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Abstract 

Of the few weberite-type Na-ion cathodes explored to date, Na₂Fe₂F₇ exhibits the best performance, with 

capacities up to 184 mAh/g and energy densities up to 550 Wh/kg reported for this material. However, the 

development of robust structure-property relationships for this material is complicated by its tendency to 

form as a mixture of metastable polymorphs, and transform to a lower-energy NayFeF3 perovskite 

compound during electrochemical cycling. Our first principles-guided exploration of Fe-based weberite 

solid solutions with redox-inactive Mg2+ and Al3+ predicts an enhanced thermodynamic stability of 

Na2MgxFe2−x F7 as the Mg content is increased, and the x = 0.125 composition is selected for further 

exploration. We demonstrate that the monoclinic polymorph (space group C2/c) of Na2Fe2F7 (Mg0) and of 

a new Mg-substituted weberite composition, Na2Mg0.125Fe1.875F7 (Mg0.125), can be isolated using an 

optimized synthesis protocol. The impact of Mg substitution on the stability of the weberite phase during 

electrochemical cycling, and on the extent and rate of Na (de)intercalation, is examined. Irrespective of the 

Mg content, we find that the weberite phase is retained when cycling over a narrow voltage window (2.8–

4.0 V vs. Na/Na+). Over a wider voltage range (1.9–4.0 V), Mg0 shows steady capacity fade due to its 

transformation to the NayFeF₃ perovskite phase, while Mg0.125 displays more reversible cycling and a 

reduced phase transformation. Yet, Mg incorporation also leads to kinetically limited Na extraction, and a 

reduced overall capacity. These findings highlight the need for the continued compositional optimization 

of weberite cathodes to improve their structural stability while maximizing their energy density.  
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Introduction 

Rechargeable batteries have become a central component of modern life, powering devices and enabling 

the transition to carbon-free energy sources through the electrification of transportation and grid-scale 

energy storage systems. While lithium-ion batteries (LIBs) have largely formed the basis for such 

applications,1–5 growing concerns about the availability, cost, and geographic concentration of elements 

critical for the cathodes in these systems, namely lithium (Li), nickel (Ni), and cobalt (Co),6–9 have 

motivated the development of sustainable and cost-effective alternative chemistries with energy densities 

on par with those offered by LIBs.  

Sodium ion batteries (SIBs) are the most developed ‘beyond lithium’ battery technology, and benefit from 

the higher natural abundance, ease and sustainability of resource extraction, and thus lower cost of sodium 

(Na) as compared to Li.8,10 Rapid improvements in the energy density and capacity of SIBs over the past 

decade have enabled the commercialization of the first generation of SIBs with gravimetric energy densities 

of up to 160 Wh/kg (approaching the energy density of industry-standard LiFePO4-based cells),11,12 with 

applications in grid-scale energy storage,13,14 moderate-range electric vehicles,15,16 and as replacements for 

lead-acid batteries.11 Yet, the capacity and energy density of SIBs still lags behind that of state-of-the-art 

Li cells powered by LiNi0.8Mn0.1Co0.1O2 (NMC811) or LiNi0.8Co0.15Al0.05O2 (NCA) cathodes. The 

development of energy-dense and high-powered SIBs hinges largely on improving the performance of the 

cathode material. Further, the replacement of expensive and environmentally- and ethically-fraught 

elements, such as Ni and Co, by earth abundant transition metals, such as iron (Fe) and manganese (Mn), 

in the cathode material is key to further reducing the cost and environmental impact of SIBs. Layered 

NaMO2 (M = Fe, Mn) cathodes17–20 have demonstrated high capacities and energy densities but suffer from 

capacity fade related to partially irreversible layer glide phase transitions,17,18,21 with further structural 

degradation stemming from transition metal migration,22,23 strain-inducing Jahn-Teller distortions,24,25 

transition metal dissolution, and oxygen loss.26 In contrast, Fe- and Mn-based polyanionic compounds 

(NaMPO4, Na2MP2O7, Na2M(SO4)3 M = Fe, Mn) exhibit excellent structural stability from the presence of 

strong covalent P-O and S-O bonds, resulting in good cycling stability, but low energy densities due to the 

bulky and heavy polyanions.27–31 Clearly, further work is needed to identify a Na-ion cathode material 

satisfying all of the performance, sustainability, and cost criteria mentioned above.  

A potential strategy for improving the energy density of SIBs is through bulk fluorine (F) incorporation; as 

the most electronegative element, incorporation of F acts to raise the operating potential of the cathode via 

the inductive effect.32–35 While polyanions can also lead to a strong inductive effect, and thus high 

potentials, the significantly lower molecular weight of F is advantageous with regard to the specific capacity 

and gravimetric energy density. While F has been previously incorporated into oxide-33,36,37 and polyanion-

based cathodes,35,38–40 few pure fluorides have been identified as intercalation-type cathodes. In fact, the 

limited electronic and ionic conductivity of fluoride compounds often results in conversion reactions during 

electrochemical cycling,41–43 with poor reversibility, and/or sluggish reaction kinetics.32,44 Poor electronic 

conduction can be alleviated by the addition of conductive carbons (either by carbon-coating or mixing-

based methods), particle downsizing, and electrode nanostructuring.45–47 Further, to promote reversible and 

structure-preserving Na (de)intercalation processes, open-framework fluoride structures with fast Na-

transport pathways must be identified. 

Recently, weberite-type sodium metal fluorides have emerged as potential Na-ion intercalation cathodes. 

The weberite structure, with general formula A2B2X7, can be described as an anion-deficient fluorite. The 

anion deficiency results in a decrease in the coordination number of the B cations, from 8-coordinate in a 

regular fluorite to 6-coordinate, greatly expanding the possible range of species occupying those sites, while 

the A cations remain 8-fold coordinated (Figure S1). In the case of weberite Na-ion cathodes with chemical 
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formula Na2M2+M′3+F7, at least one of the M and M′ species occupying the B sites is redox active. The 

relatively low-density, open-framework weberite structure, and the presence of three-dimensionally 

connected Na-ion channels in Na2MM′F7 compounds, hold promise for facile Na-ion diffusion and 

topotactic Na-ion (de)intercalation. Assuming the reversible removal and reinsertion of two Na ions per 

formula unit on charge and discharge, a computational study of Na2MM′F7 cathodes by Euchner et al.48 

predicted theoretical energy densities higher than that of any known Na-ion intercalation cathode (ca. 600–

800 Wh/kg), and comparable to those of state-of-the-art Li-ion NMC or NCA cathodes. In addition, low 

activation energy barriers were obtained from first principles, confirming facile Na-ion diffusion through 

the large and interconnected channels.48 So far, Na2Fe2F7,
49–52 Na2TiFeF7,

53 Na2MVF7 (M = Mn, Fe, Co),54 

have been tested as Na-ion cathodes.  

