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Abstract: Ni-rich LiNi;, , ,Mn.Co,0, (NMC) layered com-
pounds are the dominant cathode for lithium ion batteries. The
role of crystallographic defects on structure evolution and
performance degradation during electrochemical cycling is not
yet fully understood. Here, we investigated the structural
evolution of a Ni-rich NMC cathode in a solid-state cell by
in situ transmission electron microscopy. Antiphase boundary
(APB) and twin boundary (TB) separating layered phases
played an important role on phase change. Upon Li depletion,
the APB extended across the layered structure, while Li/
transition metal (TM) ion mixing in the layered phases was
detected to induce the rock-salt phase formation along the
coherent TB. According to DFT calculations, Li/TM mixing
and phase transition were aided by the low diffusion barriers of
TM ions at planar defects. This work reveals the dynamical
scenario of secondary phase evolution, helping unveil the
origin of performance fading in Ni-rich NMC.

Introduction

Rechargeable lithium ion batteries (LIBs) have been
widely deployed in portable electronics devices and are
gradually penetrating the market of transportation systems,
such as electric vehicles (EVs), owing to their energy density
dominance over traditional energy storage apparatuses.']

Next-generation LIBs of higher energy density are urgently
needed, which is intrinsically limited by the electrode
materials upon (de)accommodating lithium ions capacity,
especially the cathode side.”! To replace currently commer-
cialized cathodes of LiCoO, and LiNi;;sMn,;;Co,;0,
(NM(C333), nickel-rich LiNi;_,_,Mn,Co,O, (Ni-rich NMC)
layered compounds have attracted significant attentions for
their sizable specific discharge capacity and superb cost
effectiveness.’! However, Ni-rich NMC cathode presently
suffers rapid performance degradations upon cycles (capacity
fading and power loss).” This degradation has been attrib-
uted to the structural changes initiated from the particle
surface, such as the breakdown of cathode -electrolyte
interphase layer,” surface structural reconstruction,*® sur-
face corrosion,”® " transition metal (TM) ion dissolution,*®!
as well as the bulk structural changes, including Li*/Ni*" ion
exchange,” phases transition!'”! and intergranular/intragra-
nular cracks.""!) Those changes significantly reduce the
reversible capacity owing to the blocked Li* diffusion path,
induced anisotropic stress, and increased charge transfer
resistance.’*% %121 Previous reports on the performance-
structure correlation in Ni-rich and regular NMC cathodes
are summarized in the Supporting Information, Tables S1 and
S2. However, these reports have not considered the effects
from the crystallographic defects. It is well known that the
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crystallographic defects, such as dislocations, stacking faults,
antiphase boundaries, and twin boundaries, commonly exist in
lithium metal oxide electrodes.'"*" Up to now, the roles of
these defects on the performance decay remains elusive.

The structural defects can only be observed with trans-
mission electron microscopy (TEM) and the technical chal-
lenge is building a proper in situ TEM cell containing liquid
electrolyte. Furthermore, the local chemical inhomogeneity,
secondary phases, and stress generated during delithiation can
affect the structural stability and increase the mobility of
defects.'**'¥ That demands a high spatial resolution obser-
vation from the same sample region and then one can
distinguish local atomic structure changes. To the best of our
knowledge, how these defects affecting local structural
changes during the extraction of Li* remains unclear, and
also it is not well established how the defects and secondary
phases link to the material performance degradation.

In this work, we investigated the dynamical coupling of
secondary phases and structural defects in Ni-rich NMC upon
delithiation using in situ biasing transmission electron mi-
croscopy (TEM) on a cross-sectional solid-state cell. We
identified the co-existence of three different phases in the as-
synthesized particles, that is, layered, spinel, and rock-salt, as
well as the phase boundaries between them. Under biasing
voltage, we observed the elongation of the antiphase boun-
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dary (APB), the phase transition near the coherent twin
boundary (TB), and the formation of disordered rock-salt
phase induced by the Li* extraction inside the particle.
Density function theory (DFT) calculations confirmed the
thermodynamic tendency of APB formation upon delithia-
tion. We also found that the rock-salt phase appeared at the
TB was due to the kinetically more facile Li/TM exchanges at
TB compared to normal crystalline order area. Therefore,
these phase changes were inclined to form close to planar
defects either inside particle or in surface regions, suggesting
critical role of defects on the degradation of electrode. Our
results provide the dynamical scenario of defects and
secondary phases during delithiation, which help to unveil
the origin of performance fading in Ni-rich NMC.

