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Na-ion batteries (NIBs) are an important technological alternative to Li-ion batteries (LIBs) for developing
energy storage systems that are cost-effective and less constrained by geographical supply chains,

with similar energy densities. Analogous to LIBs, cathodes play a critical role in determining the energy
density of NIBs, and layered transition metal oxide compounds are widely used as NIB cathodes.
However, the instability-driven irreversible phase transitions in layered frameworks, especially at large
degrees of Na removal, has necessitated the exploration of rigid structural frameworks that are resistant
to structural changes with Na exchange. Thus, polyanionic frameworks, which primarily consist of
transition metal polyhedra interconnected by PO,, SiO,, and/or SO, units, with or without the presence
of fluorine, have been investigated as NIB cathodes. This review provides a critical overview of recent
studies using polyanion cathodes, which will be useful in guiding the scientific community towards the

development of better NIB cathodes.

Ensuring a sustainable future, in terms of utilizing carbon-free
energy generation and distribution that satisfies the climate-
change goals established in the Paris agreement, requires the
development of cost-effective, energy-dense, and safe energy
storage systems. The state-of-the-art (SOTA) in energy stor-
age technology is the lithium ion battery (LIB) system, which
has captured the dominant market share in portable electronics
and electric vehicles, with increasing deployment in grid-scale
energy storage as well as aviation [1-5]. The success of LIBs
so far can be largely attributed to their high gravimetric and
volumetric energy density, ~ 100-265 Wh kg™! and ~250-670
Wh 17}, respectively, which is facilitated by the graphite anode
(theoretical gravimetric capacity of 372 mAh g™! of graphite)
[6, 7]. However, LIBs are reaching the fundamental limits of
energy density that can be achieved [8, 9], besides geopolitical
constraints surrounding the supply of key metals (Li, Co, etc.),
and safety issues (owing to oxygen evolution and/or lithium
dendrite growth) [10].

An alternative to LIB is the sodium ion battery (NIB) sys-
tem, which employs Na as the electroactive species in place of
Li. The abundance of Na available on the earth’s crust ensures

markedly lower price of the Na,COj; precursor used for NIB

©The Author(s), under exclusive licence to The Materials Research Society 2022

compared to Li,CO, used for LIBs (Na,CO,, $150 ton™; Li,CO;,
$5000 ton™!) [11]. Moreover, NIBs utilize similar engineering
and production methods as the well-established protocols in
LIBs, in addition to using cheaper Al (vs. Cu in LIB) current
collectors [12]. Additionally, NIBs typically exhibit better ther-
mal stability than LIBs owing to their lower self-heating rate
[7, 13]. However, the biggest disadvantage of NIBs is the lower
(i.e., more positive) reduction potential of Na metal (— 2.7 V vs.
standard hydrogen electrode—SHE), compared to Li’s — 3.4 V
vs. SHE, which typically causes an associated decrease in the
average voltages exhibited and a reduction in the energy density
[14]. The rate performance of NIBs, besides energy density, also
needs improvement to compete better with LIBs [15]. In any
case, innovations in the materials being used, as the intercala-
tion electrode and the electrolyte, and cell design optimization
strategies can enable NIBs to overcome its intrinsic drawbacks
and capture a significant market share among energy storage
technologies in the near future.

In this work, we review some of the recent developments
that have taken place in the positive electrode or cathode space
of NIBs. Similar to LIBs, cathodes in NIBs significantly influence
both energy and power performance of the full electrochemical

system, and hence require significant improvements. Note that
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NIBs also need an anode that is as functional (or better) than
graphite in LIBs, and the search for better anodes continues to
be an active area of research [16]. Nevertheless, a search for cath-
odes can occasionally lead to the discovery of high capacity and
low operating voltage materials that can be used as anodes. The
SOTA of Na-ion intercalation cathodes are the layered transition
metal (TM) oxide frameworks (see “Layered oxides” section for
additional details) [17], which typically exhibit high energy den-
sities, good electronic conductivity, but suffer from irreversible
structure transitions upon electrochemical cycling. Prussian blue
analogs are another class of potential cathodes that have been
explored for NIBs but require further improvements in energy
densities for being employed in commercial devices [18, 19]. On
the other hand, polyanionic frameworks, such as those based on
silicate, phosphate, sulfate, etc., moieties, with or without fluo-
rine, are being actively explored as Na cathodes [20], with the
structural integrity upon Na (de)intercalation being their dis-
tinct advantage. Thus, we review the different chemical and struc-
tural classes of polyanionic frameworks that have been explored
experimentally and/or theoretically as Na-ion cathodes. While
previous reviews on Na-ion cathodes [21], especially on layered
oxides [17, 22], and specific polyanionic structures [23-25] exist,
our aim is to provide an overview of several types of polyanionic
hosts that have been explored as Na cathodes.

We begin with a brief summary of layered oxides as Na
intercalation cathodes in “Layered oxides” section. Subse-
quently, we focus on an individual structural/mineral type of
a polyanionic framework in the following sections, with differ-
ences in chemistry (e.g., differences in TM/polyanionic moiety
employed) included within each section. For example, we review
the natrium superionic conductor (NaSICON)-class of cathodes
in “NaSICONSs” section, olivines and other ortho-polyanionic
hosts in “Olivines and ortho-polyanions” section, alluaudites in
“Alluaudites” section, and pyrophosphates in “Pyrophosphates”
section. In “Fluoro-polyanions” and “Perovskites and rutiles”
sections, we focus on fluorine-containing oxide frameworks,
such as fluoro-polyanions, perovskites, and rutile structures. In
each section, we describe the polymorphism and the structural
features of each cathode framework, followed by a summary of
the electrochemical performance that has been measured and/
or predicted. While reporting electrochemical performance,
we do not explicitly summarize doping, nanosizing, and/or
carbon-coating-based performance enhancements [26, 27],
since these techniques typically do not fundamentally alter the
bulk electrode properties. Wherever applicable, we also provide
our critical outlook on electrochemical measurements and/or
theoretical calculations that have been performed so far to fur-
ther accelerate future materials design. In the final section, we
provide a summarizing table of some of the cathode frameworks
that appear promising (within each structural/mineral type) fol-

lowed by a few concluding remarks.
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Throughout this review, we have strived to report the rel-
evant intercalation voltages, in units of V versus Na metal (i.e.,
versus Na*/Na), in terms of the average voltage, the open circuit
voltage (OCV), or the voltage range across which the electro-
chemical charge/discharge has been performed. We also report
the observed electrochemical capacities (in units of mAh g!),
the cycling performance (number of cycles, with or without %
capacity fade/retention), and the rate performance (in terms of
C-rate or A g' or mA cm™2). We have also included energy
density (in units of Wh kg™' or Wh1™!), in case they have been
explicitly reported. Besides experimental studies, theoretical or
computational works, often utilizing density functional theory
(DFT [28, 29])-based calculations, report average Na intercala-
tion voltages (in units of V vs. Na) and/or the predicted phase
behavior upon Na (de)intercalation in a cathode framework.
Additionally, some theoretical studies do report activation bar-
riers for Na migration in candidate cathode hosts (in units of eV
or meV), usually computed with accurate ab initio molecular
dynamics (AIMD [30])/DFT-nudged elastic band (DFT-NEB
[31]) or the swifter bond valence site energy (BVSE [32]) calcu-
lations, which aid in characterizing Na transport. The experi-
mental techniques usually employed to study Na diffusion are
variable temperature impedance spectroscopy and/or variable
temperature nuclear magnetic resonance [33, 34], with ionic
conductivities (in units of mS cm™") and/or migration barriers
(eV or meV) reported. The intended audience for this review
are the computational and experimental researchers working
on battery systems in general, and NIBs in particular, and we
hope that our work will provide a timely summary of the latest
progress that has been made and facilitate an accelerated devel-

opment of commercial-scale NIBs.

The layered oxide framework is at the forefront of commercial
LIB technology, with the cathode of choice being either layered
lithium cobalt oxide (LiCoQ,) or a layered oxide framework
with mixed metals (e.g., Ni-Mn-Co or Ni-Co-Al besides Li)
[8]. Stoichiometric layered oxides exhibit a general formula
of A,MO,, where A is the electroactive cation (Li or Na), M
is the TM and x denotes the amount of alkali ion (x = 1 for
a stoichiometric compound). The robust performance of lay-
ered oxide cathodes in LIBs has resulted in this class of com-
pounds being the most widely studied as Na cathodes as well,
and consequently, represent the SOTA cathodes in NIBs [35].
Indeed, cathodes used in commercial NIBs, as manufactured
by Faradion’, are based on layered TM oxides [15]. The layered
framework can exhibit several different phases (with unique Na-
vacancy orderings), such as O3, P3, and P2 characterized by
the coordination environment exhibited by Na (octahedral or

O, and prismatic or P), the Na content present in the structure,
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and the stacking sequence of the oxygen layers. A compilation
of the different phases that occur within Na-containing layered
oxides involving 3d TMs is provided in Table 1. Note that the
co-existence of several layered phases can also result in the exist-
ence of stacking faults [35] during Na (de)intercalation.
Several stoichiometric NaMO, compounds exhibit the O3
structure, where the oxygen sub-lattice is a face-centered-cubic
(FCC) framework, providing octahedral sites for TM and Na
occupation and tetrahedral voids between occupied octahedral
sites [Fig. 1(a)]. Layers of oxygen atoms (along the {111} planes
of the FCC framework) assemble in a “-A_B-C_A-B_C-" stack-
ing sequence, where Na and M ions occupying edge-shared

« »

octahedral sites between oxygen layers are represented by “_
and “-, respectively. In the O3 structure, the periodicity of the
oxygen stacking is restored after every sixth oxygen layer, i.e.,
after accommodating three pairs of alternating MO, and NaOy
slabs, resulting in an R3m symmetry [36]. Thus, the term O3
signifies the octahedral environment for Na and the presence
of three slabs of MO octahedra in the R3m unit cell. Notably,
NaMO, compounds, with M=Ti, V, Cr, Fe, and Co, exhibit
the R3m O3 structure, while the Mn and Ni analogs adopt the
monoclinic O’3 structure (with C2/c space group), due to the
Jahn-Teller distortions of Mn>** and Ni** [37-39]. Likewise, the
Mo analog, NaMoO,, crystallizes in a triclinically-distorted O”3
structure due to the formation of “diamond-like” Mo-clusters,
with the structure displaying reversible exchange of half a mole
of Na per MoO, formula unit [40].

