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ABSTRACT: Nickel-rich cathodes provide improved specific
capacity, which leads to higher gravimetric energy density, which,
in turn, is critical for electric vehicles. However, poor long-term
capacity retention at elevated temperatures/high C rates (the rate
of charge and discharge on a battery) stems from material issues:
surface phase changes, corrosive side reactions with the electrolyte,
ion dissolution, and propagation of cracks. Introducing dopants,
developing nanoscale surface coatings, and graded core−shell
structures all improved the electrochemical performance of nickel-
rich cathodes. However, material-level understanding of the effect
of Li composition and distribution in Ni-rich cathodes is limited
due to a lack of characterization methods available that can directly image Li at the nanoscale. Hence, it is critical to establish
methods such as atom probe tomography (APT) that have both nanometer-scale spatial resolution and high compositional
sensitivity to quantitatively analyze battery cathodes. To fully realize its potential as a method for quantitative compositional analysis
of commercial Li-ion batteries, we provide a comprehensive description of the challenges in sample preparation and analyze the
dependency of the analysis parameters, specifically laser pulse energy on the measured stoichiometry of elements in a high-Ni-
content cathode material LiNi0.8Co0.15Al0.05O2 (NCA). Our findings show that the stoichiometry variations cannot be explained by
charge−state ratios or Ga implantation damage alone during FIB preparation, indicating that additional factors such as
crystallographic orientation may need to be considered to achieve quantitative nanoscale compositional analysis of such battery
cathodes using APT.

■ INTRODUCTION
As the push for a green economy takes center stage worldwide,
lithium-ion batteries provide a unique opportunity to satisfy
energy demands for various market segments. From grid storage,
energy tools, and electric vehicles to consumer electronics,
continuous R&D efforts for battery materials have provided
significant market penetration. As the lithium-ion batterymarket
continues to grow, the need to understand and develop novel
materials and solutions also continues to increase. High-Ni-
content cathodes based on transition metal oxides (>80% by
stoichiometry such as NCA-LiNi0.8Co0.15Al0.05O2 and
NMC811-LiNi0.8Mn0.1Co0.1O2) are the preferred cathodes of
choice for future development due to their ability to provide
higher gravimetric energy density.

However, these cathode materials suffer from long-term
capacity retention issues and severe capacity fading either at
elevated temperatures or with rapid cycling. Specifically,
NMC811-LiNi0.8Mn0.1Co0.1O2 still suffers a host of different
issues: [a] heavy Li/Ni intermixing (due to similar ionic radii)
that impedes Li transport, [b] side reactions with the electrolyte
and formation of an electrochemically inactive surface
disordered phases due to highly reactive Ni4+; and [c] formation

of microcracks due to anisotropic lattice contractions.1−6 All
these issues can cause local nanoscale changes in the
composition and distribution of elements, which ultimately
affect the available Li transport channels and capacity
retention.7−9 Moreover, strategies to mitigate these issues
typically involve nanoscale coatings (both through solution
chemistry1,10 and atomic layer deposition (ALD)11), graded
compositions from the surface to bulk within micron-sized
particles,12,13 and doping/substitution at concentrations typi-
cally below 1 atomic %.14

A quantitative analysis of individual primary and secondary
particles as well as the modified particles (from various
mitigative strategies) for both elemental composition and
uniformity at the nanoscale level can help to better understand
Li ionic transport channels to provide the structure−property
relationships for batteries. Requirements include enabling
quantitative estimates of doping distributions for light elements
and imaging the Li distribution in individual cathode particles.
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This would help in understanding the penetration levels and
surface versus subsurface compositions, as well as identifying Li
distribution in nanoscale coatings (of lithium phosphates,
fluorides, and oxides) with emphasis on the interface proper-
ties.1

