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a b s t r a c t 

Honeycomb layered oxides have garnered tremendous research interest in a wide swath of disciplines owing 
not only to the myriad physicochemical properties they exhibit, but also their rich crystal structural versatil- 
ity. Herein, a comprehensive crystallographic study of a sodium-based Na 2 Ni 2 TeO 6 honeycomb layered oxide 
has been performed using atomic-resolution transmission electron microscopy, elucidating a plethora of atomic 
arrangement (stacking) disorders in the pristine material. Stacking disorders in the arrangement of honeycomb 
metal slab layers (stacking faults) occur predominantly perpendicular to the slabs with long-range coherence 
length and enlisting edge dislocations in some domains. Moreover, the periodic arrangement of the distribution 
of alkali atoms is altered by the occurrence of stacking faults. The multitude of disorders innate in Na 2 Ni 2 TeO 6 

envisage broad implications in the functionalities of related honeycomb layered oxide materials and hold promise 
in bolstering renewed interest in their material science. 
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. Introduction 

Recent years have seen a proliferation in the discovery and develop-
ent of high-performance materials with exceptional physical, chemi-

al and magnetic features, in an effort to satisfy the demands of ever-
volving cutting-edge technologies. It is in this vein that honeycomb
ayered oxides composed of coinage- or alkali metal atoms interspersed
etween layers of transition or heavy metal atoms arranged in a hexag-
nal pattern, have drawn momentous interest across multiple fields
uch as electrochemistry, material science, condensed matter physics
t cetera . [1] Owing to their unique honeycomb configuration, a mani-
old of topological properties have emerged, demonstrating a cynosure
f attributes such as rapid ionic conduction, fascinating electromagnetic
nd quantum capabilities, and diverse crystal chemistry amongst others
1–18] . Besides finding niche functionality in high voltage energy stor-
ge systems, [19–27] exotic magnetic behaviour, as envisaged by the Ki-
aev model, [28] makes them exemplar pedagogical platforms suited to
he exploration of next-generation superconductors to topological quan-
um devices [1] . 

A majority of the aforementioned nanostructured materials adopt
hemical compositions such as A M D O , A M D O or A MD O 
2 2 6 3 2 6 4 6 
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herein A represents an alkali- or coinage-metal species suchlike Li,
a, K, Cu, Ag et cetera ., whereas M is a transition metal species such as
i, Co, Zn, Co, etc. and D depicts a chalcogen or pnictogen metal species

uch as Te, Sb, Bi and so forth [ 1 , 2 , 6 , 8 , 10–12 , 15 , 18-21 , 29–31 ]. Due to
he difference in the valency state and ionic radius of M and D, a dis-
inct slab comprising D O 6 octahedra covalently-bonded with multiple
 O 6 octahedra in a honeycomb configuration is formed. The oxygen

toms from these slabs in turn form weak coordinations with A 

+ cations
esulting into a lamellar framework of A alkali atoms sandwiched be-
ween parallel M O 6 and D O 6 octahedra slabs [32] . 

Given that the interlayer distance is inversely proportional to the
trength of the interlayer bonds, A atoms with a large Shannon-Prewitt
adius typically form crystalline structures with weak interlayer bonds
nd vice versa, resulting in a diverse range of structural formations
1] . For instance, the smaller atomic radii Li cations in Li 2 Ni 2 TeO 6 
esult in stronger coordinations between Li atoms and oxygen atoms
orming a tetrahedral structure with 2 repetitive honeycomb layers per
nit cell, [20] whilst the larger atomic radii Na atoms in Na 3 Ni 2 SbO 6 
nd Na 3 Ni 2 BiO 6 result in weaker coordinations characterised by an
ctahedral structure with 3 repetitive honeycomb layers per unit cell
 1 , 22 , 24 , 25 , 27 , 33 , 34 ]. Additionally, Na atoms in Na Ni TeO exhibit
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uch weaker coordinations with oxygen atoms resulting in a prismatic
tructure with 2 repetitive honeycomb layers. [6,10,16,] As a general
ule of classification for the various arrangements (stacking) of atoms
nd metal slabs, the Hagenmuller-Delmas’ notation [35] is applied.
herein, the Li 2 Ni 2 TeO 6 lattices are classified as ‘T2-type’ structures
here the letter ‘T’ denotes the tetrahedral structure and the number

2’ indicates the number of layers per unit cell. Similarly, the Na oc-
ahedral and prismatic structures mentioned above are designated as
O3-type’ and ‘P2-type’ structures respectively [1] . 

