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Electrode layer separation achieved with ultrasound imaging.
In Situ and cost-effective measurement method.
Gas formation and Lithium-Plating detectable.
Ultrasound images verified with a post-mortem examination.
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Imaging the interior of battery cells provides vital information for battery manufacturing, as well as lifetime
and performance prediction. This work demonstrates a scalable and in-situ method to image the structural
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Lithium plating
Scanning acoustic microscopy
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state of battery cells with layer resolution. Building on our prior publication, we apply ultrasound waves
on pouch cells and process the reflected instead of the transmitted wave. This allows us to utilize time-of-
flight data to provide depth information for later signal parts. We develop and demonstrate an algorithm that
dissects the reflected ultrasound wave and calculates individual reflections from material interfaces within
the electrode stack by fitting their estimated envelopes onto the Hilbert transformation of the entire wave.
Consecutive individual reflections are used to calculate the reflection coefficient from the material interface,
which is then mapped onto a color map. Using this algorithm, we image an aged and pristine pouch cell from
the same manufacturing batch. The generated images showed a clear correlation with optical images from a
post-mortem analysis. Indications from the ultrasound image were verified as lithium-plating.
1. Introduction

Due to the adoption of electric vehicles and an expansion of grid
storage, a battery market of about 2.5 TWh/year is forecasted for
2030 [1]. To meet the global demand for battery cells, it is necessary
to reduce battery cell prices while increasing performance [2]. This
requires adjustments in the production chain and on the material level,
aiming to increase the production throughput without reducing the
product quality [3]. Therefore, cell manufacturers must ensure that
when developing new cell types or adapting production steps, a product
is made that meets all relevant criteria. For this purpose, test scenarios
are carried out under different loads and environmental conditions [4].
In order to keep the scope of these test series small and the results
conclusive, non-destructive imaging techniques are necessary to detect
possible defects or accelerated aging phenomena during the test run
without having to perform cell disassembly [5]. In particular, nonde-
structive imaging techniques can identify structural changes that are
not detectable by electrical testing [6].
Different methods exist for conducting non-destructive imaging, such as
computed tomography (CT), magnetic resonance imaging (MRI), pulse
thermography, and neutron-based characterization methods, each pos-
sessing its own set of strengths and weaknesses [7–10]. Although some
of these technologies are promising for a quality assurance process,
the main disadvantages are that they are challenging to include in
a production line, require high financial resources, or even specially
trained personnel on-site for X-ray methods (radiation safety officers).
Furthermore, most of these technologies are not able to detect gas
formation. To overcome these disadvantages, much effort has been
spent in recent years exploring the applicability of ultrasonic measure-
ment methods in the field of lithium-ion batteries. Ultrasonic diagnosis
traditionally has many applications in the medical field and industrial
flaw detection, where relatively macroscopic and homogeneous test
specimens are present (down to millimeter scale). Thus, transfer to thin-
film inhomogeneous battery materials (down to micrometer scale) is
not immediately trivial [11].
The first battery-related publications in the field of ultrasound imaging
date back to 2019. In publications by Deng et al. from that year, the
wetting of lithium-ion pouch cells was investigated using a method
called scanning acoustic microscopy (SAM) and a commercial acoustic
microscope. This allowed a 2D representation of the cell to be made and
highlighted which parts of the battery cell have increased electrolyte
concentration than others [12,13].
In our own previous publication, the SAM technique was used to image
lithium plating and gassing caused by production defects in 2D [14].
Here, a resolution of about 500 micrometers could be demonstrated
by a self-developed and open hardware apparatus. In a publication by
Bauermann et al. [15], the SAM method was extended for the first
time to achieve some depth-related information. By dividing the signal
into time-equivalent sections and analyzing those sections separately,
Bauermann et al. were able to visualize indications that are not only
present on the surface of the cell. Unfortunately, because of the static
decomposition of the ultrasound signal, this technique was yet unable
to assign the ultrasound information to a specific depth of the cell, i.e., a
layer, ultimately leading to no clear separation between indications
inside the cell. Furthermore, a commercial acoustic microscope and
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software were used in the publication, which leads to a lack of technical
details on signal processing. Additionally, the high cost of such a device
impedes market penetration and therefore does not take advantage of
the low cost of the measurement methodology. Furthermore, S. Feiler
et al. recently presented a measurement setup that can extract the
average Young’s modulus of the entire electrode stack in the center of
the cell dimensions. Although this quantitative method is an excellent
addition to the emerging imaging methods, it lacks spatial resolution. It
cannot measure the aging phenomena not captured by the fixed sensors,
especially aging in the outer edges of electrode sheets [16].
It is, therefore, of interest to explore a low-cost apparatus with which
depth resolution can be achieved and meaningful images can be gen-
erated. In the following, a setup from our previous publication is
extended with a method that allows ultrasound images with mean-
ingful depth resolution. To accomplish this, all indications from the
electrodes are extracted from the ultrasound data and assigned to
the corresponding electrode. We therefore have a layer-specific depth
resolution. This method is illustrated and used to non-destructively
image aging phenomena in a commercial lithium-ion cell. The images
are then compared with those of a pristine cell. The focus of this work is
to present a tool and its possibilities for future publications in this field.
To accomplish this, all relevant underlying effects that occur during the
experiments are analyzed to demonstrate the diagnostic capabilities of
the framework.

