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Abstract 

In this work we report a study of the langbeinite-type K2-xNaxM2(SO4)3 materials (M = Mn, Fe, Co and 

Ni) in order to evaluate the level of Na incorporation possible. The work showed that the level of Na 

incorporation decreased across the transition metal series, with the highest level of Na incorporation 

(up to x=1.3) observed for M=Mn.  This trend does not appear to be related to the ionic radius of the 

transition metal, but rather its’ electronegativity. We illustrate this relationship with the inclusion of 

our prior work on K2-xNaxMg2(SO4)3 where even higher levels of Na were possible, and demonstrate 

that through co-doping with Mg, higher Na levels can be achieved for K2-xNaxM2(SO4)3 materials (M = 

Mn, Fe). The dependence on the electronegativity of the divalent cation is attributed to greater 

electronegativity leading to enhanced polarization of the framework, thus allowing for greater 

stabilization of the smaller Na cation as it ‘moves’ towards the edge of the framework cage to better 

fulfil its’ coordination requirements. Given the interest in related systems for Na ion battery 

applications, this work provides a new factor to consider when designing new materials for such 

applications. 
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Introduction 

As global temperatures continue to rise due to over reliance on fossil fuels, renewable alternatives 

must play a role in order to tackle the growing threat of climate change. Rechargeable batteries will 

play a key role in such future infrastructure as they are able to store power produced by renewables 

(e.g. solar) during low demand and use when required during peak times. Although the predominant 

technology currently used is the Li-ion battery, cost and sustainability have driven research to 

explore alternative systems, such as Na, which may be better suited for large scale storage due to 

sodium’s high natural abundance and hence lower cost.[1–3]  

Three dimensional structures such as NaSICON and garnet have played an important role within the 

battery community due to a number of advantages such as favourable ionic conductivity and 

structural stability. NaSICON (Sodium (Na) Super Ionic Conductor) phases are a group of materials 

with the general formula AyMM′(XO4)3 (0≤y≤4) where A can either be an alkali, alkaline earth or rare 

earth cation (e.g. Li+, Na+, Mg2+ etc.),  M/M′ can be a number of multivalent transition metal cations 

(e.g. Mn2+, Fe3+, Ti4+, Zr4+ and V5+), and X is element that favours tetrahedral coordination (e.g. X=Si4+, 

Ge4+, P5+, S6+).[4–6] This chemical composition flexibility provides an opportunity to synthesise a wide 

range of compositions with varying A cation content. A notable example, Na3V2(PO4)3, can be used as 

an electrode (as either the cathode or anode) for Na-ion batteries with favourable electrochemical 

properties.[7–10] Structurally related Garnet materials, e.g. Al doped La3Zr2Li7O12 are also of great 

importance within the industry as potential solid state electrolytes for battery systems.[11]  

A system which has been relatively unexplored for battery applications is the structurally similar 

potassium-based cubic langbeinite system, K2M2(SO4)3 (where M = Mg, Mn, Fe, Co or Ni). This system 

has a similar framework of corner linked octahedra and tetrahedra to that of the NaSICON structure. 

However, rather than four potential cavity sites for the alkali cation, there are only two sites, which 

are larger in size than those for the NaSICON structure. Hence the langbeinite structure is favoured 

for larger alkali cations such as K, Rb (Figure 1).[12] 



[Fig 1 here] 

Little literature exists with regards to the  transition metal sulfate langbeinites, with most work 

focusing on the optical properties of the Mg system, K2Mg2(SO4)3, doped with rare earth metals[13–15]. 

In our previous work on this system, the Mg analogue was shown to be capable of up to 88% 

substitution of K for Na while still retaining the cubic langbeinite framework. [16] Furthermore, at high 

temperatures, even the Na end member (Na2Mg2(SO4)3) transformed to the cubic langbeinite 

structure, indicating that materials with the langbeinite structure may be of interest for Na-ion 

batteries.[17] In this respect, Tarascon et al. have recently shown the Fe and Cu analogues, 

K2(Fe/Cu)2(SO4)3, to be electrochemically active[18], however, with relatively poor performance 

compared to other potential Na-ion cathode systems containing sulfates. [19,20] 

In this work, we present a synthesis and structural study to evaluate the ability of transition metal 

containing langbeinite systems, K2M2(SO4)3 (M = Mn, Fe, Co and Ni), to accommodate Na with a view 

to identifying whether they may be potential future targets as cathodes for Na-ion batteries, and to 

understand the limits placed on any Na incorporation. We also extend this work in investigate mixed 

systems containing Mn/Fe and Mg in order to evaluate the effect on the level of Na incorporation. 

