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ABSTRACT: Spatially sensitive operando characterization techniques
provide fundamental insights into dynamic and complex electrode phase
behaviors of electrochemical cells during operation. However, real-time
characterization of cell-level phase behavior during fast-charging has
primarily been limited to synchrotron tools. We demonstrate a significant
advance in the use of acoustic characterization for batteries by enabling
spatially resolved operando scanning to detect local variations in phase
behavior for the entire cell area during charging at all practical rates.
Amplitude attenuation during fast-charge is shown to arise from localized
lithium metal plating near the welded tab locations. Differential amplitude
analysis takes advantage of the electrochemical-mechanical coupling of
graphite staging dynamics to visualize the varying extent of graphite
lithiation at different locations on the pouch cell. These time-domain
modalities are coupled with frequency-domain images from Fourier transforms. Analyzing anode-free lithium metal pouch
cells demonstrates that rapid and spatially heterogeneous attenuation in suboptimal electrolytes is because of electrolyte
consumption initiating from electrode edges after deposition of an initial porous layer.

Operando 2D characterization techniques provide
fundamental mechanical and chemical insights into
spatial dynamics of electrochemical cells. The closed-

form geometry of commercial lithium-ion cells and the fast and
complex degradation mechanisms during fast charge rates
introduce challenges in developing effective real-time spatially
resolved characterization methods. Techniques that comple-
ment the recent advances in synchrotron X-ray imaging tools
would be useful in providing a more complete mechanistic
understanding of spatial and temporal dynamics in research
and commercial grade electrochemical energy cells.1−4

Specifically, nondestructive benchtop techniques that can
probe internal mechanics and phase behavior of closed-form
cells during cycling would bring the insights generated by
synchrotron tools to most research laboratories.
We demonstrate herein a significant advance in the use of

acoustics for nonionizing and noninvasive operando battery
characterization. First, we develop 2D scanning modalities in
both time and frequency domain that can detect localized
events within the cell, pinpointing exactly where and when
macroscopic heterogeneities such as lithium metal plating
occur. We show the technique can detect these heterogeneities
in operando, for any size and any fast-charge rate. Most
importantly, we develop a differential amplitude imaging mode
that resolves spatial dynamics of phase behavior, which we
show arises from the coupling between cell mechanics and

electrochemistry of electrode phase transitions, a spatially
resolved analog to dQ/dV.
Previous work utilizing acoustic waves of ultrasonic

frequencies to probe lithium-ion cells were focused on 1D
acoustic scans through one location on the cell.5,6 In 2015,
Hsieh and Steingart et al. introduced the operando electro-
chemical-acoustic time-of-flight technique to probe changes in
cell modulus and density as a function of the acoustic wave
time-of-flight.6 This has been shown to characterize many
battery chemistries and geometries, including cylindrical and
pouch cells, silicon-graphite composites,7 and degradation
mechanisms, such as lithium plating8 and cell gassing.9−11 A
1D acoustic model along with some derivations of the wave
equation demonstrated the link between acoustic time-of-flight
and cell stiffness and density and showed that this can extend
to any number of electrode layering due to mechanical
property averaging in composite layers.12 Some further work
by Robinson et al., Deng et al., and Bauermann et al. imaged
cell wetting during formation or post-mortem defects using
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ultrasound.13−15 These prior studies were done either during
cell formation before cycling or post-mortem, and a link to
underlying physical behavior (e.g., graphite phase transitions)
had not been established.
Figure 1 depicts the various acoustic modes developed,

showing an example image at t = 0 before cycling, and the
change during a C/2 charge/discharge cycle at one location on
the cell. Time-domain amplitude analysis takes the total
amplitude intensity calculated from each individual waveform
(Figure 1a). In the images and corresponding movies (Movies
S1−S7), the color scheme indicates increasing attenuation
from warmer (red) to cooler (blue) tones, with either raw
amplitude intensities or amplitude intensities normalized to the
first frame. Differential amplitude takes the derivative of the
total amplitude with respect to the time difference between
frames, and is discussed in a later section (Figure 1b).
Frequency-domain analysis maps frequency peak shifts from
Fourier transforms (Figure 1d). Time-of-flight (ToF) analysis
maps the wave transmit time, which relates sound speed to
thickness and modulus changes, and can be used to quantify
cell expansion or stiffness change (Figure 1c).12 Total
amplitude and ToF shift calculations are also explained in
prior work using 1D transmission.8,16

