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Pyrite tailings are the main cause of acid mine wastewater. We propose an idea to more effectively use pyrite, and
it is modified by exploiting the reducibility of metal represented by Al under high-pressure and high-temperature (HPHT)
conditions. Upon increasing the Al addition, the conductivity of pyrite is effectively improved, which is nearly 734 times
higher than that of unmodified pyrite at room temperature. First-principles calculations are used to determine the influence
of a high pressure on the pyrite lattice. The high pressure increases the thermal stability of pyrite, reduces pyrite to high-
conductivity Fe7S8 (pyrrhotite) by Al. Through hardness and density tests the influence of Al addition on the hardness and
toughness of samples is explored. Finally we discuss the possibility of using other metal-reducing agents to improve the
properties of pyrite.

Keywords: high-pressure and high-temperature (HPHT), pyrite, thermoelectric properties, waste recycling

PACS: 62.50.–p, 72.15.Jf, 72.20.–i DOI: 10.1088/1674-1056/ac4a72

1. Introduction
The development of human society relies heavily on fos-

sil fuels. However, their effective utilization rate of energy is
only 15%–30% and the rest energy is lost in the form of waste
heat.[1] Moreover, fossil fuels are non-renewable resources,
and their combustion and exploitation have led to severe en-
vironmental pollution. Therefore, there is a demand for effi-
cient and clean energy sources. Thermoelectric materials can
directly realize the interconversion between thermal energy
and electrical energy and can recover waste heat and obtain
clean energy.[2–5] At present, two main factors limit the use
of thermoelectric materials. One is their cost because conven-
tional thermoelectric materials are often rich in rare elements
such as Ag, Sb, Co, Ge, and Te.[6–10] The other is their ther-
moelectric properties because the dimensionless ZT value is
used to measure the performance of thermoelectric materials.
ZT = S2σT/κ (σ is the conductivity, S is the Seebeck coeffi-
cient, κ is the thermal conductivity, and S2σ is the power fac-
tor (PF)).[11] Therefore, improving the performance of cheap
thermoelectric materials has become an important research di-
rection for thermoelectric materials.

Pyrite is the cheapest thermoelectric material, while nat-
ural pyrite has poor thermoelectric properties (only 106), high
brittleness, and poor machinability.[12] Pyrite, which is of-
ten associated with gold, quartz, iron ore, and coal, is the
main sulfur-containing pollutant in fossil fuels.[13–15] With
the exploitation of various minerals, many pyrite tailings are

abandoned every year, which heavily pollute land and water.
Methods to control this pollution have become a hot research
topic.[16–19] In recent years, applications of pyrite in differ-
ent fields have been widely studied, and more effective uti-
lization of pyrite can prevent pollution and reduce resource
usage.[20–27] Waste slag can be used as a thermoelectric ma-
terial to recover large amounts of waste heat generated during
the combustion and smelting of fossil fuels. This is of great
significance for saving resources, reducing pollutant emis-
sions, and improving energy utilization.

At present, the methods to improve the properties of
pyrite are mainly based on synthetic pyrite. The highest ZT
value of pyrite materials is only 103. For example, the rare
elements Co, Se, or Te are added during synthesis to com-
pletely replace Fe or S in the crystal lattice to form a solid
solution.[28,29] Nanoscale pyrite prepared by high-energy ball
milling can be annealed under vacuum conditions to gener-
ate high-conductivity Fe7S8 impurities that improve pyrite’s
thermoelectric performance.[30] Fe7S8 (pyrrhotite) has a high
conductivity.[31] However, the cost to synthesize artificial
pyrite is very high, and there are no effective means to modify
natural pyrite.

Because aluminum is strongly reducing, the aluminother-
mic reaction can be used to reduce metal oxides (including
iron) into simple metals. In this study, solid solution Al2S3

and highly conductive Fe7S8 phases are introduced into pyrite
by exploiting the reducibility of Al, which can significantly
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improve the thermoelectric properties of pyrite. The lattice en-
ergy of pyrite is increased at a high pressure, which improves
its stability and ensures that pyrite is only reduced to Fe7S8

instead of Fe. At the same time, another product, Al2S3, is
dissolved in the sample, which provides more electron carri-
ers.

