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Abstract

It remains difficult to detect internal mechanical deformation and gas-induced degradation in lithium-
ion batteries, especially outside specialized diagnostics laboratories. In this work, we demonstrate that
electrochemical acoustic time-of-flight (EA-ToF) spectroscopy can be used as an insightful and field-
deployable diagnostic / prognostic technique to sense the onset of failure. A 210 mAh commercial
lithium-ion cell undergoing thermal abuse testing is probed with in situ and operando EA-ToF
spectroscopy, together with simultaneous fractional thermal runaway calorimetry (FTRC) and
synchrotron X-ray imaging. The combination of X-ray imaging and EA-ToF analysis provides new
understanding into the through-plane mechanical deformation in lithium-ion batteries through direct
visualisation and the acoustic ToF response. Internal structural changes, such as gas-induced
delamination, are identified using EA-ToF spectroscopy due to variations in the attenuation and signal
peak shifts. This is corroborated using X-ray imaging, demonstrating EA-ToF spectroscopy as a

promising technique for detecting onset of battery failure.



Introduction

Lithium-ion batteries have been the underpinning power supply technology in modern consumer
electronics and responsible for the growth of electric vehicles (EVs) in the transport sector. As a result
of this, record forecasts for lithium-ion battery production have been chronicled in depth [1]. Moreover,
growth predictions are continually revised as efforts to reduce climate impact are made via the
development of renewable energy sources and the integration of EVs with a smart electrical grid
network [2—4]. Despite their widespread application, concerns regarding the safe deployment of

batteries across a range of challenging applications persist.

Lithium-ion batteries can generate significant amounts of heat associated with both electrochemical
reactions and ohmic losses. When the rate of heat generation exceeds the rate of heat dissipation, the
cell begins to increase in temperature and at a critical temperature, highly exothermic decomposition
reactions occur. This process, referred to as thermal runaway, rapidly degrades the anode, cathode,
electrolyte, separator and solid electrolyte interphase (SEI) [5—10] and ultimately results in catastrophic
failure of the cell. Therefore, understanding the mechanism and onset of thermal runaway is essential
for the design of safer lithium-ion batteries. Feng ef al. [11] utilised the ‘heat-wait-seek’ method with
extended volume accelerated rate calorimetry to deconstruct the sequence of events during thermally
induced failure at increasing temperature. This can be grouped into three significant temperature ranges:
at ca. 80 °C, the SEI starts to exothermically decompose. As the anode loses this protective layer, a loss
of capacity occurs via de-intercalation of lithium ions from the anode and the anode reacts with the
electrolyte producing heat. At ca. 130 °C; the rate of temperature increase slows, and the separator
begins to melt (the majority of polyolefin commercial separators consists of polyethylene or
polypropylene, which have melting points of ca. 105 °C — 180 °C depending on the grade). As the
separator melts, this causes micro ‘soft’ short circuits of the anode and cathode, thereby considerably
increasing the rate of reaction, current flow and energy delivered to the regions of short-circuit. These
local regions experience greater heating, causing further degradation of the separator. Additionally, less
thermally stable cathode materials may begin to decompose at this stage as the temperature continues
to increase. At ca. 240 °C, widespread gas generation and decomposition of the cathode, electrolyte and
polyvinylidene fluoride binder (PVDF) occurs. These events rapidly produce heat and gas until the
build-up of pressure can cause rupture of the cell casing, which is itself a highly destructive and
dangerous event [12]. During this sequence of events, it has been reported that up to 2 L of gas can be

generated per amp hour of capacity [13,14].

In this work, thermal abuse fractional thermal runaway calorimetry (FTRC) is used to analyze the
thermal evolutions as thermal runaway progresses with electrochemical acoustic time-of-flight (EA-

ToF) probing and co-incident X-ray imaging for internal mechanical changes. FTRC has previously



been used for cylindrical cell geometry calorimetry to quantify total energy released and to also discern
the heat output of ejected and non-ejected material during thermal runaway [11,15-17]. FTRC data has
also been used to support statistical assessments which describe the event-to-event variability in thermal
runaway responses for a given cell format [15]. Understanding these processes is crucial in both the
battery module design and in the development of improved battery management systems (BMS), to
minimize excess parasitic mass while ensuring that there is adequate isolation of the characteristic
gjection of heat from each cell. From a safety perspective, this second concern is vital; individual cell
failure cannot be allowed to trigger cascading thermal runaway throughout an entire module. From a
BMS perspective, understanding this process may prevent thermal runaway altogether, by electrically
isolating the cell upon detection of signature EA-ToF markers indicative of gas-induced delamination,

to prevent further degradation.

Abuse testing methods for lithium-ion batteries typically fall into three broad categories; thermal,
mechanical and electrical abuse (external or internal short-circuiting or excessive charge or discharge).
The majority of failure testing utilizes the first two [17]. A disadvantage of these techniques is that they
are unable to reliably simulate the worst-case scenarios, particularly when all the energy is ejected in a
single direction [11,17-20]; furthermore, it is difficult to determine exactly when the thermal runaway
will initiate, especially in situations of thermal abuse. Other abuse methods, such as oven tests or
accelerating rate calorimetry, have limitations in the time taken to achieve the critical temperature to
initiate thermal runaway, compared to FTRC which was used in this work. These insufficiently fast
failure tests may cause the electrolyte to evaporate due to initial venting, thus resulting in a dry electrode
assembly, possibly yielding inaccurate thermal failure insights [11]. Surface temperatures in excess of
600 °C are common during failures, which can occur within a few seconds [16,17,19]. Therefore, in
batteries, the ability to forecast and understand ruptures and failures will provide key insight into

module safety and performance [17].

