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The worldwide development of electric vehicles as well as large-scale or grid-scale energy storage to

compensate for the intermittent nature of renewable energy generation has led to a surge of interest in

battery technology. Understanding the factors controlling battery capacity and, critically, their

degradation mechanisms to ensure long-term, sustainable and safe operation requires detailed

knowledge of their microstructure and chemistry, and their evolution under operating conditions, on the

nanoscale. Atom probe tomography (APT) provides compositional mapping of materials in three

dimensions with sub-nanometre resolution, and is poised to play a key role in battery research.

However, APT is underpinned by an intense electric field that can drive lithium migration, and many

battery materials are reactive oxides, requiring careful handling and sample transfer. Here, we report on

the analysis of both anode and cathode materials and show that electric-field driven migration can be

suppressed by using shielding by embedding powder particles in a metallic matrix or by using a thin

conducting surface layer. We demonstrate that for a typical cathode material, cryogenic specimen

preparation and transport under ultra-high vacuum leads to major delithiation of the specimen during

the analysis. In contrast, the transport of specimens through air enables the analysis of the material.

Finally, we discuss the possible physical underpinnings and discuss ways forward to enable shielding

from the electric field, which helps address the challenges inherent to the APT analysis of battery materials.
Introduction

Batteries are at the core of many technologies that will have
a signicant impact on the decarbonation of our society.1 The
high-capacity energy storage needed in electric vehicles or grid
energy storage is currently largely achieved using Li-ion
batteries (LIBs),2 which appear to be one of the most viable
and scalable energy storage technologies to accommodate the
variability of renewable energy sources,3,4 assuming that suffi-
cient Li can be extracted. A battery is an assembly of a cathode,
an electrolyte and an anode. During charging, the cathode is
delithiated and the Li ions migrate through the electrolyte and
are inserted inside the anode; during discharge, the opposite
reactions take place.5 LIBs and their individual constituents
have been subject to signicant research and development
efforts in the past few decades,6 leading to the Nobel Prize in
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Northwest National Laboratory, P.O. Box
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Chemistry in 2019 to Goodenough, Whittingham, and Yoshino
for their work on Co-based oxides.7,8

Extending the operating lifetime of LIBs would decrease
their environmental footprint and cost, but requires under-
standing the microstructural origins of capacity-loss and the
degradation during cycling to develop strategies to design new
high-performance materials.9 However, these degradation
mechanisms occur across length scales ranging from sub-
nanometres to microns or more,10,11 and ultimately precluding
direct investigation by any single characterization technique.
Recent efforts in high-resolution, multiscale, correlative and
cryogenic microscopies have been reported, leading to precious
insights into these complex processes.12,13 However, like many
oxides, battery materials can be unstable under electron beam
irradiation, and transport of samples through air may cause
modications of their composition and structure, making their
observation highly challenging.14 The Li distribution on the
nanoscale also remains elusive due to its high mobility and low
atomic weight, which limits its interactions with electrons in
transmission electron microscopy (TEM).

Atom probe tomography (APT)15 has been proposed as
a technique to reveal the three-dimensional distribution of Li in
these materials. APT provides compositional mapping in three-
dimensions with sub-nanometre resolution,16,17 and its
This journal is © The Royal Society of Chemistry 2022
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sensitivity is in principle not related to the atomic weight, and
hence Li can be readily detected. However, there are specic
challenges inherent to the analysis of alkalis by APT.18–20 In the
case of Li-containing materials, the intense electric eld
necessary to trigger the eld evaporation of surface atoms to
enable their analysis can also drive atomic migration during the
analysis itself.21 This in situ delithiation process22 can make the
data unreliable. Species-specic losses associated with the
dissociation of molecular ions have been also evidenced in
these materials, thereby lowering the spatial resolution and
elemental sensitivity.19 These difficulties have hindered the
widespread deployment of the application of APT to materials
for LIBs and the number of reports has hence remained
limited.10,13,23–25

Here, we report on the atom probe analysis of pristine
anode and cathode oxide materials. We show that under
conventional laser APT conditions, Li can indeed diffuse out
during the analysis. Counter intuitively, we demonstrate that
specimens prepared by cryo-preparation and transferred
under ultrahigh-vacuum are particularly subject to this
unwanted delithiation, compared to samples prepared and
transported under ambient conditions. This outward migra-
tion of Li appears driven by the penetration of the electrostatic
eld inside the specimen,21 and we show how the presence of
a conducting layer on the specimen's surface provides
shielding against the eld that can circumvent this problem.
In addition, we further show that this layer can be extrinsic, i.e.
deposited, or intrinsic as it can develop because of the sensi-
tivity of these materials to an ambient atmosphere. We discuss
the details of the origins of the formation of the intrinsic
shielding and compare these routes to stability in the APT and
the implications for the quantication of the data. Finally, we
lay out possible ways forward for the analysis of battery
materials by APT.