Using cheap metal Al to improve the properties of pyrite,
HPHT is a new route to efficiently utilize natural pyrite and
related materials. Based on the modification of pyrite with
cheap metals, we propose a new idea for using waste slag as
a thermoelectric material to recover waste heat to prevent and
control pollution caused by waste slag and to utilize energy
more efficiently. Figure 1 explains this process. After ore such
as coal is refined, it is concentrated for power generation, and
pyrite-rich smelting and tailings are obtained. The modified
waste ores with improved thermoelectric properties are assem-
bled into thermoelectric batteries that recover waste heat.

Tailings

Mineral

Waste heat

Fossil fuel Thermal power Electric power

Thermoelectric device

Fig. 1. Waste heat recovery.

2. Experimental and measurement
Natural pyrite (LOT 33199200) was purchased from

Strem Chemicals, and aluminum powder (99.9%, lots of
#D1719147) and Bi (99.99%, lots of #E1520054) were pur-
chased from Aladdin Company. Pb (99.9%, #51013460)
was purchased from Sinopharm Chemical Reagent Co. LTD.
They were weighed according to the stoichiometry in Ta-
ble 1. The weighed samples were evenly mixed in an ar-
gon atmosphere and then cold-pressed into cylinders (bot-
tom diameter = 10.5 mm, height = 8 mm). The cylinder was
placed in a pyrophyllite assembly, which was assembled and
placed in the synthesis chamber of a hinged hexahedron press.
The high-pressure reaction was carried out in the hinged hex-
ahedron press (SPD-6×1200) in a high-pressure device. The
specific assembly is shown in Fig. 2. A platinum–rhodium
thermocouple was used to calibrate the temperature of the syn-
thesis chamber, and the electromotive force of the thermo-
couple changed regularly with the chamber temperature. Us-
ing the pressure phase transition point of the standard pres-
sure substance, the corresponding relationship between the oil
pressure and cavity pressure was obtained, and the pressure
was calibrated. In this paper, the synthesis conditions were
3 GPa, 870 K, and 1 h. During the reaction, the cylinder was
wrapped in molybdenum with a high melting point to prevent
the sample from being polluted. After obtaining a block sam-
ple, to make the samples more uniform, the bulk samples were
crushed, ground, and then sintered for another 30 min at 3 GPa
and 870 K.

Conducting ring

Pressure medium

Insulation layer

Sample chamber

Anvil

Pyrophyllite

Graphite heater

Fig. 2. Assembly diagram.

Table 1. Experimental samples and conditions.

No. Al:FeS2 (mole ratio) Temperature (K) Pressure (GPa)

1 0:1 870 3

2 0.05:1 870 3

3 0.2:1 870 3

4 0.4:1 870 3

5 0.6:1 870 3

6 0.6:1 870 atmospheric pressure

7 Bi0.4FeS2 870 3

8 Pb0.3FeS2 870 3

2.1. Measurements

First-principles calculations were used to simulate and
calculate the influence of high pressure on the atomic spacing
in the pyrite lattice. X-ray diffraction (XRD, Rigaku D/Max
2550V/PC, Japan Cu Kα radiation, λ = 0.15418 nm) and vari-
able temperature x-ray diffraction (SmartLab SE x-ray diffrac-
tometer, Rigaku SmartLab, Japan Cu Kα radiation) were used
to characterize the synthesized samples. The micromorphol-
ogy and structure of the samples were observed by using a
field emission scanning electron microscope (SEM, Magel-
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lan 400). The valence states of elements in the samples were
measured by XPS (Thermo Scientific Escalab 250Xi). The
phase composition of the samples was analyzed by a metal-
lographic microscope (SOPTOP CX40M). Cutting the block
sample into strips of 3 mm×3 mm×8 mm, the electrical con-
ductivity and Seebeck coefficient of samples from 320–570 K
were measured by a Joule Yacht/Namicro-3l thermoelectric
measurement system. Samples with the same properties were
processed into disks, and the thermal diffusion coefficients of
samples at temperatures between 320 K and 870 K were mea-
sured by laser thermal conductivity instrument LFA-467 (Ger-
many, Netzsch) using the laser flash method. The heat capac-
ity Cp of samples was calculated by the Dulong–Petit law, and
the density ρ of samples was measured by Archimedes’ prin-
ciple using an AE124J electronic balance. According to the
formula (κ = λCpD), the thermal conductivity of the sample
was calculated. Vickers Indenter HV-5IS was used to measure
the mechanical hardness of the samples.

