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ABSTRACT: We introduce Na2[Fe3S4], comprising anionic layers, synthesized by a simple and straightforward solid-state method 
based on the fusion of binary sulfides of abundant sodium and iron. The structure crystallizes in a  trigonal lattice with honeycomb 
cavities, as well as 25% of statistical iron vacancies in the crystal structure. The compound depicts high dielectric constants from 998 
to 1850 at a frequency of 1 kHz depending on the sintering temperature, comparable with benchmark dielectric materials. According 
to the complex electrochemical impedance results, the compound depicts an electrical conductivity at ambient temperature. Optical 
investigations reveal a band gap of 1.64 eV, which is in agreement with an electronic band gap of 1.63 eV computed by density 
functional theory calculations. Magnetometry results reveal an antiferromagnetic behavior with a transition at 120 K. These findings 
introduce Na2[Fe3S4] as a sustainable multifunctional material with potential for a variety of electronic and magnetic applications.

1. INTRODUCTION
Nowadays, electronic devices based on new technologies� 
from smartphones to electrical vehicles�are an integral part of 
the everyday life. Solid-state inorganic materials are at the heart 
of these devices to facilitate different a pplications, s uch as 
semiconductors, capacitors, superconductors, electromagnetic 
sensors, and solid-state batteries.1−3 Although solid-state 
electronic materials are known for an inherent energy 
efficiency, re liability, lo ngevity, an d du rability, th eir sustain-
ability is still a controversial issue. In most of the current 
electronic and magnetic devices, the essential materials contain 
toxic constituents and/or are based on limited resources. In 
particular, the raw material supply processes of current 
commercial energy- storage technologies are questioned for 
their dramatic impacts on the environment and social 
communities.4−6 As an example, lithium- ion batteries are the 
flagship m embers o f e nergy s torage t echnologies a nd are 
widely utilized in electronic devices.4 However, the drawbacks 
include high costs,2 limited resources,5 and the environmental 
and social challenges of lithium mining.6 To overcome these 
challenges, new materials for different t ypes o f b attery cells, 
such as sodium- and potassium- ion batteries,7 iron−sulfur

batteries,8 and zinc−air batteries,9 are continuously designed
and introduced for the new generation of electrical energy
storage devices. Among them, sodium-ion batteries are
promising candidates due to their reasonable power density,
abundant sodium resources, and sustainability.10 While some
of the electrochemical properties of commercial energy storage
devices seem auspicious, the abundancy of the redox−active
transition metals displays a serious concern. In particular, the
elements cobalt, nickel, and vanadium are prominently found
in battery materials, all of which are critical resources. In
contrast, sodium, iron, and sulfur are highly abundant and non-
toxic and can be sourced from environmentally and socially
controlled mining processes.
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We have recently reported on the high dielectric constant
and the second highest bulk ionic conductivity of K-ion
containing materials in K2[Fe3S4], a ternary sulfido ferrate
containing iron vacancies in the anionic substructure.11 We
were, therefore, interested in the sodium analogue, Na2[Fe3S4]
(1), which should combine high dielectric constants and high
ionic conductivity values with abundant and nontoxic
elemental components. Owing to the abundant sources of
sodium compared to those of potassium, as well as further
potentials and an increasing interest in sodium-ion batteries, 1
is a promising candidate to synthesize and investigate in
comparison with the potassium analogue. We here present a
comprehensive study on the successful isolation of 1, including
large-scale and single-crystal syntheses, dielectric and impe-
dance analyses, as well of further investigations including
magnetic, thermal, and optical properties alongside first-
principles calculations.

2. EXPERIMENTAL SECTION
2.1. Materials and General Procedure. Sodium (Onyxmet,

99.8%), sulfur (abcr, 99% sublimed), and iron sulfide (FeS, Sigma-
Aldrich) were commercially purchased and used without any further
purification. Na2S is synthesized under an argon atmosphere
according to the reported protocol12 by dissolving 21.65 g (0.94
mol, 2 equiv) of sodium in approx. 250 mL of liquid ammonia at a
temperature of 200 K, then gradually adding 15.07 g (0.47 mol, 1
equiv) of sulfur at a temperature of 240 K, and stirring the mixture for
approx. 12 h while allowing it to very slowly heat up to room
temperature. During this time, the ammonia will evaporate, thus
facilitating the release of pressure. The purity of as-synthesized Na2S
was verified by the powder X-ray diffraction (P-XRD). Special
attention should be directed throughout the synthesis to provide a
pressure release option while working with liquefied gases as solvents.
The addition of sulfur must not be performed at temperatures below
240 K due to potential kinetic hindrance of the reaction at lower
temperatures, which may result in a thermal runaway reaction upon
later heating.

