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Contactless ultrasound spectroscopy
for testing state-of-charge
and integrity in lithium-ion batteries

Lola Farifias,”?* Manuel Mufioz," and Tomas E. Gémez Alvarez-Arenas’

SUMMARY

Lithium-ion batteries (LIBs) are playing nowadays a key role in the decarbonization of the economy. How-
ever, safety issues and the lack of an accurate performance predictor after manufacturing led to the appli-
cation of non-destructive methods in this field that can assess their condition. Contact ultrasounds have
been successfully applied in recent years in this regard, mainly in research facilities, proving the potential
of ultrasonic waves to collect meaningful information. However, some restrictions on their applicability
have been identified, compromising their repeatability and stability in operando and in fabrication.
Here, we present a contactless ultrasound spectroscopy technique based on the use of air-coupled trans-
ducers of high sensitivity and wide frequency band to detect state-of-charge (SOC)-related changes in LIB
cells in operando. Additionally, its ability to detect mechanical integrity alterations was also revealed,
showing the potential of contactless ultrasound spectroscopy as a powerful tool to test and predict early
failures in LIBs.

INTRODUCTION

In the last decades, batteries have been incorporated into many sectors with huge economic impact, such as consumer electronics, electric
mobility, or large-scale energy storage.'” As of today, lithium-ion batteries (LIBs) lead this market and are expected to maintain this position in
the near future. The main reasons that push LIBs to the forefront of energy storage technologies are their high energy density, long cycle life,
high power output, low self-discharge, and safety, among others. However, the abrupt and growing demand has led to a rapid and steady
development in the battery sector, where production, control, and research players have identified different needs along the value chain that
are being pursued.’ Some of these relate to in-line quality control at different stages,” including raw material testing,”” end-of-line inspection
of assembled cells,” and manufacturing optimization,®” whereas others concern the monitoring of batteries in use'® or end-of-life sorting for
recycling/second use.'" In parallel, the research sector is demanding alternative technologies that can help in the development of the new
generation of battery cells and in operando techniques that facilitate their work, such as in postmortem analysis, state-of-health (SOH) and
state-of-charge (SOC) monitoring, or early failure prediction.’*"?

On the one hand, some of the techniques used for the aforementioned needs present challenges in terms of being destructive or difficult
to deploy due to lack of speed, ease of inspection, or safety. On the other hand, more recently, techniques widely used in the non-destructive
testing (NDT) sector have been applied in the inspection of LIBs. In this context, ultrasonic waves have been proven to be useful for the eval-
uation of SOC,'* "¢ electrolyte wetting,W and defect detection,'® among others, related to SOH assessment.' 7?0 Interestingly, the informa-
tion provided by ultrasonic methods, besides being convenient for the inspection of LIBs, is also highly valuable toward the understanding of
their mechanical behavior.”"*” However, a key issue in this regard is that LIBs are not only mechanically but also dimensionally dynamic: elec-
trochemical operation leads to an inherent evolution of internal stresses and significant volume alterations.”**> Consequently, widely used
ultrasonic methods based on contact techniques represent a major drawback for these purposes, as they are intrinsically quite sensitive to the
pressure between the cell and the sensors, which directly affects the complexity of the measurement procedure, may modify the battery cell
itself, and lacks of reproducibility and accuracy.

Non-contact ultrasound overcomes the mentioned weaknesses of contact techniques. Within the contactless ultrasound category, air-
coupled ultrasound is preferred, as it is safer due to its low energy and more precise given its higher signal-to-noise ratio, as opposed to other
techniques such as laser generation, which can present safety problems.”® Although other limitations in air-coupled ultrasound were pointed
outin previous attempts,”’"*? the use of efficient air-coupled ultrasonic transducers optimized for broadband and high-sensitivity applications
is crucial to unlock the full potential of these contactless methods in battery cells.””*
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Figure 1. Ultrasonic transmission coefficient spectra of various LIBs
(A) Magnitude, (B) phase, and (C) rectified phase in which the effect of the resonances is highlighted for the sake of clarity. All spectra were measured at full
charge.