3. Results and discussion
3.1. HPHT reaction

HPHT can change the properties of materials and increase
the reaction efficiency.[32,33] The structure of pyrite is simi-
lar to that of NaCl, and its thermal stability is easily affected
by pressure.[34,35] According to first-principles calculations,

changes in the atomic spacing of pyrite under different pres-
sures were simulated and calculated in Table 2. According
to changes in the atomic spacing and Born–Landé formula,
U = KAZ1Z2(1−1/n)/R0, the variations in the lattice energy
of pyrite with pressure were calculated. U is the lattice en-
ergy, R0 is the interatomic spacing, Z1 and Z2 are the absolute
values of positive- and negative-charged ions, and K, A, and
n are constants. The changing trends in the lattice energy of
the same substance under a high pressure are the same as that
of 1/R0. Under a high pressure, the distance between ions
in pyrite decreases due to compression, and the lattice energy
increases accordingly. The lattice energy of pyrite shows the
most obvious increase between 0–3 GPa (Fig. 3(a)). The im-
provement in the thermal stability of pyrite under a high pres-
sure is a macroscopic manifestation of the increasing lattice
energy. Therefore, the related diffraction peak of the FeS2

thermal decomposition product is not observed in the XRD
pattern of sample 1 (Al 0) at 3 GPa (Fig. 4). Pyrite will de-
compose at 870 K under normal pressure.[30,36]

Table 2. Variation in the atomic spacing with pressure.

Pressure (GPa) Fe–S (Å) S–S (Å)
2.25973 2.19941

3 2.23220 2.17569
6 2.22203 2.17033
9 2.21098 2.16159

12 2.20204 2.15226
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Fig. 3. (a) Changes in the 1/R0 with pressure (pyrite). (b) The XRD patterns of sample 6. (C) The Fe 2p3/2 XPS spectra of sample 6.

Changes in the lattice energy can affect the reaction be-
tween pyrite and aluminum. Diffraction peaks of aluminum
and iron were observed in the XRD patterns of sample 6 (ob-
tained at atmospheric pressure, Fig. 3(b)) in the XRD patterns
of sample 5 (Fig. 4). We used XPS test to supplement the XRD
test results, and found Fe0, Fe2+, Fe3+ signal in the test results
of sample 6.[37–39] Natural pyrite was used in this experiment,
and its composition is relatively complex. If the Fe in sample
6 was completely produced by aluminum reduction of pyrite,
pyrite would be reduced to elemental Fe by aluminum under
a normal pressure, but not at a high pressure. Pyrite, with a
higher lattice energy under high pressure, can only be reduced
to Fe7S8.

The XRD patterns show the changes in the sample

composition after aluminum addition under a high pressure

(Fig. 4). The XRD peak intensity of Fe7S8 in samples in-

creased with increasing the Al addition. The amounts of Al2S3

and Fe7S8 in sample 2 (Al 0.05) were small, which did not

reach the solid solubility limit. No diffraction peaks related

to Al2S3 and Fe7S8 were found in the XRD pattern. Upon

increasing the Al addition, the lattice spacing of the sample

increased, and the XRD peak position of the sample shifted

to a lower angle. A very weak diffraction peak of Al2S3

appeared in the pattern of sample 3 (Al 0.2), indicating that

Al2S3 reached the solid solution limit.
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No. 5 (Al 0.6)

No. 4 (Al 0.4)
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Fig. 4. The XRD patterns for the HPHT reaction with different amounts
of Al added.

