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Abstract: Information derived from microscopic images of Li-ion cells is the base for research on
the function, the safety, and the degradation of Li-ion batteries. This research was carried out to
acquire information required to understand the mechanical properties of Li-ion cells. Parameters
such as layer thicknesses, material compositions, and surface properties play important roles in the
analysis and the further development of Li-ion batteries. In this work, relevant parameters were
derived using microscopic imaging and analysis techniques. The quality and the usability of the
measured data, however, are tightly connected to the sample generation, the preparation methods
used, and the measurement device selected. Differences in specimen post-processing methods and
measurement setups contribute to variability in the measured results. In this paper, the complete
sample preparation procedure and analytical methodology are described, variations in the measured
dataset are highlighted, and the study findings are discussed in detail. The presented results were
obtained from an analysis conducted on a state-of-the-art Li-ion pouch cell applied in an electric
vehicle that is currently commercially available.

Keywords: Li-ion; microscopic imaging; safety; layer thickness; material properties; post-mortem
analysis; reverse engineering

1. Introduction

Microscopy is a key analytical method that is applied in most research fields to understand various
effects that influence the properties or the behavior of components or materials. With reference to
automotive batteries, two main fields of application can be distinguished.

The first field involves the visualization of chemical processes that occur within the battery during
operation, which supports the identification and the understanding of the mechanisms involved.
The information gathered in this field enables researchers to find solutions to problems and improve
these batteries. This information is particularly useful during the early development of batteries.
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In this field of application, very small samples are typically analyzed in great detail to obtain the best
possible quality of data. For such an analysis, special half cells [1] are also built that allow researchers
optical access to very small scale effects. Special sample generation methods are applied that allow
chemical reactions to occur; this enables, for instance, an in situ analysis of the formation of new layers
within the battery at the time of operation [2–4].

The second field involves the collection of microscopic images of surfaces of single components or
their cross-sections, which provide much information essential to the derivation of the chemical or
the mechanical properties of the cells. The latter is necessary to determine the loading thresholds of
batteries and thus integrate them safely into an electric vehicle. In the following text, some examples
of such data are described briefly.

Numerical finite element models of Li-ion batteries have been recently developed with different
levels of detail to, e.g., estimate the mechanical load that can be applied to cell and its associated risk of
failure during a crash. In such models, the thickness of the single battery layers is crucial information
that is typically derived from microscopic images [5,6]. In addition, microscopic images support the
understanding of the layer mechanical properties in that they provide important information about
the microstructure of these layers (anisotropy of separator [6]). This microstructural information can
be used as input to define mechanical testing scenarios and derive mechanical properties of battery
components, thus they can be translated into a working simulation model.

Some properties of batteries that mainly influence their electrical properties or their performance
levels can also be visualized and understood by using microscopic imaging. Examples include the
porosity of the separator [7,8] or the grain size of the active material (AM) [9].

In the literature, the post-mortem analysis of Li-ion batteries by generating microscopic images
is a frequently used investigation method [10–12]; however, the steps necessary to produce “good”
imaging results have not been described in detail.

This study was carried out to establish a “best-practice” approach for the post-mortem analysis of
samples generated from Li-ion pouch cells. An overview is provided of a method to safely dismount
and disassemble battery modules from a battery pack without inducing damage to the battery pouch.
A central aspect of this work is a comparison between two different analytical techniques used to
measure various battery component parameters, such as layer thickness and particle size. A conclusion
was drawn regarding the accuracy of the measured results from two different sample generation
methods and their usability in different research fields.

This study was carried out on a state-of-the-art Li-ion pouch cell disassembled from a fresh
uncycled battery pack, which is applied in an electric vehicle that is currently commercially available.

2. Method

In this section, the extraction procedure of cells from the battery modules, the sample generation
procedure from individual cells, the sample pre-treatment for microscopic analysis, and the microscopic
methodology used are presented and discussed in more detail.

2.1. From Battery Pack to Cell

The battery pack disassembled in this work contained 24 identical battery modules, each of which
consisted of eight 41 Ah Li-ion pouch cells with cut-off voltage limits of 2.5 V and 4.2 V. Twelve of
the modules were positioned in the front of the battery pack and arranged horizontally with their
connection tabs oriented towards the middle of the pack. The other twelve modules were arranged
vertically in the back of the battery pack and oriented so that their connectors also faced towards the
internal pack structure (Figure 1a). Due to the shipping safety regulations [13], the battery pack had a
pre-set state of charge (SOC) value of about 30%; therefore, extra precautions had to be taken during
the pack disassembly. After disconnecting and dismounting the bus bars, the battery modules were
taken out (Figure 1b) and then disassembled.
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Figure 1. (a) Disassembly of the battery pack showing horizontally and vertically oriented modules 
inside. A total number of 24 modules were extracted, each of which contained eight cells; (b) six 
modules, which were taken out of the battery pack. 

A general problem typically faced when disassembling modules that contain Li-ion pouch cells 
is that most of the batteries are glued to each other. An inaccurate disassembly procedure could result 
in deformation of the pouch surface or even damage to the internal battery structure. This might not 
only affect the electrical or the mechanical performance of the battery but may also decrease the safety 
of the battery and result in instant cell failure. To overcome this problem, a safe and clean method to 
separate all cells was adopted as part of this study. In a first step of the module disassembly process, 
the caps of the bolts (Figure 2a), which hold the entire structure together, were removed. The stacked 
cell structure was then divided into two substructures comprising four cells (Figure 2c) by using glue 
removal solvent and a nylon rope with a diameter of 0.7 mm. The nylon rope was mounted on one 
of the connecting bolts (Figure 2b) and slid entirely between the two cell stacks. After the structure 
was sprayed with the solvent, three minutes were allowed to let the glue dissolve, and the rope was 
then used to “cut” through the adhesive by manually applying a constant force at its free end. This 
procedure ensures a clean disassembly process and does not cause any damage to the pouch of the 
batteries. In a next step, after the four bolts seen in Figure 2c were removed, the battery housing was 
also dismounted by making use of the same procedure described above. An intermediate step of the 
module disassembly process can be seen in Figure 2d. Two module sub-structures are visible in this 
figure, each of which contained four batteries as well as compression pads that were integrated in the 
module, the battery housing, and all connecting bolts. 

