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Abstract 

The limited resources of lithium stimulated the research work to develop new polyanionic 

cathode materials for sodium-ion batteries. The Na2M2+
2Fe3+(PO4)3 (M = Mn, Ni and Co) phases 

were prepared by autocombustion method assisted by glycine. Structural, morphology, thermal, 

electrical and electrochemical properties have been investigated. Its structures were determined 

using Xray powder diffraction and Rietveld method refinements. The two compounds 

Na2M2+
2Fe3+(PO4)3 (M = Mn and Co) are alluaudite-type. Both compounds crystallize in monoclinic 

system with the space group C2/c and similar parameters: a= 12.0337(3) Å, b= 12.6268(3) Å, c= 

6.5070(1) Å, β=114.563(2)° for Na2M2+
2Fe3+(PO4)3 (NMFP)  and a= 11.7597(3) Å, b= 12.4579(3) 

Å, c= 6.4607(1) Å, β=113.968(1)° for Na2Co2Fe(PO4)3 (NCFP). The NaNiFe2(PO4)3 (NNFP) 

compounds crystallize in orthorhombic system with the space group Imma and unit cell parameters: 

a= 10.3993(1) Å, b= 13.1966(1) Å, c= 6.4955(1) Å. The composition and morphology of the 

compounds were checked by energy dispersive spectroscopy coupled with scanning electron 

microscope. The thermal analysis confirmed the allotropic transition of the three materials from 

monoclinic to orthorhombic symmetry with the changing of divalent transitions metal ion. The 

electrical conductivity results of indicated that NNFP has the lowest value of activation energy of 

value= 0.63 eV owing to the large size of open channels existed in the orthorhombic symmetry. The 

electrochemical cycling results showed that NMFP cathode delivered the maximum storage capacity 

of about 94.2 mAh/g which correspond to coloumbic efficiency of about 75.5 % after the initial 

cycling.  
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1. Introduction 

Due to the huge incremental demand of electric and hybrid vehicles in the world, the battery 

market is rapidly growing and expanding in few years. Therefore, the implementation of the 

electrochemical energy storage devices such as lithium-ion batteries has attracted much interest in 

the transport and the urban mobility field, such as hybrid electric vehicles (HEVs), plug-in hybrid 

electric vehicles (PHEVs), and electric vehicles (EVs) [1-3]. However, the commercial expansion of 

such technology is potentially restricted by the limited resources of Li metal [4, 5]. To overcome this 

barrier, Sodium-Ion Batteries (SIBs) have emerged as a promising candidate, where sodium metal 

offers good standard reduction potential (E°=-2.71 V vs “Standard Hydrogen Electrode” for the 

Na+/Na) and large abundance in the earth-crust (in 6th rank with 23600 ppm) [6-11]. Thus, such 

technology is a promising option for large scale applications in which cost and safety more than 

energy density is a primary factor. Faced with this global energy demand which has continued to 

increase in recent decades, with energy production that will have to keep up with the frantic pace of 

population growth, and an excessive energy consumption leading to a rapid worsening of 

environmental problems, it seems necessary and imperative to develop new Na-ion technology 

accumulators. For this, it is therefore necessary to explore and propose new phases that could be used 

such as sodium ion insertion materials, which are electrochemically reversible, with a lifetime 

competitive with lithium-ion technology systems. These new needs have therefore stimulated the 

research teams to search materials with new structures suitable for the electrochemical insertion of 

sodium. As a result, various positive electrode materials have been reported for Na-ion technology 

batteries, such as transition metal oxides adapting layered structures [12-16], transition metal sulfides 

and fluorides [17-21], polyanionic compounds [22-31], Prussian blue analogs, organic carboxylates 

and polymers [32-35]. 

Recently, new polyanionic sodium compounds have been identified and then tested as positive 

electrodes in SIBs [36, 37]. Likewise, a number of iron or vanadium polyphosphate compounds have 

been also considered as an electropositive materials for Na-ions Batteries [38-41].  

Mixed sodium transition metal polyphosphates with an alluaudite framework structure, of 

monoclinic symmetry and space group C2/c, are also known with the possibility of containing bi 

and/or trivalent transition metals, [42-47]. It has been also observed that the presence of mixed 

transition elements could enhance the intrinsic ionic conductivity and improve the redox potential of 

polyanionic compounds which positively reflects on sodium ions intercalation through the tunnels in 

the crystal structure [48, 52]. Indeed, the alluaudite phaes, with general formula 

A(1)A(2)M2(1)M(2)(PO4)3 where A sites are may bee occupied by a large monovalent and/or 

divalent cations number (Na+, K+, Ca2+ …) in eight-coordination and where the M sites occupied by 

transition metal cations in octahedral environment [53]; exhibit an open structure, in which there is a 
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succession of monodimensional channels occupied by A cations . The presence of A cations in these 

large channels confer them  a large ionic mobility in such a structure, that gives rise to interesting 

electrical conductivity. The presence of vacancies at A sites in such an open structural framework 

facilitates the intercalation/desintercalation of alkali ions in these alluaudites, classifying them amidst 

promising polyanionic positive-electrode materials for secondary batteries [54, 55]. Besides 

promising electrochemical activities, the capcity of alluaudite-like structures to accommodate a wide 

selection of transition metals can also confer them additional attractive features like electronic and/or 

ionic conductivity, magnetism, catalytic activity; in addition, iron-phosphate-based alluaudite shows 

high thermal stability [42, 49, 56, 57]. 

