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Abstract

Sodium-ion batteries (SIBs) are the nearest alternative to lithium-ion batteries (LIBs) for stationary energy 
storage devices. However, at the moment, SIBs are inferior to LIBs in energy density due to the lower efficiency 
of sodium-containing electrode materials, which encourages the emergence of new developments in this field. The 
review provides examples of some promising sodium-containing cathode materials obtained by mechanochemi-
cally assisted solid-state synthesis. It is shown that this approach is an energy- and eco-efficient method for the 
synthesis of single-phase, nanostructured cathode materials. An increase in their electron conductivity is achieved 
through surface modification with an electronically conductive carbon at the stage of synthesis. A complex of 
modern physicochemical methods was used to study their crystal and local structure, morphology, and electro-
chemical properties during cycling in both Na and Li electrochemical cells. The specific energy was compared 
with that of the known lithium-containing cathode materials.
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INtroduction

During recent years, an urgent issue is a prob-
lem concerning the replacement of lithium-ion 
electrochemical systems, which are widely used 
at present, by sodium-ion ones. This replacement 
will eliminate the problems of lithium deficiency 
on the Earth and the high cost of lithium-con-
taining materials. The most promising application 
of sodium-ion rechargeable batteries (SIBs) is 
large-scale energy storage systems, so the avail-
ability of raw material and its low cost, high op-
eration resource and fire safety retain decisive 
importance [1–4]. Physicochemical characteristics 
of sodium are similar to those of lithium, how-
ever, sodium is more widespread in nature, and 
its cost is much lower. At the same time, SIBs are 
distinguished by a lower efficiency of electrode 
materials and energy density than those of lith-
ium-ion rechargeable batteries (LIBs) because 
the oxidation-reduction potential of the Na+/

Na couple (–2.71 V vs. the standard hydrogen 
electrode) is higher by 0.3 V than the potential 
of the Li+/Li couple, while the molar mass is 
larger. 

One of the major elements of a rechargeable 
battery, determining its characteristics, is the 
material of positive electrodes (cathodes). Poly-
anion compounds are considered a promising class 
of cathode materials for SIBs. The compounds of 
this class possess mainly framework structure, 
due to which a small change in unit cell volume 
is observed during reversible (de)intercalation of 
sodium ions. This improves their structural sta-
bility during cycling and, as a consequence, in-
creases their operation lifetime, while a strong 
covalent bond of oxygen with a nonmetal within 
the anion ensures the absence of O2 evolution, 
thus enhancing their performance safety. 

Initially, the search for electrode materials for 
SIBs was carried out relying on the principle of 
analogy with the known lithium cathode materi-
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als. However, it became clear soon that they dif-
fer in composition, structure and electrochemi-
cal characteristics. Comparative characteristics of 
lithium and sodium cathode materials similar to 
each other in composition are listed in Table 1. 
One can see that there are differences in struc-
ture and in working voltage for the same com-
pounds of lithium and sodium [5–19]. For in-
stance, NaFePO4, which is analogous to LiFePO4 
with olivine structure, a widespread cathode ma-
terial for LIBs, may be obtained directly only in 
the form of maricite, in which there are no chan-
nels for the diffusion of sodium ions and thus no 
electrochemical activity is observed [12]. NaFePO4 
with olivine structure is usually obtained from 
LiFePO4 through chemical Li/Na ion exchange [13]. 
Tavorite-like vanadium(III)-lithium fluoro-phos-
phate LiVPO4F is a promising cathode material 
for LIBs [10], however, its sodium derivative, va
nadium(III)-sodium fluoro-phosphate NaVPO4F, 
is metastable (may be obtained only under non-
equilibrium conditions) and does not exhibit elec-
trochemical activity [17]. On the other hand, 
fluoro-phosphate with a different structure, 
Na3V2(PO4)2F3, is obtained through direct solid-
phase synthesis; it is considered at present as one 
of the cathode materials for SIBs most close to 
commercialization [18]. 

Sodium-containing cathode materials, which 
are synthesized in an easier manner than lithium-
containing ones, as a rule, may be considered as 
matrices for reversible intercalation of Li+ ions. In 
addition, mixed Li/Na-materials may in some 
cases possess different, more stable crystal struc-
tures with larger diffusion channels due to the 
presence of larger Na+ ions, which promotes ac-
celeration of (de)intercalation process and hence 
leads to the improvement of power characteris-
tics. These materials are obtained using two pro-
cedures: either sodium-containing cathode mate-
rials are subjected to preliminary electrochemical 
removal of sodium, and their subsequent cycling 
is performed in a Li-cell, or initially mixed Li/Na-
compounds are synthesized, for example using 
the solid-state route. 