O3 phases can show a transition to a P3 phase during Na
deintercalation from NaMO,, particularly around half desodia-
tion, where the Na ions occupy prismatic instead of octahedral
sites [Fig. 1(b)]. The Na occupation of prismatic sites is facili-
tated by the glide of oxygen layers, over the MO, slab, indicating
that the O3-P3 transition does not involve breaking of any M-O
bonds. Notably, P3-Na,MO, follows an oxygen layer stacking
sequence of -A_B-B_C-C_A- and exhibits three MO, slabs in

the R3m unit cell. The prismatic NaO shares a face with a MO,
octahedra of one MO, slab and edges with three other MO
octahedra of the adjacent MO, slab [Fig. 1(b)]. While the P3
structure has twice as many prismatic sites as MO octahedral
sites, not all prismatic sites can be simultaneously occupied
owing to Na*-Na" electrostatic repulsions, often resulting in
a “honeycomb” arrangement of occupied Na sites [41]. Analo-
gous to O3, a monoclinically distorted version of P3, namely
P’3, can also exist [42]. Among 3d Na,MO,, Cr, Mn, Co, and
Ni exhibit a O3 (or O'3)-P3 (or P'3) transition [37, 38, 43, 44],
which can be attributed to the stability of the prismatic ordering
upon desodiation [35, 45]. For x <% in Na,MO,, both P3 and
O3 are feasible within the layered framework, apart from O1 and
staged-hybrid structures [46, 47].

P2 is another phase exhibited by layered transition metal
oxides when the as-synthesized material, Na,MO,, has partial
sodium content usually within x ~0.5-0.8 [48-50]. Unlike P3,
P2 has oxygen layer stacked in a -A_B-B_A- sequence, resulting
in a P63 /mmc hexagonal unit cell [Fig. 1(c)]. There are two types
of Na prismatic sites in P2, namely those that shares edges with
MOg octahedra along both MO, slabs adjacent to Na, and those
that share faces with both adjacent MO, octahedra, with the
former being typically preferred due to lower Na—M electrostatic
repulsions [51]. Note that the P2 phase cannot be obtained via
glide transitions (i.e., without M-O bond breakage) from O3/P3
phases. Hence, P2 cannot be electrochemically obtained from
O3/P3 structures, especially at room temperature [52]. Among
3d TM oxides, stable P2-Na,, ;;MO, could be experimentally
prepared only for M=V, Mn, and Co [48-50, 53]. P2 frame-
works can transition into O2 structures upon change in Na via
gliding of oxygen layers [54], similar to the O3-P3 transition.
02 phase displays a -A_B-A_C- oxygen stacking sequence and
the P63/mmc space group. The P2-O2 transition is usually com-
mon in mixed-TM oxides compared to single-TM oxides, upon
electrochemical charging.

TABLE1: Phases observed in layered single-TM oxides during charge-discharge electrochemical cycling.

Comp 03 0’3 P’3 P2 Capacity @ rate Voltage References
Na,Ti0, 076 <x<1 05 <x <072 152@0.1 0.6-1.6 [61]
Na, VO, x~1 0.5 < x < 0.67 047 <x <092 ~125@0.05(03/0'3) 1.2-24 [48]
~122 @0.05 (P2)
Na,CrO, 091 <x <1 ~0.8<x <083 ~0.17 <x <~ 071 110 @ 0.05 2.5-3.6 [43]
Na,MnO, ~07<x<1 045 <x < 0.85 185@0.1(0'3) 2.0-3.8 [37,49]
140 (P2)
Na,FeO, x~1 x~05 80-100 2.5-35 [62]
Na,CoO, x=1 081 <x < 0.88 0.59 < x < 0.67; x =0.56 0.68 <x <076 ~130@ 0.05(03) 25-35(03)  [44,50]
x <~ 054 121 @0.1 (P2) 2.0-4.2 (P2)
Na,NiO, x=1 x =0.70 114.6@0.1 1.5-4.0 [38]

An overall summary of electrochemical properties of each composition is also provided in terms of the practical capacity (in mAh g7') at rate (in
C-rate), and voltage range of operation (in V vs. Na). Boxes with text in bold font mark the starting phase(s) used in electrochemical cycles.
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www.mrs.org/jmr

Issue 19 October 2022

Volume 37

Journal of Materials Research

3171



B IMC o

Faradion Gen 2 Cathode Half-cell Cycling Curves

0 0 40 60 80
Cathode Capacity (mAh/g)

100 120 140 160

45—
>
+

(U —
Z
IS
zZ
%)
>

[0 4
()]
8
©
>

1.5I " 1 1 1 1 1

00 02 04 06 08 1.0

X in Na,CoO»

Figure 1: Conventional unit cells of (a) O3-, (b) P3-, and (c) P2-stacked Na-containing layered TM oxides. Green polyhedra indicate TM sites with red
spheres corresponding to O atoms. Pink/purple spheres indicate Na sites, with solid black lines highlighting the coordination environment of Na.
Dashed black lines signify the boundaries of the conventional cell. (d) Half-cell electrochemical performance of the O3 + P2 layered cathode (“Gen
2") over different voltage ranges. Figure modified from Ref. [15], copyright 2021 Royal Society of Chemistry. (e) DFT-calculated (solid black line) and
experimental (solid gray line) Na intercalation voltage in 03/P3-Na,Co0, as a function of Na content (x). The calculated voltage profile is also an
illustration of the “devil’s staircase”. Figure reproduced from Ref. [46], copyright 2019 American Physical Society.

Apart from the orderings mentioned above, Na-containing
layered oxides can exhibit other phases such as OP4 and P2
which are observed in certain mixed-TM oxide chemistries
[55, 56]. With respect to Na migration in layered oxides, pris-
matic phases generally show more facile Na transport com-
pared to octahedral [57]. This is because, Na migration in

© The Author(s), under exclusive licence to The Materials Research Society 2022

octahedral phases occurs via an intermediate tetrahedral site,
which is typically face-sharing with a MO4 octahedron and
suffers from electrostatic repulsions, resulting in higher bar-
riers. However, Na migration barriers can also change signifi-
cantly, in both O3 and P2 phases, depending on Na content
[57].
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In terms of electrochemical performance, layered single-TM
oxides can display a capacity in the range of 80-185 mAh g™
(see Table 1) at 0.05-0.2 C, with O3 phases typically showing
marginally higher capacities than P2, owing to higher Na con-
tent present in the cathode (i.e., 03-NaMO, vs. P2-Na, (;MO,).
The voltage ranges that layered oxides can be cycled across can
vary between 0.6 and 1.6 V vs. Na in Na,TiO, to 1.5-4.0 V vs.
Na in Na,NiO,, depending on the structure (O3/P2) and the
redox couple of the TM (see Table 1). However, O3-type mate-
rials often display a voltage profile with several plateaus and
steps, referred to as the “devil’s staircase” [Fig. 1(e)] [46], caused
by irreversible lattice-invariant shear transitions eventually giv-
ing rise to “electrochemical creep” [47]. On the other hand, P2
phases typically exhibit single solid solution regions that are
separated by either voltage plateaus or steps [58], and usually
show low degrees of polarization between charge and discharge
curves, but are prone to irreversible phase changes when cycled
over 4 V vs. Na [59]. Note that both O3 and P2 structures are
prone to significant lattice strains due to desodiation, which
can result in defective layered frameworks upon electrochemi-
cal cycling [47].

Layered frameworks with multiple TMs do exhibit better
electrochemical performance compared to single-TM struc-
tures [60]. Moreover, layered frameworks that can exhibit mul-
tiple phases simultaneously (e.g., O3+ P2) can offset the lattice
strains due to Na addition/removal [15]. Indeed, a combina-
tion of O3-NaNi, 333Mny 333Mg 167 Tl 1670, and P2-Na, ¢;N
iy sMng (Mg, 033 T 0670, delivered a maximum ~ 156 mAh g!
capacity when cycled between 4.35 and 2 V voltage window
at 0.2 C [Fig. 1(d)] [15]. However, the capacities of the above
O3 + P2 multi-phase cathode does drop significantly (to ~ 101
mAh g™') when the voltage range is limited to 4-1 V vs. Na. In
terms of cycle life, the O3 + P2 cathode can perform up to 3000
cycles with a ~20% capacity fade at 1 C [15], indicating robust
performance.

In summary, layered oxide frameworks are indeed the SOTA
cathodes in NIBs, with modern battery architectures achiev-
ing energy densities of ~ 140 Wh kg™', which is comparable to
the 137 Wh kg™ typically achieved in LiFePO,-based LIBs, but
lower than layered oxide-based LIBs (~ 260 Wh kg ™) [15]. Lay-
ered oxides also display robust cyclic performance at low rates
(<1 C), while fast-rate cycling (4 C or above) is still a work in
progress [15]. However, given the irreversible phase transitions
that can occur via invariant lattice-shear [35] (due to stack-
ing sequence changes and lattice strains due to Na addition/
removal), particularly at high voltages (~4 V vs. Na), layered
oxide frameworks are unlikely to go beyond the energy densi-
ties exhibited by LIBs and may not exhibit as robust a cycling
performance as LIBs. Hence, to achieve higher energy densities,
frameworks that can yield higher voltages than layered analogs,
without exhibiting significant lattice strains upon (de)sodiation,

©The Author(s), under exclusive licence to The Materials Research Society 2022

such as polyanionic materials, need to be developed. In the sub-
sequent sections, we describe some of the polyanionic frame-
works that have been explored as Na intercalation cathodes.

NaSICON' s were first characterized by Goodenough and Hong
in the 1970s as frameworks that exhibited swift Na mobility. The
classical NaSICON, Na Zr.,Si, ,P,_,O,,, crystallizes in the rhom-
bohedral (R3m) space group for the composition of x < 2.8 or
x > 3.2 at room temperature, with Na occupying two distinct
sites, namely Nal and Na2 (Fig. 2) [63]. However, upon chang-
ing the Na-ion composition, i.e.2.8 < x < 3.2, or upon lowering
the temperature, Na Zr,Si,_,P,_ O,, undergoes a monoclinic
transition, primarily into the C2/c space group, due to Na-ion
ordering in the framework breaking the degeneracy of the Na2
(Wyckoff position: 18e) and/or Nal (6b) sites [63, 64]. In gen-
eral, NaSICON compounds can be represented by the formula,
Na,M,(XO,);, where M is a 3d and/or 4d transition metal(s) and
X is a high-valent non-redox-active cation such as P>*, Si**, As™*,
Ge*t, Mo®, and Nb°* [65]. Thus, depending on the redox activ-
ity of the M cation and Na content within the framework, NaSI-
CON:s can act as either positive (cathode) or negative (anode)
electrodes in a NIB.

