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Abstract

Endowed with a multitude of exquisite properties such as rich electrochemistry,
superb topology and eccentric electromagnetic phenomena, honeycomb layered
oxides have risen to the top echelons of science with applications in diverse fields
ranging from condensed matter physics, solid-state chemistry, materials science,
solid-state ionics to electrochemistry. Although these features are known to stem
from the utilitarian structure innate in these oxides, their functionalities are vastly
underutilised as their underlying atomistic mechanisms remain unknown.
Therefore, in this study, atomic-resolution imaging on pristine K2Ni2TeOs along
multiple zone axes were conducted using spherical aberration-corrected scanning
transmission electron microscopy (Cs-corrected STEM) to reveal hitherto
unreported topological defects and curvature which can be associated with various
phase transitions. Furthermore, we discover, for the first time, the occurrence of a
new stacking variant with P3-type sequence alongside the well-reported P2-type
stacking domains. Through this work, we provide insights into the connection
between these unique structural disorders to the electrochemical properties of
honeycomb layered oxides. The mechanism of the phase transitions reported
herein is bound to become apparent upon high alkali-ion mobility, providing
invaluable clues to potentially improve their functional performance in, for
instance, energy storage applications. Our findings have the potential to inspire
further experimental and theoretical studies into the role of stacking and topology
in honeycomb layered oxides.
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INTRODUCTION

In the quest to find solutions to energy sustainability and ecological challenges,
nanotechnology has emerged as the ultimate platform for developing new materials that
promise unprecedented revolutions in various facets of civilisation such as transport,
communication and energy. =31 In the field of energy storage, a burgeoning class of
two-dimensional nanostructured materials known as honeycomb layered oxides has
drawn enormous interest for their potential as rechargeable battery components.
[+-81 This class of layered oxides has been found to exhibit diverse crystal structural
frameworks  with exceptional electrochemical capabilities and  remarkable
electromagnetic phenomena making them pertinent as functional battery materials.
[9-341 As with other nanostructured materials, the advancement of these layered oxides
depends on the manipulation of matter at a mesoscopic level to tailor desirable
functionalities for improved performance and to expand their range of applications. As
such, the understanding of their chemical compositions, crystal frameworks and
topological orders and defects remains pertinent for their development.

From a chemical composition perspective, honeycomb layered oxides generally adopt
the following stoichiometric chemical
compositions: A2M2DOs, AsM2DOs and AsMDOs (Wwhere M can be divalent or trivalent
transition metal atoms such as Cr, Mn, Fe, Co, Ni, Cu or some combination
thereof; D represents pentavalent or hexavalent metal atoms such as Nb, Mo, Ru, Sb, Te,
Ta, W, Ir, Bi ; and A can be alkali atoms such as Li, Na, K, et cetera. or coinage-metal
atoms such as Cu, Ag, et cetera). [*-31 Given the differences in both the valency state
and ionic radius between M and D, the 2:1 atomic ratio between M and D atoms in
compositions (such as in AxM2DOg and AsM2DOs) engenders a distinct honeycomb
arrangement of M atoms around D atoms in the slabs. The resulting heterostructures
entail a layered framework with A alkali atoms sandwiched between parallel transition
metal oxide slabs (MOe and DOs octahedra). Oxygen atoms from the transition metal
oxides in turn coordinate with A" cations forming interlayer bonds whose strength is
significantly weaker than the covalent in-plane bonds within the transition metal oxide
slabs. The magnitude and nature of the interlayer coordination is generally dependent on
the Shannon-Prewitt radii of the alkali atoms which dictate the interlayer distance of the
emergent configuration.®]

In fact, a strong correlation between the topology and the resulting physicochemical
properties of the honeycomb layered oxides exists that can be traced to the difference in



the sizes of the present A" cations. For instance, honeycomb layered oxides with smaller
atomic radii cations such as Li atoms in Li2Ni2TeOs tend to form stronger
tetrahedral coordinations between Li atoms and oxygen atoms, with 2 repetitive
honeycomb layers (comprising NiOg and TeOg octahedra) for each unit cell.[®! This type
of structure is typically referred to as T2-type in the Hagenmuller notation ¢! (where ‘T’
Is the tetrahedral coordination and ‘2’ is the number of honeycomb slabs per unit cell).
On the other hand, honeycomb layered oxides comprising A atoms with larger ionic
radii such as Na* in NasNi2ShOs adopt an O3-type layered framework (where ‘O’ is an
octahedral coordination with a periodicity of three honeycomb slabs per unit cell) whilst
Na*and K*in Na:Ni,TeOs and K2Ni>TeOs, respectively, adopt a P2-type framework
(where ‘P’ is a prismatic coordination with a periodicity of two). [ 11 15 16, 29, 44,
491 Figure 1 shows a compendium of the coordination adopted by A alkali atoms in a
majority of honeycomb layered oxides reported so far. [> & 1115 3L 3754 |t js worthy to
note that for the formation of prismatic coordination (P-type), interlayer distances wider
than octahedrally coordinated (O-type) layered oxides are required.*® Therefore,
honeycomb layered oxides containing alkali atoms with larger ionic radii such as K
or RDb typically result in P-type configurations.