In general, ‘O-type’ and ‘P-type’ honeycomb layered oxides are con-
idered to be superior cathode materials for high-performance energy
torage systems, as their weak interlayer bonds readily create vacan-
ies in the transition metal slabs that enable facile alkali-ion diffusion
ithin the layers [32] . Besides the enhanced alkali-ion kinetics, fasci-
ating structural disorders characterised by shears on transition metal
labs or shifts in stacking orders are induced during the electrochemi-
al alkali extraction and reinsertion leading to a manifold of physico-
hemical properties such as an assortment of voltage-capacity profiles,
mproved rate performance and capacity retention (cyclability) [1] . For
nstance, during battery operations, Na 3 Ni 2 SbO 6 and Na 3 Ni 2 BiO 6 cath-
des have been observed to shift from the initial O3-type structure to
 P3-type structure and eventually into an O1-type structure, result-
ng in phase transitions manifested by staircase-like voltage profiles
 22 , 27 , 33 , 37 ]. As might be expected, due to the weaker atomic struc-
ures of P-type materials such as Na 2 M 2 TeO 6 , structural disorders tend
o be more prevalent, leading to better electrochemical performance as
een in Na 2 Ni 2 TeO 6 , Na 2 Zn 2 TeO 6 and Na 2 Mg 2 TeO 6 [ 3–7 , 36–43 ]. 

As structural disorders can either be deleterious or beneficial to the
unctionality of layered materials, understanding their nature is per-
inent not only as an avenue for fine-tuning emergent properties, but
lso as a means of unearthing new functional attributes such as mag-
etism and related microscopic phenomena. In layered materials, stack-
ng disorders in the arrangement of the layers (stacking faults) occur
redominantly perpendicular to the slabs, enlisting a variety of disloca-
ions in some domains, particularly edge and screw dislocations [ 57 , 58 ].
uch dislocations are uniquely identified by two characteristic vectors,
amely the Burgers vector and the sense vector (points along the dislo-
ation line). For instance, in edge dislocations, these vectors are perpen-
icular to each other, thus requiring regions of shear, strain and stress to
orm in the crystal. On the other hand, in screw dislocations, these vec-
ors are parallel to each other, thus precluding any regions of stress and
train from forming. The utility of using Burgers vectors to identify and
haracterise dislocations lies in the observation that Burgers vectors are
onserved along the dislocation line, even during plastic deformations
uring such processes as (de)intercalation in cathode materials. 

To explore structural changes in such cathode materials, X-ray
iffraction (XRD) and neutron diffraction measurements are conducted
n the specimen after undergoing electrochemical reactions in battery
perations to show the structural changes occurring within the material.
owever, the limited resolution of these crystallographic analyses can-
ot account for the instantaneous structural evolutions occurring shortly
fter synthesis of the material. As a solution, transmission electron mi-
roscopy (TEM) can be employed alongside the aforementioned crys-
allographic analyses to provide local atomistic information that would
ot only show the existence of structural disorders but also provide in-
ormation on the nature of the structural changes related to synthesis of
he material. 

In this context, theoretical and experimental studies to investigate
he structural disorders particularly on the aforementioned O-type and
-type Na honeycomb layered oxides have been commissioned in an at-
empt to draw correlations between the atomic structure (microscopic
etails) with macroscopic manifestations such as electrochemical per-
ormance and phase transitions [44–46] . Recent studies utilising TEM
n the O3-type Na 3 Ni 2 SbO 6 have revealed the existence of disordered
equences in the arrangement of Ni and Sb atoms as a possible reason be-
ind phase transitions and improved ion mobility [44] . Even though, P-
2 
ype Na 2 M 2 TeO 6 would make an ideal platform for investigating struc-
ural revolutions on pristine cathodes, crystallography studies on these
aterials lack rigour with literature limited only to theoretical compu-

ations and XRD analyses conducted on Na 2 M 2 TeO 6 [45–47] . As such,
nformation pertaining the local atomistic structures (TEM) and emer-
ent attributes remain elusive. 

Therefore, to investigate the nature of stacking disorders in
a 2 M 2 TeO 6 P-type structures, we utilise atomic-resolution scanning

ransmission electron microscopy (STEM) to illuminate the local struc-
ural disorders innate in pristine Na 2 Ni 2 TeO 6 . We unveil a multitude
f stacking faults of the metal slabs along the c -axis, revealing domains
hat manifest a variety of superstructures. We further discover variations
n the distribution of the Na atoms in adjacent layers ascribed to ape-
iodic shifts along the layer stacking direction ( id est , [001] zone axis).
inally, a supercell is proposed to demonstrate the arrangement of Na
toms within the ab plane. 