The cells were then separated from each other by first cutting through the battery tabs with a 
sharp blade (Figure 2e) and then removing the glue between them using the same nylon rope 
technique as described above (Figure 2f). It is important to keep the cell tabs as large as possible in 
order to allow a sufficient contact area for battery electrical characterization and further cycling 
investigations. The final step in the module disassembly process was the removal of the plastic frame 
from around each battery. This frame was connected to the pouch at four different points located on 
each battery corner (Figure 2g). Careful drilling through these points allowed the frame to be 
removed by simply pulling it off to the side (Figure 2h). 

Figure 1. (a) Disassembly of the battery pack showing horizontally and vertically oriented modules
inside. A total number of 24 modules were extracted, each of which contained eight cells; (b) six
modules, which were taken out of the battery pack.

A general problem typically faced when disassembling modules that contain Li-ion pouch cells is
that most of the batteries are glued to each other. An inaccurate disassembly procedure could result in
deformation of the pouch surface or even damage to the internal battery structure. This might not only
affect the electrical or the mechanical performance of the battery but may also decrease the safety of
the battery and result in instant cell failure. To overcome this problem, a safe and clean method to
separate all cells was adopted as part of this study. In a first step of the module disassembly process,
the caps of the bolts (Figure 2a), which hold the entire structure together, were removed. The stacked
cell structure was then divided into two substructures comprising four cells (Figure 2c) by using glue
removal solvent and a nylon rope with a diameter of 0.7 mm. The nylon rope was mounted on one
of the connecting bolts (Figure 2b) and slid entirely between the two cell stacks. After the structure
was sprayed with the solvent, three minutes were allowed to let the glue dissolve, and the rope was
then used to “cut” through the adhesive by manually applying a constant force at its free end. This
procedure ensures a clean disassembly process and does not cause any damage to the pouch of the
batteries. In a next step, after the four bolts seen in Figure 2c were removed, the battery housing was
also dismounted by making use of the same procedure described above. An intermediate step of the
module disassembly process can be seen in Figure 2d. Two module sub-structures are visible in this
figure, each of which contained four batteries as well as compression pads that were integrated in the
module, the battery housing, and all connecting bolts.

The cells were then separated from each other by first cutting through the battery tabs with a
sharp blade (Figure 2e) and then removing the glue between them using the same nylon rope technique
as described above (Figure 2f). It is important to keep the cell tabs as large as possible in order to
allow a sufficient contact area for battery electrical characterization and further cycling investigations.
The final step in the module disassembly process was the removal of the plastic frame from around
each battery. This frame was connected to the pouch at four different points located on each battery
corner (Figure 2g). Careful drilling through these points allowed the frame to be removed by simply
pulling it off to the side (Figure 2h).
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Figure 2. Battery module disassembly method. (a) Removal of the caps and bolts that hold the module 
together; (b) separation of the two four-cell stack with a 0.7 mm nylon rope; (c) module separated into 
two parts; (d) module disassembled into parts (two four-cell stacks, module housing, compression 
pad, and connection bolts); (e) cutting the tab connection; (f) separation of the cells from each other 
using a nylon rope; (g) location of the connection points between the plastic frame and the pouch; and 
(h) removal of the plastic frame. 

2.2. Generation of Samples for Cross-Sectional Analysis 

The purpose of an extensive cross-sectional analysis of the battery is two-fold. On the one hand, 
the results of this analysis allow the determination of the battery layer thickness. On the other hand, 
information can be gathered about manufacturing details and layer arrangement of the cells. Two 
different approaches for sample generation were adopted in this study to evaluate the thicknesses of 
the battery components and identify some cell characteristics that were otherwise not visible. 

For the first approach, small samples with a size of 5 mm × 5 mm were cut out from each 
individual battery layer after the battery disassembly. In order to minimize the influence of the 
mechanical cutting process, the edges of the samples were post-processed by utilizing a broad-ion-
beam cutting technique (see Section 2.2.2), resulting in a defect-free, cross-sectional sample surface 
(i.e., lacking residuals or cracks induced by mechanical grinding process). This enables the precise 
measurement of the size of the active materials (AM) within the battery layers and the corresponding 
current collectors (CC) as well as the thickness of the battery separator. 

During the second approach, the stacked layer structure was investigated. The results of this 
investigation not only allow the visualization of the layer arrangement inside the battery but also 
provide better insight into critical battery areas (e.g., close to the battery tabs or at the cell edges). For 

Figure 2. Battery module disassembly method. (a) Removal of the caps and bolts that hold the module
together; (b) separation of the two four-cell stack with a 0.7 mm nylon rope; (c) module separated into
two parts; (d) module disassembled into parts (two four-cell stacks, module housing, compression
pad, and connection bolts); (e) cutting the tab connection; (f) separation of the cells from each other
using a nylon rope; (g) location of the connection points between the plastic frame and the pouch; and
(h) removal of the plastic frame.

2.2. Generation of Samples for Cross-Sectional Analysis

The purpose of an extensive cross-sectional analysis of the battery is two-fold. On the one hand,
the results of this analysis allow the determination of the battery layer thickness. On the other hand,
information can be gathered about manufacturing details and layer arrangement of the cells. Two
different approaches for sample generation were adopted in this study to evaluate the thicknesses of
the battery components and identify some cell characteristics that were otherwise not visible.