Thus, different research groups have recently reported diverse Allaudite-type compounds in the 

formula Na2M2+
2Fe3+(PO4)3 with Ni2+/Fe3+ mixed elements that could be stabilized in the 

orthorhombic crystal structure with Imma space group and polyanionic framework more symmetric 

[50]. Moreover, other recent study confirmed that the presence of Ni2+/Cr3+ and Ni2+/Al3+ in 

polyphosphate allaudite-type compounds favor also the crystallization as orthorhombic crystal 

structure [51, 52]. 

In this context, this work is focused on synthesis of new sodium phosphate phases-type 

Na2M2+
2Fe3+(PO4)3, contining different divalent chemical elements (M = Mn, Co and Ni), to get 

mixed transition metal cations (Mn2+/Fe3+, Co2+/Fe3+ and Ni2+/Fe3+) and investigate suitable sodium 

host materials with high redox potential for Na-ion batteries (SIBs). In addition, the present study 

aims at understanding the link between crystal structure and electrical behavior of these 

compounds.The thermal stability and morphological aspects of the as-prepared compounds are an 

area of ineterest. Finally, the influence of different divalent cations on the electrical conductivity and 

electrochemical performance as positive electrodes are presented. 

 

2. Experimental 

Different samples of general formula Na2M2+
2Fe3+(PO4)3, where M = Mn, Co, Ni, were 

synthesized by auto-combustion method. The nitrate and acetate salts act as oxidizers, while glycine 

acts as the fuel and complexing agent. As indicated in figure 1, for preparation of monoclinic 

precursors NMFP and NCFP, stoichiometric amounts of Mn(COOCH3)2
.4H2O (Prolabo 99.9%) or 

Co(NO3)2
.6H2O (Acros 100 %) were used, while Ni(NO3)2

.6H2O (Acros 99.99 %) was used as 

source of Ni2+ ions for preparation of monoclinic precursors  NNFP. The previous salts were 

subsequently dissolved with corresponding proportions of NaNO3 (Alfa-Aesar 98.9%) and 

Fe(NO3)3
.9H2O (Sigma-Aldrich 99.9%) in 0.4 M of glycine solution C2H5NO2 (Alfa-Aesar 99%). 

The required amount of NH4H2PO4 (Acros 99.9%) was added to the first mixture and stirred for 30 

mn. The resultant solution mixture was heated at 120°C to evaporate the excess water and obtain 
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viscous foams that subsequently auto-ignited producing fine particles of colored precursors. The 

dried precusors were fired in a muffle furnace through two calcination steps. The first step involves 

heating all samples at 400 °C for 5h in order to remove carbon and nitrogen residues. The fired 

samples of NMFP and NCFP were successively ground and calcined at 750 °C for 48h, yielding dark 

violet and blue powders for Na2Mn2+
2Fe3+(PO4)3 and Na2Co2+

2Fe3+(PO4)3, respectively. The fired 

precursor of NNFP sample were also calcined at 850 °C for 48h to obtain yellow Na2Ni2Fe(PO4)3 

powders. All the obtained powders were subsequently ground to be ready for further 

characterizations.  

 

 

Figure 1. Synthetic procedure of Alluaudite powders 

Powder X-ray diffraction data have been collected with an X’pert PRO PANalytical θ/2θ 

diffractometer equipped by CuKα radiation, using Bragg-Brentano geometry, in steps of 0.02°. The 

counting time is 40s per step, within an angular range of 10 to 90° in 2θ. For pure phases, Rietveld 

method has been used for crystal structure refinement, using powder X-ray diffraction data.  

Surface morphology and elemental analysis were examined by field emission gun-scanning 

electron microscope (FEG-SEM) Carl ZEISS–model ULTRA 55 equipped with microanalysis 

BRUKER AXS, detector SDD 30 mm2 and Energy Dispersive X-ray Spectroscopy analyzer (EDS). 
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Thermal analyses (TG/DTA) were performed under air flow (20 ml/min), using a SETARAM 

TAG24-16 thermal analyzer, and platinum crucibles. For each sample thermal measurements were 

carried out in the range of room temperature to 800 °C, with fixed heating rate 5°C.min-1 and all the 

DTA curves were normalized with respect to the sample weight.  

Electrical conductivity measurements, by Impedance spectroscopy technique, were carried out 

on the gold coated pellets, using SC7620 Mini-sputter coater. The impedance diagrams were 

recorded with an applied voltage of 50 mV from 300 to 650 °C and under zero dc conditions in the 

5Hz to 13MHz frequency range, using Hewlett-Packard frequency response analyzer (4192 ALF). 

The sample densities were measured from the size and weight of sintered pellets.  

For the electrochemical measurements, the carbon coating of the pure phase powders were 

carried out by mixing sucrose with certain amount corresponding to 10% C using ball mill and then, 

calcined at 650 °C under inert atmospheric conditions. 

For electrochemical measurements, the used positive electrodes have been prepared by mixing 

80 wt% of Na2M2+
2Fe3+(PO4)3 (M = Mn, Co, Ni) active material, 10 wt% of Super P carbon, and 10 

wt% of the polyvinylidene fluoride (PVDF) as binder dissolved in N-methylpyrrolidone (NMP) 

solution. For each compound, the formed homogenous mixture was coated on aluminum foil using 

screen printing technique, and then dried at 70°C under vacuum. The electrochemical tests were 

carried out using coin cells (CR2025) assembled in Ar-filled glove box. The average mass loading of 

the active material was around 3 mg/cm2 and Na metal foil acts as the negative electrode with 

Celgard 2400 as the separator. The cell electrolyte was 1M NaClO4 in propylene carbonate (PC). 

