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ABSTRACT

The electrochemical aging of large-format pouch cells (LG E78 type) is systematically studied under varying external pressure. The

cells are cycled at high current while combining reference performance testing, direct current internal resistance measurements,

and temperature monitoring to track the degradation. Further synchrotron-based powder X-ray diffraction radiography measure-

ments of the cells are carried out in a fresh and aged state, resolving the spatial lithium concentration in the graphite anodes and
NMC cathodes. Cycling under external pressure strongly influences cycling stability, resistance evolution, and thermal behavior.
Without pressure, the tested cell shows the highest initial depth-of-discharge (DOD) but rapid capacity fade, accelerated resistance
growth, and elevated temperatures. Under pressure, the cells exhibit longer lifetimes and improved heat dissipation but also show

pressure-induced ionic transport limitations and pronounced lithiation inhomogeneities, including a ring-like lithium distribu-

tion linked to electrolyte redistribution and pore size reduction. It is shown that reduced pressure emerged as the most favorable
compromise, balancing structural stability, lithium homogeneity, and cycle life.

1 | Introduction

The rapid transition toward carbon neutrality and electrification
of transportation brought lithium-ion batteries (LIBs) to the cen-
ter of the global energy strategies. Since the commercialization of
LIBs by Sony in 1991, demand has increased rapidly, evolving
from applications in small consumer electronics to the dominant
technology in large-scale storage units for electric vehicles (EVs)
and stationary energy storage [1, 2]. This success builds directly
on their capability to deliver high energy density, long cycle life,
and efficiency, achieved by the use of nickel-rich layered oxide
cathodes and advanced graphite-based anodes, which form
the backbone of today’s commercial large-format cells [3-5].
Such achievement is based on laboratory-scale research, which

provided fundamental insights into LIB behavior. Small-format
cells, such as coin cells, three-electrode cells, and miniature
pouch cells, are commonly used to evaluate electrode materials,
interfacial phenomena, and degradation mechanisms [6-12].
These studies have provided valuable information on reaction
kinetics, structural evolution, safety, and the occurrence of aging
mechanisms, including lithium plating and electrode inhomoge-
neity [13-15]. Furthermore, experimental diffraction-based tech-
niques are crucial in resolving the degradation of LIBs by
focusing on the structural evolution of electrodes at the atomic
level [16-21]. While such systems provide critical material-level
insights, they often benefit from experimental advantages, which
do not always translate to larger, commercially relevant cells.
Thus, the scale-up from lab cells to large commercial cells, such
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as 4680 cylindrical cells or high-capacity automotive prismatic
and pouch cells, introduces numerous experimental and method-
ological challenges. Large-format cells display distinct electro-
chemical and mechanical characteristics due to their complex
internal architectures [22-25], resulting in increased heteroge-
neous current distribution [26-28], nonuniform lithiation [29],
internal mechanical stress [30], and differential heat generation
[31], which are less pronounced in small-scale studies. However,
cylindrical and prismatic cells often benefit from robust mechan-
ical casings that provide consistent internal pressure and
improved structural integrity. Pouch cells, in contrast, are more
flexible and lightweight, allowing for higher gravimetric energy
densities, which makes them attractive for automotive applica-
tions, where high energy density per unit weight and adaptable
module design are key requirements [32]. Their performance,
however, strongly depends on external mechanical stabilization,
making stack pressure a central parameter in both design and
operation. Previous studies have shown that mechanical pressure
can improve the contact between electrodes and separators, pre-
vent delamination, and enhance ionic conductivity, thereby con-
tributing to improved cycle life and safety [33-37]. However,
other reports have indicated a negative effect on the LIB perfor-
mance at excessive stack pressure [38-41]. Taken together, these
findings highlight that mechanical pressure has a nontrivial
influence and requires careful optimization to balance perfor-
mance, safety, and durability.

In this work, the pressure-dependent performance of large-
format commercial pouch cells (LG Chem E78) is systematically
studied. The E78 cell features an industrial-scale electrode design
and multilayer pouch architecture, making it a representative
model system for investigating mechanical effects under realistic
operating conditions. The investigations focused on long-term
cycling performance, lithium redistribution, and the evolution
of electrochemical resistance and temperature, utilizing a com-
prehensive set of techniques that included electrochemical
cycling, direct current internal resistance (DCIR) analysis, tem-
perature monitoring, and synchrotron powder X-ray diffraction
(PXRD) radiography. This combined approach enabled direct
correlation of macroscopic cell behavior with electrode-level
structural changes under defined mechanical constraints,
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thereby bridging the gap between laboratory-scale studies and
industrial applications.

