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Smart batteries, i.e., equipped with internal and external sensors, are emerging
as promising solutions to enhance battery state of health and optimize oper-
ating conditions. However, for accurate correlations between the evolution of
the cell parameters (e.g., temperature, strain) and physicochemical degrada-
tion mechanismes, it is crucial to know the reliability of sensors. To address this
question, we perform a synchrotron operando X-ray diffraction experiment to
investigate the local and global impact of the presence of internal sensors on a
commercial prismatic Li-ion battery cell at various (dis)charge rates. We find
that, while the overall electrochemical performance is unaffected, the sensors
have a substantial impact on the local graphite lithiation kinetics, especially at
high (dis)charge rates. These results show the importance of controlling local
deformations induced by internal sensors and tailoring the dimensions of
these sensors to obtain reliable battery performance indicators and optimize
smart batteries.

Lithium-ion batteries (LIBs) are one of the leading technologies in
modern energy storage solutions because of their high energy density
and long lifetime'. In recent years, their use has become more
significant’ to meet the increasing demand for reducing carbon
emission’® and developing cleaner energy sources*. To meet demands
for high-performance LIBs, improving their safety, durability, and
performance has become essential—a challenge that prompts exten-
sive research on advanced battery management systems (BMS),
including methods to monitor the state of health (SoH) of a battery’.

The SoH describes the degree of ageing of a battery cell and is
obtained by comparing its observed specific capacity to the initial (or
nominal) capacity®. It depends on the cell components (i.e., electrolyte,
electrode materials, separator)’® and on the operating conditions (i.e.,
charge rate (C-rate-1C corresponds to charging a battery in one hour),

state of charge range, and temperature)'®™*. As a battery undergoes
cycling, its SoH declines due to various degradation mechanisms”
such as electrolyte and solid-electrolyte interphase (SEI)
decomposition'®, parasitic reactions”, Li-plating'®’, and gas
evolution?’. These mechanisms contribute to ageing and can lead to
safety concerns. For instance, Li-plating occurs on the graphite elec-
trode at high current rates and/or low temperatures®?, leading to
increased internal temperature, gas evolution, and finally, thermal
runaway'’ >,

Smart batteries equipped with sensing technology like external
and internal sensors offer promising solutions to enhance the dur-
ability and electrochemical performance and gain insight into degra-
dation mechanisms® . Currently, these sensors are tested and
developed for real-time monitoring of crucial parameters such as
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temperature strain gas pressure and chemical
composition*>**°, Correlating the evolution of these parameters with
electrochemical performance and physicochemical degradation
mechanisms is one of the current challenges in the battery industry
and represents the key to enhancing the safety and lifetime of bat-
teries. As highlighted in numerous review papers®**, sensors pro-
vide critical insight into the origins of degradation and performance
issues. By improving the chemical and physical properties of the sen-
sors, we can obtain more accurate data, enabling effective dynamic
response (e.g., self-healing), and consequently, enhance the safety and
lifetime of the smart batteries***. Furthermore, Q. Meng et al.**
emphasized the importance of developing advanced cloud BMS
technology coupled with artificial intelligence (Al) to improve the
accuracy of status assessment and operational reliability.

Among different sensor technologies, optical fiber (e.g., Fiber
Bragg Grating (FBG)) sensors are promising candidates due to their
small size, lightweight, fast response, chemical resistance, and immu-
nity to electromagnetic fields**°. The integration of FBG sensors into a
battery for the real-time monitoring of internal temperature was first
demonstrated by G. Yang et al.”” J. Huang et al. estimated the formation
of SEI and its structural changes in Na-ion and Li-ion battery cells
thanks to an internal FBG sensor measuring temperature and
pressure®’. A few years later, they monitored the internal thermal
changes (temperature and heat) of a commercial 18650 Na-ion cell
with FBG, demonstrating the impact of various C-rates and ageing on
internal temperature changes and thermodynamical parameters*. In
addition to Li- and Na-ion batteries, FBG sensors have also been used in
Li-metal batteries to monitor SEI growth and dendrite formation®. In
the past few years, optical fiber sensors based on thermoluminescence
have emerged to monitor internal temperature, as demonstrated by H.
Li et al.*. and E. Villemin et al.’. E. Villemin et al. showed that the
integrated sensor did not impact the overall electrochemical perfor-
mance of the cell, enabling the real-time monitoring of internal tem-
perature even at high C-rates?. More recently, Y. Wang et al.*’ used
thermoluminescent probe to monitor the internal temperature varia-
tion during cycling with an accuracy of 0.1°C.

Nonetheless, internal sensors are local probes, and their influence
on the surrounding electrode material’s state and behavior must be
quantified and understood. For instance, the accuracy of reference
electrode measurements might be overestimated, and methods to
establish error quantification are crucial*®*. Additionally, inserting a
sensor can mechanically disturb the electrode and separator layers,
leading to potential leaks™. Clearly, a comprehensive understanding of
how integrated sensors influence local reactions is essential to
improve the accuracy of the data obtained with sensors and establish
criteria for optimized smart batteries and BMS.

