W) Check for updates .
Chemistry

Europe

European Chemical
Societies Publishing

Research Article

Batteries & Supercaps doi.org/10.1002/batt.202300403

www.batteries-supercaps.org

Facilitating the Systematic Nanoscale Study of Battery
Materials by Atom Probe Tomography through in-situ

Metal Coating

Mahander P. Singh,*™ Eric V. Woods,”” Se-Ho Kim,*® Chanwon Jung,” Leonardo S. Aota,”

and Baptiste Gault*™ ¢

Through its capability for 3D mapping of Li at the nanoscale,
atom probe tomography (APT) is poised to play a key role in
understanding the microstructural degradation of lithium-ion
batteries (LIB) during successive charge- and discharge cycles.
However, APT application to materials for LIB is plagued by the
field induced delithiation (deintercalation) of Li-ions during the
analysis itself that prevents the precise assessment of the Li
distribution. Here, we showcase how a thin Cr-coating, in-situ
formed on APT specimens of NMC811 in the focused-ion beam
(FIB), preserves the sample’s integrity and circumvent this

Introduction

Lithium-ion batteries (LIB) appears to be among the most viable
and scalable energy storage technologies, that are necessary to
meet the growing demands of future green energy needs." In
the realm of battery material research, cathodes garner
significant attention, primarily due to their relatively lower
gravimetric energy densities when compared to commercially
available anodes like graphite or pure lithium.>* Achieving
enhanced performance in battery cathodes materials requires a
deep understanding of their atomic-scale structure and
composition.*® Understanding the atomic-scale changes in
battery materials is complicated by the small size and high
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deleterious delithiation. Cr-coated specimens demonstrated
remarkable improvements in data quality and virtually elimi-
nated premature specimen failures, allowing for more precise
measurements via. improved statistics. Through improved data
analysis, we reveal substantial cation fluctuations in commercial
grade NMC811, including complete grains of LiMnO. The
current methodology stands out for its simplicity and cost-
effectiveness and is a viable approach to prepare battery
cathodes and anodes for systematic APT studies.

mobility of Li ions and the intricate compositions of complex
oxides. This represents a significant challenge for all character-
ization techniques, particularly when mapping the distribution
of light elements like Li and O within a matrix of heavier
elements such as Ni, Co and Mn. For example, X-ray and
electron microscopy techniques, which are the most versatile
and reliable material analysis methods, cannot be used for the
direct observation of Li distributions due e.g. weak atomic
scattering, low radiation energy and severe sensitivity to beam
damage.t'%

Atom probe tomography (APT)™ has sub-nanometer pre-
cision and an elemental sensitivity not related to the atomic
weight of the analyzed species has the potential for mapping Li
along with the other elements.”'? However, APT is under-
pinned by an intense electric field that can drive preferential
lithium outward migration and cause in-situ delithiation."*'"
Battery materials are also often reactive oxides, that require
careful handling and sample transfer.”™ There are only few
studies of battery materials using APT, as recently reviewed by
Li et al" and more worryingly maybe, there are discrepancies
between results, owing to these issues."’? It is also important
to acknowledge that compositional inhomogeneity at the micro
or nano-scale, particularly in bulk prepared samples, can also
cause such variations in the results.?" These inhomogeneities
can introduce inconsistencies in battery performance, and it is
imperative to address them. Probing such inhomogeneities
using APT can further pave the way to understand batteries
better.

To address this, Kim et al."? demonstrated that delithiation
can be circumvented by a conducting layer deposited on the
APT specimen’s surface. They deposited a thin layer of Ni using
physical vapor deposition (PVD) onto sharpened APT speci-
mens. A similar approach had been used to study the micro-

|.’[12
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structure of the coatings themselves or the interface between
the specimen and the coating.”*?? Coating have also been
used for improved analytical performance, as reported by, e.qg.,
Larson et al.”” and Seol et al,”® who demonstrated improve-
ment in mass resolving power through reduction in thermal
tails from laser pulsing. In another study, Kim et al.””’ embedded
BaTiO;, a perovskite-structured material, into a nickel matrix.
Application of the metallic coating effectively prevented charge
penetration caused by the electrostatic field and enabled the
APT analysis.