Due to the air and moisture sensitivity of Na2S and 1, all
manipulations including the synthesis, handling, and characterization
procedures were carried out under an inert atmosphere in argon-filled
gloveboxes or using standard Schlenk techniques.
2.2. Synthetic Procedure of 1. 7.80 g (0.1 mol, 1 equiv) of Na2S

and 16.74 g (0.3 mol, 3 equiv) of FeS were mixed uniformly and
placed into a silica glass ampule. The ampule was heated to approx.
1100 K for around 6 min using a methane-oxygen flame torch and
subsequently allowed to cool to room temperature. The crude
product was manually removed and ground. 21.24 g (86% yield) of 1
was obtained as a dark green powder. While removing the reaction
product from the ampoule, the adhered material at the glass surface
was disposed to prevent contamination with glass pieces and/or
potential undesired phases, possibly obtained from side reaction with
the glass surface. This reduced the overall yield. To prepare single
crystals of 1, a solvothermal treatment was conducted at 423 K for 48
h by placing 125 mg of as-synthesized powder of 1 in a 10 mL vial
with 2 mL of pyridine as a solvent.
2.3. Structural, Microstructural, and Thermal Analyses.

2.3.1. PXRD and Rietveld Structure Refinement. To conduct
PXRD measurements, the sample was prepared by placing approx.
10 mg of fine powder of 1 in between two layers of Scotch tape
(ScotchMagic dull-transparent) to prevent any exposure to air or
moisture. The measurement was carried out using a STOE MP
diffractometer equipped with a Dectris Mythen 1K linear silicon strip
detector and a Ge(111) double-crystal monochromator operating at
40 kV and 50 mA in transmission configuration using Mo Kα radiation
(λ = 0.71073 Å) at 293 K in the 2θ range of 5 to 45°. The purity,
degree of crystallinity, and average crystallite size of 1 were
determined by Rietveld structure refinement13 using GSAS II14

software.

2.3.2. Single-Crystal X-ray Diffraction. A suitable crystal from the
solvothermal treatment is isolated under an optical microscope,
mounted in Paratone oil, and stored in a liquid nitrogen container
according to the reported protocol.15 Measurements were performed
using a Bruker D8 Venture diffractometer with Mo Kα radiation (λ =
0.71073 Å) at 100 K. The crystal structure was solved and refined
using Olex216 software with ShelXT17 and ShelXL18 programs,
respectively, and then depicted with the DIAMOND4.5.2 software
package.19 Refinement details as well as solved crystal structure data
are provided in the Supporting Information file.

2.3.3. Energy-Dispersive X-ray Spectroscopy. Approx. 10 mg of
fine powder of 1 was deposited on a measurement stub using a carbon
sticker and subsequently carbon-coated to prevent charge accumu-
lation on the surface and then transferred to a scanning electron
microscope [Zeiss Sigma 300VP field-emission-scanning electron
microscope (FE-SEM)] coupled with EDX (Bruker, Quantax Xflash
6, 60 mm2 SSD EDS) detectors. Measurements were done at a
working distance of 8.5 mm, a beam aperture of 60 mm, and a beam
energy of 20 kV. The Bruker Esprit 2.1 software was used for
postprocess quantitative analysis of the EDX measurements.

