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SUMMARY

New methods of operando non-destructive evaluation (NDE) are needed to better assess the health and 

safety of Li-ion batteries. Acoustic emission (AE) testing is a widely used NDE technique in structural engi

neering but has yet to provide reliable assessments in battery applications. Here, we show that various elec

tro-chemo-mechanical processes in battery electrodes (graphite and nickel-manganese-cobalt oxides 

[NMC]) can be reproducibly identified by electrochemically resolved AEs after eliminating electromagnetic 

interference and applying wavelet-based signal processing. First, we perform ‘‘acousto-voltammetry’’ to 

correlate acoustic activity with specific electrochemical processes, such as ethylene gas generation and 

NMC particle fracture, as confirmed by gas detection and ex situ scanning electron microscopy (SEM) imag

ing, respectively. Next, we demonstrate that AEs can be distinguished using wavelet-transform features. 

Electrochemically resolved AEs provide a new window into quantitatively monitoring battery degradation, of

fering insights into electro-chemo-mechanical processes and potential advantages over conventional 

methods for the assessing state of health, remaining useful life, and safety risks.

INTRODUCTION

Li-ion batteries (LIBs) are ubiquitous energy storage devices for 

consumer electronics and electric vehicles due to their high en

ergy density, low self-discharge, and long lifetime.1 However, a 

number of complex degradation mechanisms are known to 

occur in LIBs to varying degrees based on electrode material, 

electrolyte, cycling protocol, and environmental factors.2,3

These processes are difficult to quantify during operation and 

challenging to use for predicting battery lifetime and safety. As 

a result, new methods to estimate the state of health (SoH) or 

state of safety (SoS) of LIBs and monitor the (micro)structural 

condition of the internal components must be developed to en

gineer safer, longer-lasting batteries.4

Many non-destructive evaluation (NDE) methods exist for 

LIBs, including electrochemical,5–7 thermal,8 and imaging tech

niques.9,10 Each method has advantages and disadvantages in 

terms of cost, accuracy, time required, sensitivity, and ability 

CONTEXT & SCALE Over the lifetime of a Li-ion battery, various internal mechanisms, such as electrode ma

terial degradation and side reactions, can take place. The timing and location of these processes critically 

influence whether they enhance battery performance or shorten cycle life and increase safety risks. Conven

tional battery diagnostics primarily rely on voltage and current measurements and are often unable to detect 

internal mechanisms that do not directly influence macroscopic electrochemical variables. In this work, we 

present an operando non-destructive evaluation (NDE) method for Li-ion battery characterization that can 

provide insight into such internal mechanisms. This approach integrates acoustic emissions analysis, a 

well-established NDE technique in structural engineering, with controlled electrochemical testing. By imple

menting engineering controls to suppress electromagnetic interference, we achieve reproducible detection 

of internal events such as particle fracture and gas generation, as corroborated by scanning electron micro

scopy and gas detection methods, respectively. In addition, wavelet transform-based signal processing is 

used to distinguish acoustic waveforms associated with different underlying mechanisms. This proof-of- 

concept study establishes a methodology for characterizing physical internal mechanisms in electrochem

ical systems that cannot be adequately assessed through conventional health and safety metrics. 
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to be performed during operando conditions.11 Acoustic emis

sion (AE) testing is a popular NDE technique used throughout 

various fields of engineering and, to a limited extent, for electro

chemical devices to study material fracture, deformation, corro

sion, deposition, and gas evolution by analyzing the number and 

energy of AE signals.12–14 AE testing has similarities with ultra

sonic techniques (UTs) through the shared use of acoustic activ

ity; however, AE testing is a purely passive method of detecting 

small releases of energy due to physical processes in the form of 

an acoustic (pressure) wave in a system, while UT requires the 

active input of an acoustic signal and measures the change in 

bulk modulus and density of a system through the reflection or 

transmission of the signal.15–18

Recently, AE analysis has been used for evaluating LIB health 

and estimating remaining useful life.19–23 However, despite the 

demonstrated potential of AE analysis for LIBs, little interpreta

tion of the acoustic data is typically provided, likely due to the 

lack of reproducibility in battery-AE data and the limited number 

of publications that report data from more than one battery-AE 

experiment. A brief overview of the existing literature of AE 

testing of batteries and battery materials is provided in the 

supplemental information (Section S1),19,21,24–36 and a thorough 

description of the technique and analysis of past battery-AE 

studies was provided in a recent review.37

In addition to reproducibility, another challenge is correlating 

AEs to specific processes that occur in LIBs. Previous battery- 

AE studies analyzed AE features such as peak or average fre

quency, partial power intervals, rise time, duration, and acoustic 

energy.38–40 While informative, these variables neglect important 

multiresolution features of AEs, and previous studies that used 

these variables often struggled to distinctly correlate groups of 

AEs to specific processes or to classify all AEs.30,32,41–43 Elec

trode events, such as Li (de)intercalation, solid electrolyte inter

phase (SEI) formation, Li plating, and particle fracture, often 

occur in overlapping potential and time windows during conven

tional constant current cycling.44,45 By contrast, cyclic voltam

metry (CV), in which a cyclic sweeping modulation of potential 

is applied to an electrode and the resulting current measured, 

can more easily distinguish between internal processes that 

occur at different potentials.46 Such ‘‘polarographic methods’’ 

have become powerful tools of electroanalytical chemistry, as 

recognized by the first Nobel Prize in the field of electrochemistry 

awarded to Heyrovsky in 1959.47

Here, we describe a hybrid technique termed ‘‘acousto-vol

tammetry,’’ in which battery-AE testing is performed simulta

neously with CV to electrochemically resolve AEs from specific 

battery mechanisms. Two case studies using graphite and 

nickel-manganese-cobalt oxide (NMC) electrodes in Li-ion 

half-cell batteries are presented, along with methods to improve 

reproducibility in battery-AE experiments. Quantitative particle 

fracture analysis by scanning electron microscopy (SEM), com

parison to gas evolution data from literature, and control exper

iments with Li-symmetric cells are used to corroborate battery 

mechanism identification. Finally, we show that unsupervised 

clustering techniques using features drawn from the wavelet 

transform (WT) allow for interpretability and distinguishability be

tween AE waveforms generated by graphite electrodes, NMC 

electrodes, and noise.