However, analyzing the distribution of dopants and light
elements such as Li within individual battery electrode particles
and nanoscale coatings is challenging. Characterization
techniques such as (scanning) transmission electronmicroscopy
((S)TEM), electron energy loss spectrometry (EELS) at room
temperature and cryogenic temperatures, and secondary ion
mass spectrometry (SIMS) do not provide the combined three-
dimensional (3D) sub-nanometer-scale spatial resolution and
compositional sensitivity below 1 atom % required to analyze
low-atomic-number (Z) elements such as Al and O as well as
observe the lithium distribution. The resolution required to
analyze cathode secondary particles with graded surface coatings
and hence changes in composition from surface to bulk of a
∼100 nm sized nanoparticle further complicate this challenge.
Atom probe tomography (APT) is one such 3D compositional
analysis method that provides both the required sub-nanometer
spatial resolution and compositional sensitivity needed to
analyze elemental variations within individual battery cathode
particles. Hence, for the continuous development of anodes,
cathodes, and solid electrolytes for Li-ion batteries, APT
continues to play a crucial role in the future. A 3D compositional
mapping obtained from APT can further provide answers to the
compositional changes (if any) during cycling and the nature of
compositional heterogeneity/homogeneity in pristine and
cycled electrodes that directly affect the battery electro-
chemistry.

Compositional quantification of oxide-based materials using
APT has been a significant challenge.15−18 The composition,
atomic density, and morphology (for nm sized particles) are all
affected by the nature of the high electric fields and pulsed laser
applied during APT.19 To better understand high field
evaporation processes, multiple experimental and theoretical
investigations have been carried out. Hatzoglou et al.19 explored
the trajectory aberration due to local variations in atomic density
and proposed a corrected volume fraction calculation for
accurate composition analysis in yttrium titanium oxide.
Kirchhofer et al.20 studied the effect of laser pulse energy and
base temperature on the mass resolution, multihit events, and
stoichiometry for cerium oxide. To this effect, Valderrama et
al.21 demonstrated an understanding of the influence of
instrument parameters for uranium oxide. Mazumder et al.22

also explained the difference in evaporation processes in the
MgO-Fe thin films and bulk MgO films. Devaraj et al.23 also
demonstrated that an APT-measured oxide stoichiometry has a
parametric dependence on the laser pulse energy, with oxygen
content diminishing at higher laser energies and preferential
evaporation of Mg occurring in a pure MgO system.

Digging deeper into the mechanism of field evaporation
behavior of oxides, bothDevaraj et al.23 and Karahka et al.24 used
computational methods to explain the stoichiometry effect as
either formation of neutral O2 species or themovement of the O‑

away from the tip apex. In addition, usingmagnetite, Schreiber et
al.25 also demonstrated that post-ionization theory alone could
not explain the observed differences in the charge states of Fe in
oxides as it does for metallic systems, indicating a closer interplay
between the oxygen and the metallic species. Gault et al.26

provided a detailed review of GaN with DFT simulations to
further show that the direct thermal emission of neutral N2

Figure 1. Shows the difference in atomic composition (in %) between the expected quantity from the stoichiometry and the observed composition
from APT measurement for different battery cathodes. The laser pulse energy used in each case study is also shown.36−43
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without ionization is unlikely due to the very high electric fields
on the APT specimen apex. An alternative explanation of the
occurrence of molecular dissociation and formation of neutrals
after field evaporation that could not be detected was provided
as more plausible reasoning for stoichiometric changes. Vella et
al.27 used experimental observations on titanium dioxide and
magnesium oxide to show that between photoionization and
thermal-assisted ionization, the latter is the dominant mecha-
nism for field evaporation of bulk oxides. Moreover, a fast and
slow thermal process occurs with a fast lateral cooling of the tip
and a slower cooling into the bulk of the specimen tip. Silaeva et
al.28,29 also addressed the theoretical issues of the field
evaporation of oxides as occurring due to a combination of
different factors: [a] band bending at high electrostatic fields
allowing high band gap materials like MgO (7.8 eV) with UV
laser wavelengths of 355 nm (5.6 eV), [b] accumulation of holes
on the specimen tip surface, [c] photon-assisted tunneling, and
[d] presence of lower band gap states to allow field evaporation
due to unintentional defect creation during sample preparation.
Both the mechanism of surface absorption leading to changes in
the band structure and a thermal-assisted effect across the two
time scales are also supported by Kelly et al.30 Ab initio
calculations by Tsukada et al.31 as well as Tamura et al.32 and
DFT (density functional theory) by Xia et al.33 all support the
theory of hole accumulation on the specimen surface. Moreover,
Karahka et al.34 also demonstrate ab initio results on partial and
full band bending for zinc oxide and silicon clusters, respectively.
Overall, using a simple single oxide system, a better under-
standing of the mechanism of field evaporation in oxides and
associated thermal effects that occur is provided, which can help
explain differences in stoichiometry, mass resolution, and
oxygen neutrals and/or migration as a function of APT
instrument parameters. Further, to mitigate the thermal effects,
Seol et al.35 also studied the silver capping onMgO bulk films to
improve mass resolution.

