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ABSTRACT

CoSbS-based compounds are good thermoelectric materials with low thermal conductivity and good electrical
properties, which can effectively be used to improve the efficiency of many thermoelectric conversion processes.
In order to improve their properties even more, in this study a series of experiments have been conducted in the
frame of the traditional solid-phase synthesis and high-pressure method. It is shown that if the mass fluctuation
and stress fluctuation in the considered CoSbS system increase, the scattering probability of phonons is enhanced
and the lattice thermal conductivity of the material is reduced. Adding a small amount of Se can simultaneously
optimize three thermoelectric properties, i.e., the Seebeck coefficient is improved, the thermal conductivity
becomes smaller and the quality factor grows. At the same time, the thermal and electrical properties of bulk
materials can be optimized by using nano-scale Ni doped CoSbS samples. As shown by the experiments, Ni-
doped Co sites can effectively improve the carrier concentration, the effective mass of the density of states of
the material, and the power factor. Under the same temperature conditions, the thermoelectric figure of merit
(ZT) of Co;_yNi,SbS;_,Se, synthesized under high pressure, at x=0.15, y=0.1 is much higher than the corre-
sponding value for CoSbS prepared by traditional methods.
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1 Introduction

Thermoelectric conversion technology can realize the mutual conversion of heat energy and electric
energy, and it is a new energy technology that can realize the mutual conversion of heat energy and
electric energy in all solid state. The key factor of thermoelectric conversion technology is to find
thermoelectric materials with high conversion efficiency. Thermoelectric materials are new energy
materials that use Seebeck effect or Pielter effect to realize direct conversion between heat energy and
electric energy. The development of semiconductor technology promotes the development of
thermoelectric materials. CoSbS-based compound, namely parathiostibium cobalt ore, is a new type of
mineral thermoelectric material with high Seebeck coefficient and narrow band gap (~0.69 eV). CoSbS, a
cobalt derivative, has good stability, good mechanical properties, easy preparation, low price of elements,
innocuity, abundant reserves of constituent elements and so on, which has broad prospects in application
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fields. Among semiconductor materials, materials with a band gap of less than 1 eV have the potential to be
used as thermoelectric materials. The Seebeck coefficient of CoSbS-based compound ranges from 250 pV/K
to 400 uV/K. Compared with known thermoelectric materials with excellent performance, CoSbS has
excellent thermoelectric properties.

The intrinsically undoped CoSbS sample of CoSbS-based compound has a low carrier concentration
(107 ¢cm™) and a high thermal conductivity (~9.36 W-m "K™"). At 900 K, its ZT value is only 0.19,
which is serious this limits the large-scale application of CoSbS-based thermoelectric materials.
Therefore, it is urgent to optimize the conductivity and thermal conductivity of the material to improve its
thermoelectric properties. In this paper, X-ray single crystal diffraction of Fukou Iron Mine is studied.
The mineral belongs to orthorhombic system. In this paper, the crystal structure is obtained by Patterson
function analysis and electron density distribution function, and the atomic coordinates are modified by
least square method and optimization method. The basic structural unit is a double octahedron composed
of two cobalt-antimony and sulfur octahedrons with S-S common edges, which are connected by vertices
[1,2]. And Sb and s are connected with 3-pair [SbS] through covelent bond, Through crystal analysis, it
is clear that the structure of the auxiliary stone is the same as that of the auxiliary stone [3]. The crystal
structure is shown in Fig. 1.

Figure 1: The crystal structure of CoSbS

2 Theoretical Analysis

2.1 Seebeck Effect

In 1821, Seebeck, a German scientist, discovered that in a loop composed of two different conductive
materials, when the two contacts are at different temperatures T; and T,, there will be a voltage difference
(electromotive force) between the two contacts, thus generating a current in this loop. The voltage difference
(electromotive force) that produces this current is called thermoelectromotive force, and this phenomenon is
later called the Seebeck effect [4—6]. Based on this effect, thermoelectricity can be converted into electrical
energy, that is, two different conductors or semiconductors A and B are combined into a closed loop as shown
in the figure. If the temperature at the junction of conductors A and B is different (set T > T), then there will
be current in the closed loop, that is to say, there is electromotive force in the loop. This phenomenon is called
thermoelectric effect. The thermoelectric potential is composed of two parts, the thermoelectric potential and
contact potential. The closed circuit composed of conductor materials A and B has the junction temperature
of T and T,, respectively. If T>T,, there must be two contact potentials and two temperature difference
potentials. According to the principle, the equation of total circuit potential is Eq. (1).

