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The Sound of Batteries: An Operando Acoustic Emission

Study of the LiNiO, Cathode in Li-lon Cells

Simon Schweidler,” Matteo Bianchini,® Pascal Hartmann,®® Torsten Brezesinski,*® and

Jirgen Janek*® ¢

The development of advanced Li-ion batteries relies on the
implementation of high-capacity Ni-rich layered oxide cathode
materials, such as NCM and NCA, among others. However, fast
performance decay because of intrinsic chemical and structural
instabilities hampers their practical application. Hence, thor-
oughly understanding degradation processes is crucial to over-
come current limitations. To monitor instabilities of electrode
materials under realistic operating conditions, the application of
nondestructive operando techniques is required. While struc-
tural changes of crystalline phases can be studied by X-ray

1. Introduction

Lithium nickel oxide (LiNiO, LNO) is an attractive cathode
material for use in next-generation lithium-ion batteries (LIBs)
because of its high theoretical specific capacity (~
274 mAhg,\o ' below 4.3 V vs Li™/L)." Unfortunately, LNO
exhibits mechanical, thermal and electrochemical instabilities
during (de)lithiation. Most striking, it shows significant shrink-
age in unit-cell volume upon charging. Especially the hexago-
nal H2—H3 phase transformation for lithium contents x(Li) <
0.3 causes a relative (anisometric) volume change of about
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diffraction, microstructural changes (e.g. particle fracture)
cannot be easily accessed insitu and are therefore mostly
investigated ex situ. Here, we use acoustic emission (AE)
measurements to probe a potential next-generation cathode
material in real-time. Specifically, we focus on LiNiO, (LNO) and
demonstrate that AE events in different frequency ranges can
be correlated with the formation of the cathode solid-electro-
lyte interphase and the mechanical degradation during electro-
chemical cycling.

—7% (total absolute relative volume change of ~9%)." The
latter leads to inhomogeneous stress distribution and therefore
to primary and secondary particle fracture. This in turn
results in side reactions between the freshly exposed surfaces
and the electrolyte or to particle-particle contact loss. Such
mechanical degradation phenomena, along with the dissolu-
tion of transition-metal ions and other structural changes, take
place during cycling and negatively affect the capacity
retention."

X-ray diffraction (XRD),"*'>'® differential electrochemical
mass spectrometry (DEMS),"®?" scanning electron microscopy
(SEM),['7"822233] transmission electron microscopy (TEM)®*2 and
X-ray photoelectron spectroscopy (XPS),”~*” to name a few, are
common analytical techniques to study the degradation of
electrode materials in LIB cells. Operando XRD offers informa-
tion on bulk volume changes in real-time, while crack formation
is mostly observed ex situ by SEM or TEM. Hence, it is hardly
possible to correlate the onset of mechanical degradation with
the state of charge (SOCQ), i.e. with the electrochemical
characteristics. However, it should be noted that there are
some operando imaging techniques, such as tomography-
based technologies.**>¥ For instance, the combination of
operando and multi-scale X-ray computed tomography pro-
vided new insights into battery degradation and failure.*?

Acoustic emission (AE) is a nondestructive technique that is
widely used for monitoring fatigue, crack formation and
mechanical damage in construction materials. In recent years, it
has become a routine technology in structural health monitor-
ing for the early detection of damages to bridges and in other
concrete constructions.®***! More recently, AE has been used in
the investigation of heterogeneous electrochemical processes,
such as corrosion or anodization.?*¥ Consequently, it is not
surprising that AE has also been applied to batteries. For
instance, Kircheva et al. used AE to probe the solid-electrolyte
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cathodes.

