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Abstract: The aging of lithium-ion cells critically affects their lifetime, safety, and performance,
particularly due to electrode and electrolyte degradation. This study introduced a novel combined-
measurement cell-integrating operando dilatometry and operando mass spectrometry to observe
real-time physical and chemical changes during electrochemical cycling. Operando dilatometry mea-
sures thickness changes in the working electrode, while operando mass spectrometry analyzes gas
emissions to provide insights into the underlying degradation processes. The results indicated signif-
icant correlations between electrochemical behavior, thickness changes, and gas evolution, revealing
both the reversible and irreversible growth of constituents on particles and the electrode surface.
The formation of the solid electrolyte interphase due to the degradation of electrolyte components,
such as solvents or conductive salts, is identified as a key factor contributing to irreversible changes.
The operando gas analysis highlighted the presence of decomposition intermediates and products,
which are all linked to electrolyte degradation. Additionally, post-mortem gas chromatography
coupled with mass spectrometry identified several compounds, confirming the presence of different
decomposition pathways. This integrated and holistic approach deepened the understanding of the
aging mechanisms at the electrode level.

Keywords: advanced characterization; operando methods; dilatometry; thickness change; mass
spectrometry; electrolyte degradation; gas analysis; aging investigations; electrode level; post-
mortem analysis

1. Introduction

The aging of lithium-ion cells is highly relevant in battery research, as it significantly
impacts the longevity, safety, and performance of energy storage systems [1-3]. In particular,
the degradation of electrodes, especially the anode, plays a pivotal role in determining
the efficiency and safety of lithium-ion batteries and was investigated in detail by many
researchers [4-6]. To elucidate the underlying aging mechanisms, it is essential to closely
monitor physical and chemical changes occurring within the cell.

Operando dilatometry facilitates the measurement of thickness changes occurring
during the charge and discharge cycles of the cells [7-9]. These changes serve as indi-
cators of volumetric alterations in the electrode material, which are driven by, e.g., (de-
)intercalated lithium ions and structural transformations in anode and cathode materi-
als [7,10,11]. Pegel et al., Heugel et al., and Bazlen et al., for example, used a well-known
commercial dilatometry system to take a closer look at the influence of electrode thickness
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changes in relation to the thickness change in commercial pouch or cylindrical cells and
their active materials [10,12,13]. Holzapfel et al. and Jahn et al., to name a few more sources,
applied dilatometry as an advanced characterization method to take a closer look at the
thickness change in silicon-containing anodes [14] or the deposition of lithium on graphitic
anodes [15].

Concurrently, operando mass spectrometry (MS) can be employed to analyze gases
released during cell operation [16-20]. Access to these gaseous intermediates and products
provides insights into the chemical reactions and potential degradation processes taking
place [21-24]. In addition, this operando technique supports the understanding of various
decomposition pathways up to solid electrolyte interface (SEI) formation [22,24,25], playing
a decisive role in high cycle stability and, therefore, the lifetime of cells [6,26,27]. Many
research groups already investigated the formation and composition of the SEI in lithium-
ion batteries [28-31].

The simultaneous application of both methods explained in detail provides valuable
information regarding the interplay between physical thickness changes in the electrodes
and the chemical processes contributing to aging. By integrating thickness measurements
with gas analysis, a more comprehensive understanding of the aging mechanisms at
the electrode level could be achieved. This not only facilitates deeper insights into the
fundamental processes but also offers potential avenues for developing strategies aimed at
prolonging the lifespan of lithium-ion cells.

In this research paper, we presented a newly developed combined measurement
cell enabling the real-time simultaneous monitoring of both thickness changes and gas
evolution. To compare the obtained results with existing literature, a well-known cell
chemistry (Li| Graphite with 1 M LiPF4 as conductive salt in ethylene carbonate-dimethyl
carbonate (EC:DMC, 1:1, wt/wt)) was investigated. There are numerous studies on both the
LiPFg-conducting salt [22,32-34] and the carbonate-based solvents DMC and EC [35-38].
Our setup and obtained results presented a significant advancement in the investigation of
aging processes and contributed to the optimization of lithium-ion battery performance.

