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Abstract: High-entropy materials with tailorable properties are receiving increasing interest for en-
ergy applications. Among them, (disordered) rock-salt oxyfluorides hold promise as next-generation
cathodes for use in secondary batteries. Here, we study the degradation behavior of a high-entropy
oxyfluoride cathode material in lithium cells in situ via acoustic emission (AE) monitoring. The AE
signals allow acoustic events to be correlated with different processes occurring during battery opera-
tion. The initial cycle proved to be the most acoustically active due to significant chemo-mechanical
degradation and gas evolution, depending on the voltage window. Irrespective of the cutoff voltage
on charge, the formation and propagation of cracks in the electrode was found to be the primary
source of acoustic activity. Taken together, the findings help advance our understanding of the
conditions that affect the cycling performance and provide a foundation for future investigations on
the topic.

Keywords: acoustic emission technology; Li-ion battery; disordered rock-salt cathode; oxyfluorides;
chemo-mechanical degradation

1. Introduction

Rechargeable lithium-ion batteries (LIBs) represent the most advanced energy-storage
technology for use in stationary, portable and automotive applications. Special attention is
being paid to anode and cathode active materials with improved properties regarding spe-
cific capacity, average operating voltage, diffusion kinetics, longevity, costs, sustainability,
etc. Recent advances in high-entropy materials seem to hold promise for the development
of next-generation battery technologies [1–6]. High-entropy materials are based on the
high-entropy concept [7], which aims at introducing a variety of different elements into a
single-phase crystal structure. This in principle leads to a large configurational entropy,
Sconfig, and unique interactions between the incorporated species [7,8]. The latter, known
as the so-called cocktail effect, can result in new and sometimes unprecedented proper-
ties [4,8], which makes the high-entropy concept extremely versatile (vast compositional
design space) and appealing to materials scientists, in particular. Thus, high-entropy ma-
terials, including carbides, borides, nitrides, chalcogenides and oxides, are already being
investigated in various fields, such as catalysis and energy storage [7,9–15].

Wang et al. have shown recently that it is possible to tailor the anion and cation compo-
sition of multicomponent materials while retaining a single-phase structure [14]. By introduc-
ing different cation and anion species into a rock-salt lattice, a new class of multicomponent
battery materials has been developed (exemplified by Lix(Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)OFx,
referred to as LiHEOF in the following). A LiHEOF cathode showed much improved cycla-
bility over LiNiOF, which served as a reference material. This result has been attributed
to some kind of entropy stabilization, promoting a more robust crystal structure, with the
anion lattice also contributing to the configurational entropy. Overall, the application of the
high-entropy concept has been demonstrated to be beneficial to the cycling performance.
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However, Li+ extraction from the LiHEOF material during charging has been shown
to be accompanied by adverse side reactions, with a clear dependency on the cutoff voltage.
These side reactions consume electrolyte and lead to gas evolution, among others, as
evidenced by in situ gas analysis and pressure measurements [16]. For example, the
cumulative amount of released gasses (mainly O2, H2, CO2 and CO) increased considerably
as the cutoff voltage increased from 4.6 to 5.0 V vs. Li+/Li due to (chemical/electrochemical)
electrolyte decomposition. Interestingly, the gas evolution pattern was strongly correlated
with the release of lattice O2 from the LiHEOF particles.

Because significant capacity decay has been observed in the initial cycles [14,16], herein
operando acoustic emission (AE) monitoring was used to gain more insight on the degrada-
tion behavior of the LiHEOF cathode during battery operation. AE is a non-destructive and
widely used method for structural health monitoring (fatigue, crack formation, mechanical
damage, etc., in construction materials, for example). It is also used to study (heteroge-
neous) electrochemical processes, such as corrosion or anodization. Accordingly, it is not
surprising that AE technology can be applied to battery materials, too. In general, AE is
capable of detecting acoustic events during battery operation that can be associated with
different processes, such as solid-electrolyte interphase (SEI) formation and mechanical
degradation at the particle/electrode level [17–25]. Classifying the AE signals according to
peak frequency, rise time, duration or amplitude allows different types of degradation to
be distinguished [20,26–30]. AE technology has already been applied in the past to various
anode and cathode active materials, including graphite, Si, LiCoO2, LiNiO2 and NiSb2, to
name a few. In the present work, we probe LiHEOF|Li cells with operando AE monitoring.
The data analysis and interpretation is based, to some extent, on the available literature
reports examining both the Li-storage properties and gassing behavior of LiHEOF [14,16].
For more details on AE analysis, the reader is referred to references [17,20,21,29–31].