As a first example, Figure 2 demonstrates 400 mAh LiCoO2/
graphite pouch cells (Li-Fun) cycled at C/5 (Figure 2) (C/2
in Figure S2). Acoustic transmission scans are taken at 0.5 mm
intervals across a region approximately 3 × 2 cm in area. The
raw amplitude intensities depict the change with state-of-
charge and the effects of cell packaging (Movie S1, top). The
first frame captured while the cell is at open-circuit-voltage
(OCV) indicates that the presence of the two welded tabs
through the center of the cell and the edges outside of the cell
stack both cause local attenuation. Each of the waveform
amplitudes is normalized to its corresponding initial amplitude
to decouple cell packaging variations from cycling-induced
variations. Figure 2 depicts the normalized amplitude results,
showing the increase in amplitude upon charge and decrease in
amplitude upon discharge, without distinguishable spatial
variations (Movie S1, bottom). Every fourth frame is shown
for the sake of brevity, and the reader is encouraged to view the
corresponding movies for the full operando results. A typical

lithium-ion cell stack expands in thickness upon charge, partly
due to the lithiation of graphite electrodes causing volume
expansion of ∼10% along with a 3-fold increase in modulus.17

Therefore, the transmitted wave propagates through a longer
pathway but results in an overall increase in the total amplitude
intensity by ∼150% because of a stiffer cell stack.16

To demonstrate sufficient temporal resolution for scanning
during fast-charging, acoustic scanning was conducted for cells
cycled at 2C charge rates (constant current constant voltage
protocol) to voltages of 4.2, 4.35, and 4.5 V at 25 °C (with
these cells rated for 4.35 V operation). Every tenth frame for
the first ∼6 h is shown in Figure 3a−c. The reader is
encouraged to view the corresponding movie (Movie S2). The
area on the top and sides of the cell as observed in Figure 2 are
cutoff here to optimize for speed. In Figure 3a, a 2C CCCV
charge rate to 4.2 V does not result in any distinguishable
spatial variations. The amplitude intensities are uniform
throughout the cell after five cycles, with some slight

Figure 1. Acoustic scanning modalities. (a) Time-domain amplitude scanning takes the total wave amplitude intensities, with the time
evolution of one point depicted through a C/2 rate charge/discharge cycle. The normalized amplitudes can be used to decouple cell
packaging from cycling-induced spatial variations. (b) Time-of-flight (ToF) scanning takes the wave transmit time through the cell, which
relates sound speed with cell thickness and modulus change. (c) Differential amplitude phase scanning takes advantage of the
electrochemical-mechanical coupling of electrode phase transitions to image cell-level variations in phase behavior. (d) Frequency-domain
scanning takes the fast Fourier transform of the wave and images the peak frequency. Example waveforms are shown in Figure S1.

Figure 2. Operando amplitude scanning. C/5 constant current
cycle for 400 mAh LiCoO2/graphite pouch cell (Li-Fun).
Amplitude intensities are normalized to the intensities in the
first scan to decouple changes due to cycling from changes due to
cell packaging. At these slow cycling rates there are minimal
cycling-induced spatial variations. Similar frames for C/2 cycling
are found in Figure S2. Every fourth frame is depicted, with
timestamps in hours shown in the upper left corner of each frame.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.1c01324
ACS Energy Lett. 2021, 6, 2960−2968

2961

https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01324/suppl_file/nz1c01324_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01324/suppl_file/nz1c01324_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01324/suppl_file/nz1c01324_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01324/suppl_file/nz1c01324_si_003.mp4
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01324?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01324?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01324?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01324/suppl_file/nz1c01324_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01324?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01324?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01324?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01324?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01324/suppl_file/nz1c01324_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01324?fig=fig2&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.1c01324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nonuniformity during charge on the fifth cycle (Movie S2).
Cell disassembly at the top-of-charge of the fifth cycle indicates
minimal presence of lithium plating (see photo in Figure 3a).
In contrast, the second charge step of the 2C CCCV charge to
4.35 V presents ∼20% more attenuated amplitudes than the
first charge step, as shown by the last few frames between t =
4.41 and 5.36 h in Figure 3b (in comparison with the last few
frames of Figure 3a between t = 5.62 and 6.38 h). In particular,
the two center regions of the cell corresponding to the
locations of the tabs are ∼20% more attenuated at t = 5.04 h.
This becomes even more pronounced at the end of the third
charge step (>80% attenuation, Movie S3), after which cell
disassembly shows substantial lithium plating localized at the
same regions (see photo in Figure 3b). The most drastic rate of
attenuation appears to occur during the OCV rest after the
second charge step, which is indicative of plated lithium
reacting with electrolyte causing cell gassing.
After cell disassembly, each of the electrodes in the cell stack

