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Na2+ 2xFe2¢x(SO4)3 was recently reported as a promising cathode

material for Na-ion batteries with high voltage generation
(3.8 V vs. Na/Na+), high energy density, and extreme high-rate

operation, making it competitive to lithium battery cathodes.
Following our identification of the narrow off-stoichiometric

region in Na2+ 2xFe2¢x(SO4)3 solid solutions (x around 0.25), we

report here the effect of Mn substitution in
Na2.5(Fe1¢yMny)1.75(SO4)3 (y = 0, 0.25, 0.5, 0.75, and 1.0) solid solu-

tions when increasing the voltage of the Fe3 +/Fe2+ redox
couple, but with a simple capacity decrease, owing to the

entire Mn2+ inactivity.

Lithium-ion and sodium-ion batteries were intensively studied
in the 1980s to power mobile communication devices. Howev-

er, with the commercialization of the first Li-ion battery in the
early 1990s, most efforts on Na-ion battery research shifted to

lithium-ion batteries, as sodium-ion batteries could not com-
pete for high-energy-density applications, owing to the larger

size and heavier weight of Na+ .

Nowadays, the world faces a new energetic challenge. Tran-
sition towards green energy sources is required, but remains

a utopia as the energy produced in solar and wind farms is in-
termittent. To overcome this issue, it is necessary to set up

power grids that are able to compensate energetic fluctuations
by using large-scale stationary batteries. Although the few re-

sources and high price of Li limits the application of Li-ion bat-

teries in this field, Na-ion batteries represent one the best can-
didates, owing to the price and abundance of the raw materi-

als[1] and to the fast bulk diffusion as well as low interfacial ki-
netic barrier of Na+ .[2]

Given that energy density is not a critical limitation factor,
the Na-ion technology, set aside for two decades, has been

(re)investigated since the 2000s. Among the various positive
electrode materials recently reported, many are based on Fe/

Mn redox centers as the ultimate elemental strategy. They con-

sist of layered oxides[3] or polyanionic materials such as phos-
phates,[4] pyrophosphates,[5] fluorophosphates,[6] and so forth.

Following recent research on sulfate-based polyanionic ma-
terials in Li-ion batteries,[7] our group reported the synthesis

and electrochemical properties of krçhnkite Na2Fe(SO4)2.2 H2O[8]

and alluaudite Na2 + 2xFe2¢x(SO4)3 (0.25�x�0.3).[9] The latter
shows highest Fe3+/Fe2+ redox couple voltage ever reported

(3.8 V vs. Na/Na+ , and hence 4.1 V vs. Li/Li+), associated with
good discharge capacity (100 mAh g¢1at C/20) and rate capa-

bility (60 % are still available at 20 C rate). Moreover, its high
energy density (>540 Wh g¢1) could make Na-ion batteries

competitive with state of the art lithium-ion cells.[9a]

In this work, we focus on the substitution of Fe by Mn to
form Na2.5(Fe1-yMny)1.75(SO4)3 (y = 0, 0.25, 0.5, 0.75, and 1.0) solid

solutions. Our goal is to study the impact of the substitution
on the structural, electrochemical, and redox properties and to

identify the similarities and differences with the other polyan-
ionic cathode materials. We expect the observation of the

Mn3+/Mn2 + redox couple around 4.5 V versus Na/Na+ as well

as a significant increase in the Fe3 +/Fe2 + potential.[10]

The structure of alluaudite Na2 + xFe2¢x(SO4)3 has been report-

ed previously.[9a, c] In this structure, Fe2 + ions are located in oc-
tahedral sites sharing edges with the nearest neighbor, creat-

ing Fe2O10 dimers. Fe2O10 dimers are, in turn, bridged together
by sharing corners with SO4 tetrahedrons, creating a three-di-

mensional framework with large tunnels along the c axis. Na+

ions occupy three different sites in these tunnels, one fully oc-
cupied and two partially occupied.[9a] In the case of off-stoi-

chiometric Na2.5Fe1.75(SO4)3, the unfilled part of the Fe site is oc-
cupied by Na+ ions.[9c]

Figure 1 shows the XRD patterns of the as-prepared
Na2.5(Fe1-yMny)1.75(SO4)3 (y = 0, 0.25, 0.5, and 0.75) solid solutions

and of Na2.6Mn1.7(SO4)3 (hereafter denoted as “y = 1” for clarity
purposes). The increasing shift of the peaks to lower 2q angles
with increasing Mn content suggests an increase in the cell pa-

rameters and the volume, as a result of the larger Mn2 + ion
(ri = 0.83 æ) compared to Fe2 + (ri = 0.61 æ).[11]

We then carried out Rietveld refinements (Figure S1 and
Table S1) assuming that the solid solutions crystallize in the al-

luaudite structure. The evolution of the refined cell parameters

is given in Figure 2 and confirm the increasing volume of the
cell with increasing Mn content.