While the application of thin metal coatings onto APT
specimens appears promising, it is important to acknowledge
that these specimens needed to be exposed to ambient
atmosphere during the transfer to the deposition
chamber.**? This exposure can be problematic for reactive
samples, including battery materials. Applying a thin, conformal
and continuous film on the surface of sharp needle-shaped APT
specimens can also be a challenge. Recently, our group
proposed a simple procedure for applying thin metal coatings
directly within the scanning-electron microscope - focused-ion
beam (SEM-FIB) used to fabricate the needle-shaped specimens
for APT,”™ inspired by previous reports.?>*

In the present work, we analyze by APT commercial
NMC811 (LiNiygCoy;Mny;0,) powder samples using the Cr-
coated specimens by using this in-situ deposition technique.
The layered NMC (LiNi,Mn,Co,0,) cathodes are the most widely
investigated commercial cathode materials for Li-batteries,
owing to it high capacity and good thermal stability.®" Cr was
selected for this purpose because of good adhesion and

(a) (b)

similarity of the evaporation fields. We develop a comprehen-
sive understanding of how the coating impacts the APT data
quality for this critical battery materials, laying the ground for
systematic studies that allow us to conclude that within a batch
of commercial NMC811 powder, there are significant variations
in the particle’s composition, including some Mn-rich
(Li-Mn—0) particles.

Results and Discussion

To illustrate the uncontrolled analysis conditions for LIB
materials by APT, we repeated experiments from Ref.[12].
Preliminary data was acquired by transferring specimen to the
atom probe in an ultrahigh vacuum (<1078 mbar) using the
suitcase. Most specimens faced premature fracture during
analysis. However, a limited number of APT specimens ran
successfully, and Figure 1(a—d) summarizes data acquired under
varying laser pulse energy of 5pJ, 10pJ, 15pJ and 20 pJ,
respectively. In each case, the top image illustrates the detector
event maps, i.e, a histogram of the detector hit density,
followed by 3D-reconstruction along both the X-Z and the X-Y
planes. As the laser pulse energy increases, the heterogeneity in
the ion field evaporation is markedly more apparent. In the 3D-
reconstrcution of the 5 pJ section, shown in Figure 1(a), only Ni
ions are displayed, with only few Li-ions detected. Conversely,
at 20 pJ, one can exclusively observe the evaporation of Li-ions.
These experiments highlight that avoiding delithiation involves
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Figure 1. Detector event maps obtained for NMC811 samples, evaporated at a) 5 pJ, b) 10 pJ, ¢) 15 pJ, and d) 20 pJ of laser energies. 3D-reconstructions of the
measurements performed under respective laser energies is provided below in both XZ plane and XY plane.
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balancing both the electrostatic field conditions and laser
power.

In an endeavor to address these challenges, insitu Cr-
coating was employed on the freshly prepared APT specimens
of NMC811 samples. A detailed description of the coating
protocol, along with its optimization can be found in Ref. [28,
33], and a comprehensive step-by-step procedure for sample
lift-out and coating is available in the Supplementary informa-
tion. In summary, the process starts with the extraction of a thin
Cr-lamella (dimensions 15x3x12 um) from a bulk piece of Cr
(99.9% purity) using a micromanipulator. Subsequently, an
8 um semicircular cut was made in the lower part if the lifted
Cr-lamella, as shown in Figure 2(b). APT specimens were then
prepared from the battery cathodes following standard
procedures.” For coating the prepared APT tips, the Cr-lamella
was positioned near the tip, and the semicircular cut was
adjusted to align with the tip, as shown in Figure 2(a and b).
The ion beam was rastered across the Cr piece from the inner
circle outwards, following the pattern depicted in Figure 2(b).
To shield the sample from the beam, a disabled rectangular
region, as shown in Figure 2(b), was provided. Cr sputtering was
performed at 30 kV and 80 pA for 30 sec. Ensuring a uniform
coating from all sides, this process was iterated on each of the
four sides by rotating the specimen 90° after each pass. No
significant effect of the coating thickness in the explored range
(10-50 nm) on the mass resolution or yield was observed.