2 | Experimental Section
2.1 | Studied Cells

A series of commercially available LIBs of pouch cell format
(LG Chem E78) was selected. The cells were like those reported
previously in Refs. [24, 25, 42]. The chosen large-format cells
(dimensions shown in Figure la -545mm long edge, 98 mm
width, and 9 mm thick, as reported in Ref. [21]) employ a nickel
manganese cobalt oxide (NMC) cathode and a silicon-free graph-
ite (Gr) anode chemistry [43]. In its fresh state, the cell displays a
nominal voltage of 3.67 V, a capacity of 78 Ah (rated at 25°C with
a 0.3°C charge current), and a delivered energy of 286 Wh. The
corresponding minimum gravimetric and volumetric energy
densities are 265 Wh/kg and 602 Wh/L, respectively [42]. The
cells’ interiors consist of a stacked electrode assembly comprising
20 double-sided anode sheets, 19 double-sided cathode sheets,
and 40 separator sheets, all arranged in a layered manner.
The stack is fixed with glue tapes and is enclosed in a laminated
polymer pouch [25].

2.2 | Electrochemical Cycling

The studied large-format pouch cells required special handling and
additional support during electrochemical cycling. All cycling pro-
cedures were performed at a controlled temperature of 25°C (£1°C)
within the test field of the KIT Battery Technology Center (KIT-
BATEC, Eggenstein-Leopoldshafen, Germany). A Basytec HPS cell
tester system (capable of supplying currents up to 200 A and oper-
ating within a voltage range of 0-6 V) was used. The pouch cells
were cycled within the full operational voltage window of 3.0-
4.2V. The cycling process consisted of a sequence of cycles, fol-
lowed by a subsequent reference performance cycle (RPC) protocol,
used to track the cell’s state-of-health (SOH).

The cycling sequence consisted of 200 individual cycles, each
consisting of a separate charge and discharge phase. The charg-
ing was carried out using a constant current-constant voltage

Spring Setup

Li-lon Pouch Cell

FIGURE1 | Battery cell dimensions in mm for an exemplary E78 cell (a) and the detailed schematic of the high pressure setup (1.2 bar) realized by a

spring-loaded mechanism acting on the top plate.

20f 11

Batteries & Supercaps, 2026

5UBD1T SUOWILIOD dARER1) 3|gedt|dde ay) Aq pausenob ake sajoie YO ‘8sn Jo sajn. Joj AriqiauluQ AS|IAN UO (SUORIPUOI-PUe-SW)WI0D AB|IM AReiq 1 pU 1 uo//:SANy) SUoRIpuOD pue sWwB | aUl &8s “[9202/70/62] Uo Ariqiauluo A1 ‘@1Bojouyae | In4 Iniisu| Bynsie Aq T6005202 1ed/200T 0T/I0p/wod A 1m Akelq puljuoadoine-Ansiwaydy//sdny woiy papeojumod ‘S ‘9202 ‘€2299952



(CC-CV) protocol: a 1C constant current (78 A) charge until
4.2V was reached, followed by a constant voltage phase at
4.2V with a cutoff current of C/20 (3.9 A). The discharge phase
was performed using a constant current of 2C (156 A) until the
voltage reached 3.0 V. After the completion of 200 cycles (fin-
ished at the charged state), an additional RPC was performed
to check the cell’s SOH, which was used to determine if the elec-
trochemical cycling should continue.

The RPC consisted of a series of characterizations: First, a slow
discharge was applied using a constant current of C/10 (7.8 A)
down to 3.0V to fully discharge the cell. Following this, the ref-
erence charge cycle was initiated with a constant C/10 current
until the voltage reached 4.2V, followed by a constant voltage
phase with C/20 limit. Subsequently, a constant discharge using
C/10 was applied again until the cell reached 3.0 V (this capacity
was used to measure the evolution of the SOH of the cells).
A series of DCIR measurements were conducted at defined
state-of-charge (SOC) levels of 10%, 30%, 50%, 70%, and 90%,
which were adjusted using an Ah-counter and a subsequent
relaxation time of 15min. DCIR characterization was carried
out by applying a pulse with a current of 1C (78 A) for 20 s, which
allowed the determination of SOC-dependent internal resistan-
ces. After the final DCIR pulse, the cell was fully recharged in
preparation for the next cycling sequence.

For cells adopting GrINMC chemistry, the end-of-life (EOL) cri-
terion is typically defined around 70%-80% SOH [44, 45], corre-
sponding to the transition from a linear degradation regime to an
accelerated and nonlinear degradation mode, often referred to as
the knee point [46]. In the current study, an SOH threshold of
80% was selected as the cutoff point for electrochemical cycling
to ensure consistency with the given literature EOL standards. In
total, three cells were cycled using this protocol, each under dis-
tinct pressure conditions, allowing for the comparison of their
performance across different mechanical environments.

