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GRAPHICAL ABSTRACT

ABSTRACT

In the current work, graphite electrodes comprising PVDF binder and carbon black are subjected to
characterization. An energy selective backscatter detector is used to localize carbon black and fluorine of
PVDEF. Therefore, it is necessary to distinguish between graphite, amorphous carbon and fluorine rich
regions. Typically, an angular selective backscatter detector is employed to obtain an image providing the
material contrast of the sample. Suitable materials for that detector are e.g. alloys to observe interme-
tallic phases, semiconductor for “channeling contrast”, or imaging SiO, and Au nanoparticles in biological
cells. However, this detector cannot be used to distinguish between light elements with low atomic
numbers, such as C to P. In addition, the contrast of fluorine rich regions and graphite is poor in normal
in-lens images due to the low difference of the atomic mass between C and F. The aim of this study is to
enhance the contrast of fluorine rich regions to graphite to carbon black. Therefore, the energy selective
backscatter detector is used and its advantages and setup is described. Finally this technique is applied to
investigate 400 um thick cross-sections of graphite electrodes dried at different temperatures and obtain
the carbon black distribution.

1. Introduction

In recent years, electric mobility evolved into an intensely dis-
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time there is a broad acceptance in the community that
manufacturing of battery cell components is equally important.
Still, there is a distinct mismatch between the number of publica-
tions on materials and on manufacturing (there are only a few).

A major task during electrode processing is the adjustment of a
beneficial microstructure. The microstructure and the associated
electrode properties are mainly depending on the distribution of
the functional additives throughout the film. In both electrodes,
binder is added to provide cohesion between the particles and
adhesion of the active layer to the current collector. Furthermore,
incorporation of carbon black into the electrode enhances con-
ductivity between active material particles and the current collec-
tor. Both binder and carbon black are generally considered as
inactive electrode constituents as they do not contribute to the
amount of stored energy but to weight and volume. Thus, their
fraction should be minimized in order to maximize the volumetric
energy density and to reduce costs. At the same time, binder and
carbon black are decisive cell components that significantly influ-
ence the electrochemically behavior [1—8]. Minimization of func-
tional additives requires their homogeneous distribution
throughout the film along the z-coordinate. With regard to poly-
meric binders, there are few publications that focus on the de-
pendency of binder distribution on the processing conditions. In
this context, the drying process is of particular significance, as
binder migration to the surface occurs for drying processes
designed inappropriately [9—18].

However, the distribution of carbon black was not paid so much
attention to as its characterization seems to be difficult. Never-
theless, the carbon black distribution is of superordinate signifi-
cance for the electrodes capability of conducting electrons
homogeneously. This is in particular true for oxide cathodes, where
a uniform carbon black distribution gives a 50% higher capacity
[19]. In literature the distribution of carbon black has only been
researched into for few cathode materials (LiMn,0;-spinel, LiCoO»,
and LiFePO4) and only by means of qualitative evaluation of SEM
micrographs of electrode surfaces [20]. To our best knowledge, no
publications are available that investigated into the distribution of
carbon black with regard to the negative electrode. As a result, the
relevant parameters that influence the carbon black distribution
are still unknown. The dimensions of carbon black aggregates are,
without a doubt, small enough to provide certain mobility in the
porous electrode structure during drying. This assumption is rein-
forced by the work of several authors that succeeded in providing
evidence for the accumulation of small particles at the film surface
during drying [9,10,21—24]. Thus, carbon black is very likely to be
capable of concentrating at the surface as well if inappropriate
processing conditions are chosen. Given that, in some cases, an
extremely inhomogeneous carbon black distribution could lead to
clogging of surface pores, potentially implicating a weaker wetting
by the electrolyte. It definitely brings about the consequence that
diffusion paths of the lithium ions elongate and that the carbon
black concentration decreases elsewhere in the film. Too low a
concentration in the vicinity of the current collector will definitely
be a threat with regard to fast charge and fast discharge processes,
where the current density at the current collector increases
strongly.