In-depth insight with direct non-destructive imaging during thermal runaway has been demonstrated by
Finegan et al. [5,16,19] and Robinson et al. [21] with synchrotron X-ray and thermal imaging,
respectively. Electrochemical and structural changes have also been investigated by several authors
[22-25] using techniques such as neutron imaging and electrochemical impedance spectroscopy (EIS).
EIS has been used by Fernandez et al. [26] to quantify the degradation mechanisms (conductivity loss,
loss of active material and loss of lithium inventory) within a BMS; however, limitations in accuracy
exist which are dependent upon the measurements and models [27]. Moreover, EIS measurements are
affected by environmental and operating conditions, including temperature, C-rate, state-of-charge
(SoC), depth-of-discharge (DoD) and cabling configuration. Furthermore, models can require complex

computation for a limited operating range of conditions.



EA-ToF spectroscopy is applicable when materials are not stressed in tension or compression beyond
their elastic limit. In this work, an ultrasonic wave is used to apply a force into component materials
within a pouch cell within their elastic limit, ensuring a repeatable and valid characteristic spectroscopy.
The relationship between the speed of sound (¢) of the ultrasonic wave used in EA-ToF spectroscopy,
is dependent upon elastic modulus (£) and density (p), as defined by the Newton-Laplace equation
(Equation 1).

c= |— (Equation 1)

The difference in time-of-flight (ToF) between interfaces is also dependent on the thickness of each
layer, with a thicker layer producing a proportionately delayed ToF. Hsieh et al. [28] have previously
discussed the importance of material density on acoustic wave propagation in electrode assembly
materials. Robinson et al. [29] inferred changes in the ToF, and thereby the location of the electrode
from the transducer as a result of changes in the acoustic signal at the same SoC. Further EA-ToF work
conducted by Robinson e al. [30] characterised behaviours induced during cycling of lithium-ion pouch
cells at a range of C-rates, such as potential stresses in the electrode. In addition to ToF shifts, another
important change in EA-ToF spectroscopy is the attenuation in acoustic intensity. When the ultrasonic
signal is transmitted through each layer of material, the wave is scattered, reflected and absorbed to
different extents. The acoustic impedance of a system, 47, as a function of the change in density, 4p,

and the elastic modulus, £, is given by:

AZ = \/|Ap|E (Equation 2)

Gas exhibits significantly higher attenuation than liquids or solids as it is very poor at transmitting
ultrasonic signals. This is shown as a reduction in acoustic intensity or loss of reflected signal during
EA-ToF analysis. Galushkin ef al. [31,32] investigated the generation of gases within an electrode
assembly during cycling including their contributions to thermal runaway, these gases and phases
changes within an electrode assembly would be identifiable with acoustic spectroscopy. As the lack of
propagation of the ultrasonic wave pulsed by the transducer and the change in density at the interfaces

of different phases would exhibit high attenuation and delay in ToF.

Hsieh et al. [28] have demonstrated that EA-ToF has the capability to determine SoC and state-of-
health (SoH) of pouch cells at low C-rates (0.2 C, 0.1 C, 0.05 C), given prior acoustic measurements
and voltage correlation to deduce relative ToF shift. Models developed by Davies et al. [33] displayed

robustness in predicting SoC to 1 % accuracy for both intact and damaged cells. Additional models by



Davies et al. [33] evaluated SoH by comparison of EA-ToF measurements at full charge after 20 cycles,
also displayed similar accuracy. Spatially resolved acoustic ToF characterisation by Robinson et al.
[29] has shown promise in probing the internal structure as a function of SoC. Other acoustic techniques
using guided waves of an order of magnitude lower in frequency have probed the SoC and SoH of cells
[34,35]. Ladpli et al. [35] used algorithms to decompose the acoustic waveforms into simpler
constituents to analyse the acoustic-electrochemistry phenomena in order to predict SoC and SoH. Gold
et al. [34] have also utilised ultrasonic waves at 200 kHz to resolve SoC determination over one cycle.
The use of the lower frequency signals facilitated the characterisation of a graphite electrode by analysis
of arrival times of the slower, compressional waves at different SoC. Previous work conducted by the
authors [30] has demonstrated temporally resolved EA-ToF spectroscopy as a correlative proxy for
determining the effects of high-rate cycling and identifying electrochemical stiffness effects in batteries.
However, there remain uncertainties regarding the mechanisms which cause structural degradation; an

indication of the onset of failure, which have not to date been characterised by EA-ToF analysis.