To probe the adherence and estimate the extent of the Cr-
coating, APT specimens were also prepared on a Mo grid using
a correlative holder, as described in Reference [35]. For TEM
studies sharpened specimens were only coated from a single
side with 30 kV, 80 pA current for 30 sec.

Figure 2(c) shows the STEM-HAADF image of the coated
sample, along with STEM-EDS maps for illustrating the distribu-
tion of Cr and Ni. STEM-EDS maps for all elements are provided
in the Supplementary Figure 2. The STEM-EDS map for Cr,
overlaid with Ni, reveals a thin bright line delineates the outer
shell of Cr-coating from the battery region in the HAADF image.
The EDS-map show a continuous, thin and conformal Cr-coating
along the whole length of the specimen. As anticipated Ga,
which was used to sputter Cr, is also observed in the coated
regions. However, neither do not appear to damage the surface
of prepared APT specimen or penetrate sub-surface, as shown
by APT, in Supplementary Figure 3. The evaporation behavior of
Ga-ions during APT analysis will be discussed later. Specimens
imaged in TEM could not be successfully analyzed by APT, likely
due to the formation of a carbon layer during electron
imaging.k® For APT studies, fresh specimens with Cr-coating
from all four sides were prepared onto Si-micro posts.?* All the
Cr-coated specimens were transferred to the atom probe under
ambient atmospheric conditions.

Figure 3(a-c) shows the XY and YZ projections of the 3D-
reconstructions obtained from one of the coated NMC811
specimen, analyzed with a laser pulse energy of 5 pJ, 10 pJ and
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Figure 2. a) Electron beam image and b) ion-beam images of the aligned Cr-lamella on the finely sharpened NMC811 specimen, c¢) STEM-HAADF image of the
Cr-coated APT specimen of NMC811 sample accompanied by a STEM-EDS map illustrating the distribution of Cr, Ni, and Ga. Elemental map of Cr with Ni,

reveals a uniform and thin presence of Cr on the APT specimen. The coating was
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done from a single side at 30 kV, 80 pA for 30 secs.
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Figure 3. Reconstructed atom map obtained from the atom probe measurements of the Cr-coated NMC811. Top of the image shows a slice of the dataset
across the tip (XY plane) and bottom image along the tip (XZ plane) for the specimen ran at a) 5 pJ, b) 10 pJ, ¢) 15 pJ laser energy, d) the compositional profile
for the 5 pJ laser energy section measured along the tip using a cylinder (¢ 25x25 nm? in a region of interest such that Cr-coated is avoided, marked with

white dashed line in 5 pJ reconstruction.

15pJ, respectively. The presence of Ga-ions in the coated
regions does not seems to disturb our region of interest in the
APT specimen. The distribution of Cr- and Ga- along with Li-
ions displayed in Supplementary Figure S3 shows no significant
ingress of Ga within the core of the specimen.

In Figure 3(a-c) in the XY view (along the Z-axis), all
detected ions are displayed and the periphery is visibly filled
with Cr-ions and Cr—O molecular ions. The sliced YZ view of the
respective reconstruction shows the Li distributions in the
specimen encapsulated by Cr-ions.

The observation indicates that the Cr-coating enables
homogeneous field evaporation of all constituents, particularly
of Li-ions. Although the top slice images do show signs of
abnormal evaporation at the coating/specimen interface, this is
comprehensively discussed in the Supplementary Figure S4.
However, for the present study, our focus is on analyzing the
central regions of the evaporated volume. For compositional
analysis of the NMC811, i.e, excluding the coating itself, a
cylindrical region-of-interest (ROI) 25 nm in diameter was
placed at the center of the reconstructed data, parallel to the Z-
axis. Similar ROI analysis were employed throughout our studies
of coated specimens. The Ni, Li, and O compositions are plotted
as a function of the depth in Figure 3(d), which was extracted
from the 5 pJ dataset, as indicated by the dashed white arrow
in Figure 3(a). The atomic compositions for the 10 pJ and 15 pJ
is consistent with the 5 pJ data.