Jaiser et al. [14] researched binder gradients in graphite elec-
trodes but investigated only the surface and interface regions. In
another work, Jaiser et al. [15] documented the development of
binder gradients throughout the film during drying by means of
Cryo-BIB-SEM. Recently, Miiller et al. [ 13] found pronounced binder
gradients in graphite anodes dried at high drying rates by means of
energy dispersive X-ray spectroscopy (EDS) of cross-sections pre-
pared by broad-ion beam slope cutting (BIBSC). Due to the large
reaction volume (=15 pm? for carbon materials [see supplemental

documentation part 2]), EDS is not capable of resolving the fluorine
distribution at a nanometer scale structure. Furthermore, it is not
possible to separate the C-signal of the EDS-spectra to distinguish
between graphite particles, binder and carbon black.

Typically, an angular selective backscatter detector is employed
to obtain an image providing the material contrast of the sample.
This semiconductor detector is directly mounted below the pole-
piece and the electron beam strikes the target by passing through
a hole in the detector [25—27]. Suitable materials for that detector
are e.g. alloys to observe intermetallic phases [28], semiconductor
for “channeling contrast” [29], or imaging SiO, and Au nano-
particles in biological cells [30]. However, this detector cannot be
used to distinguish between light elements with low atomic
numbers, such as C, O, F or P. At this point, the energy selective
backscattered electron detection technique could provide further
information. This approach is merely introduced briefly as
comprehensive elaborations have been published elsewhere. More
information on the basics of the in-lens and the energy selective
backscattered (ESB) detector are for instance given in Refs. [26,27].
The first report on the ESB detector dates back to 2004 [31]. The ESB
detector represents a second In-lens detector with a grid located in
front of it, as illustrated in Fig. 1. It is positioned above the normal
in-lens detector (cf. Fig. 1) [32]. Secondary electrons (SE) (green in
Fig. 1) and backscattered electrons (BSE) (blue in Fig. 1) are emitted
from the sample surface after excitation by an electron beam. These
electrons are accelerated back into the SEM column. The electron
trajectories are displayed in Fig. 1, whereas the lenses, SEM column
and apertures are not drawn. The ESB grid voltage can adjusted
between 0 and 1500 V to rejecting lower energy electrons [33].
Electrons of lower energy than the ESB grid are detracted before
reaching the ESB detector and are not detected. By rejecting lower
energy electrons (e.g. the SEs), different material compositions
become distinguishable on the basis of their individual contrasts in
the ESB micrographs.
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Fig. 1. Trajectories of excited electrons from the sample (d) to the in-lens detector (c)
and ESB detector (a) for SE (green) and BSE (blue) electrons. The lower energy elec-
trons (e.g. SE) cannot pass the potential which is set on the filtering grid (b). Own
representation based on [38]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)



Normally the ESB detector is used to detect the low-loss BSE
electrons. That means the ESB grid voltage is only a few volts
beyond the energy of the primary electrons (Epg) [34,35]. This is
significantly lower than the primary electron energy (10 keV or
higher) generally used for conventional angular selective back-
scattered electron detection (ASB). As a consequence of their lower
energy, electrons reaching the ESB detector will originate only from
regions which are very close to the sample surface. This not only
improves surface sensitivity bur also the lateral resolution due to a
much smaller scattering volume when compared to ASB.

The advantage of the ESB is not only the variable grid voltage but
also the so-called acceptance angle between the primary electron
beam and the backscattered electrons, which is smaller in com-
parison to ASB detector. As a result, deeper regions (e.g. the bottom
of a pore) are detectable with an ESB but not with an ASB detector,
as the electrons will not be blocked by pore walls. In practice, the
backscattering coefficient 1 (the fraction of primary electrons that
escape as BSE) does increase with atomic number, but almost lin-
early for low atomic numbers [36]. This makes it almost impossible
to obtain a suitable contrast between light elements using the ASB
detector. In contrast, with the ESB detector, it is not only possible to
obtain contrast between light elements, but even of different
phases of the same element, e.g. graphite, diamond and amorphous
carbon [37]. This knowledge can be used to identify carbon black in
a graphite matrix and simultaneously detect fluorine rich regions
using the ESB detector.

