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Two high-power lithium-ion batteries of 26650-type adopting LiFePO4|C cell chemistry are non-invasively
characterized using electrochemical, thermodynamical, and diffraction-based methods. Their discharging and
charging behavior are probed using incremental capacity analysis and differential voltage analysis normalized to
the state-of-charge. Differential thermal analysis allows for a qualitative probe of the electrolyte subsystem in
both cells. Diffraction-based non-destructive characterization using both synchrotron and neutron radiation (in

the form of X-ray diffraction computed tomography and spatially-resolved neutron diffraction) reveals the state-
of-lithiation for cathode and anode materials in the fully-charged state at operando conditions. Electrochemical
characteristics, influence of cell geometry, and state-of-lithiation are compared and discussed, and their effect
and interplay are elucidated in detail.

1. Introduction

Rapid growth of electromobility put new focuses on the development
of lithium-ion batteries, where the most important aspect is safety.
Among the commonly used cathode materials such as lithium cobalt
oxide (LCO), lithium nickel manganese cobalt oxide (NMC), lithium
nickel aluminum cobalt oxide (NCA) and lithium iron phosphate (LFP),
the latter provides the safest chemistry [1], leading to an increasing
share of LFP batteries in the global battery market. Besides this, LFP
possesses extraordinary cycling rate capabilities, which enable high
peak currents, thus making them suitable for high-power applications, i.
e., for fast acceleration and kinetic energy recovery during deceleration.
Unfortunately, the theoretical achievable gravimetric energy density of
LFP (170 mAh/g) cells is below those of LCO (274 mAh/g), NMC (275
mAh/g) and NCA (279 mAh/g). Additionally, the operating voltage
window of typically 2.0-3.6 V for LFP cells is lower than the voltage
limits of 2.5-4.2 V for LCO/NCA/NMC. The choice of the cathode ma-
terial often defines the battery type and operation mode, e.g. LCO based
cathodes are frequently used in stretchable battery designs [2]. In
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contrast, LFP has been used for solid-state lithium metal batteries [3].
There is a steady trend towards increasing cell volume to reach higher
energy and power density in new cells by minimizing the ratio between
active and inactive cell material. This trend is reflected in the evolution
of cylinder-type cell standards in automotive applications from 18650-
type through 21700 and 26650-type batteries to 4680-type.

It has been shown for a series of 18650-type lithium-ion batteries,
that non-uniform distributions of cell characteristics such as current
density [4-6], and temperature [7,8] lead to an inhomogeneous usage of
the electrode materials [9,10] and, therefore, to unevenly distributed
lithium intercalation into the electrode materials [11-13]. The current
distribution (mediated by the current tab configuration) has been shown
to negatively affect the homogeneity of the electrode lithiation [11].
Spatially resolved diffraction methods are a powerful tool to investigate
these inhomogeneous lithium distributions [14-18]. Since larger format
cells potentially realize complex current and temperature distributions
[4,19,20], the geometry of the electrical cell layout influences cell
uniformity but has not yet been investigated.

The current study aims to non-destructively characterize and
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compare two commercially available 26650-type lithium-ion batteries
with different current tab configurations and to determine the unifor-
mity of their properties during real cell operation. Therefore, two fresh
cells are characterized using the capacity-voltage profile during dis-/
charging at low current rates. Incremental capacity (dQ/dV) and dif-
ferential voltage analysis (dV/dQ) are applied to characterize the
lithium-ion cells in terms of aging [21-24] and heterogeneity of elec-
trode phase transitions [25,26]. In addition to these studies, the elec-
trolyte subsystem is probed using differential thermal analysis (DTA),
which enables to qualitatively determine compositional changes of
electrolytes upon cell aging [13,27,28] and tortuosity of electrodes in
lithium-ion cells [29].

Finally, the assumed heterogeneous states of both cells are investi-
gated in a fully-charged state using X-Ray diffraction computed to-
mography (XRD-CT) to determine the lithium-content intercalated in
anode and cathode simultaneously. Since one of the cells shows strong
absorption of the synchrotron radiation, measurements are completed
using spatially-resolved neutron powder diffraction. Finally, an entirely
non-destructive characterization of the uniformity of large format
26650-type lithium-ion batteries is reported.

2. Experimental methods
2.1. Galvanostatic cell preparation

Two commercial lithium-ion batteries (cell 1 - ANR26650M1B from
A123 systems, cell 2 - K226650P01 from Emmerich) were cycled using a
Neware BTS4000 multichannel potentiostat for cell characterization.
The cells were discharged using a small constant current of 400 mA
(corresponding to approx. C/6) to the lower potential limit of 2.0 V.
Charging was carried out using a constant current of 400 mA to the
upper voltage limit of 3.6 V followed by a constant voltage charging at
3.6 V with a current cut-off of 20 mA. Between dis-/charging an open
circuit voltage phase was applied for 30 min to achieve cell relaxation
between the individual dis-/charge cycles. Charging curves were eval-
uated to characterize the electrochemical behavior of both cells using
incremental capacity analysis (ICA) and differential voltage analysis
(DVA). In order to compensate for the different capacities of the cells,
the capacity was normalized to represent the state-of-charge (SOC) of
the cells.