2. Results and Discussion

As can be seen in Figure 1a, the cells showed the typical
electrochemical trace for LNO, the voltage plateaus being
associated with different phase transformations, as discussed
elsewhere.'?*® During the initial cycle in the voltage range
between 3.0 and 4.3V versus Li*/Li, specific charge and
discharge capacities of 258 and 228 mAhg, o' were achieved,
corresponding to ~88% Coulombic efficiency (see also Fig-
ure S1 of the Supporting Information for the specific capacities
in the first five cycles). In addition to the voltage profile, the
cumulated hits and hit rate are also shown in Figure 1a. Major
acoustic activity was detected during the first charge, which
decreased in the following discharge. In the subsequent cycles,
acoustic activity occurred only during charging. Because the
initial charge was acoustically the most active, its AE character-
istics are discussed in some more detail in the following.

First, a steady increase in acoustic activity up to ~3.8 V was
observed (low-voltage region, referred to as LV, in Figure 1b).
The acoustic activity then decreased slightly in the voltage
range of 3.8-3.9 V and increased again in a rather linear fashion
until the upper cutoff voltage was reached (high-voltage
region, referred to as HV, in Figure 1b). The first strong increase
(LV region) can probably be attributed to cathode SEI (cSEI)
formation, as it has already been done in the case of graphite
and LCO electrodes."”'® Based on both test measurements and
literature data, a possible contribution of the lithium anode to
the acoustic activity can be neglected (see Figure S2 of the
Supporting Information).®**? Using electrochemical impedance
spectroscopy (EIS), Zhan et al. suggested the successive for-
mation/growth of cSEl layers with different properties: a

Batteries & Supercaps 2020, 3, 1-8 www.batteries-supercaps.org

Articles Europe
Batteries & Supercaps doi.org/10.1002/batt.202000099 Soories Publishig

interphase (SEl) formation and lithium intercalation into the
bulk of graphite electrodes.*® Moreover, Choe et al. analyzed r 16000
damage mechanisms in lithium cobalt oxide (LiCoO,, LCO) and - 14000 T%
graphite electrodes by classifying AE signals into distinct Q £ 12000 2
types,”” and Villevieille etal. investigated conversion-type i L 10000 i
reactions in NiSb, electrodes.*" Other LIB materials, such as 9 5000 52
silicon and metal hydrides, have also been studied; yet, Ni-rich g f
layered oxide cathode materials have not been examined to £ 6000 {2
date 4247 8 4000 ©

It appears that virtually any process that is related to a 2000 %
minimum conversion of energy and local structural rearrange- L0
ment emits sound. This makes AE not only a quite simple but
also a highly sensitive and widely applicable tool. The downside b)
of AE is the distinction and interpretation of the various 600 -16000
acoustic events. 14000 2

In the present work, we report a systematic study about the > 2 L 12000 "_55'
relationship between electrochemical performance, degrada- 3 i 10000 =
tion and acoustic activity of LNO battery cells (with a lithium i~ 2 .g
anode, so-called half-cells). To the best of our knowledge, this d g 8000 f
is the first operando AE study of LNO. Because LNO is an end- > £ 6000 [
member of the lithium nickel cobalt manganese oxide (NCM) w 8 -4000 O
family, we consider it as a prototype material for the - 2000 %
investigation of mechanical degradation in this group of Lo

10
t/h
Figure 1. a) Voltage profile for the first five cycles of an LNO half-cell (black)
and the corresponding cumulated hits (blue) and hit rate (green). Major
increases in acoustic activity during the second to fifth cycles are highlighted

for clarity. b) Enlarged view of the initial charge/discharge cycle. Low-voltage
and high-voltage regions are denoted as LV and HV, respectively.

resistive layer followed by its conversion into a more
conductive cSELP®*"Y Hence, the further increase in acoustic
activity from 3.9 to 4.3V (HV region) may be explained by
growth/conversion of the initial c¢SEl. However, it should be
noted that the formation and composition of the passivating
surface layer strongly depends on the type of electrolyte
used.[52,53]