2.3.4. Thermal Analyses. To investigate the thermal properties of
the compound, thermal analyses including thermal gravimetry (TG)
coupled with differential scanning calorimetry (DSC) measurements
were carried out under an inert atmosphere in the range of room
temperature to a temperature of 1200 K for two successive heating−
cooling cycles. More details on the samples preparation and the
measurements are available in the Supporting Information.
2.4. Dielectric and Impedance Measurements. 2.4.1. Prep-

aration of Pellets and Sintering. To measure the electrical
parameters, the samples were prepared as pellets by pressing and
sintering. Approx. 400 mg of fine powder (average particle size < 2
μm) of 1 was placed into a cylindrical pressing mold, sealed with a
parafilm, and pressed using a uniaxial hydraulic press (Paul Weber
Maschinen, 200 kN) up to 80 kN·cm−2. Afterward, the pellets were
transferred into a silica glass ampule, sintered at temperatures of 723,
823, or 923 K for 12 h, and labeled as 1-723, 1-823, and 1-923,
respectively. The possible sintering temperatures were limited by the
melting point of around 950 K (see Supporting Information). The
pellet dimensions before sintering were 13 mm in diameter and 2 mm
in thickness and then shrunk during sintering to 11.8 (11.7, 11.2) mm
in diameter and 1.6 (1.6, 1.5) mm in thickness for 1-723 (1-823, 1-
923). To prepare the samples for electrical measurements, electrode
layers were attached to both sides of the pellets by adding silver
conductive adhesive paste (abcr, resistivity < 3.8 × 10−3 Ω cm−1),
conjugating standard conductive wires (copper/chromel-A, 0.22 mm/
0.28 mm, PU 200 g), and heating at 420 K for 60 min in an electrical
furnace. The microstructural properties of the sintered samples were
investigated by imaging on the cross-section of pellets using a Zeiss
Sigma 300VP field emission scanning electron microscope and the
secondary electron detector.

2.4.2. Dielectric Measurements. Electrical parameters of the pellets
including capacitance, resistance, reactance, and dielectric loss were
measured at ambient temperature using an LCR meter (East Tester,
ET4410) in the frequency range of 0.1 to 100 kHz with an applying
voltage of 1 V and an external resistivity of 100 Ω.

2.4.3. Impedance Measurements. Complex impedance parameters
of pellets were measured at 293 K using an electrochemical
impedance analyzer (BioLogic MTZ-35). Measurements were done
in a frequency range of 100 mHz to 1 MHz under 100 mV sine phase
and a resolution voltage of 50 μV. The electrical conductivity of the
samples was calculated using the complex impedance plots based on
the Nyquist equation.20 The simulation of complex impedance for the
equivalent circuit was calculated using the ZSimpWin program.21

2.5. Magnetometry. Approx. 20 mg of fine powder of 1 was
manually pressed into polyethylene microcapsules, inserted into a
superconducting quantum interference device magnetometer
(SQUID, MPMS3-7T Quantum Design), and measured in the
temperature range of 3 to 370 K under a helium atmosphere. The
field-dependent magnetization measurements were performed at five
different temperatures of 3, 50, 100, 200, and 300 K by applying an



external field up to 5.00 T. Zero-field cooling (ZFC) and field cooling
(FC) investigations were carried out at a constant magnetic field of 50
mT. The obtained results were normalized according to the weight of
the samples.
2.6. UV−Visible Spectroscopy. Approx. 5 mg of fine powder of

1 was inserted into a Praying Mantis accessory, and measurements
were conducted by recording the optical reflection spectra using a
Varian Cary 5000 UV/VIS/NIR spectrometer in the wavelength
range of 200 to 1400 nm. Tauc plots were plotted for the measured
diffuse reflectance, and the optical band gap was estimated by
applying the Kubelka−Munk function.22 More details are provided in
the Supporting Information.
2.7. Quantum Chemical Calculations. Vienna ab initio

simulation package version 5.4.4 (VASP)23 was used for performing
the spin-polarized density functional theory (DFT) calculations of 1
including the electronic band structure as well as density of states
(DOS) based on generalized gradient approximation (GGA)24 with
the Perdew−Burke−Ernzerhof (PBE) exchange correlation func-
tional.25 The band structure is visualized along the high-symmetry
paths in the Brillouin zone, and the energies of the computed bands
are normalized to set the Fermi level to zero to ease viewing. More
details of the calculations are provided in the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Structural Properties. 1 is

synthesized through a straightforward and comparably fast
(heat treatment for 6 min) solid-state reaction of an intimate
mixture of 1 equiv of Na2S and 3 equiv of FeS according to eq
1.