2. Experimental setup

To apply ultrasonic waves on cells, a setup already published by us
was used. For a detailed description of the setup, please refer to [14].
The setup consists of two movable measuring arms to which ultrasonic
transducers are attached. The measuring arms are independent so that
both can be moved synchronously or asynchronously with a speed of
up to 600 mm/s. With the setup, it is possible to perform ultrasonic
measurements in the so-called pitch-catch as well as in the pulse-echo
mode. In pitch-catch mode, two transducers are positioned opposite of
each other, and the sample is placed in between them. One transducer
always serves as the ultrasound emitter, and the other always as the
receiver. In pulse-echo mode, only one transducer is used, serving as
both emitter and receiver. After emitting the ultrasound, a serially
connected switch switches so that the reflected wave can be sampled
with an analog-to-digital converter (ADC), thus changing the function
of the emitter to that of a receiver. In pulse-echo mode, one of the two
measuring arms in the device is neglected accordingly. The apparatus
is depicted in Fig. 1(a) and 1(b).
In recent literature, it has been suggested that the cumulative reflected
signal at the receiving transducer consists of a linear combination of
smaller partial waves [17,18]. These partial waves are generated by
the reflection and transmission of the wave at each material transition
(anode/cathode/separator). The ratio of the reflected and transmitted
part of the wave largely depends on the ratio of the acoustic impedance.
The transmitted part of the wave propagates further through the cell
until it encounters the next material transition, where partial transmis-
sion and reflection take place again until the opposite cell surface is
hit again. To make the spatial resolution of such material transitions
as high as possible, it is necessary to use a transducer with high
frequency and bandwidth. This leads to a compact ultrasonic pulse in
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Fig. 1. Experimental setup and measurement method. (a): Developed measuring apparatus with ultrasonic pulser (1) Picoscope (2), switching power supply for voltage supply
to the stepper motors (3), temperature monitoring and emergency stop (4), measuring apparatus (5) and temperature chamber (6). (b): Zoom to the developed apparatus with
adapted submersion transducer Olympus V324 (7) with a frequency of 25 MHz and bandwidth of 60%. (c): Rendering of the selected transducer consisting of a BNC cable (8),
a waterproof connector (9), and the submersion transducer (10). The point-focusing effect is schematically shown in (11). The focal point distance is about 3.8 cm. In (12), a
schematic representation of a double-coated anode is shown. It is visualized how transmissions and reflections of the emitted ultrasonic wave partially occur at material transitions.
the time and space domain [15]. In our setup, we use the Olympus
V324 transducer with a frequency of 25 MHz and a bandwidth of
about 60%. Since the setup is immersed in a silicone oil with a water-
identical viscosity of 1 cSt, a so-called submersion transducer is used.
These have a quarter wavelength matching layer adapted to water,
which significantly compensates the reflected wave at the transition
from the sensor into the liquid medium resulting in less destructive
interference and more energy in the emitted wave. In contrast to our
previous publication, point-focused transducers were used. This leads
to a smaller beam diameter at the focal point and, thus, to a higher
maximum resolution. The focusing effect is simplified in Fig. 1(c).
In the context of this work, measurements are recorded with a spatial
resolution 250 μm. The maximum possible resolutions are described
in [14]. Preliminary analysis has shown that a higher resolution does
not contribute to more information from the sample. This might change
with more optimized transducer setups in the future. The depth resolu-
tion is mainly limited by the wavelength of the ultrasound wave which
can be calculated using the sound frequency and speed to a value of
about 200 μm. Since the wavelength is in the order of magnitude of
a stack of an andode-, cathode- and separatorsheet it is not possible
to increase the depth resolution without significantly sacrificing the
number of electrodes layers which can be imaged.