. Experimental section 

.1. Synthesis of Na 2 Ni 2 TeO 6 

Na 2 Ni 2 TeO 6 was prepared using the high temperature solid-state re-
ction route. TeO 2 (Aldrich, ≥ 99.0%), Na 2 CO 3 (Rare Metallic (Japan),
9.9%) and NiO (Kojundo Chemical Laboratory (Japan), 99%) were
ixed in stoichiometric amounts in a super-dry room. The mixture was

hen pressed into pellets and annealed in platinum crucibles in air for
8 h at 800 °C. 

.2. X-ray diffraction (XRD) analyses 

XRD measurements were conducted using a Bruker D8 ADVANCE
iffractometer to ascertain the purity of the as-prepared Na 2 Ni 2 TeO 6 
olycrystalline powder samples. Measurements were performed in
ragg–Brentano geometry mode with Cu–K 𝛼 radiation. The Rietveld re-
nement method was employed to analyse the XRD data using the JANA
006 program along with VESTA 3D visualisation software which was
sed to plot the refined crystal structures [ 48 , 49 ]. 

.3. Morphological and elemental characterisation 

Field emission scanning electron microscope (JSM-7900F) was used
o analyse the morphologies of the obtained powder samples. Energy
ispersive X-ray (EDX) imaging technique was used to assess the con-
tituent elements of the obtained powders. Quantitative assessment of
he chemical compositions was performed using inductively coupled
lasma absorption electron spectroscopy (ICP-AES). 

Specimens for atomic-resolution transmission electron microscopy
TEM) were prepared by an Ar-ion milling method using a GATAN PIPS
Model 691) precision ion-milling machine after embedding in epoxy
lue under an Ar atmosphere. High-resolution scanning TEM (STEM)
maging and electron diffraction patterns were obtained using a JEOL
EM-ARM200F incorporated with a CEOS CESCOR STEM Cs correc-
or (spherical aberration corrector). The acceleration voltage was set
t 200 kV. Electron microscopy measurements were conducted along
he [100] and [1–10] zone axes. A low electron-beam dosage (STEM
robe current value of 23 pA) was used with short-exposure times, in or-
er to mitigate damage to the samples. The probe-forming convergence
ngle was 22 mrad. Annular bright-field (ABF) and High-angle annular
ark-field (HAADF) STEM snapshots were taken simultaneously at nom-
nal collection angles of 11~23 mrad and 90~370 mrad, respectively.
 quick sequential acquisition technique was conducted for the obser-
ation of atomic structures, to reduce the possibility of image distortion
nduced by drift of the specimen during a scan. About 20 STEM images
ere recorded sequentially with an acquisition time of about 0.5 s per

mage, after which the images were aligned and superimposed to one
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Fig. 1. Physicochemical characterisation of as-prepared 
Na 2 Ni 2 TeO 6 honeycomb layered oxide. (a) X-ray diffraction 
(XRD) pattern of as-prepared Na 2 Ni 2 TeO 6 indexed in the 
hexagonal P 6 3 / mcm spacegroup. (b) A polyhedral represen- 
tation of the crystal structure of Na 2 Ni 2 TeO 6 derived from 

the XRD refinement. Na atoms and oxygen atoms are shown 
in yellow red, respectively. Te and Ni octahedra are repre- 
sented by the pink and green blocks, respectively. Note that 
some of the Ni octahedra are hidden behind the Te octahedra. 
(c) Voltage-capacity plots showing typical (dis)charge curves 
during the initial cycling of the as-prepared Na 2 Ni 2 TeO 6 in an 
ionic liquid electrolyte at room temperature under a current 
density equivalent to C/20 rate. 
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mage. This enabled an accurate localisation of metal atoms in the ob-
ained STEM maps. STEM-EDX (energy dispersive X-ray spectroscopy)
pectrum images were obtained with two JEOL JED 2300T SDD-type de-
ectors with 100 mm 

2 detecting area whose total detection solid angle
as 1.6 sr. Elemental maps were extracted using Thermo Fisher Scien-

ific Noran (NSS) X-ray analyser. 

.4. Electrochemical measurements 

Assembly of the coin cells were done in an Ar-filled glove box
MIWA, MDB-1KP-0 type) with oxygen and water contents maintained
elow 1 ppm. Composite electrode fabrication was performed by mix-
ng the as-prepared Na 2 Ni 2 TeO 6 with a polyvinylidene fluoride (PVdF)
inder and acetylene black (conductive carbon) at a weight ratio
f 70:15:15. The mixture was suspended in N -methyl-2-pyrrolidinone
NMP) to attain viscous slurry samples, which were then cast on alu-
inium foil with a typical mass loading of ~5 mg cm 

