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Online Acoustic Emission Sensing of Rechargeable Bat-
teries: Technology, Status, and Prospects

Inti Espinoza Ramos,** Amina Coric,”¥, Boyang Su,® Qi Zhao, Lars Eriksson,? Mattias
Krysander,” Annika Ahlberg Tidblad,% and Leiting Zhang*“

Online acoustic emission (AE) sensing is a nondestructive method that has the potential to be
an indicator of battery health and performance. Rechargeable batteries exhibit complex mechano-
electrochemical behaviors during operation, such as electrode expansion/contraction, phase tran-
sition, gas evolution, film formation, and crack propagation. These events emit transient elastic
waves, which may be detected by a piezoelectric-based sensor attached to the battery cell casing.
Research in this field is active and new findings are generated continuously, highlighting its potential
and importance of further research and development. This Review provides a comprehensive analysis
of AE sensing in rechargeable batteries, aiming to describe the underlying mechanisms and potential

applications in battery monitoring and diagnostics.

1 Introduction

Rechargeable batteries are accelerating the energy transition of
our society. The demand for effective monitoring of battery health
is critical to designing high-performance, enduring, and safe en-
ergy storage devices for electric vehicles (EVs) and grid energy
storage. Operando characterizations offer valuable insights into
the battery’s health during operation. However, they often rely on
invasive methods, necessitating access to internal battery struc-
tures or bulky characterization equipment, hence limiting their
commercial applicability.

Acoustic emission (AE) sensing has emerged as a promising
nondestructive and cost-effective technique, allowing for online
monitoring of the battery health. Here, online sensing refers to
continuously or periodically monitoring and collecting data from
the system in real-time. AE signals may originate from phase tran-
sition, particle cracking, electrode fracture, gas bubble bursting,
and film formation. By applying the AE technique, it is possible
to identify AE events in real time without interrupting the nor-
mal function of the battery cell. Several studies have explored
the use of AE sensing with electrochemical performance metrics
to estimate and predict the state of charge (SOC), state of health
(SOH), etc., of commercial cells. 2B These cells, used in real appli-
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cations, often have a complex cell format. Transient elastic waves
generated within these cells must travel through various materi-
als and mediums to reach the sensor. This variation in materials
complicates wave propagation, making it more challenging to ac-
curately assess AE response. Hazards such as thermal runaway,
short circuits, and capacity fade highlight the need for a battery
diagnostic technique. AE can correlate its signals with degrada-
tion phenomena, enabling timely interventions. Once integrated
into a battery management system, it can provide early warn-
ings and improve overall battery safety and performance. This
includes operating and measuring AE parameters alongside other
measurements during abnormal events, such as heat, mechan-
ical loading,”7 and electrical abuse.® Aging indicators, such as
absolute energy and cumulative hits, can be used as intermediate
variables to estimate and predict the SOH of a battery?.

The aim of this Review is to present a state-of-the-art sum-
mary of the AE technique for battery health monitoring. It be-
gins by introducing the principles and experimental practices of
the technique. Then, it dives into various battery chemistries for
which the AE technique has proven effective in identifying critical
mechano-electrochemical degradation processes, including Na-S,
Ni-MH, Li-ion, Na-ion, and Li-S batteries. Finally, the paper high-
lights several remaining challenges for the development of the AE
technique for battery health monitoring and offers a roadmap for
future research and possible directions to better cope with more
complex real-world scenarios, such as commercial battery cells
for EVs.
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2 Introduction to acoustic emission

AE sensing is a nondestructive technique used to detect transient
elastic waves produced by the rapid release of energy from local-
ized sources within a material. It has been widely implemented
for health monitoring of engineering structures and materials
such as bridges, concrete, rocks, and pressure vessels. 10713 AE
sensing has also shown tremendous potential for studying chem-
ical and electrochemical systems,¥ including crystal growth,1>
solid deposition and dissolution,1® corrosion’? and gas bubble
bursting. 18 Recently, the technique has been applied to study
rechargeable batteries, aiming to diagnose battery health and un-
derstand battery degradation mechanisms. The process for de-
tecting and analyzing AEs from batteries involves several steps,
illustrated in Fig.

1) The cell tester, often a potentiostat, runs the test program
charging and discharging the battery cell. 2) Inside the cell, some
mechanical event causes the device to emit an elastic wave. 3)
The AE sensor detects the wave and converts the mechanical en-
ergy into an electrical signal. 4) The signal is enhanced by a
pre-amplifier. 5) The signal might be filtered with a band- or low-
pass filter to reduce noise. 6) Optionally, a second amplifier may
further amplify the signal to a suitable level for the data logging
system. 7) A detection system monitors and records the signal.
Alternatively, if a trigger condition is met, the logger stores the
event. The entire setup can be placed inside an acoustic cham-
beri?#21l to isolate it from background noise. Alternatively, the
cell can be placed on a vibration-isolated pad to reduce distur-
bances from vibrations.

The following subsections will cover the chain of components
used in research on AE sensing in batteries. First, the signal
sources, comprised of the cell tester, the cell, the sensor, and their
mechanical connection, are discussed. Then, the attention turns
to the instrumentation with sensors, amplifiers, and filters. Fi-
nally, the signal processing for detection and analysis is discussed.

2.1 Electrochemical testing

As aforementioned, several processes can cause a rechargeable
battery to emit AE signals while it is in use. To mimic the oper-
ation of a battery while maintaining controlled conditions a cell
tester, performing electrochemical cycling of battery cells, is often
used. Cells are commonly cycled using either constant current
(CC) or constant current constant voltage (CCCV) protocols. The
C-rates are typically below C/2, with C/10 being most common
for Li-ion batteries, where C/n refers to fully charge or discharge
the cell in n hours. Depending on the research focus, cells are
mostly cycled for fewer than 10 cycles. However, some studies
cycle cells 100 cycles#2223l or more2!324 also applying higher
C-rates up to 2C. Alternatively, cyclic voltammetry has also been
used to study the performance and AEs of battery cells.25/26

2.2 Acoustic emission sensor

A typical AE sensor is comprised of a piezoelectric material, con-
nector, wear plate, and housing. The most common piezoceramic
used in a sensor is lead zirconate titanate (PZT) for its high sen-
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sitivity and low cost.2Z The sensors are mostly either resonant

or wideband. The former ones have a high sensitivity around a
narrow frequency range, while the latter ones possess a flatter re-
sponse over broader frequency ranges.2Z These sensors convert
the time-varying mechanical perturbation forces F(z) that come
from the elastic waves to an electric charge Q(¢) = KF(r), where
K is the sensor sensitivity.

Choe,28 Lee,22 Kircheva, 222030 and Villevieille2! used a
piezoelectric resonant sensor by Physical Acoustic Co. The ma-
jority of the sensors had a resonant frequency of 150 kHz and op-
erate within a frequency range of 50-200 kHz. Schweidler!12:20i32
used a differential wideband sensor also from Physical Acoustics
Co, which has a wider operating frequency range of 125-1000
kHz.

2.3 Sensor placement and coupling

For coin cells, the sensor is attached to the casing on the side
adjacent to the electrode of interest, from here on referred to as
the working electrode. If two sensors are used, one is located
at each side of the cell surface.2520 For Swagelok-type cells, the
sensor is pressed against the plunger in contact with the working
electrode. For cylindrical cells, an aluminum fixture is required
to hold the cell with better transmission of the acoustic wave to
the sensor.222 Silicone grease is often used as a couplant to im-
prove signal transmission and enhance contact between the cell
and the sensor. 221723133537 Contact can also be improved by ap-

plying pressure with springs, 222438 rubber bands, 2 or an acrylic
jig 2829136140

2.4 Electric chain

As illustrated in Fig. [I} an electric chain converts the electric
charge Q(r) emitted by the sensor into a voltage that can be de-
tected and logged in the data acquisition system. The elements
in the chain treat the signal and secure its transmission from the
acoustic sensor to the data logger. The elements of this chain are
described below.

