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ABSTRACT: A series of quaternary selenides, NaxMGaSe4 (M =
Mn, Fe, and mixed Zn/Fe), have been synthesized for the first time
employing a high-temperature solid-state synthesis route through
stochiometric or polychalcogenide flux reactions. Along with the
selenides, a previously reported sulfide analogue, NaxFeGaS4, is also
revisited with new findings. These compounds form an inter-
penetrated structure made up of a supertetrahedral unit. The
electrochemical evaluations exhibit a reversible (de)intercalation of
∼0.6 and ∼0.45 Na-ions, respectively, from Na2.87FeGaS4 (1a) and
Na2.5FeGaSe4 (2) involving Fe2+/Fe3+ redox when cycled between
1.5 and 2.5 V. Mössbauer spectroscopy of 1a shows the existence of
a mixed oxidation state of Fe2+/3+ in the pristine compound and
reversible oxidation of Fe2+ to Fe3+ during the electrochemical cycles.
Na2.79Zn0.6Fe0.4GaSe4 possesses a reasonably high room temperature ionic conductivity of 0.077 ms/cm with an activation energy of
0.30 eV. The preliminary magnetic measurements show a bifurcation of FC-ZFC at 4.5 and 2.5 K, respectively, for 1a and
Na3MnGaSe4 (4) arising most likely from a spin-glass like transition. The high negative values of the Weiss constants −368.15 and
−308.43 K for 1a and 4, respectively, indicate strong antiferromagnetic interactions between the magnetic ions and also emphasize
the presence of a high degree of magnetic frustration in these compounds.

■ INTRODUCTION
Main-group chalcometallate building units are bestowed with
exceptional variety of structural diversity.1,2 When combined
with another main-group metal of different chemical identity
or transition metal (d or f-block), a new set of exotic structures
can be obtained endowed with fascinating properties, for
example, the discovery of crystalline long-range ordered
nanotubular phases of SbPS4−xSex (0 ≤ x ≤ 3)3 and
NaxEuTtQ4 (Tt = Si, Ge, x = 1.5−2)4,5 through the joining
of main-group tetrahedral building-blocks or formation of
nanotubes through the joining of a supertetrahedral cluster
showing orientation-dependent photoconductivity.6 The pres-
ence of unpaired spins of transition metals in these building
units can offer unique electronic and magnetic phenomena.
Thus, chalcogenides often offer the real possibility of
discovering magnetic semiconductors.7−9 Often these chalco-
metallate building units are such that they are of interest by
virtue of their structural features. The suitable placement of
transition metal ions on them and their corresponding
interactions can give rise to quantum materials.10 One such
building unit is the supertetrahedral building unit, in which the
presence of unpaired spins at the corners of the super-
tetrahedron makes them excellent candidates for geometrical

magnetic frustration11 and associated quantum phenomena
such as quantum spin liquid.12−16 Earlier we reported a series
of such unpaired spin containing supertetrahedral building
units forming interpenetrating zincblende lattices.17 These
materials are highly magnetically frustrated and represent a rich
source of a unique frustrated system with a tetrahedral (Td)
magnetic lattice. In the chalcogenide family, a frustrated system
with a tetrahedral lattice is not common.18 Recently, we also
reported interpenetrating zincblende lattices with Zn-contain-
ing T2 units, Na3ZnGaQ4, isostructural to the magnetic
analogues, Na3MGaS4 (M = Mn, Fe, Co), displaying high Na-
ion conduction.19 Following our report, Han et al. substantially
improved the Na-ion conductivity in Na3−xZn1−xGa1+xS4 by
creating a Na-vacancy through an increase in the amount of
Ga3+ in the structure.20 With this finding, it was clear that the
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M/Ga ratio can be varied beyond 1:1 in the mixed-occupancy
site by adjusting the amount of Na in the structure. These
results have opened up the opportunity to evaluate whether the
magnetic lattices can be redox-active with respect to Na-
deintercalation in a Na-ion battery as the charge of framework
can be balanced through the oxidation of M2+ to M3+ in
Na3MGaQ4. Similarly, what happens to Na-ion conductivity if
we create a Na-deficiency in the Zn-analogue, Na3ZnGaSe4 by
introducing a +3 ion such as Fe3+? Indeed, our studies have
found that electrochemical Na-deintercalation from these
lattices is possible with the oxidation of Fe2+ to Fe3+. In this
article, we have expanded the family of magnetically frustrated
lattices to selenide analogues, NaxMGaQ4 (M = Mn, Fe, and
mixed Zn/Fe) and reported preliminary magnetic data
displaying frustration. We have demonstrated that Na-
intercalation and deintercalation are topotactic and reversible
for the iron-containing phases, NaxFeGaQ4 (Q = S, Se). We
have also revisited the composition of Na3FeGaS4, which can
now be more accurately described as NaxFeGaS4 (x = 2.57)
with a mixed valency of Fe as confirmed by Mössbauer
spectroscopy. In this manuscript, we also report a reasonably
high ionic conductivity for the mixed Zn/Fe phase.

■ EXPERIMENTAL SECTION
Materials. Elemental Se, Ga, Mn, Fe, and Zn employed in this

work were purchased from Sigma-Aldrich Chemical Co. and used as
obtained. Na2S was purchased from Fisher Scientific. Na2Se2 was
prepared in a laboratory by mixing stoichiometric quantities of
metallic Na and Se in liquid ammonia in a flask in a N2 environment
similar to the reported procedure.21