–2 , and thereafter
ried under vacuum. Electrochemical measurements were assessed us-
ng CR2032-type coin cells using Na 2 Ni 2 TeO 6 composite electrode as
he cathode (working electrode) and Na metal as anode (counter elec-
rode). Glass fiber discs were used as separators with an electrolyte
onsisting of 1 mol dm 

–3 sodium bis(fluorosulphonyl)imide (NaFSI) in
 -methyl- 1 -propylpyrrolidinium bis(fluorosulphonyl)imide (Pyr 13 FSI)
onic liquid. All electrochemical measurements were performed at room
emperature. Galvanostatic cycling was done at a current rate commen-
urate to C/20 (20 being the necessary hours to (dis)charge to the full
heoretical capacity). The threshold voltages were set between 2.8 V and
.25 V (vs. Na + /Na). 

. Results 

.1. Characterisation of pristine (as-prepared) Na 2 Ni 2 TeO 6 

The pristine Na 2 Ni 2 TeO 6 prepared via the high-temperature ceram-
cs route, as described in the Experimental section, displays excel-
ent crystallinity. The X-ray diffraction (XRD) patterns were explic-
tly indexed and refined to the hexagonal layered structure adopting
he P 6 3 / mcm space group ( Fig. 1 a ). The refined lattice parameters
 a = 5.2049 (1) Å, c = 11.1505 (5) Å) are in good accord with pre-
iously reported values [ 3 , 6 , 36 , 47 , 50 ]. Scanning electron microscopy,
ore specifically, energy-dispersive X-ray spectroscopy (EDX) was used

o verify the stoichiometry and homogeneous elemental distribution of
ristine Na 2 Ni 2 TeO 6 as shown in the supplementary information ( Fig-

re S1, Figure S2 and Table S1 ). As illustrated in Fig. 1 b, the re-
3 
ned layered crystal structure of Na 2 Ni 2 TeO 6 entails Na atoms (in yel-
ow) sandwiched between metal slabs comprising NiO 6 (green) octa-
edra surrounded by multiple TeO 6 (pink) octahedra. Each Ni and Te
toms are coordinated to six oxygen atoms in their respective octahe-
ra whereas the Na atoms coordinate with oxygen atoms from adja-
ent metal slabs to form a prismatic structure with two repetitive Na
tom layers per unit cell (defined as P2-type stacking), as shown in inset
f Fig. 1 b . Galvanostatic (dis)charge measurements performed on pris-
ine Na 2 Ni 2 TeO 6 ( Fig. 1 c ) show typical staircase-like voltage profiles,
n concordance with voltage-capacity profiles reported for the P2-type
ramework [ 36 , 50 ]. 

For an explicit analysis of the stacking sequences and honeycomb or-
ering, aberration-corrected scanning transmission electron microscopy
STEM) was performed on the synthesised Na 2 Ni 2 TeO 6 samples [51-53] .
ig. 2 a shows a high-angle annular dark-field (HAADF) STEM image of
ristine Na 2 Ni 2 TeO 6 as viewed along the [100] zone axis. The contrast
 I ) of the HAADF-STEM images are proportional to the atomic number
 Z ) of elements along the atomic arrangement (where I ∝ Z 1.7 ≈ Z 2 )
or clarity. From the b -axis, the alignment of Te atoms represented by
right yellow spots ( Z = 52) and Ni atoms marked by darker amber spots
 Z = 28), manifest a Te–Ni–Ni–Te sequence (shown in Fig. 2 a inset) as
hould be expected from a P2-type honeycomb structure. The placement
f atoms observed along the [100] zone axis is further validated by ele-
ental mapping by STEM-EDX as shown in Figure S3 . In addition, Na-

tom layers interposed between the Ni and Te slabs can be discerned
rom the corresponding annular bright-field (ABF) STEM images shown
n Fig. 2 b . As for ABF-STEM images, I ∝ Z 1/3 , which means that ele-
ents with lighter atomic mass such as Na ( Z = 11) and O ( Z = 8) can

e visualised. A crystal model derived from the above-mentioned TEM
easurements explicitly shows the P2-type framework of Na 2 Ni 2 TeO 6 