2.4.1 Signal source and cabling

The first conversion of the charge signal Q(r) from the piezoelec-
tric transducer is done in the composite system consisting of the
sensor itself, the cable, and the input stage of the preamplifier.
When the sensor is connected with a cable to the preamplifier,
the voltage Vs(r) produced by the sensor can be expressed by:

(1)

=’ 1
Co+Cc+Cy M

V(1)
where Q(r) is the charge produced by the sensor which came as a
function of the perturbation force F, while Cy, C¢, and C; repre-
sent the capacitance of the sensor, cable, and input to the pream-
plifier, respectively. The cable between the AE sensor and the
preamplifier is an important component to secure a high sensitiv-
ity of the system. Most of the capacitance comes from the cable,
therefore, it is recommended to keep the cable between the sen-
sor and the preamplifier as short as possible.
The resistance in the cables will dampen the transmission.
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Fig. 1 The sensor chain for detecting and analyzing acoustic emissions from battery cells in research and development.

Therefore, it is desirable to also keep the resistance as low as pos-
sible. Moreover, excessive cable capacitance will together with
the resistance cause an attenuation of the high frequencies rela-
tive to the low. There are sensors with built-in preamplifiers (and
filters) in the housing to circumvent this issue. In this way, elec-
tromagnetic interference (EMI) and radio frequency interference
(RFI) can be minimized.

2.4.2 Preamplifier

Preamplifiers raise the voltage Vg(¢) of the signal. Being placed
early in the sensing chain, the opportunities for noise to enter are
reduced. Thereby they are employed to improve the signal-to-
noise ratio (SNR) and increase the transmission distance for data
acquisition and processing by enhancing weak AE signals (usu-
ally in the range of millivolt). Additionally, preamplifiers have
a high input impedance to avoid loading the sensor. Meanwhile,
they generate an output with a lower impedance that matches the
acquisition hardware, ensuring seamless signal transmission with
high quality.2Z The most commonly used gains for the pream-
plifiers are around 40 dB,#2212312512612812013213413513814 1142 (hoygh
gains of 60 dB%122133 and lower gains like 34 dB are also re-
ported. Preamplifiers by Physical Acoustics Co. are frequently
employed with bandwidths exceeding those of the sensors to en-
sure that the information contained in the sensor signal is pre-
served even after amplification.

2.4.3 Filter and sample rate

Analog bandpass filters are sometimes used to remove un-
wanted noise frequencies and reduce aliasing effects.2Z The
lower frequency limit is often set at 20 kHz1220Bl or 100
kHz, 2125132133 and the upper limit is in the MHz range, such as
1 MHZ1220251311321 and 2 MHZz2183, To match the resulting fre-
quency contents the data acquisition systems have sampling rates
ranging between 5122026 and 10 MSPS.2133! These conditions
ensure that the signal is sampled with at least twice the highest
frequency, avoiding aliasing in line with the Nyquist criterion.

2.4.4 Amplifier

Depending on the voltage range capabilities of the data acquisi-
tion system, further amplification might be needed to make use of
the full scale of the analog-to-digital converter (ADC). If the sig-
nal needs to reach higher voltages before the ADC an additional
amplifier can be added after the filter. This second amplifier has
been employed in several studies.’2434 At this stage, the final volt-
age Vp(r) which is detected and converted to a digital signal is

described by:
Vr(t) = Vs(1)GpGu (2)

where Vg(¢) is the sensor signal from Eq. , Gp and Gy, are
the preamplifier and main amplifier gains, respectively. As an
example, an amplifier with a 40 dB gain will amplify the signal
100 times.

2.5 Detection and logging

To detect and record a valid AE event, also known as a hit, the
signal is monitored and recording is performed when the signal
has exceeded a detection threshold. An alternative approach is to
continuously monitor AE signals and filter out hits during post-
processing. The threshold is typically measured in decibels (dBs).
The relation between the amplitude A in dB and voltage is ex-

pressed by the following equation:43
Vi
Ayp = 20log (i) —G=201log (E) 3)
Vref Vref

where G is the sum of the amplifier gains in dB, Vg is the signal
in Volt, and V,. is the reference voltage, often 1 uV .44 The low-
est detectable signal, in the absence of sensor noise, will come
from the noise generated by the preamplifier. The background
noise of the system, generally ranging from 5 to 15 uV in similar
setups, sets the limit for the detection threshold. Commonly, the
detection threshold is around 27 dB,#1212026128129132/ apq it is typ-
ically determined by acquiring noise data from the sensor before
the experiment begins. Depending on the setup and noise lev-
els, thresholds between 22 dB and 32 dB have been used.2/2112>
When an AE signal surpasses the threshold, it is recorded as one
count. Since single counts are likely to be noise, hits with fewer
than twoll212023132411 or three counts“1? are often eliminated
to reduce unwanted electromagnetic interference (EMI) and low

amplitude noise.’21
For data detection and logging, the most common
acquisition systems are provided by Physical Acoustic

Co A419120123128-32135]41142]  The signals are processed using

corresponding software provided by the same manufacturer.
Other groups have used equipment from Alazartech,38 Vallen
Systeme,? or simply an oscilloscope®234 for data acquisition.

2.6 Signal processing

After the AE data are recorded, it is digitally filtered and then
analyzed in both time and frequency domains. A typical filtered
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waveform is shown in Fig. [2] characterized by the following pa-
rameters:

* Duration (us): the time the AE signal exceeds the threshold,
from the first threshold crossing until the last.

¢ Counts: the number of times the threshold is exceeded dur-
ing the duration of the hit.

e Amplitude (dB or V): The peak value of the AE hit.

¢ Rise time (us): the time it takes for the hit to reach peak
amplitude.

* Energy: the integral of the squared voltage over the duration
of the signal.

* Peak frequency (Hz): the point at which maximum magni-
tude is observed in the frequency spectrum.

It is worth noting that the energy of AE signals can also be de-
fined as the integral of the squared rectified waveform envelope,
or the total area under the curve of the rectified signal envelope.
This definition is also applicable when referring to signal strength.
Cumulative counts, 2836138 AIT9H211231251321401 1) (o
hit rate), and cumulative AE energy (CAEE).2! are common ways
to analyze the results, since AE events are released discontinu-
ously. When comparing results from different cells, it is advisable
to compare the relative hits or normalized hits instead of the ab-
solute numbers due to variations in the setup, especially in the
sensor-cell connection*! or the amount of active electrode mate-
rial (mass or area).

To analyze the signal in the frequency domain, discrete Fourier
transform (DFT) can be performed on the sampled data. The
transformed signal describes the frequencies of the original sig-
nals and the extent to which they are present. Fast Fourier trans-
form (FFT), an efficient algorithm for computing the DFT and its
inverse, is used in the majority of the studies. The transformed
signal can be analyzed in the frequency spectrum or power spec-
trum, representing the amplitude and power of the frequencies,
respectively. From the frequency spectra, the frequency peaks can
be obtained and power is obtained by squaring the FFT ampli-
tudes. The dominant frequency12/20126128129132135137I41l j5 3 critical
parameter, often used to classify the signals into two or three dis-
tinct types for further analysis. Analyzing the frequency spectrum
can also help remove noise.