Synthesis of NaxFeyGa(1−y)S4 (1a, 1b, 1c), Na2.5FeGaSe4 (2),
Na2.79Fe0.4Zn0.6GaSe4 (3), and Na3MnGaSe4 (4). Different
compositional variants of the compound, NaxFeyGa(1−y)S4, were
synthesized through three different routes. First, we employed our
previously reported protocol where a stoichiometric combination of
Fe, Ga, S, and Na2S targeting a nominal composition of Na3FeGaS4
was heated in a sealed quartz tube at 750 °C for 96 h (compound
1a).17 Two other methods, namely, stoichiometric mixing of elements
(compound 1b) and metathesis routes (compound 1c) targeting
nominal composition of Na3FeGaS4, were also employed. In the
stoichiometric elemental route, freshly cut metallic Na pieces, Ga
shavings, and Fe and S powders in a 3:1:1:4 ratio were loaded in a
carbon-coated fused silica ampule and heated to 750 °C for 96 h. On
the other hand, for the metathesis route (Na5GaS4 + FeCl2 =
Na3FeGaS4 + 2NaCl), first Na5GaS4 was synthesized following our

previously reported procedure.22 Then in the second step, thoroughly
mixed Na5GaS4 and FeCl2 in a 1:1 ratio were loaded in the carbon-
coated fused silica tube inside an Ar-filled glovebox, vacuum sealed,
and heated to 750 °C for 48 h with a heating and cooling rate of 25
°C/h. The compounds Na2.5FeGaSe4 (2) and Na2.79Fe0.4Zn0.6GaSe4
(3) were synthesized by the stochiometric combination of elements.
For 2, 3 mmol Na, 1 mmol Fe, 1 mmol Ga, and 4 mmol Se were
taken. For 3, in place of 1 mmol Fe, a mixture of Fe and Zn was taken
in 0.5 mmol quantities of each with other reactants remaining the
same as in 2. All the precursors were weighed according to the above-
mentioned stoichiometric ratio and loaded into a carbon coated
quartz ampule inside an argon filled glovebox. The ampules were
attached to the adaptors before being taken out of the glovebox to
avoid exposure to air and moisture and subsequently flame-sealed
under vacuum. The sealed ampules were heated to 750 °C for 120 h
and then cooled with a heating and cooling ramp of 20 °C/h and 35
°C/h, respectively. Dark red to completely dark crystals of
compounds 1a, 1b, 1c, 2, and 3 were obtained after breaking the
ampules inside the glovebox. The compound, Na3MnGaSe4 (4), on
the other hand, was synthesized using Na2Se2 flux along with
elemental Mn, Ga, and Se. In a nitrogen filled glovebox (O2 < 1 ppm),
1 mmol Mn, 1 mmol Ga, 2.5 mmol Se, and 3 mmol Na2Se2 were
loaded into a quartz ampule that was flame-sealed under vacuum and
placed in a furnace. The temperature was increased from 25 to 700 °C
at a rate of 20 °C/h, kept at 700 °C for 96 h, and then cooled to room
temperature at a rate of 20 °C/h rate. The product was washed with
N,N-dimethylformamide to remove excess polychalcogenide flux and
byproducts. The dark red color slightly moisture sensitive product
consisting of chunks of crystals was obtained after washing. Suitable
crystals obtained from the as synthesized or DMF-washed samples
were chosen under an optical microscope and used for the single
crystal X-ray diffraction.
X-ray Crystallography. Good quality single crystals were chosen

under an optical microscope and mounted on a glass fiber for single-
crystal X-ray diffraction. A Bruker Smart Apex II diffractometer with
monochromated Mo Kα radiation (λ = 0.7107 Å) was used to collect
the data. The data sets were collected at various temperatures
between 200 and 293 K using Smart or Apex II software with a step of
0.3° in a ω scan and 20 s/frame exposure time. The data integration
and absorption corrections were carried out through SAINT23 and
SADABS23 programs, respectively. The crystal structures were solved
by SHELXS-97 and difference Fourier syntheses. Full-matrix least-
squares refinement against |F2| was carried out using the SHELXTL-
PLUS suite of programs.24 All of the compounds crystallized in the
I41/acd space group, similar to our previously reported isostructural
compounds. The asymmetric unit consisting of two sodium atoms,
one gallium atom, and three chalcogen atoms was located from the
Fourier maps. The initial isotropic refinement showed the absence of

Table 1. Crystal Data and Refinement Parameters for 1-rev and 1a−1c

Empirical formula Na2.57FeGaS4 (1-rev) Na2.87FeGaS4 (1a) Na2.63Fe0.88Ga1.12S4 (1b) Na2.66Fe0.86Ga1.14S4 (1c)

Formula weight 312.89 319.79 315.94 316.91
Temperature 293(2) K 298(2) K 299(2)K 223(2)K
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å
Crystal system Tetragonal Tetragonal Tetragonal Tetragonal
Space group I41/acd I41/acd I41/acd I41/acd
a/Å 12.964(2) 13.049(2) 12.894(2) 12.859(2)
b/Å 12.964(2) 13.049(2) 12.894(2) 12.859(2)
c/Å 18.792(4) 18.750(3) 18.621(3) 18.582(3)
Volume/Å3 3158.2(2) 3192.8(2) 3096.1(2) 3072.62(2)
Z 16 16 16 16
Density (calculated) 2.632 Mg/m3 2.661 Mg/m3 2.711 Mg/m3 2.740 Mg/m3

Absorption coefficient 6.341 mm−1 6.290 mm−1 6.665 mm−1 6.750 mm−1

Goodness-of-fit on F2 1.088 1.175 1.041 1.203
R [I > 2σ(I)] R1 = 0.0276 R1 = 0.0238 R1 = 0.0355 R1 = 0.0151
wR (F2) (all data) wR2 = 0.0653 wR2 = 0.0698 wR2 = 0.0830 wR2 = 0.0327
Largest diff. peak and hole (e·Å−3) 0.552 and −0.379 0.701 and −0.720 0.739 and −0.842 0.340 and −0.407
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further electron densities and reasonable thermal parameters.
However, the weighted R factor, wR2, did not converge to a lower
value, suggesting the possibility of mixed occupancy in the gallium site
(Ga/M). Therefore, the Ga site was freely refined with mixed Ga and
M (Fe, Mn, and Fe/Zn) occupancy, which significantly reduced the
weighted R factor. For the mixed metal Ga/Zn/Fe, occupancy of all
three (Ga, Zn, and Fe) atoms was freely refined using the SUMP
instruction. In all cases, the overall occupancy was constrained to
100%, keeping their coordinates and atomic displacement parameters
(ADPs) same. Such constraint led to a 50:50 occupancy for M and Ga
for 1a, 2, and 4, but 1b and 1c showed deviations from a 1:1 ratio of
Fe:Ga. However, for 3, such refinements yielded occupancies of Ga1,
Zn1, and Fe1 to be 0.51 (2), 0.31 (2), and 0.18 (2), which for final
refinement was constrained to be 50, 30, and 20%.

