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Abstract: Structural and spatial aspects of cell degradation are studied using a combination of
diffraction-and imaging-based tools applying laboratory X-rays, neutron scattering and synchrotron
radiation with electrochemical and thermal characterization. Experimental characterization is carried
out on cylindrical cells of 21700-type, where four regimes of cell degradation are identified, which
are supplemented by an increased cell resistance and surface temperature during cell operation.
The amount of intercalated lithium in the fully charged anodes in the fresh and aged states is deter-
mined by ex situ X-ray diffraction radiography and in situ X-ray diffraction computed tomography.
The qualitatively similar character of the results revealed a loss of active lithium along with the
development of a complex heterogeneous distribution over the electrode stripe.

Keywords: lithium-ion batteries; cell aging; lithium distribution; diffraction; Joule heating;
resistance increase

1. Introduction

In recent years, Li-ion batteries (LIBs) are considered the main energy storage systems
in daily life portable electronics like smartphones, cordless tools and laptops, as well as in
the mobility sector, being the major energy storage system for electric vehicles [1]. Since
their commercialization in 1991, a steady development can be traced over the years [2].
Despite the overall success, there is a variety of issues left to be tackled, i.e., safety challenges
due to flammable liquid electrolytes, finite lifetime, limited availability of transition metals
like cobalt and nickel, and others.

Under these drawbacks of LIBs, the reduction in energy and power storage capability
as a result of both cyclic [3] and/or calendric [4] aging is one of the most relevant research
topics in this field. The loss of active lithium is the main driving force of capacity reduc-
tion [3], where lithium gets consumed (built) by side reactions into the solid–electrolyte
interphase (SEI) [5,6]. This, in turn, leads directly to an increased internal resistance of
the cell and causes a power fading of the cell [7]. Through the increased resistance, the

Batteries 2024, 10, 68. https://doi.org/10.3390/batteries10030068 https://www.mdpi.com/journal/batteries

https://doi.org/10.3390/batteries10030068
https://doi.org/10.3390/batteries10030068
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://orcid.org/0000-0003-2379-3632
https://orcid.org/0000-0002-3680-8648
https://orcid.org/0000-0003-3789-1372
https://orcid.org/0000-0003-3427-9372
https://orcid.org/0000-0002-9566-6088
https://orcid.org/0000-0002-1473-8992
https://doi.org/10.3390/batteries10030068
https://www.mdpi.com/journal/batteries
https://www.mdpi.com/article/10.3390/batteries10030068?type=check_update&version=1


Batteries 2024, 10, 68 2 of 18

self-heating of the cell during dis-/charging increases as well [8], causing an accelerated
decomposition of the electrolyte [9], and thus is potentially the cause for the accelerated
capacity fading at elevated cycling numbers [10]. The decomposition of the electrolyte is
linked to a loss of active lithium inside the cell [10]. Aging processes involve a variety of
parameters and factors, which are often non-trivially related with each other [5]. There-
fore, the characterization of the aging behavior and the localization and separation of the
underlying processes are complex.

There is a selection of appropriate experimental techniques, which are often applied
and combined, where electrochemical tools and methods are of first choice. Characteriza-
tion of the electrochemical performance is typically at the forefront, where a relatively large
toolbox of techniques exists besides standard galvanostatic/potentiostatic characterization
and cyclic voltammetry, e.g., electrochemical impedance spectroscopy [11,12], incremental
capacity analysis [13,14], the galvanostatic intermittent titration technique [15], etc. In
the next step, ex situ and post mortem characterization techniques are often employed in
studies of aging, i.e., by taking local probes and reconstructing spatial distribution, char-
acterization of the sample structure, morphology, composition, etc. [16]. Having in mind
that LIBs are closed (environmentally isolated) systems, an accurate and non-ambiguous
determination of the state of active materials is not simple and often requires application of
experimental techniques that enable performing studies under real operating conditions.
The most commonly used techniques are typically based on diffraction or imaging using
laboratory X-rays, neutrons [6,10] and/or synchrotron radiation [17]. Methods enabling
the study of the electrochemical storage systems in operando are of exceptionally high
relevance as they enable probing the lithium/electrolyte without perturbation of the sys-
tem, e.g., by cell opening. Application of non-destructive techniques maintains the state of
the materials unchanged, e.g., eliminating electrolyte evaporation, mechanical fracturing,
surface degradation, contaminations of various kinds, etc.

Besides this, non-destructive characterization techniques gained relevance for studies
of heterogeneities in electrochemical energy storage systems. Indeed, the energy density
and the cell lifetime are directly related to the homogeneity of the electrode material [18,19]
and to the fact that:

1. Not all of the theoretical capacity is available due to non-active regions in the cell;
2. Certain parts of the cells are more stressed during electrochemical cycling and, there-

fore, potentially degrade faster than others, leading to locally increased cell fatigue.

Non-uniformity in different forms is present in nearly all cell characteristics, e.g.,
current density [20–22], temperature distribution [23,24], pressure [25], electrolyte concen-
tration gradient [26], etc. In turn, this leads to a non-uniform lithiation of the electrodes on
different length scales ranging from the entire cell level [10,19], over the electrode thick-
ness [18,27–29] and even at the single-particle level [30]. The influence and relationship
of different cell parameters was actively studied in the literature for model systems, but
it is barely explored for commercial cells. Even there, the main focus is typically made
on cylindrical 18650-type cells, whilst larger-format 21700-type batteries are investigated
significantly less.

