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Smart batteries are equipped with sensors that monitor temperature, state of charge, and strain during utiliz-
ation. These data estimate the battery’'s state of health, crucial to increasing the battery life by adapting
battery use and triggering self-healing mechanisms. However, few studies are devoted to the reliability of
sensors. This work aims to evaluate the accuracy of state-of-sodiation determination using an optical fiber.
Along that line, an optical fiber is introduced inside a Na-ion battery and used to obtain local (<1 pm around
the fiber) operando infrared (IR) spectra of the Prussian blue analog (PBA) positive electrode material during
the first three cycles. The fourth cycle is performed while the battery is scanned with a micro X-ray beam
(ESRF), allowing the measurement of wide and small-angle scattering (WAXS/SAXS) maps. IR, WAXS, and
SAXS are used to determine the PBA material's state of sodiation (SoS). Qualitatively, the average SoS
measured by all the methods has the same trend; however, quantitatively, the SoS measured by the fiber
deviates from that obtained by electrochemical and WAXS methods. We investigate the origin of this devi-
ation with WAXS mapping. First, the SoS at the fiber position is delayed by 5-20% for the cell studied in this
work. Using preliminary simulations, we qualitatively reproduce this delay when the electrode is locally com-
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DOI: 10.1039/d6eb00019¢ pressed by the fiber. Second, the sodiation of the PBA electrode is very heterogeneous. The heterogeneity

rsc.li/EESBatteries cannot be captured by a single fiber integrating the IR spectra along its surface and length. These results indi-

cate future directions to optimize the design of smart batteries: (1) introducing the fiber without modifying
the electrode, (2) using simulation to predict the compression effect and calibrate the state of sodiation
determination, and (3) developing spatially resolved measurements through fiber coating or using fiber nets.

Broder context

Monitoring Li or Na-ion battery degradation during utilization is crucial to improve their lifetime by adapting the battery use conditions and to design the
battery end of life (reuse or recycle). Accurate battery degradation determination requires more data, such as temperature, strain, or state-of-charge. This
information can be obtained by introducing sensors inside cells or packs. Battery sensing is still a relatively new field that has grown tremendously recently.
In this work, we focus on the reliability of state-of-charge sensors, particularly optical fibers capable of obtaining infrared spectra inside the battery. To
achieve this goal, we employed operando scanning micro X-ray small and wide-angle scattering on a fiber-equipped pouch cell. This method can map with
micrometer-scale resolution the battery state of charge. Comparing the infrared and X-ray scattering information, we conclude that the state-of-charge deter-
mined by the fiber and the X-ray scattering methods is qualitatively the same. However, we observed two biases for the fiber-based state-of-charge deter-
mination: (1) an electrochemical lag; (2) the presence of a heterogeneous state of charge that cannot be captured by a single fiber. Based on these obser-
vations, we propose guidelines for the design of fiber-equipped batteries.
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Introduction

Batteries play a key role in the electrification of society.
However, there are environmental concerns about their fabrica-
tion, which is energy-intensive and heavily relies on mining. To
produce fewer batteries, it is essential to increase the lifetime
and promote the second life of batteries, but it requires non-
destructive real-time monitoring of the state of health (SoH) to
adapt battery use. SoH is a metric to evaluate the ageing level
of batteries, which often includes capacity and/or power fade.
Moreover, in batteries equipped with self-healing strategies,
SoH sensors are necessary to trigger healing procedures.
Consequently, SoH determination has become a priority in
public and company research in recent years, as demonstrated
by the importance of sensing technologies in EU funding
(Battery2030+) policy, for example.> SoH assessment is usually
performed by modelling battery degradation using either
model or data-based approaches.® Both approaches rely on
input parameters such as load curves or temperature. SoH
assessment using a small number of measured parameters is
poorly predictive due to the high variability of the battery use
conditions and the complexity of aging mechanisms occurring
at different length and time scales.” Adding non-destructive
sensors to batteries provides extra information to parametrize
these models. Optical fiber sensors are ideally suited for this
purpose because of their small size, their chemical resistance
in typical battery electrolytes, and the large number of para-
meters that can be measured by tuning the fiber properties.
Indeed, strain measurements, temperature, or spectroscopic
information have been successfully collected inside operating
batteries.®'° The introduction of fibers does not affect the
overall battery performance, at least over a few hundred
cycles.'"'> However, it locally delays the reaction mechanism at
the fiber position, as qualitatively shown by our group using
synchrotron methods to measure graphite lithiation close and
far from a thermoluminescence-based optical fiber located in a
prismatic Li-ion battery.'* This delay was hypothesized to be
due to the local mechanical deformation induced by introdu-
cing an approx. 200 um fiber into an electrode stack, measur-
ing hundreds of micrometers typically. This local effect might
not be an issue for sensors measuring bulk properties such as
temperature, strain, or entropy”’** but could cause concerns for
sensors measuring the local state-of-charge (SoC) by spectro-
scopic methods." Indeed, recent work from C. Gervillié-
Mouravieff et al. demonstrated the capability to measure the
SoC of LiFePO, or Na;V,(PO,),F; from the IR spectra obtained
from an optical fiber.”> SoC sensors are critical for these
materials featuring flat voltage profiles because the SoC cannot
be inferred from the cell voltage value. It is therefore essential
to evaluate the validity range of sensors and propose optimiz-
ation strategies. This can be achieved with a multimodal
approach where sensing data are compared with the SoC infor-
mation retrieved independently. In this work, we use non-
destructive X-ray scanning methods.