2.2. X-ray computed tomography (CT)

Details of the cell layout (internal cell geometry and morphology)
were studied using X-ray computed tomography with a phoenix v|tome|
X s 240 tomography scanner. An integrated direct tube with an accel-
eration voltage of 130 kV and current of 100 pA was used for X-ray
generation. Data was collected using a 2D high-resolution amorphous
silicon detector (200 x 200 mmz; 1000 x 1000 px) in cone-beam ge-
ometry. Using a multiscan approach implemented in the CT measure-
ment system, the cell bottom, center and top were measured separately
with little overlap to achieve improved magnification to an effective
voxel linear size of ~ 39 ym. In total, 1001 projections over the full
angular range of 360° were collected, where every projection was the
average of 3 single exposures of 2000 ms duration. Reconstruction was
performed using phoenix datos|x software for the initial state and X-AID
software for the cells after cycling. The reconstructed slices of the in-
dividual heights were merged using ImageJ [30]. VGStudio Max and
ParaView [31] were used for the final visualization, including color
coding of the different cell materials.

2.3. Spatially-resolved neutron powder diffraction
Spatially-resolved neutron powder diffraction was performed at the

engineering diffractometer SALSA (Institut Laue-Langevin, Grenoble,
France) [32]. The experimental procedure followed the previously
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described experiment [11]. The monochromatic neutron beam with a
wavelength of 1 =1.66 A obtained from the (400) reflection of the Si
monochromator was shaped to a cross-section of 2 mm in width and 10
mm in height in front of the sample using instrumental optics. Data
collection was performed at mid-height perpendicular to the cylinder
axis. The gauge volume was defined by the incident neutron beam
together with a radial oscillating collimator with a 1 mm horizontal
field-of-view in front of the detector, which defined the horizontal cross-
section. In addition to in-plane characterization, comprised of differ-
ently oriented gauge volumes, a single gauge volume was selected and
scanned at various heights. A 2D position-sensitive microstrip detector
with an active detector area of 80 x 80 mm? (256 x 256 channels) at a
sample-to-detector distance of ca. 610 mm and a central scattering angle
of 26 deg. covering the angular range of ~ 24 — 31.5 deg. The exposure
time was in the range of minutes; however, for each gauge volume, the
exposure was adjusted depending on the position relative to the center
of the jellyroll. The 2D diffraction images were integrated into a con-
ventional 1D diffraction pattern and evaluated by the approach
described in [33].

2.4. X-ray diffraction computed tomography (XRD-CT)

X-ray diffraction computed tomography was performed at beamline
P02.1 of PETRA III synchrotron (DESY, Hamburg, Germany) [34]. The
incident synchrotron beam with a fixed photon energy of ~60 keV
corresponding to a wavelength of 1 = 0.20714 A was shaped to a cross-
section of 1 x 1 mm?. 2D diffraction signal was acquired using a Perkin
Elmer XRD1621 CN3 - EHS detector' located at 1976.5 mm sample-to-
detector distance. The detector was positioned so that 90 degrees of
the Debey-Scherrer rings were covered by the detector area, i.e. the
direct beam illuminated the lower right corner. Therefore, the measured
scattering angle range could be enlarged. A diffractogram was obtained
by the summation of 10 single exposures, where each exposure had a
length of 1 s. In between the perpendicular scans, a dark image was
acquired. The scanning procedure was similar to the one reported in
[35]. The obtained set of diffractograms comprised 31 translation steps
perpendicular to the beam direction/axes over a width of [—15.5:15.5]
mm and 31 rotations steps covering [0:180] deg. Data collection was
performed at the mid-height of both cells and at the top/bottom of cell 1.
The obtained set of 2D diffraction images was integrated into 1D
diffraction patterns using PyFai software [36]. Finally, the integrated
diffraction patterns were used as input for the reconstruction using the
filtered back projection algorithm embedded in TomoPy [37].

Intensities of the 200 LiFePO4 and the 200 FePOy, reflections were
analyzed to calculate the lithium content y in LiyFePO4 of the cathode,
and the 001 LiCg and 002 LiC;, peaks were used to estimate the lithium
content x in LiyCe of the graphite anode. An example of diffraction data
is presented in Fig. S1, and a detailed description of the calculation is
given in the supplementary information.