In the present review, some examples of 
promising sodium-containing cathode materials 
obtained by mechanochemically assisted solid-
state synthesis are described. Their crystal and 
local structure, morphology and electrochemical 
characteristics during cycling both in Na- and in 
Li-electrochemical cells were studied by means of 
a set of modern physicochemical methods. T
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experimental

Cathode materials were synthesized using the 
mechanochemically assisted solid-state method. Pre-
liminary mechanical activation (MA) was carried out 
in a high-energy planetary mill AGO-2 (900 min–1) 
in stainless steel cylinders with steel balls. The 
mass ratio of powder to balls was 1 : 40. Mechani-
cally activated mixtures were annealed in argon flow. 

X-ray diffraction analysis (XRD) of the samples 
was carried out with a D8 Advance diffrac-
tometer (Bruker, Germany) with CuKα-radiation 
(l1 = 1.5406 Å, l2 = 1.5445 Å). GSAS and TOPAS 
software packages were used to refine the struc-
tures according to XRD data. The size and mor-
phology of particles were studied by means of 
scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) using a scan-
ning electron microscope S3400N (Hitachi, Japan) 
and a transmission electron microscope JEM-
220FS (JEOL, Japan) with the resolution of 
0.1 nm. Mössbauer spectra were recorded with an 
NP 255/610 spectrometer (Hungary) with Co57 
γ-radiation at room temperature, and infrared 
(IR) spectra were recorded with a Tensor 27 in-
strument (Bruker, Germany) within the range 
200–4000 cm–1. Thermal analysis (DTA) was car-
ried out using an STA 449 F/1/1JUPITER ther-
moanalyzer (Netzsch, Germany), chemical analy-
sis was performed by means of energy-dispersive 
X-ray spectroscopy (EDS) using an UltraDry EDS 
detector. 

For electrochemical tests, cathode masses com-
posed of the active component (75 mass %), con-
ducting carbon Super P (20 mass %), and PVDF/
NMP binder (5 mass %) were prepared. The 
working electrodes were prepared by depositing 
the slurry on aluminium foil and drying at 100 °C 
in vacuum. The density of thus prepared samples 
was 2–3 mg/cm, electrode diameter was 10 mm. 
Sodium or lithium foil was used as the anode, and 
a 1 M NaPF6 (LiPF6) solution in a mixture of ethyl-
ene carbonate and propylene carbonate/dimethyl 
carbonate (1 : 1) was used as the electrolyte. Glass 
fibre filter Grade GF/C, Whatman was used as a 
separator. Electrochemical cells were mounted in 
an argon glovebox. Samples were cycled in a Bio-
logic BCS 805 set-up in the galvanostatic mode both 
in Na-, and in Li-electrochemical cells. 

Results and discussion 

Iron(II)-sodium fluoro-phosphate Na2FePO4

In 2007, fluoro-phosphates of d-metals and so-
dium Na2MPO4F (M = Fe, Mn, Co, Ni) were pro-

posed as a new class of compounds for SIBs. 
From the theoretical point of view, these materials 
may recover up to two sodium ions with the par-
ticipation of two electrons of the d-metal per one 
formula unit (for example, at increased tempera-
ture [20]), which should provide high theoretical 
specific discharge capacity (>240 (mA•h)/g). In 
addition, the structure of Na2MPO4F is charac-
terized by a small change in the unit cell volume 
during charging-discharging, which has a posi-
tive effect on cathode stability during cycling 
as a consequence of the absence of mechanical 
strain. These materials possess two-dimensional – 
2D (Na2FePO4F, Na2CoPO4F), and three-dimen-
sional – 3D (Na2MnPO4F) channels for the 
transport of alkaline metal ions, which promotes 
intercalation-deintercalation at a high rate. A dis-
advantage of these materials is low electronic 
conductivity and ion diffusion [20]. The electri-
cal conductivity of Na2MPO4F may be increased 
if these compounds are obtained in a nano-sized 
state or by making a highly conductive carbon 
coating and/or doping. 