Results and Discussion

We built a solid-state battery inside TEM with a Nano-
factory biasing TEM holder, as shown in Figure 1 a, to realize
the in situ observation of the local structural changes during
delithiation. As one of the representative Ni-rich NMCs,
LiNiy7sMng,4,C0,100, (NMC76) has been used as cathode,
showing secondary particle with a primary particle size of
about 200 nm. A layer of LiysLa,sTiO; (LLTO) solid electro-

T
-

UL RS

Figure 1. In situ TEM setup and the atomic structure of the phases in NMC76. a) Illustration of the in situ TEM experimental setup.

b) Corresponding low magnification HAADF-STEM images showing the components of top electrode, LLTO solid electrolyte, and NMC76. The
green arrow indicates the approximate direction of lithium extraction. c),d) The atomic structural models (c) and corresponding high resolution
HAADF-STEM images (d) of the layered, spinel and rock-salt phases, respectively. The black rhomboids indicate the similar unit cells with cubic
close packed oxygen arrays. The subscript: L: layered, S: spinel, R: rock-salt.
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lyte was deposited on the surface of the NMC76 cathode by
pulsed laser deposition (PLD) to provide the lithium ion
extraction path and then NMC76 secondary particle was cut
and polished by a focused ion beam (FIB). The prepared
specimen is shown in a low magnification high angle annular
dark-field scanning TEM (HAADF-STEM) image as Fig-
ure 1b. The processes of the deposition and FIB milling are
detailed in the Supporting Information, Figure S1. The Au
and Pt layers deposited on the sample during FIB preparation
serve as the top electrode for biasing. A negative bias was
applied between the tip and sample which generated an
electric field to extract lithium ion out of sample as indicated
by the green arrow. The elemental distributions of the
NMC76 sample was obtained with a STEM-energy dispersive
X-ray spectroscopy (EDX) mapping shown in the Supporting
Information, Figure S2, where we can easily distinguish the
NMCT76 particle as well as LLTO, Au, and Pt layers.

The pristine NMC76 sample has a layered structure
(R3m) as indicated in X-ray diffraction (XRD) pattern
(Supporting Information, Figure S3), but we found here our
sample contains minor spinel and rock-salt phases which can
be due to the inhomogeneous chemical composition and Li/Ni
cation mixing. Layered, spinel, and rock-salt phases have
similar TM-O frameworks with close lattice spacings making
them coherent inside grains. The layered phase has a hexag-
onal structure with a space group of R3m (a=2.877 A, b=
14.228 A),) where the transition metal and lithium occupy
octahedral 3b and 3a sites, respectively. Whereas the spinel
and rock-salt phases have the space groups of Fd3m (a=
8.219 A) U and Fm3m (a=4.177 A), respectively, as shown
in Figure 1c. The black rhombus in each phase model
indicates the similar unit cells with slightly different lattice
constants (Layered: 4.98 A x5.03 A x5.75 A, spinel: 5.03 A x
503 Ax581 A, Rock-salt: 5.12Ax512Ax591A). We
note that the lattice parameters can vary along with the local
chemical compositions. Furthermore, the space groups of the
layered and spinel phases are subgroups of the rock-salt
phase, which means traditional phase boundaries should be
observed. However, from a specific zone axis, it is easy to
distinguish these three phases from the high-resolution
HAADF-STEM images of NMC76 sample as shown in
Figure 1d, where the bright spots indicate the projection of
TM columns (Z-contrast). We also found some voids (small
dark areas marked by black arrows in Figure 1b) in the
pristine sample, which were also reported in NMC333.7 We
have not observed any elemental inhomogeneity around
these voids with STEM- electron energy loss spectroscopy
(EELS) mapping (Supporting Information, Figure S4) but we
deduce these voids formed during synthesis can be possibly
correlated to the Kirkendall effect.™® In this work, no effects
from voids have been found on the evolutions of either
defects or phases.

