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The field of lithium (Li)-ion batteries has entered a stage where industry is largely
focusing on optimizing current cell chemistries to increase the effective energy
density of commercial cells while academia is mainly driven by the development
of novel materials for next-generation cell chemistries. In addition to their
different research goals, industry is producing commercial cells with
increasingly diversified size and shape, while the majority of academic
research reports on limited small sized cell formats. Such differences in
research settings are leading to a disconnect between industrial and
academic perspectives. More specifically, a disconnect arises due to
academic research results obtained from smaller scale cells not translating to
cells with more complex designs. In this paper, we discuss where a disconnect
between industry and academia exists, and demonstrate how industry relevant
problems can be studied in academia by utilizing a multifaceted approach and
further provide valuable insights at a practical level.
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1 Introduction

Since their commercialization in 1991, lithium (Li)-ion batteries have become a vital
technology in our society enabling breakthroughs in various products including
consumer electronics and electric vehicles (Goodenough and Park, 2013; Winter
et al., 2018; Li et al., 2020). While the applications and market size of Li-ion
batteries have grown significantly over the last three decades, their underlying cell
chemistry remains largely unchanged (i.e., the intercalation chemistry based on
graphite anodes and transition metal oxide cathodes developed in the 1980s is still
being utilized) (Whittingham, 2004; Asenbauer et al., 2020; Reddy et al., 2020). Despite
utilization of a similar underlying cell chemistry, industry has continued to increase the
effective energy density of commercial cells through various design modifications, such
as decreasing component thickness (e.g., separator, current collectors, cell enclosure,
etc.). However, these engineering and materials changes can generate new failure
mechanisms, such as shorts through separators, deformed or torn current collectors,
breached cell enclosures, and more. Thus, cell quality control and field failures are
important challenges facing the Li-ion battery industry, and solving such problems
involves understanding the complex interplay between chemical and mechanical
properties of cell components ranging from the electrode level to the full cell level
(Loud and Hu, 2007; Mikolajczak et al., 2012; Cai et al., 2020).
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Unfortunately, these industrial problems are often not the focus in
academia (Frith et al., 2023; Nature Nanotechnology, 2023) where
work is largely driven by chemistry and materials research topics.
Taking degradation products at the electrode as an example, the main
topic of interest in academia is determining the chemical species and
identifying reaction pathways whereas industry is interested in more
diverse phenomena such as the physical expansion caused by those
products and deformation of the cell structure that can lead to failure.
One of the factors contributing to these different interests is the
funding sources and their objectives. Funding opportunities in
academia generally encourage fundamental research and novel
ideas that can pioneer transformational technologies (e.g., next-
generation cell chemistries), and hence research topics at a low
technology readiness level are preferred at the expense of further
understanding current technologies. On the other hand, funding
opportunities for applied work often come from companies, which
may have restrictions on data publication and materials accessibility.
Since sharing new findings is a critical component to academic
research, applied research becomes less prioritized in academic
settings. However, considering the current status of Li-ion battery
technology, efforts should be made to enable research that is
commercially relevant.

Studying industry relevant problems does not necessarily
require manufacturing or testing industrial sized cells, but rather
focusing on the components that become critical in larger cell
formats and understanding their fundamental properties. In this
paper, we discuss where the gap between academic and industry
research on Li-ion batteries lies and how the disconnect can be
bridged via a multidisciplinary approach. Then, we present a case
study on the degradation of cylindrical Li-ion batteries to
demonstrate how fundamental understandings of mechanical and
electrochemical behavior of cell components can provide insights on
addressing industrial problems.

2 Batteries at different length scales

One of the major differences between academia and industrial
research settings is the cell formats used to test battery
performance. In academic research, 2032-type coin cells are
mainly used since they can be easily fabricated with only a
small amount of material and provide a good platform to
compare results. However, the results obtained from these coin
cells often do not translate to larger cells manufactured in the
industry (e.g., cylindrical, prismatic, and pouch cells). One of the
main factors causing this discrepancy is the mechanical
components in batteries that can have prominent impacts on
the performance of larger cells, even if the chemistry remains
unchanged. Unlike coin cells which contain two small single-sided
circular electrodes pressed against each other at one planar
interface, cylindrical cells (such as the commonly used
18650 format) are constructed with two long strips of double-
sided electrodes that are tightly wound. Due to the tension and
curvature of the electrode winding of cylindrical cells, the
mechanical environment of the electrodes is different even if
everything else comprising the cell is the same between the
two cell formats. Other cell formats will also experience unique
mechanical stresses. For example, in wound pouch cells the

mechanical stress at the electrode winding bend will differ
from the rest of the cell where the electrodes lie flat on top of
each other. An additional factor in pouch cells is their soft
polymer casing compared to the rigid metal cases of cylindrical
or prismatic cells, which affects the pressure applied to the
electrode windings.

