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Abstract. Achieving reliable detection and quantification of lithium (Li)
with high spatial resolution down to the nanometer (nm) range is a major
challenge on the path to fully understanding lithium-ion batteries throughout
their life span. This paper presents possible influencing factors, such as
contamination, radiation damage and charging effects, on EDS analysis, as
well as methods for detecting and avoiding these effects. A windowless EDS
detector specialising in the detection of low-energy X-rays enables Li
content analysis. Even in Li compounds with overlapping edges, the lithium
content can be clarified. The systematic investigation of the detection of
lithium in lithium metal and lithium compounds, lithium batteries, and the
influence of sample preparation and storage is presented. The reliability and
accuracy of EDS quantification on samples under non-ideal testing
conditions is also investigated. A new method of quantifying lithium, 'Li by
difference', is introduced, whereby the lithium content is calculated as the
missing element fraction of a non-normalised EDS quantification.

1 Introduction

Energy storage is one of the major challenges on the road to environmental protection. The
most commonly used batteries today and in the near future are Li-ion based systems.
Therefore, it is very important to develop methods and workflows that can reliably detect Li
and ideally also quantify its content.

In general, the detection and especially the quantification of Li is not straightforward. For
energy dispersive X-ray spectroscopy (EDS), the cross-section for the generation of Li-Ka
X-rays is very small [1]. The competing process for X-ray production is the emission of an
Auger electron, which becomes more likely with decreasing atomic number [2, 3]. In the
unoccupied state Li has three electrons, two in the K shell (1s energy state) and one in the L1
(2s energy state). The electric dipole transition provides the most intense X-ray lines, and
for the transition from the Li-L1 to the K-shell the electric dipole selection rule Al =+ 1 is
not fulfilled [4]. Additionally, when Li is in a covalently or ionically bonded state, there is
no electron left from a higher shell to fill the hole in the K-shell, forming a Li-Ka X-ray [5].
However, for Li there are some peculiarities. In the case of metallic or covalent bounded Li
with p-symmetry orbitals, Li K emission can occur. The excitation probability is very low
for Li metal and even lower for Li compounds [6].
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Further possibilities to detect Li are energy loss spectroscopy (EELS) [7], mass
spectrometry (MS) [8, 9], inductively coupled plasma optical emission spectroscopy (ICP-
OES) [10], X-ray photoelectron spectroscopy (XPS) [11], and laser induced breakdown
spectroscopy (LIBS) [12]. These methods can overcome the restriction of X-ray analysis.
However, they have other limitations such as lower spatial resolution (XPS), high time
expenditure, more sophisticated sample preparation, that may not be free of artefacts (EELS),
lower spatial resolution and higher beam currents, which increase the possibility of radiation
damage (MS, SXES: Soft X-ray Emission spectroscopy), destructive analysis methods that
also provide a significantly lower spatial resolution (ICP-OES, LIBS).

EDS is the method of choice when high spatial resolution and the analysis of pm-scale
sample areas are required. If you also want to explore the field of quantitative analysis with
high spatial resolution and the lowest possible detection limits, one point that becomes
extremely important is the awareness of sample changes during or by the analytical
investigation. In scanning electron microscopy (SEM), for example, radiation damage
caused by the interaction of the electron beam with the sample, contamination (the growth of
carbon on the surface of the sample from cracked hydrocarbon compounds) and insufficient
electrical conductivity, which manifests itself as charging, can significantly affect the result
[2, 13, 14].

The main topic of the paper is the new opportunities and challenges of low energy X-ray
detection using EDS in the field of Li-ion battery analysis by using Low-Voltage SEM. The
windowless Oxford Extreme EDS detector (detector size: 100 mm?, energy resolution: Mn:
124,7 eV, C: 47,5 eV, F: 58,8 eV @ 130000 cps input count rate) overcomes the bottleneck
of Li detection and opens new perspectives in this field [15]. During the development
process, windowless detection was combined with improved electrical amplification, leading
to a further improvement in detection capabilities. This detector allows EDS investigations
with lower accelerating voltages and beam currents. This can have a significant impact on
the reduction of examination artefacts, or even make examinations possible at all. Studies
with this detector have already shown that detection of Li in Li metal and Li compounds is
possible in samples without topography [15-19]. In the following, we will look at the
possibilities for investigations, from Li detection to quantification, in the context of the
application on real issues related to Li-ion batteries.