In this work, we proposed a new method to characterize and test lithium-ion battery cells based on the use of non-contact ultrasound spec-
troscopy. We tested several commercial cells of different capacities and dimensions from two different manufacturers. Transmission coeffi-
cient spectra measured show characteristic thickness resonances that follow repeatable trends synchronized with electrochemical cycling in
operando. From these ultrasonic experimental data, we directly determined effective properties of the LIBs in situ, such as the thickness, the
ultrasonic velocity, and, hence, the elastic modules, the accuracy of which was verified by comparison with independent data. The results ob-
tained position this technique as a great candidate to facilitate the study of the mechano-electro-chemical (MEC) behavior of batteries.”’
Finally, the potential of non-contact ultrasound spectroscopy for enabling early failure prediction due to mechanical integrity issues was
evaluated.

RESULTS AND DISCUSSION
Air-coupled ultrasound spectroscopy for testing lithium-ion battery cells

The resonant ultrasound spectroscopy® is a technique used to evaluate the acoustic properties of a plate immersed in a fluid. In particular,
considering a single-layered plate surrounded by air where a plane wave is normally incident to the plate, the transmitted coefficient spectra
(T) can be obtained as:

- 22,7,
27,7, cos(kd)+i(Z2+22)sin (kd)

where Z, and Z; are the acoustic impedance of air and the plate sample, respectively, calculated as the product of density and ultrasonic prop-
agation velocity; k is the wavenumber of the longitudinal wave in the plate; and d is the thickness.

(Equation 1)

In the particular case of this work, LIB is a complex multilayered material comprising a large number of alternating layers of anodes, cath-
odes, separators, etc. However, the individual thickness of each of these layers is several orders of magnitude smaller than the ultrasonic wave-
length. Therefore, it is acceptable to assume an effective medium approach for the battery cell.

Figure 1 shows the transmitted spectra (T), depicting both magnitude and phase, of different LIB samples (see Table 2) tested in this study
under constant voltage (100% SOC). Clear patterns revealing up to four peaks of thickness resonances within the experimental frequency
range are shown. Hence, the observation of thickness resonances confirms the adequacy of the initially stated effective medium approach.
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Figure 2. Evolution of thickness and relative variation in resonant frequency during electrochemical cycling in a LIB
Measurements were collected over four charge/discharge cycles, sampled every 0.2 V on cell LPO1. Data are presented as mean + SD.

That is, the T is dependent on the acoustic longitudinal wave properties, velocity, and attenuation of the whole battery that, in its turn, is the
result of the different component layers within the LIB and the mechanical integrity and compaction of the entire cell.

Furthermore, as the resonance peaks observed in magnitude spectra correspond to the onset of constructive interferences of the ultra-
sonic field within the battery, they appear when wavelength equals two times the battery thickness and its multiples. Therefore, in the absence
of attenuation, position of these resonance peaks can be obtained as™:

nv
2d
where fis the frequency at which the n-th thickness resonance maximum appears; v is the effective ultrasonic velocity through the sample; and
dits total thickness. Figure 1 shows the particular ultrasonic response—an acoustic fingerprint—as consequence of its effective properties. In
this case, ultrasonic fingerprints for batteries in a range of nominal capacities from 850 to 3,600 mAh and from two different manufacturers
have been presented (see Table 2).

f, = (Equation 2)

State-of-Charge and trends in ultrasonic spectra

During charging and discharging, repeatable trends can be clearly observed in the LIBs ultrasonic response. This feature can be seen in Fig-
ure 2 that shows the evolution in both the thickness and the resonant frequency—expressed as relative variation—during four electrochemical
cycles at a current rate of 0.5C. Thickness was measured independently with a micrometer as explained in the Experimental Procedures sec-
tion, whereas the resonant frequency values were directly obtained from the measured coefficient spectra by averaging the resonant fre-
quencies of the 2" and 3™ peaks at each point, with the aim of avoiding any perturbation in their position as a consequence of the border
effect at the limit of the working bandwidth of the transducers.

