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ABSTRACT: Understanding Li" ion diffusion pathways in Li-rich

.ﬁ“?ﬁéf‘l"r"" ° 0 .65. o0 o oa
layered transition metal (TM) oxides is crucial for understanding = ??f:: f??f?:
the sluggish kinetics in anionic O®>~ redox. Although Li diffusion ' 86380580580
within the alkali layers undergoes a low-barrier octahedral— 0000000000
tetrahedral—octahedral pathway, it is less clear how Li diffuses in 00500500500

and out of the TM layers, particularly given the complex structural

rearrangements that take place during the oxidation of O*". Here, = 33080388399
we develop simultaneous electron ptychography and annular dark R = o 00 f) s
field imaging methods to unlock the Li migration pathways in e %ﬁ;ﬁ:@é;@i
Li; ,Niy ;3Mn, 5,Coy 130, associated with structural changes in the R C o o000 0.0
charge—discharge cycle. At the end of TM oxidation and before the Pixelate . ié;&*i:)‘é«:ié;

detector

high-voltage O oxidation plateau, we show that the Li migrating out
of the TM layers occupies the alkali-layer tetrahedral sites on
opposite sides of the TM layers, forming Li—Li dumbbell configurations, consistent with the density functional theory calculations.
Also occurring are the TM migration and phase transition from O3 to O1 stacking, leading to unstable tetrahedral Li and the
absence of Li contrast in imaging. Upon further Li deintercalation to 4.8 V, most of the tetrahedral Li are removed. After discharging
to 2 V, we did not identify the reformation of tetrahedral Li but observed permanently migrated TMs at the alkali-layer sites,
disfavoring the Li occupying the tetrahedral sites for diffusion. Our findings suggest a landscape of Li diffusion pathways in Li-rich
layered oxides and strategies for minimizing the disruption of Li diffusion.

B INTRODUCTION In conventional layered oxides, Li intercalation and
deintercalation are charge-compensated by the reduction and
oxidation (redox) of the TM ions.® Li-rich layered oxides, such
as Li;,Nij13Mng54C00,30, open avenues to increase the
specific capacities by going beyond TM-redox and activating
additional anionic O redox. Li,,Nij;;Mn,:,Coy;;0, can
deliver a high reversible capacity of over 250 mAh g™' in
cycling.” In Li-rich oxides, Li exists not only in the alkali layers
but also in the TM layers, resulting in Li—O—Li configurations.
Such structures can produce O 2p nonbonding states, which
are understood to allow the O-redox reaction.” Since the
discovery of O-redox in the 2000s,”'® most research has
focused on understanding the O-redox mechanism and
associated degradation issues in energy storage. Debates
continue on the processes accompanying the high voltage
plateau after TM-oxidation. Several theories have been

Layered transition metal (TM) oxides are important cathode
materials for secondary-ion batteries because of their combined
high energy and power densities,’ which have contributed
significantly to the success of Li-ion batteries in portable
electronic devices and electric vehicles. The ease of Li-ion
diffusion through the battery components determines the
battery’s rate performance™’ and diffusion through the cathode
can be a limiting factor. Understanding the pathways and the
barriers to Li* ion diffusion in layered oxides is paramount to
inform the structure and diffusion paths for high Li mobility,
such as the optimization of TM-layered compositions.” Li
diffusion in the alkali layers of a stoichiometric metal oxide has
been predicted by first-principles calculations to be a hopping
process from the octahedral to octahedral sites through face-
sharing intermediate tetrahedral sites.” This octahedral—
tetrahedral—octahedral (o—t—o0) route has a lower activation
energy than the direct jump between the octahedral sites Received:  April 23, 2024
across the shared edges;5 however, the activation barrier is Revised:  July 31, 2024
strongly affected by the size of the tetrahedral sites and the Accepted: August 1, 2024
electrostatic interaction between the tetrahedral-site Li and the Published: August 14, 2024
octahedral-site cations in TM layers that share a face with the

tetrahedron.”’
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proposed for the nature of O oxidation: formation of electron
holes pinned in the O 2p orbitals,"" 0,2~ and peroxo-like O—
O dimers (O,"")"*"® and short TM=0 bonds.'* Recently,
evidence has been found identifying the formation of O,
molecules trapped in TM vacancies.'” Regardless of the
precise mechanism, the kinetics of the O-redox reaction are
typically sluggish,”'® manifesting in more pronounced voltage
hysteresis at high rates, which has recently been related to a
slow ligand-to-metal charge transfer process.17 Here, we
examine the lithium diffusion in Li-rich materials, which
accompanies the electron transfer and may play an important
role in explaining the electrochemical behavior.

The Li-migration mechanism of Li-rich oxides was studied
by ﬁrst-princinles calculations and nuclear magnetic resonance
(NMR).">"" The studies suggest that at an early charging
stage of Li-rich oxides, the Li ions in the alkali layers are the
first to deintercalate, allowing a trivacancy to be formed in the
alkali layers."®'? Such a trivacancy is formed in three
octahedral sites that are edge-sharing with the Li-containing
octahedra in the TM layers. Once the trivacancies are
generated, Li in the alkali layer migrates from its octahedral
site into the tetrahedral site that is face-sharing with the Li-
containing octahedra in the TM layers.'” This Li of the TM
layers will then migrate into the opposite tetrahedral site
relative to the TM layer at the same time to reduce the total
energy of the structure and result in a Li—Li dumbbell across a
Li vacancy in the TM layers, which can occur at the beginning
of the plateau (BOP, ~4.45 V).'®"? The Li—Li dumbbells with
Li at the tetrahedral sites of the alkali layers are predicted to be
stable in the structure and require a higher voltage to be
removed on charging beyond the BOP state.'” However, the
theoretically calculated voltages for extracting the tetrahedral
Li are inconsistent in the literature.'®'? In addition, the Li-
diffusion mechanism and mobility can be altered by the TM
migration and cation disorder,”® which are typical structural
changes in Li-rich oxides during the electrochemical cycles.”!
The Li mobility is not always sluggish in the O redox and can
be rather fast, which is reported in Li-rich oxyfluoride with
partial TM disorder." As yet, the understanding of Li diffusion
in the Li-rich oxides is still inadequate. NMR studies suggest Li
migration from the alkali layers or TM layers but cannot map
the Li diffusion pathways over different crystalline sites because
of the lack of spatial resolution.”'® High spatial-resolution
imaging of Li using electron microscopy has never been
achieved because of the challenges in imaging Li.