The most promising compound of the Na2MPO4F 
family is iron(II)-sodium fluoro-phosphate 
Na2FePO4F [12]. It is characterized by a orthorhom-
bic structure with space group (S. G.) Pbcn, high 
operating voltage (3.0 V) and theoretical specific 
capacity (124 (mA•h)/g per 1 electron). The ma-
terial is capable of cycling either in a cell with 
sodium anode and sodium electrolyte or in a cell 
with the lithium anode and lithium electrolyte. 

In the present work, two-stage synthesis of 
Na2FePO4F was carried out according to reac-
tions 
Fe2O3 + C + 2NaHCO3 + 2(NH4)2HPO4  
  → 2NaFePO4 + 4NH3 + 2CO2 + CO + 4H2O� (1)
NaFePO4 + NaF → Na2FePO4F� (2)

Reaction mixtures (1) and (2) were subjected 
to preliminary MA for 10 min, followed by an-
nealing for 1 h at a temperature of 650 and 
600 °C, respectively. So short MA promotes dis-
persing and fine mixing of the reagents sharply 
different in particle sizes (Fig. 1). In addition, the 
presence of carbon in the reaction mixture pre-
vents the growth of product particles during sub-
sequent annealing. According to SEM data, the 
final product Na2FePO4F is a nanostructured ma-
terial with an average particle size of 200–300 nm 
(see Fig. 1). 

According to XRD data, the product of reac-
tion (1) is a single-phase NaFePO4 with the ma-
ricite structure (S. G. Pmnb). Phase formation 
processes were studied by means of high-tem-
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perature XRD during heating the mixture (2) 
from 25 to 700 °C [12]. It was established that the 
intensity of reflections of the final product 
Na2FePO4F increases gradually with temperature 
rise to 500 °C, and then starts to decrease with 
further temperature rise. At 700 °C, the reflec-
tions of the Na2FePO4F phase disappear, and ad-
ditional reflections appear, which is evidence of 
the decomposition of Na2FePO4F into Na3PO4, 
Fe3O4, Na0.11FeF3, Na3Fe2(PO4)3. To avoid product 
decomposition, subsequent synthesis was carried 
out at a temperature of 600 °C. 

According to XRD data, the final product ob-
tained after annealing in argon at 600 оC contains 
only one phase Na2FePO4F (Fig. 2, a). There are 
two crystallographic positions for sodium in the 
structure of Na2FePO4F: Na1 and Na2. The Na1 
position is surrounded by four oxygen ions (Na–O 
distances are within the range of 2.30 to 2.47 Å) 
and two fluoride ions (Na–F distances are within 
the range of 2.29 to 2.48 Å). The Na2 position has 
four oxygen ligands with Na–O bonds varying in 
length from 2.19 to 2.59 Å, and two fluoride li-
gands at a distance of 2.34 and 2.36 Å from Na 

Fig. 2. Diffraction patterns of Na2FePO4F (a), Na2FeP2O7 (b), Na4Fe3(PO4)2P2O7 (c), Na3V2(PO4)3 d) and Na3V2(PO4)2F3 
(e) after structural refinement according to the Rietveld method. Designations: black dots – experimental diffraction 
patterns; red and blue lines – calculated and differential curves, respectively; pink hatches – positions of the reflec-
tions from crystal phases. Inserts show the structures represented with the help of coordination polyhedrons marked 
in the legend to the right at the bottom. 
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ion. The Mössbauer spectra of Na2FePO4F are 
well described by one doublet, which points to 
the presence of Fe2+ ions in one octahedral posi-
tion. The values of isomeric shift (IS) and quadru-
pole splitting (QS) are equal to 1.23 and 2.19 mm/s, 
respectively [12]. 

During Na2FePO4F cycling in the Na-cell, a 
two-step charge-discharge profile is observed at a 
voltage of 3.1 and 2.9 V; the discharge capacity is 
~120 (mA•h)/g (Fig. 3). During cycling Na2FePO4F 
in the Li-cell within the voltage range of 2.0–4.2 V, 
the charge-discharge profile changes gradually 
within the first four cycles, which is the evidence 
of Na+/Li+ ion exchange. At the first charging 
step, Na+ ions are extracted in two stages at the 
voltage of ~3.2 and ~3.5–3.6 V (Fig. 4). The dis-
charge capacity of the sample without carbon coat-
ing is 55 (mA•h)/g and increases to 103 (mA•h)/g 
at the fourth cycle, while for the sample with car-
bon coating the capacity is equal to 81 and 
116 (mA•g)/g, respectively (see Fig. 4). Starting 
from the fifth cycle, the capacity is stabilized, 
which is indirect evidence that the formation of 
the new phase is complete in the course of the 
electrochemical reaction. Indeed, according to 
XRD and EDS data, the composition of the phase 
formed in this process is close to NaLiFePO4F 
with S. G. Pbcn.