The good quality of the fittings given by the Rwp and RB relia-
bility factors indicates the efficient substitution of Fe by Mn in

the Na2.5(Fe1¢yMny)1.75(SO4)3 (y = 0, 0.25, 0.5, 0.75, and 1) solid
solutions, as expected from the recent conclusions by
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Dwibedi’s et al. on the isostructural Na2.4Fe1.8(SO4)3 and
Na2.44Mn1.79(SO4)3 compounds.[12] By closely looking at the in-

dexation of the diffraction patterns (Figure S1), we observe
that the alluaudite phase does not allow perfect matching of

the XRD patterns, and some impurities must be included:
Fe3O4 [Na2.5Fe1.75(SO4)3 sample] or Na2Mn3(SO4)4 (Mn containing

samples). The structure of the latter will be published in a forth-
coming paper. The number of impurities increases from 0.8 to
8.3 % with increasing Mn content (Table S1).

The electrochemical properties of the different
Na2.5(Fe1¢yMny)1.75(SO4)3 (y = 0, 0.25, 0.5, 0.75, and 1) solid solu-
tions were investigated in Na cells. The galvanostatic curves re-
corded at C/20 between 2.5 and 4.4 V are given in Fig-

ures 3 a–e. The first cycle is highlighted in red.

As one can see, partial substitution of Fe by Mn reduces the
first charge capacity from 110 mAh g¢1 (y = 0) to 80 (y = 0.25),

60 (y = 0.5), 30 (y = 0.75), and 0 mAh g¢1 (y = 1). This collapse is
highlighted in Figure 3 f, which also shows that the obtained

Figure 1. XRD patterns of the a) y = 0, b) y = 0.25, c) y = 0.5, d) y = 0.75, and
e) y = 1 Na2.5(Fe1¢yMny)1.75(SO4)3 solid solutions. The grey dashed lines high-
light the shift of the diffraction peaks towards lower 2q values as the Mn
content increases.

Figure 2. Evolution of the cell parameters and of the volume in the
Na2.5(Fe1¢yMny)1.75(SO4)3 solid solutions. The red dashed lines show the linear
evolution of the various parameters with the Mn content (linear fittings).

Figure 3. Galvanostatic cycling curves recorded between 2.5 and 4.4 V at C/
20 with Na/NaClO4 in propylene carbonate (1 m)/Na2.5(Fe1-yMny)1.75(SO4)3 cells :
a) y = 0, b) y = 0.25, c) y = 0.5, d) y = 0.75, and e) y = 1.0. f) Evolution of the
first charge and discharge capacities are reported on along with the theoret-
ical capacity, solely based on the Fe3 +/Fe2 + activity.
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capacity corresponds to the theoretical one, assuming the ac-
tivity of Fe3 +/Fe2 + only. One can see in this result the entire in-

activity of the Mn3 +/Mn2 + redox couple, as also observed in
Li2(Fe1¢yMny)P2O7 solid solutions (0� y�1)[10] and, more recent-

ly, in Na2.44Mn1.79(SO4)3.
[12]

We then plotted the dQ/dE curves, corresponding to the de-
rivative of the current with respect to the voltage, for the y =

0, 0.25, 0.5, and 0.75 solid solutions, as shown in Figures 4 a

and 4 b for the first and second cycles, respectively. As one can

see, the first charge profile shows two oxidation peaks, where-
as three peaks are observed in the consecutive discharge and

cycles (each peak corresponding to a given Na site). This evolu-
tion in the electrochemical profile is ascribed to structural

changes occurring during the first charge[9a] and will be pub-
lished in a forthcoming paper.

It can be seen that the relative intensity of the second peak

of the first charge decreases as the Mn content increases. This
is explained by the Mn2+ inactivity that lowers the amount of

Na+ ions to be extracted by the Fe3 +/Fe2 + redox process. For
the y = 0.5 solid solution, peak 1 represents the predominant

contribution with a large decrease in the peak 2 signal ; for the
y = 0.75 solid solution, the de-sodiation process does not show

any contribution from peak 2. A lesser contribution of peak 2
affects the subsequent high voltage signals of peaks 3, 4, 2’, 3’,

4’, and 5’ whose relative intensity diminishes as the Mn con-
tent increases.