Finally, for the Fe-containing phases, out of the two Na-ions, one
(Na2) showed higher ADP and an unaccounted-for e-density (1.2 e/
Å3) close to it. The occupancy of the Na2 site was refined freely along
with a split position of Na2 (Na2A). All of the Fe-containing phases
showed partial occupancy in Na2 split sites, and such refinements
improved the R-factors for all of them. In the final stages of
refinements, the occupancy of Na1 was also varied and found to be
very close to the full occupancy or slightly underoccupied. No such
underoccupancy was found for the Mn-selenide phase (4). Realizing
the prevalence of underoccupancy in the Na-site in the Fe-containing
phases, it prompted us to revisit our earlier published compound,
Na3FeGaS4,

17 and we found two unfortunate errors in the previous
solution. The diffraction data set was mistakenly refined with low
temperature unit cell parameters, whereas the data set was collected
under dry N2 purging at room temperature, and also, occupancies of
Na positions were not refined. In this article, we are correcting those
errors with new refinement of the old data sets yielding a slightly
bigger unit cell and a revised composition, Na2.57FeGaS4 (1-rev). The
final compositions from crystallographic refinements are as follows:
Na2.57FeGaS4 (1-rev), Na2.87FeGaS4 (1a), Na2.63Fe0.88Ga1.12S4 (1b),
Na2.66Fe0.86Ga1.14S4 (1c), Na2.5FeGaSe4 (2), Na2.79Fe0.4Zn0.6GaSe4
(3), and Na3MnGaSe4 (4). The charge-balance for the Na-deficient
phases has been accomplished via the oxidation of Fe2+ to Fe3+
leading to mixed valency in those compounds as proved in the case of
1a−1c from Mössbauer spectroscopy (discussed later). The final
anisotropic refinements on all compounds were performed via
SHELX-2014 incorporated in ShelXLe.25 The crystal data and final
refinement parameters for 1-rev, 1a−1c, and 2−4 are given in Tables
1 and 2, and important interatomic distances are given in Tables 3
and 4. The atomic coordinates are supplied in the Supporting
Information (Table S1). Finally, the bulk purity of the compounds
was evaluated by using laboratory powder X-ray diffraction data.
Powder X-ray Diffraction. To evaluate the bulk purity of all the

compounds, laboratory powder X-ray diffraction patterns were
collected from a PANalytical X’Pert Pro diffractometer equipped
with a Cu Kα anode and a linear array PIXcel detector over a 2θ range
of 5 to 90° with a scan rate of 0.0472° s−1. The compounds were hand
ground using a mortar and pestle into fine particles inside an Ar-filled
glovebox and loaded into an airtight sample holder with a Kapton film
window to collect the diffraction patterns. The collected experimental
PXRD patterns are a good match with our simulated powder patterns
obtained from single-crystal X-ray diffraction, confirming the bulk
purity of the compounds except for 1a−1c (Figures S1a and S1b). In
the case of compounds 1a−1c, the presence of varying amounts of the
major impurity phase, Na3Fe2S4,

26 can be observed. The amount of
impurity was quantified employing Mössbauer spectroscopy (dis-
cussed below). On the other hand, for compounds 2 and 3, a slight
Na-deficiency should result in minor impurities. After close inspection
and taking a cue from the sulfide phase, some low intense impurity
lines can be attributed to the Na3Fe2Se4 phase.

27

Electrochemical Characterization. The electrode preparation
and battery fabrication were carried out inside an Ar-filled glovebox
with O2 < 0.2 ppm and H2O < 0.2 ppm. The active materials
(compounds 1a and 2) were mixed with conducting carbon (super-P)
and poly(vinylidene fluoride) in a ratio of 75:15:10 by hand grinding
for 30 min with a mortar and pestle. The cathode slurry was made by

dispersing the well-ground samples with N-methyl-2-pyrrolidone
(NMP) and coating them on aluminum foil. The cathode was
prepared by heating the slurry under vacuum at 80 °C for 12 h.
CR2032 type coin cells were assembled with Na as the anode, 1 M
NaClO4 dissolved in EC:DMC as the electrolyte, and Whatman glass
fiber as separator. All galvanostatic tests were carried out in a
NEWARE BT-4000 battery cycler. Cyclic Voltammetry (CV) was
performed using a PAR EG&G potentiostat/galvanostat model with a
scan rate of 0.05 mV/s. All the electrochemical tests were conducted
between a potential range of 1.5 and 2.5/3.0 V for compound 1a and
1.5 to 2.1 V for compound 2 unless otherwise mentioned. To examine
the maximum limit of Na intercalation into the structure and analyze
the polarization, the Galvanostatic Intermittent Titration Technique
(GITT) was performed on compound 1a at 10 mA/g current density
with a current pulse for 60 min followed by a relaxation time of either
120 or 240 min. To perform the post cycle analysis (PXRD and
Mössbauer) of the cathodes, the cells were charged or discharged to
the required potential in constant current (CC) mode. Once the
desired potential is reached, constant voltage mode charge or
discharge of the cells was performed for 1 h to equilibrate the cell

Table 2. Crystal Data and Refinement Parameters for 2−4

Empirical
formula

Na2.5FeGaSe4
(2)

Na2.79Fe0.4Zn0.6GaSe4
(3)

Na3MnGaSe4
(4)

Formula weight 498.83 511.26 509.47
Temperature 296(2) K 200(2) K 293(2) K
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å
Crystal system Tetragonal Tetragonal Tetragonal
Space group I41/acd I41/acd I41/acd
a/Å 13.349(4) 13.437(2) 13.758(8)
b/Å 13.349(4) 13.437(2) 13.758(8)
c/Å 19.392(6) 19.271(3) 19.571(5)
Volume/ Å3 3456.0(2) 3479.7(6) 3704.0(5)
Z 16 16 16
Density
(calculated)

