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Abstract:

Sodium ion batteries (SIB) present one of the most perspective post lithium technology and their
progress strongly depends on the development of compounds having the structure which enables
fast sodium insertion/deinsertion reactions. Polyanion compounds have been widely investigated
as cathode materials for SIBs where they compete effectively to the usually used layered oxides.
This survey is focused on the development of specific family of isostructural polyanion phases
encompassed by the common chemical formula NasMs3(PO4)2(P2.O7). The comprehensive
retrospective of their synthesis procedures, the kinetics and mechanism of sodiation/desodiation
reactions, based on both experimental and theoretical results, is provided. First, the review
summarizes the structural properties of variety of NasM3(PO4)2(P.O7) compounds in terms of its
electrical, vibrational and surface properties. Then, the synthesis methods and sodium/lithium
storage performance, of each type of NasM3(POa4)2(P.07) compounds, are chronologically
presented and discussed. Finally, the strengths and weaknesses of these mixed polyanion
cathodes are outlined, with the aim to explain some discrepancies and unclarified issues
encountered in the literature. Besides, this survey will make room for future development. It can
be very useful for the future design of high-performance mixed polyanionic compounds as
cathodes for alkaline-ion rechargeable batteries.

Keywords: polyanionic material, NasMs(PO.)2(P207), sodium-ion batteries, synthesis
procedures, sodium redox processes.
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1. Introduction

An increased utilization of intermittent renewable energy sources requires expansion of
electrochemical energy storage systems (EESS) to a large scale, suitable to be integrated with
renewable energy source devices into electrical grid. The state-of-the-art Li-ion batteries (LI1Bs)
play the pivotal role, due to the capability of storing a large amount of energy, which is favorable
for various applications such as portable electronics, electric vehicles and grid power
stabilization units [1-9]. However, the demand for electrochemical storage devices keeps getting
higher and higher, thus leading to an increased lithium consumption from limited resources and
its steep price. To slow down this growth and control lithium supply, extensive studies on
alternative systems, based on Na, Zn, Al, Mg, Ca, etc. [10-17], have been launched. The focus of
these studies is actually on the development of cost-effective and environmentally friendly
energy storage systems which would be capable of replacing Li-ion batteries, at least in the field
where weight and/or volume are not a limiting factor. Among them, sodium-ion batteries (SIBs)
have the great economic and energetic potential for grid-scale energy storage systems, due to the
low cost and high sodium abundance in Earth's crust. Although SIBs theoretically possess less
specific energy than Li ion batteries (the lower redox potential of Na*/Na than Li*/Li), the
similarity between Li and Na chemistry and "rocking-chair" working principle caused their
booming in recent years. Numerous studies have concentrated on the development of electrode
materials and electrolytes through different synthesis methods and strategies, trying to get the
best performance [18-25]. As a result, different anodes (hard carbon, metal oxides/sulfides...)
[16,17,22,26] and cathode materials (oxides, polyanionic compounds...) [20,23,27-32] have
been developed, which show not only ultra-fast sodium rate performance, but also the capability
of storing larger amount of sodium than lithium ions.

Since Goodenough introduced LiFePOs olivine into the world of Li ion batteries [33-35],
polyanionic-type materials (Fig. 1a) have been widely examined as cathode materials. Their
three-dimensional framework, built on tetrahedral anions (XO4)" or their derivatives (XmOam+1)"
(X =P, Si, S, Se, Mo, W...) and corner - or edge-sharing MOs polyhedrons (M=transition metal),
is suitable for diffusion of alkaline ions during charging/discharging and sufficient structural
stability [30,36]. Sodium intercalation polyanionic structures based on phosphates (NaMPOs,
Nasicon type - NazsM2(POs)3), fluorophosphates (Na2MPOasF, NazM2(POa)2F3, Naz(VO)2(POa4)2F
...) and pyrophosphates (Na2MP20y7...), where M is Fe, Mn, Co, V, etc., have experienced a
huge expansion in the research field of alkaline-ion batteries [20,30,36-41]. The importance of
investigating NaFePO4 [31,32,39,40] should not be emphasized too much, bearing in mind the
popularity of the commercial LiFePO4 cathode material. Further, fluorine doping of phosphates
is an effective way to increase redox potential via inductive effect and improve the kinetic of
electrochemical reaction [30,42,43]. Also, pyrophosphates appear as promising cathode
materials, possessing advantages over MFePOs in terms of offering 2D pathways for M*
diffusion, higher voltage and higher thermal stability. On the other hand, their lower capacity,
when compared to MFePO4 compounds, can cause the lower energy density, if not compensated
by the increased voltage [44,45].



Another group of pyrophosphates/phosphates with a mixed polyanionic group and a general
formula of NasM3(PO4).P.O7 [46-48], have attracted an increased attention as novel Na-ion
cathodes (Fig.1), due to low barrier for Na-ion diffusion and advantages over individual
phosphate and pyrophosphate compounds.
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Fig. 1. The mixed-polyanionic compounds: a) the classification b) the recent development of
NasM3(POs)2(P207) where M=Co, Fe, Mn and Ni.

This mixed compound offers higher operating voltage and less volume changes than individual
phosphates and pyrophosphate structures. For instance, the Fe?*/Fe** redox potential increases
following the order FePO4, NaFePO4, Na:FeP.0O7 or Na2FePO4F, NasFes(PO4)2P207, amounting
to 2,4 V, 2.7 V, 3V and 3.2 V versus Na*/Na, respectively [36,49,50], as illustrated in Fig. 2a-c.
The reason for the higher voltage of the mixed polyanionic compound agrees with the change of
the M-O covalency strength via inductive effect from the neighboring polyanionic groups. The
introduction of polyanionic units, in the structure, results in more resonance forms, thus causing
a weaker (covalent) M-O bond and a shorter distance between bonding and antibonding orbitals.
As a result, system with more polyanionic units will have a slightly higher voltage [51], despite
the same nature of metal and polyanionic group. The control of electronegativity via polyanionic
groups is an operative way to tune redox properties of the polyanionic cathode. The replacement
of Fe in the mixed polyanion by some other transition metals such as Mn, Co, Ni, leads to the
increase of the redox potential. In addition, the small volume change during Na*
insertion/deinsertion is observed for NasFe3(PO4)2P.07 (below 4%) [47], which is close to that
for NaxFeP.O7 (~ 2 %) [52,53], but significantly less than that for NaFePO4 (~ 17 %) [54].
Furthermore, the issue of pyrophosphates’ degradation, caused by reaction with moisture or CO,



as one of the crucial complications of pyrophosphates [55], is not pronounced for this type of
mixed polyanion compounds.

Although these mixed phosphates have a higher molecular weight than individual phosphate or
pyrophosphates, their three-dimensional (3D) channels could allow fast diffusion of sodium ions
with low migration barrier (0.2-0.24 eV), while one Na" participates into electrochemical
reaction of NaMPO4 and Na;MP,07, thus diffusing through 1D and 2D channels, respectively
[44,54,56]. Still, it should be noted that the Na* ion diffusion along the three principal axes of the
Na:MP>0O7 material is also reported [57]. However, the diffusion barrier of mixed polyanion
compound (0.2-0.24 eV) [58] is lower than those calculated for other polyanionic structures such
as NaMPOg (for Fe 0.32 eV and 0.65 eV for Mn ) [59,60], Na2MP>0O7 (0.49eV or 0.54 eV for Fe
and 0.58 for Mn pyrophosphates) [56,57], Na2FePO4F (0.3 eV) [61] and NazV2(POa)3 (0.35 eV)
[62], Fig. 2d. Based on the Arrhenius equation (D= v e T D is diffusion coefficient, Ea is the
activation diffusion barrier, ky is Boltzman constant and v is the pre-exponential factor), this can
be explained by the higher diffusion coefficients of mixed polyanionic compounds when
compared to other polyanion structures. By using molecular dynamic (MC) simulations, Islam et
al [58] calculated a high diffusion coefficient value of NFPP and NMPP amounting to 6.1 x 107
or 3.1 x 10 S cm™, which is in accordance with the experimentally obtained values ranging
from 10° to 10! [63,64]. Experimental diffusion coefficients of some other polyanionic-type
materials were found to be ~10° S cm™ for NaFePO; [32], ~ 107!2 - 107!* for NaFePO4F [65],
2,79 x 105 for NagFeP,07 [44] and 6 x 1022~ 2 x 10™° S cm™® for NasV2(POa)s [66].

Phosphates/fluorophosphates have higher theoretical capacity than pyrophosphates (129 mAh g*
vs. 97 mAh g for Fe-based compounds) [23,44,67]. Nevertheless, this value is slightly lower
than that for NaMPOa4 (129 mAh g? vs. 154 mAh g* for Fe) due to large differences in the
molecular weights. If the mixed-polyanion has theoretical ability to exchange all four Na*
[68,69], its capacity will be higher than that of NaMPOa. The first principle calculation shows
that the exchange of all Na* ions is possible in the case of NasCos(POs)2P207, whereas
deinsertion process of the last Na ion is followed by the electron transfer from the oxygen
sublattice rather than the oxidation of Co®* to Co*" [70]. However, the process is found to be
difficult due to channel’s narrowing upon the last Na ion deinsertion. Moreover, the final
extraction of the Na ion causes large volume changes, while the process itself occurs at very high
potentials (4.93 V vs. Na*/Na) where the electrolyte stability is the main issue. Nevertheless,
theoretical capacity of NCPP is taken to be 170 mAh g due to possible exchange of all four Na
ions. So, this value would be larger than the one calculated for NaCoPO4 amounting to 154 mAh
gL. On the other hand, the cycling stability upon possible deinsertion of all four Na ions would
be very challenging. Regarding NasFes(PO4)2P207 structure, if the exchange of four Na* ions was
possible, the oxidation of Fe?" up to Fe** would happen. However, this process is not identified
(so far at least). Moreover, Kim et al [71] observed that Na tunnels narrowed upon extraction of
the third Na ion (Fe**-Fe3* repulsion at the composition of NaFes(PO4)2P207), thus preventing
further extraction of the last Na ion, which acts as a pillar. That is why the capacity of NFPP is
calculated per three Na ions (based on Fe?*/Fe** redox couple) and amounts to 129 mAh g?. If
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the extraction of all Na* ions was achievable in real system (which in our opinion is not
impossible), it would probably occur at such high potentials, while the structural collapse (due to

removal of Na pillar) present the issue.
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Fig. 2. Typical discharge profiles at low current densities (< C/10) of NasM3z(PO4)2P207 versus
other polyanionic cathodes of Fe (a), Mn (b) and Co (c). Calculated activation barriers of Na*
migration in various polyanionic compounds of Fe and Mn (d). Profiles are replotted with
permission from [50] (NaszFe3(PO4)2P207), [72] (NaFePOs-olivine), [73] (NaFePOs-maricite),
[56] (Na2FeP207), [74] (Na2FeSiOa), [75] (NasV2(PO4)3-NASICON), [76] (NaxFePOsF), [77]
(NasMn3(P04)2P207), [78] (NaMnPOs-maricite), [79] (Na2MnP207), [80] (Na2MnPO4F), [81]
(NazMnSi0Osa), [68] (NasCo3(P04)2P207), [82] (NaCoPOs red-phase), [83] (Na:CoP207), [84]
(Na2CoSiO4) and [85] (Na.CoPO4F). DFT activation energy data are taken from [58]
(NasFe3(P0O4)2P207/NasMn3(P04)2P207), [59] (NaFePOs), [60] (NaMnPOa), [57] (Na2FeP207),
[56] (Na2MnP20y7), [61](Naz2FePO4F) and [62] (NasV2(PO4)3-NASICON).



Anyhow, all these comparative properties of these mixed polyanion compounds, emphasized as
their strong and weak points are elaborated through this overview. Numerous review papers on
the topic of sodium-ion batteries provide a general picture of all existing cathode materials [27—
30,49,86-94]. Some of them are exclusively focused on the survey of polyanionic compounds
[86,87,92—94] including novel cathode structures, such as these mixed phosphates. However, due
to a large number of covered polyanionic structures in those studies, main points, related to the
NasM3(POs)2P.0y7, are outlined very briefly, thus leaving plenty of room for deeper discussion,
more detailed insights and challenges for the specific structural composition. Therefore, this
interesting NasM3(POa4)2(P207) structure containing 3d transition metals (such as Co, Fe, Mn and
Ni) [46,48] needs to be further developed and improved as a cathode for SIBs. This paper offers
the recent progress of each member of NasMz(PO4)2(P.07) family (M=Co, Fe, Mn and Ni)
starting from the synthesis methods, sodium insertion mechanism, to electrochemical behavior in
both half-cells (vs. Na anode) and full coin-type configurations (vs. hard carbon anode). It
summarizes the strengths and weaknesses of polyanionic cathodes and highlights main
issues/contradictions from the literature, as directions for further research in this area.

2. Structure-to-property relations of NasM3(POa)2P207

2.1. Structure vs. electrochemistry

Sanz et al. [46,48] determined the crystal structure for different polymorphs of
NasM3(PO4)2(P207). The NasM3z(PO4)2P207 compounds are isostructural and belong to
orthorhombic space group No.33 (Pn2:a) with similar lattice parameters and slight increase of
the cell volume in order Ni<Co<Fe<Mn, as displayed in Table 1. It is the structure composed of
alternating {M3P.0O13}n double layers built from edge- and corner-shared MOs octahedra and
PO tetrahedra (parallel to the b-c plane).

Table 1. Table comparing the unit call parameters of NasM3(PO4)2(P207) (M=Co, Fe, Ni, Mn)

Space group Pn2:a
Space group no. 33
Crystal System orthorhombic

Cell parameters (A) Cell Volume
M Ref. a b c (AS)
Ni  [47] 17.999(2) 6.4986(6) 10.4200(9) 1218.9(2)
Co [49] 18.046(5) 6.533(2) 10.536(2) 1242.1(5)
Fe  [47] 18.07517(7) 6.53238(2) 10.64760(4) 1257.204(1)
Mn  [2] 17.991(3) 6.648(1) 10.765(2) 1287.6(3)

The {M3P2013}n layers are interconnected along a-direction by diphosphate P.O7 groups (acting
as “pillars”) thus creating extensive tunnel network (along with three main crystallographic
directions [100], [010] and [001]) that hosts Na cations. This stable framework is prone to small
volume changes of just ~4 vol % (Fe) [71], ~ 7 vol % (Mn) [77], ~ 10 vol % (Co) [95] and ~ 2



vol % (Ni) [96] upon Na extraction. Three symmetrically distinguishable sites in octahedral
coordination are reserved for a transition metal, while sodium ions are arranged in four
crystallographic sites: Na(1), Na(2), Na(3) and Na(4), which are connected by channels (A, B
and C) along all three axes (a, b, and c), as illustrated in Fig. 3. Na(2) atoms are located in the Al
channel, at the height of the (CosP2013x)y Sheet, while the intersection of two tunnels B2xCl1,
A1xC1, and B1xC1, accommodates Na(1), Na(3) and Na(4), respectively, with a low activation
barrier for all diffusion paths [47,58]. While the pathways, involving Na2 and Na3 sites, are
essentially linear, those including Nal and Na2 are curved ones [58]. The Na* ion diffusion
coefficient (Dna) of Fe and Mn-based compound is calculated to be in the range of 10°° and 10
cm?s?, respectively [47,58].

(@)

Fig. 3. The crystal structure of NasM3(PO4)2P.O7 viewed along b-axis (a), a-axis (b) and c-axis
(c); the structure is reproduced with permission from ref. [48].

The coordination number of Na sites is a matter of debate in the literature with no consent (see
ref. [47,50,63,71,97]) and ranges from 5 to 7, but the majority of authors agrees that the lower
coordinated sodium ions are extracted first. Anyhow, small changes in the crystal field, around
different sodium atoms, noticeably affect potential of sodium intercalation, which is reflected as



the “stepped” discharge curve or as multiple redox peaks in cyclic voltammograms (or in dQ/dV
profiles) of all NasMs(PO4).P207 compounds (Fig.3a,b). Except these small changes upon
insertion, the discharge potential of M2?*/M3* pair in NasM3(PO4).P207 follows the trend
Ni>Co>Mn>Fe as a result of d-orbital splitting discrepancy, well-known from previous
polyanion cathode compounds [51].

Reported ionic conductivities of the members of the NasMz3(POa)2P207 family differ by several
orders of magnitude (Fig. 4c). At 330 °C the ionic conductivity amounts to ~107, ~10® and ~107°
S cm® for NasNi3(PO4)2P207, NasCo3(POa),P.07 and NasMns(PO4)2P.0y, respectively [46].
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Fig. 4. a) Typical CV profile of NasMs3(PO4)2P.07 (M=Ni, Co and Fe) and dQ/dV plot for
M=Mn; b) Typical electrochemical discharge profile of NasMz(PO4).P207 (M=Ni, Co, Fe and
Mn; the image is replotted with permission from [98] (for Ni), [67,68] (Co), [77] (Mn) and [50]
(Fe); c) Arrhenius plots of the ionic conductivity of NasM3(PO4).P207 compounds; replotted
with permission from [46] (for M=Co, Mn, Ni) and [58] (theoretically estimated for
NasFe3(PO4)2P207).



Since diffusion of sodium dominantly takes place between {MsP2013}n layers in the bc-plane,
the reported rise of conductivity is attributed to the increased dimensionality of the ionic
conduction, i.e. to the facilitated transfer of sodium in a-direction and through {M3zP2O13}n
layers. It is a result of channels’ widening of the (larger Na2-O and N3-O distances) that go
along this axis [46]. To date, however, there are no experimental reports for ionic conductivity
values of the pure NasFes3(PO4)2P207 compound. Still, theoretically calculated Arrhenius plots of
Na* diffusion coefficients suggest slightly lower ionic conductivity for NasFe3(POs)2P207 than
for NasMn3(PO4)2P207 [58]. So, the theoretically estimated values of sodium ion conductivity for
the composition NasFes(POa4)2P207 are also shown in the Fig. 4c.

2.2. DFT approach

The calculations based on DFT are now widely used investigation method of electrode materials
for alkali-ion batteries. For calculations, usually Quantum Expresso or Vienna ab-initio
simulation package (VASP) are used. Both software packages are based on plane-wave
pseudopotential method, what implies a choice of a suitable pseudopotential function in input file
formulation. Several other input data are necessary to run the software. The necessary
crystallographic data (i.e. the coordinates of constituting atoms) are usually provided by X-ray
diffractometry. The calculations with alkali iron phosphates and pyrophosphates [58,79,86] were
successively performed using generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) exchange correlation functional. The Brillouin-zone integration is
performed under suitable choice of Monkhorst-Pack grid. The criterion of good choice of input
data is the convergence of the system total energy to a minimum. As explained in a recent review
by Chakraborty et al [86] for a proposed crystallographic structure without or with defects, this
method allows to determine the electronic structure, the enthalpy of formation of crystal lattice,
the energy of formation of defects and the height of the ion migration barrier. Furthermore,
assuming the closeness of enthalpy to the Gibbs free energy, one may calculate the open circuit
potential for different charging degrees. Theoretical results could significantly save time for
experiments serving as guidelines in materials engineering. As a good example, Park et al [79]
searched the reasons of admirable Na2MnP2O- sodiation/desodiation kinetics relative to the
monoclinic LizMnP207 by means of first-principle calculations. The explanation was found in the
corner-sharing triclinic structure of Na2MnP207 enabling the locally flexible accommodation of
Jahn—Teller distortions on charging. On contrary, the edge sharing geometry of monoclinic
Li2MnP.O- requires much larger atomic rearrangements during charging reaction, which slows
down the reaction kinetics.