During alkali-ion (re-)insertion in battery operations, honeycomb layered oxides
undergo structural changes which correspond to phase transitions. The extraction of
alkali ions during charging, creates voids and vacancies concomitant with an increase in
the valency state of divalent transition metal (M?*) and vice versa during discharge. This
facilitates enhanced expulsion of alkali-ions which  further increases
the interslab distance, hence inducing additional structural changes in the honeycomb
structure. For instance, during the Na-ion extraction from the NasNi.SbOs cathode,
sequential topological changes are observed with the initial O-type structure with three
repetitive honeycomb layers shifting to a P-type structure with 3 consecutive layers.[®!
Further repulsion of alkali-ions creates an additional shift from the P3- type structure
into an Ol1-type structure. These rampant changes in the stacking sequences are
associated with the manifold electrochemical properties such as staircase-like voltage
profiles innate in NasNi>ShOg honeycomb layered oxides.[”:1555]

Although, topological shifts within the layered structures are often postulated to be the
underlying elements behind the tessellation of features innate in honeycomb layered
oxides, theoretical and experimental explorations into the structure—property
relationships remain underdeveloped. The dynamic nature of the structural evolutions



and the inferior stability of these crystal structures, particularly P-type structures, make
them difficult not only to synthesise but also to investigate. In fact, amongst honeycomb
layered oxides, P3-type structures have only been reported in NasNi2SbOs as
intermittent products of electrochemical reactions.[”:15:59]

To investigate the structural changes in the crystals, X-ray diffraction (XRD)
measurements are conducted on the cathode material after undergoing electrochemical
reactions in battery operations to provide information on the long-range periodicity of
electron densities of atoms. However, due to limited accuracy, XRD can only provide
the average structural information of the crystalline materials during battery operations
but fails to account for the short-range structural evolutions occurring immediately after
synthesis of the cathode material. Thus, in order to gain a deeper insight into the
intermittent stacking evolutions occurring during the electrochemical operations, a
thorough comprehension of the initial crystal structure and inherent defects would be
essential. As a solution, transmission electron microscopy (TEM) can be employed
alongside XRD analyses to provide atomistic information on the local crystal structure
of the cathode before and after electrochemical operations. The high precision of TEM
would not only aid in validating the results of the XRD measurements but also in
detecting defects (disorders) outside the detectable limit of XRD measurements.

Herein, in an attempt to shed light on the structural nature and topological behaviour of
the enigmatic P-type honeycomb structures, we utilise atomic-resolution scanning
transmission electron microscopy (STEM) to explicitly reveal structural disorders of
honeycomb layers along c-axis in pristine KoNi>TeOg cathode material. The analyses
reveal partially missing honeycomb slabs of NiOs and TeOe octahedra as well as the
absence of some constituent K atoms, creating unique topological defects
and curvatures within the pristine material. Furthermore, we find both P2- and P3-type
stacking sequences, whereby the occurrence of the topological defects and curvature is
correlated with missing atoms (dislocations) and the appearance of the P3-type stacking.
Since (de)intercalation processes are known to trigger transitions between stacking
sequences during battery operation, this evidence provides a segue into understanding
phase transitions in honeycomb layered oxide frameworks solely through the study of
such defects and curvature.
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Fig. 1. Layer stackings and the nature of alkali-atom coordination adopted by
representative honeycomb layered oxides. Summary of the major stacking sequences
adopted by representative honeycomb layered oxides reported so far. [5 8 11. 15, 31, 37-54]
Note here that T, O and P denote the coordination of the alkali atoms (sandwiched
between the honeycomb slabs) with the adjacent oxygen atoms of the honeycomb slab.
In this case, the letters ‘T°, ‘O’ and ‘P’ denote tetrahedral (highlighted in green),
octahedral (in orange) and prismatic (in red) coordination, respectively. Moreover, the
numbers ‘1°, 2’ and ‘3’ respectively indicate that the coordinated honeycomb have a
consistent stacking sequence with a period of one, two and three layers.



