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ABSTRACT: This study looks at energy-dispersive X-ray spectroscopy (EDX)
maps of fluorine in NMC 622 cathodes and the efforts made to improve the spatial
resolution of fluorine mapping. The transition to electric vehicles demands faster and
efficient production of next-generation lithium-ion batteries. To achieve this goal,
the industry needs to take advantage of state-of-the-art battery characterization
techniques in the pursuit of gaining a greater understanding of electrode structure
and production. The binder location within an electrode is critical to electrochemical
performance and contains fluorine, yielding an opportunity to use it as a marker and
a way to visualize binder distribution and therefore, better understand process-
structure relations. However, fluorine is difficult to differentiate from cobalt and
manganese in an EDX spectrum due to similar Kα energy. Fluorine also interacts
with the electron beam, potentially leading to poor spatial resolution. This paper
examines different EDX parameters and compares the spatial resolution of fluorine
in the maps of lithium-ion cathode cross sections. Analysis of the EDX maps showed that reducing the accelerating voltage from 20
to 5 kV improved the spatial resolution of fluorine 10-fold, from 2553 to 238 nm, supported by CASINO simulations. The EDX
maps also indicated that imaging for one long scan at a 2500 μs dwell time produced a higher spatial resolution than imaging for 10
scans at 250 μs. Repeated line scans of the sample showed the extent of fluorine mobility; fluorine-rich zones emit less, while
fluorine-free zones begin to emit more fluorine X-rays. This work shows that the spatial resolution of fluorine maps can be increased
by imaging at 5 kV and scanning for one pass at 2500 μs. This methodology can be used to create more representative EDX maps of
the binder in the cathodes. Visual analysis or further processing with an image analysis can reveal binder distributions and potential
binder gradients. This technique is useful in understanding how changes to electrode manufacturing can change the electrode
structure and binder distribution.

■ INTRODUCTION

Lithium-ion batteries are the leading technology in portable
energy storage and are essential to powering a wide range of
devices. Batteries store chemical potential energy, which can be
converted to electrical energy on demand. This is accom-
plished by having two electrodes, an anode and a cathode. In a
charged state, lithium ions and electrons are stored at the
anode and can be discharged, transferring the ions and
electrons to the cathode and producing a current. Batteries are
designed to be efficient and possess a high energy capacity.
The effectiveness of the electrodes within the battery greatly
influences the capability of the battery.
As lithium-ion cell chemistries have advanced, industry and

the literature have identified the manufacturing of electrodes to
play a significant role in electrode performance.1−3 Electrodes
are formulated from three components: an active material, a
conductive additive, and a binder. The role of the conductive
additive and binder has been proven integral to electric
conductivity and mechanical stability.4−9 Together, the
conductive additive and binder form a nanosized conductive
binder domain (CBD).10 Understanding the structure of the
CBD is becoming increasingly paramount. This regime affects

the surface coating and superficial pores of active particles and
changes the pore network of the electrode.11 Coating
additions, interphase changes, and the alteration of pores
significantly affect electrode impedance and stability.12−15

Poor manufacturing can often lead to electrode hetero-
geneity, a frequently encountered obstacle which causes
reduced Coulombic efficiency and severe capacity degrada-
tion.16 A notorious heterogeneity at the macroscale level is
binder migration.17 The binder migrates to the electrode
surface, leaving a nonuniform distribution throughout the
coating z-axis.18 Binder migration occurs during rapid
electrode drying.17,19−21 Diagnosing the extent of the
migration is critical in optimization and can be measured by
imaging the electrode.
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The particles involved in the carbon binder domain are
nanosized22 and require advanced techniques such as scanning
electron microscopy (SEM) or X-ray computed tomography
(XCT) to resolve. Both of these techniques have been
previously utilized in the battery field. SEM of electrode
cross sections has been conducted for both anodes20 and
cathodes.23−25 XCT has been conducted from electrode to cell
levels.10 Studies have also combined XCT and EDX together in
the pursuit of further CBD understanding.11