The mass spectra of the coated and uncoated NMC811
specimens acquired with the same parameters are plotted in
Supplementary Figure S5. The laser pulse energy is a relatively
poor descriptor of the conditions at the specimen’s surface

Batteries & Supercaps 2023, e202300403 (4 of 9)

during field evaporation. Typically this can be traced by using a
charge state ratio (CSR)®” as reported for metals,®®* or
molecular ion ratio (MIR) which can be more readily accessible
in oxides, nitrides or hydrides for instance.***? These incorpo-
rates analysis parameters that are critical for the field evapo-
ration, such as specimen shape, base temperature, laser pulse
energy, and detection rate. Schreiber et al.*” in their study of
Fe-oxides reported that O; /O™ was the most accurate descrip-
tor for the electric field conditions, and it will be used in the
following. The obtained ratio for O; /0" is approx. 2.61 for both
measurements.

For the Cr-coated samples, all the peaks corresponding to
evaporated molecular ions (Ni-O, Mn—O and Co—O) are clearly
distinguishable. As a note, there are additional peaks of Cr and
Cr—O in the spectrum. Figure 4(a) compares the normalized
mass spectra of the Cr-coated and uncoated obtained from the
APT measurement at 5 pJ laser pulse energy, in the range of 4-
35 Da. This laser pulse energy was selected because sufficiently
long datasets could be obtained without the coating, and it
hence provided a baseline for comparison with enough
statistics to showcase the enhancement in mass resolution and
the reduction in Li agglomeration achieved with Cr coating. The
plot illustrates the impact of Cr-coating on the mass resolution.
The dissipation of the heat generated primarily at the end of
the specimen™*! is accelerated by the conduction via the Cr
coating, thus contributing to the reduction of the thermal tails.
Some peaks previously hidden underneath the long thermal
tails can now be observed and quantified. This outcome
signifies an improved mass resolving power, resulting in more
accurate chemical composition and sensitivity.
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Figure 4. Influence of the Cr-coating on the APT data measurement. a) Normalized and overlaid mass spectrum from uncoated and Cr-coated NMC811
sample, ran at 5 pJ laser energy, measured under similar parameters (i.e., base temperature: 60 K, detection rate: 0.5 %, pulse frequency: 100 kHz), data is
presented in a narrow range of 4-35 Da, illustrating an improvement in the mass resolving power for the coated sample. Frequency distribution analysis of
the b) uncoated and the ¢) Cr-coated sample. Data is only presented for Li-ions and O} molecules. The deviation from the standard binomial distribution is
assessed using Pearson coefficient (i) as presented in the respected plots. Dashed lines are showing binomial distribution and solid lines are showing

observed distributions.

To understand the effect of the coating on the Li
distribution, frequency distributions analyses™” were performed,
i.e,, the region of interest is divided into bins, containing 100
ions, and the composition calculated and represented as a
histogram as plotted in Figure 4(b and c), along with the
corresponding binomial distributions, that represents what
would be expected from a completely random dispersion of
atom in the analyzed volume! The deviation from the
random, binomial distribution can be quantified by using the
Pearson coefficient (u), which ranges from 0 for a random
mixture to 1 for a fully separated distribution. In the case of the
uncoated and Cr-coated samples, the frequency distribution
analysis of Li* ions yielded coefficients of 0.9 and 0.5
respectively. These results indicate that clustering has dimin-
ished with the application of the coating. A similar trend was
observed for O} ions. Overall, the frequency distribution
analysis strongly suggests that there are more pronounced
solute agglomerations in the uncoated samples compared to
those that have been Cr-coated.

