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HIGHLIGHTS

e Novel characterisation of electrode materials.

o Distributed fibre sensors embedded in LIBs for thermal and structural monitoring.
e Operando tracking of the SEI formation and the irreversible anode strain.

o In-depth assessment of anode structural deformation together with SOC and SOH.
e To optimise of future battery designs and to promote LIB safety improvement.
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The in-operando monitoring of the cell’s kinetic thermal and electrochemical processes during operation is a key
requirement to understand battery performance, improve safety and to extend battery life. This research presents
in-situ measurements of strain and temperature evolution within a graphite electrode during electromechanical
lithiation and delithiation. By embedding distributed fibre optics sensor, the frequency shift associated with both
temperature and strain are decoupled, allowing the real-time measurement of the solid electrolyte interface
formation and the structural deformation within the anode. An in-depth assessment of electrode strain as a
function of State of Charge (SoC) and State of Health (SoH) from the formation cycle through to electrical loading
allows the assessment of cell performance over its complete life. It is observed that irreversible and non-
uniformly distributed anode structural deformation was measured during the formation. The anode reveals an
extensive mechanical strain increase with a coefficient of 0.96 pe/SoC(%) with respect to the SoC and undergoes
a compressive mechanical strain as SoH decreases from 100% to 47%. Collectively, the findings presented
provide valuable new information to understand the causes of battery performance degradation as a result of
electrode strain and temperature, underpinning new opportunities for battery characterisation and optimal
system design.

1. Introduction is of significant importance. Traditional battery cells are passive sources

of energy and power where relatively few parameters, including ter-

Lithium ion battery (LIB) technologies of various chemistries and
forms have played a central role in the energy storage industry, from
everyday consumer products to hybrid/electric vehicles and grid stor-
age. Their unique combined characteristics, which include: high energy
and power densities, cost, safety and cycle life, have made such tech-
nologies the default choice for many manufactures. As a result, under-
standing overall cell performance is crucial throughout the life of the LIB
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minal voltage, current, and surface temperature, are measured and
therefore the understanding of cell operation is often limited. A better
understanding and real-time monitoring of internal cell kinetics,
observing the electrochemical and thermal states of the internal com-
ponents via smart sensing functionalities is of critical need [1,2]. This
will provide a holistic new insight and will contribute in the develop-
ment of improved battery designs, the creation of new models that aim
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to represent the LIB at the electrode or microstructure scale [1,3,4] and
the design of new algorithms for the battery management system (BMS)
to monitor LIB performance and extend life [5,6].

Cycling performance of a LIB depends on a wide range of processes
including chemical and electrochemical reactions, phase change re-
actions and ionic transport, promoting strain in electrode particles and
changes in electrode volume [7-9]. This impacts the nature and kinetics
of the internal interfaces that govern cell lifetime and performance [10].
In LIBs, lithium ions shuttle between the positive and negative elec-
trodes upon charging and discharging. Intercalation of lithium ions into
graphite results in the expansion of its crystallographic lattice, and the
associated microscopic stress is seen, by many researchers, to be the
intrinsic driving force for anode swelling [11]. Such swelling phenom-
ena have detrimental effects on a battery’s cycle life [9,12]. Addition-
ally, with its uncontrolled rate and inefficient formation, cell swelling
may lead to increased heat generation [13-15]. The heat is generated
internally, leading to thermal gradient induced position-dependant
aging, such as non-uniform resistance and solid electrolyte interface
(SED) growth [16]. For a pouch cell application, the stress on the anode
could result in undesirable volume expansion, which must be managed
within the design of the complete battery system and result in further
complexities for LIB packaging and thermal management [17]. Further
to improve performance monitoring, the operando monitoring of in-
ternal thermal and mechanical variation can provide an early indication
of the onset of cell failure, establishing a correlation between micro-
structural characteristics and electrochemistry is thus important for
providing an indication of the root causes of the general measures of
State-of-Charge (SoC) and State of Health (SoH). Therefore, it is
important to understand the internal structural changes and cell tem-
perature distribution to improve safety, reliability and cycle life of
batteries.

