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ABSTRACT: Alluaudite sodium iron sulfate Na2+2xFe2−x(SO4)3
is one of the most promising candidates for a Na-ion battery
cathode material with earth-abundant elements; it exhibits the
highest potential among any Fe3+/Fe2+ redox reactions (3.8 V vs
Na/Na+), good cycle performance, and high rate capability.
However, the reaction mechanism during electrochemical
charging/discharging processes is still not understood. Here,
we surveyed the intercalation mechanism via synchrotron X-ray
diffraction (XRD), 23Na nuclear magnetic resonance (NMR),
density functional theory (DFT) calculations, X-ray absorption
near edge structure (XANES), and Mössbauer spectroscopy.
Throughout charging/discharging processes, the structure
undergoes a reversible, single-phase (solid solution) reaction
based on a Fe3+/Fe2+ redox reaction with a small volume change of ca. 3.5% after an initial structural rearrangement upon the first
charging process, where a small amount of Fe irreversibly migrates from the original site to a Na site. Sodium extraction occurs in a
sequential manner at various Na sites in the structure at their specific voltage regions.

■ INTRODUCTION

Advanced grid energy storage systems are in great demand to
level off-peak and/or intermittent electricity from renewable
energy sources (e.g., wind, solar, and tidal). Electrochemical
energy storage systems are a promising solution, which can
achieve coexistence of high-efficiency, long cycle life, and rapid
charge to reduce sudden power spikes without sacrificing cost or
safety. As one of the most pragmatic candidates, rechargeable
Na-ion batteries have reattracted attention owing to the high
natural abundance and even geographical distribution of sodium.
Tomaximize the advantage of Na, positive electrode compounds
for Na-ion batteries should consist of Fe orMn as earth-abundant
3d transition metals as redox centers. In this regard, an increasing
number of studies have been focused on layered oxides (e.g.,
O3-type NaxMO2,

1,2 P2-type NaxMO2,
3 where M = Fe and/or

Mn) and phosphates (e.g., olivine-NaxFePO4,
4,5 Na2FePO4F,

6

Na2FeP2O7,
7 Na4Fe3(PO4)2(P2O7)

8,9). Replacing PO4 units
with more electronegative SO4 units is an effective way to
increase the redox potential, which is often referred to as an
“inductive effect”.10 Many Li intercalation sulfates generate a
high potential (typically 3.5−3.9 V versus Li+/Li), e.g., tavorite-
and triplite-LiFeSO4F,

11,12 KTP-type KFeSO4F,
13 layered

LiFeSO4OH,
14 marinite, orthorhombic Li2Fe(SO4)2,

15,16 and
amarantite-derived Fe2O(SO4)2.

17

Contrary to a step forward of the sulfates in Li systems,
Na intercalation compounds reported to date show limited
(e.g., Na2Fe(SO4)2·4H2O,

18 kröhnkite Na2Fe(SO4)2·2H2O
19)

or no (e.g., maxwellite-NaFeSO4F,
20 NaFeSO4F·2H2O

21) electro-
chemical activity. Recently, an alluaudite sodium iron sulfate with
superior rate capability and the highest potential of 3.8 V (versus
Na/Na+) among any Fe3+/Fe2+ redox couples was reported.22

The crystal structure of the new compound is essentially
isostructural to alluaudite, a common alkaline manganese iron
phosphate mineral.23 As typical for alluaudite compounds, the
sodium iron sulfate adopts the monoclinic lattice with C2/c
symmetry with the general formula of AA′BM2(XO4)3, where
A =Na2, A′ =Na3, B =Na1, M = Fe, and X = S (Figure 1(i)).23,24

An edge-sharing pair of equivalent FeO6 octahedra form a Fe2O10

dimer, which is bridged by corner-sharing SO4 tetrahedra. This
unique local Fe coordination results in short Fe−Fe interatomic
distances of approximately 3.2 Å, which are likely to contribute
to the extremely high redox potential.24,25 Moreover, inherent
deviation from stoichiometry (x ≈ 0.28 in Na2+2xFe2−x(SO4)3,
i.e., Na2.56Fe1.72(SO4)3) and Na replacing Fe on the Fe1 site
(referred to Na/Fe1 site) were reported.24 Thereby, Na occupies
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four distinctive sites (Na1, Na2, Na3, and Na/Fe1) on Wyckoff
positions, 4e, 4b, 4e, and 8f, respectively. Two of the four Na sites,
Na2 and Na3, are located within one-dimensional open channels
as illustrated in Figure 1(i).
To the best of our knowledge, the detailed mechanism of

structural changes during electrochemical cycling has not been
investigated yet. A clear understanding of electrochemical pro-
cesses is essential for further performance improvements for
this important class of cathode materials. In this work, structural
changes during the charging and discharging processes were
examined, and the underlying mechanism of the irreversible
profile during the first charging process as well as the stabilized
behavior in the subsequent cycles were revealed.