s viewed along the [100] zone axis ( Fig. 2 c) . It is worth noting that
he varying intensity of the Na atom layers as seen in the ABF-STEM im-
ges ( Fig. 2 b ), evince the occupation of Na atoms in distinct crystallo-
raphic sites with varying occupancies; typical for this class of tellurates,
s ascertained by the Rietveld refinement results shown in Table S1. In
ddition, there are different contrasts at Na sites that should be crystal-
ographically equivalent (shown in red circles), indicating a modulation
n the occupancies as shall be discussed in detail in a later section. To
onfirm the 3D structure model and the P2-type framework, STEM im-
ges of the same crystal were taken along the [ 1 ̄1 0 ] zone axis as shown
n Figs. 2 d and 2 e. The ABF-STEM image ( Fig. 2 e ) not only affirm the
arying occupancy of Na atoms, but also highlight the zigzag arrange-
ent of oxygen atoms in the adjacent metal slabs, a characteristic of the
2-type stacking, depicted in the crystal model ( Fig. 2 f ). 
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Fig. 2. Arrangement of the atoms along the [100] and [1 ̄1 0] 
zone axes in the P2-type Na 2 Ni 2 TeO 6 . (a) High-angle an- 
nular dark-fields canning transmission electron microscopy 
(HAADF-STEM) image of Na 2 Ni 2 TeO 6 taken along [100] zone 
axis showing the ordering sequence of Ni and Te atoms cor- 
responding to the P2-type stacking. Inset shows a projected 
model of the crystal structure, for clarity. (b) Annular bright- 
field (ABF)-STEM image taken along [100] zone axis display- 
ing the arrangement of sodium atoms. Red open circles illus- 
trate the varying contrast of Na sites that are supposed to be 
crystallographically homologous. (c) A rendering of the P2- 
type stacking of Na 2 Ni 2 TeO 6 along the [100] direction. (d) 

Visualisation (along the [1 ̄1 0] zone axis) using HAADF-STEM, 
and (e) Corresponding ABF-STEM image. (f) Projection of the 
crystal structure along [1 ̄1 0] affirming the projected model of 
P2-typestacking of atoms as shown in d and e . 

Fig. 3. Stacking disorders of metal slabs along the [100] zone axis in 
the P2-type Na 2 Ni 2 TeO 6 and their visualisation (a) HAADF-STEM im- 
age of Na 2 Ni 2 TeO 6 taken along [100] zone axis showing faults in the 
stacking sequence of Ni and Te atoms. Green line serves as a guide for 
the readers. (b) Corresponding ABF-STEM image. (c) HAADF-STEM 

image of domains highlighting the presence of superstructures with 
alternating shift of the metals slabs along the c -axis ([001]). (d) Cor- 
responding ABF-STEM image. 
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.2. Stacking faults due to shear transformations of the metal slabs 

For a closer look into the arrangement of the metal slabs, HAADF-
TEM and ABF-STEM images were taken along the [100] zone axis
s illustrated by Figs. 3 a and 3 b. Despite the ordered arrangement of
etal slabs in the P2-type framework, disorders in the arrangement of

he metal slabs were observed. The HAADF-STEM images demonstrate
n ordered structure, whereby Te atoms (bright yellow spots) are posi-
ioned directly below or above the adjacent slabs in a perfect vertical
rray as can be seen in Fig. 3 a . However, the slabs are observed to de-
iate from the vertical arrays in certain domains (as highlighted by the
4 
reen lines), indicating the occurrence of stacking faults across the slab
tacking direction ( c -axis) characterised by shear transformations. The
ensity of the slab stacking faults was also found to vary between the
pecimen particles. It is worth noting that in the area containing high
ensity stacking faults, local orderings spanning over a range of about 9
ayers (5 nm) were discovered as shown in Fig. 3 c . Along the stacking
aults, the presence of two types of superstructured domains ( viz ., type-1
nd type-2) was discerned. As expressed by the H ӓgg symbol, the type-
 superstructure is denoted as + –+ –+ –+ –+ (where + and – denotes the
eft and right shift of Ni/Te atoms in the adjacent slabs, respectively)
hereas the type-2 superstructure is designated by + 0 + 0 + 0 + 0 + 0. A
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Fig. 4. Stacking arrangement (sequences) of Na atoms spotted along 
the [100] and [1 ̄1 0] zone axis in the P2-type Na 2 Ni 2 TeO 6 . (a) HAADF- 
STEM image of Na 2 Ni 2 TeO 6 taken along [100] zone axis showing a 
perfectly ordered arrangement of metals labs along the c -axis. (b) Cor- 
responding ABF-STEM image showing are petitive sequence in the ar- 
rangement of Na atoms along the b -axis (with a periodicity of 2). The 
green and red circles show repetitive sequences in the Na sites judg- 
ing from the similarity in the intensity contrast(thus occupancy). No 
periodicity is observed in the arrangement of Na in their respective 
sites along the c -axis. (c) HAADF-STEM image taken along the [1 ̄1 0] 
showing a domain with a regular sequence in the arrangement of Te 
atoms along the c -axis and (d) Corresponding ABF-STEM images taken 
along the [1 ̄1 0] zone axes showing double periodicity with in the ab 

plane and stacking disorder along the c -axis of the sites occupied by 
Na (coloured guidelines link Na sites with similar contrast) which cor- 
responds to the stacking disorder observed along the c -axis in (b). 
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ultitude of such superstructures were observed, and further confirmed
y the corresponding ABF-STEM images shown in Fig. 3 d . However,
n the HAADF/ABF-STEM images taken along [ 1 ̄1 0 ] at the same area
f specimen, the slab stacking faults are invisible as displayed in Fig-

re S4 ; an important indication of the slab shear transformations due
o edge dislocations present in the specimen, as will be detailed in the
ISCUSSION section. 

