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Abstract 

In polyanion cathodes, the inductive effect alters the potential of a M(n+1)+/Mn+ redox 

couple (M − transition metal) according to the electronegativity of the X cation in the 

polyanion groups (XO4
m+). To manipulate the operating potential, we synthesized a 

series of mixed sulfate-selenate alluaudites, with structure formulas 

Na2+2zMn2-z(SO4)3−−−−x(SeO4)x and Na2.81Ni1.60(SO4)1.43(SeO4)1.57. Their crystal structure 

was determined from powder X-ray diffraction data, revealing that the Mn-based 

alluaudites form solid solutions with the same crystal structure for x = 0.75; 1.125 and 

1.5. Na2.81Ni1.60(SO4)1.43(SeO4)1.57 is isostructural to the Mn-based alluaudites. 

Although the Na2+2zMn2-z(SO4)3−−−−x(SeO4)x compound with the highest selenium 

content demonstrates a reversible discharge capacity of 60 mAh g-1, only a small part 

of this electrochemical activity can be ascribed to the Mn3+/Mn2+ redox couple. The 

redox potential of the Mn3+/Mn2+ pair in Na2+2zMn2−z(SO4)3−x(SeO4)x decreases with 

increasing values of x, in agreement with the lower electronegativity of Se compared 

to that of S. 

 

Keywords 

Crystal structure, Inductive effect, Polyanion compounds, Na-ion cathode materials 
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1. Introduction 

 Besides the electronegativity, ionization energy, electronic configuration and 

oxygen coordination of the transition metal cation M, the redox potential of the 

M(n+1)+/Mn+ pair in polyanion positive electrode (cathode) materials for metal-ion 

batteries depends on the inductive effect. This effect originates from a competition for 

electron density between Mn+ and the highly charged Xm+ cation in the M-O-X bonds, 

in which the oxygen atom is part of both a MO6 octahedral unit and a XO4/XO3 

polyanion group (such as phosphate, sulfate, silicate, carbonate, borate, etc.). A 

higher electronegativity of the Xm+ cation increases the ionicity of the M-O bond and 

therefore raises the potential of the M(n+1)+/Mn+ redox pair [1,2]. For lithium-ion battery 

(LIB) cathodes, the dependence of the M(n+1)+/Mn+ redox potential on the 

electronegativity of Xm+ has been exemplified systematically in LixFe2(XO4)3 (with X = 

As, P, Mo, W, S) [3–5]. Similar trends were observed for LiCoXO4 (X = P, As) [6] and 

LiyVOXO4 (X = P, As, Si, Ge) [7], where the potential of Li+ deintercalation increases 

linearly with the Mulliken electronegativity of Xm+ within the GeO4<SiO4<PO4 row.  

 Although not studied as comprehensively as in their LIB counterparts, the 

inductive effect also appears as an important factor affecting the electrochemical 

potential in sodium-ion battery (SIB) cathodes. For instance, for the Fe3+/Fe2+ redox 

couple, the average sodium deintercalation potential generally follows the trend of 

increasing electronegativity of Xm+  in the series of silicates (Na2FeSiO4: 1.6–1.9 V vs. 

Na+/Na) [8] – phosphates (NaFePO4: 2.8 V vs. Na+/Na [9] Na2Fe3(PO4)3: 2.7 V vs. 

Na+/Na) [10] – sulfates (Na2Fe(SO4)2: 3.4 V vs. Na+/Na) [11,12]. Among the iron-

based SIB cathodes, the highest-ever reported Fe3+/Fe2+ redox potential (at 3.8 V vs. 