2. Materials and Methods

In this section, the novel combined operando measurement cell is introduced, as well
as the electrodes, further measurement devices, and parameters used for the presented mea-
surement process.

2.1. Combined-Measurement Cell Assembly and Multifunctional Measurement Setup

All measurements were carried out with the help of an in-house designed and built
combined operando cell, as shown in Figure 1.

The actual test cell included a three-way polypropylene body (1) with helium-tight,
O-ring sealed stainless steel plungers. The top plunger (2) can move freely and is utilized
as both electrical and mechanical contact for the working electrode (5). The bottom plunger
(3) works as a counter-electrode (8) electrical contact. A constant pressure of the cell stack
is maintained using internal springs (4). The working electrode (18 mm in diameter) and
the counter electrode (20 mm in diameter) are separated by a porous glass frit (6) and a
glass fiber separator (7) (Whatman GF/A), ensuring that only the thickness variation in the
working electrode is detected. For this purpose, a constructive separation of the components
was realized. For connection to the capillary inlet, the side-mounted plunger (9) is equipped
with a bellow valve and a 1/16” ferrule sealed connector for gas analysis.

For the working electrode, high-power anodes with 95 wt % graphite (SMG-NA-P2,
Showa Denko K.K., Tokyo, Japan) as active material were used. They were coated on
an industrial-sized coater. Mass loading was set to 7 mg cm ™2 with an areal capacity
of 2.3 mAh cm~2. The electrodes were calandered to a single-side electrode thickness
of 58.8 ym. As a counter electrode for the half cells, Li-foil (Merck KGaA, Darmstadt,
Germany) with a thickness of approx. 300 pm was used. The commercially available
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electrolyte (E-Lyte Innovations GmbH, Miinster, Germany) consisted of 1.0 M LiPFg in
EC:DMC (50:50 by weight). Per cell, 400 uL of electrolyte was used.

Figure 1. Rendered 3D drawing of the combined measurement cell. Exterior with gas connection
port (a) and sectional view of the cell interior (b). The sketch in (c) shows a detailed overview with all
relevant components of the setup.

All parts were dried overnight at 80 °C in vacuum. The combined operando cell was
assembled in an Ar-filled glovebox (MBraun GmbH, Garching bei Miinchen, Germany,
H,O < 0.1 ppm, O < 0.1 ppm). Prior to operation, the capillary assembly was evacuated
overnight to minimize containment by residual gas components. The complete assembled
unit consists of a main steel body with fixtures for both the test cell and the sensor unit. All
relevant parts are labeled in Figure 2.
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Figure 2. In-house developed multifunctional operando test setup and specifically designed combined
test cell with MS capillary and LVDT sensor for advanced characterization.
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2.2. Electrochemical Testing

All electrochemical measurements were performed with a CTS cell test system (BaSyTec
GmbH, Asselfingen, Germany) in a climate chamber (Binder GmbH, Tuttlingen, Germany)
at constant 25 °C. In Table 1, the electrochemical test plan used for the measurements is
shown.

Table 1. Test plan used for the electrochemical measurements with Basytec CTS battery test system.

Command Parameter Termination Comment
Pause t>27h Settle time
Cycle-Start
Discharge I=-0.05C U=10mV CC Discharge (Lithiation)
. U=10mV I>-0.01C . L
Discharge I=—005C t>10h CV Discharge (Lithiation)
Charge I=005C Uu=10V CC Charge (Delithiation)
U=10V [<0.01C s
Charge 1=005C t>10h CV Charge (Delithiation)
Cycle-End Count=16 Repeat for 6 cycles
Pause t>5 min

For charging and discharging, slow C-rates of C/20 at constant current (CC) with
constant voltage (CV)-phase until C/100 were used to guarantee a very high measurement
resolution. The voltage window was set to upper cut-off voltage (UCV) of 1.0 V and lower
cut-off voltage (LCV) of 10 mV. In total, six full cycles were performed.

2.3. Operando Electrochemical Dilatometry

The displacement sensor used in the setup is an inductive-type linear variable differ-
ential transformer (LVDT) with full travel of +1 mm, a resolution of <1 pm and linearized
0-10 V output signal (LVIT series, WayCon Positionsmesstechnik GmbH, Taufkirchen,
Germany). Data were recorded via 12-channel graphic data logging unit, type Ecograph
T RSG35 (Endress+Hauser GmbH+Co. KG, Weil am Rhein, Germany) with a frequency of
1 Hz.

