LiPFg electrolyte. This affects the refractive index
(RD) of the electrolyte, and we can analyse changes in the wavelength of
the TFBG sensors to detect these variations. Indeed, A\tppg of TFBG
cladding mode is the sum of the A\ppg, which accounts for the overall
contributions of T, P and ¢ plus A)g; related to RI. However, subtracting
Alppg from Alrppg simply yields Alg; [22]. However, RI is a
temperature-dependent variable that can change from 35 to 40 °C upon
cycling (see Fig. 5a). Therefore, we need to calibrate the temperature
dependence of the TFBG in our electrolyte. We found refractive index
coefficients of —3.37 and —2.12 pm °C~! for the middle and bottom
sensors, respectively (see Fig. S9a and S9b). Fig. 5 shows the wavelength
changes of the middle and bottom sensors before and after corrections,
alongside the capacity change over time. The data were analyzed by
taking the average of the corrected wavelengths at the end of the charge
and the beginning of the discharge for each cycle (the grey shaded area
in Fig. 5). This was then converted to concentrations by taking the initial
concentration as 1 M LiPFg (using the coefficients calculated in
Fig. S10). Obviously, this data analysis can only be performed when both
sensors are submerged (shaded area in Fig. 5), i.e., when the cell ca-
pacity exceeds 3000 mAh.

It is worth noting that the electrolyte used in the 5 Ah cells was EC:
EMC:FEC (25:70:5 v%), while the calibration measurements were car-
ried out in EC:EMC (30:70 v%). The concentration analysis was per-
formed after three formation cycles, by which time most of the initially
added FEC is expected to have been consumed, as FEC is preferentially
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reduced during the early formation cycles [29]. This aligns with the low
first-cycle coulombic efficiency (~80.6 %) and the large irreversible
capacity (~1.2 Ah) observed in Fig. S8, both of which indicate sub-
stantial irreversible consumption of reducible species such as FEC.

Fig. 6 shows the estimated change in salt concentration for the
middle and bottom sensors during the first 100 cycles. Interestingly,
both sensors showed a reduction in Li-ion concentration of around
10-20 % after around 40 cycles. Notably, this value continues to
decrease over the cycles, albeit not uniformly. After around 100 cycles, a
reduction in Li-ion concentration of 35 % and 10 % is observed for the
lower and central sensors, respectively. This difference is significant and
robust, given that values of +5 % were obtained from three cells from
the same batch. As the capacity of the cells decays by no more than 9 %
after 100 cycles, these large variations in Li-ion concentration cannot be
solely attributed to lithium (Li) losses due to parasitic reactions. Rather,
they suggest the formation of electrolyte gradients during cycling caused
by the repeated contraction and expansion of silicon (Si) in the negative
electrode, resulting in electrolyte movement within the cell.

For further validate the Li-ion concentration changes measured by
the TFBG sensors, we carried out ICP-MS analysis on electrolyte
extracted from aged cells. Fig. S11 shows the calibration curve and the
determination of the Li ion concentration relative to fresh electrolyte
(1.0 mol dm ™) as reference. The aged electrolyte shows a clear reduc-
tion of ~14 % in Li ion centration (0.86 mol dm™>). This value falls
within the range analyzed by the TFBG measurements (~10 % depletion
near mid-cell and ~35 % near the bottom), supporting depletion of Li-
ion concentration during cycling in the central void. During ejection
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through the 0.8 mm hole, electrolyte that had moved to the interlayer
may have remixed with electrolyte at the central mandrel, potentially
affecting the measured concentration.

This corroborates the conclusions of a recent study by Solchenbach
etal. [11], in which the authors observed a LiPFg concentration gradient
in 4695 NMC/SiGr cells and attributed this to electrolyte movement.
More specifically, they claim that during charge, the electrolyte is
pumped out of the 'jelly roll' towards the empty central region, resulting
in LiPFe depletion, explaining the lower Li" content (0.8 versus 1 M)
detected by our TFBG sensors in the central region of the cell. However,
during discharge, the LiPFg-depleted electrolyte from the central void
flows back to the 'jelly roll'. Repeating this process over multiple cycles
results in a gradual decrease in Li*T concentration within the central
void, as well as the development of a Li* concentration gradient along
the cell's Y-axis. This is in line with what we observed using TFBG
Sensors.