Investigation of the possibility to synthesize 
mixed compositions Na2 – xLixFePO4F (0 ≤ x ≤ 1) 
by means of mechanochemically assisted solid-
state synthesis using NaFePO4, LiFePO4, NaF and 
LiF as the starting reagents was carried out. It was 
established that three individual compounds are 
formed in the Na2FePO4F–Li2FePO4F system: 
Na2FePO4F, Na1.5Li0.5FePO4F and NaLiFePO4F, 
with the structures described by the S. G. Pnma 
with 1D-channels for the diffusion of alkaline 
metal ions. All mixed Na/Li-containing compounds 
obtained through solid-state synthesis are elec-
trochemically active during cycling in the Li-cell. 
The specific discharge capacity of NaLiFePO4F is 
115 (mA•h)/g with an average voltage of 3.3 V.

Iron-sodium pyrophosphates Na2FeP2O7

Pyrophosphates of d-metals and sodium 
Na2MP2O7 (M = Co, Mn, Ni, Mg) have been ex-
tensively studied by crystallographers during the 
two recent decades [6]. It was established that 
these compounds are crystallized mainly in tri-
clinic symmetry with the space group Р1 or Р-1. 
Only in 2012 Yamada and co-authors [14] reported 
on the promising electrochemical properties of 

iron-sodium pyrophosphate Na2FeP2O7 obtained 
by means of conventional solid-state synthesis at 
600 °C, and the possibilities of its use as the 
cathode material for SIBs. The average operating 
voltage of Na2FeP2O7 is 3 V with respect to Na/Na+, 
and its theoretical capacity is 97 (mA•h)/g.

By varying the Na/Fe ratio in the system 
Na2 – xFe1 + x/2P2O7, two compounds differing 
from each other in composition may be synthe-
sized: with x = 0 and x = 0.44 [21, 22]. Both com-
pounds have triclinic structures (sp. gr. Р-1), but 
differ from each other by the number of Na posi-
tions. Six nonequivalent Na positions may be dis-
tinguished in Na2FeP2O7, while there are only 
four positions in Na1.56Fe1.22P2O7. The structure of 
Na1.56Fe1.22P2O7 is more disordered. The FeO6 oc-
tahedrons and P2O7-groups form tunnels in the 
directions [100], [-110] and [01-1], promoting easy 
and rapid migration of Na+ ions (see Fig. 2, b). 
The formation of antisite defects is characteristic 
of Na2FeP2O7; Na+ and Fe2+ ions exchange their 
positions in these defects. However, since Na+ 
ion (r = 1.02 Å) is substantially larger than Li+ ion 
(r = 0.76 Å) and Fe2+ ion (r = 0.78 Å), antisite 
defects are less pronounced for Na2FeP2O7 in 
comparison with its lithium analogue Li2FeP2O7. 
The degree of disorder should be temperature-
dependent and therefore sensitive to the experi-
mental synthesis conditions. The three-dimension-
al nature of the paths of alkaline ion migration in 
Na2FeP2O7 means that antisite defects much less 
hinder its transport properties, and this material 
should possess good power characteristics. Though 
iron-sodium pyrophosphates are characterized by 
the high sensitivity to air components, the surface 
oxidation of materials may vary depending on 
particle morphology and the thickness of the car-
bon layer. 

In the present work, iron-sodium pyrophos-
phates Na2FeP2O7 and Na1.56Fe1.22P2O7 were ob-
tained by mechanochemically assisted solid-state 
synthesis using the stoichiometric mixtures of 
Na2CO3, FeC2O4•2H2O and (NH4)2HPO4 as rea-
gents according to the equation:
(1 – x/2)Na2CO3 + (1 + x/2)FeC2O4•2H2O  
  + 2(NH4)2HPO4 → Na2 – xFe1 + x/2P2O7  
  + 4NH3↑ + 2CO2↑ + (1 + x/2)CO↑ +  
  (5 + x)H2O; (x = 0; 0.44)� (3)