2 Contamination, radiation damage and charging

If the electrical conductivity of the sample is insufficient, “charging” can occur, when the
primary energy of the incident electrons is above an electronically balance point named “E2
point” [13]. The amount of incoming and outgoing electrons is equal at the E2 point. For
higher landing energies than the E2 point the absorbed probe current exceeds the amount of
generated backscattered and secondary electrons, the left-over electrons charge up the sample
negatively, if the sample is not sufficient conductive. This continuously lowers the landing
energy of the primary electrons and thus further decreases the cross-section for the element-
specific X-ray generation. This introduced deviations cannot be corrected by post-
processing. To check this, the Duane-Hunt limit [20], where the X-ray continuum
(Bremsstrahlung) intensity goes to zero, can be compared with the expected landing energy
of the incident electrons. As the sample is negatively charged, the value of the Duane-Hunt
limit decreases [1, 21, 22].

There are several approaches to reduce or avoid charging. The classical approach is to coat
the sample with a conductive material. This coating then also contributes to the EDS signal
and cannot be easily separated. The second approach is to reduce the accelerating voltage.
With decreasing accelerating voltage, the effective cross-sections for the elastic and inelastic
interaction increase and thus the number of secondary and backscattered electrons generated.
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If the primary energy of the incident electrons approaches the E2 point, the number of
electrons remaining in the sample decreases. The third opportunity is to reduce the electron
dose rate (beam current, scan speed, magnification). This reduces or avoid charging effects
as well [2, 3, 13, 14].

However, charging effects can also be used positively to achieve or enhance image contrast,
known as voltage contrast [2, 22]. Figure 1 shows an example how charging effects can
influence image contrast. This figure shows SEM images of Sm-rich precipitates in a CosSm
matrix. These images were captured using a Zeiss Crossbeam 540 equipped with Inlens SE
and ETD (Everhart-Thornley-Detector, chamber SE detector, Zeiss SESI). Increasing the
line time from 52 ms to 265 ms causes the dark contrast of the Sm-rich precipitates to change
to a bright contrast, as can be seen in Figures la and 1b. As the atomic number of Sm (62) is
higher than that of Co (27), the precipitates should appear brighter in the image. The expected
image contrast is obtained in Fig. 1c, which was collected with the ETD. The ETD is much
less sensitive to surface potentials, providing the opportunity for artefact-free imaging even
in the presence of small charging effects.

Fig. 1 SEM images of Sm-rich precipitates in a CosSm matrix taken with line times of 52ms a, ¢ and
265ms b (768 lines per image) and the Inlens SE a, b and ETD c detector demonstrating voltage contrast
(I:178pA, PE: 5 keV, WD: 5Smm). This creates a contrast change when imaging the precipitates with
the Inlens SE detector. The correct material contrast is shown in the image with the ETD detector.

The next topic is carbon contamination, which is the electron beam induced decomposition
of carbon-rich compounds (hydrocarbons) and their subsequent deposition on the sample
surface [13, 23-25]. They originate from the sample itself or from the vacuum (residual gas
molecules). This effect becomes increasingly critical with decreasing acceleration voltage,
as the interaction volume decreases with decreasing acceleration voltage. Consequently, the
contribution of the contamination layer to the EDS signal increases.

An additionally critical factor is beam damage, especially for the detection of light
elements. Here, the benefit for low voltage application strongly depends on the main damage
mechanism. If the accelerating voltage decreases, the knock-on damage is reduced, but the
beam damage caused by heating and ionisation is possibly enhanced due to the increasing
cross-sections for inelastic and elastic scattering. Lowering the beam current, beam current
density will reduce all beam damage effects [26-29].