exhibit lateral variations in lithium plating, which suggests
differences in local stack pressure due to the effect of tab
placement (see the corresponding photos in Figure 3). Prior
work has shown that variations in stress due to mechanical
defects, such as separator pore closure and electrode edge
effects, and other thermoelectrochemical couplings leading to
variations in current distribution, will affect the location and
degree of lithium plating.19−21 A 2C CCCV charge rate to 4.5
V, which is above the nominal voltage cutoff of 4.35 V for these
cells, results in ∼100% amplitude attenuation on the first
charge throughout the entire cell area (t = 0.95 h in Figure 3c).
On the subsequent discharge step, the amplitude intensities
increase by ∼50% except for the tab regions, which remain

completely attenuated (t = 3.49−4.13 h). This is indicative of
irreversible lithium plating which remains on the electrode in
these regions after a full discharge. Cell disassembly at the top-
of-charge at 4.5 V shows lithium plating on the entire electrode
region. Cell disassembly of a duplicate test after the discharge
step shows localized plating along the two tab regions, which
confirms the detection of irreversible plating with operando
acoustic imaging (Figure S3).
On further cycling to the 4.5 V cutoff, the entire cell area

becomes permanently attenuated regardless of state-of-charge
(Movie S4). The decoupling of cell gassing and lithium plating
acoustic signatures has been previously studied in 1D
transmission.8,10 Bommier et al. demonstrated a relationship
between the acoustic time-of-flight, which is directly related to
sound speed, and the degree of lithium plating. At low
temperature and fast charge rates where lithium plating
dominates, the acoustic time-of-flight reverses direction
because of slower wave speeds through plated lithium.
Chang et al. showed that cell gassing at elevated temperatures
results in complete loss of signal due to the presence of solid/
gas interfaces. In the case of Movie S4, permanent attenuation
after five cycles even after the discharge step is indicative of
significant cell gassing, as expected due to the high voltage
cutoff.
Lastly, a cell cycled at 4C constant current charge rates was

imaged to demonstrate the fast temporal resolution. While
these cells are limited to 1C charge rates at 25 °C, an elevated
temperature of 40 °C enables higher rate capability to 4C
charge by increasing cell diffusivity.18,22 Figure 3d depicts the
4C charge to 4.8 V and the subsequent OCV step. The 4C
charge step results in immediate amplitude attenuation at t =

Figure 3. Operando amplitude scanning up to 4C charge rates. (a) Fast-charging (CCCV protocol) at 2C rates to 4.2, (b) 4.35, and (c) 4.5 V.
Discharge rates are C/2 to 2.7 V. For brevity, every tenth frame is shown for the 2C rates. The data is best viewed in movie format in Movies
S2−S4. Higher voltage cutoffs result in faster rates of attenuation and localized lithium plating at the welded tab locations in the middle of
the cell. The observation of lithium plating at the tab locations is correlated with localized amplitude attenuation, which is clear for the 4.5 V
cutoff test (c). These areas remain attenuated after discharge. The scanned cell region is outlined in the corresponding photos. The image
intensities correspond to normalized amplitude intensities to decouple cell pack variations from cycling-induced spatial variations (note that
panel d is scaled differently than panels a−c to distinguish more minor changes in intensity). (d) Amplitude imaging of a 4C constant
current fast-charge to 4.8 V, followed by a 20 min OCV, with the left side corresponding to the area outside the cell stack. Attenuation is
observed during the charge step and distinguishable changes are observed during the following OCV step. The cell is kept at 40 °C using a
heated base in order to enable18 this rate capability without damaging the cell. Timestamps at the upper left corners of each frame are in
hours.
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0.02 h, followed by an increase in amplitude intensities during
the rest step starting at t = 0.10 h. Further 1D analysis of rate-
dependence on amplitude is described in Figure 5, which
indicates that charge rates faster than 2C results in a decline in
amplitude during the charge, rather than an increase. Since the
amplitude attenuation recovers during the subsequent 20 min
OCV (between frames at t = 0.10−0.32 h), and lithium plating
should be minimal at 40 °C even at high rates, we expect that
the degree of gassing and plating within the 0.1 h of charge
passed is not substantial enough to permanently attenuate the
waveform. The waveform amplitude decrease is correlated with
a significant increase in cell expansion at 4C charge rates, as
previously measured using transmission X-ray microscopy.12