Several theoretical or combined experimental/theoretical studies relate just to the
NasM3(PO4)2(P207) materials [58,70,71,99]

By combining experimental studies and DFT calculations, Kim et al [71,87,100] concluded that
sodiation/desodiation reactions of the NasFe3(PO4).P207 electrode proceed within a single phase.
They experience very small volume change, less than 4%., while the oxidoreduction reactions of
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Fe3*/Fe?" redox couple compensate the charge carried by sodium ions. This behavior is in
contrast to that of individual phosphates (NaFePOs) and pyrophosphates (Na2FeP.O7), which
possess two-phase electrochemical reaction.

Islam et al. [58] studied sodium storage mechanism in mixed phosphates NasM3(PO4)2P.07 (M =
Fe, Co, Mn, Ni), using molecular dynamics (MD) and DFT simulations. The results of atomistic
energy minimization demonstrated for all compositions that the most energetically favorable
type of intrinsic defect are the Na/M anti-site pair. By means of mean square displacement inside
the long-scale MD simulations, the sodium diffusion coefficients for Fe and Mn materials were
determined. The results suggest that Na ions tend to diffuse across 3D migration pathways with a
low activation barrier of 0.20-0.24 eV, allowing relatively high Na*-diffusion coefficients of
107%9-101 cm? st at 325 K, suggesting good rate capability. The calculated trends of open
circuit voltage for Ni doping in NasFesxMx(PO4)2P207 show an increase in operational voltage
from 3 to 4.9 V if x increases from O to 3.

Moriwake et al. [70] have also used the first principles DFT calculations to study the desodiation
behavior of Na;Cosz(PO4).P207. Assuming a stepwise desodiation process, the removal of three
Na ions (Nal, Na2 and Na4) down to NaCos(PO4)2P20y is found to be accompanied by oxidation
of Co?* to Co®". Further removal of the last Na (Na3) to give Co3(PO4).P207 requires oxidation
of oxygen 2p orbitals in the P,O7 polyhedra instead of Co®* being oxidized to Co**. Open circuit
potentials have been calculated to increase from 4.05 to 4.33, 4.81 and 4.93 V (vs. Na*/Na) for
this stepwise desodiation.

Furthermore, Chen et al. [99] studied NaFes3(PO.).P.O7/C composite as cathode material.
Structural investigations indicated low volume change of 4.0 % on charging/discharging cycle.
Density functional theory (DFT) as well as bond valence sum (BVS) calculations were used to
unveil possible sodium diffusion pathways. The authors discovered that the Na* ions can be
assigned to three different types, based on their binding energies. The diffusion energy barriers,
within the same Na* ion type, were found to be 0.553 eV, 0.02 eV, and 0.365 eV, respectively.
These low barriers along all crystallographic axes allow three-dimensional diffusion pathways.

More comprehensive overview of theoretical calculations, regarding Na storage sites, Na
diffusion sequence during deinsertion/insertion and migration barriers, will be elaborated within
the following section 3, for each type of NasMa3(POs).P207 separately. The comparison of
theoretical data with the experimental observations will be discussed as well. We would like to
get the ball rolling by pointing out discrepancies which occur between different theoretical and
experimental approaches.

2.3. Spectroscopic Study

The structural characterization of NasM3(PO4)2P207 compounds is usually examined by FTIR,
Raman and XPS methods. Vibrational spectrum of these mixed phosphate compounds consists
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of the characteristic PO4 and P07 bands [97,101], as presented in Fig. 5a,b. Vibrations of PO4
group include symmetric and asymmetric stretching vP-O and bending 60-P-O modes.
Vibrations of P,O7 (or O3P-O-POz3) are assembly of vibrations of POz group and P-O-P bridges.
The first one includes above mentioned vP-O and 80-P-O modes (as in PO4) and the latter
includes symmetric and asymmetric vP-O-P vibrations. The overlap of certain modes
complicates the precise interpretation of the NasM3z(POa4)2P.O7 spectrum. For the sake of
simplicity, the spectral region (1400-450 cm™) can be divided into several regions [97,101], as
shown in Fig. 5. The 1200-990 cm?® spectral region includes asymmetric stretching vibrations
vas(P-O) in POz and POs, while corresponding symmetric stretching vibrations contribute to the
990-900 cm* region. Further, the multiple bands, in the lowest frequency range of 500-680 cm™,
have been assigned to the bending O-P-O vibrational modes (8.s0-P-O). Also, Fe-O vibration
mode of FeOs units contributes to this region. The position of this vibrational band is found to be
543 cm?, but for isolated FeOs octahedra [99]. Two bands, belonging to symmetric and
asymmetric P-O-P vibrations in P.O; group appear in the frequency range 900-700 cm™.
According to Kosova [97], these modes are located at ~ 737 cm™ (vs) and ~879 cm™ (vas).
However, there are some divergences/shifting regarding the assignation of these modes, since
their positions have been found either at 721 (vs) and 956 cm™ (vas) [102] or at 710 and 905 cm™
[63]. It can be concluded that interpretation of the spectrum strongly depends on the sample’s
composition, i.e. on the presence of small fraction of the secondary phases and their nature.

To the best of our knowledge, infrared spectra of Ni-, Co- and Mn-based compounds of this
family have not been reported yet. Due to close structural similarities of the compounds, it is
expected that their respective spectra practically match the spectrum of NasFe3(PO4)2P207. Fe
replacement with a more electropositive metal shifts the bands towards lower wavenumber
values, Ni>Co>Fe>Mn (based on experience with phosphate [103] and pyrophosphate [104,105]
family).

Raman spectroscopy and XPS are usually used for the surface characterization of the
NaM3(PO4)2(P207). Raman spectra of Ni-based mixed polyanion (Fig.5b) reveals characteristic
modes of mixed phosphates, positioned at ~1105 cm™ , ~1056 cm™ (the stretching modes of
PO4), ~958 cm™ , ~718 cm™ (the bridge P-O-P modes), 570 cm™ and 348 cm™ (the deformation
of PO4 and P-O-P), which are barely detected in the composite with carbon [106]. However, one
can notice inconsistencies regarding other assignations, performed for NaFes3(POa)2(P207)/C
[63,99], which are not mutually consistent. For instance, Chen et al [99] have identified typical
Raman bands at 218.7 cm™, 288 cm™ (belonging to stretching and banding vibrations of PO,
units) and 402.1 cm (belonging to the stretching vibrations of FeOs octahedra), while Pu et al
[63] have recognized typical bands of FeOs, PO4 and P-Oy7 units at 451 cm™, 709 cm™ and 1040
cm?, respectively. We are convinced that not only the quality of carbon layer contributes to these
differences but also the chemical composition of the synthesized sample (in terms of the type and
fraction of the secondary phase).
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Copyright 2018, Elsevier, b) Raman and c) XPS spectrum of NasNi3(PO4)2P.07 Reprinted with
permission from ref [106], Copyright 2015, Elsevier.

Furthermore, the typical XPS spectrum of the mixed polyanionic compound, such as
NaNi3(PO4)2(P-07) (Fig. 5c), shows that Ni 2p appears as a doublet of Ni 2p3» (~ 878.1 eV) and
Ni 2p12 (860.2 eV), including satellite peaks at 866.3 eV and 883.3 eV as well. Each peak is
resolved into two peaks, which correspond to Ni*? and Ni*? states. Also, Fe2p splitting into two
major peaks, at the binding energies of ~ 711 eV (Fe 2p3;2) and ~ 725 eV (Fe 2p12) [63,107],
indicates a divalent state of Fe in the NaFe3(PO4)2(P207) sample. It should be emphasized that
the Raman and XPS analyses, of these isostructural polyanionic compounds, have been focused
on the carbon analysis [102,107], as the most intensive feature in the spectrum. In some Raman
spectra, the main phase cannot even be recognized, due to its coverage by the surface carbon
layer [102,107,108].

An overview of each NaM3(PO4)2(P207) compound (M=Co, Fe, Mn and Ni), with the emphasis

on the synthesis procedure, electrochemical behavior and sodium redox mechanism, will be
provided in the following section.
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3. The influence of the transition metal cations
3.1 NasCo3(P0Oa4)2 (P207) - NCPP

Although Sanz et al [48] determined the structure of NasCo3z(POa4)2(P207) (NCPP) in 1996, the
electrochemical behavior of this mixed polyanionic material has been examined since 2013,
when the interests in sodium-ion batteries began to attract attention once again. In this regard, the
sol-gel is the most commonly used synthesis method [67—69,95,109,110], while the spray-drying
process [111] has also been reported. Let us provide, chronologically, an overview of the
NasCo3(PO4)2(P207) electrochemical behavior and its sodium redox mechanism (the sequence of
sodium deinsertion/insertion, the type of phase transition, etc.), which strongly depends on the
synthesis conditions (type of precursors, temperature, the carbon source, etc.).

3.1.1. Sol-gel method

In 2013, Nose and co-workers [68,110] first reported the redox behavior of Na;Co3(PO4)2P207
(NCPP) for sodium ion batteries, by using the typical sol-gel method which includes mixing of
the diluted nitrate solution of (CH3COO)2Co, NasP.O7 and NH4H2PO4 and glycolic acid (to
suppress the particle growth). By heating the gel at 700 °C, they have produced the
NasCo3(PO4)2(P207) polycrystal (~ 3um in diameter) consisting of submicron-sized primary
particles, with the reversible capacity of 95 mAh g* (2.2. Na*) at 34 mA g* (i.e 0.2 C, based on
the theoretical capacity for 4 Na* which corresponds to the value of 170 mAh g 1) and an average
potential of 4.5 V vs. Na*/Na. This comes from the multi redox peaks/plateaus, observed within
the high potential region 4.1-4.7 V vs. Na*/Na in NaPF¢/EC+DEC, which belong to Co?*/Co**
redox process (Fig. 6a). The full capacity was considered unattainable due to activity of
Co®/Co* redox couple at potentials above 4.8 V vs. Na*/Na. In addition to negligible capacity
decrease after 100 cycles, Nose et al. [68] have also demonstrated the high rate capability of
NCPP (10 C — 25 C), as evidenced by reaching the capacity of ~ 80 mAh g* at 25 C. A very
small polarization of NCPP charge/discharge curves at these high current rates revealed its
prominent advantage among reported Na* intercalation materials. By combining this material as
a cathode, with a hard carbon as an anode, the authors have assembled 4 V-class sodium ion
battery (C/NaPFg//EC+DEC//NasCos(PO4).P207), with the initial capacity of ~ 90 mAh g* and
long-term cyclability (93% after 50 cycles and 83% even after 100 cycles). By doping Co sites
with Ni and Mn [69], through the same sol-gel procedure, they have further managed to procure
improved electrochemical properties of polyanionic cathode, within the potential region of 3-5.1
V in NaPFe/EC+DEC. The NasC02.4Mno3Nio3(PO4)2P207 compound (with accompanied traces
of NaCoPO4 amounting to 0.5%) was capable of delivering specific discharge capacity of 106
mAh gt at 2 C and 103 mA hg? at 5 C (1 C=170 mA g?) (Fig. 6b). The capacity retention was
93 % and 88 % at 2 C and 5 C, although the authors showed only ten cycles. Unlike the multi-
redox peaks of NasCos(POa4)2P207, two redox pairs of NasCo2.4Mno3Nio.3(PO4)2P207, narrow (~
4.2 V) and broad (~ 4.6 V), were observed (Fig. 6b), as a consequence of mixing potentials of
simultaneous Co, Mn and Ni redox processes (Co%*/Co%*, Mn?*/Mn** via Mn®*" and Ni?*/Ni%*).
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Fig. 6. a) CV and galvanostatic profiles of NasCos(PO4)2(P207) measured at 0.01 mV s and 0.2
C, respectively. (Reprinted with permission from ref [68] , Copyright 2013, Elsevier,); b) CV and
galvanostatic profiles of NasC024Mno3Nio3(PO4)2P207 in NaPF¢/EC+DEC at 0.01 m V s* and
0.2 C, respectively (Reprinted with permission from ref [69], Copyright 2013, Elsevier); c)
Discharge profiles of Na14Co3(PO4)2P207 at various C-rates in Li- and Na-ion cells (Reprinted
with permission from ref. [109], Copyright 2014, The Royal Society of Chemistry); (1 C=170
mA gl).

In the next study, Nose et al. [109] showed that the lithiated form of the mixed polyanionic
compound (LisCo3(P04)2P-07) cannot be obtained chemically by the same sol-gel process. So,
these authors have examined the lithium insertion capability of electrochemically desodiated
form of NasCo3z(PO4)2(P207), prepared by the deep anodic oxidation up to 4.8 V vs. Na*/Na
(corresponding to the capacity of 115 mAh g or 2.6 Na*). Such obtained Nai 4C0o3(PQO4)2P207
material shows the rapid Li* and Na* ion insertion capability. Its discharge capacity, measured in
LiPFe/EC+DEC solution, is close to 100 mAh gt at 0.2 C and 80 mAh gt at5C (2.4 Li* and 1.9
Li*, respectively), while the corresponding discharge capacity in NaPF¢/EC+DEC solution
amounts to 99 mAh g and 89 mA hg?, respectively. So, the lithium and sodium storage
capacity of this Na-extracted material are comparable at 0.2 C, while the better Na vs. Li
capacity retention (90% vs. 80%) with the current rate increase to 5 C was observed (Fig. 6c¢).
The higher operating voltage of sodium versus lithium redox process and the faster kinetics
(which is attributed to the stronger interaction of Li*-O? than Na*-O%), have been verified. The
lithium insertion capability (from the electrolyte) of this polyanionic compound is also proved in
the full battery cell, which is composed of Nas;Cos(PO4)2(P207) as a cathode, LisTisO12 as an
anode and LiPFe/EC+EMC+DMC solution as the electrolyte. Such 3 V-class hybrid battery
delivers reversible capacities of ~ 80 mAh gt at 0.2 C, ~ 65 mAh gt at 2 C and ~ 50 mAh g* at
5 C, with low coulombic efficiency at a low rate of 0.05 C (1-5 cycles), which is attributed to the
irreversible decomposition of the organic electrolyte at the high potential of the positive
electrode. An additional reason could be the deficit of Li ions since the electrolyte in this
configuration is the only source of mobile ions.
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With the aim to comprehend deeply the sodiation/desodiation behavior of this material,
Moriwake et al. [70], in collaboration with Nose and co-workers, [68,109] have simulated each
step of the NasCo3(PO4)2P207 deinsertion process (the battery charging) by using the first
principles calculations. They have reported the sequence of sodium deinsertion, from different
sodium sites, as follows Na2, Nal and Na4. Na2, The Nal and Na4 deinsertion from
NasCo3(P0O4)2P.07, NasCos(PO4)2P207 and Na>Co3(PO4).P207 phases, respectively, occurs at the
potentials of 4.05, 4.33 and 4.81 V versus Na‘/Na, which reproduces experimentally obtained
charge/discharge profile [68]. These authors have confirmed that these sodium deinsertion
processes are accompanied by Co?* to Co®* oxidation (one third per each Na atom), with all Co®*
ions in highly spin state. The removal of the last Na atom (that is Na3 site occupied on A1xB1
tunnel intersection) from the NaCos(POa)2P-O7 structure (happen at the highest potential of 4.93
V vs. Na) requires oxidation of oxygen 2p orbitals in the P.O7 polyhedra (verified through the
formation of immobile holes at O% anions) rather than Co®*" — Co*" oxidation. The absence of
Co®* to Co*" oxidation, while the same one occurs in LiCoOg, is explained by the less-densely
packed phosphate structure (Fig. 7a). Small structural parameter changes (less than 3%) have
been calculated upon deinsertion of three sodium ions. The removal of the last Na ion (from Na3
site) causes the narrowing of the Na channel, which along with the holes’ strong self-trapping in
P.O7 units, is considered to render kinetics of desodiation at the highest potentials. This is an
explanation for the difficult deintercalation of all four Na atoms from the structure and
achievement of the full theoretical capacity. Unlike these DFT studies [70] which showed the
full extraction of the specified Na ion upon each redox process, experimental observations
carried out by Zarrabeitia et al. [95] revealed that all four Na ions were partially extracted during
redox processes within the voltage range 4.0-4.7 V vs. sodium. These authors have observed four
biphasic regions (a-p, B-y, v-6, 6-€) during redox process of Na;Coz(POa4)2(P207)/C by the means
of operando X-ray diffraction (XRD). That is evidenced by multiple-redox plateaus (more than
three), which are followed by the solid-solution reaction at the highest potential (at the end of the
charge), Fig. 7b. By using synchrotron XRD of the oxidized NasCo3(PO4)2(P207)/C (at 4.67 V),
three phases (a, p and d) are evidenced (y is not observable due to the used high current rate),
where the sequence of Na* extraction is identified as follows: Na(4) progressively leaves the
structure until it has been emptied in the & phase (occ Na4 in a, B and 6 phases is 0.68, 0.28 and
0) , Nal is simultaneously removed, but at lower rates since ¥ remains in 6 phase (occ Nal is
0.82, 0.66 and 0.23), while Na2 and Na3 deinserted simultaneously at certain Na content (occ
Na2 is 1, 1 and 0.64 and occ Na3 is 0.68, 0.28 and 0 in a, B and & phases, respectively), with the
partial occupation of Na2 in & phase. The proposed Na* extraction sequence including all four
Na ions, which is not in line with DFT study of Moriwake [70], has been confirmed by using the
theoretical, bond valence energy landscape (BVEL) approach. Additionally, very low values of
charge transfer resistance, Rct (< 7Q) and its changes (2% variation between the lowest and the
highest Rct value) have been identified upon occurrence of mentioned successive structural
transitions.
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Fig. 7. a) Local environment of Co ions in LiCoO and NasCo3(PO4)2(P207) structures and their
Fermi energy, Er (Reprinted from with permission ref [70], Copyright 2016, Elsevier,) b)
Combined operando XRD and EIS data which show the evolution of the phase transitions
(Reprinted with permission from ref. [95], Copyright 2019, American Chemical Society); c)
TEM of NasCo3(PO4)2(P207)-MWCNT and its galvanostatic profile measured in
NaPFs/EC+DMC at 0.1 C, at room temperature (1 C =129 mA g1). (Reprinted with permission
from ref. [67], Copyright 2020, The Royal Society of Chemistry).

Furthermore, Kumar et al [67] have prepared the composite of NaisCoz(POa4)2(P207) with
multiwalled carbon nanotubes (NCPP - CNT), with the particle size of 200 nm, by modifying
procedure developed by Nose et al [68]. They have used an aqueous solution instead of diluted
nitric acid solution and the temperature of 650 ° C instead of 700 ° C. Also, the CNTs were added
(instead of the glycolic acid) to provide ~ 16 wt% of the carbon in the composite. The redox
behavior of the composite was found to depend on the composition of used electrolyte such as 1
M NaPF¢/EC+DMC and 1 M NaClO4/PC+5% fluoroethylene carbonate (FEC), due to the
difference in their electrochemical stability window (1-6 V and 1 - 4.8 V, respectively). Six
anodic/cathodic peaks, positioned at 4.3/4.15V, 4.4 /4.3 V, 4.5/4.42 \/, 4.55/4.48 V, 4.6/4.53 VV
and 4.7/4.6 \V, which correspond to Co?*/Co®" redox process are defined in CV of NCPP-CNT in
NaPFe/EC+DMC, while these peaks are poorly defined in NaClO4/PC+FEC (the explanation is
provided in the section 5). As a result, the initial specific capacity of NFPP-CNT in
NaPFs/EC+DMC solution was higher and amounted to 138 mAh g? (charge) and 92 mAh g*
(discharge) at a current rate of 0.1 C (Fig. 7c¢). Unlike mentioned observations by Nose [68],
these authors have estimated Cieor at 129 mAh g, taking into account three Na* ions. The
reversible specific capacity amounts to 80 mAh g2, thus retaining ~ 90 % of its own value after
50 cycles of charging/discharging. The similar capacity value was measured at 55 °C (78 mAh g
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Lfor 45 cycles), but with the lower coulombic efficiency (~ 85 %) due to the accelerated Kinetics,
at elevated temperature, during the charging process. The discharge capacity of NFPP-CNT at
higher current rate of 1 C, 2 C, 5 C, 10 C and 20 C amounted to 55, 48, 39, 31 and 20 mAh g7,
respectively. When the NCPP-CNT is used as cathode in the NaTi2(PO4)s-
MWCNT//NaPFe/EC+DMC//NCPP-CNT full cell, it is capable of delivering the capacity of 75
mAh g? (the initial value) and 50 mAh g * (after 40 cycles) at 0.2 C rate, with a very low
coulombic efficiency of 85%, which is probably due to the electrolyte degradation. Still, the
measured capacities are b elow those observed by Nose [68] for the full SIB, using the pure
NCPP as a cathode.

