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Abstract

The effect of Ni doping on both electron and phonon transport properties of nanostructured
CoSbS was investigated in this study. We found a more than 2 times increase on
figure-of-merit (Z7). The noticeable enhancement is mainly attributed to the optimized
carrier concentration, high effective mass and strong electron-phonon scattering upon Ni
doping. A ZT of 0.5 was achieved at 873 K together with a power factor of 20 pW cm™ K
for the Ni doped CoSbS samples. The reduced lattice thermal conductivity via the strong

electron-phonon scattering for Ni doped CoSbS samples is confirmed by the quantitative
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calculation of the various phonon scattering mechanisms according to the Callaway model.

Keyword: CoSbS; Ni doping; electron-phonon scattering; thermoelectric performance.

Introduction
Thermoelectric materials and devices can directly convert heat energy into electrical energy
and vice versa, and will play a significant role in the application of power generation and
cooling [1-3]. The conversion efficiency of thermoelectric materials is determined by the
dimensionless thermoelectric figure of merit ZT = S’cT / (x,,, + K, + Kyy)»> wWhere S, o, T, Kia,
Kele, and i, are the Seebeck coefficient, electrical conductivity, absolute temperature, lattice
thermal conductivity, electronic thermal conductivity, and bipolar thermal conductivity,
respectively. For bulk thermoelectric materials, the Seebeck coefficient, electrical
conductivity and electronic thermal conductivity are interrelated by carrier concentration and
effective mass, which is a huge challenge to substantially improve the overall ZT by tailoring
the aforementioned conflicting parameters [4, 5]. To enhance the ZT values, either increasing
the power factor or lowering the thermal conductivity or both are required. The current
effective methods to increase the power factor mainly include the optimization of carrier
concentration [6, 7], resonant level [8, 9], band convergence [10, 11], energy barrier filtering
[12], while reducing the thermal conductivity commonly benefits from solid solution [13-15],
nanoscale second phase [16, 17], bulk nanostructuring [18-20], and all length-scale phonon
scattering via hierarchical architecturing [21-23].

Despite the significant advances in bulk thermoelectric systems, the most leading

thermoelectric material, such as Bi,Tes; [23], PbTe [6, 8, 10, 21], and SiGe [20, 25] mainly
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consist of expensive elements such as Te and Ge, or toxic elements such as Pb. Due to the
non-toxic, inexpensive, and ultrahigh abundance of sulfur (S), sulfur-based thermoelectric
materials have drawn some attentions and their Z7 values larger than unit have recently been
achieved, especially in the p-type [26-28]. Historically, the thermoelectric performance of
n-type lead-free S-based materials is not more than 0.7 at 773 K [29-34], which needs to be
improved so to pair up with the p-type to make modules more efficient. In addition, most
S-based thermoelectric materials including PbS exhibit a low or modest power factor less
than 15 pW cm™ K [26-34]. However, large power factor should be as important as high ZT
values for thermoelectric devices since the output power directly depends on power factor in
practical power generation applications [35, 36].

CoSbS compound is a natural mineral named Costibite or Paracostibite, discovered in
Canada and Australia. It crystalizes in orthorhombic space group 61 (Pbca) with a lower
symmetry. There are eight [CoSb3S;] octahedral in one unit cell where one Co is octahedrally
coordinated to three Sb and three S atoms as shown in Figure 1a [37]. Recently, Carlini ef al.
first reported the synthesis and microstructure of CoSbS compound [38], then, Parker et al.
theoretically and experimentally investigated the thermoelectric performance of Ni doped
CoSbS samples, with a modest power factor ~15 pW cm” KZand a relatively high thermal
conductivity ~3.8 W m™” K™ at 773 K (A constant value Cp of 0.35 J g"' K was used to
calculate the thermal conductivity) [39]. However, the specific mechanism that Ni doping
boosts the thermoelectric performance of CoSbS system in the work of Parker et al. is still
unclear. Therefore, our motivation is to systematically study the role of Ni doping on the

electron and phonon transport of CoSbS system.
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In our work, nanostructured CoSbS-based materials are directly prepared by high
energy ball milling and hot pressing method. Our investigation shows that Ni doping on the
Co lattice sites has a beneficial effect on the electron and phonon transport properties,
contributing to significantly enhancing the final Z7 value. This happen because (a) reduced
electrical resistivity, (b) high density of state (DOS) effective mass and (c) increased
electron-phonon scattering. First, the electrical resistivity was reduced by more than 3 orders
of magnitude from 0.05 Q m for CoSbS to 2.42x 10° Q m for Cog¢2Nig0sSbS, consistent with
the fact that Ni is an electron donor to Co; Second, due to the beneficial band modification,
Ni doped samples exhibit the high DOS effective mass (m" ~ 6.0 m.) and maintain relatively
high Seebeck coefficients; Third, the electron-phonon scattering is strengthened for Ni doped
CoSbS, leading to the decrease of lattice thermal conductivity. Therefore, a maximum ZT
value around 0.5 at 873 K together with a power factor about 20 pW cm™ K are obtained for

Ni doped CoSbS.