Na+/Na) has been demonstrated by Barpanda et al. in Na2Fe2(SO4)3, which adopts 

an alluaudite-type structure [13]. Alluaudite-type Na2+2xFe2−x(SO4)3 compounds form 

open frameworks, which results in excellent kinetics of the sodium ion deintercalation 

and good structural stability. It is tempting to prepare alluaudites with other 3d metal 

M3+/M2+ (M = Mn, Co, Ni) redox pairs and investigate their electrochemical properties, 

but for M = Mn, the sodium deintercalation potential is prohibitively high in 

phosphates, and even more so in sulfates. Therefore, in alluaudite-type 

Na2Fe3−xMnx(PO4)3 solid solutions, the deintercalation of sodium ions is solely 

attributed to the redox reaction of the Fe3+/Fe2+ pair [10]. The activation of the 
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Mn3+/Mn2+ redox pair in the alluaudite framework was possible only with the 

replacement of phosphate/sulfate groups with molybdate groups, which have a 

significantly lower electronegativity. This resulted in the formation of 

Na2.67Mn1.67(MoO4)3, with an average sodium ion deintercalation potential 3.45 V vs. 

Na+/Na [14]. Some electrochemical activity is reported for alluaudite-type 

Na2.44Mn1.78(SO4)3 as LIB cathode. This, however, requires several activation cycles 

with charging up to 4.7 V vs. Li+/Li, and the nature of this activation is not yet fully 

understood [15]. 

 Recently, Driscoll et al. [16] reported on a series of the alluaudite compounds 

Na2M(SO4)2−x(SeO4)x (M = Mn, Co, Ni; 0 ≤ x ≤ 1). For M = Mn, phase-pure alluaudite 

phases were formed across the whole compositional range, whereas for M = Co and 

M = Ni, phase-pure samples were synthesized only for x ≥ 0.5 and x = 1, 

respectively. The complete range of Na2Mn(SO4)2−x(SeO4)x solid solutions provides 

an excellent opportunity to tune the sodium ion deintercalation potential and to study 

the effect of the substitution of less electronegative SeO4
2- groups for SO4

2- (the 

Milliken electronegativities of S and Se are 2.651 and 2.509, respectively) [17]. Here, 

we report on the synthesis, crystal structure refinement and electrochemical 

behaviour of the Mn- and Ni-based Se-substituted alluaudites as novel high-voltage 

SIB cathodes and demonstrate the unlocking of the Mn3+/Mn2+ redox pair by tuning 

the redox potential through substitution of SO4
2- by SeO4

2-, in line with the inductive 

effect. However, only a minor part of the total electrochemical activity could be 

attributed to this redox pair and the additional capacity may originate from the 

Se6+/Se4+ couple.  

 

2. Experimental 

2.1. Synthesis 

 The samples were synthesized by dissolving MnSO4⋅H2O or NiSO4⋅6H2O, 

Na2SeO4 (Sigma-Aldrich) and Na2SO4 (Ruskhim) in distilled water under intensive 

stirring in the ratio for the target composition Na2+2zMn2−z(SO4)3−x(SeO4)x with z ~ 1.6 

and x = 0, 0.15, 0.375, 0.75, 1.125, 1.5 for Mn, and x = 1.5 for Ni. After dissolution of 

the metal salts, the solutions were dried at 110 °C. Thereafter, the resulting powders 

were ground in a mortar, heated at 300 °C in a muffle furnace at a heating rate of 

0.5 °C min-1 for 12 hours and then left to cool down naturally. 
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2.2. Powder X-ray diffraction 

 Powder X-ray diffraction (PXRD) patterns for all samples were measured on a 

Bruker D8 ADVANCE diffractometer (CuKα radiation) equipped with an energy-

dispersive detector (LYNXEYE XE). PXRD patterns for the charged electrode were 

measured on a Huber G670 Guinier camera equipped with a Ge (111) 

monochromator (Co Kα1 radiation) and an image plate detector. The Rietveld 

refinement of all PXRD patterns was performed with the JANA2006 software [18]. 

 

2.3. Energy-dispersive X-ray analysis 

The specimens were prepared by the immersion of a 200 mesh Cu grid with 

holey carbon film into the dry powders. No solvents were used. The transmission 

electron microscopy (TEM) study was performed on a FEI Osiris microscope 

operated at 200 kV. For the energy-dispersive X-ray compositional mapping in a 

scanning TEM mode (STEM-EDX), a Super-X EDX detector was used. 