For the first approach, small samples with a size of 5 mm× 5 mm were cut out from each individual
battery layer after the battery disassembly. In order to minimize the influence of the mechanical cutting
process, the edges of the samples were post-processed by utilizing a broad-ion-beam cutting technique
(see Section 2.2.2), resulting in a defect-free, cross-sectional sample surface (i.e., lacking residuals or
cracks induced by mechanical grinding process). This enables the precise measurement of the size of
the active materials (AM) within the battery layers and the corresponding current collectors (CC) as
well as the thickness of the battery separator.

During the second approach, the stacked layer structure was investigated. The results of this
investigation not only allow the visualization of the layer arrangement inside the battery but also
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provide better insight into critical battery areas (e.g., close to the battery tabs or at the cell edges). For this
purpose, one cell was deep-discharged to 0 V, and stacked component samples (50 mm × 50 mm)
were generated from three different locations in the battery (Figure 3a) by cutting through each layer
individually with a ceramic knife. The use of ceramic tools is a safety measure that is usually taken to
prevent any internal short circuits during cell opening [14,15]. Representative samples cut out from
positions 1 and 2 can be seen in Figure 3b,c, respectively.
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Stacked layer sample generation was not conducted in a controlled environment. This led to the 
evaporation of the electrolyte; however, this had no influence on the imaging results, since a focus 
was placed on identifying interesting manufacturing details rather than determining the precise size 
of the layers. The specimen post-preparation process for microscope imaging is described in Sections 
2.2.1 and 2.2.2. 

2.2.1. Post-Preparation of the Stacked Component Sample for Microscopic Investigations 

As already mentioned, large areas (i.e., 50 mm × 50 mm) were cut out of the pouch cell to prepare 
the cross-sections of the complete stack of electrodes (Figure 3). To prevent the stack of electrodes 
from shifting during the mechanical preparation process, the complete structure was fixed with a 
specially designed clamp. The sample was then embedded into a two-component, cold-mounting 
epoxy resin, which is characterized by its relatively long curing time but excellent properties to 
adhere to most materials. The vacuum impregnation of the sample was carried out in a vacuum 
chamber of a Struers CITOVAC system at a low pressure to minimize the formation of preparation 
artefacts while mechanically polishing the cross-sectional region. The embedded structure was 
polished in a dry state with silicon carbide grinding papers and subsequently coated with a 10 nm 
thin, high-purity carbon film for subsequent scanning electron microscopy (SEM) investigations. The 
sample is shown in Figure 4. 

Figure 3. (a) Sample generation locations for the investigation of the stacked layer structure. #1—anode
tab, #2—cathode tab, #3—middle of the side opposite to the tabs. (b) Sample generated at position 1;
(c) sample generated at position 2.

Stacked layer sample generation was not conducted in a controlled environment. This led to the
evaporation of the electrolyte; however, this had no influence on the imaging results, since a focus was
placed on identifying interesting manufacturing details rather than determining the precise size of the
layers. The specimen post-preparation process for microscope imaging is described in Section 2.2.1
and Section 2.2.2.

2.2.1. Post-Preparation of the Stacked Component Sample for Microscopic Investigations

As already mentioned, large areas (i.e., 50 mm × 50 mm) were cut out of the pouch cell to prepare
the cross-sections of the complete stack of electrodes (Figure 3). To prevent the stack of electrodes
from shifting during the mechanical preparation process, the complete structure was fixed with a
specially designed clamp. The sample was then embedded into a two-component, cold-mounting
epoxy resin, which is characterized by its relatively long curing time but excellent properties to adhere
to most materials. The vacuum impregnation of the sample was carried out in a vacuum chamber
of a Struers CITOVAC system at a low pressure to minimize the formation of preparation artefacts
while mechanically polishing the cross-sectional region. The embedded structure was polished in a
dry state with silicon carbide grinding papers and subsequently coated with a 10 nm thin, high-purity
carbon film for subsequent scanning electron microscopy (SEM) investigations. The sample is shown
in Figure 4.
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Figure 4. Dry-polished layer stack structure used for identification of cell-specific parameters and 
layer arrangements. The presented sample was generated from the side of battery that was opposite 
to the battery tabs. 

2.2.2. Post-Preparation of Single Layers Via Broad Ion Beam (BIB) Cutting 

For the preparation of the cross-sections of the individual layers, all generated samples from the 
anode, the cathode, and the separator were pre-treated and glued to a tungsten blade, allowing for a 
small amount of overhang. This blade was then transferred into a Gatan Ilion Broad Ion Beam Milling 
system (BIB or Slope Cutter). The Gatan Ilion ion polisher is used to prepare high-quality planar cross 
sections from samples that cannot be polished with classic mechanical methods to achieve the desired 
quality (for example, porous multilayer samples with a high hardness difference between the layers, 
such as is found in electrodes from batteries, Li-ion, or fuel cells) [16,17]. The overhang of the sample 
was milled with low-energy argon ions that originated from two ion-guns positioned at different 
angles with respect to the sample. This technique was used to create a 1 mm-broad artefact-and 
damage-free surface for subsequent investigations [18]. To prevent the heat-induced damage that can 
be caused by ion bombardment, the specimen temperature was reduced to ensure that the milling 
area remained close to the ambient temperature during the milling process. 
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For the surface analysis, small samples with the size of 5 mm × 5 mm were cut out from the 
battery anode, the cathode, and the separator, respectively. Separator samples were placed 
immediately into a propylene carbonate (PC) replacement electrolyte solution after extraction from 
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sample stubs and coated with a 10 nm-thin, high-purity carbon film using a LEICA EM ACE200 
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All scanning electron microscopy investigations were performed using a ZEISS Ultra 55 Field 
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morphology was conducted with secondary electrons (SE) in the high vacuum mode at a 5 keV 
excitation energy, whereas material characterization was done with backscattered electrons (BSE) 
and energy dispersive X-ray spectroscopy (EDXS) and an excitation energy of 15 keV. 