3.835 Mg/m3 3.904 Mg/m3 3.654 Mg/m3

Absorption
coefficient

21.678 mm−1 22.198 mm−1 20.045 mm−1

Goodness-of-fit
on F2

1.086 1.08 1.095

R [I > 2σ(I)] R1 = 0.0363 R1 = 0.0214 R1 = 0.0225
wR (F2) (all
data)

wR2 = 0.0761 wR2 = 0.0554 wR2 = 0.0579

Largest diff.
peak and hole
(e·Å−3)

0.842 and
−0.793

0.631 and −0.853 0.552 and
−0.534

Table 3. Selected Bond Lengths (Å) for NaxFeyGa(1−y)S4 (1-
rev, 1a−1b)

Moiety 1-rev 1a 1b 1c

Ga1/M1 − S1 2.3039(9) 2.3197(7) 2.2829 (8) 2.2789 (6)
Ga1/M1 − S1a 2.3200(9) 2.3373(7) 2.2983 (9) 2.2947 (6)
Ga1/M1 − S2 2.3334(7) 2.3491(5) 2.3126(8) 2.3092(4)
Ga1/M1 − S3 2.3690(8) 2.3919(6) 2.3439(9) 2.3387(5)

aSymmetry operation: −y + 3/4, x − 1/4, −z + 1/4.

Table 4. Selected Bond Lengths (Å) for NaxMGaSe4 (2−4)

Moiety 2 3 4

Ga1/M1 − Se1 2.389(2) 2.3931(6) 2.459(2)
Ga1/M1 − Se1a 2.404(2) 2.4125(6) 2.477(2)
Ga1/M1 − Se2 2.419(2) 2.4287(5) 2.489(2)
Ga1/M1 − Se3 2.446(2) 2.4618(6) 2.533(2)

aSymmetry operation: −y + 3/4, x − 1/4, −z + 1/4.
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voltage and reduce the IR drop before disassembling the cells and
recovering the cathode for further analysis.
Mo ̈ssbauer Spectroscopy. 57Fe Mössbauer spectroscopy was

carried out on as-prepared samples (1a, 1b, and 1c) as well as
electrochemically charged (2.5 V) and discharged (1.5 V) samples for
1a in transmission geometry using a constant acceleration
spectrometer equipped with a 57Co (10 mCi) gamma source
embedded in a Rh matrix. The samples were loaded inside the
glovebox on a one-centimeter hole of a square shaped (2 × 2 cm2)
lead strip (sample holder), and the sample holders were heat sealed
with Kapton film to avoid contact with the air. The instrument was
calibrated for velocity, and isomer shifts are reported with respect to
α-Fe foil at room temperature. The resulting Mössbauer data were
analyzed using Lorentzian profile fitting by RECOIL software.28

AC Impedance Measurements. AC impedance measurements
were performed from 1 Hz to 1 MHz using a Biologic Instruments
SP-150 impedance analyzer with an AC signal amplitude of 100 mV.
The hand ground samples were cold pressed by applying a force of
280 MPa in a stainless-steel pressing die inside an argon filled
glovebox (O2 < 0.2 ppm). Indium foil, which acts as a blocking
electrode, was used on both sides of the pellet and placed in an
airtight Swagelok type cell holder to measure the temperature
dependence of ionic conductivity in a temperature-controlled box
furnace. The impedance data were collected at every 10 °C increment
by keeping the temperature of each measurement constant for at least
an hour to reach thermal equilibrium.
Magnetic Measurements. A Quantum Design MPMS SQUID

magnetometer was employed to measure the molar magnetic
susceptibility of 1a and 4 while warming from 2 to 300 K in a 2 T
applied field under zero-field and field-cooled (ZFC and FC)
conditions. The isothermal magnetization measurements were
conducted in an applied magnetic field of 0 to 5 T for 1a and −5
to +5 T for 4 at 5 and 4.27 K, respectively.

■ RESULTS AND DISCUSSION
Crystal Structure Description and Mixed Valency. The

compounds, 1-rev, 1a-1c, and 2−4, crystallize in the I41/acd
space group. The asymmetric units as given in Figure 1 contain

two sodium atoms, three chalcogen atoms (Q = S or Se), and
one site with mixed occupancy of Ga/M (M = Fe and Mn) or
mixed with three elements (Ga, Zn, and Fe for 3). The
compounds 1-rev, 1a, and 2−4 have equal occupancy of M
and Ga, while for 1b and 1c, the ratios of Fe and Ga are
0.88:1.12 and 0.86:1.14, respectively. One Na atom (Na1) and
a second one with its split positions (Na2, Na2a), one
chalcogen atom (Q1), and Ga/M sites all occupy the 32g

Wyckoff site. Q2, Q3, and Na1 occupy 16e, 16b, and 16c
positions, respectively. In the case of compound 3, Fe, Zn, and
Ga occupy the same 32g site. Note that for 4 we did not find
any Na-disorder and the Na2 site is modeled as an unsplit
unique position. The chemical formula is represented by
doubling the asymmetric unit, and the unit cell contains 16
such units.
The crystal structure of this structure type has been

comprehensively discussed in two of our previous publications
for different compositions.17,19 Here, we briefly touch upon the
main features of the crystal structure. Four Ga/M-centered
tetrahedra form a supertetrahedral T2 unit, such T2 units are
corner-shared to form a diamond lattice, and two such
diamond lattices are interlocked as shown in Figure 2a-e. The
extraframework Na-ions fill the channels formed by the two
interpenetrating diamond lattices. The Na-ions (Na1 and
Na2/Na2a) adopt very distorted octahedral coordination
surrounded by 6 chalcogen atoms (Figure S2). The Ga(1)/
M (1)−Q distances are also in agreement with the identity of
the metal and their oxidation state. For example, the average
Ga1/Fe2+/3+−Se distance in 2 is much smaller (2.415 (2) Å)
compared to the average Ga1/Mn2+−Se distance (2.489 (2)
Å) as the ionic radii of Fe2+ (0.63 Å in Td) and Fe3+ (0.49 Å in
Td) are smaller than Mn2+ (0.66 Å in Td). Ga/Mn−Se bond
distances range from 2.459 (2) to 2.533 (2) Å and are at the
median of the reported pure Ga−Se and Mn−Se bond lengths
as in NaGa3Se5