To provide evidence for the contribution of cSEI formation/
conversion to the AE, EIS measurements were conducted on
the LNO cells. During the first charge, the spectra (see Nyquist
plots in Figure 2a and b) showed one or two semicircles and a
straight slope at high/medium and low frequencies, respec-
tively. We assign the high-frequency (HF) shift on the real Z-axis
to the bulk electrolyte resistance (~5 Qcm?. An equivalent
circuit is shown in Figure S3 of the Supporting Information. The
HF semicircle represents the resistance and capacitance of the
cSEl layer and the medium-frequency (MF) semicircle the
charge-transfer resistance and double-layer capacitance. The
low-frequency (LF) tail probably represents lithium diffusion in
LNO.®¥ The assembled (fresh) cell exhibited an initial resistance
(HF semicircle) of ~70 Qcm? (Figure 2a). After 3 h under open-
circuit voltage (OCV) conditions, it had increased to
~160 Q cm?, indicating the formation of a resistive surface layer
(upon contact between the LNO and the electrolyte) and its
growth over time. After drawing current and direct increase in
voltage to ~3.6 V (see Figure S4a of the Supporting Informa-
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Figure 2. Nyquist plots of the electrochemical impedance for an LNO half-
cell at different voltages during the initial charge cycle. a) Low-voltage and
b) high-voltage regions. High- and medium-frequency semicircles and the
low-frequency tail are shown in blue, green and orange, respectively. Data
are offset along the imaginary Z-axis by 80 and 10 Qcm? in (a) and (b),
respectively.

tion), a slight decrease of the HF semicircle as well as formation
of a distinct MF semicircle were observed. As mentioned
previously, the latter can be attributed to the charge-transfer
resistance between the electrode and the electrolyte.”'*® The
decrease of the HF and MF semicircles afterwards indicates a
change from an initially resistive to a more conductive cSEl
layer.”®*" Both semicircles decreased continuously as the first
charge progressed, eventually causing them to merge, until a
renewed increase of the MF semicircle at ~4.16 V occurred. The
increase in resistance at high voltages is probably because of
mechanical degradation and associated side reactions with the
electrolyte.”™® This interpretation is supported by impedance
measurements of the second charge cycle (see Figure S4b of
the Supporting Information). In the second charge cycle, still a
slight decrease in resistance was observed, before it increased
again from ~4.16V to the upper cutoff voltage, and an
analogous formation of an MF semicircle as for the initial
charge process occurred. We believe that the increase in
resistance is due to the well-known collapse of the layered
lattice structure. The latter is responsible for the generation of
large mechanical stress, which may hinder lithium diffusion,
and for the transition-metal migration, resulting in the
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) formation of surface rock salt-like regions. Our impedance
600 = measurements show results for the cSEl formation comparable
o 3h OCV to the work of Zhang et al.®®" We therefore assume that the
g%;ggg acoustic activity in the LV and HV regions is related to the
43.69V mechanistically different formation of a resistive and a more
€ 400 %375V . .
2 conductive cSEl layer. Moreover, we suggest that the acoustic
C 300 %% =N - activity in the HV region is caused by mechanical processes,
- such as crack formation and crack propagation. LNO undergoes
le 200 various phase transformations from hexagonal to monoclinic,
H1—M, monoclinic to hexagonal, M—H2, and hexagonal to
hexagonal, H2—H3 (see Figure S5 of the Supporting Informa-
‘ tion). It is known that the H2—H3 transformation at high
00 100 200 300 400 500 600 voltages is mechanically most critical’***” It has also been
Z'/ O cm? shown in literature that severe cracking already starts during
b) the first charge and advances with cycling, eventually resulting
100 D382V in pulverization of the LNO secondary particles."**®
90+ ° 38%¥ To analyze the correlation between the detected AE events
80 259 Hz 1.6 Hz © 4.08V and their origin (cSEl formation, cracking etc.), the acoustic hits
701 :3-1?& were sorted with respect to individual parameters. Each
60+ ***t..-?***** ' acoustic signal can generally be distinguished by its set of

different characteristic parameters, such as duration, rise time,
energy and amplitude, with the peak frequency appearing as
the most distinctive AE parameter.”**