Galvanostatic charge-discharge cycling and EIS measurements for the assembled batteries were 

conducted in the potential range of 1.5–4.2 V (vs. Na+/Na) under various current densities using 

VMP-300 multipotentiostat (BioLogic SAS) where the 1C rate =0.2 mA/g. 

3. Results and discussion 

3. 1. Crystal structures determination and description  

The crystal structures refinement of the different phases were carried out by the Rietveld 

option of Fullprof program, [58- 60], using X-ray diffraction data. The final results of the Rietveld 

refinement of the diffractograms of the monoclinic (NMFP, NCFP) and orthorhombic (NNFP) 

phases are shown in Figures 2 (2a, 2b) and 3, respectively. The crystallographic data and the detail of 

the refinements for the three compounds are collected in Table 1. The atomic positions and the 

isotropic thermal stirring coefficients for the three compounds are presented in Table 2 and 3. The 

interatomic distances are collated in Tables 4 and 5. 
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Figure 2. Diffractograms of the observed (red), calculated (black) and a difference between the two 

(blue) patterns for monoclinic compounds, (a) NMFP, (b) and NCFP. 

 

 

Figure 3. Diffractograms of the observed (red), calculated (black) and a difference between the two 
(blue) patterns for the orthorhombic compounds, NNFP. 
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Table 1. Structures refinement details for NMFP, NCFP and NNFP phases. 

Crystal data 
Chemical formula NMFP NCFP NNFP 

Mr 504.61 496.61 475.26 
Crystal system, space 

group 
Monoclinic ; C2/c Orthorhombic ; Imma 

Unit cell dimensions 
(Å, °) 

a= 12.0337(3),  
b= 12.6268(3),  
c= 6.5070(1), 
β=114.563(2) 

a= 11.7597(3),  
b= 12.4579(3),  
c= 6.4607(1), 
β=113.968(1) 

a= 10.3993(1),  
b= 13.1966(1),  
c= 6.4955(1) 

V (Å3) ; Z 899.24(5) ; 4 945.99(1) ; 4 891.35(2) ; 4 
Data collection 

Diffractometer Panalytical 
Wavelength (Å) CuK(α1,α2) 

Temperature (K) 300 
2θ values 10 - 91 10 - 91 10 - 91 

Counting time 0.016° / 40 s 0.016° / 40 s 
Refinement 

Rp 0.045 0.086 0.035 
Rwp 0.064 0.099 0.047 
Rexp 0.051 0.080 0.010 
R(F²) 0.026 0.049 0.031 

RBragg 0.034 0.044 0.034 
Numberof parameters 114 114 104 

Profile function Pseudo-Voigt 
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Table 2. Atomic coordinates and Biso isotropic displacement factors of the monoclinic structures of 
NMFP, M = Mn, Co. 

Name Sites x y z Biso 
Na2Mn2Fe(PO4)3 
Na(1) 4a 1/2  1/2  0 3.93(25) 
Na(2) 4e 0.0000  0.4829(1)  3/4 4.61(40) 
Co 8f 0.7232(5) 0.8445(3) 0.1409(7) 1.64(10) 
Fe 4e 1/2  0.7315(5) 3/4 3.61(7) 
P(1) 8f 0.7635(7) 0.6068(5) 0.3747(2) 2.25(19) 
P(2) 4e 1/2 0.2876(7) 1/4 1.20(23) 
O(1) 8f 0.7729(10) 0.6733(10) 0.1780(20) 1.84(36) 
O(2) 8f 0.8315(13) 0.6645(11) 0.5970(20) 2.66(37) 
O(3) 8f 0.8276(10) 0.5001(11) 0.3843(18) 1.96(34) 
O(4) 8f 0.6283(11) 0.5957(8) 0.3255(20) 1.21(38) 
O(5) 8f 0.6071(14) 0.3654(9) 0.2340(20) 2.90(35) 
O(6) 8f 0.4535(11) 0.2217(10) 0.0370(20) 0.90(34) 
Na2Co2Fe(PO4)3 
Na(1) 4a 1/2  1/2  0 3.44(32) 
Na(2) 4e 0.0000  0.4832(1)  3/4 3.10(37) 
Co 8f 0.7183(5) 0.8427(3) 0.1331(8) 2.23(12) 
Fe 4e 1/2  0.7324(5) 3/4 3.45(721) 
P(1) 8f 0.7644(7) 0.6094(6) 0.3758(2) 2.90(22) 
P(2) 4e 1/2 0.2910(9) 1/4 2.80(31) 
O(1) 8f 0.7809(11) 0.6783(10) 0.1880(20) 1.65(43) 
O(2) 8f 0.8408(14) 0.6633(11) 0.6060(20) 3.30(42) 
O(3) 8f 0.8313(8) 0.5013(11) 0.3885(17) 0.25(33) 
O(4) 8f 0.6268(13) 0.5973(9) 0.3300(20) 1.60(44) 
O(5) 8f 0.6071(14) 0.3665(9) 0.2550(20) 1.54(40) 
O(6) 8f 0.4578(12) 0.2218(11) 0.0330(20) 1.99(43) 

 
Table 3. Atomic coordinates and Biso isotropic displacement factors of the orthorhombic structures of NNFP 