3.1.2. Spray-drying pyrolysis

One can see from previous studies that the sodium storage capacity of sol-gel synthesized NCPP
lies noticeably below theoretical value (even if calculated for three Na ions), while the rate
capability has been limited to 20C and capacity retention to 100 cycles. Liu et al. [111] have
improved both rate capability and cyclic stability of NasCos(POa4)2(P207) by Al doping of Co
sites (on account of Na* vacancy generation), through the spray-drying method using Co(NO3)2,
Al(NO3)3, NaH2PO4x2H,0 and CeHgO7xH20 as raw materials and CNT as the carbon source.
The Al doping was found to increase a, b and c lattice parameters despite smaller AI**(0.535A)
than Co?* (0.65A) radius, while it improves ionic conductivity, charge transfer and structural
stability thus maintaining the multiple redox behavior of an active phase (Fig. 8 a-c). A moderate
amount of Al increases the sodium storage properties (from 82.8 to 99.5 mAh g* at 0.5 C for
x=0.15 in NasxCo03xAlx(PO4)2P207) (Fig. 8c, left), while the excessive Al dopant reduces the
electrochemical activity (85 mAh g* at 0.5 C for x=0.2) (Fig. 8c, middle). The Alo15-NCPP
hollow microspheres (inset in Fig. 8c) with the size of 0.5-3 um and shell thickness of 465 nm,
composed of NCPP nanoparticles and CNT conductive network, can deliver the highest
discharge capacity in NaPFes/EC+DEC+FEC electrolyte, amounting to 99.5, 93.2, 89.2, 85.8 and
83.2, 80.3, 77.7 and 73.4 mAh gt at 0.5, 1, 2, 5, 10, 20, 30 and 50 C (1 C =170 mA g?). Its
capacity retention of 98.4 % (after 800 cycles at 5 C) or 96.3 % (after 900 cycles at 10C) is
higher than one observed for Al-free sample (91.1 % and 80.3 %, respectively). Superb capacity
retention of 82.7 % was measured over 8000 cycles at an extremely high current rate of 30 C
(Fig. 8c, right). Excellent rate capability of the full battery cell C//NaPFes/EC+DEC+FEC//Alo.15-
NCPP (88.1 mAh gt at5 C and 70.6 mAh g at 30 C) and outstanding cycling stability (95 % of
capacity maintaining after 200 cycles at 1 C), was also demonstrated. However, it should be
taken into account that such a high rate capability is achieved under a quite small electrode
loading (1.3 mg cm). To meet the practical demands, such high C-rate properties need to be
achieved under much higher loadings, which remains the challenge for this type of material.

It can be concluded that there is a need for further improvement of Co-based mixed polyanionic
compound, especially at high current rates, through the development of different
synthesis/strategies. They should primarily aim at reducing particles to nanodimensions. Besides,
the issue of C-value should be addressed since the comparison of the specific capacity between
different reported materials is not adequate due to different C-values taken.
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Cyclic voltammograms and c) Charge/discharge performance of Alo1s-NCPP performed in
NaPFe/EC+DEC+FEC at different scan rates and current densities, respectively (1 C = 170 mA
gh); Inset in c) shows Alo1s-NCPP hollow microspheres observed by TEM (Reprinted with
permission from ref. [111], Copyright 2019, The Royal Society of Chemistry).

3.2 NasFe3(POa4)2(P207) - NFPP
3.2.1. Solid-state method

Solid-state synthesis of NasFe3(PO4)2(P207) (NFPP) powder [47,71,97,112-115] usually
employs NasP207, Fe2C204-2H20, and NH4H2PO4 or (NH4)2PO4 as Na, Fe and P sources. Kim
et al [47,71] have proposed the NFPP crystalized in the orthorhombic crystal structure (Pn2:a
space group) as a promising mixed-polyanion cathode for Na rechargeable batteries (Fig. 9).
Simple, two-step solid-state synthesis method (ball milling at 70 ° C + solid-state reaction at 500
°C) was used to obtain NFPP particles (100-200 nm), with the small fraction of accompanied
maricite NaFePO4 phase (~ 4 %). While the NCPP phase can be obtained at 700 ° C, NFPP
undergoes thermal decomposition above 530 ° C, thus producing different Na-rich and Na-poor
phosphate or pyrophosphate phases, depending on the sodium content [71]. In NaClO4/PC
electrolyte, solid-state prepared NFPP showed an average operating voltage of ~ 3.2 V and the
initial specific capacity of ~ 113 mAh g? at C/40 (~ 88 % of the Cineor) and ~ 106 mAh g* at
C/20 (i.e. ~ 82 % of the Cieor). Authors showed only 15 cycles (the capacity is estimated per
NFPP mass unlike that shown in Fig. 9c), respectively (1 C = 129 mAg?), Fig. 9b,c. The
significant P,Oy7 distortion in lattice occurs at the last stage of charging (caused by Fe®'- Fe3*
repulsion at the composition of NaFez(PO4)2P20y7), thus leading to a shift from edge to corner
sharing of FeOs polyhedra between the Fel and Fe3 sites. It results in the contraction of Na
diffusion tunnels and mobility reduction of the remaining Na ion [71]. That is why three Na ions
from NasFes3(POs)2(P207) were found to participate in the electrochemical reaction during
charging/discharging. Therefore, the theoretical capacity is calculated to be 129 mAh g* (based
on possible exchange of three sodium ions). The same authors [47] also reported the
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LisNaFe3(PO4)2(P207), prepared by chemical Na-Li exchange of NasFes(POa4)2(P207) (three Na
were exchanged by Li cations), with an average potential of 3.4 V and initial capacity of ~119
mAh g at C/20 measured in 1 M LiPF/EC+DMC (Fig. 9d). The lithium storage capacity of this
electrode is capable of being improved to ~ 140 mAh g (at C/5) by increasing the temperature
of the Li-cell to ~ 60 ° C, thus retaining 86% of its value after 100 cycles (Fig. 9e). The high
energy density of both Na-ion (Na//NaClOs-PC//NasFes(PO4).P.07) and Li-ion cells
(Li//LiPFes/EC+DMC//LizsNaFes(P0O4).P207) amounted to energy densities of 380 Wh kg™ and
460 Wh kg, respectively (based on the materials’ level).
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Fig. 9. a) Schematic representation of NasFes(POa4)2(P207) structure, its Na diffusion channel
along the b-axis and different Na sites; b) Charge/discharge profile and c) cyclic performance of
solid-state prepared NasFes3(POa)2(P207) in NaClO4/PC at C/40 (b, c) and C/20 (b); (1 C = 129
mAh g?); d, e) Charge/discharge profile and cycle performance of LisNaFes(PO4)2(P207) in
LiPFs/EC+DMC at C/20 (~ 25 °C) and C/5 (~ 60 ° C), respectively. Reprinted with permission
from ref. [47,71] Copyright 2012, 2013, American Chemical Society).

By investigating the electrochemical mechanism of NaxFe3(PO4)2(P2.07) (1 < x < 4) through
combined computation and experiments, Kim et al. [71] showed that this material underwent
one-phase Fe?*/Fe®* electrochemical reaction (without formation of intermediate phase), with an
exceptionally small volumetric change (less than 4%), unusual for larger Na ions. It is explained
by the capability of P.O7 dimers to rotate and distort (provided by the open 3D framework) to
accommodate structural changes. Four distinguishable Na sites, with a low activation barrier for
all diffusion paths are identified, whereas the Na sinusoidal diffusion in the large tunnel along
the b-axis (from Nal site to another Nal site) shows the lowest activation energy of 256 meV
(Fig. 9a). Very low energy barrier for three-dimensional diffusion pathways of Na ions was also
confirmed by Chen et al. [99], who calculated the values of 0.553 eV, 0.02 eV and 0.365 eV,
thus revealing the barrier-less diffusion of Na* ions along a direction. Based on the first principle
calculations, Kim et al. [71] have determined the sequence of Na extraction: 1. Na ions are first
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extracted from the Na2 site (5-coordinated); 1. After their complete extraction, half of Na ions in
both Nal (6-coordinated) and Na4 sites (6-coordinated) are simultaneously extracted and I1l. The
half of Na ions from Na3 site (7-coordinated) and remaining half of Na ions from Nal site (6-
coordinated) are deinserted thus leaving the half of Na ions in both Na3 and Na4 sites which do
not participate in electrochemical reaction. Still, the exact order of the Na ion
deinsertion/insertion is still unknown. Let us express some discrepancies here. Wu et al. [50] and
Kosova et al [97] have exposed different Na sites coordination and arrangement, pointing out the
preference of extracting Na ions with lower coordination number. Based on the results of solid-
state NMR spectroscopy, Wu et al. [50], reported the next Na extraction sequence: Na3 (five-
coordinated) and Nal (six-coordinated), followed by Na4 (six-coordinated), while the Na ions
from seven-coordinated Na2 hardly participate in the electrochemical reaction. Furthermore,
Kosova et al. [97] have confirmed "non-activity" of Na2 positions, thus suggesting (based on the
Rietveld refinement of the XRD pattern) different coordination numbers of Nal, Na2, Na3 (6-
coordinated) and Na4 sites (7-coordinated) than those in references [50,71] and indicating that
the insertion of Na ions happens opposite to the deinsertion (i.e. the charging process), following
the order Na4, Nal, Na3. These authors indicate an imparity of three Fe different sites (relying
on the results of 57Fe Madssbauer measurements), which does not go along with Kim’s
observations [71] based on equal distribution of Fe ions between three sites.

Solid-state synthesis procedure, developed by Kim, has been adopted in further studies [97,112—
115] aimed at improving the electrochemical properties of NFPP, either through the selection of
an appropriate electrolyte [112,115] or through the carbon addition/coating [97,113,114]. By
using the mixture of ethylene carbonate and propylene carbonate (EC+PC), as a solvent for
NaClOs, Jang et al. [112] measured the initial specific capacity of NFPP very close to the
theoretical value, amounting to 128 mAh g at C/20, as shown in Fig. 10a. About 97 % of the
initial capacity can be retained after 100 cycles of charging/discharging. The use of electrolytes
with 1 M NaClOs in the combination with EC and PC solvents instead of EC and DEC in the
Na/NFPP cell leads to the higher discharge capacity and columbic efficiency. This can be
attributed to higher ionic conductivity, lower reactivity with Na metal and higher stability under
high voltage conditions of 1M NaClO4/EC+PC, when compared to 1M NaClO4/EC+DEC (Fig.
10a). Ropero et al. [114] modified the solid-state procedure [47,71,112] by adding the
conducting carbon into reagent mixture, to produce the
Nasz 97Fe3(P04)2(P207)/3.04wt%NaFeP04/7.8Wwt%C composite with an extended potential of
application in terms of high current performance (up to 1 C) and aqueous batteries. Actually, the
synthesized composite may deliver the initial discharge capacity of 99 mAh g! at 1C in
NaClO4/EC+PC (Na metal as an anode) and 84 mAh g in an aqueous solution of 1 M Na,SO4
(the aqueous type of cell with AC as an anode), thus retaining 99 % and 74 % of the initial value
after 50 cycles, respectively (Fig. 10b,c). The less capacity retention of NFPP in an aqueous than
in an organic cell could be attributed to the material solubility in an aqueous electrolyte (more
precisely the hydrolysis of pyrophosphates which lead to iron oxides and sodium phosphate) and
the sample oxidation upon the discharge process. The sodium storage capacity of this mixed
polyanionic cathode, in an aqueous electrolyte, exceeds the capacity of other materials such as
NazFeP,0; (55 mAh g?), NaFePOs (70 mAh g?), NaosTiosMnosO, (46 mAh g?) and
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NasMnTi(PO4)s (58 mAh g?), also measured in the agqueous-based electrolytes, while the
capacity retention is below that measured for NazFe2P207 (86 % after 300 cycles) or NaFePO4
(90 % after 30 cycles) [114].

(o
2z
m.
o
e
P4

(@)

d

3
=3

E_ (V vs. Na'/Na)
o w
o (]
Capacity (mAhg')
8 8

S 40+ Organic electrolyte

«»

Voltage (V)
~N w w
o

5 Sepacator ﬁ 40
i \] ‘ 1" cycde ¢ Organic electrolyte
29 @ ::;.:.'- 70: 1c P c,y::o ?o: *  Aquecus electrolyte 1c
15 1 S N D U VDU W W W ey 0 A A . .
0 50 100 150 200 250 300 10 © 10 20 30 40 %0 €0 70 8 %0 0 10 20 0 40 %
Capacity (mAhg™) Cycle number
/ p
Specific capacity (mAh/g) Na’ per f.u.

45 g 40 38 32 22 4 20

4.0 =40t Aqueous electrolyte 120+
- z | s K

= o 100

< 35 ‘m 35} M §
o - 4 P
=] = — 80}
b 3.01. ¥ 30} PR g g !
3 s | = g o}
s 251 < sl o S w:

2.0 w 70. — 1% cycie ¢ + Organic electrolyte

. [ 1C 2™ cycle 20F = Aquoous clectrolyte 1c

0 50 100 150 200 250 300 '° 30 0 10 20 30 40 50 €0 70 80 %0 % = = o~ -
Specific capacity (mAh/g) Capacity (mAh g™ Cycle number

Fig. 10. a) The initial charge/discharge curves of solid-state prepared NasFe3(POa)2(P207)
measured in NaClO4/EC+PC (top) and NaClIO4+/EC+DEC (bottom); (Reprinted with permission
from ref. [112], Copyright 2014, Elsevier); b) galvanostatic profiles and c) cyclic performance of
Naz.97Fe3(P04)2(P207)/3.04wt%NaFeP04/7.8Wwt%C measured in an organic (NaClO4#/EC+PC)
and aqueous electrolyte (NaSOa), at a current rate of 1 C (1 C = 129 mAh g?); (Reprinted with
permission from ref. [114], Copyright 2018, American Chemical Society).

Recently, Kang and his collaborators [115] have demonstrated an excellent NFPP performance
in the highly concentrated aqueous electrolyte of NaClO4 (17 M), capable of providing a high-
voltage aqueous-type of sodium ion batteries. In both 1 M and 17 M NaClO4 aqueous solutions
the NFPP showed the discharge capacity of 90-100 mAh g at 1 C and an average redox voltage
of 3.2 VV vs. Na*/Na, which is very similar to the performance in an organic electrolyte. What is
very important is that the oxygen evolution reaction (OER) at NFPP is not induced before 4.2 V
vs. Na*/Na in 17 M NaClOaaq, While the oxygen evolution in 1M NaClOassq Was observed at 3.9
V vs. Na*/Na (the theoretical oxygen evolution potential corresponds to 3.5 V vs. Na*/Na). With
the aim to demonstrate the practical application of NFPP in the aqueous Na-ion battery of an
extended voltage, Kang’s team constructed the cell containing NFPP as a cathode, NaTi2(PO4)3
as an anode and the aqueous salt of NaClOs as an electrolyte. The capacity of this battery using 1
M NaClQuaq decreases rapidly, from the initial 44 to 8 mAh g after 50 cycles (calculated per
both anode and cathode masses) or from 87 to 17 mAh gt if the capacity is calculated per NFPP
cathode mass. Poor capacity retention (18%) and columbic efficiency (from the initial 87 % up to
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68 % after 50 cycles), measured in 1 M NaClOaqq, are considerable disadvantages. However,
notable improvement of this battery was achieved using 17 M NaClOsqyq as the electrolytic
solution, where the capacity retention after 200 cycles and coulombic efficiency were found to
be 75 % and 99 % at 1C, respectively. The constructed NaTiz(PO4)3//17TM
NaClOaaq//NasFe3(PO4)2(P207) full cell is capable of delivering an energy density such as 36 Wh
kg, outperforming the state-of-the-art experimental sodium batteries based on super-
concentrated NaCF3sSOs electrolyte solution.

Kosova et al. [97,113] also adopted mechanochemically assisted solid-state method [47,71] to
get NasFe3(POa4)2(P20Oy7) particles (the average size of 100 nm) covered by carbon layer of ~ 2-3
nm (NFPPC) (Fig. 11a). Unlike the proposed synthesis procedure, in mentioned Kim’s papers
[47,71], the soot is used as a carbon source and the time of mechanical milling of reagent
mixtures (under Ar atmosphere) is shortened to only 5 min. Kosova’s study [97] indicates the
strong influence of the synthesis conditions on the phase purity of targeted NasFe3(PO4)2(P207)
phase and its structural arrangement. First, the solid-state reaction, without mechanical treatment,
does not cause the formation of NasFe3(PO4)2(P207) phase (the mechanical milling facilitates the
solid state-reaction). Second, the chemical composition of the solid-state reaction prepared
sample significantly varies, depending on the temperature of heating. Actually, the temperature
selection, within the 400 - 600 ° C range, determines the type and fraction of secondary phases in
the sample, as shown in Table 2.

Table 2. The chemical composition of the solid-state prepared NFPP determined by XRD
Rietveld refinement; Replotted with permission from ref. [97].

Sample XRD Rietveld refinement
NFPP, % NaFePQO4, % NazFeP207, %
NFPP-600 56.7 25.3 18.0
NFPP-500 64.2 22.7 13.1
NFPP-450 89.1 10.9 -
NFPP-450 (quenching) 93.8 6.2 -
NFPP-400 61.8 28.9 9.3

The highest fraction of NFPP phase and one type of secondary phase (maricite NaFePOQy) is
obtained at 450 ° C (NFPP-450). Third, the quenching of this sample leads to the increase of the
NFPP fraction (96 : 6 = NFP : NaFePO4 for 450 ° C), but results in the higher structural distortion
of FeOs octahedra (due to the partial Fe?* — Fe3* oxidation), as evidenced by X-ray, Mossbauer
and FTIR measurements, and lower electrochemical performance.
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Fig. 11. a) TEM image of NFPP-450 sample; b) Galvanostatic and dQ/dV profile of NFPP-450
measured in NaCIO4/EC-PC (left) and LiPFe¢/EC-DEC (right) at C/5 rate; c) Cyclic stability of
NFPP-450 measured in Na-cell (left) and Li-cell (right); d) The specific capacity of NFPP-450
measured in Na-cell (top) and Li-cell (bottom) at different current rates up to 10 C (1 C = 129
mAh g*) (Reprinted with permission from ref. [97], Copyright 2018, Elsevier).

