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Abstract 

Weberite-type sodium transition metal fluorides (Na2M2+Mʹ3+F7) have emerged as potential high 
performance sodium intercalation cathodes, with predicted energy densities in the 600-800 Wh/kg range 
and fast Na-ion transport. One of the few weberites that has been electrochemically tested is Na2Fe2F7, yet 
inconsistencies in its reported structure and electrochemical properties have hampered the establishment of 
clear structure-property relationships. In this study, we reconcile structural characteristics and 
electrochemical behavior using a combined experimental-computational approach. First principles 
calculations reveal the inherent metastability of weberite-type phases, the close energetics of several 
Na2Fe2F7 weberite polymorphs, as well as their predicted (de)intercalation behavior. We find that as-
prepared Na2Fe2F7 samples inevitably contain a mixture of polymorphs, with local probes such as solid-
state nuclear magnetic resonance and Mössbauer spectroscopy providing unique insights into the 
distribution of Na and Fe local environments. Polymorphic Na2Fe2F7 exhibits a respectable initial capacity 
yet steady capacity fade, a consequence of the transformation of the Na2Fe2F7 weberite phases to the more 
stable perovskite-type NaFeF3 phase upon cycling, as revealed by ex situ synchrotron X-ray diffraction and 
solid-state NMR. Overall, these findings highlight the need for greater control over weberite polymorphism 
and phase stability through compositional tuning and synthesis optimization.    



Introduction 

Batteries are found in nearly every facet of modern life, including in portable electronics, electric vehicles, 
and large-scale energy storage systems, largely enabled by lithium-ion batteries (LIBs). However, with the 
imminent materials supply shortage caused by the ever increasing reliance on lithium (Li), nickel (Ni), and 
cobalt (Co) to produce Li-ion cathodes, more sustainable battery chemistries are needed. When considering 
possible electrode chemistries, sodium (Na)- and iron (Fe)-based compounds stand out as promising 
candidates. However, the higher atomic weight and larger ionic radius of Na+ compared to Li+, as well as 
the 0.3 V higher potential of the Na+/Na redox couple compared to Li+/Li, leads to inherently lower 
theoretical energy densities for sodium-ion batteries (SIBs) compared to their Li-ion analogues. While 
significant work has gone towards developing layered oxide,1–3 polyanion,4–6 and Prussian Blue7,8 cathodes 
for SIBs, viable Na alternatives to current Li systems have proven elusive.9 A paradigm shift in the 
development of competitive Na cathodes hinges on the investigation of new structural frameworks and 
anion chemistries.  

Fluorine substitution has been shown to increase the operating voltage (and thereby the energy density) of 
both oxide10,11 and polyanion-based12,13 cathodes due to the inductive effect introduced by the highly 
electronegative F− anion. However, pure transition metal fluorides are infrequently used as cathodes due to 
their generally poor ionic and electronic conduction properties.14–17 While electronic conduction can be 
partially mitigated by carbon-coating, particle downsizing, and nanostructuring18–20, ionic conduction is an 
intrinsic requirement for a topotactic Na (de)intercalation process. For poor ionic conductors, structure-
preserving Na extraction and reinsertion processes are replaced by decomposition or conversion reactions. 
Conversion reactions should in theory result in high capacities but are poorly reversible in practice21,22: they 
have been reported for cryolite-like Na3MF6,

23 rutile MF2
24,25, and for perovskite-type MF3

14,26,27 and 
NaMF3

28,29  on deep discharge. Clearly, transition metal fluoride structures containing fast Na-ion transport 
pathways are needed. In this regard, weberite compounds (with general formula Na2M2+M’3+F7) have been 
shown to exhibit an open framework structure that holds promise for facile Na-ion diffusion and topotactic 
Na-ion (de)intercalation.30–32  

Weberite-type sodium transition metal fluorides have been studied for their magnetic properties since the 
1970s33,34, but have only been explored as Na-ion battery electrode materials over the past few years.30–

32,35,36 In 2019, Euchner et al. predicted, using first principles calculations, that this material class should 
lead to good Na-ion diffusion properties, high Na insertion potentials, and high capacities, resulting in 
energy densities competitive with common Li-ion cathode materials.35 A recent experimental report by Park 
et al. demonstrated exceptional performance for the Na2Fe2F7 weberite cathode, including an initial capacity 
of 184 mAh/g at C/20, and an outstanding full cell capacity retention of 88.3% at 2C (initial capacity of 
118 mAh/g) after 1000 cycles.30 While Na2Fe2F7 remains the best performing weberite cathode to date,30 
other chemistries such as Na2TiFeF7

31 and Na2MVF7 (M = Mn, Fe, Co)32 have been shown to result in 
capacities in excess of 185 and 147 mAh/g, respectively.  

While Park et al. reported a trigonal Na2Fe2F7 weberite,30 two other variants of the weberite structure 
(orthorhombic and monoclinic) have been reported for this compound,20,28 indicating a complex phase 
stability landscape for Na2Fe2F7, with direct impacts on its applicability as an intercalation electrode. Here, 
we report an in-depth computational-experimental investigation of the structure, phase stability, and 
electrochemistry of Na2Fe2F7, aiming to establish clear links between local and long-range structural 
features and Na intercalation properties. We find that Na2Fe2F7 is prone to polymorphism, with all three 
weberite forms present in our samples despite extensive synthesis optimization, as evidenced by 
synchrotron X-ray diffraction (SXRD), and supported by 57Fe Mössbauer and 23Na solid-state nuclear 



magnetic resonance (ss-NMR) spectroscopy. Notably, this is the first NMR investigation of a weberite 
material (supplemented with first principles calculations of NMR parameters) and provides key insights 
into the Na local environments. From an electrochemical performance standpoint, we highlight both the 
promise presented and difficulties faced by weberite cathodes such as Na2Fe2F7. While density functional 
theory (DFT) calculations reveal that all three Na2Fe2F7 polymorphs are capable of exchanging 2 Na-ions 
per formula unit (compositions between NaFe2F7 and Na3Fe2F7) through a solid-solution mechanism on 
charge and discharge, kinetic limitations on deep discharge limit the practical capacity, which may be 
related to the large predicted volume expansion at high Na contents. We further identify a phase 
transformation upon cycling, revealed by ex situ SXRD and 23Na ss-NMR. While this study confirms the 
suitability of weberites as potential high energy cathode materials for SIBs, it also highlights a need for 
controlled synthesis routes to obtain single-phase weberite samples, for the optimization of electrode 
preparation methods to achieve the full redox capacity of Na2Fe2F7 and related systems, and for a better 
understanding of the metastability issues facing this class of cathode materials. 