However, cathodes for lithium-ion batteries are made of four
to five elements including oxygen, lithium, and transition metals.
In addition, the need for quantitative analysis is stringent as even
minor nanoscale structural changes can propagate over cycles
and during accelerated testing to cause significant failures. The
existing literature on the APT analysis of battery cathodes shows
large variations in the experimental composition as compared to
expected values from the stoichiometry, an effect that is expected
to be more pronounced than the simple oxides discussed above.
The bar graph in Figure 1 shows the difference (positive or
negative as observed) between the measured composition from
APT vs expected composition from stoichiometry as well as the
variability in APT laser energies used. Values used to generate
the plot are shown in Supporting Information Table S1. Cameca
(atom probe tool manufacturer) in conjunction with research
institutes also investigated the dependence of laser pulse energy
on transition-metal-based cathodes of the Ni−Mn−Co (NMC)
type.36

While these studies demonstrate the value of APT in 3D
nanoscale compositional analysis of battery cathodes, the
deviation in the measured composition from expected
stoichiometry highlights the need to better understand the
parametric effect arising from the APT sample preparation and
APT data acquisition parameters. In this direction, a recent work
by Kim et al.44 reveals the dependency of a variety of sample
preparation methodologies on the APT results from NMC811
cathodes. Specifically, in the case of samples prepared by
cryogenic PFIB and/or ultrahigh vacuum transfer, they reported

the occurrence of an electrostatic field induced by in situ
delithiation because of ion migration. Additionally, it was
revealed that room-temperature Ga-FIB preparation and
atmospheric transfer of NMC811 lead to a beneficial surface
modification, helping in shielding the electrostatic field,
resulting in the successful APT data analysis. In this work, we
further analyze the variations in compositional analysis of Ga-
FIB prepared at room temperature and atmospherically
transferred NCA-LiNi0.8Co0.15Al0.05O2 Li-ion battery cathode
APT samples as a function of APT analysis parameters. We
analyze the relationship between the laser pulse energy and the
effective electrostatic field (quantified by Ni2+/Ni1+ charge−
state ratio) and APT-measured composition. The detailed
description of the APT mass-to-charge spectra and the
compositional variation highlights the need to obtain such
APT parametric studies to accurately interpret the APT results
from these complex Li-ion battery cathodes.

■ EXPERIMENTAL SECTION
Materials Used. Pristine NCA cathode materials obtained

fromTodaMaterials, with an average particle size between 5 and
10 μmwere used for this study. The secondary particles of NCA
are shown in Figure 2a. The cathode powders were stored in an

Ar-filled glovebox and, in certain cases, transported to Pacific
Northwest National Laboratory (PNNL) for APT sample
preparation and analysis in a sealed container filled with Ar. In
other cases, lift-out sections were transported to PNNL for
further specimen preparation.
APT Sample Preparation.To prepare APT needle samples,

cathode particles were dispersed on a ∼5 by 5 mm piece of Si
wafer using a spatula. The as-dispersed particles were then
lightly crushed using a clean glass slide to break the secondary
particles into individual primary particles shown in Figure 2b.

