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Weberite NaoMM’F; (M, M’ = redox-active metal) as
promising fluoride-based sodium-ion battery

Tenglong Lu, ©2° Sheng Meng @ *2*¢ and Miao Liu & *a<d

Sodium-ion batteries are a viable alternative to lithium-ion technology due to the plentiful sodium

resources. However, certain commercialization challenges, such as low specific energies and poor
cycling performance of current Na-ion cathodes, still need to be addressed. To overcome these hurdles,
this study explored the potential of a novel class of fluoride-based materials, specifically trigonal-type

Na,MM'F; (M and M’ are redox-active metals) belonging to the weberite-type compounds, as promising

candidates for Na-ion cathodes. Through a comprehensive assessment utilizing ab initio calculations,
twelve prospective compounds were identified, demonstrating high thermodynamic stability, large

Received 21st March 2024
Accepted 13th May 2024

gravimetric capacities (>170 mA h g3, and low net Na-ion migration barriers (<600 meV). Significantly,

ten out of the twelve screened compounds exhibit high specific energies exceeding 580 W h kg~*

DOI: 10.1039/d4ta01895n

rsc.li/materials-a

1. Introduction

Electrochemical energy storage, especially in the form of
secondary batteries, plays a crucial role in modern life, driving
the demand for new materials and improved performance.
Lithium-ion battery (LiB) technology is renowned for its high
storage capacity and reliable cycling performance. However, the
rising cost resulting from high demand and limited abundance
of lithium makes it less viable for large storage applications like
grid-energy storage.' Sodium-ion batteries (SiBs) are viewed as
promising lower-cost alternatives to LiBs due to the abundant
natural resources of sodium. Among all the critical issues
encountered in improving performance of SiBs, the most
significant challenge lies in identifying an effective cathode
material.

Based on anionic chemistry, the main cathode materials for
SiBs can be broadly categorized into three families: layered
oxides, polyanionic compounds, and Prussian blue analogues.*
In comparison to their widely-used Li-ion counterparts, Na-ion
layered oxides, such as P2-Na, ¢C00,,*> exhibit lower voltages
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(approximately equal to the specific energy of LiFePOy), indicating their exceptional electrochemical
performance. This study will pave the way for further advancements in fluoride-based electrode materials.

and sharper voltage profiles. These can be attributed to the
higher anode potential of sodium (Na/Na": —2.71 V and Li/Li":
—3.04 V versus standard hydrogen electrode) and the larger Na-
ion radius (116 pm for Na-ion versus 90 pm for Li-ion).* These
disadvantages result in limited specific energies for Na-ion
layered oxides, which in turn restricts their widespread usage
as cathode materials for SiBs. In Na-ion polyanionic
compounds, the inclusion of polyanionic groups like (PO,)*~
and (SO4)*~ can significantly improve the voltage by reducing
the covalent interaction between transition-metal cations and
anions, a phenomenon known as the inductive effect.* However,
enhancing the specific energies of polyanionic compounds
necessitates addressing the drawback arising from the higher
molar mass of polyanionic groups, which can greatly reduce the
gravimetric capacity of the electrode material. As a result, most
Na-ion polyanionic cathodes still display constrained specific
energies, typically not exceeding 400 W h kg *.?

Fluorine (F) possesses the highest electronegativity, making
it the ideal element to initiate the inductive effect in cathode
materials. Moreover, compared to polyanionic groups, F~
exhibits a significantly lower molar mass, thereby minimizing
its impact on the gravimetric capacity. Due to these factors,
researchers have utilized F~ to partially substitute the anionic
sites in polyanionic compounds. As a result, the resulting
fluorinated polyanionic compounds have emerged as some of
the most promising cathode materials for SiBs. Nevertheless,
the trade-off between capacity and voltage, although mitigated
to some extent, still poses a challenge to the commercialization
of these materials. For instance, NazV,(PO,),F; exhibits an
average operating voltage of 3.9 V and a capacity of
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128 mA h g ', yielding a specific energy of 499 W h kg '.°
Despite its notable improvement in electrochemical activity
compared to its NASICON counterpart,’ it still cannot compete
with traditional Li-ion cathode materials (e.g., LiFePO, delivers
a specific energy of 580 W h kg™ '). To trigger the inductive effect
without compromising capacity, the ideal scenario would entail
completely substituting anions or polyanionic groups with F.