As highlighted by the grey arrows in Figure 4, the voltage at
which each (de)intercalation occurs is shifted to higher values
as the Mn content increase. Such a phenomenon is known to
be correlated to the higher Gibbs free energy of the charged

state.[13] Upon charge, the M2 +!M3 + reaction is accompanied

by de-sodiation (delithiation), and the formed sodium (lithium)
vacancies stabilize the higher oxidation state of the M3 +

cation.[13] Here, however, the Mn2 + ions that are stabilized by
nearby Na+ ions are not involved in the redox reaction. This

makes the formation of Na+ vacancies unfavorable around the
Mn2+ and Fe3 + ions and results in local frustrations that in-

crease the Gibbs free energy of the charged state, thus increas-

ing the potential of the Fe3 +/Fe2 + redox couple. Also, it must
be noted that Fe3+ migration upon charge would be sup-

pressed by the smaller capacity in the Mn-substituted samples,
maintaining the Fe3 +– Fe3 + repulsive local interactions and,

hence, high-voltage operation after the first cycle. Such a phe-
nomenon was already observed in Li2MxFe1-xP2O7 solid solu-

tions (M = Mn, Co, Mg).[13b]

To further understand the effect of Mn on the redox proper-
ties, we conducted 57Fe Mçssbauer spectroscopy and a X-ray

absorption near-edge spectroscopy (XANES) study of the mate-

Figure 4. dQ/dV plots of the a) first and b) second cycles of the Na2.5(Fe1-

yMny)1.75(SO4)3 solid solutions (y = 0, 0.25, 0.5, and 0.75). The grey arrows
highlight the shift of the various peaks to higher voltages.

Figure 5. 57Fe Mçssbauer spectra of the Na2.5(Fe1-yMny)1.75(SO4)3 solid solu-
tions in their pristine, charged (4.4 V), and discharged (2.5 V) states:
a, b, c) y = 0, d, e, f) y = 0.25, g, h, i) y = 0.5 and j, k, l) y = 0.75. Black circles: ob-
served; blue line: Fe2 + site; green line: Fe3 + site; red line: calculated when
two sites are involved.
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rials in the pristine, charged, and discharged states. Figure 5
shows the 57Fe Mçssbauer spectra of the pure-iron and Mn-

substituted samples. The spectra of the pristine materials all
exhibit a quadrupole doublet that can be fitted by using one

iron site whose isomer shift (d�1.28 mm s¢1) is similar to that
of a-FeIISO4 (Fe2 + ions in octahedral FeO6 environment created

by SO4
2¢ anions). Distribution fittings using a fixed FWHM

value (0.25 mm s¢1) were carried out to take into account the
distribution of environments around the Fe probe atom. The

Mçssbauer parameters are reported in Table S2. The increasing
value of the quadrupole splitting with the Mn content [from
D* = 2.20(1) to D* = 2.33(1) mm s¢1] indicates a larger electric
field gradient at the Fe nuclei, as the Mn2 + ions are more in-

volved in the M2O10 dimers, randomly distorting the FeO6 octa-
hedron with which it shares oxygen atoms. The spectra of the

charged materials show a new signal whose isomer shift (d

�0.5 mm s¢1) is similar to that of Fe2
III(SO4)3 (Fe3 + ions in octa-

hedral FeO6 environments created by SO4
2¢ anions). This new

signal confirms the Fe2 +!Fe3 + redox process upon charge.
As one can see, a significant portion of the Fe2 + ions remain

unoxidized in the 4.4 V charged state, creating a gap in the
electrochemical results (Figure 3 f). Such a contradiction is not

uncommon and results from the electrolyte decomposition

when the cutoff voltage is set greater than 3.5 V versus Na/
Na+ .[14]

For the samples charged to 4.4 V, the overall decrease in the
quadrupole splitting of the Fe2+ and Fe3+ sites indicates a de-

crease in the disorder with Mn content. As fewer Fe2 + ions can
be oxidized and more Mn2 + ions are present, it becomes

highly probable for Fe2 + ions to be located in Fe2 +Mn2 +O10

dimers, whereas samples with lower Mn contents show various
possible environments (Fe2 +Mn2 +O10, Fe3+Mn2 +O10, Fe2 +Fe2 +

O10, Fe2+Fe3+O10). Upon consecutive discharge, only one signal
corresponding to Fe2+ ions (d�1.28 mm s¢1) is observed, indi-

cating the reversibility of the Fe2 +!Fe3 + redox process for all
materials.