 

Results & Discussion 

Weberite Structure and its Variants 

The weberite structure is a fluorine-deficient superstructure of fluorite (CaF2) with general formula A2B2X7, 
where A and B are cations and X is an anion. The high symmetry variant (Imma space group) and A site 
local environments are shown in Figures 1a-c for the weberite mineral, Na2MgAlF7. Weberites retain the 
same cationic face-centered cubic stacking sequence as fluorite, but as they are anion-deficient the B cations 
are now only 6-fold coordinated, while the A cations retain the 8-fold coordination typical of the fluorite 
structure. The mixed-valence B cations, B1 and B2 (typically divalent M2+ and trivalent M3+ metals, 
respectively), form a network of three-dimensional corner-connected octahedra composed of one-
dimensional chains of B1 octahedra that are connected to each other by B2 octahedra. The A cations occupy 
distorted cubic sites (A1, Figure 1b) and bihexagonal pyramidal sites (A2, Figure 1c). The A1 polyhedra 
form edge-sharing chains that also share edges with the A2 corner-connected polyhedral chains, creating a 
three-dimensionally connected A cation network. Additionally, the weberite structure can be viewed as 
alternating close-packed cation layers of A3B and AB3, as shown in Figure S1. In each layer, the majority 
cation species (e.g. A in A3B) forms a Kagomé-type network, and the minority cation species occupies the 
center of the Kagomé rings.  

Several weberite variants have been reported, that differ in their stacking sequence of the Kagomé-like 
layers. A nomenclature system has been proposed by Grey et al.38 based on the crystal system and number 
of close-packed cation slabs (e.g., a pair of A3B and AB3 layers) within the unit cell. For example, the high 
symmetry weberite variant (shown in Figure 1a) is denoted 2O as it is based on the orthorhombic crystal 
system and the smallest repeating unit contains two cation slabs. Na-M-F weberites reported to date form 
the 2O (Imma), 2M (monoclinic C2/c), 3T (trigonal P3121), and/or 4M (monoclinic C2/c) structures, where 
the different slab stackings can be summarized as AA for 2O, ABAB for 2M, AABBAABB for 4M, and 
ABCABC for 3T. Structural diagrams that illustrate those differences are shown in Figure S2. We note that 
the 2M variant has only been reported for Na2CuGaF7 and we do not consider this variant further in this 
work.  

Na2Fe2F7 Polymorphism and Energetics 

Given the structural diversity of weberites, a detailed investigation of possible Na2Fe2F7 polymorphism and 
its impact on electrochemical properties is warranted if this material is to be considered for SIB applications.  



In 1993, a single crystal XRD study by Yakubovich et al. suggested that Na2Fe2F7 crystallizes in the 4M 
weberite variant,37 in line with prior reports of the 4M structure for other Fe2+-based weberites.33,39,40 Yet, 
more recently, Dey et al.36 and Park et al.30 reported the synthesis of the 2O and 3T variants of Na2Fe2F7, 
respectively, as well as their electrochemical properties in Na-ion cells. Those contrasting reports are 
difficult to reconcile, especially since they either do not include any diffraction data,37 or they include 
patterns with significantly broadened reflections30,36 and that lack both the sensitivity and resolution to 
distinguish between the very similar diffraction patterns of the 4M, 2O, and 3T polymorphs (see simulated 
patterns in Figure S3). The main differences between those patterns lie in the splitting of select peaks, and 
a few low intensity peaks characteristic of the 3T and 4M structures. Thus, in order to identify the weberite 
structural variant(s) present in a given sample using XRD, high quality data on highly crystalline materials 
– if not single crystals – is necessary.  

To gain insight into the likelihood of obtaining the various weberite structural variants of Na2Fe2F7, the 
phase stability of Na-Fe-Fe compounds was investigated. The formation energy of each polymorph, as well 
as competing phases, was calculated using DFT, with the resultant NaF-FeF2-FeF3 ternary diagram shown 
in Figure 1d (values in Table S1). Within this space, the weberite polymorphs and Na5Fe3F14 are 
metastable, lying 5 to 15 meV/atom above the hull, while the most stable phase is Na3FeF6, lying on the 
hull. As illustrated in Figure 1e, the energy above the hull for each weberite polymorph is within 5 
meV/atom of each other, suggesting that all three of the polymorphs may be stabilized at room temperature. 
These DFT results, as well as the multiple polymorphs previously reported for Na2Fe2F7, suggest that X-
ray diffraction patterns for Na2Fe2F7 weberites should be analyzed with care and complemented with local 
structure characterization to identify the polymorph(s) present in a given sample. 

Figure 1, Weberite structure, stability, and polymorphism. Crystal structure of the Na2MgAlF7 weberite mineral, 
highlighting the MF6 (where M = Mg, Al) polyhedral network in a), and the local Na coordination environments: Na1 
in distorted cubic sites in b), and Na2 in bihexagonal pyramidal sites in c). d) DFT-predicted NaF-FeF2-FeF3 ternary 
phase diagram, where stable compounds are shown as black circles, metastable compounds as orange triangles, and 
regions of phase coexistence are shaded. The black, dotted tie-line represents the compositional evolution of the 
weberite at various stages of charge. e) Energy above the hull for the three Na2Fe2F7 weberite variants. 

 Synthesis and Long-range Structural Characterization of Na2Fe2F7 

Na2Fe2F7 was prepared using a mechanochemically assisted solid-state synthesis procedure adapted from  
Park et al.30 Several annealing temperatures were tested, and the laboratory powder diffraction patterns 
obtained on the as-prepared samples are shown in Figure S4. While Park et al. utilized an annealing 
temperature of 650°C, we found that this temperature resulted in a large amount of impurities (namely, 
Na3FeF6 and FeF2). In contrast, an annealing temperature of 500°C minimized the amount of impurity 
phases and was used for the remainder of this study. The SXRD pattern collected on the 500°C annealed 



sample and its corresponding Rietveld refinement are shown in Figure 2a. Despite careful optimization of 
the synthesis conditions, impurity phases were still observed (9.5 wt.% Na3FeF6 and 0.9 wt.% FeF2). The 
presence of a significant amount of Na3FeF6 in our sample can be explained by its very negative formation 
energy (Figure 1d) compared to those of the weberite Na2Fe2F7 variants.   

The SXRD data collected on Na2Fe2F7 was analyzed using a combination of Pawley and Rietveld 
refinements. Refinements involving a single weberite polymorph resulted in poor fits (χ2 > 3.5, RWP > 17%) 
due to the complexity of the experimental peak shapes (Figure 2a inset), clearly suggesting the presence 
of many overlapping diffraction peaks and a mixture of phases. Refinement models using all three weberite 
polymorphs resulted in much improved refinements, with the best refinement (χ2 = 2.12, RWP = 9.75%) 
indicating a sample composition of 4.4 wt.% of the 2O, 42.4 wt.% of the 3T, and 42.8 wt.% of the 4M 
polymorph. To prevent overfitting the diffraction pattern, site occupancies were not refined and thermal 
factors were constrained to be equal for each atom type, with detailed Rietveld refinement parameters listed 
in Tables S2-3. An additional refinement was performed without the 2O polymorph (Figure S5), which 
resulted in a moderately worse fit (χ2 = 2.16, RWP = 9.94%), indicating that the 2O polymorph is in fact 
present. Given that a multi-phasic Na2Fe2F7 sample was obtained in this work, consistent with the similar 
energetics of the various Na2Fe2F7 polymorphs obtained from first principles (Figure 1c), it is possible that 
previous studies of this material overlooked the presence of multiple phases in their samples. 