Ep(T, To) = eqn(T) — esp(To) — ea(T, To) + es(T, To) 1)

The Seebeck coefficient S, is the voltage difference divided by the temperature difference, which
is Eq. (2).



FDMP, 2022, vol.18, no.6 1829

AV
S4=317

When the material is an n-type semiconductor, the Seebeck coefficient of the n-type semiconductor
material is negative. When material A is an A P-type semiconductor, the situation is just the opposite.
When two different metals or semiconductor materials are in contact, the difference of electron bulk
density will be eliminated by the movement of internal carriers (electrons or holes) on the contact surface.
The movement rate of electrons is related to the temperature of the contact area. In order to form a stable
potential difference between two different materials, it is necessary to keep a temperature gradient
between two materials, so as to ensure the continuous movement of electrons. At the same time, it should
be noted that Seebeck effect is not an interface effect, but two different materials need to be contacted to
measure it. When the carrier is an electron, an electric field that resists the temperature gradient will be
generated, which leads to a negative Seebeck coefficient. On the contrary, when the carrier is a hole, the
Seebeck coefficient is a positive value. Seebeck coefficient can characterize the intensity of Seebeck
effect. When the temperature difference is constant, the greater the potential difference between the two
ends of the device, the greater the Seebeck coefficient will be. The Seebeck coefficient of p-type
semiconductor is positive, while that of n-type semiconductor is negative. The international unit of
Seebeck coefficient is V/K, while the commonly used unit is pV/k. Generally speaking, the Seebeck
coefficient of semiconductor materials is large [7,8].

@)

2.2 The Thermoelectric Figure of Merit ZT of Thermoelectric Materials

The coupling of Zeebek coefficient and electrical conductivity, and the coupling of electrical
conductivity and electronic thermal conductivity make it a complex system engineering to control the
thermoelectric optimal ZT of materials. In semiconductor materials, the internal carriers involved in
transport are generally classified as electrons and holes. Thus, the analysis of the electrical behavior
inside a material involves a detailed description of the behavior of electrons and holes. Electron thermal
conductivity describes the thermal conductivity, which can be solved by Wiedemann-Franz law [9].

The thermoelectric efficiency of a material can be defined as a thermoelectric figure of merit (ZT)
evaluation: ZT'=S$>To/k. In which S is Seebeck coefficient, t is absolute temperature, o is electrical
conductivity and « is thermal conductivity. In order to have a high ZT, materials must have high Seebeck
coefficient (S), high electrical conductivity and low thermal conductivity. The higher the ZT value, the
higher the energy conversion efficiency of materials [10,11]. Therefore, high Seebeck coefficient,
electrical conductivity and low thermal conductivity are the key to obtain high ZT value. At present,
there are two main aspects in the research of thermoelectric materials: one is to improve the
thermoelectric performance of the existing material system by doping or solution, and the other is to
develop new thermoelectric materials with potential. The expression of ZT is Eq. (3).
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With the system load of the increase of flux concentration, the electrical conductivity of metal materials
is enhanced and Seebeck coefficient decreases rapidly. The total thermal conductivity of the material is total
thermal conductivity, total thermal conductivity = lattice thermal conductivity + electronic thermal
conductivity) is positively correlated with the electrical conductivity, the expression of total thermal
conductivity is Eq. (4).

k =ke + k; = oLT + k “4)

7T T = (5%n) <£) eT 3)
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The above three transport parameters S, o and k are related to each other and are all functions of
temperature [12]. Fig. 1 shows that heavily doped semiconductors make the best thermoelectric materials.
Fig. 2 shows the relationship among ZT components.
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Figure 2: Relationships between components of ZT

The higher the ZT value of thermoelectric materials, the higher the thermoelectric conversion rate, which
can generally reach 15%—18%. After improvement, the thermoelectric conversion rate can reach 20%.