Experimental
Anode materials

We rst analysed bulk Li4Ti5O12 (LTO) by using an atom probe.
The microwave-assisted hydrothermal synthesis of these mate-
rials is detailed in ref. 26 and samples were provided by the Dou
group at the University of Wollongong, who later demonstrated
high performance of these anode materials.27–30 APT specimens
were prepared using a FEI Quanta 3D dual-beam scanning-
electron microscope/focused-ion beam (SEM/FIB) and
following the in situ li-out protocol outlined in ref. 31. Speci-
mens were then transferred through air, under ambient
temperature and pressure conditions. The data were acquired
on a Cameca LEAP 3000X Si at a base temperature of 32 K,
a laser pulse energy of 0.3 nJ (l ¼ 532 nm, spot size spot
diameter below 10 mm), and a detection rate of 2 � 10�3 ion per
pulse.

We then analysed Li4Ti5O12 commercial powder (>99%,
Sigma Aldrich). The powder was rst dispersed onto a TEM grid
and imaged on a JEM-2200FS TEM (JEOL) operating at 200 kV
equipped with an energy-dispersive X-ray analysis (EDX) system
(see Fig. S1†).
This journal is © The Royal Society of Chemistry 2022
The nanoparticle powder was then embedded in a Ni-matrix
using the approach described in ref. 32. The powder was rst
dispersed in a Watts Ni-ion electrolyte. Subsequently the solu-
tion was poured into a commercial nanoparticle depositor
(Oxford Atomic Ltd.). A constant current of�19 mA was applied
for 600 s for the co-electrodeposition process, which results in
�8 mm thickness of the Ni lm.

The Ni-embedded powder specimens for APT were prepared
by a site-specic li-out standard method on a dual-beam
focused ion beam FEI Helios 600 (Thermo-Fisher) followed by
ambient air transfer to the atom probe. Details are described in
Fig. S2.† APT measurements were carried out using a CAMECA
5000 XS system (i.e. straight ight path) in pulsed-laser mode at
a base temperature of 60 K, a detection rate of 1%, a laser energy
of 40 pJ (l ¼ 355 nm, spot size below 3 mm), and a laser
frequency of 125 kHz. All measurements had a low background
level of below 10 ppm ns�1. All APT data were processed and
reconstructed with the default voltage-protocol parameters in
APSuite developed by CAMECA Instruments.
Cathode materials

Commercial NMC811 was sourced from Targray. Its nominal
composition is LiNi0.8Co0.1Mn0.1O2. We used the N2-lled glo-
vebox of the Laplace project33 to avoid or limit the inuence of
the atmosphere on the samples. The powder was dispersed onto
Cu tape placed on a at-stub for scanning-electron imaging,
followed by applying a so dry-N2 ow to blow off the looser
powder particles. The stub wasmounted on an atom probe puck
sample holder. To avoid contact with air, this puck was then
transferred into a dual beam SEM/Xe-plasma FIB (FEI Helios
PFIB) through an ultra-high vacuum (UHV) suitcase (Ferrovac
GmbH). At rst, conventional room temperature sharpening of
the specimens for APT was performed. In a second attempt
cryogenic sharpening was also employed, as it has been shown
to limit damage to beam-sensitive materials34 and ingress of
spurious species.35 Subsequently, the specimens from both
sharpening methods were transferred under UHV, to prevent
surface reactions,33 into a CAMECA LEAP 5000 XR, i.e.
reectron-tted, or a CAMECA LEAP 5000 XS, i.e. straight ight
instrument. APT analyses were performed under a wide range of
conditions of base temperature of 30–60 K and laser-pulse
energies (5–20 pJ). Trials with high voltage pulsing (5–50%
pulse fraction) were also attempted without success.

To mimic results obtained by other groups, specimens from
the same material were prepared at room temperature using
a Ga ion FIB (FEI Helios 600) and transferred through air, under
ambient lab conditions. Details are described in Fig. S3.†

A metallic coating was also deposited directly on specimens
using physical-vapor deposition of ultra-high purity nickel
(99.99%) mounted in a direct current gun in a BESTEC PVD
cluster (BESTEC, Berlin, Germany). The lms were grown at
a sputtering rate of approximately 0.07 nm s�1 at ambient
temperature to a thickness estimated to be 50 nm, directly on
the pre-sharpened APT specimens following Ga-FIB preparation
and transport through air, under ambient lab conditions. The
base pressure prior to sputtering was <6 � 10�6 Pa, whereupon
J. Mater. Chem. A, 2022, 10, 4926–4935 | 4927

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ta10050e


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 7
/2

9/
20

25
 1

1:
29

:2
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
argon was introduced as the working gas at a ow rate of 20
standard cubic centimetres per minute to a pressure of 0.5 Pa.

