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Abstract 

Alkali transition metal layered compounds usually contain only one type of alkali cations in-

between the edge-shared octahedra layers. Herein, the ternary phase diagram A2Ni2TeO6 (A = Li, 

Na, K) was explored through solid-state synthesis and new alkali-mixed compositions showing 

alternation of distinct alkali layers are obtained. Such intergrowth structures are synthesized 

either by single high-temperature treatment from raw chemicals or through reaction between 

layered precursors, the latter involving a solid-state process triggered at moderate temperatures. 

The in-depth characterization of the multiple cationic orderings is performed by combining 

powder diffraction techniques (X-rays and neutrons), high-resolution TEM and solid-state NMR 

spectroscopy. In addition to the Ni/Te honeycomb ordering, alternation of lithium layers with 

sodium or potassium layers is observed for the compositions (Li/Na)2Ni2TeO6 or 

(Li/K)2Ni2TeO6, respectively. Crystal structure solving was achieved by stacking building blocks 

of the respective single alkali layered oxides and unveiled a complex out-of-plane ordering of 

honeycomb layers. Moreover, a solid-state reaction between Li2Ni2TeO6 and NaKNi2TeO6 

enables preparation of the new phase Li~1Na~0.5K~0.5Ni2TeO6, a unique example containing up to 

three alkali cations and exhibiting a more complex stacking with sodium and potassium cations 

occupying the same layer. 

This investigation confirms that the chemical versatility of layered alkali transition metal 

compounds could also occur on the alkali layer. Following the research methodology described 

here, it should encourage to revisit the crystal chemistry of alkali transition metal layered 

materials by exploring alkali ions substitutions previously thought infeasible, in order to find out 

new alkali-mixed compositions.  
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Introduction 

Solid-state chemists have long used cationic substitutions to take a simple chemical formula and 

expand the compositional range, with the aim of accessing new and interesting properties. In 

optimizing a new synthesis, they might modify the original pathway, either by tuning the mixing 

of the elements (solid-state grinding, hydrothermal, co-precipitation, sol-gel, etc.) or the thermal 

treatment. This history has been extensively applied to crystalline layered alkali transition metal 

oxides (AxMO2), a family of materials with a wide range of compositions with exciting chemical 

and physical characteristics. Such versatility originates from their layered crystallographic 

structure, often described as stacking of edge-sharing MO6 octahedra layers sandwiching alkali 

layers. Chemical substitutions are often focused on the transition metal ions, owing to the very 

close ionic radii of many chemical elements that allows abundant mixing on the octahedral M 

site. A notable example is LiCoO2, the standard lithium-ion battery electrode material, and its 

derivatives Li(Ni,Mn,Co)O2 or Li(Ni,Co,Al)O2 further designed to enhance the electrochemical 

performance, in which transition metals are randomly distributed.
1–3

 For the particular 2:1 ratio 

in the transition metal layer, a honeycomb cationic ordering is often observed. The group of 

honeycomb layered oxides gathers fascinating features, such as electrochemical anionic redox 

for Li-rich compositions Li2MO3, high ionic diffusion in Na2M2TeO6 compounds, particular 

magnetic properties or topological phase transition.
4
 

The chemical richness of layered alkali transition metal oxides is also found on the alkali layer. 

Indeed, with the crystal structure depending on the nature of the alkali cation, different stackings 

sequences are induced by the alkali cations preferences for octahedral, tetrahedral or prismatic 

sites,
5
 whereas for alkali-deficient compositions vacancy ordering can occur and sometimes 

induces unexpected physical properties, such as in the system NaxCoO2.
6–8

 However, in contrast 
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to cationic substitutions inside the transition metal layer, cationic mixing within the alkali layer 

has not been deeply investigated so far. Given the substantial ionic size difference between 

lithium, sodium and potassium cations, at first glance combining at least two of them within the 

same layer might appear challenging. It is however not impossible, for example in the complete 

solid solutions Li1-xNaxNi2/3Sb1/3O2 and Li2-xNaxSnO3, in which single-phase compositions could 

be stabilized at room temperature through classic solid-state protocols with an efficient quench to 

the heat treatment.
9,10

 Intergrowth of distinct alkali layers is another rare possibility to achieve 

alkali-mixed layered compositions. In 1994, Balsys and Davis combined O3-LiCoO2 and P2-

NaxCoO2 (following stacking nomenclature with letters accounting for the alkali site 

environment and numbers referring to the layers in the hexagonal cell
5
) and reported the 

composition OP4-LixNayCoO2 with alternated layers of lithium and sodium cation. Here as well, 

a final quench is necessary to avoid phase segregation.
11–13

 In 2021, the P2-type compound 

NaKNi2TeO6 was reported by the group of Masese. It contains both honeycomb ordering of the 

Ni/Te cations and alternate ordering of sodium and potassium layers along the hexagonal 

c-axis.
14

 This material could be obtained directly from raw precursors, such as carbonates and 

oxides, but also in a two-step process through solid-state reaction between layered phases 

Na2Ni2TeO6 and K2Ni2TeO6. Interestingly here, alkali layers alternation seems 

thermodynamically stable and consequently NaKNi2TeO6 does not require quenching to be 

isolated at room temperature.
15

  

In the search for new layered alkali-mixed compositions, herein we extended the space of 

investigation by also considering the metastable layered analogue Li2Ni2TeO6
16,17

 (Figure 1). 