The patterns observed are synchronized with the electrochemical cycling as previously reported in literature using different ultrasonic tech-
niques.'*# These data reveal a shift in the cell resonant frequency that can be directly correlated with the voltage and thus with SOC: as the
cellis charged, the resonant frequency shift toward higher values and, conversely, when discharged, these resonance peaks shift toward lower
frequency values (up to —5.8%). According to Equation 2, changes in the resonant frequency may be due to alterations in the thickness, ve-
locity, or both. Though, itis known that, in general, this type of cells expands with increasing voltage and shrinks with decreasing charge (effect
known as cell “breathing”),*’~*® as it can be appreciated on the thickness mean values shown in Table 1. Consequently, in order to detect the
measured frequency increment during charging, an increase in the effective ultrasonic velocity high enough to compensate the decrease in
frequency caused by the expected thickening of the sample must be taking place. This effect is consistent with previous results reported in the
literature using contact ultrasonic techniques.'***’ Furthermore, the resonant frequency data during charging and discharging show a
certain degree of asymmetry that can be consequence of the hysteretic behavior of the anodes.”” In particular, at low currents, as in this
case, the intercalation stages depend on whether the cell is being charged or discharged, and these differences are detectable using ultra-
sonic techniques.”’

Figure 3 shows measured transmission coefficient spectra in several cells at different states of charge (only 100% and 0% SOC are plotted
for the sake of clarity). In all cases, a shift toward higher frequencies in the spectra is observed when state-of-charge goes from 0% to 100%.
This confirms the results in Figure 2; furthermore, this also suggests that this behavior is not solely attributable to a specific type of LIB but that
it is rather general. In addition, it can be noticed that cycling influences not only the position of the maximum peaks in T magnitude but also
the phase versus frequency slopes, supporting the already stated direct relationship between ultrasonic velocity and state-of-charge in LIBs. ™
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Table 1. Average effective properties of Lithium-ion battery cells

Thickness Thickness Elastic modulus
Sample State-of-charge ultrasound (mm) micrometer (mm) Velocity (m/s) (GPa)
LPO1 100% 4.741 + 0.002 4.752 1,676 7.61
LPO1 0% 4.644 + 0.006 4.606 1,572 6.83
LPO3 100% 4.735 + 0.032 4.727 1,688 7.75
LPO3 0% 4.563 + 0.016 4.602 1,549 6.77
LPO7 100% 2.675 + 0.110 2.691 1,581 5.62
LPO7 0% 2.617 £ 0.328 2.616 1,495 5.14
LPO8 100% 5.168 + 0.074 5.168 1,635 6.81
LPO8 0% 5.032 £ 0.054 5.044 1,515 6.00
LPO9 100% 5.797 £+ 0.040 5.844 1,696 7.21
LPO9 0% 5.652 + 0.016 5.684 1,553 6.20
LP10" 100% 3.615 £ 0.357 3.600 1,699 6.67
LP10* 0% 3.502 + 0.392 3.529 1,646 6.47

2Anomalous measurements are not included (see corresponding section for further details).

Thickness resonances shifts and estimation of material properties

The technique proposed in this work, air-coupled resonant ultrasound spectroscopy, allows the evaluation of the effective acoustic longitu-
dinal wave properties, including thickness, without the need of any additional measurement.’” This feature can be particularly useful for in situ
and in operando LIB characterization, representing an advantage compared to other methods*® including contact and immersion ultrasonic
techniques.'*%%%

Table 1 summarizes the mean experimental parameters measured at the maximum charge (100% SOC) and at the minimum recommen-
ded charge (0% SOC) in the LIBs studied in this work. In addition to the ultrasonic velocity and thickness, the macroscopic effective elastic
modulus of each sample was estimated from the ultrasonic velocity (v) and volumetric density (p) (assuming only a thickness change with
charge):*

M = v (Equation 3)

Furthermore, independent thickness measurements obtained using a micrometer have been included in Table 1 for comparison purposes.