2.5. Differential thermal analysis (DTA)

Differential thermal analysis characterization was performed ac-
cording to the methodology reported in Ref. [13]. Measurements were
performed utilizing a closed-cycle refrigerator using the temperature
controller LakeShore 340. Cernox and platinum temperature sensors
were used to control the temperature of the cryostat and the sample.
Temperature regulation was achieved via the PID scheme, and He 4.6
was used as a heat transmitter.

The cylindrical 26650-type lithium-ion batteries and a copper cyl-
inder reference (height: 5.8 cm; diameter: 0.8 cm; weight: 26.09 g)
sample were cooled and heated within the temperature range of 100 K to
310 K at a constant temperature ramp of 0.5 K/min. A pair of PT1000

12048 x 2048 pixel 4 200 x 200 pm?.
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temperature sensors were attached to the metallic surface of the cell, and
a copper reference was used to record the temperature throughout the
temperature ramp of the cryostat. Finally, the reference temperature
was subtracted from the sample temperature to obtain a differential
signal, reflecting the first-order phase transitions of the liquid electrolyte
of the studied batteries. Although the DTA signal is independent of the
SOC, measurements were usually performed in the fully-charged state.

2.6. Electrochemical cycling

The two LFP cells were cycled at room temperature with the same
normalized conditions using a Neware BTS4000 potentiostat. The cells
were cycled in the full voltage window of 2.0 V-3.6 V using a discharge
current rate (C-rate) of 7.5C (cell 1: 18.75 A; cell 2: 19.5 A) and a
charging C-rate of 1C (cell 1: 2.5 A; cell 2: 2.6 A) with an additional
constant voltage phase at 3.6 V with a cut-off C-rate of 1/50C. C-rate was
chosen as a tradeoff between available current of the potentiostat (20 A)
and the capacity of the cells (2.5 Ah for cell 1 and 2.6 Ah for cell 2),
which calculates as 20 A/2.6 Ah ~ 7.5C. The absolute currents lie quite
below the maximal allowed currents of the cells of 50 A for cell 1 and 42
A for cell 2. For cell 1, a fast charging was given with 10 A to 80 % SOC.
As SOC is state-of-health dependent and was intended to change dras-
tically, the authors decided to stay on the safe side with the recom-
mended C-rate of 1C. After every 50th cycle, a characterization cycle
was applied using a lower C-rate of 1/5C for discharging and charging.
These characterization cycles were then again used for ICA and DVA
evaluation. Cycling duration was defined via the typical degradation
stages given in ref. [38], i.e., cells were cycled until they went through
the acceleration and stabilization stage and reached the saturation stage.
This procedure ensured an advanced aging state of both cell by simul-
taneous good comparability of the cells.

2.7. Optical measurement of cell deformation

A Keyence TM-X5065 optical micrometer was used to measure the
external expansion of the investigated lithium-ion batteries. Cells were
glued on top of an aluminum pin giving access to the cell surface. The
cell was centered with respect to the field-of-view of the optical
micrometer on top of a goniometer head and a rotation stage. Cell
rotation and triggering of image capture were controlled via NICOS
software [39]. The cell expansion was measured by taking 1000 images
over 360° rotation and determining the cell edges by fitting a Boltzmann
edge function to each side of the cell. Final visualizations were per-
formed using ParaView [31,40] and ImageJ [41] software packages.
Results of the optical measurements given in this work are stated as
radii, i.e. the distance of the surface point to the rotation symmetry axis
of the cell.

3. Results & discussion

The design of cylinder-type cell 1 and cell 2 is based on the electrode
rollover. Their larger diameter, along with the relatively thin electrodes,
would imply increasing cell heterogeneity when compared to high-
energy 18650-type cells. To verify this assumption, the cell uniformity
of both cell types was non-destructively studied using a combination of
several complementary approaches.

3.1. General characterization (dSoC/dV; dV/dSoC; DTA; cell geometry)

3.1.1. Incremental capacity analysis
Electrochemical cell characteristics were obtained from galvano-
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static characterization. Obtained cell capacities (2480.5 mAh for cell 1
and 2347.1 mAh for cell 2) agree with typical values in 18650-type cells
adopting LFP|C cell chemistry.? Obtained capacity values were used to
determine state-of-charge (SoC) 100 %. The normalized charging profile
(cell potential V vs. SoC) is plotted in Fig. 1b for cells 1 and 2. Details of
the charging profile resemble the typical LFP|C cell behavior, showing a
series of characteristic voltage plateaus. Qualitatively similar charging
profiles for cell 1 and cell 2 were observed; however, the profile for cell 2
is shifted systematically towards higher potentials and/or lower SoC
compared to cell 1. Since the applied current rates were identical, the
observed shift towards higher potentials can be attributed to a higher
internal cell resistance [42]. An estimation of the internal resistances for
both cells (using the direct current resistance R = AU/AI, where AU
corresponds to the voltage increase 10 s after the beginning of charging
and Al to the charging current) yields R;; = 54.5(2) mQ and R;; =
137.7(2) mQ for cell 1 and cell 2, respectively.