The system measured is a Na-ion pouch cell battery con-
taining a hard carbon (HC) negative electrode and a manga-
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nese-iron Prussian blue analog (PBA) positive electrode of
chemical composition Na; gsMn[(FeCN)g]y.91-0.08H,0, which
features a flat intercalation potential.'> This battery chemistry
is advantageous compared to typical Li-ion batteries because it
is cheaper and free of critical elements such as natural graph-
ite, Li, or Cu, while having performances close to low energy
density Li-ion LiFePO,-based batteries.'® The pouch cell is
equipped with a chalcogenide optical fiber embedded into the
PBA positive electrode. Infrared optical fiber evanescent wave
spectroscopy (IR-OFEWS) of the positive electrode during
battery operation was performed, allowing the determination
of the state-of-sodiation (SoS) of the active material around the
fiber (<1 pm distance). The SoS is also spatially resolved in the
electrode plane using operando micro wide and small angle
scattering mapping (WWAXS and pSAXS) at the synchrotron.
Using the WAXS data, we find that the SoS of the PBA positive
electrode at the fiber position is delayed by up to 20% com-
pared to its direct surroundings, confirming the lagging effect
of the fiber on the local electrochemical reaction for this cell
chemistry. This phenomenon is observed at low and fast
C-rates, and it is very local since it completely disappears
50 um away from the fiber. Preliminary pseudo-3D porous elec-
trode model simulation suggests that the reason for this delay
could be the reduction of the electrode porosity around the
fiber position, presumably due to compression of the electrode
during the introduction of the fiber. Moreover, PWAXS
mapping also reveals that the biphasic sodiation of PBA occurs
through a very heterogeneous reaction at the cell level. The
small fiber located at the center of the cell does not capture
this heterogeneity since it averages signals across the electrode
length. However, reaction heterogeneity is an important para-
meter to understand ageing, hence highlighting the need to
increase space resolution via, for example, specific fiber
coatings.

Experimental section
Materials and methods

Materials. All the chemicals were purchased commercially
and used without further purification. Sodium ferrocyanide
decahydrate (Na,Fe(CN)e-10H,0, >98.0%, Sigma-Aldrich), tri-
sodium citrate dihydrate (Na;Ce¢Hs0,-2H,O, 99.0%, Thermo
Scientific Chemicals), sodium chloride (NaCl, 99.5%, Thermo
Scientific Chemicals), and manganese(u) chloride tetrahydrate
(MnCl,-4H,0, >99%, Sigma-Aldrich) were used for the PBA
synthesis. NaPFg and propylene carbonate (PC) were purchased
from Dodochem. N-Methyl-2-pyrrolidone (NMP) was acquired
from Sigma-Aldrich. A hard Carbon (HC) electrode and powder
are provided by Tiamat Company, France.

Synthesis. PBA compound was synthesized by a co-precipi-
tation method; all details of the synthesis and characterization
can be found in the work from Li et al'® Specifically,
35.9 mmol Na,Fe(CN)s-10H,0, 142.8 mmol Naz;CeH50,-2H,0,
and 7.2 mol NaCl were dissolved in 1.125 L deionized water
(Solution 1). Then, the co-precipitation reaction was performed
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at room temperature by dropwise addition of 71.5 mmol
MnCl,-4H,0 dissolved in 500 mL deionized water (Solution 2)
into Solution 1. The whole process was performed in a con-
tinuous stirred tank reactor (CSTR, Eppendorf BioFlo 320)
with a stirring speed of 1000 rpm and a solution adding speed
of 0.2 mL min~". Next, the resulting precipitate was collected
after settling overnight and then washed several times with de-
ionized water and ethanol. Finally, the dehydrated rhombohe-
dral Prussian White (R-PW) was obtained by drying at 175 °C
for 20 h in a vacuum (107° bar). The typical particle size is
100 nm (determined using scanning electron microscopy),
while the R-PW chemical composition is Na;gsMn[Fe
(CN)6]o.91-0.08H,O as determined by inductively coupled
plasma mass spectrometry (ICP) and thermogravimetric ana-
lysis (TGA). Cell parameters of the synthesized materials are a
=6.58940(10) A and ¢ = 18.9189(3) A (R3 space group), which is
in agreement with other reports."”

Pouch cell fabrication. The pouch cell was fabricated follow-
ing the so-called Bellcore method."® It consists of fabricating a
flexible self-standing electrode and a separator layer laminated
together to make the battery.

Positive electrode preparation. PVDF-HFP (poly(vinylidene
fluoride)-co-hexafluoropropylene, Kynar 2801), DBP (dibutyl
phthalate, Sigma Aldrich, 99%), and carbon (Super P, Alfa
Aesar) were added sequentially to acetone (VWR chemicals,
>99.9%), and R-PW powder was mixed and stirred overnight.
The slurry was then cast on a glass plate for 5 h to complete
evaporation of acetone; the tape was collected and cut into
electrodes with dimensions of 3.3 x 3.8 cm. Then the film was
laminated with Al mesh at 130 °C. The entire procedure was
done in a glovebox. Once DBP is removed after the full cell
assembly step (see below), the resulting electrode weight frac-
tion is R-PW/PVDF-HFP/Carbon - 56/20/24 with 1.8 mAh cm ™
areal capacity.

Separator preparation. PVDF-HFP, DBP, and SiO, were
added sequentially to acetone and mixed at 1200 rpm for five
hours after each individual component was added. The slurry
was then cast on a mylar film and left for five hours to allow
complete evaporation of acetone. The tape was collected and
cut into small pieces with dimensions of 4.0 X 4.5 cm.

Negative electrode preparation. PVDF-HFP, DBP, hard
carbon (HC), and carbon were added sequentially to acetone
and mixed at 1200 rpm for 10 min after each individual com-
ponent was added. The slurry was then cast on a glass plate
for five hours to complete evaporation of acetone, the tape was
collected and cut into electrodes with dimensions of 3.5 x
4.0 cm. Then the HC film was laminated with Cu mesh at
130 °C and 35 psi. Once DBP is removed after the full cell
assembly step, the resulting electrode weight fraction is HC/
PVDF-HFP/Carbon - 86/10/4 with ~2.0 mAh cm™> areal
capacity.