In this work, we provide insights into whether sensors affect local
structural changes in the graphite electrode during battery cycling. We
equipped a 1.1 Ah commercial prismatic lithium-ion battery pouch cell
with two internal sensors—a reference electrode to monitor electrode
potentials and a thermoluminescence-based optical fiber sensor for
measuring internal temperature. We then performed an operando
synchrotron X-ray diffraction (XRD) experiment to study this cell while
cycling atlow and high C-rates to determine if the probes influence the
electrochemical response locally. Structural changes of the graphite
electrode within the thick commercial cell were compared to a single-
layer cell used as a benchmark for analyzing graphite staging. To
investigate the geometrical impact of the temperature-sensitive sensor
on the local lithiation mechanism and kinetics, we probed the com-
mercial cell at three locations and spatially resolved the reaction
mechanism across the multi-layer geometry at C/5 and 2 C rates. We
show that the optical fiber disturbs the reaction kinetics in its vicinity,
while the thinner reference electrode has a milder effect. Our results
demonstrate that inserting sensors induces SoH measurement bias
that may depend on sensor size and geometry.

Results

To understand the impact of probed sensors on local electrode
lithiation mechanisms, we studied two graphite | INMC622 lithium-ion
battery cells: i) a commercial multi-layered prismatic cell in jelly-roll
configuration equipped with a reference electrode and an optical fiber,
and ii) a parent, non-equipped-single-layer-cell that was built using
electrodes from the same dismounted and unrolled commercial cell.
Details about sensor types and dimensions, materials used as anodes
and cathodes, cell designs, dimensions, characteristics, and cycling
protocols are provided in Supplementary Tables 1-6, Supplementary
Figs. 1-6. We used a specific procedure to safely insert the sensors
(Supplementary Fig. 3). The full process was implemented in a dry
room with several steps to ensure no damage to the cell. First, the Li-
FUN commerecial cell was received in a dry state, hence not containing
electrolyte and not activated yet. The integration of the sensors (fiber
and reference electrode) was realized before the addition of the
electrolyte and the initial SEI formation. Once the sensors were inser-
ted, the cell was rewound and transferred into a glovebox, where it was
activated by adding liquid organic electrolyte. As a final step, the cell
was thermosealed and ready to be formed and cycled. Its electro-
chemical behavior is similar to the non-instrumented commercial cell
and the home-made single-layer cell (Supplementary Fig. 6), proving
the reliability of the cell assembly protocols. Both the instrumented
multi-layer and the single-layer cells underwent a designed electro-
chemical sequence during the synchrotron experiment to access
structural changes in operando mode at various cycling rates.

Principle of the operando XRD experiments

The principles of operando XRD experiments on the single-layer and
commercial multi-layered cells are shown in Figs. 1b and 2c, respec-
tively. The experiments were carried out in transmission geometry,
and depth-averaged (through-plane) diffraction rings were captured
and recorded by a 2D detector (see “Methods” for experimental
details). Each radially-averaged diffraction pattern contains Bragg
reflections arising from the various crystalline components, e.g., cell
casing, current collectors, anode, and cathode layers. Diffraction data
was collected from selected locations in the cells to obtain spatially
resolved information on the graphite peaks’ evolution specifically. This
approach allows us to perform data quality control analysis - evalua-
tion of beam effects and differences in local (in-plane) lithiation states—
and to probe chosen areas localized in the vicinity of the inserted
sensors. Note that the obtained data is depth-averaged; thus, we do not
have information on through-plane concentration gradients that are
reported to develop in the thickness of graphite electrodes, especially
at high rates® ™",

The single-layer cell was used as a reference cell to validate the
operando XRD data acquisition and analysis methods, including the
evaluation of the impact of the X-ray exposure conditions on the
reaction processes. The data acquisition procedure of the single-layer
cell at different locations is shown in Supplementary Fig. 7. The depth-
averaged single-layer cell diffraction patterns obtained during the 1*
charge-discharge cycle showed the expected evolution of the graphite
(002) reflection (Fig. 1d) corresponding to the lithiation stages of
graphite (Supplementary Fig. 8). However, local beam damage on the
single-layer cell graphite electrode was observed at high C-rates when
irradiating continuously one single point (Supplementary Fig. 9b). In
contrast, XRD measurements performed at C/5 across 9-points (Sup-
plementary Fig. 8). Short occasional control measurements (Supple-
mentary Fig. 9¢) taken at higher C-rates do not show any evidence of
beam damage and, therefore, are suitable to analyze the lithiation
mechanism. Overall, experimental data is in good agreement with the
literature® %, confirming that the set-up and measurement protocols
accurately describe the behavior of the single-layer cell. Details
regarding the (de)lithiation mechanism and evolution of the Li,Cg
phases are given in Supplementary Discussion 3.1. In-plane variations

Nature Communications | (2024)15:10258


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54656-6

a

Al current collector

Separator

Electrochemistry

Operando XRD

1.00

Time (h)

0.25

o

19,

o
Normalized intensity

0.00

T T T
2.8 35 4.2 170 1.75 1.80 1.85 1.90
Voltage (V) g (A1)

Fig. 1| Operando XRD experiment set-up of the single-layer cell. a Top view of
the single-layer cell mounted using a graphite negative electrode and an NMC622
positive electrode extracted from the prismatic commercial cell; b experimental
set-up for operando XRD measurements using a 60*60 pm beam crossing in the
middle of the single-layer cell through the hole, ¢ The 1* cycle charge-discharge
profile at C/5 showing the graphite staging process from graphite (Gr) to stage 1,
where L stands for the liquid like ordering, and d corresponding stage transitions of
graphite depicted as 2D-plot, showing the evolution of the (002) Bragg reflection in
the g-range of 1.7-1.9 A, g being the momentum transfer. Source data are provided
as a Source Data file.

of the lithiation state at the mm scale were evaluated by comparing
operando XRD data acquired over 9 experimental points (3*3 grid
measurements, Supplementary Fig. 10a). Variations in phase fractions
in a fully lithiated state after charging at C/5 are less than 10% (Sup-
plementary Fig. 8) over the probed area (Supplementary Fig. 7a),
showing a quite homogeneous electrode behavior at this scale, as
expected from industry grade commercial material.