Through a simple solid-state chemistry approach, we successfully prepared two new single-phase 

compositions (Li/Na)2Ni2TeO6 and (Li/K)2Ni2TeO6 for which the long-range alternation of 
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distinct alkali layers is characterized from powder diffraction techniques, although local range 

analyses reveal a more complex picture in certain regions of the crystallites. We also identified a 

third composition Li~1Na~0.5K~0.5Ni2TeO6 as the first example of layered alkali transition metal 

oxide containing the three alkali cations. 

 

Figure 1. Crystal structure of the layered compounds A2Ni2TeO6 (A = Li, Na, K) showing the 

alkali layers in-between the honeycomb Ni/Te slabs (a); ternary phase system highlighting the 

possible alkali site environments, with the continuous and dashed lines investigated in this work 

and circles indicating the single-phase alkali-mixed compositions (b). 

 

In parallel, we scrutinized the synthesis of these alkali-ordered stackings by in situ powder 

diffraction techniques and revealed that their formation involves a classic nucleation/growth 

process, for which the triggering temperature can be significantly lowered by using single-alkali 

layered precursors. We believe that this solid-state synthesis pathway should be extended to 

revisit the crystal chemistry of alkali transition metal layered materials in order to find out new 

alkali-mixed compositions. 
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Results and Discussion 

Between the P2-type compounds Na2Ni2TeO6 and K2Ni2TeO6 the thickness of the Ni/Te 

honeycomb layer does not evolve significantly. On the contrary the alkali layer is strongly 

influenced by the size of the alkali cations, and expands when potassium cations are 

considered.
18,19

 These crystal features remain in NaKNi2TeO6, inducing an averaged value of the 

c-axis cell parameter and consequently and intermediate position of the (00l) diffraction peaks. 

Moreover, the alternation of distinct sodium and potassium layers implies a superstructure peak 

at low angle to account for this doubled periodicity along the hexagonal c-axis.
14,15

 Keeping in 

mind how these stacked structures impact on the X-ray powder diffraction patterns, we sought 

for alkali-mixed layered phases in this system and initially investigated the compositions Li2-

xNaxNi2TeO6 and Li2-xKxNi2TeO6 (0 ≤ x ≤ 2) through direct solid-state syntheses at 800 °C from 

raw chemicals, without any quenching at the end of the heat treatment. As displayed in the 

XRPD patterns of Figure 2, for x = 2 Na2Ni2TeO6 and K2Ni2TeO6 are expectedly obtained, with 

crystallographic features in line with previous works.
18,19

 For x = 0, the significant intermixing 

occurring at high temperature between lithium and nickel cations unsurprisingly favors the 

formation of the orthorhombic polymorph of Li2Ni2TeO6 instead of a layered one
16,17

 

(Figures S1-3 and Tables S1-3).  

For intermediate compositions Li2-xNaxNi2TeO6 and Li2-xKxNi2TeO6, the two series of XRPD 

patterns are not characteristic of a solid-solution behavior. Instead, new diffraction peaks emerge 

and suggest a biphasic domain on both sides of the composition range. However, for x = 0.8 

there is no more trace of Li2Ni2TeO6 and Na2Ni2TeO6 or K2Ni2TeO6. The intermediate position 
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of the most intense peak and the presence of a superstructure peak at low angles suggest a single-

phase layered compound with alternated layers of alkali elements. In the second series, the larger 

scattering difference between lithium and potassium cations explains the higher intensity of the 

superstructure peak. Corresponding chemical compositions have been determined as 

Li1.1(1)Na0.8(1)Ni2.1(1)Te0.9(1)O6 and Li1.1(1)K0.6(1)Ni1.9(1)Te0.8(1)O6 by ICP-AES analysis (Table S4), 

and will be shorten hereafter as (Li/Na)2Ni2TeO6 and (Li/K)Ni2TeO6. 