2.4. Operando Mass Spectrometry

A PrismaPro QMG 250 mass spectrometer (MS) unit (Pfeiffer Vacuum GmbH, Aflar,
Germany) equipped with an open ion source, dual tungsten filament option, continuous
secondary electron multiplier (C-SEM) and a mass range of 0-200 m/z was used for the
operando mass spectrometry. The direct connection between the measuring cell and high
vacuum inlet was realized through a 3 m long, heated (60 °C) and insulated fused silica
capillary with inner diameter of 50 pm and outer diameter of 250 pm (Postnova Analytics
GmbH, Landsberg am Lech, Germany). Spectrometer-side high-vacuum conditions were
maintained by a HiCube 300 H Classic vacuum system (Pfeiffer Vacuum GmbH) below
5 x 10~° hPa. Data were successively recorded with a per n/z dwell time of 1024 ms and
fixed m/z transfer time of 8 ms, yielding a total per m/z measurement frequency of 206.5 s.

2.5. Gas Chromatography with Coupled Mass Spectrometry (GC-MS)

For post-mortem analysis of extracted gas samples, a mass spectrometer type Agilent
5977B combined with a flame ionization detector (FID) equipped Agilent 7820A gas chro-
matograph (both: Agilent Technologies, Inc., Santa Clara, CA, USA) were used. A medium
polarity column (length 60 m, inner diameter 0.32 mm, film thickness 1.8 um) was utilized
for the separation of mobile gas phase components. All samples were introduced into the
system by a heated injection valve/sample loop combination with a volume of 500 pL
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(Teckso GmbH, Neukirchen-Vluyn, Germany). Recorded spectra were cross-referenced and
matched qualitatively by NIST version 2.3 database software [39]. For sample introduction,
a 25 mL gas tight syringe (Hamilton Co., Reno, NV, USA) was used. The obtained gas
sample was diluted 2:1 by the addition of Ar. The device received 5 mL of the sample
gas volume.

3. Results and Discussion

The following section is divided into three main parts. In Section 3.1, an overview
of the combined operando measurement is presented and described. Section 3.2 analyzes
the results of the electrochemical dilatometry. In Section 3.3, the gas analytical results are
presented in detail. The investigations focus in particular on occurring SEI formation and
electrolyte degradation. Furthermore, all the relationships between the results obtained
from the one single measurement are presented and put into context.

3.1. Combined Operando Dilatometry with Operando Mass Spectrometry

In Figure 3, all results gained from only one single measurement are presented in the
diagram. On the left y-axis, the potential curve is plotted in gray, whereas the thickness
change in the electrode in red and the measured ion currents of the masses of interest in
different colors are plotted on the right y-axis. All curves are plotted over the measurement
time on the x-axis. During the six full charge and discharge cycles, the electrode thickness is
increasing during lithiation and decreasing during delithiation. The corresponding turning
points are clearly visible in the thickness profile. For the mass curves shown in the diagram,
various behaviors can be observed. For example, m/z = 2 shows cyclical behavior, whereas
m/z =39, m/z =40, m/z =85 and m/z = 104 show different behavior in the first cycles
(formation) compared to the following cycles. The individual results and the detailed
explanation of the measurement results obtained for electrochemistry, thickness change
and gas analysis will be discussed in more detail in the following chapters.
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Figure 3. Combined operando measurement of a Li | graphite half cell with 1.0 M LiPF4 in EC:DMC
(50:50 by weight). The potential curve in gray is plotted on the left y-axis and the thickness change in
red as well as the ion current of the respective mass signals are plotted on the right y-axis, all over
time on the x-axis. Each mass signal of interest is indicated by a different color.