The best electrochemical properties are obtained for the sample heated at 450 ° C and cooled
slowly (89 % NFPP / 11 % NaFePQOa), where the irreversibility upon the first charge process is
observed due to the structural rearrangement. In a Na-cell, one can see three anodic/cathodic
redox peaks of NFPP-450 (2.98/2.88, 3.15/3.11 and 3.25/3.19 V vs. Na‘/Na for the second
cycle), which correspond to Na deinsertion/insertion from/in different crystallographic sites. In a
Li-cell, one can see three anodic peaks at ~ 3.22, 3.32 and 3.43 V vs. Li*/Li and one broader
cathodic peak at ~ 3.17 V wvs. Li*/Li (the second cycle) belonging to simultaneous
deinsertion/insertion of both Li and Na ions (Fig. 11b). The initial discharge capacity of NFPP-
450, measured in NaClO4/EC-PC and LiPFs/EC-DMC solutions, reaches ~ 90 % (~ 116 mAh g
1y and ~ 83 % (107 mAh g*) of the theoretical value at the rate of C/5 (capacities are re-
estimated per mass of NFPP phase) (Fig. 11c). Its sodium storage capacity is somewhat better
than one for NFPP in NaClO4/PC reported by Kim et al. (the latter is also ~ 90 % of Cineor but it
is measured at significantly lower current rate of C/40) [47], however, it is lower than the value
in NaClO4/EC-PC solution reported by Jang (~ 105 vs. ~ 125 mAh g* at C/10) [112]. Although
slightly lower initial capacity of NFPP-450 was measured in Na than in Li-salt electrolyte, better
cyclic and rate capability were evidenced in the Li cell (Fig. 11c,d). Namely, the specific
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capacity, after 50 cycles, is decreased by ~ 21 %, in the Na-, and by ~ 18 %, in the Li-salt
electrolyte, while the capacity decrease with the cycling rate increase (from C/10 to 1 C) is
almost two times less in the Li cell. The capability of NFPP, to withstand very high current rates
(from 1 C to 10 C), was demonstrated for the first time in the Kosova' papers [97,113] (Fig. 11c),
which is probably related to the carbon coating. Still, very small capacities were measured at 10
C.

By investigating the mechanism on Na-Li exchange within NFPP, tZhese authors showed [97]
that the full process of Na-Li exchange of NasFe3(PO4)2P207, either chemically or
electrochemically, cannot be achieved, but it results in the formation of the mixed Li/Na
compound. By the cycling of NasFe3(PO4)2P207 in Li electrolyte, one part of Na ions (~ 1.2 Na*
ions per f.u) remains in the structure, acting as a pillar throughout cycling (according to the ref.
[50,97] these ions belong to Na2 sites), the other part (~ 1.6 Na* ions per f.u) deinserts during the
first charge cycle, thus remaining in the electrolyte, while the last part (~ 1.2 Na* ions per f.u)
participates in the electrochemical reaction, together with the approximately same fraction of Li
ions. This simultaneous Na/Li participation in electrochemical reaction improves electrochemical
properties. By continuing the studies of the Li-Na redox mechanism, Kosova et al. [113] reveal
that the addition of Na-salts into Li-salt electrolyte actually improves the capacity, especially rate
capability of NFPP, since Na sites are not completely suitable for Li ions. This makes the
composite an excellent cathode material for hybrid Li/Na batteries. Actually, the initial specific
discharge capacities of the NFPP in Li electrolyte, the desodiated NFPP in Li electrolyte and the
desodiated NFPP in mixed 0.9 Li - 0.1 Na electrolyte, measured at C/5, were found to be 95
mAh g, ~ 105 mAh g and ~ 106 mAh g7, respectively (desodiated sample is obtained by the
previous extraction of three Na ions upon the cell charging). The capacity drop, after 45 cycles,
is 16.4 %, 33.4 % and 8.9 %, respectively. After cycling, the lowest capacity is obtained for the
system with the lowest Na fraction, which confirms instability of the Li* ions in the NFPP
structure. At higher current rates, the capacity of desodiated carbon coated NFPP in mixed 0.9 Li
- 0.1 Na electrolyte is found to be 91 mAh g* (1 C) and 65 mAh g* (3 C). The capacity at 1 C is
in the range of the capacity measured by Ropero et al [114] for NFPP (also modified with
carbon), but these authors did not report the current rate above 1 C. Still, at lower current such
as C/10, the capacity of this hybrid Li/Na battery is inferior to the capacity of Na battery reported
by Jang et al [112].

3.2.2. Solution combustion synthesis

Bascar et al. [116,117] have reported 200 nm thick pulsed laser deposited NasFe3(POa)2(P207)
film as the promising electrode for thin sodium-ion microbatteries, due to its excellent rate-
capability (125 mAh gtand 110 mAh gt at ~2 nA cm? and ~ 10 pA cm™), cyclic stability (over
500 cycles) and high coulombic efficiency (~ 100 %). The pure NasFes(POa4)2(P207) powder
(Fig. 12a), which is crystallized into orthorhombic structure, of Pn2:a space group, was firstly
synthesized by the facile solution combustion process using Fe(NO3)s - 9H.0, NaH2PO4 (as the
Fe and P sources) and CsHgOs (as a fuel and carbon source) and then, in the form of pallet,
subjected to the pulsed laser deposition to make the thin film, with a fairly smooth surface (the
roughness is 11 nm) and the thickness of ~ 220 nm, consisting of poorly agglomerated, well-
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crystalized grains (65-75 nm). The specific discharge capacity of such obtained NFPP film,
measured in 1 M NaCIO4#/EC+DMC, amounts to ~ 118 mAh g (stable upon 100 cycles), which
is similar to the value of its carbon-coated NasFe3(POa4)2(P207) parent obtained by the
combustion route (126 mAh g for the 1tand 121 mAh g* for 2" cycle at 0.1 C), Fig. 12b. The
charge/discharge plateaus, belonging to Fe?*/Fe3* redox reactions, are better defined and more
stable (during cycling) for 220 (three distinct plateaus at ~ 3.2, ~ 2.9 and ~ 2.5 V vs. Na*/Na)
than for 300 nm thick film (plateaus merging), Fig. 12b. There is no capacity fade of ~ 220 nm
thin film sample upon 500 cycles at 1 C, Fig. 12c.

In an additional study, Bascar et al. [118] have reported the reversible K* intercalation of the
NasFes3(POa4)2(P207) powder, prepared by the solution-combustion method. Compared to the
sodium redox behavior, the larger number of redox peaks, corresponding to the K"
insertion/deinsertion processes, is evidenced. The high irreversibility after the first charge cycle
is the indication of structural arrangement caused by K™ intercalation. The initial potassium
storage capacity of the gel-combustion synthesized powder, measured in KPFe/EC+DEC,
amounts to 121 mAh g at C/20, which is very close to the corresponding sodium storage
capacity (126 mAh g at C/20). Its value decreases in the second cycle to the value of 116 mAh
g (sodium discharge capacity in the second cycle is ~ 121 mAh g%), thus remaining stable
during ten consecutive charge/discharge cycles [118].
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Fig.12 a) AFM image of the solution-combustion prepared bulk NasFe3(PO4)2(P207) powder; b)
Charge/discharge profiles of the bulk NasFe3(PO4)2(P207) powder (left) and thin
NasFe3(POa4)2(P207) film with a thickness of 220 nm (right); (Reprinted with permission from
ref. [117], Copyright 2020, American Chemical Society).
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3.2.3. Sol-gel method

The use of sol-gel method for the NFPP synthesis has been reported firstly by Wu’s group and
further developed by other groups [99,107,119]. The synthesized sol-gel structures are capable of
overcoming the barrier of solid-state prepared NFPP, related to the issue of the limited rate
capability.

Wu and colleagues [50] have synthesized the NFPP/C particles (100-150 nm) of the
orthorhombic structure (Pn2:a space group), using an stoichiometric ratio of Fe, citric acid and
ethylene glycol as well as NaH2PO4 as the only source of phosphorus. These authors showed that
the thermal stability of NFPP can be achieved within the temperature region 400 - 600 ° C, while
the excess of undesired pyrophosphate can be avoided with a stoichiometric ratio of phosphate
and iron. The amorphous carbon (8.3 wt.% for 400 °C and 8.7 wt.% for 500 °C) is found to cover
NFPP particles in the form of 7 - 8 nm layer (Fig. 13a). The characteristic redox profile of NFPP
is recognized through the three galvanostatic plateaus/redox peaks and irreversible change in the
first charge cycle. Nanocomposite, heated at 500 ° C (NFPP/C-500), shows an excellent high rate
performance (Fig. 13b), thus delivering the higher discharge capacity in 1 M NaClO4/PC+FEC
solution (78 mAh g at 25 °C and 81 mAh g at 55 ° C under 10 C) than that measured for the
sample obtained by the solid-state synthesis [113]. This material can retain 89 % of the initial
discharge capacity after 300 cycles of charging/discharging at 0.5 C. By using combined in-situ
synchrotron-based time-resolved X-ray diffraction (Fig. 13c) and solid-state nuclear NMR
measurements, Wu’s group identified sequence of Na extraction (indicated above), thus
suggesting that the sodium extraction from NFPP is an imperfect solid-solution (evidenced by
the local lattice distortion at the end of the charge process) rather than an ideal solid-solution
reaction.

By introducing graphene oxide into the reaction solution of the sol-gel process [50] (Fig. 13d)
and heating the gel at 500 °C in Ar/5%H2, Ma et al. [107] have obtained amorphous carbon
(AC)-coated NasFe3(PO4)2(P207) particles (50 - 100 nm with 6 nm AC layer) embedded into
cross-linked reduced graphene oxide (NasFes(POa4)2P20-@AC/rGO) (Fig. 12e), with improved
sodium storage performance compared to that of NFPP@AC composite. Such improvement is
more pronounced at high current rates (10 - 50 C) and low temperature (- 15 ° C), Fig. 13f.
Cross-linked rGO network plays a pronounced role in the suppression of particles aggregation
and the increase of both carbon content (10.8 % vs. 8.8 %) and porosity. As a result, the
NFPP@AC/rGO is capable of withstanding ultra-fast diffusion of Na ions, thus delivering the
high and stable sodium storage capacity in a wide temperature range. Its average discharge
capacity in 1 M NaClO4/PC+FEC solution amounts to 107, 99, 85, 78 and 66 mAh g (at 30 °C)
and 97, 89, 53, 42 and 29 mAh g (at - 15°C), at 0.5, 1, 10, 20 and 50 C, respectively (Fig. 13f).
These values are higher than the corresponding discharge capacities of NFPP@AC composite
amounting to 95, 62, 51, and 37 mAh g (at 30 °C) and 60, 28, 18 and 9 mAh g* (at - 15 °C),
respectively. The capacity retention of rGO-modified NFPP@AC after 300 cycles is 83 % (30 °
C) and 89 % (-15 °C) at 20 C, which is also better than that measured for NFPP@AC amounting
to 69 % and 61.2 %, respectively (Fig. 13g). Outstanding high-rate performance is the
consequence of the high contribution of pseudocapacitive effects. The full battery with the
composition of hard carbon//NaClO4+/PC+FEC//INFPP@AC/rGO is capable of powering 42 red
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light-emitting diode (LED) lights, thus delivering the average capacities of 95, 82, 64 and 50
mAh g (calculated per mass of cathode) at 0.5 1, 2 and 5 C, respectively. The energy density of
this cell amounts to 250 Wh kg, based on the mass of cathode active material. By developing
simple sol-gel-based dip coating method, followed by heat treatment at 500 °C under Ar/H;
(v/v=95:5) atmosphere, Ma et al. [119] also have recently developed core-double shell structured
NasFe3(PO4)2P.O7@NaFePOs@C composite grown on a carbon cloth (CC) substrate
(NFPP@NFP@C-CC), with an improved rate capability (up to 100 C). This binder-free and self-
supported cathode is capable of delivering capacities of 127, 118, 113, 104, 97, 89, 75 and 68
mAh g in 1 M NaClO4/PC+5% FEC, at current densities of 0.5, 1, 2, 5, 10, 20, 50 and 100 C,
respectively. The capacity fade is not observed over 3000 cycles at the current rate of 10 C. The
full battery cell, composed of NFPP@NFP@C-CC as cathode, HC as anode and 1 M
NaClO4/PC+FEC solution as electrolyte, can deliver the initial charge/discharge capacity of 125
/114 mAh g, thus retaining 97.2 % capacity after 110 cycles of charging/discharging [119].
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Fig. 13. a) TEM of the sol-gel prepared NFPP/C-500; b) The rate capability of the sol-gel
prepared NFPP powders, heated at different temperatures; c¢) In-situ XRD patterns of NFPP/C-
500 during the first charge-discharge cycle (Reprinted with permission from ref. [50], Copyright
2016, Elsevier); d) the scheme of the sol-gel procedure of NFPP@AC/rGO powder and e) its
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HRTEM image; f, g) Rate/Cyclic performance of NFPP@AC/rGO and NFPP@AC obtained in
NaClO4/PC+FEC at different temperatures and current rates. (0.1 C, 1 C = 129 mAh g?)
(Reprinted with permission from ref. [107], Copyright 2018, American Chemical Society).

Furthermore, Chen et al. [99] have successfully developed two types of NasFe3(POa)2(P207)
powders with two different morphologies: i) nanoplate-like particles (NFPP-E), with the size of
150 nm (SSA is 3.52 m?(g) and carbon content of 3.6 wt% and ii) microporous
NasFes(PO4)2P207 particles (NFPP-C), with the particle size of 1 um (SSA is 9.74 m?g) and
carbon content of 4.1 wt.%, via a facile one-step sol-gel method, Fig. 14,a,b. They have used Na
acetate and ammonium phosphate (mixed with glucose and stearic acid in water to give
transparent solution A) as the source of sodium and phosphates and iron (I1) acetate (mixed with
cetyltrimethylammonium bromide and ethylenediaminetetraacetic acid for NFPP-E or citric acid
monohydrate for NFPP-C to give transparent solution B) as the source of iron. The evaporation
of A+B mixture to the gel formation, followed by the heating at 500 °C in Ar, results in the high
phase purity powder (4 wt.% of maricite NaFePOs is still identified in both samples) and with the
uniform carbon layer (4 nm for NFPP-E and 3 nm for NFPP-C).

d Cu
\
% 1
g 100
g 0
S
§ eo-
S
e
g o
g 20 Curront conaly - 00SCBmA G ") o 20 3.0 1
B o » 25
0 : e . 0 20
o 20 40 80 80 100 120
Cycie numbers
100
o 100
g 20
80
3
§ = &
g
o W d 40
g Curront dorsly - 20C (24 A Q")
20 20
3
o
0+ T T T v T o
0 1000 2000 3000 4000
Cydie number

Fig. 14 SEM images of a) nanoplate-like NasFe3(PO4)2P.07 (NFPP-E) and b) microporous
NasFe3(PO4)2P2.07 (NFPP-C) particles; ¢, d) The comparison of cyclic performance of NFPP-E
and NFPP-C, measured in NaCIO4/EC+PC+FEC at different current rates; e) Long-term cyclic
stability of both NFPP-E and NFPP-C measured at 20 C (2400 mA g*) over more than 4000
cycles. (Reprinted with permission from ref. [99], Copyright 2019, Nature Communication).

Due to nanosized particles, the NFPP-E shows better high rate performance than NFPP-C. Its
specific discharge capacity, measured at 20 C in NaClIO4/EC+PC+FEC electrolyte, amounts to
80.3 mAh g (Fig. 14c,d). An outstanding cyclic stability of this material (100 % after 50 cycles
at C/20 and 69.1 % after 4400 cycles of charging/discharging at 20 C) is obtained, without
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morphological destruction and cracks’ formation upon long-term cycling (Fig. 14e). While the
specific capacity of NFPP-E, at lower scan rates (0.05 and 0.1 C), is in the range of other
reported NFFP’s prepared by solid-state reaction [47,97], its improvement is achieved at high
rates such as 10 C and 20 C [50,107] . Its high sodium storage capability is also achieved at both
low and high temperatures (- 20 ° C and 50 ° C), with outstanding cyclic stability (92.1 % and
91.4 % capacity retention at 0.5 C, respectively). The structural stability of NFPP, upon exposure
to both air atmosphere (three-month period) and cycling in Na-containing electrolyte (volume
changes of 4 %), is confirmed by in-situ XRD and in-situ XANES. The practical use of NFPP-E
material is also tested in two full-cell SIB configurations such as polypyrolle (PPy)-coated
Fe304//NaClO4/EC+PC+FEC//NFPP-E// and hard carbon//NaClO4/EC+PC+FEC//NFPP-E,
which can deliver the initial discharge capacities of ~ 225 mAh g and 170 mAh g* at 100 mA
g, with the capacity retention of ~ 77 % (after 500 cycles) and ~ 41 % (after 12 cycles),
respectively.

3.2.4. Template and spray-drying methods

An adequate micro/nano structure of 3D polyanionic framework and its carbon coating, achieved
by adjusting synthesis conditions through the solid-state reaction, sol-gel and combustion routes,
is shown to provide the high rate capability of NFPP up to 20 C. The ultra-high rate capability
(above 20 C) is not achieved by the sol-gel procedure itself. The reason could be in an
insufficient purity of the synthesized NFPP since its formation is often accompanied by the
appearance of some additional NaFePO4 or NaxFeP207 phases (they appear at least in traces,
even under strictly controlled synthesis conditions) or electronic and ionic wiring. Still, the
maricite is capable of showing the high electrochemical activity, when it is in the composite with
NFPP, thus contributing to the high rate capability of the composite up to 100 C [119]. By
demonstrating template [63] and ultra-spray method [102], these limitations have been overcome
and the outstanding electrochemical properties of this material, (the rate capability up to 100 -
200 C and long-term cyclability up to 4000 - 6000 cycles) are achieved.

Pu et al. [63] have developed a novel template method to demonstrate ultra-high current
capability of NFPP, evidenced by reaching the sodium storage capacity of 79 mAh g* at even
100 C (charge/discharge in 36 s). By introducing a nonionic triblock surfactant Pluronic-F127,
as a template, and phenolic resinol into the mixture of reactants (NasP.O7, NHsH>PO4 and
Fe(NOs)s3 - 9 H20), these authors prepared the pure uniform NFPP/C nanospheres (without traces
of commonly identified maricite phase) with the average diameter of 29.3 nm (NFPP/HC
sample with 14.3 wt. % C) and 56.8 nm (NFPP/LC sample with 9.4 wt.% C), coated by thin
carbon layer (3 nm and 1.8 nm, respectively), Fig. 15 a. The carbon content and thickness can be
adjusted by varying the phenolic resinol amount. Both produced NFPP/LC and NFPP/HC
nanospheres reach almost theoretical capacity (~ 128.5 mAh g?) in NaCIO4/EC-DEC+FEC at a
current rate of 0.2 C (Fig. 15b). The specific capacity of NFPP/HC retains its high value at
higher current rates (about 123, 120, 116, 114, 111, 108, 106, 91 and 79 mAh gt at 0.5, 1, 5, 10,
20, 30, 50, 80 and 100 C, respectively) and during cycling, where 63.5 % of the initial capacity is
measured over 4000 cycles at 10 C (Fig. 15¢,d). An ultra-high-power density of 24.1 kW kg, at
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the energy density of 146.6 Wh kg™, is obtained for Na//NFPP/HC battery cell (based on the
total active masses of both cathode and Na anode). This remarkable performance of NFPP/C, Pu
et al. [63] attribute to the ultra-small particles and 3D continuous carbon network structure which
facilitate both ions and electronic transport through the nanospheres.
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Fig. 15. a) Schematic design of the synthesis of NFPP/C nanospheres and their b-d)
electrochemical performance in NaClO4/EC-DEC+FEC at different current rates and during
long-term cycling at 10 C; Reprinted with permission from ref. [63], Copyright 2019, Elsevier);
e) Schematic design of NFPP nanoparticles and rGO sheets and f, g) their electrochemical
performance at different current rates and during long-term cycling at 10 C (Reprinted with
permission from ref. [102], Copyright 2019, Elsevier) (1 C = 129 mA gb).
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By demonstrating the facile spray pyrolysis method, Yuan et al. [102] have synthesized NFPP
nanoparticles (60 nm), homogenously enwrapped by 3D interconnected rGO network
(NFPP@rGO), Fig. 15e, starting from aqueous solution of NaH2PQ4-2 H>0, Fe(NO3)s - 9H.0
and CeHgO7 - H20. These particles are capable of providing not only the theoretical capacity, at
low current rates (~ 128 mAh g at 0.1 C), but also an impressive capacity value (~ 35 mAh g?)
at a very high current rate of even 200 C (discharge process can be accomplished within 18 s).
Furthermore, ~ 62 % of capacity retention upon over 6000 cycles at 10 C, is measured.
Explicitly, the specific discharge capacity of NFPP@GO, containing 8.3 wt.% C (based on NFPP
mass), measured in the NaCIO4/EC-DEC+FEC electrolyte, amounts to 128, 122, 117, 114, 110,
105, 101, 93, 76, and 60 mAh g, at different C rates of 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50 and 100
C, respectively. The material keeps 88% of the initial capacity after 1300 cycles at 1 C, thanks to
the high fraction of the surface stored charge (i.e. intercalation pseudocapacitance). The
maximum power density of the full Na//NFPP@rGO cell (~ 52.3 kW kg! corresponding to ~
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70.9 Wh kg™!) is substantially higher than the value of cells containing other reported iron-based
mixed polyanionic cathodes. The beneficial role of 3D highly conductive graphene framework
can be seen through the comparison of the sodium storage behavior between NFPP@rGO and
NFPP@C composites (NFPP@C contains 7.8 wt.% C). The latter is also obtained by the spray-
drying method, under the same synthesis conditions, where the only difference is seen in the
replacement of rGO by an additional amount of citric acid. Poorer electrochemical performance
of NFFP@C vs. NFPP@rGO (129 vs. 106 mAh g at 0.1 C and 60 vs. 23 mAh g* at 100 C)
originates from the: i) 6 nm amorphous carbon layer of NFPP@C versus 2 nm fine graphene
layer of NFPP@rGO ii) lower specific surface area (8.38 m? g vs. 28.68 m? g1) and iii) the
larger aggregation of NFPP particles when compared to NFPP@C ones. It should be added that
the higher specific surface area of NFPP@rGO vs. NFPP@C contributes to the higher fraction of
pseudocapacitance, as evidenced by the shape of their curves at the end of discharge.