A compositional analysis was performed across a wide
range of laser pulse energies 5-50 pJ, while keeping all other
parameters the same. Note that all specimens were prepared
from a single secondary particle and coated with Cr. Details of
the CSR vs. laser pulse energy for cations can be found in

Batteries & Supercaps 2023, €202300403 (5 of 9)

Supplementary Figure S7, and as explained above, here we will
use the ratio of O;/O* as a proxy for the intensity of the
electrostatic field during the analysis.*”

Oxygen in laser pulsed APT of oxides can be
underestimated.“®*”! This loss is attributed primarily to molec-
ular dissociation forming neutral O, molecule either that cannot
be detected, or that have a time-of-flight no longer propor-
tional to the applied specimen voltage precluding their
identification."®***? We have hence not included the O
concentration in the analysis of the measured cation composi-
tion. Figure 5(a) displays the ratio Li/(Li+ Ni+ Co+ Mn) plotted
against O; /0" ratio. The expected ratio based on the materials
stoichiometry is 0.5, and, remarkably, the observed ratio is close
to this value across the entire range of electrostatic field.

To gain further insights into the evaporation behavior of the
transition metal cations, the Ni/(Ni+ Mn + Co) ratio is plotted in
Figure 5b as a function of the 0;/0", along with the atomic
fraction of O obtained from the series of APT measurements.
For Ni, the measured values remain steadily close to the
expected ratio of 0.8, based on the stoichiometry, hovering
around ~0.78 at lower O;/O7 ratios, i.e., lower laser pulse
energies, but show a slight deviation at high O;/0" ratios,
corresponding to high laser pulse energy. For the anions, the
expected value is 0.5, according to stoichiometry, and the
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Figure 5. Compositional quantification for NMC811 powder sample coated with Cr, plot of charge state-ratio of O (O3 /0™) against the atomic ratio of the
solutes a) Li/(Li + Ni+ Co + Mn), b) Ni/(Ni+ Co + Mn) and O/((Li + O + Ni+ Co -+ Mn)). The expected values for the respective atomic ratio are marked with
horizontal dashed lines in the plots. All the measurements were done on the same secondary particles.

measured ratio remain close to this expected value, especially
with OF /O™ ratios below 4.

This systematic study of the cation and anion behavior as a
function of the field conditions suggests that the Cr-coated
samples can be analyzed across a wider range of laser pulse
energies. Previous APT studies on such cathode materials had
used lower laser energies,"*'**” to mitigate delithiation. If
compositional variations are minimal with lower laser pulse
energies, Cr-coated specimens could be analyzed with higher
laser pulse energies (lower electric fields), while maintaining a
near-random Li-distributions, as tabulated in supplementary
Table 1, when compared to the data reported in Figure 1. This
is significant as a broader range of acceptable experimental
conditions makes it easier to obtain large amounts of data, and
that the data we provide herein can be used as a benchmark
based upon which data can be compared. Ultimately, we are
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not advocating for the choice of a certain laser pulse energy,
since it will depend on the specific specimen, but based on the
descriptor we have used, we have now established a calibration
of the composition, clarifying the accuracy that can be expected
from APT under certain conditions of electrostatic field.

Micro- and nano- heterogeneity in powder samples can
arise during synthesizing bulk powder sample. This kind of
heterogeneity is challenging to detect through bulk character-
ization techniques, but it can significantly impact the perform-
ance of cathodes in batteries. We employed APT to measure
the composition across multiple secondary particles from the
same batch of commercial powder. The compositional results
obtained appear to consistently display a narrow range of
variations, providing valuable and accurate way of measuring
nano-scale chemistry of the battery materials such as NMC811,
shown in Figure 6.
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Figure 6. Plots of solute atomic ratio for a) Li/(Li+ Ni+ Co + Mn), b) Ni/(Ni+ Co -+ Mn) and O/(Li+ O + Ni+ Co 4+ Mn) against O; /O™ ratios from multiple APT
runs performed on the Cr- coated NMC811 samples. The open symbols are from data from Figure 5 and the filled symbols are from independent analysis from
separate particles with different laser energies. The expected values for the respective atomic ratio are marked with horizontal dashed lines in the plots.
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We have also encountered a region rich in Li- and Mn, likely
to be an LMO particle within the NMC811. Figure 7(a) shows
the APT reconstruction of one such Mn-rich particle. The
obtained mass spectrum does not exhibit any peaks associated
with Ni, Co and even Ni—O, Co—O molecular ions. The indexed
mass spectrum is provided in the Supplementary Figure 8. To
understand the field evaporation behavior of these particles
CSR values of Mn and O were plotted against the applied laser
pulse energies, shown in Figure 7(b) with black and yellow filled
symbols. Following the post-ionization theory, at higher laser
energies (low electric fields), the Mn™%/Mn™ should be lower,
however it shows an opposite trend in the present samples. A
similar behavior for Mn™%/Mn* was observed in the Ni-rich
NMC811 samples, as illustrated in Supplementary Figure S7.
There is a monotonous decrease in Mn™?/Mn™ ratio with
decrease in laser energy, but no particular trend in the O; /0"
ratios, with only small variations, which may be explained by