 Sites x y z Biso 
Na2Mn2Fe(PO4)3  
Na(1) 4e 0  3/4 0.6091(8) 4.61(19)  
Na(2) 4b 0 1/2 1/2 4.14(20)  
Ni 8g 1/4 0.6368(1)  1/4 1.05(4)  
Fe 4a 1/2 1/2 1/2 1.08(7)  
P(1) 8g 1/4 0.4282(2)  1/4 0.989(71)  
P(2) 4e 0 3/4 0.0865(6) 1.05(10)  
O(1) 16j 0.2892(3)  0.3676(3)  0.0632(4)  0.73(10) 
O(2) 16j 0.1382(3)  0.5070(3)  0.2105(5)  0.71(11) 
O(3) 8h 0 0.6547(4)  0.9527(2)  0.84(14)  
O(4) 8i 0.1200(5)  3/4 0.2268(3)  0.56(15)  
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Table 4. Interatomic distances (Å) for NMFP, M = Mn and Co. 
Distances  Na2Mn2Fe(PO4)3 Na2Co2Fe(PO4)3 
Na(1)–O(5) (×2) 
Na(1)–O(4) (×2) 
Na(1)–O(4) (×2) 
Na(1)–O(5) (×2) 
 
Na(2)–O(3) (×2) 
Na(2)–O(3) (×2) 
Na(2)–O(2) (×2) 
Na(2)–O(6) (×2) 
 
Fe–O(2) (×2) 
Fe–O(6) (×2) 
Fe–O(4) (×2) 
 
M–O(2) (×1) 
M–O(2) (×1) 
M–O(6) (×1) 
M–O(6) (×1) 
M–O(4) (×1) 
M–O(4) (×1) 
 
P(1)–O(4) (×1) 
P(1)–O(2) (×1) 
P(1)–O(3) (×1) 
P(1)–O(1) (×1) 
 
P(2)–O(6) (×2) 
P(2)–O(5) (×2) 

2.248(11) 
2.369(10) 
2.567(15) 
2.964(16) 
 
2.431(10) 
2.573(14) 
2.762(17) 
2.947(17) 
 
2.221(12) 
2.269(14) 
2.277(15) 
 
2.023(17) 
2.044(14) 
2.071(17) 
2.078(13) 
2.107(10) 
2.229(13) 
 
1.528(16) 
1.519(14) 
1.541(15) 
1.574(17) 
 
1.532(17) 
1.584(13) 

 
 
 
<2.537> 
 
 
 
 
<2.678> 
 
 
 
<2.256> 
 
 
 
 
 
 
<2.092> 
 
 
 
 
<1.541> 
 
 
<1.558> 

2.320(11) 
2.378(11) 
2.496(12) 
2.912(15) 
 
2.383(10) 
2.493(11) 
2.826(12) 
2.858(10) 
 
2.155(15) 
2.157(15) 
2.167(14) 
 
1.903(16) 
2.049(14) 
2.069(13) 
2.069(17) 
2.095(15) 
2.156(14) 
 
1.530(17) 
1.544(14) 
1.545(15) 
1.561(15) 
 
1.546(14) 
1.562(17) 

 
 
 
<2.526> 
 
 
 
 
<2.640> 
 
 
 
<2.160> 
 
 
 
 
 
 
<2.057> 
 
 
 
 
<1.545> 
 
 
<1.554> 

 
Table 5. Interatomic distances (Å) for NFP. 

Distances Na2Ni2Fe(PO4)3 
Na(1)–O(3) (×2) 
Na(1)–O(1) (×4) 
Na(1)–O(4) (×2) 
 
Na(2)–O(2) (×4) 
Na(2)–O(1) (×4 
 
Ni–O(4) (×2) 
Ni–O(2) (×2) 
Ni–O(1) (×2) 
 
M–O(2) (×4) 
M–O(3) (×2) 
 
P(1)–O(1) (×2) 
P(1)–O(2) (×2 
 
P(2)–O(3) (×2) 
P(2)–O(4) (×2) 
 
Ni─Ni 

2.626(9) 
2.702(5) 
2.783(8) 

 
2.369(5) 
2.833(4) 

 
2.021(5) 
2.076(4) 
2.086(3) 

 
1.986(6) 
1.934(7) 

 
1.509(4) 
1.581(5) 

 
1.543(7) 
1.640(7) 

 
2.8987(2) 

 
 
<2.704> 

 
 
<2.612> 

 
 
 
<2.061> 

 
 
<1.968> 

 
 

<1.545> 
 
 
 
 

<1.594> 
 



10 
 

For the two compounds NMFP and NCFP with  monoclinic symmetry, the refinement of the 

crystal structure, from the X-ray powder diffraction data, was carried out by means of the Rietveld 

method in space group C2/c,  using the model adopted by Khiem Trad et al. [43]. The refinement of 

the structural and profile parameters of NMFP and NCFP  phases was continued until convergence of 

the different factors of reliability, RBragg, RF, Rp and Rwp, as previously presented in Table 1. The 

diffraction diagrams presented in Figure 2 reveal the agreement between the observed and calculated 

diffractograms. The low values of the reliability factors obtained at the end of the refinements also 

attest to the quality of the structural determination.  

In the monoclinic structure of NMFP and NCFP compounds, the bivalent M2+ (M =Mn or 

Co) and trivalent Fe3+ metal atoms occupy the crystallographic sites 8f and 4e, respectively, where 

they adopt two deformed octahedral environments MO6 and FeO6, Table 4. The two independent 

atoms of phosphorus P1 and P2 adopt an environment tetrahedral, in fully occupied 8f and 4e sites, 

with mean distances   <P1–O> ranging from 1.541 to 1.545 Å and <P2-O>  ranging from 1.558 to 

1.544 Å, in NMFP and NCFP, respectively. In the two isotype structures, each FeO6 octahedron, 

associates with two MO6 octahedra, sharing the opposite sides O2–O6 to form an anionic 

[(MO6)(FeO2)MO6]21- [(MO6)(FeO2)MO6]21- trimer, where each trimeric entity 

[(MO6)(FeO2)MO6]21- is connected from both adjacent sides by the O1–O1 edges of the MO6 

octahedra, with two other [(MO6)(FeO2)MO6]21- -trimer, to form an infinite �
� [FeM2O12]17- chain in 

the plane (a, c), as shown in Figure 4. 