Experimental 

All langbeinite samples were obtained through a wet chemical route; however, the synthetic route 

used varied depending on the metal cation selected to form the framework. Cations which were 

stable to oxidation in air were made through the following route. Stoichiometric amounts of 

potassium sulfate (Alfa Aesar, 99%), sodium sulfate (Sigma Aldrich, 99%) and MSO4·xH2O (where M = 

Mn, Co and Ni and x varies by metal from 1-7) were added to 20 cm3 of water. The amounts were 

calculated based on producing 1 g of the desired phase (e.g. 1 g of K2Mn2(SO4)3 would require 

0.3659g of K2SO4 and 0.7098 g of MnSO4·H2O).  The solutions were heated to ~60-70°C and stirred 

for approximately two hours. After mixing, the beakers containing the solutions were placed in an 

oven heated to 200°C for 2-3 hours. The precipitates were retrieved and ground and transferred to 



an alumina crucible. The sample was then subjected to two heat treatments in air: 500°C/12hs/10°C 

min-1 followed by 650°C/12hs/10°C min-1 after regrinding. Samples containing Fe were made through 

a similar route, however, due to presence of impurities when using sodium sulfate as the sodium 

source, monosodium citrate and ammonium sulfate were used instead. Ascorbic acid (~20mg) was 

also added to prevent Fe oxidation in solution. The synthesis of these systems was more challenging, 

requiring modification to the synthesis conditions due to the sensitivity of Fe2+ to oxidation. Samples 

were initially dried at 100°C before undergoing a second heat treatment at 300-350°C/4-12hs/0.5°C 

min-1 under a nitrogen atmosphere in a tube furnace.  

Sample purity and unit cell parameters were determined from powder X-ray diffraction using a 

Bruker D2 phaser (Co Kα radiation) or a Bruker D8 (Cu Kα radiation) operating in reflection mode. 

Rietveld refinements were carried out using the GSAS suite of programs. [21,22]  

Results  

K2-xNaxMn(II)
2(SO4)3 

In our previous study, K2Mg2(SO4)3 was capable of up to 88% substitution of K for Na while 

maintaining the cubic langbeinite structure at room temperature. [16] A similar doping strategy was 

applied to all transition metals that may be viable as cathodes for Na-ion batteries. The PXRD data 

and cell parameters for the manganese system are shown in Figure 2 and Table 1. 

[Fig 2 here] 

While significant Na could be accommodated in this system, it appears that the Na incorporation 

level is lower than for K2Mg2(SO4)3. The results show that the maximum sodium incorporation for the 

manganese system appears to be x = 1.3 (i.e. 65% substitution) as impurity phases were observed in 

compositions where x > 1.3. The most common impurity was attributed to Na2Mn3(SO4)4.[23] On Na 

doping, the structure was found not to vary significantly with increasing sodium concentration with 

the greatest changes observed between the compositions K2Mn2(SO4)3 and K1.5Na0.5Mn2(SO4)3. The 

results of the refinements were similar to that observed in the K2-xNaxMg2(SO4)3 system; for example, 



one of the potassium/sodium sites shows a very slight displacement towards an edge of the cage 

and an overall decrease is observed in the S-O bond lengths when comparing the “K2” and “K2-xNax” 

compositions. The occupancies of the two sites were also refined and a slight preference was 

observed between the two sites. Potassium appears to favour the K2 site while sodium favours the 

K1 site, similar to prior studies of K2-xNaxMg2(SO4)3. The metal oxygen bonds surrounding the K1 site 

(Mn1-O3) appear to decrease, suggesting the metal cage occupied by the alkali metal(s) is 

contracting as the smaller cation is doped onto the site. All other positions show a slight elongation 

(when x = 0.5), which may be suggestive of repulsion as the smaller cation moves to the edge of the 

cage to fulfil coordination requirements. When the Na content increases to x = 1.0, a contraction is 

observed in the Mn2-O2 bond, the metal-oxygen bonds surrounding the K2 site, which is consistent 

with sodium incorporation also into this site as the level of Na incorporation increases.  

[Fig 3 here] 

K2-xNaxFe(II)
2(SO4)3  

For the K2-xNaxFe2(SO4)3 system, a further decrease in the ability to accommodate Na was observed. 