The FFT-transformed signals do not contain information in the
time domain. To study the frequency variations with respect to
time, a short-time Fourier transform (STFT) can be performed.
This involves applying the DFT to small segments of the signal in
the time domain and visualize it in a time-frequency plot, often
referred to as a spectrogram.

Another way to study the time-frequency representation of a
signal is to apply wavelet transform (WT) technique. By decom-
posing the signal into wavelets, this transform captures both high-
and low-frequency components with a high resolution. The ob-
tained time-frequency plot is called a scalogram, or a wavelet con-
tour map, and an example is shown in Fig. |5} Both the scalogram
and spectrogram have different colors to indicate the intensity of
the frequency components over time.

cumulative hits
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Fig. 2 Features of typical AE waveform

2.7 Clustering

Different phenomena emit AE signals with distinct characteris-
tics. The aim is to distinguish between these AE signals and,
consequently, the underlying phenomena. Once the mentioned
parameters have been extracted, they can be used to group the
signals, either manually through visual inspection or using learn-
ing methods.

Manual clustering involves analyzing and grouping data based
on the previously mentioned parameters. A scatter plot, also
known as a cross-plot, is created by plotting two parameters
against each other. The visualization helps to identify correlations
or trends more clearly. For example, in some studies, cross-plots
of duration vs. amplitude, 8 energy vs. rise time,*2 seen in Fig.
or amplitude vs. energy?? have shown distinct clusters, aiding in
differentiating various types of AE signals. This way, the signals
with similar characteristics can be grouped. Performing FFT on
the grouped signals allows for analyzing the corresponding fre-
quencies and identifying further trends.

As mentioned before, the peak frequency is a common pa-
rameter on which signals with similar peak frequencies are
grouped. Signal classification can be made for the entire cy-
cle, during charge/discharge, or for different stages within the
charge/discharge process.

The method above is common employed for AE signals, but
it is challenging to consider more than a few parameters at a
time. Manual clustering can also be difficult if the AE signals
are similar. Since the obtained data are described by a large num-
ber of features or parameters, learning methods can be used in-
stead. Learning methods use techniques within machine learn-
ing to identify patterns and structures in complex datasets. The
methods are either supervised, or unsupervised. The supervised
method requires data in which the labels are known for the learn-
ing model. The unsupervised learning on the other hand, uses un-
labeled data, so no labels are known beforehand. Within unsuper-
vised learning, clustering methods such as k-means, and Density-
Based Spatial Clustering of Applications with Noise (DBSCAN)
are commonly used. For supervised learning, some common clas-
sification methods are support vector machine and decision tree.
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Before training the model, a dimension reduction method such
as the principal component analysis (PCA) can be applied to
transform the data into principal components (PCs) that capture
the most significant variance. PCA is performed by representing
each AE hit as a vector with corresponding parameters and then
finding a new set of PCs that simplifies the analysis. These PCs
have no physical meaning but are just a linear combination of the
original set.3>

Once the data are clustered, either manually or through a learn-
ing method, the AE signals can be distinguished and attributed to
specific phenomena as elaborated below.

3 Application of AE to battery monitoring

This section examines the use of AE sensing across different bat-
tery chemistries. Building on earlier discussions of AE princi-
ples and experimental practices, it now focuses on specific ap-
plications in the field of rechargeable batteries. Understanding
these AE phenomena provides deeper insights into the internal
processes affecting battery health and performance. This section
concludes with a summary of all battery chemistry studies in Ta-
ble 1. The cell format "inhouse" refers to cells prepared in the lab
for the purpose of the study.

3.1 Na-S batteries

The study of high-temperature sodium-sulfur batteries as energy
storage solutions dates back to the 1960s. One of the earliest
AE studies on batteries was conducted by Worrell and Redfern in
1978, in which the breakdown of the beta-alumina ceramic elec-
trolyte was monitored by the AE technique.“® The experimen-
tal apparatus is given in Fig. 3] Mechanical deterioration within
the B-alumina membrane during sodium ion transport gener-
ates stress waves, which are guided through an ¢a-alumina rod
to the AE transducer, giving further indication of ceramic crack-
ing. While the accuracy of the AE measurement was limited by
the data acquisition capability of the hardware, qualitative assess-
ments still confirmed that the mechanical degradation correlated
with the current density applied, and subcritical crack growth was
the main failure mechanism of the beta-alumina solid-electrolyte,
which eventually led to sodium dendrite penetration and battery
cell failure. It was also concluded that the AE technique was able
to predict impending material failure at an early stage, which
opened the door to operando monitoring of battery chemistries
and materials.
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Fig. 3 Apparatus for AE sensing in high-temperature Na-S batteries. Re-
produced with permission from ref.#6. Copyright 1978, Springer Science.

3.2 Ni-MH batteries

Prior to the commercialization of lithium-ion batteries in 1991,
alkaline nickel metal-hydride (Ni-MH) batteries had been exten-
sively studied. One of the main technical hurdles deals with the
irreversible pulverization of the negative electrode, i.e., hydrogen
storage alloys. Upon repeated hydrogen absorption—desorption,
the electrochemical activity of the negative electrode will quickly
diminish, while the parasitic hydrogen evolution reaction (HER)
will take over, leading to performance degradation. Apart from
(electro)chemical processes, mechanical cracking/disintegration,
and gas evolution are acoustically emissive, which can be cap-
tured by the AE technique. A series of studies have focused on
the understanding of decrepitation mechanisms of negative elec-
trode materials, such as Pd, LaNis, MgNi, TiCry3V; gNip3, and
their derivatives. 4247555 Two kinds of distinct AE waveforms have
been consistently observed as depicted in Fig. [4h, b. Type P1 is
characterized by short rise time (< 30 us) and duration (< 100
us), relatively high peak frequency (250-350 kHz), and is as-
signed to particle cracking. Type P2 possesses a long rise time
(up to 200 us) and duration (up to 250 us) with a relatively low
peak frequency (80-150 kHz), and is assigned to the hydrogen
evolution reaction. By cross-referencing the AE features with the
respective potential profiles, Etiemble et al. assigned the P1-type
signals observed in a LaNis alloy to early particle cracking induced
by the o-to-f phase transition.42 The same signals obtained in a
MgNi alloy were, however, triggered by gassing-induced agglom-
erates breakdown, as confirmed by concomitant hydrogen evo-
lution signals (P2) towards the end of the charge, as shown in
Fig.4c and d. This study highlights the unique advantage of con-
ducting AE measurements to unveil complex decrepitation mech-
anisms in Ni-MH batteries.

Journal Name, [year], [vol.], 1 |5


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta04571h

Open Access Article. Published on 05 Agusito 2024. Downloaded on 07/08/2024 17:11:38.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

7000

0,901 6000
— Potential
095 ---- P1 activity 1] 5000
P2 activity

Ampitude / mV
Amplitude / mV

I
4000

revestessestssanransetessnssssieent *< 3000

T m m e % 0 B 8 B b % 0«
Time / ps. Time /s

1 | P2 s f 4000
| i 3
A I iz 1000

0

Potential / V

2
Acoustic activity / number of events

I ) w0 10 20 20 30
| Charge Input / mAh g'

~ N | N

(SN -0,

0,90 - 6000
0551 - 5000
1,004

— Potential 1=
-+ P1 activity
- - -P2 activity

Amplitude / mV
Amplitude / mV.