However, identifying the right combination of settings for the
primary electron energy and the ESB grid voltage to obtain suffi-
cient contrast between regions of different elemental composition
can be a challenge. Reference samples with known local distribu-
tion as used in this work can greatly facilitate this process. Further,
since the identification of different phases by ESB is based only on
different yields of backscattered electrons at a certain combination
of primary electron energy and ESB grid voltage, phases with very
similar electron yields cannot be distinguished. This becomes
especially problematic for samples consisting of several phases,
since a single combination of primary electron energy and ESB grid
voltage will most likely not provide optimal contrast between all
phases.

Sample stability may also be an issue. Since the ESB grid rejects a
large part of the electrons, the ESB signal is low. This means that
high probe currents and low scan speeds need to be used to avoid
high signal noise. As a consequence the sample might be damaged
by the electron beam. It is therefore obligatory to verify that the
sample is sufficiently stable under the chosen imaging conditions.

When compared to spectroscopic investigation methods avail-
able for electron microscopy which can provide information of the
binder distribution such as EDX and wavelength-dispersive X-ray
spectroscopy (WDX), the scattering volume of the ESB electrons is
significantly smaller and more surface sensitive at low Epg. As a
result, a significantly higher lateral resolution is obtained which
allows identification of much smaller sample structures.

The previous discussion evinces the need for novel approaches
that allow for elucidation of the carbon black distribution. In this
paper, graphite-based anodes are investigated that comprise Pol-
yvinylidene fluoride (PVDF) as binder and carbon black as
conductive agent. We image binder and carbon black at a nano-
meter scale by elaborating ESB technique. Smooth electrode cross-
sections free of artifacts are prepared by BIBSC. By means of these
methods, the carbon black distribution is revealed for 400 um thick
cross-sections by image analysis.

2. Experimental

The ESB grid voltage that has to be adjusted depends on the used

Epg as well as the material composition. A suitable configuration
had to be figured out on a test sample first. A highly oriented py-
rolytic graphite (HOPG) sample was partly coated with a thin layer
of PVDF. This was done by casting PVDF on one-half of a HOPG
sample and subsequent drying for 15 min at 80 °C in an oven. The
other half of the HOPG sample was covered with a tape in order to
prevent spreading of the PVDF solution over the pristine parts of
the HOPG sample and to realize a sharp transition between the
coated and the uncoated parts. The tape was carefully removed
after solvent removal.

2.1. Electrode preparation

For the electrodes a commercial artificial graphite (SMG-A,
Hitachi Chemicals, Japan, dsp = 20 pm) was used. By mixing the
graphite with carbon black (C-NERGY C65, Imerys Graphite & Car-
bon, Bodio, Switzerland; BET specific surface area = 60 m?/g), PVDF
(Solef 5130, Solvay S.A., Italy) which acts as a binder, and the solvent
NMP (N-Methylpyrrolidone) a slurry was prepared. To obtain
electrode sheets the slurry was cast onto Cu foil using a continuous
laboratory coater equipped with doctor-blade technology and a
convection-dryer. A more detailed description of the electrode
processing can be found in Refs. [14] and [ 13]. The interested reader
is encouraged to consult the respective works for detailed infor-
mation. At this point, merely the most important information is
given.

Electrode samples of different microstructure, i.e. different
binder and carbon black distribution, were produced to illustrate
the novel approach. To provoke distinct differences, drying condi-
tions were modified by changing the temperature a convective
impingement dryer during electrode processing. Variation of dry-
ing rate was shown by several authors to result in different binder
distribution and electrode properties [11,14,39]. As component
gradients are pronounced for thicker films [13], electrodes that
featured a thickness of 400 pm were produced through knife-
coating. The low drying rate sample (LDR) was dried at 73 °C,
whereas the high drying rate sample (HDR) was dried at 93 °C. A
more detailed consideration of the corresponding drying parame-
ters is given in Refs. [14,39].

2.2. Sample preparation

Two different sample preparation techniques were used, with
the first as a standard. Here a small sample of 5 x 5 mm was cut
with a knife from the electrodes. BIBSC was employed to produce
cross-section with smooth surfaces that are free of artifacts [40].
The sample was held between two thin glass wavers during Ar-
sputtering to provide a smooth edge in contrast to the rough
electrode surface. The cutting is done under vacuum (2*10 4 mbar
Argon atmosphere) in an EM TIC3X triple ion beam cutter (Leica
Mikrosysteme GmbH, Germany) at 7 kV and a gun current of 2.6 nA.
The cutting process took around 20 h.