Figure 2 shows scanning electron micrographs of Al (Figs. 2a and 2b), Si (Figs. 2¢, d and
2f), Co (Fig. 2¢) and Li metal (Figs. 2g and 2h) obtained with a Zeiss Crossbeam 540 SEM.
All images were taken after EDS point and area analysis and the right and left images in Fig.
a-b; c-d; g-h, were recorded simultaneously in dual imaging mode. Comparing the Al image
in Figs. 2a with 2b, the sample change due to radiation damage at the location of the EDS
point analysis is only visible in the image obtained with the Inlens detector (white arrow). In
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Fig. 2. Scanning electron micrographs of Al, Si, Co and Li after EDS analysis; a, ¢ and g with the
chamber SE detector (ETD), and b, d, e, f and h with the Inlens detector (LE: 3.5keV, I:300pA) at a
magnification of 15,000x for Figs. 2a-d (calibrated to polaroid), and a magnification of 2,000 for Figs.
2e, g and 2h and 1,000x for Fig. 2f. The images show possible effects of electron beam interaction with
the sample in the form of contamination and radiation damage. Depending on the imaging parameters,
these effects can merge seamlessly into one another.
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the case of Si, sample changes occurred in both the point and area analysis. This time the
influence of the radiation damage from the point analysis is observable in both the SE
chamber image and the Inlens image (white arrows). The contamination of the sample
surface caused by the area scan is only visible in the Inlens detector image (black arrow).
After EDS examinations, Co, Mn, Ni, Cr and Fe show solely contamination for both point
and surface

analysis. This is shown exemplary for Co, in Fig. 2.e, where the contamination layer gets
thicker as the electron beam stays longer. Therefore, the positions of the point analyses appear
darkest, followed by the smaller area analyses, and the lowest contamination is shown by the
area analysis of the entire image area at 2000x magnification. There, the holding areas with
higher contamination, which are used to align the electron beam for scanning, can also be
clearly seen (black line at the left, marked with a white arrow and dark point at the top of the
line marked with a black arrow).

The images of Li following EDS analysis reveal significant alterations resulting from
radiation damage (indicated by white arrows) and contamination. The classical material
contrast in the Inlens image is superimposed by a voltage contrast. This results in the carbon
contamination of the large area scan appearing darker than the Li surface (Fig. 2h) in the
Inlens detector image. The image taken with the chamber SE detector (Fig. 2g) shows the
correct material contrast, with the contamination from the large-area scan barely visible. In
Fig. 2h, the carbon contamination only appears with a brighter signal, material contrast
correlated, when smaller fields are analysed and layer thicknesses are increased.

Many investigations have been carried out to understand and avoid contamination. The
transition between the deposition of contamination layers and radiation damage and the
subsequent possible removal of material (surface etching) is fluid, depending on the
investigation parameters. Temperature and beam currents play a crucial role. It is helpful to
heat up the sample removing hydrocarbons if possible, to use plasma cleaning, beam
showering (large area irradiation of the sample prior to examination) and to store the sample
in a hydrocarbon-free vacuum as possible [13, 23-25]. It is important to realise that even if
no sample changes are visible in the SEM image, significant sample changes may still be
present. It is essential to choose the right detector and microscope settings to make these
sample changes visible.

3 Qualitative EDS analysis, Li detection

3.1 Low-Voltage EDS

As the structures under investigation become smaller and smaller, one of the constant
challenges in dealing with analytical questions is to improve the resolution that can be
achieved. A second important point is the detection limit, i.e., the detectability of increasingly
smaller elemental contents. These points are addressed, when lowering the accelerating
voltage. One opportunity to estimate the information depth is to calculate the electron range
R in [nm], which can be performed for low landing energies 1keV< E < 10 keV with the
formular of Fitting [30]:

R =90p 8E13 (L

Where p is the density in [g/cm’], E landing energy of the incident electrons in [keV]. The
information depth is approximately in between a third and the half of the electron range R.
To obtain an insight into the attainable spatial resolution the interaction volume can be
calculated with Monte Carlo Simulations [31]. Figure 3 a-c shows calculated Monte Carlo
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simulations for a CosSm sample and landing energies of 20 keV a and 1 keV b and c. This
reduces the dimensions of the interaction volume in terms of both information depth and
spatial resolution by a factor of approximately 100.