+ [ ]Na S 3FeS Na Fe S2

1100 K
6 min

2 3 4 (1)

The reaction yielded around 86% of pure powder of 1 of
dark green color. The reaction is scalable and only limited by

the volume of the reaction container. 1 crystallizes in the P3̅m1
space group with two chemical formula moieties per unit cell
with a = 3.8495 (3) Å, c = 6.7606 (5) Å, V = 86.761 (15) Å3.
The crystal structure is a defect-variant of the CaAl2Si2
structure type26 and consists of layered sublattices of anionic
[Fe3S4] with sodium ions in between these layers. In the
anionic sublattice, the iron ions are tetrahedrally coordinated
by sulfur atoms, and the resulted [FeIIS4]6− tetrahedra are
edge-sharing (Figure 1). Within the anionic layers, there are
structural honeycomb-shape cavities that are surrounded by
three adjacent [FeS4]-tetrahedra (Figure 1c). Iron atoms
obtain 75% occupation according to the crystallographic
refinement and EDX analysis, yielding “defects” within the
anionic layers that are assumed to be statistically distributed
due to the absence of superstructure reflexes or any other
indications of ordering. To the best of our knowledge, there is
only one isotypic sulfido ferrate salt reported, with a different
occupation of the iron and sodium atoms, whereas electrical
and impedance properties were not investigated.26 We have
recently reported a 2:3:4 stoichiometric ratio in K2[Fe3S4] with
space group type I4/mmm. However, the only similarity of 1
with the potassium analogue is the layered anionic structure
and the 75% occupation of iron atoms within the structure.11

Despite the similarities in iron vacancies and cationic layers,
these two compounds crystallize in two different lattice
structures. In K2[Fe3S4], the edge-sharing tetrahedra create
the anionic layers without any inherent structural voids, while
in 1, the edge- and corner-sharing tetrahedra induce honey-
comb cavities in the anionic layers. The Fe−S bond lengths in
1 (2.3213(8)-2.3697(3) Å) are comparable to those obtained
in K2[Fe3S4] (2.344(8) Å) as both coordination and formal
oxidation state of iron atoms are identical. The smaller ionic

Figure 1. Representation of the crystal structure of 1 (a) along the crystallographic b-axis including edge-sharing [FeS4]6−-tetrahedra forming a 2D
anionic sublattice perpendicular to the crystallographic c-axis; (b) along the crystallographic c-axis, displaying honeycomb-like cavities within the
anionic layers; (c) depicting two corner-sharing tetrahedra sublattices with blue and red edges, respectively, forming the honeycomb-like cavities;
both are crystallographically identical. (d) Optical microscopy photograph of single crystals of 1 at 80× magnification. Selected bond lengths and
angles: Fe−S: 2.3213(8)−2.3697(3) Å, Na−S: 2.8654(4) Å, and S−Fe−S: 108.628(1)-110.302(3)°. Partial occupations of iron atoms are omitted
for clarity.
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radii of sodium ions compared to those of potassium ions lead
to shorter distances between the anionic layers in 1 (3.64 Å) in
comparison with K2[Fe3S4] (3.89 Å). To the best of our
knowledge, 1 is a rare example of a ternary sodium sulfido
ferrate in the formal oxidation state +II, alongside literature-
known compounds of Na2[FeS2]

27 and Na6[FeS4].
28

The purity of 1 was confirmed by Rietveld structure
refinement of the powder diffraction data (Figure 2a), and a
crystallinity degree of 93% ± 3% and an average crystallite size
of 248 nm ± 8 nm were obtained (for details, see Supporting
Information). The elemental composition of 1 was confirmed
by EDX measurements (Figure 2b), qualitatively indicating the
purity and confirming the iron content according to a 75%
occupation. Additional peaks for carbon (0.277 eV, Kα) and
oxygen (0.523 eV, Kα) originate from the sample preparation
and are discussed in the Supporting Information.