In this paper, electrode delamination and gas formation in lithium-ion batteries is investigated using
coupled EA-ToF spectroscopy and X-ray imaging. These events are known causes of cell degradation
and precursors to the onset of thermal runaway. Gas-induced delamination in a planar electrode
assembly is prominently visible via EA-ToF spectroscopy due to the significant changes in the
measured attenuation and shift in the waveform peak location. Laboratory and synchrotron X-ray
imaging with X-ray CT are used to highlight the internal phenomena which occur during defect driven
gas-induced delamination and thermal abuse FTRC and to provide correlative validation. The paper is
split into two parts, the first demonstrates the application of laboratory X-ray imaging with EA-ToF
spectroscopy to identify gas formation in a cell cycling under normal conditions; the second utilises
EA-ToF spectroscopy with high-speed synchrotron imaging to observe and characterise thermal

runaway.

This is the first time to the authors' knowledge where acoustic spectroscopy and X-ray imaging have
been effectively combined to explore the performance and failure of Li-ion batteries. The techniques
used in concert provide unique insight into the gas induced delamination and are subsequently used to
explore the nucleation and propagation of failure. Understanding, and improving the safety of Li-ion
batteries remains a critical challenge, and therefore we anticipate this work will have a significant
impact across the battery community; providing new fundamental insight into the failure process, and

a platform of new capabilities for future studies of thermal runaway behaviour.



Experimental

Acoustic ToF integrated calorimetric set-up

Acoustic spectroscopy analysis using ultrasonic testing is based on propagation and reflection of sound
waves through materials. When applied to electrochemical power systems the approach is generally
referred to as EA-ToF spectroscopy, and was first demonstrated for battery applications by Steingart et
al. [28,33] . In this work, ultrasonic waves are transmitted perpendicular to the electrode layers. Figure
1 shows how the ultrasonic signal reflects off each layer which provides the ToF difference, At or the
characteristic response. These reflections which are picked up by the transducer give rise to the

waveform signal peaks shown in Figure 1b.
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Figure 1: (a) As the ultrasonic pulse propagates through each layer, each interface produces an observed
reflection, with insight into evolution of structural properties that correspond to SoC and SoH, given by the
attenuation and observed ToF shift. An ultrasonic pulse which is at an angle to the electrode layers has been used
to clearly show the ToF difference in the reflected wave, which is the response sensed by the transducer. (b) The
initial waveform at the start of the experiment from Figure 3, this data set is a static acoustic ToF response with
continuous acquisition providing the ToF shift analysis. EA-ToF data is plotted as a spectrogram for time-

resolved analysis with the correlative X-ray imaging and X-ray CT.

All acoustic ultrasound ToF measurements were obtained via an Olympus Epoch 650 ultrasonic flaw

detector (Olympus Corp, Japan) with a pulse-echo contact transducer (M110-RM, Olympus Corp,



Japan). The 6 mm piezoelectric transducer element is capable of frequencies up to 5 MHz, with the
chosen frequency of 2.25 MHz used for all measurements. Couplant suitable for high temperature
applications (H-2, Olympus Corp, Japan) was applied to maintain interfacial contact between the cell
and transducer to facilitate propagation of the ultrasound wave into the cell. Constant pressure was
applied behind the transducer during simultaneous X-ray imaging. Operando laboratory X-ray imaging
was conducted with a 200 g weight placed on top of the sensor. During synchrotron fractional thermal
runaway calorimetry, a compressive force of ca. 27 kg (82.74 N-cm™ measured by a torque wrench,

correlating torque to compression) was applied. The experimental set-ups are shown in Figure 2.
(a)

X-ray source 210 mAh cell with acoustic transducer on top Flat-panel array detector

|
Rotary Stage

(b) Compressive pouch cell plates
exertng 27kg of force 210 mAh cell
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Figure 2: (a) A simple schematic of the experimental set-up used in the Nikon XT H225 to produce simultaneous
acoustic spectroscopy and X-ray imaging. (b) 3D rendering of the ultrasonic transducer in the pouch cell

calorimeter cell chamber stack under compression.



The magnitude of the measured reflected ultrasonic signal by the transducer is determined by the gain
magnification, which was set at 60 dB. The voltage applied to the piezoelectric transducer was 200 V.
The resolution of each waveform data sample, with 495 discrete mapping points equally spaced across
the range of 10 ps, provides a ToF resolution of 20.2 ns for each data point. The ultrasound waveform
data was transferred from the Epoch 650 through an RS232 connection and output files acquired by an
open-source Python code described in previous work by Steingart et al. [28,33,36].

A pouch cell calorimeter was designed to accommodate thermal, mechanical and electrochemical abuse
for a range of pouch cell dimensions (up to 50 mm X 50 mm). The temperature was measured at the
surface of the cell with type-K thermocouples. The experimental set-up [Figure 2(b)] served multiple
purposes; the bores seen in Figure 2(b) were fitted with heater cartridges which provided heat to initiate
failure. The compressive plates containing the heater cartridges ensured more effective thermal contact
between the heated plates and the surface area of the cell through the duration of the test. This also
counteracted any insulation effect of gas generation which may reduce thermal conductivity between
the heater cartridges and the cell. This facilitated reliable initiation of thermal runaway as the active
materials within the cell could be reliably heated until failure occurred as swelling due to gas production
did not occur at the cell-compression plate interface. This compression also ensured that EA-ToF
probing was possible throughout the duration of the test as gas accumulation did not occur through the
acoustic probe plane, which caused loss of signal shown in Part I, where no compression of the cell was

used.