The NaSICON unit cell consists of lantern units as shown in
Fig. 2, built of MO octahedra and XO, tetrahedra connected in
a corner-shared fashion. Because of the isolated MO octahedra,
NaSICONS typically suffer from poor electronic conductivity
[63]. Apart from Nal and Na2, previous studies have reported
the existence of a third Na site, namely Na3 (Wyckoft position
36f) [66]. However, such Na3 sites are transient sites (desta-
bilized by electrostatic repulsions) and exhibit negligible Na
occupancy at room temperature [66]. Among Nal and Na2, the
Nal site typically is fully occupied at low Na concentrations (in
Na,M,(XO,),), while the Na2 sites are occupied only at higher
Na content. Thus, during charging in NaSICON electrodes, Na
is typically extracted from the Na2 site.

In terms of Na mobility, NaSICONSs generally exhibit fac-
ile Na conduction, particularly around x=3 in Na,M,(XO,)5,
with the key migration being a Na atom hopping from a Nal
to an adjacent, vacant Na2 site (or vice-versa, see Fig. 2) [67].
Notably, Na migration events within NaSICON structures are
typically highly correlated or follow a concerted mechanism,
i.e.,, a Na hop from a Nal to a Na2 site is typically dependent
on its local environment and the other Na hops within the
structure (see diffusion unit inset in Fig. 2). For example, a
recent computational study employed DFT-NEB calculations
in conjunction with a kinetic Monte Carlo model to statistically
quantify the variations in “local” Na migration barriers on the
overall Na conductivity and found a high degree of correlation
among Na hops during their simulations [65]. Other reports
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Figure2: R3m conventional cell of a typical NaSICON is displayed in the right panel, with dashed black lines indicating the extent of the unit cell.
Green, blue, pink, purple, and yellow spheres/polyhedra represent TM, Si/P, Na1, Na2, and Na3 atoms/sites, respectively. Oxygen atoms form the
vertices of each polyhedra (not shown as spheres in the figure). The lantern unit that forms the fundamental building block of the NaSICON structure
is highlighted by the yellow box. The bottom left panel highlights the “full” Na migration trajectory, from one Na1 to another equivalent NaT site,

via intermediate Na2 or Na3 sites. The top left panel highlights the diffusion (or migration) unit within NaSICON [65], which highlights the typical
bottleneck sites (indicated by the blue triangles) that govern migration barriers for Na hops from Na1 to nearby Na2 sites. The Zr and O atoms are not

indicated in the diffusion unit inset.

have also considered correlated jumps between Na sites, albeit
with the involvement of the transient Na3 site [66], such as-
Nal —Na3 — Na2 — Na3 — Nal and Na2—Na3 —Na3 —Na2,
associated with different transient sites. Interestingly, such cor-
relation among Na hops contribute to overall higher Na-con-
ductivities, across all three directions, than via uncorrelated Na
hops [68].

Single-TM NaSICONs

Among NaSICONs containing a single redox-active TM, the
rhombohedral-Na,;V,(PO,); (NVP) is a well-studied composi-
tion [69]. Specifically, NVP shows a reversible two-phase Na (de)
intercalation, Na,;V,(PO,); <> NaV,(PO,), at an average volt-
age of ~3.4 V vs. Na, where the V**** couple is redox-active
[Fig. 3(a)] [70]. Also, NVP can reversibly intercalate an addi-
tional Na, to form Na,V,(PO,), at~ 1.6 V vs. Na, corresponding

© The Author(s), under exclusive licence to The Materials Research Society 2022

to V3*/2* redox [70], potentially functioning as an anode, high-
lighting the potential for constructing NIBs with NaSICONS as
both anodes and cathodes. Indeed, such symmetric NIBs using
NVP as both electrodes, separated by a conventional organic
electrolyte, demonstrated an output voltage of 3.0 V, an appreci-
able energy density of 138 Wh kg, with reasonable cycle life
(84% capacity retained over 3000 cycles) and rate performance
[at 40 mA g™, Fig. 3(b)] [71].

While NVP exhibits reasonable cycling behavior as a cath-
ode (~2.7% capacity loss after 50 cycles at 1 C) [69], a number
of attempts have been made to further improve the cycle life and,
more importantly, the electronic conductivity, including doping
with higher-valent cations (such as La [72], W [73], and Mo)
[74], and creating unique nanosized cathode architectures with
carbon coating [75-78]. For instance, hierarchical frameworks

with carbon-coated nanosized NVP particles have been reported
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Figure 3: (a) Electrochemical voltage-capacity curves of NVP as cathode (blue lines) and NVP as anode (black lines). (b) Cycling behavior along

with Coulombic efficiency of symmetric NVP cells, where NVP (with different Na contents) is used as both anode and cathode. (c) Electrochemical
charge-discharge behavior in the high-voltage NCP NaSICON. (d) First and second electrochemical cycles in Fe-V mixed-TM cathode. (e) Charge-
discharge cycling behavior in V-Cr mixed NaSICON. (f) DFT-calculated average Na intercalation voltages in single and mixed-TM (i.e., Ti* another

3d metal) NaSICONSs. Data from Refs. [70, 71, 79-81] and [63] was digitized and replotted in panels (a), (b), (c), (d), (e), and (f), respectively, with the
corresponding copyrights with 2012 Elsevier B.V., 2018 American Chemical Society, 2018 American Chemical Society, 2021 American Chemical Society,
2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, and 2021 Royal Society of Chemistry.

to exhibit significantly improved capacity retention (48% overall
capacity fade at 20 C) over ~ 10,000 cycles [75]. Note that for
Na-ion batteries to be cost-competitive with LIBs, TMs that are
less expensive than V may have to be utilized.
Although NVP can be used as
the NaTi,(PO,); (NTP) is the typically preferred option
since NTP exhibits reversible Na (de)intercalation forming
NaTi,(PO,); at 2.10 V vs. Na (thus higher capacity as anode),

4+/3+

an anode,

utilizing the Ti redox pair [82]. However, symmetric cells
with NTP as both electrodes delivered an underwhelming oper-
ating voltage of ~ 1.7 V, unlike NVP [83]. Other single-TM NaSI-
CON s that have been studied experimentally include rhombo-
hedral-Na,Cr,(PO,); (NCP) [79] and monoclinic-Na,Fe,(PO,),
(NFP) [84]. Importantly, NCP is reported to exhibit a Na (de)

4+/3+ redox,

intercalation voltage of ~4.5 V vs. Na, based on Cr
which is perhaps the highest experimentally reported voltage
among bulk single-TM NaSICON systems so far [Fig. 3(c)].
Single-TM NaSICON's based on Mn, Co, and Ni have not been
studied experimentally, while a recent computational study
indicated that Mn- and Co-based single-TM NaSICONs may
be experimentally synthesizable [63].

Theoretically, NaSICON cathodes can exhibit a capacity of
117mAh g! [69, 79] corresponding to the reversible intercala-
tion of 2 Na per Na,M,(XO,); formula unit. Note that the final
Na atom (i.e., Na;M,(XO,);) has not been reversibly removed
in electrochemical experiments so far in single-TM systems
[85]. However, this theoretical capacity is still lower than what

©The Author(s), under exclusive licence to The Materials Research Society 2022

is practically exhibited by layered transition metal oxides [37],
limiting the energy densities of NaSICON cathodes. Moreover,
practical capacities achieved in experiments are typically lower
than theoretical estimates, with NVP, NTP, NFP, and NCP deliv-
ering discharge capacities of ~93 mAh g! (at 0.05 C-rate) [70],
~120 mAh g! (at 2.0 mA cm™2) [86], 61 mAh g! (at 0.2 C)
[84] and 79 mAh g™! (at 0.5 C) [79], respectively. Also, the poor
intrinsic electronic conductivity in NaSICONSs does cause sig-
nificant hysteresis during electrochemical cycling, leading to
less-than-desired rate performance. While nanosizing and coat-
ing strategies have been explored to address the electronic con-
ductivity issue [72-78], studies have also explored mixed-TM
NaSICON' s to improve practical energy densities (see mixed-TM
section below).

Another strategy to enhance the electrochemical voltages
of NaSICON frameworks is to use sulfate moieties (instead of
phosphates), since S®* exerts a stronger inductive effect on the
surrounding O%", enhancing the ionic character of the TM-O
bonds, which in turn results in higher voltages. Indeed, theo-
retical calculations indicate a higher intercalation voltage for
Fe**/?* redox in sulfate NaSICON (~ 3.2 V) [87], compared to
the voltage for Fe>*/?* redox in a phosphate NaSICON (~2.6 V)
[63]. However, a complete substitution of P with S causes a
steep reduction in the theoretical capacity, since the number
of extractable Na goes down from 4 per formula unit in phos-
phates (x=0 to in Na,M,(PO,);) to 2 per formula unit in sul-
fates (x=0to 2 in Na,M,(SO,);). Moreover, recent calculations
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in Na,Fe,(SO,); [87], indicate a higher migration barrier for
Nal-Nal hop (0.89 eV) compared to Na Fe,(PO,); (0.31 eV)
at x ~ 0. Additionally, at certain Na compositions, sulfate NaSI-
CONs may be competing thermodynamically with the alluaudite
structure (see “Alluaudites” section) to physically exist. Thus, a
complete substitution of phosphates with other polyanion moi-
eties may not entirely be beneficial in improving the electro-
chemical performance of NaSICONS, but partial substitution
of P with S, Si, etc., may enhance the performance marginally.