 

2.4. Electrochemical characterization 

 The electrochemical behaviour of the Na2+2zM2−z(SO4)3−x(SeO4)x (M = Mn, Ni) 

solid solutions was characterized by assembling two-electrode cells of original 

design. Cathodes were prepared by mixing 60 wt.% active material, 25 wt.% carbon 

black (Timcal Super-C) and 15 wt.% polyvinylidene fluoride (PVDF, Solvay) in N-

methyl-2-pyrrolidone (NMP, Sigma-Aldrich) by ball-milling for 10 minutes (SPEX-

8000M). The resulting slurry was coated on aluminum foil with the “doctor blade” 

technique and then dried in vacuum at 85 °C for at least two hours. Punches made 

from the coated foil were dried in vacuum at 110 °C overnight. Afterwards, 

electrochemical cells were assembled, containing the electrode with the active 

material as cathode, sodium foil as anode, a glass fibre punch as separator and a 1M 

solution of NaBF4 (Sigma-Aldrich) in a mixture  with a 0.2:0.8:1 volume ratio of 

fluoroethylene carbonate (FEC), ethylene carbonate (EC) and propylene carbonate 

(PC) as electrolyte. The cells were charged/discharged at a rate of 0.05 C between 

the voltage limits of 1.5 V and 5 V vs. Na+/Na on a potentiostat-galvanostat Biologic 

VMP-3 (EC-Lab software). 
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3. Results and discussion 

3.1. Crystal structure 

Na2+2zMn2−z(SO4)3−x(SeO4)x 

 The reagents were mixed in ratios according to the formula 

Na2+2zMn2-z(SO4)3-x(SeO4)x  (as was the case for Driscoll et al.) [16], with x = 0; 0.15; 

0.375; 0.75; 1.125 and 1.5.  For x = 0, the resulting sample consisted mainly of 

Na6Mn(SO4)4 [19], whereas for x = 0.15, the resulting product was a mixture of the 

latter, an unidentified admixture and the desired alluaudite phase. Increasing x to 

0.375 resulted in the formation of the alluaudite with a small fraction of an 

unidentified admixture. Precursors containing higher amounts of selenate (0.75 ≤ x ≤ 

1.5) formed phase-pure alluaudite samples after heat treatment, with general 

composition Na2+2zMn2-z(SO4)3-x(SeO4)x (Figure 1). All PXRD patterns of the phase 

pure samples were indexed to the monoclinic C2/c alluaudite-type structure (Table 1) 

[15]. The unit cell parameters and unit cell volume decrease with decreasing Se 

content in agreement with the difference in ionic radii of S6+ and Se6+ (r(S6+) = 0.12 Å, 

r(Se6+) = 0.28 Å) [20] confirming that across this compositional range the 

Na2+2zMn2−z(SO4)3−x(SeO4)x solid solution is formed. The stoichiometry of these 

phases contrasts with the stoichiometries reported by Driscoll et al. [16], who 

reported the formation of a phase-pure alluaudites Na2+2zMn2-z(SO4)3-x(SeO4)x within 

the entire x range (0 ≤ x ≤ 1). 

The structure of all phase-pure Na2+2zMn2−z(SO4)3−x(SeO4)x samples was 

solved from PXRD data based on the structural model reported for non-substituted 

alluaudite Na2+δMn2-δ/2(SO4)3 with the C2/c space group [15]. Besides the C2/c 

structure, the lower symmetry P21/c structure model is also considered for alluaudites 

(the P21/c and C2/c structures are reported with a different setting of the unit cell 

vectors, and the P21/c unit cell can be transformed into the C2/c setting by the matrix 

(1 0 1)(0 -1 0)(0 0 -1). Le Bail fitting of the PXRD data with the P21/c model (Figure 

S1) showed that the hkl: h + k ≠ 2n reflections are systematically absent, justifying 

the selection of the C2/c model. 