The second technique was used because the pores of the elec-
trode interfere with the analysis and evaluation. Therefore silicone
rubber was found to be suitable to provide the necessary contrast
between carbon black and porosity for cathode materials [41,42].
The electrode was vacuum infiltrated with a silicone rubber
(Wacker, ELASTOSIL RT 601). This silicone rubber provides a good
viscosity (3500 mPas) and drying duration (24 h @23 °C), that all
the pores are possible to fill. After the sample was dried, BIBSC is
also done. The duration for one cross-section is increased to 24 h.

2.3. SEM analysis of electrode cross-section

The cross-sections were analyzed with an SEM (ZEISS-Merlin)



using both in-lens and ESB detector concurrently in dual channel
mode. Images with a resolution of 4 k (4096 px times 3072 px) were
stored at a magnification of 1000x, this resulted in images of
115 pm x 85 pm. To picture the entire film height of 400 um, five
images per column were compiled. The orientation of each cross-
section is: top surface side and bottom collector side. Primary
electron energy (Epg) and ESB grid voltage were adjusted according
to the results obtained from evaluation of partly coated HOPG
samples (c.f. 3.1). Simultaneous to ESB detection, an in-lens image
was taken of the same region. The ESB images were analyzed by
image processing with ‘GNU image manipulation program’ (GIMP)
v. 2.8 and MATLAB® v. R2016b.

3. Results and discussion
3.1. Imaging PVDF using the ESB-detector

To determine a suitable set of experimental parameters for the
ESB detector with regard to the imaging of PVDF, a sample of HOPG
coated one half with PVDF was analyzed by varying the ESB de-
tector grid voltage while keeping Epg fixed at 1,5 keV and 2 nA.
More information, why Epg is kept constant, is given in the
supplementary part one.

Fig. 2 reveals a sequence of ESB images with the graphite region
on the right and the PVDF coating on the left side. The actual ESB
grid voltage is displayed in the top right corner. By comparing the
images of Fig. 2, it is obvious that the contrast between the two
regions is extremely low in the low loss mode (1480 V and 1380 V),
even if the contrast setting is at its maximum at the microscope.
The contrast difference increases, if the grid voltage is reduced from
1480 to 820 V. At 820 V the PVDF coated part of the HOPG can be
seen as bright area, while the uncoated part is mostly black. The
contrast increase at 820 V is that strong, that the contrast of the
microscope has to be reduced to avoid overdrive. If the grid voltage
is reduced further (below 820 V) the electron yield (brightness) of
both parts if the sample increases, but more so for the carbon re-
gion, resulting in a reduced contrast. The physical reason behind
this contrast effect is the inelastic interaction of primary electrons
with K-shell electrons of fluorine. The binding energy for an F K 1s
electron is 696.7 eV [43,44]. After the inelastic scattering process,
the total energy of the primary and the K 1s electron is Epg —
696.7 eV, which is 803.3 eV for Epg = 1,5 keV. This energy is shared
by these two electrons. However, the interaction with material
increases in case of lower energy electrons, which means that the
mean free path of these electrons is reduced [45] and most of these
electrons are absorbed by the material. Even if these two electrons
leave the material without any interaction, the energy is too low to
get over the ESB grid potential. This is the reason, why the
brightness of the fluorine rich region increases less than the
graphite region if the ESB-grid voltage is lower than 820 V.
Therefore the ESB grid voltage is set to 820 V for the measurements
of the cross-sections to have a maximum contrast between the
graphite and PVDF.

3.2. Binder and carbon black distribution by ESB analysis

Prior to measurement of the entire cross-section, a high reso-
lution EDS mapping, in-lens and ESB image were taken from the
same region to verify that the EDS detection of fluorine rich regions
corresponds to fluorine rich regions in the ESB image (Fig. 3): Both
EDS mapping and ESB show that some regions between the
graphite particles contain more fluoride i.e. binder. However, the
ESB image offers a significantly better resolution of details. The
cross-sections of the graphite particles appear dark in the ESB
image as expected (Fig. 3b), while the surfaces of the graphite

in-lens

Fig. 2. Imaging a thin PVDF layer on a HOPG sample with the in-lens detector (first
image) and ESB detector at different ESB-Grid voltages (upper corner). The PVDF layer
is on the left side.