RESULTS AND DISCUSSION

Improved reproducibility of AE experiments through 

noise removal

Initial acousto-voltammetry experiments on graphite and NMC 

half-cells produced cumulative AEs per cell that varied by an or

der of magnitude (Figure 1C). The reproducibility of the cumula

tive number of AEs across identically constructed and cycled Li- 

ion cells was significantly improved (Figure 1D; Section S2.1) 

with the addition of electromagnetic interference (EMI) chokes 

(Figures 1A and 1B). Conventional EMI is undesired noise in an 

electrical path that takes the form of a high-frequency signal 

(generally in the high MHz to GHz range, but can be present at 

kHz as well) that can occur when current flows through un

shielded wires near a system of interest.48 EMI chokes, such 

as ferrite beads, function by acting as low-pass filters and pre

sent a high impedance to high-frequency signals and a low 

impedance to lower-frequency signals.48 While previous bat

tery-AE work took great care to prevent vibrational interference 

through experimental isolation, AE voltage (decibel [dB]) thresh

olding, and background noise testing, EMI noise reduction was 

limited to removing AEs with short duration or low voltage 

threshold crossing count. We later demonstrate that EMI noise 

emissions can take several forms that are not always caught 

by a post-processing low-count filter, and thus believe EMI noise 

contributed significantly to the large variation in cumulative AEs 

both across studies using the same electrode material and within 

individual experiments.

Acousto-voltammetry on polycrystalline NMC811 half- 

cells

NMC811 half-cells (Li || NMC811) were tested by acousto-vol

tammetry across a potential range wider than conventionally 

experienced during constant current cycling. The use of CV as 

the simultaneous electrochemical measurement during AE 

testing allowed for precise time and potential resolution of the 

phase transformations that occur in NMC cathodes. The electro

chemically resolved AEs across four consecutive cyclic voltam

mograms on the same NMC811 half-cell (Figure 2A) showed two 

histogram peaks of acoustic activity, with one during delithiation 

(4.0–4.3 V) of the NMC811 electrode and another during lithiation 

(3.4–3.8 V). In literature, the H2 → H3 phase transition in NMC811 

has been shown to occur over the same delithiation potential 

window. This phase transition has also been linked to particle 

fracture due to its rapid volume contraction.49,50 Specifically in 

NMC811, the H2 → H3 phase transition represents the greatest 

c-axis change and rate of change across any reasonable lithia

tion state (Figure 2B).49

Dividing the electrochemically resolved AE analysis by cycle 

(Figures 2C–2F), the delithiation AEs predominantly occurred 

during the first two cycles. Most of the emissions in the first cycle 

occurred during the single current peak, which corresponds to 

an overlap of all three expected phase transitions (H1 → M, 

M → H2, and H2 → H3). However, the specific phase transitions 

that occur during the highest rate of AEs can be narrowed down 

further. Through hybrid CV—incremental capacity testing 

(Figure S12), it can be determined that the M → H2 and H2 → 
H3 phase transitions overlap with the potentials that are most 

Please cite this article in press as: Samantaray et al., Electrochemically resolved acoustic emissions from Li-ion batteries, Joule (2025), https://doi.org/ 

10.1016/j.joule.2025.102108

2 Joule 9, 102108, October 15, 2025 

Article
ll



acoustically active (4.05–4.25 V). The potentials at which the 

phase transitions occur in the subsequent cycles can be more 

clearly identified by the half-wave potential (E1/2) of each (de)lith

iation current wave. The E1/2s of the H1 → M, M → H2, and H2 → 
H3 phase transitions for the NMC811 electrodes in this work are 

3.75 V, 4.00 V, and 4.19 V, respectively, which are within 3 mV of 

the phase transition potentials of NMC811 determined by incre

mental capacity analysis on the same batch of electrodes 

(Figures S13 and S14) and in literature.49 The emissions in the 

second cycle occur near the current peaks from the M → H2 

and H2 → H3 phase transitions, corroborating the first cycle 

analysis.51 In additional NMC811 half-cells tested by acousto- 

voltammetry (Figures S5 and S6), the distributions of delithiation 

AEs were similar, with the two highest concentrations of acoustic 

activity during delithiation occurring at 4.1 V (dominated by first 

cycle AEs) and 4.15 V, respectively (generally between the 

M → H2 and H2 → H3 phase transitions), demonstrating 

reproducibility.

A destructive assessment of NMC811 half-cells cycled to 

different potentials within the first cyclic voltammogram was 

conducted to assess the micro-structural changes throughout 

the potential range. The SEM imaging-based particle fracture ra

tio (Figure 3A) and particle fracture rate (Figure 3B) were calcu

lated at each potential. The particle fracture ratio and rate 

increased near the delithiation H2 → H3 phase transition and 

decreased near the lithiation M → H1 phase transition (the abso

lute value of the particle fracture rate is shown in Figure 3B). The 

change in particle fracture ratio can be qualitatively seen in the 

SEM images (Figures 3C–3E). More details on the data collection 

and calculation are included in Section S4.

In contrast to delithiation emissions, which occurred predomi

nantly over the first two cycles and decreased over time, fewer lith

iation AEs occurred during the first cycle but appeared in similar 

numbers during the later three cycles. A majority of the lithiation 

AEs occurred in the potential range during and directly after the 

M → H1 transition. No significant morphological changes or side 

A B

C D

Figure 1. Improved reproducibility of AE experiments through noise removal 

(A and B) Custom configuration for performing acousto-voltammetry experiments with coin cell batteries in (A) top view and (B) labeled side view schematic. A 

ferrite bead used as an EMI choke is highlighted by an orange box in part A. 