All specimens transferred through air, with and without
coating, were analysed on a CAMECA LEAP 5000 XS. From the
preceding UHV-cryo transfer APT analyses, the analysis parame-
ters of the moderately successful analyses were a base tempera-
ture of 60 K with a pulsed laser energy of 5 pJ (l ¼ 355 nm).
Therefore, the same parameters were used for the air-exposed
specimens with a pulse frequency of 100 kHz and a detection
rate of 0.5% with a low background level (<10 ppm ns�1). All the
APT data were processed using APSuite and reconstructed using
the standard voltage reconstruction protocol.36
Results
Anode materials: bulk LTO

An example of an APT analysis obtained on bulk LTO is shown
in Fig. 1a. A high concentration of Li is readily visible towards
the top of the reconstructed data. A one-dimensional compo-
sition prole in a 20 nm-diameter cylinder parallel to the
specimen's main axis is plotted in Fig. 1b, showing an increase
in the Li content towards the specimen's tip and a constant but
relatively low level below 30–40 nm, well below the expected
stoichiometry. Multiple datasets collected showed a similar
prole, and, based on the experimental and modelling work by
Greiwe et al.,21 it was interpreted as evidence for the outward
migration and leaching of Li, i.e. in situ delithiation. The
specimen's geometry in Greiwe's prior work was rather
different, with a thin lm of Li-containing glass deposited on
a sharp metallic needle used as a substrate. The high electro-
static eld is hence generated at the apex of the metallic
substrate, which can facilitate the penetration of the eld
throughout the lm and drive the delithiation. Although this
Fig. 1 (a) 3D atommap of bulk LTO. Cyan, pink, and dark green dots repre
(b) 1D compositional profile along the measurement direction. A black d
high resolution TEM images of LTO particles. Scale bars are (left) 50 and (ri
is 50 nm. Green dots represent reconstructed Ni matrix atoms. Inset ima
specimen (scale bar ¼ 200 nm). (e & f) Extracted nanoparticle regions in t
along the cylindrical region of interest (f5 nm). Ga distribution is discuss

4928 | J. Mater. Chem. A, 2022, 10, 4926–4935
geometry is rather different to our conventional lied-out
specimen, the interpretation proposed by Greiwe et al. seem
directly applicable to our observed results of in situ delithiation
of LTO.
Anode materials: LTO powder

The LTO powder was rst imaged by TEM, as shown in Fig. 1c,
and the powder appears to be mostly made of a set of individual
cuboidal grains. High-resolution imaging conrms the crystal-
line nature of the powder grains. Fig. S2† shows a cross-
sectional electron micrograph following FIB slicing of the
composite formed by electroplating of the powder within a Ni-
metallic matrix to facilitate APT specimen preparation.37 The
dark contrast corresponds to regions containing the LTO
powder, and, as shown in the inset image in Fig. 1d, some were
present inside the specimen following sharpening of the spec-
imen in the FIB at room temperature. Another APT dataset is
shown in Fig. S4.† The Li/Ti atomic ratio in the reconstructed
LTO particle is �0.77, close to the stoichiometry of Li4Ti5O12

(0.8). The reconstruction from the resulting APT analysis is
displayed in Fig. 1d, with close-ups on two of the analysed LTO
powder grains in Fig. 1e and f, with morphologies compatible
with the TEM imaging. One-dimensional composition proles
obtained from these two grains are plotted in Fig. 1g and h,
respectively, with no sign of delithiation, with the concentration
of Li, Ti and O constant across these powder grains.

These results are in stark contrast with those obtained on
bulk LTO, assuming that the results obtained on the LEAP 3000
and 5000 generations are comparable, despite the differences in
the laser wavelength and spot size. Several studies have
demonstrated that data on different generation of instru-
ments18,38 could be comparable, including for battery
sent reconstructed O, Li, and Ti atoms, respectively. Scale bar is 20 nm.
ashed line displays the nominal Li atomic composition. (c) Bright field
ght) 10 nm. (d) 3D atommap of LTO particles embedded in Ni. Scale bar
ge is the corresponding backscattered SEM image of LTO particle APT
he atommap and (g & h) corresponding atomic compositional profiles
ed in Fig. S5 and S6.†

This journal is © The Royal Society of Chemistry 2022
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materials.19 Here, the level of background is substantially
different (Fig. S7†), and may well account for some of the Li
losses as discussed in ref. 18 and 19. An important aspect is also
that the electrodeposition did not induce changes in the
chemical distribution and mass composition of the main
species within the powder grains.