The achievable detection limit depends on two main factors the scattering cross-section
of the interaction and the signal's detection capabilities. The scattering cross-section is
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Fig. 3. Monte Carlo simulation for CosSm and landing energy of a 20 keV and b 1 keV. They
demonstrate a reduction in interaction volume of around 100 times.

defined as the interaction probability of an incoming electron with the bulk material. Both
the differential elastic and inelastic scattering cross-sections increase with decreasing landing
energy of the incident electrons [2].

dO'el N A 2 do inel N 1 2
(dﬂ)~(E) ’(dQ) ~(E) @)
Where Z is the mean atomic number of the sample and Q the solid angle. This means on the
one hand increasing detectable signal with decreasing landing energy but on the other hand
possible higher radiation damage.

And then there is a third topic, radiation damage, which can be reduced or even avoided
by using lower electron doses or dose rates, and/or lower landing energies, depending on the
damage mechanism. Conventional EDS detection systems operate within an X-ray energy
range that is higher than the carbon Ka line. As these detectors require a window in front of
the detector crystal, they are limited to applications involving high beam currents in the nA
range and landing energies above 5 keV to achieve a sufficient signal-to-noise ratio. Low-
energy X-rays cannot be detected at all, or only with low signal-to-noise ratios. This detector
makes it possible to overcome previous limitations and enables novel applications in the field
of low-energy X-ray detection.

Figure 4 shows EDS spectra taken from a steel sample with an EDS Oxford Extreme
detector, which is windowless and has an improved amplification for the low energy X-ray
range. The spectra were obtained with landing energies of 5 (spectrum 1), 10 (spectrum 2)
and 20 keV (spectrum 3), and beam currents of 250 pA (spectrum 1), 121 pA (spectrum 2)
and 24 pA (spectrum 3), respectively. The spectra were taken with the highest amplification
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time (6) and dead time of approximately 30 % as the ideal value indirectly determines the
optimum beam current.

- - spectrum 1, 5 keV
= : — spectrum 2, 10 keV

— spectrum 3, 20 keV
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Fig. 4. EDS spectra of a steel sample at 5, 10, 20 keV (100s live time) showing the increase in low-
energy X-ray quanta with decreasing overvoltage.

3.2 Li metal

In order to apply the possibilities of Li detection and quantification to the analysis of Li-ion
batteries, the first step was to carry out investigations on Li metal. This involved testing
different storage conditions, different sample transfers, and the ability to remove reaction
layers using focussed ion beam (FIB). The spectra were recorded with a landing energy of
3.5 keV and a current of 500 pA.

Figure 5a shows the spectra of Li metal transferred from the glove box in a single stub
holder container and installed in the airlock with brief (a few seconds) contact with air (black
spectrum labelled argon/air). In the case of the spectrum shown in red, the Li metal stored
in the glove box was transferred to the SEM using the new Zeiss single shuttle holder without
air contact (labelled shuttle). The airlock was flushed with argon in advance to avoid contact
with nitrogen. The first pleasing result, Li can be clearly detected in both spectra. But both
spectra show peaks of other elements, which means that in both cases the Li is already
covered with a passivation layer. But these passivation layers are different. The sample with
the shuttle transfer shows a significantly higher Li peak than in the spectrum of the argon/air
sample. Furthermore, in the shuttle spectrum, the Li peak is the largest peak compared to the
other detected elements. It can be seen that the sample taken with the shuttle from the glove
box is also covered with a native passivation layer NPL [19]. However, it shows a
significantly lower oxygen content and no nitrogen compared to the sample with the short
contact with air. This native passivation layer on metallic Li and Li compounds has been
intensively studied and characterised. It was found that this layer consists of two sub-layers.
Firstly, a Li,COs layer, which can for example be formed with the carbon atoms of
hydrocarbons in the vacuum of the SEM, with a layer thickness of about 25 nm, and a second
inner Li>O layer, which was about 40 nm for metallic Li and about 100 nm for Li compounds
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Fig. 5. EDS spectra of Li metal a comparing the effect of sample transfer and b before and after FIB
material removal. a the black and red spectra illustrate the variations in element distribution for a sample
transferred from the glove box to the SEM, involving brief air exposure (black spectrum), and for a
sample transferred via a shuttle in an argon atmosphere (red spectrum). b Element changes before (black
spectrum) and after (red spectrum) material removal, using a FIB (t: 2 min, I: 50 pA).