3. Methods

3.1. Preliminary aging tests

The battery cells in our experiments are commercial lithium-ion
pouch battery cells manufactured by Kokam Co., Ltd., Suwon, Re-
public of Korea. Kokam classifies these cells with the model number
SLPB065070180 as ultra-high energy batteries with a nominal capacity
of 11.6 Ah and an energy density of 246 Wh/kg. This battery model
has both tabs on the same side. Internally, the cell stack consists of
17 anode and 16 cathode layers double-coated with an additional
single-coated cathode layer both on the top and bottom. In-house ma-
terial analyses using inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) and energy-dispersive X-ray spectroscopy (EDX)
show that the negative electrode’s active material is graphite, and
the positive electrode’s active material is a nickel-rich lithium nickel
3

manganese cobalt oxide (NMC) with a stoichiometric ratio of Ni:Mn:Co
of 15:1:2.
The cells have been aged at a temperature of 25 °C with a CC-CV
charge at a C-rate of 1C and a CC discharge at 1C as well. The voltage
limits were according to the datasheet. Additionally, the cells have been
clamped with a constant force of 50 kPa. This has been enabled by using
four springs with a spring constant of 15.7N∕mm manufactured by Seitz
Normteile GmbH and two pressure plates made of copper with the
dimensions: 67 × 165 × 19.5 mm (WxLxH). There are 18mm deep drill
holes inside the pressure plate to embed temperature sensors. There
are additional temperature sensors at the cell tabs. The clamping setup
is displayed in Fig. 2(a). The resulting aging trajectory is displayed
in Fig. 2(b). Up until approximately 1000 full cycles, the cell shows
almost completely linear aging. At around 200 equivalent full cycles,
the residual capacity rises slightly. This effect is most likely due to
the so-called passive electrode effect, where lithium migrates from the
anode overhang, causing the capacity to rise [19]. After 1000 cycles,
the residual capacity decreases rapidly. According to the datasheet,
the nominal cycle life of the cell is at least 3000 cycles without
any clamping. Since clamping is the only thing that differs from the
datasheet conditions, it is of interest to study the internal structural
changes that may have led to accelerated aging. For this purpose, the
clamped cells are relaxed in preparation for the ultrasound evaluation.
They are then fixated into an aluminum profile at the seams to be
embedded upright into the setup. For the ultrasound investigation, one
cell was selected from the aging series. The examination of the aging of
all cells is part of a publication and will not be discussed further here.
During the ultrasound investigation, the SoC of the battery cell is kept
constant to prevent the acoustic impedance from changing due to the
de/lithiation of the electrodes.

3.2. Signal processing

Compared to medical test objects, battery cells are a great challenge
for acoustic tomography due to their increased sound velocity, attenu-
ation, and thin-layered structure [18]. As motivated in Section 2, each
material interface (i.e., between two electrode layers) with different
acoustic impedances (𝑍1 and 𝑍2) causes a partial reflection and a trans-
mission of the ultrasound wave (primary reflection or transmission),
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Fig. 2. Aging process for the Kokam SLPB065070180 cell under consideration. (a) Represents the measurement setup. This consists of 2 copper plates, which exert a constant
force tension of 50 kPa with springs, and a contacting unit. (b) Depicts the aging trajectory of the cell at a temperature of 25 °C and 100% DoD cycling at 1C. The aging process
enters the so-called kneepoint at about 1100 equivalent full cycles.
which then themselves can be reflected and transmitted at the next
interface (secondary reflection or transmission) This effect is visualized
in Fig. 1(c). The reflected (𝐴𝑟) and transmitted (𝐴𝑡) wave amplitudes
at each material interface are described by the following equations.

𝐴𝑟 =
(

𝑍2 −𝑍1
𝑍1 +𝑍2

)

𝐴𝑖 (1)

𝐴𝑡 =
(

2𝑍2
𝑍1 +𝑍2

)

𝐴𝑖, (2)

with

𝑍𝑖 = 𝜌𝑖
(

𝐾𝑖 +
4
3
𝐺𝑖

)

with 𝑖 = 1, 2. (3)

Here 𝐾𝑖 and 𝐺𝑖 are the compression and shear moduli, respectively,
which can be calculated from the modulus of elasticity 𝐸𝑖 using Pois-
son’s ratio, and 𝜌𝑖 the density (for 𝑖 = 1, 2). For macroscopic test
specimens, it is sufficient to plot the absolute value of the total re-
flected ultrasonic wave over time and to map a spatial depth resolution
with the information of the sound velocity [20]. The closer material
transitions in test objects are to each other, the more likely the partial
reflections are to overlap, given a finite bandwidth of the sound wave.
To compute images that show the inner structure of the battery cell,
it is, therefore, necessary to deconvolute the reflected signal. Addition-
ally, Deng et al. suggested that electrolyte content significantly affects
the acoustic impedance of materials [21]. In their recent publication,
Feiler et al. calculated the effective Young‘s modulus of the same
cell type used in our experiments to be 6.1GPa at 0% SoC and fully
wetted with electrolyte [16]. On the other Hand Xu et al. calculated
the Young’s modulus of unwetted NMC to be 140GPa. Additionally, Qi
et al. calculated the Young‘s modulus of unwetted graphite anodes to be
32.47GPa at the same SoC [22] while Gor et al. measured the Young’s
Modulus of the separator to be 247MPa [23]. Considering the rule
of mixture, we can therefore assume that the ultrasound transmission
of both electrodes and the separator is significantly impacted by the
electrolyte content [24] since the wet cell has significantly different
Young’s moduli compared to the dry electrodes and separator. There-
fore it is safe to assume that the most significant reflections are taking
place at the transition to the current collectors, which by design are not
able to be wetted by electrolyte and have a constant Young’s modulus
of 130GPa for copper [25] and 70GPa for aluminum [26]. Therefore
we view the stack of one anode coating, the separator, and the cathode
coating as one ‘‘slice’’ for each layer. The procedure that we developed
to try and achieve this will now be presented.

