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Synthesis and electrical conductivity of nanocrystalline
tetragonal FeS*
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A convenient method for synthesis of tetragonal FeS using iron powder as iron source, is reported. Nanocrystalline
tetragonal FeS samples were successfully synthesized by reacting metallic iron powder with sodium sulfide in acetate buffer
solution. The obtained sample is single-phase tetragonal FeS with lattice parameters ¢ = 0.3767 nm and ¢ = 0.5037 nm, as
revealed by X-ray diffraction. The sample consists of flat nanosheets with lateral dimensions from 20 nm up to 200 nm and
average thickness of about 20 nm. We found that tetragonal FeS is a fairly good conductor from the electrical resistivity
measurement on a pellet of the nanosheets. The temperature dependence of conductivity of the pellet was well fitted using
an empirical equation wherein the effect of different grain boundaries was taken into consideration. This study provides a
convenient, economic way to synthesize tetragonal FeS in a large scale and reports the first electrical conductivity data for

tetragonal FeS down to liquid helium temperature.
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1. Introduction

Tetragonal FeS has attracted increasing attention because
it has a layered structure, fascinating properties, and important
potential applications. It crystallizes in a tetragonal anti-PbO
structure (P4/nmm space group), which is composed of lay-
ers of edge-sharing FeS, tetrahedra.!!:?) Mackinawite is a nat-
urally occurring tetragonal FeS mineral, important in biogeo-
chemical cycles.!?! Synthetic tetragonal FeS has been explored
as a photocathode in solar cells!* and as a material for micro-
bial fuel cells.!¥) It is known to be an effective scavenger for

[6-8] and a strong reducing reagent for chro-

[9-11

metal pollutants
mate and chlorinated organic compounds. I The possibility
of superconductivity in tetragonal FeS has attracted much in-
terest because it is isostructural to the FeSe superconductor!!?!
and exhibits the magnetic characteristics of the Fe-based
superconductors.[!3-191 Kwon ez al. reported spectroscopic ev-
idence and density functional theory calculations supporting
the existence of strong itinerant spin fluctuations in tetragonal
FeS in 2011.1"%) They conjectured that tetragonal FeS may be
one of the simplest Fe-based superconductors if strong spin
fluctuations are the mediators of electron pairing.

The lack of single-crystal samples of tetragonal FeS
has limited attempts to define its electrical and magnetic
properties.!'”! Very limited data can be found in the litera-
ture on electrical conductivity of tetragonal FeS. To the best
of our knowledge, the only report was given by Bertaut et

al. in 1965.1'81 They measured the resistance of tetragonal
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FeS obtained by reacting metallic iron with H,S solution, and
found that the resistance decreases linearly from 12.5 Q/cm
to 2 Q/cm as temperature increases from 80 K to 300 K.
Maossbauer spectroscopy indicates that tetragonal FeS has no
magnetic ordering down to 4.2 K. In order to test the pos-
sible superconductivity of tetragonal FeS by resistivity mea-
surements down to liquid helium temperature, it is necessary
to prepare well-crystallized tetragonal FeS.

Tetragonal FeS is a metastable phase and highly reactive

[3,20]

to oxygen in air, so it is difficult to prepare pure and well-

crystallized samples. Tetragonal FeS transforms into other
more stable phases, such as greigite (Fe3S4),/?!! pyrrhotite
(Fei_,S, 0 < x < 0.2),[2?] and pyrite (FeS,),>*?* depending
on temperature, time courses, and redox conditions. Tetrag-
onal FeS is easily oxidized by O in air to form magnetite
(Fe304).12%1 The direct synthesis of tetragonal FeS from el-
emental Fe and S has not been achieved.''! Two common
ways for synthesizing tetragonal FeS are used in the liter-
ature; they involve either the precipitation of aqueous fer-