(C) Cumulative number of AEs detected during acousto-voltammetry experiments of NMC and graphite half-cells at different scan rates. Here, acoustic emissions 

refer to any instance in which the vibration measured by the acoustic sensor crosses the user-defined decibel (dB) threshold. Once a threshold crossing is 

detected, subsequent AEs were not counted within a 200 μs window to avoid double-counting closely spaced events. The green traces, obtained from NMC811 

half-cells without EMI chokes or filters on AE duration or counts, exhibited 2–3 orders of magnitude more AEs than the experiments with EMI chokes and filters. 

(D) Cumulative number of AEs detected during acousto-voltammetry experiments conducted with EMI chokes and filters. Traces of the same color represent 

experiments with the same material and CV scan rate. Acousto-voltammetry experiments at different scan rates demonstrate improved reproducibility. Additional 

statistical analyses on the reproducibility are detailed in Section S2.1. More details on the effect of scan rate on the acousto-voltammetry experiments are shown 

in Sections S1.5 and S10.
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reactions are expected at that potential; however, as confirmed by 

the SEM imaging data in this work and X-ray computed tomogra

phy data in literature,52,53 a portion of the NMC fractures visually 

appears to close at this potential, as supported by X-ray diffraction 

(XRD) data indicating lattice contraction as well (Figure 2B).49 The 

number and energy of AEs in this potential range are consistent in 

the third and fourth CV cycles, leading to the hypothesis that these 

emissions are caused by repeated chemo-mechanical deforma

tion of the porous electrode during cycles of lithiation-induced 

swelling and shrinking. Under small deformations, the electrode 

composite behaves as an elastic body, but whenever a yield crite

rion is exceeded, irreversible plastic deformation and damage will 

occur. In powder composites such as these porous electrodes, the 

dominant plasticity mechanisms include frictional sliding of grain 

contacts above a critical shear stress54 and consolidation or densi

fication of the grain packing above a critical pressure.55 In the me

chanical model of electrode composites introduced by Zhu et al.,56

these mechanisms are captured by Drucker-Prager57 and 

Deshpande-Fleck58 plasticity models, respectively, augmented 

by a hardening law56 and the Anand-Gu flow rule.59 Recently, Ipers 

et al.55 incorporated Zhu’s model in deformable porous electrode 

theory (DPET), which successfully predicted elasto-plastic defor

mation and irreversible swelling of battery electrodes during elec

trochemical cycling. We conjecture that the irreversible sliding and 

consolidation predicted by DPET simulations may cause the parti

cle fractures associated with high-frequency AEs. However, it is 

beyond the scope of this paper to formulate or validate models 

incorporating physics-based simulations of AEs, which is left for 

future work.

Effects of particle agglomeration structure on the AEs of 

NMC532

To validate that the AEs being recorded were directly related to 

particle fracture, a crystallinity study using NMC532 as the active 

material was conducted. Single-crystal NMC materials have 

fewer crystal grain boundaries and are known to fracture less 

than polycrystalline samples.60,61 Single-crystal NMC532 

(NMC532-SC) and polycrystalline NMC532 (NMC532-PC) elec

trodes of similar areal capacity loading were assembled and 

tested using acousto-voltammetry.

Electrochemically resolved AE analysis of NMC532-PC half- 

cells revealed a different pattern in comparison to that of 

NMC811 (Figures 4A and S8). The lithiation AEs peaked across a 

similar potential range to the NMC811 half-cells (3.4–3.8 V), which 

correlates with the M → H1 phase transition in NMC532. However, 

the delithiation AEs peaked at a lower potential range (3.8–4.1 V), 

which correlates with the H1→ M phase transition in NMC532 

(Figure 4A). This difference could be explained by the rapid volume 

change that occurs in this potential window for NMC532.62 Unlike 

NMC811, NMC532 undergoes its greatest volume change during 
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Figure 2. Acousto-voltammetry on a polycrystalline NMC811 half-cell 

(A) Electrochemically resolved AEs during 4 consecutive cyclic voltammograms conducted at a scan rate of 0.05 mV/s between 3.0 and 4.5 V. The blue histogram 

indicates the total number of AEs detected at each potential during delithiation of the NMC811 cathode during the four cycles. The yellow histogram shows the 

total number of AEs detected at each potential during lithiation of NMC811 during the four cycles. The cyclic voltammograms are shown by the colored traces. 

(B) Operando XRD analysis of NMC811 half-cell during a C/10 constant current charge and discharge showing that the potential regions of greatest acoustic 

activity during delithiation (blue shading) and lithiation (yellow shading) occur during c-lattice contraction of the material (adapted from Li et al.49). 

(C–F) Electrochemically resolved AEs of the NMC811 half-cell in part A in the (C) 1st, (D) 2nd, (E) 3rd, and (F) 4th cycles.
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the H1 → M phase transition potential window, which aligns well 

with the witnessed acoustic activity. The electrochemically 

resolved AE analysis of NMC532-SC half-cells displayed a simi

larly shaped distribution of AEs relative to the phase transformation 

potentials determined by the current peaks as in the NMC532-PC 

half-cells (Figures 4B and S9); however, there were significantly 

fewer AEs than in the NMC532-PC samples (<25%). The signifi

cant reduction of acoustic hits and energy in the NMC532-SC 

half-cells indicates that the majority of the acoustic activity de

tected in the NMC532-PC electrodes is due to particle fracture. 

As further confirmation, ex situ SEM imaging of NMC532-PC and 

NMC532-SC electrodes at high potential (4.6 V) revealed surface 

particle fracture in the NMC532-PC electrodes but significantly 

less in the NMC532-SC electrodes (Figures 4C and 4D; 

Section S5.1).