2.3 | Setup Cycle Support

As mentioned above, electrochemical cycling was carried out
under three different mechanical pressure configurations, which
were applied to pouch cells taken from the same batch. In all
cases, the cells were cycled in the same orientation, with the elec-
trode sheets positioned horizontally relative to the ground. The
first was an “unconstrained” mode, in which the cell was cycled
freestanding without any support structure (top plate) and no
pressure applied (NP cell). The two “constrained” modes were
varied by the applied pressure levels: a low-pressure configura-
tion (LP cell) and a high-pressure configuration (HP cell). To
apply the mechanical load on the cells, a dedicated support struc-
ture was utilized, consisting of two polished aluminum plates
(each 10x 520 x 150 mm in dimension and 2.09 kg in weight)
and a silicone thermal interface pad (RS Pro, thickness of
1.5mm, thermal conductivity of 8.0 W/mK) attached between
the pouch cell and each aluminum plate (Figure 1b). The silicone
pads maintained electrical insulation, efficient thermal conduc-
tivity, and a uniform pressure distribution on the cell surface.
Different methods for maintaining low- and high-pressure con-
figurations were explored (Figure S1). In the low-pressure con-
figuration, the pouch cell was placed between two aluminum
plates with thermal interface pads, without any applied external

lateral pressure. The only applied load resulted from the top
plate’s own weight (approximately 0.0004 MPa). For the high-
pressure configuration, a clamping fixture was developed to
actively apply uniform lateral mechanical pressure and replicate
realistic battery pack conditions to the pouch cell. In this setup
(Figure 1b), a spring-based clamping approach is implemented,
commonly described in literature to simulate pack-level con-
straints [47, 48] and to ensure optimal cycling conditions
[49, 50]. The aluminum plates, positioned on either side of the
cell, were compressed by eight evenly distributed coil springs
(Compression Spring VD-339V-01) with a spring rate of
94.155 N/mm and an initial length of 90 mm. The springs were
radially supported by a shell-type spring carrier (Figure 1b). This
configuration provided a uniform mean contact pressure of ~1.2
bar (0.116 MPa) to the cell surface, with each spring applying a
force of 734.4N (detailed calculation in the Supporting
Information). This pressure is in addition to the load from the
top plate’s weight (approximately 0.0004 MPa). The pressure
range is consistent with similar cell-level clamping setups
(0.09-0.17 MPa [47-50]) and was set toward the lower end to pre-
vent overconstraining the pouch cell, while maintaining realistic
pack conditions. Minor pressure variations for the HP cell were
introduced by changes in cell thickness with the cells’ SOC
[51, 52]. Such a change affected the clamping pressure, which
increased to 0.122 MPa at SOC 100%, reflecting the mechanical
expansion of the cell thickness.

Furthermore, each fixture configuration was equipped with a
PT100 temperature sensor attached to the surface of the pouch
cell to monitor the cell’s surface temperature during cycling. For
the low- and high-pressure setups, a small edge was milled in the
base plate to embed/host the temperature sensor, while avoiding
any damage to the pouch cell and preserving the uniformity of
applied pressure.

24 | PXRD

High-energy PXRD radiography measurements were conducted
at room temperature at the P02.1 beamline (Figure S2) of the
PETRA III synchrotron, DESY (Hamburg, Germany). The experi-
ments were performed in Debye-Scherrer geometry using a
monochromatic X-ray beam with a beam size of 1x1mm?
The measurements were carried out over the course of several
experimental campaigns, adopting a similar measurement strat-
egy with minor variations between individual experiments. The
X-ray wavelength was A ~ 0.207 A (corresponding to 60 keV pho-
ton energy), while exposure times were fixed to either 5 or 10s
per diffraction pattern [53].

The beamline was operated in a high-resolution configuration,
with a sample-to-detector distance (SDD) ranging between
1.74 and 2.14 m. Two different area detectors were used during
the experiments: either a Pilatus 3X CdTe 2 M detector (Dectris)
with a pixel matrix of 1475x 1679 pixels and a pixel size of
172 x 172 ym?* or a 2D Varex XRD 4343CT detector featuring
2880 x 2880 pixels with 150 x 150 um?* pixel size. The detailed
instrumental parameters for each experiment are listed in
Table S1. The instrument calibration was performed prior to
the measurements using a LaBs SRM 660c standard reference
material. Data reduction was carried out by azimuthal integra-
tion using the pyFAI library [54, 55].
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The cells were mounted on a setup allowing 2D translation of the
large cell surface perpendicular to the synchrotron beam. To
ensure cell stability, each pouch cell was mounted between
two 10-mm-thick PMMA plates fastened together using eight
screws to increase mechanical stability and prevent damage to
the cell (Figure S2). The assembled cell support was attached
to an aluminum profile, further fixed to motorized translation
stages. The experimental setup ensured a stable, reproducible
and vibration-free scanning during the entire radiography
sequence. The PXRD radiography measurements were carried
out using varying step sizes in both directions across the full cell
area (Figure S2). The detailed step size and scanning grids used
are listed in Table S1.