In the current contribution, a series of non-invasive investigation methods addressing
electrochemical, structural and thermodynamic details are applied to a 21700-type cell with
the aim to follow the degradation mechanism during cell aging and to draw consistent
patterns and conclusions about their degradation behavior. In situ and in operando diffrac-
tion experiments were performed in order to monitor the lithiation differences in fresh
and degraded cells and compared to the results of ex situ structural characterization of the
materials harvested from the treated cells. Obtained results form an overview of different
degradation aspects occurring in the cylinder-type lithium-ion battery.
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2. Methods
2.1. Details of Electrochemical Cell Cycling

Cylindrical 21700-type INR21700-48G (Nominal Capacity: 4800 mAh; Voltage range:
2.5 V–4.2 V; Max. Current: 9600 mA (2C; discharge); 4800 mA (1C; charge); Chemistry:
nickel-rich cathode|C + 1% wt Si) Li-ion cells with 21 mm outer diameter and 70 mm height,
nickel-rich cathode and graphite +1% wt Si anode [31] were used as a model system. Cell
cycling was carried out using a Neware BTS-4000 potentiostat. In order to introduce aging,
the cell was cycled rapidly on the upper limits of specified currents, i.e., for discharging a
constant current (CC) of 9.6 A (2C), and, for charging, a constant current-constant voltage
(CCCV) procedure was applied with a constant current of 4.8 A (1C) and a cut-off current
of 240 mA (1/20 C). Cycling was performed utilizing the full voltage window of 2.5–4.2 V.
After every dis-/charging, a rest period of 15 min was applied. During cell cycling, the
cell surface temperature was continuously monitored using a DS18B20 temperature sensor
chip (Maxim Integrated). An example of the experimental setup used is presented in
Figure S1. Measurements were performed at room temperature, which was monitored
with a second sensor. The elevated temperature of the cell was obtained by subtracting the
room temperature from the sample temperature.

In order to “activate the cell” after storage, before the diffraction and imaging exper-
iments as well as before cell disassembling, the studied cells were cycled typically three
times, applying CC discharge with 400 mA (1/12C) and CCCV charge with 400 mA current
and 240 mA cut-off (see below). The cell was in a fully charged state at the end. An
overview of the cells used in the different experiments/characterisations is summarized in
Table S1.

2.2. X-ray Computed Tomography (X-ray CT)

The cell layout was non-destructively probed via X-ray computed tomography us-
ing a phoenix v|tome|x 240 s CT system. Measurements were performed using a direct
tube; the acceleration voltage was set to 120 kV and the current to 100 µA. A CCD detec-
tor (DXR-250RT, General Electric, Boston, USA) with a CsI scintillator, an active area of
200 × 200 mm2 and a pixel size of 200 × 200 µm2 was used for data collection at a sample-
detector distance of 647.363 mm. Over the entire angular range of 360◦, 1001 projections
were collected, where each projection was composed of the average of three individual
exposures of 2000 ms duration. Reconstruction of the data was performed with the phoenix
datos|x software. Due to the high-resolution requirements, two separate data sets were
collected at the top and the bottom sections of the cells and were merged together using
the software ImageJ [32] with a final visualization/rendering applying VGSTUDIO MAX
(Volume Graphics, Heidelberg, Germany).

2.3. Ex Situ X-ray Diffraction Radiography (XRDR)

The previously reported X-ray diffraction radiography (XRDR) approach was success-
fully applied to determine the lithium content in the graphite anode of charged cells [33]
and in the cathode of the discharged state [34]. Chosen cells were slowly cycled using the
conditions mentioned in Section 2.1 and disassembled at state-of-charge (SOC) 100% under
an argon atmosphere. The double-coated lithiated graphite anode stripe was extracted
from the cells and cut into pieces in order to fit into the Ar-filled sample holder [33] con-
sisting of an Al frame and X-ray-transparent Kapton windows. To minimize/eliminate
oxygen and water contamination of the electrode stripes, a continuous stream of Ar gas
was applied. Two INR21700-48G cells, nominally fresh (only cycled three times using C/12
for characterization) and aged (cycled 123 times using 2C/1C dis-/charge), were evaluated.

Measurements on the fresh cell were carried out at the P02.1 beamline [35] at PETRA
III (DESY, Hamburg, Germany). At P02.1, the fixed photon energy of 60 keV, corresponding
to a wavelength of 0.20714 Å, was used. The 2D diffraction data were collected using
a PerkinElmer XRD1621 detector at a sample-detector distance of 2466 mm. The Ar-
filled sample/electrode holders were mounted on the translation stage perpendicular to
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the X-ray beam with a size of 1 × 1 mm2. The diffraction signal (integrated over the
electrode thickness) was collected over the sample area with 4.0 × 3.0 mm2 rastering steps
(horizontal × vertical). Studies on an “aged” anode were carried out at the P24 beamline at
PETRA III. Experimental conditions were similar to those reported in Ref. [33]. The photon
energy of 20 keV was chosen, corresponding to a wavelength of 0.6202 Å. A MARCCD165
2D detector at a sample-detector distance of 99.8 mm was used for data collection. Rastering
steps of 5.0 × 3.0 mm2 (horizontal × vertical) were selected. In both cases, the collected 2D
diffraction data were radially integrated using Dioptas software [36], applying diffraction
data from Si (P24) and LaB6 (P02.1) as reference.