Full cell assembly. The IR fiber (Te,As;Ses (TAS)) was coated
with a layer of R-PW particles via spraying the solution of
R-PW/Carbon/PVDF-HFP dissolved in acetone (weight ratio =
67/28/5). The TAS fiber was positioned between two R-PW
films and laminated at 110 °C. Then the positive electrode,

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

separator, and negative electrode were laminated together at
110 °C. The DBP was removed from the obtained cell with
diethyl ether (99%, Thermo scientific), three times (15 min for
each time), and the cell was then dried in a glovebox for 8 h.
Finally, the cell was wetted with the electrolyte (1 M NaPF in
PC) and put into an Al packing bag with the TAS fiber fixed on
the bag using epoxy and cured for 12 h. The entire procedure
was done in a glovebox.

Electrochemical measurement. Up to four cells were fabri-
cated and tested for 1% cycle operando IR measurement. One
cell (Cell2) was measured for three consecutive cycles. Two of
the best-performing cells (Celll and Cell2) were measured
using PWAXS/SAXS mapping. The 1% cycles were performed at
a C-rate of C/30 to ensure a good formation of the HC electrode
(current density of 0.06 mA cm™?), which corresponds to the
extraction of approximately 2 Na" per unit formula of R-PW in
30 h. The following cycles are cycled at C/15. Cell cutoff vol-
tages are fixed to 3.8 Vand 1.5 V.

Operando infrared spectrum measurement. The operando
measurements were performed with a Fourier-transformed
infrared spectrometer (T37 or Invenio S, Bruker) with an acces-
sory connection system on the right side to focus the infrared
beam on one entry extremity of the fiber. A mercury-
cadmium-tellurium detector with a spectral range of
12000 cm ™" to 600 cm ™" was used to record the optical signal
at the output extremity of the fiber. During all the experiments,
the mercury-cadmium-tellurium detector was cooled with
liquid nitrogen. For all the experiments, the edges of the TAS
fiber were cleaved manually. The signal between the input and
output of the fiber was controlled, with an amplitude of
around 10000 for a 125 pm TAS fiber. IR-FOEWS spectra
obtained with this method probe species at 0.5-2 pum of the
fiber surface, depending on the wavelength and the medium
refractive index. See calculations in the supporting infor-
mation from Gervillié-Mouravieff et al.**

Operando SAXS/WAXS. SAXS/WAXS mapping experiments
were conducted at the BMO02 beamline of the European
Synchrotron Radiation Facility (ESRF), with the experimental
data publicly available through the ESRF data portal (http:/
www.doi.org/10.15151/ESRF-ES-1058211918). The experiment
utilized a beam with dimensions of 40 x 80 pm” and an energy
of 18 keV (4 = 0.6888 A), delivering an intensity of 1.9 x 10"
photons per s. The pouches were held in the beam with
specially designed sample holders (Fig. S1). No pressure is
applied on the electrochemical stack as the electrodes and
separator are hot pressed together. The data collection
employed a “horizontal fly scans” methodology, enabling fast
X-ray scanning of the cell. In each so-called “Bigmap” scan,
the pouch cell moved continuously horizontally along the
x-axis from 0 to 31 mm with the shutter remaining open.
During this movement, detector images were averaged over
each 1 mm increment. After completing each horizontal scan,
the sample was shifted 1 mm vertically before initiating the
next horizontal scan, producing comprehensive 2D maps. The
mapping covered the entire electrode surface, generating 30 x
31 pixel maps with a 1 mm X 80 um pixel size. After each
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Bigmap scan, a more resolved “Smallmap” scan was also per-
formed (the areas highlighted with blue frames as shown in
Fig. 4a) to visualize the vicinity around the optical fiber. In
each Smallmap, five horizontal fly scans with 3.5 mm vertical
spacing were performed, generating 150 x 5 pixel maps with a
pixel size of 40 pm x 80 pm. One Bigmap-Smallmaps cycle
takes approximately 14 minutes. SAXS and WAXS patterns were
collected simultaneously for each pixel using two different
detectors: an imXPAD WOS detector for WAXS positioned
11.6 mm behind the sample and having a hole in its center
and an imXPAD S540 detector for SAXS located 3544 mm
behind the sample and used to collect the scattered beam that
passed through the first detector hole. Calibration of the
sample-to-detector distances was performed using reference
materials, specifically silver behenate (AgC,,H,30,) for SAXS
and lanthanum hexaboride (LaBs) for WAXS. Dose calcu-
lations, based on the work of T. Jousseaume et al.,'® demon-
strated that the radiation exposure reached 85 kGy for the posi-
tive electrode and 2 kGy for the negative electrode, both
remaining below the estimated damage threshold."**°

Data analysis

Integration correction and background removal. Azimuthal
integration was performed with PyFAI>' normalizing patterns
by the incoming (I,) and transmitted (I;) photon flux. While
data acquisition was continuous during electrochemical
cycling, WAXS patterns underwent pixel-by-pixel recalibration
using the Cu peak position to correct for position differences
between the LaB, reference and electrode by using the for-
mulas below in which Qups, Qun and 4 are the observed peak
position before calibration, its theoretical value and the wave-
length:

OQnew = A sin 1 tan~! !
new — ~ ., -
A 2 . _1(Agqm
K tan (2 sin™! (—Z ))

where K is defined by:

tan (2 sin~! (A—Q(’bsn) )
o 4
tan (2 sin™! </1—Q;hn) )

Minimal Cu peak position changes during electrochemical
cycling confirmed negligible pouch movement (Cu peak posi-
tion is 3.47 + 6 x 107° A), eliminating the need for time-depen-
dent Q-range calibration. Background subtraction was per-
formed using Prisma®® software’s symmetric Least-Squares
smoothing method (AsLS).

SAXS/WAXS and IR data analysis. To estimate the Na concen-
tration in the PBA positive electrode from operando WAXS data,
three peaks between 1.15-1.32 A™" were considered. They corres-
pond to two Bragg reflections from desodiated tetragonal
Prussian Yellow (T-PY) (002), (200), and one reflection from
sodiated rhombohedral Prussian White (R-PW) (012). Peaks were
fitted with Gaussian functions to extract peak areas and posi-
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tions. Regarding the operando IR spectrum, the cyanide group
vibrations of R-PW and T-PY are located at 2055 cm™" and
2178 cm™ ", respectively. Their area was extracted by integrating
peak intensities between 2025-2100 cm ™" and 2150-2200 cm ™.