 

Figure 2. XRPD patterns for Li2-xNaxNi2TeO6 and Li2-xKxNi2TeO6 compositions collected after 

direct solid-state synthesis. End members are orthorhombic Li2Ni2TeO6 (with Li/Ni intermixing), 

and P2-type Na2Ni2TeO6 and K2Ni2TeO6, respectively. For x = 0.8, a single-phase pattern is 

observed (colored patterns) and exhibits a low-angle superstructure peak (*) calling for 

alternation of distinct alkali layers along the hexagonal c-axis. 
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The game becomes more complex when up to three alkali cations are considered. All of our 

direct attempts for compositions Li2-x-yNaxKyNi2TeO6 led to multiphasic products. Consequently, 

the synthesis protocol was modified by heating mixtures of layered precursors containing all the 

three alkali cations. In other words, we sought for solid-state reactions between a single-alkali 

layered precursor A2Ni2TeO6 with an alkali-mixed precursor A A”Ni2TeO6, following the inner 

lines of the ternary system shown in Figure 1b. It was not possible to obtain a single-phase 

product, neither with mixtures of K2Ni2TeO6 and (Li/Na)2Ni2TeO6, nor with mixtures of 

Na2Ni2TeO6 and (Li/K)2Ni2TeO6, although it was clear that some reactions occurred between the 

precursors (Figures S4-5). For the last series, the alkali-ordered NaKNi2TeO6 was mixed a 

layered polymorph of Li2Ni2TeO6, obtained through topotactic ionic exchange from Na2Ni2TeO6 

and characterized by lithium ions in tetrahedral site (T
#
2-type stacking)

17
 (Figure S6 and 

Table S5). XRPD patterns present a single-phase product only for an initial equimolar mixture, 

with here a  well a  ni  e inten e pea  at 2θ = 15.8 ° and a superstructure peak at low angles 

(Figure S7). The corresponding chemical composition was determined as 

Li0.9(1)Na0.5(1)K0.4(1)Ni2.0(1)Te0.9(1)O6 by ICP-AES, in fairly good agreement with a stoichiometric 

mixture of Li2Ni2TeO6 and NaKNi2TeO6. 

To summarize, the investigation of the ternary system reveals three single-phase alkali-mixed 

compositions, all adopting a layered structure characterized by an additional out-of-plane 

cationic ordering. At this stage, it is worth pointing out that these compositions are all obtained 

after a slow cooling and are thus thermodynamically stable, like the analogue NaKNi2TeO6. 

Secondly, it is interesting to see that the significant Li
+
/Ni

2+
 intermixing leading to an 

orthorhombic form of Li2Ni2TeO6 seems not to occur for the direct high-temperature synthesis of 
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(Li/Na)2Ni2TeO6 and (Li/K)2Ni2TeO6, when half of the lithium is replaced by bigger alkali 

cations. 

 

To grasp further into the details of their crystal structure, we combined synchrotron X-ray 

powder diffraction (SXRPD) to get high-angular resolution patterns, and neutron powder 

diffraction (NPD) to better localize the light elements such as lithium. Assuming that the 

structural features of (Li/K)2Ni2TeO6 and (Li/Na)2Ni2TeO6 could be quite similar with those of 

the single-alkali compositions, especially the local symmetry of each alkali ions, SXRPD 

patterns were firstly refined by adapting the structural model of OP4-LixNayCoO2,
11,12

 with 

distinct layer of lithium ions (occupying octahedral sites) and sodium or potassium ones (in 

trigonal prismatic sites). In this model, the honeycomb arrangement between nickel and tellurium 

cations was not considered but averaged through a random distribution with relative 2/3 and 1/3 

occupancies, respectively. The hexagonal cell parameters for (Li/K)Ni2TeO6 (a = 3.0016(1) Å, 

c = 22.3554(3) Å) and for (Li/Na)Ni2TeO6 (a = 2.9936(1) Å, c = 20.9744(8)) Å) match well with 

theoretical values calculated from the crystallographic features of the single-alkali compositions 

(for the c-axis parameters, 22.210 Å and 20.876 Å, respectively, Figures S8-9 and Tables S6-9). 

Enlarged cells have been then considered to index more diffraction peaks. The hexagonal base 

wa  expan e  fir tly to √3a  √3a to take into account the Ni/Te honeycomb ordering; and it 

was then possible to index all the peaks by also tripling the c-axis parameter (Figure S10). 

However, all of our further structural refinement attempts using this cell were not satisfactory. 

Considering that stacking faults might occur in such intergrowth layered structure, like aperiodic 

gliding observed in the analog composition NaKNi2TeO6, and make unrealistic the determination 
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of a single space group using conventional crystal structure solving methods, we thus preferred 

to perform Rietveld refinements with a structural model built from a stacking block approach as 

offered by TOPAS-Academic software.
20

 For (Li/K)2Ni2TeO6, lithium and potassium building 

blocks were isolated from their respective parent phases (i.e. layered O3-Li2Ni2TeO6 and P2-

K2Ni2TeO6) and superimposed along the c-axis according to different available stacking vectors 