This 4C rate test shows the developed technique can image a 6
cm2 cell area with 0.5 mm step resolution at 20 frames in 30
min or approximately 1.5 min per frame.
Following imaging at 2C fast-charge rates, a longer-term

aging study was conducted at 1C charge rates with the first 40
h shown (Figure S4). The amplitude attenuates over the 40 h
of cycling, with increasing attenuation rates at the tab regions
(>90%, in contrast with ∼50% at the center of the cell), similar
to the other fast-charging results. Figure S4 depicts every 25
frames throughout the first 40 h of cycling. The full movie
demonstrates the evolution of these attenuated regions over
time (Movie S5). Figure 4a depicts the charge and subsequent
20 min OCV step of the first cycle and Figure 4b depicts the
charge and subsequent OCV step of the tenth cycle. On the
first cycle, the total amplitude intensity increases by ∼150% on

charge and subsequently decreases on the C/2 discharge,
similar to the other low rate cycling trends. Over many 1C
charge cycles, the amplitude at any given state-of-charge
gradually attenuates. At cycle 10, the increased rate of
attenuation at the tabbed regions becomes clear. Since these
image intensities are normalized to the initial image, cell
packaging variations have already been decoupled from
cycling-induced spatial variations (the raw amplitude images
for the same cycles can be viewed in Figure S5). The localized
attenuation at the tabbed regions is due to increased lithium
plating, as observed after cell disassembly for both the 1C and
2C rate conditions. Lithium deposition may occur preferen-
tially on the tab edges due to stress and potential
concentrations created by the tab placement which causes
higher local stack pressure on the electrodes.19 After 40 h, a
majority of the cell area is attenuated, which is attributed to the
increased gas generation in the cell over time with continued
cycling up to 4.5 V. 1D acoustic transmission was previously
demonstrated to indicate lithium plating onset due to a time-
of-flight shift,8 or significant cell gassing due to complete
amplitude attenuation.10 Herein, rapid 2D scanning provides
spatially resolved capabilities even for fast-charging and
demonstrates the specific regions of the cell which are the
majority contribution to the observed amplitude attenuation.
Acoustic imaging is prevalent in the medical field, which

often uses differential spatial analysis (i.e., strain rate imaging)
to visualize wall motion of organs (i.e., heart pumping).23 This
is possible because the deformation rates and phase reflections

Figure 4. Differential amplitude for spatially resolved phase analysis. (a) First cycle and (b) 10th cycle of 400 mAh LCO/graphite pouch cell
(Li-Fun) at 1C constant current charge to 4.5 V, with 20 min OCV steps and C/2 discharge. Color scheme corresponds to normalized
amplitude intensities referenced to the first frame at OCV. (c) First cycle differential amplitude: the differential voltage peak (marked by *)
on charge correlates with the differential amplitude peak between t = 0.45−0.55 h (red intensities correlate to positive differentials, blue
intensities to negative differentials). The small peak upon discharge at t = 1.36 h also correlates with a shift in the differential amplitude. (d)
At cycle 10, more spatial variations are apparent compared to cycle 1, correlated with an additional differential peak (marked by *). The full
operando movie for all 25 cycles can be viewed at Movie S6.
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are distinct for muscle, fat, and blood vessels. Changes in state
for electrochemical cells are, however, a function of capacity or
charge passed, such as the various graphite phase transitions
that occur upon lithiation and delithiation. These graphite
phase transitions dominate the mechanical change of a typical
lithium-ion cell because of the significant 3-fold increase in
graphite modulus upon full lithiation and the large structural
reordering which takes place with each phase transition.17 This
is evident in differential capacity analysis (dQ/dV or dV/dQ)
or differential expansion measurements, where differential
capacity and expansion peaks correlate with the states-of-
charge at which graphite phase transitions occur.24,25 A typical
lithium-ion full cell exhibits four primary dV/dQ peaks, which
are assigned to the stage 4L to stage 3L, stage 3L to stage 2L,
stage 2L to stage 2, and stage 2 to stage 1 graphite phase
transitions along with some minor peaks that are related to the
cathode phase change.26 Faster charging conditions result in
broader peaks because of a mixture of various phase transitions
that start to occur simultaneously, with the surface of the
graphite electrodes becoming lithiated faster than the region
further from the surface.25 Since voltage signatures are related
to the electrochemical interface and mechanical measurements
to the bulk material, some hysteresis between electrochemical
and mechanical measurements are expected with higher rates
because the average particle density or concentration deviates
from the surface density and concentration.27