 Since all obtained Na2+2zMn2−z(SO4)3−x(SeO4)x samples are isostructural, we 

present the solution and description of the crystal structure only for the compound 
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with x = 1.5. The Rietveld refinement of the PXRD pattern is given in Figure 2a. The 

atomic coordinates, site occupancy factors (SOFs) and atomic displacement 

parameters (ADPs) were varied during the refinement. The SOFs for Na and Mn 

were constrained with the equation SOF[Mn]=1.25−0.5*SOF[Na2]−0.5*SOF[Na3] to 

comply with the electroneutrality, assuming Mn to be in the 2+ oxidation state. 

Refinement using the model of the non-substituted alluaudite Na2.76Mn1.78(SO4)3 [15] 

resulted in an extremely large ADP value for Na3 (0.18-0.19 Å2). To avoid this, the 

special 4a and 4e positions of the respective Na2 and Na3 atoms were changed to 

the general 8f position. The same procedure, related to positional disordering of 

sodium atoms, was performed for the iron-based alluaudite Na2.5Fe1.75(SO4)3 

reported by Nishimura et al. [21], whose neutron powder diffraction data showed that 

position splitting for sodium atoms is reasonable. In our case, the transition of the 

Na2 and Na3 atoms into a general position reduced the ADP for Na3 by factor of 1.5. 

The atomic position refinement with a common ADP for all atoms (with exception of 

sodium atoms), yielded the composition Na2.62(1)Mn1.690(4)(SO4)1.46(1)(SeO4)1.54(1). The 

refinement parameters, atomic coordinates and selected interatomic distances are 

presented in Tables 1-3. 

Within the same structure model, Rietveld refinement was performed for other 

phase pure samples with x = 0.125, 0.75. As more SO4
2- groups are substituted by 

larger SeO4
2- groups, the lattice parameters of the phase pure alluaudites increase 

(Table 1). This indicates that selenate groups are successfully incorporated into the 

alluaudite structure. This was further corroborated by EDX measurements, which 

showed that the actual S/Se molar ratio of the phase pure compounds is close to the 

expected ratio and to the ratio determined by Rietveld refinement (Table 4). 

The compounds I, II and III adopt a typical alluaudite crystal structure. The Mn 

atoms are surrounded by six oxygen atoms, forming highly distorted MnO6 octahedra 

with an average Mn−O distance of 2.207 Å for the structure I (Figure 3). Pairs of 

edge-sharing MnO6 octahedra form Mn2O10 dimers, linked to each other by the 

vertices of the SO4
2-/SeO4

2- groups. Three crystallographically independent sodium 

atoms are located in the cavities of this three-dimensional framework. Na2 and Na3 

are shifted from their “original” 4a and 4e sites to general positions 8f with partial 

occupancies. The sulfur and selenium atoms are mixed in two positions. The average 

S/Se-O distances are 1.589 and 1.573 Å for S/Se1 and S/Se2, respectively, agreeing 
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with the SOFs for these atomic positions: the former contains more selenium (Table 

2) and has longer distances to oxygen atoms. 

 

 

Na2.81Ni1.60(SO4)1.43(SeO4)1.57 

For the Mn-based alluaudites, using an equal amount of SO4
2- and SeO4

2- in 

the precursor (x = 1.5) resulted in the formation of a phase-pure compound. In 

contrast, using the same ratio for the Ni-based compound led to the formation of a 

mixture of alluaudite and Na2Ni(SO4)2 (Figure S2) [22]. However, adding 20 wt% 

excess of Na2SeO4 and keeping the same synthesis conditions yielded a high-quality 

sample with just a small amount of unidentified impurity (Figure 2b). The impurity 

reflections do not overlap with the reflections of the alluaudite phase and can be 

safely excluded during the Rietveld refinement. 

As for the Mn-based compound, the structure of Na2.76Mn1.78(SO4)3 was used 

as initial model. The refinement resulted in the Na2.81Ni1.60(SO4)1.43(SeO4)1.57, 

composition, in good correlation with the initial Se/S ratio 1.2 and EDX analysis (Na : 

Mn : S : Se = 2.7(3) : 1.5(1) : 1.4(1) : 1.6(1)). The parameters of Rietveld refinement, 

atomic coordinates, SOFs and selected interatomic distances are given in Tables 5-

7. 