Radially integrated 1D diffraction data were recorded in the 0.5–12.7 deg. 2θ at
0.20714 Å (corresponding momentum transfer q range of 0.26–6.67 Å−1 for the fresh cell
and 1.29–6.63 Å−1 (7.3–38.2 deg 2θ at 0.6202 Å) for the aged one). Examples of diffraction
patterns with highlighted diffraction peaks of stage I and stage II lithiated graphite are
shown in Figure S2a,b as collected using P02.1 and P24 diffractometers. Similarly to
previous works [33,37], the lithium concentration in the graphite anode was calculated
assuming the biphasic behavior of stage I (LiC6) and stage II (LiC12) lithiated graphite
compounds. The integral intensities were used to calculate the lithium concentration x
in LixC6.

2.4. X-ray Diffraction Computed Tomography (XRD-CT)

Complementary to XRDR, X-ray diffraction computed tomography (XRD-CT) was
applied to study the lithium distribution non-destructively. This method, in contrast to
XRDR, has previously shown to be highly suitable to differentiate the individual materials
inside batteries and perform local structural analysis of the electrode materials, providing
the structural information resolved in-depth [18,38–40]. Studies were carried out at the
P02.1 beamline at PETRA III with an experimental setup similar to that of the XRDR
experiment, i.e., 60 keV photon energy, 1 × 1 mm2 beam size, PerkinElmer XRD1621
detector, etc. The tomography dataset was composed of 31 translation steps over a 30 mm
scanning range and 48 rotation steps over [0.0:352.5] deg. in a radial plane of the battery.
XRD-CT datasets were collected at different cell heights over the entire cell [0:65 mm] with
a 5.0 mm step size. The radial integration of the diffraction data (absorption corrected) was
performed using Dioptas software [36], and the reconstruction of the diffraction data was
done using the inverse Radon transform algorithm embedded in MATLAB, where signals
from the cathode, anode, separator and current collectors were identified. An example of a
reconstructed diffraction pattern is depicted in Figure S3.

The in-plane radial distribution of x in LixC6 was calculated for a series of radial
planes using the integral intensities of the reconstructed diffraction patterns for 001 and
002 reflections from stage I and stage II, respectively.

2.5. In Operando X-ray Diffraction

In operando X-ray diffraction was performed using the P02.1 beamline at PETRA III
with the same properties and setup as the XRD-CT experiments. During this experiment,
the cell was fixed in a position where the pencil beam penetrated only a small volume at
the middle height in the central part of the cell. The cell was electrochemically connected
to a BioLogic VMP3 potentiostat and slowly cycled during the experiment. A CCCV
procedure was applied for both charging and discharging between 2.5 V and 4.2 V with
a constant current of 400 mA and a cut-off current of 48 mA (1/100 C-rate). Between
dis-/charging, a longer cell relaxation period of 30 min was applied. Diffraction images
were taken every ca. 3 min corresponding to a change in the state-of-charge of less than
0.5% between consecutive diffraction patterns. Finally, diffraction and potentiostat data
were synchronized using their respective timestamps.
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2.6. High-Resolution Neutron Powder Diffraction (NPD)

The lithiation state of the positive and negative electrodes was probed simultaneously
using high-resolution neutron diffraction with the instrument SPODI [41] at the FRM
II (Heinz Maier-Leibnitz Zentrum, Garching, Germany). The incident monochromatic
neutron beam from the (551) reflection of a vertically focused composite germanium
monochromator at a take-off angle of 155◦ with a wavelength of λ = 1.54832(4) Å was
shaped to a rectangular cross-section having 40.0 mm height and 20.0 mm width. The
two-dimensional data collection was carried out in Debye–Scherrer geometry in the range
of 4–152◦ 2θ. Data collection was performed on a “pristine” cell at SOC = 0% and a second
“pristine” cell at SOC = 100% (using the slow charging option in Section 2.1), corresponding
to fully discharged and fully charged states, respectively.

Analysis of neutron data was carried out using the full-profile Rietveld method imple-
mented into the FullProf software [42]. Signals from LiNi0.85Co0.15O2 (cathode), lithiated
graphite (anode), as well as copper/aluminum (current collectors) and steel (cell housing)
were identified in the diffraction data. The background has been found similar in both cells
(SOC = 0 and SOC = 100), i.e., independent of the state-of-charge, and modeled using linear
interpolation at positions where no reflections are present. Diffraction peaks were modeled
with a pseudo-Voigt function of the Thompson–Cox–Hastings type.

Diffraction patterns obtained at SPODI (FRM II, Garching, Germany) and beamline
P02.1 (DESY, Hamburg, Germany) are compared in Figure S5 of Ref. [18], where the
contributions of active material (anode/cathode) and passive material are highlighted
in different colors. Simplifying, the contrast of dominating the contribution of lighter
elements in the neutron diffraction data, contrary to the enhanced sensitivity of synchrotron
diffraction to the heavier elements of the cathode, can clearly be seen. Due to the details of
neutron scattering, the high-resolution neutron powder diffraction studies of lithium-ion
batteries, when applied, deliver accurate results in multi-phase data analysis [37,43].