Cathode materials: NMC811 vacuum transfer

Over two dozen specimens were prepared by li-out at room
temperature and cryogenic sharpening, followed by ultrahigh-
vacuum transfer into the atom probe. In Fig. 2a, we display the
corresponding tomographic reconstructions from 6 of these
datasets, along with the analysis conditions used. All trials led
to inhomogeneous eld evaporation conditions and regions of
(erroneous) high-density Li indicative of in situ delithiation.
This process also led to unstable eld evaporation conditions,
as strong bursts of eld evaporation of Li led to sudden high
detection rates, causing the soware to drop the high voltage
to lower the electrostatic eld and detection rate. These
datasets exhibited relatively high levels of background as well
(see Fig. S7†). This appeared to be more pronounced at a lower
base temperature (here 30 K) than at higher temperature (e.g.
60 K), i.e. under conditions where the electrostatic eld was
relatively higher. Dropping the laser pulse energy, that is
decreasing the peak temperature reached by the specimen
Fig. 2 (a) A series of 3D atommaps of NMC811 samples after UHV transfe
UHV- and (c) air transferred samples. The black dashed lines in the 1D com
APTmeasurements were performed at a base temperature at 60 K and a p
50 nm.

This journal is © The Royal Society of Chemistry 2022
subsequently to the illuminating pulse, also seemed to make
the distribution more homogeneous. Nevertheless, the data
quality was far from what one could expect or consider
acceptable.

Fig. 2b displays the results of a single, longer dataset ob-
tained at 60 K, 5 pJ, and 5 ions per 1000 pulses on average,
which appeared to be an optimal set of experimental conditions
for that specimen, following the aforementioned preliminary
trials. Although the overall bulk composition matches with the
nominal composition of the NMC811, even here, the composi-
tion prole along the length of the specimen evidences in situ
delithiation, accompanied by strong variations of the point
density across the reconstructed dataset.

Cathode materials: NMC811 atmospheric transfer

Seeking to reproduce the results from the literature,24,25 we
prepared specimens from NMC811 by FIB milling at room
temperature and transferred the specimens through air, under
ambient lab conditions. Fig. 2c displays the corresponding
reconstruction from a dataset obtained in laser pulsing mode
using the same conditions as for the data reported in Fig. 2b.
Stable analysis conditions are achieved with 45 � 106 ions
collected, the Li distribution appears homogeneous, and there
is no evidence for in situ delithiation in the composition prole
along the depth of the reconstructed data.
rring. Scale bars are all 10 nm. A comparison of APT results between (b)
position profiles indicate the nominal Li composition of NMC811. Both
ulsed laser energy of 5 pJ. Scale bars in the atommaps are (b) 20 and (c)

J. Mater. Chem. A, 2022, 10, 4926–4935 | 4929
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In search of possible compositional changes associated with
the air exposure, we performed another similar experiment –
reproducing the results in Fig. 2c, and the APT reconstruction
shown in Fig. 3a. We collected over 11 � 106 ions, corre-
sponding to an analysis of 40–50 nm in depth, and observed no
substantial changes in the composition of the material during
the acquisition. At this stage, the specimen's surface is laid bare
and the bulk of the specimen exposed. The specimen was thus
taken out of the ultrahigh vacuum of the atom probe, le in
ambient lab air for 4 h and reinserted into the APT vacuum
chamber. APT data collection from this specimen was then
resumed, at a high-voltage comparable to the voltage reached at
the end of the rst analysis, and a further 13 � 106 ions were
collected (Fig. 3c). The composition of the inner bulk region for
each dataset is summarized in Fig. 3. The corresponding
composition at the end of the rst run and the start of the
second run is summarised in Fig. 3d, suggesting a slight
enrichment in Ni and O, and a decrease in Li at the surface,
aer exposure to air.