Figure 2. SEM images showing the pristine NCA secondary particle (a)
and the steps involved in the APT needle sample preparation right from
the primary particles dispersed on a silicon wafer (b) to the end of the
final step of low-kV annular milling (i).
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The as-prepared samples were loaded into either the Helios
FIB at the Environmental Molecular Sciences Laboratory
(EMSL) at PNNL, Richland, WA, or into the Scios at the San

Diego Nanotechnology Infrastructure (SDNI) of UC, San
Diego, for further manipulation and APT needle sample
preparation. An Omniprobe micromanipulator was used under

Figure 3. (a−j) Representative ion maps from the APT reconstruction of NCA for Li, Ni, Co, Al, and O. The laser pulse energy used and the charge−
state ratios (Ni2+/Ni+) obtained from the Ni peaks are also shown for each case.
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electron-beam imaging at a 3 kV accelerating voltage only (no
ion-beam imaging) to individually transfer the primary particles
(300−500 nm) onto Si microtip array posts. Electrostatic forces
between the micromanipulator and the battery cathode particle
were leveraged for the manipulation of individual nanoparticles
as shown in Figure 2c,d. Subsequently, each particle was coated
with a ∼200 nm thick electron-beam-assisted Pt deposition
layer, followed by a 500−700 nm thick Ga ion-beam-assisted Pt
deposition layer. The diameter of the circular pattern used for
the Pt deposition was larger than the particle dimensions to
ensure that the particle is encased in Pt. Particles with deposited
Pt are shown in Figure 2e.

Following this, annular milling was carried out using a 30 kV
and 0.23 nA Ga ion beam, until a needle apex diameter of 800
nm was obtained. 46pA Ga ion-beam current was subsequently
used until the diameter was <200 nm. During annular milling,
any holes or gaps that appeared between the nanoparticles and
the microtip array underneath were filled with the electron-
beam-assisted Pt deposition. The final step of annular milling
and removal of protective e-beam-deposited Pt was performed
using a 2 kV, 24−47 pA Ga ion beam. Using the secondary
electron image contrast between NCA and Pt (as seen in Figure
2h), the final step of annular milling was stopped as soon as the
needle apex was within the NCA nanoparticle. The final steps of
the annular milling process are shown in Figure 2g−i.
APT Experimental Parameters and Analysis. The as-

prepared specimens were loaded into the LEAP 4000 XHR at
the EMSL at PNNL. The data acquisition was carried out at a
base temperature of 40 K and laser pulse energy between 0.5 and
20 pJ with a fixed pulse repetition rate of 125 kHz. A detection
rate of 0.005 ions/pulse was used for all runs. The obtained data
were reconstructed using CAMECA’s IVAS 3.8.6 software.

■ RESULTS AND DISCUSSIONS
Representative ionic maps for each element from the APT
reconstruction of NCA are given in Figure 3. Individual runs
with laser energies from 0.5 to 20 pJ are all analyzed and the
maps show a homogeneous distribution in the pristine state for
Ni, Co, Al, and O. The laser pulse energy and charge−state ratio
(Ni2+/Ni+) for each run is displayed in Figure 3. For the Li maps,
areas of nonuniformity or low Li content are associated with Ga
damage due to the specimen preparation process (images not
shown here). To better understand the Li composition and

uniformity, an iso-concentration surface of 0.5 atomic Ga is
chosen, and the low-gradient side is exported for further analysis
(see Figures S1 and S2). Frequency distribution analysis shows
no statistical significance for the heterogeneous Li distribution
for all cases except at 5 pJ (see Supporting Figure S3). Figure 3
also shows a range of charge−state ratios across the different
laser pulse energies used.

To ensure that similar peaks are evaporated at different
charge−state ratios, the normalized mass-to-charge spectrum at
the lowest and highest charge−state ratio is shown in Figure 4.
The intensity for each peak is normalized to the highest value for
each case separately. At lower laser pulse energy (higher
charge−state ratio), the background levels are higher and the
lower-intensity oxide peaks for instance NiO2

+ are less intense
(Figure 4a), whereas the same peaks are clearly visible at higher
laser pulse energy (lower charge−state ratio) in Figure 4b.
Moreover, Li evaporation occurs exclusively as Li+, whereas
other elements evaporate as both elemental species, Al, Ni, Co,
and O, and molecular species, AlO, NiO, NiO2, NiO3, CoO,
CoO2, and CoO3, at different charge states. Of specific note is
the absence of Li oxide molecular species in the mass-to-charge
spectrum. Laser pulse energies over 20 pJ are not investigated
due to the nonuniformity in the Li evaporation seen on the
detector histogram during run-time, indicating preferential
evaporation of Li, which has a low evaporation field (14 V/nm
for Li+). Li uniformity in regions outside of Ga damage is
investigated using the binomial distribution for random
distribution (Supporting Information Figure S3). The analysis
shows a statistically uniform Li distribution for all laser pulse
energies except 5 pJ. Overall, through the range of the laser pulse
energies investigated, the mass-to-charge spectrum peaks
remained rather consistent in this study. Elemental and
molecular species are seen in the evaporation in both cases.