29 and Na2Mn2Se3,
30 which are in the range

2.347 (2)−2.481 (3) Å and 2.520 (2)−2.603 (3) Å,
respectively. However, such a comparison is not appropriate
for the Fe-containing phases (1-rev, 1a− 1c, 2, and 3) due to
the presence of mixed valency in Fe, and on top of that, there is
another metal (Ga/Fe2+/3+/Zn2+) substitution in 3. However,
with the Fe-sulfide series (1-rev, 1a−1c), there is a consistent
decrease of Ga/Fe−S distances as a function of increasing the
Fe3+ percentage (Table 3).
As mentioned earlier that even after employing three

different routes of reactions we were unsuccessful in synthesiz-
ing the pure phase of fully stoichiometric Na3FeGaS4 or
NaxFeGaS4, varying amounts of Na3Fe2S4 impurity were always
present as revealed by the PXRD of the as-synthesized
materials (Figure S1). To quantify the impurity phase and
determine the ratio of Fe2+/Fe3+ in NaxFeyGa(1−y)S4,
Mössbauer spectra were collected from samples of three
different synthesis routes and given in Figure S3 for 1a−1c.
The fitted parameters based on Lorentzian site analysis,
especially isomer shift (IS), quadrupole splitting (QS) values,
and site populations, are given in Table S2. The fitting of the
data was challenging due to the presence of an impurity phase,
Na3Fe2S4, which is also a mixed valent compound. However,
fortunately Na3Fe2S4 displays one doublet (IS = 0.34 (4), QS =
1.73 (2) mm s−1) due to the rapid valence fluctuation in the
Mössbauer time scale representing an average valence state.31

Therefore, the Mössbauer spectra of compounds 1a−1c are
fitted with four doublets as shown in Figure S2a, b, and c, and
the site analysis clearly shows the existence of a mixed
oxidation state of Fe at the tetrahedral site. The IS values in the
range 0.23 (5)−0.28 (5) and QS values of 0.35 (3)−0.41 (2)
mm s−1 for doublet-1 have been assigned to Fe3+, while two
doublets, #2: IS in the range 0.66 (3)−0.70 (3) and QS values
of 2.18 (3)−2.27 (4) mm s−1 and #3: IS in the range 0.64
(2)−0.74 (2) and QS values of 1.48 (2)−1.75 (3) mm s−1,
have been assigned to Fe2+ of 1a, 1b, and 1c (see Table S2).
Though there is only one crystallographically distinct Fe-atom,

Figure 1. Asymmetric unit of NaxMGaQ4 with thermal ellipsoids
given at 40% probability showing the unsplit Na-site (a) and split Na-
site (b) models.
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the widths of the doublets are broad due to the disorder from
mixed occupancy (Ga/Fe) as well as the presence of Fe2+/Fe3+

in the same site and the possible presence of varying degrees of
Fe2+/Fe3+ in the same sample. Thus, the Fe2+ site is fitted with
two doublets which can be reported as the weighted-average
values of IS and QS, ⟨δ⟩a = 0.66 (2) and ⟨ΔEQ⟩a = 1.96 (2)
mm s−1, ⟨δ⟩a = 0.65 (2) and ⟨ΔEQ⟩a = 1.87 (2) mm s−1, and
⟨δ⟩a = 0.71 (2) and ⟨ΔEQ⟩a = 2.07 (2) mm s−1 for 1a, 1b, and
1c, respectively. The IS and QS values are in agreement with

the reported values of Fe2+ and Fe3+ in the tetrahedral sulfide
environment.32,33 The ratio of site populations of Fe2+ and
Fe3+ in 1a, 1b, and 1c can now be derived by taking into
account the percentage of the impurity phase (Na3Fe2S4),
which is ∼38, 15.5, and 43%, respectively, and normalizing the
remaining Fe2+ and Fe3+ to 100%. Thus, approximately ∼87,
72, and 59.5% of Fe in the 2+ oxidation state and the
remaining percentage of Fe in the 3+ oxidation state,
respectively, can be found for the three routes of synthesis

Figure 2. Crystal structure of NaxMGaQ4 showing the building up of the 3-dimensional network from supertetrahedral T2 units. (a) Ball-and-stick
model of the T2 unit. (b) polyhedral view of the T2 unit. (c) supertetrahedra are represented by a single tetrahedron with a dummy atom at the
centers. (d) Diamond lattice made up of a T2 unit filled with Na-ions. (e) Interpenetrating diamond lattices.

Figure 3. Temperature dependent molar magnetic susceptibility (χM) and inverse molar magnetic susceptibility (χM−1) at a 2 T applied magnetic
field for (a) Na2.87FeGaS4 (1a) and (b) Na3MnGaS4 (4). The inset shows ZFC-FC divergence at lower temperature. (c) Magnetization (M) vs
field (H) plot of 1a and (d) magnetization vs field variation for a hysteresis plot of 4.
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from which 1a, 1b, and 1c are obtained. The Fe2+ and Fe3+
percentages match (indirectly from Na-occupancy refinement)
with the crystallographically derived composition for 1a,
Na2 . 8 7Fe2+ 0 . 8 7Fe3+ 0 . 1 3GaS4 (87% Fe2+) , and 1b ,
Na2.63Fe2+0.63Fe3+0.25GaS4 (71.5% Fe2+), but deviate signifi-
cantly for the metathesis route, 1c, Na2.63Fe2+0.63Fe3+0.23GaS4
(crystallography-Fe2+ = 73.3% vs Mossbauer-Fe2+ = 59.5%).
These values indicate that even in the same synthesis, the ratio
of Fe2+/Fe3+ can vary, and Mössbauer data should be used to
determine the redox properties of the bulk rather than the
crystallographic composition from one single-crystal.
Magnetic Properties. In this work, the temperature