Fig. S8† shows 2 nm-thick slices through the tomographic
reconstructions from the corresponding analyses showing only
the Li ion distributions, which appear close to random, and are
further conrmed by the close match between the experimental
frequency distribution39 for dataset #2 and the corresponding
binomial distribution shown in Fig. S9.†

However, aer the exposure to air of the cleaned NMC811
surface, hydroxyl ions (OH+, 17 Da) appear to be adsorbed on its
surface. A third dataset was acquired aer this same specimen
Fig. 3 3D atommaps of a sample analysed (a) before and (b) after 4 h oxi
run and the sample was taken out of the high vacuum into air for 4 h. Afte
laser position or analysis conditions. 10 nm-thin-sliced tomograms of e
extracted inside each atom map. (d) Composition comparison of atom
strength (Ni2+/Ni+) vs. oxygen/metal ratio. The oxygen/metal ratio decrea
the oxidation, respectively, from 5000 XS measurement and the green c

4930 | J. Mater. Chem. A, 2022, 10, 4926–4935
was taken out of the ultrahigh vacuum of the atom probe and
le in air for 24 h, and again re-inserted and reanalysed. This
new experiment started at a voltage similar to the end of the
preceding analysis. The specimen only yielded a further 1.5 �
106 ions before failing (see Fig. S10a and b†). However, the Li
distribution also appears to be random, unlike results for the
UHV-transferred specimens (see Fig. S10c†), and the absorption
of OH-molecular ions on the surface was again observed from
air exposure.

Finally, to facilitate the comparison of the composition
across datasets, we performed a series of analyses on another
specimen, also transported through air, for a range of laser
pulse energies, from 2 to 15 pJ at 60 K on the same specimen
analysed on the LEAP 5000 XS. Indeed, compositional
measurements by APT are known to be affected by the strength
of the electrostatic eld,40,41 evenmore so for oxides,19,42 through
potentially complex loss mechanisms.42–44 The specic case of
the compositional dependence on the intensity of the electro-
static eld in mixed NiMnCo-based oxides has not been re-
ported. When the laser energy increased up to 20 pJ, mostly only
Li ions were detected, which can be attributed to heat-induced,
electric-eld-driven delithiation (see Fig. S11†); therefore, laser
energies lower than 15 pJ were used for evaluating the inuence
of the electric eld strength on the composition. We acquired
a series of datasets containing approx. 1 � 106 ions. For each
condition, we estimated the charge-state-ratio (CSR) for nickel,
dened here as the ratio of the number of ions in the peak of
58Ni2+ to the number of ions in 58Ni1+. The CSR is used as
dation. Scale bar is 20 nm. Themeasurement was stopped after the first
r the oxidation, the measurement was continued without changing the
ach 3D atom map are presented in Fig. S6.† (c) Atomic compositions
ic layers between before and after oxidation. Inset image shows field
ses as the field increases. Red and blue stars represent before and after
ircle represents the data acquired from 5000 HR measurement.

This journal is © The Royal Society of Chemistry 2022
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a proxy for the intensity of the electrostatic eld in the vicinity of
the eld emitter.45 The ratio of O to metal (Ni, Mn, and Co) is
plotted against the CSR in the inset in Fig. 3d, along with
a linear t as a guide for the eye. The change in the O concen-
tration is consistent with other reports of the measurement of O
composition as a function of the electric eld.19,44,46

Discussion
Origins of the in situ delithiation

The in situ delithiation can be considered as electromigration,
i.e. a thermally activated transport process, in which the electric
eld lowers the activation potential energy barrier, facilitating
directional ion migration by thermal agitation. Species with
lower energy barriers to movement will therefore migrate under
such conditions. It is worth noting that electromigration can
drive transport even against a concentration gradient and is
typically fast compared to diffusion.47

Reports of the in situ delithiation during APT raised ques-
tions on its origin:

(i) Is the delithiation taking place even prior to eld evapo-
ration during APT data collection and is it associated with the
specimen preparation in the SEM/FIB?

The damage and energy imparted by incident electrons
during imaging and the ion-beam sputtering/implantation
during specimen shaping could indeed have activated the
outward transport of Li towards the surface. This fact motivated
the use of the cryogenic specimen preparation methods. In
addition, the known sensitivity to air exposure of these reactive
materials motivated the use of the vacuum transfer system. This
approach, whilst minimising any preparation artefacts, was
unsuccessful in mitigating challenges for the analytical perfor-
mance of APT, although only the ultra-high vacuum transfer
appears to be to blame.

(ii) Is delithiation predominantly, or exclusively, an effect of
the electrostatic eld that enables ion migration at the low
temperature of APT analyses (30–80 K typically)?21

Our work supports this second mechanism and demon-
strates the importance of shielding from the electrostatic eld
in order to obtain satisfactory results in the analysis of two Li-
containing materials that can be subject to in situ delithiation
during APT analysis. Effective shielding can be achieved by
coating the specimen with a conductive material for instance.
The coating of sharpened specimens had been already
demonstrated by several groups, in order primarily to improve
the yield and the analytical performance of laser-pulsed APT
through faster heat conduction within the coated layer.48–50

Here, for LTO, we exploit the shielding offered by an electro-
conductive layer to avoid critical issues associated with the
penetration of the eld within the bulk of the specimen that will
drive electro-migration and delithiation during the analysis
itself. The exposure of the specimen's surface to a suitable
environment may also lead to reactions that modify its surface
electronic properties that provide sufficient shielding. This will
be material dependent and it may also degrade the properties
and subsequent analytical performance. These aspects are
further discussed in the following sections.
This journal is © The Royal Society of Chemistry 2022
Intrinsic shielding

The case of NMC811 is rather complex and somehow puzzling:
the transport of the prepared specimens through air appears to
lead to an intrinsic shielding that does not form when the
specimens are transported under vacuum. There are multiple
differences in the two sets of experiments and below, we try to
address these successively.