To date, only a limited number of fluoride compounds have
been explored as cathodes for SiBs, including NaFeF;, NasFeFs,
Na,MnF;, and NaVF,.! Unfortunately, these compounds
demonstrated poor electrochemical performance. Recently,
a novel fluorinated compound, trigonal-type Na,Fe,F,, has
emerged as a highly promising cathode material.® Benefiting
from its robust three-dimensional framework, trigonal-type
Na,Fe,F; demonstrates outstanding rate capability and struc-
tural cyclability. Furthermore, it can deliver a high capacity of
184 mA h g ' (at C/20, 1C = 184 mA g ) along with an average
operating voltage of ~3.1 V, making it a promising candidate for
electrochemical applications. Its derivative, trigonal-type Na,-
FeTiF;, has also been shown to possess an impressive specific
energy of ~623 W h kg™, surpassing other conventional Na-ion
cathodes.” In contrast, trigonal-type Na,MnVF; exhibits only
moderate electrochemical performance, with a capacity of
~120 mA h g~ "."* Indeed, these materials hold promise as a new
class of fluoride-based cathode candidates, but their develop-
ment is still predominantly reliant on experimental trial and
error within laboratory. Utilizing computational modeling for
systematic investigation could significantly expedite the
advancement of this kind of materials.

In this work, we performed ab initio calculations on a vast
range of chemical spaces to evaluate the properties of trigonal-
type Na,MM'F, (M and M’ represent redox-active metals)
compounds, focusing on their thermodynamic stability, elec-
trochemical performance, and Na-ion diffusivity. Through our
investigation, we successfully identified 12 promising
compounds that exhibit remarkable structural stability, high
specific energies, and facile Na-ion diffusion pathways, making
them suitable candidates for Na-ion cathode materials. Addi-
tionally, we conducted a statistical analysis comparing the
equilibrium voltages of different redox couples, revealing that
species within fluoride chemistry can attain higher redox
potentials compared to polyanionic chemistry, such as phos-
phates. Notably, unlike polyanionic systems, there is no trade-
off between voltage and capacity in Na-ion fluorides, making
them a category of potentially high-performing electrode
materials. It is our hope that this work not only presents several
promising cathode compounds but also sets the stage for
further advancements in the development of exceptional Na-ion
fluoride-based electrode materials.

2. Methods

2.1. First-principles density functional theory calculations

To obtain the structural energies of various cathode materials,
density functional theory (DFT) calculations were conducted
using the projector-augmented wave (PAW) method imple-
mented in the Vienna ab initio simulation package (VASP).">"* A
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plane wave energy cutoff of 520 eV and a reciprocal space dis-
cretization based on a k-point mesh such that 7ipints X Matoms >
1000 were adopted for all calculations. The calculations relied
on the Perdew-Burke-Ernzerhof (PBE) generalized gradient
approximation (GGA) exchange-correlation functional,* with
the rotationally averaged Hubbard U correction (DFT + U) to
compensate for the self-interaction error on the specific tran-
sition metal atoms.” The U parameters were obtained from
fitting to experimental oxide formation energies,'® and the
detailed values of U are in line with the Materials Project and
Atomly."””** All calculations were performed with spin-
polarization and initialized in a ferromagnetic high-spin state.

2.2. Configurational enumeration for disordered structures

To fully capture all topological distinct Na-vacancy orderings
within T-Na,MM'F; compounds upon cycling, structural
enumeration based on the EnumLib package and symmetry
analysis based on the spglib package were adopted.*** For each
configurational enumeration, at least 20 symmetrically distinct
structures with minimal electrostatic energies were selected for
DFT calculations, and the configuration with the lowest DFT
energy was identified as the ground state structure. The elec-
trostatic energy was obtained based on the Ewald summation
algorithm.>

2.3. Phase diagram constructions

To evaluate the thermodynamic stability of all the compounds
in this work, phase diagrams were constructed with the help of
the Atomly materials database (containing ~340k compounds).
Based on the convex hull method, the stability of any compound
was quantified as the value of energy above hull (Epy);), which
represents the magnitude of the thermodynamic driving force
for the compound to decompose into a set of stable phases in
the phase diagram. The python materials genomics (pymatgen)
open-source library was used to generate all the phase
diagrams.>®

2.4. Voltage profile calculations

In theory, voltages should be calculated using the Nernst
equation:

cathode anode

V() = R O0) UG (1)

where V(xy,) is the voltage as a function of the Na-ion concen-
tration (xna), ugathode and 4an°de gre the Na chemical potentials
in the cathode and anode, 7 is the charge that is transferred,
and F is Faraday constant.

Under several approximations, a simplified Nernst equa-

tion is applied in this work:

EN;.\,ZMM’H - ENa\,]MM’m — (%2 = x1)Ena
(Xz — X])F

Vuvcragc = - (2)
where Vgyerage is the average voltage of T-Na,MM'F, in the
composition range of x; = x = Xx;, Enamwmry and Ey, are the
internal energies of Na,MM'F, compound and metallic sodium,
respectively.