In this case, the highest sodium containing langbeinite phase that could be synthesised using this 

method was KNaFe2(SO4)3 (i.e. 50% substitution). Due to the sensitivity of Fe2+ to oxidation, these 

systems proved to be the most difficult to prepare, leading to a modification of the synthesis 

conditions as noted in the experimental section. Even with these modified synthesis conditions, 

typically samples showed small impurities (Figure 4).  Structure refinement (cell parameters are 

shown in Table 2) shows that sodium displays a similar small preference for the K2 site, however, the 

position of this site does not appear to shift to the same extent as observed in the magnesium and 

manganese langbeinite systems.  

[Fig 4 here] 



K2-xNaxM(II)
2(SO4)3 (where M = Co & Ni) 

The same doping strategy was attempted with the Co and Ni systems (Figure 4, Table 3). Based on 

size consideration alone, we would expect to see similar behaviour to that observed in the 

magnesium system, given the similar ionic radii for Co2+, Ni2+ and Mg2+. However, the maximum 

incorporation for the cobalt system appears to be much lower at x = 0.5, whereas the undoped 

nickel system, K2Ni2(SO4)3, could not be synthesized phase pure. This latter sample contains nickel 

sulfate and potassium sulfate impurities. Increasing the synthesis temperature beyond 650˚C was 

not practical due to the sample melting and reacting with the Al2O3 crucible, suggesting that an 

alternative synthetic method may be required in order to synthesize phase pure nickel phases. 

Sodium doping was still attempted, however, Na2M(SO4)2 (M = Co, Ni) was observed to form, 

alongside the langbeinite phases, in both cobalt (for x>0.5) and nickel systems (all Na compositions), 

suggesting only a small level of sodium incorporation has been successful. This suggests that the 

accommodation of Na as Na2M(SO4)2 is preferable to its incorporation in the langbeinite structure 

for Co (x>0.5) and Ni (all compositions). 

[Fig 5 here] 

Discussion 

The results show that these transition metal containing langbeinite systems accommodate lower 

levels of Na than the Mg analogue previously reported [16]. Interestingly the level of Na content 

possible decreases as you move across the transition metal series, Mn-Fe-Co-Ni. This trend is not 

consistent with ionic radii considerations, since in such a case the Co, Ni systems would be expected 

to show the highest Na content, due to the similar ionic radii to Mg. Rather, it appears that the trend 

can be correlated with the electronegativity of the divalent cation.  This is best shown in Figure 6, 

where the maximum sodium content has been plotted against the electronegativity of the divalent 

metal site within the framework. The greater the electronegativity of the divalent metal site, the 

lower the level of sodium incorporation. This suggests that as the framework increases in covalent 



character, it is unable to stabilize the smaller sodium as it ‘moves’ to the edge of the cage to better 

fulfil its’ coordination requirements (as observed most clearly in the Mg and Mn systems).[16] 

[Fig 6 here] 

For example, magnesium has a value of 1.3 on the Pauling scale while manganese is 1.6. Although a 

small difference, it suggests that the metal-oxygen bonding in the manganese system is more 

covalent than that of the magnesium system. This slight increase in covalency may reduce the 

polarization of the framework and therefore reduce the framework’s ability to accommodate the 

smaller sodium ion. This agrees with the observed trend of decreasing sodium incorporation in 

langbeinite phases composed purely of transition metals with a greater electronegativity than 

manganese (e.g. Fe, Co and Ni). In order to provide further validation for this conclusion, mixed 

manganese/magnesium compositions K2-xNaxMn2-yMgy(SO4)3, were attempted using a similar 

synthesis route. An initial test composition, K0.5Na1.5Mn1.5Mg0.5(SO4)3, was attempted to see if a low 

level of magnesium incorporation could help increase the sodium concentration in the material 

beyond the limits of the simple Mn system. After positive results; an attempt to increase the sodium 

concentration further was successfully demonstrated. Using the maximum sodium concentration 

found in the magnesium study, manganese was substituted with magnesium in K0.25Na1.75Mn2-

yMgy(SO4)3 for 0≤y≤1.0. The diffraction patterns and cell parameter data for the resulting phases of 

this study are shown in Figure 7, Table 4.  

[Fig 7 here] 

The results show that the Na2Mn3(SO4)4 impurity decreases with increasing magnesium doping, such 

that a pure phase is obtained for y=1. The results of the study suggest that by co-doping with Mg, 

the sodium concentration can be increased to match that of the simple Mg based system.  