RESULTS

MATERIAL CHARACTERISATION

Polycrystalline samples of K:Ni,TeOs were synthesised through the conventional
high-temperature solid-state ceramics route (see details provided in the METHODS
section). X-ray diffraction (XRD) analyses unambiguously reveal the pristine
K2NiTeOs to be indexable to the hexagonal lattice adopting the centrosymmetric
P63/mcm space group as the average structure, ¥ as explicated in Supplementary Fig.
1 and Supplementary Table 1. In addition, inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) analysis shows the atomic ratio Te / Ni = 0.5 and (Ni
+ Te) / K = 1.5, in line with the proprietary composition K:Ni2TeOs (See
Supplementary Table 2). Scanning electron microscopy (SEM) was conducted in order
to investigate the grain size and morphology of the pristine Ka>Ni,TeOg samples,
revealing a uniform micrometric-size particle distribution (shown in Supplementary
Fig. 2). In addition, flake-like (lamellar-like) grain shapes are evident which is typically
seen in layered oxides such as KxMnO.5¢l Figure 2a shows the layered crystal
framework of K;Ni>TeOs along the a-axis ([100] zone axis) as deduced from the XRD
analyses shown in in Supplementary Fig. 1 and Table 1.

The synthesised K:Ni>TeOs displays a layered crystal structure comprising K atoms
coordinated with oxygen atoms interposed between slabs of NiOg and TeOg as illustrated
by Fig. 2a. The NiOe slab is composed of nickel atoms coordinated to six oxygen atoms,
whereas the TeOs contains Te atoms also coordinated to six oxygen atoms. As shown in
Fig. 2b, a honeycomb configuration of NiOs and TeOe octahedra is formed with each
TeOs surrounded by six NiOe octahedra. This is as a result of the hexavalent state and
the divalent state of Te®*and Ni%* respectively (see Supplementary Fig. 3). The
resulting layered structure of KoNi>TeOg further reveals a prismatic coordination of the
K atoms with two repetitive layers of NiOs and TeOe octahedra in the unit cell,
confirming K2Ni,TeOs as a P2-type structure. ]
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Fig. 2. Visualisation of the honeycomb configuration of metal atoms in P2-type
K,Ni, TeO, along the c-axis. a Crystal structure of K,Ni,TeO, along [100] projection
showing the P2-type coordination (prismatic coordination of the K atoms and 2
honeycomb slab layers in the unit cell (shown in black). Throughout the figures K
atoms are shown in blue, Te in pink, Ni in green, and O in red. b Projection along [001]
showing the honeycomb arrangement of Ni atoms around Te atoms. ¢ High-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) image
taken along [100] zone axis showing the ordering sequence of Ni and Te atoms
corresponding to the P2-type stacking. Inset shows an atomistic view of the crystal
structure, for clarity. d Annular bright-field (ABF)-STEM image along [100] zone axis



showing also the arrangement of potassium atoms. e Rendering of the P2-type stacking
of K,Ni,TeO, along the [100] direction. f Visualisation (along the [1-10] zone axis)
using HAADF-STEM, and g ABF-STEM. h Projection of the crystal structure along
[1-10], affirming the polyhedral representation of P2-type stacking of atoms as shown in
fandg.

TYPICAL P2-TYPE STACKING OF ATOMS

In order to attain information pertaining to the honeycomb ordering and slab stacking
sequence of the synthesised K2Ni>TeOs, aberration-corrected scanning transmission
electron microscopy (STEM) was employed. Considering that prolonged electron beam
irradiation gradually leads to sample degradation (as can be seen in Supplementary Fig.
4), the short-time exposure of the sample to electron beams was sufficient to obtain
reliable high-resolution TEM (HRTEM) imaging without compromising the stability of
the honeycomb layered structure (see more details in the Supplementary Information
section). Figure 2c explicitly shows atomic-resolution high-angle annular dark-field
scanning TEM (HAADF-STEM) images of the P2-type stacking of K:Ni>TeOs as
viewed in the [100] zone axis. For clarity, the contrast (I) of the STEM images are
proportional to the atomic number (Z) of elements along the atomic arrangement (where
| oo ZY7= 72). 157591 The brighter and bigger yellow spots correspond to Te atoms (Z =
52), whilst the smaller yellow spots represent Ni atoms (Z = 28). When viewed in the
[100] zone axis projection, the Te-Ni—Ni—Te sequence along the b-axis is apparent, as
expected for a perfectly ordered P2-type honeycomb stacking sequence illustrated by
the crystal structure model (Fig. 2c). The arrangement of the constituent atoms of
K2Ni>TeOgs is further validated by atomic-resolution elemental mapping, taken along the
[100] zone axis (Supplementary Fig. 5). Close inspection using annular bright-field
(ABF)-STEM, as shown in Fig. 2d, shows K atoms (Z = 19) positioned between the
NiOe and TeOs slabs in a sandwich-like arrangement. HAADF- and ABF-STEM images
taken along the [1-10] zone axis (Figs. 2f and 2g) further affirm the arrangement of K
atoms, seen to be occupying crystallographically distinct sites with varying occupancies
(see Supplementary Table 1), as can also be identified by the differing contrasts of K
atoms shown in Fig. 2d. As illustrated in Fig. 2h, the crystal model of the P2-type
K2Ni2TeOg viewed along the [1-10] zone axis further corroborates the assignment of
atoms in the HAADF-STEM and ABF-STEM images shown in Figs. 2f and 2g,
respectively.