The novel coupling of the operando methods dilatometry, mass spectrometry and the
electrochemistry allows the direct and related investigation of the electrochemistry, change
in cell thickness and gas formation during charging and discharging. Normally, these
studies are carried out in individual cells [24,25,40,41]. Even if measurements are made
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with the same parameters, e.g., currents, etc., the results, unlike the measurement presented
here, were not created in a single cell and during a single measurement. Here, we are able
to measure both thickness change and gas generation at the exactly same time and the
exactly same electrode in one single cell, which allows for a perfectly direct comparision.

3.2. Thickness Change

Figure 4 shows a version of Figure 3 but reduced to the potential and thickness change
in the electrode during cycling for six full cycles, corresponding to approximately 300 h.
A clear correlation between the voltage profile (lithiation and delithiation of graphite)
and the thickness change is possible. During discharging of the half cell (i.e., lithiation
of graphite), the thickness of the cell increases and during charging (i.e., delithiation of
graphite), the electrode thickness decreases again [9,11]. The thickness change can be
divided into a reversible and an irreversible part [10,40]. As the cycle number increases,
the proportion of irreversible growth per cycle decreases. SEI formation on the particle and
electrode surface is mainly responsible for the irreversible part [40,42]. Since SEI formation
occurs mainly in the first cycles, i.e., during formation [43,44], the irreversible thickness
change varies between 1.10% in the first cycle and 0.43% after the fifth cycle. In the case
of the investigated electrode in this study, the layered structure of the graphite used as
active material is responsible for the reversible portion [9,11,45], as shown in more detail
in Figure 5. The values of the reversible absolute change in thickness vary at about 5-7%.
These values are in a common range reported in the relevant literature [9,10,46]. However,
the values vary within a certain larger or smaller range due to the fact that the particle size,
porosity, binder and electrode composition have a significant influence on the change in
thickness [7,11,47].
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Figure 4. Thickness change in the investigated graphite anode during six full cycles. In black, on the
left y-axis, the potential is plotted, whereas on the right y-axis in red, the thickness change is plotted,
both over time.

The setup is, as described in Section 2, very precise and is able to measure even
the slightest changes in thickness. In Figure Al, a comparison between graphite and
lithium titanium oxide (LTO), which is considered as “zero-strain” material [48,49], is
shown. For the combined measurement (i.e., Li | graphite) at around hours 70 and 140, one
person minimally bumped into the climate chamber with the measurement setup inside as
described in the diagram.

In Figure 5a, the lithiation is presented in detail and in Figure 5b, the delithiation
is shown. Both diagrams show the potential on the left y-axis, the differential voltage
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(dU dQ1) on the first and the thickness change on the second y-axis to the right. The data
are plotted over the state of charge (SOC) of the respective half-cycle. A clear correlation be-
tween the potential curve, respectively, the differential voltage (DV) curve and the thickness
change during the (half-)cycle [24], is clearly visible. The anode shows increasing thickness
change during lithiation and a decrease in thickness during delithiation. The slope changes
of the thickness curve fit perfectly to the peaks in the DV curve as well as the the voltage
plateaus in the potential curve fit to the plateaus of the thickness curve. By comparing and
correlating these peaks (or the corresponding plateaus between the peaks) with the curve
of the thickness change, it is visible that the thickness curve changes its slope at exactly the
points where peaks occur. The opposite is true at the plateaus: at points where there are
no peaks, i.e., voltage plateaus can be observed, the thickness curve remains constant or
changes only minimally. This was also investigated by Dahn et al. and Asenbauer et al.,
and it can be explained by the staging mechanism, whereby the Li-ions are stored (or out-
sourced) or rearranged in the graphite layers at different voltage levels [50,51]. In Figure 5a,
the graphite stages are marked. For example, the voltage plateau at 0.1 V during lithiation
can be assigned to the change from stage 2 L to 2 [45,52]. The same applies for delithation
but vice versa from stage 2 to 2 L [52,53].
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Figure 5. First cycle of Figure 4 in detail, separated in lithiation (a) and delithiation (b). On the left
y-axis, the potential in gray is plotted, and on the right y-axis, the differential voltage in dashed
gray as well as the thickness change in red is plotted all over the state of charge (SOC) of the
respective half-cycle.

3.3. SEI Formation and Electrolyte Degradation

The following subsection is divided into two parts. In Section 3.3.1, the operando MS
results are analyzed in detail in order to detect possible gaseous intermediates depending
on the potential. Section 3.3.2 furthermore presents a post-mortem analysis of the gas phase
in order to qualitatively identify individual substances.