Graphite

Fig. 3. High resolution area of the HDR sample. a) In-lens-image with the EDX-map; b)
The ESB-image at 1.5 keV Epg and 820 V on the ESB-Grid; c) Analyzed ESB-image with
graphite particles in black, carbon black in red and pores in white. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

particles (seen in some pores and at the edges) appear very bright,
suggesting that they are entirely coated with PVDF. However, other
effects may contribute to the brightness increase at particle sur-
faces and edges:

1. Edge effect
2. Material re-deposition
3. Fluorine rich regions.

To understand the first effect, it is necessary to know that the
ESB detector is built of an in-lens detector. For the in-lens detector
it is known that edges of the sample of the surface appear brighter
[46,47], due to the acceptance angle, resulting in a more surface-
sensitive image. This can also be seen in some parts of the in-lens
images (c.f. 3a, 4a, 5a) but not as intense. Material re-deposition
always occurs during BIBSC. The material sputtered during ion-
polishing can redeposit to some part in pores of the sample. Nor-
mally, the re-depositioned material has a lower density. As a result,
the BSE yield should be lower. However, a thin glass plate was
placed in front of the anode to provide a smooth edge for improving
the polishing result. Therefore, silicon re-deposition may occur. EDS
measurements showed no proof for silicon re-deposition, but may
just not be sensitive enough. If silicon is present its amount is low
and therefore only forms a thin layer on the surface. ESB detection
is much more sensitive to small compound variations than EDS
detection, especially in near surface regions. Thus, a small silicon
amount may produce higher brightness in the images, which must
be taken into account for image interpretation. However, the effect
should be more intense for pores located near the glass wafer (top
partin the image of the cross-sections), but no change in brightness
for pores near the surface (closer to the glass waver) compared to
pores near the interface (far away to the glass waver) could be
observed. The two described effects can therefore not fully account
for the observed increased brightness of edges and pores and hence
must reflect fluorine rich regions. Comparing the pores and edges
of an entire cross-section (Fig. 5), one can conclude that all graphite
particles are covered/coated with a thin PVDF layer.

Between the graphite particles light grey regions can be
observed. At higher magnification it can be seen that these regions
are not homogeneously grey and that they consist of carbon black
particles. In the EDX map, the carbon black regions contain more
fluorine than the surfaces of the graphite particles. This means, that
the small carbon black particles are also covered with PVDF. The
reason for the virtually higher concentration is that EDS averages
the concentration over a rather large interaction volume (about 15
cubic um). The interaction volume involves more fluorine in ag-
glomerations of carbon black compared to the interaction volume
at a coated graphite particle surface. In consequence, carbon black
appears brighter in ESB images compared to the surface of graphite
particles.

After the interpretation of contrast for cross-sections is verified,
the images can be analyzed. Therefore, the images are loaded into
an image processing program (GIMP v. 2.8) and manually marked
with colors: cross-sections of the graphite are marked black, the
carbon black regions are marked red and the pores in white. The
manual marking is necessary because the grey level information
e.g. of the graphite is not uniform and overlaps with other parts of
the image. Additionally, deep pores of the electrode and small pores
in the carbon black appear black, too. The analyzed ESB image of
Fig. 3b is in Fig. 3c. This process makes the analysis and interpre-
tation of the ESB images very time-intensive. Furthermore, the
manually marking is very error-prone. The greatest difficulties in
the evaluation are the pores of the anode. A solution to this problem
would be to fill the pores with a material with sufficient contrast to
distinguish it from the other electrode components. This material
should possess a good electron conductivity to avoid charging
during SEM measurements and a low viscosity for infiltration in
order to fill even small pores. ELASTOSIL RT 601 (Wacker), a silicone
rubber also used as encapsulation material for electronics, almost
ideally matches these requirements and was therefore chosen as an



infiltration material.