To date, the weberite cathode with the best performance metrics is Na2Fe2F7, for which a range of crystal 

structures and electrochemical behaviors have been reported.49–51,55–57 Orthorhombic Imma,49,55,56 trigonal 

P3121,50 and monoclinic C2/c57 crystal structures have been observed, which differ in the stacking of their 

Kagomé-like close-packed cation layers (Figure S1). These polymorphs are referred to as 2O (Imma), 3T 

(P3121), and 4M (C2/c) respectively, a nomenclature system that conveys the number of cation slabs per 

repeating unit (2, 3, or 4), and the symmetry of the structure (O, T, or M). In our recent work, we showed, 

using first principles calculations, that the 2O, 3T, and 4M polymorphs are all metastable and within 5 

meV/atom from one another for Na2Fe2F,51 and in fact this compound could only be prepared as a mixture 

of the different polymorphs, with potential implications for the electrochemical performance.51 We note 

that most other reports on this cathode mateial49,50,55–57 have lacked the high-resolution XRD data necessary 

to provide a detailed account of its polymorphic makeup, complicating the establishment of structure-

property relationships. 

Regarding the electrochemical performance of Na2Fe2F7, Park et al. reported a remarkable initial capacity 

of 184 mAh/g at C/20, approaching the theoretical limit assuming the exchange of two Na ions per formula 

unit, and good rate performance with 77% of the slow-rate capacity retained at 5C.50 In full cells, Na2Fe2F7 

exhibited outstanding cycle stability, maintaining 88.3% of the initial capacity (118 mAh/g) after 1000 

cycles at a rate of 2C.50 In contrast, other studies, including work by Dey et al. and our own, revealed more 

modest electrochemical performance for this material.49,51 We found that Na2Fe2F7 exhibits an initial 

reversible capacity of 125 mAh/g when cycled between 1.5 and 4.3 V vs. Na/Na+, 60% capacity retention 

after 50 cycles at C/20, and a substantial capacity drop-off at higher than C/5 rates.51 We hypothesized that 

the discrepancy between the various reports could be due to different electrode formulations and processing 

strategies, as these parameters have been found to greatly influence the performance of strongly 

electronically insulating electrodes.47,51,58–62 Notably, our NaxFe2F7 cathode underwent a transformation to 

a lower-capacity perovskite NayFeF3 phase during electrochemical cycling,51 which likely accounts for the 

capacity fade observed in this system together with HF  evolution. Clearly, the development of single-phase 

weberite compounds that are stable over a wide range of Na compositions is necessary to develop more 

robust structure-property relationships for this class of cathodes and improve their cyclability.  

To improve the stability of the weberite Na2Fe2F7 cathode in the pristine state, we focus our attention on 

partial substitution of Fe2+ and Fe3+ for redox-inactive Mg2+ and Al3+, respectively, as the weberite structure 

can readily accommodate both, as shown by the naturally occurring weberite mineral Na2MgAlF7. Selection 

of promising weberite compositions for the present study was informed by first principles density functional 

theory (DFT) calculations of the phase stability of the resulting solid solutions. The results, obtained for 

Na2MgxFe2–xF7 and Na2Fe2–xAlxF7 compositions with x = 0.000, 0.125, 0.250, 0.500, 0.750, and 1.000, are 

presented in Figures 1 and S2. To compare the stability of various weberite compositions, decomposition 

energies were determined by first calculating the energies of all relevant binary or ternary fluoride phases, 
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enumerating all possible decomposition pathways starting from the relevant weberite composition, using 

the DFT-obtained energies to calculate the energy of each pathway, and taking the higher reaction energy 

as the decomposition energy. Here, a positive decomposition energy indicates an unstable or metastable 

weberite phase, while a negative decomposition energy indicates a thermodynamically stable weberite 

phase. More details on the computation of the decomposition energy are provided in the methods section 

and in Tables S1 and S2. Overall, the incorporation of Mg2+ stabilizes the weberite structure, with a 20 

meV/atom decrease in decomposition energy from x = 0 to x = 1 (Figure 1a), while Al3+ incorporation 

results in a less stable structure with a 40 meV/atom increase in decomposition energy from x = 0 to x = 1 

(Figure S2b). This predicted enhanced thermodynamic stability motivates a detailed exploration of Mg 

incorporation into Na2Fe2F7. All Mg-based compositions with x < 1 are predicted to be metastable, with a 

slightly positive decomposition energy (< 20 meV/atom). Nevertheless, we are able to synthesize the entire 

range of Na2MgxFe2–xF7 compositions, with synchrotron XRD patterns collected on the as-prepared x = 0.5 

and x = 1 compositions shown in Figure S3 (with refinement details in Table S3). Given the need for a 

high redox-active Fe content for practical Na-ion battery applications, and the predicted enhanced stability 

upon incorporation of Mg into the structure, we hereafter narrow the focus of our efforts to Na2Fe2F7 (x = 

0) and Na2Mg0.125Fe1.875FeF7 (x = 0.125). The 2O, 3T, and 4M weberite polymorphs are predicted to be very 

similar in energy (within 5 meV/atom) for these two weberite compositions (Figure 1b), in agreement with 

our previous results for the all-Fe system.51  

 

   
 

Figure 1. Impact of Mg substitution on the stability of the Na2Fe2F7 weberite. Ab initio decomposition energies 

for the most favorable decomposition pathway, Na2MgxFe2–xF7 → xMgF2 + (1–x)FeF2 + 1/2 NaFeF4 + 1/2 Na3FeF6 

for (a) the highest symmetry (and least computationally expensive) 2O weberite polymorph at x = 0, 0.125, 0.5, 

0.75, 1, and (b) the 2O, 3T, and 4M polymorphs at x = 0.000 (brown) and x = 0.125 (teal). The open circle represents 

an average value between the lowest energy 3T structures at x = 0.083 and x = 0.167 as the unit cell for the x = 

0.125 stoichiometry was prohibitively large (216 atoms) for DFT calculations. A positive decomposition energy 

indicates an unstable or metastable weberite phase, while a negative decomposition energy indicates a 

thermodynamically stable weberite phase. The r2SCAN exchange-correlation functional63 and Hubbard U 

parameter of 5.4 eV64 were used throughout, although similar trends in phase stability were obtained using different 

computational parameters (Figure S2).  
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The goal of the present work is to understand the impact of Mg substitution on the structural and 

electrochemical properties of the Na2Fe2F7 weberite cathode. For this, we compare Na2Fe2F7 (x = 0) with 