First, the batch of specimens transported in an ultra-high
vacuum was prepared using a PFIB at cryogenic temperature
(Fig. 2a and b), whereas the second batch was prepared at room
temperature using a conventional Ga-FIB (Fig. 2c and 3). To
evaluate if the FIB-specimen preparation process was the origin
of the shielding effect, since Ga is known to be chemically
active, we performed two new sets of experiments.

Following the sharpening of the specimen at 30 kV, we did
not perform any cleaning at a low acceleration voltage (5 kV),
and then performed cleaning for 5 seconds and 45 seconds, on
three specimens. These specimens were then analysed using
a LEAP 5000XS, and the corresponding reconstructed data are
shown in Fig. S10.† We can report that without cleaning, the
surface composition contains Ga. However, as the cleaning
proceeds, this layers progressively disappears. In all three cases,
the specimen was successfully analysed by APT without
noticeable delithiation artifacts.

We then prepared specimens with the PFIB at room
temperature with ambient air transfer, and Fig. S13† shows the
corresponding reconstructed dataset. Once again, the analysis
was successful and the Li is randomly distributed. The differ-
ence in behaviour is evidenced by the difference in the voltage
curves during the analysis, as shown in Fig. S14.†

Second, there is a possibility that the composition has
changed across the entire specimen. We compared the
composition obtained following ultra-high vacuum transfer and
air transfer to check for a possible change in composition across
the entire specimen. For one of the rare acceptable datasets
aer UHV transfer, we estimated the O to metal ratio and Ni
CSR. This data point was added as a green star in the plot in the
inset in Fig. 3d. The O content may appear slightly lower, yet as
this specimen was analysed on the LEAP 5000 XR, the data may
not be directly comparable.51 The eld evaporation conditions
appear far from optimal and may lead to additional O losses
that cannot be traced easily because of the reectron that
prevents the use of e.g. correlation histograms.52

The O pick-up could have taken place either during the
specimen preparation at room temperature inside the (P)FIB or
during transport through air. Hydrogen pick-up was demon-
strated in some metallic materials and was suppressed by using
low-temperature35,53 FIB specimen preparation. This was not
reported in oxides though, and the extremely low levels of O
contamination found following cryo-PFIB preparation of APT
specimens from pure Mg may dismiss this possibility.33 The
transfer of the specimens through air lasted less than 1 h,
during which oxygen can adsorb on the surface of reactive
metals.33 An estimate of the time to form a monolayer of O2 is
approximately 0.3 s in air, compared to nearly 70 days under
UHV conditions used during the transfer (see the ESI†).
J. Mater. Chem. A, 2022, 10, 4926–4935 | 4931
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We cannot, at this stage, conclude whether this could have
led to a change in the composition of the material, but these
processes would be diffusion controlled and no indication of
inward or outward diffusion of species was observed in the
elemental distribution extracted from our analyses. In addition,
no redistribution of Li or other species was reported following
cryogenic specimen preparation and observation by cryo-
transmission-electron microscopy,12 and this hence seems
unlikely.

Another possibility is that only a layer of a slightly different
composition or structure appears in the near surface region due
to migration of species from the material itself, possibly acti-
vated by the exposure to air (change of the O2 partial pressure).
This layer could offer a sufficiently high conductivity to shield
from the electrostatic eld and prevent eld penetration. The
actual conductivity of such mixed oxides, esp. at low tempera-
ture, is oen unknown, and it might be that only the rst few
atomic layers are modied. An increased Ni concentration was
shown to increase the conductivity of bulk Ni–Mn–Co oxides for
instance,54 even if the resistivity remains orders of magnitude
higher than that for a metal. The composition of the surface
aer the specimen was cleaned by eld evaporation and aer
exposure to air are reported in the inset in Fig. 3d as a red and
blue star, respectively. The change in the charge-state-ratio from
dataset to dataset indicates that the slight difference in the
measured composition aer exposure to air may be related to
the measurement and not to a substantial change in the
surface's composition following exposure to air.