Correlation between cell voltage, electrochemical potential, and
temperature data of the multi-layered cell

The details on the instrumentation of the commercial cell and the cell
handling, mounting, positioning on the X-ray beam, and sensors mon-
itoring platform are provided in supporting information (Supplemen-
tary Figs. 11-15). Electrochemical parameters (i.e., cell voltage and
electrode potential) and internal and external temperature of the cell
were evaluated during the operando XRD acquisitions through the
prismatic cell (Fig. 2, Supplementary Fig. 13, and Supplementary
Table 7). The external temperature was monitored at various locations
by thermocouples (labeled TCO1 to TCO7, Supplementary Fig. 12b),
while the internal temperature was monitored by the optical fiber sensor
(Fig. 2 and Supplementary Fig. 13) using the multicomponent detection
& decoding system installed on the beamline (Supplementary Fig. 11).

The variations in cell voltage, NMC622 and graphite electrode
potentials, luminescence signal, and external cell temperature are well
correlated throughout the full cycling sequence, as shown in
Fig. 2d-m. The electrochemical sequence (detailed in Supplementary
Table 6) was designed to collect data during a standard low C-rate (C/5)
cycle followed by conditions selected to induce significant heating
within the battery: discharges at 4 C were applied during cycles three
to six after fast charges at 2 C. First of all, we observe that the battery
cell cycles well at high C-rates indicating that the sensors do not affect
the global electrochemical response of the battery. The electro-
chemical performance is comparable to the non-instrumented multi-
layered cell (Supplementary Table 5). However, there is a 5% reduction
in capacity (from 1.39 Ah to 1.31 Ah at C/10), which may result from the
amount of inactive area masked by both the reference electrode and
fiber (Supplementary Discussion 3.1 and Supplementary Fig. 6a).
Moreover, the cell behaves very similarly to the single-layer cell, as
seen from the data plotted vs normalized capacity in Supplementary
Figs. 6b-d. These results confirm the reliability of the assembling/
forming processes.

From Fig. 2k-m, we can see that both the reference electrode and
optical fiber operate and monitor the internal parameters of the cell.
The LFP reference electrode exhibited stable behavior throughout the
entire measurement. The NMC622 electrode potential evolution is in
agreement with expected behavior ranging from 3-4.2 V vs Li*/Li, and
the local graphite electrode potential is far from the Li-plating poten-
tial in the charged state. Any measurement bias introduced by the
reference electrode geometry would lead to an underestimated
potential because of possibly increased ionic diffusion paths due to the
insertion of the object in the cell structure. Therefore, the measured
values for graphite, well above O V us Li*/Li, suggest that we are probing
the lithium insertion conditions in the cell in the absence of plating, as
desired. As expected, charging and discharging at a low C-rate of C/5
does not result in any detectable temperature change. In contrast, at
high C-rates, an appreciable temperature elevation is produced both
externally and internally (Fig. 2d-k, Supplementary Table 7, Supple-
mentary Fig. 13). In particular, we note that the luminescence signal is
clearly enhanced during the discharges at 4 C, as expected heat gen-
eration is proportional to the square of the current®. It reaches a value
of 0.16 (arb. unit) in discharge at 4 C and 0.145 (arb. unit) in charge at
2 C (Fig. 2k, Supplementary Fig. 13h), corresponding to temperature
rises of approximately 10 °C and 4 °C based on the luminescence-to-
temperature response of the fiber®.

Regarding the external temperature changes, the highest tem-
perature increase was observed at the positive electrode tab (TC04),
with a peak temperature of 36.08 °C, corresponding to a temperature
increase of approximately 16.5 °C compared to the room temperature,
during discharging at 4 C (Supplementary Table 7). In contrast, the
smallest increase at 4 C was recorded at the negative electrode tab
(TCO02), reaching a maximum temperature of 30.9 °C. This difference
can be attributed to the negative and positive electrode tab materials:
the Al tab (positive electrode) has higher resistivity and poorer electric
conductivity than the Cu tab (negative electrode), resulting in greater
ohmic heating at the positive electrode®®. Additionally, higher tem-
peratures at 4 C were noted at the center of the cell (TCO6 and TCO7)
compared to the areas near the reference electrode (TCO1) and optical
fiber (TCO3). TCO6 and TCO7 exhibited a maximum temperature of
33.48°C and 33.30 °C, respectively. In comparison, TCO1 near the
reference electrode demonstrated a maximum temperature of
31.65 °C and TCO3 near the optical fiber 32.17 °C. The temperature rise
distribution over the cell remains below <5°C, and the internal tem-
perature gradient, estimated from measurements by the fiber and
TCO6/TCO7, is less than 1.5°C. Overall, the observed external tem-
perature changes at various C-rates (AT<1°C, <5°C, and <15°C, at C/
5, 2C, and 4C, respectively) align well with results published on
external temperature changes in LIBs®"%%,
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Fig. 2 | Operando XRD experiment set-up of the multi-layered cell and corre-
sponding sensing data. a Top view of the commercial multi-layered prismatic
pouch cell in a jelly-roll configuration with a double-coated graphite negative
electrode and a double-coated NMC622 positive electrode and b-c experimental
set-up to probe the multi-layered pouch cell equipped with external thermo-
couples, an optical fiber and reference electrode. The positions of external ther-
mocouples (TC) are indicated with blue dots - filled blue dots indicate TCs
positioned on the front face of the cell, and empty dots with blue contours indicate
TCs located on the back face. The cell was scanned at three positions indicated by
the colored holes to evaluate the central region (blue, far from sensors), the
reference electrode region (green, on the reference electrode), and the region close