 

 

Figure 4. Infinite chain �
� [FeM2O14]21- in the structure of compounds NMFP (M = Mn, Co). 

 

The infinite �
� [FeM2O12]17- chains are linked together by the intermediary of the tetrahedra PO6 of 

the two phosphorus atoms P1 and P2, to constitute an infinite anionic layer �
� [FeM2P3O14]6- 

parallel to the (010) plane, like c 'is shown in Figure 5. 
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Figure 5. View of infinite layer �
� [FeM2P3O14]6- parallel to the (010) plane, in the structure 

of compounds NMFP (M = Mn, Co). 

Thus, the crystal structure of both compounds NMFP and NCFP, is obtained by a stacking 

along the axis [010], infinite layers �
� [FeM2P3O14]6-, linked together by the pooling oxygen atoms 

O3 between two consecutive layers; connecting the PO4 tetrahedra of the phosphorus P1 atoms and 

the MO6 octahedra of the bivalent metal to form a three-dimensional anionic framework 

[FeM2(PO4)3]2-, releasing two types of hexagonal tunnels, parallel to the axis [001] and occupied in 

an alternating manner by the sodium atoms Na1 and Na2. Thus, the monovalent Na+ counter cations 

are located at the centers of the tunnels and participate in the cohesion of the structure, Figure 6. 

 
Figure 6. Projection views of the crystal structure of NMFP (M = Mn, Co), 

along: (a) axis [001] and (b) slightly deviated from direction [001]. 
 

Inside each chanal occupied by the alkaline cations Na1, the oxygen atoms O4 and O5 

common to all the polyhedra MO6, FeO6 and PO4, form deformed parallelepipeds 

O(4)O(4)O(5)O(5)─O(5)O(5)O(4)O(4) around the Na1 atoms; connected to each other alternately by 

one of the two rectangular faces O(4)O(4)O(5)O(5) and O(5)O(5)O(4)O(4 ) (Figure 7). 
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Figure 7. Comparison of tunnels occupied by sodium atoms Na1 in the structure  

of NMFP, (M = Mn and Co). 

Thus, two adjacent parallelepipeds each containing a sodium atom Na1, at distances Na1-Na1 

of 3.26 and 3.23 Å for Na2Mn2Fe(PO4)3 and Na2Co2Fe(PO4)3 compounds, respectively, as shown in 

Figure 7. 

As indicated in the Figure 8 below, the sodium atoms Na2 are located in the second type of 

tunnel, are arranged in zig-zag along �� axis, with Na2–Na2–Na2	�  angles of 164.89 and 165.23 °, 

and Na2–Na2 distances of 3.28 and 3.26 Å for NMFP and NCFP, respectively. In these tunnels, the 

oxygen atoms O3 and O6 belonging to the different polyhedra MO6, FeO6 and PO4 of each tunnel, 

form pseudoparallelepipedic cavities O(3)O(6)O(3)O(6)─O(3)O(6)O(3)O(3), stacked along the �� 

axis, with the Na+ cations located in the center of each cavity in the particular 4e position. 
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Figure 8. Comparison of tunnels occupied by sodium atoms Na2 in the structure 
 of NMFP, (M = Mn and Co). 

For the Na2Ni2+
2Fe3+(PO4)3 (NNFP) compound, the crystal structure determination was 

carried out in orthorhombic symmetry with the centrosymmetric space group Imma, taking as the 

starting structural model, that described in the previous structural studies on the Na2Ni2+
2Fe3+(PO4)3 

phases with M = Fe and Cr [50,51]. Thus, to begin the structural refinement, the different atoms were 

placed in the following crystallographic sites: the Na in the 4e and 4b sites, the transition metals Ni 

and Fe in the 8g and 4a sites, P in atomic positions 8g and 4e and finally the four oxygen atoms in 

two positions 16j, as well as the 8h and 8i sites. 

At the start of structural refinement, the metal atoms Ni, Fe were distributed over the two 

sites 8g and 4a, respecting their stoichiometries in the formula Na2Ni2+
2Fe3+(PO4)3, with the 

occupancy rates of (75% Ni, 25% Fe) in site 8g and (50% Ni, 50% Fe) in site 4a. After several cycles 

of refinement, freeing all the parameters, only the structural model with a total occupation of the 

crystallographic sites 4a (1/2, 1/2, 1/2) by the Fe atoms and 8g (1/4, y , 1/4) by the Ni atoms, gave 

the best reliability factors, confirming an ordered distribution of the Ni and Fe atoms in the NNFP 

structure. The refinement of the structural and profile parameters was continued until the various 

reliability factors converged. The diffraction diagrams presented in Figure 3, attest to the good 

agreement obtained between the observed and calculated diffractograms, illustrated by the difference 
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between them. The low values of the reliability factors obtained at the end of the refinements attest 

also to the quality of the structural determination.  