3.2. Microstructures

Changes in the microstructure of pyrite after modifica-
tion can affect its thermal conductivity.[40,41] The SEM im-

ages show the cross-sectional micromorphology of the sample

(Fig. 5). Upon increasing the Al concentration, the material’s

grain structure tended to become flaky. The grains of sample

1 (Al 0) were clustered and tightly stacked together (Figs. 5(a)

and 5(b)). The SEM image of sample 2 (Al 0.05) shows that a

large number of flaky grains appeared in the samples, and the

grain size was refined, even though the amount of Al added

was low (Figs. 5(c) and 5(d)). Upon further increasing the Al

concentration, the granular grains in sample 3 (Al 0.2) were

further reduced, the grain arrangement became more regular,

and the grains were enlarged and stacked with each other to

form obvious layers (Figs. 5(e) and 5(f)). This phenomenon

was more obvious in samples 4 (Al 0.4) and 5 (Al 0.6).

The formation of new phases is an important reason for

the changes in pyrite’s properties. The metallographic micro-

scope photos of the samples show that upon increasing the

amount of Al, the composition of other phases in the samples

increased (Fig. 6). The gray part is a newly formed phase. The

proportion of the new phase in sample 3 (Al 0.2) was relatively

small due to the small amount of Al added, but a large amount

of the new phase was generated in sample 5 (Al 0.6) with a

large amount of Al added.

Fig. 5. SEM images of samples with different Al addition amounts [(a), (b)] sample 1 (Al 0), [(c), (d)] sample 2 (Al 0.05), [(e), (f)] sample 3
(Al 0.2), [(g), (h)] sample 4 (Al 0.4), [(i), (j)] sample 5 (Al 0.6).

Fig. 6. Metallographic images of samples with different amounts of Al added: (a) sample 3 (Al 0.2), (b) sample 4 (Al 0.4), and (c) sample 5 (Al 0.6).

3.3. Thermoelectric properties

The electrical conductivity of pyrite is extremely low, so
improving its electrical conductivity can optimize its thermo-
electric properties. The electrical conductivity of sample 1 (Al
0) at room temperature was only 9.89×10−2 S/cm (Fig. 7(a)).
At 370 K, the conductivity of sample 5 (Al 0.6) increased to
72.58 S/cm, which is about 734-times higher than that of sam-

ple 1 (Al 0). At 570 K, the conductivity of sample 5 (Al 0.6)
was the highest, which is about 259 times higher than that of
sample 1 (Al 0). All samples showed typical semiconductor
properties, and the conductivity increased with the tempera-
ture.

The Seebeck coefficient of the sample depends on the
temperature (Fig. 7(b)). All samples were p-type semicon-
ductors at room temperature, and the Seebeck coefficient was
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greater than zero. Upon increasing the temperature, the sam-
ple changed from a p-type semiconductor to an n-type semi-
conductor, and the Seebeck coefficient became negative. The
reason for this is that the Seebeck coefficient of a semiconduc-
tor is determined by its internal majority carriers. For pyrite
materials, the holes (positive charge) were the main carriers
at low temperatures. Thus, pyrite is a p-type semiconductor
at this time. Upon increasing the temperature, more electrons
(negative charge) were gradually excited until their number
exceeded the holes. At that time, the semiconductor proper-
ties of the samples were fundamentally changed, i.e., from a
p-type semiconductor to an n-type semiconductor.[30]

The two reaction products (Al2S3 and Fe7S8) affecting
the properties are synergistic, they both provide more charge
carriers for the system. The changes in the conductivity and
Seebeck coefficient were mainly due to the new-phase Fe7S8

and Al2S3 solid solution. Fe7S8 has high electrical conductiv-
ity [(1.40±0.05)×105 S/m].[30,31] Al2S3 forms a solid solu-
tion with Fe7S8, which increases the conductivity of the sam-
ple, but it does not conduct electricity by itself. Al dopant
acts as a donor to produce electrons according to the follow-
ing expression:[4]

4Al+7FeS2
HPHT−→ 2Al2S3 +Fe7S8,

Al2S3
Fe7S8−→ 2Al•FeS3 +2e′+2SX

S +S.

The rise in temperature helps to increase the concentra-
tion of charge carriers in the semiconductor, which changes the

electrical properties of the sample, especially in the solid solu-
tion. Point defects in semiconductors are an important source
of carriers. With the temperature increasing, the point defect
concentration will increase according to the equation[4]

C = N exp
(
− Ef

kBT

)
,

where C is the point defect concentration, N is the number
of sites available for defect formation, Ef is the defect forma-
tion energy, kB is the Boltzmann’s constant, and T is the tem-
perature. With the temperature increasing, the concentration
of point defect will rise and the electrical properties change.
Therefore, with the increasing Al addition and temperature,
the electrical properties of the samples change dramatically.