243,25

rous ions Fe ! or the reaction of metallic iron!"2%! with

a dissolved sulfide solution. Poorly-crystallined tetragonal

FeS can be formed in cultures of certain bacteria.?] In ad-

dition, tetragonal FeS films can be deposited by electrochemi-

5 [27.28

cal method ! The reaction of metallic iron with aqueous

sulfide usually results in a better crystalline product than other

[29-32

methods. I Tron wires are often used as the iron source in

literature because the unreacted iron wires can be easily re-
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moved. Unreacted iron remained in the product after 6 days
reaction when iron powder was used as the reactant.>>! A new
solvothermal crystallization method was reported in 2012033
to synthesize tetragonal FeS nanosheets with high crystallinity.
However, a serious problem to be solved is that the product
made by the solvothermal crystallization method contains im-
purities. To eliminate the impurities in tetragonal FeS pro-
duced by the solvothermal crystallization, we tried several ex-
perimental conditions but failed.

In this study tetragonal FeS samples were synthesized by
the reaction of iron powder with sulfide solution. Iron pow-
der was chosen as iron source material since fine and pure iron
wires are very expensive. In order to separate unreacted iron
powder from the product, we utilized a magnet in the experi-
ment. Pure and well-crystallized tetragonal FeS samples were
successfully synthesized by reacting iron powder with sulfide
solution, because unreacted iron powder, stuck to the magnet,
could be separated easily from the product. The tetragonal
FeS samples were characterized by X-ray powder diffraction
(XRD), scanning electron microscopy (SEM), and electrical
resistivity measurements.

2. Experimental section

Iron powder (—200 mesh, > 99%) was purchased from
Alfa Aesar. Acetic acid (> 99.0%), sodium acetate (> 99.0%),
ferrous chloride (FeCl,-4H,0, > 99.0%), and sodium sulfide
(NaxS-9H,0) were purchased from Sinapharm. All chemicals
were of analytical grade and were used without further purifi-
cation.

Tetragonal FeS is very sensitive to oxygen, so special care
is needed to prevent oxidation during synthesis and subsequent
process. All solutions were prepared with deaerated deion-
ized water, deaerated with N, bubbling for at least 30 minutes.
Moreover, the preparation of test samples was conducted in a
glovebox filled with high-purity argon.

Firstly, 0.5-M HAc—NaAc buffer solution (pH = 4.9) and
0.45-M Na;S solution were prepared. 500-ml buffer solution
was added into a beaker. A magnet (with a diameter of 5 cm
and a thickness of 0.5 cm) was used to separate the product
tetragonal FeS from unreacted iron powder. The magnet was
put into a zip-lock plastic bag to prevent it from reacting with
the solution. Then iron powder (4 g) was placed near the bag
so that it sticks to the exterior surface of the bag around the
magnet. The plastic bag was hung on a glass rod with support
of the beaker, immersing the iron powder in the buffer solu-
tion. To prevent air from entering the solution, the beaker was
covered with aluminum foil, and n-hexane (~ 5 ml) was added
on the top of the buffer solution. Bubbles of hydrogen gas be-
gan to appear soon after the iron powder was immersed in the
acetate buffer. Figure 1 shows the experimental setups before
the addition of the Na,S solution.

After 3.5 h, 50-ml Na;,S solution was injected slowly, and
the pH value changed to approximately 5.3. Black flocculent
precipitates formed instantly and settled slowly to the bottom
of the beaker. This solution, containing the iron powder, was
allowed to stand at room temperature for 24 hours.

The plastic bag along with the unreacted iron powder
was then removed from the beaker vessel and the supernatant
was discarded. The obtained precipitation was washed with
deaerated and deionized water and centrifuged three times at
4000 r/min. The product was dried subsequently at 50 °C for
2 h under vacuum. The powder sample was sealed in a vial
and kept in a glovebox for subsequent analyses.

Fig. 1. The experimental setup for the synthesis of tetragonal FeS.

Powder X-ray diffraction data were collected on a Rigaku
Ultima-IV X-ray diffractometer using Cu K, radiation. Phase
identification was conducted using the Jade-6.0 (MDI, United
States) computer program and the lattice parameters were
refined using the least-square method with the PowderX
program. 34!