(Figures S11-12 and Tables S10-11). A stack of twelve layers with perfect Li/K alternation was 

built in P1 symmetry to match with the cell parameters retrieved from the preliminary refinement 

work. The resulting OP12 structure gives a reasonable description of the main diffraction peaks 

but it does not suitably fit the superstructure peaks (Figure S13). We then hypothesized that 3c 

expansion was due to periodic translation of the honeycomb layers. Indeed, for a given 

Li2Ni2TeO6 block, the next K2Ni2TeO6 one has to be translated by (1/3, 0), (0, 1/3) or (-1/3, -1/3) 

in the (a,b) plane in order to create octahedral sites for lithium cations. If these three translations 

are set to occur by circular permutation, the superstructure peaks are perfectly described and 

Rietveld refinement of the SXRPD data gives a very good fit (Figure 3). A symmetry check was 

then performed on the latter model and space group P3121 (n° 152) was identified, and both 

SXRPD and NPD data were refined accordingly. The occupancies of the different potassium 

sites were found to be strongly correlated to each other. We choose to avoid any erroneous 

conclusion regarding the in-plane potassium cations arrangement and hence opted for a uniform 

distribution model which gives a very satisfactory fit as well. Final cell parameters are 

a = 5.1971(1) Å and c = 67.0490(8) Å, and the chemical composition is estimated as 

Li1.25K0.75Ni2TeO6, in very good agreement with the nominal excess of lithium (Figure 2). 

Unsurprisingly, the values of the bond distances, 2.18 - 2.20 Å for Li – O and around 2.75 Å for 

K – O, are found in line with previous structural analyses of single-alkali compounds and 
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confirm that the alternated stacking of distinct alkali layers does not modify significantly the 

general crystal features. A similar approach has been applied to (Li/Na)2Ni2TeO6 but the 

refinement was more difficult due to the presence of a Na2Ni2TeO6 secondary phase in the 

analyzed sample (Figure S9). 

 

Figure 3. SXRPD and NPD Rietveld refinement for (Li/K)2Ni2TeO6 using the structural model 

from TOPAS-Academic software (a); corresponding crystal structure showing the stacking 

sequence of the honeycomb blocks (b); focus on the helical arrangement of the TeO6 polyhedra 

(c). The √I(co nt )  cale for the SX PD pattern allow  to pict re the   per tr ct re pea   an  

diffuse features especially around 1.7 Å
-1

. 

 

In parallel to powder diffraction techniques, high-resolution transmission electron microscopy 

(TEM) and 
7
Li and 

23
Na solid-state nuclear magnetic resonance (NMR) spectroscopy and have 

been carried out to investigate the structure at a local scale. Advanced high-resolution high-angle 
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annular dark-field scanning transmission electron microscopy (HAADF-STEM) and electron 

diffraction (ED) have been performed for (Li/K)2Ni2TeO6. ED patterns collected for main zone 

axis can be fully indexed with a hexagonal cell especially with a c-axis parameter around 67 Å, 

in very good agreement with the above-described structural refinement. Both the in-plane 

honeycomb cationic ordering and the general layered structure along c-axis are confirmed on the 

[001] and [100] HAADF-STEM images (respectively in Figure 4a and b). In particular, inside 

the brightest layers, it is possible to distinguish Te and Ni atoms (Z = 52 and 28, respectively), 

whereas dark lines stand for the alkali cations, the latter being visible on annular bright field 

STEM images (Figure S14). Given the respective atomic weight of lithium and potassium (Z = 3 

and 19), but also the difference thickness of each layer, the darker and thicker interslab space on 

HAADF-STEM images corresponds to potassium layers. Finally, it worth pointing out that 

crystalline areas with perfect alternation of distinct alkali layers, like what was observed on 

NaKNi2TeO6,
14

 could coexist with faulted domains characterized by a significant stacking 

disorder, as shown on two different enlarged views. Considering the TEM analysis revealing a 

possible disorder between lithium and potassium layers in localized areas, we took advantage of 

the structural refinement approach described above to induce stacking faults in the layered 

structure of (Li/K)Ni2TeO6, such as an imperfect Li/K alternation or a random translation of the 

transition honeycomb slabs, to evaluate how they might influence the SXRPD patterns. 

Consequently, two models were built by stacking 500 individual layers and assigning different 

probabilities that a stacking fault occurs. None of this stacking defects were found to be the 

origin of these unusual superstructure peaks centered at 1.7 Å
-1

. Instead of that, they likely 

contribute to a diffuse scattering (Figures S15-16). This simulation demonstrates that stacking 

defects observed by TEM should be actually scarce in the whole material. 
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Figure 4. High-resolution HAADF-STEM and ED analysis on (Li/K)2Ni2TeO6 especially 

highlighting the ordered and disordered on the alternation of lithium and potassium layers (a-b); 
7
Li and 

23
Na solid-state MAS-NMR analysis of the alkali-mixed compositions with comparison 

with reference layered materials and * for the spinning bands (c-d);  

 

7
Li NMR spectra are compared in Figure 4c. An isotropic signal at 187 ppm is observed for 

T
#
2-Li2Ni2TeO6, i.e. the polymorph obtained directly after ionic-exchange from Na2Ni2TeO6. 