This journal is © The Royal Society of Chemistry 2024
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2.5. Migration barrier calculations

The migration barriers of Na-ion and vacancy were evaluated
using the climbing image nudged elastic band (CI-NEB)
method.”®* The GGA functional without Hubbard U was
adopted to avoid the possible mixing of the diffusion barrier
with a charge transfer barrier. Besides, there has been no
conclusive evidence showing that GGA + U performs better at
predicting cation migration barriers.*® For all CI-NEB calcula-
tions, a reciprocal space discretization of 25 k-points per A™*
was applied, and the convergence criteria were set as 5 X
107" eV for electronic steps and 0.02 eV A~" for ionic steps.

3. Results

3.1. Structure analysis

Weberite-type sodium metal fluorides are a class of materials
that demonstrate abundant polymorphs, featuring at least five
structural prototypes: orthorhombic O-I (space group: Imma)
and O-1I (Pmnb) phases, monoclinic M-I (C2/c) and M-II (C2/c)
phases, and trigonal T (P3,21) phase.**** Despite the underlying
complex phase competition that may exist in weberite-type
compounds, we argue that all the abovementioned phases
exhibit very close structural frameworks, consisting of two basic
building blocks: Kagome octahedral sheet and isolated octa-
hedral sheet (as depicted in Fig. S1 and S2a, ESIf). Hence, the
major difference among these phases is related to their Na-ion
orderings, which should have limited effects on their energy
variation, implying their very similar thermodynamic proper-
ties. To support this argument, we compare the detailed ener-
gies among 33 metal pairs for all five phases, and the majority of
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the resulting standard deviations are less than 3 meV per atom
(Table S1, ESIt). Besides, we compare the radial distribution
functions, g(7), for these five polymorphs in Fig. S2b.T And it can
be found that Na-ions should experience comparable coordi-
nation environments within all weberite-type phases, indicating
their analogous Na-ion diffusional properties. Therefore, given
numerous similarities among these weberite-type structural
prototypes (the same argument has been made by Euchner et al.
and Foley et al.),>** it should be reasonable for us to take the
trigonal phase as the representative for this class of materials in
the subsequent parts of this work.

The electrochemical activity of the trigonal-type Na,MM'F,
compound, hereafter referred to as T-Na,MM'F,, is attributed to
its two redox-active metal centers: M and M'. T-Na,MM'F,
belongs to the weberite-type materials and exhibits the space
group of P3,21 with three symmetrically inequivalent Na-ions
occupying 6c sites, two-thirds of which are half-occupied
(detailed crystal information can be found in Table S2,
ESIT).>**** Hence, the as-synthesized T-Na,MM'F; is a sodium-
deficient structure, enabling it to undergo electrochemical
cycling between NapMM'F; and Na,MM'F, (as in the case of
Na,FeTiF, compound) or between Na;MM'F, and Na;MM'F; (as
in the case of Na,Fe,F, compound), assuming a capacity of 2e™
per formula.>*

The three-dimensional framework of T-Na,MM'F,, as
depicted in Fig. 1a, is composed of corner-sharing redox-active
metal octahedrons (MFs and M'Fg). Unlike the distinct separa-
tion between the Na layer and the transition-metal layer in the
NaCoO, compound, T-Na,MM'F; adopts a three-dimensional
bulk structure where the distributions of Na and M (M’) sites

M'F, MF Na

Fig. 1 (a) Crystal structure of T-Na,MM'F, (viewed along the [100] direction). The configuration of T-Na,MM’F, can be regarded as a stacked
structure with two stacking components (layer A and B), which are marked by gray dotted boxes. (b) Detailed structure of stacking layer A, viewed
along the [001] direction. (c) Detailed structure of stacking layer B, viewed along the [001] direction.

This journal is © The Royal Society of Chemistry 2024
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are conjugated. However, the T-Na,MM'F, compound can still
be regarded as a stacked structure with two distinct layers,
referred to as layer A (a redox-metal-rich layer) and layer B (a Na-
rich layer), as indicated by gray dotted boxes in Fig. la. As
shown in Fig. 1c, layer B is comprised of isolated M'F, octahe-
drons, forming a Na-rich layer that enables the formation of
two-dimensional Na-ion diffusion pathways within the ab-
plane. Layer A is composed of Kagome-like rings consisting four
MF, and two M'Fg octahedrons. As demonstrated in Fig. 1b, the
available Na-ion sites are restricted to the center region of each
ring, which impedes the formation of in-plane Na-ion diffusion
pathways. Nevertheless, layer A can serve as a diffusion channel
that connects adjacent layers, allowing for Na-ions to diffuse
along the c-axis. Hence, the T-Na,MM'F, compound demon-
strates a substantial three-dimensional Na-ion diffusion
network, which can play a curcial role in maintaining its
structural stability during cell cycling. Furthermore, the pres-
ence of a corner-sharing framework has been shown to greatly
enhance metal-ion diffusion, as demonstrated by a recent study
on solid-state electrolytes such as LiTa,POg and LiGa(SeOj3),.*®
Consequently, it is expected that T-Na,MM'F, compounds will
exhibit outstanding structural cyclability and rate capability,
suggesting their potential as a class of exceptional cathode
materials for SiBs.