Comparing the ultrasonic and micrometer estimation of battery thickness, the relative variation is less than 0.85%. This fact supports the
suitability of the contactless resonant ultrasound spectroscopy for battery cell effective thickness estimation. In this regard, we have utilized air
data considering normal conditions; therefore, in order to fine-tune the results, the introduction of real-time measurements of air pressure,
temperature, and humidity can be considered in the future. As for the micrometer method, the errors depend on the applied pressure and
surface roughness, two factors that are difficult to avoid.

The maximum thickening as consequence of the SOC is between 2% and 3%, whereas ultrasonic velocity increases by 6%-8%. The elastic
moduli of the cells at full charge are between 9% and 13% higher with the exception of LP10. These results agree with those obtained using
different techniques in literature.”’**® The standard deviation obtained for the LPO7 sample is notably higher than the others. The transmis-
sion coefficient measured (Figure 3B) indicates a certain degree of coupling between the 2" and 3" peaks of resonances, which may be the
cause of this difference. Future work will thoroughly investigate this behavior in samples whose composition is well known a priori.

In summary, data follow the expected trends: for battery cells, which are composed by different layers including electrodes and electrolyte-
impregnated separators, it is well-known that the material properties of the electrodes change as consequence of electrochemical
cycling.”>* In the particular case of pouch cells in which the described structure is weakly constrained by an aluminum foil, global thickness
changes can be measured that are directly correlated with voltage,™ as in the LIBs used in this work and supported by the results shown in
Table 1. In the case of the elastic modulus, a feasible explanation is that as consequence of the thickening of some layers within the cells at
high SOCs—mainly due to delithiation at different phase transitions of graphite”’ in the anode—the internal pressure increases by means of
the stress caused by the thickening against the aluminum foil packaging. This would explain the elastic modulus variations measured by the
ultrasonic technique at different SOCs.

Figure 4 shows the variation in the thickness and longitudinal ultrasonic velocity with voltage during discharge for samples LPO1 and LPO3,
which correspond to identically manufactured cells according to their datasheet (see Table 2). The data collected from LPO1 correspond to a
higher number of cycles (from 4 to 12) than those of LPO3 (up to 4). The thickness follows the expected trend, where it shrinks as the cell voltage
decreases and expands at higher SOCs. In the case of velocity, it also decreases with voltage, as explained in previous section. Thus, the
experimental data have been fitted to sigmoidal functions whose inflection point is located at 3.7 V, obtaining R? greater than 0.90 in all cases.
The main differences between the two LIBs can be appreciated in the thicknesses for the lower states of charge (below the inflection point),
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Figure 3. Variations in transmission coefficient spectra with State-of-Charge
Magnitude and phase of up to five thickness resonance peaks measured at 100% and 0% charge in four different LIBs: (A) LPO1; (B) LPO7; (C) LPOS; (D) LPQ9.

when thinner values were obtained for the LP0O3. In terms of velocity, the range of variation is almost 2% higher for the LPO3 cell, whose
maximum velocity is greater than LPO1. Consequently, LPO3 elastic modulus is higher than LPO1 (see Table 2). These detected changes,
assuming identical initial materials and structure, can be attributed to differences on the density of the forming layers, the degree of compac-
tion of the layered structure, or both. Knehr et al.”® defined a break-in period characteristic of LCO/graphite pouch cells, where abrupt
changes in the electrochemical impedance and ultrasonic signal take place, followed by a gradual stabilization toward constant values.
This would explain the presented results since LPO3 cell would correspond to the beginning of the break-in period while the LPO1 would
be situated atits very end, closer to the plateau. The described behavior was attributed to a stage in which the graphite anode grows, causing
an increment of the thickness of the battery cell while the effective modulus decreases. This reduction of the modulus after an "excessive"
increase of the thickness could be interpreted as a deterioration in the degree of compaction of the cell that implies the regular aging of LIBs.

Further work will be conducted to unravel the variation in estimated parameters due to manufacturing tolerances and the effect of other
factors, such as cell cycling and failure. The latter is expected to contribute to the loss of compaction pressure in the cell that is expected when
the thickening is too large and the deformation of the packaging materials is entering the plastic regime.