XCT can be a valuable technique due to being non-
destructive and allowing whole-cell analysis; however, XCT
imaging is performed by measuring X-ray attenuation which
highly correlates with sample density.26 This inhibits the
differentiation of the conductive additive and binder because
they are both carbon-dominated and together form the
amorphous CBD structure. Limited photon flux, in con-
junction with size and positioning restrictions of both the X-ray
detector and the electrode sample, can prevent submicron
spatial resolution in XCT27 which is necessary to resolve the
CBD phase.
SEM/EDX is an intrusive and destructive technique;28−30

however, it can yield an abundance of information. Incidence
electrons produced during SEM have nanometer wavelengths.
This allows SEM to achieve exceptional spatial resolutions,31

capable of resolving the CBD phase. A benefit of SEM is
depicting the electrical conductivity within the image.
Insufficiently conductive sections of the sample repel electrons
and cause artifacts and charging; this can highlight poorly
performing CBD.32

EDX also has the advantage of atomic identification and can
simultaneously differentiate elements by their characteristic X-
ray wavelengths.33 PVDF is a dominant binder choice in slurry-
cast cathodes due to its high voltage stability, mechanical
properties, and thermal stability.34−36 Fluorine is only present
in the binder. Therefore, the mapping of fluorine allows for the
mapping of the binder in cathodes. This technique could be
used to identify binder gradients and binder agglomeration.25

Studies have taken the EDX maps further by using image
analysis software to quantify binder distributions along the z-
axis for entire cross sections.25

Fluorine is a particularly problematic element to analyse due
to being the most electronegative element and only emmitting
relatively low-energy kα X-rays.37 Additionally, cobalt and
manganese have similar Kα X-ray energy and are in far greater
concentration in an NMC cathode; therefore, their X-ray peaks
can overlap significantly. This presents a challenge to
accurately quantify each element. Industrial electrodes typically
have greater than 90% active material38 and only a few percent

by weight of other additives, such as the fluorine-containing
binder. The above complications cause fluorine X-rays to be a
minimal fraction of the total X-ray emissions and require high-
spectral-resolution EDX detectors to differentiate the fluorine
signal from other elements. Additionally, consideration of the
electron beam damaging the sample, causing phase transitions
in NMC-81139 and decay of fluorinated polymers into
monomers,40,41 is important. These challenges inspire the
need for a robust microscopy procedure.
This paper aims to provide insight into the EDX fluorine

within cathodes and efforts that can be made to develop the
response and increase the spatial resolution. Two significantly
important parameters for EDX are the dwell time and the
accelerating voltage of the beam. SEM and EDX work by
splitting the sample area into a grid and imaging each
coordinate of the grid. Dwell time infers the amount of time
each coordinate will be excited by the beam and measured by
the X-ray detector. A higher dwell time will increase the total
amount of X-rays emitted and measured. The other parameter,
accelerating voltage, refers to the voltage induced to accelerate
the electrons toward the sample. A higher voltage imparts
more energy to each electron. This will cause the electrons to
interact with a larger volume of the sample, known as the
interaction volume.

■ EXPERIMENTAL SECTION

Slurry Mixing. The active material NMC 622 from BASF
was mixed with Imery’s C-NERGY Super C65 carbon black
and Solvay’s Solef 1015 PVDF, with an average molecular
weight of 573 g mol−1. Slurries were mixed in a solution of N-
methyl-2-pyrrolidone (NMP) from Sigma-Aldrich (anhydrous,
99.5%). The final solid content was 60%, with a weight
proportion of 92:4:4 of the active material, conductive additive,
and binder.
All weighing steps were performed in an argon-controlled

glovebox for an inert anhydrous atmosphere. Mixing was
performed using a THINKY ARE-250 planetary mixer, and any
mixing involving powder and liquids in one stage comprised
adding the powder first and the liquid second. The mixing
protocol involved dissolving PVDF to make an 8 wt % PVDF
solution in NMP. This solution should be colorless if
anhydrous. The carbon black was then added in addition to
half the remaining NMP and mixed at 500 rpm for 1 min
followed by mixing at 2000 rpm for 5 min. NMC was then
added in addition to the other half of the remaining NMP and
mixed at 500 rpm for 1 min followed by mixing at 2000 rpm
for 15 min. The mixture was then degassed at 2200 rpm for 3
min.