The impulse that the ultrasound transducer emits can be mathemat-
ically approximated with a wavelet [17]. It has been suggested that
4

each reflected wave has the shape of a wavelet as well [17]. Due to
cell geometry, a new sound wave part arrives at the transducer before
the previous one has decayed. Therefore it is necessary to calculate
the original wavelets from the superimposition. So far, the effect of
interferences in ultrasound measurements of lithium-ion batteries has
not been fully explored. Thus it is unclear whether the amplitudes of
the wavelets add up or subtract each other. Also, the exact travel time
of the reflected waves becomes challenging to determine exactly since
the speed of sound and wavelength change at material interfaces. The
time of flight in between two battery layers correlates with the local
coating thickness and therefore varies as well. Modeling these effects
is subject to current research.
In addition to the superimposition of the wavelets, it must also be
considered that the individual battery layers age largely independently
of each other. It can therefore happen that two layers on top of each
other are aged differently at the same x- and y-position. This principle
is visualized in Fig. 3(a). This leads to the fact that the measured sound
amplitude alone cannot be used to determine whether a deeper layer
has an aging or defect-induced structural artifact or not. The reason is
that sound is reflected stronger at aged or defect spots in the battery
than at pristine ones due to the higher acoustic impedance (see Eq. (1)).
However, a change in the reflection amplitude implies a change in the
transmission amplitude, as well [14]. This results in different signal
intensities at the two locations for the healthy lower battery layer.
This would initially suggest that the second layer also has structural
differences at the respective positions, which is, by design, not correct.
In order to overcome these challenges, signal processing is split into
two subtasks. Firstly, the reflected wavelets of each layer are computed
from the entire reflected wave. After that, an algorithm calculates the
pixel value for each reflection and, therefore, layer, which will now be
referred to as a ‘‘slice’’.

3.2.1. Calculation of partial reflections
Intuitively the wavelet transformation seems to be suitable for the

first subtask. This transformation compares the similarity between a so-
called mother wavelet (or reference wavelet) and the measured wave
signal [14]. The impulse of the ultrasound transducer given in the
datasheet would serve as the base for the reference wavelet in this
case. Besides the parameterization of the reference wavelet, there are
multiple other challenges within signal processing. The frequencies of
the reflected wavelets change, as well as their duration. The reason
behind this is not yet fully understood, but Huang et al. claim that
the signals are influenced by slight changes in the eigenfrequency
between two electrodes [27]. This would lead to a non-linear runtime
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of the algorithm because all parameters of the wavelet transformation
have to be adapted for each targeted reflection. Therefore we use a
different approach. Instead of observing high-frequency wavelets, their
envelopes are fit to the envelope of the measured data. The main ad-
vantage of this method is the decreased computational effort required.
The envelope of the measured signal can be described as the absolute
value of the Hilbert transformation [28]. Moreover, this envelope can
be approximated by a gaussian function, reducing the complexity of
the method even further [29]. For this reason, the algorithm calculates
one gaussian curve for every ultrasound reflection happening inside
the battery cell. After that, each gaussian function is multiplied with
the measured signal. This acts like a window function that nearly
cancels out all values outside of the three-sigma-environment around
a targeted wavelet. The function also weights the sample values in
order to consider the overlapping of ultrasound reflections. As the first
reflection does not overlap with a previous one, it needs to be taken
into account that approximately the first half of the signal shall not be
weighted.

𝐺(𝑥) = exp
(

−
(𝑥 − 𝜇)2

2 ⋅ 𝜎2

)

(4)

Eq. (4) describes the gaussian envelopes. To construct these envelopes,
two parameters need to be identified: The mean 𝜇 and the standard de-
iation 𝜎. The mean value is the sampled value at each local maximum
n the absolute Hilbert transformation. For the standard deviation, it
eeds to be taken into account that the durations of partial reflections
iffer. Since it is not possible to measure the exact 𝜎 with overlapping
eflections, it has to be approximated. We do that by looking for a local
inimum near the three-sigma-environment of the approximated bell

urve from the data sheet. It will be later shown that this approximation
s sufficient. The algorithm stops looking for reflections once the am-
litude of the envelope drops below a certain threshold. This is usually
he case after six reflections. For the overall algorithm, this results in a
inear run time.