Na2.81Ni1.60(SO4)1.43(SeO4)1.57 is isostructural with the Mn-containing 

compounds I, II, III. Also here, the Na2 and Na3 atoms are moved to a general 

position, reducing their ADPs to a reasonable value. The crystal structure adopts one 

nickel position, three sodium positions and two positions with a mixed occupancy of 

sulfur and selenium atoms.  

 

3.2 Electrochemical performance 

Figure 4 shows the galvanostatic charge/discharge profiles of compounds I, II 

and III at 0.05C cycling rate. For the compound with the highest selenium content (I) 

(see Table 4) the charge profile shows one small potential plateau around 3.8–3.9 V 

vs. Na+/Na (possibly related to the redox reaction Mn3+/Mn2+) and a long plateau at 5 

V vs. Na+/Na without saturation. The latter hints at an unfinished redox process or 

oxidation of the electrolyte. The two potential plateaus in the discharge curves are 

centered around 3.25 V and 2.25 V vs. Na+/Na. According to previous reports on the 

redox chemistry of Mn-based polyanion compounds, the potential plateau of the 
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Mn3+/Mn2+ couple is located at 3.6 V vs. Na+/Na [23,24]. In alluaudites containing less 

electronegative anions, for example in Na2.67Mn1.67(MoO4)3, the plateau can shift to a 

lower potential (3.5 V vs. Na+/Na) [14]. Because of the lack of other reports on the 

electrochemical behavior of Mn-based alluaudites in SIBs, we tentatively assign the 

plateau at 3.25 V vs. Na+/Na to the Mn3+/Mn2+ redox couple. The potential plateau at 

2.25 V vs. Na+/Na may be associated with anion redox chemistry. Low potential 

discharge effects were previously observed for Na2.67Mn1.67(MoO4)3 [14] and 

Li2Co2(MoO4)3 [25], which were attributed to electrochemical activity of the Mo6+/Mo5+ 

redox couple. In our case, the plateau at 2.25 V vs. Na+/Na may be related to the 

Se6+/Se4+ redox couple. The potential window up to 5 V vs. Na+/Na exceeds the 

stability of the electrolyte, leading to its oxidation and therefore to a very low 

Coulombic efficiency. Alluaudites typically have a low electronic conductivity, which 

also limits their electrochemical performance [26]. For compound I, the discharge 

capacity becomes stable after several cycles despite the electrolyte breakdown 

during charging (Figure 4, inset). 

The discharge capacity of compound I is 60 mAh g-1 at 0.05C, as opposed to 

the theoretical values of ~53 mAh g-1 and ~105 mAh g-1 based on a one- and two-

electron reactions, respectively, and the composition determined by Rietveld 

refinement. Taking into account that the two electron reaction Mn4+/Mn3+/Mn2+ can 

hardly be realized in the structures containing SO4
2- due to the latter’s high 

electronegativity, we hypothesize that only the Mn3+/Mn2+ redox couple can be active. 

To confirm that sodium ions effectively deintercalate, we performed ex situ PXRD on 

the electrode of compound I charged to 4.9 V and kept at this potential for two hours. 

The composition Na2.481(17)Mn1.750(17)(SO4)1.46(SeO4)1.54, determined by Rietveld 

refinement (Figure S3), indicates that only ~5 % of the sodium atoms were 

deintercalated from the initial structure. This is corroborated by the unit cell 

parameters a = 12.8867(5) Å, b = 13.1928(3) Å, c = 6.74453(18) Å, β = 115.428(3)°, 

which are only slightly larger than those for the initial compound I listed in Table 1. 

Therefore, the discharge capacity of 60 mAh g-1 cannot be completely attributed to 

the redox chemistry of Mn, and its greatest part must be related to other processes. 