In preparation for electrochemical testing, the pristine material was ball-milled with carbon to improve its 
electronic conductivity through both particle size reduction and carbon-coating.19,41,42 Scanning electron 
microscopy (SEM) images are shown in Figures 3a,b inset for pristine and carbon-coated Na2Fe2F7. The 
pristine Na2Fe2F7 sample contains ≈ 1-2 μm particles, while the carbon-coated Na2Fe2F7 sample contains ≈ 
100 nm particles, indicating successful particle downsizing. The SXRD pattern collected on carbon-coated 
Na2Fe2F7, shown in Figure 2b, exhibits significant peak broadening and a poor signal-to-noise ratio, a 
likely consequence of the small average particle size and the buildup of strain in the material during the 
ball-milling process. Thus, the sole purpose of the Rietveld refinement was to identify the amount of 
impurity phases present: this was done using a single weberite phase, 4M, with detailed Rietveld refinement 
parameters listed in Table S4. The amount of impurity phases in the carbon-coated sample is similar to that 
prior to carbon-coating, but with 11.4 wt.% of Na3FeF6 and no FeF2 present. The SXRD pattern collected 
on carbon-coated Na2Fe2F7 also exhibits a series of low intensity, sharp reflections indicated with arrows 
in Figure 2b and likely arising from a minor, high symmetry impurity phase. Despite an extensive search 
comprising all known binary or ternary phases containing the elements Na, Fe, F, C, Zr, and/or O (with Zr 
and O arising from the ZrO2 ball mill jar used here), we are unable to assign those reflections, which can 
neither be fit using an anisotropic strain model.43 

Insights into Fe and Na local environments from Mössbauer and solid-state NMR spectroscopy  
57Fe Mössbauer spectroscopy was used to characterize the Fe local environments in the pristine and carbon-
coated Na2Fe2F7 samples. The spectrum collected on pristine Na2Fe2F7 is shown in Figure 3a. A good fit 
(χ2 = 1.12) of this spectrum was obtained using five components (fitting parameters are provided in Table 
S5): two doublets at isomer shifts (δ) of 1.45 and 1.25 mm/s, with quadrupolar splittings (ΔEQ) of 1.38 and 
1.42 mm/s, respectively, assigned to Fe2+F6 in the weberite phases; two doublets at δ = 0.43 and 0.45 mm/s, 
with ΔEQ = 0.72 and 0.49 mm/s, respectively, assigned to Fe3+F6 in the weberite phases; and a doublet 
assigned to Na3FeF6 using previously-reported Mössbauer parameters (δ = 0.27 mm/s, ΔEQ = 0.15 mm/s).23 
The Fe2+F6 and Fe3+F6 signals closely match values obtained for other Fe-containing weberite phases.36,44–

46 The multiple doublets assigned to Fe2+F6 and to Fe3+F6 species indicates a distribution of Fe local 
environments in the distinct weberite polymorphs. Notably, the Fe2+F6 local environment changes more 



than the Fe3+F6 local environment in the various forms of Na2Fe2F7, which may account for the larger 
variation in the isomer shift of Fe2+F6 signals. Integration of the Mössbauer signals leads to an average Fe 
oxidation state of 2.55+ for the weberite phases resulting in a stoichiometry of Na1.90Fe2.55+

2F7 (assuming 
full F occupation)47 indicating a slight Na deficiency, in line with the ICP results (Table S6).  

Figure 2. Synchrotron XRD characterization of Na2Fe2F7 weberite samples. Synchrotron XRD pattern collected on 
a) pristine and b) carbon-coated Na2Fe2F7 with their corresponding Rietveld refinements. The inset in a) shows an 
enlarged version of the refinement results for the main weberite peaks, with individual profiles shown for the 2O 
(blue), 3T (purple), and 4M (orange) polymorphs. The arrows in b) indicate reflections associated with an unidentified 
impurity phase. 

The 57Fe Mössbauer spectrum collected on the carbon-coated Na2Fe2F7 sample (Figure 3b) suggests 
moderate Fe oxidation upon carbon-coating (average Fe oxidation state of 2.67+). Notably, this spectrum 
could be fitted with one broad signal for Fe2+F6 and one broad signal for Fe3+F6 (fitting parameters are 
provided in Table S5), indicating greater disorder within the weberite phase(s) upon ball-milling. Overall 
57Fe Mössbauer spectroscopy confirms that the weberite material is slightly Na deficient, with this 



deficiency increasing upon carbon-coating, resulting in a stoichiometry of about Na1.68Fe2.7+
2F7 prior to 

electrochemical cycling. 

Figure 3. 57Fe Mössbauer spectroscopy and SEM characterization of Na2Fe2F7 weberite samples. a) 57Fe Mössbauer 
spectrum and fit collected on a) pristine and b) carbon-coated Na2Fe2F7. The insets show the corresponding SEM 
micrographs for each material.  

The Na local environments in Na2Fe2F7 were examined using 23Na ss-NMR. As Na2Fe2F7 contains unpaired 
electrons from the Fe2+/Fe3+ species and 23Na is a quadrupolar nucleus (I = 3/2), both paramagnetic and 
quadrupolar effects are present. These interactions result in significant NMR line broadening and large 
chemical shifts, leading to significant signal overlap and complicating the attribution of spectral features to 
specific local environments in the material. Here, the assignment of the complex NMR spectra was assisted 
by first principles hybrid density functional theory (DFT)/Hartree Fock (HF) calculations of 23Na NMR 
parameters using the CRYSTAL17 code on the different Na2Fe2F7 weberite structural variants (see 
Supplementary Note 1 for computational parameters and methodology), with results shown in Table S7. 
The 23Na isotropic chemical shift (δiso) is dominated by the paramagnetic (Fermi contact) shift resulting 
from delocalization of unpaired electron spin density from nearby Fe 3d orbitals to the 23Na s orbital. These 
paramagnetic interactions also lead to significant spectral broadening. The interaction between the 23Na 
nuclear quadrupole moment and the electric field gradient (EFG) present at the Na nucleus leads to a further 
broadening of the spectrum and to a shift of the 23Na resonant frequency due to second-order effects 
(denoted δQ). The observed chemical shift (δobs) is then the sum of the isotropic Fermi contact shift and of 
the second-order quadrupolar shift: δobs= δiso + δQ.  

Obtaining high resolution spectra of quadrupolar nuclei in paramagnetic materials is complicated by the 
opposing magnetic field (B0) dependence of quadrupolar and paramagnetic interactions. While second-



order quadrupolar effects (e.g., δQ and associated line broadening) are inversely related to B0, such that 
NMR spectra of quadrupolar nuclei are typically obtained at high fields, high field strengths exacerbate 
paramagnetic broadening and lower fields are preferred for strongly paramagnetic samples. Here, the 
optimal field strength that maximizes spectral resolution was determined by plotting the predicted δobs at 
various magnetic field strengths for cubic and bihexagonal pyramidal Na sites in each weberite polymorph, 
as shown in Figure 4a. The highly asymmetrical bihexagonal pyramidal Na environments exhibit a greater 
field-dependence of their δobs due to their larger quadrupolar coupling constants (CQ ≥ 5 MHz) compared 
to cubic Na sites (CQ ≤ 3.5 MHz). Our first principles calculations suggest: 1) significant overlap between 
the 23Na ss-NMR signals associated with cubic Na sites in the 3T and 4M weberite variants, and similarly 
for the bihexagonal pyramidal Na signals in those two phases. For the 2O polymorph, the resonance 
associated with the cubic Na environment likely overlaps with those of the bihexagonal pyramidal Na 
signals from the 3T and 4M weberite variants, while the signal arising from 2O bihexagonal pyramidal Na 
sites is expected at very negative shifts and should be discernable. 2) At low fields (2.35 T), 23Na signals 
corresponding to cubic and bihexagonal pyramidal Na sites within a single weberite phase are expected to 
be separated by nearly 1000 ppm owing to their different second-order quadrupolar shifts (δQ), while at 
higher fields δQ becomes negligible and the signals overlap. Thus, to maximally resolve 23Na signals from 
the different local environments present in the samples of interest, all 23Na ss-NMR spectra were obtained 
at our lowest field of 2.35 T. 