Finally, the procedure is visualized in Fig. 3(b) and (c). It becomes
lear that the algorithm has now decomposed the original measure-
ent into multiple wavelets. Each one of these makes up for a new

eflection and, therefore, a pixel for each slice. When reassembling the
ecomposed signal and comparing it to the original measurement, it
an be seen that the approximation error is tolerable (Fig. 3(c)). The
MS-values of the reconstructed and the original wave differ by 1.8%
hile only using four wavelets for reconstruction. In Section 4, we will
se six wavelets for reconstruction, decreasing the RMSE even further.

.2.2. Visualization of slices
In the next step, the algorithm computes pixel values for each

eflection. As the calculations are applied to every measurement of the
can, the output is multiple slices that indicate different depths inside
he battery. According to Section 3.2.1, these depths should correlate
o the battery layers.
he literature has yet to reveal standardization regarding the calcu-

ation of pixel values. A common approach is to map the root-mean-
quared- (RMS-)value of a single wavelet to a color map. According
o Weinzierl, this effective value is proportional to the sound in-
ensity [30]. However, the intensity does not consider the problem
entioned above, where upper battery layers influence the ultrasound

ignal of lower ones. To try and overcome this challenge, we propose a
ethod where we calculate the reflection coefficients at each electrode,

ccording to Eq. (1)–(3). These coefficients should ideally be indepen-
ent of each other because they are only influenced by the material
ransition at each individual electrode surface, assuming similar eigen-
requencies [27]. The first reflection (surface layer reflection) can be
asily calculated using Eq. (1) and solving for 𝐴𝑟∕𝐴𝑖 = 𝛤𝑖, where i
efers to the reflection number (in this case, 1 for the surface layer).
he following reflection can be obtained by calculating the reflection
5

coefficient from the transmitted ultrasound wave between the first and
second layer:

𝐴r = 𝛤2 ⋅
(

1 − 𝛤 2
1
)

⋅ 𝐴i (5)

Considering the number of reflections and transmissions for a specific
layer, all reflection coefficients can be calculated in a recursive formula.
In this work, only primary reflections flow into the computation. The
formula for each reflection coefficient 𝛤𝑖 can be derived from the
mentioned correlations and is presented in Eq. (6).

𝛤𝑖 =
𝐴r,𝑖
𝐴i

⋅
𝑖−1
∏

𝑗=1

1
(

1 − 𝛤 2
𝑗

) (6)

Since the calculation of deeper reflections is recursively based on the
previous ones, any errors from the previous ones add up, so deeper
layers may result in distorted images. Additionally, the signal amplitude
decreases due to attenuation at deeper layers. This must be taken
into account when interpreting deeper slices. Finally, applying the two
equations from above to every measurement of the data set results in
multiple images, one for each battery slice.

4. Results

4.1. Images of the aged cell

The images for the evaluation of the algorithm show a total of
six different slices inside the battery, which aim to resemble the first
six battery layers. As demonstrated in Section 3.2.1, only about six
layers can be imaged with sufficient signal-to-noise ratio since the
ultrasonic wave is almost entirely attenuated by then with current
sensor parameters. Since the attenuation of ultrasonic waves depends
mainly on their frequency, one could resolve deeper layers with lower
acoustic frequency. However, this will come at the expense of lower
spatial resolution and sensitivity due to the higher wavelength. Another
option to increase the depth penetration is to use higher voltage pulse
excitation, leading to linearly higher wave amplitudes. Since this work
focuses on presenting the methodology, which is transferable to both
options without restrictions, we shall stick to a presentation of six
layers in this work. First, the aged cell is presented, and after that, a
pristine one of the same manufacturing batch. All ultrasound images are
compared to the optical images, which were taken after the ultrasound
evaluation and disassembly in a glove box using a flatbed scanner
(Canon CanoScan LiDE 300). All images are mapped against the ‘bone’
color map. A selection of the most significant similarities between the
ultrasound and optical images is marked in yellow. We start the analysis
with the first slice (see Fig. 4). Since only a few pixel values are low
and the other values are similar to each other, the first slice appears
bright. A visual comparison between the first ultrasound slice and the
first battery layer from the post-mortem analysis (consisting of the cell
housing (not shown in Layer 1) and the backside of the first single-
coated cathode) reveals a significant resemblance, which confirms the
design of this part of the algorithm. The first layer of the backside
of the cathode sheet is displayed in (b). Besides the structures in the
first ultrasound slice, which most likely resemble the housing, there
is a bright indication marked by an ellipse. During cell disassembly, a
wrinkle in the separator covering the first cathode sheet was visible.
The mark of the wrinkle is still visible in layer 1 of the aluminum foil
on the backside of the first single-coated cathode sheet (marked by an
ellipse).