Commercial 210 mAh LiCoO; cathode pouch cells with a graphite anode (PL-651628-2C, AA Portable
Power Corp., CA, USA) were charged to 4.2 V using a constant current, constant voltage (CCCV)
protocol. The constant current charge was performed at 0.5 C with the voltage then held constant at 4.2
V until the current dropped below 0.05 C. The cell was then left at open circuit potential for 20 min
before being put into compression plates for failure testing. During calorimetry testing, failure was
induced at different heat fluxes to provide varied insight into the processes of thermal abuse leading to
thermal runaway, which may have different time constants. Heating was applied using heater cartridges
inserted into the compressive plates seen in Figure 2b. Heating was switched off immediately after the

onset of widespread thermal runaway which was observed using X-ray radiography.

Electrochemical testing was achieved using a Gamry Interface 1010E potentiostat (Gamry Instruments,
Pennsylvania, USA). During defect identification cycling, the cell CCCV cycling was conducted at 0.5
C constant current, from ca. 3.6 V to 4.2 V, then using a constant voltage protocol until the current cut-

off of 0.1 C. Discharge cut-off was 2.75 V, with a discharge current of 0.5 C.



X-ray radiographic imaging:

Laboratory-based X-ray radiographic imaging was conducted using a Nikon XT H225 (Nikon
Metrology, UK), with a 2K x 2K PerkinElmer 1620 Detector; this was performed simultaneously to the
EA-ToF measurements. The imaging parameters were chosen to ensure appropriate X-ray penetration
of the cell as well as sufficient contrast to show gas-induced delamination and other structural changes.
An accelerating voltage of 130 kV and a current of 70 pA were used. No filter was used and one frame

per second (fps) radiograph acquisition was achieved with a pixel resolution of 5.55 um.

High-speed X-ray radiography at 20 fps and 580 ps exposure time was performed at the 112 beamline
[37] at Diamond Light Source (DLS), the radiography was used to capture the transient internal
architecture throughout testing, whilst simultaneously capturing EA-ToF data. The cells were imaged
under a 74 keV monochromatic parallel beam with a pixel size of 16.26 um and a field-of-view (FOV)
of 20 mm x 12 mm (Horizontal x Vertical). A Gd3GasO> (GGQG) scintillator and Miro 310 detector

were used for all high-speed imaging experiments.

Selected frames highlighting the significant structural evolution during gas formation and thermal
runaway from these radiographic videos are shown in this paper, with the videos illustrating failure

provided in the Supplementary Information.

X-ray micro-CT:

Non-destructive X-ray Computed Tomography (CT) was conducted using two systems, a Nikon XT H
225 (Nikon Metrology, UK) and a Zeiss Xradia 520 Versa (Carl Zeiss, USA). Both CT systems utilise
a tungsten target. The accelerating voltages and beam energy were selected based on the attenuation of
the samples and the contrast of materials. Radiographs were obtained at incremental angles while
rotating the vertical axis in the middle of the region of interest. These acquired radiographs were
subsequently reconstructed using commercial software packages (CT Pro 3D and Zeiss
XMReconstructor for Nikon and Zeiss CT systems respectively), which use algorithms based on the
standard filtered back-projection or the Feldkamp-David-Kress (FDK) method. Collection parameters

are described in Table 1.



Table 1: Imaging configurations for X-ray CT.

Exposure
System Voxel Size FOV
Time
Nikon XT 40 x 40
24.5 pm Is
H 225 mm
Zeiss Xradia
520 Versa 10 x 10
7.7 pm 25s
(0.4 x mm
magnification)

Accelerating

voltage

180 kV

160 kV

Power

18.5W

10 W

Filter = Projections

1 mm
3176
Cu
N/A 3201

Post collection segmentation and visualisation of the reconstructed tomograms were processed using

Avizo Fire 9.5 software (Thermo Fisher Scientific, France).



Results and Discussion

Laboratory Imaging

A static cone-beam tungsten source was used for the laboratory X-ray imaging; as a result, layers that
were horizontally co-incident or parallel to the centre of this beam were much brighter in the radiograph
due to the lack of flat-field corrections applied to radiography. In each of the frames seen in Figure 3,
the brighter horizontal layer co-incident with the centre of the X-ray beam was used as a reference point
due to the stationary source and a fixed sample holder below the cell. As the cell was discharged at 0.5
C, a greater proportion of the cell above this reference point was observed and therefore it can be
observed that the pouch cell experiences mechanical expansion, which is corroborated by a reduced
proportion of the transducer in the FOV. At 162 min, delamination of the electrode layers under the
sensor and gas generation can be observed and correlated with the loss of ultrasonic signal. Correlating

EA-ToF spectroscopy are seen in Figure 5.

Acoustic
Transducer

Gas induced delaminations

Time = 0 min 3 mm Time = 162 min

Figure 3: Radiographs depicting the expansion of the pouch cell layers, with the horizontal bright-line being the
centre of cone-beam with no incident angle. The radiography video can be seen in Supplementary material. (a)
Initial radiograph from which relative comparisons were made. (b) Gas-induced delamination during discharge

observed.