Finally, we investigated the redox contribution of the

Mn2 + by conducting XANES measurements on a
Na2.4¢xMn0.72Fe1.08(SO4)3 sample. The XANES spectra recorded at

the Fe and Mn K-edges for the pristine, charged, and dis-
charged states are shown in Figure 6. Upon charge, the Fe K-

edge (Figure 6 a) shifts to higher energy values, confirming the
Fe2 +!Fe3 + redox process that was observed by 57Fe Mçssba-

uer spectroscopy. Upon discharge, the process is fully reversi-
ble, as shown by the overlap with the spectrum of the pristine
material. On the other hand, the Mn K-edge spectra (Fig-

ure 6 b) do not show any evolution between the pristine,
charged, and discharged states, confirming that the Mn2 + ions

are inactive during cycling. Such inactivity, or much less activity
than Fe, is common in polyanionic compounds[10] and may

result from the high voltage of the Mn3 +/Mn2 + redox couple

in the alluaudite phases.[12] The use of an electrolyte that is
stable at high voltage is required before we can conclude on

this topic.
To summarize, by using a low-temperature solid-state reac-

tion and very anhydrous synthesis conditions, we showed the
existence of a complete solid solution of Na2.5(Fe1-yMny)1.75(SO4)3

(0�y�1). Mn substitution in Na2.5(Fe1-yMny)1.75(SO4)3 increases
the voltage of the Fe3 +/Fe2+ redox couple, but unfortunately

leads to simple decrease of the discharge capacity, owing to

the Mn3 +/Mn2 + inactivity that makes Na2+ 2xFe2¢x(SO4)3 the best
candidate among the alluaudite Na2 + xM2-x(SO4)3 (M = transition

metal) family for high-energy-density Na-ion batteries.

Experimental Section

The targeted materials were prepared by following the method
previously reported[9a] from stoichiometric amounts of Na2SO4

(Wako, 99 %), MnSO4, and FeSO4. MnSO4 and FeSO4 were prepared
by separately annealing MnSO4.5 H2O (Wako, 99.9 %) and
FeSO4.7 H2O (Wako, 99 %) under vacuum at 200 8C for 12 h. The an-
hydrous precursors were ground in a mortar under an Ar atmos-
phere and introduced in a ball-milling jar for further mixing for 4 h.
Depending on the targeted material, 50 mL of acetone was added
(Fe containing samples) or not (pure Mn sample) to prevent de-
composition of FeSO4. The resulting powder was then pressed into
pellets and heat treated at 300 8C (pure Fe sample) or 350 8C (Mn
containing samples) for 18 h under an Ar flow. This heat treatment
was repeated with intermediate grinding. No increase in the
weight of the pellets was measured after annealing, confirming
the target composition.

Figure 6. XANES spectra of the a) Fe and b) Mn K-edges of
Na2.4Mn0.72Fe1.08(SO4)3 in its pristine (black line), charged (red line), and dis-
charged (blue line) states.
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X-ray powder diffraction (XRD) patterns were acquired in the 2q

range of 10–708 (0.028 step size) by using a Rigaku RINT-TTR-III dif-
fractometer (operating at 300 mA, 50 kV) equipped with a CuKa

source.

The samples were protected from environmental moisture by
using specifically designed airtight sample holders. Rietveld refine-
ments were performed by using TOPAS v3 (Bruker-AXS) software.

Electrochemical characterizations were carried out with Na/1 m
NaClO4 in propylene carbonate/Na2.5(Fe1¢yMny)1.75(SO4)3 batteries as-
sembled in 2032-type coin cells. Positive electrodes were a mixture
of active material/acetylene black/polytetrafluoroethylene in an 85/
10/5 weight ratio that were pressed (5 MPa, 30 s) onto an Al-mesh
disk of diameter 12 mm. Na metal was used as the negative elec-
trode. Electrodes were separated by one layer of Whatman glass-
fiber separator. Electrochemical data were collected by using
a TOSCAT-3100 battery tester at C/20 rate [complete theoretical
(dis)charge achieved in 20 h].

Mçssbauer experiments were performed by using a Topologic
System Inc. spectrometer, using a 57Co source (Rh matrix) in trans-
mission geometry. The velocity was calibrated by using pure a-Fe
as a reference. Model fittings were performed with MossWinn 3.0
software. The electrochemically prepared samples were cycled in
Na cells whose preparation is detailed above. After reaching the
desired state, the voltage was maintained until the residual current
dropped to 0 mA or was stable. The cells were then recovered in
an inert atmosphere (Ar) and the electrodes were washed with di-
methylcarbonate.

X-ray absorption near-edge structure (XANES) experiments were
carried out at beamline 7C at the Photon Factory by the High-
Energy Accelerator Research Organization (KEK). A Si(111) double-
crystal monochromator was used for energy selection. The Fe and
Mn absorption spectra were collected in the 6502–6610 eV (Mn K-
edge) and 7076–7181 eV (Fe K-edge) energy ranges in transmission
mode at room temperature. The intensities of incident and trans-
mitted X-rays were monitored by using ionization chambers.
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