Secondary electrons are inelastically scattered primary electrons with an energy <50 eV. They 
are emitted from the immediate surface area of the incident primary electron beam, offering the best 
lateral resolution in the range of several nanometres [20]. SE images were acquired with an SE2 
detector (Everhart Thornley Detector—ETD) and Secondary Electron Inlens Detector (SEI), both of 
which provide topographic contrast. 

Backscattered electrons are elastically scattered in the field of the atomic nucleus. The energy 
ranges from >50 eV to the excitation energy. The higher the atomic number (atomic weight) of a phase 
or region is, the more electrons are backscattered from this specimen area (material contrast). BSE 
images acquired with the HDAsB detector (High Definition Angle Selective Backscatter Electron 

Figure 4. Dry-polished layer stack structure used for identification of cell-specific parameters and layer
arrangements. The presented sample was generated from the side of battery that was opposite to the
battery tabs.

2.2.2. Post-Preparation of Single Layers via Broad Ion Beam (BIB) Cutting

For the preparation of the cross-sections of the individual layers, all generated samples from the
anode, the cathode, and the separator were pre-treated and glued to a tungsten blade, allowing for a
small amount of overhang. This blade was then transferred into a Gatan Ilion Broad Ion Beam Milling
system (BIB or Slope Cutter). The Gatan Ilion ion polisher is used to prepare high-quality planar cross
sections from samples that cannot be polished with classic mechanical methods to achieve the desired
quality (for example, porous multilayer samples with a high hardness difference between the layers,
such as is found in electrodes from batteries, Li-ion, or fuel cells) [16,17]. The overhang of the sample
was milled with low-energy argon ions that originated from two ion-guns positioned at different angles
with respect to the sample. This technique was used to create a 1 mm-broad artefact-and damage-free
surface for subsequent investigations [18]. To prevent the heat-induced damage that can be caused by
ion bombardment, the specimen temperature was reduced to ensure that the milling area remained
close to the ambient temperature during the milling process.

2.3. Method for Surface Analysis

For the surface analysis, small samples with the size of 5 mm × 5 mm were cut out from the battery
anode, the cathode, and the separator, respectively. Separator samples were placed immediately into a
propylene carbonate (PC) replacement electrolyte solution after extraction from the battery to prevent
them from drying out and shrinking. All samples were mounted on SEM sample stubs and coated
with a 10 nm-thin, high-purity carbon film using a LEICA EM ACE200 coater [19].

All scanning electron microscopy investigations were performed using a ZEISS Ultra 55 Field
Emission Scanning Electron Microscope (FESEM). High-resolution surface characterization of the
morphology was conducted with secondary electrons (SE) in the high vacuum mode at a 5 keV
excitation energy, whereas material characterization was done with backscattered electrons (BSE) and
energy dispersive X-ray spectroscopy (EDXS) and an excitation energy of 15 keV.

Secondary electrons are inelastically scattered primary electrons with an energy <50 eV. They
are emitted from the immediate surface area of the incident primary electron beam, offering the best
lateral resolution in the range of several nanometres [20]. SE images were acquired with an SE2
detector (Everhart Thornley Detector—ETD) and Secondary Electron Inlens Detector (SEI), both of
which provide topographic contrast.

Backscattered electrons are elastically scattered in the field of the atomic nucleus. The energy
ranges from >50 eV to the excitation energy. The higher the atomic number (atomic weight) of a
phase or region is, the more electrons are backscattered from this specimen area (material contrast).
BSE images acquired with the HDAsB detector (High Definition Angle Selective Backscatter Electron
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Detector) provide material (W-contrast) and additional orientation contrast (especially in the images of
the Broad Ion Beam cuts).

2.4. Method for Chemical Analysis

In order to gain information about the chemical composition of the surface, high-energy electrons
were directed toward the samples, causing the inner shell electrons to become ionized, thus leaving
a vacancy in the inner shell. When this vacancy was subsequently filled by electrons from higher
shells, the energy difference could be observed as an X-ray quantum or Auger electron. These
energies are specific for each element and are called characteristic X-ray radiation. The continuous
X-ray was generated by electrons that were decelerated in the Coulomb field of the atomic nucleus,
thereby continuously losing their kinetic energy in the form of Bremsstrahlung [19,21]. EDXS spectra
were acquired with an EDAX Super Octane Silicon Drift Detection System (Energy Resolution of
about 123 eV @ MnKa) equipped with a silicon nitride window for the highest sensitivity in the low
energy region.

2.5. Light Microscopy Investigation Approach

Light microscopy imaging was conducted on the stacked component sample (Section 2.2.1) and on
a cross-section of an unprocessed anode as well as on the surfaces of the individual layers. The system
used was a Keyence VHX-6000 digital microscope equipped with a VH-Z500T high-resolution zoom
lens. The optical imaging results were compared to SEM images, and the advantages and the
disadvantages of both methods were highlighted for the specific use case.

3. Results

In this section, not only the SEM imaging results of all cross-section investigations are presented
but also the methods used to derive the surface properties and the chemical compositions of all battery
components. The interesting manufacturing details of the cell under investigation are identified, and
the thickness measurements of all battery layers are described in detail. Optical microscopy imaging
results are shown at the end of this section and then compared to those obtained from the SEM analysis.

3.1. Layer Properties in Cross-Section and Identification of Cell-Specific Details

By analyzing all stacked samples (see Section 2.2) in cross-section, it was possible to identify
some interesting manufacturing details of the investigated pouch cell. An examination of Sample #3
(Figure 4), which was generated from the middle of the cell side opposite the battery tabs, reveals
the fact that all separator membranes were welded to the pouch at the sealing point near the edge
(Figure 5a). In terms of the mechanical behavior of the battery and possible battery failure, this
feature indicates that the separator could experience high tensile strain if a mechanical force were to
act on the battery close to its edge, and mechanical rupture of the separator membrane could occur.
This occurrence would expose both battery electrodes to direct contact, which is a prerequisite for a
premature electrical failure and thermal runaway.
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Figure 5. Cross-sectional images of Sample #3 as generated from the battery side, positioned opposite 
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came too close to each other. Another purpose of a longer anode layer is to increase the stiffness of 
the battery near the edge, which leads to smoothing of the load distribution in the case of edge 
loading. 