2.7. Differential Thermal Analysis (DTA)

Investigations on chemical changes of the electrolyte were carried out using differential
thermal analysis with the setup described in [8]. The cells were investigated, where one
of the studied cylindrical Li-ion cells and a reference sample were simultaneously cooled
down from room temperature to 150 K, equilibrated for 1 h and then heated up. The
cooling/heating rate was set to ∓0.5 K/min in both cases. The differential thermal signal
was obtained by the subtraction of the temperature at the reference from that of the sample.

2.8. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Analysis (EDX)

Both qualitative and quantitative characterization of the surface morphology of the
harvested cathode and anode materials were carried out using a Thermo Fisher Scientific
Quattro S environmental scanning electron microscope (ESEM) operated by the Jülich
Centre for Neutron Science JCNS (Forschungszentrum Jülich, Germany) and German
Engineering Materials Science Centre GEMS (Helmholtz-Zentrum Hereon, Geesthacht,
Germany) at the Heinz Maier-Leibnitz Zentrum (MLZ, Garching, Germany). A standard
Everhart–Thornley Detector was used to measure the secondary and backscattered electrons
for surface analysis. An electron current of 3.6 pA with an acceleration voltage of 2 kV
was used. SEM data were recorded at 350×, 1000×, 3500× and 6500× magnifications.
Two samples at predefined positions on the anode and cathode stripes were taken and
analyzed. In EDX experiments, the detection unit was exchanged to a Thermo Fisher EDS
UltraDry Si-drift detector with an energy resolution of 127 eV. Studies were performed
with an acceleration voltage increased to 15 kV. Area maps (768 × 512) of the elementary
composition and its distribution were investigated for both electrodes.
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2.9. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

In order to verify the elemental composition of the cathode material, two slightly
different inductively coupled plasma spectroscopy methods [44] on the aged electrode
material were applied. The first followed the procedure in [45]. Approx. 30–50 mg
of cathode material harvested from the disassembled cell was scratched off the current
collector and dissolved in a solution containing 3 mL HCl (37% p. a., Fa. Merck) and 1 mL
HNO3 (65% p. a., Fa. Merck) in microwave equipment (Fa. CEM) for 15 min at 180 ◦C. The
solution was diluted to 500 g or 1000 g after dissolving and utilized for characterization
using an ICP-OES system (iCAP 6500 Duo View, Fa. Thermo Fisher Scientific).

Analogous to the first method, in the second procedure, the cathode material was
collected and scratched off the aluminum current collector. The material was ground to
a fine powder and 3–5 mg were dissolved in 100 mL pro aqua regia corresponding to a
concentration range of 30–50 mg/L. The samples were filled to 7–10 mL portions and were
measured via ICP-OES spectrometer with radially-viewed plasma (Agilent 725 ICP-OES,
Fa. Agilent Technologies). Five standard points (50, 10, 1, 0.1 mg/L, and blank) were
measured for the calibration line using ICP multi-element standard solution IV (Fa. Merck).
The processing of the measurement data was carried out with the Agilent ICP Expert
II software.

3. Results and Discussion
3.1. Electrochemical Aging

Four characteristic “regimes” (1–4) can be identified in the capacity dependence vs.
cycle number. For the fresh state, an initial cell capacity of 4631 mAh was obtained,
corresponding to ca. 96.5% of the nominal value. Cycling with currents at the upper limits
specified by the manufacturer, along with the consequent increased temperature, results
in a rapid loss of cell capacity (Figure 1a). At the given dis-/charging currents, the 80%
level of cell capacity was reached in 23 cycles with subsequent capacity loss to 60% of the
initial value after 41 cycles in total (regime 1). A stable capacity plateau was observed at ca.
55% in the region between 50 and 100 cycles (regime 2), which is then followed by a rapid
capacity drop to ca. 5–10% level of the initial capacity above 125 cycles of rapid dis-/charge
(regime 3). After that, the capacity remains constant at this low level (regime 4). These
different regimes have been observed and described in the literature previously [7,46]. The
first “acceleration” stage is believed to originate from the growth of the SEI layer, which (as
resulted from the previous studies [10]) is directly related to the relationship between loss
of liquid electrolyte and active lithium. The origin of the second “stabilization” stage and
the third “saturation” stage cannot be attributed unambiguously, but a variety of possible
modes and scenarios are discussed in the literature [7].

Another remarkable feature supplementing the rapid capacity fade is the anoma-
lous evolution of cell voltages upon cycling (Figure 1b). The voltage profile evolves
non-equidistantly and non-monotonously with cell aging. Furthermore, in regime 3, a
metastable voltage plateau at ca. 2.6 V develops in the capacity range of 750–1500 mAh. The
plateau characteristics (voltage and capacity windows) rapidly change with cycle number
and are followed by an accelerated voltage drop (Figure 1b). At cycle numbers above 120,
the lower potential limit (2.5 V) is reached shortly after applying the high discharge current
(9.6 A), and cell discharging is then immediately stopped at very low capacities.
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The observed anomalous behavior is often attributed to thermal effects caused by
increased internal cell resistance and corresponding to Joule heating [8]. The cell resis-
tance R (estimated by the voltage drop ∆U upon cell discharge [10 s after application of
discharge current ∆I = 9.6 A] as R = ∆U/∆I) was found monotonously proportional to
the cycle number. A similar behavior was noticed for the cell surface temperature (see
Figure S4). A typical thermal profile on the charge/discharge cycle with 1C/2C currents
is shown in Figure S5a). The cell temperature increases upon application of current and
decreases during CV and rest phases. Temperature changes at the cell surface reflect both
state-of-charge and state-of-health and are proportional to the applied current [8]. The
highest temperatures on the cell surface are found at the end of the discharge process. The
maximum cell temperature reached was found to be linearly proportional to the cell resis-
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tance (Figure 1c), indicating the Joule heating mechanism, which is linearly proportional to
the resistance (PJoule = I2R). Besides the increasing cell temperature, degraded cells show
anomalies in the cooling rate in the relaxation phase after cell discharge. The cooling rate
can be modeled using a simple exponential decay with a single time constant showing a
dependence on cycle number. Three regions [1:25]–1, [25:80]–2 and >80–3 can be defined,
where a linear increase, a nearly steady state and a decrease in the decay constant are
observed (Figure S5b). These regions are consistent with the characteristics of the capacity
retention (Figure 1a) and indicate changes in degradation mechanisms.