Figure 4. a) Field-dependence of the calculated chemical shifts for the average cubic and bihexagonal pyramidal sites 
in Na2Fe2F7 weberite polymorphs. b) 23Na ss-NMR spin echo spectra collected on pristine and carbon-coated Na2Fe2F7 
using π/2 (grey) and π/6 (orange) excitation pulses.  
23Na ss-NMR spin echo spectra collected on pristine and carbon-coated Na2Fe2F7 samples are shown in 
Figure 4b. For each sample, the two overlaid spectra were obtained using a typical π/2 excitation pulse 
and a small flip angle (π/6) excitation pulse, respectively. Despite the decrease in sensitivity caused by the 
small flip angle, the π/6 spectra exhibit at least one additional signal at ≈ −400 ppm compared to the π/2 
spectra, that is more prevalent for pristine Na2Fe2F7. This additional signal is attributed to bihexagonal 
pyramidal Na sites, whose larger quadrupolar interactions result in broader, lower intensity signals that 
are poorly excited by a π/2 pulse.48 Thus, the π/2 spectra are dominated by signals arising from Na in 
cubic sites, while the π/6 spectra reflect all Na environments present in the samples. The spectra also 
contain low intensity signals arising from the Na3FeF6 impurity phase, as revealed by the 23Na ss-NMR 
spin echo spectrum obtained on a Na3FeF6 sample overlaid in Figure S6 with the π/2 spectra shown in 
Figure 4b. While the 200 ppm Na3FeF6 signal is difficult to discern from the Na2Fe2F7 phase, the 
Na3FeF6 signal at 1800 ppm is distinguishable but very low in intensity. Finally, while the π/6 spectra 
shown in Figure 4b could in theory provide some information on the relative population of cubic and 



bihexagonal pyramidal Na sites, the strong quadrupolar and paramagnetic interactions present in Na2Fe2F7 
result in short 23Na ss-NMR signal lifetimes and signal loss over the course of the experiments. Hence, the 
relative signal intensities in these spectra are not quantitative; besides, measurements of transverse 
relaxation times (T2′) to account for signal loss are impractical due to their extremely low sensitivity (e.g., 
the π/6 spectrum collected on pristine Na2Fe2F7 took over 48 h to acquire).   

Nearly all the 23Na ss-NMR signals from the weberite variants are predicted to lie within the −500 ppm to 
500 ppm range, save from the bihexagonal pyramidal Na resonance and the Na signals arising from the 2O 
variant at more negative shifts (see Figure 4a). Clearly, all the main resonances observed in the spectra in 
Figure 4b lie within the expected range for Na2Fe2F7 weberites. Yet, the π/6 spectra show clear differences 
in the distribution of Na local environments in the pristine and carbon-coated Na2Fe2F7 samples. The 
spectrum collected on the pristine sample exhibits signals at negative shifts (centered around −400 ppm) 
consistent with the presence of Na in bihexagonal pyramidal sites in the 3T and 4M phases. Notably, this 
spectrum appears to contain several overlapping signals, including distinct cubic and bihexagonal 
pyramidal signals, suggestive of multiple polymorphs present. The carbon-coated sample, however, shows 
noticeably fewer signals at negative shifts, suggesting that the C-coating process may be reducing the 
intensity of the quadrupolar interactions and/or reducing the occupation of bihexagonal pyramidal Na sites 
by introducing more overall disorder into the system. 

These results, combined with the previously discussed SXRD and 57Fe Mössbauer data, suggest the 
preparation of a multi-phasic (predominantly 3T and 4M) Na2Fe2F7 weberite material containing Na3FeF6 
impurities that partially disorders upon carbon-coating while still retaining the long-range weberite 
structure. 

Electrochemical properties of Na2Fe2F7 

As the 24 h carbon-coating process affects the weberite structure, several shorter mechanochemical milling 
times and an in situ carbon-coating method were investigated to reduce structural disordering, with results 
presented in Supplementary Note 2. Briefly, none of the alternative carbon-coating methods tested here 
led to an electrochemical performance on par with that obtained after a 24 h milling step, which was 
therefore adopted for the remainder of this work.  

Results from electrochemical tests on the Na2Fe2F7 cathode are presented in Figure 5. The voltage profiles 
for Na2Fe2F7 are shown in Figure 5a through cycle 50. Unless indicated otherwise, Na2Fe2F7 was cycled at 
a rate of C/20 (full (dis)charge in 20 h assuming the transfer of 2 Na per formula unit) by first charging to 
4.3 V vs. Na+/Na and subsequent cycling between 4.3 V and 1.5 V. Upon first charge, a capacity of 70 
mAh/g is achieved with the following discharge providing a reversible capacity of 125 mAh/g. We note 
that all capacities reported here are calculated assuming that the entire active material is composed of 
Na2Fe2F7. This leads to an underestimation of the capacity attributable to the electrochemically-active phase 
since SXRD data collected on the pristine, carbon-coated sample suggests the presence of about 10 wt.% 
of crystalline Na3FeF6 impurity that is largely electrochemically-inactive over the potential range probed 
here. The capacity was computed in this manner as the carbon-coated material likely contains some amount 
of amorphous electrochemically-active domains, which SXRD is unable to detect. While more Na may be 
able to intercalate upon discharging the cell to a lower potential, the discharge cutoff voltage was 
maintained at 1.5 V to prevent the Na3FeF6 impurity phase from becoming electrochemically active at lower 
potentials23 and interfering with the analysis of the electrochemical behavior of Na2Fe2F7. Beyond the first 
cycle, the capacity fades steadily (Figure S8a). Differential capacity (dQ/dV) plots recorded over the first 
50 cycles are shown in Figure 5b. During the first few cycles, several broad features are observed on charge 
and discharge, which gradually evolve into two sharp features centered around 3.3/3.6 and 2.8/3.1 V on 



discharge/charge. The average discharge voltage (Figure S8b) begins at about 2.8 V but gradually fades to 
2.7 V, and the charge-discharge voltage hysteresis increases from 0.5 V to 0.75 V after 50 cycles. The rate 
performance is shown in Figure 5c. A respectable capacity of 85 mAh/g is achieved at a rate of C/5, but 
the capacity quickly drops off as the rate is increased to 1C, suggesting that Na (de)intercalation from/into 
the weberite cathode is kinetically limited. Galvanostatic intermittent titration technique (GITT) tests were 
performed to understand the extent of charge-transfer and Na-ion conduction limitations, which additively 
contribute to the observed overpotential,49 with results shown in Figure 5d. At high and low voltage, large 
overpotentials (approaching 0.5 V) are observed, while overpotentials are minimal throughout the rest of 
the electrochemical profile. This suggests that the processes between 2.5 to 4 V, approximately 
corresponding to Na (de)intercalation and Fe redox between the compositional bounds of Na2Fe2+Fe3+F7 

and Na1Fe3+
2F7, are kinetically facile, while Na (de)intercalation and Fe redox beyond those bounds is 

hindered. Even after a 2-hour equilibration period after each current pulse, a significant voltage hysteresis 
remains throughout the electrochemical profile, suggesting some asymmetry associated with the charge-
discharge processes, which will be revisited in the following sections.  