The morphology of the sample was observed by an XL30
S-FEG scanning electron microscope. Tetragonal FeS cannot
be sintered since it transforms to hexagonal pyrrhotite (FeS)
above 160 °C.I'"81 We had to make the electrical resistivity
measurement using a pelletized sample. The tetragonal FeS
powder obtained above was pressed into a pellet 10 mm in di-
ameter and 1-mm thick under the pressure of 10 MPa. The
measured density of the pellet sample is 2.9 g/cm?®. The elec-
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trical resistivity measurement was performed using a standard
four-probe method between 5 K and 300 K.

3. Results and discussion

Pure and well-crystallized tetragonal FeS samples were
obtained by the reaction of iron powder with sulfide solu-
tion. Figure 2 shows the powder X-ray diffraction (XRD)
pattern for the tetragonal FeS product. No impurity peak
is observed in the diffraction pattern, and all peaks can be
indexed to the tetragonal FeS phase with lattice parameters
a=0.3767(1) nm, ¢ = 0.5037(1) nm, close to that reported
in the literature.!!! The SEM micrographs of the tetragonal
FeS (Fig. 3) show that it consists of flat nanosheets. The lat-
eral dimensions of the nanosheets are 20 nm up to 200 nm
and the average thickness is about 20 nm. Almost all crys-
tallites have the same flat-sheet morphology, indicating high
phase purity of the tetragonal FeS sample. Therefore, only the
samples synthesized by this method were used in subsequent
measurements of electrical properties.
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Fig. 2. Powder XRD pattern of tetragonal FeS obtained by reaction of
iron powder with sulfide solution.

The resistivity versus temperature curve, obtained from
measurements of the pelletized nanosheets, is plotted in Fig. 4.
From the resistivity measurements, we found that the sam-
ple is a fairly good conductor because its resistivity at room
temperature (298 K) is only 48 pQ-cm, much lower than that
of polycrystalline graphite (300 pQ-cm—6000 uQ-cm)! and
even less than the in-plane resistivity of single-crystal graphite
(55 uQ-cm-65 pQ-cm).*% Such a low resistivity in our pel-
letized nanosheets indicates that bulk tetragonal FeS is most
likely a metal, at least in the ab plane, in agreement with the
prediction by first-principles calculations.!'*-1%) However, the
resistivity p increases linearly as temperature decreases from
300 K to 100 K, so the temperature coefficient of resistivity is
negative. Within this temperature range, p can be well fitted
(with the adjusted R-square = 0.99965) by a linear relation,
p =72.32—-0.08494T (uQ-cm), where T is the temperature

in unit K. Below 100 K, the resistivity deviates from linear de-
pendence and increases more quickly with decreasing temper-
ature, and this could be attributed to the effect of grain bound-
aries.

t
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Fig. 3. Representative SEM images of the tetragonal FeS nanosheets
with high magnification (a) and low magnification (b).
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Fig. 4. Temperature dependence of the resistivity for pelletized tetrag-
onal FeS nanosheets.

Since the nanosheets have different sizes and orienta-
tions, their grain boundaries are expected to distribute inho-
mogeneously and constitute an intricate network. The mea-
sured density of the pellet used for the electrical measurement
is about 2.9 g/cm?, which is only two-thirds of the density
(4.29 g/lcm?) calculated from the crystal structure of tetrago-
nal FeS. Consequently, microscopic voids occupy about one-
third of sample volume, and the grain boundaries will dom-
inate the temperature dependence of conductivity. We tried
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several models to fit the conductivity (¢ = p~!) versus tem-
perature curve, and found that the curve, seemingly smooth,
could not be fitted well by a simple equation in the form of
o = opexp(—CT %), where oy and C are fitting parameters,
and o was set as 1, 1/2, and 1/4 respectively, three different
« values corresponding to three electrical conduction mecha-

(3711 /2 to granular

nisms, 1 to the thermally activated process,
metal, 8 and 1/4 to variable range hopping.'3°! Three Arrhe-
nius plots In(o) versus T~% (o = 1, 1/2, 1 /4) were drawn and
all three plots are curved. A typical Arrhenius plot of resistiv-

ity as a function of temperature is shown in Fig. 5.
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Fig. 5. Arrhenius plot of resistivity as a function of temperature for the
tetragonal FeS sample.