Qualitatively, the observed degradation behavior is similar to that reported in Ref. [10]
for a cell series using LiNi0.8Co0.15Al0.05O2 (NCA) as the cathode and graphite (C) as the
anode (NCA|C chemistry), where the fading rate was found to be much slower. The local
minimum in the discharge voltage characteristics was also observed but more pronounced.
The observed capacity loss in the current case can be largely attributed to the power fade,
i.e., cell cycling with 400 mA current results in approx. 89.7% and 78.5% capacity retention
of nominal values after 50 and 100 cycles, respectively (Figure S4). Incremental capacity
analysis [47,48] (Figure S6, top) of the data set collected with 400 mA unambiguously
shows four peaks in the dQ/dV curves at ∼3.46 V, ∼3.66 V, ∼3.94 V and ∼4.13 V, which are
typically attributed to a phase transition in the electrode materials and are widely described
in the literature [49,50]. An assignment of the dQ/dV peaks was performed using the in
operando X-ray diffraction data (Figure S6) discussed later. Due to an overlap of the anode
and cathode features, the peaks at 3.66 V and 3.94 V cannot be assigned to just one electrode.
The characteristic peaks corresponding to plateaus at lower potentials were found to be
more prone to cell fatigue. The two characteristic peaks at lower potentials diminish at
high degrees of aging: the peak at approx. 3.46 V can be attributed to a C → Lix<0.5C6
phase transition; a small shoulder to the first peak is related to the lithiation of the silicon
inside the anode [51–53]. A “smearing out” of the peak, along with the diminishing of the
shoulder, indicates the development of a non-uniform lithiation state in the graphite/silicon
anode. In contrast, the ”cathode peak” at around 4.13 V has been found to be more stable
against aging.

Besides the electrode degradation, the electrolyte subsystem has been found affected
by cell aging as well. DTA studies of cells in the fresh and aged states (similar to the one
reported in Ref. [8]) unambiguously revealed changes in the profile of the calorimetry
signal (Figure S7). In the fresh state, the DTA signal is composed of two asymmetric
signals, marked as S and L with maxima at 250 and 255 K. Cell aging leads to a lower
magnitude of the DTA signal and a temperature shift of the maxima in the negative and
positive directions, i.e., to 245 K and to 265 K for S- and L-type signals, respectively. The
observed shifts of the peaks in the DTA signal can be attributed to a change in the electrolyte
composition [8], whereas the overall decrease in the signal (integral area) from −10.4 to
−8.6 can be attributed to a drying out of the cell, i.e., reduction of the amount of the liquid
electrolyte. Observed changes of the electrolyte could be crucial to cell aging and can
potentially be overcome by more stable electrolytes, e.g., based on highly fluorinated ether
electrolytes [54].

3.2. Characterization of the Cell and Its Components

X-ray CT was used to probe the cell layout and details of cell organization non-
destructively. Imaging of the cell interior shown in Figure S8 revealed the high-power cell
design utilizing “scheme 3” of the electrode connection schemes (according to Ref. [19]). In
this configuration, one current tab is connected at the beginning and another tab at the end
of the anode electrode stripe. A third current tab is connected in the middle of the cathode
current collector. The length of current tabs at the anode and cathode corresponds to ca.
50% (outer, anode), 85% (inner, anode) and 90% (cathode) of the electrode stack height.
On extrapolation of the knowledge base established in Ref. [19] for 18650-type cells to the
21700-type cell, one can see that the length ratio between negative electrode tabs is typical
for cells manufactured by Samsung SDI, whilst the relatively thick electrode (~360 µm
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(double-coated anode/separator/double-coated cathode/separator)) defines the cell type
to the low/moderate-power cells (with a maximal discharge rate below 5C).

The cell layout has been found to affect the lithium distribution along the electrode
stripes for the relatively short electrodes in 18650-type cells [19]. The effect is expected
to be more pronounced in larger-diameter cells adopting larger electrode stripes and,
correspondingly, a more heterogeneous current distribution. Due to the limitations of
X-ray absorption, the best-identified (most absorbing) parts are the steel housing, current
tabs, current collector and cathode material. The relevant cell details, like lithium and/or
electrolyte distribution, cannot be revealed (at least directly). Therefore, studies of the
lithium distribution were performed using X-ray and neutron diffraction.