Figure 5. Electrochemical characterization of Na2Fe2F7. a) Galvanostatic charge-discharge curves recorded at C/20 
over the first 50 cycles, and b) corresponding differential capacity plots. c) Charge and discharge capacity obtained at 
various cycling rates and recorded over 35 cycles. The first charge step was omitted from the plot for clarity. d) 
Galvanostatic intermittent titration technique (GITT) data obtained over the first 2 cycles, where a 30-minute C/20 
current pulse was applied followed by a 2-hour rest period. All the electrochemical results shown here were obtained 
using voltage cutoffs of 4.3 V and 1.5 V on charge and discharge, respectively.  



Overall, the present Na2Fe2F7 cathode exhibits respectable capacities over the first few cycles, but steady 
capacity fade upon extended cycling. These results differ from prior reports: Dey et al. reported a much 
lower initial reversible capacity of 58 mAh/g for a Na2Fe2F7 cathode synthesized via a topochemical route,36 
while Park et al. obtained a higher initial capacity and higher cycling stability for a cathode prepared using 
a very similar synthesis route to the one adopted here.30 While those discrepancies may stem from a different 
ratio of weberite variants in their samples, the electrochemical performance is likely also strongly dependent 
on the specific cathode preparation method used in each study. Such a strong dependence on electrode 
formulation and processing has been reported in poor electron conducting materials, such as transition metal 
fluoride electrodes for sodium-41,50–53 and lithium-based17,19,41 batteries, but also lithium iron 
phosphate.42,54,55  

To better understand the origin of the capacity fade observed here, and the differences in the electrochemical 
performance reported in the three studies of Na2Fe2F7, ex situ characterization of cathode samples and a 
computational investigation of the dependence of the electrochemical properties of weberite Na2Fe2F7 on 
the structural variant are presented in the next sections. 

 

Ex Situ Characterization of the Charge-Discharge Mechanism  

The evolution of the dQ/dV features (Figure 5b) suggests a change in the bulk structure and redox 
mechanism of the Na2Fe2F7 cathode upon extended cycling. To monitor those structural changes, ex situ 
SXRD and 23Na ss-NMR characterization was performed on samples collected at the end of the 1st and 10th 
discharge, with results shown in Figure 6. Prior to cycling, weberite-type NaxFe2F7 is the main active 
component of the cathode, with about 10 wt.% of Na3FeF6 present. However, ex situ SXRD data indicate a 
partial phase transformation of the NaxFe2F7 weberite phase during cycling. Rietveld refinements of the 
SXRD patterns collected after the 1st and 10th cycle (see Rietveld refinement parameters listed in Table S9 
and S10) suggest that the newly formed phase is perovskite-like NaFeF3 (Pnma), which accounts for 40 
wt.% of the sample after the 1st discharge and 53 wt.% of the sample after the 10th discharge. A constant 
weight fraction of Na3FeF6 remains in the sample upon cycling, suggesting that the NayFeF3 phase evolves 
at the expense of NaxFe2F7 weberite phases only. Note that the unassigned impurity peaks are still present 
and do not evolve throughout cycling, suggesting that they correspond to an electrochemically-inactive 
component. 

As SXRD is only sensitive to crystalline domains, 23Na ss-NMR spectra were also collected on the ex situ 
samples, as shown in Figure 6b. For comparison, NaFeF3 was synthesized – its crystal structure, laboratory 
XRD pattern, and corresponding refinement are shown in Figure S9 – and its 23Na ss-NMR spectrum is 
also shown in Figure 6b. The single, broad 23Na signal at –118 ppm in the spectrum collected on NaFeF3 
presumably corresponds to the single, relatively symmetric Na environment in the perovskite-like structure. 
The NMR spectra collected on NaxFe2F7 cathode samples reveal significant structural changes upon cycling, 
with the appearance of a signal at –118 ppm consistent with the formation of NaFeF3. In line with the SXRD 
results, the fraction of NaFeF3 increases with cycling, as indicated by the gradual growth of the –118 ppm 
peak. The broader and low intensity signals in the ex situ spectra likely correspond to cubic and bihexagonal 
pyramidal Na environments in residual NaxFe2F7 domains, which can be differentiated using π/2 and π/6 
flip angle spin echo experiments as discussed previously. Additionally, 19F NMR data, shown in Figure 
S10, indicate a very minor NaF component in the ex situ samples. Integration of this signal suggests the 
presence of < 0.05 wt% of NaF in the total sample and thus this component is likely resulting from 
electrolyte decomposition56,57 rather than from the phase transformation process. 



Thus, our ex situ results show that our weberite cathode undergoes a phase transformation to NayFeF3 (0 ≤ 
y ≤ 1) upon cycling. Those findings agree well with the electrochemical results, as NayFeF3 is 
electrochemically active with very similar dQ/dV features and comparable experimental capacities (≈ 105 
mAh/g) as those observed on later cycles in Figure 5b.58,59 Further, the several kinks observed in the 
galvanostatic data during the first discharge process may indicate the beginning of this phase 
transformation, as shown with select single cycle dQ/dV plots in Figures S8c-f. As the dQ/dV curve 
evolves at least to the 20th cycle, the NaxFe2F7 to NayFeF3 phase transformation continues up to this point. 
The electrochemical behavior on later cycles suggests that little to no weberite phase is left after 20 cycles, 
and the capacity observed is mostly due to Na (de)intercalation from/into NayFeF3.  

Figure 6, Characterization of ex situ NaxFe2F7 cathode samples. a) SXRD patterns with corresponding Rietveld 
refinements (black, difference pattern in grey) and b) 23Na ss-NMR spin echo spectra obtained on carbon-coated 
Na2Fe2F7 (top), and on ex situ NaxFe2F7 samples collected after the 1st (middle) and 10th  (bottom) discharge. Spectra 
obtained with a π/2 excitation pulse are shown in grey, and those obtained with a π/6 excitation pulse are colored. The 
bottom 23Na ss-NMR spectrum was obtained on NaFeF3 using a π/2 pulse. The dashed line indicates the position of 
the NaFeF3 resonance. 