different field evaporation and dissociation trends for the
different materials.

Specimens from a commercial LMO powder were prepared
using the procedure previously used for NMC811 and were Cr-
coated from all 4-sides. LMO is also an important and
commercial used battery cathode material.*’ Subsequently,
specimens were analyzed by APT using parameters similar to
those used for NMC, with laser energies ranging from 1 pJ to
20 pJ. The obtained results of the CSR values of Mn and O are
overlaid in Figure 7(b), with shaded regions. The Mn**Mn* and
0;/0" ratios, show trends that are consistent with the LMO
impurity particle reported above.

Figure 7(c) displays a plot of solute atomic ratios for Li and
Mn as a function of Mn**Mn*, for both commercial LMO
(shaded region) and impurity LMO obtained from NMC811
samples. In these plots, the Mn?*/Mn™ ratio is used since the
0;/0* ratio did not exhibit a clear trend. These fractions
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Figure 7. Reconstructed dataset obtained from the atom probe measurements of the Cr-coated Mn-rich particle a) sliced of the dataset along the tip (XZ
plane) for the specimen ran at 20 pJ with base temperature of 60 K, pulse frequency of 100 kHz, and 0.5% average evaporation rate, b) plot of laser pulse
energy against Mn*?/Mn* and O; /O ratios obtained from the APT measurements for the Mn-rich samples (black-yellow symbols) and commercial LiMn,0,
powder (with shaded region) cathode samples, c) compositional quantification for the Mn-rich samples and commercial LiMn,O, powder (with shaded region)
coated with Cr, plot of charge state-ratio of Mn (Mn*?/Mn™) against the atomic ratio of the solutes (1) Mn/(Li+ Mn), (2) Li/(Li +Mn), the expected values for

the respective atomic ratio are marked with horizontal dashed lines in the plots.
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deviate significantly from the expected values, as marked with
dashed lines, based on stoichiometry. This difference may be
attributed to the suboptimal parameters for running Mn-rich
oxides or, alternatively, it may raise questions about the
evaporation behavior of Mn-ions in oxides. The elemental
distribution is more homogeneous than in previous reports,™”
including for Li, showcasing benefits of Cr-coating. The Li
agglomerations, which was studied using Pearson coefficient
(W), consistently showed values in the range of 0.6-0.4. The data
is presented in Supplementary Table S1. This suggest that Cr-
coating on LMO did improve the Li-ion field evaporation
behavior, yet further optimization of the APT parameters or
trials with different metallic coatings (Ni, Ag, Ti) may be
necessary to achieve optimal results.®

Now, let us take some perspective on these findings. The high
level of confidence in the results we provide now for the NMC811
can be effectively employed to understand the microstructural
degradation of lithium-ion batteries during successive charge and
discharge cycles through APT studies. Additionally, the protocol
presented in this work allows for the study of nanoscale composi-
tional heterogeneities that can arise during material synthesis or
during battery cycling. The nano-scale capability of APT showed
that Mn-rich particles and off-stochiometric compositions are
present in the commercial NMC811 samples, likely originating
during the synthesis process. There are no reports on such
inhomogeneity, largely because most characterization techniques
study bulk composition.?"*'*¥ While STEM-EDS or EELS studies can
capture such inhomogeneities, they come with other
complications®™ APT, with its ability to capture nanoscale
composition and structure information, has unveiled these issues
that warrant attention during the synthesis.