The thermal properties of the compound were evaluated by
TG coupled with the DSC measurements. The results (Figure
S1) indicate reversible endothermic and exothermic events at
around 950 K during heating and cooling cycles, respectively,
which are attributed to the melting point of 1. In addition, the
weight losses of 9.4% at temperatures higher than 1050 K in
the first heating cycle and 4.7% at temperatures higher than
1100 K in the second heating cycle can be related to the

(partial) decomposition of 1. Further details on the thermal
measurements are available in the Supporting Information.
3.2. Dielectric and Impedance Properties. The

dielectric properties of 1 were investigated by measuring the
capacitance and dielectric loss of the pellets sintered at
different temperatures. The dielectric constants of the samples
were calculated according to eq 229

= · · ·C d A0
1 1

(2)

κ is the dielectric constant, C is the measured capacitance, d
is the thickness of the pellet, ε0 is the electrical permittivity of
vacuum space equal to 8.85 · 10−12 m−3 kg−1 s4 A2, and A is the
active surface of the electrodes. Figure 3a indicates the
dielectric constants of the samples as a function of electrical
field frequency in the range of 0.1−100 kHz. In all samples, the
dielectric constant rapidly decreases with increasing frequency
up to around 10 kHz and then continuously decreases at a
reduced rate. At frequencies lower than a critical range
(approx. 1 to 10 kHz, depending on the materials and
measurement conditions), the dominant polarization contri-
bution is assumed to result from the space-charge mechanism
which, in 1, sharply vanishes at frequencies around 1 kHz.29

The dielectric constant of 1-923 is around 1850 at a frequency
of 1 kHz, significantly higher than some benchmark dielectric

Figure 2. (a) Rietveld refinement results of as-synthesized 1. (b) EDX spectrum of powder of 1, with the extracted amounts of the elemental ratio,
and a micrograph of the powder from backscattered electron signals at an applied beam energy of 20 kV using scanning electron microscopy.
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materials such as barium and strontium titanates.30 The
dielectric constant of 1 is relatively high despite the dark color
of the powder which corresponds to a comparably narrow
band gap. The high dielectric constant might be explained by
considering the inverse relationship of the dielectric constant
with the band gap energy in semiconductors.31,32 Additionally,
the structural defects could play a role as an internal barrier
layer capacitance (BLC) area. BLC is a well-known effect of
enhancing the dielectric characteristics of capacitor materi-
als.31,32 Synergical impacts of these effects could lead to
introduce a class of dielectric materials with narrower band gap
energies.31 At frequencies lower than 1 kHz, the measurements
could be affected by the environmental noises such as thermal
and electromagnetic noises, which can cause deviations from
the ideal trends. Lower sintering temperatures result in lower
dielectric constants. Samples of 1-823 and 1-723 indicate
dielectric constants of 1002 and 998 at 1 kHz, respectively.
The dependency of dielectric constants to the sintering
temperature can be explained by the considerable impacts of
the sintering temperature on the grain-to-grain boundary ratio

and bulk density of materials as a well-known phenomenon in
electronic materials.33 At higher temperatures, a higher number
of sintering mechanisms are activated, leading to potentially
higher bulk density of materials.34 Lower sintering temper-
atures result in lower dielectric constants.35 In addition, the
higher sintering temperature could facilitate the grain growth
and lead to an increase in the grain-to-grain-boundary ratio.
The FE-SEM micrographs of the microstructure of the pellets
sintered at different temperatures are provided in the
Supporting Information, Figure S2, indicating the larger
average size of grains for the samples sintered at higher
temperatures.

In a similar trend, the dielectric losses of all samples are
decreased for an increase of the measurement frequency, while
the sample sintered at higher temperature shows lower loss
values (Figure 3a, inset frame). The dielectric losses of 1-923,
1-823, and 1-723 are around 0.045, 0.057, and 0.059,
respectively, at 1 kHz. The electrical resistivity and
conductivity of the samples were measured and are provided
in the Supporting Information, indicating a decrease of

Figure 3. (a) Plot of the dielectric constant of 1 as a function of the frequency for pellets of 1-723, 1-823, and 1-923. Inset: Plot of the dielectric
loss of 1 as a function of the frequency. (b) Complex impedance plot of 1, sintered at different temperatures, and the simulated curves according to
an equivalent circuit (inset) including parallel series of capacitance (C) and resistance (R) sets according to the one arc model, while R3 is a
resistor element for the electronic conductivity contribution.

https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00008?fig=fig3&ref=pdf
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resistivity from around 140 Ω·cm at 100 Hz to around 65 Ω·
cm at 100 kHz as well as an increase of conductivity from
around 6.5 mS·cm−1 at 100 Hz to around 15.8 mS·cm−1 at 100
kHz.