Beyond the eased identification of pores, infiltration has other
benefits. Since the silicon rubber also infiltrates the small pores
between the carbon black particles, the carbon black structure will
be stabilized for sectioning by BIBSC and the disintegration of
carbon black particle is avoided. The biggest improvement is that
the ESB images can now be automatically evaluated. For this pur-
pose, a MATLAB® program was written. The manual evaluation is
compared to the automated in supplementary part 3, demon-
strating that the results of automated MATLAB® evaluation are
comparable with the manual masking. The automated evaluation
can even be considered more accurate because even small struc-
tures are masked, which is not possible in manual masking. How-
ever, there is also a disadvantage of the infiltration. Due to the high
contrast of the infiltration material also in ESB it is no longer
possible to analyze the thin PVDF structures on the surface of
graphite and carbon black particles.

The infiltrated samples were polished by BIBSC and measured
by ESB using the same settings as before. In the ESB images of the
infiltrated samples the silicone rubber appears very bright (Fig. 4).
Even small pores between carbon black particles are infiltrated as
desired (Fig. 4d). In this electron micrograph a major advantage of
the ESB detector becomes apparent: much of finer structures can be
resolved compared to regular ASB images. The graphite cross-
sections as well as carbon black regions have about the same
brightness as the non-infiltrated samples. In the top part of the
images, i.e. closer to the surface of the anode, the amount of carbon
black is higher Fig. 4a. At higher resolution it can be seen, that small
pores (black in ESB image) exists between the carbon black

particles, which are not infiltrated. These pores are most likely not
filled with silicone rubber, because their pore space is secluded, i.e.
these pores are not accessible to the resin and therefore also not to
the electrolyte. This may be, because the carbon black agglomerates
are either very densely packed in these regions, so that pore
openings can be locked by PVDF binder or that they contain an
increased amount of binder locking of even larger pore openings.
An indication for the latter is that the porous parts in the carbon
black are surrounded by non-porous parts appearing in a slightly
lighter grey, e.g. in the lower right corner of Fig. 4b. Secluded pores
can also be seen in some graphite particles. The effect may there-
fore be used to determine the internal (closed) porosity of the
electrode or the graphite particles. In the region closer to the cur-
rent collector (bottom part of the image), the carbon black ag-
glomerations have open pore space and are therefore surrounded
by silicone rubber (Fig. 4c). From these results it can be concluded,
that carbon black as well as PVDF binder is moving towards the top
of the electrode layer. The binder seems to be contained mostly in
the carbon black regions and the high amount of binder in these
regions leads to a locking of pores.

3.3. Quantification of the carbon black and binder distribution of
LDR and HDR samples

In order to study the effect of the drying rate on the carbon black
and pore distribution images of electrode cross-sections covering
the whole electrode thickness were either manually (non-infil-
trated sample) or automatically (infiltrated sample) masked in
graphite, carbon black and pore areas as described previously for

Fig. 4. ESB images of the anode filled with silicone rubber. a) region near the surface. b) higher magnification of the red area in a. c) Region in the lower third. d) higher
magnification of the red area in c. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



Fig. 3c. For quantification a set of images of a 110 um wide part of
the LDR and HDR sample were measured. The in-lens and ESB
images of each sample were merged to one high resolution image
of about 4060 x 12,000 px for the HDR sample (Figs. 5 and 7a-d)
and about 4060 x 14,000 px for the LDR sample (Figs. 6 and 7e-h).
The full resolution images are provided in the supplemental data.
The masked ESB images are displayed in Figs. 5¢, 6¢c and 7c¢,d,g + h.
For quantification, the masked images were divided into horizontal
slices of 33.5 um in height corresponding to 1200 pixel. For each of
the slices the relative subareas of graphite and pores were calcu-
lated by counting their pixel area by MATLAB®. The pixel area
attributed to the carbon black was calculated as well. However,
carbon black particles can only be found in the pore space between
graphite particles, which can vary significantly from slice to slice
due to the large particles sizes of the graphite compared to the slice
area. Therefore, the pixel area of carbon black was not related to the
total slice area but to the pore area of each slice to compensate for
the effect of different porosities. The relative average amount of
carbon black (from surface to interface) per slice/subarea is dis-
played for the non-infiltrated samples in Fig. 8a and the infiltrated
samples in Fig. 8b. It can be seen that the distribution of carbon
black varies for different drying conditions. A higher amount of
carbon black can be found near the electrode surface (subarea 1-3)
compared to the center and current collector side of the electrode.
The effect is more pronounced for the HDR sample and is repro-
duced by the non-infiltrated (manual evaluation) and infiltrated
(automatic evaluation). Differences between the two evaluation
techniques must be attributed to statistical variations between the
infiltrated and non-infiltrated sample as well as a more accurate
calculation of the carbon black for the infiltrated sample, because
the improved contrast and automated evaluation makes it possible
analyze finer details. Further, the almost flat surface of the infil-
trated cross-section reduces the error of counting carbon black,
which is not exactly in the cutting plane of the cross-section.
Below we try to give an explanation why, especially at high
drying rates, carbon black is accumulating in the upper parts of the
electrode layers. At the beginning of the drying process the whole