The Na concentration and the state of sodiation (SoS) are
not directly proportional to the IR and WAXS peak intensity
ratios. Indeed, R-PW and T-PY phases exhibit different scatter-
ing efficiencies in WAXS and different absorbance strengths in
IR spectroscopy. Therefore, a correction factor must be
applied. Assuming the system undergoes a purely biphasic
transformation, in which all disappearing R-PY is fully con-
verted into T-PY, the correction factor k is determined using
the following equation:

iy
f— det

kwaxs = 0.641 and ki = 2.057 and the peak area fraction of
R-PW is computed by the equation:

Ar

Peak area fraction of R-PW = ————
Atk + Ar

The SoS for the hard carbon negative electrode was approxi-
mated by integrating the area under the 1D SAXS profile in the
Q-range [0.08-0.3 A™'] (corresponding to nanopores smaller
than 10 nm). A higher normalized value indicates a lower SoS
of the hard carbon electrode. The SoS of the Na;sMn
[(FeCN)gJo.01-0.08H,0 (MnFePBA) positive
approximated similarly by integrating the area in the low
Q-range [0.005-0.02] A™!, which corresponds to the size of
MnFePBA particles, approximately 100 nm in diameter.

electrode was

P3D simulation details
Electrolyte properties. The bulk electrolyte diffusivity is
taken as:
D=7x10"m*s™!
In the separator, the effective diffusivity is:

1.5
Dsep =D €77, &sep = 0.3,

where ¢ is the porosity. While in the electrodes, it is expressed
as:

D e
Dejec = )
T

Telec = 3
where 7 is the tortuosity, a sensitive parameter. A relatively low
value is chosen for the system.

The ionic conductivity of the electrolyte is concentration-
dependent and follows the Ecker correlation:

k(c) = 0.4 x (1.726 + 17.919¢ — 12.983¢> + 2.667¢>)

where ¢ is the ion concentration in the electrolyte (mol 17%).
The nominal value is ¢, = 1, but it evolves locally during
cycling. The effective conductivity for the separator is given by:

© 2026 The Author(s). Published by the Royal Society of Chemistry
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DI A

Ksep =

And for the electrodes:

K-€
Kelec =

Electrode structure. The simulated system consists of a hard
carbon (HC) negative electrode with a thickness of 120 um, a
separator of 50 um, and a Prussian blue analog (PBA) positive
electrode of 250 um. An optical fiber is modeled as an inactive
semi-cylindrical region with a diameter of 125 pm. The
Prussian Blue Analogue (PBA) for the first configuration has a
uniform porosity of ¢ = 50%. In the second configuration, the
porosity of the electrode varies as a function of the position
along the x-axis, as shown in Fig. 6a. In contrast, the hard
carbon (HC) electrode has a porosity of ¢ = 0.2 for both con-
figurations. The electronic conductivity of the active material
is not considered the limiting factor in this study.

Active material property. The solid-state diffusion coeffi-
cients of the active materials are set to Dpgs = 5 X 10”2 m? s7*
and Dyc = 5 x 107 m? s™'. The reference exchange current
densities are taken as iopsa = 2 A m~” and iouc = 2 A m 2.
Assuming spherical geometry, the average particle diameters
are dpga = 10 pm and dyc = 8 um for HC. The open-circuit vol-
tages (OCV) for both electrodes are measured from half-cell
electrochemical data.

Electrochemical parameters. The applied current density is
2.3 mA cm™>, corresponding to a C/2 rate. At the beginning of
the simulation, the PBA positive electrode is uniformly
sodiated to a state of 0.6, while the HC negative electrode is at
a state of 0. The cell is cycled between positive electrode sodia-
tion states of 0.1 and 0.7, with charge and discharge termin-
ation controlled by time.

Results and discussion

Cell fabrication and electrochemical performance

Rhombohedral Prussian White (R-PW) synthesis and dehydra-
tion steps are described by Li et al.*® Using this material, four
fiber-equipped pouch cells are built based on the Bellcore
method"® (Fig. 1a-c). First, the TAS optical fiber is embedded
inside a carbon/polymer/R-PW matrix through spray-coating
with a formulated ink. After drying, this results in a micron-
sized thick coating at the fiber’s surface as observed by scan-
ning electron microscopy (SEM) (Fig. 1c). The fiber is then hot
pressed between two 3.5 X 4 cm self-standing electrodes of
R-PW, resulting in a 250 pum thick electrode. Finally, the pouch
cells are assembled by laminating the fiber-equipped positive
electrode with a separator made of PVDF-HFP and a hard
carbon negative electrode, as observed in the SEM image of
the pouch cell cross-section (Fig. 1b). Note that all the fabrica-
tion steps are performed in an Ar-filled glovebox to prevent
water exposure of R-PW. The formation cycle was performed
while obtaining the operando IR spectra. The two cells having
the highest capacity and coulombic efficiency were selected for
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further IR and X-ray scattering measurements. In the follow-
ing, we show the best cells (Cell1 and Cell2) results.

The fiber-equipped pouch cell is cycled at C/30 and C/15
(corresponding to 0.06 and 0.12 mA cm?) for the 1°* and sub-
sequent cycles, respectively, in the voltage range of 1.5-3.8 V,
with the corresponding electrochemical curve shown in
Fig. 1d. The first charge features a sloppy profile corres-
ponding to 70 mAh ggpyw " followed by a plateau at 3.5 V up to
155 mAh gppw . Na;.osMn[(FeCN)g]o.01:0.08H,O desodiation
occurs through a single voltage plateau,"'” hence the shape
of the voltage curve corresponds to the reaction occurring at
the HC electrode. Indeed, the HC electrochemical curve com-
prises a slope and a plateau region.>® After the first charge,
and based on the specific capacity, 1.6 Na" are extracted from
PBA. The subsequent discharge capacity is 108 mAh g™,
corresponding to a coulombic efficiency of 70%. The 1% cycle
coulombic efficiency is attributed to the solid-electrolyte inter-
phase (SEI) formation on the negative electrode side.>> The
subsequent cycles feature sloppy and flat voltage profiles with
a coulombic efficiency of 95% and a specific capacity around
90 mAh g™ (corresponding to 1 Na* (de)sodiation from PBA).
Our cell performance is representative of the R-PW//HC chem-
istry since recent reports for 18 650 cells showed a capacity of
120 mAh ¢! at the first discharge with 80% coulombic
efficiency.'> However, our cell has a lower coulombic efficiency
during cycling, and hence stronger ageing, presumably due to
the less optimized/homemade electrode and cell assembly
using Bellcore technology. However, this is not an issue since
we only study the reaction mechanism and heterogeneity over
the first four cycles.