Now take it one step further and consider cycling of these cells.
Both graphite and transition metal oxide active materials experience
volume changes during intercalation and de-intercalation of Li+ ions
(Schweidler et al., 2018; Spingler et al., 2021) that are extended to the
electrode level. The dynamic evolution of mechanical stress on the
electrodes during cycling will show different profiles in different cell
formats. With the increasing number of custom shaped batteries
targeted for various applications, understanding the mechanical
aspects of batteries becomes more important. Moreover, this is
an extremely relevant topic for next-generation materials
research. Silicon (Si), for example, experiences severe volume
changes (~300%) during lithiation and delithiation (Obrovac and
Krause, 2007; Chae et al., 2020). At the particle level, this behavior
can lead to pulverization resulting in loss of Si active material as well
as continuous electrolyte decomposition and loss of Li inventory at
the freshly exposed surfaces. At a larger scale, the volume change can
lead to deformation of the copper (Cu) current collector (Veith,
2020; Rodrigues et al., 2023). The rippling, or shredding in extreme
cases, of the Cu foil observed in coin cells and single layer pouch cells
will have a more complex response in larger cell formats.

Broadly speaking, while the mechanical properties of various
anodes and cathodes have been well studied in academia
(Mukhopadhyay and Sheldon, 2014; Tavassol et al., 2016; Bassett
et al., 2019; Yoon et al., 2019; Tanim et al., 2022), the majority of
observations are limited to microscopic scale phenomena, such as
interfacial and bulk stresses of the active material particles.
Electrode-level studies are limited to a relatively small scale
(typically around a few square centimeters) due to the sample
size constraints of the measurements or difficulties in preparing
larger size electrodes with reliable quality.

The question then becomes—how can the results obtained
from limited dimensions and fundamental understandings therein
be applied to more complex systems? To answer this, researchers
should seek to understand how each cell component, including the
current collector and separator that are often treated as inert,
influences the overall performance of a full cell under different
geometries and mechanical constraints. While there are a number
of different ways to study this, one approach is to directly evaluate
commercial batteries and observe their response to different test
conditions. In the next section, we demonstrate how this can be
done by presenting a case study on commercial 18650 format
batteries.

3 Mechanical and electrochemical
interplay in batteries

One of the common failure modes in cylindrical type Li-ion
batteries is collapse of the cell core due to the mechanical stress
induced by volume changes of the electrodes during cycling. This
phenomenon is not present in coin cells, which only have a single
planar layer, and as a result is not well studied in academic literature.
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The few available studies on this phenomenon have shown that core
collapse is accelerated when the batteries are cycled at extreme
charging conditions (e.g., higher C-rate and low temperature)
(Waldmann et al., 2014; Carter et al., 2019), and can occur
regardless of the presence of a center tube, which is a hollow
metal tube that is inserted at the center of cylindrical cells to
allow a path for gas release (Willenberg et al., 2020). These
findings align with Exponent’s experience as well. While this
previous work very nicely demonstrates how cells respond to the
applied test conditions as well as the mechanisms behind the
evolution of the cell core collapse, there have been no discussions
on a proactive approach to this problem—can the cells be screened

in advance to mitigate failures associated with core collapse?
Moreover, based on the findings can the cells be designed to
avoid this issue?

To determine parameters that can be used to predict core
collapse behavior, we evaluated commercially available
18650 batteries (2.5 Ah). 21 cells of the same type were tested to
ensure enough data points for observing trends in their degradation
mechanisms. All cells were cycled by charging at 4 A to 4.2 V
followed by a voltage hold at 4.2 V with a 0.1 A taper current limit
and then discharging at 1.5 A to 2.5 V. A 10-min rest was applied
between charge and discharge, and the cells were cycled 300 times at
23 °C ± 3 °C. To monitor the structural evolution of the cells, X-ray

FIGURE 1
Structural evolution and electrochemical performance of 18650-type Li-ion batteries upon cycling. 21 cells were tested under the same condition.
(A)Discharge capacity retention plotted versus cycle number. The estimated core collapse onset of each cell (defined as the point where the center area
is decreased by 10% of the original area) is indicated with markers. Example CT cross sections of an 18650 cell before cycling and at the core collapse
onset are shown on the right. (B) Stages of the core collapse observed from all cells. (C) Estimated core collapse onset cycle plotted versus the angle
between the positive electrode end, inner negative tab, and embedded positive tab. The internal angle is described in the CT cross section shown on the
right.
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computed tomography (CT) scans were performed prior to cycling,
and after 100, 200, and 300 cycles. Core collapse was then evaluated
by performing image analysis to quantify the void area in the core of
the windings using two-dimensional (2D) CT cross section images
of the center of the cell. In an uncycled cell, the core of the windings
initially appears as a dark circular region as shown in the CT image
in Figure 1A, and decreases in area upon cycling as collapse of the
innermost wraps begins to occur. The “estimated core collapse
onset” was determined using a liner interpolation of the void
area measured in the CT scans performed every 100 cycles to
calculate the approximate cycle when the void area would have
decreased by 10% from the original area.