The following slices are dominated by a bright L-shaped structure
in the top left corner (marked by a polygon). As will be discussed
in the post-mortem analysis, there was a gas bubble there. This was
confirmed by optical analysis of the cell housing (see supplementary
material). Since high-frequency ultrasound is strongly attenuated by
gas, any indications under the gas bubble will be difficult to image.
Furthermore, the reflected ultrasound wave at the areas of the gas
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Fig. 3. Method for layer separation on pouch cells. (a) Shows a schematic representation of a pouch cell, measured with ultrasound waves at two locations, with an indication
at only one of the two locations. As shown in the drawing below, effects on the upper layer must be considered for an adequate representation of deeper layers. (b) Shows the
decomposition of the total ultrasound signal into four individual reflections, which correlate with the first four layers. (c) Shows the comparison of the recomposition with the
original signal. The RMS-values of the reconstructed and the original wave differ by 1.8%. With an increasing number of calculated reflections, the difference decreases.
bubble showed clear differences to the wave at the areas with no gas
bubble. The amplitude of the acoustic response with gas bag is smaller.
However, the attenuation of the amplitude in the case of the gas bag
is obviously much smaller, indicating different mechanical properties
at this point. This also explains why the L-shaped indication of the gas
ash was seen on each slice in Fig. 4: in this case, the altered acoustic
response was interpreted as reflections from the individual layers. Thus,
as a method of analyzing the images, if a structure is present almost
identically in all slices, it could be assumed to be a gas bag. Additionally
to the gas bubble, there seems to be a covering layer of a similar shape.
As will be discussed in the post-mortem analysis, this covering layer is
lithium-plating, which most probably caused the gassing.

Moreover, aging can be seen at the locations of the current col-
lectors. There is also an S-shape visible on Layer three and four of
the optical images (marked in blue). Unfortunately, we were not able
to image those structures with the proposed method. Therefore, we
6

adapted the algorithm for calculation of pixel values and instead of
calculating the reflection coefficient (see Eq. (6)), we determine the
absolute value of the difference of two consecutive partial reflections.
Based on the adapted method we were able to image the S-shaped
structures but with limited sensitivity to other effects. This caused
by the exponential attenuation of the wave which is now no longer
compensated by the calculation of the reflection coefficient. The cor-
responding images are depicted in the supplementary material. Unlike
the gas bubble, this shape does not go on in the deeper layers indicating
that the layers actually show different structures. Finally, a blurred
pattern is visible in the center of most electrode slices. This pattern
can also be recognized in the optical images from the post-mortem
analysis (indicated by the zoom). As will be shown in the post-mortem
analysis, the blurred pattern resembles spots of lithium-plating, but to a
much lesser extend compared to the L-shaped structure in the top left.
This shows that ultrasound can be used to detect the formation of gas
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Fig. 4. Comparison between the generated ultrasound images and optical images from post-mortem analysis. (a) Represents each measurement point’s first six calculated reflections
(i.e., ‘‘slices’’). (b) Shows the first six adjacent cathode and anode layers, which are superimposed semi-transparently. A selection of the similarities between the ultrasound and
optical images is marked in yellow. The zoom highlights the detection of even small patterns of covering layers. The blue markers indicate structures that are visible with the
altered algorithm that is depicted in the supplementary material. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
inside a battery cell reliably. The further markings show a selection of
similarities between the ultrasound images and optical images. While
some covering layers and other depositions can be imaged congruently,
there are still some irregularities in the images which are not present
in the optical images. There are multiple possible explanations for this.
Firstly, the irregularities may be caused by the high covering layer
thickness in some areas of the cell which, as will be shown in Section 5,
is in the same order of magnitude as the electrode sheet thickness.
This might distort the assignment of partial reflections to the electrode
sheet in those areas, because of significant variance in distance between
sensor and electrode, leading to a shorter time of flight. Secondly, a
holistic variation of measurement parameters such as sensor frequency
and bandwidth, focal point or coupling agent might help resolving this
issue. Since the focus of this work is to present a methodology and
demonstrate some of its possibilities, we leave this analysis for future
publications. In addition to the proposed changes in the measurement
setup, an alternative feature can be used to remove irregularities in
the ultrasound image. Instead of calculating the reflection coefficient
7

(see Eq. (6)), we calculated the absolute value of the difference of two
consecutive partial reflections. The feature was able to remove some
of the irregularities in the generated images. Since the focus of this
work is not to discuss these images in detail, they are shown in the
supplementary material.

