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1 Introduction

ABSTRACT

AgBiS; is a promising thermoelectric material, because of its environmentally
compatible composition. In this study, a process of the solvothermal method
followed by spark plasma sintering was applied to the preparation of AgBiS,
and AgBi;_,Sb,S, (x = 0.5-1) materials. The prepared samples were character-
ized by various techniques. The results revealed the significant and beneficial
role of antimony-substituted sample (AgBij 5Sbg 5S,). The multiphase of AgSbS,
(73.70%), AgzSbSs (22.59%), and BiyS; (3.71%) were found by Rietveld refine-
ment technique. The optical properties showed the narrow direct bandgap
of ~ 0.83 eV which can be helpful to transport the charge carriers easily. AgBiS,
and AgBi;_,Sb.S, (x = 0.5-1) have grain boundaries due to the presence of
multiphase in the samples. The numerous interfaces and grain boundaries were
known as a disordered arrangement of atoms, which remarkably enhanced the
phonon scattering. It leads to low thermal conductivity of 0.21 Wm™" K" at
333 K in AgBi(55bg sS, sample; it has the phases such as cubic-AgSbS, (73.70%),
rhombohedral-Ag;SbS; (22.59%), and orthorhombic-Bi,S; (3.71%). The plausible
reason for low thermal conductivity was predicted as the occurrence of phonon
scattering mechanism at grain boundaries of the multiphases.

of energy is 34% from the energy resources, and the
remaining (66%) of the energy is wasted in the form

Due to the increment of energy demand by indus-
trialization, the world must face major problems such
as limitation of energy sources, air pollution and
global warming [1]. In addition to that, the utilization
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of heat that affects the environment. Thermoelectric-
ity (TE) has gained remarkable attention toward
researchers owing to the conversion of waste heat
energy into useful electrical energy by the
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phenomenon of Seebeck effect. The efficiency of
thermoelectric conversion is determined by a
dimensionless figure-of-merit zT = (6S*T)/ (ke + K1),
where S, g, T, k. and k; denote the Seebeck coefficient
(uV K™Y, electrical conductivity (S cm™Y), absolute
temperature (K), electronic and lattice thermal con-
ductivity (Wm™"' K™'), respectively [2, 3]. According
to the above equation, the enhancement of TE per-
formance is a challenging factor, due to the interde-
pendency among thermoelectric properties. The
effective way to enhance the zT value is to reduce the
lattice thermal conductivity which is independent of
other TE properties. Considerable reduction in lattice
thermal conductivity of solid materials generally
depends upon two categories such as extrinsic and
intrinsic approaches. In extrinsic approaches, lattice
vibration has occurred in phonon scatterings such as
nanostructuring and all-scale hierarchical architec-
ture [4-6], which sometimes introduce the scattering
of carrier mobility and charge carrier. Contrarily,
solid with intrinsically low lattice thermal conduc-
tivity have been obtained due to independent control
over the electrical transport [7]. It has been achieved
by layered structures with lattice anharmonicity [4],
soft phonon modes [8], and liquid-like cation disor-
dering in superionic substructures [9].

Among them, ternary silver bismuth sulfide
(AgBiS,) is an exceptional case that belongs to the I-
V-VI, family of compounds (where I = Cu/Ag/Au;
V = As/Sb/Bi; and VI =5/Se/Te). AgBiS, has two
forms of crystal structure with respect to temperature
such as (i) hexagonal phase with the space group P-
3ml at room temperature, (ii) cubic phase with the
space group of Fm-3 m at the temperatures above
473 K [9]. At high temperature, bulk-AgBiS, has
possessed the disordered Ag and Bi atoms. The Bi
element having 6s> 6p° valence electron configura-
tion, in which 6p> electrons are involved in the bond
formation by chalcogens (S, Se and Te) and 652 elec-
trons of Bi form a lone pair. Bi-X (X = S/Se/Te) bond
has the electrostatic repulsion between the stereo-
chemically active lone pair of Bi and the valence
bonding charge of the chalcogen due to the origin of
anharmonicity [10, 11]. Hence, the occurrence of
strong anharmonicity in AgBiS, will be greater in
comparison to its similar I-V-VI, group chalcogenide
(Se,/Te,) as evidenced from the theoretical calcula-
tion of Griineisen parameters [11]. The existence of
disorder in the Ag/Bi positions and strong anhar-
monicity of Bi-S bond can expect low lattice thermal
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conductivity in cubic phases of AgBiS,. Current
researchers are focusing on the attractive and alter-
native of PbTe-based metal sulfides by the reason of
toxicity of Pb and the extreme scantiness of Te [12].
Sulfur is 1000 times highly abundant than Te and has
longer-term price stability & inexpensive [13, 14].