3.2.1. Ex Situ X-ray Diffraction Radiography

The surface color of the lithiated graphite is a sensitive indicator of its lithiation grade,
i.e., from the literature, it is known that upon graphite lithiation, the initial black color of
the graphite anode changes continuously from dark blue (LiC18) through red (LiC12) to
a golden color (LiC6) [55]. The extracted lithiated graphite anode stripe in the fresh state
(Figure 2a) shows a dominating golden color corresponding to LiC6. At both ends and at
about 1/3 of the electrode stripe area, localized black-colored regions are present, which
are attributed to sections lacking the counter electrode material. Besides this, at the middle
line of the electrode stripe (middle height), a narrow region with a systematically darker
shade of golden color was observed, possibly indicating Lix<1C6 average lithium content
on the electrode surface. The surface and “bulk” (thickness averaged) lithium distribution
can vary [18]. Therefore, the uniformity of the lithium distribution was quantified ex situ
using XRDR characterization. Along with subsequent analysis of the diffraction signal
from lithiated graphites, this results in an area map of the lithium content x in LixC6. For
the fresh cell, the corresponding map with x in LixC6 values presented in false colors is
plotted in Figure 2b. Except for minor systematic differences in the individual frames used
for the experiment, an initially uniform lithium distribution (averaged over the electrode
thickness) was observed for the negative electrode despite some narrow regions with
systematically lower lithiation. The black regions (also identified during visual inspection)
can be unambiguously associated to the regions with systematically lower lithium content
in the false color plot. Averages over length and width of the electrode stripe (represented
by 1D profiles on the top and right side of individual frames, respectively) reveal the
uniformity of lithium distribution at the initial state of cell operation. Tracing the cell layout
structure back to the lithium distribution reveals that the narrow areas of lower lithiation
correspond to the positions of the current tabs and areas with no counter electrode. For
the fresh state, no lithium concentration gradient can be seen in the lithium distribution
across the width of the electrode strip (cell height), apart from very sharp drops at the
very bottom and top of the cell, which, again, can be related to the absence of the counter
electrode material in this area.

Visual inspection of the positive electrode extracted from the aged cell (cycled 125 times
using 1C/2C charge/discharge current rates) revealed a series of pronounced changes
compared to the “pristine” state (Figure 2c). It is worth mentioning that slow charging with
400 mA current resulted in a ca. 3070 mAh cell capacity, corresponding to ca. 60% of the
initial value. Due to the generally lower lithiation level of the anode, the electrode stripe
displays significantly darker colors with red to dark-red shades. At the electrode center,
a region having a different color distribution from that at the outer electrode width was
clearly observed. A quantitative analysis reveals a reduction of average lithium content
in the fully charged state of the aged cell compared to the fresh one, where x in LixC6
equals 0.723 (fresh) and 0.541 (aged). Furthermore, the remaining lithium in the aged cell is
distributed more heterogeneously, which is reflected, for example, in sprinkle-like areas
of higher lithiation. Histograms of the experimentally established lithium distributions
(Figure S9) revealed a different profile shape, which can be attributed to a non-uniform
lithium distribution for the aged cell. In the case of the fresh state, the distribution can be
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approximated using one single Gauss peak, whereas in the aged state, two Gauss peaks are
necessary to fit the distribution. It is worth noting that due to our experimental approach,
the calculated values are mathematically limited to values between 0.5 and 1.0. The relative
loss of active lithium for the aged cell can be calculated to be approx. 25% of the value of
the pristine anode. Analyzing the average lithium content over the length and width of the
electrode stripe, a strong development of fluctuations in lithiation can be observed close to
the center pin (towards the cell’s interior).
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Figure 2. Surface color and lithium distribution in the lithiated graphite anode extracted from
cylindrical 21700-type LIBs in the fresh and aged state ((a,b): fresh; (c,d): aged). Extracted graphite
anodes (SOC = 100%) in (a) fresh and (c) aged state (dashed line illustrates the edges of individual
images stitched together). Mean (thickness averaged) lithium concentration in the lithiated graphite
anode calculated from the XRD measurements in (b) fresh and (d) aged state represented in false
colors. The 1D dimensional plots on top and right represent the average lithium content over electrode
stripe width (cell height) and length, respectively. Rectangles in (c) marked by 1 and 2 indicate the
positions at which samples for SEM measurements were taken.

Besides this, two well-resolved lithium concentration maxima of 0.569 and 0.565 x in
LixC6 of aged cell can be identified over the electrode width (cell height) at around 14.7 mm
(24.5% tot. height) and 44.1 mm (73.5% tot. height), respectively. Similar features are clearly
present in both photos of the electrodes (Figure 2c) and the false color representation of
the lithium content (Figure 2d). In such context, one has to refer again to the “thickness”
averaged character of XRDR and the sensitivity of the visual inspection to the surface
of the electrode. Aging-driven color changes of the graphite electrode surface are often
observed in the literature, and a grey-red film is typically attributed to the formation of
covering/passivation layers on top [56–61] as a result of side reactions occurring at the
anode during cell cycling.
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3.2.2. Morphology Characterization of the Extracted Battery Electrodes