While dV/dQ analysis provides singular peak and phase
information for the cell during cycling, differential amplitude
analysis visualizes the spatial variations in phase information.
Figure 4c−d depicts differential amplitude imaging frames of
the cell aged at 1C to 4.5 V, for the first cycle and the tenth
cycle (Movie S6). The differential voltage minimum of −0.5
V/Ah during charge at t = 0.5 h (Figure 4c) is shown to
correlate with a maximum in the differential amplitude
intensity between t = 0.45 and 0.55 h. The subsequent
differential voltage peak upon discharge is correlated with a
minor differential amplitude peak at t = 1.36 h. After ten cycles
at the 1C charge rate, an increase in spatial variation is
observed in Figure 4d. The slight hump in dV/dt at t = 20 h
has been previously associated with a lithium plating peak,28

and correlates with a local decrease in differential amplitude on
the right side of the cell. Further, the dOCV (differential
OCV) peak attributed to lithium plating at t = 20.4 h is
correlated with local changes in differential amplitude between
t = 20.3 and 20.45 h.29 This is a result of phase change during
the OCV step, such as diffusion of plated lithium into the
graphite electrode. Movie S6 depicts the increased presence of
the dOCV peak throughout 1C cycling, which is correlated
with increasing spatial variations in differential amplitude
during the OCV rest after charge. In the aged cell at cycle 10,
the localized plating near the tab regions results in more
amplitude attenuation during charge. The lower differential
shift, in addition to the lower amplitude intensity, indicates

Figure 5. (a) Differential voltage (dV/dQ), (b) voltage, (c) differential amplitude (d(Amp)/dQ), and (d) amplitude curves during the charge
step for C-rates at C/10, C/5, C/3, C/2, 1C, 2C, 3C, and 5C. The dV/dQ peaks are related to graphite phase transitions and are shown here
to be almost exactly correlated with d(Amp)/dQ peaks at all rates, with the fast-charge rates exhibiting broader peaks due to less distinct
phase transitions.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.1c01324
ACS Energy Lett. 2021, 6, 2960−2968

2964

https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01324/suppl_file/nz1c01324_si_007.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01324/suppl_file/nz1c01324_si_007.mp4
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01324?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01324?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01324?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01324?fig=fig5&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.1c01324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


that both localized plating, as well as lower states of lithiation
contribute to these spatial variations, as differential peak shifts
are related to the average bulk phase transition. Therefore,
while the normalized amplitude intensity marks the overall
attenuation localized to the tabbed regions over 25 cycles
(Figure 4), more subtle intracycle changes due to fast-charging
phase behaviors are harder to detect (Figure 4a and b) and are
more finely resolved with differential amplitude imaging
(Figure 4c and d).
The subsecond temporal resolution acoustic analysis

technique not only captures spatial dynamics for cells cycled
at all rates but also strengthens understanding of the
electrochemical−mechanical coupling within cells. The peak
alignment of differential voltage and differential amplitude
signals is an empirical measurement of this coupling, where
graphite phase transitions induce similar electrochemical and
mechanical changes in the cell. To explore these coupled
behaviors further, 1D acoustic transmission scans were
conducted at various C-rates ranging from C/5 to 5C (Figure
5). At C/5 to 1C rates, three to four primary peaks are
observed in both differential amplitude (Figure 5c) and
differential voltage (Figure 5a), related to the graphite phase
transitions. At rates 2C and higher, broader peaks are observed
due to mixing of phase transitions and the decreased extent of
lithiation resulting in decreased signal of stage 2 or stage 1
lithiated graphite. Two additional voltage signatures appear,