The acoustic spectrogram shown in Figure 4 represents the individual EA-ToF snapshot data acquired
throughout the duration of the experiment with the amplitude of the waveform depicted by the colour-
map key. Given the nature of the acoustic response signals, the first horizontal white line (located at ca.
0.625 us — 1.25 ps seen in Figure 4(a)) describes the initial saturation of the transducer which does not

change with time. The subsequent red lines provide information pertaining to the first electrode and



subsequent material interfaces until a ToF of ca. 7.5 us, where the sensed ultrasonic wave reflections

are echoed.
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Figure 4: Acoustic ToF spectrogram plotted with respect to experimental duration which can be correlated to
voltage or SOC, the characteristic wave amplitude is shown by the colour scheme. Shifts in ToF through the
battery were observed; with significant changes at ca. 40 min, 45 min and 230 min. The highly reflected first wave
consistent throughout all ultrasonic measurements and observed at ca. 1.3 us. At ca. 7.5 us, the first echo of the
reflected signals appears, with a fainter second echo at ca. 14.9 us. The acoustic amplitude is displayed in

arbitrary units.



Previous work [30] with this commercial 210 mAh cell has seen consistent and reliable operation when
cycled within the specified operating parameters of voltage, current and temperature. ToF shifts and
attenuation associated with density changes due to lithiation and delithiation are immediately
observable and have been explained previously [30]. However, in this experiment, the cell was cycled
with a constant force applied behind the transducer. Gas formation and mechanical delamination was

observed in both X-ray imaging and EA-ToF spectroscopy.

Initial indicators of gas generation were observed with EA-ToF spectroscopy [Figure 4], as the cell was
cycled. An intermittent appearance of the internal electrode layers at ca. 6.25 us ToF can be observed
during the duration of the experiment. The final two layers of the electrode assembly, observed with
EA-ToF spectroscopy disappeared and reappeared. This can be ascribed to gas generation and then gas
movement away from the EA-ToF probed region because of the additional force behind the transducer.
This gradual accumulation and movement of gas reduced the acoustic amplitude, which is reflected in

the diminished intensity of the colour in Figure 5.

A further indication of the formation of gas was the fluctuation in the intensity of the waveform at ca.
140 min, represented by the acoustic amplitude (measured in arbitrary units, AU) — which decreased
from approximately 96 to below 32, as highlighted in Figure 5. At the start of the experiment, at ca.
6.25 pus ToF, there was a clear reduction in the acoustic intensity (ca. 24 AU). This intensity fluctuated
throughout the experiment; the signal was lost intermittently and gradually declined in acoustic intensity
(ca. 12 AU at 140 min). This intensity drop was also observed at the two EA-ToF reflected peaks
adjacent to the 2.5 ps ToF (seen as red adjacent lines either side of the 2.5 us ToF marker).

At 230 min, a second more apparent feature is observed in Figure 4, after a rapid increase in ToF, loss
of signal was observed. This coincided with decreased acoustic intensity of reflections of the layers
close to the acoustic sensor beforehand (at 2.5 pus ToF and from 150 min to 230 min). This can be
attributed to the formation of gas during cycling. This was a key indicator in cell failure, as previous
literature has shown the onset of gassing within the cell predicates actual thermal runaway and ejection
of material [19,38]. There were portions of the transducer which could successfully transmit and sensed
the reflected signals and some which did not. This lack of homogeneity in the gas, liquid and solid
phases with the electrode assembly was responsible for the presence of acoustically visible electrode
layers further away but not those adjacent across the surface area of the transducer as the transducer

averaged the reflected signal sensed across its surface area.

The region of interest where acoustic ToF measurements were taken [shown inset in Figure 5], was
observed and shown as an orthogonal slice from the reconstructed tomogram of the electrode layers

before degradation and after gas generation. At the start of the experiment, the uniformity of the



electrode layers at the centre of the cell is evidenced by the inset cross-sectional orthoslice [Figure 5(a)],

which was also reflected in the acoustic data [Figure 5].



(c) Gas bubbles caused by
outward gas diffusion

Regions of gas

formation with

electrode layer
delamination

Figure 5: (a) An X-ray orthoslice cross-section of the cell prior to cycling and failure, the EA-ToF probed region

is shown inset. (b) An X-ray CT of the 210 mAh lithium-ion pouch cell before the detection of defect or failure.
(c) Post-mortem X-ray CT of the region of interest, which was probed via EA-ToF spectroscopy during cycling.
The highly attenuating gas pocket at the edge of the pouch cell, outside the electrode assembly and within the
outer casing, is responsible for the loss in the acoustic signal. This provided visualisation via CT after gas-induced
delamination with regions of interest depicted. (d). Side profile of the acoustic region of interest, with the location
of the orthoslice provided. (e). Orthoslices highlighting some of the mechanical defects and features visible via
acoustic ToF. Scale bar used in (c) applicable to (d) and (e). XCT acquisition parameters can be found in Table
1.