All three NMC materials displayed significant acoustic activity 

during the delithiation first cycle, but fewer emissions on subse

quent cycles. These AEs may be correlated with particle fracture, 

as data in literature suggest that NMC particle fracture is ex

pected to predominantly occur during the first few cycles and 

less so during further cycles.63 This is also consistent with a bat

tery-AE study conducted on LiNiO2 (an end member of the 

ternary phase diagram of NMC cathodes).32

Acousto-voltammetry on graphite half-cells

Graphite half-cells were tested by acousto-voltammetry to 

investigate the AEs during SEI formation. The electrochemically 

resolved AEs across three consecutive cyclic voltammograms 

on the same graphite half-cell (Figure 5A) showed three peaks 

of acoustic activity: one during discharging or delithiation of 

the graphite electrode (positive current) between 0.2 and 0.5 V 

and two during charging of the graphite electrode (negative cur

rent), with one in the lithiation potential range (0.01–0.25 V) and 

the other at a higher potential (0.4–0.8 V). Each of the AE peaks 

Figure 3. Fracture analysis of NMC811 particles during acousto-voltammetry 

Particle fracture rate is correlated with periods of high acoustic activity, as validated by ex situ SEM analysis. 

(A) Ratio of surface-fractured NMC811 particles to total number of NMC811 particles counted over at least three images for each of 2–3 cells at each potential 

shown across the first CV. Only particles above 10 μm in their largest dimension were considered for the analysis. Error bars represent the standard deviation 

across samples at each potential. 

(B) Rate of NMC811 particle cracking calculated using the cracked particle ratio and the scan rate. Each value represents the linear interpolation of the rate as the 

midpoint between potentials with cracked particle ratios. The red curve represents the cracked particle rate during delithiation of NMC811. The blue curve 

represents the absolute value of the cracked particle rate during lithiation. The green bars are a histogram of the first cycle AEs during an acousto-voltammogram 

of NMC811. 

(C) SEM image of an NMC811 electrode cycled to 3.6 V. 

(D) SEM image of an NMC811 electrode cycled to 4.5 V. (D-insert) SEM image of a cracked individual particle from an NMC811 electrode cycled to 4.5 V. 

(E) SEM image of an NMC811 electrode cycled up to 4.5 V and back to 3.0 V. (E-insert) SEM image of a cracked individual particle from an NMC811 electrode 

cycled to 4.5 V and back to 3.0 V.
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appears to overlap with current peaks in the cyclic voltammo

grams. The AE peak during graphite discharge overlapped with 

the delithiation current peak of the cyclic voltammogram, the 

low-potential AE peak during graphite charging overlapped 

with the lithiation current peak, and the high-potential AE peak 

during graphite charging overlapped with the irreversible current 

peak that occurred during the first cyclic voltammogram. The 

latter can be viewed clearly when the electrochemically resolved 

AE analysis is examined individually by cycle. Figure 5B directly 

shows the overlap between the AEs and the current peak gener

ally associated with SEI formation. Figures 5C and 5D show the 

second and third cycle cyclic voltammograms without the clear 

SEI current peak and the corresponding AEs. The later cycles 

continued to have AEs during the lithiation and delithiation cur

rent peaks, but the number was significantly reduced as 

compared with the first cycle. The reproducibility of the electro

chemically resolved AEs of the graphite half-cells can be seen in 

Figures S10 and S11.

Similar to NMC cathodes, the AEs detected during (de)lith

iation may result from particle fracture or exfoliation, which are 

known degradation mechanisms of graphite3,65; however, 

experimental validation of fracture in the graphite electrode 

was difficult to verify due to the lack of a common graphite 

particle morphology in the pristine state (Figure 5E) and the 

growth of SEI, which impacts the surface view of the material 

(Section S5.2). Compared with the AEs during the (de)lithiation 

potential ranges, the AEs during the SEI formation potential 

range had longer durations and lower peak frequencies 

(Table S3). While past battery-AE studies have struggled to 

confidently match gas evolution with AEs, our results indi

cated that the potential range at which the acoustic activity 

occurred precisely overlaps with ethylene gas evolution 

measured in a similar experimental system using online elec

trochemical mass spectrometry (Figure 5F).64 This result 

contrasts with the conclusion drawn from a battery-AE study 

conducted on a Super C65 (carbon black) and polymer binder 

electrode, in which chronoamperometry and CV were used 

simultaneously with AE analysis.31 The authors claimed that 

gas evolution had no noticeable effect on the acoustic activity; 

however, roughly one-third of the AEs detected occurred dur

ing the first lithiation of the carbon and overlapped with a cur

rent peak around 0.4–0.8 V, indicative of SEI side reactions.31

A similar peak in acoustic activity and current during this po

tential range was observed during acousto-voltammetry on 

carbon black electrodes conducted in this work (Figures S26

and S27).

A

DC

B

Figure 4. Effects of particle agglomeration structure on the AEs of NMC532 

Single-crystal NMC532 displays significantly less acoustic activity and surface particle fracture. 

(A) Electrochemically resolved AEs of a polycrystalline NMC532 (NMC532-PC) half-cell, including all AE signals detected during 4 CVs. 

(B) Electrochemically resolved AEs of a single-crystal NMC532 (NMC532-SC) half-cell, including all AE signals detected during 4 CVs. 

(C) SEM image of a cycled NMC532-PC electrode showing significant surface particle fracture. 

(D) SEM image of a cycled NMC532-SC electrode showing limited surface particle fracture. Additional characterization of NMC532-PC and NMC532-SC 

electrodes is shown in Section S5.1.
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Battery-acoustic emissions testing system validation

To verify that the AEs detected during the acousto-voltammetry 

experiments represented processes occurring in the graphite or 

NMC electrodes, other spurious sources within the coin cell that 

could lead to additional acoustic hits and attenuation of the 

acoustic signal were also investigated.