Based on the ternary phase diagram presented in Figure 1d, one would anticipate the as-synthesized 
Na2Fe2F7 weberite cathode to decompose into FeF2, NaFeF4, and Na3FeF6. However, the black, dotted tie-
line in the phase diagram represents the compositional evolution of the weberite at various stages of charge, 
clearly indicating that, on charge and discharge, thermodynamically-stable, perovskite-like NayFeF3 phases 
(including FeF3 and NaFeF3) become possible decomposition phases of the metastable weberite cathode, 
providing a potential explanation for the observed phase transformation. While thermodynamics are 
important to rationalize phase transformations, kinetics must also be taken into account. Kinetic 
considerations may provide further insights into the mechanism of the phase transformation. Here, the 
perovskite-type NayFeF3 and weberite NaxFe2F7 structures contain similar building blocks, likely facilitating 



the structural rearrangements. As previously mentioned, weberite NaxFe2F7 contains a 3D network of 
corner-sharing FeF6 octahedra, and 1D Fe2+F6 octahedral chains. NayFeF3 similarly contains corner-sharing 
Fe2+F6 octahedral chains, now connected in 3D, as it forms a perovskite-like structure with Na occupying 
lattice sites in-between the chains (Figure S9b). Thus, upon Na (de)intercalation from/into the weberite 
structure, rearrangement of the FeF6 octahedra may enable the weberite to perovskite phase transformation. 
Notably, Fe3+ possesses a high spin d5 electron configuration, hence no octahedral vs. tetrahedral site 
preference, and can easily migrate to nearby sites as has been observed in other Fe-containing cathode 
materials.60–63 Hence, the phase transformation is expected to be both kinetically facile and 
thermodynamically favored. Additional clues as to the onset and mechanism of the phase transformation 
come from the electrochemical, and ex situ SXRD and NMR analysis. First, the sharp and prominent dQ/dV 
feature observed at ~3.1 V during the first discharge process (Figure 5b) is tentatively attributed to the 
onset of the phase transformation, suggesting that this phase transformation initiates at a Na content x < 2 
in the weberite phase. Given that the only two Na-containing phases observed by 23Na NMR and SXRD in 
the discharged samples are the weberite and perovskite phases, and 19F NMR data further confirms a 
negligible amount of NaF in these samples, the Na content in the perovskite phase formed on discharge is 
presumably equal to that in the initial weberite phase. Hence, a possible reaction mechanism is NaxFe2F7 
à 2 Nax/2FeF3 + ½ F2(g), where F2(g) likely reacts with the electrolyte to form HF. In turn, HF formation 
during cycling could contribute to the rapid capacity decay. In fact, we have seen evidence of residues on 
the stainless steel plungers used in the Swagelok cells that are suggestive of corrosion. 

The phase transformation observed here appears to be dependent on the specific weberite variant 
composition and/or the electrode preparation method, as Park et al. observed only the weberite phase via 
ex situ XRD after the 1000th cycle.30 Regardless, the metastability and polymorphism of weberite 
compounds, exemplified here for Na2Fe2F7, are important considerations for the development and accurate 
evaluation of this class of cathode materials. 

Computational Investigation of the Electrochemical Properties of Na2Fe2F7 Weberite Variants 

To elucidate the influence of the weberite polymorph identity on the electrochemical performance of 
Na2Fe2F7, the thermodynamic stability of a series of NaxFe2F7 (0 ≤ x ≤ 3) compositions was evaluated from 
first principles for the 2O, 3T, and 4M variants. The three resulting convex hulls are overlaid in Figure 7a, 
which include various Na-vacancy orderings at intermediate NaxFe2F7 compositions, and polymorph-
specific Fe2F7 and Na3Fe2F7 end-member phases (additional computational details are provided in Note S3). 
To achieve compositions with x > 2, additional Na intercalation sites were identified within the 2O and 4M 
Na2Fe2F7 structures using bond valence sum mapping in the SoftBV software program,64–66 as these 
polymorphs do not contain any intrinsic Na vacancies. The coordinates of possible intercalation sites are 
listed in Table S11. For the 3T structure with two half-filled Na sites at x = 2, no additional intercalation 
sites needed to be considered. The three variants have very similar energetics within the 0 ≤ x ≤ 3 
compositional range (differing by no more than 30 meV/atom), with the 3T structure being most stable 
overall, followed by the 4M variant. Notably, the presence of many intermediate NaxFe2F7 compositions on 
the convex hulls (dashed lines), each with many Na-vacancy orderings within 10-20 meV/atom, suggests 
that all three weberite variants should undergo a solid solution mechanism leading to a sloped voltage 
profile (assuming that the weberite structure does not transform during cycling). 

From those results, equilibrium voltage curves were generated for the three variants using the Nernst 
equation below,67 where µ!" is the chemical potential of Na in NaxFe2F7, µ!"#  is the Na chemical potential 
in the reference anode, and e is the elementary charge: 



𝑉 =	−
µ!" − µ!"#

𝑒
 

Figure 7, First principles investigation of the Na (de)intercalation behavior of Na2Fe2F7 polymorphs. a) Calculated 
formation energies for 2O, 3T, and 4M NaxFe2F7 structures. The convex hull for each polymorph is shown as a dashed 
line. b) Predicted voltage curves for the three weberite polymorphs derived from the 0 K NaxFe2F7 formation energies 
shown in a). The GITT data from Figure 5d has been reproduced in black for comparison. 

Those equilibrium voltage curves are shown in Figure 7b along with the experimental Na2Fe2F7 GITT data 
reproduced from Figure 5d. The computed curves are only an approximation to the true voltage curves as 
they are obtained from the 0 K DFT energies of intermediate NaxFe2F7 phases, and as such neglect any 
temperature effects and assume that all intermediate phases have been correctly identified.67 Here, the step-
like voltage profiles obtained from first principles result from sampling over a small subset of intermediate 
NaxFe2F7 compositions and Na/vacancy orderings, whereas the smoother, finite-temperature experimental 
profile is the result of entropic effects that create disorder on the Na sublattice. Overall, the predicted voltage 
profiles of the three polymorphs are very similar, with average voltages of 3.46, 3.49, and 3.43 V between 
x = 1 to 2 and of 2.75, 2.63, and 2.7 V between x = 1 to 3 for the 2O, 3T, and 4M polymorphs. In addition, 
the predicted profiles align well with experimental results. Below x = 1, large overpotentials are observed 
in the GITT data, which our DFT results suggest is due to the high potentials (> 5.75 V) required for further 
Na extraction, well outside the electrochemical stability window of conventional carbonate electrolytes.68–

70 The high predicted potentials at the top of charge arise from a rather unstable fully deintercalated 
structure, which is likely partly due to the difficulty of oxidizing Fe past Fe3+.71,72 In fact, Fe4+ has never 
been observed in fluoride materials. Large overpotentials are also observed in the GITT data at the end of 
discharge (x > 2), although our calculations suggest that Na should be able to intercalate up to x = 3 within 
the potential range used in our experiments. Thus, Na intercalation past x = 2 appears to be kinetically 
hindered in our experiments, which may in part be due to the large volume expansion (upwards of 10%) 
predicted past x = 2 (as shown in Figure S11), or by the phase transformation to NaFeF3.  