which may be attributed to lithium plating from prior work.
First, there is a differential voltage peak (dOCV) during the
OCV step after fast charge which is also observed in the
differential amplitude peak. Konz et al. attributed this dOCV
peak to a shift in the rate of voltage relaxation due to
observable lithium plating in the prior fast-charge step.29 The
combination of lithium metal plating and lithium-ion diffusion
onto and into graphite, respectively, is correlated with changes
in full cell mechanics, as observed by a change in the rate of
amplitude relaxation. Second, the subsequent voltage peak at
the beginning of the slow discharge, previously attributed to
dissolution of plated lithium,30,31 is also observed in the
acoustic amplitude. For a 1C aging test, cycle-to-cycle
evolution of these two voltage signatures demonstrates
significant change (Figure S6). Throughout 25 cycles, the
peak shift in dOCV is correlated with the peak shift in
differential amplitude. The appearance of a second peak during
charge is also observed in differential amplitude. 2D differential
analysis then takes these differential correlations with graphite
phase transitions and maps out spatial variations at the cell-
level during fast-charging. Increasing C-rates leads to differ-
ential peak broadening and a reduction in peak heights. Mohtat
et al. used a multiparticle model to attribute peak broadening
to greater variation in lithiation states throughout the
electrode.27 Since particles are distributed in size, the higher
C-rates would preferentially lithiate the smaller particles more

Figure 6. Operando scanning of anode-free lithium metal pouch cell. Anode-free lithium metal pouch cell with mossy and dendritic
morphology (NMC532 cathode, 1 M LiPF6 in EC:EMC (3:7 w/w%) + 2% VC electrolyte). (a) Time-domain amplitude scanning shows
complete amplitude attenuation after deposition on initial porous layer. (b) Frequency-domain scanning of the peak frequency between 1.2
and 1.5 MHz indicates possible uneven wetting even before cycling. No external stack pressure is applied, and temperature is kept at a
constant 30 °C using a heated stage. Every eighth frame is shown, with the photo indicating the scanned region.
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than the larger particles. The differential expansion curves also
experience the same peak broadening effect, though to a lesser
degree, which was attributed to the fact that cell-level
expansion is a bulk electrode feature rather than a surface
feature. The voltage is primarily driven by the surface
concentration, whereas the expansion is driven by the average
concentration including the bulk, which all contribute to the
total thickness change. Similarly, acoustic differentials are more
sensitive to the bulk electrode than to the surface because
sound waves are a function of bulk modulus and density.
Given the insights into phase evolution and other variations

in spatial dynamics of lithium-ion cells, operando acoustic
scanning was further conducted for anode-free lithium metal
pouch cells and larger format commercial cells, both of critical
importance to current battery manufacturing infrastructure.32

Lab-scale anode-free lithium metal cells have recently been
reported with electrolytes which enable decent cycle life (∼200
cycles) at practically applicable energy densities (∼700 Wh/L)
because of the limited amount of excess lithium on the copper
current collector.33,34 There is significant focus on scaling up
anode-free lithium metal cells which benefit from high cell-
level energy density without excess lithium. However, rapid
failure because of electrolyte consumption and an unstable
lithium metal−electrolyte interface remains. In anode-free cells
without graphite electrodes, the primary phase change arises
from lithium metal plating on the negative current collector
(formation of new phase) and electrolyte consumption (liquid
to gas phase). Operando acoustic scanning maps out the rate
of electrolyte consumption during cycling along with spatial
variations in interfacial roughening, which acts as an acoustic
scatterer. These interphasial changes, as opposed to the bulk
expansion and contraction of composite graphite electrodes in
lithium-ion cells, dictate the mechanical and acoustic changes
in an anode-free lithium metal cell. In the case of 1 M LiPF6
EC:EMC (3:7 w/w%) + 2% VC electrolyte with known poor
Coulombic efficiency (CE%) and capacity retention, acoustic
amplitude attenuation occurs upon the second charge cycle
(Figure 6a). Attenuation initiates at the corners of the
electrode stack to a limited extent on the first plating step.
Following the first cycle, these locally attenuated areas rapidly
propagate inward throughout the second plating step (Movie
S7). Operando imaging shows that further deposition on an
initial porous layer causes rapid and complete attenuation due
to electrolyte consumption resulting in loss of wetting and the
dispersion effect of a roughened interface. Further frequency-
domain methods indicate spatial variations in peak frequencies
even before cycling, which are not apparent in the time-domain
images (Figure 6b). This implies the greater sensitivity of
frequency to uneven wetting distribution than time-domain
amplitude analysis, and the importance of conducting both
modes in analysis. The areas of low frequency (below 1.25
MHz) correspond with areas of poor wetting, in contrast with
the areas of higher frequency content above 1.25 MHz. The
relationship between time-domain and frequency-domain
signals in lithium metal cells is an avenue for further research.
To investigate frequency-domain further, we revisit the Fourier
transform maps for the lithium-ion cells earlier in the paper
and show that peak frequencies indicate nonlinear frequency-
dependencies of various cell materials (Figure S8). Fourier
transforms can also be used for accurate time-of-flight
measurements (Figure S7), which are useful for estimating
thickness changes; these are detailed in the Supporting
Information.