Furthermore, we expect low lattice thermal con-
ductivity for the inclusion of antimony (Sb) into the
cubic-AgBiS, and it is interesting to investigate the
lattice thermal conductivity. Guan et al. [15] reported
that the thermal conductivity of 0.33 W/mK at 773 K
was prepared by ball-milled samples of 80% Agpgo-
BiSeyIng o1 + 20% AgBiS, composition. Guin et al.
[16] reported that the low xj, of 0.4 — 0.5 Wm ! K™!
at 290-830 K range was obtained for AgBiS; 925€p os.
Rathore et al. [17] reported that the lattice thermal
conductivity of 0.68 W/mK at 298 K decreases to
0.48 W/mK at 820 K for cubic-AgBiS, (n-type) and it
was prepared using vacuum sealing followed by
spark plasma sintering process.

Multiphase materials reduce the thermal conduc-
tivity due to the different type of phonon scattering.
Phonon scattering of the samples increase at inter-
faces, grain boundaries, and defects. In general, there
are two types of boundaries that can influence the
thermoelectric properties of polycrystalline thermo-
electric materials. The first is the grain boundary of
uniformly composed materials. Grain boundary
engineering comprises altering grain size or shape to
change the density of grain borders, as well as defect
development at grain boundaries. The second one is
phase boundary between two or more materials with
differing compositions. The phase border is the sep-
aration between host materials.

In this article, a simple and efficient solvothermal
approach has been developed to synthesize AgBiS,
and AgBi;_,Sb,S, (x = 0.5 to 1) using polyethylene
glycol (PEG) as the soft template. The pellet was
compacted by spark plasma sintering. The results
revealed a multiphase of metal sulfide with different
percentages due to various concentration of Sb sub-
stitution on Bi-site. The low thermal conductivity was
obtained in AgBijsSbysS; sample, which covers the
range of 0.26-0.21 Wm™' K™! over the temperature
range of 303-453 K due to bond anharmonicity, grain
boundaries in nanoscale, and strong scattering by
disordered cation sublattice.
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2 Experimental procedure

2.1 Synthesis of AgBiS, and AgBi;_,Sb,S,
(x=0.5to1)

In a typical solvothermal reaction, 0.01 mol of silver
nitrate (AgNOj) and 0.01 mol of bismuth nitrate
(Bi(NO3)3.5H,0) were dissolved in 60 mL ethylene
glycol (C;H¢O>—EG). Polyethylene glycol (0.1 mmol)
was further added to the above precursor solution
and kept at 40 °C for 4 h. Then, thiourea (0.08 mol)
was added to it and the solution was transferred to a
Teflon-lined stainless-steel autoclave of 100 mL
capacity. The reaction temperature was kept at 180 °C
for 48 h. After the reaction, precipitates were filtered
and washed several times with ethanol and distilled
water. The black color product was dried at 60 °C for
8 h (this sample is denoted as S1). The same synthesis
procedure was repeated to prepare the samples S2-54
by varying the concentration of Bi(NO3);.5H,O with
the addition of antimony chloride (SbCl;). The
detailed summary of samples preparation is tabu-
lated in Table 1.

The formation of materials was influenced by ionic
radius and oxidation state of ions in the precursor
solution. Herein the ionic radii of Bi®*, Sb®* and
Ag" (117 pm, 90 pm and 129 pm) are different and
these ions interacted with sulfur (5*) ion having 170
pm ionic radius. Due to various concentration of Sb>*
and Bi’" ions, multiphases have been obtained for S2,
53 and S4 samples.