All PXRD radiography measurements were conducted on cells at
100% SOC. After transportation, the pouch cells were connected
to a BioLogic VMP-300 potentiostat to recharge them prior to
measurement and prepare them for storage after the experiment.
Charging was performed using a CC-CV protocol at a C/3 cur-
rent rate, with a voltage limit of 4.2V and a cutoff current of
C/20. Following the radiography experiments, the cells were dis-
charged using a constant current of 1/3 C until reaching 3V. In
total, four PXRD radiography measurements were carried out at
SOC =100% on three different pouch cells. The unconstrained
cell was measured in both fresh and aged states, while the
two constrained cells (low and high pressure) were measured
only in the aged state. The relatively large dimensions and weight
of the pouch cells introduced challenges during installation and
alignment of them at the beamline. Even with precise positioning
using a dial gauge, slight tilts of the mounted cells relative to the
incident beam introduced small variations in the SDD, which
were traceable through the systematic shift of XRD peaks. An
initial SDD was determined with a standard LaBs (SRM660c) ref-
erence sample placed at the cell center, which was further used
for azimuthal integration of the collected diffraction patterns.
Minor systematic shifts in peak positions were observed across
the dataset, which were attributed to small changes in the effec-
tive SDD during the measurements. To correct for the minor sys-
tematic shifts in peak positions, the 111 Cu reflection was used as
an internal standard. Peak position was determined by using the
fit of the 111 Cu reflection to a pseudo-Voigt function. The devi-
ation of the SDD was calculated from the reference and local
positions of Cu reflection in transmission geometry (Equations
E5 and E6 in the Supporting Information) [17]. With the corre-
sponding deviation from the initial SDD, the angles in each dif-
fraction pattern were corrected individually, thus ensuring that
the diffraction angles accurately reflect the sample geometry
despite minor misalignments. Following this correction, selected
lithiated graphite reflections (001 LiC4, 002 LiCy,, 006 LiCs,
008 LiCy4y, and 002 graphite) as well as two cathode reflections
(003, 113) were fitted with pseudo-Voigt functions. The relative
lithiation of the anode was calculated primarily from the peak
areas.

3 | Results and Discussion

The implementation of different pressure regimes on large pouch
cells (Figure 1) clearly and unambiguously revealed an influence
on their performance and lifetime, directly traceable in the
recorded electrochemical data. As mentioned, cell cycling was

carried out using a protocol that combined a batch of 200 rela-
tively fast cycles with RPC checks in between. Distinctly different
cycling behaviors were observed for each cell, affecting the
reached DOD, capacity, cycle number, temperatures of the cell
during cycling, the corresponding internal resistances, and the
lithiation homogeneity of the electrodes.

3.1 | Cycle Aging Under Mechanical Pressure

Focusing solely on the voltage vs. capacity plots (Figure S3)
obtained during the RPCs gives the impression that the three dif-
ferent studied cells exhibit similar degradation. Systematic shifts
of the voltage curves toward lower capacities, accompanied by
corresponding increased/decreased charge/discharge voltages,
display that the major capacity utilization of the large pouch cells
occurs in a voltage window of 3.4-4.2 V. Analyses of incremental
capacity and differential voltage confirm the degradation in each
aged cell (Figure S4) with peak intensities decreased, shifted, and
progressively broadened, indicating structural and kinetic degra-
dation and decreasing homogeneous lithium distribution
[56, 57]. Neither additional shoulders in the DVA nor a shift
of graphite lithiation peaks toward higher capacities were
observed, indicating no silicon in the anode [58], which is in
agreement with Ref. [24].

However, despite a relatively similar degradation behavior on the
qualitative level, the rate of capacity fade has been found to be
different among the studied cells. Analyzing results from RPC
cycles revealed the fastest degradation for the unconstrained
NP cell, followed by the HP cell.

Slowest capacity fade and highest discharge energy throughput
(E= [V (t)I(t)dt) was observed for the LP cell (Figure 2a) over
the whole cycle life, with a similar reduction in SOH as the
HP cell up to ~200kWh of discharge energy throughput.
Afterward, the performance diverges: The HP cell shows accel-
erated capacity fade, whereas the LP cell shows a slower and
more stable degradation rate. However, focusing on the cycle
of the cells showed that the NP cell reached the cutoff SOH of
80% after 1000 cycles (Figure S5) with a total discharge energy
throughput of 127 kWh (charge energy throughput: 152 kWh).
Contrary, both “constrained” cells achieved significantly
extended cycle life, exceeding 8000 cycles. While the HP cell
showed a higher cycle number and lower total discharge energy
throughput of 663 kWh (charge energy throughput: 793 kWh),
the LP cell reached reduced cycle number but higher discharge
energy throughput of 856 kWh (charge energy throughput:
1019 kWh). In contrast to relatively “mild” reference cycles,
the “fast” cycling revealed the performance of the cells and their
degradation, different from the observed trends during the RPC
(Figure 2b). The achieved capacity of each cell is drastically
reduced (relative to the achieved capacity during the RPC),
resulting in significantly lower DOD values and influencing their
total cycle number. For the NP cell, the DOD is observed drop-
ping to < 60% and for the constrained cells to < 50%. This reduc-
tion is directly linked to the specific cycle parameters of real
cycling, which involve increased charging or discharging cur-
rents and variations in the applied external pressure.
However, all three cells display a similar three-stage evolution
of accessible DOD throughout cycling, characterized by an initial
reduction, a subsequent partial recovery, and a final linear
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FIGURE 2 |

Electrochemical performance of pouch cells cycled at different pressure conditions (NP, LP, and HP) showing (a) SOH capacity fade

(relative discharge capacity at C/10) during the RPC and (b) DOD capacity fade (relative discharge capacity at 2C) during high-rate cycling, together with
the evolution of (c) internal resistance and (d) corresponding maximum cycle temperature during high-rate cycling as a function of discharge energy
throughput. Asterisks mark the position of restart of cell cycling after 8 days due to an unplanned software update.

decrease of the DOD toward the EOL. While this sequence is
qualitatively consistent across the cells, the extent and timing
of the processes differ substantially. The NP cell exhibited the
most pronounced initial fade and recovery, reaching the highest
accessible DOD under real cycling conditions.