Figure 3a depicts the peak frequency histogram of the AE
signals detected in the first five cycles. Based on the histogram,
we divided the acoustic hits into three groups. The first group,
AE 1, covers a frequency range of 105-165 kHz, with a peak
frequency maximum at 145 kHz. The second, AE 2, has a
frequency range of 215-258 kHz, with a maximum number of
hits at 245 kHz, and the third, AE 3, has a frequency range of
358-702 kHz, with a maximum at 435 kHz. By clustering the AE
signals, the vast majority of AE 1 (~75%) and AE 2 hits (~74 %)
were detected during the first charge. The increase in the
number of AE 1 and AE 2 hits acquired in the subsequent
cycles was low compared to that for AE 3 (see Figure 3b and
Figure S6 of the Supporting Information). Because the hits
assigned to AE 1 and AE 2 occurred almost exclusively in the
initial cycle, we believe that they are caused by cSEl formation,
a process that usually takes place primarily during the initial
charge.?*®®" |n some case, hits in the frequency range AE 1
have been interpreted as the result of gas evolution. However,
AE signals caused by gas evolution typically show long rise and
duration times, which is not the case for AE 1 hits recorded
here. In addition, de Biasi et al. demonstrated that CO, and O,
evolve even at higher cycle numbers, especially in the H2 and
H3 regions.”® This in turn would mean that an increase in the
number of AE 1 hits should also be expected to occur in the
following cycles during charge and discharge. Moreover, SEM
(next section) clearly showed formation of a passivating surface
film. Together with the observation that the AE 1 hits
decreased considerably after the initial cycle, this supports our
assumption that the frequency range of AE 1 corresponds to
cSEl formation. The same applies to the AE 2 hits, which
according to literature lie at the border of acoustic activity
between gassing and cracking."******? Because the acoustic
activity in the frequency range of AE 2 also decreased to a
minor fraction after the initial cycle, we assign it to cSEl
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a) materials #04>96265-671 AE therefore provides evidence that
140+ —AE 1 mechanical degradation is mainly related to the occurrence of
1] - AE 2 the hexagonal H2 and H3 phases in the case of LNO. We
q‘:, 1204 AE 3 assume that both the above-mentioned second increase in hits
5 100 - in the initial cycle and the sudden increase in acoustic activity
; 80+ at high voltages in the following cycles are due to the induced
-"§ strain and the associated degradation (fracture) behavior. It is
1-3 601 also worth mentioning that in the further course of cycling,
® 40+ predominantly at high SOC, some (mostly minor) AE 1 and AE 2
E 20 :: events were detected, thereby indicating continuous cSEl
9 E formation (due to exposure of fresh reactive surfaces resulting
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Figure 3. a) Peak frequency histogram of AE signals detected during the first
five cycles. Signals were divided and clustered into three individual groups.
b) Evolution of cell voltage and the corresponding cumulated hits for the
different peak frequency ranges [color scheme as in (a)l. Major increases in
acoustic activity during the second to fifth cycles are highlighted for clarity.

formation. Similar results that contradict the classical assign-
ment of AE signals to gassing were observed in the inves-
tigation of silicon anodes and deposition of calcium carbonate
and zinc phosphate.**#% |n the case of silicon, acoustic activity
due to gassing was excluded, as the other characteristic
parameters of the individual signals did not fit those of gas
evolution.

In the following cycles, a noticeable increase in acoustic
activity (steps in the case of cumulative hits or sudden increase
in hit rate) was observed particularly beyond the monoclinic
phase for voltages above ~4.0V (gray shaded areas in Fig-
ure 1a). The analysis also showed that the LV region of
delithiation, in which a relative volume change of less than
—2% occurs, has only a minor influence on the mechanical
degradation (hardly any AE was detected here). This changed
in the HV region, where a relative volume change of about
—7 % occurs, causing particle fracture and all the related side
reactions.”® A comparison of hits with the corresponding peak
frequencies detected during the second to fifth cycles showed
that hits are almost exclusively detected in the higher
frequency range (see Figure 3b and Figure S6 of the Supporting
Information). The high-frequency range of AE 3 can be assigned
to intensive acoustic processes, especially to crack formation.
This has been proven by different studies on various battery
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from particle fracture, AE 3). We also note that hits of higher
frequency (358-702 kHz) were detected over the entire voltage
range upon charging in the first cycle. Clearly, AE monitoring
supports the results on the degradation behavior of LNO (in
the initial charge cycle) that have already been reported in
literature.!'