Na2Mg0.125Fe1.875FeF7 (x = 0.125), hereafter referred to as Mg0 and Mg0.125, respectively. Following 

optimization of the synthesis conditions, we successfully isolate the 4M weberite polymorph for both 

compositions, as confirmed by synchrotron X-ray diffraction (SXRD) and 23Na solid-state nuclear magnetic 

resonance (ss-NMR). Results from electrochemical testing of these cathodes in Na half-cells indicate that 

the incorporation of Mg into the weberite structure reduces the initial capacity (92 mAh/g for Mg0 vs. 72 

mAh/g for Mg0.125), but improves the cycling stability over the 1.9–4.0 V voltage range (69% capacity 

retention for Mg0 vs. 82% for Mg0.125 after 50 cycles) by reducing the extent to which the weberite phase 

transforms to a perovskite phase upon cycling. The phase transformation can be eliminated by limiting the 

cycling voltage range to 2.8–4.0 V. Despite its improved stability during cycling, Mg0.125 exhibits a 

significantly lower (22% lower) capacity than Mg0 over the two voltage windows tested here, due to kinetic 

limitations associated with Na extraction at high voltages. 

 

Results  

Structural Characterization of as-prepared and carbon-coated cathode powders  

The predicted metastability and polymorphism of weberite Na2Fe2F7 (Mg0) and Na2Mg0.125Fe1.875FeF7 

(Mg0.125) compounds (Figure 1b) demands careful characterization of the as-prepared and processed 

(carbon-coated) materials using long-range and local structure probes. We began by studying the effects of 

the annealing temperature on the phase purity and polymorphic content of the Mg0 and Mg0.125 samples. 

Both compositions were prepared using an initial mechanochemical milling step (Figure S4), then 

annealing the pelletized product at either 425°C, 500°C, 575°C, or 650°C for 30 minutes, adapting a 

protocol developed for Mg0.51 The anneal was followed by a rapid quench. The SXRD patterns obtained 

on the as-prepared samples are shown in Figure S5. Rietveld refinements of the data collected on Mg0 and 

Mg0.125 samples annealed at 650°C are shown in Figure 2 (detailed refinement parameters are listed in 

Tables S4–S6), while the refinements of the data obtained for samples annealed at the other temperatures 

are shown in Figures S6–S7. The refinement results indicate the presence of a single, 4M weberite 

polymorph in all the as-synthesized samples, along with 5–10 wt.% of an Na3FeF6 impurity (Table S7).  

A more detailed analysis of the SXRD data obtained for each annealing temperature provides insight into 

the formation of the Mg0 and Mg0.125 crystalline structures. The SXRD patterns obtained on samples 

annealed at 425°C or 500°C exhibit broad peaks, indicating low crystallinity. We note that the quality of 

the diffraction patterns of the low temperature anneals could potentially obscure the presence of other 

weberite polymorphs, but a structural model containing a single 4M polymorph provides a satisfactory fit 

of the data, which is not significantly improved upon inclusion of additional weberite phases in the model 

(Figures S8–9, Table S8). Upon annealing to 575°C, significantly sharper diffraction peaks are observed, 

with the SXRD pattern obtained on the Mg0.125 sample exhibiting three clear diffraction peaks in the Q 

range of 2.04–2.12 Å-1 corresponding to reflections associated with the (008), (222), and (404̅) planes and 

characteristic of the 4M weberite polymorph. In contrast, those same diffraction peaks are somewhat 

broadened and overlapping in the SXRD pattern collected on the Mg0 sample annealed at 575°C (Figure 

S5). By 650°C, the SXRD patterns obtained on both Mg0 and Mg0.125, and corresponding Rietveld 

refinements are consistent with the presence of a single 4M weberite polymorph. Refinements of the SXRD 

patterns collected on the Mg0.125 sample annealed at 650°C where no Mg is included in the structural 

model or when Mg²⁺ is placed on the Fe³⁺ site yield similar fits to the predicted structural model where Mg²⁺ 

is incorporated on the Fe²⁺ site (Figure S10 and Table S9). Despite uncertainty about the exact location of 
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Mg²⁺ within the Mg0.125 structure, the relative shift of the weberite peaks in the SXRD patterns collected 

on Mg0 and Mg0.125 arise from differences in lattice parameters for these compositions (Figure S11), 

suggesting successful incorporation of Mg into the weberite structure. 

 

 
Figure 2. Synchrotron XRD characterization of as-prepared Na2Fe2F7 (Mg0) and Na2Mg0.125Fe1.875F7 

(Mg0.125) annealed at 650°C. Synchrotron XRD patterns of as-prepared (a) Mg0 and (b) Mg0.125 with 

corresponding Rietveld refinements (Mg0: χ2 = 0.29, RWP = 3.73 and Mg0.125: χ2 = 0.31, RWP = 4.17). The insets 

show the main weberite peaks in the Q range of 2.04–2.12 Å-1. 

 

Scanning electron microscopy (SEM) images of the as-synthesized powders (Figure S12) reveal that the 

Mg0.125 samples exhibit larger particle sizes at lower anneal temperatures than the Mg0 samples, thus Mg 

appears to improve crystallinity at intermediate anneal temperatures. Given that the samples annealed at 

650°C showed the highest crystallinity, similar particle sizes, a low impurity content, and the best 

performance in our preliminary electrochemical tests, these were selected for the remainder of the study. 

To prepare free-standing cathode films for electrochemical testing, carbon (C)-coated Mg0 and Mg0.125 

powders were prepared by ball milling the as-prepared weberite powder for 12 h at 300 rpm with carbon 

black (Super P) and multiwalled carbon nanotubes (MWCNT) in a 70:15:5 (weberite : Super P : MWCNT) 

ratio by weight. SXRD patterns collected on the carbon (C)-coated Mg0 and Mg0.125 indicate that the 

weberite phase is largely retained upon carbon coating, with the weberite peaks still present and minimal 

change in the impurity content of the samples (Figure S13 and Table S10). As the carbon coating process 
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leads to significant particle downsizing and broadening of the diffraction peaks, it introduces some 

uncertainty in the polymorphic content of the resulting carbon-coated samples. We therefore combined our 

SXRD analysis of the long-range crystal structure with 23Na/19F solid-state nuclear magnetic resonance (ss-

NMR) and 57Fe Mössbauer spectroscopy to monitor changes in the local structure around Na, F, and Fe 

species. 