Figure 1. (a) Secondary electron image of a resin-impregnated electrode cross section, (b) equivalent layered EDX image, and (c) equivalent
fluorine EDX map.
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Slurry Casting. The slurry was coated with a doctor blade
at a rate of 1.3 m per minute and set at a height of 270 μm
onto a 15 μm aluminum foil. The coating was dried in a fume
cupboard on a heated drawdown coater set to 80 °C for 1 h
before being transferred to an 80 °C vacuum oven to dry
overnight. The initial coating of 55% porosity was then
compressed to 45% using a heated double-roller calender set to
a temperature of 60 °C.
Resin Casting. Samples were prepared by impregnating

electrodes with epoxy resin, EpoFix resin from Agar Scientific,
to make tombs. Before curing, the resin was vacuumed to 0.01
bar three times to remove gas bubbles. The resin compound
consisted of organic compounds, C12−14 carbon chain
polymers with alkoxy (−C−O−C−) and methyl (−CH3)
groups, limiting the resin’s atomic makeup to carbon,
hydrogen, and oxygen. These tombs were then ultra-
microtomed for a diamond finish using a Leica ultra-
microtome. 20 μm of the material was removed with 1 μm
slices followed by an additional 20 μm of 0.5 μm slices using a
glass knife. A diamond knife was then used to remove 70 nm
slices until a minimum of 12 μm of the material was removed,
and the offcuts were uniform in color and unfragmented. The
samples were then ion-milled with a PECS II ion miller at 5 kV
for 45 min, 2° incline, to remove any preparation damage to
the active material particles. Samples were mounted on SEM
stubs, earthed with silver paint, and carbon-coated to increase
electrical conductivity. A resin-impregnated cathode cross
section can be seen in Figure 1a.
Microscopy. EDX analysis was conducted using an FEI

Inspect F50 scanning electron microscope with an Oxford
Instruments X-Max 80 mm2 silicon drift detector. The
resolution of the EDX detector was 125 eV for the Mn Kα

peak. EDX maps were run at 5 and 20 kV accelerating voltages.
The dwell time for scans was also altered between 2500 and
250 μs. To control the imaging time, 10 scans were taken for
250 μs maps but only one scan for 2500 μs maps. Maps were
conducted at a 3500× magnification. A layered EDX map of all
detectable elements can be seen in Figure 1b. This map was
taken at 2500 μs for one scan. The respective fluorine map for
this scan is shown in Figure 1c. A longer process time of 5 was
selected to help increase differentiation between fluorine,
cobalt, and manganese. The average dead time was 35% when
imaging the electrode. A spot size of 4 was used for SEM.
Line scans were conducted by selecting an appropriate site

location where the CBD phase is visible at the electrode−resin
interface, as demonstrated in Figure 2. Each line scan location
was scanned a total of 5 times. A delay of 2 min was used
between each scan, and beam blanking was enabled during this

time to reduce current exposure. Line scans were conducted at
a 300 or 1000 μs dwell time and at a 5 or 20 kV accelerating
voltage.
CASINO Simulation. The electron trajectory and inter-

actions were modeled and simulated in Monte Carlo
Simulation software (CASINO) version 2.4.8. This software
is specialized for Monte Carlo simulations of electron
trajectories in solids. 1000 electrons were simulated interacting
with the resin at 5 and 20 kV accelerating voltages. Epofix resin
denotes the reactive polymer as bisphenol A-epichlorohydrin.
The estimated stoichiometry for this polymer is shown in
Table 1 with a density of 1.2 g cm−3. The machine beam radius
was estimated at 3 nm with a 0° specimen tilt.

The stoichiometry for the epoxy resin was estimated and
partitioned into carbon, hydrogen, and oxygen. This resin was
used for all CASINO simulations (5 and 20 kV) to model the
interaction volumes.

■ RESULTS AND DISCUSSION

Fluorine Maps of the PVDF Binder. EDX of the cathode
was undertaken with the aim of best resolving a fluorine map.
The relationships between the accelerating voltage and dwell
time with scattering, X-ray deconvolution, and spatial
resolution of fluorine were explored. The structure of the
cathode consists of large NMC particles held together in a
matrix by the fluorine-rich PVDF binder. The NMC particles
can be seen in Figure 1a. Comparing the SE image (Figure 1a)
with the fluorine map (Figure 1c) shows the fluorine map
displaying a complementary shape to the NMC particles.
Fewer fluorine X-rays are detected from NMC positions, and
the strongest fluorine X-rays are detected where CBD is
located on the SE image. Because the X-ray spectra of fluorine
overlap with those of manganese and cobalt, the EDX software
is challenged to deconvolute and isolate manganese and cobalt
X-rays from fluorine. Figure S1 details the spectra emitted from
CBD and NMC regions and shows the convolution among
fluorine, manganese, and cobalt. The software has limitations
and can misrepresent the fluorine signal yield emitted near
NMC particles. In addition to this, the spatial resolution of
fluorine can be inhibited by scattering as fluorine is highly
electronegative and will deflect electrons. Sublimation of
fluorine to HF is also possible,42 contaminating SEM’s vacuum
environment. The consequence of both these mechanisms is
demonstrated with the fluorine signal being emitted above and
below the electrode in the bulk resin, which is fluorine-free, as
in Figure 3a−c.
To deduce how to increase EDX’s capability to spatially and