Differential analysis of the normalized charging profile yields dSoC/
dV (corresponding to incremental capacity analysis - ICA) and dV/dSoC
curves plotted in Fig. 1a and c. The differential SoC plot is represented
by three characteristic plateaus marked as @, @, and ®, which can be
directly associated with the intercalation in LFP|C cell chemistry. Since
the LFP-cathode undergoes only one phase transition from the lithiated
lithium-iron-phosphate to the delithiated iron-phosphate, the potential
curve of LFP is flat. Therefore, it does not contribute any peaks to the IC
curves [42,43]. The latter peaks are primarily originating from the
different lithiation stages, that the graphite anode undergoes during
charging from pure graphite to the fully lithiated stage I (LiCg), i.e.
plateaus represent the following transitions: plateau @ graphite — stage
4 (LiCyp), plateau @ stage 3 (LiC3g) — stage 2 L (LiCy2) and plateau ®
stage 2 (LiC;2) — stage 1 (LiCg) [42,44,45]. Besides the position of the
peaks, the width may yield qualitative statements about cell homoge-
neity [25].

The increased internal resistance is nicely represented by the clearly
distinguishable shift of the plateaus @, @ and ® towards higher po-
tentials. Observed voltage differences: AU = 21.3(8) mV, AUg =
31.1(2) mV and AUg = 27.7(3) mV corresponds to an effective differ-
ence in the internal resistance AR = 67.1(9) mQ, which is in good
agreement with the estimated DC-resistances. Systematically broader
peaks observed for cell 2 correspond to a wider coexistence of multiple
lithiation states in the graphite anode, i.e. the lithium distribution in cell
2 is assumed to be more heterogeneous than in cell 1.

Besides this, according to Ref. [42], the relative “height” of @ + ®
peaks reflects the active lithium inventory. Thus, nearly equally
“intense” @ + @ peaks in cell 2 correspond to an almost full lithiation of
the graphite anode (attributed to domination of stage 1) in cell 2. For cell
1, a particular discrepancy in the “intensity” of peaks @ + ® is
observed, where higher intensity of signal @ indicated a lower degree of
lithium intercalation in its graphite anode. Observed discrepancies can
be associated either with initially lower anode lithium inventory or an
electrode balancing towards higher anode excess, which cannot be
accurately distinguished using ASoC/AV analysis.

Alternatively, the charge profile can be derived as AV/ASoC vs. SoC
and the corresponding curves are shown in Fig. 1c. Again, one can
resolve processes corresponding to plateaus @O, @ and ®. The phase
transition ® can be unambiguously attributed to stage 2 (LiC13) — stage
1 (LiCg) transition, which in a perfectly balanced cell should occur at
SoC = 0.5. Therefore, it is assumed that the balancing of cell 1 and cell 2
is made with a specific excess of the graphite material, which is sys-
tematically higher in cell 1 than in cell 2.

2 Cell capacity Q = 1100 mAh for 18650 type LFP|C cell was reported [9],

which yields f;i:giQ = 2497 mAh for 26650 type cell.
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3.1.2. Differential thermal analysis (DTA)

A lower available lithium inventory in the cell may influence the
electrolyte composition [12], resulting in changes in the differential
thermal signal. Acquired DTA-curves for both cells are shown in Fig. 2,
which qualitatively yield similar signals differing slightly in strength and
temperature dependence. Likely, a complex mixture of solvents is uti-
lized, as a series of three endothermic and one exothermic DTA signals
were observed in the region of 200-260 K. Such observed thermal signal
has been found similar to previously reported M1A 18650-type cell
adopting LFP|C chemistry of the same manufacturer (please refer to
suppl. Information section in ref. [13]), which permits to assume a
similar (but undoubtedly non-identical) electrolyte composition in these
cells, also slightly differing in the filling amount. The composition of the
electrolyte in cell 1 was determined in ref. [46] as a mixture of con-
ducting salt LiPFg, ethylene carbonate, propylene carbonate, dimethyl
carbonate, and ethyl methyl carbonate in a ratio of 30:10:30:30. Based
on this, lower available lithium inventory in cell 1 can be attributed to a
higher graphite excess.