In well-reported honeycomb layered oxide structures such as NasNi-SbOs, a defect



chemistry involving the cationic mixing of transition metals where Ni and Sb swap their
crystallographic site positions has been observed.] To ascertain whether cationic
mixing behaviour exists in K2Ni>TeOs, HAADF-STEM images of the cathode material
viewed along the [001] zone axis were obtained as shown in Fig. 3a. The corresponding
ABF-STEM images (Fig. 3b) explicitly confirm the honeycomb configuration of Ni
atoms (depicted by the dark red spots)
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Fig. 3. Visualisation of the honeycomb configuration of metal atoms in P2-type
K,Ni,TeO,4 along the c-axis. a HAADF-STEM images along the [001] zone axis

showing an ordered honeycomb arrangement of Ni (dark red spots) around the Te atoms
(shown as bright yellow spots). Inset shows a polyhedral atomic view of the crystal
structure, for clarity to the readers. b Corresponding ABF-STEM images along the
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[001] zone axis showing the atomic arrangement of Ni and Te atoms, in addition to
atoms of lighter atomic mass such as potassium. ¢c HAADF-STEM image taken along
the [001] zone axis for a honeycomb slab part that shows doublets of both bright and
dark spots (as shown further in inset), indicative of shearing (sliding) of the honeycomb
slab (hence, the existence of stacking faults) along the ab plane with a slab-to-slab
translation vector of [1/3 1/3 0]. d Corresponding ABF-STEM micrographs taken along
the [001] zone axis.

around Te atoms (brighter yellow spots) alongside K atoms overlapping with oxygen
atoms (Z = 8). Cationic mixing between transition metal Ni and Te sites was not
detected in the various crystallites investigated. This observation is not unprecedented,
as the Shannon-Prewitt ionic radius of Te®" in octahedral coordination (0.56 A) is
relatively smaller than that of Ni?* (0.69 A). (%] Despite the difference in ionic radius, a
recent study has reported the existence of infinitesimal cationic mixing disorders
between Te®* (0.56 A) and Zn?* (0.74 A) octahedra in the O3-type Na2Zn,TeOe.52 Thus,
the existence of Ni / Te antisite mixing cannot be completely ruled out in the case of
K2Ni2TeOs. Nevertheless, within the detectable limits of TEM, the absence of Ni and Te
cationic site mixing substantiates XRD analyses that show full occupancy of Ni and Te
sites not only in K2Ni,TeOgs (Supplementary Table 1), but also in related tellurates.[*-5:
8,39, 41, 42, 63] The honeycomb arrangement of the Te and Ni atoms is also seen upon
closer inspection of K>Ni2TeOs particles through atomic-resolution elemental mapping,
taken along the [001] zone axis (Supplementary Fig. 6). Crystallite domains with
doublets of Te and Ni spots appear to form a peculiar diagonal-like pattern among some
particles of K2Ni>TeOg as shown in Figs. 3c and 3d. The enlarged STEM image in Fig.
3c clearly shows that, in these domains, adjacent honeycomb slabs deviate from the
perfect vertical alignment of Te and Ni atoms (Figs. 2e and 2h) along the [100] and
[1-10] zone axes. Based on the slab stacking sequence along the c-axis ([001] direction),
the adjacent slab shifts (by a translation vector we determined to be [1/3 1/3 0]) suggest
that the new stacking variant in pristine KoNi2TeOs material may best be observed along
the a-axis ([100]) or b-axis ([010]).

NEW P3-TYPE STACKING OF ATOMS

Therefore, for a closer probe into the new stacking variants, HAADF-STEM and
ABF-STEM images of KoNi>TeOg were taken along the [100] zone axis, as can be seen
in Figs. 4a and 4b. The initial P2-type slab stacking (shown in green line) can be
observed as well as a new slab stacking domain that appears to shift along the b-axis.
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Fig. 4. Identification of a new stacking sequence (P3-type) in K,Ni,TeO, along the

a-axis. a HAADF-STEM image taken along the [100] zone axis showing a new type of
stacking (arrangement of which is shown in red line) that is distinct from the P2-type
stacking (shown in green line). b Corresponding ABF-STEM images showing the
arrangement of potassium atoms between the honeycomb slabs along the [100] zone
axis. ¢ HAADF-STEM micrographs of the domains adopting the new P3-type stacking
along the [100] direction. The red line is a guide to the eye. d Corresponding
ABF-STEM images taken along the [100] zone axis showing the arrangement of
potassium atoms sandwiched between the P3-type stacking of honeycomb metal slabs.