To further understand the influence of the laser pulse energy
and charge−state ratio on the composition, the atomic % from
the stoichiometry is compared to the obtained composition
from the APT analysis. The effect of Ga is ruled out by obtaining
the composition from the low-gradient side of an exported
isosurface of Ga at 0.5 atomic % (additional details in Supporting
Information Section 2 and Figure S2). Moreover, peak overlaps
are also accounted for by following a peak decomposition
analysis using the IVAS software obtained from Cameca. The
results are shown in Figure 5a,b. The expected composition for

Figure 4. Normalized peak intensity plotted as a function of mass-to-charge ratio for the case of low laser pulse energy (high charge−state ratio) and
high laser pulse energy (low charge−state ratio).
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each element is calculated as a ratio of its share in the total
stoichiometry; for instance, Li atomic % is 25% since there is one
Li in a total of 1 + 0.8 + 0.15 + 0.05 + 2 = 4 atoms in
LiNi0.8Co0.15Al0.05O2. These are plotted as dotted lines in Figure
5a,b. The expected composition is compared with that obtained
from APT analysis for all charge−state ratios (calculations used
to eliminate any effect from Ga damage and averaging used are
reported in Section 2 of the Supporting Information and Table
S2). Separate plots are generated for Al and Co since their low
atomic % prevents easy viewing of changes in the stoichiometry
when combined into one plot. Moreover, the charge−state ratio
is used as the x-axis to provide a comparison that is a better
representative of the effective electrostatic field on the surface of
the specimen.

The atomic compositional analysis in Figure 5a,b follows a
trend previously seen for a dependence of the composition on
the electric field at the specimen surface. However, a simple
decrease in the oxygen content and the increasing composition
for Li, Ni, Al, and Co with the increasing charge−state ratio is
not seen. On the contrary, for Li, Ni, Co, andO, the composition
is more accurately quantified at lower charge−state ratios with a
strong deviation at higher charge−state ratios, indicating that
the high electric field leads to the underquantification of Li
signals and the overquantification ofNi, Co, andO signals. Thus,
preferential evaporation can occur at these charge−state ratios
(above 4).

Second, the measured Al concentration does not follow the
same trend as the other elements, with better quantification at
higher charge−state ratios (lower laser pulse energies) above 4.
Compared to previous reports,36,37,43 using the LEAP 4000 tool
where higher laser pulse energies (typically indicative of a lower

charge−state ratio) are used for NMC cathodes, our trends for
Ni and Co for NCA are in agreement. However, the presence of
Al in NCA warrants a closer look at the composition differences
coming from the parametric study of the laser pulse energy.

To obtain quantitative results on battery cathodes, the
implications and possible explanations for the parametric effect
are now discussed. As other parameters, including laser pulse
frequency, detection rate, voltage ramp algorithm, and base
temperature, are kept fixed for all runs, the effect is attributed to
the variation in the effective field at the specimen surface.

An important metric for the battery community is the
transition metal ratio, which is studied during various cycling
and aging experiments to infer signs of degradation. Deviation
from expected ratios could point to the formation of insulating
species for cathodes. Figure 5c shows the Ni/Co ratio for NCA.
Significant deviations (>50%) at low charge−state ratio are seen.

Moreover, Figure 5d shows the relation between the laser
pulse energy and the Ni charge−state ratio. Ultimately, it is clear
that themeasured composition of all elements is not consistently
changing with the charge−state ratio for NCA, indicating that
the charge−state ratio alone cannot fully explain the observed
phenomenon of the compositional changes.