The origin of the curved Arrhenius plot, as explained

140

by Werner,!*) is spatial potential fluctuations of inhomoge-

neous grain boundaries. The spatial potential fluctuations
give rise to temperature-dependent activation energy E,. As-
suming the spatial potential fluctuation can be modeled by
a Gaussian distribution, it can be derived that the activation
energy E, varies linearly with 7~'.1*01 However, the deriva-
tive dIn(o/T)/dT ! versus T~! plot is also not linear for the
tetragonal FeS sample, so the activation energy does not vary
linearly with 7!, This can be attributed to severe inhomo-
geneity of the grain boundaries. Since the electrical conduc-
tion of the grain boundaries is essentially a thermally activated

process, the activation energies can be determined from the

slope of the curve in the Arrhenius plot (Fig. 5). The slope of
the curve, i.e. the activation energy, changes more than two
orders of magnitude from 5 K to 298 K. For that reason, we
designed an empirical equation to fit the conductivity data,

G(T) = Oy +CHexp(fEH/kBT) +Cwm exp(fEM/kBT)
+Crexp(—EvL/ksT), )]

where oy is the temperature-independent conductivity, Ey,
En, and Ey are the high, medium, and low activation ener-
gies in that order, Cy, Cyi, and G, are pre-exponential factors,
and kg is the Boltzmann constant. The physical meaning of oy
is the conductivity from the grains in close contact, and other
terms are the conductivity from grain boundaries with repre-
sentative high, medium, and low potential barrier heights. The
temperature dependence of conductivity of the tetragonal FeS
was fitted excellently (R = 0.99997) using the empirical equa-
tion. Figure 6 shows the experimental and the fitting results,
and Table 1 lists the obtained parameters in Eq. (1).

From Table 1, we can see that the oy is quite large. This
result suggests that bulk tetragonal FeS is probably a metal,
because the temperature-independent term oy corresponds to
a zero slope in the Arrhenius plot, i.e., a zero activation en-
ergy. No signal of superconducting transition was observed in
the conductivity data from 300 K down to 5 K.
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Fig. 6. (color online) Temperature dependence of conductivity of the
tetragonal FeS. Small circles represent experimental data, and the solid
line represents the fitting results using Eq. (1).

Table 1. Parameters in Eq. (1) obtained by fitting the experimental conductivity data.

co/S lem™! L /S7hem™! Cy/STl.em™!

Cy/S'-em™!

Ep/meV  Ey/meV  Ey/meV

0.011125 0.003208 0.005441

0.043063 1.33 10.5 69.3

4. Conclusions

In order to study the physical properties, especially pos-
sible superconductivity, of tetragonal FeS, pure and well-
crystallined tetragonal FeS nanosheets were successfully ob-
tained by reactions of iron powder with sulfide solutions, and
characterized by powder X-ray diffraction and scanning elec-
tron microscopy. This method is very economical and suitable
to large scale preparation of tetragonal FeS, because iron pow-

der is much cheaper than previously used high-purity fine iron

wires.

The electrical conductivity measurements of a tetragonal-
FeS pellet show that it is a fairly good conductor, and the tem-
perature dependence of conductivity was well fitted using an
empirical equation. This empirical equation has potential ap-
plications in fitting conductivity data of similar nanomateri-

als. Based on the experimental conductivity data, we infer that
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bulk tetragonal FeS is probably a metal. Although no sign of

superconducting transition of the tetragonal FeS nanosheets

was observed, it might be possible to introduce superconduc-

tivity by elemental doping and substitution, similar to the suc-

cess with FeSe.!
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