Overall, our DFT calculations predict a very similar electrochemical behavior for the three weberite 
structural variants, suggesting that the different layer stackings do not have a significant influence on the 
range of stoichiometries accessible via Na (de)intercalation. While we did not investigate the Na-ion 
conduction behavior within each polymorph, the slight structural variations between 2O, 3T, and 4M 
NaxFe2F7 likely do not affect Na-ion transport drastically, especially considering that the Na polyhedral 



connectivity is largely retained in each structural variant and the slow cycling rate used here (C/20). 
However, a more detailed study of the Na-ion transport properties of the three weberite variants is 
warranted.  

While the origin of the very different electrochemical behaviors reported here and in Park et al.’s work30 is 
difficult to ascertain, particularly since we are unable to compare the Na2Fe2F7 polymorph ratios present in 
the starting cathodes due to the significant broadening of the diffraction patterns, we suspect that the 
different electrode preparation methods employed in the two studies play a large role, and kinetic limitations 
in our electrode films encourage a phase transformation to perovskite NayFeF3 to occur, rather than 
topotactic Na intercalation. Thus, to prevent transformation of the weberite phase, these kinetic limitations 
must be overcome and/or the weberite phase must be stabilized with respect to competing phases. 

 

Conclusions 

This work comprises an in-depth examination of the structure, phase stability, and electrochemical 
performance of the Na2Fe2F7 weberite cathode, using a combined experimental-computational approach. 
First principles calculations reveal that Na2Fe2F7 is metastable and highly prone to polymorphism, as 
confirmed by Rietveld analysis of the synchrotron XRD data collected on the pristine Na2Fe2F7 sample, 
indicating a mixture of the orthorhombic (2O), trigonal (3T), and monoclinic (4M) weberite polymorphs. 
Those results are consistent with the multiple Fe environments observed by 57Fe Mössbauer spectroscopy, 
as well as the cubic and bihexagonal pyramidal Na environments identified by 23Na solid-state NMR and 
first principles calculations of NMR parameters. The Na2Fe2F7 cathode exhibits an initial reversible 
capacity of 125 mAh/g, and a 60% capacity retention after 50 cycles. Contributing to the capacity fade is a 
transformation of the Na2Fe2F7 weberite phases to the NayFeF3 perovskite, as revealed via ex situ 
synchrotron XRD and 23Na solid-state NMR. A first principles investigation of the impact of polymorphism 
on the electrochemical performance reveals that the orthorhombic (2O), trigonal (3T), and monoclinic (4M) 
Na2Fe2F7 polymorphs should behave similarly, transferring up to 2 Na between Na1Fe2F7 to Na3Fe2F7 at an 
average voltage of 2.7 V. Thus, from a thermodynamic standpoint, the polymorphic makeup of the Na2Fe2F7 
weberite cathode does not have a strong impact on the electrochemical behavior, although future 
investigations of the Na-ion transport properties of the weberite variants are warranted. We suspect that the 
poorer electrochemical performance of our Na2Fe2F7 cathode compared to that reported in a previous study 
by Park et al. is largely due to differences in cathode film formulation and preparation methods. In this 
work, poorer overall kinetics hinder topotactic Na-ion (de)intercalation and favor a phase transformation 
reaction. Therefore, detailed reports regarding composite electrode preparation protocols and a careful 
analysis of the structure of weberite compounds are needed to assist the further development of this new 
class of Na-ion cathodes. 

 

Methods 

Material Synthesis –Na2Fe2F7 was prepared via a mechanochemical-assisted solid-state route, using a 
stoichiometric mixture of dried binary fluoride precursors: NaF (Sigma-Aldrich, 99.99%), FeF2 (Sigma-
Aldrich, 99%), and FeF3 (Sigma-Aldrich, 99.5%). All precursors and prepared materials were handled in 
an argon glovebox or else sealed under argon at all times as fluorides react readily with water to form 
hydrofluoric acid (HF). The precursors were hand-mixed and then 1 g of the powder was sealed in a 50 mL 
ZrO2 ball mill jar with five 10 mm and ten 5 mm ZrO2 balls and ball-milled at 400 rpm for 36 h to ensure 
homogenous mixing. The resultant powder was pelletized, annealed at 500°C for 30 min under an argon 



flow, and then immediately quenched. To prevent air and water exposure, the quench was performed by 
using a long alumina tube that was shifted horizontally in the tube furnace following the anneal such that 
the pellet was no longer within the heating element. Subsequently, the alumina tube surrounding the pellet 
was flushed with room temperature nitrogen gas for 10 min. The pellet was then hand ground and the 
resulting powder used for all further characterization. 

Material Characterization 

X-ray Diffraction – High-resolution synchrotron powder diffraction patterns were collected on Beamline 
11-BM at the Advanced Photon Source (APS), Argonne National Laboratory using an average wavelength 
of 0.458940 Å. Room temperature data were collected between 2θ of 0.5° and 50°. Resulting patterns were 
refined using first the Pawley method, to determine accurate peak shape fitting parameters, and then using 
the Rietveld method in TOPAS v7.73 Crystal structures were depicted using VESTA 3.74 

Scanning Electron Microscopy (SEM) – SEM images were obtained using a Thermo Fisher Apreo C 
LoVac SEM instrument with an accelerating voltage of 5 keV and current of 0.4 nA.  
57Fe Mössbauer Spectroscopy – Room temperature 57Fe Mössbauer spectroscopy was performed using a 
SEECo Model W304 resonant gamma-ray spectrometer (activity = 60 mCi +/- 10%, 57Co/Rh source) 
equipped with a Janis Research Model SVT-400 cryostat system. The source linewidth was < 0.12 mm s−1 
for the innermost lines of a 25 μm α-Fe foil standard. Isomer shifts were referred to α-Fe foil at room 
temperature. All samples consisted of 15 to 20 mg of material loaded into a plastic holder in an Ar glovebox, 
coated with oil, capped, and then measured under a positive flow of N2 at 305 K. The data were fit using 
MossA.75 

Inductively Coupled Plasma Mass Spectrometry – Bulk chemical compositions were determined via 
ICP (Agilent 5800 ICP-OES). Samples were dissolved in a solution consisting of a 10:1 (v:v) ratio of 70% 
HNO3 (Sigma-Aldrich) and concentrated HCl (Sigma-Aldrich). 
23Na Solid-State Nuclear Magnetic Resonance Spectroscopy (ssNMR) – 23Na ssNMR data were 
collected on the Na2Fe2F7 as-prepared and ex situ samples using a Bruker Avance 100 MHz (2.35 T) wide-
bore NMR spectrometer with Larmor frequencies of 26.48 MHz at room temperature. The data were 
obtained at 60 kHz magic-angle spinning (MAS) using a 1.3 mm double-resonance HX probe. 23Na NMR 
data were referenced against 1 M aqueous solutions of sodium chloride (NaCl, δ(23Na) = 0 ppm) and these 
samples were also used for pulse calibration. 23Na spin echo spectra were acquired on all samples using 
π/2-π-π/2 and π/6-π/3-π/6 pulse sequences to selectively excite less quadrupolar environments and equally 
excite all environments, respectively. The radiofrequency (RF) pulse lengths were 0.125 μs for π/6, 0.25 μs 
for π/3, 0.375 μs for π/2, and 0.75 μs for π at a power of 62.5 W. A recycle delay between 30 ms to 80 ms 
was used to with the exact value optimized for each sample to ensure the full 23Na signal was fully relaxed 
between pulses. 
19F Solid-State Nuclear Magnetic Resonance Spectroscopy (ssNMR) – 19F ssNMR data were collected 
on the Na2Fe2F7 ex situ samples using a Bruker Avance 100 MHz (2.35 T) wide-bore NMR spectrometer 
with Larmor frequencies of 94.08 MHz at room temperature. The data were obtained at 60 kHz magic-
angle spinning (MAS) using a 1.3 mm double-resonance HX probe. 19F NMR data were referenced against 
1 M aqueous solutions of sodium fluoride (NaF, δ(19F) = −118.14 ppm) and these samples were also used 
for pulse calibration. The radiofrequency (RF) pulse lengths were 0.35 μs for π/2, and 0.7 μs for π. A recycle 
delay of 60 s was used for each sample to ensure the full 19F signal was fully relaxed between pulses. 