—
o
-

20 & EREI
Frequency / kHz Frequency / kHz

—
o
-

1,054
gevisesserns 3000

Potential / V

1,104

42000
1,15

Rise Time / s

1000

Acoustic activity / number of events

-1,204

S S e PR S 0
S 100 150 200 250 300 350 400 450 500
Charge Input/ mAh g ™'

° 2

o E)
Energy / eu
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of time for (c) LaNis-based and (d) MgNi electrodes. Reproduced with
permission from ref. 42, Copyright 2011, Elsevier.

3.3 Li-Ion batteries

The following subsections will delve into the application of
AE sensing in more complex and widely used Li-ion batteries,
building on the insights gained from Na-S and Ni-MH studies.
This section will highlight the monitoring of critical mechano-
electrochemical events, such as gas evolution, particle cracking
and solid-electrolyte interphase (SEI) formation.

3.3.1 Graphite

Graphite has been widely used as an intercalation-type anode ma-
terial for conventional Li-ion batteries, with a theoretical capacity
of 372 mAh g~! and a practical capacity of ca. 350 mAh g~!.
Irreversibility mainly arises in the first charge (with respect to the
full-cell configuration). An SEI layer is formed between 0.8-0.5
V (vs. Lit/Li%), which consumes electrolyte solvent and active
Li from the system. To study the side reactions associated with
the graphite anode during cycling, non-destructive AE testing has
been conducted.

Gas evolution resulting from solvent reduction has been iden-
tified as one of the main sources of AE signals. The burst of gas
bubbles in the liquid electrolyte will release elastic waves that
can be captured by an AE sensor. Matsuo et al. collected AE sig-
nals from a water electrolysis cell, using graphite as the working
electrode.®® The majority of the recorded AE waveforms (95 %)
showed a characteristic frequency below ca. 130 kHz, which was
then ascribed by the authors to gas evolution. The signal con-
tinuously spanned upon cycling but was most intensive during
the first charge. Ohzuku et al. also concluded that the acous-
tic events in the SEI formation region were predominantly due
to gas bubbles in LiClO4-based electrolyte, but did not provide
further information about features of the captured AE signals.>°
Later, Choe et al. classified AE signals with long duration (up to
60 ms) and low amplitude (below 38 dB) as gas evolution from
the graphite anode, the frequency of which was between 81 and
120 kHz.%8 Such a frequency was also close to the value reported
for H, bubbles generated by metal corrosion (100 kHz).2Z In ad-
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dition, Kircheva et al. observed that both the cumulated AE hits
and the absolute energy increased sharply during the SEI forma-
tion region (0.9-0.4 Vvs. Lit/ Li%) in the first charge, which could
be associated with gas formation.2? To establish a correlation be-
tween interfacial processes and electrochemical properties, cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) analyses were conducted. The CV tests in Fig. clearly
demonstrated a synchronized jump of AE hits and energy at the
onsite of the SEI formation. From the EIS measurements, it was
found that highly resistive passivation films would result in high
levels of AE energy, suggesting that AE sensing could be a handy
tool to assess the quality of the formation cycle (Fig. [5k). How-
ever, since no peak frequency information was given, it is hard to
assign the AE signal to a specific process (film deposition or gas
evolution).

Particle cracking and fracturing also contribute to active AE sig-
nals. Matsuo et al. mimicked the damage of graphite by induc-
ing mechanical fracture of graphite using the Vickers indentation
method.?8 The resulting AE signals had a wide-band frequency
component (up to 500 kHz) and a short rise time, as shown in
Fig. [Bh, which were sufficiently different from that generated by
gas evolution. Such a feature was also captured during the elec-
trochemical cycling of a graphite/Li half-cell and was attributed
to graphite damage (e.g., fracture, exfoliation).

It is worth noting that graphite expansion/contraction during
cycling could also emit AE signals but to a lesser extent. By closely
analyzing the corresponding AE waveforms, Matsuo et al. found
that a positive peak signal reflected the contraction of graphite
and a negative peak signal corresponded to the expansion of
graphite as depicted in Fig. . 38 Kircheva et al. reported that
the most diluted lithium stage (above 0.13 V vs. Lit/Li%) was
not AE active, while stage 2L-stage 2 and stage 2-stage 1 pre-
sented significant AE activity.>? It was hypothesized that modi-
fications in the crystalline structure of graphite could release AE
signals, and so was the local defect breakdown in the highly lithi-
ated graphite (more energetic). The authors also observed that
the discharge process (delithiation) generated fewer AE signals
than the charging process (lithiation), suggesting the latter was
acoustically more energetic.
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produced by graphite distortion. Reproduced with permission from ref.38. Copyright 2011, The Japan Society of Mechanical Engineers. (d) Comparison
of AE signals and cyclic voltammogram of a graphite/lithium cell. (e) Correlation between AE energy variation and the resistance of the passivation
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3.3.2 Silicon

Owing to the high theoretical capacity (3579 mAh g~!, based
on Li;5Siy), abundant resources, and high environmental benig-
nity, silicon (Si) is a promising alloying-type anode for next-
generation Li-ion batteries. However, its practical capacity is far
behind the theoretical value, together with other criticisms such
as low Coulombic efficiency and poor cyclability. The large vol-
ume change of Si particles during cycling (ca. 280 %) inevitably
leads to particle cracking, fracture, and continuous growth of the
SEI layer along new interfaces, all of which account for the un-
satisfactory performance of Si.

The operando AE testing of Si anodes has been mainly con-
ducted by the groups of Daniel, 2113328 Roy¢ 32142
ski.23 Most AE signals have been observed in the first cycle, con-
sistent with the well-known first-cycle irreversibility of the ma-
terial. However, there is a significant variation in the individual
AE activities among the reported studies, which is likely due to
the different properties of silicon particles used in the respective
work.

and Brezesin-

The group of C. Daniel pioneered the use of AE testing to study
the mechanical and electrochemical degradation of Si electrodes
in the early 2010s. They mainly used —100+325 mesh crystalline
Si particles (99.999 %, Alfa Aesar) as the active material, with

an average diameter of ca. 100 um. The average frequency was
around 385 kHz. Complementary scanning electron microscopy
(SEM) images revealed that large cracks already formed after the
first charge. as shown in Fig. [6h.2% Continuum mechanics model-
ing was incorporated to depict the brittle fracture of the Si anode,
and the results were compared with experimental AE data.>8 A
“stress-safe” threshold diameter of ca. 10 um was calculated,
based on the model. Experimentally, Si particles with less than
44 pum in diameter already registered an insignificant amount of
AE signals. It is also worth mentioning that a modified coin-cell
setup was developed by the group, which could run operando X-
ray diffraction and AE simultaneously.23' As shown in Fig. @), the
AE sensor was attached to the “anode” side (Li) of the coin cell,
which was able to collect AE data transmitted from the Si elec-
trode. The primary frequency component of the AE signals was
around 280 and 340 kHz. However, the cell seemed to suffer
from low stack pressure, which resulted in compromised cycling
performance of the Si anode and the corresponding AE activity.