Such a large shift results from Fermi contact interaction occurring between the Ni
2+

 

paramagnetic ions and the 
7
Li nuclei. As a single signal is seen, it certainly accounts for a high 

lithium ion mobility in the interslab space leading to an average position of all possible lithium 

environments with respect to the Ni/Te position. The other layered reference O3-Li2Ni2TeO6, 
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obtained by heating the T
#
2 polymorph (Figure S17 and Table S12), exhibits a more complex 

spectrum, with first a significant contribution at 26 ppm which could indicate the beginning of 

Li/Ni intermixing, according to what is observed for the thermodynamically stable disordered 

Li2Ni2TeO6 polymorph obtained by a direct solid-state synthesis. The spectrum also shows three 

broad contributions between 334 and 405 ppm, which might be attributed to lithium ions in 

octahedral sites. The very similar spectra observed for the three alkali-mixed compositions are 

characterized by a unique isotropic contrib tion aro n  δ = 350 ppm and then must be 

interpreted by a single type of lithium octahedral sites, with here as well a high ionic mobility in 

the interslab leading to a unique average position. The absence of signal at 26 ppm confirms the 

absence of Li/Ni intermixing in the alkali-mixed compositions. 
23

Na NMR spectra of reference 

compounds Na2Ni2TeO6 and NaKNi2TeO6 both exhibit a major isotropic peak, respectively at 

δ = 677 and 820 ppm (Figure 4d). Such large shifts are due to the Fermi contact interaction 

occurring between the Ni
2+

 paramagnetic ions and the 
23

Na nuclei. Although different sodium 

prismatic sites are possible in P2-type honeycomb structure, whether they share either faces or 

edges with NiO6 and TeO6 octahedra above and below, the presence of a unique signal was 

previously explained by the high mobility of sodium cations which averages the signal.
21,22

 The 

difference in the peak shift was also rationalized through DFT calculations and explained by 

distinct stacking sequences of the Ni/Te honeycomb layers through each sodium layers.
15

 A very 

close spectrum is observed for (Li/Na)2Ni2TeO6, confirming the distinct P2-type layers of 

sodium cations, however with a significantly weak peak displacement (358 ppm). Such weaker 

Fermi contact shift can come from either longer Na – O distances implying weaker orbital 

overlap and thus weaker spin transfer from Ni
2+

 ions to Na nuclei, or a particular sequences of 

the Ni/Te layers relative to the positions of sodium cations.  
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For the third composition containing the three alkali cations, sodium and potassium ones were 

initially assumed to lie inside distinct layers, as random distribution within the alkali layer was 

found thermodynamically not favored in the analogue material NaKNi2TeO6.
15

 Therefore a 

complex stacking sequence Li/Na/Li/K was designed theoretically, with a corresponding c-axis 

parameter around 21.54 Å. However, a significantly higher value of 22.427(1) Å was determined 

from profile matching refinement and consequently questioned the initial structure hypothesis 

(Figure S18 and Tables S8-9). In parallel, the 
23

Na NMR analysis revealed a more complex 

spectrum for LiNa~0.5K~0.5Ni2TeO6, compare to those of (Li/Na)2Ni2TeO6 and NaKNi2TeO6, with 

at least three broad and overlapping contributions. While the major one is really close to what is 

observed for Na2Ni2TeO6 and must consequently be attributed to mobile sodium ions in similar 

environment, the two others call for additional environments (Figure 4d). No exchange at the 

NMR scale is observed between the three contributions, making possible a significant structural 

disorder within the sodium layer. 

Considering both the strong similarities between the SXRPD patterns, we hypothesized that the 

layered structure is composed of only two types of alkali layers: a first one with lithium cations 

and the second one with a random distribution of sodium and potassium cations lying in trigonal 

prismatic sites. The thickness of this layer is governed by the bigger potassium cations and 

induces an experimental value of the c-axis parameter somehow very close to the one of 

(Li/K)2Ni2TeO6. In addition, such arrangement could also explain the structural disorder 

observed by 
23

Na NMR. To support this hypothesis, structural refinement through the building 

block approach were also attempted with either a “ e re ate ” or a “ ixe ”  o el, i.e. 

following Li/Na/Li/K or Li/(Na,K) sequences, respectively (Figure S19 and Table S13). The 
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agreement factor was slightly better in the latter case. F rther ore, the “ e re ate ”  tac e  

model was found to possess some very small Bragg peaks that do not exist in the experimental 

diffraction pattern and which are hypothesized to originate from the symmetry lowering due to 

the presence of distinct Na and K layers (Figure S20). Consequently, the model consisting of 

mixed (Na,K) layers was validated and finally refined against SXRPD and NPD patterns with the 

P3121 space group. Final cell parameters are a = 5.1985(1) Å and c = 67.258(2) Å, and the 

chemical composition is estimated as Li1.05Na0.48K0.48Ni2TeO6 (Figure S21). 