2. Experimental
2.1. Material

LiHEOF was produced by high-energy ball milling of (Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O
(referred to as HEO; prepared by nebulized spray pyrolysis, as reported elsewhere) [32] in
the presence of LiF (Alfa Aesar, 99.99%) at 500 rpm for 24 h. The ball-to-powder ratio was
set to 40:1 by weight. WC vials and balls were used.

2.2. Electrodes and Testing

The cathodes were prepared by coating a slurry containing 70 wt % LiHEOF, 20 wt %
Super C65 carbon black (Imerys Graphite & Carbon Switzerland SA, Bodio, Switzerland)
and 10 wt % polyvinylidene difluoride (Solvay SA, Brussels, Belgium) in N-methyl-2-
pyrrolidone onto Al foil (15 µm thickness) using a doctor blade. The active material loading
was around 1.4 mg LiHEOF/cm2. CR2032 coin half-cells were assembled in an Ar glovebox
with H2O and O2 levels < 0.1 ppm by stacking the LiHEOF cathode (12 mm diameter,
25 µm thickness), a GF/D glass microfiber separator (GE Healthcare Life Science, Solingen,
Germany; 17 mm diameter, 675 µm thickness) and a Li metal anode (Albemarle Germany
GmbH, Frankfurt am Main, Germany; 15 mm diameter, 600 µm thickness). A total of 100 µL
of LP57 (1 M LiPF6 in 3:7 by weight of ethylene carbonate and ethyl methyl carbonate)
was used as the electrolyte (BASF SE, Ludwigshafen, Germany). The LiHEOF|Li cells
were cycled at 25 ◦C and a rate of C/10 (1C = 160 mA/g LiHEOF) using a BAT-SMALL
potentiostat (Astrol Electronics AG, Othmarsingen, Switzerland). The cutoff voltages were
set to 2.0 V and either 4.6, 4.8 or 5.0 V vs. Li+/Li.

2.3. Acoustic Emission (AE) Monitoring

The AE setup comprised a differential wideband sensor (MISTRAS Group, Inc., Prince-
ton Junction, NJ, USA), an in-line preamplifier and a data acquisition system (MISTRAS
Group, Inc., Princeton Junction, NJ, USA). The preamp gain, analog filter and sampling
rate were set to 40 dB, 20–1000 kHz and 5 MSPS, respectively. The AE was recorded for
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hits exceeding a 27 dB threshold and processed further using AEwin for USB software
(MISTRAS Group, Inc., Princeton Junction, NJ, USA). Signals of less than two counts or
lower than 100 kHz were eliminated. The sensor coupling was tested by the pencil lead
break method [33]. The sensor was attached to the coin cell at the cathode side using
silicone grease and a clamp, and the whole setup was placed inside a foam box to decrease
background noise. The reproducibility of the AE measurements was verified by testing
two individual cells for each upper cutoff voltage.

2.4. Scanning Electron Microscopy (SEM) Imaging

Ex situ SEM imaging was performed at 10 kV with a LEO-1530 electron microscope
(Carl Zeiss AG, Oberkochen, Germany). To this end, the cycled CR2032 cells were opened
(decrimped using a MSK-160E crimper from MTI Corp., Richmond, VA, USA) in an Ar
glovebox and the cathode was rinsed with 3 mL of dimethyl carbonate. Inert sample transfer
from the glovebox to the microscope was accomplished by using an airtight container.