.3. Disorder in the stacking of sodium atoms 

The occurrence of multiple disorders involving shifts in the metal
lab layers along the c -axis not only reflects the diversity of the disorders
nnate in Na 2 Ni 2 TeO 6 , but may also be envisioned to induce disorders
n the arrangement of Na atoms sandwiched between the slabs. To in-
estigate this hypothesis, STEM images taken along the [100] zone axis
 Figs. 4 a and 4 b ) were analysed. In the HAADF-STEM images shown in
igs. 4 a , the metal slabs are seen to lie directly below or above one an-
ther in a vertical array across the slab (as further depicted by the green
ine in Fig. 4 a ). However, in the ABF-STEM images ( Fig. 4 b ), where
ighter atomic mass elements such as Na can also be distinguished, a
odulation of Na occupancy is observed as illustrated by the red and

reen circles which represent the different crystallographic sites previ-
usly established ( Fig. 2 b ). Along the directions in the ab plane (perpen-
icular to the c axis), the red and green circled arrays are seen to vary
n contrast with a high regularity of alternation, indicating the presence
f a superlattice with the double periodicity. However, there is no co-
erency in the modulations of Na atoms along the c -axis, as the phase
f the modulation between adjacent Na planes is observed to frequently
nvert with no periodicity. For better understanding of the Na layer dis-
rders, additional STEM images taken along the [ 1 ̄1 0 ] zone axes corre-
ponding to the crystallite viewed in a tilted angle of 30°, are shown in
igs. 4 c and 4 d . The ABF-STEM images ( Fig. 4 d ) clearly showcase the
ighly ordered double periodicity in the ab plane and the aperiodicity
long c -axis (clearly mapped out by the coloured lines linking the Na
ites with the same contrast). 
5 
.4. Electron diffraction patterns taken along multiple zone axes in 

a 2 Ni 2 TeO 6 

To validate the results of STEM, electron diffraction measurements
ere performed along [100] and [ 1 ̄1 0 ] zone axes. To gain insight into

he selected area electron diffraction (SAED) results, it is important to
eiterate that Na 2 Ni 2 TeO 6 crystallises in a hexagonal lattice with cell di-
ensions shown in Fig. 1 a . The SAED patterns taken in the area without

lab stacking fault along the [100] and [ 1 ̄1 0 ] zone axis ( Figs. 5 a and 5 d )
xhibit clear diffraction spots that are indexable to the hexagonal cell
s shown in the kinematically simulated pattern ( Figs. 5 b and 5 e ). The
ppearance of a ‘streak-like’ array of spots (shown in green) instead of
iscrete spots confirms the stacking disorder (faults) of Na planes along
he c -axis. However, ‘streak-like’ patterns could not be reproduced by
he kinematically simulated patterns, indicating the existence of super-
eriodicity along the ab plane. Thus, a 2 a supercell model illustrated
y Figs. 5 c and 5 f was considered. The model reproduces the arrays of
pots at positions identical to the experimental electron diffractograms
onfirming the double super-periodicity of Na occupancy. It is worthy to
ote that intensity distribution of the streaks in the experimental diffrac-
ograms is completely different from those in the simulation models.
his is attributed to the fact that our model does not consider the stack-

ng faults of Na superlattice planes along the c -axis. 

. Discussion 

Na 2 Ni 2 TeO 6 crystallises in an ordered P2-type layered framework
ith Te and Ni atoms positioned vertically above and below in the adja-

ent slabs. High-resolution STEM reveals disorders engendered by shifts
cross the honeycomb slabs. The lack of periodicity across the slab ( i.e .,
long the c -axis) is attributed to disorder in the position of metal atoms
Ni and Te) that is exacerbated by the inherently weak interlayer bond-
ng between Na atoms and the adjacent metal slabs. Slab stacking faults
ere seen to infiltrate the entire crystallite specimen, with the exception
f some localised (closed) ones which were confined in domains illus-