Temperature and trends in ultrasonic spectra

It is of interest to understand the effect of temperature on the ultrasonic spectra, especially with the motivation of being able to apply these
techniques to in operando monitoring of cells including at high C-rates. To this end, a cell (LPO1) was measured with the air-coupled ultrasonic
technique at constant SOC at room temperature before being heated in the oven to 55°C. It was then let cool to room temperature while its
coefficient spectra were measured. Figure 5A shows the evolution of the first and second resonance peaks during this experiment. A clear shift
toward lower frequencies is observed reaching a relative variation of up to 2% higher than the maximum range measured between 100% and
0% SOC during cycling (see Figure 3). It is worth noting that although the resonance frequency and SOC maintain a direct relationship, for
temperature the relationship found was inversed, reaching values close to the ones at 0% SOC at maximum temperature in the resonance
peaks. In addition, the thicknesses were independently measured and no significant variation was obtained. Conversely, the thicknesses esti-
mated using the ultrasonic technique showed an expansion of up to 2% at maximum temperature compared to its initial state (see Figure 5B).
Regarding the resonant frequency, a maximum relative variation of —5.74% was detected at 55°C, indicating that other factors, among
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Figure 4. Evolution of thickness and ultrasonic velocity during discharge in two identically manufactured LIBs
A comparison between mean thickness (black circles) and velocitiy (gray triangles) directly estimated from ultrasonic measurements. Significant sigmoidal fittings
with inflection points at 3.7 V for both parameters are shown (solid lines): (A) LPO1; (B) LPO3. Data are presented as mean + SD.

thickening, were altered by the temperature increase in the cell, causing a diminution of the ultrasonic velocity and consequently on the elastic
modulus as the density also decreases. These results are similar to those reported by Owen et al.*! in which an increase in the time-of-flight
measured by contact ultrasonic techniques was related to a decrease in ultrasonic velocity. This kind of behavior has been described in ma-
terials with elastic properties in the range of the LIBs components.’” Upon cooling, a recovery of thickness and frequency was measured that
did not follow a constant rate with temperature. Back at room temperature, the ultrasonic spectra measured is similar to the one taken at the
beginning of the experiment; therefore, it should be noted that specially the estimated thickness was still 3% below its initial value. Together
with material expansion, a change in electrolyte viscosity could explain this behavior, as it acts as a couplant throughout the cell playing a key
role in effective mechanical cohesion. Hence, the steepest slope in the estimated parameter recovery with temperature was found outside the
optimal LIB operating temperature window (20°C-40°C), where battery is expected to suffer accelerated aging.”® Nonetheless, future exper-
iments will be compared with complementary techniques for validation, since the possibility of measuring changes in LIBs as a consequence
of temperature alterations and, more importantly, the possibility of decoupling their effects in operando have been enunciated as being of
great interest in this field.”

Anomalous thickening and its influence on ultrasonic spectra

During the experimental tests performed for this work, the aforementioned repeated trends on the ultrasonic spectra during cycling have
been a constant. However, the LP10 cell presented anomalous behavior compared to the rest. Although initially, a thickness resonant pattern
in the ultrasonic transmission coefficient was measured as shown in the experimental transmission coefficient labeled as 1 in Figure 6A (for
wider spectra, see Figure 1), in a subsequent test, a strong loss of acoustic signal was detected (transmission coefficient labeled as 2 in Fig-
ure 6A). After 36 h at rest, the thickness resonances were clearly observed back again enabling a new complete loading/unloading experiment
(some of these measurements are labeled corresponding to spectra from 3 to 8 in Figure 6A). Finally, for the next cycling experiment, the
resonances disappeared definitely (labels beyond 8). In parallel to the non-contact ultrasonic spectroscopy measurements, thicknesses
were obtained independently in the same cell and collected in Figure 6B. The lack of resonance detection is coincident with an uncommon
thickening of the cell reaching values higher than 3.70 mm on average, which represents a relative variation of more than double in percentage
than that registered for other cells of the same manufacturer according to Table 2. Cell swelling as a result of gassing is not uncommon in
faulty LIBs, whose effects include increase in cell stress leading to cell cracking'”®" and delaminations.® In this regard, the detected drastic
loss of ultrasonic signal and a spontaneous recovery can be strong evidence of gassing inside the cell,>® which was identified as an early sign of
thermal runaway and failure, as it occurs before other significant rates are recorded.””