Experimental

Appropriate amount of Co (99.99%), Sb (99.999%), S (99.999%), Ni (99.98%), and Se
(99.98%) from Alfa Aesar were weighed according to the nominal composition and then
loaded into the stainless steel jar in a glove-box under argon atmosphere. The jar was then
subjected to ball-milling for 20 h. The ball-milled powder was loaded into the half-inch die
and hot pressed by direct current (dc-HP) press at 1023 K for 2 min under pressure of 90

MPa.
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X-ray diffraction (XRD) analysis was performed using a PANa-lytical multipurpose
diffractometer with an X'celerator detector (PANalyticalX'Pert Pro). The microstructure was
observed by a scanning electron microscope (SEM, JEOL6330F). The cutted bars were used
for simultaneous measurement of the electrical resistivity (p) and Seebeck coefficient (S) on a
commercial system (ULVACZEM-3). The thermal conductivity was calculated from x =
DC,d, where D, C,, and d are the thermal diffusivity, heat capacity, and density, respectively.
The thermal diffusivity coefficient (D) was measured with the coin sample using the laser
flash diffusivity method in a Netzsch LFA457 (NETZSCH, LFA457, Germany). The specific
heat capacity (Cp) was measured on a differential scanning calorimetry thermal analyzer
Netzsch DSC 404 C. The density (d) was determined using the Archimedes method, which
was around 98% of the theoretical density of CoSbS (d = 6.8 g/cm’). The Hall Coefficient Ry
at room temperature was measured using PPMS (Physical Properties Measurement System,
Quantum Design). The carrier concentration (n) was obtained by n = 1/eRyand the carrier
mobility (u) was calculated by o = neu, where o the electrical conductivity and e is the
electronic charge. Although the crystal structure of CoSbS is orthorhombic, the XRD patterns
and thermoelectric properties of the parallel and perpendicular to the hot press direction

demonstrate they are isotropic due to the small random grains, shown in Figures S1 and S2.

Results and discussion

Figure 1b shows the X-ray diffraction (XRD) patterns of the hot-pressed bulk samples

Co;xNixSbS (x = 0, 0.02, 0.04, 0.06, and 0.08). All peaks exhibit good match with the
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orthorhombic CoSbS (space group Pbca) without impurity phase within the detection limit of
XRD spectrometer. Actually, CoSbS compound forms after ball-milling the constituent
elements but the reaction did not completely finish within the ball milling time, which was
demonstrated by the comparison of hot pressed CoSbS bulk disk and ball-milled CoSbS

powder shown in Figure S3. Clearly, the subsequent hot-pressing completely transformed the

unreacted powders into the right phase and compacted the nanoparticles into dense bulk disks.

Despite the small difference between the atom radius of Co (1.25 A) and Ni (1.24 A), the
lattice parameters of three directions gradually increased with increasing the Ni doping
content, which means Ni up to 8% has indeed got into the lattice, as shown in Figure 1c. In
Figure 1d, the carrier concentration monotonously increases with Ni doping by nearly 4
orders of magnitude from 3.09x10'7 cm™ for CoSbS sample to 1.13x10*' cm™ for
Co0.92NigosSbS sample. This variation is consistent with the fact that Ni has one more
electron in its outer shell than that of Co. If we assume a Ni atom as a single donor based on
the simple valence electron number, the theoretical carrier concentrations is obtained as the
dash line depicted in Figure 1d. It can be seen the measured carrier concentrations have the
same trend with but lower than the theoretical value. In addition, the mobility first sharply
deceases from 4.04 cm? V' s for CoSbS sample to 2.33 cm® V! s for Co00.9sNig 02SbS
sample, and then slowly decreases to 2.22 cm® V' s for Cop0,Nig0sSbS sample. However,
all the mobility data are extremely low, much lower than that of the state-of-the-art
thermoelectric material such as PbgogNag g, Te (98 cm? V1 stat 300 K) and Bi,Te; 7Seq3 (173
em® V' s at 300 K) [6, 40]. The low mobility is related with the large effective mass

originated from the complex band structure that will be discussed later [4, 39]. From all the
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changes on XRD spectra, lattice parameter, carrier concentration, and mobility, we can safely
conclude that Ni is incorporated into the CoSbS lattice.