spectrally resolve fluorine, three locations were imaged with
different dwell times and accelerating voltages, as shown in
Figure 3. The best spatially resolved fluorine map is yielded in
Figure 3d, 1 scan at 5 kV for a 2500 μs dwell time. The fluorine
signal is concentrated in specific locations where CBD is
present and there are ellipsoidal silhouettes of fluorine signals
where the NMC particles are positioned. The NMC and the

Figure 2. Secondary electron image showing the interface between
the electrode CBD and CBD-free epoxy resin. The dashed yellow line
marks the interface. The solid yellow line represents an exemplary line
scan used to scan the interface between the CBD and epoxy resin that
has been annotated.

Table 1. Stoichiometry for the Resin Used in CASINO
Simulations

element Z atomic fraction

C 12 0.428

H 1 0.495

O 16 0.077
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CBD are most distinguishable in this scan. The contrast
between fluorine signals is the greatest when comparing CBD-
rich and CBD-free regions.
It is more challenging to differentiate between the CBD

phase and NMC particles (Figure 3e and f). Inspection of
Figure 3e, 1 scan at 20 kV for a 2500 μs dwell time, indicates
that the higher beam energy of 20 kV creates a lower contrast
between fluorine-rich zones and fluorine-free zones. It is
possible to identify where NMC and the CBD exist, however,
not as distinctly as in Figure 3d.
Figure 3f, 10 scans at 5 kV for a 250 μs dwell time, yields the

most difficult image to differentiate. The CBD can be
identified. However, the contrast in signals is the least distinct.
Scattering can be seen most in this image. The primary factor
identified for the lack of distinguishability in Figure 3f is
fluorine mobility. Fluorine migrates when mapped over
multiple scans because fluorine is susceptible to being pushed
through a solid polymer sample if exposed to a migration
force.43 The negative charge of beam electrons and
accumulation of charge provide this force. Each passing of
the beam instigates more fluorine migration, which results in a
changing fluorine signal for every scan. Previously fluorine-rich
areas will produce fewer signals, and fluorine-free zones will
become contaminated with fluorine and produce a weak signal.
The EDX map is constructed by averaging the data measured
over the multiple scans, and because the data in each scan are
changing, the averaged result will not be representative of the
initial sample. This analysis suggests parameters used in Figure
3a,d; a 5 kV accelerating voltage and a 2500 μs dwell time for
one scan yield a more representative fluorine map of the
sample.
Quantifying Fluorine Mobility. A line scan analysis was

conducted to quantify the fluorine mobility and fluorine count
trend over multiple scans. Three indicators of fluorine mobility
have been identified: changes to the line scan profile structure,

the gradient of fluorine over the CBD−resin boundary, and the
ratio between the total amount of fluorine detected in the CBD
region against the CBD-free resin region. In every line scan, the
fluorine counts in the CBD region (<0 μm) reduce between
the first to fifth scans. To complement this, the fluorine counts
in the CBD-free resin region (>0 μm) increase over the scans.
This demonstrates the fluorine mobility mechanism; fluorine
progressively migrates from the fluorine-rich region in the
CBD to the fluorine-free region in resin.
The CBD phase is amorphous and inhomogeneous. This

causes the structured profiles to exhibit fluorine peaks and
troughs within the CBD resin, as in Figure 4. This is especially
apparent in 5 kV scans. An example of this structure change is
shown in Figure 4a; the first scan has counts of 225 at −5.8 μm
which decreases to 40 counts at −3.8 μm before increasing
back to 150 counts at −1.8 μm, displaying a U-shaped profile.
The fifth scan profile fluctuates from 100 to 50 to 100 counts
at the same distances −5.8, −3.8, and −1.8 μm, respectively.
This still displays the U-shape, but the extent of the structure
has minimized over scans. This is a consequence of fluorine-
dense regions having more fluorine which can be mobilized
compared to fluorine-sparse regions, which have less fluorine
to be mobilized. This causes a net shift of fluorine from the
rich regions to sparse regions as the movement of fluorine from
rich to sparse regions is greater. The consequence of this effect
is the loss of the structured profile, shifting toward a linear
profile. Further scans after the fifth would be expected to
minimize this structure further.
The 3.5 μm peak in Figure 4b is assumed to be anomalous.