Following the previous study, the group of L. Roué conducted
the AE study on micrometric Si materials (99.9 %, Alfa Aesar, 1-5
um).32 The recorded quantity of the AE signals was only ~1/20
of the previous studies, which was attributed to the different cell
formats (Swagelok vs. coin cells) and significantly reduced par-

Journal Name, [year], [vol.], 1 |7


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta04571h

Open Access Article. Published on 05 Agusito 2024. Downloaded on 07/08/2024 17:11:38.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

ticle sizes (~2 um vs. ~130 um). For signal processing, the
authors used PCA to reduce the dimensionality and extract key
information from the obtained AE data. Unsupervised (statisti-
cal) clustering and manual partition were conducted to separate
them into different clusters. Three populations were identified,
with distinctive parameters, as depicted in Fig.[6p. Type 1 signals
had high peak frequency (~700 kHz) and were mainly collected
during the SEI formation region and the initial stage of Si lithi-
ation. The AE signals in this region were assumed to originate
from microcracks formed at the surface of Si particles. Type 2 sig-
nals had medium peak frequency (~400 kHz) and were detected
throughout the lithiation process. The authors assigned them to
the growth of large/longer cracks across the particles and/or in
the composite film. Type 3 signals had low peak frequency (~200
kHz) with the lowest cumulated activity. They mainly appeared
when the electrode potential reached 60 mV, during which the
crystalline Li|5Si4 phase was formed. In a subsequent study, the
group further investigated the impact of nano-sized Si particles
(median size Dn50 of 230 nm and 85 nm) on AE activities.4Z Un-
expectedly, the authors found that the decrease in Si particle size
resulted in a compromised mechanical stability and cyclability of
the electrode. Much higher AE activities were recorded for the Si
electrode with smaller particle size, which, based on the comple-
mentary electrochemical dilatometry measurements, should re-
sult from a more intense film cracking and exfoliation from the
current collector. Increasing the binder mass ratio from 8 % to
14.5 % and/or increasing the molar weight of the CMC binder
from 90 k to 700 k could indeed improve the capacity retention.

To take full advantage of the high capacity of silicon and
the high cyclability of graphite, silicon-carbon composite anodes
have been proposed for a balanced performance. The group of
Brezesinski investigated the particle fracture/mechanical degra-
dation of core-shell-type Si/C composite particles (average size
28 + 9 nm) by AE measurements.23 Interestingly, consistently
higher AE activities during discharge (delithiation) than during
charge (lithiation) were recorded, while the opposite was ob-
served in all previous studies, as shown in Fig. [fc. The authors
argued that the composition, morphology, and microstructure of
the active material should all affect the mechanical properties of
the electrode, hence the AE behavior. Having access to the dif-
ferential electrochemical mass spectrometry (DEMS) technique,
the authors explored the possible impact of gas evolution on AE.
The time-dependent evolution profiles of H,, C,Hy, and CO, are
plotted in Fig.[6, which can be attributed to the reduction of wa-
ter, ethylene carbonate, and other electrolyte components (trace),
respectively. However, potential-dependent AE activity was not
observed in the measurement, suggesting that gassing does not
directly impact the AE activity in this study.
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3.3.3 pB-LiAl

Aluminum has been historically known to function as an alloy-
type anode material for Li-ion batteries. The formation of a f3-
LiAl phase leads to a capacity of 993 mAh g~!, accompanied by a
95 % volume expansion of the lattice. Therefore, changes in me-
chanical properties are expected. Back in the 1980s, Staikov et al.
monitored AE activities during the cycling of an aluminum elec-
trode in a molten salt electrolyte at 425 °C.2? During charge (lithi-
ation), burst-type AE waveforms were recorded and the number
grew progressively with time, indicating the increased mechan-
ical stress caused by the formation of §-LiAl. During discharge
(delithiation), no AE activity was observed.

The AE activities of LiAl anodes in commercial coin-type full-
cells were later reported by Kircheva et al.2® and Lee et al.2? In
both cases, most AE events were recorded close to the end of the
discharge, owing to continuous swelling with Li-content increase.
The cracking and pulverization of the Al-Li, alloy anode, resulting
from lattice mismatch between the surface and bulk during the
crystalline phase transitions from Al to -LiAl was proposed as
the main AE source from the anode. However, the contribution
from the cracking and fragmentation of the cathode (Li,MnO; in
these cases) could not be isolated.

3.3.4 NiSb,

Conversion-type anode materials, with a general charge storage
reaction of M,X;, + aLi = aM + Li,X,, offer more than one elec-
tron transfer per formula unit of the active material, exhibiting
much higher theoretical capacities compared to the conventional
graphite electrode. However, conversion reactions require re-
peated bond breaking and re-formation, which is also accompa-
nied by huge volume changes of the electrode materials. This
may lead to mechanical stress, particle cracking, and loss of elec-
trical contact, resulting in rapid performance degradation. Ville-
vieille et al. conducted operando AE testing of a model NiSb,
electrode, which delivered a reversible capacity of 520 mAh g~!
(4150 mAh cm—3).21 In the first charge (lithiation), AE activities
arose right after the SEI formation (ca. 0.53 V), which resulted in
a 2000 aJ increase of the cumulated AE energy (CAEE), as illus-
trated in Fig.[7| Another significant increase in the CAEE (2300
aJ) occurred at roughly 50 % of the biphasic conversion reac-
tion (LipsNiSb, + 5.5Li = Ni + 2Li3Sb and was also recorded
at approximately the same point upon discharge. The authors
linked the large CAEE signal with the electrochemical grinding
of the active material as the micro-sized NiSb, crystallites were
transformed into a nano-sized amorphized composite electrode
of Li3Sb/Ni, which was also supported by ex situ SEM images.
Such a process mainly took place in the first cycle and gradually
smoothed during further cycling.
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3.3.5 HEO

Operando AE monitoring has also been applied to study other
conversion-type anodes, such as high-entropy oxides (HEOs)-a
novel class of materials with potential applications in Li-ion bat-
teries. Here, “high entropy” refers to the introduction of multi-
ple elements in a single-phase structure to increase the configu-
rational entropy, hence the overall structural stability and, hope-
fully, cycling stability.

Schweidler et al. investigated the acoustic behaviors of
(CoO.ZCuO.zMgO_zNiO_QZnO,Z)O.@ In the first charge (lithiation),
no AE signals were recorded until 0.3 V, below which the AE

23 Copyright 2018, American Chemical Society.

hit rate and cumulative amount increased sharply, as shown in
Fig.[8] The conversion reaction and the SEI formation were at-
tributed as the AE sources. Apart from the main AE signals in the
first charge, the remaining acoustic activity was mainly detected
during discharge (delithiation), which agreed with the mechano-
electrochemical model proposed by Barai et al.®0 Moreover, the
authors clustered AE signals into three groups based on their peak
frequencies: AE 1 (100-200 kHz, surface/bulk restructuring), AE
2 (200-300 kHz, growth of larger cracks and/or SEI formation),
and AE 3 (300-600 kHz, particle cracking/fracture). Since no
AE activity with peak frequency > 600 kHz was recorded, by re-
ferring to ex situ SEM images and other literature, the authors
concluded that “high entropy” could be effective in stabilizing the
active material.

The same group also studied the acoustic be-
haviors of a cathode-equivalent HEO, namely
Li, (Cog,Cug Mg »Nig2Znp,)OF,, or LiHEOF.2Y The same
trend was observed-main AE signals were recorded towards the
end of the delithiation. In addition, the authors also observed a
positive correlation between the AE activities collected between
4.6 V (charge)-3.7 V (subsequent discharge) and high-potential
gas evolution (H,, O;, CO;, CO, and POF3) by DEMS, which was
not the case for the anode-equivalent HEO.