Within the half-cell construction, the most likely source of AEs 

other than the cathode would be at the Li anode, which un

dergoes Li plating and stripping and SEI formation and cracking 

during the cyclic voltammogram. Previous studies have claimed 

that AEs of the Li anode can be neglected in half-cell experi

ments.27,32,41 To verify this claim, AE testing of Li-symmetric 
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Figure 5. Acousto-voltammetry on a graphite half-cell 

(A) Electrochemically resolved AEs during 3 consecutive cyclic voltammograms conducted at a scan rate of 0.05 mV/s between 0.01 and 1.5 V. 

(B–D) The data in part A during the (B) 1st, (C) 2nd, and (D) 3rd cycles. 

(E) SEM image of a pristine graphite electrode. (E-insert) SEM image of a pristine single graphite particle. 

(F) Online electrochemical mass spectrometry data of gas evolution rate during graphite formation by CV, showing a peak in ethylene gas evolution rate during the 

potential range of SEI formation in the first cyclic voltammogram in a graphite half-cell (adapted from Zhang et al.64).
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cells was conducted using CV over an extensive range 

of ±250 mV, resulting in a maximum current density magnitude 

of approximately 2.5 mA/cm2. Only 1–2 AEs per cycle were de

tected when the Li electrode was subjected to a current density 

less than 1.5 mA/cm2; however, approximately 3–4 AEs were de

tected per cyclic voltammogram above these two limits 

(Figures S28 and S29). From literature and Li-symmetric cell 

testing in this work, the overpotential experienced by the Li 

anode was positively and approximately linearly correlated 

with current density.27 The potential regions of greatest acoustic 

activity in the NMC811 half-cells occurred when the current den

sity was in the range of 0.25–1.25 mA/cm2 and in the graphite 

half-cells when the current density was in the range of 0.10– 

0.75 mA/cm2. Therefore, while a few AEs could be from the Li 

anode, there should not be a substantial contribution, given 

the acoustic activity during the Li-symmetric tests.

Further confirmation that spurious AEs from the Li anode do 

not significantly impact the electrochemically resolved acoustic 

analysis came from investigating attenuation through the sepa

rator and electrolyte using inverted Li || NMC811 half-cells. The 

inverted half-cells were built by switching the locations of the 

electrodes during coin cell construction. The acoustic sensor re

mained in contact with the larger coin cell cap and thus in closer 

contact with the Li metal electrode. This setup had a similar dis

tribution of electrochemically resolved AEs compared with the 

conventional Li || NMC811 half-cells, though with fewer total 

emissions (Figures S30 and S31). This reduction indicated the 

presence of attenuation when measuring AEs that cross through 

cell components, such as the separator and electrolyte. Lower 

energy emissions, such as those present during the M → H1 

phase transition in NMC811 lithiation, may not be registered after 

crossing through the cell under the chosen sensitivity settings in 

this study.

Next, the potential for other components of the coin cell, such as 

the spring, to produce spurious AEs was investigated. AE testing of 

lithium iron phosphate (LFP) half-cells was conducted using the 

same coin cell components. LFP undergoes a similar unit cell vol

ume expansion (6%–7%)66 to NMC811 (5%–6%)67 during (de)lith

iation, resulting in a similar deformation of the spring within the coin 

cell while cycling. Virtually no AEs were detected during three cy

clic voltammograms across the full (de)lithiation range (2.5 V–4.1 

V) for the LFP half-cells (Figures S32 and S33), indicating that the 

coin cell structural components should have minimal impact on 

the detected AEs during the acousto-voltammetry experiments. 

Additionally, this result further corroborates the ability of the sepa

rator and electrolyte to attenuate the AEs from the Li anode, as an 

insignificant number of AEs were detected in the LFP half-cell ex

periments over a similar potential and current density range as in 

the NMC811 half-cell experiments.

Overall, variation in the number of emissions in the data re

ported in this work still remains but is most likely attributable to 

natural structural differences between individual electrodes. 

This is further supported by the SEM imaging data, in which mi

nor differences in the particle fracture ratio or rate between cells 

cycled to the same potential are positively correlated with the mi

nor differences in cumulative AEs and energy (Figures S17 and 

S18). In particular, this result underscores the sensitivity and ac

curacy of the acoustic emissions measurement.

Distinguishability of battery AEs through WT and 

unsupervised clustering

AEs from graphite, NMC, and Li metal electrodes were identified 

and isolated from conventional EMI noise with validation through 

destructive assessment and careful experimental control. To 

further analyze these signals, we explored unsupervised clus

tering based on transformations of the pre-distinguished tran

sient waveforms.

WTs were taken of AEs from several acousto-voltammetry ex

periments across different electrode materials in addition to WTs 

of AEs caused by EMI. AEs caused by physically tapping the 

bench near the experimental configuration were also added 

and denoted as ‘‘noise – vibration.’’ WT scalogram heatmaps 

of representative single emissions from each of the six groups 

(Figures 6A–6E and 6G) show differences in time-resolved fre

quency content. These differences can be analyzed using multi

dimensional scaling (MDS), an algorithm that attempts to pre

serve relative pairwise distances between WT scalograms 

(Figure S39) during dimensionality reduction. Initially, there 

were two distinct clusters of AEs: one composed almost entirely 

of AEs in graphite half-cell experiments during SEI formation and 

another consisting of NMC811 AEs (most likely from particle 

fracture and recombination), graphite (de)lithiation AEs, Li AEs, 

and a localized group of EMI noise AEs. The AEs caused by 

vibrational noise spanned a wide space around the two clusters 

(Figure S40). After applying AE filters based on duration and 

counts, a significant reduction in the number of noise emissions 

(EMI and vibration) can be seen while maintaining the identity 

and separation between the original two clusters (Figure 6I). 

Further examples of acoustic waveforms, WTed-AEs, and sum

mary acoustic features from each of the six groups are shown in 

Section S11.