As noted in a number of publications [16], [18-20] an accurate
measure of LIB internal temperature is one of the most effective
parameter to determine overall performance [21]. In contemporary
electric vehicles, temperature is often only measured at the module level
at a subset of locations within the battery assembly. The main concern
with this approach, is that significant changes in absolute temperature
or the formation of temperature gradients within the battery will not be
identified. This, in turn, may lead to faster degradation rates or the onset
of thermal runaway [22,23]. Therefore, the inclusion of a robust tem-
perature sensor that can monitor the internal cell temperature during
operation is of high importance. This will eliminate the need for complex
algorithms or models to estimate internal temperature distribution.
Researchers have applied thermocouples [20,24-26], thermistor [18]
and fibre Bragg grating [27-29] inside various types of cells to monitor
the internal temperature. However, such methods are limited by the
spatial measurement point due to non-uniform internal temperature
distribution.

Mechanical damage in an electrode is driven by the structural
deformation that are induced during cycling [30]. There are numerous
theoretical and computational efforts in the literature devoted to un-
derstand the strain in graphite anode at the particle level [7,31,32] and
the electrode level [11,17,30,33]. Particle level simulation considered
the stress of graphite particles raised from the lithium ion concentration
gradient from the graphite particle surface to its interior. However, the
complexity of the internal cell structure composing of porous and
composite elemental structures creates difficulties in achieving accurate
models and parameter predictions. Electrode level stress measurements
were most demonstrated by a cantilever beam-bending method based on
monitoring curvature of the substrate and calculated by the Stoney
equation [34-36]. However, this method cannot provide detailed stress
distribution but overall stress parallel to the substrate, with a compli-
cated experimental cell setup incorporating an observational window.
Ex-situ micro-Raman spectroscopy (MRS) demonstrated stress charac-
terisation in static state during prolonged charge-discharge cycling
based on the mapping of graphite particles [37-39]. Nonetheless, MRS
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cannot precisely monitor real-time stress evolution during cycling.
Recently, Fibre Bragg grating (FBG) used as an implanted sensor
demonstrated monitoring of local stress evolution of one electrode in
real-time [27-29]. However, the FBG techniques are restricted in its
number of sensing points, leading to a limited understanding of
real-time distributed strain/stress evolution inside of the cell at different
points.

In this study, we demonstrate how a Rayleigh scattering based
distributed optical fibre can be employed to improve our understanding
of the fundamental thermal and electrochemistry of LIB, by embedding a
pair of sensors within the anode electrode. To the best of our knowledge,
this is the first time that this innovative sensing technique has been
reported for this application. This in-situ and operando characterisation
techniques can provide valuable real-time information and insights on
the interrelated effect of electrode mechanical degradation, structural
evolution and electrochemical kinetics, which can help researchers un-
derstand battery process and design better battery systems.

2. Materials and methods
2.1. Rayleigh scattering based distributed fibre optic sensor (DFOS)

Herein we examine Rayleigh scattering based optical fibre sensors
due to their high chemical stability and small diameters. Such fibres
were embedded to the anode electrode of a prototype pouch cell to
monitor the distributed strain and temperature in real-time during
various operating conditions.

When an electromagnetic wave is launched into an optical fibre, the
light will be redistributed by Rayleigh scattering [40,41]. If the local
changes in temperature and strain are relayed to the optical fibres, the
scattered signal in the fibre will be modulated by these physical pa-
rameters. As a result, by measuring changes in the modulated signal, it is
possible to quantify local physical variables of temperature and strain.
The desired features of Rayleigh scattering based fibre sensing technique
allows distributed measurements with millimetre-scale spatial resolu-
tion and high measurement accuracy, making it a suitable solution for
LIB operando and in-situ applications. A pair of DFOSs, a
temperature-DFOS (T-DFOS) and a strain-DFOS (e-DFOS), were
deployed to measure and discriminate distributed temperature and
strain. Since temperature and strain were measured simultaneously,
thermal strain and mechanical strain of the anode can be derived and
investigated in real-time for various different use cases. The conditions
explored as part of this research include, but are not constrained too: LIB
formation after manufacturer and prolonged electrical loading using a
constant-constant (CC) and constant voltage (CV) profile to define LIB
performance and degradation.