2.3 Dielectric Shielding Effect

Semiconductor materials are used in electronic and optoelectronic devices. The dielectric shielding effect can
effectively prevent carriers from being scattered or trapped by material defects, and play a positive role in
improving carrier transport and photoelectric conversion performance [13—15]. The research shows that the
high dielectric constant will effectively reduce the scattering or trapping of photo-generated carriers by
impurity defects, which leads to the ultra-long carrier migration distance, long carrier life and high carrier
mobility, which is one of the important factors for the high photoelectric conversion efficiency of
semiconductor materials. For traditional semiconductor materials, there is also a close positive correspondence
between carrier mobility and dielectric constant. Temperature and pressure are the two primary factors
affecting the performance of thermoelectric devices. In this work, using density functional theory and the
quasi-harmonic approximation, we calculated the pressure-dependent elastic and thermodynamic properties of
the natural thermoelectric CoSbS material. The n-type CoSbS exhibits an indirect band gap of 0.374 eV near
the minimum conduction band, which is mainly controlled by the Co-d orbit. With the increase of pressure,
the hardness (Hv) decreases slightly and the anisotropy (Au) increases slightly. In addition, the temperature
dependence of thermodynamic properties shows that CoSbS exhibits strong b, and Griineisen parameter (y)
and thermal expansion coefficient (o) are small in the range of 300-800 K. Simulation results show that the
thermoelectric material CoSbS will help to design thermoelectric devices with stable performance.

3 Related Research

3.1 Preparation and Properties of Thermoelectric Materials by Traditional Solid State Synthesis

The traditional solid-phase synthesis method is used to dissolve S in Se, which increases the mass
fluctuation and stress fluctuation in the CoSbS system, enhances the scattering probability of phonons, and
effectively reduces the lattice thermal conductivity of the material. After that, nano-scale copper and zinc-
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doped CoSbS samples were prepared by high-energy ball milling, which optimized the thermoelectric
properties of the bulk material, and finally improved the thermoelectric properties of the material [16,17].

When the content of S in the Se solid solution is 15%, the thermoelectric performance of the material
reaches the maximum. On the basis of CoSbS,gsSey. 15, the carrier concentration of the material is further
adjusted by the position of Cu and Zn doped Co, and the power factor of the material is optimized. The
research shows that Cu doping introduces more hole concentration. At room temperature, the effect of Cu
doping concentration is average. When Zn doping concentration is 5%, the second phase appears in the
material. The mobility of electrons in the material shows a descending-ascending-descending behavior, and
the carrier concentration first drops and then rises. Due to the introduction of impurity atoms, the lattice
thermal conductivity of the material is effectively suppressed, and the ZT value of the material is improved.

3.2 Preparation and Properties of Micro Nano Composite Thermoelectric Materials

The current research on the thermoelectric properties of CoSbS-based compounds is mainly focused on
increasing the carrier concentration. Such as Co site Ni doping [4,5] Sb site Te doping [6,7], etc., can provide
more electrons at the Co site or Sb site, so that the carrier concentration of the material can be increased to
10*° em’. By increasing the content of point defects to enhance the phonon scattering of the material, the
thermal conductivity is reduced, and the maximum ZT value is 0.46, which makes the carrier mobility of
the material lower and limits the further improvement of the electrical conductivity of the material. The
thermal conductivity of the doped material is still high. Through a large number of studies, on the one
hand, nano-structure can introduce a large number of grain boundaries into materials, enhance phonon
scattering, reduce the mean free path of phonons, and greatly reduce the lattice thermal conductivity of
materials. Nano-structure can also produce quantum confinement effect, increase the density of states near
Fermi level, and then improve Seebeck coefficient of materials [18,19]. To sum up, explore the doping
ratio of CoSbS in different elements and analyze the change of electronic structure of materials. Nano-
composite can reduce the lattice thermal conductivity, optimize the thermoelectric properties of materials
and give full play to the advantages of mineral thermoelectric materials. From the relationship between
carrier density of state and effective mass is Eq. (5). The lattice thermal conductivity is positively
correlated with carrier state density, g(E) is the carrier state density. It can be seen that increasing carrier
density of state effective mass can increase carrier density of state, where, g(E) is the carrier state density,
E is the carrier energy, Nv is the carrier orbital or band degeneracy, and M;, is the carrier effective mass in
a single band.