Magnesium co-doping was also attempted for the Fe system. Given the potential application of this 

system as a Na ion battery material, only substitution of 25% of the Fe was investigated in order to 



try to prepare a sample where in principle all the Na could theoretically be removed by relying on 

the Fe2+/Fe3+ redox couple. A comparison of the resulting K0.5Na1.5Fe1.5Mg0.5(SO4)3 phase and 

K0.5Na1.5Mn1.5Mg0.5(SO4)3 are shown in Figure 8. The resulting PXRD patterns show successful 

synthesis of the Fe langbeinite phase with no obvious impurities, illustrating again the beneficial 

effect of Mg in increasing the achievable Na content. The same strategy was applied to both Co and 

Ni systems; however, doping was unsuccessful, possibly attributed to the higher stability of the 

Na2M(SO4)2 phase compared to the langbeinite for these systems. Figure 6 has been updated to 

reflect the new Mg doped compositions which add further support for the correlation of the Na 

content with the electronegativity of the divalent cation (Figure 9). 

[Figure 9 here] 

Conclusions 

In this work, we have assessed the ability of langbeinite-type materials containing first row transition 

metals to accommodate Na in place of K.  The results show that frameworks composed of either Mn 

or Fe are better able to accommodate sodium compared to Co and Ni. In conjunction with our prior 

results for Mg based systems, this is attributed to the greater electronegativity of these transition 

metals, which leads to enhanced polarization of the framework thus allowing for greater 

stabilization of the smaller alkali cation as it ‘moves’ towards the edge of the framework cage to 

better fulfil its’ coordination requirements. Therefore, the results suggest that, in order to improve 

the framework’s ability to incorporate a greater proportion of sodium, doping strategies should 

focus on modifying the framework to be more ionic in character. Based on this initial assessment, 

co-doping on the transition metal site with Mg was attempted. The results showed that co-doping 

K2-xNaxM2(SO4)3 (M= Mn, Fe) systems with Mg led to an increase in the amount of Na that could be 

incorporated into the structure, adding further weight to the above conclusions with regard to the 

importance of the electronegativity of the divalent cation. Overall, this study suggests that 



electronegativity can be an important factor to consider when determining doping strategies for 

framework-type materials.  
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Figure caption list 

Figure 1. Structure of K2Mn2(SO4)3.  

Figure 2. PXRD data for K2-xNaxMn2(SO4)3 series (where x = 0-1.4) (Cu Kα1/Kα2) showing the successful 

incorporation of Na 

Figure 3. Changes in Mn-O bond length on sodium doping and an image of the langbeinite cage 

showing the oxygen positions relative to the K1 site 

Figure 4. PXRD data for K2-xNaxFe2(SO4)3 (where x = 0 - 1.0) and the difference plot produced from 

the refinement of KNaFe2(SO4)3 (Co Kα1/Kα2). Peaks attributed to small unknown impurity phase 

labelled with ‘▪’. 

Figure 5. X-ray diffraction data for K2-xNaxM2(SO4)3 where M = Co and Ni and x = 0-1.0. (Co Kα1/Kα2), 

showing incorporation of low levels of Na for M=Co, while the M=Ni system shows high levels of 

Na2Ni(SO4)2 suggesting limited Na incorporation. 

Figure 6a. Variation in cell parameter data with Na content (x) for K2-xNaxM2(SO4)3 (Impure samples 

are denoted with triangles in the plot below) and 6b. A plot of electronegativity of the divalent metal 

site vs maximum sodium incorporation (Note: For Ni, the Na incorporation has been assumed to be 

0, although cell parameters suggest a very low level of incorporation (it is difficult to determine the 

exact sodium concentration due to the large number of impurity phases observed in these Ni 

systems)) 

Figure 7. PXRD for mixed Mn/Mg langbeinite compositions (K0.5Na1.5Mn1.5Mg0.5(SO4)3 and  

K0.25Na1.75Mn2-xMgx(SO4)3 where x = 0.25-1.0) (Cu Kα1/Kα2). 

Figure 8. PXRD data for K0.5Na1.5Fe1.5Mg0.5(SO4)3 and K0.5Na1.5Mn1.5Mg0.5(SO4)3. (Cu Kα1/Kα2). 

Figure 9. New plot of electronegativity of the divalent metal vs maximum sodium incorporation 

including compositions that have successfully undergone Mg doping. 