Principle of combined operando IR and SAXS/WAXS

The first cycle of Celll is performed while performing operando
IR spectroscopy (Fig. 1f), and the fourth cycle is performed
during the operando pSAXS/WAXS mapping (Fig. 1g). The prin-
ciple of IR operando measurement inside 18 650 cells can be
found in the work of Gervillié-Mouravieff et al.'> The same
methodology was implemented here into pouch cells. In short,
the obtained IR spectra originate from the very surface (<1 pm)
of the optical fiber inside the pouch and are averaged across
the length of the fiber (approx. 4 cm). IR spectra obtained in
the pouch for the pristine and charged PBA feature only two
peaks in the 2000-2200 cm™' wavenumber range, which are
attributed to the C=N vibration modes in sodiated (2055 cm™)
and desodiated PBA (2178 cm™")." These peaks are very clearly
observed, showing the possibility to monitor the SoS.

In the operando pSAXS/WAXS mapping experiment, the
pouch is held in front of a microfocused X-ray beam of 40 x
80 um? in the vertical and horizontal directions, respectively.
The fiber direction is vertical. The X-ray beam is scattered by
the cell components and the scattered beam is measured after
the pouch cell by two detectors placed one after the other
along the beam direction, to collect WAXS and SAXS data,
respectively (Fig. 1g). The WAXS data allow us to examine crys-
talline structures and in particular the phase fraction between
the Na-rich R-PW and the Na-poor T-PY using the relative
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Fig. 1 (a) The picture of the fiber pouch cell with dimensions of 7 x 8 cm. (b) and (c) are images of the SEM cross-section of the fiber pouch cell
and the PBA-coated optical fiber, respectively. (d) and (e) Voltage (V) vs. time (h) profile of the cell 1 for the first three cycles (operando IR measure-
ment performed during the 1% cycle) in orange and the 4" cycle (operando SAXS/WAXS) in purple, respectively. (f) and (g) lllustration of the experi-
mental setup of both measurements, respectively. The colors of the frame and voltage profiles highlight the operando technique applied to the cell
while cycling (orange for IR, purple for SAXS/WAXS). (h), (i), and (j) The acquired raw data from operando IR, WAXS and SAXS, respectively. In (j) the
obtained SAXS profiles show a decaying intensity comprised between a Q=% and Q~* power law typical of sharp-to-rough particle interfaces.
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intensity of the (012)g.pw and (200)r.py (Fig. 1i). The averaged
SAXS patterns are shown in Fig. 1j and feature a decaying
intensity as the scattering vector Q increases. The signal is
unshaped but shows some intensity modulations departing
from a pure power law behavior (e.g. Porod regime, Q™ with 3
< a < 4), indicating contributions from both rough interfaces
and nanoscale characteristic features. By comparing the scat-
tering intensities of all the separated individual pouch cell
components (Fig. S3), R-PW is found to dominate the signal at
small Q values in the Porod regime (0.0055-0.02 A™"), while
the HC signal is producing an excess intensity at higher Q
values (0.08 to 0.3 A™"). The R-PW SAXS signal originates from
the particle surface contribution as described by the Porod
theory, while the HC intensity at high Q is due to the presence
of nanosized porosity in this material, as reported in other
studies.” Note that the surface contribution from hard carbon
particles is also detected in the low Q region, but can be neg-
lected because HC particles are much bigger (a few microns)
than PBA (100 nm typically). Hence, their specific surface is
much smaller, reducing the scaling factor of the Q™* low-Q
contribution by an order of magnitude with respect to PBA.
Qualitative state of charge analysis probed by operando IR,
WAXS and SAXS. Before spatially resolving the (de)sodiation
mechanism, spatially averaged WAXS and SAXS pattern evol-
ution during cycling is analyzed and compared with the oper-
ando IR measurement. Regarding the IR spectra during the
charging (desodiation of PBA), the peaks at 2055 cm™' and
2178 ecm™ ", corresponding to R-PW and T-PY, respectively, do
not demonstrate a shift in the position but exhibit a continu-
ous change in intensity; namely, the intensity of the R-PW
peak decreases while the T-PY peak increases (Fig. 2a). This be-
havior is observed over the first three cycles of Cell2 and the
1% cycle of Celll (Fig. S5), confirming that PBA undergoes a
biphasic transition from R-PW to T-PY during desodiation.'®
Regarding the relative peak intensity, before the formation
cycle, only the R-PW peak at 2055 cm™" is observed. At the end
of the charge, R-PW is still visible along with the T-PY peak,
indicating an incomplete reaction. After the formation cycle,
the T-PY peak does not disappear, showing that the reaction is
not fully reversible, in agreement with the cell-level coulombic
efficiency. The concomitant presence of both R-PW and T-PY
peaks is observed during the following cycles. The biphasic
nature of the PBA electrode is further confirmed with WAXS
data. Indeed, the intensities of the (002)rpy and (200)rpy
Bragg peaks increase linearly during the desodiation of the
PBA electrode. In contrast, the intensity of the (012)g.pw Bragg
peak decreases (Fig. 2b). At the end of the desodiation of the
PBA electrode, it is observed that both R-PW and T-PY Bragg
peaks are present in the WAXS profile, meaning that the elec-
trode is never fully desodiated during the charging process,
which is in agreement with the IR data. Finally, the collected
SAXS profiles obtained during electrochemical cycling demon-
strated changes in intensities in both low and high Q regions.
First, during the charging process, the scattering intensity
decreased in both areas (Fig. 2c), indicating changes in the
electronic density contrast due to compositional variations at