3.1.3. X-Ray computed tomography

The cell layout, i.e., electrode thickness, current tab distribution, and
length, was probed non-destructively using laboratory X-ray computed
tomography. Both cells apply a multi-tab approach, using 4 tabs on each
electrode. Besides this, cell 1 and cell 2 display specific differences in
their design. For example, cell 1 (Fig. 3a) is built using short current tabs
of ca. 6.1 mm length (9.3 % of tot. height) connected at the bottom
(anode, blue) and ca. 6.3 mm (9.7 % of tot. height) at the top (cathode,
red). The four current tabs in cell 1, either at the anode or cathode side,
are positioned so that they form a nearly straight line from the center to
the cell housing. The anode current tabs are located at 11.5 %, 35.8 %,
61.3 % and 85.5 % relative length of the electrode stripe and the cathode
current tabs at 12.0 %, 37.0 %, 64.3 % and 88.2 % relative length, thus
being closest to “scheme 4” of electrode connection [11] supplying high
power density. This is supported by the relatively thin electrode stack
thickness of 276.8 pm. In general, numerous similarities in terms of
current tab length, current tab position, electrode thickness between cell
1 and the 18650-type cell [9] from A123 systems were observed. In cell
2 (Fig. 3b), the four current tabs of the anode and the cathode are located
at (anode: 17.8 %, 36.7 %, 62.0 %, and 80.3 %; cathode: 12.1 %, 36.9 %,
62.4 %, and 78.9 %) relative length of the electrode stripes without an
apparent geometry with respect to their radial or angular position. Each
tab extends over the entire height of the electrodes. Such cell design is
somewhat unique, i.e., no comparable current tab distribution and
length can be found among a series of 18650-type batteries [11]. Again,
the four current tabs at each electrode and the thickness of the full
electrode stack of 276.4 pm unambiguously point out its potential for
high-power application, likewise cell 1.

Both cells inhibit a total number of 39 windings of the electrode stack
around the cell center, which was determined along with the thickness
of the electrode stack by the distance of the copper current collectors,
which are visible in the insets of Fig. 3. Unfortunately, the resolution was
not high enough to resolve each individual electrode material.

Virtual vertical cuts through the center of the cell (shown in Fig. §2)
identify the electrolyte level in cell 1, whereas no such feature is seen in
cell 2. This would further support the assumption of higher electrolyte
excess in cell 2, as the whole center pin is filled with electrolyte and not
partially as in cell 1 and therefore display no contrast change at the
center pin.

3.2. Lithium distribution in fully lithiated graphite anode

The lithium distribution in commercial 18650-type lithium batteries
is dependent on the current tab configuration [11], where systematically
less lithiation is observed at the location of current tabs and the begin-
ning/end of the anode stripe. Similar to these observations from
Ref. [11], distinct lithium distributions can be projected for cells 1 and 2
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based on the observed design of the current tabs. The uniformity of the
lithium distribution inside the electrodes was probed using a series of
diffraction-based spatially resolved characterization tools.

3.2.1. X-ray diffraction computed tomography (XRD-CT)

The local lithium content in the positive and negative electrodes of
the studied cells (x in LiyCe¢ and y in LiyFePO4) was probed non-
destructively using XRD-CT. Studies were carried out on fresh cells in
fully charged state, and the in-plane lithium distribution was probed at
mid-height. The obtained lithium concentrations are shown in false
colors in Fig. 4a for the anodes and Fig. 4b for the cathodes with cor-
responding distribution histograms in Fig. S3.

A similar lithiation degree of the anode is observed: the plane-
averaged lithium content in the graphite anode x in LixCg¢ for both
cells was determined to be x = 0.91(5) and x = 0.91(8) in cell 1 and cell
2, respectively. However, different lithium distribution degrees were
stated for cells 1 and 2. Thus, in cell 1, the in-plane Li distribution in the
lithium content along the graphite anode stripe was relatively uniform,
comparable to cell #34 from Ref. [11]. Cell 2 clearly shows residues of
current tabs on its lithium distribution profile, displaying remarkable
deviations from the mean values at the current tab locations. Ring-like
features with systematically lower lithiation were observed at the po-
sition of the current tabs, towards the center pin and cell housing
(similar to findings in Ref. [11]). Indications of heterogeneous lithium
distribution are also present in the distribution histograms of both cells
(Fig. S3). Where a sharp peak is observed in the data of cell 1 (corre-
sponding to a uniform lithium distribution), whilst for cell 2 such peak is
sufficiently smeared out, pointing on a more heterogeneous lithiation of
the anode.

The averaged in-plane lithium content y in LiyFePO4 cathode has
been determined as y = 0.09(8) and y = 0.03(9) for fully-charged cell 1
and cell 2, accordingly. Observed lithium distributions in anode and
cathode are complementary, i.e., at areas with lower lithium concen-
trations in the anode, the lithium content in the cathode is higher and
vice versa. In contrast to the anode, in cell 1, the lithiation of the cathode
displays a weak gradient along the electrode stripe from the cell center
towards the cell housing, showing systematically higher lithium con-
centrations at the electrode part closer to the outer edge. For cell 2, the
location of the current tabs at the anode (displaying the systematically
lower state of lithiation) is characterized by the higher lithium contents
at the cathode side. Comparing the lithium distribution of cell 1 to
18650-type LFP|C cell #34 in Ref. [11], one can state that the multi-tab
approach in cell 1 was successful in smoothing out the edge in-
homogeneities present in the single-table 18650-type LFP|C battery [9].