3.3.1. Operando Gas Analysis

For a more differentiated evaluation, it is more helpful to plot the conspicuous mass
signals individually. Here, Figure 6 displays the potential curves and operando MS analysis
of selected masses with simultaneous thickness change to show a general trend of gas
evolution during cycling. On the left y-axis, the potential is plotted in gray, and on the right
y-axis, the thickness change in red as well as the ion current of the particular mass signal
are colored, each over the time on the x-axis.

In Figure 6a, the mass course of m/z = 2 is depicted, which can be assigned to hy-
drogen as a typical degradation product during SEI formation and irreversible electrolyte
decomposition [19,20,54-56]. The gassing of H in lithium-ion batteries is typically linked
to leftover moisture. In this context, the water is reduced to hydroxide and hydrogen [19,56].
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Potential vs. Li/Li* / V

Potential vs. Li/Li* / V

By adding vinylene carbonate (VC) to the electrolyte, Bernhard et al. demonstrated that
an intact SEI prevents the reduction of water and consequently decreases the formation of
hydrogen [20].

The cyclical behavior becomes even more clearly visible. At the beginning of the
first lithiation, the signal increases significantly, indicating initial reactions. During the
first delithiation, the signal drops slightly only to rise sharply again during the second
lithiation. During the subsequent second delithiation, the signal drops again. The trend of
the following cycles shows an increase in the single mass ion current during lithiation and
a decrease during delithiation. The peaks in the mass curve represent the turning point
between these two processes. The described mass course of m/z = 2 suggests increased
stable SEI formation at the beginning of the measurement and rather electrolyte decompo-
sition from cycle three onwards. If the thickness curve is also included, it becomes clear
that the increase in the mass signal for each cycle correlates very well with the increase in
the thickness change.
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Figure 6. Potential curves and operando MS analysis of selected masses with simultaneous thickness
change. Single mass courses of m/z =2 (a), m/z =26 (b), m/z =39 (c) and m/z = 85 (d). Plotted are
on the left y-axis the potential in gray and on the right y-axis the thickness change in red as well as
the ion current of the corresponding mass signal, each over time on the x-axis. Different colors are
shown for each mass signal.

Figure 6b presents the ion current of m1/z = 26, which can be assigned to ethene [21].
Here too, an enormous increase in the signal can be observed during the first lithiation.
This can be attributed to the ongoing SEI formation, as short-chain hydrocarbons are a
good indicator for this reaction. Ethene is generated directly from the electrochemical
breakdown of EC [22,30,31,57] and is therefore one of the main decomposition products of
the carbonate-based solvents used [58]. During the formation of the SEI, EC is primarily
decomposed in comparison to the linear carbonate, in this specific case DMC. As a result,
ethene emerges as the main decomposition product in the gas phase, making the most
significant contribution to hydrocarbons [59].
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At the start of the first delithiation, the ethene signal drops slightly and stabilizes
at a high level for the following cycles. Similar to the hydrogen signal in Figure 6a,
a trend can be observed for the subsequent cycles, however with a weaker characteristic.
The respective increase during lithiation can be attributed to the light formation of new SEI
due to repeated cracking and the exposure of fresh active material surfaces to the electrolyte.
Groher et al. showed in their work that the proportion of ethene in the investigated gas
phase decreased as soon as additives were added in order to obtain a more stable SEI [21].
The simultaneous observation of the thickness curve supports these findings. As described
in Figure 4, the proportion of irreversible growth per cycle decreases as the number of
cycles increases. This is an indication of the establishment of a stable SEI. The remaining
part of the irreversible increase in thickness fits well with the course of the signal for ethene.