Electrochemical Characterization – The as-synthesized Na2Fe2F7 materials were carbon-coated prior to 
electrochemical testing to form an electronically conductive carbon nanocomposite. The pristine materials 



were combined with carbon black (Super C65, MTI Corporation) in a 7:2 ratio along with three 10 mm and 
three 5 mm ZrO2 balls, in a 50 mL ZrO2 ball mill jar and ball-milled at 300 rpm for 24 h. The resultant 
carbon-coated materials were hand ground for 30 min with 10 wt.% polytetrafluoroethylene (PTFE, Sigma-
Aldrich), rolled into free-standing film electrodes, and punched into 6 mm disks with a loading density of 
10 mg cm−2. All electrochemical testing occurred in Swagelok-type cells against Na metal (Sigma) with a 
glass fiber separator (Whatman GF/D) using 200 μL of an in-house prepared electrolyte (< 20 ppm water 
content) of 1 M NaPF6 (Strem Chemicals, 99%) in propylene carbonate (PC, Sigma, 99.7%) with 2 vol% 
fluoroethylene carbonate (FEC, Sigma-Aldrich, ≥ 99%).  

Computational Details 

Phase Stability & Energetics – Density functional theory (DFT) calculations were performed using the 
Vienna ab initio Simulation Package (VASP).76–79 All VASP calculations used projector augmented wave 
(PAW)  pseudopotentials (Na pv, Fe, and F),80,81 a plane-wave energy cutoff of 520 eV, and the Perdew-
Burke-Ernzerhof (PBE) generalized-gradient approximation (GGA)82 functional with the Hubbard U 
correction.83 A U value of 4 eV was used for Fe  based on previous reports that have shown it to be broadly 
reliable for ionic solids.84,85  

All calculations were performed on a 1x1x1 cell of the NaxFe2F7 2O, 3T, and 4M structures. For structures 
containing partial occupation of Na sites, symmetrically unique Na-vacancy orderings were enumerated 
and ranked according to their Ewald sum energy as implemented in Pymatgen86 and only the three lowest 
energy structures considered. The structures were fully optimized (atomic positions and cell parameters), 
and the theoretical lattice parameters are compared to experimental values30,36,37 in Table S8. To obtain 
accurate final energies, all relaxations were followed by a final static calculation. The convergence criteria 
were set as 10−5 eV for total energy and 0.01 eV/Å for the interatomic forces. Gaussian smearing with a 
width of 0.05 eV was used. All calculations were spin polarized with ferromagnetic ordering assumed. For 
the 2O and 3T structures, the Brillouin zone was sampled with a 4x3x4 and 6x6x3 k-point grid while the 
4M structure used a reciprocal space discretization of 25 Å−1.  

Calculation of NMR Parameters – Spin-unrestricted hybrid density functional theory (DFT) / Hartree 
Fock (HF) calculations were performed using the CRYSTAL17 all-electron linear combination of atomic 
orbital code87 to determine 23Na NMR parameters for the Na2Fe2F7 2O, 3T, and 4M structures optimized in 
VASP, as described above, which were further relaxed in CRYSTAL. Two spin-polarized exchange-
correlation functionals based upon the B3LYP form,88–91 and with Fock exchange weights of F0 = 20% 
(B3LYP or H20) and 35% (H35), were chosen for their good performance regarding the prediction of the 
electronic structure and band gaps of transition metal compounds (B3LYP or H20),92,93 and for their 
accurate description of the magnetic properties of related compounds (H35).94–96 All-electron atom-centered 
basis sets comprising fixed contractions of Gaussian primitive functions were employed throughout. Two 
types of basis sets were used: a smaller basis set (BS-I) was employed for structural optimizations, and a 
larger basis set (BS-II) was used for computing 23Na NMR parameters which require an accurate description 
of the occupation of core-like electronic states. For BS-I, individual atomic sets are of the form 
(15s7p)/[1s3sp] for Na, (20s12p5d)/[1s4sp2d] for Fe, and (10s6p1d)/[4s3p1d] for F, where the values in 
parentheses denote the number of Gaussian primitives and the values in square brackets the contraction 
scheme. All BS-I sets were obtained from the CRYSTAL online repository and were unmodified from their 
previous use in a broad range of compounds.97 For BS-II, a flexible and extended TSDP-derived 
(11s7p)/[7s3p] set for Na, an Ahlrichs DZP-derived98 (13s9p5d)/[7s5p3d] set for Fe, and a modified IGLO-
III and (10s6p2d)/[6s5p2d] set for F.  



NMR parameters were computed on the fully optimized (atomic positions and cell parameters) Na2Fe2F7 
structures. All first principles structural optimizations were carried out in the ferromagnetic state on 1x1x1 
cells (containing 44, 66, and 176 atoms for 2O, 3T, and 4M Na2Fe2F7, respectively), after removal of all 
symmetry constraints and using the H20 and H35 hybrid functionals. Structural optimizations were pursued 
using the quasi-Newton algorithm with root-mean-square (RMS) convergence tolerances of 10−7, 0.0003, 
and 0.0012 a.u. for total energy, RMS force, and RMS displacement, respectively. Tolerances for maximum 
force and displacement components were set to 1.5 times the respective RMS values. Sufficient 
convergence in total energies and spin densities was obtained by application of integral series truncation 
thresholds of 10−7, 10−7, 10−7, 10−7, and 10−14 for Coulomb overlap and penetration, exchange overlap, and 
g- and n-series exchange penetration, respectively as defined in the CRYSTAL17 documentation.97 The 
final total energies and spin and charge distributions were obtained in the absence of any spin and 
eigenvalue constraints. NMR parameters were obtained on ferromagnetically aligned 2x1x2, 1x1x1, and 
1x1x1 cells for 2O, 3T, and 4M Na2Fe2F7, respectively, and on cells where one Fe spin was flipped using 
BS-II sets and a method described by Middlemiss et al.99 Anisotropic Monkhorst-Pack reciprocal space 
meshes100 with shrinking factors of 9 6 9 for 2O, 9 9 4 for 3T, and 9 6 3 for 4M were used throughout.  
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