Coherent Optical Frequency Domain Reflectometry (C-OFDR), a type
of Rayleigh scattering based DFOS, is performed to monitor distributed
strain and temperature of the anode electrode. C-OFDR was selected due
to its high spatial resolution (2.6 mm) measurement capability. The
configuration consists of a main interferometer and an auxiliary inter-
ferometer, as shown in Fig. 1. The operation of the experimental set-up is
explained below.

The main interferometer contains two optical couplers (OC1 and
0C2), an optical circulator (CIR), two polarisation controllers (PC1 and
PC2), a fibre under test (FUT) and a polarisation beam splitter (PBS). The
auxiliary interferometer includes two optical couplers (OC3 and OC4).
The optical frequency of the output laser from the tuneable laser source
(TLS) is tuned in time, the laser splits into two arms after passing
through the OCO. Then the frequency tuning laser launched into the
main interferometer splits into two portions at OC1: one (light a) enters
the CIR, the PC1 and the FUT, the reference light (light b) enters the PC2.
The spontaneous Rayleigh backscattering light in the FUT interferes
with light b at the OC2. The interference light transmits to the PBS and
then splits into two orthogonal polarisation components (P and S). P and
S are detected by the photo detectors (PDs) and stored by the data
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Fig. 1. a, Configuration of a Coherent Optical Frequency Domain Reflectometry (C-OFDR) system. b, Interference between Rayleigh backscattering light and

reference light.

acquisition card (DAQ). In this way, polarisation has no effect on the
value of Rayleigh backscattering amplitude. Meanwhile, the laser
launched into the auxiliary interferometer splits into light c and light d,
an interference between them occurs at the OC4, the interference light is
employed as a trigger signal to mitigate the tuning nonlinearity.

By analysing the interference signal of the main interferometer, it
can be found that a specific frequency f, named as the beat frequency,
directly corresponds to a specific position (z) along the FUT. The spatial
resolution Az can be given as

c

= 1
2n,AF )

Az

where c is the speed of light in space, ny is the group refractive index, AF
is the frequency tuning range of the TLS. In known conditions, a stable
and unique fingerprint Rayleigh backscattered spectrum (RBS) is ac-
quired. The local RBS shifts in frequency when an variation in the
environmental conditions occurs. The cross-correlation of the mea-
surement RBS and the fingerprint RBS determines the local spectral shift
Av, which can reveal local information (e.g. temperature and strain)
along the whole fibre by using proper calibration constants. A change in
temperature or strain from the baseline condition results in a frequency
shift in the spectrum of light scattered in the fibre. Changes in the local
period of Rayleigh scattering cause temporal and spectral shifts in the
locally-reflected spectrum, which can be scaled to form a distributed
sensor. The strain response arises due to both the physical elongation
and compression of the sensor, and the change in fibre index due to
photoelastic effects [42]. The thermal response arises due to the
inherent thermal expansion of the fibre material and the temperature
dependence of the refractive index [42].

The optical fibre employed in this study is a polyimide coated, low
bend loss, single mode fibre. The physical length and refraction index of

the fibre are intrinsically sensitive to the measurement of both tem-
perature and strain; therefore, the single-mode fibre sensor is used as the
e-DFOS. The ¢-DFOS measures both strain and temperature simulta-
neously. The single-mode fibre housed loosely in a Poly-Tetra-Fluoro-
Ethylene (PTFE) tube (jacket), to ensure minimum disturbance caused
by the mechanical strain. The resultant measurement is solely a function
of variations in temperature. As a result, this fibre is used as T-DFOS. The
T-DFOS measures temperature only. Therefore, in order to capture
distributed strain and temperature information respectively, a pair of
£-DFOS and T-DFOS were placed parallel and side by side to the subject
under test, followed by temperature compensation of strain calibration.