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the probed length scales, and/or decreasing specific surface
area in the low Q region; the decrease in intensity can be
attributed to the decrease of the PBA electronic density due to
the volume expansion and desodiation during the R-PW to
T-PY phase transition. The SAXS intensity evolution in the
high Q range is consistent with a decrease in contrast between
the carbon matrix and nanopores due to the pore-filling
mechanism.>® Overall, there is good qualitative agreement
between the evolution of the IR and WAXS data. Both tech-
niques show the presence of a biphasic reaction and an incom-
plete (de)sodiation of the PBA electrode, which is consistent
with the SAXS data. However, this rough comparison needs to
be further evaluated. The R-PW peak fraction (Fig. 3a and b) is
calculated from (1) the electrode-averaged WAXS and (2) the IR
from the fiber (see Methods). The peak fraction obtained from
WAXS evolves linearly with capacity as expected from the galva-
nostatic cycling conditions. However, it is not the case of the
SoS obtained from IR, which deviates notably from linearity at
the end of charge and discharge. Clearly, the optical fiber is
not precisely measuring the cell-level SoS. In the next section,
we use the spatially resolved WAXS and SAXS patterns to inves-
tigate the origin of this deviation.

Spatially resolving state of charge

During the operando SAXS/WAXS experiment, the pouch is con-
tinuously scanned in the vertical and horizontal directions,
producing 2D maps in which each pixel contains both WAXS
and SAXS data. Two types of mapping measurements were per-
formed, as shown in Fig. 4a and b: (1) entire electrode map
(30 mm vertical x 42 mm horizontal) with a pixel size of 1 mm
x 80 pm to obtain information on the cell level (called here-
after “Bigmap”) and (2) fiber zooms consisting of five horizon-
tal lines across the optical fiber at different vertical positions
in the cell with a pixel size of 40 pm x 80 um (called hereafter
“Smallmap”). The SoS of PBA and HC electrodes is obtained
for each position in the cell using (1) the WAXS peak area frac-
tion for PBA and (2) integrated SAXS intensities for HC. First,
we focus on the PBA “Bigmaps” (Fig. 4c). At the beginning of
the charge, the Na-rich R-PW phase is predominant (red color,
Fig. 4c); however, there is a substantial in-plane heterogeneity
with some regions featuring only 20% of R-PW appearing in
blue on the map. During desodiation, the R-PW transforms
into the T-PY; hence, the general peak fraction of R-PW
decreases (the color in Fig. 4c progressively changes from red
to blue). At the end of the charge, the R-PW peak fraction is
inferior to 20% in most of the pouch. During sodiation, some
regions appear to sodiate more than others, which leads to a
substantial heterogeneity of R-PW peak fraction at the end of
discharge. Although the Na-rich regions are mostly located at
the center of the pouch, the R-PW phase distribution is not
exactly similar between the beginning and the end of the cycle.
Furthermore, regarding the Bigmaps representing high Q
region (HC region) SAXS integrated intensities across the
pouch cell, it appears that the HC electrode also demonstrates
SoS heterogeneities (Fig. 4d). Moreover, on the Bigmaps col-
lected at 3.36 V during discharging, the spatial distribution of
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(a) Operando IR contour of the first three C/15 cycles of Cell 2. The colors on the map represent the intensity from low to high in blue to red,

respectively. The data of Cell 1 are shown in Fig. $5. The IR spectra obtained during the 3 charge and discharge are presented on top. The colors of
the arrows indicate the spectrum evolution. The IR peak intensities of R-PW (blue) and T-PY (yellow) and the voltage profile are presented on the
right. (b) Spatially-averaged operando WAXS contour of the 4" C/15 cycle of Celll. The data are presented as in (a). (c) Spatially-averaged operando
SAXS of the 4™ C/15 cycle. The blue and yellow shaded areas highlight the Q range where the intensity variation is mainly contributed by PBA and
HC, respectively. (d) zoom of panel (c) in the PBA and HC regions on the top and bottom, respectively.

the HC electrode SoS heterogeneities matches the SoS hetero-
geneities quantified on the PBA electrode, suggesting that the
local electrodes’ SoS might be correlated. In conclusion, the
Bigmaps reveal that both PBA and HC electrodes exhibit SoS
heterogeneities at the cell level during charging and
discharging.

In order to gain insight into SoS heterogeneities with a
better resolution and around the 150 pm diameter fiber
during electrochemical cycling, collected so-called
“Smallmaps” having a horizontal resolution of 40 pm.

we

616 | EES Batteries, 2026, 2, 609-622

Focusing on the R-PW peak fraction before the charge, we
observe that the four different horizontal lines scanned at
different vertical positions across the fiber show different SoS
heterogeneity profiles. The top line peak fraction changes
from 95% to 40% going from left to right (5 mm distance),
with an abrupt change spanning over 250 um between the Na-
rich and Na-poor domains (Fig. 4d). The second line is only
scanning a Na-rich domain. The third and fourth lines show
the presence of narrow domains <100 um of Na-poor and Na-
rich phases. These results show that SoS heterogeneity occurs

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The black curve shows the voltage profiles.

at different length scales from 100 um to several mm?. These
heterogeneities are important to describe the reaction mecha-
nism at the cell level, and especially the ageing, which has
been shown to induce stronger heterogeneity.>> >’ However,
such inhomogeneity cannot be spotted by a single IR fiber
without spatial resolution. This will be discussed in more
detail in the following section.