In Figure 6b, the layer arrangement in the pouch cell can be seen. The investigated battery 
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Figure 5. Cross-sectional images of Sample #3 as generated from the battery side, positioned opposite
to the cell tabs. (a) View of the sample edge where the separator is welded at the pouch sealing
point; (b) extension of the separator from the edge towards the middle of the battery and the cell
layer arrangement.

If the sample is examined from its edge to its middle, it can be seen that the separator membrane
comes first into contact with the anode and after two mm with the cathode (Figure 5b). The reason
for this phenomenon is in part due to the battery geometry in this area. Close to the battery edge,
the distances between layers are smaller due to the hot-welded area of the pouch. The lack of cathode
layers in this battery section ensures that no short circuit will occur, even if some of the battery layers
came too close to each other. Another purpose of a longer anode layer is to increase the stiffness of the
battery near the edge, which leads to smoothing of the load distribution in the case of edge loading.

In Figure 6b, the layer arrangement in the pouch cell can be seen. The investigated battery
contained 22 anode layers, 21 cathode layers and 44 separator foils, whereby the two outermost
layers on both side of the battery were anodes. This observation suggests that the active material,
which was deposited on the outer side of the last copper foil, remained electrochemically inactive
and did not participate in the charge transfer and the energy storage process. This can be seen in
Figure 6c, where the pouch and the neighboring anode-separator-cathode stack are visible. In this
study, the pouch was identified as a four-layer, metallic-polymer compound consisting of one Al layer
(3, in Figure 6d) and three polymer layers (1, 2 and 4, in Figure 6d). Another specific characteristic of
the battery under investigation is visible in Figure 6a. A small 3 µm-thin layer can be seen between
each cathode and separator. With EDXS analysis, this was identified as an aluminium oxide (Al2O3 or
also called alumina) layer. Such a layer in lithium ion-batteries is typically deposited on top of the
separator membrane to enhance its thermal properties, enabling it to preserve its mechanical integrity
at temperatures up to 200 ◦C [22,23]. The performance of lithium-ion batteries with coated alumina
separator foils is the same at room temperature as that of those with a polymer separator. The former,
however, is characterized by its safer operation and increased cyclability under extreme temperature
conditions in the range from −30 ◦C to +60 ◦C [22,23].
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Figure 6. Imaging results of Sample #3. (a) Closer view of the battery cathode, where a small 3 µm
layer is visible on both sides of the active material; (b) battery layer arrangement; (c) closer look at
battery anode, cathode, separator, and pouch; and (d) the four-layer battery pouch, consisting of one Al
layer (3) and three carbon oxide layers (1, 2, and 4).

To test the hypothesis that an alumina (Al2O3) layer was directly deposited on top of the separator
surface on the cathode side, individual layers were analyzed in cross-section, the results of which are
presented later in this section. A conformation is also provided in Section 3.2, whereby the surfaces on
both sides of the polymer membrane as well as those of the anode and the cathode were analyzed in
more detail.

Samples #1 and #2, which were respectively generated at the anode and the cathode tabs of the
investigated cell, showed comparable results to each other. For this reason, only the representative
results for Sample #1 are presented. The first characteristic location was the contact position of all
copper current collectors and the anode tab. Here, the contact was achieved by point-welding all layers
together, as shown in Figure 7a. Another cell-specific detail can be seen in Figure 7d. An area close to
each welding point can be seen, where an additional separator layer was added to the battery stack.
This layer had a length of ca. 2 mm, as measured from the beginning of the cathode layer (Figure 7b)
towards the middle of the cell (Figure 7d). The purpose of integrating an additional membrane in the
tab area was to increase battery safety and prevent separator damage during charging/discharging due
to the increased heat generation in the tab area [24].

The thicknesses of the individual components were also measured from the stacked-layer sample.
These results are shown in Figure 7c,e for the anode and the cathode, respectively. The overall thickness
of the anode layer was about 140 µm and comprised 20 µm of CC and 60 µm of AM on both sides.
The cathode was 20 µm wider than the anode due to its thicker AM (about 65 µm) and CC (25 µm).
The separator size of the stacked sample was evaluated as approximately 20 µm.
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thicknesses of their corresponding active materials possible. In this way, more highly accurate results 
could be obtained as compared to those determined from the stacked-layer sample (Figure 7c,e). 

Figure 8a shows the battery anode in cross-section with a total thickness of about 140 µm, which 
could be divided into a 10 µm copper current collector and two active materials on each side of it, 
each with a thickness of 65 µm. The anode active material grains and the binder are also visible in 
this figure, which holds the entire AM structure together. In Figure 8b, the separator can be seen; it 
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cathode (Figure 8c), the aluminium current collector thickness was determined to be around 20 µm, 
and the corresponding active material was −75 µm. Different particle sizes were visible, the sizes of 
which were determined during the sample surface analysis (Section 3.2.1). 

All measured layer thicknesses are summarized in Table 1, and the reasons for all differences in 
the layer sizes are discussed in detail in the Discussion section. 

Figure 7. Imaging results of Sample #1, generated at the anode tab. (a) All copper current collectors
extended to the tab area, where they were point-welded; (b) additional separator layer was measured
from the beginning of the cathode layer with (d) a length of about 2 mm. (c) Measured anode and
(e) cathode thicknesses from the stacked layer sample.