to the optical fiber (red, at 500 microns from the fiber). The sensing data of (d-j)
external thermocouples (Supplementary Fig. 12), and (k) the thermoluminescence
optical fiber- the higher luminescence signal (arb. unit) indicates higher internal
temperature. (I, m) Electrochemical sequence applied at various C-rates, from C/5
full cycle to fast charging (2 C) and discharging (4 C) conditions chosen to induce
heat generation within the battery cell. Charge-discharge profiles of (I) the cell and
(m) the NMC622 (green) and graphite (blue) electrodes obtained from the refer-
ence electrode from cycle 1 at C/5 to successive cycles with faster C-rates. The end
of charging at 2 C and discharging at 4 C are highlighted with light blue and red
lines, respectively. Source data are provided as a Source Data file.
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This data indicates that i) both the cell and sensors respond
consistently and with the expected behavior during the operando
synchrotron XRD experiment, and ii) the increase in both internal and
external temperature remains on average below 5 °C when fast char-
ging the cell at 2 C. Based on these measurements, we selected the
conditions best suited to evaluate the impact of sensor integration on
the local graphite lithiation kinetics without significant perturbations
from heating effects: we focused on the C/5 cycle data where there is
no temperature change (<1°C) and on the charge at 2 C, where tem-
perature changes are moderate (<5°C). An in-depth analysis of the
fast discharge XRD data needed to uncover the possible interplay
between local heating effects, sensors, and graphite kinetics is beyond
the scope of this paper.

Graphite lithiation kinetics in the commercial multi-layered
prismatic cell

To investigate the impact of the commercial multi-layered cell geo-
metry on graphite lithiation kinetics, we compared the diffraction
patterns collected at the center of the instrumented cell, away from the
sensors, to those of the single-layer cell. The peak positions were
determined as the center of mass (CoM) of the peak, which describes
an averaged position obtained using weighted intensities distribution
within the given g-range boundaries (¢in, Gmay), as follows:

Trmax
= S ql(qdq o
fi l@dq
Since the cells have different specific capacities, the state of
charge (SoC) was used to compare graphite lithiation in both cells. SoC
is defined as a ratio between the obtained (Qumeasured) @and nominal
(Qnominar) capacities, as follows:

SoC = Ymeasured 100(%) 2)

nominal

The cells exhibited comparable behavior during charging at C/5,
with minor differences due to the geometry of the multi-layer cell.
Since the experiment was carried out in transmission mode, the dif-
fraction pattern is the sum of individual diffraction patterns arising
from the distinct layers of graphite stacked in the jelly-roll configura-
tion. Due to the slight difference in the distance to the detector for
each layer, the individual patterns are slightly shifted and sum up into a
single Gaussian peak with a larger width than the reference resolution-
limited graphite peak obtained in the single-layer cell. This is seen in
the discharged state (Fig. 3a, top panel), where the multi-layered cell
exhibits a slightly wider graphite peak, even though all graphite layers
are expected to be identical. Moreover, the increased broadening
observed at SoC 32% and 49% at C/5 (Fig. 3a) indicate a certain degree
of through-plane heterogeneity developing across the various layers
during the lithiation process. This might arise from i) varying lithium
concentration gradients within each individual layer*=* and ii) layer-
to-layer variations, which may result from a combination of factors,
such as the local geometry of the cell, mechanical strains between
layers, temperature gradients, preferential heat dissipation paths, etc.
A higher resolution would be required to resolve the g-range shift of all
the graphite electrode layers and, therefore, separately quantify the
averaged lithium content in a given individual layer and potentially
identify the origin of these layer-to-layer heterogeneities. As said ear-
lier, access to the concentration gradients within one layer remains out
of reach in a depth-averaged XRD experiment and requires through-
plane scanning microdiffraction geometries’**. Nevertheless, using
the average cell data, we clearly see that, at the end of the charge, the
two cells reach a very similar lithiated state characterized by the same
LiC1»/LiCq ratio. Despite heterogeneities related to the distinct cell
designs, both cells achieve comparable full lithiation states. Overall,

the data demonstrate that we can effectively probe the thick prismatic
cell with the operando XRD set-up in transmission and use the CoM as
a relevant metric to quantify the averaged lithiation state at a
low C-rate.