In this work, we performed focused-probe electron
ptychography with synchronized annular dark field (ADF)
imaging on Li;,Nij;3Mn;s4Co 30, to unlock the visual-
ization of Li in charge—discharge cycling and the causes of
blocking of Li migration. By the quantitative analysis of the
phase image reconstructed by the Wigner distribution
deconvolution (WDD) algorithm, we demonstrate the
formation of tetrahedral Li—Li dumbbells in
Li; ,Nij13Mng54Cop 130, at the BOP state of charge. In
combination with density functional theory (DFT) calcula-
tions, we show that a Li—Li dumbbell is formed by two Li at
opposite tetrahedral sites of the alkali layers across a TM-layer
vacancy. The tetrahedral Li—Li dumbbells are removed by
charging to a cutoff of 4.8 V, consistent with our theoretical
calculations on the voltages required for extracting tetrahedral
Li. In addition, the tetrahedral Li—Li dumbbells are found to
be stable in the O3 phase of BOP Li, ,Ni, ;3Mn, 5,Coq 130, and
are associated with the high-voltage plateau. In contrast, the

dumbbells are absent in the O1 phase changed from the O3
phase, and also not seen in the structures with in-plane and
out-of-plane TM migration occurring during charging. The
structural evolutions of Li;,Nij;3Mng4,Coy,30, can, there-
fore, make the tetrahedral sites unstable for Li. If the energy
associated with tetrahedral site occupancy is sufficiently high,
then it could block Li diffusion resulting in capacity fading. If
there are Li vacancies in the TM layers, they are suggested to
promote the in-plane TM migration during cycling and lead to
voltage fading.'”"*

B RESULTS AND DISCUSSION

Atomic Structure Of Li1.2Ni0.13Mn0.54C00_1302. Figure la
schematically shows the layered structure of the as-prepared
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Figure 1. Ptychographic imaging of pristine Li, ,Nij ;3Mng5,Coq130,.
(a) Schematic representation of the DFT-optimized structure in the
pristine state along the [100] and [010] zone axes, respectively. The
purple spheres are Mn, blue Co, gray Nj, red O, and green Li. Focused
probe electron ptychography enables aberration-corrected ADF and
ptychographic images to be acquired simultaneously. Imaging is
performed along the (b,c) mixed zone axes of [100], [110], and
[110], and (d,e) [010]. To guide the visualization, the phase image is
colored in green, and the atom positions showing the ADF contrast
are colored in orange. (b,d) ADF image. (c,e) Colored ptychographic
phase image. Scan distortion and sample drift may occur in data
acquisition because of the speed of the pixelated detector. The line
profiles in (c) and (e) are obtained from the square region highlighted
in orange. A, indicates the octahedral sites of the alkali layers. The
scale bar of all of the images is 0.5 nm.

Li; ,Nij ;3Mng 54,Co, 130, along the [100] and [010] zone axes,
respectively. The cations in the TM layers are arranged into a
honeycomb-like ordered structure between Li/Ni and Mn/Co
in a monoclinic structure (space group: C2/m) though there
are still debates over whether Li;,Nij;3Mng¢,Co( 30, is a
binary-phase composite or single phase.”> The O lattice is
known as O3 stacking (ABCABC type), which is similar to a
face-centered cubic (fcc) lattice accommodating the cations at
the octahedral sites. Conventional ADF imaging of
Li; ,Niy ;3Mng 5,Co; 130,, see Figure S1, is sensitive only to
the heavy TMs because the contrast from TMs overwhelms
that from the light Li and O atoms. To visualize the light
atoms, we performed 4D scanning transmission electron
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Figure 2. Ptychographic imaging of tetrahedral Li in Li; ,Nij;3Mng54Coq 130, charged to the beginning of the plateau (BOP) state. (a) First-cycle
charge—discharge curve at 20 mA g~' between 2 and 4.8 V. The BOP state is at a charging voltage of 4.45 V. Imaging is performed along (b,c) the
mixed zone axis and (d,e) the [010] zone axis. (b,d) ADF image. (c,e) Colored ptychographic phase image. In (c), the arrows in orange indicate
the tetrahedral sites showing a contrast. The highlighted region in orange starts from one alkali-layer tetrahedral site to another tetrahedral site of
one adjacent alkali layer, crossing a TM layer between them. In part (e), the highlighted region in orange starts from one TM site to another TM
site of the adjacent layer, crossing the alkali layer between them. In (c) and (e), the line profiles are obtained from the highlighted regions. A,
indicates tetrahedral sites and A, indicates octahedral sites of alkali layers. (f) DFT model of the BOP structure projected along the [100] and
[010] zone axes, respectively. The composition of the BOP model is Lig sg3[ Lig 054C00.167Nig 167Mng s ] O, indicating that 0.084 Li migrates from the
TM layers into the alkali layers when ~0.501 Li deintercalates from the pristine composition of Li[Lij 65,C0g167Nip.16;Mng5]O,. (g) DFT-
calculated total energies of the BOP structure with various possible configurations containing tetrahedral Ni (Ni,,) and Li (Liy,). A number of
configurations of the BOP structure containing tetrahedral Ni are calculated. The energy of the configuration containing tetrahedral Li dumbbells is
used as a reference energy. In (e), a local area displaying O1 stacking is superimposed with an O1 structure model. The red represents O and purple
represents TMs. The scale bar of all the images is 0.5 nm.