It is well known that lithium diffusion in layered
compounds is along a-b plane which is strongly affected by
phase boundaries. The projection lattice structures of the
boundaries can be considered as the overlapping of the
adjunct two phases. In Figure 2, we identified five kinds of
boundaries in NMC76 with high-resolution HAADF-STEM
imaging. The boundaries between these phases (layered,

www.angewandte.de

These are not the final page numbers!

Forschungsartikel

© 2020 Wiley-VCH GmbH

Angewandte
Ch

emie

spinel, rock-salt) show a structural coherence and therefore
orientational correlations, to reduce the strain energy. Fig-
ure 2a—e shows HR-HAADF-STEM images of the bounda-
ries and the corresponding representation showing the phase
orientations. Atomic models are overlapped with the boun-
daries with the blue circles representing TM atom columns,
and cyan circles representing TM atom columns with lower
occupancies. There are two typical boundaries between one
layered phase with another layered phase domain. One is
APB with one translation shift vector along the ¢ direction, as
shown in Figure 2 a. In this case, the TM layer of one side is
continuously contacted to the Li layer of the other side. The
boundary has several unit cell widths region with strong
contrasting dots in either the TM or Li layer, which implies
the boundary plane is not strictly perpendicular to the TM
plane. Figure 2b shows another type of high symmetry
coherent twin boundary (TB) between layered phases, which
is similar to that reported in LiCoO, layered material (called
¥2 (114)[110] grain boundary).*>'*! The zone axes of the
two adjacent areas are [010] and [010] with their (003) planes
tilted about 109.7° from each other, as shown in the right
schematic. Observed in Figure 2b, there is a wide overlapping
area with spinel structure feature, which is different to the
clear and sharp boundary as reported in LiCoO,,**! and may
be caused by the stress and the high degree of TM/Li disorder
in NMC76 sample. Besides the boundaries between layered
phases, the boundaries between different phases have pre-
sented characteristics of overlapping regions, as shown in
Figure 2c-e. Figure 2c¢ shows the boundary between the
layered and spinel phases, which has a spinel-like feature
with a slightly different contrast at the TM atom column as
the index shown. Figure 2d shows the boundary between the
rock-salt and spinel phases, the center octahedral 16c¢ site
which is normal vacant in spinel unit cell shows some bright
contrast and we called it disordered spinel phase boundary.
Figure 2e shows the boundary between the rock-salt and
layered phases, which has a disordered layered phase feature.
We noted that the disordered layered phase displayed the
identical feature of the ion-mixed phase. This feature can be
from either overlapping or indeed the ion-mixing. Because of
the similar cubic close packed oxygen arrays of these three
phases, they all have a certain orientation relationship to
minimize the boundary energy, as indicated in the corre-
sponding schematic at right of Figure 2c—e: [010].//[110]s,
(001)//(111)g and  [110]g/[110]s, (111).//(111)g and
[110]g//[010], (110)g//(001),. The boundaries between lay-
ered compounds as planar defects have been observed
previously in the bulk region of delithiated or cycled NMC
cathodes, 14191 while the boundaries facing with other
minor phase, spinel or rock-salt phase, are normally observed
on particle surface.”>%! The stability of these planar defects
under the extraction of lithium of NMC76 will be studied in
the following sections. The boundaries of these three phases
in NMC76 were analyzed in Table 1.

We compared the structural changes of identical areas
with HR-STEM under biasing. Figure 3a shows a HR-
HAADF-STEM image of a representative area where APB
and TB between layered phases were observed in the pristine
sample. These defects are thought to be origin from the
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Figure 2. Atomic structure of the phase boundaries observed in NMC76. H
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phase orientations of a) APB between layered phases, b) TB between layered phases, c) spinel like phase boundary between layered phase and

spinel phase, d) disordered spinel phase boundary between rock-salt phase
boundary between rock-salt phase and layered phase near the surface regio
TM atomic columns with lower occupancies.