dependent-zero-field-cooled dc magnetic measurements of
the polycrystalline sample of compound 4 are reported for
the first-time using SQUID MPMS. We have also revisited the
magnetic properties of compound 1a. The temperature
dependent molar susceptibility (χM) and inverse molar
magnetic susceptibility (1/χM) of compounds 1a and 4 at an
applied field of 2 T from 2 K to room temperature are shown
in Figure 3. The molar magnetic susceptibility of the
compounds increases asymptotically while lowering the
temperature and reaches the maximum values of 0.043 and
0.071 emu mol−1 for compounds 1a and 4 at temperatures of
4.5 and 2.5 K, respectively. After 4.5 K, there is a sharp fall in
χM in the ZFC data for 1, while the FC data continue to rise
showing a bifurcation (inset Figure 3a). Such a bifurcation of
FC-ZFC data often represents a signature of spin glass like
transition.12,34,35 In the case of compound 4, after 2.5 K, the χM
value becomes constant for the ZFC, while FC data keeps
increasing, showing a divergence reminiscent of spin glass
transition (inset of Figure 3b). The 1/χM vs T plot shows
linearity in the temperature range of 200−300 K and 150−300
K for compounds 1a and 4, respectively, indicating para-
magnetic regions; below those temperature ranges the plots
tend to deviate from the linearity. The linear fitting of the data
in the paramagnetic region with Curie−Weiss law (1/χM = (T
− θp)/C) provides the Curie constant, C, and Weiss constant,
θp, as listed in Table 5.
The large negative θp (−368.15 and −308.43 K for 1a and 4,

respectively) indicates the presence of strong antiferromagnetic
interactions between the adjacent transition metal centers with
a high degree of magnetic frustration.11 The effective magnetic
moments (μeff) for the compounds as calculated from the
Curie constant, C, are compared with the theoretical spin-only
magnetic moment as listed in Table 5. The experimental μeff of
compound 1a (3.93 μB) is significantly lower than the
theoretical μeff value of 5.03 μB assuming a spin-only moment
of 87% Fe2+ and 13% Fe3+. Such a significant difference in the
μeff may arise due to substantial antiferromagnetic interactions
in the selected linear fit region, which means instead of a purely
paramagnetic interaction, the fitted region was riding on some
kind of short-range ordering. One can also notice a curvature-
like behavior in the 1/χM vs T plot between 50 and 300 K
instead of a truly linear one as one would see for a purely
paramagnetic region. The presence of a minor Na3Fe2S4

impurity cannot be completely ruled out, though hand-picked
crystals of pure 1a were used for measurements. In the case of
compound 4, the calculated μeff (6.0 μB) is slightly higher than
the theoretical spin only moment of 5.92 μB. The isothermal
magnetization measurements of compounds 1a and 4 at 5 and
4.27 K, respectively, show a sluggish rise in the magnetization
with the change in magnetic field (Figures 3c and 3d).
Compounds 1a and 4 reached maximum magnetization values
of 0.28 and 0.51 Nβ, respectively, at 5 T which are significantly
lower than the theoretical saturation moment of the free ion as
calculated from the number of unpaired electrons assuming
parallel spins (Ms = gSNβ) as listed in Table 5.
Lower magnetization values along with the absence of any

hysteresis while reversing the magnetic field (in case of 4)
validate the presence of strong antiferromagnetic interactions.
To understand the nature of magnetic interactions, we refer to
the structural T2/supertetrahedral unit (Figure 2a-c), and the
antiferromagnetic interactions between the magnetic ions in
the tetrahedral unit would lead to magnetic frustration. The
magnetic frustration can be measured by the frustration
parameter, f = |θp|/T* > 10, where T* is the transition
temperature.11 The frustration index calculated for both
compounds, 1a (368.15/4.5 = 81.81) and 4 (308.43/2.5 =
123.37), is significantly high, supporting the presence of
magnetic frustration. Also note that this frustrated system is
disordered due to the mixed occupancy (50/50) of the
transition metal and Ga in the same crystallographic site. This
random frustration system due to dilution in the magnetic site
can lead to a spin-glass like ground state as evident by the FC-
ZFC divergence.34,35 In this revisit of 1a, we observed not only
a mixed valency of Fe but also a FC-ZFC divergence, which
was not observed in our earlier study.17 These differences may
arise due to the presence of different amounts of impurity
phases in the two syntheses, and also the ratio of Fe2+ and Fe3+
is different. However, it will require more measurements in a
low applied field as well as frequency-dependent AC
measurements to understand the nature of magnetic transition.
Sodium Ion Electrochemistry. Early works on sulfide-

based cathodes for Na-ion intercalation were explored on TiS2
as the host for Na+ ions by Whittingham.36 The host exhibited
0.3 V lower intercalation voltage compared to the LiTiS2
analogue and displayed a complex coordination of Na+ ions
(octahedral and prismatic). Following this report, various
chalcogen-based hosts were explored for Na-ion intercala-
tion.37 Though the sulfide-based materials show low working
voltage, a recent spike in literature showing the possibilities of
reversible anionic redox in chalcogen cathodes has intrigued
researchers to revisit the chalcogen hosts.38−40 In that spirit,
here we report the electrochemical activity of NaxFeGaQ4 (Q =
S and Se) mainly to investigate if oxidative deintercalation of
Na is possible with complete conversion of Fe2+ to Fe3+. To
the best of our knowledge, this is the first example of a
chalcogen-based polyanionic material for Na+ ion intercalation
having structural flexibility for tuning the composition. The
theoretical capacities calculated for (de)intercalation of one

Table 5. Curie−Weiss Fitting Parameters, Experimental and Theoretical μeff, Frustration Index, Maximum Experimental
Magnetization Achieved at 5 T, and Theoretical Saturated Magnetization for 1a and 4