2.2. Measurement principle

The shift in the spectrum of light scattered in the e-DFOS in response
to strain and temperature is analogous to a shift in the spectral shift,
A Ve_pros:

Av,_pros
———— = KrATeasured + Ke€measurea (2)

Where v is the mean optical frequency, Kr and K, the temperature and
strain calibration constants, AT eqsured aNd Emeasured are the measured
temperature change and strain. The value of K7 and K, are dependent on
the dopant species and concentration in the core of the fibre [43].

This thermal response arises due to the inherent thermal expansion
of the fibre material and the temperature dependence of the refractive
index. In the absence of any mechanical strain, the frequency shift,
Avr_pros, due to temperature change AT is defined as:

_Avr_pros
v

= KTA Tmeasured (3)
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The default values for these constants are set at common values for
germanosilicate core fibres: Ky = 6.45 x 10-6 °c ! and K, = 0.780 [40,
44]. The values for K7 and K, are dependent on the dopant species and
concentration in the core of the fibre, but also to a lesser extent on the
composition of the cladding and coating. Therefore, in the absence of
strain, the temperature change can be defined as:

— ——Avr_pros = CrAvr_pros @

AT peasured = Kov
T

Accordingly, the strain measurement can be compensated and
calculated as follows:

€
Emeasured = =7 (Ave_pros — Avr_pros) = Ce(AVe_pros — Avr_pros) ()]

Assuming a scan centre wavelength of 1550 nm, the constants can be
substituted in to yield the following temperature and strain conversion
factors, which are after the compensation of the inherent thermal
expansion of the optical fibre material through the calibration process,
shown as (Cr and C.) respectively:

Cr= —0.801°C/GHz

C.= —6.67eu /GHz

The strain response measured by the optical fibre, émeqsured, arises due
to both the mechanical elongation of the subject under test (mechanical
strain, &y), and the change due to thermal expansion of the subject under
test (thermal strain, 7).

Emeasured = €M + ET (6)
er =ka X AT )

Where k.t is the substrate coefficient of thermal expansion.

2.3. Calibration of e-DFOS and T-DFOS

The strain and temperature calibration of the ¢e-DFOS and T-DFOS
fibres were conducted in an Espec thermal chamber with temperature
varying from 5 to 55 °C. The fibres, e-DFOS and T-DFOS, were glued to a
pure aluminium (99.996%) bar. The e-DFOS and T-DFOS were placed
closely to one another with a resistance temperature detector (RTD)
mounted in close proximity. The strain sensitivity of the fibre was
recorded using the thermal expansion of the aluminium bar. The coef-
ficient of the thermal expansion at the aluminium bar is 23.6%107%/°C.
For all the characterisation measurements presented in Fig. 2, tests were
performed on at least three pairs of e-DFOS and T-DFOS and repeated

a

temperature (°C)

-40 -20 0 20
frequency shift (GHz)

strain (L&)
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three times to allow statistical analysis of the results. The temperature
and strain measurement accuracy are defined as + 0.6 °C and +30 pe
using the temperature and strain conversation coefficients Cr and C,.
respectively.

3. Experimental setup
3.1. Cell manufacture and instrumentation process

Fig. 3 presents the experimental set-up of a prototype pouch cell with
an embedded pair of DFOSs, of which includes a T-DFOS and a ¢-DFOS.

In order to measure the distributed strain of the anode, the e-DFOS
was bonded in the middle of the anode routing from the tab to the
bottom of the cell (0-185 mm). The T-DFOS was placed between this
anode and separator and alongside the ¢-DFOS. The schematic of
instrumented pouch cell with a pair of ¢-DFOS and T-DFOS is shown in
Fig. 4a and b. The pouch cell consists of seven layers of graphite anode
and eight layers of nickel-manganese-cobalt (NMC) cathode, where the
pair of DFOS are instrumented in the middle anode layer (e.g. layer 4).
To ensure that the instrumentation process does not adversely impact
LIB performance, a conventional cell and an instrumented derivative
were electrically loaded for 100 cycles using a 1C constant-constant (CC)
constant voltage (CV) profile. Fig. 4c compares the capacity fade for the
100 cycles of instrumented (with DFOSs) and non-instrumented cell
(without DFOS). As it can be seen, there is negligible difference in cycle
life.