Tabelle 1: Boundary types between different phases.

Layered Spinel Rock-salt
Layered  APB/TB spinel-like disordered layered
Spinel spinel-like spinel disordered spinel
Rock-salt ~disordered layered disordered spinel rock-salt

materials synthesis process. Figure 3b shows the image at the
same imaging conditions from the same area after delithia-
tion. These images were filtered using an average background
subtraction filter (ABSF) method to enhance the contrast to
be easily distinguished and the raw images are provided in the
Supporting Information, Figure S5. Considering the images

Angew. Chem. 2020, 132, 2—10
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and spinel phase near the surface region, e) disordered layered phase
n. The blue spots represent TM atomic columns, cyan spots represent

before and after delithiation in Figure 3d, the APB here could
be clearly confirmed by the characteristic that the TM layer of
one side is continuously contacted to the Li layer of the other
side. The structural changes after delithiation are schemati-
cally shown in Figure 3¢, where the APB and TB are marked
by magenta and blue, respectively. The extraction of lithium is
supposed along (003) plane to the upright direction. For the
sake of observation, the solid and dash line are used to
represent the boundaries ignoring the width of boundary. The
solid lines represent boundaries before biasing, while the dash
lines represent boundaries after delithiation. Comparing
Figure 3a and b, there is no sign of phase transition from
03 to O1, which is consistent with prior studies."**"! Fig-
ure 3d-f are enlarged figures of the areas marked in Figure 3a
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Figure 3. Interior structural changes before and after delithiation. a),b) HR-HAADF-STEM images of the same region before and after delithiation.
The magenta and blue areas marked APB and TB, respectively. c) lllustration showing the phases extension and defects migration extract by
comparing (a) and (b). The solid lines represent boundaries before reaction, while the dash lines represent boundaries after reaction. The red and
purple areas display the layered and rock-salt phases. d)—f) The enlarged images of white rectangles in (a) and (b), and corresponding
schematics. The black arrows indicate the phase extension directions and also the lithium ion diffusion channels.

and b, respectively. The APB in Figure 3d extends from 4 nm
to 7.5 nm through the movement of a partial dislocation with
a Burgers vector of 1/6[211]. From the images before and
after delithiation, it is observed that the APBs moved faster
along the a-b plane than crossing a-b plane, which is probably
because the (003) plane containing vacancies at Li" sites is
favorable for the movement of TM cations and dislocation.
Besides APB, the TB at this area shifts a little along (003)
plane, as shown in Figure 3 c and e. In Figure 3 f, cation mixing
is largely enhanced along the TB at the top right area of the
image, where disordered rock-salt phase appears. It is
concluded from above results that with delithiation the phase
transition from order to disorder is prompted, especially
along the planar defects (TB).

Previous studies reported the phase evolution from
layered to disordered layered or spinel, and then to
rock-salt close to the surface of the layered cathode parti-
cle 02071321 1t wag believed that this TM ion migration
caused surface reconstruction and blocked the lithium ion
diffusion channel, leading to the large irreversible capacity.'>!
Meanwhile, the formation of rock-salt phase usually accom-
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panied by the oxygen loss which may induce capacity
reduction, rapid voltage decay and lead to structure instability
and thermal runaway.l**'>1) However, some other reports
suggested that the rock-salt phase on the surface can be
beneficial on the reversibility due to the pillaring effect.’* "%
Here, we also investigated the evolution of TB close to the
surface region during delithiation. We chose the surface
region near the LLTO layer as shown in Figure 4 a, marked by
yellow arrows. From the HR-HAADF-STEM image of
pristine NMC76 in Figure 4b, the TB can be easily observed,
which has a broad area with a spinel phase feature (the
original images are shown in the Supporting Information,
Figure S6), as discussed in Figure 2b. After delithiation, the
rock-salt phase appeared at the surface and kept propagating
inwardly, as shown in Figure 4c. The Figure 4d and e are the
enlarged images of the marked area of Figure 4b and c,
respectively, showing the atomic disordering. There is a weak
contrast in the central sites of some spinel unit cells in
Figure 4d, which implies there are some cation migrations in
the TB at surface area before reaction. As shown in Figure 4 f,
the rock-salt phase near surface also extends gradually along