 

The first section of our investigation demonstrated that alkali-ordered layered oxides could be 

obtained by a direct solid-state reaction either directly from raw precursors or through the 

combination of as-prepared single-alkali layered compounds. Thus, the latter could reasonably 

act as intermediates in case of a straightforward synthesis. To verify that, we scrutinized by 

laboratory XRPD the formation of (Li/K)2Ni2TeO6 from raw precursors (alkali carbonates, nickel 

and tellurium oxides). The main diffraction peak of the alkali-mixed composition starts to be 

observed around 550 °C; however with no trace of Li2Ni2TeO6 and K2Ni2TeO6 at lower 

temperatures (Figure 5a). Consequently, (Li/K)2Ni2TeO6 seems to be formed directly. At this 

point, it is worth recalling that NaKNi2TeO6 could be also obtained by heating a mixture of 

layered parents Na2Ni2TeO6 and K2Ni2TeO6 at 200 °C only.
15

 Given the high ionic conductivity 

of both sodium and potassium in these P2-type layered compounds, a simultaneous ionic 

exchange between the precursors was proposed to explain this relatively low temperature for a 

solid-state reaction, but not confirmed experimentally. We thus decided to probe the formation of 

the alkali-mixed compositions by SXRPD by heating up to 600 °C quartz capillaries containing 

the corresponding mixtures of single-alkali layered precursors (Figure 5b). 
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Focusing first on (Li/K)2Ni2TeO6, the (00l) peaks of the pre-cursors progressively shift towards 

low angles and simultaneously decrease in intensity, and the main peak of the alkali-mixed 

compositions becomes detectable at 310 °C or 130 °C whether the lithium precursor is O3- or 

T
#
2-Li2Ni2TeO6, re pectively. The re  lar  i place ent of the prec r or   pea  with increa in  

temperature is attributed to thermal lattice expansion. These observations do not support the 

firstly hypothesized mechanism based on topotactic Li
+
/K

+
 simultaneous exchanges, for which 

the significant evolution of alkali layer thickness for each precursors would have induced a 

progressive gathering of these two peaks (Figure S22). On the contrary, the progressive 

disappearance of the precursors together with the apparition of the peak of the alkali-mixed 

(Li/K) stacking tends to validate a classical nucleation/growth mechanism. In comparison with 

the direct solid-state synthesis from an initial mixture of carbonates and oxides, the formation of 

(Li/K)2Ni2TeO6 starts at very low temperatures, which makes sense considering the very close 

crystallographic features of the layered precursors. In addition, the process seems also triggered 

by the intrinsic mobility of alkali ions inside each layered precursor, as the lowest temperature 

formation is observed with the T
#
2-Li2Ni2TeO6 as precursor. At a glance, the formation of the 

other ordered stackings (Li/Na) or (Na/K) follows the same pathway with a nucleation/growth 

process initiated below 200 °C thanks to the high alkali cations mobility in T
#
2-Li2Ni2TeO6, as 

well as in the P2-type sodium and potassium analogues.
18,19

 However, with a second look it 

clearly appears that the peaks of these two latter precursors evolve slightly differently at high 

temperature. Indeed, although still decreasing in intensity, the peaks start to shift in the opposite 

direction despite the increasing temperature. This could indicate a minor contraction of the c-axis 

parameter, which cannot fully discard a weak insertion of the smaller alkali ions (Li
+
 in 

Na2Ni2TeO6, or Na
+
 in K2Ni2TeO6, respectively). 
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Figure 5. XRPD patterns collected in temperature to follow the synthesis of (Li/K)2Ni2TeO6 from 

raw precursors (a); SXRPD patterns revealing the low-temperature formation of (Li/K)2Ni2TeO6 

(top), (Li/Na)2Ni2TeO6 and NaKNi2TeO6 (bottom) when single-alkali layered A2Ni2TeO6 

(A = Li, Na or K) are used as precursors (b). 

 

Conclusion 

Exploring the ternary phase diagram A2Ni2TeO6 (A = Li, Na and K) by solid-state synthesis 

allowed us to discover and investigate three new highly crystalline layered honeycomb oxides 

exhibiting unique alternation of alkali layers. Although layered Li2Ni2TeO6 is usually only 

obtained by ionic exchange, we successfully stabilized layered compositions (Li/K)2Ni2TeO6 and 

(Li/Na)2Ni2TeO6 after a single heat treatment. For both of them, the alternation of distinct alkali 

layers was firstly assumed theoretically and then experimentally verified by powder diffraction 

techniques. Similarly to the layered parent phases, whereas lithium ions occupy octahedral sites 

both sodium and potassium cations lie in trigonal prismatic positions. Nevertheless, high-
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resolution TEM revealed that the alkali layers alternation could be significantly altered at the 

atomic scale. In a second step, we used these alkali-ordered layered compounds and combined 

them with a single-alkali precursors to play with more alkali cations. We thus discovered that the 

solid-solid reaction between Li2Ni2TeO6 and NaKNi2TeO6 enables formation of a single-phase 

composition containing up to three alkali ions inside the layered structure, with sodium and 

potassium cations unexpectedly sharing the same layer. 