T. Masese, Y. Miyazaki, J. Rizell et al. Materialia 15 (2021) 101003 

Fig. 5. Comparison of the electron diffrac- 
tograms of Na 2 Ni 2 TeO 6 based on the origi- 
nal cell and the proposed supercell. (a) Se- 
lected area electron diffraction (SAED) pat- 
terns of Na 2 Ni 2 TeO 6 take nalong the [100] 
zone axis highlighting streaks (green arrows) 
in the diffractograms hallmarking the presence 
of a supercell. (b) Simulated diffractograms 
along the same [100] axis using the original 
cell and (c) Supercell with a manifold dimen- 
sions of the unit cell along the a -axis and b -axis, 
which reproduces the experimentally obtained 
electron diffraction patterns. (d) SAED pat- 
terns of Na 2 Ni 2 TeO 6 taken along the [1 ̄1 0] also 
underpinning streaks in the diffractograms. (e) 

Simulated diffractograms along the same [100] 
axis using the original cell and (f) Supercell 
with a manifold dimensions of the unit cell 
along the a -axis and b -axis, which reproduces 
the experimentally obtained electron diffrac- 
tion patterns. 

Fig. 6. Stacking fault of the metal slabs terminated by two 
partial dislocations observed along the [100] and [1 ̄1 0] 
zone axes in the P2-type Na 2 Ni 2 TeO 6 . (a) HAADF-STEM 

image of Na 2 Ni 2 TeO 6 taken along [100] zone axis showing 
the location of the edge dislocation in the arrangement of 
Te and Ni atoms relative to their corresponding positions 
in the adjacent slabs along the c -axis. Green lines serve as 
guide for the eye where the broken lines indicate the pres- 
ence of a shear trans formation. (b) HAADF-STEM image 
of Na 2 Ni 2 TeO 6 taken along the [1 ̄1 0] zone axis showing the 
location of the edge dislocation in the arrangement of Te 
and Ni atoms relative to their corresponding positions in 
the adjacent slabs along the c -axis. To reiterate, green lines 
serve as guide for the eye where the broken lines indicate 
the presence of a shear transformation. (c) and (d) The 
locality of the edged is locations expanded to reveal the 
shear transformations indicated by the blue arrow, and the 
position of the dislocation marked by a ‘T’ corresponding 
to the Burgers vectors, p 1 and p 2 as viewed from the [100] 
and [1 ̄1 0] zone axes, respectively. (e) and (f) Schematic il- 
lustrations of the corresponding edged is locations in the 
arrangement of Te and Ni atoms relative to their positions 
in the adjacent slabs along the c -axis as observed along the 
[100] and [1 ̄1 0] zone axes (black arrows) respectively. The 
Burgers vectors, p 1 and p 2 can be determined to be [2/3 
1/3 0] and [1/3 2/3 0] respectively. For clarity, Te atoms 
are shown in purple whilst Ni atoms are in green. 
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rated by the gap between the green lines in the HAADF-STEM images
aken along the [100] zone shown in Fig. 6 a . A better understanding of
he nature of the slab stacking faults was obtained when the crystallite
as tilted by 30° and thereafter, STEM images taken along the [ 1 ̄1 0 ]

one axis as shown in Figs. 6 b (The corresponding ABF-STEM images
ave been furnished in Figure S5 ). The locality of these gaps is expanded
n Fig. 6 c and Fig. 6 d to reveal the shear transformations indicated by
he blue arrows, and the position of the edge dislocation marked by a
T’ corresponding to Burgers vectors, 𝑝 1 and 𝑝 2 viewed from the [ 100 ]
6 
nd [ 1 ̄1 0 ] zone axes, respectively. Such edge dislocations correspond to
he insertion of an additional lattice plane along c axis at the end of the
tacking fault. 

As such, for any arbitrarily chosen Te/Ni metal slab where shear
ransformations are observed, the layers move one metal ( i.e ., Ni (in
reen)) to a position where the other (i.e ., Te) normally would be ex-
ected to be situated in the relative slab. Consequently, the Burgers vec-
ors, 𝑝 1 and 𝑝 2 can be determined to be [2/3 1/3 0] and [1/3 2/3 0]
espectively ( Fig. 6e and Fig. 6f ). It is worthy to note that the resulting
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Fig. 7. Arrangement of the Na site occupancy within the ab plane in Na 2 Ni 2 TeO 6 based on the original cell derived from the XRD and the proposed 2 a ×2 a supercell. 

s  

i  

r  

t  

s  

g  

l  

h
 

s  

N  

s  

a  

i  

t  

[  

s  

a  

e
 

s  

p  

r  

s  

t  

t  

w  

a  

t  

T

 

t  

p  

t  

t  

p  

t  

o  

k  

s  

a  

a  

d  

d  

t  

b  

o  

N  

(  

c  

d

5

 

r  

d  

p  

t  

o  

t  

i  

N  

s  

N  

n  

c
 

s  

[  

w

D

A

 

l  

k  

K  

s  

i  

S  

A  

d

S

 

t

R

 