Based on the observed differences between x and y in cells 1 and 2,
one can introduce an “exchange” or “activity” map A defined as A = x-y
reflecting the local “usage” of the electrode materials, i.e. the degree to
which its potential capacity is utilized. Mean in-plane electrode “usage”
is determined for cells 1 and 2 as A = 0.83(8) and A = 0.88(2), showing
that cell 2 is potentially more “stressed” during cycling (when compared
to cell 1). In such a way, quantified electrode stress degrees may directly
impact the cell life. To assess the spatial information, the deviation of A
from its median is presented in Fig. 4c for both cells. Plotted distribu-
tions reveal the “exchange” parameter A homogeneously distributed
over the mid-plane of cell 1, while cell 2 displays more substantial de-
viations with systematically lower activities occurring at every current
tab location. Positions with higher activities A display the highest
accommodated stress during cell cycling, leading to faster material
degradation and, correspondingly, shorter lifetimes. Based on the above-
mentioned, it can be stated that despite the initially higher cell 2 ca-
pacity, the extended local cell “usage” would lead to faster degradation
of cell 2 compared to cell 1.

The obtained resolution of 1 x 1 mm? of the XRD-CT measurement is
obviously insufficient to resolve individual layers of the electrode jelly
roll. Therefore, a tracking of detailed lithium distribution of the indi-
vidual electrode layers with high spatial resoltuon as reported in
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Fig. 3. Non-destructive X-ray CT characterization: 3D reconstruction of layouts for cell 1 (a) and cell 2 (b). Current tabs at positive and negative electrodes/current
collectors are presented in blue and red, respectively. The radial line profile is obtained from a slice through the cell at middle height. This 1D profile reveals a gray
scale pattern, indicating the electrode stack thickness. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

previous literature [9,14,15,17] was not possible. Microscopic effects
like the influence of electrode delamination, particle cracking etc. are
not visible with such low resolution. Nevertheless, the resolution is
sufficient to resolve gradients occurring at a macroscopic length scale of
the cell dimension, i.e. cell aging mechanisms like reduction of inter-
calated lithium. To investigate challenges on a microscopic scale,
smaller beam sizes are required, which leads to a larger number of
translation/rotation scans, causing an enormous increase in beamtime.
Besides the reduction in exposure time, capable of compensating for a
large number of translation/rotation scans by using brilliant synchro-
tron sources, one could region of interest diffraction computed tomog-
raphy measurements, which could potentially achieve high (sub pm)
spatial resolution on a field of view covering a thickness of electrode (e.
g., 100 pm).

To check for the influence of the short current tab length for cell 1,
the XRD-CT data were collected at two more planes (above and below
the middle). Corresponding lithium distributions for x and y in Li;Ce and
LiyFePO,4 and the “activity” distribution are shown in Fig. S4, along with
their plane-averaged profile over the height of cell 1 in Fig. S5. Lithium
distribution in the LFP cathode has been found quasi-independent of the
cell height, whilst the anode displays pronounced height dependence,
showing generally lower lithiation at the cell top and bottom and the
amount of intercalated lithium systematically higher at the current tab
location. Comparing the lithium distributions at different heights con-
firms the height gradient of lithium distribution. The observed pecu-
liarities can be directly attributed to lower electrode usage at the cell
top, potentially enhancing lifetime and faster lithium exchange in cell 1.
However, due to beam time limitations, no detailed height scans could
be performed, and this needs to be addressed in the future.

3.2.2. Spatially-resolved neutron powder diffraction

Coherent elastic neutron scattering was used as a probe to gather
information about the lithium content in the graphite anode in the
center of cell 1. Due to nuclear interaction character, the penetration
depth of thermal neutrons is higher than that of high-energy X-ray

photons interacting with the electron shells of the atoms. The lithium
distribution x in the lithiated graphite anode LixCg in the mid-plane of a
fully charged 26650-type battery was derived from a spatially resolved
neutron diffraction dataset and is shown in Fig. 5 along with the cor-
responding distribution histogram as inset. The average lithium content
X in LixCe is determined to be x=0.88(6), which agrees with the average
value from the XRD-CT experiment. The experimental findings from the
XRD-CT experiment with a plateau-like lithium distribution and no in-
fluence from the current tabs can be confirmed. Furthermore, the
plateau-like behavior is even more pronounced towards the cell center,
with a steep decrease near the center pin. The homogeneous lithium
distribution can be identified best in the distribution histogram (inset in
Fig. 5). A sharp peak in the histogram with a center at x = 0.95(2)
corresponds to the plateau (as proposed in Ref. [11]) along with a small
tail towards lower values originating from the outer and inner cell re-
gions, confirming the homogeneous lithium distribution in cell 1.