The WT also enables comparisons to previous battery-AE 

studies that predominantly looked at peak frequency or duration 

as key AE features. Qualitative comparisons between the WTs of 

representative emissions from the six categories show that 

each group is visually distinct. EMI tends to be a wideband signal 

that stretches beyond 1 MHz with extremely short duration 

(Figure 6A). While many past battery-AE studies would have suc

cessfully eliminated many of these emissions by rejecting AEs 

with less than 2 counts, at least two other scalogram forms 

of EMI were discovered in our dataset. One includes the pres

ence of multiple EMI emissions in a single transient AE, which 

incorrectly gives the appearance of a multiple count wave 

(Figure S37), and the other is a single-frequency, constant ampli

tude, long-duration EMI (Figure S38) emission, which has gener

ally not been considered in previous studies, though manual 

removal was mentioned in a single battery-AE paper.28 The vi

bration AEs (Figure 6B) have a low and narrowband frequency 

and a long duration, often greater than the 300 μs window 

used for the analysis.

Graphite AEs during the lithium (de)intercalation potential 

ranges (Figure 6D) have a wideband frequency response with a 

relatively short duration (10–20 μs). By contrast, graphite AEs 

in the SEI formation potential range (Figure 6E) are generally 

narrowband signals with low frequency (70–100 kHz) and longer 

duration (25–45 μs) but are distinct from vibrational noise and 

long-duration EMI emissions by having a non-constant 
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amplitude. Previous battery-AE studies believed these charac

teristics describe gas evolution emissions, and perhaps the 

most convincing data to support this hypothesis is from a 

publication that also took the WT of an AE caused by electro

chemically induced gas evolution on a graphitic electrode 

(Figure 6F).68 Our study corroborates this for gas evolution 

Figure 6. Distinguishability of battery AEs through the WT and unsupervised clustering 

(A–H) Raw AE waves and corresponding WT scalograms of AEs (A) caused by EMI, (B) caused by vibrations generated by tapping the table near the experimental 

configuration, (C) from a Li-symmetric cell, (D) from graphite (de)intercalation (E) during the 1st cycle of a graphite half-cell in the SEI formation potential window, 

(F) during gas evolution induced on highly oriented pyrolytic graphite (reproduced from Matsuo et al.68), (G) from an NMC811 half-cell, and (H) during induced 

fracture of highly oriented pyrolytic graphite (reproduced from Matsuo et al.68). 

(I) MDS plot of the WT AEs emissions from different acousto-voltammetry experiments and noise sources. The noise emissions were captured without EMI 

chokes or batteries present.
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caused by SEI formation in an operando Li-ion cell, especially 

because other mechanisms, such as lithium (de)intercalation 

and particle fracture, are not expected to occur significantly in 

the potential range, given the slow-rate cyclic voltammogram 

and the staging nature of lithium intercalation into graphite.44,69

The NMC811 AEs (Figure 6G) have a wideband frequency 

response with a short duration (10–25 μs) similar to the graphite 

AEs during (de)intercalation. Because of these features, the 

NMC811 emissions tend to cluster near the traditional EMI noise 

emissions but generally have a significantly longer duration and 

higher count values. Previous battery-AE literature has sug

gested that particle fracture emissions tend to have a peak fre

quency above 500 kHz, which was seen in several WT scalo

grams of NMC811 AEs in this study. However, many AEs also 

take the forms seen in Figures S35 and S36, where the peak fre

quency varies within the wideband (distribution seen in 

Figure S41). Because these AEs still have a short duration and 

NMC811 only evolves significant amounts of gas above 4.4 

V,70,71 it does not appear that these emissions correspond to 

gas evolution. Further corroboration is found in the previous 

WT-AE study, in which AEs from induced fracture of a graphitic 

electrode appeared to have a similar wideband signal with a 

peak frequency around 160 kHz (Figure 6H).68 The NMC811 

result in particular highlights the utility of using the combination 

of acousto-voltammetry and the WT for AE hit classification.

Li AEs (Figure 6C) have similar duration (15–25 μs) and fre

quency data to NMC811 and graphite (de)intercalation emis

sions, which could potentially be explained by the continual 

stripping and refilling of the SEI shells on the Li anode surface. 

However, the distinction between the two lies in the amplitude 

of the AEs, in which the Li emissions are generally lower in energy 

(median energy of 0.42 aJ for Li AEs compared with 0.80 aJ for 

NMC811 AEs). More details comparing the signal features of 

all the AE categories can be found in Table S3.

A few NMC811 and Li AEs appear close to the graphite-SEI 

cluster. Interestingly, over 95% of the NMC811 AEs in the 

graphite-SEI cluster occur at a potential greater than 4.4 V 

(across several acousto-voltammetry experiments), which may 

indicate gas evolution from the cathode material. Similarly, for 

the graphite (de)lithiation AEs in the NMC811 cluster, over 90% 

of them occur during delithiation or below a potential of 0.3 V 

during lithiation. These AEs may be due to graphite particle frac

ture or delamination.

After applying the count and duration filters, we more effec

tively resolve the two clusters of AEs on the two-dimensional 

MDS plot, which potentially represent specific mechanisms, 

namely, gas generation emissions and particle fracture emis

sions (Figure 6I). It is important to note that some EMI and vibra

tional noise AEs still persist, despite the filters. Particularly con

cerning are EMI AEs, as they overlap with some NMC811 and Li 

AEs, indicating that certain particle fracture-type emissions have 

a similar time and frequency content to EMI emissions. The WT- 

MDS method could be utilized to remove any AEs that are close 

to the localized EMI noise AE group in the MDS plot. This process 

would potentially remove some real electrode-based AEs but 

would increase confidence in eliminating effects of EMI in the 

experiment. Ultimately, this result underscores that more com

plex waveform analysis methods beyond simple filters are 

required to completely isolate EMI noise in battery-AE 

experiments.