■ EXPERIMENTAL SECTION
Synthesis and Electrode Preparation.The alluaudite Na2.56Fe1.72-

(SO4)3 powder was synthesized according to the previously reported
procedure.24 All of the galvanostatic charge−discharge measurements
for ex situ X-ray diffraction (XRD), X-ray absorption near edge (XANES),
and Mössbauer spectroscopy measurements were performed with
2032-type coin cells (Hohsen Corp.). Positive electrodes consisted of
80 wt % alluaudite phase, 13 wt % carbon black (Ketjen Black, Lion
Corp., ECP), and 7 wt % polytetrafluoro-ethylene (PTFE) binder
(provided from an industrial partner). Na metal (Kanto Chemical),
glass fiber film (ADVANTEC), and 1 M NaClO4 dissolved in propylene
carbonate (PC) (Kishida Chemical) with 2 vol % of fluoroethylene
carbonate (FEC)26 (Kishida Chemical) were used for negative
electrodes, separators, and electrolytes, respectively. After the measure-
ments, the cells were disassembled in an Ar filled glovebox (dew
point < −70 °C, Miwa Co. Ltd.), and the positive electrode tapes were
washedwith dimethyl carbonate (DMC) (Kishida Chemical) three times
and dried under vacuum to remove impurities. The electrode tapes were
packed into Ar filled borosilicate glass tubes (0.3 mm in diameter) for
ex situ XRD analyses.
Synchrotron XRD. Ex situ synchrotron XRD measurements were

carried out at KEK PF BL-8B beamline, Tsukuba, Japan. The wavelength
was calibrated to be 1.03289 (5) Å. Rietveld refinements and subsequent
Fourier difference syntheses were calculated with TOPAS-Academic
Ver. 5.0.
Solid-State Nuclear Magnetic Resonance (NMR) Spectrosco-

py. Solid-state magic angle spinning (MAS) 23Na NMR measurements
were conducted on 700, 300, and 200 MHz Bruker Avance I and III
spectrometers with respective 23Na Larmor frequencies of 185.2, 79.4,
and 52.9 MHz. Hahn-echo pulse sequences with 90° pulse lengths
of 1.0 μs were applied. The spectra were acquired with Bruker 1.3 and
2.5 mm MAS probeheads at 60 and 30 kHz spinning frequency, respec-
tively. 23Na shifts were referenced to a 0.1 M NaCl solution in D2O.

27

All spectra were analyzed using DMFIT.28 The investigated samples
were prepared by chemical oxidation (desodiation) and reduction
(sodiation). Chemical oxidation was done using NOBF4 (95%, Aldrich)
in acetonitrile under continuous Ar bubbling. The subsequent chemical
reduction was conducted using NaBH4 in tetrahydrofuran (THF,
Wako Chemical) under Ar atmosphere. After the chemical oxidation/
reduction, the powders were washed by pure acetonitrile/THF three
times and dried under vacuum at room temperature. The compounds
were packed into 1.3 and 2.5 mm ZrO2 rotors (Bruker) inside an Ar
filled glovebox with O2 and H2O levels <0.1 ppm to avoid exposure to
air and moisture. Oxidation/reduction states of the Fe ions were
determined with Mössbauer spectroscopy measurements and resulted
in nominal compositions of Na2.56−yFe1.72(SO4)3 with y = 0.0, 0.41, 0.62,
0.85, and 1.5 for the desodiated samples and y = 1.0, 0.67, 0.45, and 0.1
for the sodiated samples (cf. Figure 5(ii)).