Mixed-TM NaSICONs

To improve the electrochemical performance of NVP, previ-
ous studies have attempted adding other redox-active TMs,
including Ti, Cr, Mn, Fe, Co, Ni, and Cu, creating mixed-TM
NaSICONs [77, 81, 88-91]. For example, partial substitution
of V with Fe [Fig. 3(d)] allows the extraction of 2.76 Na* per
NaSICON formula unit (versus two Na per NVP formula unit),
resulting in increased capacity (153 mAh g™! vs. 93 mAh g}
for NVP) and a higher average voltage due to the V>*/** redox
couple (3.9 Vvs. 3.4V for NVP) [80]. Similarly, introducing Cr
also activates V>*/4* redox (in Na,V, ;Cr, 5(PO,),), resulting in
an appreciable increase in both the average voltage (~4.1 V) and
capacity (~ 150 mAh g’1 at 30 mA g’l) versus NVP [Fig. 3(e)]
[81]. While Ni addition to NVP does not result in any capac-
ity improvement (67 mAh g’1 at 5 C over 500 cycles) [89], Mn
infusion in NVP improves cycling stability at high rates (~ 20
C) [88]. The V-Ti mixed NaSICON does not activate the V>*/4*
redox couple, but exhibits stable phases at x=1, 2, 3, and 4 (x
in Na, TiV(PO,),), all of which can be prepared electrochemi-
cally or via solid-state reactions. The electrochemical reduction
of NaTiV(PO,); to Na,TiV(PO,); follows several single and
two-phase regions, involving both V#*3*/2* and Ti**/** redox
couples, at an overall average voltage of ~2.36 V vs. Na [92].
Apart from V-based mixed-TM NaSICONS, studies have
explored Mn-based mixed-TM frameworks as well [93, 94].
For example, Zhang et al. [93] synthesized Na,MnCr(PO,); and
observed an appreciably high energy density, upon Na removal,
of 566.5 Wh kg ™!, a capacity of ~ 160 mAh g* at 0.05 C, and an
average voltage of ~3.53 V vs. Na that involves Mn**/**/?* and
Cr**?* redox couples. In the case of Mn-Ti mixed NaSICON,
the framework exhibits multiple voltage plateaus when dis-
charged between 1.5 and 4.2 V vs. Na, namely, 4 V (correspond-
ing to Mn***%), 3.5V (Mn>***) and 2.1 V (Ti***"), correspond-
ing to the exchange of 3 Na atoms, and delivers a capacity of 139
mAh g™! against a carbon anode at 0.5 C [94]. However, the volt-
age plateau at ~ 2.1 V does cause significant hysteresis between
charging and discharging, which can be suppressed via synthe-
sis of non-stoichiometric mixed NaSICONSs that suppresses the
Ti**** redox [95]. Notably, the Jahn-Teller distortion of Mn>* is
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significantly suppressed by the presence of other TMs, such as
Ti, V or Cr, in the mixed NaSICONS [89, 93, 94].

While only a handful of mixed-TM NaSICONs have been
successfully synthesized experimentally, a recent computational
study examined possible single and mixed-TM compositions
across the 3d series [63]. Specifically, Singh et al. calculated the
average intercalation voltage, capacity, and pseudo-binary for-
mation energies of 28 different Na, MM'(PO,), compositions,
where M and M’ can be Ti, V, Cr, Mn, Fe, Co, or Ni, with an
emphasis on qualitative trends in Ti-based mixed NaSICONs
[Fig. 3(f)] [63]. Apart from identifying Co- and Ni-based NaSI-
CON:s to exhibit high theoretical voltages, the study reported
that the qualitative trends in voltages across the 3d series fol-
lowed the standard reduction potentials of the TMs undergo-
ing redox. Additionally, Singh et al. highlighted that the voltage
plateau for a given TM redox (e.g., V4*/**) occurred at simi-
lar values in both single-TM (Na,V,(PO,);) and mixed-TM
(Na,VM'(PO,);) systems. Also, the authors reported that Mn-
and Co-based NaSICONs may be experimentally synthesizable,
highlighting the important contributions and guidance theoreti-
cal studies can provide in this vast chemical space [63].

Overall, NaSICONs form a promising and robust class of
polyanionic intercalation frameworks that can act as cathodes
and enhance the development and performance of NIBs. The
experimental and theoretical studies so far have sampled only
a small sub-space of the diverse chemical space that can poten-
tially form NaSICON compounds, thus providing several differ-
ent handles to tune electrochemical performance. For example,
moving from single-TM NaSICONs to mixed-TM structures
have been shown to enhance both the reversible Na capacity and
the average intercalation voltage in several systems [57, 78, 81,
86]. Similarly, doping/substituting the anionic framework, via
replacing P with other non-redox-active cations like Si, S, etc.
(87, 96], is another handle to tune electrochemical performance
as well. Recent studies have also increased the understanding of
the thermodynamic phase behavior [63, 97], including specific
Na-orderings that NaSICON frameworks can exhibit, as high-
lighted by the recent discovery of the Na,V,(PO,); as a stable
phase [80]. Nevertheless, the low theoretical (and practical)
capacities and the poor intrinsic electronic conductivity does
form major bottlenecks for NaSICONS to overcome in order to
be used as NIB cathodes in a more widespread manner, where
novel coating techniques and cathode hierarchy designs can help

in optimizing the electron transport.

Another popular polyanionic framework that has been explored
for NIBs, particularly because of its high theoretical capac-
ity (~ 154 mAh g™"), is the olivine, which is inspired by their
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commercially successful Li analog, LiFePO, [98, 99]. Olivines
exhibit a general formula of A, MXO,, where A is the intercal-
ant (Li, Na), M is a redox-active 3d TM (usually Fe, Mn, or Ni)
and X is a high-valent non-redox-active cation (usually P**, but
Si** is also known) [99-102]. The olivine structure consists of
MOy octahedra that share edges and corners with XO, tetrahe-
dral units, with A atoms forming a one-dimensional “tunnel”
along the b-axis [Fig. 4(a)]. Thus, olivines are 1D conductors of
intercalant ions, unlike NaSICONs which conduct jons in 3D.
Indeed, a theoretical study reported a Na migration barrier of
0.21-0.43 eV along the b-axis in NaFePO,, which indicates facile
movement of Na along the 1D tunnels [103, 104]. Another theo-
retical study also reported an analogous barrier of ~280 meV
[Fig. 4(b)] for Na migration FePO,, with an increase in barrier
up to ~375 meV for vacancy migration in NaFePO,, along the
b-axis [104].

Similar to NaSICONS, olivines usually exhibit poor elec-
tronic conductivity [105, 106], with doping (e.g., introducing
MgZJr instead of Mn in NaMnPO,) [107, 108], nanosizing and
coating techniques often used to improve their electronic trans-
port and eventual rate performance [109]. Na-olivines are usu-
ally synthesized from their Li analogs (e.g., LiFePO,) via ion
exchange [99] since alternate synthesis routes (e.g., solid-state
synthesis at high temperature and pressure) typically produce
the thermodynamically stable maricite polymorph, which is
electrochemically inactive [103]. The maricite structure, which
has an identical composition and space group (Pmna) to the
olivine, involves a complete exchange of sites between A and
M atoms, rendering no feasible channels for long-range A dif-
fusion in the structure, resulting in their inactivity in electro-
chemical setups. However, recent studies have claimed that 2D
Na diffusion is feasible in nanosized maricite-NaFePO, [110],
particularly with amorphization of FePO, [111], which requires
further examination.

In terms of the thermodynamic phase behavior of Na (de)

intercalation in olivines, a previous study by Saurel et al. has

claimed that during charging, NaFePO, exhibits a single phase
till Na,,;FePO,, beyond which a two-phase region exists [112],
which is different from the phase behavior observed in the Li
analog [113]. Theoretical calculations are partly in agreement
with experiments in predicting Na,,;FePO, and Na;,;FePO, to
be stable [Fig. 5(a)] [114]; but galvanostatic intermittent titra-
tion technique (GITT) measurements did not indicate the pres-
ence of Nag,cFePO, [114]. Apart from specifying that the phase
behavior of NaFePO, undergoes changes with rate of Na dein-
tercalation, Saurel et al. also concluded that during discharge of
desodiated Na,FePO,, the system exhibited two concomitant
two-phase regions (consisting of olivine frameworks with differ-
ent Na content) that appeared like a three-phase mixture at low
rates, accompanied by significantly large strains [112]. While the
co-existence of three phases is not possible at a given tempera-
ture and pressure in a pseudo-binary system, such as Na, FePO,,
the reported mechanical strains is likely caused by other side
reactions. Hence, more theoretical and computational work is
required to fully understand the phase behavior of NaFePO, and
other Na-based olivines.

Electrochemically, olivine-NaFePO, exhibits ~ 80% of its
theoretical capacity (i.e., 125 mAh g~! experimentally versus
theoretical 154 mAh g™!) over 50 cycles at an average voltage
of ~2.7 V vs. Na and 0.05 C-rate [115]. Thus, in terms of even-
tual electrochemical output, olivines are quite similar to single-
TM NaSICONSs, with marginally higher capacity at lower volt-
ages. An amorphous version of FePO,, obtained via complete
desodiation of NaFePO,, has also been reportedly explored as a
cathode material, but with similar electrochemical performance
compared to a crystalline, nanosized olivine framework [111,
116]. Apart from the Fe-olivine, NaMnPO, has been experi-
mentally synthesized [117] and electrochemically tested as a
cathode [100], with the structure exhibiting significant capac-
ity fading [from ~ 150 mAh g™! in first cycle to ~85 mAh g!
in the 20th cycle at C/50, see Fig. 5(b)] [100]. While the Co

analog (NaCoPO,) exhibits a different structure compared to

(b) 300
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Figure 4: (a) Conventional cell of olivine, with green, blue, and pink polyhedra/spheres indicating TM, P, and intercalant sites. (b) DFT-NEB calculated
barrier for Na migration along b-axis in FePO,. Data replotted from Ref. [104], copyright 2011 Royal Society of Chemistry.
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the olivine [118], the Ni analog has been explored mostly as a
supercapacitor instead of a battery cathode [101, 119].

An extension of the olivine composition is the orthorhombic
(space group: Pn) A,MXO, framework, also referred to as ortho-
silicates (X =Si) or orthophosphates (X=P), which has been
explored as cathodes in both NIBs and LIBs [120-123]. Nota-
bly, ortho-polyanion frameworks can exhibit high theoretical
capacities (~270 mAh g’l) [124] corresponding to the extrac-
tion of two Na ions per formula unit, with facile Na diffusion
(calculated migration barrier of ~0.26 eV in Na,MnSiO,) [125].
A high fraction (~97%) of the theoretical capacity in ortho-
polyanionic frameworks can be obtained electrochemically, as
indicated by Na,MnSiO,, which exhibited an initial charging
capacity of ~261 mAh g™* at 0.1 C in the voltage window of
1.5-4.5 V vs. Na [124]. However, subsequent electrochemical
discharge of MnSiO, yielded a lower capacity of ~ 182 mAh g!
(corresponding to intercalation of ~ 1.3 Na per MnSiO,). Thus,
irreversible electrolyte decomposition is likely to have contrib-
uted significantly during the first charge [124].