Angew. Chem. 2020, 132, 2—10
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Figure 4. Structural evolution close to the surface region. a) The low magnification HAADF-STEM image of the observed primary particle.

b),c) The filtered atomic scale HAADF-STEM images before (b) and after (c) delithiation of the surface region marked by yellow arrow. The blue
and red areas marked TB and rock-salt phase, respectively. d),e) The enlarge images of white rectangles in (b) and (c) showing the spinel and
rock-salt phases features. The white arrows indicate the weak light contrasts in the central sites of unit cells. f) The schematic illustration showing

the rock-salt phase generates at the surface after delithiation.

the TB during delithiation, which is identical to what we
observed inside NMC76 particle. In our in situ TEM experi-
ments, we observed the biasing indeed extracted lithium ion
from the structure and then induced the structural changes
along planar defects, though we could not quantify the
amount of extracted Li".

APB was observed to extend, glide, and enlarge during
the delithiation process, as shown in Figure 3. And the
expansion along (003) plane seems to be faster than
perpendicular directions. To understand this phenomenon,
we built a structural model of the NMC76 phase with APB
introduced through partially shifting the metal layers by 1/
6[211] (Supporting Information, Figure S7). The ratio be-
tween Ni Mn:Co was settled as 9:2:1 with the simulated
stoichiometry to be LiNi;yMn,Co,,,0,, approaching the
experimentally determined composition. We evaluated the
thermodynamic tendency on APB formation via calculating
the energy difference between NMC76 configurations with
and without APB in a function of Li content. As shown in
Figure 5a, the energy difference between the systems with
APB and without APB is a small value of 57 meV/atom as the
extraction of Li is x =0, which indicates the possible existence
of APB in as-synthesized NMC76, as we observed in Figure 2
and 3. With the extraction of Li, the energy difference
increases to 110 meV/atom at x=0.24 and eventually ap-
proaches zero when 0.8 lithium ion per formula has been
extracted. This could happen around an APB where the
lattice distortion, electronic conductivity and local chemistry
can facilitate Li diffusion* and prompt a Li depletion state.
The calculated energy differences imply that the APB
formation could occur in an early stage of delithiation at
domains where the Li depletion is more likely to occur at
particle surfaces, grain boundaries, and dislocations as ob-
served in this study.”” The extension of APB can be attributed

Angew. Chem. 2020, 132, 2—10
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to gradual development of Li depletion region originated from
surfaces/defects during delithiation of the particle.

Phase transformations basically proceed with the migra-
tions of atoms inside the crystal structure, such as that the
phase transition from layered structure to rock-salt is initiated
with the TM diffusion to the lithium layer. Therefore, the
trend of phase transition can be evaluated through computing
the related energetic barriers of all ion migrations. To
investigate the impact of TB on the layered —rock-salt phase
transformation in NMC76, we evaluated the kinetics of
a series of reaction steps around TB in the NMC76 cathode.
Meanwhile, we calculated the energetic barriers of TM ion
diffusion in pristine NMC76 structure as the reference. Ni,
which is the mobile TM ion in our system, was picked in this
study to represent the TM atoms.*? Structure models were
built with TB along (104) interface (Supporting Information,
Figure S9) based on the experimental observations in Fig-
ure 2c. In pristine NMC76, TM(Ni) diffusion has been proven
to be rather difficult with large barriers both within the TM
layer (2.11eV) and from the TM layer to the Li layer
(1.20 eV), as shown in Figure 5b, indicating the difficulty of
any TM migration related phase transition in pristine
NMC76. For the NMC76 with a TB, we first calculated the
barrier of the vacancy assisted Li diffusion along the TB (i), as
shown in Figure 5c. A small value of 0.41 eV is obtained,
implying the relatively fast Li transport along the boundary
during the Li extraction. Moreover, the removal of Li in the
boundary creates vacancies to facilitate the following TM (Ni)
migration (ii) from the TM layer to the Li layer. An
anisotropic barrier (Figure 5d) is observed with a modest
forward barrier of 0.68 eV implies the notable potential for
the initiation of layered —rock-salt phase transition. How-
ever, a larger backward barrier of 0.94 eV indicates the
difficulty for Ni to migrate back to its original position
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Figure 5. Calculations on the thermodynamic tendency of anti-phase boundary formation and the energetic impact of the twin boundary on the
kinetics of TM ions migration in the Ni-rich NMC structure. a) The energy difference between the systems with APB and without APB. The inserts
are the thermodynamically stable structure at different delithiation states. b) TM(Ni) diffusion pathways in the pristine Ni-rich NMC: in the TM
layer and from TM layer to Li layer. c)—e) The kinetics of a series of reaction steps required by the layered —rock-salt phase transformation. The Li
diffusion along the TB (c), which creates vacancies to facilitate the following step TM(Ni) migration from the TM layer to the Li layer (d) to
initiate the phase transition. Then, the TM(Ni) diffusion towards the boundary (e) to assist the development of the phase transition.