Figure 5 highlights multiple instances of electrode delamination as well as accumulation of the gases
produced at the surface of the electrode assembly in contact with the polymer cell casing after cycling
was completed. Comparison of X-ray CT before [Figure 5a and Figure 5b] and after failure [Figure 5Sc,
Figure 5d and Figure 5e], shows the increasing delamination of the electrode, with the defects and gas
regions circled in Figure 5. Additional comparison between the acoustic and X-ray imaging data,
highlighted that these regions were nucleation sites for gas formation. Throughout the duration of the
experiment, the trend of fluctuating acoustic amplitude throughout the ‘deepest” EA-ToF observable
electrode layers, can be attributed to gas formation and later movement away from the EA-ToF probed
region. This was due to the 200 g weight applied to the transducer which slowly forced the gas laterally,
away from the probe. Eventually, gas generation and diffusion of gas through the electrode layer

resulted in macroscopic gas accumulation between the electrode layer and the cell casing.



Correlative Synchrotron Imaging

To further evaluate the value of EA-ToF spectroscopy to characterise thermal runaway, co-incident
high speed X-ray imaging and EA-ToF probing was conducted at a synchrotron facility during thermal

abuse testing of two identical cells to those used in the laboratory tests described above.

Radiography captured the failure process of both Cell 1 and Cell 2 [Figure 6(a) and Figure 6(b)
respectively] in the two thermal runaway tests conducted. This provided insight into correlating acoustic
signatures shown in EA-ToF spectroscopy with internal phenomena seen by X-ray imaging and post-
mortem CT. Due to the experimental set-up in a synchrotron experimental hutch, the acquisition of the
EA-ToF data commenced at experimental time = 0 s; however, X-ray imaging started later due to safety
protocols to ensure no personnel were present in the experimental hutch. Thus, the onset of thermal
abuse via the heater cartridges occurred several min (ca. 6 min 20 s and ca. 4 min 30 s for Cell 1 and
Cell 2 respectively) into the experiments when both EA-ToF probing and X-ray imaging data could
both be acquired simultaneously. For Cell 1, heating started at 6 min 20 s in the first thermal runaway
experiment seen in Figure 6(a-i). The structural changes seen in Figure 6(a-ii), recorded at 20 fps, and
were correlated with the ultrasonic ToF reflections sensed by the transducer in Figure 7(a). After 6 min
35 s, shown in the Figure 6(a-ii), mechanical deformation of the layers adjacent to the transducer was
observed, which preceded local gas formation. The shadow which is seen to appear adjacent to the face
of the transducer [Figure 6(a-ii)] indicates the disintegration of the laminar electrode format, thus less

distinct and high contrast edges are seen in Figure 6(a-i).
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Figure 6: (a) Selected radiography frames from Cell 1 highlighting significant structural changes during thermal
runaway in the first failure test. The pouch cell calorimeter was at an angle to the X-ray beam path during this
first test, hence the visible screw next to the transducer and the left-hand side of the cell was covered by some of
the aluminium compression plate. Delamination and gas generation predicated the initiation of widespread
thermal runaway. Thermal runaway, the ejection of gas and material and the subsequent recompression of the

cell are shown in the four frames. (a-i) Heating has been applied for a minute and minor delamination was



observed, this radiograph can be used as a reference for significant changes induced due to thermal abuse. (a-ii)
After 2 min 10 s of heating, the first major signs of delamination can be observed. (a-iii) Widespread gas
generation and thermal runaway occurred. (a-iv) Thermal runaway and gas generation ended, the compressive
pouch cell chamber stack has forced the electrode layers together. (b) The radiography of Cell 2 during the second
thermal abuse test conducted at a higher heat flux in the aluminium plates of the 210 mAh commercial lithium-
ion cell. (b-i) At 6 min 57 s, the cell has expanded with increasing temperatures as heating had been applied for
ca. 30 s. (b-ii) Formation of the gas phase was visible. (b-iii) Onset of widespread thermal runaway caused further
gas generation. (b-iv) Widespread thermal runaway and gas generation which led to pressure build-up and

eventually ruptured the cell casing.

The onset of widespread thermal runaway of Cell 1 during the first experiment was seen in the third
radiograph frame [Figure 6(a-iii)]. Through the X-ray visible plane, the entire electrode assembly
exhibited delamination. Thermal decomposition of the LiCoO- cathode, electrolyte and other active
material was seen as fracture of the electrode assembly with rapid gas generation. The gas-induced
delamination observed throughout the cell, caused the pressure to peak as observed by the maximum
swelling of the cell. The increased pressure due to gas generation, coupled with the force of the
compressive plates resulted in a breach of the external casing of the cell. These dynamic structural

evolutions were are apparent in Supplementary Movie 2.

After 9 min 45 s, thermal runaway had concluded, with no generation and ejection of gas and no ejection
of material. The compressive plates applied continual force to the transducer to ensure perpendicular
movement of gas to the ultrasonic imaging plane and allowed the layers to be acoustically propagative
as well as preserving the intimate contact of the cell-transducer interface. Thermal runaway caused the
electrode to compress in a deformed manner. This reduced distance between electrode layers was
correlated and seen in Figure 7(a) after 10 min, as the reduced distance between electrode layers has

yielded a greater acoustically visible depth and higher acoustic amplitude.

For Cell 2, in the second thermal runaway experiment seen in Figure 6(b), heating started at ca. 4 min
20 s [Figure 6(b)]. The electrode rupture can be observed in Figure 6(b-ii) from the gradual formation
and accumulation of the gas from exothermic decomposition of the materials, which was not as severe
as previously seen in Figure 6(a). This rupture occurred in the EA-ToF probed region and therefore was
reflected in a slower progression in the delay of the ToF shift in Figure 7. In Figure 6(b-ii), the initial
formation of gas visible in the X-ray and acoustic FOV correlated with the acoustic ToF shift at 11 min

32s.