[19]. Calculating the electron range R at a landing energy of 3.5 keV using Monte Carlo
simulations [31], one obtains Ryc ~ 830 nm for Li, Rmc ~ 520 nm for Li»O, and Rumc ~ 360
nm for Li,COs. Calculations have been carried out using the Rutherford- and Mott- cross-
sections and both give approximately the same results. Using the empirical formular of
Fitting [30] results in Rg ~ 757 nm for Li (o : 0,53 g/cm?) [32], R ~262 nm for Li,O (p : 262
g/em?) [34] and Rr ~ 252 nm for Li,CO; (p : 252 g/cm?) [33]. The information depth is in
between R/3-R/2 [1, 2, 21, 34]. This means that with a conventional NPL layer, a portion of
the metallic Li is still detected.

One idea was to clean the Li surface in the SEM by ablation with Ga*-ions using a focussed
ion beam (FIB). The surface was scanned for 2 minutes with a current of 50 pA. After this,
Fig. 5b red spectrum (after FIB), shows an increase in the Li signal compared to the black
spectrum (before FIB). Unfortunately, the incorporation of Ga is also clearly visible.

Following the initial examination, the sample was returned to the single shuttle transfer and
stored in the laboratory for eight days. It was then returned back into the microscope and
examined. with a landing energy of 3.5 keV, a current of 300 pA and a magnification of
5,000x (calibrated to polaroid image size) and the images were recorded with the Inlens SE
detector. Many reaction products were found on the surface, covering it to varying degrees
(Fig. 6). Some areas are completely covered with a grown layer (Fig. 6a); these merge into
areas that are partially covered with a crumbly layer, partly arranged in a thread-like manner
(Figs. 6b and 6¢). These are followed by areas that are still uncovered without the crumbly
coating (Fig. 6d). All images are taken after the EDS examination.

The correlated spectra recorded over the entire image area are shown in Figs. 6¢ and 6f
(enlarged section of Fig. 6e). The most striking features are the high oxygen content of
spectrum (a) of Fig. 6a, the high Li-content of spectrum (c) of Fig. 6c, and the high C and F-
content of spectrum (d) of Fig. 6d. These results can be interpreted as the formation of
oxygen-rich Li-compounds as the crumbly coating (Fig. 6a) and the original passivation layer
of Li,COs directly on the metallic Li enriched with an artificial F content (Fig. 6d). All images
are taken after the EDS examination.

EDS analysis can be used not only for the detection and qualitative estimation of elemental
contents. It also allows the quantitative determination of elemental contents by means of
standard-based or standard-free k-factors [1, 21, 34, 35]. It is important to be aware of the
sources of error and to avoid or reduce them as far as possible. Figures 6g and 6h show point
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spectra recorded in the image area shown as P1 and P2 in Fig. 6¢. One is at a position without
the crumbly coating and one is at a position with the crumbly coating. The position of the
spectra in the image can be easily visualised after recorded based on the radiation damage
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Fig. 6. a - d SEM images of a lithium metal sample recorded with the Inlens SE after eight days storage
in a shuttle system. (LE: 3.5 keV, I: 300pA), e and f correlated EDS spectra of the images, and g and h
correlated point EDS spectra, taken at the positions P1 and P2 marked in image ¢



EPJ Web of Conferences 349, 01004 (2026) https://doi.org/10.1051/epjconf/202634901004
EMAS 2025

that has occurred. Position P1 shows much more pronounced radiation damage and a very
high Li-content in the spectrum, without fluorine. If an adapted spectrum (pink line) is
calculated with the EDS software (after the determination of the elements found), it still
agrees well with the measurement. The adapted spectrum (Oxford name) is obtained by
applying one peak shape for each element to the spectrum using the filtered least squares
approach. This enables mismatched peak shapes and missing elements to be identified.
However, the theoretically calculated spectrum (blue line) of P1 shows significant deviations.
The spectrum P2 on the crumbly coating shows less radiation damage, lower Li and higher
O content and a very good agreement with both the adaptive (pink line) and the theoretically
calculated spectrum (blue line). If a non-normalised quantitative determination of the
elemental content is carried out for both spectra, the deviation from the expected total content
of 100% is over 50% for the P1 spectrum, making it impossible to quantify the results
accurately, whereas the P2 spectrum shows good agreement. Calculating the atomic
percentages of Li (65%) and O (31%) in P2 gives a ratio close to 2:1, indicating the likely
presence of the compound Li-O, as determined using the quant standardisation (5 keV)
included in the Oxford software.