Conclusions

The methodology for performing electrochemically resolved 

acoustic emissions analysis using acousto-voltammetry was 

demonstrated on Li-ion half-cells to evaluate particle fracture 

in NMC811 and SEI formation on graphite in operando. After 

carefully eliminating acoustic noise due to EMI using engineer

ing controls and battery-AE system validation, AEs were repro

ducibly detected when measured simultaneously with CV. 

Through comparisons with previous gas evolution experi

ments64 and ex situ SEM analysis, correlations were corrobo

rated between AEs and specific battery mechanisms, namely 

gas generation and particle fracture on graphite and NMC811 

electrodes, respectively. Finally, signal processing using the 

WT enabled distinguishability between AEs arising from 

different proposed mechanisms and demonstrated that EMI 

and vibrational noise require more complex methods than 

count and duration filters to isolate. These results illustrate 

the capability of operando AE analysis as a sensitive and 

accessible NDE method for LIBs and potentially other electro

chemical systems when performed in an electrochemically and 

temporally resolved manner.

METHODS

Cell fabrication

Hohsen CR2032 coin cells were used for all experiments (Al-CVD 

SUS 316L case, SUS 316L wave spring – 15 mm diameter by 

1.4 mm height, SUS 316L spacer – 15.5 mm diameter by 

0.5 mm thick). Cells were assembled in an Ar-filled glovebox 

(H2O < 0.1 ppm, O2 < 1 ppm). NMC811 (Nanomyte® BE-56E, 

NEI Corp, 2.0 mAh/cm2 areal capacity), NMC532 (Nanomyte® 
BE-52E, NEI Corp, 2.0 mAh/cm2 areal capacity), NMC532 sin

gle-crystal (LiFun Technology Co., 2.4–2.5 mAh/cm2 areal ca

pacity), LFP (Nanomyte® BE-60E, NEI Corp, 1.25 mAh/cm2 areal 

capacity), and graphite (Nanomyte® BE-200E, NEI Corp, 

2.4 mAh/cm2 areal capacity) electrodes were cut into a circular 

shape with a 15.9 mm diameter and paired with a 15.6 mm diam

eter Li foil disk (0.45 mm thickness, Guangdong Canrd New En

ergy Technology Co.; estimated capacity >150 mAh). Additional 

details on the preparation of carbon black electrodes are 

included in Section S1.2. The positive and negative electrodes 

were separated by two 19 mm diameter Celgard 2325 separa

tors. A total of 51 μL of electrolyte (1 M LiPF6 in 1:1 EC:EMC, 

Sigma Aldrich) was added to each cell in 3 separate 17 μL ali

quots, between the separators and between each separator 

and its adjacent electrode.

Electrochemical characterization

The potential window for electrochemical testing was chosen 

based on the stability window of each material. The potential win

dow was between 3.0 V and 4.5 V for Li || NMC811 half-cells, be

tween 3.0 V and 4.6 V for Li || NMC532 (polycrystalline) half-cells, 

between 3.0 V and 4.4 V for Li || NMC532 single-crystal half-cells, 

between 2.5 V and 4.1 V for Li || LFP half-cells, and between 0.01 

and 1.5 V for Li || graphite half-cells (all potentials are vs. Li+/Li).
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All electrochemical testing was conducted using a multi-chan

nel battery cycler (LBT20084, Arbin) at room temperature (22⁰C– 

24⁰C). NMC half-cells were tap charged to 3.0 V within 1 h of con

struction and held at that potential for 20 h to ensure complete 

wetting. LFP half-cells were tap charged to 2.5 V, graphite half- 

cells were tap charged to 1.5 V, and both were held for the 

same period of time. CV was performed at varied scan rates in 

the range of 0.05 to 1 mV/s across the specified voltage range. 

Each cell was cycled for at least 3 cyclic voltammograms.

Acoustic emissions experimental configuration

During electrochemical testing, each cell was monitored using 

a single-ended wideband frequency acoustic emissions sensor 

(WSα 100–1,000 kHz AE Sensor, Physical Acoustics Corp.). A 

custom coin cell holder was designed to keep the AE sensor 

in continuous direct contact with the positive electrode case 

of the coin cell (Figures 1A and 1B). This was accomplished 

by designing and machining an acrylic housing to contain the 

AE sensor and a spring. The housing allowed for repeatable 

alignment, x-y immobilization of the AE sensor, and a down

ward pressure to ensure continuous direct contact with the 

coin cell. An acoustic couplant gel (Echo 8 ZHTM, Echo Ultra

sonics) was placed on the surface of the coin cell prior to 

sensor placement to prevent air gaps between the case and 

the AE sensor. The coin cell was held in place under the AE 

sensor using a battery holder (1057TR, Keystone Electronics), 

which was connected to an Arbin LBT20084 channel, allowing 

for simultaneous electrochemical and acoustic emissions 

testing.

The AE sensor was connected to an in-line 2/4/6 preamplifier 

(2/4/6—Switch Selectable Gain Single-Ended and Differential 

Preamplifier, Mistras Group, Inc.) that was used with a single- 

ended configuration and a gain of 60 dB. The preamplifier had 

a built-in bandpass filter that restricted the observed frequency 

from 10 to 900 kHz. The data acquisition system (EXPRESS- 

8 – PCI Express-based Eight-channel AE Board & System, Phys

ical Acoustics Corp.) was connected to the output of the pream

plifiers. The AEwin for Express-8 software (Physical Acoustics 

Corp.) was used for acquisition, recording, and initial processing 

of the data. AEs detected with a duration less than 3 μs or greater 

than 250 μs and AEs with less than 2 counts were removed from 

the analysis. Hits measured on multiple channels within the same 

10 ms window were removed as well.