Capacity degradation after first charge, similar to
Na,MnSiO,, was also observed in Na,FeSiO,, where only ~ 0.9
Na could be intercalated after a first charge that supposedly
extracted ~ 1.9 Na from the structure [102]. On the other hand,
Na,CoSiO, exhibited lower polarization during electrochemi-
cal discharge/charge compared to the Mn and Fe analogs, with
a capacity of 125 mAh g™! at 0.05 C, but the material exhibits
several phase transitions during Na (de)intercalation [126].
Although experimental studies have attributed the capacity deg-
radation in Fe and Mn orthosilicates to electrolyte decomposi-
tion [121, 125], theoretical studies indicate that the Na,MnSiO,
becomes unstable (with oxygen release) beyond 75% Na extrac-
tion [125], which can also contribute to capacity degrada-
tion. Nevertheless, there are also reports of capacity retention
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improvements in both Na,FeSiO, and Na,MnSiO, upon adding
select electrolyte additives [102, 124, 127].

In terms of orthophosphates, a recent work by Lu et al. [123]
reported the synthesis of a novel Na,, (Fe, ,PO, orthophosphate
compound but with low capacity (85 mAh g/ initial capacity at
C/20 that degrades to ~70 mAh g™ after 50 cycles) at an aver-
age voltage of ~ 3.0 V vs. Na. Another class of orthophosphates
that has been explored as Na cathodes is NaVOPO,, which can
crystallize in several different polymorphs based on synthesis
techniques [128-134]. Although previous experimental and
theoretical studies have focused on the thermodynamically
stable-a, the B, and the layered-a; polymorphs [135-138], pro-
ton intercalation is known to contribute to the observed elec-
trochemical response [136]. The origin of protons within the
VOPO, structure is unclear but is often attributed to the reagents
that are used to chemically delithiate LiVOPO,, which in turn
forms the base cathode framework for subsequent sodiation
[136]. Hence, more detailed investigations are required to fully
decouple the role of proton (de)intercalation within VOPO,
frameworks and better understand the electrochemical activity
of Na within the VOPO, polymorphs.

In summary, olivines and ortho-polyanionic frameworks
often appear promising as Na cathodes giving their high theo-
retical capacities among polyanionic cathodes in Na-ion systems
and the robust electrochemical performance observed in cor-
responding Li-ion analogs. However, experimental evidence in
Na-containing olivines is quite mixed, with the thermodynamic
instability of the olivine framework often leading to amorphiza-
tion. This is not to say that amorphization of electrode frame-
works intrinsically leads to poorer electrochemical perfor-
mance, but it is typically difficult to improve performance in a
systematic manner. Structural transitions may play a role in the

capacity degradation observed in orthosilicates, although more

0 2 4 6 8 1.0 12 1.4 1.6 1.8 2.0

Number of cycles

Figure 5: (a) DFT-calculated 0 K phase diagram (or convex hull) of Na exchange in pseudo-binary Na,FePO, system. The set of DFT-predicted stable
compositions are indicated by the solid black lines. Figure reproduced from Ref. [114], copyright 2016 Royal Society of Chemistry. (b) Electrochemical
cycling behavior, as quantified by capacity obtained versus number of charge-discharge cycles in NaMnPO, at C/50 (black squares) and C/20 (red
circles) rates. Data digitized and replotted from Ref. [100], copyright 2015 Royal Society of Chemistry.
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experimental and computational investigations are required to
ascertain the origin of such degradation. Finally, decoupling
proton and Na (de)intercalation effects is imperative to accu-
rately quantify and compare the performance of VOPO, frame-
works against other polyanionic frameworks. In summary, poly-
anionic frameworks other than olivines and ortho-polyanions
are likely more pertinent for improving the energy densities and

electrochemical performance of NIBs.

Alluaudites are primarily phosphate-based minerals with a rigid
“open” framework [139] that is suitable for Na (or large alkali)
ion intercalation. Alluaudites, with the monoclinic C2/c space
group, exhibit a composition of [A(2)A(2)'][A(1)A(1)'A(1)"]
M(1)M(2),(PO,),, following the terminology of Leroux and
Hatert, where A sites host Na and M sites signify TMs [140, 141].
The symmetrically distinct A and M sites are distinguished by
numbers and primes (’or "), with all A sites typically exhibiting
partial Na occupancy resulting in a simplified composition of
the form A(2)A(1)M(1)M(2),(PO,);. The M(1) and M(2) metal
ions form distorted M(1)O4 octahedra and M(2),0,, dimers,
respectively, which share edges to form zigzag chains [Fig. 6(a)]
along the b-axis. The PO, tetrahedra bridge pairs of M-O zigzag
chains via corner-sharing [Fig. 6(a)], which result in two 1D
Na migration pathways along the c-axis, namely, corner tunnel
1 (A(1) sites) and edge-centered tunnel 2 (A(2) sites). Sulfate-
based alluaudites also exist with associated changes in the struc-
ture and composition. For example, the M(1) sites are occupied
by Na in sulfate alluaudites [Fig. 6(b)] causing a change in the
general composition to AA'BM(2),(SO,); [142], where A and
A’ are identical to A(1) and A(2) sites, respectively, of phosphate
alluaudites (with partial Na occupancy on both sites) and B is
the same as the M(1) site with full Na occupancy. Thus, sulfate
alluaudites typically contain one distinct TM compared to the
two distinct TMs in phosphate alluaudites.

Na,MnFe,(PO,); was the first alluaudite to be investigated
for its Na electrochemical properties [143], with a theoretical
capacity of ~109 mAh g}, assuming two moles of Na to be
reversibly extracted per formula unit. Practically, only one Na
per formula unit can be reversibly (de)intercalated from the
structure, corresponding to a capacity of ~50 mAh g™! across
a voltage window of 1.5-4.3 V vs. Na, with marginal capacity
improvements upon reduction in cathode particle size [Fig. 7(a)]
[143, 144]. The feasible (de)intercalation of only one Na per for-
mula unit is attributed to higher migration barriers (~1.28 eV)
for Na hops across A(1) sites compared to A(2) sites (~0.31 eV),
as computed by BVSE calculations [144]. Note that it is Fe>*/2*
redox couple, not Mn**?* that is redox-active upon Na (de)
intercalation in Na,MnFe,(PO,); [144]. Na,VFe,(PO,); shows
marginally better performance to that of Na, MnFe,(PO,), with
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a capacity of ~67 mAh g™! (corresponding to 1.24 mol of Na
exchange) over a 1.5-4.5 V (vs. Na) window at 5 mA g’1 [145].
Unlike Mn-Fe alluaudite, the authors claimed that both V and
Fe are redox-active in the V-Fe alluaudite, based on their cyclic
voltammogram data [145], but this requires further verification.

Other phosphate alluaudites reported, namely Co-Fe
(Na,Co,Fe(PO,),) [146], Ni-Fe (Na,Ni,Fe(PO,);) [147, 148]
and Co-Cr (i.e. Na,Co,Cr(PO,);) [149], showed instances of
conversion reactions (including formation of metallic Fe and
Co), electrolyte decomposition against Na metal electrode,
and/or poor electrochemical performance. Non-Na-stoichi-
ometric, single-TM phosphate alluaudites have also been
explored as cathodes. For example, Na, ,,Fe;(PO,); [150] and
Na, g¢Fe;(PO,); [151] compounds exhibited similar voltages
(~3 V vs. Na) and capacities (~80 mAh g™') upon Na dis-
charge, after a first charge to remove part of the existing Na.
Overall, phosphate alluaudites seem to exhibit poor electro-
chemical capacity (~50-80 mAh g'l) [143, 144] at a reason-
able average voltage (~2.8-3 V vs. Na) [143, 144, 150, 151].

Sulfate alluaudites exhibit better electrochemical perfor-
mance than the phosphate analogs, largely driven by higher volt-
ages due to the stronger inductive effect of $** compared to P**
[152]. For example, Na,Fe,(SO,); exhibits an average voltage of
3.8 V vs. Na, the highest reported for Fe**** redox couple so far,
with a smoothly sloped voltage profile over a reversible capacity
of 102 mAh g™* (~ 85% of the theoretical capacity of ~ 120 mAh
g ™!, corresponding to 2 Na exchange) for 30 cycles at 0.05 C
[Fig. 7(b)] [142]. Subsequent DFT calculations predicted average
voltages of ~4.40, 5.15, and 5.25 V for full desodiation of Mn,
Co, and Ni sulfate alluaudites (i.e., Na,M,(SO,) <> M,(SO,)5),
respectively [153]. Similar DFT calculations on alluaudites
with Na-excess compositions also predicted high voltages. For
example, DFT calculations in Na, ;Co, ,5(SO,); (mimicking the
experimentally synthesized composition of Na, ;,Co, 5,(SO,);)
and Na,Mn,(SO,); (mimicking Na, ,,Mn, ,4(SO,);) predicted
average voltages of ~4.98 V (for full desodiation) and ~4.4 V
(for half desodiation) vs. Na, respectively [154, 155]. However,
neither Na-excess composition displayed appreciable electro-
chemical activity with conventional Na-liquid electrolytes,
indicating the need for developing electrolytes that have better
anodic stability.

Despite the better electrochemical properties, sulfate alluau-
dites are prone to thermal and moisture degradation due to the
presence of 8042’ moieties [156]. That apart, a careful choice of
protocols is necessary (e.g., ionothermal vs. solid-state reaction) to
ensure that impurities or unreacted precursors are not left behind
during synthesis of sulfate alluaudites [142, 157]. Appropriate
choice of synthesis procedures, i.e., using ionothermal-based meth-
ods, have shown improvements in capacity retention (>90%) and
the capacity itself (> 100 mAh g™*) [157]. However, ionothermal

synthesis can also result in non-stoichiometric alluaudites (e.g.,
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Figure6: Conventional cell of (a) phosphate and (b) sulfate alluaudite. Pink, purple, and yellow spheres indicate Na sites, namely A(1) and A(2) sites in
phosphate, and A and B sites in sulfate alluaudite. Green and blue polyhedra indicate TMO4 and XO,, groups, respectively (X=P or S). Dark and light
green polyhedra in panel (a) signify the M(1) and M(2) sites in the phosphate alluaudite. Note that the M(1) site in panel (a) is identical to the B site in
panel (b). Dashed black lines in both panels highlight the boundaries of the unit cell.
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Figure7: (a) Electrochemical voltage-capacity evolution upon charge and discharge of Na,MnFe,(PO,);, synthesized using two different protocols
(as highlighted by red and black lines). Figure reproduced from Ref. [143], copyright 2010 American Chemical Society. (b) Voltage—-capacity curves,
from 1st to 5th electrochemical cycle, in Na,Fe,(SO,);, with the inset displaying the differential capacity against voltage for the first 2 cycles. Figure

reproduced from Ref. [142], copyright 2014 Springer Nature.