Despite the greater heat flux applied to Cell 2, a less violent failure was observed; as shown by the

predominantly intact electrode assembly with a gaseous void at the end of the experiment. This is due



to the greater temperature gradient from the heater to the entire battery and the temperature gradient
across the battery, as a result of the greater heat flux. The high heat flux resulted in a higher local cell
temperature adjacent to the cartridge heater, which caused local thermal runaway but did not allow

enough time for the entire cell’s contents to reach the critical temperature.

Given the compressive force provided by the experimental set-up [Figure 2(b)], the ultrasound wave
propagated further through the pouch cell, therefore, more layers of the electrode assembly were
identified without saturation of the transducer’s reflection sensor or increasing the sensor’s FOV. In
addition, the initial four layers experienced a greater acoustic amplitude and a reduced ToF between the
characteristic waveform peaks seen in Figure 7(a) and 7(b). This can be explained by the compressive
force applied, which reduced the acoustic amplitude losses between interfaces. Consequently, this

improved propagation of the ultrasonic signal as there was improved interfacial contact between layers.
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Figure 7: (a) EA-ToF spectrogram of Cell 1 during the first failure test, with highlighted regions of interest during
induced thermal runaway of a 210 mAh commercial pouch cell. This spectrogram corresponded to the
radiography shown in Figure 6(a). Onset of heating at approximately 6 min 20 s into the test. (b) EA-ToF
spectrogram of Cell 2 during the second failure test, with highlighted regions of interest during thermal runaway
of a 210 mAh commercial pouch cell in the second test, corresponded to the radiography shown in Figure 6(b).
Onset of thermal runaway at approximately 4 mins 20 s into the test with the main features of interest identified

on the AS plot. The acoustic amplitude is displayed in arbitrary units.



During the gradual thermal abuse of Cell 1, the onset of heating is clear ca. 6 min 20 s into the test as
shown in Figure 7(a), as there is a distinct trend of delayed ToF of the ultrasonic wave due to cumulative
propagation through the previous layers. This was attributed to decreasing density with increasing
temperature and therefore poorer propagation via molecules, which are further apart at greater
temperatures due to greater kinetic energy. Consequently, this reduced the ultrasonic wave velocity
through the solid electrodes which caused delays in propagation and reflection of the ultrasonic signal
therefore a trend of delayed ToF during heating before thermal runaway. Microscopic gas formation
and delamination of the electrode which causes expansion or spatially divergent electrode material was
visible during radiography at every layer of the pouch cell seen in Figure 6(a-iv) with the layers seen
by EA-ToF spectroscopy, contorted away from the transducer on the right-hand side. The onset of
widespread macroscopic gas generation is labelled at 8 min whereby widespread gas generation and
rupture of the cell occurred. This gas-induced delamination contributed to the reduction in the ultrasonic
wave velocity through the cell, which was exhibited in the ToF for each subsequent electrode layer,
thus the cumulative effect of this delay was more apparent for the layers at greater ToF. As the cell
progresses through thermal runaway despite the removal of heat at ca. 8 min, the significant gas volume
which had formed internally away from the transducer, did not propagate the ultrasound wave and thus
no reflection of the attenuated waves is observable despite the very high compressive force. Gas
formation begins to occur throughout the cell and once the gas phase reaches a significant volume, each
subsequently reflected wave declines in acoustic amplitude with a general trend of delayed shift in ToF.
At later experimental duration, these reflected waves no longer appear as the gas propagation
progresses. After ca. 8 min, the significant volume of gas has caused maximum expansion of the pouch
cell, whereby the internal pressure causes the pouch cell to burst. The constant compressive force
applied by the pouch cell chamber coupled with the lack of internal pressure after the cell ruptured and
gas ejected, allowed visibility of electrode layers further away from the transducer. The highly
compressed pouch cell, which has ruptured and ejected gas, seen in Figure 7(a) after ca. 10 min, as

thermal runaway has passed and thermal decomposition to produce gas has stopped.

Initiation of failure of Cell 2 during the second thermal runaway test can be identified with heating
induced and observed at ca. 4 min 30 s, as a result of thermal decomposition of the electrolyte and
density changes of the active material. Consequently, this exhibited a characteristically similar trend
and change in waveform as shown previously in Figure 7(a). It is suspected that due to the higher
heating rate applied to Cell Two, the heat was not uniformly distributed to the active material within
the cell hence the longer duration of widespread thermal runaway and a gradual mechanical expansion
of the electrode assembly. Once the onset of failure had occurred, thermal abuse was stopped and the
process of failure was extended compared to the first abuse test. More gradual heating applied to Cell
1 during the first failure test ensured a lower temperature gradient across the cell and between the cell

and the heat cartridges, thus all the active material within Cell 1 was at a higher average temperature



than Cell 2. This higher temperature gradient between the heater cartridges and the cell and across the
active material of Cell 2 was reflected in a slower propagation of thermal runaway and a less
catastrophic failure probed by the acoustic transducer. This was observed via a more gradual ToF shift
seen in Figure 7(b). This highlighted the difference in rate of loss of acoustic signal — which was seen
to a much greater extent in Figure 7(a). However, as a consequence of the slower thermal runaway
dynamics of Cell 2, the gas generation lasted longer and there was a longer time during which reflected

ultrasonic signals were absent (ca. 11 min to 16.5 mins).