Figure 2a shows the temperature dependent electrical resistivity of Co;xNixSbS
samples. It is clear that the electrical resistivity for all the samples decreases with increasing
temperature, displaying a typical semiconductor transport behavior. Moreover, the electrical
resistivity decreased with increasing the Ni doping concentration, especially at low
temperature. Typically, the electrical resistivity decreased about 3 orders of magnitude from
0.05 Q m for undoped sample to 2.42x 10° Q m for Co00.92Nig 0sSbS sample, due to mainly the
sharp increase of carrier concentration shown in Figure 1d.

Figure 2b shows the temperature dependent Seebeck coefficient for Co;.xNixSbS
samples. For all the samples, the negative Seebeck coefficients indicate n-type
semiconducting nature. The individual transport band gap of Ni doped samples are estimated
by E . = 26|S|max T .., where e, Syu, and T, is electron charge, the maximum Seebeck
coefficient, and the corresponding temperature, respectively [41]. Slight reduction is
observed from 0.37 eV for Cog9sNig 02SbS to 0.29 eV for Cog92Nig ¢sSbS shown in Figure 2c.
This tendency is in agreement with the fact that CoSbS is a semiconductor while NiSbS is
predicted to be metallic [39]. However, it is obvious that the temperature corresponding to
the maximum Seebeck coefficient gradually rises when carrier concentration increases from
1x10%° to 1x10*' em™, which is often an indication of suppression of bipolar effect. Normally,
there are three strategies to suppress the bipolar effect, including increasing carrier

concentration [42], enlarging band gap [43], and reducing the grain size by nanostructuring

method [18]. Therefore, the suppressed bipolar effect with the increased Ni doping content
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from 0.02 to 0.08 can be mainly ascribed to the sharply increased carrier concentration in this
work. Narrowing the band gap should make the bipolar effect happen at lower temperature
but enhanced carrier concentration makes the bipolar temperature at a higher temperature.
The competing of band gap and carrier concentration determines the bipolar effect
temperature. Since the effect of much enhanced carrier concentration overwhelmed that of
band gap at higher doping level so the bipolar effect was in fact pushed to a higher
temperature. In addtion, the Seebeck coefficient for CoSbS are rather large, namely -565 uV
K at 300 K and -200 pV K at 873 K. Although the carrier concentration has exceeded 10*'
cm” by heavy Ni doping, the Seebeck coefficients for Ni doped samples still maintain a
relatively high value at the entire measured temperature range from -101 pV K™ at 300 K to
-185 uV K at 873 K for Cog.0,NigsSbS. The large Seebeck coefficient for CoSbS system
may be related with the high effective mass at the Fermi level (m). Generally, a rough
estimation of the effective mass can be obtained by the following Eq. 1-3 based on the single

parabolic band model [28].

h2 2/3
m* = [ " } (1)
2k, T | 47, (1)

SZik—B (r+3/2)F ,,(1) B
e (r+3/2)E,,(1n)

n) )

o0 xﬂ
=[] 3)

Where Fy(n) is the n™ order Fermi integral, # the reduced Fermi energy,  the scattering factor,
h the Plank constant, kg the Boltzmann constant, x the variable of integration and e the
electron charge. As acoustic phonon scattering is commonly the main scattering mechanism

for most thermoelectric materials, the scattering factor » could be considered as -1/2 in

8
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calculation [44]. The obtained effective mass (m*) for CoSbS is 1.11 m,, even comparable
with some complex Zintl compound, including 0.8 m. for Ca;AlSb; and 1.2 m. for
YboMny ,Sby [45, 46]. The large effective mass could be ascribed to the substantial band
degeneracy near the valence and conduction band edges [39]. More significantly, the
effective mass m’ for Ni doped samples Co;xNixSbS (x =0.02, 0.04, 0.06 and 0.08) are 6.2 m,,
5.8 me, 5.9 me and 5.9m, respectively. This large increment is fully consistent with the
Pisarenko plots, Seebeck coefficient as a function of carrier concentration, at room
temperature shown in the Figure 2d, which are calculated using a simple parabolic band
model (SPB) based on Eq. 1-3. In the Figure 2d, the black and red dashed lines represent the
S - n relationship with different effective mass (m* =1.1 m, and m =6.0 me). The S — n point
of undoped CoSbS locates well on the Pisarenko plots with m = 1.1 m., while the S — n
points of Ni doped CoSbS lay around the Pisarenko plots with m = 6.0 m., contributing to
keeping relatively high Seebeck coefficients for Ni doped samples. This difference indicates
that Ni doping in the CoSbS system exhibits a beneficial influence on the band structure,
which further need to be clarified by theoretical calculations.