Turning to the evolution of the Smallmaps during charge
and discharge, interestingly, the maps demonstrate a vertical
line spanning across the scanning lines (dotted rectangle in
Fig. 4d), corresponding to the fiber position in the cell.
Indeed, at the position of the fiber, the R-PW peak fraction
values are always higher than those of its surroundings, indi-
cating a higher SoS and delayed PBA reaction mechanism at
the fiber position. The minimum and maximum delays during
the cycle, which are obtained from the difference between the
average WAXS SoS at the fiber position and the cell average
WAXS SoS, are 5% * 5% and 20% + 10%, respectively (Fig. 4e).
The delay for cell2 has the same order of magnitude (Fig. S9).
The large errorbars, calculated from the SoS delay over four
different positions in the cell, suggest that the delay is very
sensitive to the electrode parameters. A sensitivity analysis of
the delay with respect to electrode morphology should be
carried out to predict the delay values for different electrodes.
Moreover, the electrochemical lag is found really just at the
fiber position since the SoS determination 40 pm away is
already matching the overall SoS of the Smallmaps (Fig. S7).
The delay of the HC electrode at the fiber position is unfortu-
nately difficult to estimate because the strong SAXS signal orig-
inating from the fiber is masking the HC signal (Fig. S8). The
delay of the electrode reaction at the fiber position was demon-
strated by Olgo et al. on prismatic Li-ion cells."* Our findings

© 2026 The Author(s). Published by the Royal Society of Chemistry

complete this previous work by quantifying the delay and
showing that it does not extend out of the fiber position.

Overall, thanks to the spatial resolution of the operando
WAXS/SAXS experiment, we raise two questions on how to
improve battery SoS determination using an optical fiber: (1)
How can we capture reaction heterogeneity using fibers? (2)
What is the origin of the electrochemical delay, and how to
take it into account?

Discussion

Our experimental results demonstrate that IR-OFEWS using an
optical fiber can qualitatively capture the SoS of the PBA elec-
trode, but that it is not yet quantitative due to two main
mechanisms: (1) (de)sodiation of PBA is heterogeneous on a
scale of millimeters to 100 pm, and this heterogeneity cannot
be captured by a single fiber without spatial resolution; (2) the
electrochemical reactions at the fiber position are disrupted,
resulting in higher SoS values compared to the surrounding
regions. In the following, we discuss strategies to lift these
challenges.

Mapping reaction heterogeneity with fibers

For the first point on the heterogeneity, a thought experiment
is conducted to investigate the positional dependency of the
SoS measurement. This “experiment” involved the hypotheti-
cal placement of multiple virtual optical fibers across the
pouch cell, each probing the SoS without perturbing the
electrochemical reactions. These virtual fibers were simulated
by combining the WAXS data from a column of pixels in the
Bigmap, with each fiber covering a 1.5 mm?® surface area,

EES Batteries, 2026, 2, 609-622 | 617
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Fig. 4 (a) Transmission map of the pouch cell. The dotted frame indicates the electrode position, while the red line marks the optical fiber. The per-

iodic mosaic pattern in the transmission stems from the Al and Cu current collector meshes. The four solid blue frames correspond to the scanned
regions of the small maps shown in (b). (c) Full-electrode mapping (Bigmap) using SAXS (top) and WAXS (bottom). (d) Focused mapping in the vicinity
of the optical fiber (Smallmaps), in which the red dotted frames mark the position of the optical fiber. Two sets of color maps distinguish the SAXS
data from the hard carbon negative electrode and the WAXS data from the PBA positive electrode, which are used to extract the SoS from structural
information. (e) The voltage profile of the 4™ cycle, with red dots marking the voltages at which maps were recorded. Additionally, it shows the
average SoS (solid lines) and the SoS distribution (shaded areas) for each region. Similar data analysis is available for Cell 2 (Fig. S9).

larger than the actual fiber’s 0.37 mm® sensing area but com-
parable in scale. A total of 28 virtual fibers were modeled. The
results revealed significant variations in SoS measurements
among the virtual fibers (Fig. 5). Fibers located in sodium-rich
regions consistently overestimated the SoS, whereas those in
sodium-deficient regions underestimated it. This finding
demonstrates that SoS measurements are highly dependent on
the fiber’s position within this electrode.

What about other cells and chemistry, are reactions hetero-
geneous in batteries? Thermodynamically, in all biphasic
materials, i.e. featuring a flat electrochemical profile such as
LiFePO,, graphite or LiMn,O,, Li(Na)-poor and Li(Na)-rich
phases coexist hence leading to an intrinsically heterogeneous
system. The length scale at which this heterogeneity appears
(particle, electrode, cell level) is not yet completely understood
in the literature since it depends on many factors such as the
conductivities, and electrode

electronic/ionic pressure,

618 | EES Batteries, 2026, 2, 609-622

balancing.”®?° From our results, in this system, the heterogen-
eity is present at the cell level. There are no other reports of
the reaction heterogeneity in PBA or HC; however, electrode
level heterogeneity has been observed in other cell or chem-
istries. Our team observed in plane heterogeneity in the
LiNiO,/graphite single layer Li-ion pouch cell due to the pres-
ence of an oversized anode or in graphite/Si composites.**>"
Other teams observed heterogeneities in Li-ion 18 650 cylindri-
cal cells®*®**** showing that cell level heterogeneity is a
common characteristic of alkali-ion batteries. However, hetero-
geneities depend on multiple parameters; therefore, the het-
erogeneity values reported cannot be applied directly to other
chemistries or cell formats.**

This outcome highlights the need for fibers capable of
giving 2D SoC information. There are different approaches to
reach this goal: (1) using a net of TAS fibers mapping the cell-
level reaction mechanism in 2D; (2) using distributed optical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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fiber sensing technology. For the first point, there are no
reports to the best of our knowledge using this approach,
which is practically difficult to implement due to the fragile
nature of TAS fiber and the need to obtain multiple IR spectra
at the same time. For the second point, there are optical fibers
capable of spatially resolving temperature/strain along their
length using Rayleigh light scattering. Huang et al. success-
fully implemented this strategy to measure temperature gradi-
ent with a single fiber inside a Na-ion 18650 cell cycled at
different speeds of charge.”” Li et al. used a similar approach
to measure strain in a LiFePO,/graphite pouch cell and pro-
posed a data analysis approach to convert strain into SoC.*®
Moreover, by winding the fiber in the pouch cell, 2D SoC
mapping of the pouch cell could be performed. Spatially resol-
ving physical parameters with fibers still has challenges to
tackle: (1) the spatial resolution is limited to >1 mm (unless
the signal/noise ratio can be improved®’); (2) conversion of
strain into SoC requires careful calibration because the strain/
SoC relationship depends on ageing in a non-linear way.
Therefore, the development of SoC monitoring by optical
fibers needs to be performed hand in hand with other non-
destructive characterisation techniques providing reference
data on selected cells or cycling conditions. Synchrotron
methods are capable of measuring the SoC at different length
scales in custom or commercial cells and hence are ideally
suited for this task.