3.2. Structure generation

To systematically evaluate the properties of T-Na,MM'F;, we
utilized a number of redox-active species, including Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Nb, Mo, Sn, Sb, and Bi, to replace the M and
M’ sites within the structure. Taking into account the evolution
of oxidation states during cell cycling, we excluded Nb, Mo, Sb,
and Bi from occupying the M sites (+2 oxidation state, Wyckoff
position: 6¢), and Cu from occupying the M’ sites (+3 oxidation
state, Wyckoff position: 3a and 3b).*” For each Na,MM'F,
compound, its ordered structure and three (de)sodiated coun-
terparts, namely NapMM'F,, Na;MM'F, and Na;MM'F,, were
generated based on a structural enumeration method (see
Methods). Finally, we obtained a total of 108 M—-M’ metal pairs
and 432 crystal configurations.

3.3. Thermodynamic stability

Next, the energies of these 432 compounds were determined by
employing ab initio calculations. The thermodynamic stability
of each Na-M-M'-F compound, quantified as the energy above
the convex hull (Ey;), can be derived based on the calculation
results along with the extensive data in the Atomly materials
database. Essentially, the Ep,; of a compound represents the
thermodynamic driving force for the compound to decompose
into the most stable phases located on the convex hull. Mate-
rials with Ep,; = 0 are regarded as thermodynamically stable
phases, whereas materials with Ep,; > 0 are considered as
metastable (or unstable) phases.

Fig. 2 visualizes the thermodynamic stability of 432
compounds across 108 M-M' metal pairs [M in (Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, Sn), and M’ in (Tj, V, Cr, Mn, Fe, Co, Ni, Nb, Mo,
Sn, Sb, Bi)] at different Na-ion concentrations, encompassing
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stoichiometries of NapMM'F,, Na;MM'F,, Na,MM'F,, and Na;-
MM'F;. To better illustrate the thermodynamic stability, in
Fig. 2, we convert the Ep,; value into a stability index, which
quantifies the likelihood of a compound's existence based on
the Boltzmann factor as:

. __aBp
Stability = e *s7Tasx (3)
Hence, stability = 1 (Epuy = 0 meV per atom) represents

a stable compound, whereas stability <0.25 (Epy; > 107 meV per
atom) indicates that the compound is highly unstable and less
likely to exist. Additionally, compounds that are prone to
decompose into the F, gas phase at room temperature are
identified by bars with diagonal stripes (see details in Section
111, ESIt).

Fig. 2 serves as a stability map for exploring synthesizable
compounds that demonstrate viable thermodynamic stability.
Certain trends can be observed by examining this map. For
instance, it can be found that the presence of Ni in M site
(Wyckoff position: 6¢) and Ti, V, or Mn in M’ (Wyckoff position:
3a and 3b) site tends to enhance the stability of the phase.
Conversely, when Ti, V, or Mn occupy the M site and Ni is
present in the M’ site, the structure tends to exhibit reduced
stability. The denser Na-ion sublattices in NaMM'F,
compounds result in stronger electrostatic repulsion, leading to
their moderate to infernal thermodynamic stability. This high-
lights the general challenge in reducing both the M and M’
species to the +2 oxidation states. Given that Na,MM'F,
compounds are typically stable phases, it is less likely to directly
discharge these compounds to Na;MM'F, phases, as two-
electron transfer rarely happens for redox-active metals. In
Fig. 2, the differentiation of the M and M’ sites provides valu-
able insights into the specific site preferences of redox-active
metals. For example, Na,NiVF; (En,; = 0 meV per atom,
stability = 1) is more stable than Na,VNiF; (Ep,; = 14 meV per
atom, stability = 0.83), indicating that Ni prefers the M site
and V prefers the M’ site. Hence, the Na-Ni-V-F compound
tends to adopt the more stable Na,NiVF,; phase during the
synthesis. Compounds containing Fe and Ni species, when fully
charged to NayMM'F;, are vulnerable to the release of F, gas,
indicating poor thermal stability.**** A previous work demon-
strated that fluorides show a large fraction of metastable pha-
ses. And the unusual metastability of fluorides can be attributed
to the strong metal-fluorine bonds in the solid state.”® Hence,
we adopted an Ey); threshold of 107 meV per atom as the
metastable limit in this work. Na,Fe,F; (Ep,y = 0 meV per
atom), Na,FeTiF; (En,; = 85 meV per atom), and Na,MnVF,
(Bhun = 65 meV per atom) have been synthesized
experimentally,®** implying the accuracy of our stability
evaluation.

