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Abstract 

Phase transitions have been surmised as underlying factors behind the exceptional 

electrochemical, ionic and magnetic functionalities that have catapulted 

honeycomb layered oxides as superb functional materials. As such, in this study 

(short communication), we explore temperature elevation as an avenue for inducing 

phase transitions in honeycomb layered oxides adopting the composition A2M2TeO6 

(A = Li, Na, K; M = (transition) metal). X-ray diffraction analyses indicate 

structural changes occurring in Na2Ni2TeO6 hexagonal lattice (centrosymmetric 

P63/mcm → accentric P63(22) space group) with increase in temperature, whilst in 

the potassium homologue (K2Ni2TeO6), the phase transitions entail multiple 

changes in the lattice (from the initial hexagonal → monoclinic 

(pseudo-orthorhombic) lattice at intermediate temperatures) which reverts back to 

its initial hexagonal lattice with further increase in temperatures. This study opens 

an alternative channel for generating phase transition beside electrochemical alkali 

(re)insertion.  
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INTRODUCTION 

Honeycomb layered oxides embodied by monovalent atoms such as Li, Na, K, Cu or Ag 

interposed between layers of transition metal oxides aligned in a honeycomb 

framework,1 present a rich compositional space that harbours unparalleled set of 

capabilities such as fascinating magnetic interactions, agile ionic mobility, exotic phase 

transitions and exquisite electrochemical functionalities that draw immense interest in a 

wide range of applications in science and technology. 1–11 As such, extensive research 

efforts have been dedicated towards the development of these exemplar materials, 

particularly those adopting the chemical composition A2M2TeO6 (A = Li, Na, K; M = 

transition or alkaline-earth metals), not only as high-voltage battery components12–19 but 

also as a pedagogical platform for investigating unique magnetic phenomena. 2–11 

 

At elevated temperatures of around 300 °C, where high-temperature energy storage 

systems like sodium-sulphur (Na-S) batteries operate,20 several honeycomb layered 

oxide materials have exhibited exemplary conductivities. Na2Ni2TeO6 displays the 

highest ionic conductivity reaching a value of 10.1–10.8 S/m at 300 °C,1,21 showing its 

potential as a superfast ionic conductor. Moreover, related honeycomb layered oxides 

such as Na2Zn2TeO6 have been shown to be fast superionic conductors with applications 

as solid electrolytes for Na-ion batteries.22–24 Superionic phase transitions attributed to 

structural changes in the crystal lattice symmetry primarily occur at elevated 

temperatures.25,26 Therefore, it is crucial to investigate the structural changes 

intermittent in Na2Ni2TeO6 and related honeycomb layered oxides. 

 

 

In particular, Na2Ni2TeO6 crystallises in a hexagonal lattice (P63/mcm space group), as 

shown in Figure 1a. Na atoms coordinated with oxygen atoms reside between slabs of 

transition metals arranged in a honeycomb fashion. As shown in Figure 1b the 

honeycomb arrangement is characterised by clusters of one TeO6 octahedra surrounded 

by six NiO6 octahedra. Although a potassium analogue (K2Ni2TeO6) has been reported 

to bear isostructural semblance to Na2Ni2TeO6 (Figure 1c), it constitutes a larger 

interlayered distance ascribed to the larger ionic radius of K+ (1.38 Å)27 in comparison 

to Na+ (1.02 Å).27As a result, disparate phase transitions that result in distinctive 

stacking sequences can be anticipated when the two materials are subjected to high 

temperatures or electrochemical alkali-ion extraction. To validate this hypothesis, XRD 

measurements were performed on Na2Ni2TeO6 and K2Ni2TeO6 at high temperatures, 

revealing various phase transitions as detailed hereafter. 
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Figure 1. Crystal models of Na2Ni2TeO6, the honeycomb slab and K2Ni2TeO6. (a) 

The honeycomb layered structure of Na2Ni2TeO6 with Na atoms sandwiched between 

slabs of NiO6 and TeO6 octahedra. (b) The honeycomb configuration of the transition 

metal slab with each atom of TeO6 surrounded by six atoms of NiO6. (c) Crystal 

structure of the isostructural K2Ni2TeO6 illustrating the larger K atoms residing in the 

large interslab distance (c).The Shannon-Prewitt ion size difference between K+ and Na+ 

ions endows K2Ni2TeO6 with a larger interslab spacing than Na2Ni2TeO6. The unit cell 

for A2Ni2TeO6 (A = Na, K) is denoted in dashed lines. 