The 23Na and 19F ss-NMR spin echo spectra collected on the pristine and C-coated Mg0 and Mg0.125 

samples are shown in Figures 3 and S14, respectively. As Mg0 and Mg0.125 contain open-shell, redox-

active Fe2+/Fe3+ species, the 23Na and 19F ss-NMR spectra are dominated by strong electron-nuclear 

hyperfine (paramagnetic) interactions, leading to significant NMR line broadening and large-magnitude 

chemical shifts. Additionally, 23Na is a quadrupolar nucleus (I = 3/2) and quadrupolar interactions 

contribute further line broadening and, at these low fields, to an additional, second-order quadrupole-

induced shift of the observed resonances. The presence of multiple Na local environments in the samples 

results in significant signal overlap in the range from 600 to –400 ppm (Figure 3). The spectra can be fit 

using two resonances, which we tentatively attribute to Na in cubic and bihexagonal pyramidal sites in the 

weberite structure based on our previously-reported first principles NMR parameters obtained for 

Na2Fe2F7.
51 Fits of the spectra collected before and after C-coating (Figure S15 and Table S11) reveal only 

limited changes in the quadrupolar parameters (ηQ and CQ) and line broadening, indicating that the local 

structure around Na is largely unchanged during the ball milling process. In fact, the observed spectral 

changes likely stem from increased local strain/disorder induced by the carbon coating process, and a 

greater distribution of Na local environments, with little change to the long-range weberite structure. 

Analysis of the 19F ss-NMR and 57Fe Mössbauer spectra (Figures S16–18 and Tables S12–14) also indicate 

minor changes in the distribution of F and Fe local environments in the samples upon carbon coating, with 

a more detailed interpretation of these results provided in Supplementary Notes 1 and 2. 

 
Figure 3. 23Na ss-NMR characterization of as-prepared and carbon-coated Mg0 and Mg0.125 samples. 23Na ss-

NMR spin-echo spectra collected on as-prepared and carbon-coated Mg0 and Mg0.125 powder samples. Spectra 

were acquired at 2.35 T with a magic angle spinning (MAS) speed of 60 kHz using π/6 excitation pulses and a 20 

ms recycle delay. Spectra were scaled by the number of scans taken and the sample mass.  
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Overall, using SXRD, we have confirmed the successful synthesis of single-polymorph (4M) Na2Fe2F7 and 

Na2Mg0.125Fe1.875F7, with a minor (5–10 wt.%) Na3FeF6 impurity. The retention of the 4M structure upon 

electrode processing using ball milling is confirmed via 23Na and 19F ss-NMR and 57Fe Mössbauer 

spectroscopy.  

Impact of Mg substitution on the electrochemical behavior of the Na2Fe2F7 cathode 

Mg0 and Mg0.125 cathodes were tested in Na half cells to determine the impact of Mg substitution on the 

electrochemical behavior of Na2Fe2F7. For this, free standing cathode films were prepared by combining 

the carbon-coated weberite and polytetrafluoroethylene (PTFE) in a 90:10 ratio by weight. Unless indicated 

otherwise, the cathodes were cycled galvanostatically at a rate of C/20 (full (dis)charge in 20 h, assuming 

two Na ions are transferred per formula unit and no parasitic side reactions), starting with a charge to 4.0 V 

vs. Na+/Na.  

To assess the impact of the cycling voltage window on the stability of the weberite structure, we compared 

electrochemical results obtained over the 2.8–4.0 V and 1.9–4.0 V ranges, respectively (Figure 4). The 

shapes of the first cycle voltage profiles and dQ/dV curves of Mg0 and Mg0.125 are similar, apart from the 

features near 2.4 V and 3.8 V on charge (2.1 V and 3.7 V on discharge) only present in the Mg0 data 

(Figure S19). The loss of these redox features at least partly accounts for the lower initial reversible 

capacity of Mg0.125 (72 and 45 mAh/g when discharging to 1.9 and 2.8 V, respectively) compared to Mg0 

(92 and 58 mAh/g).  

 
Figure 4. Electrochemical properties of Mg0 and Mg0.125. Galvanostatic charge-discharge curves, and resulting 

differential capacity plots recorded at C/20 over the first 50 cycles for Mg0 cycled between (a, b) 1.9 and 4.0 V, 

and between (e, f) 2.8 and 4.0 V, and for Mg0.125 cycled between (c, d) 1.9 and 4.0 V, and between (g, h) 2.8 and 

4.0 V at 25°C. All cells exhibit coulombic efficiencies greater than 98% by cycle 10, enabled by the use of an ultra-

dry (< 20 ppm of H2O) electrolyte. In contrast, cells prepared with an electrolyte containing small amounts of water 

exhibit lower coulombic efficiencies of around 85%, as shown in Figure S20. 

 

When limiting the cycling window to 2.8–4.0 V, the dQ/dV profiles of Mg0 and Mg0.125 do not evolve 

significantly upon extended cycling (detailed analysis in Figures S21 and S22). In contrast, when Mg0 is 
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cycled between 1.9 and 4.0 V, we observe significant evolution of the dQ/dV curves (Figure S23), namely 

the fade of the weberite redox peaks at 3.80 and 3.35 V on charge, and at 3.75 and 3.25 V on discharge, 

and the growth of new redox peaks at 3.50 and 3.10 V on charge, and 2.90 V on discharge, first appearing 

between cycles 5 and 10. We assign these new dQ/dV peaks to redox processes in a new NayFeF3 perovskite 

phase that emerges upon cycling, based on previous electrochemical studies of this material,65,66 and based 

on our previous ex situ XRD and ss-NMR work indicating a gradual transformation of the weberite 

NaxFe2F7 cathode to perovskite NayFeF3 upon cycling. While the evolution of the Mg0.125 dQ/dV profile 

upon cycling between 1.9 and 4.0 V suggests some amount of transformation to a perovskite phase 

analogous to NayFeF3, first apparent between cycles 5 and 10, and stabilizing by cycle 15 (Figure S24), the 

redox peaks of the weberite phase are much better retained than in the case of Mg0. Nevertheless, the low 

voltage redox features initially observed in the dQ/dV curves of the two cathodes steadily fade upon 

extended cycling over the large voltage window, indicating a common degradation mechanism preventing 

the (de)intercalation of some Na sites in the weberite structure. 

The absolute discharge capacity and capacity retention (in %) of Mg0 and Mg0.125 are plotted for the first 

50 cycles in Figures 5a and 5b, respectively. When using a narrow voltage window (2.8–4.0 V), the two 

cathodes exhibit improved reversibility, with 79% and 85% discharge capacity retention after 50 cycles. 