Recently, Cao et al [64] have also used the spray drying method to obtain NasFe3(POas)2P-0O7
nanoparticles (20 - 50 nm) growing on multi-walled carbon nanotubes (MCNTSs). The
NFPP@MCNTSs sample shows slightly lower capacities in NaClIO4/EC+DEC+FEC than those
measured for NFPP@rGO sample, which amount to 115.7, 103.3, 99.2, 96.7, 94, 90.5, 82.1 and
62.8 mAh g* at current rates of 0.1, 0.5, 1, 2, 5, 10 and 20 C. Besides, the specific capacities of
the full cell CHC//NaClO4/EC+DEC+FEC//NFPP@MCNTSs (based on the mass of both anode
and cathode materials) were found to be very high at different currents of 0.1, 0.5, 1,2 and 5 C
amounting to 69.3, 60.5, 51.8, 40.1 and 35.2 mAh g, respectively.

Unlike NCPP, more diverse synthesis methods of NFPP have been developed which resulted in
its high rate properties. However, the issue of the lower voltage remains a great challenge, and
the future research should be focused on the improvement of the operating voltage of this
material.

3.3 NasNiz(POa4)2(P207) — NNPP

As we emphasized, NNPP is isostructural to NFPP and NCPP. Its crystal structure, determined
by Sanz et al. [46,48], presents three-dimensional network of [NisP2013]. layers, composed of
NiOg octahedra and (PO4*) tetrahedra in the bc plane, which are bridged by (P,07)* dimers in a
way that create the large channels along b-axis available for Na-ion diffusion. Four
distinguishable Na sites are identified, where Nal and Na4 are positioned in the large channels
parallel to the b-axis. Also, Sanz et al. [120] determined the crystal structure of the
NasNis(PO4)2(P207)2.

3.3.1. Solution combustion synthesis
The electrochemical behavior of NNPP has been examined since 2015 [106]. Generally, Ni-
phosphate and pyrophosphate compounds have been widely known as high voltage cathodes for

Li-ion battery applications, but the achievement of their high performance is difficult due to the
intrinsic sluggish kinetics caused by the low electronic and Li-ion conductivity. In 2015, Islam et
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al. [58] have predicted that Ni doping of NFPP leads to the increase of the cell voltage, while the
high potential redox activity of NNPP in Na cell was experimentally evidenced somewhat later
[96]. First, Senthilkumar et al. [106] revealed the Ni?*/Ni** redox activity in NNPP, at ~
0.35/0.17 V vs. Ag/AgCl, in an aqueous solution of NaOH. These authors have reported the
combustion synthesis of NasNis(PO4)2(P207)/C, using three different types of fuel such as
glycine, wurea and hexamine, for the sake of examining their effect on
physicochemical/electrochemical properties of composite. By using NasP207, NHsH2PO4 and
Ni(NO3), - 6H2.0 as reactants and the mentioned fuels, they have synthesized the pure
NasNi3(PO4)2(P207) phase (NNPP). This NNPP phase is obtained by heating at 600 ° C (for 3 h
in Ar atmosphere) and reveals its higher thermal stability compared to NasFe3(POas)2(P207).
Authors have shown that the use of hexamine as a fuel reduces NNPP particle size to nano
dimension (50 - 300 nm) and forms more voids/pores for an easier access of electrolyte ions,
with respect to both urea and glycine. As a result, the higher current response of NNPP is
obtained in the case of hexamine-assisted synthesis. Also, the presence of amorphous coated
carbon (~ 2.7 wt.% C) reduces the particle size and increases electronic conductivity of the
composite electrode.

3.3.2. Solid-state and sol-gel methods

Passerini et al. [96] were the first who demonstrated the high potential of NNPP (4.8 V vs.
Na*/Na) in the full Na-cell, using ionic liquid-based electrolyte (NaTFSI in Py14FSl), which
could provide better properties than typical carbonate-based electrolyte (1 M NaPFg in
EC+DEC). High redox activity of NNPP/C is evidenced by three anodic (4.61, 4.67 and 5 V)
and two cathodic (4.58 and 4.92 V) peaks, while the Ni redox activity in Na;NiP.O7/C, under the
same conditions, is not evidenced. When the submicrometric NNPP/C powder (~ 500 nm),
obtained by citric-assisted solid state method + ball milling (using NasP207,
Ni(OCOCHz3)2-4H,0, NH4H2PO4 as Na, Ni and P sources), is used as the cathode in two-
electrode cell, along with metal Na as the negative electrode, it delivers the initial discharge
capacity of 63 mAh g* and 40 mAh g (@10 mA g*) in NaTFSI+Py14FSI (3 - 5.1 V) and
NaPFe/EC+DEC (3 - 4.9 V), respectively. This is still inferior to Fe- and Co-based analogues
due to lower ionic conductivity of Ni-based mixed polyanionic compound. Also, the collapse of
[NisP2013] layers, occurring upon charge/discharge, causes its low sodium reversibility (1.3 Na*
vs. 2.6 Na* in the first cycle) and consequently low coulombic efficiency. Based on ex-situ XRD,
Na* ions are proposed to be extracted first from Nal and Na2 sites (positions in the large
channels constructed by P07 dimers) at lower potentials, thus resulting in the decrease of a
parameter and the volume change of 1.6%. Afterwards, Na* ions, belonging to both Na3 and Na4
sites, are regarded to leave the structure, at the highest potential of 5 V' vs. Na*/Na, resulting in
the rapid increase of the b parameter. Still, the total volume change during cycling is small and
together with the high thermal stability, present advantage of this mixed polyanionic structure in
terms of operating at high voltages.

Since the NNPP proved to be a high potential cathode material for SIBs, Passerini and
collaborators [98] continue to study its electrochemical behavior trying to improve the electronic
conductivity and prevent poor reversibility of sodium insertion. In this regard, composites of
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NNPP with carbon and reduced graphene oxide have been prepared [98] by the sol-gel synthesis
procedure (starting from Ni(CH3COO). - 4H20, (NH2)HPO4 and NasP.O7 as reactants and
graphene oxide and sucrose as the carbon source), followed by heating treatment at 700 ° C under
Ar for 24 h. The size of NNPP particles in these composites, which are covered by 7 nm carbon
layer, is approximately 500 nm (for NNPP/rGO with 8.9 wt.% of C) and 600 nm (for NNPP-C
with 8.45 wt.% of C), Fig.16a. Both composites undergo sodium multistep reaction path as
evidenced by well-defined CV redox peaks in 1 M NaPFe¢/EC+DMC solution, Fig. 16b. Their
specific capacity is found to be higher than that for the pure sol-gel prepared sample and one
prepared by solid-state reaction [96].
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Fig. 16. a) TEM images of sol-gel prepared NNPP/rGO (top) and NNPP/C (bottom) composites
and their b) CVs and c) Galvanostatic charge/discharge curves measured in NaPFs /EC+DMC,
The current rate is 0.1 C (1 C = 127 mA g*') (Reprinted with permission from ref. [98],
Copyright 2019, Springer).
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The initial charge/discharge capacity, measured at 0.1 C (1 C = 127 mA g) within the voltage
range of 1.7 - 5.1 V, amounts to ~ 168/72 for NNPP-rGO and ~ 132/74 mA hg* for NNPP-C,
Fig. 16c. However, the poor reversibility during cycling has been observed for both composites,
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with only ~ 36 % of the capacity retention after 50 cycles due to the structural deformation upon
third Na redox process (occurring at the highest voltage). It is attributed to the O release from
lattice at the fully charged state. Such assumptions have been confirmed through i) limited
cycling of NNPP-C to insert/extract 1.3 Na*, which leads to stable capacity of 51 mAh g* over
40 cycles at 0.1 C and ii) identification of structural changes after the first charge.

Further improvement of the performance of this high-voltage material, in terms of preventing
structural changes upon cycling at high voltages (either through development of different
strategies or new synthesis procedures), remains the challenge for the future research.

3.4 NasMns3(PO4)2(P207) - NMPP

3.4.1. Solid-state method

Numerous Mn-based compounds have been synthesized and examined electrochemically, due to
the abundance and high accessibility of manganese. Based on this, the cost of the material
production would be cheaper than that for Ni, Co and Fe-based compounds. NMPP polyanionic
compound has been firstly synthesized by Kim et al. [77] via a conventional mechanochemically-
assisted solid-state reaction, using NasP207, Mn2C>04 - 2H20 and NHsH2PO4 as reactants and
pyromellitic acid as a carbon source. Such synthesized NMPP/C powder (with the particle size of
200 - 500 nm), heated at 600 ° C (first in the air to get NMPP phase and then in Ar for 2 h to coat
NMPP particles by carbon) is found to be isostructural to NFPP and NCPP, but with larger
lattice constants due to larger ionic radius of Mn?* ion (0.83 A) compared to Fe?* (0.78 A) or
Co?" (0.745 A), which follows Vegard’s law. Typically, 3D open polyanionic framework of
orthorhombic NMPP crystal structure (Pn21a) is composed of [Mn3P2013]. layers along bc plane
which are connected by P>O7 groups along the a-axis, with three crystallographically distinct
edge and corner-shared Mn octahedra sites. NaMnPOg traces ( < 4 wt.%) are also detected in the
solid-state synthesized powder.

Kim et al. [77] demonstrated improved properties of NMPP compared to other manganese-based
electrodes such as higher Mn?*/Mn®" redox potential of 3.84 V vs. Na*/Na and larger energy
density, amounting to 416 Wh kg (on the materials’ level), thus revealing that both sodium-ion
mobility and cycling stability are not deteriorated by Jahn-Teller distortion (Mn3*). Moreover,
the typical Jahn-Teller distortion (Mn®") during NMPP cycling is found to open Na diffusion
channels (the activation barrier of most Na diffusion pathways is considerable decreased). As a
result, the solid-state synthesized NMPP reaches almost theoretical capacity (129.5 mAh g*)
upon the first charge in NaBF4+/EC+PC solution at a rate of C/20, while the 85 % of this capacity
(109 mAh g) is measured after the first discharge. The capacity retention, after 100 cycles, is
found to be 82 % at C/20 and 86 % at C/5, with the coulombic efficiency of 98.5 %. The material
can deliver the discharge capacity of 121 mAh g (93 % of its theoretical value) at elevated
temperature of 60 ° C (C/20), with the energy density of 416 Wh kg™ (that is the energy density
of Na/NFPP cell), while the corresponding energy density at a room temperature reaches 385 Wh
kg?. (the energy density is based on the cathode level). At a higher current rate of 2 C, the
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capacity of NMPPC amounts to ~ 83 mAh g (25 °C) and ~ 112 mAh g* (60 °C), while the more
than a half of the theoretical capacity is retained at 10 C (for both temperatures). The high rate
capability and good cyclic performance of solid-state synthesized NMPP have been regarded as
superior when compared to Mn-based compounds.
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Fig. 17. a) Galvanostatic charge/discharge profile of solid-state prepared NasMn3z(PO4).P,0- at
C/20 (1 C = 130 mA g?) and in-situ XRD patterns obtained during its charge/discharge
(Reprinted with permission from ref. [77], Copyright 2015, The Royal Society of Chemistry); b)
SEM, CVs (the scan rate is 0.05 mV s™), galvanostatic charge/discharge profile (the current rate
is 01 C, 1 C = 1287 mA g?') and rate performance of CNTs-decorated
NasMn2Co(PO4)2(P207)/IC  (NM2CPP/C-5wt.% CNTs) measured in NaClO4/EC+PC+FEC
(Reprinted with permission from ref. [108], Copyright 2019, American Chemical Society); c)
SEM, CVs (the scan rate is 0.025 mV s1), cyclic performance (the current rate is 0.1 C, 1C = 130
mA g1) and rate performance of NasMn2.4C0os(PO4).P.07/rGO composite (NMCMP/rGO)
measured in NaPFs/EC+DEC (Reprinted with permission from ref. [121], Copyright 2019,
Elsevier).

The NMPP experiences multi-phase reaction during the charge/discharge process (Fig. 17a), as
evidenced by the existence of three anodic/cathodic peaks at 3.85/3.64 V, 3.89V/3.77V and
3.96/3.87 V vs. Na*/Na in measured dQ/DV curve. After solid-solution behavior of NMPP in the
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initial cycling (up to 3.86V vs Na*/Na), where the one Na sodium is extracted from the structure
(Na2 site), phase transition (o—) is observed during further charging (up to 3.9 V vs Na‘/Na
which corresponds to the extraction of approximately 1.6 Na ions), with the large difference in a
and b parameters between o and B phase. Further deeper charging, above 4 V vs. Na*/Na, leads
to the appearance of new y phase (Na-poor phase). These multi-phase changes result in 7 % of
total volume change which is still higher than that for the NFPP (which is 4 %), but it is lower
than those volume changes observed for other managanese-based electrodes such as O3-
NaNiosMnos02 (18 %), P2-NaxFeosMnos02 (11 %) and olivine LIMnPO4 (10 %) [77]. On the
discharge, the additional 6 phase is identified as intermediate phase of p — « transition, most
likely as the consequence of Na-vacancy ordering (Fig. 17a).

3.4.2. Spray-drying and solution combustion methods

Although improved properties of NMPP over other Mn-based electrodes are achieved [77], the
reversible discharge capacity is still substantially below the theoretical limit (calculated for three
Na ions), especially at higher currents. Because of that, further studies on NMPP have been
focused on developing dual strategy for the improvement of the sodium storage behavior,
including the partial Mn-Co substitution and carbon coating of NMPP particles [108,121] by
selecting the highly conductive carbon nanotubes [108] and reduced graphene oxide [121]. Both
ways can improve kinetics of the electrochemical reaction. Besides, the partial Mn substitution
by Co results in smaller volume cell owing to smaller Co?* radius (0.745 A, high spin) than Mn?*
one (0.83 A, high spin) and increased average redox potential of mixed-polyanion structure
(from the average voltage of ~ 3.8 V for Co-free sample to ~ 4 V for Co-doped sample) [77,108].

Firstly, Tang et al. [108] have prepared CNT-decorated NasMn2Co(PQa4)2(P207)/C microsphere
structure (NM2CPP/C-CNTSs), through the typical spray-drying method, by mixing aqueous
solutions of Mn(NOs)., Co(NO3) - 6 H20, citric acid (as both carbon source and chelating agent)
and different concentration of CNTs (3.5 and 7 wt.%). The samples are heated at 350 ° C for 3 h
and 630 ° C for 10 h in Ar. CNTs were found i) to control the morphology of mixed polyanionic
compound, thus creating the microspherical network skeleton (composed of nanoparticles with
an average size of 150 nm) instead of the large number of irregular micro pieces observed
without CNT; ii) to increase the specific surface area (from 7.98 to 36.81 m? g) thus providing
larger number of active sites for Na* ions, iii) to decrease the charge transfer resistance (i.e. to
increase electron transport among NM2CPP particles), iv) to increase sodium ion diffusion
coefficient and v) consequently to increase specific capacity of composite. The optimal content
of CNT in terms of the best electrochemical properties was found to be 5 wt.%. The initial
discharge specific capacity of NM2CPP/C-5wt.% CNTSs in 1M NaClO4/EC+PC+FEC amounts to
96.1 (71.65 % of the initial charge capacity), 93.5, 74.4 and 41 mAh g* at the current rates of
0.1, 0.5, 1 and 10 C (1 C = 128.7 mA g), which is higher than that of NM,CPP/C amounting to
81, 79.6, 52.5 and 31.2 mAh g, respectively (Fig. 17b). The capacity retention after 100 cycles
at 0.5 Cis 78.1 % (NM2CPP/C-5wt.% CNTSs) and 35.1% (NM2CPP/C), while NM.CPP/C-5wt%
CNTs retains 76.4 % of the initial capacity after 150 cycles at 1 C. Redox peaks of NM>CPP/C-5
wt.% CNTSs, positioned at 3.89/3.58, 4.19/3.78 and 4.59/.53 V vs. Na*/Na (Fig. 17b), are shifted
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towards higher potentials when compared to above indicated potentials of NMPP [77], due to
Co-doping.

The energy density of Na//NaClO4#/EC+PC+FEC//NM.CPP/C-5wt.% CNTs battery is estimated
to be 371 Wh kg™ (at 0.1 C, based on the materials’ level), which is still close to the value of Na
cell containing Co and CNTs-free NMPP sample as cathode [77] amounting to 385 Wh kg™,
(although at two-fold lower current). From practical point of view, NM>CPP/C-5wt.% CNT has
the large potential, since the sodium-ion battery such as hard
carbon//NaClO4/EC+PC+FEC//NM,CPP/C-5wt.% CNTs is capable of showing i) the high initial
reversible capacity of 88.8, 74.8 and 57 mAh g* at 0.1, 1 and 5 C, respectively, ii) the working
voltage of 3.85 V and iii) energy density of 249.9 Wh kg, with the capacity retention of 75.1 %
(at 0.5 C) after 100 cycles.

Next, Ryu et al. [121] have synthesized Co-substituted NasMn2Co(PO4)2(P207)/C
(NasMn2.4C00.6(PO4)2P207) particles (100-200 nm) in the form of the composite with rGO sheet
(denoted as NMCMP/rGO), Fig. 17c. NMCMP is first prepared through the solution combustion
synthesis (using NasP207, Mn(NQO3z)2 - H20, Co(NO3)2 - 6 H,O and NHsH2PO4 as reactants)
followed by heating at 600 ° C (in Air for 6 h) and then it is dispersed with GO solution through
the ball milling and heated at 600 ° C for 2 h (in Ar) to get the reduced graphene oxide. Still,
traces of impurity phases (less than 2 %) such as Mn2Os, and Na2MnPsO1s are detected in
NMCMP/rGO. The additional NaMnPO4 phase is detected in NMMP/rGO with the total amount
of impurities less than 5 %. Mn?*/Mn** oxidation/reduction process can be evidenced within 3.6
- 4 V vs. Na*/Na for both Co-free and Co-doped samples, while the additional redox process of
Co?*/Co%* is recognized at ~ 4.5 V (vs. Na*/Na) in CV of NMCMP/rGO (Fig. 17c), and is found
to be faster than Mn redox process. Additionally, the partial Co substitution on Mn sites 1)
reduces the degree of octahedral distortion; 2) facilitates the Mn?*/3* redox reaction; 3) facilitates
the A — B phase transition during sodium deinsertion thus providing its completion and
reversibility (this transition is incomplete in the Co absence since both A and B phases have been
observed at 4.8 V vs. Na*/Na); 4) suppresses the lattice distortion thus reducing the total volume
change (5.7 % for Co-doped structure vs. 7.0 % for Co-free structure); 5) decreases the reaction
resistance and 6) increases the sodium diffusion coefficient. As a result, the higher specific
capacity and better cyclic stability of NMCMP/rGO vs. NMMP/rGO are obtained, as illustrated
in Fig. 17c. The initial specific capacity of NMMP/rGO, measured in 1 M NaPFg in EC/DEC,
amounts to 74.7, 47, 31.9, 21.3 and 16.1 mAh g at 0.05,0.1,0.2,05and 1C (1C =130 mA g’
1y, while the corresponding values of NMCMP/rGO are found to be 89.4, 75.9, 64.2, 48.3 and
34.2 mAh g, respectively. The capacity retention, after 40 cycles, is found to be 59.8 % (Co-
free) and 76.8 % (with Co).