Although layered alkali transition metal compounds have been known for decades and a wide 

range of cationic substitutions have been already attempted, especially in the search for 

promising compositions for positive electrode materials in rechargeable metal-ion batteries, our 

investigation confirms that there is still room for discovering new compositions especially by 

combining multiple alkali cations. In that case, a fine structural analysis combining synchrotron 

X-rays and neutron powder diffraction is required to understand where all the alkali ions are. 

Playing with several alkali layers obviously multiplies the gliding possibilities. We proposed a 

pertinent way to make use of chemical knowledge, such as alkali ion coordination preferences 

and the rigidity of the layers, to solve the crystal structure and assess the impact of stacking 

faults on the SXRPD via supercell simulations of fault types observed in the TEM. 

Whereas most of the alkali-mixed compositions could be obtained by a direct solid-state 

protocol, our work highlights that combining layered precursors could sometimes be an 

interesting pathway to reach higher purity or even to access new compositions. Very 

interestingly, in this case the formation of the alkali-ordered stacking could be triggered at very 

moderate temperatures. We believe that such a low temperature range of solid-state transition, 

applied to other layered alkali transition metal oxides, or more generally chalcogenides, could be 

of interest in terms of ionic conductivity. This work and the underlying solid-state synthesis 
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methodology should stimulate to revisit some layered alkali transition metal systems, supposed 

perfectly known for a long time, in order to discover new alkali-mixed compositions with 

perhaps intriguing properties.  

 

Methods 

Materials synthesis. Layered Na2Ni2TeO6 and K2Ni2TeO6 and disordered Li2Ni2TeO6 were 

synthesized through a conventional solid-state reaction adapting procedures from previous 

reports.
17–19

 Dried alkali carbonates (Na2CO3 (Alfa Aesar, 99.95 %), K2CO3 (Sigma-Aldrich, 

99.995 %), Li2CO3 (Alfa Aesar, 99.9 %)), nickel oxide (NiO, Thermo Scientific, 99 %) and 

tellurium oxide (TeO2, Thermo Scientific, 99.99 %), were mixed in stoichiometric proportions 

and grinded in an agate mortar inside the glovebox, then pelletized and placed in a gold crucible 

before heating at 800 °C. For K2Ni2TeO6 a 10% nominal excess of potassium carbonate was 

added to balance high-temperature loss. The heating/cooling rate was 2 °Cmin
-1

 and the dwelling 

time was 9 h for Na2Ni2TeO6 and Li2Ni2TeO6 and 24 h for K2Ni2TeO6. Layered Li2Ni2TeO6 was 

prepared following a 2-steps synthesis, as a matter of fact, the conventional solid-state reaction 

leads to a disordered Li2Ni2TeO6.
17

 T
#
2-Li2Ni2TeO6 was obtained by ion exchange in molten salt 

by adapting the reported process. A mixture of Na2Ni2TeO6 and 10 times the stoichiometric 

weight of anhydrous lithium nitrate (LiNO3, Thermo Scientific, 99 %) was heated in a porcelain 

crucible at 300 °C for 5 h (5 °C.min
-1

 heating rate and slow cooling to room temperature under 

air). Residual LiNO3 and NaNO3 contained in the resulting product were dissolved through 

sonication with deionized water before vacuum filtration and washing with deionized water and 

ethanol. The filtration residue was dried in an oven at 60°C overnight. Heating the resulting 

layered T
#
2-Li2Ni2TeO6 led to the formation of the layered O3-Li2Ni2TeO6 polymorph (800 °C 
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for 9h with 5 °C heating/cooling rate under air). Different Li2-x-yNaxKyNi2TeO6 compositions 

were also attempted by direct solid-state synthesis from reactants, with 24 h heat treatments at 

800 °C with a 2 °C.min
-1

 heating and cooling rate. In parallel, alkali-mixed compositions with 

the  eneral for  la A A”Ni2TeO6 (A  an  A” bein  Li, Na or K) were obtaine  by co binin  

Na2Ni2TeO6, K2Ni2TeO6 and/or T
#
2-Li2Ni2TeO6 layered precursors in stoichiometric 

proportions. The mixed precursors powders where pressed into pellets and heated at 800 °C for 

9 hours with a 2 °C.min
-1

 heating and cooling rate. Finally, solid-state reactions between 

A2Ni2TeO6 single-alkali precursor  an  A A”Ni2TeO6 mixed-alkali precursors have been 

attempted to gather up to three alkali cations, following the previously described methodology. 