Na, ,Fe, 4(SO,); vs. Na,Fe,(SO,);) [157], with the non-stoichio-
metric composition often exhibiting lower capacity compared to
the corresponding stoichiometric version [158-161]. Additionally,
at certain Na compositions, sulfate alluaudites can compete with
sulfate NaSICONS s (see “NaSICONSs” section) in terms of thermo-
dynamic stability, which can influence the choice of synthesis pro-
tocols as well as electrochemical performance. For example, allu-
audite-Na,Fe,(SO,), is more stable than NaSICON-Na,Fe,(SO,)s,
which results in higher average voltage (3.8 V vs.~3 V) and the
presence of low migration barrier diffusion pathways (~0.3-0.5 eV

© The Author(s), under exclusive licence to The Materials Research Society 2022

vs.~0.89 eV) in the alluaudite structure [87]. Also, mixed-TM sul-
fate alluaudites have also been explored as Na cathodes, as indi-
cated by studies on Fe-Mn and Co-Mn frameworks [162, 163],
but with lower capacities compared to single-TM compositions
(largely attributed to electrochemical inactivity of Mn?*). Overall,
sulfate alluaudites are more promising than phosphate alluaudites
in terms of electrochemical performance, but the high voltages
required for electrochemical operation and the sensitivity of the
framework to moisture exposure and synthesis protocols make it
difficult to be used in practical NIBs.
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Pyrophosphates exhibit better thermal stability and resistance
to oxygen evolution and moisture exposure compared to other
polyanionic frameworks because they are typically synthesized
above 550 °C by thermal decomposition of phosphates (via
steam release and the formation of bridging -P-O-P- bonds)
[164, 165]. An example chemical reaction that yields Na,FeP,O,

via solid-state synthesis can be written as follows [165],
N32CO3 + 2(NH4)2HPO4 + F6C204 . 2H20
— NayFeP,07 + 4H, + 2N, + 3CO + 7H,0

To date, Fe-, Mn-, and Co-based pyrophosphates have
been explored as Na intercalation cathodes, with the pyrophos-
phates crystallizing in different polymorphic forms depending
on the 3d TM. For example, Fe-pyrophosphate (Na,FeP,0,),
and Mn-pyrophosphate (Na,MnP,0,) can exhibit the P1or P1
space groups belonging to the triclinic crystal system, while
Co-pyrophosphates can be in one of four distinct polymorphs,
namely, tetragonal (P4,/mnm), orthorhombic (Pna2,), and
triclinic (P1) at the Na,CoP,0, composition [166, 167] and
triclinic (P1) at Na; ;,Co, 44(P,0,), [168].

Both P1and P1 polymorphs of Na,FeP,O, have FeOy octa-
hedra, sharing corner to form Fe,O,, dimers. Two such dimers
are interconnected by pyrophosphate (P,O;) units in a staggered
fashion with both corner and edge sharing [Fig. 8(a)]. In the P1
structure, there are six distinct crystallographic sites for Na ions,
with the Nal, Na2 and Na3 exhibiting full Na occupancy and
Na4, Na5 and Naé6 sites displaying partial occupancy. Impor-
tantly, the calculated Na migration barriers in all three direc-
tions are similar (0.33-0.5 eV) [169], suggesting robust 3D Na
conductivity in the structure. During electrochemical charging,
P1 maintains its structural framework, facilitating topotactic Na
removal resulting in the formation of NaFeP,0, [164]. Upon
cycling [Fig. 8(b)], the P1 structure exhibits a voltage of ~3 V
vs. Na with a capacity of ~82 mAh g™!, which is ~ 82% of the
theoretical capacity, over 30 cycles at 0.1 C [170]. Also, with par-
tial substitution of Mn, P1 Na,Fe, sMn, ;P,0O, mitigates capacity
fading that is typically observed in Na,FeP,O,, with retention
of ~84% of the initial capacity over 90 cycles [171]. Note that
NaFeP,0, undergoes a polymorphic transition upon heating
(above 560 °C) to a monoclinic (P2, /c) phase [170].

Unlike P1, P1-Na,FeP,0, contains tetrahedral (Nal) and
pyramidal (Na2) sites that each share two corners and edges
with neighboring FeO octahedra [165]. Additionally, Na migra-
tion in P1 happens in a 1D pathway, along the [011] direction
[165]. Electrochemically, P1-Na,FeP,O, phase exhibits similar
capacity (~90 mAh g™!) as the P1 structure in the voltage range
of 2.0-4.5 V vs. Na, with four two-phase regions correspond-
ing to 2.52, 2.99, 3.08, and 3.24 V, where DFT calculations have
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suggested that the extraction of Na at 2.52 V (during charging)
is from the Nal site [165].

The P1and P1 space groups of Na,MnP,0, are referred to
as the B and layered polymorphs, respectively, and are differ-
ent structures compared to Na,FeP,0, [172, 173]. The layered
polymorph undergoes a polymorphic transition to the  phase
at temperatures higher than 600 °C and does not show any
significant electrochemical activity [173]. The § polymorph
is built with Mn,O,; dimers of corner-shared, distorted MnOg
octahedra, which are bridged by P,0,, and exhibits 3D diffu-
sion of Na (similar to P1 Na,FeP,0,) [172]. Experimentally,
B-Na,MnP,0, displays a capacity of 80 mAh g™" at 0.05 C
at an average voltage of 3.6 V vs. Na [172], with marginal
improvements in capacity with surface modification [174].

Thermodynamically, the stable polymorph of Na,CoP,0,
is orthorhombic (Pna2;), which exhibits a capacity of 80 mAh

3+/2+ redox cou-

g~! over an average voltage of 3 V for the Co
ple at 0.05 C [167]. The voltage-capacity profile displayed
by the orthorhombic polymorph is smoothly sloped but the
structure suffers from capacity fading beyond 20 cycles [167].
The metastable triclinic polymorph of Na CoP,0, can be
accessed by synthesizing the x=0.4 composition. Subsequent
electrochemical measurements with the triclinic polymorph
exhibited a superior voltage (4.3 V vs. Na) than the stable
orthorhombic polymorph with similar capacity (~ 80 mAh
g’l) but at higher rates (0.2 C) [175, 176]. Given that conven-
tional Na electrolytes tend to exhibit irreversible decomposi-
tion at high voltages (>4 V vs. Na) [175], the contribution of
Na exchange to the capacity exhibit by the triclinic polymorph
requires further investigation.

Pyrophosphates with excess Na content, particularly
based on Mn and Fe have been explored with reasonable elec-
trochemical performance [177, 178]. For instance, triclinic-
Na, ;,Mn, ,,(P,0,), displays a reversible capacity of 114 mAh
g ! at 0.1 C and 75% capacity retention after 500 cycles at 5 C
[177]. Meanwhile, Cr,P,0, and TiP,0, were cycled against Na
between 0 and 3 V, with Cr,P,0, displaying potential to be used
as an anode with an OCV ~2 V (238 mAh g ' at 0.05 A g™'; 194
mAh g after 300 cycles at 0.1 A g* [179, 180].

Overall, the pyrophosphate class of compounds, despite
exhibiting better structural stability than other polyanionic frame-
works, displays similar or lower capacities (compared to other
polyanions). Additionally, pyrophosphates have lower chemi-
cal flexibility to increase the average voltages and/or theoretical
capacities, signifying the challenges in using such compounds as
cathodes. However, more experimental and theoretical work is
still required to understand the fundamental phase behavior and
Na diffusion kinetics more robustly within this class of materials

and to further improve their electrochemical performance.
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Figure 8: (a) Conventional cell of PT Na,FeP,0, pyrophosphate, with the pink, purple, orange, yellow, blue, and brown spheres signifying Na1, Na2,
Na3, Na4, Na5, and Na6 sites, respectively. Green and blue polyhedra indicate TMOg and PO, groups, respectively. Dashed black line highlights the
boundaries of the conventional cell. (b) Voltage-capacity profiles over the first 30 electrochemical cycles in P1 Na,FeP,0,. Figure reproduced from Ref.

[164], copyright 2012 Elsevier B.V.

The addition of fluorine as an anion, within oxide-based poly-
anionic frameworks, can elevate the intercalation voltage due
to the stronger inductive effect exerted by F~ than O™ [181].
Specifically, F~ reduces the electron density around TM cations
and induces more jonicity in the TM-anion bonds, compared
to 07, which results in higher voltages upon change in oxi-
dation state of the TM (due to intercalation or extraction of
electroactive species). In terms of fluorine-added polyanionic
frameworks that have been explored as Na cathodes, previous
studies have focused on fluorophosphates and fluorosulfates
[182-185], which predominantly adopt the “tavorite” frame-
work [182, 183]. Na-containing tavorites exhibit a composition
of NaM(XO,)E which is analogous to the Li-containing versions
(e.g., LiFePO,F) [185], where M is a TM, and X is P or S. The
MO,F, octahedra in tavorites corner-share via F-ions to form
a zigzag chain along the b-axis, resulting in a triclinic, mono-
clinic, orthorhombic, or tetragonal symmetry. The oxygens of
the MO,F, polyhedra are also shared by XO, tetrahedra, which
connect pairs of zigzag chains, creating distinct intercalation
sites for Na. Note that the structure displayed in Fig. 9(a) is that
of orthorhombic-Na,FePO F (Pbcn space group), which is avail-
able in the inorganic crystal structure database [186].

Both tetragonal (P4/mmm) and monoclinic (C2/c)
NaVPO,F tavorite frameworks exhibit good electrochemical
capacities (132 mAh g™' and 128 mAh g™, respectively, at 0.1 C),
with the monoclinic structure undergoing a reversible transfor-
mation to an orthorhombic phase during charging [183]. While
the tetragonal polymorph shows a higher voltage (~3.8 V vs. Na
compared to 3.4 V in monoclinic) and good cyclability (95.5%
capacity retention vs. 78.7% capacity retention in monoclinic

over 500 cycles at 1 C), the monoclinic structure displays better
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rate capability (capacity ~70 mAh g™* at 20 C versus 30 mAh g*
at same rate for tetragonal) [183].