3.3.6 LiCoO,

Layered LiCoO, (LCO) is the first commercially available cathode
and has been extensively studied by electrochemical and physic-
ochemical characterizations. Woodford et al. investigated the
mechanical degradation of LCO, known as the “electrochemical
shock”, by means of micromechanical modeling and operando AE
testing.? The authors evaluated the impact of C-rates and elec-
trode compositions on active material degradation. The results
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quency ranges. (c) Contour plot of peak frequency as a function of time.
Reproduced with permission from ref.32. Copyright 2021, Nature Port-
folio.

indicated that the cycling rate did not influence electrode frac-
ture, as similar trends of AE activities were recorded for elec-
trodes cycled at a moderate rate of C/15 and at an extremely slow
rate of C/50. On the other hand, only one-fifth of the AE signals
were recorded by replacing the sintered monolithic LCO electrode
with a composite electrode having comparable areal capacity and
overlapping voltage profiles. Grain boundary microfracture was
concluded as the main mechanical degradation mechanism, and
it was advised that polycrystalline anisotropic materials below a
critical primary crystallite size should be synthesized to avoid par-
ticle fracture along grain boundaries

The degradation of LCO was also studied in commercial coin-
type LCO/carbon full-cells by Choe et al.“® The authors attributed
AE signals with short duration and high amplitude in the range
of 121-160 kHz to the microcracking of the cathode. Ex situ SEM
images were taken to support the claim. The same group also
evaluated the high-temperature storage of LCO-containing coin-

10| Journal Name, [year], [vol.], 1

View Article Online
DOI: 10.1039/D4TA04571H

type full-cells, and spotted a positive correlation between AE sig-
nals obtained at 85 °C storage (with a peak frequency of 150 kHz)
and microcrack formation of the cathode material (revealed by ex
situ SEM).# It was postulated that HF released by the thermal de-
composition of the electrolyte salt LiPFg would attack the cathode
material and lead to microcracking.

3.3.7 LiNiO,

Another representative layered oxide is LiNiO, (LNO), a promis-
ing high-capacity cathode material and the end-member of the
Ni-rich family (LiNi,CoyMn;_,_,0,, where x > 0.5). However,
the material in the highly delithiated state experiences poor struc-
tural and chemical stability. Understanding its mechanical prop-
erties will guide the design of high-performance Ni-rich cathodes
for future electric vehicles. Schweidler et al. conducted operando
AE testing of LNO-based half-cells.12 Most of the AE signals were
recorded in the first charge, while the remaining hits were mainly
observed during charge of the following cycles. It was concluded
that the continuous formation of a cathode SEI (cSEI) layer, cor-
roborated by a series of in situ electrochemical impedance spec-
troscopy (EIS) measurements, contributed to most part of the
low-voltage AE signals. As illustrated in Fig.[9] the high-frequency
(HF) and medium-frequency (MF) semicircles, assigned to the
bulk electrolyte resistance and to the charge-transfer resistance
and double-layer capacitance, respectively, indicate that the in-
creased resistance of the HF semicircle, coupled with the sudden
appearance of an MF semicircle around 3.62 V, is consistent with
the AE signals indicating cSEI formation. The high-voltage AE
activity was primarily related to particle cracking and fracture,
which was supported by EIS spectra showing the formation of an
MF semicircle and an increase in resistance linked to crack forma-
tion and mechanical degradation of the LNO particles associated
with the phase transformation. This was further complemented
by ex situ SEM images. The authors also found that the contribu-
tion of the lithium anode to the AE activity was negligible.

3.3.8 Li,MnO,

Several types of manganese oxides are versatile cathode materials
for Li-ion batteries, such as electrolytic MnO, (tunnel-structure),
LiMn,O4 (spinel-structure, LMO), and LiMn; 5Nip504 (spinel-
structure, LMNO). The first two have been successfully commer-
cialized, and the last one possesses appealing high-voltage activ-
ity close to 5 V vs. Lit/Li®. Ohzuku et al. first implemented AE
monitoring to study the fracture of large MnO, particles (90-150
um) in half-cells. 29 AE events were mainly recorded in the lat-
ter half of the first discharge but also in the following end-of-
discharge cycles with lower amounts. The rate of AE signals in-
creased with higher cycling rates, suggesting that higher current
would induce higher stress, hence more mechanical degradation,
as illustrated in Fig. and b. Interestingly, AE signals were still
detectable when the current was switched off, a characteristic be-
havior of ceramics.

Woodford et al. reported the AE activity of spinel phases.©l
They demonstrated that lattice parameter misfit resulting from
first-order cubic-to-cubic phase transitions, such as in LMO and
LMNO, would generate coherency stresses and lead to cycling-
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Fig. 9 (a) Voltage profile of the initial cycle of an LNO half-cell. (b)
Low-voltage and (c) high-voltage regions Nyquist plots of the EIS data.
Reproduced with permission from ref. 19, Copyright 2020, Wiley-VCH.

induced fracture. Two design strategies were proposed to circum-
vent this issue. One was to prepare materials with crystallite sizes
below a critical value (~1.1 ym for LMO), and the other was to
employ lattice doping to suppress the misfitting first-order transi-
tion, as shown in Fig. [10d. Both strategies were experimentally
proven effective, yet doping was more favored, as nanosizing ma-
terials would inevitably increase the surface area and promote
other side reactions (manganese dissolution, electrolyte decom-
position, etc.).
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3.4 Na-ion batteries

Sodium-ion batteries are promising complements to their Li-
ion counterpart, with a higher emphasis on sustainability, cost-
effectiveness, and wide resource distribution. Dreyer et al. stud-
ied the acoustic behaviors of several Na-containing layered ox-
ides with different configurational entropy.#! It was experimen-
tally demonstrated that introducing more elements to the tran-
sition metal layer could alter the phase transition behavior from
biphasic to solid-solution, with a distinct change of AE activities
collected from the Na half-cells as depicted in Fig. Principal
component analysis of AE signals was coupled with operando X-
ray diffraction (XRD) and post-mortem SEM techniques. Three
groups of AE events (denoted as AE1, AE2, and AE3) were iden-
tified based on their peak frequencies (Fig.[ITh-d). AE1 was as-
signed to the decomposition of surface impurities. To distinguish
AE2 and AE3 signals, Rietveld refinement was conducted to ex-
tract unit cell volumes and lattice parameters of the high-entropy
oxides (Fig.[IIp). It was found that increasing the configurational
entropy of the oxides would result in an increase in the share and
total number of AE3 hits and decrease of the AE2 hits. With cor-
responding ex situ SEM images, the authors correlated the inter-
mediate AE peak frequency (AE2, 200-300 kHz) to the formation
of intragranular cracks and high-frequency signals (AE3, > 300
kHz) to intergranular cracking and propagation.
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Fig. 11 (a) Normalized hit count (solid) and hits per cycle (hollow) of
various layered oxides. (b)—(d) Corresponding voltage profiles and cumu-
lative hits of type AEL (gray), AE2 (red), and AE3 (green). (e) Changes
in ¢ lattice parameters calculated from operando XRD measurements.
Reproduced with permission from ref. 4l Copyright 2023, IOP Publish-

ing.

3.5 Li-S batteries

Conversion-type Li-S batteries are another promising next-
generation battery chemistry, offering staggering theoretical spe-
cific capacity (1675 mAh g~ ') and specific energy (3518 Wh
kg~!). However, polysulfide dissolution and up to 80 % volume
change during cycling limit the battery lifetime and the practical
implementation of the chemistry. To explore optimal electrode
compositions and configurations, Lemarié et al. investigated the
impact of electrode binders (PVdF and CMC) and current collec-
tors (Al foil and non-woven carbon paper) on the electrochemical
cycling and the AE activities of sulfur-based half-cells.2Z The best
combination was identified to be using CMC binder and porous
3D carbon paper. Unlike previous AE studies, only scarce AE sig-
nals were recorded in all four combinations (PVdF/Al, CMC/Al,
PVdE/CP, and CMC/CP), as shown in Fig. with a consis-
tent peak frequency of ~300 kHz. The highest AE activity was
observed at the beginning of the discharge (lithiation), corre-
sponding to the initial dissolution of sulfur particles. The elec-
trochemical conversion to polysulfide (Li,S) is accompanied by
morphological changes (volume changes/material redistribution)
and mechanical stress. Depending on the combination of binder
and current collector, these changes may affect the adhesion and
mechanical properties of the electrode, influencing its ability to
withstand mechanical stress. This, in turn, impacts the amount
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of AE response related to mechanical disintegration during dis-
charge. The formation of large pores and collapse of the electrode
structure were observed in ex situ SEM images. The formation
and consumption of Li,S particles were not acoustically active,
which might be due to the nanometric size of these particles.
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Fig. 12 (a)—(d) Acoustic activities and voltage profiles of Li-S cells
with different binder/current collector combinations. Reproduced with
permission from ref.3Z. Copyright 2019, Elsevier.
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Table 1 Summary of previous studies on AE technique for battery monitoring.