For the composition analysis, the comparison of the measured
composition fromGa-rich andGa-poor (damage-free) regions is
shown in Supporting Information Figure S1. The Ga-rich
regions were excluded with total Ga content below 0.5 atomic%.
Ga maps and the damaged regions on the Li maps, which are
excluded from the composition analysis, are shown in
Supporting Information Figure S2.

Thus, having explored and ruled out the obvious choices with
the CSR and Ga damage, the explanation for the observed

Figure 5. Compositional quantification for NCA at different charge−state ratios, indicative of the laser pulse energy used for Li, Ni, and O (a) and Al
and Co (b). The observed Ni/Co ratio, as a metric of accuracy for the Li-ion batteries, is compared with the expected value (dashed line) at different
charge−state ratios (c). (d) Charge−state ratio (Ni2+/Ni+) for each laser pulse energy investigated.
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composition changes due to laser pulse energy would then result
from a more complex phenomenon occurring during the field
evaporation process. The physics behind high field evaporation
of complex oxide is certainly an ongoing topic of interest in the
community, and further understanding is needed likely with
simulations for a concise explanation. We do not attempt to
carry that out here; however, a brief discussion on the
contributing factors is presented.

NCA has a band gap close to zero due to the high Ni content
that gives it a metal-like nature.45 This could allow field
evaporation at laser pulse energies as low as 0.5 pJ. The change in
the measured composition from the APT laser pulse energy
(correlated to field strength with the Ni charge−state ratio) can
be attributed to the combination of three factors. First, the
crystal structure of Li-containing battery oxides likely has a
strong influence on the electrostatic fields at the APT needle
surface. The HCP (hexagonal close-packed) layered (R3̅m)
structure consists of alternating layers of Li, O, and Ni/Co/Al,
giving rise to an ABC stacking. The differentiating feature is the
2D layers of Li with high ionic mobility. These high Li-ion
mobility layers also indicate low bonding energy between the Li
and O, which may allow for exclusive elemental evaporation of
Li during APT field evaporation. The high Li ionic mobility
certainly points to more complex interactions as compared to
other simpler oxides, where the ionic mobility of individual
species is not high within the lattice. Second, the local change in
the bonding environment of each metal ion with oxygen within
these layered structures could influence the field evaporation
and molecular formation during APT field evaporation.

Overall, a combination of the layered structure typical of
lithium-containing battery oxides, the presence of crystallo-
graphic planes of high Li mobility, and the local bonding
environment of each element within these complex oxide lattices
could all play a role in the observed parametric dependence of
the composition measured by APT. Our results point to a more
complex field evaporation behavior of NCA, which directly
affects the APT-measured composition of each element to vary
as opposed to simpler oxides like MgO, ZnO, and UO2 reported
in the literature. While band bending, strong optical absorption
effects, and hole accumulation on the surface would be expected
for the battery cathodes also during APT, given their low band
gaps, additional thermal- or photon-assisted mechanisms
coupled with mobile species like Li are likely to also influence
the field evaporation of these complex oxides with inherently
high Li-ion mobilities. To obtain quantitative results, a careful
parametric investigation is necessary in the future, with a special
focus on understanding molecular fragmentation. Moreover, we
observed that accurate quantification of Al versus Ni and Co in
battery cathode oxides using APT could be achieved at different
laser pulse energies.

■ CONCLUSIONS
A parametric investigation of the effect of laser pulse energy on
the quantitative composition of pristine Ni-rich NCA cathodes
was carried out. The analysis indicated that complex oxides
containing multiple cationic species would behave differently
under a laser-assisted field evaporation process, making a
systematic parametric investigation with APT necessary to build
an initial understanding of changes in themeasured composition
as a function of APT analysis parameters. Even under optimized
conditions, one single laser pulse energy (and hence the effective
electric field) could not give an accurate composition for all
elements. Both charge−state ratio and Ga damage were

investigated to show that the observed effect could not be
fully explained because of either. For a quantitative analysis of
the same battery cathodes before and after cycling using APT, it
was hence recommended that analysis conditions were kept
consistent, especially, the effective electric field on the APT
specimen surface, which wasmeasured as theNi2+/Ni1+ charge−
state ratio for the NCA cathode in this work.
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