3.2. Battery test procedure

The real-time experimental setup is shown schematically in Fig. 4b
and consists of three parts: (1) the instrumented pouch cell with the pair
of DFOSs; (2) the pair of DFOSs connected to the C-OFDR analyser and
finally (3) the cell connected to the Bitrode cycler and placed in the
Espec thermal chamber.

The Objectives of the experimental research are summarised below.

e To obtain the thermal expansion coefficient of anode electrode.

e To undertake in-situ monitoring of the SEI formation and irreversible
anode structural deformation

e To quantify the relationship between anode strain and battery SoC
during electrical cycling

e To quantify the relationship between anode strain and battery SoH
during electrical cycling

To meet these objectives a programme of four experiments has been

~J
n
—
~

500

250

0

-250

-500

-100  -50 0 50
frequency shift (GHz)

Fig. 2. Temperature (a) and strain (b) as a function of frequency shift with a linear fit applied to 100 raw experimental measurements.
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Fig. 3. Pouch cell instrumentation process: a, cutting the electrode. b, Stacking the electrode. ¢, the central anode electrode layer of the overall stack is carefully
removed by sliding it out of the stack assembly. d, Bonding the e-DFOS. the ¢-DFOS is then bonded to the removed anode layer using a slurry paste of the same
composition as the active material. The size of the double-sided coated anode electrode used was 185 mm in length and 130 in width. The anode slurry consisted of
~92% active material containing graphite, carbon black, and polyvinylidene difluoride (PVDF) in N-methyl-2-pyrrolidone (NMP) solvent. PVDF binder solution was
first prepared by dissolving PVDF 5130 powder into the NMP solvent using an overhead high speed homodisperser (Model 2.5, PRIMIX) with a gradual increase in
speed for 2 h. This solution was then mixed in a centrifugal mixer (Thinky mixer ARE-250) at 2000 rpm for 5 min. The final concentration of PVDF in NMP was ~8%
wt. The slurry was then coated onto copper foil (10 pm, Oak Mitsui, electrodeposited) using a draw-down coater (RK Instruments Ltd) with a micro-meter-controlled
spreading blade (K control coater Model 101, RK Print) with a blade gap of 300 pm e, The coated copper foil was dried on a hot plate set to 80 °C to evaporate the
solvent for 15 min f, - Once dried, the e-DFOS instrumented anode was placed back in its position within the stacked electrodes. g, The tabs were then welded and the
T-DFOS was placed next to the e-DFOS by fixing the two ends with tension. The current collectors for the cathode nickel-manganese-cobalt (NMC) and the anode
graphite electrodes were aluminium and copper foils, respectively. h and i, Foam tape was employed to protect the e-DFOS and T-DFOS as the pouch cells was sealed
using a SOLITH sealing machine. J, Once sealed a non-electrolyte reactive Permabond adhesive was used to seal the protector inlet. Finally, the pouch cell was filled
with electrolyte composing of a mixture of ethylene carbonate and ethyl methyl carbonate (3/7 vol ratio, respectively) containing 1% wt vinylene carbonate and 1 M

LiPF6 using the SOLITH vacuum electrolyte filler.

derived. These are detailed below.

The first experiment was to obtain the thermal expansion of the
anode electrode, by placing the instrumented cell into a thermal
chamber, altering the chamber temperature from 10 °C to 40 °C and
measuring the temperature and strain of the anode electrode.

In the second experiment, the electrometrical performance of the
instrumented pouch cell was tested during formation and CC-CV
repeated cycling at 25 °C ambient temperature controlled by the
Espec thermal chamber. For the formation procedure, it commenced
with a 30-min rest, followed by C/10 A CC charge phase until a cut-off
voltage of 4.2 V was reached, then the cell was held at 4.2 V until the
charge current reduced below C/20 A at which point the cell was
allowed to rest for 5 h. For discharge, a C/10 A CC current was applied to
discharge the cell until a cut-off voltage of 2.5 V was reached.