Complex impedance measurements at ambient temperature
were carried out to investigate the transport properties of the
samples by plotting the Nyquist curves of real and imaginary
parts of the impedance. Figure 3b displays the complex
impedance plots of samples sintered at different temperatures
in the frequency range of 100 mHz to 1 MHz. Plots for all
samples indicate a single semicircular trend, indicating an
electrical conductivity with electronic leakage.36 In most of the
alkali metal-ion superconductors, the semicircular Nyquist
curves indicate an obvious linear tail in the post-region of
intersections with the real impedance (Z) as one of the
characteristics of ionic superconductivity of materials.4,10

However, in Figure 3b, there is no significant linear part
after the intersection points, indicating a contribution of the
electronic conductivity. Simulations were carried out by
designing different equivalent circuits including and excluding
an electronic contribution, as well as grain−grain boundary
models (see Supporting Information).34,36 In 1-923, simu-
lations with equivalent circuits including an additional resistor
for an electronic contribution and based on the one arc model
resulted in curves with considerably higher congruency
compared to the circuits designed based on the grain−grain
boundary model or without an electronic conductivity
contribution and were thus applied for all samples. The
intersections of the curves with the Z axis were considered as
the total bulk resistivity of the samples to approximate their
ionic conductivity. The value of the bulk resistivity is decreased
by increasing the sintering temperature, from approx. 1946 Ω
for the sample of 1-723, to 809 Ω for 1-823, and to 628 Ω for
1-923. As the sintering at higher temperature principally results
in a higher density of the bulk material,33,34 the potential
porosities within the samples sintered at lower temperatures
can act as nonconductive barriers for the ion transfer through
the microstructure. The experimentally determined band gap
of 1.64 eV (vide infra), in combination with Fe−Fe distances
of 2.6808(4)−3.8495(3) Å, would not suggest a predominant
electronic contribution to the electrical impedance, while a
predominant ionic Na···S interaction, the high dielectric values
that sharply drop at comparably low frequencies, and the
presence of statistically distributed Fe vacancies would suggest
an ionic contribution. However, the absence of a post-intersect
tail, as well as a potential redox activity of the iron ions, renders
the calculated ionic conductivity of 3.42 mS·cm−1 with an
activation energy of 0.324 eV (based on the equivalent circuit
as depicted in Figure 3) for 1-923 only a rough approximation.
To comprehensively study the different contributions to the
electrical conductivity, the design of an electrochemical cell
comprising 1, as well as further experimental studies, is
planned.

3.2.1. Magnetic Properties. Field-dependent magnetization
curves of 1 under the application of an external magnetic field
up to 5.00 T at different temperatures are plotted in Figure 4a.
The increase of the measurement temperature from 3 to 100 K
results in the decrease of the magnetization from around 8.12
to −4.36 Am2·kg−1 under an external applied field of 5.00 T.
For temperatures higher than 100 K, the magnetization values
under the same field are sharply reduced to 0.42 at 200 K and
0.17 at 300 K. At all temperatures, the curves’ trend is linear,
particularly at temperatures higher than 100 K. As a possible

explanation for the observed hysteresis cycles in the field-
dependent magnetization plots at temperatures lower than 100
K, the potential existence of spin canting in the antiferro-
magnetic order could act as a localized disordered area with
deviation from the ideal antiferromagnetic structure and
induce the coercivity and remanence in the hysteresis loops.
This possibility can be supported by an initial saturation
plateau at low fields and then a linear increase with increasing
DC field strength. Figure 5b depicts the results of temperature-
scan measurements including FC and ZFC curves in the
temperature range of 3−370 K under an applied field of 50
mT. An increase of the temperature enhances the magnet-
ization in the ZFC curve up to 1.56 μB at around 120 K and is
reduced at further increased temperatures. At the temperature
of 120 K, there is a bump in the FC curve, which is matched
with the bifurcation point of the FC and ZFC curves, which is
considered a transition in the magnetic properties. At 50 mT
field, the magnetization remains almost constant as a function
of the temperature above 120 K with a moment of 1.48 μB.
This is a strong hint toward ferromagnetism at higher
temperature; however, field-dependent magnetization curves
indicate no coercivity and remanence in this range of