Thus, in the orthorhombic NNFP compound, the structure can be described from an assembly 

of FeO6, NiO6 and PO4 polyhedra, where the crystal structure can be described as the association of 

two types of anionic entities, presented in Figure 9 : (i) a tetramer of nickel phosphates [Ni2P2O4]14-, 

created by the association of a dimer of Ni2O10 obtained by pooling an O4─O4 edge between two 

NiO6 octahedra; and two tetrahedra of P(1)O4 sharing opposite O2–O2 edges of the Ni2O10 dimer; 

Figure 9a (ii) an infinite chain �
� [FePO8]8- parallel to direction [010], obtained by the association 

of octahedron FeO6 and tetrahedra P(2)O4, connected to each other by the pooling of two opposite 

vertices O3 Figure 9b. The two anionic entities, the infinite chains �
� [FePO8]8- and the adjacent 

[Ni2P2O14]14- tetramers, are connected in an alternating manner in the [100] direction, by the pooling 

of O2, O4 and O2 vertices, to form an infinite layer �
� [Ni2Fe(PO4)3]2- parallel to the plane (110), 

presented in Figure 9b. 

 
Figure 9. View of infinite layer �

� [Ni2Fe(PO4)3]2- (b), obtained by association infinite chain 
�
� [FePO8]8-and [Ni2P2O4]14- nickel phosphates tetramer (a)  

The crystal  structure of orthorhombic compound Na2Ni2+
2Fe3+(PO4)3  is obtained by a 

stacking along the axis [100], of infinite layers �
� [Ni2Fe(PO4)3]2-, connected to each other by the 

pooling of oxygen atoms O1 between two consecutive layers; to form a three-dimensional anionic 

framework releasing two different channels : Narrow rectangular tunnels along the [100] axis, 

Figure 10a, and large hexagonal tunnels along  [010] direction, Figure 10b. The Na+ monovalent 

cations are located inside these tunnels and participate in the cohesion of the structure, where the 

wide hexagonal tunnels are occupied by both Na1 and Na2 atoms, while the narrow rectangular 

channels are populated only by Na1 sodium atoms, as indicated in the Figure 10.  
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Figure 10. Comparison of tunnels occupied by sodium in Na2[Ni2Fe(PO4)3] structure. 

As shown in Figure 11a, inside each rectangular tunnel formed only by two types of oxygen atoms, 

O1 and O3, solely sodium atoms Na1 are present in these tunnels, located in deformed polyhedra, 

formed by 10 oxygen atoms (8xO1 and 2xO3) and linked to each other by O1─O1─O1─O1 

rectangular faces, with  Na-Na distances of the order 5.51Å and Na1 atoms very close to the walls of 

the tunnels inside a rectangle formed by four O1 oxygen, of width 3.104 Å and length 4.384 Å. 

 
Figure 11. Sodium occupation of hexagonal and rectangular tunnels in  

the orthorhombic structure of NNFP  

Regarding the large hexagonal tunnels oriented along the �� axis and occupied alternately by the 

sodium atoms Na1 and Na2, the distances Na1─Na2 between two neighboring sodium atoms are 

much greater short than in rectangular tunnels, with distances of 3.371 Å, Figure 11b. This cationic 

density in the hexagonal tunnels will therefore promote the mobility of the alkaline Na+ cations, that 
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will preferably occur through these tunnels. It is also worth noting the difference between the 

monodimensional channels observed in the two types of structures, with almost linear tunnels in the 

monoclinic symmetry for the NMFP MCFP compounds. While in the orthorhombic network for 

NNFP the tunnels are zig-zag shaped. To evaluate the Na+ cation mobility in both structures, 

electrical conductivity measurements using impedance complex method have been performed for all 

compounds. Given the tunnel structures of the three compounds, they can be also potentially usable 

as positive electrodes in sodium-ions type batteries. Therefore, it is important to study the powders 

morphology, because a small particle size is favorable to the process of intercalation in the primary 

particles by reducing the length of the Na-ion diffusion path. 

 

3.2. Thermal analysis  

TGA/DTA thermal analyzes of all compounds were performed in two steps. In first time, the 

study of the thermal evolution of the precursors obtained just after autocombustion synthesis, in the 

range of room temperature to 800°C, to follow their degradation and determine the crystallisation 

and synthesis temperatures of each compound. The second thermal analyses have been done after 

synthesis of different samples, to determine melting points and the sintering temperatures of pellets 

used for electrical measurements, as indicated in Figure 12 and table 6. 

 
Figure 12. Thermal analyzes of NMFP, NNFP and NCFP phases  

Table 6. Thermal, mechanical and electrical properties of  Na2M2+
2Fe3+(PO4)3, M = Mn, Co and Ni 

 Crystallization 
temperature (°C) 

Melting 
point 

Pelettes sintering 
temperature (°C) 

Theoretical 
density(g/cm3) 

Pellets  
density (%) 

Na2Mn2Fe(PO4)3 ~ 540 890 790 3.337 96 
Na2Co2Fe(PO4)3 ~ 570 900 790 3.543 97 
Na2Ni2Fe(PO4)3 ~ 640 920 820 3.757 90 
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3.3. Morphological properties  

Figures 13 a, b and c show the SEM images of the three powders, respectively, where Figure 

13a reveals that the particle size of Na2Mn2+
2Fe3+(PO4)3 is the smallest of the three samples and 

ranged from 0.2 to 1 µm. While in the Na2Co2+
2Fe3+(PO4)3 sample, the crystallites of prismatic 

shape, have a slightly larger particle size, ranging between 0.5 and 2.5 µm as indicated in the Figure 

13b. For the compound of orthorhombic structure Na2Ni2Fe(PO4)3, as presented in Fig. 12c, the 

particles are of homogeneous morphology with regular micrometric sizes and a particle size range of 

approximately 0.5 to 3 µm. Thus, by using the J-image software to calculate the average particle size  

in the different samples, one obtains average sizes of the order of 0.5, 1.0, and 1.3 μm for the 

compounds NMFP, NCFP and NNFP, respectively. 