 

 

RESULTS & DISCUSSION 

 

A2Ni2TeO6 (A = Na, K) was synthesised using the conventional solid-state ceramics 

route, as specified in the Supplementary Information section. The crystallinity and the 

purity of the as-synthesised materials were confirmed using X-ray diffraction (XRD) 

analyses, indexing the materials univocally to the hexagonal lattice (P63/mcm space 

group). Thermal stability analyses confirm that A2Ni2TeO6 (A = Na, K) are stable to 

temperatures above 800 °C (Supplementary Figure 1), precluding phase changes 

relating to thermal decomposition within the temperature regimes assessed in this study. 

As the temperature increases, a phase transition is observed at 400 °C hallmarked by the 

emergence of new Bragg peaks and the disappearance of others, as shown the XRD 
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patterns for Na2Ni2TeO6 (Figure 2a and 2b). The emergence of new diffraction peaks 

such as (101) Bragg peak, which is forbidden in the P63/mcm hexagonal space group 

but allowed in space groups such as P6322, P63 and P63/m, prompted further profile 

fitting of the XRD pattern. Although both P6322 and P63 space groups yield high 

reliability statistics, a more realistic structural model could be obtained when tentatively 

refined in the P6322 space group model which is typically adopted by isostructural 

compositions such as Na2M2TeO6 (M = Co, Zn, Cu, Mg).21  

 

 

Figure 2. High-temperature X-ray diffraction (XRD) measurements of Na2Ni2TeO6. 

(a) XRD patterns of Na2Ni2TeO6 taken between 25 °C (298 K) and 650 °C (923 K). 
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Room-to-intermediate-temperature phase is highlighted in red, whereas the 

high-temperature phase is shown in orange, all indexable to hexagonal lattice space 

groups. (b) Emergence and disappearance of Bragg diffraction peaks, indicative of a 

phase transition entailing change in lattice symmetry. (c) Shift of (002) and (100) Bragg 

diffraction peaks to lower diffraction angles with increasing temperature indicating 

lattice expansion due to thermal perturbation. (d) Quantification of the lattice expansion 

with increase in temperature by plotting the a and c lattice constants against the 

temperature. The coefficient of thermal expansion along the a-axis (αa) and c-axis (αc) 

were calculated based on the gradient of the linear fits obtained, which indicate 

anisotropic thermal expansion along the c-axis. For clarity, the lattice constants obtained 

at various temperatures were normalised relative to the initial lattice constants at 

room-temperature. (e) Layered structure of Na2Ni2TeO6 explicitly showing the 

arrangement of Na atoms along with NiO6 and TeO6 octahedra along the a-axis and 

c-axis that can rationalize the results obtained in (d). 

 

Another characteristic notable in the XRD patterns of Na2Ni2TeO6, is that the Bragg 

peaks for instance, (002) and (100) shift towards lower diffraction angles with increase 

in temperature (Figure 2c), indicating thermal lattice expansion with temperature 

elevation. However, the reversibility of the changes was confirmed through comparison 

of the XRD patterns obtained before and after heating upon cooling down to room 

temperature (Supplementary Figure 2).  It should be noted that expansion of the 

lattice constant that defines the dimension along the c-axis (c) is more conspicuous than 

that along the a-axis (a), as shown in Figure 2d and summarised in Supplementary 

Table 1. This anisotropic thermal expansion can be quantified by determining the 

respective coefficients of thermal expansion (αc and αa, respectively) through evaluating 

the gradient of the linear regression. αc is found to be 2.7 times larger than αa (=1.00×10 
-5 K-1). This disparity in expansion is as a result of the magnitude difference between the 

inter- and intra-layer bonding in the honeycomb layered framework of Na2Ni2TeO6. As 

the atoms within the honeycomb slab are bound by strong covalent Te–O and Ni–O 

bonds, expansion of the lattice along the a-axis (a-b plane) is severely restricted 

compared to the c-axis of the crystal which entails weaker Na–O bonds (as 

schematically illustrated in Figure 2e). 
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Figure 4. High-temperature XRD measurements of K2Ni2TeO6. (a) Evolution of the 

XRD patterns of K2Ni2TeO6 with increase in temperature from 25 oC to 650 oC. The 

room-temperature phase (indexed in a hexagonal lattice (P63/mcm space group)) is 

shown in red, whilst a new intermediate monoclinic (pseudo-orthorhombic) phase is 

highlighted in blue. This intermediate phase further transforms back to the hexagonal 

lattice (red) with heating. (b) Appearance and extinction of Bragg diffraction peaks on 

heating, which attest to changes in the crystal symmetry. Notable is the appearance of 

(300), (302), (4-22) and (4-24) peaks of the monoclinic (pseudo-orthorhombic) phase 

that commences at around 130 oC. These peaks further merge at above 550 oC, 

hallmarking a reversion to the hexagonal lattice symmetry. (c) Shift of the (002) and 
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(100) Bragg peaks to lower diffraction angles with increase in temperature, indicating 

thermal lattice expansion along the a-axis and c-axis. (d) Quantification of the lattice 

expansion of the hexagonal lattice with increase in temperature by plotting the a and c 

lattice constants against the temperature to obtain the coefficients of thermal expansion 

(αa and αc). (e) Layered structure of K2Ni2TeO6 explicitly showing the arrangement of 

K atoms along with NiO6 and TeO6 octahedra along the a-axis and c-axis that can 

rationalize the results obtained in (d). 