As in the case of NNPP, the future research concerning NMPP should be focused on developing

different synthesis/strategies of this material, aimed at improving the specific capacity of this
material and its cyclic performance.
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4. The role of binder in the polyanionic electrode performance

Apart from the synthesis of active powder, which tailors the material properties, the electrode
design can be critical for the electrochemical performance as well. Typically, the electrode is
made of the active material, conductive additive and binder (attached to the Al current collector),
in an appropriate ratio, that should ensure its uniform dispersion at particle level, proper
electrochemical wiring and the mechanical stability upon long cycling (the prevention of the
contact loss between active particles and current collector during cycling). Although less
attention has been paid to the role of inactive components, the type and amount of binder could
be pivotal in the final electrochemical properties, especially at higher loadings [122]. Design of
the polymer binder has been attracting specific attention recently in the battery community.
Some researchers are concentrated on finding alternative and sustainable solutions to replace the
conventional poly(vinylidene difluoride) dissolved in N-methyl pyrrolidone, (PVdFNMP), mostly
focusing on the aqueous electrode processing route which uses cheaper and environmentally
more friendly aqueous binders such as carboxymethyl cellulose (CMC), alginate, polyacrylic
acid (PAA) and so on. These green alternative binders, enriched in COOH groups, offer
advantages in terms of cost, toxicity and conductivity of the electrode (the use of toxic,
flammable and expensive NMP would be avoided) [123], as well as simplicity and rapidness of
its preparation. Moreover, they are able to provide better electrochemical properties of the
electrode material, when compared to PVdFNMP, especially for the materials possessing large
volume changes during cycling such as silicon [124] Moreover, the carboxyl
methylcellulose/styrene-butadiene rubber CMC/SRN has already been commercialized for
graphite-based anode [122]. Still, the choice of the binder is strongly influenced by the type of
the material.

Regarding polyanionic compounds, PVdFNMP is usually used as a binder while the focus is on
development of synthesis strategies, aimed at improving electrochemical properties. Still, other
binders such as CMC and PAA, dissolved in water (CMCy and PAAyg), turned out to be better
solution than conventional PVdF [65,125,126]. Namely, improved rate capability and cycling
stability of Nasicon NazV2(POas)2F3 (75 mAh g for CMC vs. 18 mAh g for PVdF at 70 C, with
the retention of ~ 79 % vs. ~55 % over 3500 cycles at 30C in 1M NaClO4/EC+PEC + 5wt%
FEC, 1C = 128 mA g*) [126], NasV202x(POa)2F3-21GO (108 mAh g* for CMC vs. 103 mAh
g at 0.1C for PVdF), with the retention of 98% over 250 cycles vs. 84% over 60 cycles at 0.1C
in 1M NaClO4/PC + 2wt% FEC, 1C = 130 mA g*) [125] and Na2FePO4F/C (66.8 mAh g* vs.
25.1 mAh g? at 4C, with the retention of ~ 92 % vs. ~81 % over 200 cycles at 1C in 1M
NaClO4/PC + 2 wt.% FEC, 1 C = 130 mA g*) [65] were achieved with the use of both CMC
(10wt%) and PAA binders (10 wt%) instead of PVdF. These aqueous binders were found to i)
accelerate the charge transfer process during cycling; ii) facilitate Na* ion diffusion, iii) improve
the adhesion between active material and binder; iv) improve dispersity of active particles in
electrode slurries and their integrity during cycling, when compared to PVdF binder.
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Besides, the development of binder-free flexible electrodes has attracted attention in recent years
[127]. Design of binder-free electrodes by directly growing on different carbonaceous substrates
(carbon cloth, carbon paper, graphene, carbon nanofibers) has been considered as an efficient
strategy in providing outstanding rate performance and ultralong cycling. This type of electrodes
enables the integration of active material and current collector as a whole, thus avoiding the use
of the binder. This way, the closer connection of active particles and current collector is achieved
which reduces the contact resistance, thus facilitating the electron transfer. Thanks to the flexible
nature of these electrodes, flexibility of battery device can be achieved [127,128]. Different
binder-free  polyanionic  cathodes such as NaVPOsF/C@carbon  fibers  [129],
NasV2(POgs)s@carbon nanofibers [130], NasV2(POs)s@carbon paper (NVP@CP) [131],
NasV2(POs)3@carbon cloth [132], NaxFeP,O; @ porous carbon cloth [133]
Naz(VO)2(POs)F@graphene foam [134] were made through the different template free and
template-assisted methods such as electrospinning method [127,130] and impregnation-
carbonization techniques assisted by freeze-drying [131], sol-gel [132] and solvothermal process
[134]. These electrodes deliver high-rate performance over long cycling (up to 3000 cycles).

Most electrodes of examined mixed polyanion cathode are prepared with PVdFNMP (5% or 10
wt%), as listed in Table S1, while CMCyq is only used as a binder for the preparation of
NasCo3(PO4)2P207—-MWCNT [67] and NasNis(PO4).P207 [98]. Actually, Kumar et al [67,98]
have used CMC since they have previously shown that CMC improved sodium storage
properties of sodium vanadium oxy-fluorophosphate [125]. Regarding the amount of PVDF,
5wt% was mostly used for the preparation of NCPP [68,69,109,110], while one study uses 10%
of PVdF thus maintaining percent of conductive additive to 10%. Electrodes of other polyanonic
compounds including NFPP, NMPP and NNPP [47,50,63,64,71,77,96,99,102,107,108,112,115—
117,121] mostly contain 10 wt. % of PVdF, while the amount of conductive additive is 20 or 10
wt. %. By surveying the TableS1, in terms of used binder, additive and active material ratio, it is
difficult to conclude, with certainty, whether the amount of binder influences the cycling
stability, since different synthesis procedures and different electrolytes were also used. It can be
assumed that 10% of PVdF, used in the electrode of hollow Al-doped Nas;Co3(PO4)2P207
microspheres [111], is favorable for such a long cycling, over 8000 charge/discharge cycles, due
to the stronger bonding effect needed to maintain the active material-support contact. Also, we
can notice that the NFPP-based electrode containing 10 wt% of PVdF [112] shows higher
capacity retention (97% over 100 cycles at C/20) than the electrode with 5 wt% of PVdF (90%
over 50 cycles at 1 C) [114] in the common electrolyte (1M NaCIlO4/PC+EC), while the similar
procedure for preparation of the active powder was used. Still, it should be borne in mind that
different current rates were used, which can have an impact on anode polarization and
consequently on the capacity retention. On the other hand, no capacity fade observed over 3000
cycles for the NasFes3(POas)2(P.07)@NaFePOs@C (NFPP@NFP@C-CC) [119], grown on a
flexible carbon cloth (CC) substrate (Fig. 18a-d), without the use of any binders and additives.
Among all examined mixed-polyanionic cathodes (Table S1), this electrode actually shows the
best sodium-storage capacity (Fig. 18a-d). It is the consequence of avoiding the insulator
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behavior of the binder, achieved through the sol-gel-based, dip-coating method. By growing the
NFPP@NFP particles on the pretreated carbon cloth consisting of carbon fibers, the strong
anchoring of active particles with the support can be achieved, thus enabling the easier electron
transfer process between support and active material. This method, which implies in-situ
preparation of flexible binder-free NFPP@NFP@C-CC cathode (with the capacity of 136 mAh
g! @0.1C, 97 mAh g* @10 C and 68 mAh g! @100C) [119], was shown to be more effective
than the method for the preparation of binder-free Na2FeP2O7 electrode on porous carbon cloth
[133] in terms of simplicity, control of chemical composition and sodium storage capability (95
mAh g'@0.1 C, 68 mAhg! @10 C .

To summarize, the binder influence on the electrochemical properties of common
NasM3(PO4)2P207 electrode is still not systematically studied. Numerous studies are still needed
to evaluate the best optimal solutions as the most commercialization potential. The role of binder
is especially critical issue for higher loadings, required for the commercial purpose. Of course,
the selection of binder is in the strong correlation with both material properties and the type of
the electrolyte.
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Fig. 18. a) Schematic illustration of the synthesis process of binder-free NFPP@NFP@C-CC
electrode and its b) charge/discharge profiles at 0.1 C rate, ¢) Rate performance at different
current rates and d) long-term cyclic stability at 10 C and 50 C for 3000 cycles obtained ina 1 M
NaClO./PC+FEC, (1 C = 129 mA g?). (Reprinted with permission from ref. [119], Copyright
2019, Elsevier).
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5. The influence of the electrolyte formulation on polyanionic electrode performance

Besides materials’ properties, the nature of the electrolyte is the crucial in tailoring the interface
suitable for high-performance sodium-ion batteries. Passerini et al. [25] have published recently
a comprehensive review related to the progress, status and perspective of electrolytes for Na-ion
rechargeable batteries. The most commonly used electrolytes are carbonate-based liquid
electrolytes composed of typical salts (NaClO4, NaPFe, NaTFSI, NaFSI, NaBF4) dissolved in
cyclic carbonates such as propylene carbonate (PC) and ethylene carbonate (EC) or in their
combination with any linear carbonates such as ethyl methyl carbonate (EMC), dimethyl
carbonate (DMC) and diethyl carbonates (DEC). Besides, different ether-based, lonic Liquids-
based, aqueous, highly concentrated and solid-state electrolytes have been examined.

5.1. Nonaqueous organic electrolytes

An important aspect, regarding the role of the electrolyte in the final sodium storage performance
of a certain electrode material, is not only related to the examined electrode interface, but also to
the reactivity of Na metal electrode (acting as a reference and/or counter electrode) with the
corresponding electrolyte. Sodium metal reacts with different organic carbonate electrolytes
(NaClO4/EC+DMC, NaPFe/EC+DMC, NaClO4/PC and NaCIO4/EC+DEC [112,135] to a varying
extent, depending on the type of solvent. This process is more pronounced if the sodium half-cell
is underwent to potentiodynamic cycling. However, the fluoroethylene carbonate (FEC) additive
was found to be an effective solution for Na-ion batteries, which improves their performance,
thus suppressing undesired electrolyte decomposition reactions at the Na metal (or hard-carbon
electrode) [136,137]. Still, positive effect of FEC is not always observed [138,139]

Electrolytes which are used for the examination of polyanionic NMPP cathode are listed in Table
S1. As can be seen, most common electrolyte salts such as NaPFe and NaClO4 are dissolved in
the solvent mixtures of PC+EC [77,97,112,114,140,141], EC+DMC [67,98,116,117], EC+DEC
[68,69,96,109,110,121], PC+FEC [50,107,119] , EC+PC+FEC [99,108,141] or EC+DEC +FEC
[63,64,102,111]. By examining the influence of two electrolytes (1 M NaCIO4/EC+PC and 1M
NaClO4/EC+DEC on the electrochemical performance of the common Na//NFPP half-cell, Jang
et al [112] showed that 1M NaClO4/EC+PC is a more suitable, thus providing the high reversible
capacity of 122 mA h g over 100 cycles, with a high coulombic efficiency of ~ 99%. Namely,
EC+DEC-based electrolyte reacts with Na metal (as evidenced by the color change of separator
soaked by this electrolyte) thus forming decomposition products (sodium alkyl carbonates and
reactive organic radical species), identified by *C nuclear magnetic resonance (NMR)
spectroscopy. The products diffuse towards NFPP cathode thus accelerating the electrolyte
decomposition at higher potentials, which leads to the appearance of two additional plateaus in
the charging curve of Na/NFPP cell (Fig. 10a). This results in the cell overcharging, thus
reducing its coulombic efficiency and reversible capacity.
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When any of the linear carbonates (DMC, EMC or DEC) is added to the solvent mixture of
EC+PC (at the expense of the PC fraction), the sodium storage performance becomes disrupted
[141], despite the fact that the addition of low viscous linear carbonates improves
NaClO4/EC+PC ionic conductivity (following the order DEC, EMC, DMC) and wettability of
hydrophobic polyethylene (PE) separator (following the order DMC, EMC, DEC). Namely,
these carbonate-containing electrolytes undergo decomposition by reacting with the Na anode,
which is more pronounced during cycling. It is also confirmed by *C NMR spectroscopy of
these electrolytes after their contact with the Na metal anode (without any applied potentials).
Specifically, DMC undergoes irreversible decomposition at the Na metal anode thus forming
dissolved by-products (sodium alkyl carbonate and CHzs- radical) which may diffuse to the NFPP
cathode and further decompose at higher potentials during Na/NFPP charging (Fig. 19a). This
contributes to an additional conveyed charge (Fig. 19b), which is not observed in the case of
Li/NFPP cell. Mentioned by-products are also identified upon reaction of Na with EMC and
DEC-based electrolytes, but the initial charge excess is not observed (Fig. 19c), due to the less
pronounced reactivity when compared to DMC. It is evidenced by different color intensity of the
separator, soaked by these linear carbonates-containing electrolytes. More importantly, the
electrolyte decomposition byproducts were not identified when the FEC additive was added in
any of DMC, EMC- and DEC-based electrolytes. FEC suppresses the reaction between Na and
electrolyte effectively, thus forming stable electrode electrolyte interface (SEI) on the Na metal
(Fig. 19d,e). As a result, the Na//NaCIO4/EC+PC+DMC+FEC//NFPP cell does not suffer
overcharging c), while its coulombic efficiency is improved (from 91-98 % up to 99.3%).
However, if compared to FEC-free cell, it displayed reduced capacity, due to formation of thick
NaF resistive layer on the cathode surface, which acts as an additional barrier for Na ion
diffusion. Since the amount of NaF, formed on the cathode upon cycling of the cell containing
DEC+FEC-based electrolyte, is small, this film does not present diffusion barrier for Na ions in
that cell. As a result, the capacity of the Na/EC+PC+DEC //NFPP cell is not reduced upon FEC
addition into electrolyte. Its value is the highest among cells which use all three carbonates
(DMC+FEC, EMC+FEC and DEC+FEC) as electrolytic components (90.5 mAh g without
noticeable capacity loss over 300 cycles, while the coulombic efficiency is 99.5 %).

Let’s discuss obtained electrochemical performance from the aspect of the electrolyte
composition. If we compare the experimental results, obtained by Jang’s and Lee’s groups [Fig.
5¢ in [112] and Fig. 2b in ref [141], the first overcharging of
Na//IMNaCIO4/EC+DEC+PC//NFPP is not observed, while it happens in the of Na/lM
NaClO4/EC+DEC/NFPP cell. One can conclude that either PC slows down the reaction between
DEC and Na metal, or such difference is simply governed by specific material properties. On the
other hand, we can notice that the decomposition of DMC is not observed at Na metal [117],
during cycling of half-cell using NFPP film and 1M NaClO4/EC+DMC electrolyte, since the
capacity is quite stable over 500 cycles. If we compare this behavior with Lee’s results [141] on
decomposing DMC component in the mixture of EC+PC and if we consider this difference from
the aspect of the electrolyte, one can assume that PC accelerates DMC decomposition. However,
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the other reason for such difference could lie in different NFPP electrode engineering applied in
references [141] and [117]. Therefore, the main question which arises here is related to the role
of PC and/or material properties on the decomposition rate of linear carbonates at the sodium
metal surface. This issue remains the subject matter for further researches.
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Fig. 19. a) Schematic illustration of the decomposition process of DMC-containing electrolyte at
the Na metal anode (dissolved by-products diffuse to the NFPP cathode); the voltage profiles of
NFPP, measured at C/20 C (1 C = 100 mA g*!) and 30 °C, in b) 0.5 M NaClO4/EC+PC+DMC,
c) 0.5 M NaClO4/EC+PC+EMC, d) 0.5 M NaCIO4/EC+PC+EMC+FEC and e) 0.5 M
NaClO4/EC+PC+DMC+FEC. Insets shows the color change of the GFF separator before and
after wetting with the corresponding electrolyte (Reprinted with permission from ref. [141],
Copyright 2016, Elsevier).

The fact that the choice of the electrolyte determines the sodium storage performance of
polyanionic cathode is clearly demonstrated by Kumar et al [67], who showed different CV
behavior for the common NCPP electrode (containing CMC binder) if measured in 1 M NaPFgin
EC:DMC and if measured in 1 M NaClO4/PC+FEC. Since FEC addition in PC can be favorable
for sodium storage performance [119], the reason for poorer performance of NCPP electrode
[67], in 1 M NaClO4/PC+FEC can be attributed to the "bad combination" of CMC and FEC
binder [139]. Their synergy can cause an additional resistive layer on the Na metal thus
increasing the cell polarization resistance. At the cathode side, the oxidation of Al in PC+FEC-
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based electrolyte could be more intensive within the used potential interval (from 4 to 4.8 V vs.
Na), since this electrolyte may start to decompose at 3.8 V vs. Na on the Al foil [136] (the
interval stability up to 4.8 V is shown for Pt current collector). Additional reason could be in the
Al corrosion due to increased pH value of the CMC-based slurry. Unlike NaPFe-based
electrolyte, NaClO4-based electrolyte does not contain fluorine which can passivate the current
collector [142].

Beside the most common, carbonate-based organic electrolytes, ionic liquids (ILs) and
concentrated electrolytes with organic solvents are also used for examining mixed polyanionic
cathode [140]. By comparing the electrochemical behavior of NNPP in NaTFSI-Py13FSI with
that in NaPFe/EC+DEC (1:1), Passerini at al [96] found an improved sodium storage in ILs-
based electrolyte (63 mAh g? vs. 40 mAh g?). Also, a wider potential window was provided
with ILs- (3-5.1 V vs. Na'/Na) than with standard, carbonated-based electrolyte (3-4.9 V vs.
Na*/Na), which is crucial for high-voltage material such as NNPP. Furthermore, the use of
ultraconcentrated electrolyte (5 M) composed of sodium bis (fluorosulfonyl)imide in 1,2
dimethoxyethane (NaFSI-DME) shows good compatibility with NFPP, without corrosion of Al
collector [140] . This highly concentrated electrolyte (conductivity of 0.584 S cm™) provides a
high oxidation stability of Al collector (up to ~ 5 V vs. Na*/Na), reversible Na plating/stripping
and low decomposition rate at Na metal. As a result, the high and stable redox behavior of
Na//NaFSI-DME//NFPP cell was observed during 300 charging/discharging cycles. By
comparing the sodium storage performance of NFPP in 5 M NaFSI-DME with that in typical 1M
NaPFes/EC+PC electrolyte, the improved behavior in first case was observed. Actually, the
slightly higher initial capacity (116.2 vs. 111.4 mAh g*) and more noticeable improvement of
the capacity efficiency (99 % vs. 96 %) and capacity retention (~ 94 % vs. ~ 85%) upon 300
cycles, was observed in the case of concentrated NaFSI-DME electrolyte.