Figure 6C presents the nominal capacity and mean elastic modulus values measured at 100% and 0% SOC for each type of LIB considered
in this work. As shown, a significant linear fit correlates nominal capacity and elastic modulus at both charge states. However, further

Table 2. Lithium-ion polymer battery cell samples

Sample Description Capacity (mAh) Dimensions (mm) Density (kg/m3)
LPO1 NIMO LP486684 3,600 76.00 x 63.50 x 4.65 2,758
LPO3 NIMO LP486684 3,600 76.00 x 63.50 x 4.65 2,763
LPO7 CELLEVIA LP294862 850 60.00 x 50.00 x 2.64 2,290
LPO8 CELLEVIA L584174 1,800 65.00 x 41.00 x 5.10 2,575
LPO9 CELLEVIA L654290 2,600 89.00 x 40.00 x 5.75 2,528
LP10 CELLEVIA LP405090 1,800 90.00 x 52.00 x 3.70 2,316

6 iScience 27, 111046, October 18, 2024
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Figure 5. Ultrasonic changes with temperature variation
(A) Transmission coefficient spectra measured during the cooling of an LPO1 cell after heating to 55°C.
(B) Relative variations in resonant frequency (black circles) and thickness (gray squares) during the cooling of the LPO1 cell. Data are presented as mean + SD.

information on cell layer composition is not available, preventing a more thorough understanding of this relationship. Nonetheless, it should
be noted that the LP10 cell, considering the values obtained from cycling measurements where thickness resonances were present, shows an
acute deviation at 0% SOC toward higher values. Consequently, the range of relative variation between both charge states represented is less
than half compared to the rest of samples (see Table 1). A feasible explanation to this behavior matches with the aforementioned gassing,
which was reported to increase the internal stresses in the cell due to mechanical constraints.”

In this regard, the presented technique would shed light by disentangling the effects of volume-pressure change and gassing, which rep-
resents a technical issue with some current detection methods.”®>" Future work will systematically study the effect of phenomena such as
gassing and delamination using non-contact ultrasonic spectroscopy to evaluate the performance of these techniques as early predictor
of integrity and state-of-health issues in battery cells.

Conclusions

This work demonstrates that it is possible to measure, at normal incidence, transmission coefficient spectra in lithium-ion pouch cells of
different sizes and capacities using presently available electronics and wideband and high-sensitivity air-coupled ultrasonic transducers
with excellent SNR. Spectral analysis of the transmission coefficients reveals that it is possible to excite and sense thickness resonances
that exhibit repeatable trends synchronized with the electrochemical cycling. Analysis of these resonances permit to extract thickness, veloc-
ity, and elastic modulus in the cell without any a priori information. The presented results show that the contactless ultrasound spectroscopy
enables non-destructive, rapid, and in situ estimation of the effective battery cell parameters with sufficient accuracy to detect changes mainly
driven by electrochemical stiffness and compaction degree taken in operando. Finally, contactless ultrasound spectroscopy was found to
reveal alterations due to induced temperature changes as well as anomalous cell behavior, unveiling the potential of the proposed technique
to be used as an early predictor of batteries failure.

Limitations of the study

In this work, we mainly focused on the feasibility of applying contactless ultrasound for the study of lithium-ion pouch cells, as well as on the
excitation and sensing of thickness resonances, which allow for the rapid and non-invasive estimation of parameters such as ultrasound ve-
locity, thickness, or elastic modulus in situ. However, no detailed information about the chemistries, composition, or electrochemical perfor-
mance was obtained from the commercial suppliers, who were not the manufacturers. In future work, it will be valuable to further investigate
the impact of cell chemistries on the acoustic fingerprint measured using air-coupled ultrasound.