3 Characterization

The X-ray Diffractometer patterns of the samples
were taken in Malvern Panalytical- MAERIS High-
resolution benchtop X-ray diffraction with Cu K,
radiation (A = 1.5406 A). The scanning speed was
0.18 per minute and scanning angle was kept from 20
to 70. Room temperature optical diffuse reflectance
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measurements were carried out via SHIMADZU UV-
Vis-NIR spectrometer: 3600 PLUS. The instrument
was equipped with an integrating sphere in which
BaSO, was used as a 100% reflectance standard. X-ray
photoelectron spectroscopy (XPS) was obtained using
a ULVAC-PHI, Inc spectrometer: PH15000 in which
Al-K, radiation source was used with 1486 eV exci-
tation energy. The ruptured surfaces of all the bulk
samples by SPS were observed by Field emission
scanning electron microscope (FE-SEM) (FEI Quanta
200F) at an accelerating voltage of 15 kV. Thermal
analyses of all synthesized samples were carried out
by (DTG-60A) thermal gravimetric analysis (TG) and
differential thermal gravimetric analysis (DTA) for
the experiment performed under argon atmosphere
from room temperature to 869 K at a heating rate of
10 °C/min.

4 Thermoelectric measurements

Synthesized powder samples were consolidated in a
10 mm inner diameter graphite die by spark plasma
sintering system (SPS-511S, Japan). In which, the
samples were sintered at 473 K with the heating rate
of 100 °C/min maintained for 10 min with 50 MPa
uniaxial pressure. Total thermal conductivity (kiotan
of the samples were calculated using the formula
Kiotal = D.Cp. p, where D is the thermal diffusivity, C,
is specific heat capacity, and p is the density of the
sample. The density of SPS’ed pellet was calculated
and it is ~ 65% compared to the theoretical density
for S1-54. Thermal diffusivity (D) was carried out
using the laser flash method (Netzsch, LFA467HT),
while the specific heat capacity (Cp) was indirectly
found using Pyroceram 9606 as a reference sample in
the temperature range from 303 to 455 K. The density
of the samples (p) was calculated by Archimedes
method.

Table 1 Details of precursors used in synthesis process AgBi;_,Sb,S, (x = 0.5 to 1) materials

Sb-content (X )  Sample code  AgNO; (mol)

Bi(NO;)3.5H,0 (mol)

SbClz (mol)  Thiourea (mol)  PEG-template (mmol)

0 S1 0.01 0.01
0.5 S2 0.01 0.005
0.75 S3 0.01 0.0025
1 S4 0.01 0

0 0.08 0.1
0.005 0.08 0.1
0.0075 0.08 0.1
0.01 0.08 0.1
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5 Results and discussion

5.1 Phase structural, microstructural
and bandgap analysis

To detect the presence of multiphases, XRD analysis
was performed on samples 51-54 and the obtained
XRD patterns were analyzed using the X'pert and
FullProf software programs. Rietveld refinement of
the samples S1-54 is shown in Fig. 1 which con-
firmed the formation of cubic phase of AgBiS,. The
phase-fraction percentage was calculated by Rietveld
refinement and the phase of cubic-AgBiS; is 100% for
sample S1. The calculated lattice parameters for
cubic-AgBiS; are a = b = ¢ = 5.691 A. For S2, it was
calculated as 73.7% of cubic-AgSbS,, 22.59% of
rhombohedral-Ag;SbS;, and 3.71% of orthorhombic-
Bi,S;. The calculated lattice parameters are a = b =
c=5656 A for cubic-AgSbS, a=b=11.059 A
and c = 8.714 A for rhombohedral-Ag;SbS;;  and
a=1118 A, b=11326A, c=3932A for
orthorhombic-Bi,S; in sample S2.