Although the conventional liquid-based electrolytes provide high-rate performance of metal-ion
batteries, their use bears potential environmental risk mostly caused by flammable and volatile
nature of the organic solvent. In this context, two types of safer and reliable alternative batteries,
which use aqueous or solid-state electrolytes, have drawn attention.

5.2. Aqueous electrolytes

Apart from safety issues, aqueous electrolytes offer the higher ionic conductivity, lower price
and simple manufacture process in comparison to the organic electrolyte. By comparing NFPP
behavior in an organic solution (1 M NaClO4 in EC:PC) and in 1 M NaxSO4 in H20 [114], both
higher capacity and better cyclic stability were observed in organic electrolyte. As we have
already mentioned, the side reactions with water result in the capacity fade during cycling. So,
the development of various strategies including particles coating procedures are needed to
prevent the capacity fade and improve the capacity itself.

Generally, the main drawback and at the same time the main challenge with aqueous electrolyte
is the lower voltage window limited by the electrolytic decomposition of water. By using highly
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concentrated salts in appropriate solvents, the potential window of aqueous solution could be
extended up to 4 V [143], which opened a new door for future research directions in the field of
aqueous rechargeable batteries. Lee at al [115] showed that the use of highly concentrated
NaClO4 (17 M), instead of 1 M NaClO4 aqueous solution, resulted in shifting of the OER onset
potential towards more positive potentials (from 4 to 4.4 V vs. Na*/Na) and HER onset potential
toward more negative value (from 2.3 to 1.7 V vs. Na*/Na). As a result, a wider potential region
of 2.7 V was obtained in 17 M NaClOs. By comparing the sodium performance of NFPP in
different aqueous electrolytes, such as 17 M NaClOs4, 1 M NaClO4 and 9.26 M NaCF3SOs (in the
form of full cell with NaTi2(PO4)3), the capacity retention after 200 cycles was found to be
improved significantly in concentrated aqueous solution (75, 18 and 63 % for 17 M NaClO4, 1M
NaClO4 and 9.26 M NaCFsSQOg, respectively). Besides, the coulombic efficiency of NFPP-based
cell after 200 cycles is significantly higher in 17 M NaClO4 (~99%) than in 1 M NaClO4 (~68
%), while the similar values are obtained between 17 M NaClO4/H20 and NaCF3SO3/H-0.

Taking into account the possibility of broadening a potential window of aqueous electrolyte as
well as the fact that the strategies for the high and stable capacitive performance are successfully
developed for agueous rechargeable batteries, further developments of this specific family of
polyanionic compounds for aqueous rechargeable Na-ion batteries are worthy of investigations
and remain a challenge.

5.3. Solid-state electrolytes

Solid-state electrolytes present potential solution to mitigate safety issues of conventional liquid
electrolytes (mostly related to flammability and leakage of the electrolyte), thus allowing a high
thermal stability, wider electrochemical stability window (> 5 V), longer life cycle and excellent
mechanical/flexible properties. Besides, they simplify the cell-assembly process in terms of
avoiding the separator wetting procedure by the electrolyte. On the other hand, there are big
challenges regarding lower ionic conductivity, at a room temperature, when compared to liquid
electrolytes, as well as the issues of controlling electrode/electrolyte interface and engineering
processes [25]. Generally, solid-state electrolytes can be classified into conductive inorganic
ceramic/glass-ceramic electrolytes, solid polymer electrolytes (SPEs) and their composite/hybrid
versions. There are two types of inorganic solid electrolytes (ISEs): sulphide- (NasPSa, NasSbS4
Na>S-SiS,, NaxS—-GeS») and oxide-based organic electrolytes (B-Alumina electrolyte, Nasicon),
while solid polymer electrolytes (SPEs) can be roughly divided into gel polymer and solvent-free
solid polymer electrolytes [25,144].

B -Alumina electrolyte was the first fast ion conductor used in Na-S and Na-metal chloride
batteries [144], while the main focus is currently on alternative sodium super ionic conductors
such as NASICON with a general formula Nai+2x+y+zMxMyM2-xySizR3-2:012, where M is replaced
by divalent, trivalent or tetravalent cations, while R can be Si or As [144].

Let’s consider some developments of polyanionic structures for solid-state batteries. The first
works on the use of Nasicon (NasZr2Si,PO12) as the solid electrolyte for both room and mid-high
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temperature sodium batteries were performed using polyanionic NazV2(POa4)s cathode [145,146].
The ionic conductivity of Nasicon NasZr2Si;PO1. was found to be ~ 9.4 x 10 S cm™ at a room
temperature [145], while its value at 200 ° C amounted to ~ 1.5 x 10° S cm™ [146]. The initial
capacity of NasV2(PO4)3 (NVP), in the form of symmetrical NVVP/Nasicon/NVP battery cycled at
a room temperature within 0.01-1.9 V, was 80 % of the discharge capacity (68 mAh g'@1.2 pA
cm?) obtained for the symmetrical liquid NVP/NaClO4-PC/NVP cell [145]. It was ~ 58% of
NVP theoretical capacity (117 mAh g*). However, deep capacity decay was obtained within the
first five cycles. The improved rate capability of this symmetrical solid-state sodium cell, was
obtained under higher temperature of 200 ° C [146]. Actually, when the NVP/NazZr2Si,PO12/cell
operates at C/10 (97 uA cm) under 200 ° C, its initial capacity could reach ~ 85% of the NVP
theoretical value. The capacity of ~ 50 mAh g™ was evidenced at C/2, showing a gradual decline
over 20 cycles. Afterwards, different polyanionic NasV2(POs4)s , NaTi2(POs)s, Naz(VOPOs).F,
NaFePQO4 cathodes were examined in the combination with both organic and polymer solid
electrolytes [147-149]. Different solid polymer-based electrolytes are summarized in the paper
of Qiao et al [149]. By combining NVP as the cathode with Na/C as metal anode and NaFSI-
based solid polymer (PEO) as the electrolyte, Zhao et al. [150] constructed full solid-state cell
which at 80 °C displays the high capacity ( ~111 mAh gt at 0.1 C and 92 mAh g* at 2 C where
1C is 117 mA g) and ultrahigh capacity retention (92 % after 200 cycles and over 80% after
5000 cycles) for a relatively large mass loading of 6-8 mg cm?[150].

Generally, ISEs offer advantages over SPEs in terms of higher ionic conductivity (10 S cm™ vs.
10° S cm™), higher cation transference number (~ 1 vs. ~ 0.2-0.4), higher resistance to the
shocks and vibrations, and wider electrochemical potential window, while they are too hard and
brittle unlike highly flexible and lightweight SPEs. Their hybridization in terms of making an
ion-conducting ceramic/polymer composite is an effective way to afford advantages of both
individual components. Kim al. [151] proposed the use of such NASICON-based composite
hybrid solid electrolyte (HSE), composed of NASICON ceramic powder (70wt%), a poly
(vinylidene fluoride—hexafluoropropylene) (PVdF HFP) and ether-based electrolyte such as 1 M
sodium triflate (NaCF3SO3)/TEGDME liquid electrolyte, for sodium battery (C/NaFePOa). The
initial specific capacity of NaFePOQa in this half-cell amounted to 131 mAh g* at a 0.2 C rate,
while the full cell arrangement with carbon anode, displayed 120, 103 and 75.4 mAh g at rates
0.2,0.5and 1 C, respectively. The average voltage of this full HC/HSE/NaFePO4 cell was 2.6 V,
while the capacity retention was found to be 96 % after 200 cycles.

Although various aforementioned polyanionic structures have been examined for solid-state
batteries, according to the best of our knowledge, there is no attempt of examining interface
between NMPP electrode and solid electrolyte interface. So, there is much space for studies of
NMPP electrochemical properties, using various solid-state electrolytes, especially polymer-
based ones which are successfully used for other polyanion compounds. Surely, it will define one
of the future directions and, at the same time, present a great challenge in the field of the future
energy storage.
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6. Conclusions, challenges and opportunities for moving forward
6.1. Future issues

The sodiation/desodiation performance of NasMas(PO4)2(P207), experienced large advancement
since 2013, especially NasFe3(POa4)2(P2O7) one. Nevertheless, there are still lots of vague and
unclarified issues, crucial for the "commercial design” of this material. Herein, we would like to
summarize contradictions appearing in the literature and some unexplored segments, as the
challenges for further research directed to the improvement sodium interfacial processes.

First, the issue of the full capacity upon deinsertion/insertion of Na* ions has not been entirely
addressed. Different values of theoretical capacity have been reported, based on the transfer of
three or four Na ions. Some authors regarded that the extraction of the fourth Na ion from
NasCo3(POa4)2(P207) can only occur above 4.8 V vs. Na*/Na, but the question remains whether it
is followed by Co®*-Co* transition or the lattice oxygen oxidation. Otherwise, the partial
extraction of all four Na ions may occur during redox process within the 4.1-4.7 V voltage
interval. Furthermore, Kim et al [47] highlighted that the theoretical capacity of
NasFes(PO4)2P207 should be 129 mA hg? (3 Na*) instead of 170 mAh g (4 Na*), due to the
pillar role of the remaining Na ion. This is in line with the three Fe ions in +2 oxidation state.
Guided by Kim's studies, most authors have adopted theoretical capacity including three Na ion
transfers, not only for Fe but also for Mn and Ni-based mixed phosphates. Regarding the
structural characterization, we have also noticed some inconsistencies in the interpretation of
Infrared and Raman spectra i.e. in the assignation of vibrational modes (as displayed in the
section 2.1). Although the interpretation of Infrared spectra is difficult due to overlap of certain
vibrational modes, we believe that an appropriate commitment can clarify some issues.

The next crucial issue is related to the determination of the Na* reaction path through the solid
channel structure during charging/discharging procedure. The reported sequences of Na
extraction are not unambiguous, which is probably the consequence of distinctive experimental
and theoretical approaches. Further observations, relying on combined experimental and
theoretical studies, still require more attention, in order to match the final outputs, or, at least, to
explain causes of discrepancies. Nevertheless, there are general conclusions about the low
activation barrier for diffusion of all Na ions through the polyanionic framework, especially for
ions with a fewer coordination number, which are assumed to leave the solid skeleton first.

Let us also shed more light on the importance of the synthesis procedure and the lack of
explanation concerning the synthesis conditions and their influence to the final composition of
polanionic powder. Aqueous solutions of different salts such as oxalates, nitrates, acetates etc
were generally used as the source of transition metals, while NasP.O7 or NaH2PO4 were mainly
used as Na and P source. One can notice some differences between reactants acting as a
phosphorous source. In some syntheses, both NasP.O7 and NaH2PO4 (or NaH2POa) reactants, in
the amount corresponding to the targeted stochiometric composition, were used as the source of
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phosphorus (usually in the solid-state procedures), while some other procedures (for instance
solution-based synthesis such as sol-gel one) used phosphate salts exclusively. The second case
implies the thermal phosphate to pyrophosphate conversion. However, there is no general
explanation as to why the phosphate decomposition is actually prevented under certain synthesis
conditions and how POs — P,0O7 thermal conversion can be adjusted/controlled to avoid the
excess of phosphate or pyrophosphate phase. Formation of an additional phase (NaFePOs,
NazFeP20y7...), in numerous synthesis of NasMz(POa)2(P207), is practically inevitable (Table
S1). The amount of mixed polyanionic phase, in the synthesized sample, as well as the type and
amount of the secondary phase strongly depend on the synthesis conditions. For instance, the
NFPP can be prepared by the solid-state reaction method, but only with the assistance of ball-
milling. Also, the quenching of the sample can increase the content of the desired phase in the
sample, but it deteriorates its structural and electrochemical properties. Notably, the temperature
strongly controls the chemical composition. Furthermore, the amount of sodium should be
controlled since it may determine the phase composition. On the other hand, the template method
offers the possibility of obtaining the pure NFPP phase with an impressive ultra-fast rate
capability. To summarize, optimization/tailoring of synthesis conditions, aimed at getting pure
phase, still requires more attention.

Lastly, the achievement of high sodium storage properties of polyanionic compounds, which is
closely related to the previous discussion, is of the crucial importance. The NFPP was shown to
be the mostly investigated polyanionic cathode material, with the best performance. Its sodium
storage performance has been gradually improving (Table S1), as the synthesis methods evolved
over time, from the simple toward more complex procedures. The high and stable capacity of
this compound, obtained by the solid-state reaction method, can be achieved at a lower current
rate (128 mAh g, 1C=120 mA h g?), while its rate capability was limited to 1C (and barely to
10C when too low capacity was measured). The sol-gel synthesis procedure enables the rate
capability to extend from 10 C to 50 C, whereas NFPP gradually improves columbic capacity
with the progress of sol-gel procedure, thus delivering the value of 78 mA hg? at 10C [50], 85
mA hgtat10C, 78 mA h gt at 20 C [107] and ~ 80 mA hg* at 20 C [99] up to 97 at 10C [119].
Finally, the ultra-fast sodium storage properties (up to 200 C) have been achieved by the means
of novel template [63] and ultra-spray methods [102], which provide the capacity of 79 mA hg
at 100 C or 35 mAh g at 200C, along with the long-term cyclability over 4000-6000 cycles.

On the other hand, such outstanding rate properties still remain a great challenge for Co, Ni and
Mn-based compounds. Namely, the capacity of these compounds is generally lower than that of
NFPP, especially at high current rates and upon long-term cycling. One of the reasons is the
occurrence of different sodiation/desodiation redox potentials, depending on the type of
transition metal. Namely, the average sodium redox potentials of NasM3(POa)2(P.O7) are found
to be ~3.2V (Fe), ~3.8 V (Mn), ~4.5 V (Co), ~4.8 V (Ni). The lowest redox potential implies less
change of free Gibs energy upon charging/discharging, which can lead to better structural
stability. In addition to that, the sodiation/desodiation redox process of NFPP was found to be
imperfect single-phase reaction, while the several biphasic transitions characterized the redox
switching of Co, Ni, Mn-based compounds. Otherwise, the higher thermal stability of NCPP,
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NNPP and NMPP than NFPP, could provide the high crystallinity, favorable for the prolonged
cycling stability. Anyhow, the novel synthesis/strategies of high-voltage polyanionic compounds
(Co, Ni and Mn), aimed at improving capacity/stability, need to be developed. A lack of
developed synthesis methods of Co, Ni and Mn-based compounds can be identified as a critical
issue in overcoming inferior properties. Unlike NFPP which is synthesized by versatile synthesis
procedures, only few methods, for Co, Ni and Mn-based compounds, have been reported so far.
Namely, the sol-gel and ultra-spray-pyrolysis are used for the synthesis of NCPP, while the
NNPP have been developed by the sol-gel and solid-state methods. The discharge capacity of
NCPP at lower currents is below the theoretical one, amounting to ~100 mA hg* at 0.2 C, where
1 C = 170 mAh g* (Table S1). Its maximum rate capability is found at 20 C, with the
corresponding coulombic capacity of 80 mA h g™. If someone replaces the certain fraction of Co
with Al, the modified material will deliver higher rate capability (73.4 mAh g* at 50C). Further,
the NNPP in the form of composite with carbon, delivers even lower capacity, amounting to ~74
mAh gt at 0.1 C (1 C =127 mA g), with a very poor cyclic stability. Its capacity at higher
currents has not been reported, while the oxygen release upon redox reaction is the major
obstacle that needs to be overcome in the future. The solid-state, spray drying and gel-
combustion methods were used for the synthesis of NMPP, whereas the dual strategy, including
carbon coating and Co doping, is shown as an effective way to improve kinetics of the
electrochemical reaction. The theoretical capacity of this Mn-based compound is withdrawn at
low currents rates of 1 C (1 C = 130 mAh g1), while the maximum reported current rate is 10 C
with the corresponding capacity of 41 mA hg™. Regarding NMPP, a great progress is made in
terms of improving its electrochemical properties with respect to other Mn-based compounds,
without the negative impact of the Jahn-Teller Distortion. Although NMPP shows significantly
lower capacity than NFPP, observation that the diffusion barrier for Na ion decreases upon P.O7
distortion, at the final stage of charging (for Nal-Na4 pathway from 560 meV to 306 meV),
appears encouraging. The same distortion in NFPP crystal lattice causes the narrowing of its Na
diffusion channels thus leading to the significant increase of the activation energy for Na motion
(it became even higher than 500 eV) and pronounced polarization (at the highest potentials) in
the charge/discharge curves.

One should bear in mind that Fe and Mn are the most attractive components, from the
sustainable and economic point of view. Accordingly, the research on Mn-based compounds,
aimed at reaching/overcoming Fe-based compounds, seems to be the most challenging and
promising in the future. Besides, NasM3(POa4)2P.07 type of polyanionic compound is found to be
functional as cathode material, in various full battery cell configurations with the hard carbon as
anode material (section 6.3). The best capacity can reach the value of 100 mA h g** (based on the
cathode mass). One can conclude that two-electrode cell arrangement still requires a lot of
attention in terms of improving electrochemical performance, in order for this class of materials
to penetrate the battery market.

In addition to the structure and synthesis, the choice of the electrolyte is of the vital importance
for the capacity and especially its retention. As elaborated above, its nature influences the
interface properties and various interfacial processes related to decomposition of solvent
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components, additive and degradation of the active material as well, which further determine the
sodium storage performance. By screening the table S1, one can notice that the performance of
NFPP electrodes, which can withstand a large number of cycles in carbonate-based electrolytes
(more than 3000 cycles) refers to the electrolyte containing FEC additive. Actually, when the
material’s properties are adjusted via synthesis to enable high-rate performance, it seems that the
presence of FEC is favorable for long-term cyclic stability. However, it also depends on the type
of binder and solvent mixture. For example, the positive effects of FEC to the performance are
not evidenced with CMC binder (as explained above) [139] and with highly concentrated NaFSI-
DME [140]. Regarding other types of this new class of polyanionic structures (NCPP, NNPP and
NMPP), rational synthesis methods, strategies and electrolyte formulations should be further
developed to adjust the interface for the advanced battery performance of these structures.