Upon desodiation, orthorhombic-Na,FePO,F [Fig. 9(a)]
forms NaFePO,F topotactically, showing a capacity of 100
mAh g™! at 0.1 C when charged between 2.6 and 4 V; involving
Fe**'** redox [Fig. 9(b)] [187, 188]. Note that 100 mAh g™* rep-
resents ~ 81% of the theoretical capacity of ~ 124 mAh g™, cor-
responding to one mole of Na removal per Na,FePO,F formula
unit. Theoretical calculations for half desodiation in Na,FePO,F,
which predict an average intercalation voltage (3.04 V) [189]
are in agreement with some experimental studies [190], while
higher voltages have also been reported (3.50 V) [191]. Also,
the cycling performance of Na,FePO,F improved significantly
from 60 to 2000 cycles with ~80% capacity retention at 0.1
C, upon particle size reduction and morphological modifica-
tion [190]. Monoclinic-Na,MnPO,F (P2, /c) was investigated
using DFT calculations, which predicted facile desodiation
up to NaMnPO,F, similar to Na,FePO,F, at an average voltage
of~3.76 V vs. Na [192]. However, the calculations predict a high
voltage of ~4.8 V for the removal of the second Na (i.e., from
NaMnFePO,F to MnFePO,F), which may be practically difficult
due to the lack of suitable electrolytes [192].

Recently, Na-excess fluorophosphates, such as
Na,,,VPO,F,,, (0<y<0.5) [193], Na;V,0,,(PO,),Fs_,,
(0<y<1) [194, 195] and Na;M(PO,),F, [196] have been
studied as Na cathodes but require further investigation.
Among them, Na,V,(PO,),F; (NVPF) [197] from the family
of Na,;V,0,,(PO,),F;_,, compositions, has drawn significant
attention due to its high theoretical capacity (128.2 mAh g™
corresponding to two Na extraction) [198]. NVPF crystallizes
primarily in an orthorhombic structure with the Amam space
group [see Fig. 10(a)] [194]. Na occupies Nal [Wyckoff site: 4c,
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pink spheres in Fig. 10(a)] site completely, and Na2 (8f, purple
spheres) and Na3 (8f, yellow spheres) sites partially [194].

Experimentally, NVPF displays a reversible capacity
of ~120 mAh g™! at C/10 (corresponding to exchange of two
Na, Na,V,(PO,),F; <> NaV,(PO,),F;) at an average volt-
age of 3.95 V, as shown in Fig. 10(b) [198]. The reversible
exchange of Na in Na,V,(PO,),F; is restricted to two moles
of Na for two reasons, namely, NaV,(PO,),F,; is a stable struc-
ture with a strong Na-vacancy ordering [199], and desodia-
tion of NaV,(PO,),F; irreversibly transitions into tetragonal-
V,(PO,),F; (space group I4/mmm) [200, 201]. The cyclability
of NVPF can be improved from 30 cycles at 0.1 C [198] to
1000 cycles at 10 C [202] upon surface modification with gra-
phene. NVPF’s capacity is sensitive to the cycling rate, with
the structure exhibiting 114 and 80 mAh g™! at 0.5 Cand 10 C,
respectively [202].

Apart from NVPE, other TM analogs, i.e., Na;M,(PO,),F;
for M =Cr, Co and Ni, are predicted to or experimentally dis-
play high operating voltages of ~5 V for two moles of Na
extraction, which may exceed the stability limit of current liq-
uid electrolytes [203]. Other members of Na;V,0,,(PO,),F;_,,
family (i.e. 0 <x<1) show reduction in voltage with Na dein-
tercalation as F is increasingly substituted with O [204, 205].
Overall, the chemical space of fluorophosphates has not
been yet explored thoroughly as Na cathodes and additional
experimental and theoretical studies will help in understand-
ing these systems better and unearth novel and promising
candidates.

In terms of fluorosulfates, NaMSO,F and Na(M,M")SO,F,
where M, M'=Fe, Co, Ni, and Mn, have been synthesized

using solid-state (and ionothermal) synthesis protocols to
yield monoclinic (P2;/c or C2/c) structures [206, 207]. How-
ever, except for NaFeSO,F, which only exhibited ~ 6% of the
theoretical capacity (~ 137 mAh g!) at 3.6 V vs. Na and C/20,
the other NaMSO,F did not show any electrochemical activity
[207]. While the initial cause of the lack of electrochemical
activity in NaMSO,F was thought to be the 1D diffusion of
Na along the [101] direction in the monoclinic unit cell, the
theoretically calculated (using empirical potentials) migration
barrier of ~ 0.6 eV in NaFeSO,F contrastingly indicated fairly
robust 1D diffusion [208]. Later experimental work, which
utilized a carbon nanotube (CNT)-coated NaFeSO,F cathode,
reported an improved capacity of ~ 110 mAh g™ at 0.1 C with
a distinct charging plateau in the 3.6-3.8 V vs. Na window
[209]. Further, the CNT coated cathode also displayed reason-
able cycling performance (~91% capacity retention over 200
cycles at 1 C), and an associated decrease in the charge-trans-
fer resistance measured via impedance spectroscopy, which
was largely attributed to an improvement in the electronic
conductivity [209]. Thus, strategies to further improve the
bulk electronic conductivity, via doping or substitution of the
TM in NaMSO,F [210], may result in improved electrochemi-

cal performance from the fluoro-sulfate class of compounds.

To fully exploit the inductive effect of F, Na-containing
frameworks that have fluorine as the sole anion is pertinent.
Typically, a fully sodiated TM fluoride i.e., NaMF;, adopts a
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Figure9: (a) Conventional cell of orthorhombic-Na,FePO,F and (b) voltage-capacity profile of topotactic Na exchange from Na,FePO,F to form
NaFePO,F. Green and blue polyhedra in panel (a) represent TM and P sites, respectively, while pink/purple and red spheres correspond to Na and O
atoms. Panel (b) is reproduced from Ref. [187], copyright 2017 American Chemical Society.
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Figure 10: (a) Conventional cell of orthorhombic-Na;V,(PO,),F; and (b) voltage-capacity profile of topotactic Na exchange from Na;V,(PO,),F; to form
NaV,(PO,),F;. Green and blue polyhedra in panel (a) represent TM and P sites, respectively, while pink/purple/yellow, gray and red spheres correspond
to Na, F and O atoms. Panel (b) is reproduced from Ref. [198], copyright 2012 Royal Society of Chemistry.

perovskite- or ReO;-type structure. While the classic cubic
perovskite structure consists of corner-sharing MF¢ (or MOy
in the case of oxide perovskites) octahedra that exhibit large
cation “tunnels” at the center of the unit cell [211], Na-con-
taining fluoride perovskite are usually the orthorhombic dis-
torted versions with the Pmna space group [Fig. 11(a)]. The
ReOj;-type structure is a cubic perovskite with the tunnel-
cation sites either unoccupied or partially occupied, with
distorted MF, (or MOg) octahedra [Fig. 11(b)]. Other types
of fluoride Na-containing frameworks are known, such as
weberite-Na,Fe,F, and NaFeF, [212-218], some of which
can be utilized in electrochemical setups [215-218]. Here, we
focus on the perovskite-based frameworks.

Although the large cation tunnels in perovskites should
theoretically facilitate Na diffusion, so far, only the NaFeF; per-
ovskite has displayed reasonable electrochemical activity, with
a capacity of 200 mAh g™ (which is approximately the theo-
retical capacity of 197 mAh g™') at a slow rate of C/10 and an
average voltage of 3.10 V vs. Na [215]. Note that contributions
from electrolyte decomposition or other side reactions can't be
ruled out, yet, in the electrochemical performance reported for
NaFeF;. Other TM fluorides, including Mn, Co, and Nj, acted as
fluorinating agents or oxidizers, which caused irreversible side
reactions with the electrolyte and other components, restricting
any potential use in commercial batteries. Moreover, such TM
fluorides also exhibit significant structural transformation upon
Na extraction [219].

Another pathway to utilize fluorines in cathode frameworks
is to explore the chemistry of oxyfluorides, which combines the
use of both oxides and fluorides as anions, thereby combin-

ing the effects of high voltage (via inductive effect of F7) and
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high capacity (due to higher negative charge on O*" resulting
in higher amount of intercalate-able Na). Specifically, ordered
oxyfluorides that have been explored for Na (de)intercalation
either adopt the perovskite framework (e.g., NbO,F) or the
rutile framework [Fig. 11(c)] with P4, /mnm space group (e.g.,
CrO,_,F, and FeO,F,_,) [220-222]. Electrochemically, rutile-
FeOF [223, 224] is claimed to exhibit a Na discharge capacity
of 210 mAh g™! for ~ 20 cycles, across a voltage range of 1-4 V

413+ redox couple. However,

vs. Na, corresponding to the Fe
FeOF does display significant hysteresis in its voltage-capacity
curves, largely due to a (reversible) structural transition from
rutile-FeOF to cubic-Na,FeOF, and the contribution of electro-
lyte decomposition or other irreversible side reactions to the
observed capacity can’t be eliminated. Thus, the Na intercala-
tion behavior in rutile-FeOF (and other oxyfluorides) requires
deeper investigation [223].

Overall, the chemistry of fluorides and oxyfluorides,
which crystallize in perovskite and rutile frameworks, has
not been explored in detail, experimentally or theoretically,
as Na-ion cathode frameworks. Notably, previous stud-
ies have reported the formation of several disordered oxy-
fluoride frameworks that show promising electrochemical
performance in Li-ion cathodes [225, 226]. Such disordered
frameworks are theoretically possible within the oxyfluoride
chemistry involving Na as well. Specifically, perovskite Na-
oxyfluorides, which may exhibit better Na intercalation kinet-
ics than the rutile framework, may form disordered structures
that exhibit superior voltages and Na intercalation capacities.
Thus, the oxyfluoride space deserves further exploration
to identify the next generation of high energy density Na
cathodes.
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Figure 11: Conventional cells of (a) orthorhombic-perovskite, (b) cubic-ReO;, and (c) tetragonal-rutile, with green polyhedra representing TM sites
and black lines corresponding to unit cell boundaries. Pink, red, and gray spheres in all panels indicate Na, O, and F atoms, respectively. In rutile, the
spheres with both red and gray colors indicate disordered configuration of O and F atoms.