For Cell 2, an interesting phenomenon was observed at the electrode layer initially situated at 2.05 ps
ToF, which began to split around 6 min. During the onset of thermal runaway, gas was observed to be
generated between the anode and cathode with radiographys; this is mirrored by the splitting of the single
peak reflected wave shown and circled in Figure 7(b). The greater retention of the electrode structural
integrity seen in Figure 6(b), which was reflected in acoustic measurements with a less sudden shift in
ToF of the electrode layers adjacent to the cell, visible at low ToF. The progressive disappearance of
reflected ultrasonic waveforms from a later ToF to an earlier ToF is suspected to be due to layers further
away being hidden by macroscopic gas formation during thermal runaway and later rupture of the cell

which caused widespread loss of EA-ToF visible electrode layers.

It is difficult to quantitatively evaluate the degree to which ToF and attenuation have been affected by
the gas phase. During thermal runaway, the dynamic fluidisation of the electrode assembly, especially
with the transient nature of the composition of this gas-phase at different phases of thermal runaway
rapidly changes due to the different extent of reactions and number of reactions that can occur. Later
accumulation of the gas phase due to macroscopic gas generation and movement to the external surface
of the electrode assembly but within the aluminium casing of the cell, formed a gas layer which
attenuated the ultrasonic wave significantly. Consequently as loss of acoustic signal was observed in
Figure 4 at ca. 230 min. This physical phenomenon was also observed in Figure 7 before the ejection
of gas and material in thermal runaway before recompression due to the plates of the pouch cell

calorimeter chamber.
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Figure 8: Radiography and tomography of Cell 2 after thermal runaway where: (a) top, (b) middle, (c) bottom
are the corresponding orthogonal slices illustrating the gas formation regions in line with the ultrasonic
transducer. This EA-ToF probed region is ca. 6mm in diameter. (d) An internal and external view of the cell with

the side profile view of the damage caused by pathway formed for gas and material ejection shown inset (e).

The remains of Cell 1 were insufficiently intact for post-mortem CT. Thus, only the tomogram of Cell
2 from the second thermal runaway experiment cell is seen in Figure 8. The internal pouch cell
architecture was assessed with post-mortem tomography, for which the Nikon CT imaging
configurations can be found in Table 1. Reconstruction and visualisation with Avizo 9.5 software,
exposed the mechanical damage during thermal runaway. There were some internal un-combusted
remains of the cell electrode assembly which have remained intact, primarily the highly attenuating
cathode and copper current collector, which were visible on the acoustic transducer side of the cell and
on the left side in the radiographs. The damaged electrode layers and ejection of material was stark on
the highly attenuating cathode layers, with the two furthest layers from the transducer undergoing

complete delamination and structural collapse.

The encapsulated gas volume observed due to the loss of material by ejection seen in Figure 8(d),
reinforced the loss of acoustic signal at later ToF. Ejected material was seen on the external far side of
the cell with some globules of previously melted material visible. The fragmented structure supported
the hypothesis of loss of reflected ultrasound signal depth due to a lack of transmission through the gas

gap seen in Figure 8.



The EA-ToF probing analysed in Figure 7 was correlated with time to the X-ray imaging, which
produced radiographs shown in Figure 6. The expansion of the electrode layers and attenuation of the
acoustic signal was observed in the radiography seen in Figure 7. The expansion of the electrode layers
during cycling, gas-induced delamination and gas formation throughout the three experiments detailed

here were consistent with the ToF delay in the acoustic spectrogram and X-ray imaging.

Conclusions

In-situ and operando EA-ToF spectroscopy has been demonstrated to be a robust tool in identifying gas
formation and probing mechanical deformation within cells, which has been coupled with X-ray
radiography and CT to provide a comprehensive tool for cell failure analysis. Through-plane,
temporally-resolved structural changes contributing to the onset of degradation and failure have been
identified using EA-ToF spectroscopy. These sequences of events causing mechanical failure have been
linked to degradation in electrochemical performance, capacity retention and thermal response. /n-situ
X-ray imaging and ex-situ X-ray CT confirmed these observations, which were also corroborated with

the principles of EA-ToF spectroscopy.

Due to the propagative properties of ultrasound through different phases such as attenuation and wave
velocity, integration into battery management systems would allow direct measurement and analysis of
the onset of gassing within complex modules; as well as SoC, SoH and electrochemical performance.
Gas formation and delamination are prime indicators of impending thermal runaway, which could be
prevented with acoustic analysis implemented in the BMS, with a spatially resolved array of transducers
offering potential for prognostic, temporally resolved, in-situ and operando ultrasonic-based analysis.
However, limitations arise in precisely quantifying the attenuation and ToF shifts compared to the

theoretically expected values.

EA-ToF spectroscopy has potential as a powerful, non-destructive and field-accessible technique which
would see applications in EV battery modules on-board or in-line metrology during battery manufacture

or evaluation for second-life/recycling.
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