3.3 Li compounds, Li-ion batteries

In the next step, Li-ion batteries with a chemistry of LiFePO4/graphite and LiNixMnyCoj..
yOo/graphite+SiOy are analysed, where SiOy stands for the unknown composition of the Si
phase consisting of oxide and pure Si. This involves the examination of unused and used
batteries.

Figures 7a and 7b show SEM images of an aged Li-ion battery anode with

LiFePOy/graphite chemistry. The use of the battery has caused different kinds of deposits on
the surface. Point analyses were recorded on these deposits at points marked P1, P2 in Fig.
7a and P3, P4 in Fig. 7b. The corresponding EDS spectra are shown in Fig. 7c for point
analyses P1 (grey), P2 analyses for P3 (grey), P4 (red) are shown in Fig. 7e and a sectional
enlargement of the Li peak area in Fig. 7f. In both cases deliver the grey spectra in
comparison with the red once clear differences in the Li edge region. It is important to check
whether there are other elements present in the spectrum that also have transitions in this low-
energy range. Possible candidates are Si-La (92 eV), in which case the Ka 1.74 keV peak
must also be present, or Al-La (72 eV), in which case the Ka 1.49 keV peak must also be
present, or Fe M transition, in which case the correlated Fe-La (704eV), Fe-Ka (6.4 keV)
peak must be present. Since neither Al, Si nor Fe were detected in the entire spectrum, this
peak can be reliably assigned to Li. Then it follows that, the darker area on the deposits in
Fig. 7a and the spherical precipitate in Fig. 7b are Li-containing phases.
The next example shows the examination of an anode surface of a LiNixMnyCojx.yO2 /
graphite+SiOy of an unused battery (LG18650 HG2). Figure 8a shows the SEM image and
Figs. 8b to 8f the corresponding element distribution images of the elements. Various phases
can be seen: the majority are the graphite particles (Fig. 8b). Then there are smaller Si-rich
particles that also have a high oxygen content (Figs. 8c and 8d). There are two categories of
those particles: particles with a lighter Si-signal and darker oxygen signal (marked as P2 in
Figs. 8c and 8d) and particles with a darker Si-signal and a lighter oxygen signal (marked as
P3 in Figs. 8c and 8d). Fluorine is found as a deposit on the graphite and there are also some
small particles with a high F-content (marked as P5 in Fig. 8e), possibly residues of the
electrolyte's conducting salt LiPFs. Then there are small (~ 0,5 pm) Al crumbs distributed
on the anode surface that also contain oxygen (marked as P4 in Figs. 8d and 8f). The
aluminium oxide crumbs are an artefact that most likely occurred during the production of
the battery.

10
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Fig. 7. Analysis of an aged anode surface (Li-ion battery with LiFePO4 / graphite chemistry). a and b
SEM images of the anode surface (LE: 10keV, I: 121pA, WD: Smm), which is covered with a layer of
secondary ageing products resulting from the decomposition of the electrolyte (DMC) and the
conductive salt, LiPFs. ¢ and d, EDS spectra taken at positions P1 and P2 marked in a. e and f, EDS
spectra taken at the positions P3 and P4 marked in image b. The Li peak can be measured at points

P2 and P4 in the spectrum.