The surface morphology of the extracted electrodes was probed using SEM. Probes
were taken for both the anode and cathode at two representative regions in the electrode,
i.e., the outer cell region (marked as 1 in Figure 2c) and, next to it, at the area characterized
by a more golden color (marked as 2 in Figure 2c). The obtained SEM images are displayed
in Figure S10. Visual inspection of the images reveals the central part of the electrode to be
more heterogeneous than the outer cell regions, which is supported by statistical indicators
of the histograms, i.e., deviations from the mean value of the image have been found to be
systematically higher, and the skewness to be lower, in the central area of the electrode. The
observed homogeneity can be directly associated with the formation of passivation layers on
top of the anode [56]. The EDX analysis (Table S2) yields a carbon-to-Si ratio of 97.5(9):2.3(4)
and 97.0(1):2.9(9) at. % for positions 1 and 2, accordingly. In state-of-the-art Li-ion batteries,
silicon is often added since it offers a high theoretical capacity of 4212 mAh/g, which is
over 10 times the theoretical capacity of graphite (372 mAh/g). However, silicon undergoes
an extreme volume change between the delithiated and lithiated states, exceeding 300%.
Therefore, only small amounts of silicon are added to the common graphite anodes in cells
for mass market. Solutions like Sn-Si/graphite anodes are currently being investigated [62].

In the literature, the cathode material is stated to be LiNi0.80Co0.15Al0.05O2 [63]. How-
ever, in our EDX measurements, the transition metal-to-oxygen composition of the cathode
was determined to be LiNi0.84(6)Co0.15(4)O1.90(4) and LiNi0.85(6)Co0.14(4)O1.97(6) for areas 1
and 2, indicating a manganese-free cathode with a general composition of LixNi0.85Co0.15O2.
Performed ICP measurements further confirmed the absence of manganese, where weak
traces of aluminum in the cathode were found, attributed to the residual traces from the
aluminum current collector.

3.2.3. XRD-CT (Aged Cell, SOC = 100%)

The extracted graphite anode of the aged cell was found to be very brittle and ex-
tensively detached from the current collector, especially at locations close to the center
pin. In order to validate the observed ex situ XRDR characterization and to minimize
the effect of cell opening, the lithium distribution in the graphite anode was determined
non-destructively using XRD-CT. A new cell of the same type was chosen from the batch
and the identical cycling program was applied (see Figure S11 for details). Cycling with
a small current of 400 mA yields 2930 mAh of remaining capacity in the scope of rapid
cell aging/cycling so that the cell state is almost identical to the previous one in terms of
remaining SOH.

The in-plane lithium distribution was investigated with a spatial resolution of 1 × 1 mm.
A total of 14 planes with an offset of 5.0 mm were defined over the cell height of 65 mm.
A schematic configuration of the studied planes with respect to the cell volume is shown
in Figure 3a, with yellow rings representing the measured slices. The obtained in-plane
distribution of the lithium content (x in LixC6) in the graphite anode of the 21700-type
battery is shown in false color representation in Figure 3a (the corresponding pixel map
is presented in Figure S12). In accordance with the ex situ XRDR experiment, a reduced
lithium content of x = 0.552 in LixC6 is observed, which corresponds to a loss of active
lithium of ca. 23.7% in comparison to the fresh electrode. Despite the rather coarse spatial
resolution defined by the beam size of 1 mm in width, features of the cell layout, i.e., current
tab configuration, corresponding to “scheme 3” from Ref. [19] can be traced, which is also
in agreement with the results of the X-ray CT (Figure S8). The average lithium content of
the individual slices was calculated and is presented in Figure 3b as black dots together
with the standard deviation indicated by the grey area. Similarly to ex situ XRDR studies,
two local maxima with systematically higher local lithium content can be clearly identified.
The corresponding values and heights of the observed local maxima are ∼0.584 (x in LixC6)
at ∼10.5 mm height and ∼0.590 at ∼53.0 mm height (measured from the cell bottom).
The non-destructive analysis, which complements the ex situ experiment, shows that no
significant changes occurred to the graphite anode during cell opening. Furthermore, it is
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confirmed that the stronger degradation in the middle of the cell is not an individual cell
failure but a systematic phenomenon in the studied cell type.
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3.2.4. In Operando X-ray and Neutron Diffraction

In Figure 4a,b, neutron diffraction patterns collected at SOC = 0% and SOC = 100% of
the two fresh cells are displayed, respectively. The high covered angular range enables the
evaluation of the diffraction patterns using the Rietveld refinement method, which enables
a highly detailed phase determination. The observed and calculated intensities, along with
phase determination, are shown in Figure S13 a,b for SOC = 100 and SOC = 0, accordingly.
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For the refinement, the chemical composition (transition metal to oxygen) was fixed
to Ni0.85Co0.15O2, and the structural framework comprised of Ni/Co occupying the 3b
site and O, the 6c site [45]. Lithium was residing at the 3a site and its y occupation in
LiyNi0.85Co0.15O2 was refined. Two separate phases with different lattice parameters (cor-
responding to lower and higher lithiation grades) were needed to model the cathode
signal at SoC = 100% and SoC = 0%. At SoC = 100%, the lower (Li0.036Ni0.85Co0.15O2)
and higher (Li0.78Ni0.85Co0.15O2) lithiated cathode ratios (weight fraction) were deter-
mined as large as 76.79(1.91)%:23.21(1.89)% corresponding to the average lithium content
of Li0.208(7)Ni0.85Co0.15O2. At SoC = 0%, the following ratio 66.66(5.40)%:33.34(4.75)% of
Li0.912Ni0.85Co0.15O2 and Li0.948Ni0.85Co0.15O2 was obtained, leading to Li0.924Ni0.85Co0.15O2
average composition. The double-phase character of the cathode unambiguously reveals
its inhomogeneous lithiation, which is essentially higher at SoC = 100%. Unfortunately,
direct conclusions about the locality of lithium non-uniformities cannot be made on the
basis of the volume-averaged neutron diffraction experiment.