 
Figure 13. SEM images of compounds (a) NMFP, (b) NCFP and (c) NNFP prepared by 

autocombustion 

While, using powder X-ray diffraction data of the three compounds, the profile and lattice parameter 

refinements with Thompson-Cox-Hasting profile option, allowed to obtain the real mean particle size 
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about (DMn = 81 nm, DCo = 92 nm and DNi = 83 nm) with stress parameters of (ηMn = 0.10%, ηCo = 

0.09% and ηNi = 0.11%), for NMFP, NCFP and NNFP compounds, respectively. From an 

electrochemical view point , this the observed morphplogies, with primary particules sizes varying 

from 81 to 92 nm, is suitable because it allows facile insertion/ deinsertion of soduin ions during the 

the reduction/oxidation of transition metal atoms. 

With the X-ray diffraction refinement no impurities were detected as also confirmed by SEM 

analyzes using energy dispersive X-ray spectroscopy (EDX) analysis, which allowed us to probe the 

particles of each sample to confirm the homoginity of the latter, with the presence of all the elements 

corresponding to the appropriate chemical formula for each compound, Figure 14 (a, b, c). 

 

Figure 14. Energy dispersive X-ray spectroscopy (EDX) analysis of (a) NMFP, (b) NCFP  
and (c) NNFP. 
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Thus, EDX examination of each Na2M2Fe(PO4)3 sample confirms the presence of Na, M, Fe and 

P elements and also reveals uniform distribution of these elements throughout the surface of each 

studied sample. It is worth noting also that the EDX results give the atomic ratio of (Fe:M) of 

about 1:2.04, 1:2.08, 1:1.97 for M = Mn, Co and Ni, respectively, which is close to the 

theoretical value (1:2) in Na2M2+
2Fe3+(PO4)3  

3.4. Electrical and Electrochemical properties  

• Electrical conductivity properties  

Given the melting points obtained during the thermal study of the various compounds, the 

pellets used for the electrical conductivity measurements were sintered in air at 790°C for NMFP and 

NCFP, while the NNFP pellets have been sintered in air at 820°C. Thus, Table 6 indicates the 

obtained densities of the sintered pellets of different compounds. The ionic conductivity 

measurements were conducted by using impedance spectroscopy technique to evince the mobility of 

Na+ cations in the tunnels of different structures. Thus, the Figure 15 presents the typical complex 

impedance spectra for different pellets as solid electrolytes at 400°C. It is observed that the total 

impedance of the orthorhombic compound NNFP is much lower than those of monoclinic 

compounds NMFP and NCFP. This high electrical conductivity of  NNFP compound clearly shows 

the effect of network symmetry on the mobility of Na+ cations in the tunnels. 

 
Figure 15. Complex impedance spectra of NMFP, NCFP and NNFP samples at 400°C.  

Inset graph is the magnified complex impedance plot of NNFP. 
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Zview software [56] was used to fit Nyquist plots of each compound. It can be noted that in high 

frequency domain, the impedance diagrams show only one typical semicircle arc. Thus, for the three fist 

temperature, two equivalent circuits containing a resistor R connected in parallel with a constant phase 

element CPE have been used to adjust the impedance diagrams. The latter contribution is an empirical 

impedance function of the type:
p)CPE( )j(A

1
Z

ω
= ; (-1 ≤ p≤1), where A is a pseudo capacitance obtained 

from CPE. However, At higher temperatures, the impedance spectra are shifted from their origin, and An 

equivalent circuit collected a resistor R connected in parallel with a constant phase element CPE was used to 

fit impedance spectra. Thus,an example of extracted and calculated values of different electric parameters for 

NNFP, at different temperatures, are illustrated in Table 7. 

Table 7. Electrical parameters of NNFP obtained from equivalent circuits at 192≤ T(°C) ≤401, refined using 
Z-view software and σdc conductivity 

T(°C) 
R1 
(Ω) 

A1 
(10-11 Fsp-1) P1 

C1 
(10-12F) R2 (Ω) 

A2 
(10-11 Fsp-1) P2 

C2 
(10-12F) 

σdc 
(S.cm-1) 

192 35743 1.90 0.9337 2.7229 421170 5.84 0.8355 0.4106 2.918 10-6 

241 34736 8.95 0.8195 0.3918 81433 5.35 0.8838 0.8285 1.1478 10-5 

293 20548 5.14 0,8867 1.9114 13344 0.38 0.7513 0.2028 3.934 10-5 

343 11829 3.98 0.8689 8.0676 731    1.062 10-4 

347 10407 2.58 0.8920 1.0442 764    1.194 10-4 

349 10220 3.12 0.8827 9.5940 786    1.212 10-4 

401 3852 1.80 0.9316 2.4218 912    2.799 10-4 

Linear Arrhenius plot of log(σdcT (Ω-1.cm-1.K)) vs. 1000 /T (K-1) given in Figure 16, confirm 

the best electrical conductivity of the orthorhombic Na2Ni2+
2Fe3+(PO4)3 compound in all thermal 

domain, with activation energies of 0.63, 0.65 and 0.75eV for NNFP, NCFP and NMFP compounds, 

respectively. The electrical conductivity deceasing between orthorhombic and monoclic symmetry 

can be linked to channels dimension present in both structures. In fact, the decrease in the size of 

tunels in the crystaline framework, causes lowering in the mobility of Na ions in the 

structure.Therefore, it is found that NNFP has a best electrical conductivity with a lowest value of 

activation energy of about 0.63 eV, as a result of large size of open channels in orthorhombic 

symmetry. Thus, the activation energy value of Na ion diffusion, observed in the  orthorhombic 

compound NNFP  (0.63 eV) , confirms that the migration path with the lowest activation energy 

corresponds well to mono-dimensional tunnels with a zigzag pattern, as observed in Figue 11. 
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Figure 16. Arrhenius plots of ionic conductivity of bulk samples NMFP, NCFP and NNFP. 