To obtain more information about the different phases and to determine possible Li-
contents, EDS point analyses were carried out at positions P1, P2 and P3 marked in Fig. 8 a.
These were recorded with a landing energy of 3.5 keV and a beam current of 300 pA. The
spectra are shown in Fig. 8 g. Two magnified sections are inserted as insets: the area of the
Li peak and the area of the Al-Ka and Si-Ka peaks. As expected, the spectrum P1 (blue line)
on the graphite particle shows a high carbon peak and traces of oxygen and aluminium, which
can be attributed to the co-analysis of the Al/O-rich crumbs present on the surface

When comparing the spectra from positions P2 (red spectrum) and P3 (green spectrum),
P3 has the highest oxygen peak and P2 has the highest Si peak. Both spectra contain traces
of aluminium, which also can be attributed to the co-analysis of the Al/O-rich crumbs. The
enlarged section of the Li peak area is particularly interesting. Here, the green spectrum
differs significantly from the blue and red spectrum and shows a Li-Ka (52 eV) peak with a
small shoulder at the Si-La (92 eV) edge. The red spectrum shows the peak of the Si-La (92

11
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Fig 8. Examination of an anode surface of a lithium-ion battery using SEM and EDS. a Image with the
SE inlens detector; b to f Element distribution images of: b — C-Ka, ¢ — Si-Ka, d — O-Ka, e — F-Ka, and
f— Al-Ka (LE:3,5 keV, I: 300pA)

eV) transition and the blue spectrum shows a very small portion of the Al-La (72 eV)
transition. This example demonstrates that even in the presence of Si and Al, Li can be
clearly detected. Since the occurrence of the Li peak was combined with the highest oxygen

12
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signal, a high oxygen occurrence can be used as an initial indication of Li deposition in aged
batteries.

4 Li quantification

When an image contains material contrast, the questions that automatically follow are: What
is the chemical difference, can it be quantified, how reliable are the results? EDS analysis
can provide initial answers. It enables also quantitative analysis into the trace constituent
range with mass concentrations (0.01 < C < 0.1) [22], but consistently upcoming questions
are: How reliable are EDS studies for real life application under not ideal conditions, what
are the influences of sample preparation, storage and spectrum processing. The topic
reliability becomes particularly important when some of the theoretically assumed basic
conditions cannot be met. This also applies to the quantitative analysis of battery materials
using EDS. The basic assumptions are a homogeneous sample composition and a flat sample
surface. Neither of these conditions are met when analysing the anode, cathode or separator
surfaces of battery foils. Although the surface is flat in the case of cross-sectional
preparations, the composition is not homogeneous. Therefore, a systematic study was carried
out on Li(NixMnyCo,)O- cathode material.

To investigate the reliability of quantitative EDS analyses of Li-ion batteries, a variety of
sample preparation methods and evaluation routines were employed. The subject was the
stochiometric composition of the Ni:Mn:Co content of the cathode active material within a
commercially Li-ion battery (LG21700M50T), where Ni, Mn and Co share one position,
consequently x + y+z=1. Table 1 show the different settings: Without contact to air (glove
box => shuttle => SEM vacuum, named shuttle) or prepared in air (named air). Top view
on a piece of cathode foil (topographic surface) or cross-section obtained with the Ar-ion
miller (named Ar-ion) or mechanical polishing (named section, flat surface). Additionally
coated with gold (4 nm, named Au) or carbon (10 nm, named C). Spectrum processing was
standard based for all previous examination conditions. The next setting is standard-less and,
therefore, automatically normalising the findings to 100 % using the Software of the EDS
provider, neglecting the Li-content (named normalised).

Table 1. Stoichiometric Ni:Mn:Co ratio and Li-content (PS: point spectra, AS: area spectra).

Mn Co Ni \ Li (Wt%)
shuttle 5.94+0.04 | 11.68+0.05 | 82.39+0.06 6.0+0.5
air 554006 | 11.29+0.07 | 83.17+0.10 6.1+0.8
Au 5.49+0.04 | 11.32+0.06 | 83.19+0.08 10.6 + 0.8
C 556+0.06 | 11.43+0.08 | 83.01+£0.12 10.4 +0.7
Ar-ion 491+0.03 | 11.04+0.08 | 84.05+0.08 6.4+0.6
section 501+0.14 | 11.09+0.13 | 83.89+0.25 | PS:5.6+0.3
AS: 142+ 1.9
normalised | 5.38+0.06 | 11.16+0.05 | 83.45+0.09 6.0+0.1
ICPOES | 5.80+0.02 | 10.60+0.03 | 83.60+0.03 6.0+ 0.1