X-ray Absorption Near Edge Spectroscopy (XANES). XANES
spectra were measured at KEK PF BL-7C. Fe K-edge absorption
spectra (7080−7180 eV) were collected at room temperature. The X-ray
intensity was monitored by ionization chambers in transmission mode
using a Si (111) double-crystal monochromator for energy selection.
The obtained data were processed with Athena.29 The electrochemically
charged and discharged electrode tapes (about 10 mm in diameter)
were applied for the measurements. They were washed with dimethyl
carbonate (DMC, Kishida Chemical) and sealed in Ar filled poly-
ethylene films (Asahi Kasei Pax).

Mössbauer Spectroscopy. Mössbauer spectra were measured for
electrochemically charged and discharged samples with a Topologic
System Inc. spectrometer equipped with a 57Co/Rh γ-ray source. The
velocity was calibrated by using α-Fe. The electrode tapes were processed
in the same way as described for the XANES measurements. The
obtained spectra were fitted by Moss Winn (version 3.0) software.

Density Functional Theory (DFT) Calculations. In the cal-
culations, the composition of the pristine Na2.56Fe1.72(SO4)3 is approxi-
mated by Na2.5Fe1.75(SO4)3. The total energies of Na2.5Fe1.75(SO4)3
were calculated for various Na-ion geometries. At the minimal energy
configuration, the occupancies of Na1, Na2, Na3, and Na/Fe1 sites were
1, 0.75, 0.5, and 0.125, respectively. The Vienna Ab Initio Simulation
Package (VASP5.2)30−32 was implemented within spin-polarized
DFT,33,34 and the projector augmented wave (PAW)35,36 approach
was used to describe the electron−ion core interaction. Full relaxation of
the atomic positions and cell parameters and total energy calculations
were carried out in the absence of symmetry constraints. The Perdew−
Burke−Ernzerhof (PBE)37,38 exchange-correlation functional was used
throughout, applying the Hubbard U model39,40 within the rotationally
invariant formalism proposed by Liechstenstein et al.41 to correct for the
known deficiencies of pure functionals for highly localized 3d states.42

A cutoff energy of 520 eV and a 16 k-point grid (2 × 2 × 4) were
selected for calculations within the four formula unit cell. The threshold

Figure 1. (i) The crystal structure of pristine alluaudite sodium iron sulfate. Sodium and oxygen ions are illustrated in blue and red. Green octahedra
and yellow tetrahedra represent FeO6 and SO4 units, respectively. Two distinctive Na diffusion channels of Na2 and Na3 are visible along the c axis.
(ii) The crystal structure of the alluaudite Na2.56−yFe1.72(SO4)3 after an irreversible Fe migration from Fe1 to Na1 site upon the first charging process.
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difference for self-consistent field (SCF) convergence in the total free
energy was set to 1 × 10−5 eV. A value of 4.2 eV was chosen for the
effective Hubbard interaction parameter Ueff =U− J for Fe2+ where U is
the intraband Coulomb term and J is the intraatomic exchange term.25,43

The Fermi contact shifts for the Na sites were calculated from the
lowest energy structure. The first-principles solid-state DFT calculations
were performed within the CRYSTAL09 linear combinations of atomic
orbitals code.44

Two hybrid functionals were used, namely, the B3LYP functional
[with 20% Hartree−Fock (HF) exchange]45 with a previously shown
satisfactory performance for the electronic structure and band gaps
of a wide class of materials45 and for the properties of transition metal
compounds45,46 and a related 35%HF functional47−49 shown to provide
magnetic coupling constants consistent with experimental values.47,48

Moreover, additional calculations suggest that hybrid functionals with
HF exchange in the range from 20% to 35% provide electron−nuclear
hyperfine parameters in good agreement with experimental data.49

The Fermi contact contribution to the hyperfine shift was computed
directly from the spin density at the 23Na nuclear position in the
ferromagnetic state and subsequently scaled to a value consistent with
the paramagnetic state, as described previously by Kim et al.50 TheWeiss
constant and the effective magnetic moment of 12.55 K and 5.20 μB,
which were obtained byDwibedi and Barpanda, were applied to evaluate
the magnetic parameters defining the temperature dependent para-
magnetic susceptibilities of the system.51