Overall, the electrolyte dynamics associated with Si-based cells
during cycling lead to a pronounced Li* depletion in the central void of
the cell during the first tens of cycles (Fig. 6) after which with this
depletion becomes more pronounced at the bottom rather than at the
middle of the central void. At this stage, to better understand the for-
mation of electrolyte concentration gradients in the jelly roll of cylin-
drical cells, in-situ measurements should be conducted by placing TFBG
sensors across the interlayers of the jelly roll while monitoring the
electrolyte concentration in the central void. This is the objective of our
ongoing research.

Finally, we believe that these findings, which include operando
monitoring of heat generation, pressure evolution, electrolyte dynamics,
and concentration tracking, will provide valuable guidance for opti-
mizing manufacturing protocols. Real-time identification of SEI-related
thermal and pressure signatures provides a basis for adjusting early-
stage charging currents, step durations, and additive content to mod-
erate SEI growth and limit irreversible electrolyte consumption, as evi-
denced by the distinct behaviors observed for electrolytes containing
additives. Pressure feedback, together with electrolyte movements,
further offers a pathway to guide gas venting strategies and electrolyte
volume decisions, particularly in high-capacity cells where both
reversible and irreversible pressure components influence cycling sta-
bility. Moreover, access to coupled thermal, mechanical, and electrolyte
concentration data provides extra additional control parameters that
can greatly help with the rational balancing of formation efficiency,
electrolyte utilization, and long-term performance although this study
does not yet quantify values of specific gains in formation time or ma-
terial savings. This capability is especially relevant for SiC-based com-
mercial cells, which exhibit elevated electrolyte consumption and
redistribution during formation, and more broadly provides a scalable
diagnostic framework for data-driven optimization of formation
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protocols across advanced lithium-ion cell chemistries.
4. Conclusion

We have reported on the operando use of optical sensors to elucidate
the origin of the different behaviors observed during the formation and
aging cycles in 21700 cells with either NMC622/SiC or NMC622/
graphite chemistries. Using optical calorimetry, we first observed
continuous and irreversible heat generation associated with the SEI
layer in SiC based cells throughout the entire charging process. This
contrasts with graphite-based cells, where it only occurs at the start of
charging. Furthermore, we demonstrate that, unlike graphite-based
cells, silicon-based cells accumulate high hydrostatic pressure during
the formation cycle. This can cause the safety valve to open during this
cycle. It explains why a two-step charging process is currently used to
activate cells with a negative electrode containing high levels of silicon.
Moreover, in contrast to graphite cells, Si-based cells experienced sub-
stantial reversible hydrostatic pressure changes during continuous
cycling, associated with electrolyte movement. These changes were
visualized in real time using multiplexed TFBG sensors.

We also monitored the electrolyte consumption during the SEI for-
mation in electrolytes containing 5 % and 10 % FEC. Based on electro-
lyte movements we observed comparatively greater consumption in the
10 % FEC electrolyte. Furthermore, we found that the expansion and
contraction of the SiC electrode leads to electrolyte movement and an
inhomogeneous Li* concentration. After 100 cycles, we found that the
Li" concentration was nearly 35 % in the bottom area and 10 % in the
middle area of the central void of the jelly roll. These observations
suggest that a Li * concentration gradient is forming within the central
void. This is consistent with the formation mechanism of concentration
gradients proposed by Solchenbach et al. [11]. Clearly, the degree of
electrolyte movement depends on the electrolyte content of the cell (low
or high), with the latter having a higher Li* content gradient and poorer
capacity retention. Therefore, it is critical to find the optimal amount of
electrolyte, tailored to the jellyroll dimensions (18650, 21750 or
46800), the silicon (Si) content of the SiC composite electrodes and the
available free pore volume which depends on electrode density and
porosity [11]. Traditional experimental observations of electrolyte
amounts rely largely on trial and error. Although this approach differs
from conventional methods, we believe that it will be of great interest to
the battery industry. It involves rapidly measuring heat and pressure
during cell formation, monitoring the dynamic movement of the elec-
trolyte during cycling, and monitoring the concentration of the Li"
gradient on commercial cells under practical conditions. If we can make
it more user-friendly in terms of fiber injection and data analysis, this
approach involving FBGs and TFBGs could provide key metrics for
controlling electrolyte quantities in the next generation of silicon-based
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Li-ion cells. Collectively, the methodology described here offers a scal-
able solution for rapidly identifying the best formation processes for
commercial cells. We hope that battery manufacturers will take
advantage of it.
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