Cell disassembly at end of discharge confirms the irreversible
formation of a porous deposited layer (Figure S9). With the
addition of a minimum amount of excess lithium (30 μm foil,
Honjo Lithium), acoustic amplitude attenuation as measured
in 1D transmission still occurs, though to a lesser degree due to
the surplus of lithium slowing down electrolyte consumption
(Figure S10). In this case, the intracycle phase changes of
NMC532 can also be observed cycle to cycle because of the
slower attenuation rates. After 10 cycles, post-mortem scanning
electron microscopy imaging for both anode-free and minimal
excess lithium cases indicates substantial delamination of
lithium onto the separator, which scatters the transmitted
acoustic wave, reduces the amplitude intensity and causes a
frequency downshift. These additional analyses further the
understanding of electrolyte and electrode degradation in
lithium metal cells. The operando acoustic results demonstrate
that the ex situ amplitude attenuation of poorly wetted cells, as
reported by Deng et al.,14 initiates from electrode edges and
then rapidly propagates throughout the entire cell area after
deposition of the initial porous layer on the first cycle.
As a final note, the custom designed raster stage can image

larger format commercial-scale cells. Movie S8 depicts a scaled-
up temperature-regulated raster stage for operando imaging of
commercial 30 A-h Li-ion pouch cells utilizing six multiplexed
transducers (Figure S11 depicts 2D scans at C/5).
We demonstrate several significant advances in acoustics for

battery characterization:

1. Lab-size cells (∼6 cm2) can be scanned in 2 min or less,
which provides enough fidelity for operando scanning up
to ∼4C charge rates (or approximately 5−8 scans per 15
min fast charge).

2. Differential amplitude analysis links acoustic signals to
underlying physical behavior (e.g., electrode phase
transitions) a step forward from prior correlative
analysis.

3. Frequency-domain is shown to be complementary to
time-domain analysis in unveiling effects of various cell
behaviors.

4. Operando scanning is conducted for both lithium-ion
and anode-free lithium metal cells of various sizes.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01324.

Full experimental procedures, including an explanation
of acoustic signal analyses, additional operando scanning
tests, differential analysis and additional data for the 1C
aging test, information on frequency-domain scanning,
1D analysis of the lithium metal cells, and 2D scanning
results for the larger format cell (PDF)
Movie S1: Acoustic scanning movie depicting raw
amplitude (top) and normalized amplitude intensities
(bottom) at C/2 and C/5 rates (MP4)
Movie S2: Acoustic scanning movie depicting cell cycled
at 2 C charge rates (constant current constant voltage
protocol) to 4.2 V at 25 °C (MP4)
Movie S3: Acoustic scanning movie depicting cell cycled
at 2 C charge rates (constant current constant voltage)
to 4.35 V, with >80% attenuation at the third charge step
(MP4)
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Movie S4: Acoustic scanning movie depicting cell cycled
at 2 C charge rates (constant current constant voltage)
to 4.5 V with entire cell area permanently attenuated
regardless of state-of-charge (MP4)

Movie S5: Acoustic scanning movie depicting cell cycled
at 1 C charge rates (constant current) to 4.5 V over 40 h
(MP4)

Movie S6: Corresponding differential amplitude mode
for cell cycled at 1 C charge rates (constant current) to
4.5 V (MP4)

Movie S7: Acoustic scanning movie depicted for NMC/
Cu cell, showing locally attenuated areas rapidly
propagating inwards throughout the second plating
step (MP4)

Movie S8: Scaled-up raster stage for operando scanning
of large format commercial 30 A-h Li-ion pouch cells
(MP4)
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