During the charge at 2 C, both the instrumented multi-layer and
the single-layer cells exhibited broader diffraction peaks, indicating a
more heterogeneous Li-ion distribution within the graphite electro-
de(s) (Fig. 3b). We found that, globally, through-plane electrode het-
erogeneities are slightly more pronounced for the multi-layered cell, as
already observed at C/5.

Additionally, the multi-layered cell showed a distinct lag in its
stage transitions at 2 C. At the onset of charging, it already exhibited a
noticeably higher CoM value (CoM = 1.863 A™) than the single-layer cell
(CoM=1.819 A™) (Fig. 3b, top panel) due to the distinct states reached
after completion of the first two cycles. The contrast between the cells
became more prominent along charging, resulting in a modified CoM
profile at low SoC (Fig. 3f), and the appearance of a shoulder peak
(highlighted by ¢ in Fig. 3b).

Nonetheless, at higher SoC values (SoC >-~55%), the CoM of the
multi-layered cell graphite peak became comparable again to the
single-layer cell CoM. As no graphite peaks were detected at the end of
the lithiation process, we know that all graphite regions were lithiated
at the end, and the graphite electrode is fully active. Therefore, the
shoulder peak indicates different kinetic pathways originating prob-
ably from ionic or electronic limitations in the multi-layer cell. These
might result from stress distribution from internal and external
embedded sensors and/or internal temperature gradients stemming
from the jelly-roll configuration. Indeed, mechanical constraints might
be induced by the external thermocouple located close to the X-ray
beam path in the probed area (TC06 and TCO7) or a reminiscent effect
of deformation due to sensors, as will be discussed in the next section.
Some drift in graphite lithiation due to severe localized heating cannot
be excluded. Nevertheless, internal and external measures report a
temperature rise distribution in the cell below <5 °C (Fig. 2g), and even
smaller differences in temperature between internal (close to fiber)
and external in the center of the cell temperatures (less than 1.5 °C).

The differences in the graphite electrode lithiation at a higher
C-rate suggest a more heterogeneous lithiation process in the multi-
layered cell, probably caused by differences in the SoC between gra-
phite layers. At this stage, the peak-to-peak comparison with the single-
layer cell usefully reveals the presence of through-plane hetero-
geneities induced by the prismatic design, which will be considered as
a baseline for studying additional local lithiation differences induced
by the optical fiber in its vicinity.

Impact of internal sensors on the commercial cell graphite
electrode lithiation

We now analyze diffraction patterns obtained near the optical fiber (at a
distance of ~500 microns) and in the region of the reference electrode to
understand their impact on the local lithiation of the graphite electrode.
The geometry of the X-ray acquisition conditions is schematized in
Supplementary Fig. 14. Tomographic images of the fiber and reference
electrode inserted in the cell are shown in Supplementary Fig. 15. The
diffraction patterns acquired by scanning in the sensor areas are com-
pared to the center of the cell data and shown in the supporting infor-
mation (Supplementary Fig. 16) during charging at C/5 and 2 C.

At the beginning of charging at C/5, the profile of the graphite
(002) peak is nearly identical between diffraction patterns collected in
the reference electrode region, near the optical fiber, and at the center
of the cell (Supplementary Fig. 16). Therefore, the initial discharged
state is identical everywhere in the cell, and there is no intrinsic dif-
ference between the different locations in-plane. However, some dif-
ferences were observed during the subsequent cycling.

Starting with the reference electrode region, we noticed the pre-
sence of a small additional peak at g =1.805 A in the delithiated state,
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Fig. 3 | Effect of C-rate and cell design on graphite lithiation kinetics during
charging. The multi-layered cell data are plotted in blue, and the single-layer cell
data are plotted in black. Diffraction patterns show the evolution of the graphite
(002), LiCy, and LiC4 (001) peaks during charging (from ~0%, top, to ~95%, bottom)
at (a-f) C/5 and (g-1) 2 C. Note that the initial peaks in C/5 data are very similar,
indicating the same state of charge (SoC) in the initial fully delithiated state, while it
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is not the case in 2 C data due to a distinct delithiated state when the charge was
started. Corresponding center of mass (CoM) (n, p) and cell voltage (m, 0) vs SoC
profiles at C/5 (m, n) and 2 C (o, p). Blue ¢ shows the presence and evolution of the
shoulder peak in the multi-layered cell. Source data are provided as a Source
Data file.

which is coming from the LiFeO, (LFP, the reference electrode mate-
rial) (Supplementary Fig. 16a). Apart from this, the behavior is very
similar to the one observed in the center of the cell, as seen from the
similarity in peak positions and shape evolutions during the charging
(Supplementary Fig. 16a-I), showing some peak broadening due to
layered-dependent lags in lithiation, particularly at 2 C.