When Mg0 is cycled between 1.9 and 4.0 V, larger initial discharge capacities are observed, as mentioned 

earlier, but this is accompanied by significant capacity fade, with only 69% capacity retention over 50 

cycles. While Mg0.125 exhibits lower initial discharge capacities than Mg0, the cycling stability relative to 

Mg0 is significantly improved, with 82% retention of the initial discharge capacity over 50 cycles. Those 

results are consistent with the gradual transformation of Mg0 to NayFeF3 over the 50 cycles, and the better 

preservation of the weberite structure and of its redox properties for Mg0.125. 
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Figure 5. Evolution of various electrochemical performance metrics of Mg0 and Mg0.125 over the first 50 cycles. 

(a) Absolute discharge capacity, (b) capacity retention (in %), (c) average voltage, (d) and voltage hysteresis 

observed during the first 50 cycles at a rate of C/20 and at 25°C for Mg0 and Mg0.125 and using the 2.8–4.0 V and 

1.9–4.0 V voltage windows. The shaded regions delineate the range of values obtained at each cycle for duplicate 

cells, with the symbols representing the average value. 

 

The average discharge voltage and voltage hysteresis over the first 50 cycles are plotted as a function of 

cycle number in Figures 5c and 5d for Mg0 and Mg0.125 cycled over both voltage windows. Increasing 

the lower voltage cutoff from 1.9 V to 2.8 V reduces the 10th cycle average discharge voltage from 3.29 V 

to 3.20 V for the narrower voltage window (2.8–4.0 V), and from 3.02 to 2.94 V for the wider voltage 

window (1.9–4.0 V) for Mg0 and Mg0.125 respectively. Importantly, the average discharge voltage for 

Mg0.125 is generally lower than that of Mg0, which can be accounted for by the loss of the high voltage 

plateau in the Mg0.125 voltage profile. Additionally, Mg0.125 exhibits a higher voltage hysteresis than 

Mg0, of 0.30 V compared to 0.24 V (0.17 V compared to 0.12 V) on the 10th cycle when using a large 

(small) voltage window. The reduced capacity at high voltages, and larger voltage hysteresis observed for 

Mg0.125 suggest that Mg substitution hinders Na extraction at high potentials.  
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To investigate the potential kinetic limitations induced upon Mg incorporation, we cycled Mg0 and 

Mg0.125 at elevated temperature (50°C) and over the wider (1.9–4.0 V) and narrower (2.8–4.0 V) voltage 

windows (Figures S26–S23). Overall, the initial capacities are increased at 50°C, reaching 122 and 96 

mAh/g for the larger voltage window, and 70 and 56 mAh/g for the narrower voltage window, for Mg0 and 

Mg0.125, respectively. However, worse capacity fade and a more rapid evolution of the dQ/dV profiles is 

observed over time, which is presumably a manifestation of the underlying transformation to NayFeF3 and 

is consistent with battery fade mechanisms accelerating at elevated temperature. Mg0.125 still exhibits a 

lower capacity than Mg0, but enhanced capacity retention, particularly when using the wider voltage 

window. Mg0.125 exhibits a 21% lower discharge capacity relative to Mg0 when cycling over the 2.8–

4.0 V range, and a 20% lower discharge capacity when cycling over the 1.9–4.0 V range at 50°C. These 

differences between the two cathodes are only slightly lower than at 25°C, where a 22% reduction in 

discharge capacity is observed for Mg0.125. While the capacity limitations in Mg0.125 appear to be kinetic 

in nature, they are not overcome at 50°C. In contrast, the voltage hysteresis of the Mg-substituted cathode 

is reduced at 50°C, whereas that of the all-Fe compound remains approximately the same. As a result, the 

difference in voltage hysteresis between the two cathodes is much reduced at elevated temperatures, 

suggesting that these differences are dominated by kinetics (Figure S26). This is accompanied by a 

narrowing of the difference between the average discharge potentials of Mg0.125 and Mg0.  

To gain further insights into the kinetics of the Na (de)intercalation processes, galvanostatic intermittent 

titration technique (GITT) tests were performed on the cathodes at 25°C and 50°C over the 1.9–4.0 V 

voltage range (Figure 6). Large overpotentials are observed at the voltage extrema (particularly pronounced 

at low voltages), which decrease at elevated temperature, as expected. The overpotentials observed for 

Mg0.125 are larger than for Mg0 across the entire voltage range at room temperature, and are particularly 

large at high voltages (0.28 V for Mg0.125, and 0.18 V for Mg0 at 3.9 V). Furthermore, the overpotential 

of the Mg0.125 cathode cycled at 50°C becomes similar to that of the Mg0 cathode, again suggesting kinetic 

limitations to Na extraction/reinsertion in the Mg-substituted cathode that are partially overcome at elevated 

temperatures. 
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Figure 6. GITT data obtained during the second charge-discharge cycle where 30 min C/20 current pulses were 

applied before a 2 h rest period between 1.9 and 4.0 V at 25°C and 50°C, for (a) Mg0 and (b) Mg0.125. The 

measured overpotentials are plotted a function of (c) charge and (d) discharge voltages for the two cathodes and at 

both temperatures, where these voltages are the voltages achieved before the relaxation step. Active material 

loadings were 2.9 mg/cm² for the 50°C cells and 2.6 mg/cm² for the 25°C cells for both compositions. 

 

The rate performance of Mg0 and Mg0.125 was also tested over the narrower 2.8–4.0 V voltage range at 

25°C to eliminate the large overpotentials at low voltages revealed by GITT. For Mg0, 78% of the initial 

capacity at C/20 is retained at C/5, which quickly falls off as the rate is increased to 1C and beyond. 

Mg0.125 displays worse rate performance, with only 62% capacity retention at C/5, which also quickly 

falls off at higher rates (Figure 7). This indicates that Na (de)intercalation is kinetically limited in both 

systems, but more severely limited in Mg0.125.  
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Figure 7. Charge and discharge capacities and capacity retention obtained over 5 galvanostatic cycles (for a total 

of 35 cycles) at cycling rates of C/20, C/10, C/5, 1C, 2C, 5C, and C/20 in the voltage range 2.8 to 4.0 V at 25°C. 

 

Thus, while Mg0.125 demonstrates improved cycling stability relative to Mg0, its reduced capacity is due 

to kinetically limited Na (de)intercalation. 