Figure 6¢c shows the mass course of m/z = 39. According to Groher et al. and Ga-
chot et al., this specific m/z-signal can be associated with propene [21,22] and furan [21].
The origin of these two species has not yet been conclusively clarified, but it is assumed
that they stem from the ring-shaped carbonate molecule EC. Within the first two cycles,
the signal drops continuously and then remains at the same level. From the fifth cycle
onwards, a cyclical behavior can be seen comparable to the signals of m/z =2 and m/z =26
already discussed. During lithiation, the signal increases, whereas it decreases again during
delithiation. The curve just described can also be observed for the mass signal m/z = 40 in
Figure 3. The knowledge gained provides indications of further organic decomposition
processes of the electrolyte. When looking at the thickness curve at the same time, it is
noticeable that the extent of the relative reversible expansion of the electrode decreases
from the fifth cycle onwards.

Figure 6d illustrates the ion current of m/z = 85. During the first lithiation, the signal
increases significantly only to remain on a plateau at the start of the first delithiation. In the
course of delithiation, a sharp increase in the signal is observed, lasting until the end
of the second cycle. From then on, the signal decreases continuously for the rest of the
measurement. This specific mass signal is a good indicator for the detection of a further
degradation product, since it is a characteristic signal for the conducting salt fragment
POF;. This is formed during the decomposition reaction of the LiPF4 conducting salt [22,32].
Among others in organic solvents, LiPFs is largely dissociated into its ions and is also in
equilibrium with its molecular dissociation products, LiF and PFs [60-62]. PFs reacts
with traces of water to form POFj3 [63]. The mass signal of m/z = 85 equally applies for
phosphonic difluoride, as identified by GCMS (see Figure 7). This species is quite similar to
H,PO;F;, which is a further reaction product of the hydrolysis of LiPF4 in carbonate-based
electrolytes described by several research groups [33,34,60]. Thus, the course of mass
signal m/z = 85 indicates an increased SEI formation at the beginning of the measurement.
This fact also correlates well with the thickness curve, as the irreversible portion per cycle
decreases continuously in later cycles.

The method of operando MS enables access to several degradation intermediates such
as POF; and degradation products like hydrogen and ethene. These insights gained help
to illustrate the decomposition processes occurring.
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Figure 7. Gas chromatogram total ion current (TIC) spectrum (6.00 min to 13.50 min) of the extracted
gas sample after six full cycles (300 h). Light blue backed substances origin from solvent products,
whereas light red backed substances are known conductive salt decomposition substances. White
backed components are of unclear origin to the authors.

3.3.2. Post-Mortem Gas Analysis

Figure 7 presents the total ion current (TIC) spectrum for the representative gas sample
collected after six complete cycles (300 h). The timeframe from 6.00 min to 13.50 min features
seven significant peaks, as detailed in Table 2. Substances with a light blue background
originate from components produced by solvent reactions, while light red background color
indicates substances originating from conductive salt decomposition pathways. Substances
with a white background are of unknown origin.

After subtraction of the underlying background spectra, peaks can be assigned via
NIST [39] to (1) phosphonic difluoride (6.55 min), (2) 1,1-diethoxypentane (8.25 min), (3) n-
hexane (8.38 min), (4) dimethyl carbonate (9.65 min), (5) benzene (10.47 min), (6) ethyl
methyl carbonate (11.39 min) and (7) diethyl carbonate (12.89 min).

Phosphonic difluoride results from the decomposition of LiPF4 contained in the
electrolyte, which is comparable to findings by Gachot et al.,, Stich et al. and Sten-
zel et al. [22,34,64]. 1,1-diethoxypentane was declared by NIST with a 65.3% hit prob-
ability. However, its origin cannot be determined definitively by the authors. Assumedly,
a recombination reaction of organic radicals takes place. Peak (4), n-hexane, was also
identified by Kahr et al. [65] as a formation product. The most count intensive signal
allocates to the main electrolyte component, dimethyl carbonate (DMC). Benzene, origi-
nating from ethylene carbonate (EC), is created by the combination of three free ethylene
radicals as proposed by Nedjalkov et al. [66]. Further electrolyte recombination products
are identified as ethyl methyl carbonate (EMC) and diethyl carbonate (DEC) [21,22]. Thus,
the supporting post-mortem gas analysis using GCMS hightlights the existence of various
degradation pathways.

Table 2. Gas chromatogram compound table of the extracted gas sample after six full cycles.