An acoustic noise survey of the room was initially performed 

with the sensors resting on empty coin cell casings. A threshold 

value of 26 dB was sufficient to eliminate nearly all acoustic 

activity over the course of days, including events such as the 

opening and closing of nearby doors and foot traffic near 

the experiment. To demonstrate reproducibility, at least 3 cells 

with the same electrode material, coin cell construction 

(metallic components, separator, and electrolyte), and cycling 

condition (electrochemical procedure, scan rate, and voltage 

range) were tested for each result at separate times, with 

much of the data included in the Sections S2, S6, S7, S8, 

and S9.

In order to remove the influence of EMI on the battery-AE mea

surements, EMI chokes, such as ferrite beads and toroids, were 

added to all exposed current-carrying elements within 2 m of the 

experiment. This included all power supply cables, electrical 

wires between the battery cycler and the experimental configu

ration, and connections between the AE sensor, preamplifier, 

and the acoustic hardware. Furthermore, a Faraday cage was 

constructed around the battery cycler. Prior to adding the EMI 

chokes and Faraday cage, AEs detected by the experimental 

configuration caused by turning the lights on and off (without a 

battery present) were recorded.

Acoustic waveform analysis

A WT was conducted on each AE waveform in order to resolve its 

temporal structure in terms of frequency and duration.72,73 A 

time window of 200 μs was used for each waveform and adjusted 

so that the first threshold crossing of the wave occurred at 28 μs. 

The algorithm was formulated using a complex Morlet wavelet 

with center and bandwidth frequencies of 1.5 and 1.0 respec

tively, as used in mechanical fault diagnosis.74 The transform 

was conducted over the frequency range of roughly 50 kHz to 

2.1 MHz. A distance matrix composed of pairwise root-mean- 

square distances between each transformed waveform was 

calculated. MDS,75 an unsupervised learning algorithm for 

dimensionality reduction, was used to visualize the similarity 

and clustering of different waveforms in 2 dimensions. The use 

of other wavelet basis functions and parameters was explored 

further in Section S12.4.

SEM characterization

SEM was performed with a Zeiss Merlin high-resolution SEM. 

Images were taken with an accelerating voltage of 15 kV and a 

current of 7–10 nA. Samples were prepared in an Ar glovebox 

and kept in an airtight container under Ar until loading onto the 

SEM stage (<1 min exposure to air).

NMC811 particle fracture analysis

Li || NMC811 half-cells were cycled at 0.05 mV/s to different po

tentials within the first cyclic voltammogram before disassem

bling the cells in an Ar glovebox and extracting the NMC811 

electrodes. Two or three cells were cycled to each potential. 

Each electrode was carefully washed with 150 μL of ethyl methyl 

carbonate (Sigma-Aldrich, 99%). SEM images were taken of at 

least three places on each electrode, and approximately 80– 

100 particles were visible in each image. A particle fracture ratio 

was calculated by counting the number of fractured particles 

divided by the total number of particles in the image. Only parti

cles with a minimum visible dimension of 10 μm were counted to 

prevent overcounting particle fragments and unclear particles. 

The analysis was performed manually in a single-blind manner 

by multiple people, in which the researchers were unaware of 

the battery and potential to which the electrode in each image 

had been subjected. The particle fracture ratio was averaged 

across the images, and batteries were cycled to each potential 

(at least six separate images with at least 600 total particles 

counted per potential). A particle fracture rate was determined 

by calculating the rate of change between the averaged particle 

fracture ratios at adjacent potentials by using the scan rate of the 

cyclic voltammogram. Additional details and raw data can be 

found in the Section S4.

Please cite this article in press as: Samantaray et al., Electrochemically resolved acoustic emissions from Li-ion batteries, Joule (2025), https://doi.org/ 

10.1016/j.joule.2025.102108

Joule 9, 102108, October 15, 2025 11 

Article
ll



RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Martin Z. Bazant 

(bazant@mit.edu).

Materials availability

This study did not generate any new or unique materials.

Data and code availability

The acoustic emissions and electrochemical data and analysis code used in 

this work are available on Zenodo at https://doi.org/10.5281/zenodo. 

16749543 as of the date of publication.
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Pañeda, E., Shearing, P.R., Brett, D.J.L., and Jervis, R. (2023). Direct ob

servations of electrochemically induced intergranular cracking in poly

crystalline NMC811 particles. J. Mater. Chem. A 11, 21322–21332. 

https://doi.org/10.1039/D3TA03057A.

46. Bard, A.J., and Faulkner, L.R. (2001). Electrochemical Methods: Funda

mentals and Applications. edition2 (John Wiley & Sons). 

47. Heyrovsky, J. (1960). Trends in Polarography. Science 132, 123–130. 

https://doi.org/10.1126/science.132.3420.123.

48. Bacmaga, J., Stimac, H., Gillon, R., and Baric, A. (2020). High-Frequency 

Characterization and Parametrized Modeling of DC-Biased Surface- 

Mount Ferrite Beads for EMI Suppression Applications. IEEE Trans. Elec

tromagn. Compat. 62, 2793–2803. https://doi.org/10.1109/TEMC.2020. 

2996310.

49. Li, J., Downie, L.E., Ma, L., Qiu, W., and Dahn, J.R. (2015). Study of the 

Failure Mechanisms of LiNi 0.8 Mn 0.1 Co 0.1 O 2 Cathode Material for 

Lithium Ion Batteries. J. Electrochem. Soc. 162, A1401–A1408. https:// 

doi.org/10.1149/2.1011507jes.

50. Sun, H.-H., and Manthiram, A. (2017). Impact of Microcrack Generation 

and Surface Degradation on a Nickel-Rich Layered Li[Ni 0.9 Co 0.05 Mn 

0.05 ]O 2 Cathode for Lithium-Ion Batteries. Chem. Mater. 29, 8486– 

8493. https://doi.org/10.1021/acs.chemmater.7b03268.

51. Llanos, P.S., Ahaliabadeh, Z., Miikkulainen, V., Lahtinen, J., Yao, L., Jiang, 
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