■ RESULTS AND DISCUSSION

Electrochemical Charging/Discharging Behavior.
Charging/discharging curves and the corresponding differential
galvanostatic profiles (dQ/dV) of alluaudite sodium iron sulfate
are shown in Figure 2(i). The dQ/dV curve (inset of Figure 2(i))
shows two distinctive redox peaks at 3.67 and 4.06 V upon the
first charging process, whereas there are three broad peaks at
3.37, 3.76, and 3.99 V upon the first discharging process as
previously reported.22 Extra capacity exceeding the theoretical
capacity was observed on the first charge due to oxidative side
reactions of electrolytes and/or carbon additives. Similar changes
in the electrochemistry are reported in the case of Li2FeSiO4

52,53

and Li2FeP2O7,
54,55 where Li−Fe site exchange takes place

during the first charging process.
Crystal Structure Changes.To probe the structural changes

during electrochemical cycling, ex situ XRD measurements and
Rietveld refinements were performed for Na2.56−yFe1.72(SO4)3
electrodes (Figure 3(i)). Refined lattice parameters a, b, c, and β
and the unit cell volume V are given in Figure 3(ii) (refined
patterns and refinement indices are shown in Figure S1 and
Table S1). For the refinements, the total amounts of Na were
fixed to be those calculated by the electrochemical reaction and
atomic displacement parameters of the pristine electrode at (a) in
Figure 2(i) were used.
Upon the first charging process, the lattice parameters a and c

continuously decrease, whereas the lattice parameter b increases
after the sharp peak in the dQ/dV plot (d) at 4.06 V. The unit cell
volume V shows a gradual shrinkage (ΔV = −2.6% at the fully
charged state), consistent with a single-phase (solid-solution)
reaction with a small associated volume change, in spite of the
extraction of the Na ions, which have a relatively large ionic
radius of 1.02 Å.
Upon the first discharging process, the lattice parameters

a and c undergo reversible expansion, but b undergoes a partially
reversible shrinkage. These changes result in a slightly larger
absolute volume change (ΔV = +3.5%) than seen in the first
charging process. Upon the second charging process, the lattice
parameters and the unit cell volume show reversible change
(ΔV =−3.4%). Overall, the irreversible change was only detected
in the first charging process, and the reactionwas totally reversible
in the following cycles, which is consistent with a good cycle
performance. The observed small volume change might be due to
the three-dimensional open framework of the alluaudite structure
and its off-stoichiometric composition.
Even after all the Fe2+ ions have been oxidized to Fe3+ in

the nonstoichiometric Na2.56Fe1.72(SO4)3, 0.84 mol of Na ions
remain in the 3D framework, which may function as binding
pillars. Indeed, first principle calculations predict that the volume

Figure 2. (i) Charge/discharge profiles of Na2.56−yFe1.72(SO4)3 at different states of charge (a−n). The initial charge and the following full discharge−
charge cycle are shown as red and blue curves, respectively. (Inset) The corresponding dQ/dV profiles, which show an irreversible first charge process
and subsequent processes. Note that the features observed on the first discharge and second charge are retained upon further cycling.22 (ii) Amounts of
Na per formula unit in Na2.56−yFe1.72(SO4)3 during the electrochemical processes (a−n). Purple, blue, orange, and green bars indicate Na+ amounts on
the Na1, Na2, Na3, and Na/Fe1 sites, respectively.
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change of the nonstoichiometric Na2+2xFe2−x(SO4)3 phase
(ΔV = ca. 5% for x = 0.25) is smaller than that of stoichiometric
phase (ΔV = ca. 8% for x = 0) based on the full utilization of the
Fe3+/Fe2+ redox reaction. The detailed calculation results will be
reported elsewhere.56

Sodium Intercalation Mechanism. Figure 2(ii) indicates
the amount of Na at each crystallographic site during the charge−
discharge processes as determined by Rietveld refinements for
the ex situ XRD patterns. At the initial stage of the charging
process (a−c), corresponding to the broad peak observed at
3.67 V in the dQ/dV plot, the occupancy of Na3 site (gNa3)
abruptly decreases from 0.561(5) to 0.072(7). This indicates
that Na extraction primarily occurred at the Na3 site, which is
consistent with the computational results for the shallowest
potential of the Na3 site, involving a small migration energy
between Na3−Na3 sites (ca. 300 meV).22,57 At this stage, gNa2
decreased by only about 0.27, while gNa1 and gNa/Fe1 remained
constant, where gNa2, gNa1, and gNa/Fe1 are the occupancies of
Na ions in Na2, Na1 site, and Fe1 site, respectively. On further
charging up to (d), after the irreversible sharp peak observed in
the dQ/dV plot, a drastic change was observed in the diffraction
pattern, which cannot be explained by the occupancy change
in mobile Na2 and Na3 sites only.22,57 The calculated Fourier
difference map (Figure 4(i)) indicates positive residual electron
density on the Na1 site, suggesting that the site is replaced by
heavier ions. Thereby, we adopted a structural model in which
Fe migrated into the Na1 site (referred to Fe/Na1 site), as
illustrated in Figure 1(ii). For the refinement, the total number of
Fe was fixed to unity with linear constraint: 2gFe1 + gFe/Na1 = 1.72.
The refinement based on the proposed model leads to an
improvement of the R-factors (e.g., the R-weighted pattern (Rwp)
reduced from 0.0315 to 0.0285) as well as the disappearance