microscopy (STEM) electron ptychography and reconstructed Figure S2 shows a simultaneous ptychographic image. To
the phase images from the 4D STEM data sets, which is guide the visualization, we generate a colored ptychographic
sensitive to the light atoms.”"”” Focused-probe electron image by combining the simultaneous ADF and ptychographic
ptychography enables recording of the aberration-corrected images, with the phase contrast in green and the ADF contrast
ADF image simultaneously, and all atomic species can be in orange. Figure 1c shows the colored ptychographic image
identified. where the TMs and Li and O atoms are directly distinguished.
The ADF image in Figure SI shows that the TM layers of The line profile along the marked region, which is between two
Li; ,Niy3Mng5,Co4 130, stack with rotational stacking faults adjacent TM layers in Figure lc, indicates that the Li ions of
along the ¢ direction, akin to the projection of crystal domains the alkali layers occupy the octahedral sites. The images along
along different zone axes of [100], [110], and [110], the [010] zone axis in Figure 1d,e deliver the same conclusion.
respectively. Consequently, a single image contains views Moreover, ABCABC-type stacking of the O layers is observed

along multiple crystal orientations. We refer to this projection along the [010] projection.
direction as a mixed projection along the [100], [110], and [1T Imaging of Tetrahedral Li—Li Dumbbells. To visualize
0] zone axes, which, however, does not imply any physical the Li sites in Li;,Nij;3Mny54Cog 130, during the charge—
mixing of atomic species. Along the mixed zone axis, Figure 1b discharge cycle, we charge and discharge the materials to a
shows an ADF image of pristine Li;,Niy;3Mngs,Coq 130, specific voltage in a half cell, using the Li metal as the anode,
23816 https://doi.org/10.1021/jacs.4c05556
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Figure 3. Quantification of ptychographic phase contrast of BOP Li;,Nij;3Mng5,C0y130,. (a) Ptychographic phase image marked with alkali
layers showing a dumbbell contrast. The scale bar is 0.5 nm. The phase is mathematically processed by squaring the phase or by extracting the
partial positive phase. (b) Squared phase (SP) image. (c) Partial positive phase (PPP) image. The SP and PPP values around each atom are
integrated using Voronoi cells. The ratios of the integral SP and PPP values from the alkali-layer tetrahedral sites (Ay,) as a fraction of those from
the TM-layer octahedral sites (TM,,) are calculated. The tetrahedral and octahedral sites are indicated by the boxes over the two DFT models: (d)
tetrahedral Li model with Li ions at the tetrahedral sites and (e) tetrahedral Ni model with Ni ions at the tetrahedral sites. In the models, gray is Ni,
purple is Mn, blue is Co, red is O, and green is Li. The ratios from the experimental image are compared to those from the simulated images of the
two DFT models of a range of thicknesses. Plots of the ratios were obtained using the (f) integral SP values and (g) integral PPP values.

followed by cell opening and material characterization. Figure
2a plots the first charge—discharge cycle curves at 20 mA g™
between 2 and 4.8 V. In the charging profile, the slope region
until the BOP state is due to Ni/Co oxidation. The plateau at a
higher voltage beyond the BOP state has been associated with
lattice O*~ oxidation."

For Li,,Nij;3Mngs4,C0y 30, in the BOP state, we
characterized the structure from two distinct zone axes. Figure
2b,c display the ADF and colored ptychographic images along
the mixed zone axis, and Figure 2d,e along the [010] zone axis.
To minimize the surface effects arising from structure
reconstruction, we selected regions of interest in the particles
where there is no clear contrast from the alkali layers in the
ADF images. Ptychographic reconstruction using the WDD
method offers an optimized phase image with the probe
focused at half of the specimen thickness.”> WDD optical
sectioning offers 3D structural information by deconvolving
the defocus aberration,”* a much faster data processing method
compared to inverse multislice algorithms.”> Through optical

23817

sectioning of the ptychographic phase images at multiple
defocus levels relative to the experimental focal plane, see
Figure S3, we can minimize the contribution from the surface.
Figure 2c displays the ptychographic phase image, and the
arrows point out the alkali-layer tetrahedral sites that exhibit a
contrast. The square region highlighted indicates the dumbbell
contrast from the opposite tetrahedral sites relative to a TM
layer. The dumbbell contrast is further demonstrated by the
line profile in Figure 2c. The region showing dumbbell contrast
is labeled in the simultaneous ADF image. Clearly, the ADF
image does not show contrast at these sites, implying that the
atoms at the tetrahedral sites are likely to be light Li atoms. In
the ptychographic image of Figure 2e, the contrast from the
tetrahedral sites of the alkali layers is also present (highlighted
in the orange box) and further illustrated by the line profile.
The octahedral site between the tetrahedral sites also shows a
contrast in the ptychographic image because of the projection.
Consistently, there is no visible contrast from these sites in the
simultaneous ADF image of Figure 2d.