More details into the new slab stacking is furnished in the HAADF-STEM images
shown in Fig. 4c showing the arrangement of Te atoms to be repeatable after three K
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layers along the c-axis (inset). The arrangement of the new stacking domain vis-a-vis
the occupancy of the potassium atoms coordinated with oxygen atoms can clearly be
observed through the corresponding ABF-STEM images (Fig. 4d).
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Fig. 5. The newly identified P3-type stacking sequence in K,Ni,TeO,. a Typical

HAADF-STEM image taken along [100] zone axis showing the ordering sequence of
Ni and Te atoms corresponding to the P3-type stacking. Inset shows an atomistic
depiction of the crystal structure, for the sake of clarity. b Corresponding ABF-STEM
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images taken along [100] zone axis showing also the arrangement of potassium atoms. ¢
Representation of the crystal structural framework of P3-type K,Ni,TeO, along the
[100] direction. d Visualisation (along the [1-10] zone axis) using HAADF-STEM, and
e ABF-STEM. f Projection of the crystal structure along [1-10], affirming the
polyhedral representation of P3-type stacking of atoms as shown in d and e. g Low
magnification HAADF-STEM micrographs of a section of crystallites aligned in
various zone axes, as revealed by the varying degree of contrasts. h Corresponding
ABF-STEM images showing crystallites with entirely P3-type stackings and some with
a mixture of both P2-type and P3-type stackings. Details relating to the acquisition of
the magnified images are furnished in the Supplementary Information section.

To further assess the nature adopted by the new stacking, atomic-resolution
HAADF-STEM and ABF-STEM images were taken as shown in Figs. 5a and 5b. A
new P3-type stacking is noted to have been formed by the slab-to-slab transition vector
[1/3 1/3 0] relative to the main crystallographic axes. Thus, a new sequence with
Te—Ni—Ni—Te alternating along the c-axis is formed, as displayed in the crystal model
shown in Fig. 5c. To further verify the atomic arrangements in this P3-stacking
sequence along multiple zone axes, STEM images were also taken along the [1-10] zone
axis, as shown in Figs. 5d and 5e. The projected crystal structural model along the
[1-10] is shown in Fig. 5f. It is worth noting that the occupancy of K atoms in the
various crystallographic sites of this new P3 stacking is different, as indicated by the
varying contrasts of the K atom coordinated with oxygen atoms along wavy-like
columns in the ab plane as illustrated by the projected structure model in Fig. 5c.
Similarly, the occupancy of potassium atoms with respect to the position of oxygen
atoms can be ascertained from the ABF-STEM images. By locating the position of
oxygen atoms along [1-10] zone axis, the salient atomic structural differences between
P2- and P3-type frameworks can be distinguished. The oxygen atoms are arranged
diagonally in a zig-zag orientation along the c-axis in the P2-type framework (see Fig.
29), whilst for the P3-type variant framework the oxygen atoms are aligned in the same
direction on the ab plane (Fig. 5e). These emergent P3-type stackings could also be
discovered in the low-magnification STEM images (Figs. 5g and 5h), where crystallites
dominant with P3-type stacking were seen adjacent to previously reported P2-type
stackings. These observations not only demonstrate the emergence of a new type of
stacking (P3-type) in pristine K2Ni>TeOe, but also explicitly point to the existence of
stacking variants (faults or disorders). Even so, an extensive examination into their
stacking sequences is still necessary in order to garner a deeper insight into their
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crystallographic information.

As such, selected area electron diffraction (SAED) measurements were duly performed,
exhibiting patterns of a crystallite with P2-stacking sequence along the [1-10] and [100]
zone axes, as shown in Figs. 6a and 6¢. The corresponding simulations are shown in
Figs. 6b and 6d, revealing a good match with the experimental diffractograms indexable
to the hexagonal lattice of the P2-type phase. For comparison, the SAED patterns of a
crystallite with P3-type stacking sequence are provided in Figs. 6e and 6g along with
their corresponding simulations (Figs. 6f and 6h). The patterns of the domain with the
P3-type stacking along [1-10] and [010] zone axes (Figs. 6e and 6g), reveal arrays of
pseudo-hexagonal symmetry dots that could be indexed into a slightly-distorted
hexagonal cell with the approximate lattice parameters:a =~ 5.26 A, ¢ = 18.70 A
(interslab distance of 6.23 A). The P3-type lattice parameters are very close to the lattice
parameters obtained from the P2-type stacking: a =~ 5.25 A, ¢ = 12.44 A (interslab
distance of 6.22 A). Indeed, this explains why this new stacking (P3-type) variant was
undetected by the low precision bulk XRD analyses as its crystallite concentration is
presumably rather subtle to be sufficiently distinguished. A further inspection of the
electron diffractograms of P3-type stacking (Figs. 6e and 6g) indicate angle deviations
77.7%and 82° from the adjacent main diffraction spots along the [1-10] and [010] zone
axes, respectively. Typically, angle deviations are expected to fall around 90° with an
accuracy range ca. 1% as such errors arising from experimental flaws can be ruled out
from the inclinations observed in the electron diffractograms. Based on the extinction
conditions, the SAED patterns of the P3-type stacking are indexable to a triclinic P-1
space group. Furthermore, the ordering of P3-type stacking sequence is formed by a
slab-to-slab translation vector [1/3 1/3 0] relative to the main crystallographic axes of
P2-type stacking, concomitant with distortions that slightly alter the inclination angle of
the main axes.
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Fig. 6. Comparison of the electron diffraction patterns of P2- and P3-type
K,Ni, TeOg. Selected area electron diffraction (SAED) images of P2-type stacking along
a [1-10] zone axis and b corresponding simulation. ¢ SAED images of P2-type stacking
taken along [100] and d corresponding simulation. e SAED images of P3-type stacking
taken along the [1-10] zone axis and f corresponding simulation. g SAED images of
P3-type stacking taken along the [010] zone axis and h the corresponding simulation.