Moreover, an additional increase in acoustic activity in the
voltage range of 3.75-3.95V was detected in the second to
fifth cycles, with the hit rate maximum varying slightly depend-
ing on the cycle number (red shaded areas in Figure 1a). This
increase might be related to changes in the monoclinic phase
of LNO. Using XRD, de Biasi etal. and others detected a
splitting into the monoclinic 20-1 and 111 reflections when the
voltage exceeds ~3.7 V.*® For higher voltages, they observed
convergence of the reflections with a minimum gap before
they split again at 3.9 V. The resulting monoclinic distortion is
mostly caused by lithium vacancy orderings.®® Distortion of
the monoclinic phase, which appears to generate considerable
stress, would become visible in a measurable acoustic signal. In
contrast to the charge cycles, only negligible numbers of AE
events were observed in each discharge cycle.

An additional argument for the correct assignment of
acoustic activity in AE 1 and AE 2 to surface-related degrada-
tion mechanisms was gained from ex situ SEM analysis. To this
end, LNO cells were charged to different cutoff voltages and
after opening in an Ar-filled glovebox, the cathodes were rinsed
with dimethyl carbonate and then examined by SEM. The
secondary particles showed spherical morphology with a size
distribution of 8-10 um; the primary particles had a size in the
range between 200 and 400 nm (see FigureS7 of the
Supporting Information). After drawing current, the initially
smooth surface of the uncycled LNO (Figure 4a) showed a
coarse but relatively uniform shell, the cSEI (Figure 4b).
Accordingly, the imaging data in combination with the EIS
results support our conclusion that the first increase in acoustic
activity is because of cSEl formation (see also Figure S8 of the
Supporting Information for high- and low-magnification SEM
images recorded after charging to different voltages in the
initial cycle).***" This also corroborates indirectly our assump-
tion that the AE detected beyond the monoclinic phase and up
to the upper cutoff voltage is due to crack formation (Figure 4c
and d), and this is further confirmed by direct comparison with
the following cycles. In the second charge cycle, the already
formed cSEl was clearly visible by SEM until ~3.8 V. Only for
higher voltages (>4.0 V), notable fracture of the primary and
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Figure 4. Top-view SEM images of the LNO cathode recorded after 1 h OCV
(a) and after charging to ~3.8 (b), ~4.1 (c) and ~4.2 V (d) versus Li*/Li in the
initial cycle.

secondary particles was apparent (see Figure S9 of the
Supporting Information).

It should be noted that the deposition of carbonate species
on the surface of LNO might also cause acoustic emission.®
CO, and 0O, among others, evolve during electrochemical
decomposition of such surface contaminants, especially during
the initial charge cycle. This has been shown for NCM cathode
materials by Renfrew et al.® and Hatsukade et al.*” using '®0-
labeled lithium transition-metal oxides and "*C-labeled Li,CO,,
respectively. To verify the possible influence of surface
carbonate species on the AE measurement, LNO cathodes
extracted at different voltages were investigated by acid
titration (details in the Supporting Information). The cycling
procedure was analog to the SEM study. Our results indeed
indicate the presence of carbonate contaminants, which
remained virtually unaltered during the first charge cycle (see
Figure S10 of the Supporting Information). Further tests for a
more detailed conclusion are still pending, but we exclude
carbonate species as a source of AE at this time.