6.2. Effective strategies to improve the kinetics of polyanionic cathode

In the NasM3(POs)2P207) structure, the MOs octahedra are linked with (PO4)* groups to form
layers in the bc plane, which are bridged along the a-axis by (P207)*" groups (Fig. 3), thus
forming 3D diffusion channels. Such opened 3D framework allows diffusion of Na ions along all
three directions, offering an advantage over other polyanions which enable the Na ion diffusion
through 1D channel (NaFePOs) or 2D channels (Na:FePO4F). To achieve the fast-redox reaction,
the rapid transport of electrons, that encounter Na ions within the framework, should be provided
as well. The anchoring of the NaMs(PO4)2P-07) nanoparticles with conductive matrix of large
specific surface area (1D, 2D, and 3D) can result in creation of 3D interconnected porous
conductive framework and enhancement of the contact electrode/electrolyte area. So, this is an
effective strategy to facilitate both electron and ionic wiring of NaMz(PO4)2P207 particles, and
boost kinetics of the mixed polyanionic cathode. There are several strategic approaches:

i) Embedding of mixed polyanionic nanoparticles into 3D interconnected carbon network, which
provides thin and uniform carbon layer (with a few nm) around active particles
[50,63,77,96,97,99]. The carbon coating prevents the growth of NasMs3(PO4).P.0O7) particles
during the synthesis procedure, thus providing reduced dimensions which shorten the path of
electrons and ions. One can see, from the Table S1, that sub-micron/micron NCPP and NNPP
particles (> 200 nm) are usually obtained. So, reduction of Co- and Ni-based polyanions
materials to nano-dimensions (below 200 nm), through different approaches including carbon
coating, should be one of the future directions towards improved properties. On the other hand,
the reduced dimension of Fe- and Mn-based particles (especially NFPP), from 30 nm to 200 nm,
have been synthesized. These nanodimensions of NFPP particles, coated by thin and
homogeneous 2-3 nm carbon layer, provide an excellent performance [63]. Despite producing
NMPP particles with the size of ~100 nm, achievement of the high rate performance and long
capacity retention remains a challenge.

ii) Carbon nanotubes wrapping of micro/nano spheres and growth of active particles on multi-
walled carbon nanotubes (MWCNTSs) [64,67,108,111]. Tang at al [108,111] have prepared
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carbon nanotube (CNT)-modified NasMn2Co(POs)2P207 (NM2CPP/C-CNTs) and Al-doped
NasCo3(P04)2P207 (AI-NCPP/CNT) microspheres with hollow structure, by using spray drying
methods. These hollow microspheres (composed of nanoparticles), with shell thickness of ~ 465
nm, can allow large reaction area and fast mass transfer, thus shortening Na* diffusion distance.
Moreover, they are able to accommodate the large volume changes during charge/discharge
which is crucial for long-term cycling. Benefits of highly conductive surface CNTs are indicated
in the subsection 3.4.2. As a result, AI-NCPP/CNT hollow structure is capable of delivering not
only the high capacity and rate capability, but also exceptional cycling stability over 8000 cycles
(for the small electrode loadings of 1.3 mg cm™). When compared to other carbon-coated
polyanionic hollow spheres (Na:FePO4F/C, Na2MnPO4F/C, NazV2(PO4)3/C) [152-154], the Al-
NCPP/CNT hollow structure possesses higher rate capability and longer cycling life. By growing
NFPP particles on MWCNTSs [64], the high rate capability and an excellent capacity retention of
NFPP/MWCNTSs composite was also achieved.

iii) 3D decorating of mixed-polyanions particles with conductive graphene network, which is
able to prevent the aggregation of nanoparticles [102,121]. Namely, the encapsulation of mixed
polyanion particles into 3D network of graphene sheets was found to enhance the electronic
wiring and supply the electrode with many nanovoids for Na* diffusion. Such unique structure is
able to accommodate large volume changes during cycling and deliver theoretical capacity, the
outstanding rate capability and ultralong cycling life (up to 200 C and over 6000 cycles) [102].

iv) carbon coating of nanoparticles + embedding of polyanionic nanoparticles into cross-linked
porous graphene network [98,107]. 3D porous conductive network, composed of in-situ formed
amorphous carbon layer and cross-linked graphene sheets, restricts the aggregation of
polyanionic nanoparticles, increase electrode/electrolyte contact area and improves electrons
transport and dispersity of electrode particles. Such uniqgue NPFC@AC-rGO structure [107]
exhibits an excellent sodium storage performance, especially at the high rate of 20C and the low
temperature of -15°C.

Synergy of amorphous carbon with CNTs [108] and graphene sheets [107] in the mixed
polyanionic composite, is considered to improve the electrochemical properties. Still, the
sodium storage performance of published 3D hierarchical micro/nano phosphate structures (the
capacity, rate capability and capacity retention) are inferior when compared to the performance
of carbon-coated NasV2(POs)3 (NVP/C) [155]. Carbon framework of NVP/C consists of
graphene-like coating layers and interconnected nanofibers. Therefore, there is still considerable
room for further improvements of existing 3D conductive mixed polyanion structures. One
approach should be directed to the carbon surface chemistry and its tailoring through the
heteroatoms (N, S...) doping, which facilitates the charge transfer process.

6.3. Comparison with other polyanionic structures

Representative properties of different polyanionic-type materials are presented in the Table S2
(Supp.Data) in order to compare their electrochemical behavior with mixed-polyanionic
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compound. Although the comparison between different polyanionic structures is inappropriate,
since the electrochemical performance varies depending on the used synthesis method or the type
of the electrolyte, some advantages/disadvantages can be derived, as listed in the paper of Jin et
al. [87]. Besides operating voltage (Fig. 2), the main advantage of 3D mixed-polyanionic
framework over other polyanionic structures, (with a common transition metal M) such as
phosphates (olivine and maricite NaMPOa), fluorophosphates (Na2MPOsF) and pyrophosphates
(Na2MP20y7), is in term of the rate capability. Although the capacity of mixed phosphate-
pyrophosphate structure, at lower current rates, can be slightly lower or comparable with the
capacity of individual phosphates and pyroposphates, its values are usually higher at higher
currents (Table S2). Let’s compare some binder-free polyanionic cathodes. We can see that the
capacity of the binder-free NFPP@NFP@C-CC electrode in 1 M NaClO4PC+ 5%FEC (136
mAh gt at 0.1 C, 1 C = 129 mA g?) [119] is lower than the capacity of binder-free maricite
NaFePO4@C (NFP@C) in 1 M NaClO4/PC+5%FEC [156], at slow current rates (145 mAh g* at
0.2 C, 1 C =154 mA g), while their values are comparable at high current rates (97 mAh g* at
10 C, 1 C =129 mA gl and 84 at 10 C , 1 C = 154 mA g7, respectively). However,
NFPP@NFP@C-CC can withstand current rates up to 100 C [119], while the maximal reported
current rate of NFP@C is 50 C [156]. Furthermore, the NFPP@NFP@C-CC capacity, at all
current rates, is higher than the capacity values measured for free-standing pyrophosphates,
which amount to 95 mAh gt at 0.1 C and 68 mAh gt at 10 C (1 C = 97 mA g1). On the other
hand, the improved capacity of NFPP@NFP@C-CC, at ultrahigh current rates ranging from 10-
200 C (68 mAh gt at 100 C, 1 C = 129 mA g1), remains the challenge when compared to the
free-standing NazV2(PO4);@C-CC (NVP@C-CC) electrode [132] (96.8 mAh g* at 100 C or
69.9 mA h gtat 200 C, 1 C = 117 mA g?). Still, their capacities are comparable at lower current
rates. The operating voltage of NFPP is slightly lower than that of NVP (3.2 V vs. 3.4 V), while
the operating potential of NVP is lower than the potential of Mn, Co and Ni-based mixed
polyanions.

If we compare NasM3(POs).P.0O7 (M= Fe) with vanadium based-fluorophosphate Naz(VO:.
xPO4)2F1+2x (mostly NasV2(PO4)202F3, NasV2(PO4)2F3) [157,158], the lower operating potential
will be observed for Fe and Mn-based polyanions, while Co and Ni-based mixed compounds
would have a higher voltage. Besides, the NasM3(PO4)2P207 matches fluorophosphates (based on
material level in half-cell) in terms of the capacity and rate capability [157], but achievement of
energy performance, as those of NasV2(POa4)2F3s/C-based prototype cell is still a challenge [157—
159]. Still, Fe-based mixed polyanionic material offers an advantage in terms of the price and
toxicity, while the high cost and toxicity of both V- and Co- based phosphates present the
obstacle. Besides, there are high requirements for the synthesis equipment of the vanadium-based
fluorophosphates [87]. On the other hand, the difficult control of the NFPP synthesis conditions,
which is strongly related to an insufficient understanding of the reaction processes, is recognized
as one of the critical issues.
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Furthermore, Na-based silicate polyanion materials are also considered as the potential cathodes
for SIBs [87] due to the high theoretical capacity when extracting two Na ions per unit formula
(276 mAh g* for NazFeSiOa), thermal stability, low cost and high abundance of elements (the
NaxFeSiOs is the cheapest compound due to abundant Na-Fe-Si resources). However, these
compounds have low electronic conductivity, which causes difficult extraction of the second Na
ion (occurring above 4 V vs. Na'/Na) [160]. When compared with silicates, mixed
NasM3(PO4)2P-.0O7 compounds possess lower theoretical capacity, but higher voltage, while the
eco-aspect of NasMs(PO4).P207 depends on the metal (Fe and Mn provide cheap and eco-
friendly material unlike Co and Ni). Although Na-silicates possess high theoretical capacity
(based on two Na ions followed by two electron process of Fe?*/Fe** redox pair), its utilization is
usually limited due to difficult deinsertion of the second Na. Besides, it is a matter of the
structural stability when two Na ions are extracted. In that case, advantage of the higher capacity
over mixed polyanions would be annulled. On the other hand, mixed NasM3(PO4).P.0O7 could
offer not only higher operating potential but also higher cycling and rate capability (Table S1 and
Table S2). Difficulties in obtaining a phase pure material is typical for both silicate and mixed
polyanion materials.

6.4. Full cell configurations

Survey of constructed two-electrode full cells containing mixed polyanionic cathode and suitable
anode is given in the Table S3. As we can see, different structures such as hard carbon (HC),
LisTisO1, NaTi2(POs)s, (PPy)-coated Fe3O4 and CHC were employed as anodes thus providing
cells with different operating voltages and capacities. Regarding mixed-polyanionic cathode
materials, the most reported cells include NFPP and NCPP structures, while only one cell is
reported for NMPP. This clearly indicates that practical development of this class of polyanionic
materials as cathode are in the infancy thus leaving a lot of space for further progress and
improvement. The comparison between listed full Na-ion cells is difficult since the
electrochemical parameters are calculated differently (based on cathode mass, based on anode
mass or based on both anode and cathode masses). However, several common issues can be
noticed. First, the specific capacity of mixed-polyanionic cathode and its retention upon cycling,
in full-cell arrangement, is lower than in the half-cell configuration, using Na anode (comparison
with Table S1), thus indicating incomplete possible utilization of this compound. The reason lies
in the insufficient sodium storage performance of anode materials to match cathode performance,
compatibility issues between electrodes and/or two-electrode cell construction. Second, the first
irreversible capacity loss is typical for all assembled Na-ion full cells (Table S3), which can be
attributed mostly to the formation of SEI layer on the anode surface. This irreversible capacity
loss is between 20 - 40 % (Quischarge/Qcharge) depending on the cell and applied current, while it is
significantly reduced (5 - 10 %) when the anode is previously cycled in Na-full cell, which
results in good coulombic efficiency (expressed as the discharge to charge capacity ratio) during
further cycling.
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The irreversible capacity loss is also evidenced for some other full Na-ion cells containing
polyanionic cathodes [65,125] . Deng at al [65] showed that the initial coulombic efficiency of
the NaFePO4F-based cathode, calculated as the ratio of charge (deinsertion) and discharge
(insertion) capacity, can be tailored by controlling the charging cut-off voltage (Qcharge/Quisch
increases with the increase of the cut-off anodic potential). However, they have demonstrated
that the charging of the Na/Na2FePO4F-based cathode up to higher voltage (2 - 4.5 V), followed
by discharge-charge towards lower voltage (2 — 4 V), during subsequent cycling, can increase the
initial coulombic efficiency (Qcharge/Quisch) Of the cathode (when compared to the constant
cycling within lower or higher voltage interval) and improve cycling stability of the cell.
However, this strategy is not effective for full HC/Na2FePOsF cell, where the constant cycling in
the extended voltage interval (0 - 4.5 V) causes the best cycling performance. The mentioned
cycle modes should also be checked for the mixed polyanionic cathode in order to see whether
the initial columbic efficiency of the material (that actually means the increase of the irreversible
capacity loss) and consequently the cyclic performance can be improved by the cycling at higher
voltages (overcharging). It is difficult for this strategy to be successfully applied for the high-
voltage NCPP and NNPP cathodes due to issues related to electrolyte decomposition, but it could
be a good way for improving performance of NFPP and NMPP-based cells. By comparing
charge discharge/curves of all reported HC/NFPP-based cells [64, 99, 107, 119], we can notice
that the cell cycled up to 4 V [64,99] shows the best discharge/charge ratio (after initial
irreversible change) when compared to the other cells, cycled up to 3.2 V.

Generally, relatively poor capacity retention of the full Na-ion cell with mixed-polyanionic
cathode is observed. It is more pronounced when compared to the performance in the half-cell
configurations with the same cathode (Table S1) or some other hybrid systems (composed of
polyanionic anode and carbon cathode) [161]. Actually, the cyclic performance is limited to
several hundreds of cycles, which is in the range with full cells containing other polyanionic
structures as cathode such as NazV2(POas)3, VOPO4 [162-165]. On the other hand, same mixed-
polyanionic cathodes can withstand several thousands of cycles in half-cell configurations. Apart
from the improvement, related to anode materials and configurations, better understanding of the
electrode/electrolyte interface is needed as well. Comprehensive approach of morphological and
structural changes (the local atomic environment, diffusion coefficients, Na diffusion pathways
and barriers) during charging /discharging, along with the developments of synthesis strategies
and electrolyte formulations, is necessary to break a long-term cycling barrier.

In spite of the mentioned weaknesses, one can notice advantages of the mixed-polyanionic-based
cells when compared to other polyanionic cathodes. HC/ NCPP-based full cell [111] could
provide higher operating voltage (~ 4.3 V) than other high-performance cells (~ 3.2 V) such as
HC/NasV2(POa)3 [164,165] and HC/Nass5V2(PO4)2F3 [166]. However, further challenges should
relate to the increase of capacity and its stability upon long-term cycling. The reduction of NCPP
particles to nano-dimension, the anchoring of NCPP particles with some heteroatom-doped
carbon and replacement of Co fraction with a certain ion could be effective future strategies,
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which would improve energy of NCPP-based cell, reduce its toxicity and price, thus maintaining
the high operating voltage. On the other hand, ion doping of NFPP and NMPP with a suitable
cation or anion, capable of increasing voltage and electronic conductivity, would be a good
direction for further improvement of energy performance of full Na-ion cell with NFPP and
NMPP cathode.

Sodium phosphate polyanion materials were also used as electrodes of hybrid devices, preferably
electrochemical capacitors. Hybrid capacitors, especially sodium-ion hybrid capacitors [100,
161], are extensively studied as potential devices which satisfy requirements of both high energy
density and high-power density, at a low cost. Although NasM3(POa4)2P.0O7 type materials, have
not been studied till now as the electrodes of hybrid capacitors, they should be treated as
perspective ones, on the basis of following two examples with simpler phosphate polyanionic
materials. First, Thangavel et al. [167] reported bio-inspired sodium ion hybrid capacitor, one
electrode of which was polyanionic material NasV2(POs)z and the second one was a
cinnamon-derived highly porous carbon. In an organic electrolyte, this hybrid capacitor delivered
energy density of 118 Wh kg ! and a power density of 850 W kg™!. It displayed also high
cycling stability, the highest ever reported for sodium ion-based intercalation compounds.
Second, Thangavel et al. [168] constructed a new type hybrid capacitor consisting of sodium
super ionic conductor NaTi2(PO4)s/graphene nanoshets composite as an intercalation electrode,
and 2D graphene nanosheets as an adsorption electrode. This capacitor displayed energy density
of 80 Wh kgt and a respectable specific power of 8 kW kg . The capacity fade was only 0.13%
per 1000 cycles, and 90% after 75 000 cycles.

To confirm good perspective of these materials, we may outline excellent electrochemical half-
cell behavior of NasM3(P0O4)2P.07/C composite described by Chen et al. [99], Yuan [102] and
Ma [119].

6.5. Future considerations

Based on the total overview, the universal concept to obtain the high-performance mixed-
polyanionic electrode (on the research level) is still difficult to derive due to interplay between
key electrode and electrolyte components (material, binder and electrolyte) that control interface.
Additional studies are needed in order to determine contribution of these individual components
and their combining effect to the electrochemical activity of the NasM3(POa4)2(P207). In the strict
relation to this, high-rate performance, high specific energy and excellent cycling stability with
high safety, still remain the challenge, especially in the case of the structures with higher
operating voltage, while many bottlenecks need to be solved. Specifically, future issues, which
should be addressed, include following aspects/topics:

- Key fundamental questions, regarding the influence of the synthesis conditions/parameters to
the final composition of NasM3z(PO4)2(P207) phase, must be understood for each type of
NasM3(POa4)2(P207). Namely, one has to deal with the following questions: i) How to adjust
synthesis conditions to obtain completely pure polyanionic phase (identified as the bottleneck);
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i) what parameters are determining formation of this phase and whether it depends on the
specific synthesis; ii) does the pure phase show the best performance or whether its synergy with
secondary polyanionic phases is more appropriate solution. Although some NFPP electrodes
[99,102,119] hold the promise in the sodium batteries, further development of rational synthesis
methods and strategies to design various nanoarchitectures (including impregnation with
different conductive matrices), with improved energy/power performance, are highly needed,
especially for i) higher currents/loadings; ii) NCPP, NMMP and NNPP electrodes and iii) full-
cell configurations.

- the influence of the binder to the electrochemical properties of the common
NasM3(PO4)2(P207) electrode is not yet reported. The comparison of electrochemical properties
of the common NasM3s(PO4)2(P207) electrode, containing different binders, is necessary. Since
PVDF is the most common binder for the electrodes, examined so far (Table S1), the future
directions should be focused more on the aqueous alternative binders, especially if we keep in
mind the fact that CMC can cause better performance of polyanionic NVP cathode than PVdF
[125]. Since the best performance among all examined NasMz(POs)2(P207) samples is achieved
for binder-free electrode, this processing way should also be pushed for all types of this specific
polyanionic family and compared with other binder-containing powder electrodes, not only in
terms of the electrochemical performance, but also concerning cost, simplicity and
environmental compatibility.

- the influence of the electrolyte to the mixed-polyanionic cathode is examined in few studies,
but the research in this field needs to be intensified more. Since individual solvent components
are decisive for the final performance of polyanionic electrode (especially in terms of the
capacity retention) their role in different interface processes (the decomposition rates of
carbonate-based components at the metal surface, FEC-induced processes, the synergistic
process of binder and FEC...) should be specified and elaborated.

- Since few papers are related to the examination in an aqueous electrolyte, while the use of this
polyanionic cathode with the solid-state electrolyte has not been reported yet, these fields remain
completely open. Moreover, the examination of comparative electrochemical behavior of the
NasM3(POa)2(P207) cathode in nonaqueous and aqueous electrolytes would be an effective
strategy to understand sodium insertion mechanism better.

- All future issues, outlined above, should be elaborated through the various physicochemical
and electrochemical methods and understood from the theoretical aspect in order to explain
structural/morphological/electrochemical relations more profoundly and anticipate some future
steps. The special focus should be on the study of Na-ion sequence during charging/discharging,
in order to overcome ambiguity and find out the reason for discrepancy between theory and
experiment. This would result in more accurate conclusions on the sodium redox mechanism of
polyanionic materials, as an important link for their high energy performance.
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Table 1. Table comparing the unit call parameters of NasM3(PO4)2(P207) (M=Co, Fe, Ni,Mn)
Space group Pn2:a

Space group no. 33

Crystal System  orthorhombic

Cell parameters (A) Cell Volume
M Ref. a b c (A3)
Ni [47] 17.999(2) 6.4986(6) 10.4200(9) 1218.9(2)
Co [49] 18.046(5) 6.533(2) 10.536(2) 1242.1(5)
Fe  [47] 18.07517(7) 6.53238(2) 10.64760(4) 1257.204(1)
Mn [2] 17.991(3) 6.648(1) 10.765(2) 1287.6(3)

Table 2. The chemical composition of the solid-state prepared NFPP determined by XRD
Rietveld refinement; Replotted with permission from ref. [97].

Sample XRD Rietveld refinement
NFPP, % NaFePQO4, % NazFeP207, %
NFPP-600 56.7 25.3 18.0
NFPP-500 64.2 22.7 13.1
NFPP-450 89.1 10.9 -
NFPP-450 (quenching) 93.8 6.2 -

NFPP-400 61.8 28.9 9.3



https://www.editorialmanager.com/ensm/download.aspx?id=114031&guid=c82d722d-e98a-405b-8225-5455ad30da66&scheme=1
https://www.editorialmanager.com/ensm/download.aspx?id=114031&guid=c82d722d-e98a-405b-8225-5455ad30da66&scheme=1

Supplementary Material

Click here to access/download
Supplementary Material
Supplementary data.doc


https://www.editorialmanager.com/ensm/download.aspx?id=114033&guid=191bb0db-4c46-41bf-9113-26ea421d446e&scheme=1

Declaration of Interest Statement

Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

CThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