The stability of the discharge capacity proves that these processes do not lead to 

structure degradation and that the additional capacity may be caused by the 

electrochemical activity of the above mentioned Se6+/Se4+ redox couple. 
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The charge/discharge curves of the compounds with lower selenium content 

(II and III) do not show potential plateaus, indicating that no redox processes occur. 

The experimental capacities for compounds II and III are 26 mAh g-1 and 14 mAh g-1, 

respectively. The absence of redox processes can be explained by their operating 

potentials being located above the upper stability limit of the electrolyte. A 

comparison of compounds I, II and III shows that the operating potential increases 

with a decreasing amount of Se substitution, as is expected from the inductive effect. 

Na2.81Ni1.60(SO4)1.43(SeO4)1.57 was also tested as SIB cathode. In the first 

cycle, it demonstrates a discharge capacity of 35 mAh g-1. The corresponding 

galvanostatic curves are given in Figure S4. 

 

4. Conclusions 

Phase pure alluaudite-type compounds with formula 

Na2+2zMn2−z(SO4)3−x(SeO4)x (x = 0.75; 1.125; and 1.5), and 

Na2.81Ni1.60(SO4)1.43(SeO4)1.57 were synthesized in a precipitation reaction and 

additional heat treatment. Their crystal structure was determined from PXRD data. All 

compounds adopt an alluaudite-type crystal structure and demonstrate positional 

disordering of sodium atoms. The prepared compounds were tested as cathode 

materials for SIB. Mn-based alluaudites with a higher amount of Se substitution 

demonstrate a lower operation potential in corroboration with the inductive effect and 

lowering electronegativity of the XO4
2- group by Se6+ for S6+ substitution. 
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6. Additional information 

Details of the crystal structure refinement can be obtained from the 

Fachinformationszentrum Karlsruhe (FIZ, 76344 Eggenstein-Leopoldshafen 

(Germany); tel.: (+49)7247-808-205, fax: (+49)7247-808-666; e-mail: crysdata@fiz-

karlsruhe.de) on quoting the depository numbers CCDC 1865779 

(Na2.81Ni1.60(SO4)1.43(SeO4)1.57), 1865780 (I), 1865781 (II) and 1865782 (III). 
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Figure 1. PXRD patterns of the Na2+2zMn2−z(SO4)3−x(SeO4)x samples.  

 

 

Figure 2. Experimental and calculated PXRD profiles (and their difference) after 

Rietveld refinement of (a) Na2.62Mn1.69(SO4)1.46(SeO4)1.54 and (b) 
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Na2.81Ni1.60(SO4)1.43(SeO4)1.57. The black ticks indicate the Bragg positions. Two 

reflections in profile (b) were excluded from the refinement as they originate from an 

unidentified admixture. They are indicated with an asterisk. 

 

 

Figure 3. Polyhedral presentation of the crystal structure of 

Na2+2zMn2−z(SO4)3−x(SeO4)x. The MnO6 octahedra and SO4/SeO4 tetrahedra are 

colored violet and orange, respectively. The Na positions are shown as spheres in 

gray and blue for Na1 and Na2/Na3, respectively. The displacement of Na2 and Na3 

atoms from special to general positions is not shown for simplicity. 

 

 

Figure 4. Galvanostatic charge/discharge profiles of compounds I, II and III at 0.05C. 

Inset: cycling stability of I at 0.05C. 
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Table 1. Crystallographic data and parameters of the Rietveld refinement of 

Na2+2zMn2−z(SO4)3−x(SeO4)x, x = 1.5, 1.125, 0.75. 

Formula unit Na2.621(14)Mn1.690(4)S1.463(1

1)Se1.537(11)O12 
Na2.715(4)Mn1.642(3)S1.897(8

)Se1.103(8)O12 
Na2.761(10)Mn1.620(6)S2.319(1

2)Se0.681(12)O12 
Structure № I II III 
Space group C2/c C2/c C2/c 
a, Å 12.8663(3)  12.8498(16) 12.82623(4) 
b, Å 13.1907(3) 13.13841(17) 13.07801(4) 
c, Å 6.74945(17) 6.71575(8) 6.6767(2) 
β, ° 115.4555(12) 115.5253(8) 115.6005(14) 
V, Å3 1034.28(8) 1023.13(4) 1010.0(1) 
Z 4 4 4 
ρcalc, g cm-3 3.297 3.198 3.108 
Parameters 
refined 

41 41 41 

Temperature, 
oC 

25 25 25 

Radiation CuKα CuKα CuKα 
2θ range, 
step, deg. 