TOPOLOGICAL DEFECTS (DISLOCATION STRUCTURES) IN
K2Ni2TeOs

Motivated by the existence of stacking variants in the pristine KoNi2TeOs, further
attempts to look at other defects were made. Unexpectedly, structural defects related to
imperfections that culminate in the disappearance or bending of the honeycomb slabs
and potassium layers were captured for the first-time. Figures 7a and 7b show
low-magnification STEM images of crystallite domains with P3-type stacking slab
sequence. At first glance, it seems that grain boundary lines separate various crystallites
oriented in different zone axes. However, a closer inspection, more specifically using
atomic-resolution HAADF-STEM images (Fig. 7c), reveal the warping or bending of
the honeycomb slabs. Corresponding ABF-STEM images of these regions (Fig. 7d)
further show similar warping on the potassium layers that may be mistaken for twin or
tilt boundaries. Moreover, defects that relate to curvature of the honeycomb slab surface
can also be discerned from the high-magnification STEM images (Figs. 7e and 7f) that
show an undulating topology of both the honeycomb slabs and potassium layers along
the b-axis. Such defects are exceedingly rare in layered oxides, which spurred our
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Fig. 7. Topological defects related to strong curvature in P3-type K,Ni,TeO;. a, b

High resolution TEM micrographs of a section of P3-type stacking that shows curvature
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defects along [210] zone axis (underpinned using arrows). ¢ HAADF-STEM images
along [210] zone axis showing the bending of the honeycomb slab layer at an angle of
44.5° relative to the horizontal planes (as highlighted in red) and d Corresponding
ABF-STEM images showing the bending of the alkali atoms layer (in this case,
potassium). e HAADF-STEM images taken along [100] direction showing the
undulating nature of the honeycomb metal stabs (as highlighted in inset (green line))
and f Corresponding ABF-STEM images also showing the undulating nature of the
potassium atom layers across the honeycomb slab surface.

interest to further investigate the defects in the honeycomb layered framework of
K2Ni2TeOs.

Topological defects such as (Taylor’s) dislocations and disclinations, where translational
and rotational symmetry respectively of the atoms in the crystal is destroyed, are
gaining traction these days as they play host to distinct physicochemical properties. [64

Moreover, such symmetry violations in the crystal can profoundly affect the dynamics
of alkali cations during (de)intercalation processes for crystalline symmetries are
intricately linked with momentum and angular momentum conservation laws. [%°! Figure
8a shows a HAADF-STEM image of a lattice domain adopting a P2-type stacking along
the [100] zone axis, where a curvature appears as a result of part of the honeycomb slab
laying out of position. In essence, dislocations are induced in the crystal lattice, whose
origin (technically, dislocation core) is denoted by the symbol ‘T’ (highlighted in Fig.
8a). The corresponding ABF-STEM images reveal considerable distortions on the
K2Ni>TeOe lattice as shown in Fig. 8b. More details relating to the edge dislocations
can be observed from the HAADF-STEM and ABF-STEM images shown in Figs. 8c
and 8d respectively. The images indicate that these dislocations are created by a shift
along the ab-plane with a translation vector [1/3 1/3 0]. In principle, the magnitude and
direction of the lattice distortion arising from the edge dislocation can be represented
using a Burgers vector (b). The Burgers vector of the edge dislocation imaged in Figs.
8a and 8b was determined to be [0 1 O], spanning along the b-axis (slip plane). As for
the edge dislocations appearing in Fig. 8c and 8d, the Burgers vector was determined to
be [1/3 1/3 1/2] which spans along the b-axis. Other unique edge dislocations detected
during the analysis were determined to shift with a Burgers vector of [-1/3 —1/3 1/2] as
indicated in Supplementary Fig. 7. It is important to note that despite proving elusive
to ascertain, other shifts occurring along the a-axis cannot be ruled out. It must also be
noted that the varied and capricious nature of the edge dislocations observed in our

18



investigation are unique to P3-type structures and are extremely rare amongst oxides.