On the contrary, the LP and HP cells show lower achieved DOD
with smoother fade and a shifted recovery. Consequently, the
reduced accessible DOD at high-rates and under varying pressure
directly limits the storable (charge) and deliverable (discharge)
energy per cycle (Figure S6), with lower discharge energies per

cycle, reducing their round-trip energy efficiency (n= Egﬁ)
charge
However, the observed variation in the DOD during cycling can
be directly translated to the achieved cumulative discharge energy
throughput and cycle number. Furthermore, a reduction in the

DOD for each cell was observed for the first cycles after each RPC.

Thus, the absence of external pressure can increase the energy
throughput per cycle but results in rapid degradation and a
reduced lifetime. In contrast, applying external pressure signifi-
cantly extends the cycle life of the studied cells and enhances
cumulative energy throughput, with low pressure (LP cell) pro-
viding a compromise between accessible DOD, stability, and
long-term performance.

The observed behavior of cell capacity can be attributed to the
change in internal resistance of the different cells during electro-
chemical cycling. Internal resistance was evaluated using two
complementary approaches: DCIR measurements (1C, 20s) dur-
ing the RPCs (Figure S7) and apparent DC resistance extracted
from the initial voltage drop (2C, 10 s) under high-rate cycling con-
ditions (Figure 2c). In both cases, the resistance Rpc was calculated
based on Ohm’s law (Rpc = AV/AI). Extracted RPC resistances
have been found to be dependent on the SOC of the cell, with
R (SOC 10%) displaying the highest aging-driven growth.

Note, a certain drop of internal resistance is observed at higher
cycle numbers, which is attributed to the restart of cell cycling after
8 days due to an unplanned software update in the test field. With
such a rest phase, the load on the cells, introduced by high currents
and evolving temperature, was reduced, resulting in the relaxation
of the cells, which can reduce the internal resistance. After the

continuation of cycling, the probed internal resistances returned
to their initial values and then exceeded them. Among the config-
urations, the HP cell initially exhibited the highest internal resis-
tance at the beginning-of-life (BOL), while at the EOL, the LP cell
showed the highest resistance values (Figure S8). In general, the
NP cell showed the most substantial increase in resistance until
reaching the EOL, while the constrained cells exhibited slower,
more gradual growth, with the LP cell showing a slightly steeper
slope compared to the HP cell (Figure S9). The resistance evolu-
tion under high-rate cycling conditions followed a similar trend
(Figure 2c). The NP cell showed a substantial increase in resistance
in the initial state followed by a partial recovery and subsequent
continuous rise, aligning its characteristic capacity fade (Figure 2b)
and temperature evolution (Figure 2d). Contrary, the constrained
cells exhibited a more gradual evolution, though the HP cell expe-
rienced higher resistance than the LP during the first cycles.
Consequently, temperature of constrained cells was reduced
due to additional passive cooling from the pressure setup, decou-
pling internal resistance evolution from temperature evolution.
Further significant short-term effects were observed following
each RPC. The first two fast-charging cycles showed a temporary
increased resistance, which then recovered. This effect was
matched by a reduced DOD and temperature visible at the onset
of fast cycling (Figure 2b). After recovery and continuous cycling,
the resistance slightly increased again until reaching the next RPC.
This behavior was found to be similar for all fast-charging cycles,
except for the first 200 cycles of the NP cell. These observations
indicate that applying mechanical pressure increases the internal
resistance at BOL and reduces the rate of internal resistance
growth during cycling. However, this reduced resistance growth
does not directly translate into higher energy throughput.
Instead, the benefits of pressure in mitigating resistance growth
are counterbalanced by limitations in accessible DOD and output
energy. Thus, the application of pressure represents a trade-off
between minimizing resistance increase, maintaining energy
accessibility, and extending cycle life. During the RPC, no signifi-
cant temperature differences were observed between the cells
(Figure S10). The test field temperature was controlled at
25°C = 1°C, and the maximum cell temperature recorded during
the RPC was 27°C. Such minor variations can be attributed to
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seasonal fluctuations in the ambient environment rather than cell-
specific effects. Contrary, under real cycling conditions, significant
temperature dynamics were observed. Thus, each cycle showed a
dedicated temperature profile, similar for each cell. During each
discharge cycle using 2C current, the temperature increased
(Figure S11). Immediately after discharge, charging was initiated,
exhibiting a complex temperature evolution. First, a short period
of continued temperature increase, immediately after the dis-
charge, was observed, reflecting thermal inertia. Afterward, a slow
temperature decrease was observed during the applied CC phase
(1C current), followed by accelerated cooling during the CV phase.
Cooling was stopped right after the discharge of the next cycle
started, repeating the temperature cycle and representing the
dynamic balance between heat generation and dissipation during
cycling. The magnitude of the temperature rise depended strongly
on the applied passive cooling pressure environment (Figure 2d).
Thus, the unconstrained cell showed the highest maximum tem-
peratures, exceeding 50°C, which is known to contribute to a faster
capacity fade, affecting in particular anode stability, as already dis-
cussed in Ref. [59]. In comparison, the constrained cells showed
comparable lower maximum temperatures during the real cycling,
with the LP cell exceeding temperatures of the HP cell (on average
3°C). Note, the temperature fluctuations observed for the con-
strained cells at high cycle count are the result of resetting the con-
ditioning system in the test field. At first glance, this appears
counterintuitive, as the voltage-capacity behavior during the ini-
tial real cycling indicates increased polarization and reduced
accessible DOD in the HP cell (Figure S12), and initial DCIR meas-
urements revealed higher internal resistance for the HP cell at low
cycle numbers. However, thermal behavior is not solely dictated
by electrochemical overpotentials, but also by the cell’s ability to
dissipate heat. Thus, the silicone pads and the aluminum plates
surrounding the constrained cells act as passive cooling elements,
and the higher pressure ensures improved contact between the
electrode stack and the plates. This enhances thermal conductiv-
ity, allowing for more efficient heat dissipation [60].