It may be due to a cluster CBD being below the escape depth
of fluorine and not visible on the SE but within the interaction
volume and irradiated by the beam. In this situation, fluorine
mobility would be observed and lead to migration toward the
surface of the sample. Once fluorine has migrated within the
escape depth, fluorine X-rays would be detected, causing an

Figure 3. Fluorine maps of three electrode cross sections. All 3500× magnification, all same scale. (a) 1 scan, 2500 μs dwell time, 5 kV, (b) 1 scan,
2500 μs dwell time, 20 kV, and (c) 10 scans, 250 μs dwell time, 5 kV. Images (d−f) are images (a−c) with a binning factor of 4. The binning factor
combines 4 pixels into 1, increasing the signal-to-noise ratio. The results show three integers of fluorine signals: highest signal from CBD-rich
regions, moderate signal from NMC positions, and lowest signal from CBD-free resin. Scan (b) was aborted midscan, partially through the current
collector.
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increase in fluorine content for the position. This is supported
by Figure S2, which demonstrates the peak progressively
increasing during the scans. Alternatively, it may be possible
that the beam has damaged the resin above a CBD cluster.
This could narrow the thickness of the resin to below the
escape depth of the fluorine. This would lead to an increase in
fluorine counts as new fluorine X-rays can reach the EDX
detector.
The boundary between the CBD and the CBD-free resin is

also an indicator because it measures the signal change as the
beam transitions from a fluorine-rich zone to a fluorine-free
zone. The boundary gradient changes for different process
conditions and across scans in Figure 4a−d. The changes seen
between the first and fifth scans are a decrease in the boundary
gradient, an increase in the boundary distance length, and
increasing fluorine counts within the first 2 μm of the CBD-
free resin. This is explained by the migration of fluorine into

the CBD-free resin, decreasing the distinctiveness of the
boundary as fluorine infiltrates the CBD-free resin.
The difference in the boundary gradient between 5 and 20

kV is also profound. The gradient for 5 kV shown in Figure
4a,b is much steeper than 20 kV, shown in Figure 4c,d. The
effect of fluorine mobility should be minimal during the initial
scan; therefore, beam interaction volume will dominate the
boundary gradient for the first scans. All line scan measure-
ments were taken in 100 nm integers; therefore, the larger
interaction volume of a 20 kV accelerating voltage causes the
CBD region to still be measured when scanning further into
the CBD-free resin. The beam interaction volumes simulated
in modeling software Monte Carlo Simulation (CASINO)
version 2.4.844 shown in Figure 5 demonstrate a 238 nm radius
at a 5 kV accelerating voltage compared to a 2553 nm radius at
20 kV (considering 90% of interaction energy). 1000 electrons
were simulated for both 5 and 20 kV. Simulated interaction

Figure 4. Fluorine line scan comparison at different accelerating voltages and dwell times. The line scan shows readings for fluorine along a 2D line
which spans from CBD-rich resin to CBD-free resin, visible on the secondary electron image. 0 μm represents the CBD−resin interface and is
shown as a dashed line in Figure 2. The movement of fluorine from the CBD region (<0 μm) into the resin (>0 μm) can be seen during the first to
fifth scans. This is demonstrated by the counts diminishing from the first to fifth scans in the CBD region (<0 μm) and the increase in the CBD-
free resin (>0 μm). Gray zones indicate the simulated interaction volumes in CASINO.
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volumes have been displayed as gray zones in Figure 4,
centered over the CBD resin boundary. There is a positive
correlation between interaction volume and the boundary
gradient. The smaller interaction volume, 5 kV, exhibits a
steeper gradient. The interaction volume difference between 5
and 20 kV is significant45 and demonstrates why the loss of
spatial resolution is widely accepted for higher accelerating
voltages46 in addition to the extent of beam damage.47

Interaction volumes simulated in this work are similar to
other literature looking into EDX analysis of fluoropolymer
samples.48