 

In the case of K2Ni2TeO6, two different phase transition regimes can be discerned from 

the XRD patterns taken between 25 °C and 650 °C, as shown in Figure 4a. Heating 

beyond 130 °C results in splitting of multiple peaks (Figure 4b) indicating a change in 

the lattice symmetry. This phase could be indexed to a monoclinic 

(pseudo-orthorhombic) lattice with the following lattice parameters: a = 4.526 Å, b = 

5.250 Å, c = 12.446 Å, β =90.51o (at 150 oC). Further details are provided in 

Supplementary Figure 3. Even without the use of complementary neutron diffraction 

and transmission electron microscopy, which are beyond the scope of the present study, 

the occurrence of the phase transition inducing this intermediate phase can still be 

discerned. Further heating of this intermediate phase leads to the merging of the peaks, 

as shown in Figure 4b, finally reverting back to a hexagonal lattice indexed in the 

P63/mcm space group. Moreover, akin to the trend observed in Na2Ni2TeO6, Bragg 

peaks such as (002) and (100) shift towards lower diffraction angles with increase in 

temperatures (Figure 4c), indicating an overall thermal expansion of the K2Ni2TeO6 

lattice. As with Na2Ni2TeO6, the weak interlayer bonds of K2Ni2TeO6 lead to an 

anisotropic expansion of the c-axis with the αc coefficient becoming 2.0 times larger 

than 𝛼a (= 1.02×10-5 K-1), as highlighted by Supplementary Figure 4 and 

Supplementary Table 2). Upon cooling down, the XRD patterns of K2Ni2TeO6 are a 

close match to those obtained before heating (Supplementary Figure 5), confirming 

the reversibility of the observed structural changes. 

 

 

 

 

 

 

 

 



9 
 

 

Figure 5. Phase transitions in A2Ni2TeO6 (A = Na, K) induced by temperature. 

Changes in the lattice constants (c) along the c-axis with increase in temperature based 

on the analyses of the XRD patterns obtained. Phase transition regimes are illustrated 

using color variations for clarity. 

 

 

Figure 5 provides a summary of the phase transitions observed in A2Ni2TeO6 (A = Na, 

K) at high temperatures using XRD measurements. In Na2Ni2TeO6, the phase transition 

entails a systematic expansion of the unit cell with increasing temperature, concomitant 

with a change in the symmetry of the hexagonal lattice (from a centrosymmetric 

P63/mcm to a non-centrosymmetric P63(22) space group). Although more 

comprehensive structural analyses could not be attained with conventional XRD 

measurements, a tentative structural model of the high-temperature Na2Ni2TeO6 phase 

suggests that this phase transition involves a change in the manner of arrangement of 

the honeycomb slabs, as provided in Supplementary Figure 6. Pertaining to 

K2Ni2TeO6, phase transition at high temperature entails a change from the hexagonal to 

a monoclinic (pseudo-orthorhombic) phase at intermediate temperatures, with reversion 

back to the hexagonal lattice upon further heating (as can be seen in Supplementary 

Figure 5).  
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The present results demonstrate that phase transitions in honeycomb layered oxides 

A2Ni2TeO6 (A = Na, K) are not only electrochemically-induced,12 but can also be 

induced through temperature elevation. Although, the mechanics of the phase transitions 

are yet to be extensively explored, multiple phase transitions attributed to the larger 

inter-slab distance are manifested in K2Ni2TeO6. Neutron diffraction measurements 

complemented with electron microscopy may shed more light on the mechanics of 

phase transitions and their correlation with other attributes innate in this class of 

honeycomb layered oxide materials. More recently, Bera and co-worker attempted to 

unveil the variation of Na+ dynamics in Na2Ni2TeO6 with temperature, 28 albeit not at 

high temperatures enough to discern the phase transition revealed in this study. The 

central findings presented herein (i.e., existence of temperature-induced phase transition 

in Na2Ni2TeO6 and K2Ni2TeO6) open new avenues for future exploration of phase 

transitions in related honeycomb layered oxides.  
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