m*3/2(2E)1/2

g(E) = — m* = N *m, )

3.3 High Pressure Preparation

The high pressure sintering method is an effective method to prepare the thermoelectric materials based
on CoSbS. The matrix solid solution alloy Co,_.yNi,SbS; xSe, was prepared by the high-pressure sintering
method. The results show that the pressure is 2—3 Pa and the temperature is 300°C—100°C, so it is necessary
to pay attention to the pressure resistance and temperature resistance of the equipment.

In the semiconductor CoSbS material, when Se is dissolved in S, the raw materials include Co, Sb, S and
doping elements Ni (Zn Cu), Fe, or Se. Then, Co,.yNi,SbS,_,Se, was prepared by a one-step high-pressure
sintering method, and its structure and thermoelectric properties were tested and analyzed with x and y as the
mixing ratio. The results show that high pressure can accelerate the reaction rate and quickly prepare single-
phase CoSbS compounds. Adding a small amount of Se can optimize the three thermoelectric parameters
simultaneously, thereby increasing the Seebeck coefficient. Doping with a small amount of Ni reduces the
resistivity and thermal conductivity and improves the quality of thermoelectricity [20]. The ZT of samples



1832 FDMP, 2022, vol.18, no.6

synthesized under high pressure under the same temperature conditions is much higher than the value of
Co;.yNiySbS;_,Se, prepared by traditional methods. These preliminary studies have shown that the high-
pressure method is an effective method for preparing CoSbS-based thermoelectric materials [21].

4 Preparation Optimization of High Pressure Synthesis

4.1 Preparation of Cubic Cosbs

The preparation optimization of high-pressure synthesis cubic CoSbS provides a method for obtaining
thermoelectric materials with high crystal structure symmetry based on CoSbS, so as to obtain high-
performance thermoelectric materials suitable for working in the temperature range of 600-1000 K,
shorten the preparation period, improve the repeatability and reduce the cost and energy consumption.
Most of the thermoelectric materials with high performance have high symmetry crystal structure. High
symmetry materials usually have high energy band degeneracy, which is beneficial to obtain high
electrical transport performance. The CoSb3 crystal system itself has high symmetry, but the cost of Sb
elementary substance is high, resulting in a high overall cost of the corresponding CoSb3. The
thermoelectric material CoSbS has a relatively low cost, but its own crystal system is not a cubic crystal
system, and a cubic structure thermoelectric material with high symmetry cannot be obtained by the
usual preparation method. In the high-pressure synthesis performance optimization, the bulk sample is
wrapped with BN insulated tube and put into pyrophyllite synthesis block for high-pressure synthesis, and
the synthesis pressure is greater than 2 Gpa. The synthesis temperature is 900°C—1000°C, 100-200 °C/min,
and the sintering time is 30 min. The raw material comprises more than 99.5% Co, Sb and S.
In an implementation manner, the preparation method is used to prepare the thermoelectric material
Co;yNi,SbS; Scy. In general, x=0.05~0.15, y=0.05~0.1. The raw materials include cobalt powder,
antimony powder, sulfur powder, nickel powder and selenium powder uniformly mixed in a certain molar ratio.

4.2 Experimental Steps

The raw materials are placed in a ball milling tank, and the raw materials Comprise co powder, Sb
powder and s powder which are mixed according to a certain molar ratio. Deoxidizing and/or protecting
the ball milling tank, injecting absolute ethanol, fixing the treated ball milling tank on a ball mill, and wet
milling for a predetermined time. Drying the wet ground product to obtain dry powder precursor. And
pressing the obtained powder precursor into a block. The compressed block was synthesized under high
pressure to obtain cubic CoSbS compound. The prepared bulk material has high density, low resistivity
and thermal conductivity, so it has high thermoelectric performance.