3. Results and Discussion

The LiHEOF|Li cells were charged at C/10 rate to 4.6, 4.8 or 5.0 V vs. Li+/Li while
keeping the cutoff voltage on discharge constant and probed using a combination of
AE monitoring and SEM imaging. The specific charge capacities, voltage profiles and
corresponding cumulative AE hits and hit rates are shown for the first five cycles in
Figure 1a–d. Both the capacities (see Figure 1a) and the shape of the voltage profiles (see
Figure 1b–d) agree well with the results from previous studies [14,16]. As is evident from
the data, the initial charge capacity increased strongly as the cutoff voltage increased, and
the cell cycled between 2.0 and 5.0 V showed the largest decay (by >50%) after five cycles.
This capacity degradation is hypothesized to be due in part to irreversible oxygen redox,
chemical and/or electrochemical electrolyte oxidation and cathode SEI (cSEI) formation.
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Figure 1. (a) Specific charge capacity against cycle number for LiHEOF|Li cells cycled at 25 ◦C
and C/10 rate between 2.0 V and either 4.6, 4.8 or 5.0 V vs. Li+/Li. (b–d) Voltage profiles (black)
and corresponding cumulative AE hits (blue) and hit rates (red) for (b) 2.0–4.6 V, (c) 2.0–4.8 V and
(d) 2.0–5.0 V vs. Li+/Li.
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The AE measurements revealed a similar trend in cumulative hits up to about 4.6 V,
with a stepwise pattern (see Figure 1b–d), demonstrating the reproducibility of the experi-
ments. Acoustic activity was detected directly after the onset of charging. Beyond 4.6 V,
and especially above 4.8 V, the LiHEOF|Li cells exhibited sharp increases in the cumulative
hits and the hit rate. The total number of hits increased with the increasing cutoff voltage.
However, the difference between the cells charged to 4.6 or 4.8 V was relatively minor. A
possible explanation for the immediate appearance of acoustic activity (at low voltages)
could be the stress and strain associated with Li+ extraction from the LiHEOF cathode
and Li plating at the anode side. Volume changes during cycling can lead to mechanical
degradation, including particle fracture and pulverization, as well as electrode cracking,
all of which strongly affects the AE [20,21,29,30]. Pressure measurements conducted on
LiHEOF|Li cells have shown a gradual increase with the onset of charging [16], probably
due to volume change effects, as already demonstrated for other battery materials, such as
graphite and LiNiO2 [34,35]. An early increase in pressure because of gas evolution can be
largely ruled out, as gaseous species have not been detected by differential electrochemical
mass spectrometry (DEMS) below 4.55 V [16]. Furthermore, shifts in the position of X-ray
diffraction (XRD) peaks observed by Wang et al. suggested that LiHEOF cathode particles
indeed undergo volume changes during cycling [14], with the extent of contraction of the
unit cell upon Li+ extraction (accompanied by Ni/Co oxidation) being dependent on the
state of charge (SOC). It should also be noted that a major contribution of the Li metal anode
to the acoustic activity can be excluded on the basis of previous findings from AE studies
conducted on symmetric and asymmetric cells [17,30,36]. Because mechanical degradation
leads to distinct acoustic events, it is reasonable to assume that the cumulative AE hits
detected at the beginning of charging are directly or indirectly related to mechanical effects
at the particle and/or electrode level.

This hypothesis is supported by SEM of the LiHEOF cathodes harvested from the cells
charged to different voltages in the initial cycle, see Figures 2a–i and 3a–d. The pristine
electrode was virtually crack-free (Figure 2a–c). Apart from that, the presence of (micron-
sized) agglomerated LiHEOF particles on the top surface was noted. However, most of
the active material was well embedded within the bulk of the electrode, and therefore,
could not be visualized by SEM. This makes it difficult to make any general statements
about the initial state of the agglomerates. Crack (void) formation was already evident at
3.7 V (Figure 2d–f). We assume that detachment of the agglomerated particles (that were
hardly visible in Figure 2d,g) from the surface of the electrode also contributed somewhat
to the initial increase in the acoustic activity. Similar processes (e.g., SEI formation, de-
position/dissolution of calcium carbonate and sulfur redox (dissolution with polysulfide
formation and re-formation upon charging) in lithium-sulfur batteries) have been shown to
be acoustically active and detectable using AE technology [17,26,37]. The second stepwise
increase in acoustic activity (up to ~4.2 V) was accompanied by further electrode cracking
and crack propagation, see Figure 2g–i. In addition, both partial densification of the initially
highly porous electrode matrix and breakup of the agglomerates into smaller particles
is apparent from the SEM data. Overall, the imaging results suggest that mechanical
degradation is mostly responsible for the acoustic activity in this voltage range [38].
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Figure 2. Top-view SEM images at different magnifications of the LiHEOF cathode (a–c) before
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formation and electrode cracking.
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Figure 3. Top-view SEM images at different magnifications of the LiHEOF cathode charged to
(a,b) 4.6 V and (c,d) 5.0 V vs. Li+/Li in the initial cycle.

SEM images taken after charging the LiHEOF cathode to 4.6 or 5.0 V show even more
pronounced mechanical deformation and void formation, see Figure 3a–d. The loosening
of the particle structure with cycling is difficult to assess, as most of the active material
was well integrated with the electrode, with few agglomerates present on the surface. In
general, the degree of mechanical degradation increased as the cutoff voltage increased,
which is also reflected in the AE behavior [20,21,29,30,39]. Note that contact loss between
the particles seems to strongly contribute to the capacity decay observed within the first
and subsequent cycles.

The formation of the anode/cathode SEI (primarily during the initial charge cycle),
an acoustically intense process, could be another source of AE [17,19,20,30,36]. However,
in situ gas analysis did not reveal the evolution of specific gaseous species that can be
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correlated with SEI formation [16]. We therefore assume that it does not contribute much
to the initial increase in cumulative AE hits. In addition, the SEM images in Figures 2 and 3
do not show clear signs of cSEI formation. However, the surface layer may be too thin to be
visualized by SEM.