https://doi.org/10.1021/jacs.4c05556
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To understand the observed tetrahedral contrast, we
performed DFT calculations to predict the structure of the
BOP Lij;,Nip;3Mngs4Co4,30,. A composition of Li-
[Lig 1667C00.167Nig16sMng 5] O, is used for the computation as
an initial structure, which is a closely related compound to the
synthesized Li; ,Niy ;3Mn,5,Cog130,, see the model in Figure
la. The species in parentheses are located in the TM layers.
The initial BOP model is obtained by setting the Co and Ni
ions at the 4+ state and removing ~Li, 5, from the alkali layers
since removing Li* ions from the alkali layers is preferential
compared with that from the TM layers, consistent with the
previous reports.'” By relaxation of this initial model, the most
stable BOP structure at the lowest energy is found and is
shown in Figure 2f. DFT calculations, see Supplementary
Video 1, indicate that in forming this energy-favorable BOP
model, a TM-layer Li" cation spontaneously migrates out of
the TM layer into one tetrahedral site of the alkali layers,
immediately followed by the migration of an octahedral Li*
cation from the alkali layers to the opposite tetrahedral site
across a TM-layer vacancy, forming a Li—Li dumbbell
configuration. The tetrahedral Li in the alkali layers is trapped
at a local energy minimum and does not migrate to the
neighboring octahedral site immediately, see Supplementary
Video 2. We also compute that it is more favorable for about
half of the TM-layer Li to migrate into the tetrahedral sites,
giving a composition of Lig sg3[Lio 0s4C00.167Nig.167Mng 5 ]O,.
Moreover, we observe that the Li" ions in the alkali layers are
slightly off the octahedral center, see the scheme in Figure 2f
and the polyhedral model in Figure S4.

Since the Ni** ions in Li;,Niy;3Mny5,Coy,130, can migrate
from one octahedral site of the TM layers to another
octahedral site of the alkali layers through an empty tetrahedral
site with relatively low energy barriers,'” the tetrahedral sites
might be occupied by Ni. To examine this further, we
computed the formation energy of a number of models with Ni
at the tetrahedral sites instead of Li, to evaluate the structural
stability. Figure 2g plots the formation energy of the models
with various configurations of tetrahedral Ni in BOP
Li; ,Nig13Mng5,Cog130,, relative to the formation energy of
tetrahedral Li that is used as a reference energy. The
tetrahedral Ni models are always at energies higher than the
tetrahedral Li model depicted in Figure 2f, indicating that the
latter is the most stable BOP structure.

Through the ptychographic imaging on BOP
Li; ,Nig13Mng5,Co4130,, we demonstrate that there are light
atoms occupying the alkali-layer tetrahedral sites, and the
atoms are likely to be Li. The observed structure is found to be
highly consistent with the DFT models of the BOP structure
depicted in Figure 2f. Therefore, the atoms at the tetrahedral
sites are Li, rather than TMs. Identifying Li at these tetrahedral
sites at an atomic resolution is only possible usmg the

tychography data. The commonly used ADF imaging” ° and
spectroscopy”’ techniques, which can identify the atom species
struggle to determine the species of the tetrahedral atoms. The
reasons are that the atoms at the tetrahedral site are invisible in
ADF, and atomic-scale spectroscopy requires high electron
doses, which can cause serious beam damage to the sample and
rarely succeeds for battery materials. In the next paragraph, we
will demonstrate how to mathematically process the
quantitative ptychographic phase images and use the resulting
quantities to identify the atoms and, in particular, to identify
them as Li located at the tetrahedral sites of BOP
Li; ,Nig 13Mng 54C00,130,.

Figure 3a shows a ptychographic image of BOP
Li; ,Nij 13Mnj54Co0 130, along the mixed zone axis. The
alkali-layer tetrahedral sites showing contrast are highlighted
in orange. Although the ptychographic phase is quantitative,
the positive and negative values in the ptychographic image
point spread function” exclude direct phase integration over
the atoms to correlate with the scattering cross section of
specific atoms.

Here, we developed three methods to process the ptycho-
graphic phase to overcome the inherent negative regions of
ptychographic images to allow direct integration: (i) to square
the phase to form squared phase (SP) images, see Figure 3b;
(ii) to extract the positive phase and change all the negative
phase to 0, resulting in partial positive phase (PPP) images, see
Figure 3c; and (iii) to lift the phase minimum to 0, resulting in
positive phase (PP) images, see Figure SS. To integrate the SP,
PPP, and PP values over each atom, we first determine the
atom positions over the ptychographic images using the center
of mass, followed by peak fitting using 2D Gaussian functions.
Then, the SP, PPP, and PP values are integrated over the
refined atom positions using Voronoi cells, resulting in integral
values of each atom column. Figure S6 shows the integral SP
and PPP values, and Figure S5 shows the integral PP values
over each atom column shown in the ptychographic image of
BOP Li; ,Nij3Mng5,Cog 130,. The protocols of ptychographic
image processing and quantification are schematically shown in
Figure S7.

To identify the atoms at the tetrahedral sites of BOP
Li; ,Nig13Mng5,Coq 130, we calculated the ratios of the
integrated values of the alkali-layer tetrahedral sites (A)
relative to the nearest TM-layer octahedral sites (TM,) and
compared them with the results obtained from the simulated
images of the DFT-calculated models. Figure 3d shows the
tetrahedral Li model with Li—Li dumbbells at the opposite
tetrahedral sites of the alkali layers, and Figure 3e displays the
tetrahedral Ni model with Ni—Ni dumbbells. In the images,
the marked sites represent where the ratios are calculated.
Figure S8 shows the simulated ptychographic images of the
tetrahedral Li model of different thicknesses, and Figure S9
shows the images of the tetrahedral Ni model. All the
simulated images are also processed using the above three
routes.

Figure 3f plots the integral SP ratios obtained from the
experimental ptychographic image and simulated ptycho-
graphic image of the tetrahedral Li and tetrahedral Ni model.
Figure 3g displays the results of the integral PPP ratios, and
Figure S4 shows the results of the integral PP ratios. We found
that the integral SP and PPP ratios from the experimental
ptychographic image correspond with those from the
simulated images of the tetrahedral Li model but cannot
match those from the tetrahedral Ni model. The integral PP
ratios from the experimental image coincide with most of those
of the tetrahedral Li model but not the tetrahedral Ni model.
We conclude that the mathematical processing of the
ptychographic phase using SP and PPP methods is capable
of distinguishing Li and Ni. The observed contrast from the
tetrahedral sites of the BOP Li,,Niy;3Mnj,Coq,30, is from
Li, rather than Ni, nor Mn and Co, which have a similar Z
number to Ni.