In this experiment, new doping elements of micro-nano composite thermoelectric materials were used,
and the phase composition of the samples was studied through XRD phase analysis and electron probe
EPMA phase composition analysis. The samples were passed through ZEM-3, Netzsch LFA457 laser
thermal conductivity meter, TA Q20, PPMS and other equipment to characterize the electrical and
thermal transport parameters of the materials to study the influence of doping elements on the
thermoelectric properties of CoSbS-based compounds. Through theoretical calculations such as first
principles, the influence of doping elements on the energy band structure of CoSbS-based compounds is
studied. After determining the high-pressure synthesis of the cubic structure process, plasma activation
sintering was performed on the sample to explore the influence of sintering pressure, temperature rise/fall
rate, sintering temperature, and holding time on the phase composition and nanocomposite structure of
the material during the densification process. Determine the best sintering parameters.

5 Analysis of Thermoelectric Performance of Cubic Structure CoSbS Prepared by High Pressure

Pressure, as an important thermodynamic parameter, has an effect on the reaction rate, microstructure
and electronic structure of the material. CoSbS can be synthesized quickly by high pressure method, and
the extreme conditions of high pressure will introduce lattice defects such as dislocation, thus reducing
the thermal conductivity of the material.
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We present a new investigation on paracostibite (CoSbS), a potential thermoelectric material for power
generation in the intermediate temperature range (700-900 K) consisting of earth abundant elements. We
report an improved synthesis of single phase materials of Co;_yNi,SbS, (Se,(y=0.05, 0.08, 0.1, x=0,
0.10, 0.15) using vacuum melting and annealing followed by SPS processing. The effects of Ni and Se
co-doping on the electronic and thermal transport properties of CoSbS were investigated. Doping with Ni
on the Co site increases the carrier concentration and moves the Fermi level deep into the conduction
band, producing an enhanced power factor. First-principles electronic band structure calculations indicate
a multi valley nature of the conduction band where Ni doping leads to n-type behaviour and a sharp
increase of the density of states effective mass, enhancing the Seebeck coefficient. Unlike the Ni doping
which has little effect on thermal transport, alloying Se on the S site intensifies the alloying scattering
resulting in a lower lattice thermal conductivity of 2.4 W-m '-K ™' at 893 K for Cog oNig 1SbS¢ g5Se€o.15.
Alloying Se on the S site of the structure further boosts the power factor to 2.3 pW-m '-K? at 893 K and
leads to a maximum ZT of 0.46 at 893 K, which is the best ZT value achieved in the system.

5.1 Optimization of Electrical Properties for High Voltage Preparation

The carrier concentration of CoSbS is 6.91 cm * 10" cm >, which is related to the defect concentration
induced by pressure. Traditional solid phase should be 2.85 * 10'®cm >, because under high pressure, the defect
formation of materials will change, and the corresponding defect concentration will also change. In this
experiment, CoSbS is an n-type semiconductor material, which contains anion vacancy and positively
charged inversion defect. This defect has higher carrier concentration with the influence of pressure. With
the increase of Se concentration, the carrier concentration of the sample increases. Replacing S with Se with
stronger electronegativity will reduce the band gap of CoSbS, and then increase the carrier concentration of
CoSbS. By controlling the carrier concentration and adjusting the energy band structure, the power factor is
significantly improved because of higher carrier concentration and smaller resistivity.