......

-----

iy —— o [100]
Fig. 8. Topological defects related to weak curvature in K,Ni,TeO,. a
HAADF-STEM images of P2-type stacking along the [100] zone axis, showing the
bending of the honeycomb slabs owing to the formation of defects (in particular, edge
dislocations). The point of origin of the dislocation is shown as ‘T’. For clarity, the ‘T’
shape labels the slab mismatch direction in the edge dislocation core. b Corresponding
ABF-STEM images along the [100] zone axis also showing the bending of the
potassium atom layers. c HAADF-STEM images of a distorted honeycomb slab section
of the P2-type stacking along the [100] zone axis and d the corresponding ABF-STEM
images along the [100] zone axis highlighting the distorted slab where edge dislocations
have occurred (highlighted by an arrow).
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DISCUSSION

Through this study, we not only discover the perturbation of the P2-type slab stacking
sequence of honeycomb layered oxide K2Ni,TeOs, but also unearth the existence of
topological defects such as dislocations and curvature. Whilst the vast majority of
pristine honeycomb layered oxides adopt the O3-type (see Fig. 1), by employing the
atomic-resolution of TEM on K2Ni>TeOs a new P3-type stacking sequence is revealed
alongside previously reported P2-type stacking, (as is furnished in Fig. 9) additionally
augmenting the database for the stacking sequences of honeycomb layered oxides.

P3-type K,Ni,TeOgq P2-type

:» — Oxygen atoms —— | eusos.n

«+——Honeycomb metal slab——> <
1 5228 ——— Alkali atoms ———> _AAANANRNRNN:
JATIER - Rerevys
K210/ L Ll '

LIy
53l (P31 lededadadadh

Prismatic coordination

> @ »>» ®w »>» W »

* (new stacking variant) A YNV O

Fig. 9. Honeycomb slab stacking arrangement found in pristine K2Ni2TeOes.
Stacking sequence of honeycomb slabs and K atoms in P2-type (ABABABA.. .stacking
of oxygen atom slab) and P3-type (ABCABCA...) KoNi2TeOs, as revealed by TEM.
Honeycomb slabs comprising Ni and Te are shown in green, oxygen in red whilst K in
blue. The numbers (1, 2 and 3) indicate the repetitive potassium layers per unit cell.

As explicated earlier (in the INTRODUCTION section), amongst honeycomb layered
oxides, P3-type stackings have only been observed as intermittent products of
electrochemical reactions during the (de)insertion of alkali ions during battery
operations. [*> %51 Herein, we observe for the first time, P3-type stacking variants
alongside P2-type stacking sequences in K:NixTeOs crystallites as shown in
Supplementary Figs. 5g and 5h. Although these stackings have almost similar interslab
distances (i.e. 6.22A and 6.23A for P2-type and P3-type respectively), P3-type adopts a
sequence whereby every honeycomb slab unit of P2-type sequence shifts from each
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adjacent slab unit by a vector of [1/3, 1/3, 0]. Such a mixture of stacking sequences
(ABABABA... versus ABCABCA... (as succinctly shown in Fig. 9)) can induce
partial dislocations, as observed in this study.

Dislocations in oxides constitute a vast swath of topological defects which are
associated with intriguing physicochemical properties. For example, dislocation
structures in ternary oxides such as SrTiOsz display resistive-switching behaviour,
ferromagnetic dislocations have been observed in antiferromagnetic NiO and
non-superconducting dislocation cores have been shown to act as pinning centers for
magnetic flux lines in some classes of superconductors. %4l In addition, dislocations that
occur upon Li* (de)insertion in layered oxides such as the exemplar LiCoO., and more
recently, Li12Nio.133Mnos33C0013302 influence the voltage output characteristics, [66-6¢]
indicating the role of dislocations in tuneable electrochemistry of energy materials
where honeycomb layered oxides such as K2Ni>TeOg will generate immense utility as
high-voltage battery materials.