Journal of Materials Chemistry A

View Article Online

DOI: 10.1039/D4TA04571H

Year/ref Positive electrode Negative electrode AE origin Complementary tool Cell format Electrolyte
Na-S batteries
(1978)'4e S Na Crack growth - Inhouse B-alumina
Ni-MH batteries
(1998)47 Ni Pd Gas generation - Inhouse NaOH solution
(2011)42 Ni LaNis Particle cracking, SEM Inhouse KOH solution
Phase transition
(2012)1 Ni MgNi, LaNis S - Inhouse KOH solution
(2013)R3 Ni LaNis _ SEM Inhouse KOH solution
(2013)2 Ni MgNi-alloys _— SEM Inhouse KOH solution
(2015)2> Ni LaNis SEM Inhouse KOH solution
(2007)42 Ni NiMnAlCo, Particle cracking SEM Inhouse KOH solution
TiCrVNi
(2006)48 (Ni(OH),/, NiMnAICo » SEM Inhouse KOH solution
NiOOH)
(2008)>0 Pt LaNis, MgNi » - Inhouse KOH solution
Li-ion batteries
(2011)8 HOPG Li-metal Gas evolution, - Inhouse 1M LiPFg in
phase transition, EC:DEC
particle cracking
(2011)22 Graphite Li-metal _— EIS Coin 1M LiPFg in
EC:PC:DMC + VC
(2001)° Graphite Li-metal —_— XRD, operando - 1M LiClOy4 in
dilatometry PC alt. PC:DME
(2015)28 LCO Graphite Gas generation (SEI), SEM Coin (did not specify)
cracking,
(2021)2 LCO Graphite Cracking - 18650 Commercial
(2010)% Si Li-metal Si particle cracking SEM Coin 1.2M LiPFg in
EC:EMC
(2011)=2 Si Li-metal — SEM, XRD Coin 1.2M LiPF¢ in
EC:EMC
(2011)8 Si Li-metal _— SEM, stress analysis, (Did not specify) LiPFg in EC/EMC
mechanical modeling
(2015)3> Si Li-metal _— SEM Swagelok 1M LiPF4 in
EC:DMC
(2016)42 Si Li-metal _ SEM, operando Swagelok 1M LiPFg4 in
dilatometry EC:DMC
(2018)%3 Si-C Li-metal — DEMS Coin LP57
(1984)k2 Al LiAl Phase transition, Mechanical Inhouse LiCl+KCI (molten)
Cracking, modeling
Fragmentation
(2013)126 LiMnO, LiAl ”» SEM, XRD Coin (did not specify)
(2023)22 LMO Al-Liy —_— SEM, XRD Coin 1M LiClOy in
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Table 1 Summary of previous studies on AE technique for battery monitoring (continued).

Page 14 of 19
View Article Online
DOI: 10.1039/D4TA04571H

Author/year Positive electrode Negative electrode AE origin Complementary tool Cell format Electrolyte
PC/DME
(2010)%1 NiSb, Li-metal Structural and SEM Swagelok LiPFg in EC/DMC
morphological change
(2021)32 HEO Li-metal Cracking, bulk/surface SEM Coin LP57
restructuring,
film formation (SEI)
(2022)20 LiHEOF Li-metal » SEM Coin LP57
(2012)22 LCO Li-metal Grain boundary Mechanical modeling Coin 1.2M LiPFg in
microfracture alkyl carbonates
(2019)= NCM Si Delamination, Mechanical 18650 Commercial
interlayer slip, bending
cracking
(2019)4 LCO, NMC Graphite Microcracking SEM, EIS Coin 1M LiPFg in
EC:DEC:DMC
(2021)62 NCM Graphite - Machine learning 18650 Commercial
(2022)8 NCM Graphite - Temperature 18650 Commercial
measurement
(2023)1 LCO Graphite Cracking - 18650 Commercial
(2023)03 LFP Graphite Cracking - Pouch Commercial
(2024)7 NCM Graphite Shear fracture, Compression 18650 Commercial
local buckling, loading
tensile break
(2020)12 LNO Li-metal Particle fracture, SEM, EIS Coin LP57
film formation (SEI)
(1997)49 MnO, Li-metal particle fracture - Coin 1M LiClOy4 in
PC:DME
(2014)'61 LMO, LMNO Li-metal Phase transition, SEM, XRD Coin LP40
particle fracture
(2024)64 - - Electrode expansion, Machine learning, 21700 Commercial
cracking CT
Na-ion batteries
(2023)41 NTMO Na-metal Intragranular cracks ~ SEM, operando XRD Coin 1 M NaClOy4 in
Intergranular cracks EC:DMC:PC
Li-S batteries
(2019)87 S Li-metal Dissolution of sulfur ~ SEM Coin 1M LiTFSI in

TEGDME and DIOL
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4 Challenges and outlook

4.1 Multicomponent battery chemistry

The sophisticated chemistry and geometry of batteries, partic-
ularly commercial full-cells, presents specific challenges. In
full-cells, it is imperative to take into account the contribu-
tions from two acoustically active materials and their mechano-
electrochemical interactions with other cell components, such as
electrolyte, separator, conductive carbon, binder, casing, etc., and
cell geometry (prismatic, cylindrical, and pouch cells). Each fac-
tor contributes to the overall AE response, making it difficult to
deconvolute contributions from each electrode and pinpoint spe-
cific degradation mechanisms. This paramount complexity re-
quires a comprehensive understanding of the fundamental AE ac-
tivity of each cell component to link AE events with their respec-
tive origins. One effective approach is to work with model sys-
tems, such as coin-type half-cells, which offer standardized stack
pressure and cell component geometry. Since the acoustic contri-
bution from the lithium counter electrode has been reported as
insignificant compared to the working electrode, 1 the contribu-
tion of individual electrodes can be well isolated. Alternatively,
using electrodes with negligible volume change (“zero-strain”),
such as spinel-type Li;TisOq,, should also exclude the contribu-
tion from the counter electrode. Following a stepwise increase in
the complexity of the cell geometry will allow a rigorous assess-
ment of AE activities for cell components.

4.2 Signal acquisition and processing

Unlike more robust and macroscopic systems such as concretes,
metals, and rocks, battery systems, especially those containing
nanosized active materials (e.g., lithium iron phosphate), emit
much fewer AE signals with much lower absolute energy. In ad-
dition, since multiple mechanical, chemical, and electrochemi-
cal degradation processes are taking place simultaneously inside
batteries, it is challenging to adapt to the optimal data acqui-
sition setting to capture different types of AE waveforms. So
far, the battery AE analysis has only been conducted sporadi-
cally, with no consensus agreed on the optimal setup or settings,
such as wideband sensor type, pre-amplifier gain, set dB thresh-
old, and analog/digital filter boundaries. Such inconsistency may
lead to scattered results published so far, as the same type of
electrode material may yield different AE features, e.g., distinct
peak frequencies or AE energy for the same appointed degrada-
tion processes.2332142l Therefore, standardizing testing parame-
ters and data acquisition conditions are critical to establishing re-
producible and meaningful AE measurements.