In experiment, less Fe7S8 was produced in sample 2 (Al
0.05), and the sample properties were mainly affected by the
solid solution of Al2S3. The formation of a solid solution pro-
vided more electrons for the samples. Therefore, sample 2
(Al 0.05) was transformed into an n-type semiconductor from
320 K to 370 K. The Al2S3 in sample 3 (Al 0.2) reached the
solid solubility limit, and Fe7S8 became the main factor affect-
ing the properties of the sample. Fe7S8 provided more holes
for the sample, so the temperature of the sample transformed
into an n-type semiconductor between 420 K and 470 K. At
570 K, all samples were converted into n-type semiconduc-
tors, and the Seebeck coefficient decreased upon increasing
the aluminum addition.
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Fig. 7. Changes in the electrical conductivity, Seebeck coefficient, thermal conductivity, lattice thermal conductivity, and power factor of
samples with temperature.

The total thermal conductivity was determined from the
electronic thermal conductivity and lattice thermal conductiv-
ity. The sample’s thermal conductivity (W·K−1·m−1) changed
regularly upon changing the test temperature and Al addition
(Figs. 7(c) and 7(d)). The thermal conductivity of pyrite is
very high, and as the temperature increased from 300 K to
570 K, the thermal conductivity of sample 1 (Al 0) decreased

from 19.7 W·K−1·m−1 to 6.8 W·K−1·m−1. The thermal con-
ductivity of sample 2 (Al 0.05) with a small amount of Al de-
creased from 23.3 W·K−1·m−1 to 10.6 W·K−1·m−1. Upon
increasing the Al addition ratio, the thermal conductivity of
the samples decreased significantly. Sample 5 (Al 0.6) had the
lowest thermal conductivity, dropping from 2.9 W·K−1·m−1

to 2.5 W·K−1·m−1 upon increasing the temperature. The de-
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crease in the thermal conductivity of samples was related to an
increase in the Fe7S8 content of samples.[30] In addition, as the
sample structure became more complex, the phonon scattering
ability increased, which also reduced the thermal conductivity.

According to the conductivity and Seebeck coefficient of
the sample, the power factor (µW·K−2·m−1) of the sample was
calculated (Fig. 7(e)). As the sample transformed between n-
and p-type semiconductors with temperature, its power factor
decreased first and then increased. At 573 K, all samples ob-
tained the highest power factor, among which sample 4 (Al
0.4) had the highest power factor (PF = 9.55 µW·K−2·m−1).

According to the power factor (PF) and thermal conduc-
tivity (σ ), the dimensionless quality factor (ZT ) of the sample
was calculated (Fig. 7(f)). The ZT value of sample 1 (Al 0)
without added Al was only 1.99× 10−6 at 370 K, and only
3.6× 10−5 at 570 K. After modification, the power factor of
the sample increased, and the thermal conductivity decreased.
The thermoelectric properties of sample 5 (Al 0.6) were better
than those of other samples, and the ZT value at 300 K was
2.3× 10−4. The ZT reached a peak value of 1.36× 103 at
570 K, which is nearly 38 times higher than that of sample 1
(Al 0) at the same temperature. The increase in the ZT value
indicates that adding Al under HPHT conditions improved the
thermoelectric properties of pyrite.

20 30 40 50 60 70 80

Pyrite

570 K

520 K

470 K

420 K

370 K

320 KIn
te

n
si

ty

2θ (Ο)

300 K

Al2S3

Fe7S8

Fig. 8. Variable temperature XRD patterns of sample 6 (300–570 K).

In order to study the changes of structure and composition
of the sample during the heating process, we carried out varia-
tional temperature XRD tests on sample 5 (Al 0.6). The XRD
peaks of the samples shift slightly to a small angle with the
increase of temperature, and there is no obvious change. This
slight deviation is due to thermal expansion of the lattice. This
suggests that with the increase of temperature, the phase com-
position of the sample does not change significantly. In the test
temperature range, the sample is stable without decomposition
or phase transformation. Therefore, the increase of electrical
properties with temperature is not due to phase transition or
new reactions.