Table 1. Cell parameters for K2-xNaxMn2(SO4)3 where x = 0-1.3 

 

 

 

 

 

 

Table 2.  Cell parameters for K2-xNaxFe2(SO4)3 (where x = 0 - 1.0) 

 

Table 3.  Cell parameters for K2-xNax(Co/Ni)2(SO4)3 (where x = 0 - 1.0) 

 

 

Composition a (Å) Cell volume (Å3) 

K2Mn2(SO4)3 10.10728(9) 1032.53(3) 

K1.5Na0.5Mn2(SO4)3 10.0359(3) 1010.81(9) 

K1.0Na1.0Mn2(SO4)3 9.9705(5) 991.2(2) 

K0.9Na1.1Mn2(SO4)3 9.9628(2) 988.88(7) 

K0.8Na1.2Mn2(SO4)3 9.9510(3) 985.36(8) 

K0.7Na1.3Mn2(SO4)3 9.9392(3) 981.87(8) 

Composition a (Å) Cell volume (Å3) Impurities (wt%) 

K2Fe2(SO4)3 10.0127(3) 1003.8(1) FeSO4 (7), K2SO4 (6) 

K1.5Na0.5Fe2(SO4)3 9.9992(4) 999.8(1) Fe3O4 (9) 

K1.0Na1.0Fe2(SO4)3 9.9311(4) 979.5(1) Unknown 

Composition a (Å) Cell volume (Å3) Impurities (wt%) 

K2Co2(SO4)3 9.9323(4) 979.83(5) - 

K1.5Na0.5Co2(SO4)3 9.8802(1) 964.48(4) - 

KNaCo2(SO4)3 9.8725(5) 962.2(1) Na2Co(SO4)2 (20) /CoSO4 (8) 

K2Ni2(SO4)3 9.8431(5) 953.7(2) NiSO4 (4), K2SO4 (4) 

KNaNi2(SO4)3 9.807(1) 943.1(4) NiSO4 (32), K2SO4 (2), Na2Ni(SO4)2 (10) 



Table 4. Cell parameters for manganese systems doped with magnesium  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Composition a (Å) Cell volume (Å3) 

K0.25Na1.75Mn1.75Mg0.25(SO4)3 9.8710(5) 961.8(1) 

K0.25Na1.75Mn1.5Mg0.5(SO4)3 9.8382(6) 952.2(2) 

K0.25Na1.75Mn1.25Mg0.75(SO4)3 9.8147(2) 945.43(5) 

K0.25Na1.75MnMg(SO4)3 9.7966(3) 940.20(8) 

K0.5Na1.5Mn1.5Mg0.5(SO4)3 9.8692(1) 961.29(4) 



Figure 1. Structure of K2Mn2(SO4)3 
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Figure 2. PXRD data for K2-xNaxMn2(SO4)3 series (where x = 0-1.4) (Cu Kα1/Kα2) showing the successful 

incorporation of Na  

 

 

 

 

 

 

 

 

 

 

 



 

Figure 3. Changes in Mn-O bond length on sodium doping and an image of the langbeinite cage 

showing where the oxygen positions are relative to the K1 site.  
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Figure 4. PXRD data for K2-xNaxFe2(SO4)3 (where x = 0 - 1.0) and the difference plot produced from 

the refinement of KNaFe2(SO4)3 (Co Kα1/Kα2). Peaks attributed to small unknown impurity phase 

labelled with ‘▪’. 
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Figure 5. X-ray diffraction data for K2-xNaxM2(SO4)3 where M = Co and Ni and x = 0-1.0. (Co Kα1/Kα2), 

showing incorporation of low levels of Na for M=Co, while the M=Ni system shows high levels of 

Na2Ni(SO4)2 suggesting limited Na incorporation. 

 

 

 

 

 

 

 

 

 

 

 



 Figure 6a. Variation in cell parameter data with Na content (x) for K2-xNaxM2(SO4)3 (Impure samples 

are denoted with triangles and Mg values are shown as squares to distinguish these values from the 

transition metals series in the plot below) and 6b. A plot of electronegativity of the divalent metal  vs 

maximum sodium incorporation (Note: For Ni, the Na incorporation has been assumed to be 0, 

although cell parameters suggest a very low level of incorporation (it is difficult to determine the 

exact sodium concentration due to the large number of impurity phases observed in these Ni 

systems)) 
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Figure 7. PXRD for mixed Mn/Mg langbeinite compositions K0.5Na1.5Mn1.5Mg0.5(SO4)3 (single phase 

langbeinite) and K0.25Na1.75Mn2-yMgy(SO4)3 where y = 0.25-1.0) (Cu Kα1/Kα2), showing a reduction of 

impurity levels with increasing Mg content until a single phase langbeinite is obtained for y=1. 

 

 

 

 

 

 

 

 

 

 

 



Figure 8. PXRD data for K0.5Na1.5Fe1.5Mg0.5(SO4)3 and K0.5Na1.5Mn1.5Mg0.5(SO4)3. (Cu Kα1/Kα2). 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 9. Revised plot of average electronegativity of the divalent metal vs maximum sodium 

incorporation including compositions that have successfully undergone co-doping with Mg.  
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