3. Conclusions

Acoustic emission is a suitable diagnostic tool to monitor the
degradation of LNO upon (de)lithiation. The results are well
reproducible and we were able to relate the different acoustic
signals (hits) to different processes occurring during electro-
chemical cycling. The initial cycle was acoustically highly active
because of cathode solid-electrolyte interphase formation and
first excessive particle fracture. It was shown that crack
formation and propagation, especially in the higher voltage
region, have a profound effect on the acoustic activity during
the first charge. In the further course, acoustic events were
primarily detected in the range between ~4.0 and 4.3 V versus
Li*/Li. Based on the results from peak frequency analysis and
ex situ SEM, acoustic emission in this voltage range can be
attributed to additional cracking.
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In summary, we conclude that acoustic emission offers
independent and complementary experimental information on
surface film formation, structural changes within the monoclinic
phase range and mechanical degradation at high SOC. While
different cathode materials may show different degradation
mechanisms, our study demonstrates that acoustic emission is
a promising nondestructive method for operando monitoring
and probing electrode degradation and side reactions in
battery cells. However, despite the simplicity of the experimen-
tal approach, unequivocal data interpretation remains challeng-
ing due to the complexity of the acoustic information.

Experimental Section

Materials and Testing

LiNiO, (LNO) was synthesized as described elsewhere.*® Electrodes
were prepared by slurry coating of 94 wt.% cathode material, 3 wt.
% Super C65 carbon black additive (Timcal) and 3 wt.% Solef
polyvinylidene fluoride binder (Solvay) in N-ethyl-2-pyrrolidone
onto aluminum foil. The electrodes were dried over night at 100 °C
in a vacuum and then calendared at 15 N/mm. Electrochemical
testing was done on CR2032 coin cells. All cells were assembled in
an Ar-filled glovebox (H,O and O, <0.1 ppm) and comprised an
LNO cathode (~8.8 mgyocm ), a GF/D glass microfiber separator
(GE Healthcare Life Science, Whatman) and a lithium anode
(Albemarle, Germany) of diameters 12, 17 and 15 mm, respectively.
LP57 (200 pl) was used as electrolyte (BASF SE). The cells were
cycled at C/10 rate (1 C=225 mAgyo ') and 25°C between 3.0 and
4.3V versus Li*/Li for five consecutive cycles using a BAT-SMALL
potentiostat (Astrol Electronic AG).

Electrochemical impedance spectroscopy (EIS) was performed
using a Bio-Logic VMP-3 potentiostat (Bio-Logic SAS). EIS data were
acquired in the frequency range between 200 kHz and 10 mHz
during galvanostatic intermittent titration technique (GITT) meas-
urements. The coin cells were charged at C/10 rate and 25°C for
1 h, followed by a 1 h rest step until the cutoff voltage of 4.3 V was
reached. EIS was measured after cell assembly, after 3 h open-
circuit voltage (OCV) period and after each rest step during cycling.

Acoustic Emission (AE)

The AE instrumentation consisted of a sensor, an in-line preampli-
fier and a data acquisition system (USB AE Node, MISTRAS Group,
Inc.). To detect characteristic AE events, a differential wideband
sensor with operating frequency range of 125-1000 kHz (MISTRAS
Group, Inc.) was fixed using silicone grease to the coin cells on the
LNO cathode side. The entire construction was placed inside a
dense foam-box to decrease background noise from the laboratory.
In all experiments, the preamp gain, analog filter and sampling rate
were set to 40 dB, 20-1000 kHz and 5 MSPS, respectively. AE was
recorded when a hit exceeded a threshold of 27 dB. In addition,
the peak definition time, hit definition time and hit lockout time
were set to 100, 200 and 200 ps, respectively. The recorded AE
signals were processed with AEwin for USB software (MISTRAS
Group, Inc.). Signals of less than two counts or lower than 100 kHz
were eliminated. The sensor coupling was probed using the pencil-
lead break test.”” For the calculation of hit rate, the cumulated
(measured) time-dependent AE signals were interpolated to an
acquisition time with an interval of 10s, differentiated and
smoothed using a second order polynomial and 20 points per

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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window. For more details on the AE analysis, the reader is referred
to literature 2942435971

Scanning Electron Microscopy (SEM)

SEM data were acquired at 10 kV on a LEO-1530 instrument (Carl
Zeiss AG, Oberkochen, Germany). An Ar-filled container was used
for sample transfer from the glovebox to the microscope, with brief
exposure to the ambient atmosphere during sample mounting
onto the SEM stage.
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