Concerning the optical fiber, we noticed small differences in peak
shapes between the optical fiber location and the center of the cell during
charging at C/5 (Supplementary Fig. 16a—f). These differences were
attributed to a 4.5 min time interval between these two measurements
(corresponding to a 1.5% difference in SoC). Additionally, we observed
significant changes in the local graphite lithiation mechanism close to the
optical fiber (Fig. 4). Indeed, at a voltage of 3.64 V during the 4L~>3L
stage transition, a small additional peak at g=-1.86 A™ was exclusively
detected near the optical fiber (Fig. 4a-c, #). This well-separated peak
was observed at all charging states (Fig. 4a). Interestingly, the SoC finally
reached equilibrium during the hold step at 4.2V, and no significant

differences in SoC were observed near and far from the optical fiber
(Fig. 4¢). When charging at 2 C, the presence of such a delayed graphite
phase around the optical fiber became more prominent (Fig. 4e-g). It
remained present until the end of the hold step at 4.2V (Fig.4g). Note
that, as discussed before, a delayed graphite contribution was also
observed at the center of the cell at such a high C-rate (Fig. 3b, f). How-
ever, the delay is clearly accentuated near the optical fiber. Moreover, the
distinct separation between the delayed and normal graphite peaks near
the optical fiber suggests considerable differences in SoC between the
areas around the optical fiber and the center of the cell throughout
charging. These results indicate the existence of “delayed graphite” areas
located around the fiber, where the “delayed graphite” is an active but
kinetically-limited graphite phase. The (de)lithiation process is severely
delayed at high C-rates, revealing changes in local resistance and ionic
pathways close to the fiber.

From this analysis, we conclude that the optical fiber has a con-
siderable impact on the lithiation kinetics at the local scale, resulting in

Nature Communications | (2024)15:10258


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54656-6

Center of the cell Optical fiber

a b
LiCg LiCi2 LiCs LiCi2
[ ) ® _ Delayed

n * o ®raphite
@)
)
(]
m
5 =
|-
©
c
O

T T T T

1.7 1.8 1.9 1.7 1.8 1.

e f

LiCeg LiCq> LiCe LiCq>
Q * b Delayed
(gl graphite
)
© :
U’ A
£ %5.
o A
E =
< o,
@) /"

1.8
q (A1)

Fig. 4 | Effect of the optical fiber on local lithiation mechanism during charging.
Diffraction patterns obtained at the center of the cell (a, e) and near the optical fiber
(b, f) at C/5 (a, b) and 2 C (e, f). Evolution of state of charge (SoC) vs center of mass

C d
LiCe LiCi2 C/5
100 4 = L] .
[ )
= = ¢ Delayed
75 4 = | | graphite n
X
¥ 50- -
wn
25 -+ .
m Center
0 ® Fiber |
T T T T T T
9 1.70 1.80 1.90 4.0 3.5 3.0
g, . _ h
LIC6 LIC12 Delayed 2C
1004 * ® @ graphite _
—~ 75 7 .
X
? 50 .
w0
25 -+ -
m Center
0 - m Fiber |
T T T T T T
1.70 1.80 1.90 4.0 3.5 3.0
CoM (A1) Voltage (V)

(CoM) (c, g) and s cell voltage (d, h) at C/5 (c, d) and 2 C (g, h). Symbols *, @, and ¢
correspond to LiC, LiCy,, and delayed graphite, respectively. Source data are
provided as a Source Data file.

the formation of localized delayed graphite, which was observed
throughout the charging at C/5 and 2 C at a distance of ~500 microns
from the fiber. While charging at C/5, the delayed graphite finally
caught up with the normal graphite at the end of the hold step, and no
significant differences in the state of charge were observed between
areas near the optical fiber, at the center of the multi-layered cell or in
the reference electrode region. However, this delayed graphite
became more prominent when the cell was charged at a higher C-rate
of 2 C and stayed present even at the end of the hold step applied after
charging. Therefore, although the presence of the optical fiber does
not induce any detectable impact on the global electrochemistry
measured at the cell level (Supplementary Fig. 6), it affects the lithia-
tion in its vicinity, leading to localized differences in the lithiation state
around the fiber. Note that the insertion of the reference electrode
does not significantly disturb the local lithiation kinetics (Supple-
mentary Fig. 16). On the opposite, the insertion of a bulky object such
as the 200 um-diameter optical fiber significantly deformed the elec-
trode layers (Supplementary Fig. 15) and increased the distance
between electrodes around it, which can explain the observation of
locally hindered lithiation kinetics within the multi-layered cell
throughout charging at various C-rates. In contrast, the presence of the
smaller and flat reference electrode caused moderate deformations
with limited spatial extensions and limited impact on the locally

detected reaction kinetics. In the center of the cell, some reminiscent
effects of the deformation induced by the sensors could be seen,
showing that the perturbations due to device integration can extend
inside the battery over large distances.