In the third experiment, the cell was cycled five times using a 3C CC-
CV charge with a 4.2 V cut-off voltage, followed by 3C CV discharge
phase to a lower bound voltage of 2.5 V, followed by a 30 min rest. In the
fourth experiment presented in this work, the cell was rested for 3 h and
then cycled using 3C CC-CV for charging and 3C CC for discharging for
25 repeated cycles with a 4.2 V cut-off voltage for charge and 2.4 V for
discharge.

4. Results and discussion
4.1. Thermal and mechanical strain discrimination

Structural deformation of the anode during electrical cycling arises
from two origins: thermal deformation and mechanical deformation.
Thermal strain measures thermal deformation of the anode, which is the
tendency of matter to change its physical shape in response to a change
in temperature. Mechanical strain measures mechanical deformation,
which is the physical transformation of a material from one configura-
tion to another. In this study, mechanical strain refers to structural
change that arises from the intercalation and de-intercalation of lithium
with anode and SEI growth. Simultaneously, thermal strain results from
thermal expansion of the anode due to changes in temperature as a result
heat generation within the cell. By placing the instrumented cell into a
thermal chamber, altering the chamber temperature from 10 °C to 40 °C,
with 3 °C/min ramping rate, and measuring the temperature and strain
of the anode electrode in real time, with 3 °C/min ramping rate, the
thermal expansion coefficient of the anode can be derived by mathe-
matically fitting the measured temperature and strain data points from
the pair of DFOSs. With the assumption that the initial structure of anode
is free from mechanical stress and thus deformation, at 25 °C, the
thermal expansion coefficient of the anode was calculated to be 29.8
pe/°C. This result is shown graphically in Fig. 5. Within this context,
positive strain indicates expansion whereas negative strain implies
shrinkage or compression of the anode material.
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Fig. 4. a, Schematic of the e-DFOS and T-DFOS instrumented the pouch cell. b, Schematic of the testing system, the instrumented pouch cell connected to the Bitrode
cycler and the pair of DFOSs connected to the Coherent Optical Frequency Domain Reflectometry (C-OFDR). c. Battery performance unaffected by DFOSs by cycling

at 1C for 100 cycles in a 25 °C ambient temperature.

4.2. Irreversible anode strain and SEI formation

It is widely known [45,46] that the formation of the SEI takes place
on the surface of graphite electrodes due to the instability of the liquid
electrolytes used at the operating potentials of the anode. The SEI layer
acts as a passivating film to prevent any further excessive
electrode-electrolyte side and therefore, playing a major role in deter-
mining the battery’s electromechanical performance, including revers-
ible and irreversible capacity and cycle life [47,48]. As highlighted
within [45], a deeper understanding of SEI formation is important and
could be underpin future innovations in cell design, battery manufacture
and the design of algorithms to manage and extend battery life. Herein,
the variation of cell voltage and current evolution alongside cell strain
and temperature during the first formation cycles are monitored, as
shown in Fig. 6. Non-uniform temperature distribution is observed
across the cell from the cell tab to the bottom of the cell, detecting higher
temperatures closest to the tab locations as illustrated in Fig. 6d. The
measured strain distribution is uniform during the formation process, in
which the area near the bottom of the cell experiences a higher

expansion during charging compared with the area near the tab shown
in Fig. 6b. It is observed that the measured strain of the anode rises
during the first constant current charging step, indicating the swelling of
the anode electrode during initial lithiation. During cell discharge, the
strain decreased gradually to 2.5 V, signifying that as the anode
de-lithiates, it reduces in size. Since temperature and strain distribution
are measured simultaneously, the mechanical strain distribution can be
calculated using equations (6) and (7). The mechanical strain distribu-
tion is dominated by the measured strain distribution format due to low
temperature variations during cell formation.