RESOURCE AVAILABILITY
Lead contact

Further information should be directed to and will be fulfilled by the lead contact, Lola Farifias (lola.farinas@deusto.es).

Materials availability

This study did not generate new unique materials.

Data and code availability

® The data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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Figure 6. Anomalous thickening and disappearance of thickness resonances

(A) Transmission coefficient spectra of LP10 obtained during cycling tests.

(B) Thickness measurements of LP10 across different cycling tests. Data are represented as mean + SD.
(C) Comparison of nominal capacity with the mean elastic modulus measured in all LIB samples.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Other

Pouch cell — 3600 mAh
Pouch cell = 850 mAh

Pouch cell — 1800 mAh
Pouch cell - 2600 mAh
Pouch cell — 1800 mAh

NIMO LP486684
CELLEVIA LP294862
CELLEVIA L584174
CELLEVIA L654290
CELLEVIA LP405090

https://www.electronicaembajadores.com/

https://www.tme.eu/
https://www.tme.eu/
https://www.tme.eu/

https://www.tme.eu/

Olympus 5058PR Olympus https://www.olympus-ims.com/
Tektronix DPO7054 Tektronix https://www.tek.com/
Velleman VLE8 Velleman https://www.velleman.eu/
Mitutoyo micrometer £0.01 mm Mitutoyo https://shop.mitutoyo.eu/

METHOD DETAILS
Cell samples

Six different samples from five different models of pouch-type lithium-ion polymer cells were bought from two commercial manufacturers (see
Table 2).

Non-contact ultrasound spectroscopy
Air-coupled ultrasonic transducers

Three pairs of high sensitivity and wide band air-coupled ultrasonic piezoelectric transducers designed and built at CSIC lab were used (see
below table).

Air-coupled transducers specifications

Center Frequency (MHz) Peak Sensitivity (dB) Frequency Band (MHz) Radiating Surface Diameter (mm)
0.25 -25 0.13-0.36 25
0.65 -30 0.35-0.95 20
1.00 -32 0.65-1.60 15

Ultrasonic equipment

A commercial pulser/receiver (5058PR, Olympus, TX, USA) was used for all the ultrasonic measurements. This pulser provides a spike of 900V
to drive the transmitter transducer. The cutoff frequencies of the filters were 0.1 MHz for the high pass and 3 MHz for the low pass. This device
was sync to a digital oscilloscope (DPO 7054, Tektronix, WA, USA) in order to visualize and acquire the signals. The signals (record length 10k)
from the transducer acting as receptor were amplified (40 — 60 dB), averaged (16 samples), digitalized (10 MS/s), transmitted to a PC and
stored for further analysis.

Ultrasonic measurements

The transmitter and the receiver are embedded in a U-shaped holder facing each other at a distance of 30 to 50 mm depending on the center
frequency of the transducers. The sample is located in between them at a slot which assures normal incidence. The received signal that has
been transmitted through the sample and the air gaps is stored and the fast Fourier transform applied. Then, the transmission coefficient
spectrum is calculated using a blank measurement as calibration. This process is repeated for each pair of transducers with the purpose
of covering a wider frequency range.

Cycling experiments

A commercial charger (VLES, Velleman, Belgium) was used to charge and discharge the battery cells. All the cycles were carried out with a
current of C/2 at room temperature. After reaching each voltage point considered, the battery cell was put at rest no less than 15 minutes in
order to stabilize it.
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Thickness measurements

A micrometer (£0.01 mm, Mitutoyo, Kawasaki, Japan) was used to measure the thickness of the samples at 4 different points prior to the
ultrasonic measurements. Due to the different designs within the set of samples considered in this study, the measured points were taken
avoiding edges (the thickness of the sample is not constant through the whole cell) and other irregularities.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are expressed as mean + SD as indicated on the appropriate figure legends. Numpy Python package was used for these statistical
analysis.
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