Once the AE data have been recorded, characteristic AE test pa-
rameter variations (i.e., hit rate, energy, amplitude, and peak fre-
quency) integrated with synchronized electrochemical character-
ization are used to deduce mechano-electrochemical degradation
of electrode material with the fundamental understanding of elec-
trochemical behavior. However, classic signal processing meth-
ods face limitations in accurately isolating and identifying spe-
cific degradation mechanisms to decouple AE events, owing to the
structural and chemical complexity of the battery. The integration
of machine learning (ML) may help address these challenges. De-
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veloped algorithms can operate in higher dimensions, providing
more precise discrimination of AE features to help deduce specific
degradation processes, such as using both supervised and unsu-
pervised ML models to categorize and correlate AE signals with
degradation phenomena.®® In other fields, it has been success-
fully applied, as noted by the works of Kilic et al. and Ciaburro et
al., where ML has been combined with AE for various applications
including AE from powder bed additive manufacturing process or
delamination process of pouch cell electrodes.02:62166

4.3 Complementary validation methods

While operando AE testing sheds light on the mechanical degra-
dation inside batteries, it does not provide conclusive informa-
tion regarding the underlying mechanism, necessitating its cou-
pling with complementary characterizations to fully depict the
complex scenario. For example, the SEI formation during the re-
duction of negative electrodes, such as graphite and Si, includes
both gas evolution and film formation within a narrow potential
(and time) window. AE waveforms emitted by different sources
will be recorded altogether by the sensor, making it complicated
to deconvolute the individual mechanical event.

Currently, the verification of mechano-electrochemical AE
sources relies heavily on complementary SEM images, which re-
veal the microstructural changes of electrode particles after cy-
cling. However, the technique can only be done ex situ, mak-
ing the precise cross-reference less straightforward. Instead,
operando techniques have also been conducted by several groups,
such as operando XRD,334l in situ EIS,*12 operando dilatom-
etry, 4220 and DEMS.2923 Dynamic changes in structure, resis-
tance, pressure, and gas evolution help describe the fundamental
processes taking place on an atomistic/molecular level. Prefer-
ably, when multiple operando techniques can be conducted on
the same cell, the correlation would be more consistent. For in-
stance, coupling operando XRD and AE has been demonstrated
to study Si anodes, in which the authors correlated the number
of cumulative AE hits with the relative crystallinity and the lattice
strain of the Si electrode, the latter two being derived from the Ri-
etveld refinement of the collected XRD diffractograms.2? There is
an arsenal of physicochemical techniques available, such as elec-
trochemical quartz-crystal microbalance (EQCM),®Z X-ray com-
puted tomography (CT),%® operando attenuated total reflection
infrared spectroscopy (ATR-FTIR),®? and Raman spectroscopy; 2%
to name a few. Other smart sensing technologies, such as ul-
trasound”! and optical sensing”Z? have recently demonstrated
their versatility for battery monitoring. They can be readily in-
tegrated with AE for complementary determination of mechano-
electrochemical events inside batteries.

4.4 Future perspectives

The implementation of online AE sensing offers exciting opportu-
nities to study battery states with dynamic insights. Enabling the
experimental estimation of the battery SOH. Extensive research is
being conducted to adapt AE for monitoring battery abuse scenar-
ios that might occur in real-life applications, such as mechanical
bending tests®"Z or induced external short circuits.® To handle
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the massive amount of data obtained from the technique, devel-
oping and adapting machine learning techniques will be neces-
sary for real-time battery state estimation.

Manufacturing aspects, such as the lamination process of elec-
trodes during cell production, have incorporated the use of ML to
process the vast amount of AE signals collected during cell fab-
rication.©? Additionally, a recent study has implemented ML to
gather and distinguish AE patterns for pristine and aged cell cy-
cles, correlating them with electrochemical behavior.# This ap-
proach allows for the creation of fast-charging protocols or closed-
loop control systems, which help balance the trade-off between
battery utilization and degradation rate. Ultimately, collaboration
among academia, industry, and regulatory sectors will guide the
integration of non-destructive AE sensing into the battery man-
agement system for more accurate diagnosis and prognosis of bat-
teries in future EVs.

From a research viewpoint, AE sensing will provide new per-
spectives on advancing future battery chemistries and technolo-
gies, such as solid-state batteries (SSBs).Z37% In these devices, a
nonflammable solid electrolyte, either ceramic or polymeric, re-
places the conventional organic-based liquid electrolyte to power
the battery cell. Solid electrolytes have minimal elastic deforma-
tion, meaning they are more prone to mechanical strain at the
electrode—electrolyte interface from volume changes during cy-
cling. They can only accommodate these changes through dis-
placement or irreversible deformation, such as plastic deforma-
tion or cracking of the composite particles. Consequently, the
repeated expansion and contraction of cathode active materials
during charge and discharge likely result in contact loss at the
solid electrolyte—cathode interface, impeding lithium-ion trans-
port. 7278 On the anode side, lithium metal can be implemented
as the negative electrode, which increases the specific energy of
the SSBs. However, dendrite formation and growth may still per-
sist, calling for new insights into lithium plating mechanisms un-
der high pressure.”Z Qverall, while the chemical stability of solid
electrolytes has been extensively investigated so far, the under-
standing of their mechanical behaviors requires more comple-
mentary information,”® which can be readily extracted from on-
line AE sensing.

Other advanced battery chemistries, such as aqueous batteries
and metal-air batteries, may also emit AE signals during opera-
tion. In particular, when air and water are involved in electro-
chemical reactions, such as oxygen reduction, oxygen evolution,
and hydrogen evolution, AE sensing can be used to detect possi-
ble gassing behaviors, aiding in the analytical assessment of the
electrolyte stability in these systems. The non-destructive AE test-
ing will be an excellent complementary technique, in combination
with mechano-electrochemical modeling studies, 2231395860179/ ¢,
monitor the mechanical properties of cell components in real-
time, detect detrimental effects such as microcracks and delami-
nation, monitor material deformation, and localize the source of
mechanical events.

5 Conclusion

In conclusion, applying online AE sensing in rechargeable batter-
ies marks a significant advancement in battery health monitor-
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ing and diagnostics. This nondestructive technique enables real-
time monitoring of complex mechano-electrochemical behaviors
during battery operation, enhancing the prediction of the battery
SOC and SOH, thus contributing to safer and more efficient en-
ergy storage solutions. The effectiveness of AE sensing has been
demonstrated across various battery chemistries, including Na-S,
Ni-MH, Li-ion, Na-ion, and Li-S batteries. However, transition-
ing from laboratory studies to commercial applications presents
challenges such as integrating AE sensors into existing battery
management systems, developing standardized data interpreta-
tion protocols, and ensuring sensor reliability under diverse con-
ditions. Future research should address these challenges, inno-
vate sensor design, and optimize data analysis techniques to max-
imize the potential of AE sensing in real-world applications. This
will pave the way for the widespread adoption of AE technology,
enhancing the performance, longevity, and safety of rechargeable
batteries in electric vehicles and grid energy storage systems. As
the demand for efficient energy storage grows, online AE sensing
will be crucial in advancing battery technology and supporting a
sustainable energy future.
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