50 um b)

Fig. 5. HDR sample. a) in-lens image, b) ESB image, c¢) analyzed image. The total
electrode thick-ness of this section is 334 pm.
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Fig. 6. LDR sample. a) in-lens image, b) ESB image, c) analyzed image. The total
electrode thickness of this section is 390 pm.

coating layer is still floating in electrolyte. At first, the solvent can
only evaporate from the film surface. At a high drying rate, the loss
of solvent from the surface layer cannot be compensated by back
diffusion of solvent from lower parts and the top most layers may
solidify while the mobility of carbon black and binder is maintained
in parts further away from the surface. In that state, carbon black
and dissolved binder from these parts can be transported by con-
vection and capillary forces to upper already dried parts of the
electrode. Since the current collector side is very far from the sur-
face it is more likely that carbon black and binder migration orig-
inates from the central parts of the electrode layer. This may explain
that the lowest carbon black concentration is observed around
subarea 5. As the drying speed reduces from top to bottom of the
electrode due to the increased diffusion length and partial pressure
of the solvent, the distribution of carbon black and binder becomes
more homogeneous. At a lower drying rate, the loss of solvent is
mostly compensated by back diffusion from lower parts and a more
homogeneous binder and carbon black distribution is maintained
until the liquid phase has reduced to an extent at which a perco-
lating graphite structure has formed. The tortuous, sieve-like
structure of the graphite network will impede long range mass
transport of carbon black at this point. As the loss of solvent con-
tinues, pores will open in the drying electrode structure. Due to
capillary forces, large pores will open first, further reducing the
mobility of carbon black and binder. However, since the smallest
pores are those between the carbon black particles, binder which is
still dissolved in the remaining solvent can accumulate inside car-
bon black rich regions.

4. Conclusion
ESB detection was applied to the characterization of graphite-

based lithium ion battery anodes. For the first time, the drying
related dependency of the distribution of carbon black throughout
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the electrode was investigated. ESB grid voltage and the primary
electron energy (Epg) were optimized in order to allow for differ-
entiation between the graphite active material particles on the one
hand and carbon black and PVDF on the other. This was, so far, not
feasible by means of ASB detection of backscattered electrons for
lighter elements.

On 400 um thick electrodes, dried at different temperatures, it
was demonstrated that the binder and the carbon black can be
localized at cross-sections, whereby the ESB detection is sensitive
to fluorine detection. We could show that graphite particles and
carbon black are covered with fluorine, independent on the drying
temperature. As the fluorine concentration is higher at carbon black
rich film domains, the carbon black appears brighter in the ESB
images. This effect is used to evaluate the carbon black distribution
by analyzing the ESB images. The evaluation of the ESB images is
not that accurate for cross-sections with pores. Therefore the
samples were filled with a silicone rubber. This improves the ESB
images, so that it is possible to evaluate the images by MATLAB®.
The result of the measurement shows that the distribution of the
carbon black is not homogeneous over the cross-section and differs
a lot for different drying temperatures. The amount of carbon black
is higher at the surface region and decreases linearly for the low
drying rate sample from surface to the middle of the cross-section.
Furthermore it can be determined that the carbon black distribu-
tion correlates with fluorine distribution measured by EDS in
Ref. [13].

Now this technique is going to be transferred to cathode elec-
trodes. However, due to the presence of heavier elements (for
example NMC: nickel, manganese, cobalt) in the cathode, which
will produce more backscattered electrons compared to fluorine,
the ESB grid voltage and the primary electron energy have to be
adjusted and the infiltration material might has to be changed.
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