4.2. Images of the pristine cell

Finally, the ultrasound images of the pristine cell in Fig. 5 shall
be analyzed as well. Although the cell is pristine, there are some
inhomogeneities in the first slice of the ultrasound image. These are
most probably caused by the packaging and direct contact from the sep-
arator and electrolyte to the aluminum current collector of the cathode
(see Fig. 5(a)). Some of these inhomogeneities are also visible on the
cathode current collector on the first layer of the optical post-mortem
image (see Fig. 5(b)). The second slice shows few artifacts from the
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Fig. 5. Comparison between the ultrasound (a) and the optical post-mortem image (b) of a pristine cell. Again, the first six slices and the first six battery layers are compared.
For the optical images, the first six adjacent cathode and anode layers are superimposed semi-transparently. Besides indications on the first slice and layer and possible artifacts
on the second slice, the images are mostly identical.
calculation of the first slice. This error can be minimized with optimized
parameterization of the calculation of the partial-reflection wavelets
from Section 3.2.1. Since this artifact only occurs on the second slice
and not on the subsequent ones and thus does not significantly deter
the analysis, we leave this optimization to future publications. Besides
these artifacts, the following slices are primarily homogeneous and
match the optical images.
Therefore, there are clear differences to the aged cell. Especially no
blurred pattern or any individual dots can be identified. For both cells,
the same algorithms are applied to the images with identical color-map
calculations to ensure comparability. This leads to the conclusion that
the homogeneity of an ultrasound image can be a good predictor of the
structural state of a battery.
8

5. Validation by post mortem analysis

Besides the already shown post-mortem scans with a flatbed scanner
(Figs. 4 and 5), the electrode sheets from the aged cell were also
examined using a laser scanning microscope (Keyence VK-X3000) and
a scanning electron microscope (Zeiss Supra 55) in combination with
an energy-dispersive X-ray spectroscopy detector (Oxford Xplore 30).
Therefore 4 stamped samples with a diameter of 10 mm (Fig. 6) were
punched out of the first and second anode sheets and will be referred
to as stamp A to D.
All post-mortem analyses were performed under atmospheric exclusion.
For this purpose, the laser scanning microscope is placed in the same
argon-filled glove box (O2<5 ppm and H2O<1 ppm) in which the cell
opening took place. After the laser scanning measurement, the samples
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Fig. 6. Via SEM/EDX and optical/laser microscope examined stampings. The stamp
positions on the electrode are shown in Fig. 4. The stamp depicted in subfigure (a)
will be referred to as stamp A, the one in subfigure (b) as B etc. until (d). (e) and
(f) are 2D and 3D laser scans of a large deposition on stamp A with the laser/optical
microscope.

were transferred to the scanning electron microscope (SEM) using a
transfer module (Kammrath & Weiss GmbH). This protects the samples
from oxygen and/or moisture at all times, and no unwanted reaction
with these during the transfer takes place.

In Fig. 6(e) and (f), an exemplary laser scanning image of a large de-
position from stamp A is shown. The depositions have such a wide base
that they are detectable even without a microscope (compare Fig. 6(a)).
The color and structure of the deposition differ from the surrounding
base material. For this base material, the typical graphite flake structure
(see also Fig. 7(c)) and even some highly lithiated golden graphite
particles are visible. The deposited material is more silver/grayish, and
the mossy-like morphology is referred to in the literature as lithium
plating [31]. With an area of approx. 0.7 mm 𝑥 1 mm and a height
of up to 138 μm, the deposits affect the ultrasonic signal and can
be detected in the in situ ultrasound image due to their increased
thickness, different morphology, and, therefore, acoustic impedance.
For comparison, a typical (single-sided) graphite electrode thickness is
in the range of 50–100 μm, so that the depositions are thicker than the
actual electrode coating [32].
To have a closer look at the deposits, the same stampings from the laser
scanning microscope were used for the SEM investigation. In Fig. 7(a),
an overview with marked focus spots of a deposition from stamp A is
presented. Subfigure (b) displays a spot in the middle of the deposit,
where a flattened surface consisting of a string/rod-like structure can
be seen. This assumes that the deposit grows in rod/string islands until
9