Besides the in-plane characterization, a “gauge” volume scan at
various heights was performed. The obtained height-dependent lithium
content within the chosen gauge volume is displayed in Fig. S5 and
shows a pronounced height distribution of lithiation (similar to that
reported in Ref. [33]). This could either be attributed to the current
distribution across the “width” of the electrode stripe or a missing
electrode coating due to the current tabs at top and bottom.

3.3. Cell aging

To characterize how these differences (cell geometry, electrolyte
filling, lithium heterogeneity) affect the aging behavior, the cells were
cycled as described in Section 2.6. DTA and X-ray CT measurements
were repeated afterwards. By comparing the cell capacity over the
number of cycles in Fig. S7, one can see that cell 2 displayed a signifi-
cantly shorter cycling lifetime (end at approx. 600 cycles) compared to
cell 1. Fast degradation already takes place during the first 125 cycles,
where a fast capacity loss between cycles 30 and 70 can be seen with a
subsequent change of slope between cycles 70 and 125, which results in
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a total capacity increase of 24.7 mAh between cycles 70 and 125. After
this slight increase, the capacity drops rapidly to 908.5 mAh (i.e. 40 % of
initial capacity) after only 611 cycles. Cell 1, however, shows an ex-
pected regular three-step capacity decrease as described in literature
before [38,47,48].

The observed capacity fading is complemented by charge profile
changes, reflected in the deviations between state-of-health dependent
ICA and DVA indicators (shown in Fig. S8 for cell 1 and Fig. S9 for cell 2,
as determined for the check-up cycles). The voltage profile obtained
during the cycling of the cells represents only the average behavior of
the complete electrode material. As there is a wide variety of aging
mechanisms with complex interplay [47,49], individual and local
degradation cannot be determined with DVA and ICA. Nevertheless, a
more general statement regarding the aging of the cells can be made.
Standard features can be identified in the fading behavior of cell 1 and
cell 2: first, the peaks in the DVA data shift to higher values, resulting
from an increasing internal cell resistance; second, the intensity of the
second and especially the third peak is decreasing with increasing cycle
number. This corresponds to a lower lithiation degree, i.e., LiC;5 and
LiCg formed during charging, and accordingly reflects the loss of active/
movable lithium in the cells. In cell 1, the peak width remains almost
unchanged, unlike cell 2, where the peaks display a distinct systematic
broadening. This observation can be attributed to a more homogeneous
lithiation of cell 1 (with a precise sequence in the phase formation
during graphite lithiation), while in cell 2, a coexistence of many
different lithiated graphites is expected at any given SOC. These con-
clusions are supported by the ICA data, in which characteristic peaks are
shifted towards higher SOCs. This indicates that the formation of the
lithiated graphites starts at higher SOC and, therefore, leads to the for-
mation of a smaller amount of higher lithiated phases overall.

DTA measurements were repeated after the cell cycling, where the
remaining capacity for both cells was at about the same level (Fig. S10).
The DTA data of the aged cells display similarities (as in the fresh state),
potentially indicating a similar character of electrolyte aging/degrada-
tion (SEI formation, function of additives, etc.). In the aged state the
observed signal from cell 2 is again higher than the one from cell 1,
attributed to a higher amount of electrolyte. Before and after the cycling,
the electrolyte level remained the same in cell 1, as revealed by vertical
cuts through the reconstructed cell volume (Fig. S2). Based on this, the
observed changes (and similar to the observations in Ref. [13]) in the
DTA signal can be assigned to the consumption of additives, conducting
salt, etc., and not of the organic solvents themselves.

During the dis-/charging of a LIB, lithium-ions are exchanged be-
tween the cathode and anode, supplying a mass/ionic transport between
the electrodes and leading to modifications in the crystal structure
(primarily the lattice dimensions) of the electrode materials. Structural
changes on the nanometer level lead to macroscopic changes in LIB di-
mensions, i.e., ,,cell breathing*, which reflects the cell SOC. Extensive
cell cycling induces dynamic changes of LIB dimensions, which can be
divided into reversible (SOC-dependent) and irreversible (typically
SOH-dependent) parts. Irreversible changes in the cell/electrode
arrangement are becoming increasingly important as they affect the
performance and safety of LIBs. X-ray CT unambiguously revealed
changes in the cell interior after the electrochemical cycling. Recon-
structed images at the top, middle, and bottom of the aged cells are
shown® in Fig. S11. In cell 1 (when comparing fresh and aged states),
three kinds of geometrical degradations can be stated:

- the initial empty gap between the electrode jellyroll and the center
pin decreased; as well as the gap towards the cell housing

3 Note: a common cell 1 was used in all measurements, whilst cell 2 was
represented by several cells from the same batch - used in the other
measurements.
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- certain deformations and delamination of the electrode stack took
place at the position of the inner anode current tab along the entire
cell height;

- a small ring of delaminated electrodes occurred at the position of the
negative current tabs towards the cell housing.