As mentioned in Section 2.2, single-layer samples were also investigated in cross-section. After
broad-ion-beam cutting, all specimens were left with a clean surface, which made the precise
determination of the thicknesses of the copper and the aluminium current collectors and the thicknesses
of their corresponding active materials possible. In this way, more highly accurate results could be
obtained as compared to those determined from the stacked-layer sample (Figure 7c,e).

Figure 8a shows the battery anode in cross-section with a total thickness of about 140 µm, which
could be divided into a 10 µm copper current collector and two active materials on each side of it, each
with a thickness of 65 µm. The anode active material grains and the binder are also visible in this figure,
which holds the entire AM structure together. In Figure 8b, the separator can be seen; it consisted
of one 17 µm polypropylene layer and the 3 µm deposited alumina protective layer. In the cathode
(Figure 8c), the aluminium current collector thickness was determined to be around 20 µm, and the
corresponding active material was −75 µm. Different particle sizes were visible, the sizes of which
were determined during the sample surface analysis (Section 3.2.1).

All measured layer thicknesses are summarized in Table 1, and the reasons for all differences in
the layer sizes are discussed in detail in the Discussion section.
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identified. The diameter of the biggest particles was found to be approximately 25 µm. The results of 
the chemical analysis revealed a high carbon (C) content, allowing the classification of the anode 
active material as graphite. The traces of phosphorous (P) were identified here as remainders of the 
electrolyte (assumed to be LiPF6 dissolved in a carbonate-mixture solvent). A high fluorine (F) peak 
was also visible in the EDXS-spectrum. While the high fluorine content is usually ascribed to the 
fluorinated binder, this was very likely not the case here. Based on additional experiments, it was 
possible to determine that the anode active layers could be easily removed with water. This indicated 
that a water-based slurry was used in the anode manufacturing process. Under these conditions, a 
conclusion can be made that the fluorine signal can be assigned to the electrolyte decomposition 
products that are part of the SEI found on the surfaces of the graphite particles. The small copper 
(Cu) peaks that appear in the spectrogram were due to the sample generation process and can be 
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(EDXS)-spectrum of the anode, showing the chemical elements on the anode surface. 

The cathode also showed a granular surface structure (Figure 10a), whereby the largest particles 
were about 15 µm. Chemical elements identified by using EDXS were manganese (Mn), cobalt (Co), 
nickel (Ni), oxygen (O), and carbon (C). This led to the conclusion of a LiNiMnCoO2 (NMC) cathode 
chemistry. Two different types of structures were visible on the cathode surface, which are marked 
with red circles in Figure 10b. The results of a detailed analysis of the formed compounds show that 

Figure 8. Single-layer analysis in cross-section of the (a) anode, (b) the separator, and (c) the cathode
after the broad-ion-beam cutting procedure.

3.2. Derivation of Surface Properties and Chemical Composition

3.2.1. Grain Size of Active Materials and Chemical Composition

By taking a look at the anode surface, visible in Figure 9, a granular structure could be clearly
identified. The diameter of the biggest particles was found to be approximately 25 µm. The results
of the chemical analysis revealed a high carbon (C) content, allowing the classification of the anode
active material as graphite. The traces of phosphorous (P) were identified here as remainders of the
electrolyte (assumed to be LiPF6 dissolved in a carbonate-mixture solvent). A high fluorine (F) peak
was also visible in the EDXS-spectrum. While the high fluorine content is usually ascribed to the
fluorinated binder, this was very likely not the case here. Based on additional experiments, it was
possible to determine that the anode active layers could be easily removed with water. This indicated
that a water-based slurry was used in the anode manufacturing process. Under these conditions,
a conclusion can be made that the fluorine signal can be assigned to the electrolyte decomposition
products that are part of the SEI found on the surfaces of the graphite particles. The small copper (Cu)
peaks that appear in the spectrogram were due to the sample generation process and can be neglected.
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Figure 9. Anode surface image with measured grain size and energy dispersive X-ray spectroscopy
(EDXS)-spectrum of the anode, showing the chemical elements on the anode surface.

The cathode also showed a granular surface structure (Figure 10a), whereby the largest particles
were about 15 µm. Chemical elements identified by using EDXS were manganese (Mn), cobalt (Co),
nickel (Ni), oxygen (O), and carbon (C). This led to the conclusion of a LiNiMnCoO2 (NMC) cathode
chemistry. Two different types of structures were visible on the cathode surface, which are marked
with red circles in Figure 10b. The results of a detailed analysis of the formed compounds show that the
compound marked by “1” had the formerly mentioned NMC chemistry, whereas the second structure
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was determined to be a manganese oxide (LMO) compound. Taking this into account, the chemistry of
the cathode layer could be established as a blend of NMC and LMO.
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3.2.2. Separator Surface Structure and Pore Size 

The separator surface structure was investigated to determine the separator fiber thickness and 
the pore size as well as to determine whether an alumina layer was deposited on the separator 
membrane, as already stated above. Figure 11 shows the SEM image results. To the left side, the Al2O3 
layer is clearly visible. The right side depicts the fiber structure of the polypropylene membrane. The 
separator fibers were aligned in a direction perpendicular to the battery tabs (machine direction seen 
as the u-direction on Figure 3a). 

Figure 10. Surface imaging and structure identification of the battery cathode. (a) The cathode granular
surface structure, whereby the largest grains were about 15 µm. (b) The two types of structures
identified on the cathode surface; here, “1” marks the LiNiMnCoO2 (NMC) compound, whereas “2”
marks the formed manganese oxide (LMO). (c) Chemical elements determined on the anode surface
by EDXS.