8−102, 0.008 8−102, 0.008 8−102, 0.008 

№ of 
reflections 

552 544 539 

RF, RP, RwP 0.017; 0.034; 0.045 0.018; 0.028; 0.038 0.022; 0.049; 0.065 
 

Table 2. Fractional atomic coordinates and occupancies for Na2.62Mn1.690(SO4)1.46(SeO4)1.54. 

Atom Wyckoff 
position 

x y z Uiso, Å
2 SOF 

Mn1 8f 0.27384(13) 0.34460(10) 0.3580(3) 0.0256(4) 0.845(2) 
S/Se1 4e 1/2 0.21806(12) 3/4 0.0256(4) 0.459/0.541(4) 
S/Se2 8f 0.23477(10) 0.10433(9) 0.1277(2) 0.0256(4) 0.502/0.498(3) 
Na1 4e 0 0.7355(2) 1/4 0.0300(13) 1 
Na2 8f 0.4789(6) 0.9986(6) 0.0313(12) 0.022(3) 0.379(3) 
Na3 8f 0.9827(10) 0.0149(5) 0.2860(15) 0.124(4) 0.432(4) 
O1 8f 0.0942(3) 0.3534(3) 0.2287(6) 0.0256(4) 1 
O2 8f 0.0519(3) 0.2098(3) 0.4579(6) 0.0256(4) 1 
O3 8f 0.2279(3) 0.1745(2) 0.3155(6) 0.0256(4) 1 
O4 8f 0.1659(3) 0.0060(3) 0.1135(5) 0.0256(4) 1 
O5 8f 0.3369(4) 0.3372(2) 0.1029(7) 0.0256(4) 1 
O6 8f 0.3594(4) 0.0901(3) 0.1683(5) 0.0256(4) 1 
 

Table 3. Selected interatomic distances (Å) for Na2.62Mn1.690(SO4)1.46(SeO4)1.54. 

Mn1-O1 2.093(4) Na1-O6 2.529(5)×2 
Mn1-O2 2.166(4) Na2-O1 2.439(8) 
Mn1-O3 2.307(3) Na2-O1 2.914(10) 
Mn1-O3 2.228(4) Na2-O1 2.520(8) 
Mn1-O4 2.246(4) Na2-O6 2.428(10) 
Mn1-O5 2.199(6) Na2-O6 2.504(7) 
S/Se1-O1 1.591(5)×2 Na2-O6 2.549(7) 
S/Se1-O2 1.586(4)×2 Na3-O2 2.803(8) 
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S/Se2-O3 1.602(4) Na3-O2 2.980(9) 
S/Se2-O4 1.550(4) Na3-O4 2.291(15) 
S/Se2-O5 1.623(4) Na3-O4 2.564(9) 
S/Se2-O6 1.518(5) Na3-O4 2.457(9) 
Na1-O2 2.447(5)×2 Na3-O5 2.924(9) 
Na1-O5 2.323(4)×2   

 

Table 4. Unit cell parameters and elemental composition (determined by EDX) of 

Na2+2zMn2−z(SO4)3−x(SeO4)x with different x values.  

x № Unit cell parameters (Å), β (º) Na/Mn/S/Se atomic ratio 

1.5 I 12.8663(3); 13.1907(3); 6.74945(17); 115.4555(12) 2.5(3)/1.6(1)/1.5(1)/1.5(1) 

1.125 II 12.8498(16); 13.13841(17); 6.71575(8); 115.5253(8) 2.5(4)/1.6(2)/1.9(2)/1.1(1) 

0.75 III 12.8284(4); 13.0804(4); 6.6775(2); 115.6024(14) 2.4(2)/1.5(1)/2.3(1)/0.7(1) 

0 * 12.7642(13); 12.9434(12); 6.5871(6); 115.7803(27) − 

*Taken from Marinova et al. [15] 

 

Table 5. Crystallographic data and parameters of the Rietveld refinement of 

Na2.81Ni1.60(SO4)1.43(SeO4)1.57. 