of unreasonable residual electron density on the Na1 site
(Figure 4(ii)), where about 16% of Fe at Fe1 site (ΔgFe1 = 0.21)
migrated to Na1 site. Using the modified structure formed at
time point (d), the bond-valence-sum (BVS) value calculated
for Na1 site (expected to be 1.0 for Na+)58 increased from
1.06 to 1.49, providing further support for the Fe migration. The
mechanism of the migration might be similar to that occurring
in Li2−yFeP2O7 and Na4−yFe3(PO4)2(P2O7),

9 where the driving
force is the strong Fe3+−Fe3+ Coulombic repulsion within the
edge-sharing dimer.55 In fact, the alluaudite sodium iron sulfate
has a shorter Fe−Fe length (3.199 Å) in the edge-sharing Fe2O10
dimer than that in Li2FeP2O7 (3.23 Å).
We therefore propose that the sharp peak in the dQ/dV curve

at 4.06 V in the first charging process is associated with Na
extraction from Na1 site, which then starts to induce Fe3+ migra-
tion from the Fe1(8f) site into the vacant Na1 (4e) site. At the

Figure 3. (i) Ex situ XRD patterns of Na2.56−yFe1.72(SO4)3 at the different states of charge (a−n). The black rhombus and circle mark diffraction peaks of
the PTFE binder and Fe3O4 impurity phases, respectively. (ii) The variation of lattice parameters a, b, c, and β and the unit cell volumeVwith monoclinic
C2/c symmetry during the first two electrochemical cycles. First charging, discharging, second charging processes are shown in red circles, blue circles,
and blue triangles with solid lines, respectively.

Figure 4. Calculated Fourier difference maps of alluaudite sodium iron
sulfate (i) before and (ii) after considering the irreversible Fe migration
at stage (d) (cf. Figure 3) upon the charging process. Blue spheres, green
octahedra, yellow tetrahedra, and purple isosurfaces (0.1 Å−3) show Na,
FeO6, SO4, and residual electron density, respectively.
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fully charged state (e), gNa2 decreased to 0, and the diffraction
peaks were broadened (Figure 3), presumably due to a long-
range disordering induced by micro strains, as the peak width
showed a reversible change upon subsequent charge/discharge
processes. Therefore, throughout the whole initial charging
process, Na extraction occurs primarily at Na3 followed by the
Na1 and Na2 sites.
In the following discharging process of (e−g), the increase for

gNa2 dominated, while negligible changes occurred for gNa1, gNa3,
and gNa/Fe1. Therefore, the cathodic peak at 3.99 V in the dQ/dV
plot is attributed to Na insertion into the Na2 site. In the deeper
discharge (g−h), gNa3 started to increase, showing that the
potential peak at 3.76 V is mainly due to Na insertion into the
Na3 site. At the last step of the discharging process (h−j), gNa/Fe1
increased, while those of the other Na sites remained constant.
Thus, the peak at 3.37 V in the dQ/dV plot corresponds to Na
insertion into the vacant Fe1 site, which had been occupied by
Fe ions before the migration of Fe3+ into Na1 site in the first
charging process. Throughout the whole discharging process,
negligible occupancy change for Fe at Fe1 site (ΔgFe1 = ca. 0.09)
was observed. Thus, Fe migration occurs in the first charging
process but not in the subsequent cycles, which provide
reversible features as a battery cathode. Upon the subsequent
(second) charging process (j−n), the electrode reaction is
reversible tracing the preceding discharging step. Sequential Na
extraction occurs in the order of Na/Fe1 followed by Na3 and
Na2 sites, pairing the three broad peaks in the dQ/dV plot.
Solid-State NMR Spectroscopy and DFT Calculations.