To provide a conducting carbon coating, soot 
was added into reaction mixture in the amount of 
3 mass % of the final product. Initial mixture was 
subjected to preliminary MA for 5 min and an-
nealed at 600 °C for 2 h in Ar flow [21]. 
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According to XRD data, the resulting Na2FeP2O7 
and Na1.56Fe1.22P2O7 samples are practically single-

phase and possess triclinic structure (see Fig. 2, b). 
According to SEM data, the samples are composed 

Fig. 3. Charge-discharge curves for Na2FePO4F (a), Na2FeP2O7 (b), Na4Fe3(PO4)2P2O7 (c), Na3V2(PO4)3 (d) and 
Na3V2(PO4)2F3 (e) in the Na-cells (vs. Na-anode) and the corresponding dependences of dQ/dU vs. voltage.
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of a mixture of fine (primary) particles with an 
average size of 300–500 nm and larger secondary 

particles of micron size arising as a result of the 
agglomeration of the primary particles [21]. 

Fig. 4. Charge-discharge curves for Na2FePO4F (a), Na2FeP2O7 (b), Na4Fe3(PO4)2P2O7 (c), Na3V2(PO4)3 (d) and 
Na3V2(PO4)2F3 (e) in the Li-cells (vs. Li-anode) and the corresponding dependences vs. dQ/dU vs. voltage.
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The IR spectra of the samples, in addition to 
the vibrations of pyrophosphate groups, contain 
an additional band at 1450 cm–1, related to the 
vibrations of СО3

2– group, which is the evidence 
of the surface instability of these materials to the 
atmospheric air [21]. The band is more intense 
in the case of Na2FeP2O7 in comparison with 
Na1.56Fe1.22P2O7. The occurrence of sample inter-
action with air components is confirmed also by 
the data of Mössbauer spectroscopy [21]. In addi-
tion to two basic doublets related to the struc-
tural positions of Fe2+, Mössbauer spectra contain 
also a doublet assigned to Fe3+ ions. In this situa-
tion, Na2FeP2O7 contains about 23 % Fe3+, while 
Na1.56Fe1.22P2O7 contains only 7 %, which is evi-
dence of the higher stability of the latter com-
pound to air. The oxidation of Fe2+ ions proceeds 
according to the reaction:
Na2FeP2O7 + 1/2O2 + xCO2 → Na2CO3  
  + Na2 – 2xFe2

1
+
 – 2xFe3

2
+
xP2O7� (4)

Cycling of Na2FeP2O7 and Na1.56Fe1.22P2O7 was 
performed in Na-cells with Na-anode and Na-
electrolyte, as well as in Li-cells with Li-anode 
and Li-electrolyte. The charge-discharge profiles 
of the first and the third cycles for Na2FeP2O7 in 
Na-cell at a rate of C/20 (where С/n is current 
density at which the material should reach theo-
retical capacity C within n hours) within voltage 
range 2.0–4.3 V are shown in Fig. 3, b. Since the 
sample contained a substantial amount of Fe3+ 
ions, so cycling started from the discharging stage 
(pre-discharge), in order to reduce the existing 
Fe3+ ions to Fe2+. The specific discharge capacity 
was 25 (mA•h)/g, which corresponds to the inter-
calation of 26 % additional Na+ ions per formula 
unit and is in good agreement with the amount of 
Fe3+ determined by means of Mössbauer spec-
troscopy. Two regions are observed at the subse-
quent cycles: a small plateau at 2.5 V and a pla-
teau at 3.0 V. On the contrary, Na1.56Fe1.22P2O7 
demonstrates a sloping charge-discharge profile 
pointing to a single-phase reaction [21]. Specific 
discharge capacity at the pre-discharge stage is 
13 (mA•h)/g. Though initial discharge capacity 
of Na1.56Fe1.22P2O7 (84 (mA•h)/g, which is 72 % of 
its theoretical capacity) is lower than that for 
Na2FeP2O7 (89 (mA•h)/g, which is 92 % of theo-
retical capacity), further on, it demonstrates more 
stable cycling [21]. 