Furthermore, the temperature evolution was closely linked to the
achieved DOD and internal resistance of the cells. For the NP
cell, temperature and capacity evolved in parallel, with a
decrease in cell temperature corresponding to an increase in
internal resistance (Figure 2b-d). This effect was only weakly vis-
ible in the constrained cells due to additional passive cooling
(Figure S13). Furthermore, after RPCs, the observed reduced
DOD, increased round-trip efficiency, and internal resistance
at the initial cycles of the fast cycling correlated with the temper-
ature evolution on the cell surface. Thus, the cell temperature
during the RPC is close to the defined 25°C within the test field
(Figure S10). Upon fast charging, it took the cells up to two cycles
to reach their typical operating temperature (Figure S14) and the
corresponding higher DOD. This behavior was more pronounced
in constrained cells, due to increased cooling efficiency.
However, the thermal conditions of a cell can strongly influence
ionic conductivity and charge-transfer kinetics, particularly in
mechanically stabilized cells with higher thermal inertia [61].

As a result, although the HP cell may experience greater overpo-
tentials due to electrode compression, it benefits thermally from
enhanced passive cooling and reduced surface heating. In con-
trast, the NP cell, lacking mechanical stabilization, suffers from
poor heat transfer, leading to elevated surface temperatures and
in turn increased DOD during high-current operation.

3.2 | Lithiation Inhomogeneity

In literature, it is commonly accepted that cell aging stabilizes a
heterogeneous state. The electrochemical aging of the studied
pouch cells under varying external pressure conditions induces
the formation of lithiation inhomogeneity across both the graph-
ite anode and the NMC cathode, which can be directly identified
in the collected PXRD radiography patterns (Figure S15). Such
inhomogeneity evolves with SOH and is strongly dependent
on the applied mechanical conditions. In the fresh reference cell,
the graphite reflections are dominated by the LiC4 phase, accom-
panied by weaker contributions from the LiC,, phase, consistent
with a nearly complete lithiation of the graphite at 100% SOC.
Aging typically results in the loss of lithium inventory, leading
to a reduction in the lithiation degree at the anode, reflected
in a decrease in the amount of Stage I, accompanied by an
increase in the fraction of Stage II concentration due to the pres-
ence of weaker lithiated graphite with LiC, ;,. Correlated
behavior is also observed in the cathode phase, reflected in
the shift of the NMC 003 reflection, representing altered delithia-
tion behavior with cycling [62].

At first glance, a similar degradation occurs in all NP, LP, and HP
cells. However, both qualitative and quantitative analyses
revealed distinct deviations in the diffraction signatures of the
anode lithiation between different protocols. At the full-cell level,
the fresh cell shows a relatively homogeneous lithiation in the
anode, with an average lithium concentration of <x> = 0.90 +
0.07 in Li,C4 (Figure 3). Some minor deviations are detectable
(e.g., slightly lower lithiation takes place close to the positive cur-
rent tab, and a maximum of lithiation occurs closer to the cell
center). The extended electrochemical aging of the cells to
80% SOH introduces a loss of movable lithium and an increase
in lithium heterogeneity across the electrodes.