shedding light on the irreversible layered —rock-salt phase
transition. Then we calculated the TM (Ni) diffusion barrier
towards the boundary (iii), as shown in Figure 5 e with a rather
small barrier of 0.26 eV obtained. Afterward, many of the TM
(Ni) ions will continue to make a further migration step to the
Li layer as in the (ii) step. Therefore, the facile TM (Ni)
migration towards TB can be seen as a sign that more and
more TM ions will diffuse to the Li layer and participate in the
phase transition, which will eventually lead to the growth of
the rock-salt phase. As a result, the presence of TB facilitates
both the initiation and development of the layered —rock-salt
phase transition, confirming the experimental observations
that the rock-salt phase grows around the TB in the NMC76
particle. The experimental and consistent simulation results
concurrently imply that the Li ion diffusion is strongly
affected by these two defects during delithiation. In partic-
ular, the TB would facilitate the TM migration and then phase
transition which could have a detrimental effect on the
battery performance.

Conclusion

The structural evolution of Ni-rich NMC76 cathode
during delithiation was investigated by in situ TEM. Distin-
guished from previous works which generally focused on the
phase transitions at particle surfaces, we here confirmed for
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the first time the formation of secondary phase inside the
particle aided by crystallographic defects. We classified the
boundaries between three phases (layered, spinel, rock-salt),
namely APB, TB, spinel-like, disordered spinel and disor-
dered layered, and identified them with high-resolution
STEM imaging. Under in situ biasing, we found the extension
of APB induced by delithiation. The formation energy of
APB could be largely decreased upon deep lithium ion
deintercalation as suggested by DFT calculations. On the
other hand, the increasing Li/TM mixing or appearance of
rock-salt phase were observed around TB after delithiation,
in both surface and bulk region. Our calculations indicated
TB could provide a feasible diffusion pathway for Li and TM
migration with smaller energetic barriers, resulting in disor-
dering and rock-salt phase formation. Structurally, the
propagation of APB with blocked Li diffusion path may
result in increased resistance for Li ion extraction and
intercalation, meanwhile, the phase transition towards rock-
salt phase will aggravate the electrode degradation during
battery cycling. Our studies indicate that the degradation
mechanisms of the Ni-rich NMC material are beyond surface
determined, the inhomogeneous lithium extraction and TM
migration caused by defects inside the bulk also show
a significant impact. Our study can assist the development
of the effective approach in suppressing secondary phase
formation and design Ni-rich NMC electrodes with improved
cyclability for high energy density LIBs.
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The structural evolution of a Ni-rich NMC
cathode in a solid-state cell was inves-
tigated by in situ transmission electron
microscopy. Antiphase boundary (APB)
and twin boundary (TB) separating lay-
ered phases played an important role in
the phase change. Upon Li depletion, the
APB extended across the layered struc-
ture, while Li/transition metal (TM) ion
mixing in the layered phases induced
rock-salt phase formation along the
coherent TB.
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