As the ionic radius of divalent transition metal ions M2+ (M = Co, Mn, and Ni) in an 

octahedral environment is following the orderer of RCo
2+ < RMn

2+ < RNi
2+ (RCo

2+ = 0,79Å, RMn
2+ = 

0,81Å et RNi
2+ = 0,83 Å), [62, 63], the average distance <Na─O> in the tunnels formed by these 

octahedra increase with the radii of the M2+ cations, inducing  lower <Na─O>Co2+ distances and 

strongest Na─O chemical bonds in the tunnels of the Na2Co2Fe(PO4)3 compounds, which results in a 

greater activation energy of 0.73 eV observed for cobalt compound. 

• Electrochemical properties  

To investigate the effects, both of the (monoclinichor/orthorhombic) crystal structure 

symmetry and of M2+ divalent transition metal ion substitution, on the electrochemical performance 

in the Na2M2+
2Fe3+(PO4) compounds (M = Co, Mn, Ni) used as positive electrode materials in Na-

ions batteries, preliminary electrochemical measurements were performed. Thus, electrochemical 

tests of the three samples as cathode materials were carried out by galvanostatic cycling, with sodium 

metal as negative electrodes. 

In order to deduce the kinetic effect and approach a thermodynamic equilibrium of sodium 

exchange during the first electrochemical measurements, low cycling rates have been performed with 

Charge/discharge rates of C/100, in a potential window of 1.5 to 4.2 V, as indicated in Figure 17.  

The electrochemical charge/discharge measurements presented in Figure 17, show that the 

three electrochemical cells folow similar cycling profiles, with a better performances obtained for 

manganese material NMFP. Thus, during the first discharge cycle of NMFP cell about 0.85 Na+ ions 

per formula unit could be intercalated and about 0.64 Na+ ion per formula unit could be extracted 

from the structure at the following charge. However, the cobalt material NCFP exhibits the lowest 

Na+ ions exchange, of about 0.56 and 0.34 Na+ ion during the Na extraction and insertion processes, 
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respectively. Whereas, the orthothombic compound NNFP exhibits intermediate values with an 

insertion of 0.66 and a deinsetion of 0.44 Na+ ion during charge and discharge steps, respectively.  

Alternatively, the specific charge capacity of NMFP, NNFP and NCFP cathode materials are about 

94.2, 84.4 and 66 mAh/g corresponding to 75.5, 75 and 57.3% of coloumbic efficiency, respectively. 

This preliminary study clearly shows that the powder morphology  plays an important role in the 

electrochemical process. Thus, as it has been observed for NMFP, a material with a smaller grain 

size promotes the mobility of Na+ cations in the primary particles, by reducing the length of the ion 

diffusion path in the electrode material, [41, 43, 40, 50 ]. Such a morphology is also favorable to 

better impregnation of the electrolyte and therefore better ionic percolation. 

 
Figure 17. charge/discharge profiles of Na2M2+

2Fe3+(PO4) cathodes at a rate of C/100. 

By comparing the results of orthorhombic NNFP and monoclinic NCFP compounds, having same 

particles sizes, one observe the crystal structure effect , with the best electrochemical recycling for 

the NNFP compound of orthorhombic symmetry. 
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Figure 18. the Nyquist plot of both sample electrodes after the first cycle 

Figure 18 illustrates the typical EIS plots of the three cycled batteries after the first cycle to further 

confirm and support the charge/discharge tests. Eventually, the NMFP cell revealed the minimum 

resistance for the bulk (Rs), for charge transfer (Rct) and for Na+ ion diffusion as well. On the 

contrast, the battery with NCFP cathode showed higher Rs and Rct along with poor Na+ ion diffusion 

between the electrolyte and electrode surface. 

4. Conclusions 

The variations of structural, morphological, electrical and electrochemical properties of Alluaudite 

Phases Na2M2+
2Fe3+(PO4)3  (M = Mn, Co and Ni) of powdred samples have been investivated. The 

three compounds were synthesised by autocombustion route and its crystal structures were 

determined using pouder X-ray diffraction data.The cobalt and manganese phases crystallise in 

monoclinic symmetry, while nickel compound adopts an orthorhombic crystal structure. In both 

crystalline symmetries the crystal structure form a three-dimensional anionic framework releasing 

different channels occupied monovalent cations Na+. Thus, sodium atoms are located within the 3D-

frameworks of octahedra and tetraeadra sharing corners and/or edges with small square and large 

hexagonal channels along [100] and [010] respectively in orthorhombic structure, and with two 

different tunnels according [001] direction in monoclinic structure. The presence of sodium cations 

in the tunnels confer them better mobility and good electrical and electrochemical properties. The 

three materials Na2M2+
2Fe3+(PO4)3 (M = Mn, Co and Ni) have also demonstrated their potential for 

use as cathode material with specific charge capacities 94.2, 84.4 and 66 mAh/g, respectively. 
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