3.2.2. Separator Surface Structure and Pore Size

The separator surface structure was investigated to determine the separator fiber thickness and the
pore size as well as to determine whether an alumina layer was deposited on the separator membrane,
as already stated above. Figure 11 shows the SEM image results. To the left side, the Al2O3 layer is
clearly visible. The right side depicts the fiber structure of the polypropylene membrane. The separator
fibers were aligned in a direction perpendicular to the battery tabs (machine direction seen as the
u-direction on Figure 3a).
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Figure 11. SEM images of the separator surface structure on both sides. To the left (a), an Al2O3 
(alumina) layer deposited on the membrane surface is visible. To the right (b), the fiber structure of 
the microporous membrane can be seen. Here, “u” and “v” denote the machine and the transversal 
directions of the battery and its layers. 

The total separator fiber thickness was around 3 µm, as indicated in Figure 12a. The underlying 
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also generated by making use of the test setup, as described in Section 2.5. In Figure 13a, the pouch 
is visualised as a four-layered structure with an overall thickness of 188 µm. It was also possible to 
measure the thicknesses of all other battery components in the stacked structure (Figure 13b), 
although the additional alumina layer on top of the separator was not visible. The total anode 
thickness was determined to be 175 µm and consisted of a 25 µm-thick Copper CC and a 75 µm-thick 
AM. The total cathode thickness was approximately 160 µm, including an active material layer of 65 
µm and an aluminium current collector of 30 µm. A single, unprocessed anode layer in cross-section 
can be seen in Figure 13c, where a deviation in the thickness measurement can be observed as 

Figure 11. SEM images of the separator surface structure on both sides. To the left (a), an Al2O3

(alumina) layer deposited on the membrane surface is visible. To the right (b), the fiber structure of
the microporous membrane can be seen. Here, “u” and “v” denote the machine and the transversal
directions of the battery and its layers.

The total separator fiber thickness was around 3 µm, as indicated in Figure 12a. The underlying
pore structure revealed pores with different diameters, the smallest of which were approximately
50 nm (Figure 12b). A general requirement for the pore size in lithium-ion batteries is that they must
be in the sub-micrometre range to prevent dendritic lithium penetration from occurring during the
consecutive battery lifetime [25].
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Figure 12. Separator fiber thickness and pore size determination: (a) shows the thickness of the largest
fibers with diameters of about 3 µm, (b) reveals a pore size of about 50 nm.

3.3. Measurement Results Light Microscopy

Images of the stacked component structure and the cross-sectional images of the anode were
also generated by making use of the test setup, as described in Section 2.5. In Figure 13a, the pouch
is visualised as a four-layered structure with an overall thickness of 188 µm. It was also possible to
measure the thicknesses of all other battery components in the stacked structure (Figure 13b), although
the additional alumina layer on top of the separator was not visible. The total anode thickness was
determined to be 175 µm and consisted of a 25 µm-thick Copper CC and a 75 µm-thick AM. The total
cathode thickness was approximately 160 µm, including an active material layer of 65 µm and an
aluminium current collector of 30 µm. A single, unprocessed anode layer in cross-section can be
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seen in Figure 13c, where a deviation in the thickness measurement can be observed as compared
to Figure 8a. This effect can be explained by the sample generation procedure. As a result of the
mechanical cutting-out process, the edge of the sample was damaged, resulting in a large variation in
sample thickness and inaccurate results.
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cathode surface materials. As an example, the anode surface results are shown. 

The imaged surface of the graphite layer is visible at the top right corner of Figure 14. The 
generated image contains data along the U-, the V-, and the W-axes, which could be used to conduct 
volume, distance, and profile measurements on the graphite particles or on the layer surface. Such a 
profile measurement through the particle of interest allowed the determination of its size (Figure 14). 
The largest carbon grains measured had diameters of approximately 25 µm, which was consistent 
with the data presented in Section 3.2.1. 

An inspection of the separator surface structure revealed only the membrane fibers, although no 
information could be gathered regarding the pore size or the fiber thickness (Figure 15). Nevertheless, 
the machine direction (u-direction in Figure 3a) of the separator could be identified by examining the 
fiber propagation direction. 

Figure 13. Cross-sectional imaging results generated by high-resolution light microscopy. (a) Pouch
identified as a four-layer structure (carbon oxides marked with 1, 2, and 4 and aluminium marked
with 3); (b) thickness measurements of the anode, the cathode, and the separator comparable to those
determined with the SEM; (c) cross-sectional image of an unprocessed anode layer.

Light microscopy was also used for the identification of the particle sizes in the anode and the
cathode surface materials. As an example, the anode surface results are shown.

The imaged surface of the graphite layer is visible at the top right corner of Figure 14. The generated
image contains data along the U-, the V-, and the W-axes, which could be used to conduct volume,
distance, and profile measurements on the graphite particles or on the layer surface. Such a profile
measurement through the particle of interest allowed the determination of its size (Figure 14). The largest
carbon grains measured had diameters of approximately 25 µm, which was consistent with the data
presented in Section 3.2.1.

An inspection of the separator surface structure revealed only the membrane fibers, although no
information could be gathered regarding the pore size or the fiber thickness (Figure 15). Nevertheless,
the machine direction (u-direction in Figure 3a) of the separator could be identified by examining the
fiber propagation direction.
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Figure 14. Measurement of particle sizes in the anode surface material with an optical microscope.
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Figure 15. Separator structure as visualised by optical microscopy. The largest fibers propagate in the
machine direction of the separator.

4. Discussion

The correct determination of the layer thicknesses depended primarily and substantially on
the sample generation and the preparation methods used. In this paper, two different investigation
approaches for battery component thickness determination are presented. In the first approach,
the sizes of single layers in cross section, which were prepared by broad-ion-beam (BIB) cutting, were
measured. In the second approach, the battery layer thicknesses were measured directly from the
stacked component structure, as described in Section 2.2.1. A comparison of all the obtained values is
shown in Table 1.

Table 1. Table containing values for the measured thicknesses of all battery components prepared using
the broad-ion-beam (BIB) cutting and mechanical polishing methods.