3.4. Electrochemical performance

Based on the calculation results of the 108 M-M’' metal pairs,
the electrochemical performance of T-Na,MM'F, compounds as
Na-ion cathode materials can be derived according to the
Nernst equation. Fig. 3 exhibits the voltage profiles (step-wise

This journal is © The Royal Society of Chemistry 2024
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lines within each box) and the specific energies (shades of color
for each box) for all the Na-M-M'-F compounds. To ensure
compatibility with the typical electrochemical stability window
of Na-ion electrolytes,** the viable Na-ion cycling range is
defined to be within the voltage range of 1.2-4.5 V. Na,CoCrF-,
Na,NiCrF,, Na,VCoF,, Na,VNiF,, Na,CrNiF,, Na,CoBiF,, and
Na,NiBiF, compounds do not present electrochemical activity
as their voltage profiles fall outside the viable voltage range
(marked with diagonal stripes in Fig. 3). Therefore, these
compounds are excluded from further screening. The quanti-
tative electrochemical metrics of all weberite-type compounds
depicted in Fig. 3a are listed in Table S3, ESLt

Based on the calculation results shown in Fig. 2 and 3,
several promising cathode candidates (marked with stars in
Fig. 3), demonstrating viable synthesizability, feasible voltage

This journal is © The Royal Society of Chemistry 2024

profiles, and high specific energies, have been identified,
including Na,V,F;, Na,CrVF,, Na,MnVF;, Na,FeVF;, Na,FeTiF;,
Na,NiMnF,, Na,Fe,F,, Na,SnFeF,, Na,MnMOoF,, Na,FeMoF,,
Na,CoMoF,, and Na,NiMoF,. Note that for all these
compounds, their detailed theoretical voltage profiles have
been fine-calculated by incorporating a large number of Na-ion
concentrations between the charged and discharged states. For
each Na-ion concentration, multiple Na-vacancy orderings are
calculated to accurately capture the ground states and ensure
the correct voltage versus capacity curve. The detailed pseudo-
binary phase diagrams of these 12 cathode candidates are
illustrated in Fig. S3, ESL.

Na,MnVF;, Na,FeTiF,, and Na,Fe,F, are three promising
cathode candidates that have been experimentally synthesized
in previous studies.”™ As shown in Fig. 3b-d, their theoretical
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voltage profiles are in good agreement with the experimental
observations, implying the accuracy of our calculation results.
For Na,MnVF, compound, there appears to be a voltage plateau
at around 4.7 V, which corresponds to the compositions
between NagMnVF; and Na, sMnVF,. However, this equilibrium
voltage has not been experimentally observed due to the oper-
ating voltage limitations imposed by the electrolytes, which
restrict the cutoff potential to 4.5 V.** If the electrochemical
window of Na-ion electrolytes can be expanded to about 5 V, our
theoretical data indicates that Na,MnVF; has the potential to
deliver a specific energy of 796 W h kg™ ', which is comparable to
that of the state-of-the-art Li(Ni, Mn, Co)O, (i.e., NMC) cathode.

3.5. Na-ion diffusivity

The diffusivity of the mobile ion (e.g., Li-ion, Na-ion, Mg-ion)
largely controls the aspects of cathode kinetic performance,
such as rate capability, polarization, and capacity retention.
This effect is especially pronounced in Na-ion cathodes because
of the relatively larger size of Na-ions compared to other mobile
ions. Consequently, we conducted an evaluation of Na-ion
diffusion properties for all 12 cathode candidates.

Fig. 4a and b give schematic representations of the Na-ion
diffusion pathways for T-Na,MM'F, compounds. Three distinct
diffusion paths are identified: path 1 (along sites A-B-A), path 2
(along sites B-C-B), and path 3 (along sites B-D-E). Path 1 and
path 2 are within the ab-plane (i.e., layer B in Fig. 1c), forming an
in-plane two-dimensional percolation network. Path 3 is along
the c-axis, connecting the Na-ion sites within adjacent layers,

14714 | J Mater. Chem. A, 2024, 12, 14709-14720

thereby creating a three-dimensional diffusion network for Na-
ions. It should be noted that Na-ions can percolate through the
structure with any of the three abovementioned pathways.