The tests were carried out at LE: 15 keV and I: 100 pA, as well as at I: 2 nA for the normalised
cases analysing the K-lines. At least five-point and area spectra were recorded for all settings.
The stoichiometric ratios were calculated based on the assumption that Ni, Mn and Co occupy
one position and that the atomic proportions add up to 100%. First, the weight percentages
obtained from the EDS analysis were calculated to atomic percentages, and then the
stoichiometric proportions were determined. The standard deviation of the measurements
was used to obtain the error. All tests yielded highly consistent results, the accuracy of which
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was verified by ICP-OES analyses. This proves the robustness of this analysis technique.
This means that the stoichiometric composition of lithium-ion batteries, i.e. the Ni:Mn:Co
ratio, can be reliably determined using EDS.

The next challenge is to determine the Li-content quantitatively. One of the possible
approaches is the “composition by difference method” [36-38]. In this method, EDS images
and quantitative backscattered electron imaging (qBEI) are combined. In this process, all
non-Li elements are quantified using EDS. A calibration curve is then plotted for the
expected grey values of the backscattered electron image. The Li-content is then determined
as the difference between the quantitative backscattered electron image and the value of the
calibration curve.

In the following, a new approach was pursued. The idea is to determine the Li-content
indirectly as the missing element fraction of unnormalised EDS analysis “Li determination
by difference”. A condition has been set to exclude spectra containing artefacts. This can
easily happen, if for example, the analysis also includes binder phase components, which
then distort the correct determination of the battery active material. The samples examined
were commercially available Li(NixMnyCoix.y)O, batteries (LG21700M50T and
LG18650HG2). Only spectra for which the oxygen content was within £3% (weight %)
relative of the expected oxygen content by stoichiometry to Li(NigMn;Co;)O; were retained.
The mean values of the Li weight percent are shown in Table 1, last column
(LG21700M50T). Point and area spectra were acquired for all settings, providing consistent
results. Mechanical polishing preparation alone yields 5.6 + 0.3 wt% for the point spectra
and 14.2 £ 1.9 wt% for the area spectra for the Li determination. On the one hand, this is
probably due to the loss of Li during sample preparation therefore higher Li values for the
area spectra and on the other hand by contamination during the acquisition of the point
spectra underestimation of the Li-content. Our results performed with the conditions shuttle,
air and Ar-ion milling agree nicely with the expectation of 6.4 wt% for a 100 % lithiated
cathode material after the first formation cycle, where the gold, carbon coating leads to a
significant overestimation of the Li-content and the mechanical polished section cannot
deliver reliable results [39]. These deviations can have various causes. One possibility is that
the sample preparation, polishing or the process of gold or carbon coating could already alter
the Li content. X-ray analysis could also distort the results due to the higher absorption of
low-energy X-ray quanta in the gold or carbon coating. A second battery (LG18650HG2)
was also examined for verification. This was an unused lithiated cell and it provided a Li-
content for the cathode 6.01 = 0.94 wt% also in good agreement with an expected value of
6.4 wt% after the formation process.

5 Conclusion and Outlook

For the analytical examination of Li-ion battery materials, for example, it is important to
avoid artefacts such as radiation damage, contamination and charging as much as possible.
Their influence can be controlled by checking the Duane-Hunt limit, comparing the spectrum
with a theoretical spectrum, and taking an image of the surface after analysis using a sensitive
imaging technique to detect any radiation damage or contamination. It has been
demonstrated that EDS is a reliable analytical method for real-life applications. For example,
it can be used to determine the elemental ratios of the cathode composition in Li-ion batteries.
Using an EDS detector specifically designed to detect low-energy X-rays (Oxford Extreme)
enables examination at low acceleration voltages and currents. This enables lithium to be
detected in both metals and compounds. The energy resolution is such that Li-Ka and Si-La
can be distinguished. Consequently, Li phases in Li-ion batteries can be clearly identified.
Li compounds can be identified; an example is shown here with Li-O. It was also
demonstrated that EDS by difference can be used to determine the lithium content of
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LiNixMnyCoi.yO; batteries quantitatively. This suggests that this approach could be applied
to future problems with similar or different elements and components.
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