Rietveld refinement precisely exhibited the multi-
phase formation of sample S3 (Fig. 1). The phase-
fraction percentage was calculated as 33.59% of
rhombohedtral-Ag;SbS;, 20.98% of monoclinic-Ags;.
SbS;, 20.27% of monoclinic-AgBizSs, 17.20% of cubic-
AgSbS, , & 7.96% of orthorhombic-Bi,S;, respec-
tively. The lattice parameters were calculated as fol-
lows. a=b=110124, c=8669A  for
rhombohedtral-Ag;SbSs; a = 7.058 A, b = 16.363 A,
c=6235A for monoclinic-Ag;SbS;; a = 13.168 Ao,
b=4018 A, c=16547 A for monoclinic-AgBisSs;
a=b=c=5614 A for cubic-AgSbS,; and
a=11198 A, b=11291A, c=3983A for
orthorhombic-Bi,S;. The phase-fraction percentage of
sample S4 was calculated and the mixed phase of
rhombohedral-Ag;SbS;, monoclinic-AgSbS,,
orthorhombic-Sb,S; & cubic-AgSbS, are 34.63%,
3091%, 19.66% & 14.80% as shown in Fig. 1. The
lattice parameters were calculated as follows. a =
b =11.051 AO, c =8.716 A for rhombohedral-Ag;SbSs;
a=13199 A, b=4298 A, c=13.123 A for mono-
clinic-AgSbSy; a = 11.241 A, b = 11.308 A, ¢ = 3.841 A
for orthorhombic-Sb,S; and a = b = ¢ = 5.597 A for
cubic-AgSbS,. These test accuracies for the phase-
fraction prediction are also tabulated as Table 2.

XPS analysis was performed to measure the bind-
ing energy and various chemical states of bonded
elements. Figures 2 and 3 show the XPS spectra of
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samples S1-54 to analyze the valence states of the
elements. Figure 2a exhibits the survey spectra in
which predominant photoelectron lines of Ag 3d, Bi
4f, S 2p, O 1 s and Sb 3d states were observed. Fig-
ure 2b shows the core-level spectra of Ag 3d for the
samples in which the peaks were obtained at
373.5 eV and 367.5 eV for S1, 373.2 eV and 367.2 eV
for S2, 372.2 eV and 366.1 eV for S3, and 373.2 and
367.2 eV for S4 corresponding to Ag 3d;,, and Ag
3ds,s, respectively. It exhibited the AgjL oxidation
state [16]. The peak shift toward the lower binding
energy for the samples 52, S3, and 5S4 were attributed
to the presence of interfacial chemical interactions. It
is due to the inclusion of antimony which initiates the
secondary phase. Similarly, Ag 3d peak shift was
reported in AgBiS; 9,5eps nanocrystals, which was
due to the inclusion of Se element [16].

Figure 3 shows the core-level spectra of Bi 4f (51—
S3), S 2p (S1-54) and Sb 3d (S2-54) of the samples.
The broadening peaks of Bi 4f core spectra peak
could be deconvoluted. The deconvoluted peaks of Bi
4fs/, of Bi-O, Bi*" & Bi-S species for S1 were located
at 164.1 eV, 163.4 eV & 163 eV, respectively [18-20].
Similarly, the deconvoluted binding energy of Bi 4f;,»
corresponding to Bi-O, Bi®" and Bi-S species were
located at 158.7 eV, 158.4 eV and 157.6 eV, respec-
tively [18-20]. The evidence of Bi-S species was
obtained in XRD results which show the secondary
peaks (Fig. 1). The occurrence of binding energy for
Bi-O species was observed due to surface oxygen
reacts with the sample. Figure 3a shows the binding
energy of S 2p;,> and S 2ps,, peaks of S~ located at
160.9 eV and 160.2 eV [21], respectively. Bi 4f core-
level spectra showed the interaction of Bi*" peak and
Bi-S interaction. For sample 52, the observed binding
energies of 162.8 eV, 161.4 eV, 160.5 eV and 157.5 eV
were assigned to Bi 4f 5,5, S 2p1,2, S 2p3/2, and Bi 4f;,
», respectively. The spin—orbit splitting of multiple Bi
4f peaks was observed as 5.3 eV which confirmed the
oxidation states of Bi** [22]. Similarly, the spin—orbit
splitting of S 2p was observed as 0.9 eV which con-
firmed the oxidation states of S*~ [23]. The Bi 4f and S
2p spectra for sample S3 were deconvoluted into six
peaks. The obtained peaks at 162.7 eV, 157.3 eV and
159.5 eV were assigned to Bi°* and other Bi*" species
[24, 25], whereas the peaks at 162 eV and 156.4 eV
were assigned to metallic Bi [26], respectively. It was
due to the presence of AgBiszSs and Bi,S; phase as
evidenced by XRD (Fig. 1). Moreover, the binding
energy of S 2p;,» peak located at 161.4 eV suggests
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Fig. 1 Rietveld refinement results for sample S1-S4 (AgBiS, and AgBi, _,Sb,S, (x = 0-1) using Rietan-VENUS program, which deduce