Compd C (emuK/mol) Θp (K) μeff (exp.) μeff (theo.)
a f = IΘpI/T* M (Nβ)b Ms(Nβ)max

c

1a 1.935 −368.15 3.93 5.29 81.81 0.280 4
4 4.743 −308.43 6.16 5.91 154.21 0.517 5

aSpin-only theoretical μeff.
bExperimental Magnetization achieved at 5 T. cTheoretical Saturated Magnetization.
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mol Na in compounds 1a and 2 are 83.80 and 53.72 mAhg−1,
respectively. However, note that from Mössbauer analysis, the
1a sample is a mixture of Na2.87FeGaS4 (62%) and Na3Fe2S4
(38%), where the impurity phase is also a potential candidate
for Na-ion deintercalation. The electrochemical measurements
of compound 1a were carried out first in the potential range of
1.5−2.5 V at a current density of 10 mA/g, and the
corresponding charge and discharge curves of the first four
cycles are presented in Figure 4a. The plot clearly shows an
initial sloppy profile followed by a flat plateau displaying highly
reversible electrochemical (de)intercalation achieving ∼63
mAh/g capacity with a very small polarization of ∼35 mV.
The dQ/dV plot of compound 1a shows perfectly reversible
redox peaks, a sharp one at ∼2.05 and a broad at ∼2.2 V, for
the flat and sloppy profiles, respectively, supporting the
involvement of Fe2+/3+ couples as shown in Figure S4a. This
achieved capacity cannot be explained solely from ∼0.87 Na
removal from 62% of 1a in the cathode mix (83.82 mAh/g ×
0.87 × 0.62 = 45.21 mAh/g) indicating that the Na3Fe2S4
impurity phase is also electrochemically active (evident from
Mössbauer spectra, discussed later). The material also exhibits
good reversibility of Na+ extraction and reinsertion even at
high current density of 200 mA/g as shown in Figure 4b with
an average potential of 2.08 V. Further, the structure displayed
a high degree of stability (Figure S4b, PXRD of the cycled
cathode) even after 100 cycles at 40 mA/g current density
(Figure 4c), elucidating that this model structure type can be a
new platform for the exploration of polyanionic sulfide-based
cathode chemistry in Na-ion batteries.
Observing interesting electrochemical activities in the sulfide

analogue, we tested its selenide analogue, compound 2, which
also turned out to be electrochemically active. It is expected
that compound 2 will have lower potential than its sulfide
version due to less electronegativity of Se compared to S as
also shown in the previous chalcogen based cathode

materials.41 The cycling was carried out in the potential
range of 1.5−2.1 V at 10 mA/g current density, and the initial
charge/discharge curves are shown in Figure 4d. Initially ∼1.0
Na+ ions are extracted from the structure, but on the
consecutive cycles only, ∼0.45 Na+ ions could be reversibly
extracted and reinserted. The charging and discharging curves
are rather sloppy without any discernible plateaus, indicating a
solid solution type behavior of the redox active phase. The
cyclic voltammetry of compound 2 showing reversible anodic
and cathodic peaks at 2.07 and 1.92 V is a clear indication of
the reversible Fe2+/3+ redox process during the charge and
discharge cycles (Figure S5). However, compound 2 suffers
from poor cycle reversibility at high current rates as shown in
Figures 4e and 4f. The capacity decays slowly when the battery
is subjected to a long cycle life at a 40 mA/g current density.
Poor capacity retention of compound 2 may be due to
oxidation of the Se2− anion in the initial cycles resulting in
structural rearrangement. Although these materials cannot
compete with the current Na-ion cathodes in terms of capacity,
the structural stability of sulfides and availability of more Na+
ions in these materials make them excellent model candidates
for further exploration of polyanionic-based 3-D chalcogenide
especially as a host for dual cation and anion redox candidates
and fast charging Na-ion batteries.
Charge Compensation Mechanism. To elucidate the

charge compensation of Fe2+/3+ redox during the (de)-
intercalation of Na+ ions, we performed ex situ 57Fe Mössbauer
spectroscopic analyses on a bulk sample of 1a, its charged and
discharged states. To track the changes in oxidation states
during charge and discharge, two coin-cells were disassembled,
one after the first charge and another after the first discharge,
to collect the electrochemically oxidized and reduced samples,
respectively, for Mössbauer spectroscopic analysis, and the
results are given in Figure 5 and Table 6. The spectrum of the
fully charged sample (Figure 5b) can be deconvoluted into two

Figure 4. Galvanostatic charge−discharge curves at 10 mA/g current density, capacity retention at different C-rates, and a long cycle test at 40 mA/
g current density of Na2.87FeGaS4 (a-c) and Na2.5FeGaSe4 (d-f).
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doublets, one with IS and QS values of 0.25 (4) and 0.38 (2)
mm s−1 with a site population of ∼61% and another with 0.15
(4) and 0.48 (3) mm s−1 with an ∼38.9% population
indicating that all the Td Fe2+ of 1a and the impurity phase
have been oxidized to Fe3+ through the oxidative removal of
∼0.87 Na-ions from ∼62% of Na2.87FeGaS4 and one Na from
∼38% of Na3Fe2S4 impurity. In that case, our achievable
capacity should be 77.7 mAh/g [(83.02 mAh/g × 0.87 × 0.62)
+ (86.75 mAh/g × 0.38) = 77.7 mAh/g], which does not
corroborate with the electrochemical charge curve since the
experimentally observed capacity is only 63 mAh/g. The only
likely explanation for this discrepancy could be that the
oxidation of Fe2+ to Fe3+ continues to happen even when the
charged cathode is removed and Mössbauer data is being
collected for several days from 2 to 3 mg active mass. The
spectrum of the discharged sample (Figure 5c) shows almost
complete reversibility in the oxidation state of iron. The
percentages of Fe2+ and Fe3+ in the discharged cathode, ∼83.2
and 16.8%, respectively, with the IS and QS values of both Fe2+
and Fe3+ match very well with pristine (see Table 6). The close
corroboration of percentage Fe3+ in pristine (13%) and
discharged (16.8%) samples may indicate that it may not be
possible to synthesize stoichiometric Na3FeGaS4 with all Fe in
2+, and a small amount of Fe3+ may be required to stabilize the
structure. Along with a 96% reversal of the oxidation state of
Fe in the Td site, we also observe that the impurity phase
returns with its original chemical identity as evident by the IS
and QS values of the impurity phase and its site population
percentage in the reduced phase. From this observation, we
can infer that the charge compensation during the electro-
chemical cycle is achieved by the Fe2+/3+ redox of the Td site
when cycled between 1.5−2.5 V. To achieve the full sodiated
phase (Na3FeGaS4) from Na2.87FeGaS4 and study the
polarization of the cathode, we performed GITT experiments
at 10 mA/g current density. The experiment was carried out
with a 60 min current pulse followed by either 240 or 120 min
of relaxation time (Figures S4c and S4d). In both cases, the
battery reached its equilibrium state during each relaxation step
with very minimal polarization. Such a low polarization profile
indicates the kinetically fast redox process of the cation
(Fe2+/3+) in intercalation type cathodes and full reversibility of
Na (de)intercalation. However, the calculated specific capacity
from the GITT experiments was matching exactly with our
charge−discharge tests, and we were unable to achieve
Na3FeGaS4 electrochemically (Figures S4e and S4f). This
finding also supports the fact that it is probably not possible to
stabilize a pure Fe2+ analogue of 1a (Na3FeGaS4), an
important observation that we missed in our previous
publication due to the absence of Mössbauer data.17