Fig. 4c illustrates the detailed Na-ion migration barriers of
Na,V,F; compound along the reaction coordinates for all three
diffusion pathways. As the mobile-ion diffusivity depends on the
cathode states of charge, we calculated the migration barriers at
both dilute (corresponding to the discharged state) and high
(corresponding to the charged state) vacancy limits. As shown in
Fig. 4c, Na,V,F; exhibits Na-ion migration barriers of ~500 meV
for the dilute vacancy limit and ~440 meV for the high vacancy
limit. For comparison, NazV,(PO,),F;, a highly promising
vanadium-based Na-ion cathode, shows net Na-ion barriers of
~600 and ~300 meV in the dilute and high vacancy limits,
respectively.** Hence, it is anticipated that Na,V,F,; will demon-
strate at least comparable kinetic performance to Na;V,(PO,),F;.

Fig. 4d and Table 1 present Na-ion migration barrier infor-
mation for all 12 candidate compounds. Their detailed migra-
tion profiles can be found in Fig. S4-S14, ESI.} For both Na-ion
vacancy limits, the results indicate that the Na-ion migration
barriers for all the 12 candidate compounds are mostly below
a threshold value of 600 meV, suggesting their favorable Na-ion
mobilities and promising kinetic performance as cathode
materials. Besides, the presence of a three-dimensional diffu-
sion network in T-Na,MM'F, compounds enhances their
robustness as Na-ion conductors, as there are always facile
routes for Na-ions to transport even when one of the pathways
becomes sluggish. For instance, although the Na-ion migration

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Schematic diagram of Na-ion migration pathways for a T-Na,MM’F; compound (a) within ab-plane and (b) along c-axis. Three distinct
pathways are identified: along sites A-B—A (path 1), along sites B-C-B (path 2), and along sites B—D—E (path 3). (c) Detailed Na-ion migration
barriers of the Na,V,F; compound along reaction coordinates for three diffusion paths under both dilute (orange solid lines) and high (green
dashed lines) vacancy limits. (d) Bar plot of migration barriers for all the 12 candidate compounds considered in this work. The dashed lines in the
plot indicate a migration barrier threshold of 600 meV.

Table 1 Calculated Na-ion migration barriers of promising candidates for Na-ion cathodes. For experimentally investigated Na,MnVF;, Na,-
FeTiF; and Na,Fe,F; compounds, their capacity retentions after several hundred cycles were presented

Path 1 (meV) Path 2 (meV) Path 3 (meV)
Formula Dilute vac.  High vac.  Dilute vac. High vac.  Dilute vac. =~ High vac. =~ Cycle number Capacity retention
Na,MnVF, 322 176 351 265 451 249 200 @ 100 mA g~ * (ref. 11)  93% (ref. 11)
Na,FeVF, 374 312 471 385 490 247 — —
Na,SnFeF; 366 407 439 783 169 319 — —
Na,V,F; 464 449 517 463 538 405 — —
Na,CrVF, 424 594 513 419 612 395 — —
Na,NiMoF, 428 184 805 298 435 162 — —
Na,COMoOF, 344 174 671 203 591 324 — —
Na,NiMnF; 411 344 498 329 485 366 — —
Na,FeMoF, 288 298 511 290 544 258 — —
Na,MnMoF; 280 203 326 213 459 263 — —
Na,FeTiF, 344 386 626 438 499 399 600 @ 189 mA g ! (ref. 10)  71% (ref. 10)
Na,Fe,F, 287 351 419 534 404 269 1000 @ 368 mA g~ (ref. 9)  88% (ref. 9)

barrier along path 2 in Na,FeTiF; exceeds 600 meV at the dilute its outstanding capacity retention of 71% after 600 cycles at
vacancy limit, the barrier along path 1 is only 344 meV, which 189 mA g '.*° Compared to Na,FeTiF,, as demonstrated in
still ensures the overall facile Na-ion transport, as evidenced by = Table 1, Na,Fe,F;, exhibits substantially lower Na-ion migration
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Fig. 5 Radar chart of the overall performances for the 12 candidate compounds. The performances of layered P2—Na,,3CoO, and polyanionic

NaxFe,(SO4)3 cathodes are also presented for comparison.

barriers, which aligns with its significantly improved capacity
retention of 88% after 1000 cycles at 368 mA g~ '.° Moreover, our
prediction suggests that Na,MnMoF; compound, with low
enough Na-ion migration barriers along any of the three path-
ways in both vacancy limits, is expected to display superior
kinetic performance, potentially even surpassing Na,Fe,F;.

3.6. Overall performance

In summary, Fig. 5 presents a radar chart that comprehensively
depicts the overall performance of the 12 promising cathode
candidates, considering factors such as thermodynamic
stability, gravimetric capacity, average voltage, specific energy,
energy density, and migration barrier. For comparison, the
overall performance of P2-Na,;Co0, and Na,Fe,(SO,)s,**
which serve as representative examples of Na-ion layered and
polyanionic oxides, are also presented in the chart.