 

Discussion 

The results presented herein demonstrate the synthesis of a single 4M polymorph (space group C2/c) of the 

Na2Fe2F7 (Mg0) and Na2Mg0.125Fe1.875F7 (Mg0.125) weberites, and provide a detailed account of these 

materials’ structural and electrochemical properties. Notably, the preparation of single-polymorph 

weberites contrasts with our previous work, where the coexistence of 2O, 3T, and 4M polymorphs was 

observed in Mg0 samples.51 We hypothesize that this discrepancy is due to the faster quenching step 

employed herein, enabling more effective stabilization of the 4M polymorph. Additionally, the stabilization 

of the 4M polymorph goes counter to our DFT predictions suggesting a lower energy 3T polymorph for 

both Mg0 and Mg0.125, but this may be explained by the very small difference in decomposition energy 

(< 5 meV/at) between these polymorphs. Since our 0 K DFT calculations only consider the enthalpy of 

these systems, it is possible that the lower symmetry 4M polymorph is entropically or kinetically stabilized 

at the relevant annealing temperatures. 

Electrochemical testing using a 4.0 V upper cutoff voltage reveals that increasing the lower voltage cutoff 

from 1.9 to 2.8 V leads to a drastic increase in capacity retention over the first 50 cycles, from 69% to 79% 

for the Mg0 cathode, while a significant increase in capacity retention from 69% to 82% is observed over 

the larger voltage window upon Mg substitution. These improvements in performance are attributed to 

better preservation of the metastable weberite structure (i.e., no transformation to the more stable perovskite 

structure, consistent with our previous work51), and suggests that high levels of Na (de)intercalation (x > 2) 

are detrimental to the stability of the all-Fe weberite cathode, while Mg substitution has a beneficial effect. 

The rapid decrease in capacity of the Mg0 cathode over the large voltage window may be explained by the 

lower redox capacity of the perovskite NayFeF3 phase relative to the initial weberite phase,66 and/or HF 

generation during this process (e.g., NaxFe2F7 + (2y – x) Na 
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒
→         2 NayFeF3 + HF), degrading the 

electrode surface and promoting further phase transformation.  
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We note that the most significant evolution of the Mg0 dQ/dV profile when cycling this cathode between 

1.9 and 4.0 V is the fading of the weberite redox features at 2.4 V and 3.8 V (which are never observed 

upon cycling the Mg0.125 cathode). When both Mg0 and Mg0.125 are cycled in the voltage range 1.9–

3.6 V (results not shown here), excluding the high-voltage plateau at 3.8 V for Mg0, we find that the 

improved cycling stability of Mg0.125 is maintained due to the absence of the low-voltage plateau at 2.4 

V, which quickly fades in Mg0. This highlights the significance of both high- and low-voltage features in 

explaining the enhanced cycling stability with Mg substitution. While such changes could be due to 

structural degradation processes other than transformation of the weberite phase, the 3.8 V feature is 

retained when Mg0 is cycled between 2.8 and 4.0 V and there is no significant phase transformation, 

suggesting a relationship between the two. 

Overall, Mg substitution for Fe in Na2Fe2F7 stabilizes the weberite structure, but it also results in a reduced 

reversible capacity beyond what is expected from substituting a small amount of redox-active Fe2+ by Mg2+. 

Given that only the Fe2+/Fe3+ redox couple has been found to be electrochemically active in the all-Fe 

weberite,50,51 one would anticipate 0.875 Na per formula unit to be extractable from Mg0.125, 

corresponding to a compositional change from Na2Mg2+
0.125Fe2+

0.875Fe3+F7 to Na1.125Mg2+
0.125Fe3+

1.875F7, as 

opposed to 1 Na per formula unit for Mg0 or Na2Fe2F7. Hence, a 12.5% reduction in capacity is expected 

for the Mg-substituted cathode, but instead Mg0.125 cycles approximately 22% less Na than Mg0. The 

additional capacity limitations observed for Mg0.125 result from sluggish Na(de)intercalation from the 

structure, particularly at high voltage, and are likely due to more sluggish Na diffusion in the structure, as 

we do not expect the electronic conductivities of these highly electronically insulating fluorides to be 

significantly different. Inspection of the dQ/dV profile of Mg0.125 cycled in the larger voltage window at 

50°C reveals small peaks associated with Na extraction at the voltage extrema, which are absent for this 

cathode at room temperature. Hence, we hypothesize that Na diffusion is kinetically limited due to structural 

or electrostatic changes67 to the Na diffusion pathways upon Mg substitution, rather than Mg diffusion 

resulting in obstruction within the Na diffusion pathways in this material. 

 

Conclusions 

In this work, we explored the effects of isovalent Fe2+ substitution by electrochemically inactive Mg2+ on 

the structural and electrochemical properties of the intercalation-type Na2Fe2F7 weberite cathode material. 

In particular, our choice of substituent was informed by density functional theory calculations, suggesting 

improved stability of Na2MgxFe2–x F7 compounds as the Mg content is increased. We demonstrated the 

synthesis of a single 4M polymorph (space group C2/c) of the Na2Fe2F7 (Mg0) and Na2Mg0.125Fe1.875F7 

(Mg0.125) weberites using synchrotron X-ray diffraction. Local structure probes, namely 23Na and 19F 

solid-state nuclear magnetic resonance and 57Fe Mössbauer spectroscopy, indicate good retention of the 

weberite structure upon mechanochemical milling in preparation for electrochemical testing, despite its 

metastability. We find that Mg0.125 displays far more reversible cycling than Mg0 over a 1.9-4.0 V window 

(82 % and 69% capacity retention over 50 cycles for Mg0.125 and Mg0, respectively), which is attributed 

to a reduced transformation from the metastable weberite phase to a more stable perovskite phase. This 

phase transformation is eliminated upon using a 2.8 V lower voltage cutoff for both cathode compositions. 

Despite the improved cycling stability of Mg0.125, this material also displays a significant (22%) reduction 

in capacity relative to Mg0, beyond what is expected from simple replacement of redox-active Fe2+ species 

by redox-inactive Mg2+. Using high-temperature galvanostatic cycling, GITT, and variable rate cycling, we 

were able to demonstrate that the low capacity of Mg0.125 is related to limitations in the rate and extent of 

Na (de)intercalation, particularly at high voltages. Overall, this work shows that compositional substitution 

is a viable path towards developing more stable weberite cathodes that enable more reversible 
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electrochemical cycling. However, due to the kinetic limitations caused by partial Mg incorporation, other 

compositional substitutions of Fe in Na2Fe2F7 must be pursued to both improve the intrinsic stability of the 

weberite structure upon cycling and retain the capacity and energy density of the all-Fe system. Other 

compositions, including those moving beyond Fe redox, may hold the key for a high-capacity and energy-

dense, yet stable weberite cathode.  