The 23Na MAS NMR spectrum of pristine Na2.56−yFe1.72(SO4)3
(y = 0.0) contains a signal centered at 0 ppm with a width of
approximately 2500 ppm (Figure 5). NMR experiments per-
formed at different magnetic fields andMAS spinning frequencies

show that the additional signals are rotational sidebands (RSB,
Figures 5 and S2(i)). An increase of the number of RSBs as well as
the significant changes of the NMR line shape signal from low
to high magnetic fields (4.7, 7.0, and 16.4 T) at a constant MAS
frequency of 60 kHz are in agreement with a linear scaling of
the electron−nuclear dipolar coupling with the field strength
(Figure 5(i)), suggesting that this interaction dominates.59 This
interaction involves the unpaired electrons of Fe2+ in the t2g

4 eg
2

(high-spin, S = 2) configuration.
Deconvolution and signal line shape fitting results in two 23Na

NMR resonances at −40 (green signal) and 70 ppm (purple
signal) (Figures 5(i) and S2(i) and Table S3). The hyperfine
shifts are relatively small in comparison to shifts seen for oxide
materials but not dissimilar to the 6,7Li and 23Na NMR shifts
for polyanion-based paramagnetic materials (such as LiFePO4).
The smaller shifts are caused by the large inductive effect by the
sulfate (or more generally polyanion) groups,59−62 the covalent
S−O bonds creating ionic M−O (M = Na, Fe) bonds, causing
a reduced hyperfine (Fermi contact) interaction between the
O(2p) and Fe(3d) orbitals, and a respective smaller shift than
that usually found for paramagnetic materials.60 HF-DFT cal-
culations for Na2.50Fe1.75(SO4)3 result in shift values (Hyb20/
Hyb35) of −80/−97, 385/263, 138/65, and 177/91 ppm for
Na1, Na2, Na3, and Na/Fe1 (Figure 1(i), Table S4). On the
basis of these shift regimes and the hyperfine shift trend of
Na1 < Na3 < Na/Fe1 < Na2, the two 23Na NMR signals for
pristine Na2.56‑yFe1.72(SO4)3 (y = 0.0) are attributed toNa1 +Na3
(green; − 40 ppm) and Na2 + Na/Fe1 (purple; 70 ppm),
respectively (Figures 5(i) and S2(i) and Table S3). The sources
of the noticeable differences between the calculated and observed
hyperfine shifts are ascribed, at least in part, to the neglect of
terms such as the pseudocontact shift,63,64 which are likely to
be significant in systems with relatively small Fermi-contact
shifts and that contain S = 2, T states (with residual orbital
angular momentum; see the Supporting Information for further
discussion).
A comparison of the site occupancies derived by Rietveld

refinements of the XRD data with the fractions of the two Na
environments detected by NMR is 6.2/4.0 (=1.6) vs 0.6/0.4
(=1.5). The calculation is based on Na1(4e) + Na3(4e) and
Na2(4b) + Na/Fe1(8f), resulting in 4× (1.0 + 0.56)/(4 × 0.74 +
8 × 0.13) vs the fractions of the 23Na NMR signals for pristine
Na2.56Fe1.72(SO4)3 (Tables S2 and S3). The good agreement of
the ratios derived by independent methods supports the analysis
of the local atomic environments and their assignments.
The 23Na NMR signals of Na2.56−yFe1.72(SO4)3 show signifi-

cant changes of the line shape and an overall positive shift during
desodiation that is reversed during sodiation (Figures 5(ii) and
S2(ii)). This is generally due to an increase in the concentration
of Fe3+ ions with more unpaired electrons in the t2g

3 eg
2

configuration during desodiation causing stronger electron spin
density transfer to the Na and a positive shift and vice versa
during the sodiation. Specifically, the decrease in the intensity
and shift to more positive frequencies of the negative resonance
(assigned to the Na1 and Na3 sites) is assigned, with the aid of
the Rietveld refinement results, to the removal of the Na3 Na+

ions and the oxidation of the Fe2+ ions nearby the Na1 sites.
Note that the 23Na NMR line shape of the fully sodiated
sample (y = 0.1) slightly differs from that of the pristine (y = 0)
sample (Figures 5(ii) and S2(ii)). The intensity decrease of the
negatively shifted signal is tentatively assigned to the irreversible
desodiation from Na1 site at the first charging process, which is
consistent with the results of Rietveld refinements.