Another acoustically intense process that should not be overlooked is the forma-
tion and bursting of gas bubbles [40–42]. In recent years, it has been shown that the
rate of gas evolution can increase considerably with increasing voltage due to chemi-
cal/electrochemical electrolyte oxidation [43,44]. In previous studies, we have excluded
the effect of gas evolution, since there was no clear correlation with the acoustic activ-
ity [30,39,45]. However, the voltage range for gas detection (H2, O2, CO2, CO and POF3) in
LiHEOF|Li cells, ranging from 4.55 V (charge) to ~3.7 V (subsequent discharge), coincides
with the sharp increase in cumulative AE hits seen in Figure 1c,d [16]. A possible expla-
nation for this could be that the total amount of evolved gas was larger than for the other
electrode materials probed before using AE monitoring [35,42,45]. For LiHEOF, the upper
cutoff voltage has in fact been shown to have a significant impact on its gassing behavior.
Hence, the acoustic activity detected in the initial cycle could result from a combination of
outgassing and chemo-mechanical degradation.

The AE behavior (cumulative AE hits and hit rate) in the subsequent cycles was similar
for the cells charged to 4.8 or 5.0 V. In both cases, a sudden increase in acoustic activity was
observed beyond 4.6 V. However, the 4.8 V cell also showed a steady increase below 4.6 V.
Be that as it may, the acoustic activity detected over the whole voltage range was much
weaker compared to the first cycle. This indicates that the tendency for particle fracture,
electrode cracking, cSEI formation, gas evolution, etc., decreases with an increasing cycle
number, which agrees with the trends identified by DEMS and pressure measurements [16].
Note that the cracks that formed during the initial cycle probably affected the propagation
of acoustic waves through the electrode, and this can also produce a lower total number
of AE signals in the following cycles [20]. The cell cycled between 2.0 and 5.0 V only
showed an increase in acoustic activity above 4.6 V (charge) until ~3.6 V (subsequent
discharge) from the second cycle onward. After the fourth cycle, hardly any acoustic
activity was detected anymore. A different behavior was observed for the 4.6 V cell, which
displayed an almost linear increase in cumulative AE hits (featureless hits against time
curve). These differences can be explained by the fact that the mechanical degradation and
side reactions that occurred during cycling are both dependent upon the cutoff voltage on
charge (or SOC).

Since the LiHEOF|Li cells cycled in the voltage range of 2.0–4.6 V and 2.0–4.8 V
developed a comparable number of cumulative AE hits after five cycles (616 vs. 723), the
mechanical degradation of the two should be similar as well. However, this could not
be confirmed by SEM. The results indicated that (i) more cracks were present after the
fifth cycle, irrespective of the cutoff voltage, and (ii) the crack (network) formation and
propagation were more pronounced for the 4.8 V cell, see Figure S1. In contrast, the cell
cycled between 2.0 and 5.0 V revealed almost twice the number of cumulative AE hits and
a correspondingly greater tendency towards degradation.

As mentioned earlier, acoustic events can be caused by various processes, including
SEI formation, electrolyte decomposition, electrode cracking and restructuring, as well as
primary and secondary particle fracturing [17,19–21,28–30,39]. Each acoustic signal can
be described by a number of different parameters, such as rise time, duration, absolute
energy, amplitude, peak frequency and so forth [20,29,30,39]. Because the peak frequency
was the most distinguishable parameter (see Table S1) in the present work, the AE hits
were classified according to their peak frequency. More specifically, the acoustic signals
were divided into the following three groups: AE 1 (100–200 kHz); AE 2 (200–300 kHz);
AE 3 (300–600 kHz); see Figures 4a–f and S2 and Table S1.
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Figure 4. (a,c,e) Peak-frequency histograms of the AE signals (AE 1 = 100–200 kHz in gray,
AE 2 = 200–300 kHz in red and AE 3 = 300–600 kHz in green) detected over the first five cycles
in LiHEOF|Li cells cycled at 25 ◦C and C/10 rate and (b,d,f) corresponding contour plots of the
hit density versus the time and peak frequency. (a,b) 2.0–4.6 V, (c,d) 2.0–4.8 V and (e,f) 2.0–5.0 V
vs. Li+/Li.