The variation of conductivity with temperature of a series of solid solution samples Co;yNi,SbS, ,Se,
(y=0.05,0.08,0.1,x=0,0.10, 0.15) is shown in Fig. 1. Let us discuss the conductivity first. For all samples,
the conductivity increases with the increase of temperature in the whole test temperature range (300-923 K),
which shows that all samples are typical semiconductor transmission operations. When the temperature
exceeds 600 K, the conductivity of all samples increases rapidly. This is probably due to a large number
of minority carriers being excited after entering the high temperature range. The electrical conductivity of
the parent CoSbS is 433 S/m at room temperature. When the solid solution content of Se reaches 15%,
when the Ni doping reaches 10%, the conductivity of the corresponding sample CogoNig ;SbSq g55€9.15
increases to 2750 S/m. The increase of conductivity at room temperature is mainly due to the increase of
carrier concentration. When the amount of solid solution Se exceeds 15%, the conductivity decreases
slowly at room temperature. The reason for this change is that the possibility of carrier scattering
increases, which leads to the decrease of mobility. See Fig. 3b for the seebeck coefficient of a series of
solid solution samples Co;-yNiySbS,_,Se, (y=0.05, 0.08, 0.1, x=0, 0.10, 0.15). Seebeck coefficients of
all samples are negative in the whole test temperature range (300-923 K), which is consistent with the
data reported by other studies. That is to say, the carriers of all samples are mainly electrons and belong
to n-type semiconductors. The Seebeck coefficient of the sample decreases with the increase of solid
solution Se, which is consistent with the change of carrier concentration with solid solution Se. For all
samples, the absolute value of Seebeck coefficient increases slowly with the increase of temperature.
When entering the temperature range of 500-600 K, the absolute value of Seebeck coefficient begins to
decrease with the increase of temperature. This phenomenon is mainly caused by a large number of
minority carriers being excited after entering the high temperature region. The variation of carrier
concentration and mobility of Series of solid solution samples Co; ,Ni,SbS; ,Se, (y=10.05, 0.08, 0.1,
x = 0, 0.10, 0.15) with solid solution amount se and doped Ni is shown. Accordingly, the change of
mobility calculated from the data of conductivity also has this drastic change. The mobility decreased
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sharply from the parent CoSbS, and then decreased slowly. For the Co,;(Ni,SbS;,Se, system of
isoelectronic solid solution, this change in mobility is caused by the following two factors. First, the point
defects caused by the solid solution and the coupling of electrons and phonons lead to enhanced carrier
scattering. The synergy between them shortens the mean free path of electrons. Secondly, the nano-Ni
doped cobalt sites optimize the electrical transmission performance. See Fig. 3d for the variation of
power factor with temperature of samples Co; Ni,SbS; (Se (y=0.05, 0.08, 0.1, x=0, 0.10, 0.15) in
the same series of solid solution. When the amount of solid solution Se is less than or equal to 0.15, the
power factor is obviously higher than that of our synthetic parent CoSbS. This is mainly due to the
improvement of conductivity. However, as the solid solution selenium increases, the power factor
decreases, but it is still higher than the parent body. When the solid solution selenium content is 0.15 and
the cobalt site is doped with nano-nickel at 923 K, the maximum power factor is 2.36 mW-m K 2.

As the temperature increases and the parameters X and y increase (x < 0.1, y < 0.15), the electrical
conductivity, Seebeck coefficient, carrier concentration, carrier mobility, and power factor at room
temperature also increase. The maximum values reach 2.98, —150, 43, and 2.36, respectively.

CoSbS was prepared at a high pressure of 2P. The relationship between electrical properties and
temperature under different doping conditions is shown in Figs. 3a—3d respectively represent the
conductivity, Seebeck coefficient, carrier concentration of Co;yNi,SbS; ,Se, (y=0.05, 0.08, 0.1, x=0,
0.10, 0.15), Mobility, the relationship between the power factor and the temperature.

5.2 Thermal Performance Optimization of High Pressure Preparation

Thermal conductivity is composed of three parts: electronic thermal conductivity e, lattice thermal
conductivity L and bipolar thermal conductivity bip. The improvement of the thermoelectric performance
of the CoSbS system by Ni doping is mainly due to the regulation of thermal transport by defects. The
total thermal conductivity of all samples decreases significantly with the increase of Ni doping. Ni doping
introduces point defects and enhances the scattering of phonons, which effectively reduces the thermal
conductivity of the material. The formula of the Cahill model is as follows:

0[

o= () () [

In the formula, k3 is Boltzmann’s constant, # is the density of atoms, and the sum is three acoustic modes
(including two transverse waves and one longitudinal wave). vi is the speed of sound, and 6; is the Debye
temperature. The speed of sound is the slope of the ¢ point of the acoustic phonon dispersion diagram in
the dispersion relationship.