Finally, there is a possibility that only the very surface
composition was changed by the adsorption of oxygen, nitrogen
or moisture from the air on the outermost surface of the spec-
imen. The latter could explain the detection of additional OHx

+

at 17–19 Da on the surface aer exposure to air (see Fig. 4a and
b). APT analysis has a limited eld of view and cannot collect
data from the edges of the specimen,55 and hence we can only
assume that the entire surface area of the specimen is covered.

Recent efforts towards specimen coating using only a few
graphene sheets50,56,57 demonstrated that even a very thin
Fig. 4 (a) OHx molecule distributions (#1) before and (#2) after the
oxidation test on the NMC811 sample. Sizes of the extracted volumes
from Fig. 3a and b are 20 � 10 � 30 nm3. The red arrow indicates the
adsorption of OHx on the 4 h air-exposed surface. (b) The corre-
sponding 16O+-normalized mass spectra. Scale bar is 10 nm.

4932 | J. Mater. Chem. A, 2022, 10, 4926–4935
conductive layer can achieve the necessary increase in conduc-
tivity and sufficient shielding to enable APT analysis. These
species may simply neutralise dangling bonds for instance or
modify the very local conduction properties, enabling surface
conductivity, i.e. akin to a topological insulator. Moisture was
shown to cause a bending of the electronic bands and a change
in the surface electronic structure of topological insulators.58

The bending of the electronic bands can also arise from the
intense electrostatic eld, which was suggested to enable eld-
ion imaging of oxides for instance.59–61 Beyond NMC811, the
notable air-sensitivity of Li–Fe–PO4 (ref. 62) could also explain
the absence of delithiation reported by Santhanagopalan et al.19

Measuring the changes in the electronic structure, resistivity
or conductivity associated with the slight changes in the surface
composition can be extremely challenging. Perhaps X-ray
photoelectron spectroscopy or scanning-tunnelling micros-
copy performed directly on sharpened specimens transferred
under UHV conditions and then exposed to air could reveal
these changes. Dedicated atomistic simulations may also
provide very valuable insights, yet performing accurate e.g.
density-functional theory calculations on oxides under the
extreme elds encountered during an atom probe analysis is
not without challenges. These could constitute important next
steps in our study, but fall outside the scope of the current
paper. Yet there is evidence from adsorption experiments63 and
density-functional theory64,65 that gaseous absorption on NiO
surfaces makes themmore conductive. These appear to support
our proposed mechanism and involve only minute changes in
the pristine material underneath the top layer and hence enable
meaningful APT analyses.
Extrinsic shielding

We expect processes leading to intrinsic shielding to be very
material-dependent and one should hence be careful with
interpreting data too hastily. For instance, the compositional or
structural modication of the material upon cycling may
prevent the formation of this conductive layer, thereby pre-
venting the study of degradation processes or of slight changes
in the composition of the surface that could explain the drop in
lifetime. For instance, despite transport through air, the results
on LTO contrast with what we observed in the case of reactive
NMC811. We could interpret these results as LTO being inert in
air, thus requiring an extrinsic conductive coating. There is also
a possibility that the artefacts observed were due to the use of an
older generation of instruments that was notable for facing
problems in analysing alkalis.18

Ultimately, LTO is typically used for the anode, and we were
able to simply use the electroplating approach, which has
demonstrated its versability for the analysis of a range of
nanostructures.66–68 Electroplating could however only be used
in the cases where the application of the voltage will not affect
the atomic distribution or its composition, as some materials
can be subject to corrosion or dealloying from the combined
effect of the solution and applied potential. Extrinsic shielding
through the use of a capping layer directly deposited on the
specimen would be more reliable for routine analysis.
This journal is © The Royal Society of Chemistry 2022
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We hence tried to deposit the metal by PVD on already
sharpened specimens to demonstrate the feasibility of pro-
tecting the surface yet achieving appropriate analysis condi-
tions, as has been demonstrated previously by Seol et al.48 for
instance. The PVD was performed following transport through
air though and led to satisfactory analysis, as shown in Fig. S15
and S16.† The measured composition of the surface and bulk as
well as the Li distribution appear comparable to the data re-
ported in Fig. 2c and 3. Any modication of the material's
surface or composition has already taken place.