As shown in Fig. 6f, the mean temperature (average of the distributed
temperature measurements over the fibre length) increased by 2.7 °C
during cell charge and remained constant until the voltage reaches a
value of 4.2 V. As the cell undergoes a constant current discharge, the
mean temperature variation was less than 1 °C until the voltage varied
from 3.4 V to 2.5 V, where the mean temperature increased by 0.6 °C.
The mean measured strain was found to be higher than the mean me-
chanical strain and follows the same trend resulting from low temper-
ature variation during formation charge and discharge steps illustrated
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in Fig. 6e.

By extracting the distributed strain obtained after the first electro-
chemical cycling from the initial distributed strain before formation, the
irreversible distributed strain of the anode is calculated and exhibited in
Fig. 6g. It is observed that the near top, middle and near bottom sections
of the anode swell, but at the same time, the sections between them, the
top edge and bottom edge experience mechanical compression after
formation. Irreversible anode structural deformation was observed
during the formation cycle, which based on [11,49,50], is attributed to
irreversible expansion of the graphite particles and solvated lithium-ion
co-intercalation.

4.3. Anode strain and SoC

The distributed strain and temperature characteristics of graphite
anode undergoes 5 consecutive cycles composing of 3C CC-CV charging
and 3C CV discharging cycles. For reference the last three cycles are
depicted in Fig. 7. Assuming that the strain at 35 °C before the third
charge is zero, the measured strain and temperature were observed to be
non-uniformly distributed along the fibre from the tab to the bottom
region of the cell, where the measured strain and temperature evolution
follow a similar pattern during these three repeated cycles. The tem-
perature gradient measured as the difference between maximum and
minimum temperature along the fibre peaked at 7.9 °C during the first
discharge of the three repeated cycles. The strain gradient measured as
the difference between maximum and minimum strains along the fibre
reached 189 pe during the first charging step. By extracting mechanical
strain from measured strain, the mechanical strain distribution is illus-
trated in Fig. 7c, in which the mechanical strain has an opposite trend
compared with the measured strain due to the high temperature varia-
tion. The distributed mechanical strain increases during lithiation and
reduce during de-lithiation, which corresponds to lithium-ion interca-
lation and de-intercalation respectively. These results indicate that the
thermal and mechanical response of the anode graphite vary spatially
and temporally along the electrode material during the 3C lithiation and
de-lithiation.

During discharge, both measured strain and temperature increase
and reach a maximum mean expansive strain (253p¢) and temperature
(44.5 °C) at the end of discharge. This is highlighted in Fig. 7e and f.
Both measured strain and temperature decrease during rest and reduce
with a slower gradient during the CC-CV charging step. On the contrary,
the mean mechanical strain increases during lithiation and reduces
during de-lithiation. This result implies that the structural deformation
of the anode is dominated by temperature rather than the lithium ion
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movement between crystal lattices during cycling further emphasising
the impact of the high temperature variation cell performance and
operating life.

In addition, by estimating the SoC calculated via column counting as
the ratio of its current capacity to the nominal capacity and the corre-
sponding instantaneous mean mechanical strain in the first cycle, the
relationship between SoC and the mechanical strain are obtained and
shown graphically in Fig. 7g. It shows that the anode reveals an exten-
sive strain increase during a decreasing current (CV) charging. The high
standard deviation obtained in the mean mechanical strain over the
fibre length results from the non-uniformly distributed strain over the
anode area from the tab to the cell bottom shown in Fig. 7g. By applying
a linear fitting equation to the plot of SoC versus mean mechanical
strain, a coefficient of 0.96 (pe/SoC(%)) is calculated that define the
gradient of the line. Applying this coefficient to the following two cycles,
by comparing the calculated mechanical strain with the measured me-
chanical strain, + 1.4 pe fitting error was achieved.