The electronic thermal conductivity of Co;—yNi,SbS; ,Se, (y =0.05, 0.08, 0.1, x =0, 0.10, 0.15) increases
with increasing temperature. The lattice thermal conductivity of the material is obtained by subtracting the
electronic thermal conductivity from the total thermal conductivity. Because nickel doping introduces point
defects, point defects add stronger scattered phonons. When the doping amount is x=0.1, the lattice
thermal conductivity of the sample is the lowest, and the lattice thermal conductivity of the nickel-doped
sample is much lower than that of the pure sample. The scattering intensity of point defects increases with
the increase of nickel doping. The difference in atomic mass between cobalt and nickel atoms is small,
while the difference in ionic radius and electronegativity between cobalt and nickel atoms is relatively large.
The fluctuation of the stress field is greater than the influence of the fluctuation of the mass field on the
thermal conductivity of the lattice. Modeling and quantitative analysis show that point defect scattering
plays an important role in reducing the lattice thermal conductivity of CoSbS compounds. The ZT of
Co;-yNi,SbS;_,Se, increases with the increase of temperature. Due to the higher power factor and lower
thermal conductivity, the ZT of the solid solution selenium sample becomes significantly higher throughout
the temperature range. When the solid solution of selenium (x) is less than 0.15, the ZT wvalue of
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CoSbS, g5Sey 15 increases with the increase of the solid solution. When the nickel doping amount x = 0.08, the
thermal conductivity increases slightly. When the nickel doping amount x=0.1, the thermal conductivity
further increases. This is mainly due to the higher thermal conductivity of the second phase, which has a
certain influence on the heat transport of the sample. Obviously, in the measured temperature range, the ZT
value of all samples increases with the increase of temperature. Under the condition of keeping the power
factor constant, the ZT value of the single-phase doped sample increases with the increase of the nickel
content due to the significant decrease of the lattice thermal conductivity. In this study, when y=0.05-0.1,
the ZT value is 300-900 K. Compared with the mother sample, the thermoelectric quality factor is
improved by 135%. It can be seen from the experimental results that although Ni doping does not
contribute much to improving the electrical properties of the system. However, due to the enhancement of
phonon scattering by point defects, the thermal conductivity of the system is greatly reduced, and the
thermoelectric performance of CoSbS is greatly improved. When the x value changes, the relevant
parameters of Co;_yNi,SbS;_,Se, compounds are also change, as shown in Table 1.
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Figure 3: Electrical transport properties for the solid solution Co;,Ni,SbS; Se, (y=0.05,0.08,0.1,x =0,
0.10, 0.15) as a function of temperature. (a) Conductivity. (b) Seebeck coefficient. (c) Carrier concentration
and carrier mobility at room temperature. (d) Power factor. The illustration shows the electrical properties of
CoSbS in the literature
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Table 1: The scaling parameter (u), lattice thermal conductivity from experiment (L, calc), the lattice thermal
conductivity from calculation (xL, expt) and the imperfection scaling parameter (I') of Col-yNiySbS1-xSex
compounds

X u kL, calc kL, expt r I'm I's

0.05 0.683 7.18 7.55 0.0075 0.0054 0.0021
0.10 0.952 6.21 6.39 0.0155 0.0103 0.0045
0.15 1.157 5.65 5.86 0.0219 0.0142 0.0072
0.20 1.269 5.28 5.74 0.0272 0.0178 0.0102
0.30 1.359 4.34 4.68 0.0374 0.0221 0.0153

When selenium is solid-dissolved in the position of sulfur, the XRD diffraction pattern of the uniformly
expanded crystal structure constant and the volume of the unit cell is shown in Fig. 4.
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Figure 4: The intensity for the Co;-,Ni,SbS;-,Se, (y=0.05, 0.08, 0.1, x=0, 0.10, 0.15) compounds