the tip reaches the separator and is then flattened by it. Also, some
mossy-like top layers on the string/rod-like structure can be seen. Here,
it is assumed that the plated material reacts with parts of the electrolyte
and forms a passivation layer. Subfigure (c) is a close-up view of the
deposition edge. This structure is referred to in the literature as the
‘‘tree-like’’ plating morphology and will also be seen on other stamps
(see Fig. 8(d)) [33]. The aforementioned spots depicted in Fig. 6(a–d)
are closer examined in Figs. 7 and 8. Notably, Fig. 7(a) unveils a wide
flat top on the islands, signifying their growth against a planar barrier,
which can safely be assumed to be the separator. Moreover, the quan-
tity and dimensions of these islands (measuring approximately 0.7 mm
𝑥 1 mm 𝑥 100um) surpass the expected size for salt deposits resulting
from electrolyte evaporation. Even upon opening the cells, traces of
electrolyte persisted on the electrode surface, gradually desiccating
within a matter of seconds. Nevertheless, the intricate surface structures
(as observed in Fig. 4) were promptly apparent upon cell opening,
with residual electrolyte still present on the electrode. Furthermore, the
electrodes underwent thorough washing in DMC (dimethyl carbonate)
in an attempt to eliminate any remnants of electrolyte and conductive
salt. Despite the rigorous washing process, all discernible structures
remained intact, leading to the supposition that the observed surface
deposits are indeed the result of Li-plating growth rather than residual
salt precipitates. A closer look at the graphite material (Fig. 7(d)) shows
small nano-size particles on top of the flake structure. Here, these small
impurities are assumed to be lithium-plating seedlings that formed
at the beginning of aging and then slowed down growing because a
neighboring seedling grew faster [34]. To determine the elementary
composition of the depositions, EDX measurements were performed.
The results are displayed in the upper right corner of the SEM images
in Fig. 7. The depositions consist mainly of fluorine and carbon, but
high amounts of oxygen and phosphorus can be seen. It is assumed
that the fluorine and phosphorus come from the reaction with LiPF6
conductive salt. At the same time, single-digit mass fractions of sulfur
were measured by EDX. Here it is assumed that sulfur-containing
additives could be present in the electrolyte, which then react with the
metallic lithium.
Fig. 8 summarizes the surfaces of stamps B, C, and D. Fig. 8(c) with a
close-up window (d) taken from stamp C shows a similar surface like
stamp A, except that the deposit is not as large as before and therefore
not flattened at the top. Also, the already mentioned ‘‘tree-like’’ plating
morphology of the deposit is well visible. Fig. 8(a) with a close-up
window (b) from stamp B shows the ‘‘tree-like’’ agglomerates, with
the difference that also the area in between is covered with medium
height depositions. It is assumed that the initial deposition forming in
this area was slower and, therefore, more homogeneous. In Fig. 8(e)
with a close-up window (f) taken from stamp D, the 6–10 mm wide
hill next to the current collector is seen. Similar to the depositions
of stamp A, the surface is flattened by contact with the separator.
Also, the already seen string/rod-like structure with additional surface
depositions is visible, so here also, lithium plating, but with much larger
dimensions, is assumed. Since the deposits can be seen all over the
layers under consideration, it can be assumed that lithium plating has
occurred along the entire surface, with an increased accumulation of
plating at the edges of the cell.

6. Conclusion

Building on our previous work, we aimed to enable 3D imaging
by developing an algorithm that dissects the ultrasound data to create
layer-specific depth resolution. This was achieved by analyzing the
reflected instead of the transmitted ultrasound wave. The algorithm
was split into two main tasks allowing a modular implementation
of the imaging methods. In the first step, the individual reflections
at each electrode were approximated, considering the overlapping of
reflections due to the limited bandwidth of ultrasound sensors and thin-
layered cell structure. In the second step, we calculated the reflection
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Fig. 7. SEM images with various magnifications and focus spots on stamp A (Fig. 6). The positions of the scan fields (b), (c) and (d) are marked in the overview image (a).

Fig. 8. SEM images with various magnifications of stamp B (a)/(b), C (c)/(d) and D (e)/(f) (Fig. 6).
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coefficient of each layer transition and mapped it on a color map. We
applied this procedure to two different cells: An aged and a pristine
pouch cell from the manufacturer Kokam. The ultrasound images were
compared to optical images from a post-mortem analysis. For the aged
cell, clear indications of internal structural inhomogeneities were visi-
ble and separated layer by layer. These indications were visible in the
optical images as well. In a post-mortem analysis, these were identified
as lithium-plating and gassing. For the pristine cell, no indications were
visible on the ultrasound images. The post-mortem analysis revealed no
structural inhomogeneities on the optical images of the cell. While the
proposed method generated images that revealed a spatially resolved
correlation with the local aging phenomena, future work should focus
on a parameter variation of the measurement equipment, such as
sensor frequency, bandwidth, or focal point, to make the resulting
ultrasound images more congruent with the optical images, even on
deeper layers. Since our methods focused on qualitative indications
of local aging phenomena, it is of interest to combine the methods
with quantitative measurements of mechanical properties, such as the
Young’s modulus, to enable a comprehensive mechanical analysis of the
cell under investigation. Furthermore, the ultrasound data suggests that
enabling a more robust gas detection is possible based on the acoustic
response’s characteristics. Since the measurements in this publication
are based on the reflected ultrasound wave, it remains an open question
whether layer resolution is achievable using the transmitted ultrasound
wave. While this would, by design, enable full 3D imaging of the
specimen, it might be a great challenge to engineer the suitable sensor
and measurement equipment to non-destructive image the entire cell
while keeping a small ultrasound wavelength. Since acoustic responses
are currently interpreted visually, it would be of great interest in the
future to generate a model that can verify effects such as gassing and
deposit formation without subsequent post-mortem analysis. We are
convinced this publication will enable researchers to detect structural
inhomogeneities in 3D and, therefore, serve as a scalable verification
method for research and development of future battery cells.
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