Figure S2 shows the voltage profiles for the LiHEOF|Li cells cycled at 25 ◦C and
C/10 rate between 2.0 V and either 4.6, 4.8 or 5.0 V and the cumulative AE hits for
the different peak-frequency ranges. The initial cycle was always found to be the most
acoustically intense, with AE 2 contributing strongly, see also Figure 4b,d,f. The proportion
of AE 2 events amongst the cumulative hits in the first charge cycle increased significantly
as the cutoff voltage increased, from 45% (110 hits) for 4.6 V to 64% (578 hits) for 5.0 V.
The proportion of AE 1 and AE 3 signals was similar for all of the cells cycled to the
different upper cutoff voltages. The only minor exception concerned AE 1 for the 4.6 V
cell, which was slightly larger than for the other cells (see Table S2) for unknown reasons.
All peak-frequency clustered signals increased immediately after the onset of charging.
Slight differences in the initial increase of AE 1, AE 2 and AE 3 can probably be explained



Coatings 2022, 12, 402 8 of 11

by variations in electrode structure and morphology. The AE 3 signals with the highest
mean peak frequency and shortest rise time (and duration) hint at early electrode cracking
and/or LiHEOF particle fracture [20,22,25,28–30,39]. However, the frequency range was
lower than that often associated with micro-cracking (>500 kHz) [20]. Furthermore, no
primary particle fracture was evident in the SEM data. Hence, AE 3 appears to be mainly
associated with the formation of cracks in the electrode and/or loosening of the LiHEOF
particle agglomerates [18,20,25,27–29,46]. Based on the SEM results and conclusions drawn
in the literature, the AE 2 signals with a lower mean peak frequency and longer rise
time (and duration) can be attributed to crack propagation [20,27,39,47]. Regarding AE 1,
we assume that these signals are due to some kind of electrode (surface) restructuring
during cycling [20,25,28,29]. Previous studies have shown that the peak-frequency range of
100–300 kHz is typical of both mechanical effects and gassing/SEI formation [20,28,29,39].
However, acoustic activity caused by gas evolution is usually characterized by a longer rise
time and duration (up to 200 µs) [20,28,48], which was not the case for the AE 1 and AE 2
signals. In addition, the assignment of AE 1 to gas evolution would be questionable, as
virtually no further hits were detected after the initial cycle for the 5.0 V cell (in disagreement
with previous results from in situ gas analysis) [16]. The same also applies to the AE 2
signals lying at the border between gassing and crack formation/growth [18,20,28,29].
However, the effect of gas evolution, although somewhat ambiguous, cannot be ruled
out. Overall, we assume that the lower frequency signals are indicative of mechanical
degradation (reflected in the formation and propagation of cracks in the electrode).

This is further highlighted by the contour plots of hit density against time and peak fre-
quency shown in Figures 4b,d,f and S2. The mechanical degradation seen at the beginning
of cycling was more severe for the higher upper cutoff voltages. However, for the 5.0 V cell,
this quickly leveled off. By contrast, the 4.6 V cell displayed continuous degradation with
cycling. Thus, it seems that the maximum degradation converges towards a certain limit.
Nevertheless, this hypothesis requires further study (e.g., long-term AE measurements
conducted on the LiHEOF cathode), which is beyond the scope of this work.

In summary, the cutoff voltage on charge was found to strongly affect the mechanical
degradation of the LiHEOF cathode, showing increased cracking susceptibility and pulver-
ization of the particle agglomerates. This can probably be attributed in part to the strong
gas evolution, occurring primarily on the free surface of the active material in the electrode,
and to the volume changes that occurred during battery operation.

4. Conclusions

Using operando AE monitoring, the effect of the upper cutoff voltage on the degrada-
tion of a LiHEOF cathode was studied in real time. Peak-frequency independent acoustic
activity was detected immediately after the onset of charging (Li+ extraction). For E > 4.6 V
vs. Li+/Li, a sharp increase in cumulative AE hits was found, which appears to result from
chemo-mechanical degradation and gas evolution. In general, most of the acoustic activity
occurred in the voltage range between 4.6 V (charge) and 3.7 V (subsequent discharge).
After the initial cycle, a different behavior was observed, depending on the cutoff voltage.
Peak-frequency analysis and ex situ SEM imaging indicated that the acoustic activity can
be mainly attributed to the formation and propagation of cracks in the electrode. Apart
from that, the lack of primary particle fracturing, and the associated AE signals (>500 kHz),
confirmed the potential of LiHEOF as a next-generation battery material. Overall, AE
monitoring provided new insights on the behavior of a promising high-entropy oxyfluoride
rock-salt cathode system during electrochemical cycling.

In general, application of this non-destructive method to the study of commercial
battery cells or modules for health monitoring seems feasible. However, clear signal
assignment would require thorough pre-characterization by other techniques.
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signals detected over the first five cycles; Table S2: Proportion of cumulative hits detected during the
first charge cycle.
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