 

Methods 

Material Synthesis  

Na2Fe2F7 (Mg0) and Na2Mg0.125Fe1.875F7 (Mg0.125) were prepared via a mechanochemical-assisted solid 

state synthesis. All precursors and prepared materials were handled in an argon glovebox, sealed in argon, 

or placed under argon gas flow throughout this synthesis as fluorides react readily with water to form 

hydrofluoric acid. A stoichiometric mixture totaling 1 g of vacuum-dried binary fluoride precursors—NaF 

(Sigma-Aldrich, 99.99%), FeF2 (Sigma-Aldrich, 98%), MgF2 (Sigma-Aldrich, 99.9%), FeF3 (Strem 

Chemicals, 99%)—were hand-mixed and sealed into a 50 mL ZrO2 jar in an argon glovebox with five 10 

mm and ten 5 mm ZrO2 balls and subsequently ball-milled for 24 h at 400 rpm. After 6–12 h, the ball 

milling process was halted and the ball-mill jar was unsealed to scrape the precursor mixture from the lid 

and rim of the jars back into the jar, ensuring complete reaction of the precursors. The ball-milled powders 

were then pelletized and annealed at 425°C, 500°C, 575°C, or 650°C for 30 minutes under argon gas flow. 

After annealing, the pellets were quickly cooled by moving the alumina tube, which held the annealed 

pellets in an alumina crucible, horizontally in the tube furnace. This action removed the pellets from the 

heating element, and the outside of the alumina tube was cooled with compressed air until it was cool to 

the touch, all while keeping the pellets under argon gas flow to prevent air and water exposure. The pellets 

were then hand ground, and the resulting powder was further characterized in the as-prepared state and 

processed into composite electrodes for electrochemical testing. 

 

Material Characterization. 

X-ray Diffraction 

Samples were packed and sealed in glass capillaries to minimize air exposure during measurement. High 

resolution synchrotron powder diffraction patterns for the pristine materials were collected on Experimental 

Station 2-1 at the Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator Laboratory, 

using an average wavelength of 0.7294335 Å between 2θ of 1.5 and 105° at room temperature. For the 

carbon-coated materials, high resolution powder diffraction patterns were collected on Beamline I-11 at 

Diamond Light Source, using an average wavelength of 0.824104 Å between 2θ of 6 and 92° at room 

temperature. Laboratory X-ray diffraction data was acquired on a Panalytical Empyrean Powder 

Diffractometer using a Copper K-α source (wavelength of 1.5406 Å) between 2θ of 10 and 90°, summing 

5 scans. Samples were kept air-free during laboratory X-ray diffraction using a sealed Kapton®-tape-based 

container. Diffraction patterns were analyzed via initial Pawley fits to determine peak shape fitting 

parameters, followed by Rietveld refinements using the TOPAS software (v7).68 Our refinement procedure 

can be summarized as follows: First, we refined the X-ray wavelength and the zero error using a Si 

reference. Next, Pawley fits were conducted to establish initial peak shape fitting parameters. During the 

Rietveld analysis, we refined lattice parameters, atomic positions, and site occupancies (with Mg and Fe 

site occupancies in the shared sites constrained to sum to one), along with thermal parameters (which were 
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constrained to be the same for each element across all phases). Lastly, peak shape fitting parameters, 

including Lorentzian and Gaussian strain and particle size contributions, were allowed to vary. Crystal 

structures were depicted using VESTA 3.69 

Scanning Electron Microscopy 

SEM images were acquired using a Thermo Fisher Apreo C LoVac SEM instrument with an accelerating 

voltage of 5 keV and a current of 0.4 nA. 

23Na Solid-State Nuclear Magnetic Resonance 

23Na ss-NMR data were collected on Mg0 and Mg0.125 as-synthesized and carbon-coated 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 room temperature and under a 60 kHz magic-angle spinning 

(MAS) speed (corresponding to approximately 318 K sample temperature) using a home-built 1.3 mm 

double-resonance HX probe. 23Na NMR data were referenced against 1M aqueous solutions of sodium 

chloride [NaCl, δ(23Na) = 0ppm], 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 rotor-synchronized spin echo pulse 

sequences to selectively excite less quadrupolar environments and equally excite all environments, 

respectively. The radiofrequency (RF) pulse lengths were 0.23 μs for π/6, 0.46 μs for π/3, 0.7 μs for π/2, 

and 1.4 μs for π at a power of 38 W. A recycle delay of 20 ms was used to ensure that the full 23Na signal 

was fully relaxed between pulses. Spectra were fit using the int2Quad model in DMFit.70 

19F Na Solid-State Nuclear Magnetic Resonance 

19F ss-NMR data were collected on the as-synthesized and carbon-coated Mg0 and Mg0.125 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 MAS using a 1.3 mm double-resonance HX probe. 
19F ss-NMR data were referenced against 1M aqueous solutions of sodium fluoride [NaF, δ(19F) = −118 

ppm], which also used for pulse calibration. The RF pulse lengths used in the rotor-synchronized spin echo 

pulse sequence were 0.3 μs for π/2 and 0.6 μs for π (power of 5 W). A recycle delay of 20 ms was used for 

each sample to ensure that the bulk (paramagnetic) 19F signal was fully relaxed between pulses. Spectra 

were fit using the CSA MAS model in DMFit.70 

To quantify the signals, between 6 and 8 wt.% of MgF2 was added to as-prepared Mg0 and Mg0.125 

samples, hand ground, and added to 1.3 mm rotors. For these 19F ss-NMR spectra, The RF pulse lengths 

used in the rotor-synchronized spin echo pulse sequence were 1.6 μs for π/2 and 3.2 μs for π (power level 

of 19 W). A recycle delay of 38 s was used for each sample to ensure that the full 19F signal of diamagnetic 

MgF2 was completely relaxed between pulses. Spectra were fit using the CSA MAS model in DMFit.70 

Longitudinal (T1) and transverse (T2) relaxation values were measured for each signal and calculated from 

inversion recovery and spin-echo experiments (where the echo delay is systematically increased) using 

Topspin (v 4.3.0). The signals were quantified via integration of each signal, which was then T2 corrected.  