Many other techniques are also performed to demonstrate
that the tetrahedral sites are occupied by Li rather than Ni. For
example, we carried out multiframe low-dose energy-dispersive
X-ray spectroscopy (EDX) on BOP Li;,Ni,;3Mng,Coq 150,

https://doi.org/10.1021/jacs.4c05556
J. Am. Chem. Soc. 2024, 146, 23814—23824


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05556/suppl_file/ja4c05556_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05556/suppl_file/ja4c05556_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05556/suppl_file/ja4c05556_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05556/suppl_file/ja4c05556_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05556/suppl_file/ja4c05556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05556/suppl_file/ja4c05556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05556/suppl_file/ja4c05556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05556/suppl_file/ja4c05556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05556/suppl_file/ja4c05556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05556/suppl_file/ja4c05556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05556/suppl_file/ja4c05556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c05556/suppl_file/ja4c05556_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c05556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(a) Initial O1 (Liy) (b)

03 (Lige)

Optimized O3 (Liy,)
BOP

Optimized O1 (Liy)

(c) Honeycomb model

Fully charged

Figure 4. Stability of tetrahedral Li in Li; ,Nij;3Mn,Co,,30,. (2) DFT models of an initial O1 structure with Li ions placed at the tetrahedral
sites, which move into the octahedral sites after relaxation. The initial O1 model only considers Li at the tetrahedral sites. (b) DFT models of the
O3 structure in the BOP state with Li ions in alkali layers located at the octahedral sites, and with partial Li at the tetrahedral sites. The latter
displays lower energy by 100 meV/formula unit (fu.). (c) Honeycomb model and (d) molecular O, models of the fully charged state are
considered by referring to our previous work.”’ Removing all the Li ions from the BOP state to the fully charged state requires high-voltage
charging. (e) ADF image and (f) colored ptychographic phase image of Li, ,Nij;3Mng4,C0g,30; at a charging voltage of 4.8 V.

at the atomic scale. The results indicate the absence of metals
at the tetrahedral sites; see Figure S10, supporting the
conclusion that Li ions are at the tetrahedral sites.
Furthermore, we simulated the neutron pair distribution
function (PDF) with a Li—Li partial function (Figure S11a)
and a full function (Figure S11b) using the DFT models of
Li; ,Nig 13Mng ,C0g130,. A new peak at 3.2 A is observed for
the BOP model, arising from the correlation distance between
the alkali-layer tetrahedral Li and the nearest TM-layer
octahedral TMs. This peak can be observed in the reported
neutron PDF of Li;,Nij;3Mn54Co4 30, charged to 4.4 v
but has not been discussed. Moreover, the TMs in BOP
Li; ,Nig13Mng5,Co4 130, are highly oxidized and reported to
be unstable at the tetrahedral sites, according to previous
calculations.®® Herein, we have deployed the quantitative
ptychographic phase through specific mathematical processing,
together with DFT calculations, EDX, and neutron PDF,
demonstrating that there are Li* ions of the TM layers
migrating into the tetrahedral sites of Li; ,Nij;3Mng5,Coq 130,
in the charge to the BOP state.

Stability of Tetrahedral Li. Despite the preserved O3-
stacking O layers in BOP Li, ,Nij ;3Mng5,Co130,, a region of
O1 phase with ABAB-type O stacking is observed, see Figure
2e. The O3 to O1 phase change is a typical structural evolution
in layered metal oxides, resulting from the layer gliding during
Li deintercalation.”’ Multiple images of BOP
Li, ,Nij ;3Mng 54Coy 130, in Figure S12 with a field of view of
~52 nm” indicate that the amount of the O1 phase is relatively
low compared with the O3 phase. What is striking in these
images is that the contrast from tetrahedral Li is observed in
the O3 phase but is absent in the O1 phase; see Figure 2e. We
performed DFT calculations to explore the underlying reasons.

Figure 4a shows the initial DFT model of an O1 layered
structure with Li ions placed at the alkali-layer tetrahedral sites.
The Li ions are found to migrate to the octahedral sites
without an energy barrier after model relaxation. Thus, the O1
phase is not thermodynamically able to accommodate Li at the
tetrahedral sites. In contrast, we demonstrated in Figure 2 that
the O3 phase containing tetrahedral Li is a stable structure at

the BOP state. In the optimized DFT model of the O1 phase,
the O-layer spacing of the alkali layers is 2 A, while the spacing
of the O3 phase at the BOP state is 2.86 A; see Figure S13.
This result is consistent with the experimental data. We
measured the projected axial O—O distance in BOP
Li; ,Niy ;3Mng54,Co 130, and the O3 phase shows longer
values than the O1 phase, see Figure S14. The more spacious
layer spacing of the O3 phase is likely to be a reason why Li
can be stable at the tetrahedral sites. Indeed, Li conduction
across the alkali layers undergoes the o—t—o channels, and a
large layer spacing can significantly lower the activation barrier
for Li migration via the tetrahedral sites,””° supporting our
conclusions.