It is evident that all 12 candidate compounds have the potential
to serve as Na-ion cathodes and outperform certain known SiB
cathode materials, such as P2-Na,;;C00, and Na,Fe,(SO,);. In
most cases, the Na-M-M'-F compound undergoes a 2e~ redox
reaction per formula, resulting in a gravimetric capacity of at least
170 mA h g~'. For vanadium-based systems, their gravimetric
capacities can reach as high as approximately 200 mA h g
Furthermore, when the Sn species is involved, the compound can
undergo a 3e” redox reaction per formula, leading to a significant
increase in the gravimetric capacity of up to about 230 mA h g™ *.

4. Discussion

With the maximum electronegativity, fluorine is an ideal choice
to trigger the inductive effect within the electrode context

14716 | J. Mater. Chem. A, 2024, 12, 14709-14720

without compromising the capacity. This characteristic is
crucial for Na-ion cathodes to achieve the electrochemical
performance of current commercialized Li-ion electrodes.
While this study focused on a specific structural system, it is
worth noting that the equilibrium voltage delivered by a redox
couple is an inherent property of the species, which enables us
to derive the general redox potentials for species in fluoride
chemistry.

Fig. 6a presents the equilibrium voltages of different redox
couples in Na-ion fluorides, considering only compounds that
are reasonably stable in their sodiated states (Ej,,; < 100 meV per
atom). For comparison, Fig. 6b showcases the average voltages of
various redox couples in different anionic chemistries, including
oxides, phosphates, and fluorides. From Fig. 6a, it is evident that
the average voltage for each element increases with the oxidation
state (e.g., the average voltage for Fe*"/Fe*" is higher than that for
Fe”*/Fe**), which is consistent with the trend observed in oxides.
Additionally, as depicted in Fig. 6b, species in fluorides deliver
higher redox voltages than those in phosphates, indicating
a more potent inductive effect in fluoride chemistry. For
instance, triphylite NaFePO, exhibits an average Fe**/Fe’* redox
potential of 2.8 V versus Na/Na" in experiments (agrees well with
our prediction of 2.9 V),** which is 0.6 V lower than the redox
potential of LiFePO,.* This voltage drop leads to a reduction in
the specific energy of NaFePO,, which in turn hinders its prac-
tical application. On the other hand, we predict that the Fe**/Fe**
redox couple in fluorides can demonstrate a high voltage of
3.36 V, which is comparable to that of LiFePO,. Indeed, the
experimental results have demonstrated that the inclusion of F~
in the system enables the fluorophosphate Na,FePO,F to achieve
a higher redox plateau at 3.0 V.*’

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Equilibrium voltages delivered by different redox couples in fluoride chemistry. Each black point stands for a compound. For each
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equilibrium voltages of redox couples in different anionic chemistries, including oxides (purple), phosphates (green), and fluorides (yellow). Note
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The voltage profiles of cathode materials are largely deter-
mined by the equilibrium voltages delivered by redox couples.
As mentioned in Section 3.4, the voltage plateau at 4.7 V in the
Na,MnVF; curve leads to a deviation between theory and
experiment. We found that this 4.7 V potential is related to the
v**/V>* redox couple, implying that half of the Mn ions in the
compound are still in the +2 oxidation state at the fully charged
state (NapMnVF5). This is an abnormal phenomenon, consid-
ering the Mn**/Mn*" potential (~4 V) is lower than that of the
V*¥IV®" (~4.7 V), but can be attributed to a strain effect associ-
ated with the strong Jahn-Teller distortion of Mn** ions (details
in Section VI, ESI{). Since there are two redox-active metal sites
per formula in T-Na,MM'F, compounds, redox competition
between M and M’ is expected to occur. For instance, Na,-
NiMoF,, Na,CoMo¥F;, and Na,MnMoF; all display very similar
voltage profiles (Fig. 3a), which should be attributed to the same
redox reaction originating from the common Mo species. As
shown in Fig. 6a, redox potentials of Mo couples (Mo*"/Mo**
and Mo"*/Mo’") are all lower than those of Ni, Co, and Mn
couples (M**/M**, M = Ni, Co, Mn), implying that the redox
activities of Ni, Co, and Mn species are actually suppressed

This journal is © The Royal Society of Chemistry 2024

electrode database were presented.

throughout the electrochemical cycling. We notice that how
doping species will alter the performance of T-Na,MM'F; is not
incorporated in this work, despite the importance of the doping
strategy in the battery community. However, we systematically
investigated two types of chemical compositions: those con-
taining only one kind of redox-active metals (Na,M,F,) and
those containing two kinds of equally mixed redox-active metals
(Na,MM'F,, where M is different from M’), which has resulted
in ~4000 DFT calculations. To fully capture all types of doping,
the resulting compositional space would be enormous and
impossible to enumerate, both for experiments and calcula-
tions. Besides, one may assume that the performance of the
doped case would fall between the performance of two pure
cases, which have all been covered in this work.