In the NP configuration, the average lithium concentration
decreases by 15% to <x> = 0.77 £ 0.08, exhibiting pronounced
deviations from an even constant distribution. Thus, regions
of low lithium concentration are observed at both current tabs,
while the lithiation grade of the anode is increased at the center
of the cell. Nevertheless, an additional spot of low lithium con-
centration was observed at ~225 mm cell height. The introduc-
tion of a low external load (LP) significantly mitigates this effect,
leading to a more uniform lithium distribution with an average
concentration of <x> = 0.81 = 0.08. Nonetheless, small regions of
low-lithium concentrations are still present near the positive tab
(top), in the center of the cell, and toward the negative current
tab (bottom). However, directly at the negative current tab, the
lithium concentration is relatively high compared to the NP cell.
Overall, the introduction of low pressure can seemingly at least
partially reduce the formation of lithium inhomogeneity by sup-
pressing loose contact of the electrode sheets and corresponding
local overpotentials. On the contrary, the HP condition produces
a distinct lithium redistribution pattern. While the average lith-
iation reaches <x> =0.78 + 0.15, a pronounced gradient develops
across the whole cell, showing a ring-like lithiation profile.
Potentially, there are weak hints of such a profile visible in
the anode lithiation of the LP cell.

However, in the HP cell, the lithium concentration of the anode
in the central region falls to x ~ 0.6, while the cell edges remain at
high lithium concentrations (x~0.9). In addition, within the
observed ring, anisotropy was present, showing higher lithium
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FIGURE 3 | Results of PXRD radiography measurements show calculated lithium concentration variations in the anode across the pouch cell area

from positive (top) to negative (bottom) terminal for the fresh cell, the NP cell, the LP cell, and the HP cell. The corresponding average lithium con-

centration profiles along the cell height (left) and the width (top) are also displayed. The histograms at the bottom illustrate the distribution of lithium
concentrations, quantified by the average concentration and the full width at half maximum (FWHM) obtained from Gaussian fits.

concentration along the long edges compared to the lithium con-
centration along the short edges. The calculated average line pro-
files across the cell width further confirm that the lithium
concentrations at the edges are close to the fresh reference values
(Figure 3).

Overall, these results demonstrate that external pressure and pas-
sive cooling can have a strong influence on the spatial distribu-
tion of lithium concentrations in both the anode and the cathode
(Figures S16 and S17). Low pressure slightly reduces lithium
inhomogeneity compared to the unconstrained state, while high
pressure promotes systematic anisotropic lithium redistribution,
leading to a ring-like profile in both anode and cathode.

3.3 | Coupling of Structural Properties and
Electrochemical Behavior Under Pressure

The observed differences in electrochemical cycling and inhomo-
geneity in the diffraction data under varying pressure conditions
highlight the complex interplay between external mechanical
constraints and cell performance. External pressure defines

the mechanical load on the electrode stack, thereby influencing
electrochemistry, internal resistance, temperature evolution, and
the spatial redistribution and exchange of lithium within and
between the electrodes. According to Ref. [63], external pressure
can suppress stack swelling, which mitigates delamination and
lithium plating in mechanically constrained configurations.
Furthermore, prior studies [33, 35, 36, 64, 65] demonstrated that
compression enhances interparticle contact, reduces contact
resistance, and stabilizes internal resistance growth. This trend
is consistent with the observed internal resistances, showing that
constrained cells exhibited a slower increase in resistance com-
pared to the unconstrained NP cell, confirming a stabilizing
effect during long-term cycling. However, at the BOL, the HP cell
showed the highest internal resistance values at every probed
SOC state, which likely stem from the decrease of porosity,
increase in tortuosity and resulting restrictions in the ion trans-
port during the cycling within the pouch cell [56, 66]. Thus, con-
centration polarization dominated with increasing pressure.
Furthermore, this effect explains the increased polarization of
the HP cell in the voltage-capacity curves (Figure S12) and
the corresponding reduction in the accessible DOD compared
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to the LP and NP configuration. By contrast, reducing the applied
pressure decreased overpotentials, resulting in lower charge vol-
tages and higher discharge voltages. In addition, the lack of pres-
sure and influence of the aluminum plates acting as heat sinks in
the NP configuration led to an increased DOD, but at the expense
of faster capacity fade resulting from additional enhanced ther-
mal aging.