Figure 5. 23Na MAS NMR spectra of Na2.56−yFe1.72(SO4)3 at 60 kHz
MAS frequency. Rotational sidebands are marked by asterisks. (i) Mea-
surements of pristine Na2.56−yFe1.72(SO4)3 (y = 0) in magnetic fields
of 4.7, 7.0, and 16.4 T. Experimental data is depicted in black, fitted data
in red (significantly overlapped with experimental), and the respective
signal contributions of Na2 + Na/Fe1 at 70 ppm in purple as well as
Na1 + Na3 at −40 ppm in green (see also Figure S2(i) and Tables S3
and S4). (ii) Measurements of desodiated (red lines) and sodiated
(blue) Na2.56−yFe1.72(SO4)3 samples at 7.0 T. The assignments of Na2 +
Na/Fe1 andNa1 +Na3 based on the pristine material are highlighted by
purple and green dotted lines, respectively. The nominal composition is
given by the y value on the right side (see also Figure S2(ii)).
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A more in-depth analysis of the changes in shifts and relative
intensities of the different resonances requires a more accurate
theoretical description of the 23Na hyperfine shifts. Specifically,
DFT-based bond pathway decompositions of hyperfine shifts
for environments containing Fe2+ and Fe3+ ions are needed to
unravel underlying spin transfer processes, characterize the atomic
environments further, and understand the NMR line shape
development during desodiation and sodiation in detail. Addi-
tionally, the effects of spin−orbit coupling, such as the pseudo
contact shift and zero-field splitting, are neglected here, which will
be included in further DFT studies.
Reversible Valence State Changes of Iron (XANES and

Mössbauer). To investigate the oxidation state of Fe, we per-
formed ex situ XANES measurements during the first charging
and discharging processes. As illustrated in Figure 6, the K-edge

of Fe shifted toward higher energy upon charging with the cor-
responding features for the pre-edge region (inset of Figure 6),
which is consistent with the increase of Fe oxidation state.
No isosbestic points were observed, supporting the single-phase
reaction mechanism. Upon discharging, both the main- and
pre-edges are reversible back toward lower energy. The spectrum
at the fully discharged state is very similar to that of the pristine
phase, suggesting the Fe3+/Fe2+ redox reaction is reversible.
Reversible changes for Fe oxidation states are further

confirmed by Mössbauer spectroscopy (Figure S3). The fitting
parameters of Mössbauer spectra are shown in Table S5. The
line profiles are extensively broadened due to various possible Na

arrangements around Fe sites, so distributions of quadrupole
splittings (QS) are postulated. A spectrum after the first electro-
chemical cycle (Figure S3(iii)) shows all of the Fe species are
attributed to be Fe2+. These suggest the irreversible capacity
(∼16 mAhg−1) is mainly due to the decomposition of the
electrolyte and the irreversible Femigration at the initial charging
process gives a minimal effect for reversibility of the Fe3+/Fe2+

redox reaction.

■ CONCLUSION
The present study reveals the electrochemical reaction
mechanism of alluaudite sodium iron sulfate as a Na-ion battery
cathode via a combined approach with diffraction and spectros-
copic measurements. The single-phase (solid-solution) reaction
occurs involving an irreversible rearrangement reaction upon the
first charging process. The origin of the irreversibility is the
Na extraction from the Na1 site accompanied by Fe migration
from the Fe1 to Na1 site; this mechanism is similar to that of
Li2FeP2O7 and Na4Fe3(PO4)2P2O7. This structural rearrange-
ment is only observed upon the first charging process, and the
structural and Fe3+/Fe2+ redox reversibility is retained upon the
subsequent cycles with a small volume change (ΔV = ca. 3.5%),
which contributes to the good cyclability of the electrochemical
processes. Sodium extraction occurs primarily at Na3, followed
by Na1 and then Na2 sites for the initial charging. The sodium
insertion occurred at Na2, Na3, and Na/Fe1 sites for the first
discharging and is reversible in subsequent cycles. Understanding
of the irreversible reaction and the following reversible reaction
mechanism, which might be common among similar crystal
structures, should be helpful in the design of new cathode
candidates for next generation batteries.
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