Since the high voltages of the fluoride-based cathodes, the
electrolytes should be carefully redesigned with a higher voltage
window. As shown in ref. 9, Park et al. demonstrated experi-
mentally that the Na,Fe,F,; can initially deliver a voltage of
~4.5 V but was unable to extract capacity above ~4.5 V as we
predicted. This limitation was largely due to the electrolytes,
which is 0.5 M NaPFs in propylene carbonate (PC):
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fluoroethylene carbonate (FEC), being unable to withstand
voltages above that threshold. According to existing literature,
certain electrolytes, such as NaTDI,*® can bear voltages of up to
4.5V, but may still unable to pair with fluoride cathodes. Hence,
the cathode can only by tested within the half-cell architecture,
or it can only extract part of the capacity at this point. Aqueous
electrolytes can not work well for fluoride cathodes due to their
low voltage window.

Fluorides generally show poor electronic conductivity due to
localized electrons caused by strong ionic bonds. Experimen-
tally, polarization was observed in the voltage curves of Na,-
MnVF, (Fig. 3b), Na,FeTiF, (Fig. 3c), and Na,Fe,F, (Fig. 3d).
Considering the facile Na-ion diffusion (see Section 3.5), the
voltage polarization should be attributed to the low electronic
conduction in these compounds. We used the Kohn-Sham
band gap from DFT calculations as a rough indicator for elec-
tronic conductivity. It should be noted that our DFT calcula-
tions were at the GGA + U level, which would severely
underestimate band gaps. Nonetheless, the band gap values we
obtained are still valuable for capturing the general trends. As
shown in Fig. S17, ESI,T the band gap of Na,MnVF, is about 2 eV
higher than those of Na,FeTiF, and Na,Fe,F,, which is consis-
tent with the larger polarization observed in the voltage curve of
Na,MnVF; (Fig. 3b). Besides, Na,NiMoF,, Na,FeMoF, and
Na,MnMoF; may exhibit even more pronounced polarization
than Na,MnVF,. For the complete chemical spaces considered
in this work, a band gap heatmap is presented in Fig. S18, ESIL.{
To address the issue of poor electronic conduction in T-Na,-
MM'F; compounds, the methods already developed in LiFePO,,
such as nanosizing processes and homogenous particle coat-
ings of conductive materials,*® should also be valid for this class
of materials. Apart from poor electronic conduction, another
potential challenge that may hinder the commercialization and
scale-up of T-Na,MM'F, lies in its synthesis method. As far as we
know, the primary synthesis route for this kind of materials
heavily relies on the mechanochemical method. However,
a recent study has demonstrated an economical
polytetrafluoroethylene-assisted  fluorination method to
synthesize three weberite-type compounds without using the
mechanochemucal-assisted route.™

5. Conclusions

Anion chemistry plays a critical role in enhancing the electro-
chemical performance of Na-ion cathodes due to inherent
limitations of SiBs, such as the high Na/Na' redox potential and
the large Na-ion radius. This study explored the utilization of
fluorine, known for its maximum electronegativity, to trigger
the inductive effect without compromising the capacity. We
conducted a systematic evaluation of the thermodynamic
stability, electrochemical performance, and Na-ion diffusion
mechanism for a novel class of fluoride-based cathode mate-
rials known as T-Na,MM'F,, which belongs to the weberite-type
materials. Through the screening of 108 M-M' metal pairs, we
identified 12 promising Na-ion cathode materials that exhibit
remarkable thermodynamic stability at any states of charge, as
well as high specific energies and facile Na-ion diffusion
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networks, including Na,MnVF,, Na,FeVF,, Na,SnFeF,, Na,V,F,
Na,CrVF;, Na,NiMoF,, Na,CoMoF,, Na,NiMnF,, Na,FeMoF,,
Na,MnMoF,, Na,FeTiF-, and Na,Fe,F-. In addition, a statistical
analysis of equilibrium voltages for various redox couples
demonstrated that all of these species exhibit higher redox
potentials in fluoride chemistry when compared to polyanionic
chemistry, such as phosphates. Fluorides, in comparison to
other anionic chemistries, have received relatively little atten-
tion as potential electrode materials in current metal-ion
battery technologies. Hence, the primary objective of this
study is not only to showcase several promising cathode
candidates but also to draw more attention to fluoride-based
electrode materials in the battery community.
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