We then investigate how the tetrahedral Li in the O3 BOP
Li, ,Niy ;3Mn, 54Coq 130, impacts the electrochemical perform-
ance. In Figure 4b, the O3 structure containing tetrahedral Li
is observed to have a much lower formation energy by 100
meV/formula unit than that without tetrahedral Li, therefore
requiring a higher voltage to deintercalate the Li ions. To
quantitatively understand the voltage, we computed the
average voltage in deintercalating the Li ions from the BOP
Li; ,Niy ;3Mng 54Co 130, to the fully charged state using the
Nernst equation. We considered two fully charged models
which have been discussed in our previous work.”" The first
one is the honeycomb model, see Figure 4c, with electron
holes pinned on the oxide anions, and the other one is the
molecular O, model, see Figure 4d, with the formation of the
O, molecules trapped in the TM-layer vacancies. Our
calculations show that the O3 phase with tetrahedral Li
requires a 4.15 V voltage plateau to reach the molecular O,
model and a 4.58 V one is needed for the honeycomb model.
Thus, the former model with molecular O,/TM vacancies is
more plausible to occur beyond the BOP state, that is, in the O
oxidation process. Indeed, resonant inelastic X-ray scattering'”
and neutron PDF’ studies have demonstrated such a
molecular O, model structure in O oxidation. In comparison
with the calculated voltages of 4.15 and 4.58 V, the
electrochemically tested equilibrium voltage of O oxidation
of Li,,Nip;3Mng54Co0q 130, is found to be below 4.5 V****
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Figure S. Loss of tetrahedral Li in Li;,Nig;3Mng54C0130,. The images in a,b,d show the ADF image (left) and colored ptychographic phase
image (right). The projection is along the mixing zone axis. The scale bar is 0.5 nm. (a) At the discharged voltage of 2 V after charging to 4.8 V. (b)
At the discharged voltage of 2 V after charging to 4.45 V. (c) First-cycle discharge curve after charging to 4.8 and 4.45 V at a current density of 20
mA ¢~'. (d) Images showing clear TM migration at 4.45 V. The ADF images show clear in-plane and out-of-plane TM migration. The yellow
arrows mark the TMs at the alkali-layer tetrahedral sites, forming TM—TM dumbbell contrast. (e—g) Scheme of Li migration in charging to the
BOP and fully charged state, viewed perpendicular to the planes. In the models, purple represents Mn, blue Co, gray Ni, and red O. Green
represents Li ions in the alkali layers, while light green depicts Li ions of TM layers. Scheme of the (h) in-plane TM migration and (i) out-plane
TM migration to the alkali-layer tetrahedral and octahedral sites, viewing slightly off parallel to the planes. The bottom layer is the TM layer, and

above is the nearest alkali layer.

implying that the O oxidation is a nonequilibrium process and
leads to a mixed structure of both fully charged models.
Deintercalating the tetrahedral Li of BOP
Li; ,Nij ;3Mng54C00 130, is anticipated by the performed
charging cutoff of 4.8 V. Figure 4e,f show the ADF and
colored ptychographic image of the fully charged
Li; ,Niy;3Mn4,Cog 130, at 4.8 V. The tetrahedral Li* ions
observed in BOP Li;,Nij;3sMnj5,Coy;30, are much more
rarely observed, suggesting deintercalation of the tetrahedral
Li, which occurs below the reported voltage of 5 V.'” Figure 4f
also shows residual tetrahedral Li, likely in a very small amount
within this limited field of view. The first-cycle charge profile of
Li; ,Niy ;3Mny 5,Cog 130, has indicated that there is ~0.1 Li per
formula unit still left in the structure by 4.8 V. The tetrahedral
Li could be part of this residual Li in fully charged
Li; ,Niy ;3Mng 54Coq 130,. Additionally, the alkali layers in the
fully charged state cannot be vacuumed but contain a complex
mixture of vacancies, residual Li* ions, and migrating cations,
leading to a variable contrast in the phase images.
Reintercalation of Tetrahedral Li. Whether the tetrahe-
dral Li can be reintercalated into the TM layers of
Li; ,Niy ;3Mn, 54,Coq 130, is highly associated with the reversi-
bility of the capacity and voltage. To investigate the
reintercalation of the tetrahedral Li, we characterized the
fully discharged Li, ,Ni ;3Mn,54,Coq 130, at 2 V from different
charging cutoffs of 4.8 and 4.45 V, respectively. Figure Sa
shows the ADF and colored ptychographic image of the fully
discharged Li; ,Nij;3Mng 54Cog 30, from 4.8 V and Figure Sb
from 4.45 V. The discharge profiles are plotted in Figure Sc.
The ADF images of both discharged samples present a
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distinguishable TM—TM dumbbell contrast, suggesting the
honeycomb ordering of the TM layers. The ptychographic
images, also see Figure S14 in different regions, show absent
contrast from the tetrahedral sites, indicating the disappear-
ance of the tetrahedral Li after discharging. NMR studies have
reported that the TM layers of Li; ,Nij ;3Mn; 5,Coq 30, can be
reintercalated by Li* ions after discharging.'> We believe that
the tetrahedral Li of the BOP and fully charged
Li; ,Niy ;3Mng 54Cog 130, have migrated into the TM layers
during discharge, regardless of the charging cutoffs.

Stability of Tetrahedral Li After TM Migration. In-
plane and out-of-plane TM migration are typical structural
changes in Li;,Nij;3Mngs,Cog 130, during cycling.21 To
discuss how TM migration affects the stability of tetrahedral
Li, we showed a close-to-surface region of BOP
Li; ,Niy ;3Mng5,Cog 130, in Figure 5d, where both in-plane
and out-of-plane TM migration have occurred. The in-plane
TM migration disrupts the honeycomb cation ordering and
leads to the TM—TM dumbbell contrast disappearing in the
ADF image. The out-of-plane TM migration causes the TMs
to migrate into the alkali layers and occupy the vacancies left
by the deintercalated Li* ions. The arrows in yellow show
tetrahedral sites displaying a contrast in the ADF and
ptychographic images. The high contrast in ADF indicates
that these tetrahedral sites are occupied by TMs, which has
been observed in a Mn;0,-like spinel.*® In this close-to-surface
region displayed in Figure 5d, the simultaneous ADF and
ptychographic images show no evidence of tetrahedral Lj,
unlike that indicated by Figure 2.
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We propose explanations for the disappearance of
tetrahedral Li in BOP Li;,Nij;3Mng,Cog130, when TM
migration occurs. Figure Se—g schematically depicts the
Li; ,Niy ;3Mng54Cog 130, structure from the pristine to the
BOP state and to the fully charged state within an O3 phase.
Figure Sh,i schematically show the in-plane and out-of-plane
TM migration into the octahedra face-sharing with a
tetrahedron in alkali layers.