It was shown for the first time that these py-
rophosphates exhibit high electrochemical activ-
ity also during cycling in Li-cells with an average 
operating voltage of 3.2 V and specific discharge 
capacity 90 (mA•h)/g (see Fig. 4). The presence 

of partial Na/Li exchange was established by 
means of ex-situ XRD and EDS. This exchange 
is over at the 4th–5th cycle and leads to the for-
mation of mixed Na/Li-pyrophosphates having 
the composition NaLiFeP2O7 for Na2FeP2O7 and 
Na1.2Li0.36Fe1.22P2O7 for Na1.56Fe1.22P2O7, possess-
ing triclinic structure [22]. 

Iron-sodium orthopyrophosphates

Other examples of promising sodium cath-
ode materials are mixed orthopyrophosphates 
Na4M3(PO4)2P2O7 (M = Fe, Mn, Co, Ni) [23]. 
The potential of the oxidation-reduction couple 
M2+/M3+ in this family increases as a sequence 
Fe (3.0 V) < Mn (3.5 V) < Co (4.3 V) < Ni (4.9 V). 
These materials demonstrate a small change in 
volume during cycling (2–7 %), which implies 
their long operation lifetime [23]. The most inter-
esting compounds are Fe- and Mn-containing or-
thopyrophosphates due to the availability of Fe- 
and Mn-containing raw materials in the environ-
ment. Though Na4Mn3(PO4)2P2O7 has a higher 
working voltage than Na4Fe3(PO4)2P2O7, it de
monstrates a more substantial degradation of 
capacity during cycling. Mixed iron-sodium or-
thopyrophosphate Na4Fe3(PO4)2P2O7 (NFPP) is 
characterized by the highest working voltage 
(3.1 V with respect to Na/Na+) among sodium-
iron containing cathode materials [24]: cathodes 
with olivine structure NaFePO4 (2.7 V), amorphous 
iron phosphate FePO4 (2.4 V), fluoro-phosphate 
Na2FePO4F and pyrophosphate Na2FeP2O7. Large 
tunnels in the orthorhombic structure of NFPP 
provide paths for the diffusion of Na+ ions with 
low activation barriers. Three of four Na+ ions per 
formula unit participate in charge-discharge pro-
cesses; the theoretical capacity of NFPP is equal 
to 127 (mA•h)/g. 

NFPP crystallizes in the orthorhombic struc-
ture with S. G. Pn21a [24]. The crystalline frame-
work of NFPP is composed of a three-dimen-
sional network of infinite layers [Fe3P2O13]∞, 
parallel to the b-c plane. The [Fe3P2O13]∞ layers 
are bound along the a axis by P2O7 groups, which 
makes large tunnels providing the diffusion of 
Na+ ions.

NFPP was obtained by mechanochemically 
assisted solid-state synthesis. The reagents were 
stoichiometric amounts of Na4P2O7, Fe2C2O4•2H2O 
and (NH4)2HPO4 [15]. Soot was added to the rea-
gent mixture in the amount of 3 mass % of the 
final product to make a carbon coating. The mix-
ture was subjected to short-term (5 min) MA and 
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annealing at different temperatures from 400 to 
600 °C for 4 h in Ar flow. The annealed mixtures 
were then cooled to room temperature with dif-
ferent rates (natural cooling in the furnace, or 
quenching). 

It was established by means of XRD, IR and 
Mössbauer spectroscopy that NFPP prepared 
by annealing the activated mixture at 450 °C 
(NFPP-450) is the most pure-phase sample (see 
Fig. 2, c). At temperatures above 500 °C, NFPP 
decomposes due to thermal instability to form 
NaFePO4 (maricite) and Na2FeP2O7 [15]. For the 
quenched sample, the yield of the product reach-
es 94 mass %. So, NFPP with high phase homog-
enity may be obtained only within a narrow tem-
perature range (400–500 °C). According to SEM 
data, NFPP-450 is composed of particles of sub-
micron size, and according to TEM data, the av-
erage size of these particles is about 100 nm [15].

The NFPP-450 sample exhibits the best elec-
trochemical properties during cycling both in Na- 
and in Li-cells among the samples obtained at other 
temperatures. The operating voltage in the Li-cell 
is higher by 0.2 V than in the Na-cell. It was deter-
mined that NFPP cycling in the Li-cell involves 
partial Na+/Li+ ion exchange, which leads to the 
formation of mixed Na/Li orthopyrophosphates 
(see Fig. 4). It was established that Li+ ions are un-
stable in the structure of Na4 – xLixFe3(PO4)2P2O7 
(NLFPP), while the remaining Na+ ions, quite con-
trary, stabilize the structure of NLFPP during cy-
cling, in particular at a high rate. The joint (de)
intercalation of Na+ and Li+ ions occurs during 
cycling in the Li-cell at the side of the cathode. 
The mixed NLFPP compositions may be consid-
ered as promising cathode materials for the bat-
teries with high energy and power characteristics 
and as ion sieves to separate Na+ and Li+ ions.