Conclusions and outlook

The development of energy storage technologies alternate to the
current LIBs, such as the NIB, is an important step to ensure that
humanity’s energy usage is put on a sustainable course. NIBs
hold significant promise, with the earth abundance of Na, the
use of Al current collectors, and low self-heating rates, but are
challenged by low energy densities, which equal LiFePO,-based
commercial LIBs at best. Since the energy density in NIBs are
largely dominated by the intercalation electrodes used, especially
the cathode, it is crucial to develop robust structural frameworks
that can yield both high energy densities and reasonable power
performance. Currently, layered TM-based oxides are the SOTA
Na cathodes, with robust performance reported using multi-
phase (O3 + P2) layered oxides in commercial full and half-cells
[15]. However, layered compounds exhibit intrinsic instabilities,
particularly at large degrees of Na removal, which cause them
to undergo irreversible transitions that eventually affect their
electrochemical cycling. Thus, it is crucial to develop intercala-

tion frameworks that remain robust as Na is exchanged from

© The Author(s), under exclusive licence to The Materials Research Society 2022

the structure, such as based on polyanionic groups, which is
the focus of this work. After providing a brief overview of the
layered oxide Na cathodes, we have reviewed here some of the
recent progress in the development of novel, polyanionic cath-
odes for NIBs.

Among polyanionic materials, we have considered various
material/structure/mineral types, including NaSICONS, olivines
and ortho-polyanions, alluaudites, pyrophosphates, fluoro-pol-
yanions, perovskites, and rutiles. In Table 2, we have summa-
rized performance metrics of a few key polyanionic chemistries,
in each material class, which have shown reasonable electro-
chemical cycling performance. Data from Table 2 is also visually
depicted in Fig. 12. Note that several of the polyanion materials
compiled in Table 2 involved modifying the particle size of the
cathode and/or the surface of the cathode (with carbon-based
coating techniques for instance) to improve electronic conduc-
tivity. The voltage column in Table 2 includes both the range of
voltages (in units of V vs. Na) that experiments scanned and

the average voltages during measurements. Both theoretical and
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experimentally reported capacities are in units of mAh g™*, with
the rates at which the experimental quantities were obtained
also included. The penultimate column of Table 2 includes the
cycling behavior, given in number of cycles at the cycling rate,
with the overall percentage of capacity fade across the number
of cycles reported.

The polyanionic classes that exhibit the highest and low-
est theoretical capacities are the ortho-polyanions (spe-
cifically, orthosilicates), and single-TM NaSICONSs, both
of which can theoretically exchange 2 Na atoms per f.u.,
resulting in capacities of ~277 and ~ 117 mAh g, respec-
tively. However, only ~65% of the theoretical capacity in
Na,MnSiO, can be utilized experimentally, at low rates of
0.1 C. In fact, the polyanionic frameworks that exhibit high
utilization of theoretical capacities are single and mixed-
TM NaSICONs (NVP and Na, MnCr(PO,);; ~97-98%),
pyrophosphates (Na; ,Mn, 4,(P,0,),; ~97%), fluoro-poly-
anions (Na;V,(PO,),F;; ~88.85%), and sulfate alluaudites
(Na,Fe,(SO,)5; ~90%). On the other hand, olivines (along with
ortho-polyanions) exhibit low utilization of theoretical capaci-
ties (Na,FePO,; ~81%). Note that perovskite-NaFeF; has been
claimed to exhibit excess capacity (200 mAh g™!) compared to
the theoretical value (~ 197 mAh g™1), which may be due to side
reactions that have not been fully understood yet.

Importantly, among the polyanionic classes, single-TM
NaSICON:S typically show the highest capacity retention at high
rates, as signified by NVP, which demonstrates ~ 84% theoretical
capacity at high rates (20 C). NVPF has also shown appreciable
capacity retention of ~ 75% relative to the first cycle at 10 C. On
the other hand, pyrophosphates, and sulfate alluaudites display

significant drops in capacity with increasing rates. For example,
Na, ;,Mn, 4,(P,0,),, and Na,Fe,(SO,); exhibit only ~ 58%, and
62% of their theoretical capacities, respectively, at elevated rates
of 5 C, and 10 C. Additionally, single-TM NaSICON's can also
exhibit robust cycling behavior, with NVP displaying a ~ 48%
capacity fade over 10,000 cycles (or 0.48% over 100 cycles),
while NVPF reported good cyclability of 1000 cycles at 10 C
(0.025% loss per cycle). Thus, NaSICONs in general, and single-
TM NaSICON:S in particular, and the fluorophosphate family of
compositions, appear highly promising polyanionic Na inter-
calation cathodes, with voltages and capacities comparable to
layered TM oxides.

The persistent and ongoing challenges for NaSICONSs that
block them from widespread adoption as Na cathodes are
poor electronic conductivity and lower theoretical capacities
(compared to layered TM oxides). Researchers are explor-
ing using multiple TM NaSICONSs, in addition to applying
electron-conducting coatings, as possible strategies to over-
come these challenges. Using multiple TMs can also enable
the high costs associated with the use of V so that NIBs are
cost-competitive with current LIBs. Although mixed TMs, as
illustrated by Na, MnCr(PO,);, can show better voltage and
experimental capacity than single-TM systems at low rates,
their cycling behavior and high-rate performance require sig-
nificant improvements. Nevertheless, given the robust structural
framework [97] and the chemical diversity of the NaSICON
space (with doping/elemental mixing possible in both the TM
and non-redox-active cation sites), NaSICONS signify a highly
promising polyanionic system for developing the next genera-

tion of Na intercalation cathodes.

TABLE2: Summary of electrochemical performance in key electrode compositions across the various polyanionic groups considered.

Cycles @ Rate,
Voltagerange  Theoretical capac- Reported Capacity  Overall capacity
Cathode class Space group Composition (average voltage) ity @ Rate Fade References
NaSICONs R3m Na3V,(PO,); 2.5-4.0 117 114.2 @0.5C; 10,000 @20C, 48% [75]
(3.4) (2 Na®) 98.1 @20C
Na,MnCr(PO,), 1.4-4.6 (3.53) 166 160.5 @0.05C; 600 @5C, 13.5% [93]
(3Na") 60.5 @5C
Olivines Pmna NaFePO, 2.2-43 154 125 @0.05G; 50 @0.05C, ~ 8% [115]
(2.7) (1 Na*) 85 @0.5C
Ortho-polyanions Pn Na,MnSiO, 1.5-4.2(~2.7) 277 182.4 @0.1C; 100 @0.1C, 55.3% [124]
(2 Na*) 60.7 @5C
Alluaudites P2, /c Na,Fe,(SO,)3 1.9-4.3 120 107.9 @0.1C; 300 @0.2C,~10% [227]
(3.8 (2 Na®) 75.1 @10C
Pyrophosphates PT Naz;,Mn, 44(P,0;),  1.5-4.5 118.1 114 @0.1G; 500 @5C, 25% [177]
(3.6) (2.44 Na*) 68.1 @5C
Fluoro-polyanion Amam Na;V,(PO,),F;3 2.0-4.5 1283 114 @0.5C 1000 @10C, 25% [202]
(~3.95) (2Na*) 80 @10C
Perovskites and Pnma NaFeF; 2.0-4.0 197 200 @0.1C; 100 @25C,~ 10% [215]
Rutiles (~3.1) (1 Na*) ~100 @25C

Voltage range and average voltages are in units of V vs. Na. Theoretical and reported capacities are in mAh g~', with the cycling rates indicated in
terms of C-rates. Cycling behavior is quantified as number of electrochemical cycles at a given cycling rate with the overall capacity fade (in % of initial
capacity) across the number of cycles. The final column lists the references from which the data has been compiled.
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Figure 12: Radar plots summarizing the performance metrics listed in Table 2 for each class of polyanion Na-cathode material. A schematic of a Na
battery is presented at the center. Average voltages are normalized such that 0 (origin) represents < 2.5V vs. Na and 1 (largest circle) signifies>4.0 V.
Similarly, experimentally reported capacity, maximum number of cycles, highest rate performance demonstrated experimentally, and capacity fade
per cycle are normalized over the ranges of 100-200 mAh g, 100-1000 cycles, 1-25 C, and 0.1%-0.03%, respectively. Intermediate circles are linearly
interpolated between the extreme values. For NaSICON, we used the values corresponding to NVP.

Poor electronic conductivity of the bulk cathode is a major
bottleneck for almost all Na-based polyanionic systems to over-
come, since it can cause poor rate and/or cycle performance.
Across most of the experimental literature concerning poly-
anionic Na cathodes, we observed that a common strategy to
improve the electronic conductivity is not to change the bulk
electrode composition but rather vary the particle size (micron-
sized to nanosized), the particle morphology (different particle
arrangements and architectures), and/or the particle surface (via
carbon-based or similar coatings). While these are reasonable
strategies that can be used to improve electrochemical perfor-
mance at the lab-scale, implementing such size/morphology/
surface optimizations at the commercial scale may have addi-
tional levels of challenges. Moreover, such particle-level opti-
mizations typically result in capacity gains at low voltages vs.
Na. One practical alternative is to change or optimize the bulk
composition of the electrode, by adding other elements and/or
controlling the range of Na contents across with (de)intercala-

tion occurs, which can alter the bulk electronic properties of

©The Author(s), under exclusive licence to The Materials Research Society 2022

the cathode. For example, activating the V>*/?* redox couple
(i.e., Na exchange between Na,V,(PO,); and Na,V,(PO,);)
has been theoretically shown to cause a significant drop in the
band gap of NVP [228]. Similarly, theoretical calculations have
also predicted significant changes in the band gap of NaMSO,F
compounds via mixing of multiple TMs [210]. Hence, we urge
the experimental (and theoretical) community to not abandon
such approaches to improve electrochemical performance of
polyanion cathodes.

Apart from practical usage of polyanionic Na intercala-
tion hosts, significant amount of work is still remaining to
fully understand the fundamental phase behavior and Na
intercalation mechanisms in these frameworks, which nom-
inally require in-depth characterization techniques (e.g.,
in operando diffraction and spectroscopy) and theoretical
calculations (e.g., building lattice models). For instance, a
recent experimental study has demonstrated the existence
of Na,V,(PO,); [229] a unique Na-vacancy ordering in the
NVP system, which was predicted theoretically earlier [228].
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The Na intercalation behavior in Na,FePO, is experimentally
observed (and also theoretically predicted) to be significantly
different from the Li-intercalation behavior in Li FePO,,
which requires further investigation. Additionally, the Na
intercalation (or the occurrence of other side reactions) is
yet to be fully understood in fluorine-based chemical spaces,
such as fluoro-polyanions, perovskites, and rutiles. Devoting
the effort to better understand the fundamental thermody-
namics and kinetics of different systems can provide clarity
while searching for novel candidates and also shorten the
time scale of optimization in taking a given material from
lab to commercial scale. We hope that with efforts directed at
both screening of new candidates and improving the under-
standing of how existing materials work, the scientific com-
munity will progress swiftly towards the development of the
next generation of NIBs that are powered by polyanionic

cathodes.
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