Formula unit Na2.806(14)Ni1.597(4)S1.43(2)Se1.57(2)O12 
Space group C2/c 
a, Å 12.65017(15) 
b, Å 12.84645(14) 
c, Å 6.607424(9) 
β, ° 114.4529(15) 
V, Å3 977.5(3) 
Z 4 
ρcalc, g cm-3 3.534 
Parameters refined 39 
Temperature, oC 25 
Radiation CuKα 

2θ range, step, deg. 8−102, 0.008 
Number of reflections 563 
RF, RP, RwP 0.020; 0.013; 0.018 

 

Table 6. Fractional atomic coordinates and occupancies for Na2.81Ni1.60(SO4)1.43(SeO4)1.57. 

Atom Wyckoff 
position 

x y z Uiso, Å
2 SOF 

Ni1 8f 0.27250(19) 0.34072(16) 0.3585 (5) 0.0206(8) 0.798(2) 
S/Se1 4e 1/2 0.22442(19) 3/4 0.0187(9) 0.421/0.579(6) 
S/Se2 8f 0.23884(15) 0.10402(14) 0.1299(3) 0.0187(9) 0.505/0.495(5) 
Na1 4e 0 0.7382(5) 1/4 0.040(2) 1 
Na2 8f 0.4887(13) 0.9987 0.032(2) 0.030(2) 0.417(3) 
Na3 8f 0.9815(10) 0.0166(7) 0.2998(15) 0.083(5) 0.486(4) 
O1 8f 0.0885(5) 0.3517(5) 0.2168(7) 0.0206(8) 1 
O2 8f 0.0498(4) 0.1978(5) 0.4569(9) 0.0206(8) 1 
O3 8f 0.2398(4) 0.1790(4) 0.3277(11) 0.0206(8) 1 
O4 8f 0.1727(4) 0.9971(5) 0.1163(7) 0.0206(8) 1 
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O5 8f 0.3331(4) 0.3392(4) 0.1075(10) 0.0206(8) 1 
O6 8f 0.3602(5) 0.0903(4) 0.1661(8) 0.0206(8) 1 

 

Table 7. Selected interatomic distances for Na2.81Ni1.60(SO4)1.43(SeO4)1.57. 

Ni1-O1 2.124(6) Na1-O6 2.496(7)×2 
Ni1-O2 2.125(5) Na2-O1 2.935(15) 
Ni1-O3 2.111(5) Na2-O1 2.318(9) 
Ni1-O3 2.125(8) Na2-O1 2.454(9) 
Ni1-O4 2.114(6) Na2-O6 2.451(17) 
Ni1-O5 2.096(8) Na2-O6 2.421(11) 
S/Se1-O1 1.569(6)×2 Na2-O6 2.558(11) 
S/Se1-O2 1.597(6)×2 Na2-O6 2.957(18) 
S/Se2-O3 1.647(7) Na3-O2 2.550(10) 
S/Se2-O4 1.600(6) Na3-O2 2.810(11) 
S/Se2-O5 1.624(6) Na3-O4 2.236(14) 
S/Se2-O6 1.464(7) Na3-O4 2.632(9) 
Na1-O2 2.416(7)×2 Na3-O4 2.453(10) 
Na1-O5 2.319(6)×2 Na3-O5 2.891(10) 
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Highlights 

- Na2+2zM2−z(SO4)3−x(SeO4)x (M=Mn, Ni) compounds were synthesized by soft chemistry method 

- The crystal structure was solved from X-ray powder diffraction data 

- All prepared compounds demonstrate an alluaudite related crystal structure 

- Mn
3+

/Mn
2+

 redox pair can be activated in Na-ion cell 
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