Vanadium(III)-sodium phosphates  
and fluoro-phosphates 

Vanadium-sodium phosphate Na3V2(PO4)3 be-
longs to NASICON-like compounds and possesses 
high ionic conductivity. Na3V2(PO4)3 is crystal-
lized in the trigonal system with S. G. R-3 and 
possessed a stable three-dimensional framework. 
The latter is formed by V2(PO4)3 structural units, 
which are composed of PO4 tetrahedrons con-
nected through their vertices with VO6 octahe-
drons. The average working voltage of Na3V2(PO4)3 
is 3.4 V vs. Na/Na+, and theoretical specific ca-
pacity is 118 (mA•h)/g. Reversible intercalation 

of Na+ ions is accompanied by minimal structural 
changes [19].

Replacement of one phosphate ion PO4
3– in 

Na3V2(PO4)3 by F– ion results in the formation of va
nadium-sodium fluoro-phosphate Na3V2(PO4)2F3, 
so the average operating voltage of the cathode 
material increases to 3.9 V [25–27]. Na3V2(PO4)2F3 
is the final representative of the family of mixed-
valence vanadium-sodium fluoro-phosphates 
Na3V2O2x(PO4)2F3–2x in which the degree of vana-
dium ion oxidation varies from 3+ (x = 0) to 
4+ (x = 1). Na3V2(PO4)2F3 (NVPF) is crystallized 
in the tetragonal system with S. G. P42/mnm 
and has a stable three-dimensional framework 
formed by the structural units V2F3(PO4)2, com-
posed of PO4 tetrahedrons bound through their 
vertices to bioctahedrons V2F3O8 [25]. NVPF is 
characterized by the presence of 2D-diffusion 
channels in the directions [110] and [1-10]. The 
average operating voltage is 3.9 V. Theoretical 
specific capacity is equal to 128 (mA•h)/g.

In this work, Na3V2(PO4)3 and Na3V2(PO4)2F3 
were synthesized using the solid-state method 
with preliminary MA [18]. Na3V2(PO4)3 was ob-
tained in one stage from the stoichiometric mix-
ture of Na2CO3, (NH4)2HPO4, (V2O5 + C), while 
Na3V2(PO4)2F3 was synthesized in two stages with 
preliminary synthesis of VPO4 as precursor ac-
cording to reactions 
3Na2CO3 + 2V2O5 + 6(NH4)2HPO4  
  + 2C → 2Na3V2(PO4)3 + 12NH3  
  + 4CO + 3CO2 + 9H2O� (5)
V2O5 + 2(NH4)2HPO4 + 2C → 2VPO4  
  + 4NH3↑ + 2CO↑ + 3H2O↑� (6)
2VPO4 + 3NaF → Na3V2(PO4)2F3� (7)

The diffraction patterns of the samples with 
structure refined using the Rietveld method point 
to the formation of single-phase products with 
the corresponding structure (see Fig. 2, d, e). It was 
established that the synthesis of Na3V2(PO4)2F3 
with decreased NaF/VPO4 ratio leads to the prod-
ucts in which admixture phases are present in ad-
dition to the major phase [18]. The compound hav-
ing the composition NaVPO4F is formed after solid-
state synthesis only when quenching is applied [17].

During galvanostatic cycling of Na3V2(PO4)3 
in Na- and Li-cells, one plateau is observed on 
charge-discharge curves at 3.4 and 3.7 V, respec-
tively, corresponding to one intense oxidation-
reduction peak (see Fig. 3, d and 4, d). Specific 
discharge capacity in the Na-cell is equal to 
100 (mA•h)/g, and in the Li-cell it is ~98 (mA•h)/g. 
As the results of EDS and ex-situ XRD show, the 
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degree of electrochemical Na/Li ion exchange 
during Na3V2(PO4)3 cycling in the Li cell is 66 %, 
which corresponds to the formation of the com-
pound with the composition Li2NaV2(PO4)3.