Power factor (PF = SZO') calculated from the measured electrical resistivity and
Seebeck coefficient is plotted in Figure 2e. A maximum power factor of 20 pW em™ K? at
873 K is obtained for Cog92NigosSbS sample, which is 2 times that of CoSbS sample, and
also about 25% higher than ~16 pW cm™ K? reported by Parker es al. [39]. This large
difference is related to the different preparation methods, ball milling vs. vacuum melting
[36]. First, because Co and S elements have a big difference on melting point (1768 K and

317 K), it is more appropriate to directly use ball milling to prepare samples to avoid
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volatilization of S element and the appearance of second phase. Second, the size and
composition of the obtained nanoparticles after a long time ball-milling are very small and
uniform and also homogenous. However, when using the vacuum-melting method, the
obtained ingot sometimes possesses some inhomogeneous regions or impurity phases.
Normally, high power factor means large output power for thermoelectric devices

shown in Eq. 4, which is an important criterion in practical applications in addition to ZT.

1
w=—
4

Ao L) _LTC)Z PF 4)
where o, Ty, T¢, and L represent the output power density, hot side temperature, cold side
temperature, and leg length of thermoelectric modules, respectively. As shown in Figure 2f,
the power factor of Co94NigosSbS are much larger than other S-based thermoelectric
materials, including PbS, Cu,S, Cu;,SbsSys, ete. [26-31].

With increasing Ni doping concentration up to x = 0.08, the thermal diffusivity D
shows decreased tendency at low temperature range before intrinsic excitation, as shown in
the Figure 3a. Figure 3b shows the total thermal conductivity ki as a function of
temperature for Co;4NixSbS samples. The &, of nanostructured CoSbS deceases with
increasing temperature from 7.86 W m™ K™ at 300 K to 3.85 W m™ K™ at 873 K, even much
higher than that of half-Heusler thermoelectric materials [47, 48]. CoSbS has the complex
crystal structure and small grain size about 200 nm shown in Figure S4, meaning that the
thermal conductivity should be small not high, but the observed high thermal conductivity
could be ascribed to the ultrahigh average sound velocity (v,= 4052 m/s) as a result of the

light anion and stiff bonding [39]. The inversely temperature dependence of i, reveals the

predominant phonon contribution to the thermal conductivity. Normally, the ;. consists of

10
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three parts, lattice thermal conductivity (x,), electronic thermal conductivity (x..), and
bipolar thermal conductivity (). As ke can be easily calculated through the
Wiedemann-Franz relationship (x.. = LoT), where L is the Lorenz number, the sum of xj,,
and x3, could be obtained by directly subtracting & from #jo,. Herein the Lorenz number L
is obtained by fitting the respective Seebeck coefficient with an estimate of the reduced
chemical potential using a single parabolic band (SPB) model with acoustic phonon
scattering by Egs. 2, 3, and 5 shown in the Figure S5b [28], rather than using a constant value

2.45X10® W Q K™ for degenerate semiconductor.

Lo (k_B)zl?’Fz(U) _ {2Fl(n>j } “

e | Fy(n) Fy(m)

The obtained sum of xy,, and x;, is plotted in Figure 3c. As it is difficult to accurately
estimate the x;, simply based on the direct theoretical calculation or the linear extensional
method [43, 49], i, at low temperature range is shown in Figure 3d before the appearance of
bipolar effect. As shown in Figure 3d, the xj,, exhibit significant reduction upon Ni doping.
For instance, the xj,; at room temperature has decreased almost 20% from 6.25 W m K for
2% Ni doped sample to 4.98 W m™ K for 8% Ni doping. Because the difference in the
atomic mass and radius between Co (58.93 g mol™, 1.25 A) and Ni (58.69 g mol™, 1.24 A) is
quite small, the phonon scattering caused by point defects from mass and strain fluctuation
could not be qualified to explain the reduction of lattice thermal conductivity. Therefore,
other scattering mechanism should be responsible and deserves further investigation. In order
to better understand the role of Ni doping on reduction of xj, in CoSbS system, theoretical

calculation is performed according to the Callaway model [50, 51].