Figure 4. (a) Field-dependent magnetization curves for 1 at different
temperatures as a function of the external applied field up to 5.00 T.
(b) ZFC and FC plots of 1 as a function of measurement temperature
under an applied field of 50 mT.

https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00008?fig=fig4&ref=pdf
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temperature. The plot of the magnetic susceptibility times the
temperature versus the temperature (χ·T − T), in the
temperature range of 3−370 K, is provided in the Supporting
Information, indicating a transition at a temperature of around
120 K. Due to the complex structure resulting from the
statistical occupation of iron atoms, it is impossible to assign
ferro- and antiferromagnetic ordering based on the X-ray
crystallographic structure model. Future investigations such as
neutron diffraction technique as well as elemental-specific
methods, e.g., using X-ray absorption spectroscopy, would be
beneficial to obtain a more accurate description of the
magnetic structure and moments.

According to the trends of the curves in both field-
dependent magnetization and temperature-scan plots, 1 is an
antiferromagnetic compound with a Neél temperature of
around 120 K. The sharp decrease of magnetization in Figure
4a could be related to a magnetic phase transition. The small
hysteresis in the field-dependent magnetization curves at
temperatures lower than 100 K could be related to additional
intrinsic or extrinsic defects in the crystal structure.
3.3. UV−Visible Spectroscopy and Electronic Band

Structure. Figures S6 and S7 display the Tauc plot of 1 for

the direct and indirect transitions, respectively, derived from
UV−visible measurements, indicating a direct optical band gap
of around 1.64 eV. The electronic band structure and DOS of
1 were computed by DFT calculations. The computed
element-resolved band structure (Figure 5a) demonstrates a
direct band gap of 1.673 eV, obtained with the GGA + U
method, when different Ueff values lead to variation in the
computed band gaps (Figure S8).

The valence band maximum and the conduction band
minimum are located at the Γ-point. From the DOS in Figure
5b, a considerable hybridization between Fe and S orbitals
populating the valence band near the Fermi level is observable.
In Figure 6, the conduction bands are dominated by the Fe 3d
states with partial hybridizations with S 3p states. The DOS is
completely symmetrical due to the antiferromagnetic nature of
1 (see Figure S9).

We note in passing that GGA-PBE and its revised version for
solids and surfaces (PBESol)37 falsely predict 1 to be of
metallic nature. With a strongly constrained and appropriately
normed metageneralized gradient approximation (SCAN)
functional, a narrow band gap of 0.257 eV was obtained

Figure 5. (a) Calculated elemental-resolved electronic band structure of 1. (b) Calculated DOS of 1, including total and elemental-resolved DOS
plots.

Figure 6. Spin-resolved DOS of 1 computed based on the DFT + U method.

https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00008?fig=fig5&ref=pdf
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(Figure S10). The complementary details of the calculations 
and their results are provided in the Supporting Information.

4. CONCLUSIONS
Na2[Fe3S4] with a layered anionic sublattice and 25% statistical 
iron vacancies was synthesized by means of a straightforward 
and fast solid- state method based on the high-temperature 
treatment of precursors containing abundant elements. The 
compound depicts a trigonal crystal lattice with honeycomb-
shaped cavities and cationic layers of sodium ions. Measure-
ments of the dielectric and the complex electrochemical 
impedance properties display a high dielectric constant of up 
to 1850 at a frequency of 1 kHz as well as semicircular arc of 
complex impedance with the bulk electrical resistivity values in 
the range of 628 to 1946 Ω, indicating the tunability of these 
properties as a function of the sintering temperature. Further 
optical investigations indicate the semiconductivity of 1 with a 
direct band gap of 1.64 eV. Magnetometry results illustrate an 
antiferromagnetic structure with a Neél temperature of 120 K. 
Therefore, 1 is a multifunctional material with a sustainable 
elemental combination and potential for application in 
electronic and magnetic applications.
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