The average operating voltage at Na3V2(PO4)2F3 
cycling in the Na cell is 3.9 V, and the initial dis-
charge capacity is equal to 115 (mA•h)/g (see 
Fig. 3, e). Two plateaus are observed on charge-
discharge curves at 3.7 and 4.2 V, and the differ-
ential curves exhibit three redox peaks. Two 
poorly separated low-voltage peaks correspond 
to (de)intercalation of Na+ ions from partially 
occupied Na2 positions in the structure of 
Na3V2(PO4)2F3, while the third peak relates to 
(de)intercalation of Na+ ions from completely oc-
cupied Na1 positions. During cycling in Li cells, 
the average operating voltage is 4.05 V, and the 
specific discharge capacity is 116 (mA•h)/g. This 
is accompanied by partial Na/Li-ion exchange, 
which is completed after the 4th–5th cycle. The 
degree of electrochemical Na/Li ion exchange is 
~20 %, which corresponds to the formation of the 
compound with the composition Na2.4Li0.6V2(PO4)2F3. 
The structure of the formed mixed Na/Li fluoro-
phosphates remains unchanged [22]. Later on, 
mixed (de)intercalation of Na+ and Li+ ions oc-
curs on the cathode. The samples are well cycling 
also at increased rates. 

The phase composition of mixed Na/Li fluoro-
phosphates depending on the conditions of solid-
state synthesis was studied. It was shown that the 
region of the formation of solid solutions is much 
narrower in this case than during electrochemi-
cal ion exchange, which is likely to be connected 
with the absence of structural similarity be-
tween the final compounds Na3V2(PО4)2F3 and 
LiVPO4F: Na3V2(PО4)2F3 has a trigonal structure 
with S. G. P42/mnm [18], while LiVPO4F is crys-
tallized in the triclinic system with S. G. P-1 [10]. 
It was established that solid-state synthesis may 
be accompanied by the formation of V2O3 admix-
ture with high electronic conductivity, which 
promotes an increase in sample conductivity by 
four orders of magnitude in comparison with ini-
tial Na3V2(PО4)2F3 and improved cycling at in-
creased rates both in Na-and in Li-cells [28]. The 
reason for increased capacity at increased cycling 
rate is partially due to the effect of pseudo-ca-
pacity initiated by the rational design of the ma-
terial, in particular submicron particle size and in 
situ formed mixed coating composed of electro-
conducting carbon and V2O3.

The cation substitution of V3+ ions (r = 0.640 Å) 
in Na3V2(PO4)2F3 by the ions of trivalent metals 
Al3+ (r = 0.535 Å), Fe3+ (r = 0.645 Å) and La3+ 
(r = 1.032 Å) was studied. It was determined that 
solid solutions are formed in the system within 
the studied Al3+ and Fe3+, concentration range 
(2–7 at. %), while in the case of La3+ vanadium is 
not substituted by lanthanum because of a sub-
stantial difference in the ion radii of La3+ and V3+. 
Instead, admixture phase LaPO4 is formed; its 
particles are statistically distributed among 
Na3V2(PO4)2F3 particles. The formation of LaPO4 
leads to an increase in the NaF/VPO4 ratio in the 
reaction mixture and to the formation of sodium-
containing surface admixture phase Na3VF6 with 
the high electronic conductivity, which finally 
provides high power characteristics of the ob-
tained material [29]. 

Specific energy values for the studied sodium-
containing cathode materials during cycling in 
Na- and Li-cells in comparison with the known 
lithium-containing cathode materials are present-
ed in Fig. 5. One can see that Na3V2(PO4)2F3 is the 
most efficient material among the studied ones. 

Conclusion

Sodium-containing cathode materials 
Na2FePO4F, Na2Fe2P2O7, Na4Fe3(PO4)2P2O7, 
Na3V2(PO4)3, Na3V2(PO4)2F3 with the high values 
of operating voltage vs. Na/Na+ and high specific 
discharge capacity are promising for use in SIBs. 
It is demonstrated that mechanochemically as-
sisted solid-state synthesis may be used success-
fully to obtain these compounds in a nanostruc-
tured state with surface modification by con-
ducting carbon and with suitable electrochemical 
characteristics. These compounds may be con-
sidered as the matrices for reversible intercala-
tion of Li+ ions and hence as cathode materials 
for LIBs.

The production of SIBs requires the same fab-
rication lines as those for LIBs. This allows one to 
minimize primary investment, to provide high 
technological value, and thus defines the com-
mercial attractiveness of SIBs.
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