Discussion
This work focused on two fully operational battery cells: a commercial
multi-layered pouch cell equipped with a reference electrode and
temperature-sensitive optical fiber, and a single-layer cell, to under-
stand the impact of the temperature-sensitive sensor on the lithiation
kinetics and whether the data obtained near the optical fiber accu-
rately represent the entire cell or exclusively the region around it. First
of all, we found that, compared to the single-layered cell, the multi-
layered cell showed a similar lithiation mechanism at a low cycling rate.
Moreover, we showed that the commercial cell and the sensors were
behaving as expected, showing the expected correlation between
applied (dis)charging rates and changes in internal temperature.
Clearly, there is no detectable impact of the inserted sensors on the
averaged electrochemical performance of the commercial cell as
quantified using standard macroscopic electrochemistry methods.
Nevertheless, the spatially-resolved synchrotron operando XRD
experiment reveals microscopic-scale effects that are not detected
using cell-averaged performance indicators. Our findings highlight
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that graphite electrode lithiation kinetics are more delayed around the
optical fiber than the rest of the cell. Thus, the information on the SoC
obtained near the optical fiber exclusively describes this localized
region, and uncertainties should be introduced while correlating
locally measured strain with a global SoC or a lithiation degree of the
graphite electrode. Such correlations may lead to over- or under-
estimating the graphite electrode lithiation degree and, therefore,
decreased accuracy in SoH or SoC, especially at higher C-rates. Simi-
larly, the detection of chemical species and reaction processes using
various chemical-sensitive fibers or sensors should consider the lower
reactivity in the deformed areas. One should be cautious when corre-
lating locally measured parameters with chemical processes. For
instance, during charging, intercalation of Li-ions into the graphite
electrode results in volume expansions up to 13%"*, which is in clear
correlation with strain evolution and thus can be used to estimate SoH
and SoC*®, This correlation can offer insight into capacity degrada-
tion, structural changes, and ageing mechanisms.

To summarize, we have shown that i) operational sensors can be
embedded into large commercial battery cells without destroying the
cell architecture or affecting the averaged performance, ii) an internal
sensor can effectively provide a reliable measure of the averaged
battery state if its size and aspect ratio do not disrupt the layered
geometry locally, but iii) this internal sensor monitors a locally per-
turbed area and hence does not represent the cell behavior if it
deforms the prismatic packing/stacking excessively. Further experi-
ments and modeling are crucial for understanding the deformed
electrode layers around an optical fiber and evaluating the current
distribution around the sensor. An important aspect is quantifying the
relation between the formation of locally different kinetics, the sensor
characteristics, and the extent of induced deformations and mechan-
ical changes in its vicinity. For instance, non-destructive high-resolu-
tion 3D imaging techniques such as synchrotron X-ray computed
tomography could shed light on the topology of local deformations
caused by the probed optical fiber sensor without disassembling the
cell. It would be worth realizing 3D lithiation maps with high-resolution
close-to, or even onto, specific sensors to further evaluate the extent of
the perturbations and correlate them to design and fabrication pro-
cesses. By understanding the deformations caused by an optical fiber,
it could be possible to model differences in lithiation kinetics around
the optical fiber and the rest of the cell and find criteria of sizes and
shapes that minimize sensor perturbations. For instance, Guo et al.®®
studied the impact of the FBG sensor positioning in the z-direction and
its size in a solid-state Li-metal cell, demonstrating the importance of
both parameters on the cell’s capacity and durability. In addition,
Wang et al.*’ investigated the influence of sensor implantation and in-
plane positioning on electrochemistry and internal temperature dis-
tribution. Tuning sensors’ characteristics to reach the lowest impact on
local cell behavior appears critical to optimize smart batteries. This will
enable more accurate estimations of the SoC and SoH and help
develop improved BMS.

Methods

Electrochemical cells

Two lithium-ion battery cells were studied in the operando synchro-
tron X-ray diffraction experiment—a commercial multi-layered pris-
matic cell equipped with sensors (Fig. 2a-c) and an unequipped single-
layer cell (Fig. 1a, b) used as a reference to validate data acquisition and
analysis protocols. Both cells consisted of LiNig¢Mng2C00202
(NMC622) positive and graphite negative electrodes and were sepa-
rated with a polyethylene (PE) separator with Al,O3 coating on the
NMC622 side. The multi-layered cell, with a practical capacity of 1.1 Ah,
was provided by Li-Fun Technology (Shuzhou, Hunan, China). The
single-layer cell (25.6 mAh) was made by dismounting one 1.1 Ah cell to
use the very same electrode materials and separator in the reference
single-component measurements (Supplementary Fig. 2). The

electrolyte used for both cells was 1M LiPF¢ in mixture of ethylene
carbonate (EC) and ethyl methyl carbonate (EMC) (3:7 in volume ratio)
with 2 mass% of vinylene carbonate (VC) additive. The electrolyte
volume added to the single-layer cell and multi-layered cell was 200 pl
and 4 ml, respectively. Detailed information about both the single-
layer and the multi-layered cell electrodes and their properties are
provided in Supplementary Tables 2 and 3.

The multi-layered pouch cell with prismatic jelly roll configuration
(Fig. 2a, Supplementary Fig. 3) was obtained from Li-Fun Technology in
a dry state (without the electrolyte). The positive (NMC622) and the
negative electrode (graphite) had a double-side coating, meaning both
sides of a current collector were coated with the electrode material
(Supplementary Fig. 4). The multi-layered cell was partially dis-
assembled in a clean room where a reference electrode (LFP, (Li(;.,)
FePO,/LiFeO,, E=3.424V vs Li*/Li)), and a temperature-sensitive sen-
sor (thermoluminescent probe based on Gd,0,S particles doped with
Er*" and Yb**) were added into the cell (Fig. 2b, Supplementary Fig. 3).
Both, the reference electrode and the temperature-sensitive sensor
were placed between the NMC622 positive electrode and the separa-
tor. After embedding all the sensors, the jellyroll was rewound and
then dried at 55°C for 24 hours in a dynamic vacuum before being
transferred to an argon-filled glovebox for the cell activation step. For
the activation, 4 ml of LiPFg EC-EMC (3:7 vol%) + 2 wt% VC electrolyte
was added to the cell.