In agreement with the location where the ring of delaminated elec-
trode material is observed, the radius of the cell housing has increased.
This means that the cell housing has undergone an inelastic deforma-
tion. This effect was further probed using optical micrometry on fresh
and aged cells. Deviations of the cell radius are presented in false color
for different cell orientations in Fig. S12. Here, the localized ring of
increased cell radius (ca. 100 pm) can be identified. The thickness of the
cell mandrel was determined to be 322 + 8 pm made out of a different
material from the top and bottom parts, which may also influence the
expansion behavior of this cell. and 334.5 £+ 19.5 pm.

When compared to cell 1, the mechanical degradation of cell 2 was
found to be more pronounced: the gap between cell housing and elec-
trode spiral increased, accompanied by a substantial reduction of the
empty space in the center of the cell. The deformation of the jellyroll is
substantial and most significant at the inner anode current tab, but the
missing center pin facilitates cell deformation throughout the complete
cell radius and height, leading to bent and displaced current tabs.
Furthermore, the current tabs at both the anode and cathode change
their positions in the cell, indicating a twist/shift of the electrode stripes
with respect to each other. Therefore, the observed deviations cannot
solely be attributed to the tab structure but could result from slight
deviations in the manufacturing process. In this case, the observed
substantial mechanical deformation of the cell jellyroll could be a reason
for the accelerated capacity degradation of cell 2. It is worth noting that
despite the considerable deformation of the electrodes towards the cell
center, the cell housing underwent nearly no deformation with
increasing cycle number (Fig. S13). The thickness of the mandrel was
determined to be 334.5 &+ 19.5 pm of steel, which is slightly thicker than
in cell 1. The finding of optical micrometry highlights the extreme
relevance of depth-resolved studies of LIBs.

4. Summary/conclusion

Two LFP|C high-power batteries of 26650-type were studied non-
destructively using various experimental characterization tools to
probe the uniformity of the battery components. Despite similar cell
chemistry and form factor, several differences were noticed, reflected in
the electrochemical behavior, cell layout, and lithium distribution.
Differences in charging profiles were observed and attributed to differ-
ences in cell balancing and the available mobile lithium. A similar
electrolyte mixture for both cells was concluded based on DTA mea-
surements. A non-destructive look into the interior of studied 26650-
type cells revealed essentially different layouts of the electrical
connection of the electrodes in the studied cells. A multi-tab approach
was realized in both cells with 8 current tabs per cell, four connecting
the positive and four connecting the negative electrode stripes. How-
ever, two different connection schemes were applied, as revealed by X-
ray CT, which seems to affect the lithium distribution in the cells.
Potentially advantageous current tab-free configuration was evaluated
and discussed, where an assumption about more uniform cell usage as a
source of increasing the cell lifetime has been made.

The cell aging of both cells has been investigated and discussed using
the above-mentioned techniques. Two significantly different cell life-
times have been observed, along with substantial mechanical deforma-
tion of the electrodes in the short-life cell observed with X-ray CT. On the
other hand, the first cell showed a slight deformation of the cell housing
in the region where the negative current tabs are located. Additionally,
electrochemical cycling data analysis hints at a more heterogeneous
lithium distribution in the short-life cell. Changes in the DTA signal were
similar in both cells after aging, corresponding to a similar aging
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behavior of the electrolyte components.

Cell-to-cell variations being present in the manufacturing of com-
mercial lithium-ion batteries is subject to current research and will un-
doubtedly influence the results of studies utilizing a limited number of
samples [50,51]. In this study, the number of single measurements was
bound to limited beamtime at large-scale research facilities (synchrotron
and/or neutron). Nevertheless, current results fit the overall picture of
expected lithium distribution, cell aging mechanisms etc. Another task
that has to be tackled in future works (but is considered to be out of
scope in the current manuscript) is the influence of different cell cycling
procedures stabilizing different cell aging [52]. To simulate the most
realistic aging behavior of batteries used in electric vehicles,
automotive-like conditions applying, e.g., WLTP/EPA protocols, would
provide more accurate results [53].

In summary, the inner structure of 26650-type Li-ion batteries was
successfully studied non-destructively, opening promising opportunities
for the characterization of larger-format cylinder-type batteries of 4680
or 4890 types, which are actively developed at the moment. The current
manuscript’s main unexpected finding was that the shape of the cell
housing does not reflect the deformation of the cell interior, indicating
the complex mechanical behavior of the jellyroll, creating the case for
the urgent need for spatially resolved, non-destructive characterizations
of the large format LIBs.
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