Peak Number Retention Time [min] Compound Name
1 6.55 Phosphonic difluoride
2 8.25 1,1-Diethoxyopentane
3 8.38 n-Hexane
4 9.65 Dimethyl carbonate (DMC)
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Table 2. Cont.
Peak Number Retention Time [min] Compound Name
5 10.47 Benzene
6 11.39 Ethyl methyl carbonate (EMC)
7 12.89 Diethyl carbonate (DEC)

4. Conclusions

This study successfully demonstrated the efficacy of a novel combined measurement
cell integrating operando dilatometry and operando mass spectrometry to monitor real-time
physical and chemical changes in lithium- and sodium-ion cells during electrochemical cycling
on the electrode level. In order to compare the overall findings with the current literature,
a well-known cell chemistry (Li | graphite half cell using 1 M LiPFg in a 1:1 mixture by weight
of EC and DMC) was examined. The results generated from one single measurement revealed
significant correlations between electrochemical behavior, thickness changes and gas evolution
and provided crucial insights into the aging mechanisms of lithium-ion cells.

High-resolution operando dilatometry results provided valuable insights into the
reversible intercalation and displacement of Li-ions into the graphite layers. The formation
of the SEI and the degradation of electrolyte components were identified as key factors
contributing to irreversible changes in the electrodes.

Operando gas analysis revealed the presence of various degradation intermediates
such as POF; (from electrolyte conductive salt) as well as degradation products including
hydrogen and ethene (from electrolyte solvent). All identified species were directly linked to
electrolyte degradation and emphasized different decomposition pathways. Furthermore,
by including the simultaneously recorded thickness curve, conclusions and correlations
could be obtained about SEI formation. Additionally, post-mortem analysis confirmed the
identification of compounds like phosphonic difluoride, EMC and DEC, underlining the
presence of different degradation pathways.

This integrated approach by combining operando dilatometry and operando mass
spectrometry enhanced our understanding of the fundamental processes governing battery
aging and allowed an even more holistic view of the processes taking place, such as SEI
formation, electrolyte degradation or side reactions.

Future work should focus on optimizing electrode materials and electrolytes based on
the insights gained from this research and with the help of the novel combined operando
tool introduced in this article, ultimately contributing to the development of more durable
and efficient energy storage systems.
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Abbreviations

The following abbreviations are used in this manuscript:

CcC Constant current
C-SEM  Continuous secondary electron multiplier
CTS Cell test system
Cv Constant voltage
DEC Diethyl carbonate
DMC Dimethyl carbonate
DV Differential voltage
EC Ethylene carbonate
EMC Ethyl methyl carbonate
FID Flame ionization detector
GC Gas chromatography
LCV Lower cut-off voltage
LIB Lithium ion battery
LTO Lithium titanium oxide
LVDT Linear variable differential transformer
MID Multiple ion detection
MS Mass spectrometry
NIST National Institute of Standards and Technology
SEI Solid electrolyte interface
S0C State of charge
TCD Thermal conductivity detector
TIC Total ion current
ucv Upper cut-off voltage
vC Vinylene carbonate
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Figure A1l. Comparison between the thickness change measured in the dilatometer of graphite (a)
and lithium titanium oxide (b).

In order to demonstrate the high resolution and small thicknesses that the dilatometer
is able to measure, cells with lithium titanium oxide (LTO) as the working electrode
were also examined for comparison. Graphite and LTO exhibit different behaviors in
terms of thickness change during lithiation and delithiation processes [67]. LTO has a
zero-strain property, meaning it undergoes minimal volume change during lithiation
and delithiation [49]. The thickness change is typically less than 1% due to its spinel
structure which accommodates lithium without significant structural alteration [48,49,68].
The same electrolyte as presented in Section 2.1 was used, and the LTO (CustomCells
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Itzehoe GmbH, Itzehoe, Germany) was cycled between 1.0 and 2.0 V with C/20 at constant
current against lithium.

In Figure A1, the comparison between both materials in the dilatometer is shown.
Figure Ala shows the thickness change of graphite, as already presented in Figure 4 in
Section 3.2. Figure Alb shows the thickness change of LTO. Even the small thickness
changes in the LTO electrode could be nicely measured. With increasing voltage against
Li/Li", the thickness of the electrode increases and vice versa.
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