Limitations of this technique include mislabeling of the
CBD−resin boundary and measuring negative fluorine counts.
X-ray emissions during EDX involve much larger interaction
volumes than those of backscattered or secondary electrons.
This creates an opportunity to misalign the line scan data with
the SE/BSE image because there may be CBD that is too deep
to be detected by backscattered electrons but may be excited
to emit X-rays. This should be considered when labeling the
border between the CBD and the resin. Despite this, our data
has aligned well and the CBD−resin gradients span similar
lengths to the simulated interaction volumes for both 5 and 20
kV.
Negative fluorine counts are due to measurement errors

arising from limitations of the EDX detector and EDX
software. The electron beam causes continuum background
X-rays; the incident electrons decelerate as they pass through
the Coulombic field of the specimen and emit X-rays at all
energies below the incidence beam energy.49 This means that
background X-rays are produced at characteristic wavelengths,
which inflate the X-ray counts of these elements. AZtec, the
EDX software, can account for this inflation and eliminate the
background X-rays with “Tru-Q” an EDX quantitative
algorithm.50 The algorithm is useful and is employed during
maps and scans in this report. However, due to fluorine having
a weak X-ray signal, the error associated with the elimination of
background X-rays is large enough to cause negative fluorine
counts when fluorine is absent or in low concentration. This is
especially apparent at 20 kV because the incident beam
electrons have vastly more energy. The more energy each
electron has, the more it can interact with the sample and lose
energy during deceleration, producing more background X-
rays. This advocates for the use of the 5 kV accelerating voltage
because 20 kV causes a significant increase in background X-

rays for a less significant increase in fluorine X-rays. To
demonstrate the effect of the software, line scans with the Tru-
Q algorithm disabled are demonstrated in Figure S3. It shows
positive fluorine counts across all regions and increased
fluorine counts for the whole line scan because the software
does not compensate for background X-rays.
Sample Degradation and Complete Elemental Anal-

ysis. The X-ray signal emitted by fluorine has been
documented in the literature to reduce the more the sample
is imaged.48 This is applicable to other elements as the sample
incurs damage and is radiated during imaging; however,
fluorine has been identified as a particularly susceptible
element. Raw fluorine EDX data was extracted and analyzed,
as seen in Figure 6. A common trend displayed was the total
fluorine counts decreasing to approximately 70% from the first
to fifth line scans. Additionally, the counts drop to around 80%
after the first scan, indicating the importance of limiting the
beam’s interaction with fluorine. It can also be seen that dwell
time has a greater influence over increasing the X-ray counts

Figure 5. CASINO simulations of interaction volumes within the resin at (a) 5 and (b) 20 kV. The interaction volume shapes are similar, but their
magnitudes and resin penetration are significantly different. The radius of the interaction volume correlates with spatial resolution. A better spatial
resolution is to be expected for 5 kV due to the smaller interaction volume radius.

Figure 6. Fluorine signal for each scan relative to the first scan,
demonstrating the loss of X-rays over the line scans. The first scan
measures the highest fluorine count in all parameters, before
decreasing over further scans. 300 and 1000 μs dwell times and 5
and 20 kV accelerating voltages have been compared.
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compared to dwell time. This is due to the weak fluorine X-
rays having a weak escape velocity. A large fraction of the X-
rays generated in the large interaction volume of 20 kV will not
reach the detector. Increasing the dwell time increases the time
for which the X-rays are measured and will consequently
increase the quantity of X-rays measured.
To compare the behavior between fluorine and other

elements, X-rays measured during line scans for all detectable
elements are shown in Figure 7. This includes fluorine, oxygen,
and carbon. Carbon is abundant because it makes up the bulk
of the resin and is also present in the conductive additive.
Oxygen is a component of the resin. Dwell times of 300 and
1000 μs at 5 kV are examined to provide insight into the
difference between lower and higher energy inputs. The
comparison indicates that the fluorine signal diminishes at a
greater rate compared to oxygen and carbon during repeated
scans for both dwell times, evidencing that fluorine counts are
more prone to diminishing. Figures 6 and 7 indicate that the
first scan during EDX analysis provides the most representative
data for the sample before it is degraded and skewed by
electron beam damage.
Additional Considerations for Industrial Application.