The in-situ FIB coating procedure demonstrates significant
potential for the effective study of battery materials, yet several
questions remain to be addressed in our future endeavors. Notably,
the presence of Ga in the Cr-coated regions raises concerns about
potential damage to the top surface of the tips during the coating
process, or reactive diffusion of Ga inside the material of interest.
This could become particularly crucial when dealing with degraded
battery samples, as microstructural defects could favor faster
diffusion. However, cryo-preparation workflows can mitigate this
issue, since diffusion is thermally activated.®* Although metallic
coating of Cr proves to be highly suitable for NMC811 samples, in
ongoing efforts we are exploring alternative metal coatings, with
particular focus Ag. Having a higher mass and only two stable
isotopes, being more noble and exhibiting kinetically slow oxide
formation, Ag is expected to result in fewer molecular ions peaks,
thus leading to fewer peaks and possible overlaps making composi-
tional analysis easier and more reliable.

Conclusions

Using in-situ redeposition through FIB milling of a metal target, we
have devised a simple, cost-efficient and versatile method for
applying metal shielding to APT specimens prepared from Li-
containing materials for battery applications. As an example, we
demonstrated Cr-coating on specimens from a batch of commercial
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LiNiysC0y;Mny,0, and LiMn,O, particles. The coating provided an
easy pathway for heat dissipation along with offering mechanical
support to the specimens against the Maxwell stresses generated
by the applied field, that are the main cause of failure of atom
probe specimens.”**® The Cr-coating also led to notable improve-
ments with regards to the homogeneity of the imaged Li
distribution, the range of laser pulse energies that can be used to
perform the analysis. The improved APT results also revealed solute
inhomogeneity issues in bulk prepared samples, which is arises
during synthesis.

Experimental

Commercial NMC811 powder with a stoichiometry LiNiyzCoy,Mng;0,
was sourced from Tragray. As an initial assessment, X-ray analysis of the
received sample was conducted, and is provided in Supplementary
Figure S1. The nominal composition of the NMC811 (LiNiygCoy;,Mng;0,)
is 25 Li, 20 Ni, 2.5 Co, 25Mn and 50 O in at%, as suggested by the
supplier, which was used as a baseline for the compositions measured
by APT below. To reduce the atmospheric interaction, a N filled
glovebox from the Laplace project was used.®*” The NMC811 powder
was evenly dispersed onto a Cu-tape, which was placed on a flat stub
and subsequently transferred to the dual beam SEM-FIB Thermo
Scientific Helios 5CX instrument. Sample transfer was done using the
Ferrovac vacuum suitcase at room temperature. The detailed procedure
of the sample preparation is available in Ref. [28]. APT specimens were
Cr-coated using the in-situ FIB sputtering workflow detailed below.
LiMn,O, (LMO) powder (spinel structure) were sourced from Thermo-
scientific and prepared using the same protocol.

APT analyses were conducted using both a LEAP 5000 XR and a LEAP
5000 XS (CAMECA™) Instruments Inc. Madison, WI, USA, operating in
UV-laser pulsing mode within an ultrahigh vacuum environment
(107" mbar). Data was collected at a base temperature of 60 K, with a
pulse repetition rate of 100 kHz and a detection rate of 0.5 ions per
1000 pulse on average. Laser pulse energy was varied during the study,
as detailed below. Data analysis was done using the APSuite 6.1
software.

Cr-coated APT specimens were analyzed using a transmission electron
microscope (TEM) (FEI Titan Themis microscope with an image
corrector, operated at 300 kV). Additionally, energy -dispersive X-ray
(EDX) analyses and high-angle annular dark field (HAADF) imaging were
conducted in scanning transmission electron microscopy (STEM) mode.
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Nanoscale analysis: We demonstrate
the consistent analysis of Li-distribu-
tion at the nanoscale by atom probe
tomography in commercial NMC811
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We provide a complete compositional
calibration depending on analysis
conditions for NMC and LMO.
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