4.4. Anode strain and aging

After the initial stabilisation experiment, the cell was allowed to
equilibrate and then cycled at 3C CC-CV charging and 3C CC discharge
for 25 repeated cycles. It is observed that the trend of mean measured
strain is determined by the mean temperature shown as Fig. 8b and ¢
respectively. It is noteworthy that due to the longer time associated with
the CV stage of the charge profile, from the second to the tenth cycle, a
gradual temperature increase is seen during both charging and dis-
charging. From the tenth cycle, the temperature begins to stabilise as
shorter CV charging steps are released. This reduction in CV time is
caused by reduced capacity. By compensating for the temperature effect
of anode expansion, the mechanical strain evolution reveals a repeatable
response during lithiation and de-lithiation. The response translates to
electrode swelling during lithiation and shrinking during de-lithiation.

By assuming the measured capacity in the first CC discharge step to
be equivalent to the initial nominal capacity of the cell (100% SoH), the
mean mechanical strain and capacity evolution during the 25 cycles
(Fig. 8d) and SoH variation versus its corresponding mean mechanical
strain (Fig. 8e) are obtained. Within this context, the value of SoH is
taken as the ratio of the measured capacity to the nominal value. It re-
veals that the anode undergoes a compressive strain as SoH decreases
from 100% to 47%. This is believed to be due to the high charge rates
used which have a negative effect on the evolution of strain within the
anode. The authors believe that a contributing factor to the compressive
mean strain measured in this work is the reduction in SoH observed in
the cells under test. As the cells are continually cycled and their capacity
reduced, the period of constant-current discharge, combined with a
constant cut-off voltage, implies that the graphite particles within the
anode will become progressively more delithiated. Moreover, this
variation in strain implies that the strain generated mainly occurs at
during the early stage of cycling as shown in the Fig. 8. These results
provide a further insight into understanding the degradation mecha-
nisms of batteries as a result of electrode structural deformation.

5. Conclusions

Applying Rayleigh scattering based optical fibre sensing technique
and the single mode fibre, we demonstrated simultaneous decoding of
internal temperature and strain evolution of a pouch battery cell with
advanced spatial and temporal accuracies, an achievement previously
unattained by early efforts with optical sensing of batteries. Our
approach is further extended in numerous ways: instantly extracting
mechanical strain from measured strain by monitoring strain and tem-
perature simultaneously, operando tracking of the SEI formation and the
corresponding irreversible anode strain, in-depth assessment of anode
structural deformation together with SoC and SoH from the first for-
mation cycle and onwards, enabling the tracking of SEI formation,
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performance and cell lifetime. future battery designs. Moreover, electrode strain and temperature

Operando internal thermal and structural monitoring of a battery cell measures are vital for validation of battery stress and thermal models
can provide valuable information to further understand the mechanism and thus for a reliable battery package design that is protected from fast
of battery performance degradation, emphasising the impact caused by performance degradation.

electrode strain and temperature. Thus, this provides further charac-
terisation of electrode materials which help with the optimisation of
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6. Future outlook

Further work is required to fully validate the accuracy and robust-
ness of this embedded DFOS method relative to traditional state esti-
mation techniques. In addition to NMC-graphite chemistry, the
transferability of this approach to other cell formats and chemistries
must be validated through additional experimentation. Aside from
placing the fibres in a straight-line format in the centre of the cell,
additional research should be undertaken to understand the optimal
pattern for the fibre and the deployment approach to other components
of the cell, such as the cathode, the electrical connections inside the cell
and the cell’s packaging or housing. particularly within large format
pouch cells to improve the quality of the measurement data. This will
help in understanding localised and non-uniform aging of batteries as it
relates to special variations in heat generation and mechanical stresses.

10

Moreover, this method can be coupled with imaging techniques which
can provide capabilities that will allow researchers to monitor the for-
mation and growth of cracks within electrode particles and the growth
of dendrites in real-time due it’s advanced resolution and accuracy.
Real-time deployment of the measurement outputs may also be
embedded within future BMS control systems to provide alternative
methods of SoH estimation and the real-time estimation of internal
temperature and mechanical stress as a function of SoC. Overall, the
mathematical modelling, engineering and manufacturing communities
will benefit from the measurement data using instrumented cells. The
convergence of battery science and optical sensor engineering will be
significant improvement of battery safety, reliability, performance and
lifetime.
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