Operando synchrotron X-ray diffraction (XRD) experiment

The operando synchrotron XRD experiment was conducted at Eur-
opean Synchrotron Radiation Facility (ESRF, Grenoble, France) on the
beamline BM02°, The energy of the incident X-ray beam was fixed at
25keV (1=0.4959 A) and size at 60 x 60 ym. 2D-diffraction patterns
were collected in transmission mode, allowing X-rays to pass through
the samples, and recorded using an imXPAD WOS detector. The g-scale
calibration was performed using chromium oxide (Cr,03) and lantha-
num hexaboride (LaBg) as reference materials. The distance between
the detector and the sample was 409 mm. In-depth averaged 1D XRD
diffraction patterns were obtained by azimuthal integration of the
recorded 2D patterns using the PyFAl library.

For the operando synchrotron XRD experiment, both cells were
placed between metal plates (sample holder) to ensure mechanical
stability and avoid displacements due to cell swelling (Fig. 1b, Fig. 2c,
Supplementary Fig. 12a). To allow the X-ray beam to pass through the
cell without interference from the sample holder, strategically posi-
tioned holes were drilled into metal plates. For the single-layer cell
measurement, a single hole with a diameter of 1mm was drilled
through the metal plates at the center of the cell (Fig. 1b). 3 x 3 grid
measurements were performed at low C-rates over 9 positions within a
hole to evaluate local lithiation states and experimental errors (Sup-
plementary Fig. 7a). Single-point measurements on control areas were
also performed for beam evaluation (Supplementary Fig. 7b). For the
multi-layered cell, three holes with a diameter of 1 mm were drilled in
the reference electrode region, near the optical fiber, and at the center
of the cell (Fig. 2c), respectively. Diffraction patterns were collected,
ca. 500 microns from the optical fiber and on the reference electrode
(Supplementary Figs. 14a and 15). The hole at the center of the cell was
used to collect diffraction patterns from the mechanically
undisrupted area.

Electrochemical cycling

The galvanostatic charge-discharge cycling of the cells under different
current densities was conducted in two stages using a Biologic VMP3
cycler: i) initial formation cycles performed in our laboratory at 25 °C,
and ii) electrochemical cycling during the operando synchrotron XRD
experiment. The lower and upper cutoff voltages were set at 2.8 V and
4.2V, respectively. All cycles consisted of charge and discharge at a
constant current (CC). During the operando synchrotron XRD
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experiment, each charge was followed by a constant voltage (CV) step
at 4.2V for one or two hours (the duration depended on the applied
charging C-rate), followed by a short rest step (30 minutes) to stabilize
the system and ensure the maximum state of charge. After every dis-
charge, a rest step of 30 minutes to one hour was added to stabilize the
cell's voltage. Detailed electrochemical protocols used during
the formation process and operando synchrotron XRD experiment are
provided in Supplementary Table 4 and Supplementary Table 6. The
experimental set-up for monitoring the behavior of the reference
electrode and optical fiber is shown in Supplementary Fig. 11.

Data analysis

The data acquired from the measurements was analyzed using the
programming language Python on the Anaconda platform. Before the
analysis, the collected data was processed in a series of steps using
PRISMA Python package®® Baseline removal was performed using the
asymmetrical least squares function. After baseline removal, the g-
range of each diffraction pattern was calibrated by aligning the
experimental position of the Cu(200) peak with its corresponding
theoretical value of 3.4756 A™. Finally, peaks originating from the cell’s
casing, present in the diffraction patterns, were removed. In this work,
only diffraction patterns from the single-layer cell measurement were
suitable for fitting. Indeed, the multi-layer cell peaks have complex
shapes due to the superposition of patterns originating from the dif-
ferent layers. The Pseudo-Voigt function (0.5 Lorentz function and 0.5
Gaussian functions) was used to fit the data obtained from the oper-
ando XRD experiment. Five distinct peaks corresponding to Li,Cg
phases were observed in the first-order graphite region g-range
(1.70-1.90 A™). Hence, during the graphite (de)lithiation stages 1L, 4 L,
3L,2+2L, and 1, with peak bounds of 1.875-1.845 A™, 1.840-1.825 A",
1.820-1.810 A7, 1.799-1.777 A, and 1.725-1.705 A, respectively, were
considered. Since the multi-layered cell diffraction patterns were not
suitable for fitting peak positions in X-ray diffraction data, we chose to
characterize graphite staging by the center of mass of the peak. It
describes the intensity-weighted average peak position within the
given g-range boundaries. Scipy.signal.find_peaks() function was used
to determine the peaks in a diffraction pattern above a certain
threshold level. All figures containing experimental results were made
using Matplotlib Python library.

Data availability

The analyzed X-ray data generated in this study are provided in the
Source Data file, as well as sensing and electrochemical data. The raw
X-ray data that support the findings of this study are available in ESRF
with the identifier https://doi.org/10.15151/ESRF-ES-675577547°. Data
is under embargo until 2025 but could be released to the main cor-
responding author earlier on request. Analyzed data for all figures are
provided in the Source Data Files, except for Figure S9 (a large set of
diffraction data), which can be obtained at the request of the main
corresponding author. Source data are provided with this paper.
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