As discussed previously'” the TM-layer Li* ions migrate to
the alkali layers and form tetrahedral Li—Li dumbbells
structurally in BOP Li; ,Nij;3Mn,,Coy130,, as can be seen
in the experimental observations in Figure 2. We noticed that
in the alkali layers of Li;,Niy;3;Mnj,Coq;30,, a tetrahedron
shares four faces with four octahedra; three of them are in the
alkali layers containing Li, and one of them is in the TM layers.
Our calculations shown in Figure 2, which are consistent with
previous results,'”*® suggest that the tetrahedral Li can be a
stable site in BOP Li, ,Nij3Mn 5,Coy 130, if the face-sharing
octahedral sites are empty, reducing the electrostatic
interaction and steric effects.”””**

Because the O?” oxidation in Li; ,Nig;3Mng s4C0q130,
beyond the BOP state can lead to vacancy clustering in the
TM layers,”” the atoms at the tetrahedral sites face less
repulsion when they are close to the vacancy clusters than
when they are close to TMs, see the schematic representation
in Figure 5g. Previous theoretical calculations suggest that Li
situated in the tetrahedral site can experience repulsion from
its nearby TMs, and the repulsive force intensifies with the
increase in the occupancy of the face-sharing octahedra and the
valence states of the TMs.” The repulsion may explain the lack
of observed tetrahedral Li due to the site now becoming
unstable for Li occupation. The tetrahedral sites close to the
vacancy clusters may be the main accommodation sites for the
residual tetrahedral Li in fully charged
Li; ,Niy ;3Mng 54Co0y 1305, as observed in Figure 4f.

The TM migration in Li;,Niy;3Mnj4,Cog 130, is not
observed to be fully reversible after discharging.'>”' When
these migrated TMs occupy the octahedral sites face-sharing
with the alkali-layer tetrahedral sites, the repulsion between the
octahedral and tetrahedral sites can persist and destabilize Li at
the tetrahedral sites. If the repulsion is considerable, then the
Li diffusion could be blocked, preventing the vacant Li sites
from being occupied. The Li vacancies in the TM layers that
cannot be filled on discharging may enhance the in-plane TM
migration, facilitating further O, formation and contributing to
voltage fade.'>"®

B CONCLUSIONS

In this work, by employing a combination of electron
ptychography, ADF imaging, and DFT calculations, we have
demonstrated the presence of tetrahedral Li in
Li; ,Niy ;3Mng54,Coy 130, after the TM-redox region of the
first cycle at the BOP state. We were able to rule out the
possible occupancy of tetrahedral sites by TMs through
quantitative analysis of the ptychographic phase images from
atomic resolutions, reinforcing the conclusion that these
tetrahedral sites are occupied by Li. The tetrahedral Li forms
Li—Li dumbbells with Li occupying the opposite tetrahedral
sites face-sharing with an octahedral site of the TM layer
containing a Li vacancy. During further delithiation beyond the
BOP state, most of the tetrahedral Li is removed, leaving only a
small amount of residual tetrahedral Li at the fully charged
state. The delithiation process is also accompanied by in- and

out-of-plane TM migration and a phase change from O3 to
O1, which we show cause some of the tetrahedral Li sites to
become unstable, explaining the reducting amount of
tetrahedral Li observed. On discharge, irreversible out-of-
plane TM migration into the Li layer disfavors the occupancy
of some alkali-layer tetrahedral sites by Li and the repopulation
of some vacant TM sites, potentially contributing to capacity
loss and sluggish Li reinsertion. To maintain the maximum
number of accessible Li sites and minimize the blocking of
tetrahedral Li diffusion pathways, strategies to mitigate the
irreversible TM migration and O1 phase change should be
employed.

B EXPERIMENTAL PROCEDURES

Material Synthesis. We used the sol—gel method for the
synthesis of Li, ,Mny ,Cog;Nig 30, as reported previously.”’
To be specific, stoichiometric amounts of LICH;COO-2H,0
(99.0%, Aldrich), Co(CH;COO0),4H,0 (99.0%, Aldrich),
Ni(CH;C00),4H,0 (99.0%, Aldrich), and Mn(CH;COO),:
4H,0 (99.0%, Fluka) were dissolved in SO mL of distilled
water. A separate mixture containing 0.1 mol of resorcinol
(99.0%, Fluka), 0.15 mol of formaldehyde (Fluka 36.5% in
water, methanol-stabilized), and 0.25 mmol of Li,CO; (99.0%,
Fluka) was also made. Both solutions were stirred until all the
reagents were dissolved, before being added together and
stirred for 30 min. A 5 mol % excess of Li was used. The
mixture was then dried at 90 °C for 8 h, followed by burning
the organic matter at 480 °C for 15 h. The fine powder was
removed from the furnace, ground, and calcined at 900 °C for
15 h to obtain the final material.

Electrochemical Characterization. The cathode was
prepared by mixing 80 wt % active material of the as-prepared
Li, ,Niy ;3Mng 54,Coq 130,, 10 wt % Super P conductive carbon,
and 10 wt % polytetrafluoroethylene binder in a mortar and
rolling it into a film. CR2032 coin cells were assembled using
the prepared cathode, glass fiber separators, 1 M LiPF in EC/
DMC (v/v = 1:1) as the electrolyte, and lithium foil as the
anode. The current density used was 20 mA g™, with a voltage
window of 2 to 4.8 V being used for cycling.