 

 

 

 

 

 

uperstructured domains entailing the shear transformations could be
ndicative of a symmetry change and is thus a subject of future theo-
etical and experimental studies. SAED patterns of the area containing
he superstructured domains (furnished in Figure S6 ) reveal diffraction
pots that are not permitted in the P 6 3 / mcm (centrosymmetric) space
roup originally indexed for the pristine Na 2 Ni 2 TeO 6 . The (0 kl with
 = 2 n + 1) diffraction spots seen in the SAED patterns are allowed in
exagonal space groups such as P 6 3 22. 

Typical disorders observed in honeycomb layered oxides involve
hifts of the metal slabs, as observed in materials such as the O3-type
a 3 Ni 2 D O 6 ( D = Bi and Sb) [ 33 , 54 ] as well as twinning of the metal

labs have been found amongst materials such as Cu 3 M 2 SbO 6 ( M = Ni
nd Co) and their derivatives [ 55 , 56 ]. A few reports on disorders embod-
ed by skipping or disappearance of the stack layers (or what is referred
o as dislocations) in oxide materials have also been recently availed
57,58] . Thus, the edge dislocations observed in Na 2 Ni 2 TeO 6 , can be
een as an indication of the existence of new topological disorders such
s curvature which may rationalise the superior physicochemical prop-
rties of Na 2 Ni 2 TeO 6 . 

Moreover, the disordered arrangements seen in the Na occupancy
ites can significantly alter the Na + kinetics and ionic conductivity dis-
layed by Na 2 Ni 2 TeO 6 . Thus, related honeycomb layered oxide mate-
ials that display high ionic conductivity and superb kinetics can be
ubject of future study to ascertain the existence of any correlations
o the observed stacking faults and dislocations reported herein. With
he aid of electron diffraction, an appropriate superstructural model
as proposed to determine the periodicity of the modulation for Na
toms in Na 2 Ni 2 TeO 6 ( Fig. 7 ). As expected, Na atoms are distributed in
hree crystallographic sites with varying occupancies ( as illustrated in
able S1 ). 

Examination of the Na sites along the ab plane in the original P2-
ype framework ( Figs. 2 , 4 b and 4 d ), reveals a highly ordered double
eriodicity, apparent in both the [100] and [ 1 ̄1 0 ] axes. This suggests
hat a 2 a × 2 a supercell represents the most appropriate dimensions
o describe the arrangement of Na atoms in Na 2 Ni 2 TeO 6 along the ab

lane. This model of Na occupancy in the ab plane can be used to ra-
ionalise the contrast variations seen in the ABF-STEM in both crystal
rientations. The 2 a × 2 a model is further validated by the simulated
inematical diffraction pattern highlighted in Fig. 5 . ABF-STEM images
how that the Na superstructure in the ab plane and its stacking faults
re always present with or without stacking fault of the slab, which can
lso be confirmed by electron diffraction of domains with dense slab
isorders ( Figure S6a and S6b ) as well as those without any slab disor-
ers ( Figs. 5 a and 5 d ). Na 2 Ni 2 TeO 6 is characterised by aperiodicity due
o multiple stacking faults along the c -axis, as opposed to the complex
ut highly ordered 2D structure in the ab plane. Nonetheless, regardless
f the precise nature of the model required to accurately capture the
a occupancies, the existence of such a large ordered two-dimensional

2D) structure in the ab plane represents an intriguing result which ne-
essitates further inquiry into the precise role played by the stacking
isorders reported herein. 
7 
. Conclusion 

In conclusion, this study clearly demonstrates the efficacy of atomic-
esolution transmission electron microscopy (TEM) in unravelling the
efect structures of related honeycomb layered oxides, in particular the
ristine Na 2 Ni 2 TeO 6 . Detailed TEM analyses provide a novel outlook of
he local atomistic structures, revealing the coexistence of stacking faults
f metal Ni/Te slabs described by shifting of the slab layers, alongside
he 2 a × 2 a superstructure of Na site occupancy in ab plane and its stack-
ng fault along the c -axis. The existence of superstructured domains in
a 2 Ni 2 TeO 6 not only opens up avenues for fascinating research into the

tructural disorders inherent in pristine tellurates, but also establishes
a 2 Ni 2 TeO 6 as a model honeycomb layered oxide material to study in-
umerable defects with possible implications for their functionality as
athode materials. 
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tudy are available on request from the corresponding authors [T.M.],
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