Such an effect also influences the distribution of lithium concen-
trations within the electrodes, observed in the collected structural
PXRD radiography data. At HP conditions, the lithium concentra-
tion in the electrode center decreased, while it remained like the
BOL values at the edges (Figure S8), forming a ring-like lithiation
profile. While this spatial lithiation heterogeneity represents a
direct experimental observation obtained from synchrotron
PXRD radiography, the underlying mechanisms responsible for
this distribution, however, cannot be measured directly in the
present study and are therefore interpreted based on experimental
trends and literature evidence. Thus, we propose that this gradient
arises from a complex mechanism that represents an interplay of
electrochemistry, structure, and mechanical properties. On the
one hand, external pressure significantly reduces the porosity of
the electrodes and separator, thereby increasing tortuosity and
decreasing the effective amount of electrolyte required to
completely fill the pore structure [66]. On the other hand, electro-
chemical cycling results in particle expansion during charging,
which can further reduce the pore volume [23, 51, 52]. These cou-
pled effects are expected to influence electrolyte distribution
within the cell. Previous studies have reported pressure-induced
electrolyte motion and redistribution, which can lead to localized
variations in pore filling, transport limitations, and heterogeneous
electrochemical activity [23, 56, 67]. Within this mechanistic
framework, the observed lithiation gradient is consistent with a
scenario in which electrolyte shifts toward the edges of the cell
under compression and increasing SOC, while central regions
experience reduced pore filling. Additionally, while commercial
cells are usually designed to contain excess electrolyte [23, 68, 69],
under high-pressure (HP) conditions, the reduced pore volume
and the redistribution of the electrolyte can lead to insufficient
electrolyte availability in certain areas. This may result in low pore
fill ratios in the center of the cells, while the edges may have high
pore fill ratios. Consequently, this imbalance can promote local-
ized aging in the center of the cell [46]. Overextended cycling,
the combination of pressure and electrolyte motion, reduces the
availability of electrolyte in the central regions of the cell. This
again leads to an increase in local overpotential, which, when
combined with extensive cycling, results in electrode degradation.
This degradation is reflected in a diminishing lithiation profile in
the center of the cell (see Figure 3). External pressure has both
benefits and drawbacks. On one hand, it helps suppress swelling,
prevents delamination and plating, and stabilizes interfacial resis-
tance. On the other hand, it reduces pore volume, increases tor-
tuosity, and drives electrolyte motion, all of which limit mass
transport and enhance concentration overpotentials. As a result,
while moderate pressure improves the homogeneity of lithiation,
maintains a higher average level of lithiation, and supports long-
term stability, excessive pressure can lead to significant lithium
gradients, depletion of the electrolyte in the central region, and
transport limitations. These issues ultimately reduce the accessible
depth of discharge and accelerate degradation [65]. Corroborating
these findings, post mortem analysis confirmed that mechanical

constraints directly influence interfacial degradation, as residues
of the ceramic separator coating were found preferentially
attached to locally degraded electrode regions, consistent with
the observed inhomogeneous lithiation (Figures S19 and S20).
Moreover, the detection of electrically isolated graphite particles
and local lithium plating provides clear evidence that poor inter-
facial contact (NP) and elevated local overpotentials (HP) are key
drivers of the observed structural inhomogeneity.

4 | Conclusion

The electrochemical aging of large-format pouch cells under dif-
ferent external pressure conditions was systematically investigated
by combining long-term cycling experiments, reference perfor-
mance testing, temperature monitoring, and synchrotron PXRD
radiography measurements and postmortem analyses. The cells
were cycled under practical high-current conditions (1C charge,
2C discharge) with and without external mechanical load, while
RPC tests at low current provided insight into resistance evolution
and capacity fade. Structural characterization was performed in a
fresh state and at 80% SOH, enabling the direct correlation of elec-
trochemical performance with lithiation homogeneity across the
electrode stack. The electrochemical data revealed that external
pressure has a strong influence on cycling stability, resistance evo-
lution, and accessible DOD. While the unconstrained cell showed
the highest initial DOD, it suffered from rapid capacity fade, fast
resistance growth, elevated operating temperatures, and ultimately
the shortest lifetime. Constrained cells, in contrast, exhibited
reduced accessible DOD but significantly improved cycle life
and lower operating temperatures. Internal resistance analysis
revealed that external pressure stabilizes contact resistance and
slows resistance growth. However, concentration polarization
dominated at high current densities, particularly in high-pressure
cells. Temperature monitoring further confirmed that constrained
configurations benefited from improved heat dissipation through
mechanical contact with silicone sheets and aluminum compres-
sion plates, reducing thermal stress compared to unconstrained
cycling. PXRD radiography provided spatially resolved insight into
the pressure-dependent distribution of lithiation in the electrodes.
While fresh cells displayed homogeneous lithiation, aging induced
significant inhomogeneities. Under HP conditions, a pronounced
ring-like lithium concentration profile developed, with central
depletion and edge enrichment, whereas moderate pressure par-
tially suppressed such gradients. These effects were attributed to a
combination of reduced electrode porosity, increased tortuosity,
and pressure-induced electrolyte motion, resulting from the
applied pressure and repeated particle expansion and contraction
during electrochemical cycling. This process promotes outward
electrolyte motion, gradually depletes central regions, and thereby
increases local resistance and overpotentials.

In summary, this study enabled a direct link between external
mechanical pressure, electrochemical degradation, and spatial lith-
iation heterogeneities. While pressure enhances cycling stability by
suppressing electrode swelling, delamination, and thermal buildup,
HP conditions induce substantial ionic transport limitations and
electrolyte motion, which promote inhomogeneous lithiation
and reduced accessible DOD. Moderate pressure thus emerges
as optimal operating condition, balancing improved structural
stability and lithium homogeneity with sustained long-term
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performance. Further research should focus on whether a “sweet
spot” in performance exists that links both extremes of high and
low pressure applied. Moreover, it should investigate the evolution
of lithium-ion cell performance under well-defined thermal condi-
tions across varying pressure levels to decouple mechanical and
thermal effects on aging behavior.
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