Generally speaking, in the temperature range of 300-900 K, the lattice thermal conductivity decreases
with the increase of temperature. When the temperature is higher than 650 K, the lattice thermal conductivity
increases slowly because of the dual polarization effect. At the same time, the lattice thermal conductivity
decreases with the increase of solid solution Se. The increase in the carrier concentration leads to the
increase in the power factor, and at the same time, the introduction of point defects through alloying and
solid solution to reduce the lattice thermal conductivity, and finally make the material
Cog oNip 1SbSq g5S¢€p 15 thermoelectric figure of merit ZT in at 923 K it is equal to 0.42. Compared with
the parent material CoSbS, the thermoelectric figure of merit ZT has been greatly improved. CoSbS was
prepared at a high pressure of 2P. As the temperature increases and the parameter X, y increases (x < 0.1,
y < 0.15), The total thermal conductivity decreased from 8.3 to 3.2, the range of variation of the ZT is
from 0.01 to 0.46. The relationship between thermal properties and temperature under different doping
conditions is shown in Figs. 5a, 5b, which shows the thermal conductivity and hot spot value of
Co;-yNi,SbS; ,Se, (y=0.05, 0.08, 0.1, x=0, 0.10, 0.15).
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Figure 5: (a) The total thermal conductivity. (b) The ZT

6 Experiment and Conclusion Analysis

The Co,;yNi,SbS; ,Se,-based solid solution alloy was quickly prepared by the high-pressure sintering
method. The thermoelectric properties of samples with different doping ratios y = 0.05, 0.08, 0.1,x=0, 0.10,
0.15 were tested through experiments, and the corresponding strength was changed through the cubic
structure. CoSbS is n-type. As the amount of Se doping increases, the carrier concentration of the sample
increases, and its electrical transport performance is optimized. The traditional solid-phase synthesis is
used to dissolve S in Se, which increases the mass fluctuation and stress fluctuation in the CoSbS system,
improves the scattering probability of phonons, and effectively reduces the lattice thermal conductivity of
the material. Adding a small amount of selenium can optimize three thermoelectric parameters at
the same time: increase Seebeck coefficient, reduce resistivity and thermal conductivity, and
improve quality factor. At the same time, the thermal and electrical properties of the bulk material
were optimized by using nanoscale Ni-doped cosbs samples. Ni-doped Co sites can effectively increase
the carrier concentration and effective state mass density, and improve the power factor. In addition, when
x=0.15 and y=0.1, the ZT of Coq ¢Nig ;SbSq g55¢€¢.15 at the same temperature and high pressure is much
higher than that of CoSbS prepared by traditional methods, which optimizes the thermoelectric
performance of cosbs.

1) The Co;yNiySbS; Se, (0<y<0.2,0<x<0.2)-based thermoelectric material was quickly prepared
by the cubic structure high-pressure sintering method.

2) Co;-yNiySbS; Sey is n-type conduction. With the increase of Se doping, the carrier concentration of
the sample increases, and the electrical transport performance is optimized. The power factor of
CoSbSj g5Se¢.15 sample reaches the maximum value is 2.3 uW-mfl-K2 at 893 K.

3) The lattice thermal conductivity of CoSbS can be reduced by substituting Se for S, and the thermal and
electrical properties of bulk materials can be optimized by using nanoscale Ni-doped cosbs samples. Ni
doped co sites can effectively improve the carrier concentration and effective mass of density of
States, and improve the power factor. The lowest lattice thermal conductivity of CoSbS g5Sey 15 is
only 2.4 W -m "K' at 893 K, which is about 60% of that of the parent CoSbS alloy.

4) The maximum ZT value of COg ¢Nig ; sbSy gsSe 15 sample was 0.46, which was about 5 times that
of the parent CoSbS. Moreover, the ZT values of the samples synthesized under high pressure are
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higher than those of the CoSbS;_,Se, samples prepared by the traditional solid phase reaction
combined with SPS in the test temperature range.
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