The identification of topological defects in KoNi>,TeOs such as edge dislocations (Fig. 8)
and curvature (Fig. 7) may provide crucial information to understand the transport
(diffusion) mechanism of K*, for instance, during operation as battery cathode materials.
In fact, in a previous work, it has been theorised that there is a direct relation between
such curvatures and the vacancy of the cations such as K*.[%°l Particularly, the integral of
the curvature (represented as K) over a given patch of area (A) previously occupied by
K* ions (JKdA) is proportional to the number of cationic vacancies (n) in the given patch
area. This is analogous to the well-known formula, Gauss-Bonnet theorem, in
two-dimensional geometry relating curvature to topological ‘holes’ in the layer. [6%
These ‘holes’ act as cationic vacancies forming whenever sufficient activation energy is
supplied in the material to offset the binding energy of cations that form the stable P2-
lattice, leading to stacking sequence phase transformations such as in the
aforementioned NasNi2SbOg during Na* (de)insertion.[> 5% Sufficient activation
energies can be provided by raising temperatures or by supplying energy-momentum via
electrochemical processes within the material.
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Fig. 10. Implications of the topological defects (2D) and unique stackings (1D). A
rendition displaying the honeycomb layer of lithophile cations (shown in blue) in
honeycomb layered oxides as curved stacked two-dimensional (2D) manifolds forming
a three-dimensional (3D) crystal. The equation J,,KdA = —4xn links the area (A) integral
of Gaussian curvature (K) to the number of cations, n missing from the honeycomb
layers responsible for topological defects. Strong curvature can be seen by the bending
of the angle @ = [, K over the (geodesic) triangle T traced over the layer. Phase
transitions are triggered by these topological defects and can register as unique
stackings e.g. during alkali-ion (de)intercalation process(es).
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Fig. 11. Understanding topological defects and unique stackings as phase
transitions. a Initial voltage curves of K,Ni,TeO, depicting staircase-like profiles that

are reminiscent of phase transitions as depicted in the derivative capacity-voltage
(0Q/ov) curves. b Phase transition mechanism in K,Ni,TeO, akin to the process of
removing the Jenga blocks.[? ¢ X-ray diffraction pattern taken during the (dis)charging
process, showing the evolution of the structural changes with K’ (de)insertion. d

Enlarged image of the (004) Bragg peaks that are sensitive to K’ (de)insertion revealing
a multitude of phase transitions as revealed from the numerous peak shifts.

A rendition representing such a mechanism is provided in Fig. 10. The rendition
displays the layers of alkali metal ions such as K" in honeycomb layered oxide
frameworks as curved stacked two-dimensional (2D) manifolds forming a
three-dimensional (3D) crystal. The displayed equation links the curvature variations
topological defects as envisioned by the Gauss-Bonnet theorem. [9idl The phase
transitions are triggered by these topological defects and can register as unique stacking
sequences, for instance, during alkali-ion (de)intercalation process(es). [% Figure 11
shows such phase transitions triggered during the (dis)charging process and structural
evolution during K* (de)insertion, experimentally revealed by staircase-like profiles in
the derivative capacity-voltage (0Q/ov) curves (Fig. 1la) and the observation of a
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multitude of Bragg peak shifts (Figs. 11c and 11d), akin to removing stacks of pieces of
Jenga blocks (Jenga mechanism, Fig. 11b). [2°]

In the case of the KoNi>TeOs reported in this work, temperatures of above 800 °C were
applied during synthesis of these materials, sufficient to offset the binding energies
within the stable P2-lattice. Therefore, the phase transition to another stable P-type
sequence (P3) in pristine K:Ni2TeOg can possibly be traced to thermally-induced
geometric shifts of adjacent honeycomb slabs (shear transformations) and the formation
of cationic vacancies during heating, which are accompanied by the topological defects
and weak curvatures given in Fig. 8. The large ionic radius of K* which scales with the
interslab distance (hence, weak bonding strength of K with the oxygen atoms in the
adjacent honeycomb slabs) also seemingly favours the retention of such topological
defects and weak curvature even after adiabatic cool-down, as summarised in Fig. 7 and
Fig. 8. HAADF-STEM images along the [210] zone axis in Fig. 8c shows that
K2Ni>TeOs is extremely malleable even under large stresses which result in even larger
curvatures defects.

In conclusion, we utilise aberration-corrected scanning transmission electron
microscopy (STEM), which affords a higher-order atomic-resolution, to explicitly
reveal structural disorders (variants) of honeycomb layers along c-axis in pristine
K2Ni>TeOs. We find unique topological defects and curvatures due to partially missing
honeycomb slabs of NiOe, TeOs octahedra as well as K atoms. Moreover, a new
stacking variant with P3-type stacking sequence is for the first time discovered
alongside the well reported P2-type stacking domains. In this study, it is postulated that
the occurrence of the topological defects and curvature is correlated with missing atoms
(dislocations) leading to the emergence of the P3-type stacking. This work further
justifies the need for a combination of spectroscopic and imaging techniques to better
characterise the nature of such topological defects (both glissile and sessile) incipient in
layered oxides. As KoNi>TeOs finds a niche application as cathode material,
electrochemical alkali-ion (de)insertion processes are expected to trigger myriad
transitions between stacking sequences. As such, the evidence presented herein also
provides a window into understanding phase transitions in honeycomb layered oxide
frameworks through the study of such defects and curvature. We expect rekindled
interest in the study of the hitherto reported defects and curvature for tuneable
electrochemistry not only in honeycomb layered oxides, but also other related layered
oxides.
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