Thicknesses of Single Layer Component Samples, Prepared by the BIB-Cutting Method

Component Thickness
(µm) Component Thickness

(µm) Component Thickness
(µm)

Anode 140 Cathode 170 Separator 20
Anode CC 10 Cathode CC 20 Pouch 190
Anode AM 65 Cathode AM 75

Thicknesses as Measured from the Polished Stacked Component Structure

Component Thickness
(µm) Component Thickness

(µm) Component Thickness
(µm)

Anode 140 Cathode 155 Separator 20
Anode CC 20 Cathode CC 25 Pouch 170
Anode AM 60 Cathode AM 65

AM: active materials; CC: current collectors.
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A large difference can be seen in the values determined for both current collectors. The measured
thickness of the copper from the stacked sample was double that of the thickness from the BIB-prepared
anode sample. The measurement results of the active material thicknesses also varied between the
samples, depending on how they were prepared. There are several reasons for the observed variations
in thickness:

• The variation in the widths of the current collectors is ascribed to the effects of sample polishing.
Due to their different material hardness properties, copper and aluminium tend to bend to the
sides during the polishing process, thus leading to different final results;

• The differences in the observed active material thicknesses arise from differences in the pressure
acting on the binder due to the constraint of the stacked structure between two plates;

• The difference in pouch thickness can also be accounted for by differences in the applied external
clamp pressure.

The approach that gave the best result in the battery layer thickness investigation was the approach
taken in the investigation conducted on single-layer components. It was necessary to use the BIB-cutting
method in this case to produce an artefact-free cross section and reduce any effects of the sample
generation procedure. The sum of all battery layers multiplied by their corresponding thicknesses
resulted in a whole-cell thickness of about 8 mm, which corresponded to the thickness measurements
made before the cell disassembly and the manufacturers’ data. In comparison, the error obtained
when determining the layer size from the stacked structure was about 5%. For detailed battery layer
models used for mechanical simulations, for example, this level of accuracy is insufficient. Carrying
out an investigation of the layer stack, however, had other advantages and enabled us to identify cell
characteristics and visualize layer arrangements inside the battery.

In this study, we used two different imaging techniques, each of which had its own advantages
and disadvantages. Depending on the type of information that was relevant for the specific use case,
both techniques proved useful and yielded good results. Light microscopy can be used to make layer
size measurements rapidly if the sample quality is good or to determine the particle sizes of the anode
and the cathode active materials. A huge drawback of optical microscope systems, however, is their
resolution. Optical systems are limited to a sample size of several micrometers, which is the reason why
the separator coating was not visible in the light microscopy images. For the investigation of smaller
structures that form on the battery electrodes or for the determination of pore size of the separator,
SEM is a more suitable technique. One of the strengths of SEM is that objects with sub-micrometer
sizes can be visualized. Another advantage of electron microscope systems is that they can be used
for chemical analysis. During their lifetime, batteries experience changes to their internal layers due
to parasitic side reactions with the electrolyte, leading to the formation of decomposition products.
Valuable chemical information about such degradation products can be obtained with the use of EDXS.

Comparable studies [26,27] have shown values for the thicknesses of individual layers that are
consistent with the ones obtained in this study. No information, however, has been previously provided
on the types of samples used, their generation procedures, or the measurement setups. The testing
methodology proposed in this paper provides a rapid and convenient way to obtain highly accurate
results by eliminating factors that can have huge impact on the measurement itself (sample cutting-out
process).

5. Conclusions

In this paper, we described the development of a “best practice” methodology for sample generation
and preparation as well as an investigation of the battery layer structure and chemical composition.

A unique battery pack and battery module disassembly procedure was presented in this work,
which provided insight on how to acquire damage-free pouch cells for a subsequent post-mortem
analysis. A new sample generation and preparation method for the visualization of the battery layer
arrangement and the analysis of the battery manufacturing details was described. The analysis of the
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stacked layer samples revealed interesting artefacts inside the battery under investigation, examples of
which included an additional separator layer in the battery tab area, and showed that the separator
and the pouch were welded along the battery edge. The methodology used proved useful for the
investigation of pouch cells, especially because it yields highly accurate results and can be easily
adapted for investigations on different pouch cell types.

The best results for the thicknesses of all battery layers were obtained through investigations
conducted on single components, the cross-sections of which were prepared by broad-ion-beam cutting.
In this case, a high-resolution optical imaging system could be used, because all battery layers were
thicker than 10 µm. It was also possible to rapidly determine the size of the particles of the active
material of both electrodes using light microscopy. Our findings indicate, however, that different
investigation techniques (SEM, EDXS) should be used to conduct a more detailed structural analysis
of the anode (e.g., visualization of coatings or additional layers, determination of the pore size of
the separator, or visualization of grain structure) and to determine the material composition of the
individual layers.

The results of this work highlight the need for precise sample generation and preparation methods
for the post-mortem analysis of batteries and the need for careful selection of a suitable sample
investigation technique based on the specific use case. In the field of battery safety research, qualitative
results can only be obtained if the battery layer size and the material composition can be precisely
determined. The findings of this research will help other researchers construct better mechanical and
multi-physical models, which can accurately be used to predict safety hazards associated with lithium
ion batteries.
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Nomenclature

SEM Scanning Electron Microscopy
AM Active Material
CC Current Collector
SOC State of Charge
FESEM Field Emission Scanning Electron Microscope
EDXS Energy Dispersive X-ray Spectroscopy
EBSD Electron Backscatter Diffraction
BIB Broad-ion Beam
BSE Backscattered Electrons
SE Secondary Electrons
SEI Secondary Electron Inlens Detector
ETD Everhart Thornley Detector
HDAsB High Definition Angle Selective Backscatter Electron Detector
C Carbon
P Phosphorous
F Fluorine
Cu Copper
Li Lithium
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Ni Nickel
Mn Manganese
Co Cobalt
O Oxygen
NMC Lithium-nickel-manganese-cobalt-oxide
LMO Lithium-manganese-oxide
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