11
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3 4 x
K, =k—(k_T) o s (©)
2z7v,h o 7. (e"-1)

where x is the reduced frequency (x = Aw/kgT), ® the phonon angular frequency, kg the
Boltzmann constant, v, the average sound speed, 7 the reduced Planck constant, 8p the Debye
temperature, and 1c the combined phonon relaxation time. 8 and v, values for CoSbS used in
our fitting are 470 K and 4053 m/ s [39], respectively.

Four scattering mechanisms are considered in CoSbS system, including the
point-defects scattering (PD), electron-phonon scattering (PE), phonon-phonon scattering (U),

and grain boundary scattering (GB).

The relaxation time for point defect scattering is as follows [52]:

o'r

-1 4
.. =Aw" . A=
Fb ’ dzv

(7

where v, is the average sound speed, &°the atomic volume of the compound, /"the scattering

parameter that characterizes the phonon scattering cross section of point defects. If we only

consider Ni doping on Co-site in CoSbS, 7 can be written as [53, 54]

_lﬂz _my IEAY
F_3(ﬁ) [/ %) +ef(l ;)] ®)

where M is the average atom weight of the compound, ” and " are the average mass and

radius of the substituted Co-site in the host lattice, f'is the fractional concentration of Ni, m
and r are the atomic weight and radius of Ni, and € = 39, a function of the Griineisen

parameter, according to Abeles’s calculation, which characterizes the anharmonicity of the

12
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lattice.

The relaxation time for boundary scatting is:

v
Top = f ©)
Where L is the average grain size.
The relaxation time for phonon-phonon scatting at high temperature [52] is:
7, =BT &’ (10)
Where B is a constant.
The relaxation time for electron-phonon scatting [55] is:
) =Ca (1)
where C is a fitting parameter.

The combined phonon relaxation time can be expressed as:

! :Aa)4+BTa)2+Ca)+% (12)

Since the value B depends only on the crystal structure of CoSbS, we obtain the

precise value B by fitting Eq. 6-12 to the lattice thermal conductivity of pure CoSbS. Table 1

lists the obtained value B, as well as the calculated value 4. Therefore, the only adjustable

parameter C for various Ni-doping can be obtained by fitting Eq. 6-12 to the measured lattice

thermal conductivity. Figure 4 shows the experimental lattice thermal conductivity with the

13
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theoretical fitting for Co;4<NixSbS samples, and the corresponding fitting parameters are also
listed in Table 1. The theoretical model fits the experimental data well in the temperature
range from room temperature to 600 K. It is clear that both the electron-phonon scattering and
point-defect scattering increase drastically upon Ni doping, consistent with the obvious
reduction in the carrier mobility as shown in Figure 1c.

To clarify the contribution of each scattering process to the lattice thermal
conductivity, the theoretical and experimental lattice thermal conductivity of Cog9,Nig0sSbS
is shown in Figure 5. The black dash line, red line, green dash line, and blue dash line
represent the simulated «j, values considering the related scattering process — U, U + PD, U
+ PD + GB, and U + PD + GB + PE, respectively. As expected, the effect of point-defects
scattering on «z, is negligible. The grain boundary scattering reduces x; by 10%. Surprisingly,
electron-phonon scattering become the most important and dominant part in CoSbS with high
Ni doping concentration. The electron-phonon scattering further reduces x; by about 30% at
room temperature. Electron-phonon scattering, which is usually assumed as a negligible part
for pure semiconductors at high temperature, may become a main contribution to the
reduction of lattice thermal conductivity in heavily doped semiconductors with a large
effective mass, including n-type skutterudite CoSbs [56, 57], Half-Heusler alloys, and
MosSbr4Tey [58, 59]. Deformation potential of acoustic phonons, defined as the shift in the
energy of the bottom of the conduction band (or the top of valence band) per unit strain of the
lattice [60], is used to characterize the strength of the electron-phonon coupling [61, 62].
High deformation potential means strong electron-phonon coupling and low mobility, and

vice versa. Typically, the reported deformation potential range from 5 eV to 35 eV for

14
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thermoelectric materials [58]. Deformation potential £, can be roughly estimated by the
following Eq. 13 [56, 63].