3.4. Mechanical properties

Pyrite is a brittle material with poor machinability, and
aluminum is often used as a toughening agent for brittle ma-
terials to reduce their hardness. After polishing the samples,
random positions on each sample were selected, and a load of
500 g was applied for 10 s to make impressions with different
areas (Fig. 9). Changes in the indentation indicate changes in
the hardness of the sample. Sample 1 (Al 0) has the smallest
indentation area, and cracks with a length of about 30 µm ap-
peared around it. The cracks near the indentation mean that the
fracture toughness of the sample was relatively poor. However,
with increasing the Al addition, the indentation area increased,
and there was no fracture. The increase in the indentation area
indicates a decrease in the sample hardness, while the disap-
pearance of cracks near it indicates that the fracture tough-
ness of the sample increased. The hardness of the sample was
calculated by the indentation area, and an average value was
obtained. The change in the hardness and density of the sam-
ple with the Al addition amount is shown in Fig. 10. Upon
increasing the aluminum content, the hardness of the sam-
ples gradually decreased from an initial value of 10.01 GPa
to 4.09 GPa. At the same time, the density of the sample grad-
ually decreased from 4.78 g/cm3 to 3.74 g/cm3. The increase
in the fracture toughness and the decrease in the hardness and
density indicate that the samples were more difficult to frac-
ture, less difficult to process, and lighter for practical applica-
tions.

Fig. 9. Indentations of different samples under the same load.
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Fig. 10. Changes in the Vickers hardness and densities of samples with
different additive concentrations.

Under the same HPHT conditions as above, as Al2S3

is formed after reduction of Al, galena and bismuthinite are
formed after absorption of sulfur in pyrite by the two met-
als, see Fig. 11(d). After the reaction, the conductivity, See-
beck coefficient and power factor of the sample improved, see
Figs. 11(a), 11(b), and 11(c). This improvement is partly the
formation of highly conductive phases due to the loss of sulfur
in pyrite. On the other hand, galena and bismuthinite, unlike

Al2S3, are themselves thermoelectric materials worthy of fur-
ther optimization. The formation of galena and bismuthinite
further increases the room for improvement of material prop-
erties. It is foreseeable that improving the properties of metal
sulfides can further improve the overall properties of the ma-
terial.

With the expansion of the selection range of metal-
reducing agents, the room for improvement of pyrite prop-
erties becomes larger. For example, multiple metal reducing
agents can work together. The principle can be used as an in-
termediate process to optimize pyrite and related materials or
pyrite as a dopant to add magnetic components (pyrrhotite) to
other thermoelectric materials. Therefore, this result is worthy
of further study as a supplement to previous work on modifi-
cation of pyrite and related materials.

The use of high pressure can form many lattice de-
fects, and high-pressure quenching promoted the growth of
nanoscale grains. The defects improved the thermoelectric
properties of the material, suggesting that HPHT can be used
to obtain desired morphologies.[34]
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Fig. 11. Changes in the electrical conductivity (a), Seebeck coefficient (b), and power factor (c) of samples (Bi0.4FeS2,Pb0.3FeS2) with
temperature. (d) The XRD patterns.

4. Conclusion
The reducibility of aluminum under high pressure im-

proves pyrite’s electrical conductivity, decreases its thermal
conductivity, and significantly enhances its thermoelectric
properties. The high pressure enhances the stability of pyrite,
and pyrite could only be reduced to Fe7S8 by Al at HPHT.
Therefore, the conductivity of the sample at room tempera-
ture is increased by about 734 times while maintaining the
semiconductor properties of the sample. After modification,
the sample composition is more complex, which causes more
phonon scattering and decreases the thermal conductivity.
Compared with the sample without Al addition, the ZT value
at the same temperature is about 38 times higher than that be-
fore modification. The addition of aluminum changes the me-
chanical properties of the samples. The hardness and density
of the sample are reduced, the fracture toughness of the sample
is improved, and the machinability of the sample is increased.
Based on the modification of pyrite with cheap metals, a new
idea of using waste slag as a thermoelectric material to recover
waste heat is proposed. The experimental results can also be

extended to other elements (Bi, Pb, etc.) based on Al, greatly
expanding the optimization space of material properties.
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