Going back to the discussion point above of a possible
change in the very surface composition via adsorption, and that
the shielding can be achieved extrinsically also for NMC811, we
would need to nd a way to performmetal deposition reachable
through UHV transport or directly inside the FIB. The chemical-
vapour deposition from the gas-injection-system inside the FIB
may also be an option for coating specimens,69 yet the eld
evaporation behaviour of the deposited precursor rarely enables
satisfactory analysis conditions.70 In addition, FIB-based depo-
sition under cryogenic conditions requires much ne-tuning to
be achieved properly,71,72 and may need to be followed by an
appropriate level of in situ curing via illumination with an
electron and/or ion beam.73 We show, however, that specimens
can yield APT data following PVD and that the PVD does not
lead to a modication of the specimen's composition, which in
principle validates this approach for extrinsic shielding.

Conclusions

To summarise, we have shown that the analysis of Li-containing
materials by APT is extremely challenging due to the inuence
of the electrostatic eld applied during the experiment that
drives in situ delithiation. The variations of the experimental
conditions do not lead to any satisfactory solution. We also
show that the use of cryogenic preparation and transfer is not
always the “miracle solution” that we sometimes hope it will be
for the analysis of air-sensitive materials. We have however
demonstrated that by shielding from the eld through building
an equivalent of a Faraday cage at the specimen's surface, we
can prevent the penetration of the eld and hence prevent
delithiation. Whether or not a coating is necessary will be highly
dependent on the nature of the considered specimen, as the
surface reactivity of NMC811 led to the formation of an intrinsic
shielding, or on the goal of the analysis, as the intrinsic
shielding alters the surface of the sample. How much this
process may have been taking place without being noticed and
enabled previous APT analyses of oxides could also be debated
at length in the future. Generalising the use of an extrinsic
shielding by either metal electrodeposition or physical-vapor
deposition could facilitate the APT analysis of some of these
highly challenging materials, maybe also through a future
workow to combine with cryogenic preparation that will need
to be developed.
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Chem. Geol., 2013, 349–350, 99–109.

21 G.-H. Greiwe, Z. Balogh and G. Schmitz, Ultramicroscopy,
2014, 141, 51–55.

22 B. Pfeiffer, J. Maier, J. Arlt and C. Nowak,Microsc. Microanal.,
2017, 23, 314–320.

23 J. Maier, B. Pfeiffer, C. A. Volkert and C. Nowak, Energy
Technol., 2016, 4, 1565–1574.

24 A. Devaraj, M. Gu, R. Colby, P. Yan, C. M. Wang, J. M. Zheng,
J. Xiao, A. Genc, J. G. Zhang, I. Belharouak, D. Wang,
K. Amine and S. Thevuthasan, Nat. Commun., 2015, 6, 8014.

25 J. Y. Lee, J. Y. Kim, H. I. Cho, C. H. Lee, H. S. Kim, S. U. Lee,
T. J. Prosa, D. J. Larson, T. H. Yu and J. P. Ahn, J. Power
Sources, 2018, 379, 160–166.

26 S.-L. Chou, J.-Z. Wang, H.-K. Liu and S.-X. Dou, J. Phys. Chem.
C, 2011, 115, 16220–16227.

27 J.-G. Kim, D. Shi, M.-S. Park, G. Jeong, Y.-U. Heo, M. Seo,
Y.-J. Kim, J. H. Kim and S. X. Dou, Nano Res., 2013, 6, 365–
372.

28 J.-G. Kim, D. Shi, K.-J. Kong, Y.-U. Heo, J. H. Kim, M. R. Jo,
Y. C. Lee, Y.-M. Kang and S. X. Dou, ACS Appl. Mater.
Interfaces, 2013, 5, 691–696.

29 D. Su, S. Dou and G. Wang, Chem. Mater., 2015, 27, 6022–
6029.

30 D. C. Hofmann, J. Y. Suh, A. Wiest, G. Duan, M. L. Lind,
M. D. Demetriou andW. L. Johnson, Nature, 2008, 451, 1085.

31 P. J. Felfer, T. Alam, S. P. Ringer and J. M. Cairney, Microsc.
Res. Tech., 2012, 75, 484–491.

32 S.-H. Kim, J. Lim, R. Sahu, O. Kasian, L. T. Stephenson,
C. Scheu and B. Gault, Adv. Mater., 2020, 32, 1907235.

33 L. T. Stephenson, A. Szczepaniak, I. Mouton,
K. A. K. Rusitzka, A. J. Breen, U. Tezins, A. Sturm, D. Vogel,
Y. Chang, P. Kontis, A. Rosenthal, J. D. Shepard, U. Maier,
T. F. Kelly, D. Raabe and B. Gault, PLoS One, 2018, 13,
e0209211.

34 N. A. Rivas, A. Babayigit, B. Conings, T. Schwarz, A. Sturm,
A. Garzón Manjón, O. Cojocaru-Mirédin, B. Gault and
F. U. Renner, PLoS One, 2020, 15, e0227920.
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