Discharge capacity retention of the 21 cells are show in Figure 1A
and the estimated core collapse onset of each cell is indicated with
markers. A widely varying cycle performance is observed (capacity
retention ranging from 73% to 15% after 300 cycles), despite being the
same design. This result emphasizes the importance of testing
sufficient number of cells to be able to accurately evaluate their
performance. Another noticeable trend is that the core collapse
begins prior to the rapid decrease in the capacity, which is often
referred to as a “knee” in literature (Attia et al., 2022). In most cases,
the steady decrease in capacity continues for another 50 to 100 cycles
before rapid fade is observed. That core collapse precedes the knee in
cycling data could suggest a possible cause and effect, with core
collapse accelerating electrical performance degradation; however
insufficient data exists to rule out core collapse as an early
symptom of degradation. Despite the uncertainty in the sequence
of events, this phenomenon clearly demonstrates the interconnected
structural deformation and electrochemical degradation within the
cell leading to changes in the electrical response.

All cells exhibited essentially the same initial electrical
performance, indicating the core collapse onset is not governed by
(nor can be predicted from) the initial discharge capacity or cell
impedance. While the core collapse onset differed between cells, a
similar structural evolution was observed in all cells. Figure 1B
demonstrates the three stages of core collapse observed in these
cells. In the first stage, the collapse starts at the innermost edge of
the positive electrode. In the second stage, another initiating point
develops radially aligned with the positive tab, which is embedded in
the electrode winding. In the third stage, deformation of the inner
negative tab occurs if it is in the way of the progression of the core
collapse. From this observation, we see that the core collapse involves
three stress concentrators—the positive electrode end, the embedded
positive tab, and the inner negative tab.

In an effort to understand the relationship between these three
components, the angle between them was measured and defined as the
“internal angle” of unaged cells. This angle can be used as a proxy for
the internal structure of the cell. Since the dimensions of the electrodes
are the same, the variations in the internal angle correspond to
variations in winding parameters used during the manufacturing
process (i.e., the angle changes if one cell is wound tighter than the
other). When the estimated core collapse onset cycle number is plotted
as a function of the internal angle, a correlation is observed where an
earlier core collapse onset occurs with a narrower internal angle
(Figure 1C). While the exact same three stages of structural
evolution may not be observed from other cylindrical cells with

different designs, the winding parameters will still play a critical role in
determining the core collapse behavior. Thus, this study suggests that
the mechanical deformations and resulting chemical degradations
triggered by the variation in tension can be reduced by
implementing stronger controls during the electrode winding of the
cell manufacturing process.

4 Discussion

The core collapse study is an excellent example demonstrating
how battery research needs a multidisciplinary approach. Core
collapse caused by variation in the initial cell structure leading to
capacity fade of the cell during cycling is an intertwined problem of
mechanical and electrochemical phenomena. While there are
manufacturing components associated with this problem to a
certain degree, it also raises fundamental questions that can
provide valuable insights and guide industry toward advancing
cell performance. For example, how does the electrode coating
respond to the mechanical stress applied during cycling when
changing its composition (i.e., different active material or binder)
or when changing its geometry (i.e., on a curved surface versus a
planar configuration)? Developing methods to accurately measure
such properties and how they change under different conditions
(e.g., different temperatures) will have a significant impact at a
practical level for designing new cells. The methods used to study
this can be either experimental, computational, or a combination of
both. Moreover, a more holistic multifaceted approach involving
mechanical, thermal, and electrical fields in addition to
electrochemical and materials subjects is necessary to understand
the complex interactions between the cell components.

While this may seem like a daunting challenge, it is
imperative that industry and academia work together as the
problems that commercial Li-ion batteries are currently facing
are also applicable to next-generation battery chemistries, such as
Li-S and Na-ion systems. Emerging chemistries often use similar
cell formats and construction methods as existing Li-ion cells,
and hence similar issues exist. For example, expansion of
electrodes, whether it comes from accumulation of
degradation products or expansion of active materials, will
result in mechanical deformation leading to cell failure. High
energy density materials (e.g., Si and Li metal) tend to have more
complex volume changes upon cycling and the failure
mechanisms will likely be exacerbated. Lately the Li-ion
battery industry has been releasing more information
regarding their experience and findings, and although it may
not be the most recent technology, academia can leverage the
reported results as guidelines for applied research ideas.
Considering the practical factors early on in the development
stage will benefit the next-generation technologies beyond the
proof-of-concept level and provide valuable information to
industry for future commercialization efforts.

Obtaining a deeper understanding of mechanisms behind
industrial problems by leveraging fundamental research in
academia will combine the strength of each field and bridge the
gap between academic and industry Li-ion battery research.
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