Furthermore, the improved localization capabilities of thermal neutrons compared to
X-rays when applied to lithium and/or carbon allow it to be a sensitive probe of the lithium
intercalated into the graphite anode. A lithium content of x = 0.855 in LixC6 in the fully
charged state was determined. For the sake of comparison, the XRD data characteristics
of SOC = 0% and SOC = 100% are presented in Figure 4c,d, accordingly. The different
nature of X-ray and neutron scattering entail differences in the diffraction signal from
XRD and neutrons. Neutron scattering is isotope-specific, and the diffraction signal using
neutrons is dominated by the contribution from the graphite anode, making carbon one
of the dominating scatterers in the studied battery type. X-rays interact with the electron
subsystem of the atoms, forming a tendency to scatter systematically more strongly on
heavier atoms. Therefore, the XRD signal from the studied batteries is dominated by the
heavier elements, e.g., Ni, Co, Fe, Cu, etc. Nevertheless, a good separation of the 001 LiC6
and 002 Lix<0.5C6 peaks from other phases and an excellent signal-to-noise ratio enables
qualitative analysis of the lithium concentration in the anode from XRD. Thus, a lithium
content x = 0.802 was determined in the fully charged anode LixC6 using in operando
XRD. This is slightly above the average value determined from the XRDR data but can be
attributed to the local character of the in operando XRD measurement, where areas with
systematically low lithium content at the edges of the electrodes were not probed. From the
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in operando data shown in Figure 4e, one can clearly see a structural response of battery
electrodes on the lithium extraction and lithiation.

4. Conclusions

A combination of electrochemical characterization with X-ray CT, ex situ synchrotron-
based XRDR, in operando XRD, XRD-CT and NPD was applied to study the cycling
stability and structural uniformity of cylinder-type Li-ion cells of 21700-type based on Ni-
rich|C-Si chemistry. A rapid cell degradation was observed, where four well-pronounced
“regimes” of cell degradation can be identified and found supplemented by anomalies in
the voltage profiles. Internal resistivity of the cells was found gradually increasing with
the cycle number. Besides this, a correlation with the maximum temperature on the cell
surface occurring during cell discharge was found. This was directly attributed to Joule
heating. Interestingly, the state-of-health also affects cell cooling, which is reflected in the
time constant of cooling displaying characteristic slopes in regimes “1”, “2” and “3”. The
observed effect can be attributed to heat conductivity mediated by the consequences of cell
degradation, e.g., by the passivation of the electrodes, etc.

A visual inspection of negative electrodes extracted from the “fresh” battery (when
fully charged) revealed a quasi-uniform lithiation of the stripe, except narrow regions
at the middle “width”, top/bottom and left/right edges of the electrode, which are the
regions of missing counter electrode. However, an inspection with XRDR did not show
a heterogeneous behavior, which can be attributed to a surface-related character of the
color change. Instead, aging resulted in strong heterogeneities of color distribution of
the lithiated anode, which was supplemented by the thickness-averaged fluctuations of
lithium concentrations over the electrode stripe length and width determined by XRDR.
Systematically lower lithium contents were observed in the fully charged aged graphite
anode, which was revealed in deviations from the “golden” state for the negative electrode
in the pristine state. The ex situ observations of lithium heterogeneities in aged cells were
confirmed by non-destructive XRD-CT, showing qualitatively and quantitatively a similar
character of lithium distribution, which points to a systematic nature of the observed
anomalies. However, the exact reason for the special shape of the lithium distribution is still
unclear, as the lithium distribution is the final multiplication result of various parameters.,
such as current density, temperature, gas release, electrolyte wetting, losses of active
electrode material and lithium inventory, etc. The special shape of “lithium isles” could be
the result of a sweet spot of current distribution, temperature, pressure, etc. either alone
or in combination at these cycling conditions. Their accurate description would require a
consolidated experimental and theoretical effort, enabling an unambiguous description
of the parameter space and accurate prediction of the lithiation behavior of lithium-ion
batteries and their projected degradation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/batteries10030068/s1, Figure S1: Exemplary image of an INR21700-
48G cell built into the potentiostat and connected with a temperature sensor; Figure S2: Exemplary
diffraction patterns of the XRD experiments; Figure S3: Exemplary reconstructed diffraction pattern
of the XRD-CT experiment; Figure S4: Experimental capacity retention and maximal temperature
recorded during cell cycling; Figure S5: Typical temperature profile and evolution of time decay
constant; Figure S6: Incremental capacity plot correlated with in operando X-ray diffraction; Figure S7:
Differential thermal signal from fresh and aged batteries; Figure S8: Schematic 3D reconstruction
of the cell interior; Figure S9: Histograms of the lithium distribution of the XRDR experiment;
Figure S10: SEM characterization of battery electrodes; Figure S11: Aging profiles of three identical
INR21700-48G lithium-ion cells; Figure S12: In-plane distribution of lithium content (x in LixC6) in
the graphite anode of the aged 21700-type battery represented as a heatmap; Figure S13: Rietveld
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