Sodium Ion Conductivity. Realizing that Fe in
NaxFeGaSe4 can be in mixed valent, Fe2+/3+, we intended to
introduce a vacancy in Na3ZnGaSe4 by substituting part of Zn
with Fe and improve the ionic conductivity as a proof of
concept. Indeed, our efforts have resulted in the formation of
Na2.79Fe0.4Zn0.6GaSe4 (3), which is a sodium deficient phase
charge compensated for by the Fe3+. The ionic conductivity
and activation energy were calculated using AC impedance
measurements. The Nyquist plot in Figure 6 consists of a low
frequency tail and a high frequency semicircle typical of
chalcogenide-based sodium ion conductors. The equivalent
circuit used and the related fitting parameters for room
temperature ionic conductivity are detailed in Table S3. The
temperature dependent ionic conductivity measured from

Figure 5. Mössbauer spectra of Na2.87FeGaS4 (a) pristine, (b) fully
charged, and (c) fully discharged.

Table 6. Mössbauer Spectroscopic Values for the Isomer
Shift (IS) and Quadrupole Splitting (QS) of Pristine,
Charged, and Discharged Phases of Na2.87FeGaS4

Compound Site
IS (δ)

(mm s−1)
QS (ΔEQ)
(mm s−1)

Site
population

(%)

Na2S-
Stoichiometry

Delocalized
Doublet 1

0.34(2) 1.74(3) 38(5)

1a Fe2+-
Doublet 2

0.68(5) 2.27(4) 27(2)

Fe2+-
Doublet 3

0.64(3) 1.64(2) 26(5)

Fe3+ Doublet 4 0.28(5) 0.38(2) 8(3)
Discharged Delocalized

Doublet 1
0.35(4) 1.73(2) 38.8(2)

Fe2+-
Doublet 2

0.65(3) 2.31(8) 17.1(5)

Fe2+-
Doublet 3

0.51(5) 1.60(2) 33.7(3)

Fe3+ Doublet 4 0.25(2) 0.33(3) 10.3(4)
Charged Fe3+-

Doublet 1
0.15(4) 0.48(3) 40(4)

Fe3+-
Doublet 2

0.25(4) 0.37(2) 60(2)
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room temperature to 65 °C follows the Arrhenius behavior.
The activation energy is calculated using σT = σo exp(−Ea/
kBT) where σT is the ionic conductivity, σo is a pre-exponential
factor, T is the absolute temperature, and kB is the Boltzmann
constant. The room temperature ionic conductivity shows a
value of 0.077 mS/cm with an activation energy of 0.30 eV.
The ionic conductivity is comparable to our previously
reported isostructural high ionic conductor compound,
Na3ZnGaSe4 (0.12 mS/cm at 30 °C).29 Slightly lower ionic
conductivity of Na2.79Fe0.4Zn0.6GaSe4 could be due to the
difference in the ionic radii Fe2+/3+ vs Zn2+ or particle sizes or
difference in electrode fabrication. A good intrinsic ionic
conductivity coupled with moderate electrochemistry makes
this class of compounds attractive for further tuning of the
composition to improve the performance.

■ CONCLUSIONS
Three new quaternary selenides NaxMGaQ4 (M = Mn, Fe,
mixed Zn/Fe) are successfully synthesized. The single crystal
X-ray diffraction studies show a split Na-site for the
NaxMGaSe4 (M = Fe and Zn/Fe) phases. Previously published
sulfide analogues of iron, Na3FeGaS4, have been revisited with
new findings of mixed valency, Na-vacancy, and facile Na-ion
redox chemistry. The reversible Na ion (de)intercalation at a
high current rate is well sustained in the sulfide analogue
compared to the selenide (98% capacity retention in
Na2.87FeGaS4 vs 72% capacity retention in Na2.5FeGaSe4).
Mössbauer spectroscopic data reveal the involvement of the
Fe2+ to Fe3+ redox couple for the charge compensation during
the electrochemical cycles of Na2.87FeGaS4, when limited to a
smaller voltage window, 1.5−2.5 V. Na2.79Zn0.6Fe0.4GaSe4
shows a reasonably high room temperature Na-ion con-
ductivity of 0.077 mS/cm with an activation energy of 0.30 eV.
Magnetic measurements on Na2.87FeGaS4 (1a) and
Na3MnGaSe4 (4) show FC-ZFC divergence indicating the
presence of spin-glass like transition with a high negative Weiss
constant reveals the presence of geometrical magnetic
frustration in these compounds due to the tetrahedral magnetic
lattice. Currently, we are exploring substitution of various
transition metals with an active redox couple to access both
cation and anion redox in quaternary chalcogenide materials.
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Figure 6. Nyquist plot for room temperature ionic conductivity of
compound 3 (inset). The activation energy calculated from the
experimental ionic conductivity vs temperature.
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