Materials characterization. Laboratory X-ray powder diffraction (XRPD) measurements were 

performed in order to validate the formation of the targeted compositions. The patterns were 

collected using a Panalytical X'Pert Spinner Reflection diffractometer in an angular range going 

from 5 to 80 °, with a step of 0.033 ° and a 150 to 165 s counting time per step. The 

diffractometer operating in a Ɵ/Ɵ Bragg-Brentano geometry is equipped with a Cu X-ray source 

(λKα = 1.5406 Å). Synchrotron X-ray pow er  iffraction (SX PD)  ata were collecte  on 

BL0   SPD bea line at ALBA (Cer anyola  el  all  , Spain) in transmission geometry with a 

wavelen th of λ = 0.4142 Å.
23

 All the samples were sealed, under argon inside a glovebox, in 

0.7 mm quartz capillary tubes. Neutron powder diffraction (NPD) was performed at room 

temperature on the ECHIDNA high-resolution powder diffractometer
24

 (1.622 Å wavelength) at 

ANSTO (Lucas Heights, Australia) for the Li2Ni2TeO6, Na2Ni2TeO6, K2Ni2TeO6 and 

(Li/K)2Ni2TeO6, and on the D2B high-resolution powder diffractometer (1.594 Å wavelength) at 

Institut Laue Langevin (Grenoble, France) for (Li/Na)2Ni2TeO6 and Li~1Na~0.5K~0.5Ni2TeO6. In 

each case vanadium tubes were used and filled in a glovebox. Profile matching and Rietveld 
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refinement were completed using FullProf and TOPAS-Academic, as the case may be. 
7
Li 

magic-angle spinning (MAS) NMR spectra were recorded on a Bruker Avance III spectrometer, 

equipped with a 2.35 T widebore magnet (operating at the Larmor frequency of 38.93 MHz for 

7
Li), using a standard Bruker 2.5 mm MAS probe. Powder samples were packed in zirconia 

rotors inside a glovebox under argon. The spinning frequency was 30 kHz for all the recorded 

spectra, the spectral width was set to 0.5 MHz and the recycle time of 0.5 s was used, long 

eno  h to avoi  T1  at ration effect . A Hahn echo p l e  e  ence (π/2-delay-π) wa  applie  

with 2 µ  π/2 pulse length and an average acquisition time of 0.01 s. Chemical shifts are 

referenced to an aqueous 1 M LiCl solution at 0 ppm. 
23

Na MAS NMR spectra were recorded on 

a Bruker Avance 300 MHz spectrometer, equipped with a 7.05 T widebore magnet (operating at 

the Larmor frequency of 79.4 MHz for 
23

Na), using a standard Bruker 2.5 mm MAS probe. The 

samples were packed in zirconia rotors inside a glovebox under argon. The spinning frequency 

was 30 kHz for all the spectra and a recycle time of 0.5 s was used, long enough to avoid T1 

saturation effects. The spectral width was set to 1  Hz an  a Hahn echo p l e  e  ence (π/2-

delay-π) wa  applie  with a 2 µ  π/2 p l e len th an  an avera e ac  i ition ti e of 0.005 s for 

each case. Chemical shifts are referenced relative to an aqueous 0.1 M NaCl solution at 0 ppm. 

Transmission electron microscopy (TEM) including electron diffraction (ED) and high angle 

annular dark field scanning TEM (HAADF–STEM), annular bright field scanning TEM (ABF–

STEM), and electron energy loss spectroscopy (EELS) experiments were performed using an 

aberration double–corrected JEM ARM200F microscope operated at 200 kV and equipped with 

a CENTURIO EDX detector, Orius Gatan CCD camera and GIF Quantum spectrometer. TEM 

samples were prepared by grinding the materials in an agate mortar with ethanol and depositing 

the obtained suspension on a Ni–carbon holey grid. 
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Supporting Information  

SXRPD and NPD patterns and structural parameters for Li2Ni2TeO6, Na2Ni2TeO6 and 

K2Ni2TeO6; additional high-resolution TEM images for (Li/K)2Ni2TeO6; ICP-AES analysis; 

XRPD and SXRPD patterns for the compositions Li1-xNa1-xK2xNi2TeO6, Li1-xNa2xK1-xNi2TeO6, 

Li2-xNax/2Kx/2Ni2TeO6; structural refinement attempts for the alkali-ordered layered compositions, 

details on the structural refinement through the TOPAS-Academic approach; crystallographic 

information file for (Li/K)2Ni2TeO6 and Li~1Na~0.5K~0.5Ni2TeO6. 
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