_ (87)"(h/27) epv,
“f 3m’ (k,T)" 1

(13)

The obtained deformation potential Eg is about 38 eV, demonstrating the strong
electron-phonon coupling in CoSbS system, which can also account for the unusual decrease
of lattice thermal conductivity of Cog.92Nig0sSbS.

In addition, we have estimated the minimum x;,, based on the Callaway model [64].

szécvz (14)

Where C,, v,, and / are the molar specific heat at constant volume, average sound velocity,
and mean free path of phonons, respectively. The mean free path / was roughly estimated by
the minimum interatomic distance of 2.31 A for Co-S bond in the CoSbS system [37]. The
calculated value is around 1.09 W m™ K according to Eq. 13. Since there is a large
difference between our experiment result and the calculated minimum value, it is highly
expected that the lattice thermal conductivity can be further lowered by choosing stronger
point defects scatters or using a panoscopic approach [22, 47].

Combing the electrical and thermal properties of Co;xNi,SbS samples, the
corresponding Z7T values are shown in Figure 6. With Ni doping to tune the carrier
concentration in the range of 3.5x 107 - 1.3x10*' em™ at 900 K [39], the highest ZT values are
about 0.5 at 873 K for three samples (x = 0.04, 0.06, and 0.08), which is 2 times that of
CoSbS sample. In addition, the Z7 value in our work is about 30% higher than that by Parker

et al. in spite of their overestimation of Z7 using an estimated constant Cp value (0.35) in

their work. Since the lattice thermal conductivity of Co;4NixSbS sample is still very high,

15
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further enhancement of Z7T values may be expected via creating effective alloying or adding
proper nanoparticles to increase the phonon scattering and thereby to further suppress the

lattice thermal conductivity.

Conclusion

Undoped and Ni doped CoSbS materials were successfully prepared by high energy
ball milling and hot pressing. Upon Ni doping, the carrier concentrations were increased by
nearly 4 orders of magnitude from 3.09x10'" ¢cm™ for CoSbS to 1.13x10*' cm™ for
Co0.92Nig 0sSbS. Optimization of carrier concentration leads to noticeable decrease of electric
resistivity, consequently leading to enhanced power factors. Besides, due to the beneficial
band modification, Ni doped samples exhibit high effective mass (m’~ 6.0 m,), maintaining
relatively high Seebeck coefficients; More significantly, the strong electron-phonon
scattering for Ni doped samples mainly contribute to the sharp reduction of the lattice thermal
conductivity in addition to nanostructuring. As a result, a maximum ZT value ~0.5 is

obtained at 873 K with a power factor of 20 pW cm™ K.
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Figure Caption

Figure 1. (a) Orthorhombic structure of CoSbS with space group 61 (Pbca). The red, blue,
and green spheres represent Co, Sb, and S atoms, respectively. (b) XRD patterns
of bulk Co;xNixSbS (x =0, 0.02, 0.04, 0.06, and 0.08), (c) lattice parameter as a
function of Ni doping content, (d) room temperature carrier concentration and
mobility as a function of Ni doping content.

Figure 2. Temperature dependent electrical transport properties for Co;NixSbS samples. (a)
Electrical resistivity; (b) Seebeck coefficient; (c) Transport band gap estimated by
the Goldsmid-Sharp formula; (d) Room temperature Pisarenko plots ; (¢) Power
factor; (f) Power factor of Co94NipsSbS in comparison with other S-based
thermoelectric materials. The inserts separately show the electrical transport
properties of undoped CoSbS.

Figure 3. Temperature dependent thermal transport properties for Co;4Ni,SbS samples. (a)
Thermal diffusivity D; (b) total thermal conductivity Ka; (c) the sum of lattice
thermal conductivity ki, and bipolar thermal conductivity kpip; (d) lattice thermal
conductivity Kiat.

Figure 4. Fitting results of lattice thermal conductivity x; for Co; xNixSbS samples based on
the Callaway model.

Figure 5. Contribution of various scattering processes to the lattice thermal conductivity x;
of Cop92Nig ¢sSbS sample.

Figure 6. Temperature dependent Z7 values for Ni doped CoSbS samples.
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Table

Table 1. Fitting parameters of lattice thermal conductivity x; as defined by Equation 6-12.

Journal of Materials Chemistry C

Composition A(10% s B (10" sK™) C (10
x=0 0 4.01 1.1x10°
x =0.02 8.77 4.01 66.41

x = 0.04 17.35 4.01 116.71
x=0.06 25.52 4.01 139.31
x =0.08 33.29 4.01 170.16
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