Why are the electrochemical reactions at the fiber position
always perturbed?

In this work, we quantified the fiber-induced electrochemical
delay in a PBA positive electrode within a Na-ion single-layer
pouch cell, finding a delay of 5(+5)-20(+10)%. The origin of
this effect remains unclear due to the limited number of

© 2026 The Author(s). Published by the Royal Society of Chemistry

reports. Nevertheless, the ability to predict fiber-induced
electrochemical lag would be highly valuable for correcting
such artifacts.

To investigate the impact of embedding a fiber within an
electrode on SoC heterogeneity, we performed preliminary cal-
culations using a pseudo-3D (P3D) porous electrode Newman-
type model. The optical fiber was modeled as an inactive
material in this model (Fig. 6a and b). Note that some of the
simulation parameters are still unknown or under debate for
PBA (diffusion coefficient, charge transfer coefficient).
Moreover, we have not performed a detailed quantification of
the electrode microstructure (porosity, tortuosity). Therefore,
our simulation results are not expected to yield quantitative
information and will be used qualitatively to test two lag origin
hypotheses. In the first (model 1), a hole was introduced at the
center of the PBA electrode, thereby reducing the amount of
active material at the fiber location while maintaining uniform
porosity and tortuosity throughout the electrode. In the
second (model 2), porosity around the fiber was reduced to
preserve uniform in-plane PBA mass, assuming that the fiber
compresses the surrounding material and thereby locally
increases tortuosity. Note that model 2 is probably closer to
our experimental system, since the fiber was hot pressed
between two electrodes. Both configurations were simulated at
a current density of 2.3 mA cm™> (C/2) for two charge-dis-
charge cycles.

With both models, upon charging, desodiation initiates
near the separator and proceeds faster in the region between
the separator and the fiber. This leads to strong SoS heteroge-
neities, up to 20%, between the separator side and the current
collector side of the electrode (Fig. 6¢c and Fig. S10, S11).
During discharge, the desodiation front starts near the separa-
tor and gradually propagates deeper into the electrode, result-
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Fig. 6 (a) In-plane porosity profile of the PBA positive electrode. (b) Schematic of the simulated cell configuration, consisting (from bottom to top)

of the hard carbon negative electrode, separator, and PBA positive electrode. The inactive white semi-circular region represents the embedded
optical fiber. Dashed frames highlight the regions at the fiber center and far from the fiber. (c) Evolution of the sodium concentration distribution in
the PBA positive electrode during the second cycle at a 0.5 C rate. (d) State of sodiation (SoS) profiles in the two regions, plotted alongside the cell's
OCV curve. Red dots correspond to the voltages of the snapshots shown in (c).

ing in similar SoS heterogeneities. At first glance, no apparent
differences in the SoS exist between the fiber center and
regions far from the fiber. Turning to a more quantitative ana-
lysis, the SoS evolution during cycling far and close to the fiber
are extracted (Fig. 6d). For both models, SoS evolution far and
close from the fiber does not overlap, showing that indeed the
fiber influences the reactivity. For model 1, the simulated local
C-rate at the fiber position is higher than that far from the
fiber. This is not in agreement with the experimental obser-
vations; hence, model 1 is ruled out (Fig. S10). In contrast, the
local C-rate evolution for model 2 shows a systematically lower
value close to the fiber position, qualitatively reproducing our
observations.

These preliminary simulations are encouraging and suggest
that the reduction of the porosity due to the compression of
the electrode at the fiber position might be one of the possible
origins of the delay. Other mechanisms could explain the
delay such as wetting issues close to the fiber or the hetero-
geneous current density at the fiber position. Note that our
simulations also show that the reaction is heterogeneous in
the depth of the electrode, and hence the SoS measured from
a fiber will depend on its depth in the electrode. A large experi-
mental campaign guided by modelling could be a future direc-
tion to precisely understand how to tackle this electrochemical

lag.

Conclusion

This study comprehensively evaluates optical fiber sensors for
state-of-charge (SoC) monitoring in Na-ion batteries, combin-
ing operando infrared spectroscopy with spatially resolved syn-
chrotron X-ray scattering techniques. By implementing a TAS
optical fiber within a hard carbon/Prussian blue analog pouch
cell, we investigated both the capabilities and limitations of
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fiber-based SoC sensing. The operando IR-OFEWS measure-
ments successfully captured qualitative changes in the state-
of-sodiation of PBA positive electrodes through characteristic
C=N vibration modes at 2055 cm™" (R-PW) and 2178 cm™*
(T-PY). However, spatially resolved pWAXS/SAXS mapping
revealed two critical limitations: (1) substantial electrode-level
heterogeneity across length scales from 100 pm to several
millimeters, which cannot be captured by a single fiber as it
only detects a micrometric cylinder along the entire length of
the electrode, whereas the electrode is several cm wide, and (2)
localized perturbations at the fiber position resulting in con-
sistently higher SoS values (5-20% delay for the cell studied in
this work) compared to surrounding regions. Preliminary
pseudo-3D modelling suggests that the electrochemical delay
at the fiber position could originate from compression-
induced changes in the electrode microstructure that locally
hinder charge-discharge kinetics. This work highlights the
challenges and opportunities of using optical fibers for oper-
ando SoC sensing, advancing our understanding of localized
interactions and providing a foundation for the development
of accurate and minimally invasive sensing technologies.
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