57Fe Mössbauer Spectroscopy 

Room-temperature 57Fe Mössbauer spectroscopy was performed using a SEECo Model W304 resonant 

gamma-ray spectrometer (activity ~ 16 mCi due to the age of the source, 57Co/Rh source) equipped with a 

Janis Research Model SVT-400 cryostat system. The source linewidth was < 0.26 mm s−1 for the innermost 

lines of a 25 μm α-Fe foil standard. Isomer shifts were referenced to α-Fe foil at room temperature. All 

samples consisted of 40-52 mg of the material loaded into a plastic holder in an Ar glovebox, capped, and 
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then measured under a positive flow of nitrogen at room temperature. The data were fit using the MossA 

software.71 

 

Electrochemical Characterization 

The as-synthesized Mg0 and Mg0.125 samples were mechanochemically carbon coated prior to 

electrochemical testing to ensure electronically conductive composite electrodes. Pristine Mg0 and 

Mg0.125 (annealed at 650°C) were combined with carbon black (Super P, MTI Corporation) and multi-

walled carbon nanotubes (MWCNT, Sigma-Aldrich, 98%) in a 70:15:5 (weberite : Super P : MWCNT) 

ratio, added into a 50 mL ZrO2 ball mill jar sealed under Ar with three 10 mm and three 5 mm ZrO2 balls, 

and ball-milled at 300 rpm for 12 h. The resulting carbon-coated materials were hand-ground with 10 wt. 

% polytetrafluoroethylene (Sigma-Aldrich) and rolled into free standing film electrodes. For standard 

electrochemical testing, 10 mm diameter electrodes were punched with loading densities ranging from 1.8 

to 2.6 mg/cm2 (calculated based on the mass of the active material in the electrode), and assembled into 

CR2032-type coin cells with a Na metal (Sigma-Aldrich) anode, glass fiber separator (Whatman GF/D), 

and 160 µL of an in-house prepared electrolyte consisting of 1 M NaPF6 (Strem Chemicals, 99%) in 

propylene carbonate (Sigma-Aldrich, 99.7%) with 2 vol % fluoroethylene carbonate (Sigma-Aldrich, ≥ 

99%) with < 20 ppm of H2O as determined by Karl Fisher analysis.  

For galvanostatic measurements, current corresponding to a C/20 rate (full (dis)charge in 20 h calculated 

from the theoretical capacity of each composition assuming two Na-ions are transferred per formula unit, 

and assuming no parasitic side reactions take place) was applied and the cell was cycled in the voltage range 

1.9–4.0 V or 2.8–4.0 V. For GITT measurements, the cell was cycled galvanostatically at C/20 for a full 

cycle and GITT data obtained over the second cycle, where a 30 min C/20 current pulse was applied, 

followed by a 2h rest period. During variable rate cycling, galvanostatic charge-discharge curves were 

obtained for 5 cycles at each rate—C/20, C/10, C/5, 1C, 2C, and C/20 again—for a total of 35 cycles.  

 

Computational Characterization. 

DFT calculations were performed using the Vienna ab initio Simulation Package (VASP).72–75 VASP 

calculations used projector augmented wave pseudopotentials (Na pv, Fe, Mg, and F),76,77 built for use with 

the strongly constrained and appropriately normed (SCAN)-based functionals,78 a plane-wave energy cutoff 

of 700 eV, and the restored regularized strongly constrained and appropriately normed (r2SCAN)63 

functional with the Hubbard U correction. The Hubbard U correction79 has recently been shown to be 

necessary to correct for unphysical electron-self interaction effects, even in the meta-Generalized Gradient 

Approximation (meta-GGA) SCAN and r2SCAN functionals.80,81 A U value of 5.4 eV was used for Fe 

based on a recent preprint that has optimized this value specifically for transition metal fluorides for the 

r2SCAN functional.64 We also performed the same calculations using a U value of 3.1 eV,80 which has been 

optimized for transition metal oxides, as has generally been previously applied to transition metal fluorides 

in lieu of appropriately optimized values for fluorides (see supplementary information). Calculations using 

the Perdew−Burke−Ernzerhof generalized-gradient approximation (GGA)82 functional with the Hubbard U 

correction (UFe = 4.0 eV, as optimized for oxides)83,84 utilized a plane wave cutoff energy of 520 eV, and 

the same convergence criteria and reciprocal space sampling as listed below.  

Calculations pertaining to the Na2Fe2F7 (Mg0), Na2MgxFe2–xF7 (x = 0.25, 0.5, 0.75), and Na2Fe2–xAlxF7 (x 

= 0.25, 0.5, 0.75) 2O and 3T structures were performed on 1 × 1 × 1 ferromagnetically-ordered conventional 
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unit cells (44 and 66 atoms respectively). Calculations pertaining to the Na2Fe2F7 (Mg0), Na2MgxFe2–xF7 (x 

= 0.125, 0.25, 0.5, 0.75), and Na2Fe2–xAlxF7 (x=0.25, 0.5, 0.75) 4M structures were performed on 1 × 1 × 1 

ferromagnetically-ordered primitive unit cells (88 atoms). To achieve the appropriate stoichiometries for 

Na2Mg0.125Fe1.875F7 (Mg0.125), a 1 × 1 × 2 supercell of the parent Na2Fe2F7 2O structure was utilized (again 

ferromagnetically ordered, 88 atoms). As the required supercell to achieve the x = 0.125 stoichiometry for 

the 3T structure was prohibitively large (264 atoms), calculations for the x = 0.166 stoichiometry were 

performed using a 1 × 1 × 1 ferromagnetically-ordered conventional unit cell of the parent structure and 

calculations for the x = 0.0833 stoichiometry utilized a 1 × 1 × 2 ferromagnetically-ordered conventional 

unit cell (132 atoms). These energies were averaged to achieve an estimate for the energy of the 3T Mg0.125 

structure. For structures containing Mg2+ substitution on the Fe2+ sites or Al3+ substitution on the Fe3+ sites, 

symmetrically unique Mg2+–Fe2+ and Al3+–Fe3+ orderings were enumerated and ranked according to their 

Ewald sum energy as implemented in Pymatgen,85 with the five lowest energy structures considered, except 

for the Mg0.125 (x = 0.125) calculations, which considered the two lowest energy structures, and the fifth 

lowest energy structure due to computational cost associated with the the large unit cell sizes resulting from 

this stoichiometry. The structures were fully relaxed (atomic positions and cell parameters) and final 

energies were obtained by a final static calculation. The convergence criteria for the total electronic energy 

and interatomic forces were 10-5 eV and 0.01 eV/Å respectively, with Gaussian smearing with a width of 

0.05 eV and a k-point spacing of 25 Å–1 centered at Γ. 

Decomposition energies were calculated by first calculating the energies of all relevant binary or ternary 

fluoride phases (phases considered are listed in Table S2) in a similar approach to above, using the r2SCAN 

functional and considering both Hubbard U values of 3.1 and 5.4 eV. Decomposition pathways were 

enumerated using the Reaction Network python package,86 and decomposition energies were subsequently 

calculated using the DFT-obtained energy values. The most spontaneous (most favorable) pathway (as 

tabulated in Table S1) was taken to be the decomposition pathway and its energy was taken to be the 

decomposition energy for each composition. 
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