Specimen Preparation and TEM Transfer. The as-
assembled coin cells were charged and discharged to a specific
voltage and opened in an Ar-filled glovebox. The cathode
material was collected from the cells and washed with DMC
solvent in the glovebox, followed by sonication. The obtained
solution dispersion was dropped on the TEM grids, followed
by drying in the glovebox. The TEM grids were then mounted
on the JEOL anaerobic transfer TEM holder in the glovebox,
followed by transfer to the microscope for imaging.

TEM Data Collection. Electron microscopy studies were
carried out on an aberration-corrected JEOL ARM200F
electron microscope operated at 200 kV. In ADF-STEM
imaging, the convergence semiangle is 22.4 mrad, and the
inner to outer collection angle is 72.8—271 mrad. In this setup,
the depth of focus (AZ) along the optical axis is about 8.5 nm
(AZ = 1.7)/a* where 1 is the electron wavelength and «a is the
convergent semiangle of the probe). Multiframe low-dose EDX
spectroscopy was carried out on the ePSIC EO1 instrument
(ARM200F mounted with large solid angle dual EDX
detectors) at Diamond Light Source using the on-site control
software. The data were aligned and reconstructed using the
in-house Python codes. In recording the 4D STEM data set, a
focused probe is used, and the 2D convergent-beam electron
diffraction (CBED) pattern at each probe position was
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recorded using a JEOL 4Dcanvas pixelated detector mounted
on the ARM200F. The camera has 264 X 264 physical pixels,
and through pixel binning by 4-fold (64 X 264 pixels), the
recording speed can reach ~7.5 k frames per second. We use
this fastest speed mode to record the 4D data sets used in this
work. The real-space 2D raster scanning contains 256 X 256
pixels, resulting in the collection of 256 X 256 frames of 2D
diffraction patterns in ~8.7 s. The emission current of the
electron gun is down to 5 pA or below to avoid saturation of
the pixelated detector while lowering the beam damage. The
probe current is below 11.4 pA. The dose of each data set
depends on the real-time probe current and pixel size. The
aberration-corrected ADF images were recorded simultane-
ously using the JEOL ADF detector with a collection of 2D
diffraction patterns. The simultaneous recording of ADF and
4D STEM data sets was limited by the speed of the pixelated
detector and can cause scan distortion and sample drift during
data acquisition. In imaging the particles, we treat the regions
undergoing cation mixing and cubic structure reconstruction
during the charge—discharge cycling as the surface, and the
regions beyond the reformed surface as bulk.

Electron Ptychography Reconstruction. Ptychographic
phase reconstruction from the 4D STEM data set of the
sample is a postprocessing of the entire CBEDs. The Wigner
distribution deconvolution (WDD) algorithm is one of the
commonly used methods to retrieve phase information. In the
reconstruction, the residual aberrations in the data sets can also
be corrected by numerical processing. To do this, an optimized
probe function is determined by measuring the aberrations
using the singular value decomposition (SVD) algorithm.
Aberration-free phase images are then reconstructed by
correcting the aberrations.

Density Functional Theory (DFT). Spin-polarized calcu-
lations were conducted using the Quantum Espresso pack-
age.”” The Perdew, Burke, and Ernzerhof (PBE) exchange-
correlation function was employed.”” The core—valence
interaction was described via norm-conserving pseudopoten-
tials."" The wave functions were represented via plane-wave
basis sets with an energy cutoff of 120 Ry. Hubbard corrections
(DFT+U) were included to correctly describe the energetics of
the 3d orbitals of the transition metals (TM), with U = 4, 6,
and 5 eV for Mn, Ni, and Co, respectively. A 2 X 2 X 4
Monkhorst—Pack k-point grid was used. Crystal structures
were relaxed until forces on the atoms were less than 0.02 eV/
A and total stresses on the cell were less than 0.05 kBar. On
top of the DFT+U simulations, we performed hybrid
calculations employing the Heyd—Scuseria—Ernzerhof (HSE)
functional,® with an exact exchange mixing parameter of 0.25.
The input structures were obtained from the DFT+U
optimizations, and the atomic positions were allowed to relax
further at the HSE level, keeping the lattice parameters fixed. A
correction of 1.06 eV/O, was introduced to calculate
formation energies, to remediate the overestimation of the
binding energy of O, originating from the use of the HSE
functional.*”*> A supercell of the closely related compound
Li[Lig 1467C0g.167Nig 16sMng 5 | O,, which contains 96 atoms (28
Li atoms; 12 Mn atoms; 4 Ni atoms; 4 Co atoms; 48 O
atoms), was optimized and used as an initial structure to
investigate charged and discharged states. To study the in-
plane TM disorder in the charged state, structural models with
different TM distributions in the TM layers were prepared
using combinatorics. The same strategy was used to investigate
Li ordering. The simple random sampling (SRS) method was

used to choose a representative subset of configurations for
relaxation. To model the relative stability of tetrahedral Li in
O1- and O3-type layered structures, we considered the layered
material Li,MnO; as a model cathode. The BOP model of
Li[Lig 1667C00.167Nig.167Mng 5] O, is obtained by setting the Co
and Ni at the 4+ state and removing the corresponding amount
of Li from the alkali layers. There will be Li migrating from the
TM layers into the alkali layers in this process, resulting in a
unit formula of Li ¢g3[Lig054C00,167Nig 167Mng s ]O,. The BOP
models with and without tetrahedral Li have the same unit
formula. The fully charged model is obtained by removing all
of the Li out of the structure. Voltage profiles from the BOP
state to the fully charged state were computed using the Nernst
equation, as detailed in ref 11.
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