Scanning electron microscopes and EDX detectors have
progressed significantly and are available in a range of
advancements.51 EDX detectors may have a greater surface
area, which can capture more X-ray counts. Detectors can be
windowless or possess thinner films, meaning the minimum
energy for X-ray detection is lower.52 Windowless detectors
can detect the smallest elements, including lithium.53 This
would be advantageous when imaging fluorine because
fluorine’s weak X-rays are susceptible to rapidly losing energy
escaping the sample. These advantages would increase the
count of measured X-rays. The methodology discussed in this
paper would still benefit any fluorine map attained by more
advanced EDX detectors; however, it may not require as much
optimization to achieve an appropriate spatial resolution of
fluorine.
In contrast, the electrode formulation in this paper has a 4%

PVDF binder compared to industrial formulations of 2%.
Fluorine X-ray counts positively correlate with fluorine
content; therefore, the fluorine counts exhibited are expected
to be halved with 2% PVDF content. Fluorine would
demonstrate the same behavior in these electrodes but may

require further optimization to reach the confidence achieved
in this work. The dominant binder in dry processing is
PTFE.54 PTFE contains double the stoichiometry of fluorine
compared to PVDF. This would yield double the fluorine
counts, making EDX of fluorine easier to detect compared to
PVDF. This indicates the potential of fluorine maps within the
dry electrode industry in addition to the wet electrode
industry. Another popular lithium-ion chemistry is lithium
iron phosphate (LFP). Iron possesses similar Kα energy to
cobalt and manganese, and therefore fluorine, and will present
similar challenges in formulations where NMC has been
substituted for LFP.
Electron microscopy suffers from trajectory errors when the

imaging substrate is not flat which can cause artifact defects
such as shadowing and curtaining.55,56 This is particularly
applicable to electrodes that are macroporous with spherical
particles. X-rays released from the sides of particles are more
difficult to detect, biasing the data. Charge can also accumulate
at vertices of the substrate which deflect and repel incidence
electrons.57 Casting the substrate in resin forms a uniform flat
surface which reduces shadowing and dissipates charge build-
up if the surface is electronically conductive.58 Dissipating the
charging and the measurement of X-rays emitted from a flat
surface will yield a more representative EDX analysis. The
filling of pores with resin is also advantageous when imaging a
cross section. Due to a narrow beam diameter, scanning
electron microscopes have a greater depth of field than optical
systems;55 this can lead to incorporating signals from deep
pores. This is unideal as a cross section should represent only a
superficial sample. Differentiating the superficial signal from
pores with resin has been proven advantageous.31 In our
samples, the resin being a denser material than the vacuum
helps reduce the trajectory depth of the electrons and escape
velocity of the characteristics X-rays,49 reducing the signal
measured from these pores.

■ CONCLUSIONS

Multiple EDX parameters were tested for the analysis of NMC
cathodes. Regarding accelerating voltage, the map and line scan
results suggest that using 20 kV reduces the spatial resolution
of imaging fluorine in the sample. The fluorine counts between
the CBD-rich resin and the CBD−resin are less distinct
compared to using 5 kV. An accelerating voltage of 20 kV also

Figure 7. Line scans of the CBD boundary comparing the first and fifth scans for 350 and 1000 μs dwell times at 5 kV. The detectable elements
were carbon, fluorine, and oxygen and have all been included. The difference in counts can be seen between the first and fifth scans and shows that
carbon is stable but oxygen and fluorine are not. The abundance of carbon is due to the epoxy resin impregnation.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.4c05678
J. Phys. Chem. C 2024, 128, 20957−20966

20963

https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05678?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05678?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05678?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05678?fig=fig7&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c05678?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


induces more fluorine mobility as there is more negative charge
to induce the mechanism. It causes more infiltration of fluorine
into previously fluorine-free regions. Scans at 20 kV also
induce more background continuum X-rays, which can inflate
the fluorine count or interfere with the accuracy of measuring
fluorine when attempting to eliminate background X-rays.
Regarding the scan rate and dwell time, a singular scan at a

high dwell time was proven to produce a higher signal contrast
between CBD and CBD-free locations in the fluorine EDX
maps compared to a lower dwell time for multiple scans. In
concurrence with the map, line scans indicated fewer fluorine
counts within the CBD during repeated scans and a gradual
rise of fluorine in the resin regions. This result was concluded
to be due to the mobility of fluorine. The fluorine response
that best represented the CBD phase in this study was a 5 kV
accelerating voltage at 2500 μs for one singular scan. To make
the most representative binder maps, these parameters should
be used.
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