the mole ratio of the phases

Table 2 Compositions of samples measured by Rietveld refinement

Sample Compositions

S1 AgBiS,-Cubic (100%)

S2 AgSbS,-Cubic (73.70%) + AgzSbS;-Rhombohetral (22.59%) + Bi,S3-Orthorhombic (3.71%)

S3 Ags;SbS;-Rhombohetral (33.59%) + AgzSbS;-Monoclinic (20.98%) + AgBizSs-Monoclinic (20.27%) + AgSbS,-Cubic
(17.20%) + Bi,S;-Orthorhombic (7.96%)

S4 Ag;SbS;- Rhombohedral (34.63%) + AgSbS,-Monoclinic (30.91%) + Sb,S;-Orthorhombic (19.66%) + AgSbS,-Cubic

(14.80%)

the existence of S*>~ [27]. For sample S4, the resultant
peak was deconvoluted into four peaks. The peaks at
160.8 eV and 163.1 eV were assigned to S*~, whereas
the peaks at 162.4 eV and 163.9 eV were assigned to
S,%, respectively [28, 29].

Figure 3b shows the core-level spectrum of Sb 3d
for S2-54 samples. The sample S2 exhibited the Sb 3d
spectra, which could be deconvoluted into six peaks
of Sb 3ds5,5, Sb 3d3,/2, and O 1 s as observed in Fig. 3b.
It showed the peak for Sb>* oxidation state of Sb 3d3,

» at a binding energy of 539.5 eV [30]. The charac-
teristic peaks Sb 3ds,, and Sb 3d;,» were also
observed at 528.8 eV and 538.1 eV, respectively.
These peaks were attributed to the metal sulfide of
Sb,S;, which was matched with the literature [31].
The peaks were obtained at binding energies of
532.3 eV, 530.2 eV, and 531.2 eV, which revealed that
O 1s and Sb 3ds,, (SbyO3) core level. These peaks
were attributed to the surface oxygen adsorbed from
the hydroxyl group present in the sample [32, 33].
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Further, it showed the Sb>" peak and Sb-S interac-
tion, which confirmed the different phases of silver
antimony sulfide (AgSbS,, Ags;SbS;), as evidenced by
the XRD result (Fig. 1). For sample S3, the broadened
peaks were deconvoluted into six peaks obtained at
the binding energy of 538.3 eV, 537.9 eV, 536.9 eV,
531.0 eV, 527.6 eV, and 528.7 eV as shown in Fig. 3b.
In which, the binding energies of 538.3 eV, 528.7 eV,
and 537.9 eV were attributed to various interactions
for Sb,S; confirming Sb®* oxidation state [31, 34] .
The binding energies of 536.9 eV, 527.6 eV, and
531 eV were attributed to the Sb 3ds,,, Sb 3ds,, of
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metal Sb and chemisorbed oxygen species on the
surface [28, 29, 32].

For sample S4, the observed peaks were deconvo-
luted into six peaks, which were centered at 539.7 eV,
538.2 eV, 533.3 eV, 532 eV, 5289 eV, and 530.5 eV,
respectively (Fig. 3b). In which, Sb 3d3,,, Sb 3ds,»
core of Sb,S; (Sb-S species) and Sb>" oxidation state
of Sb 3d;,, were centered at 538.2 eV, 528.9 eV, and
539.7 eV, respectively [31, 32]. Further, the binding
energies of O 1s and Sb 3d;,, of Sb,O5; were observed
at 533.3 eV, 532 eV, and 530.5 eV, respectively, which
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was due to the presence of oxygen from adsorption of
water (hydroxyl group) [33, 35].

Thermal properties were analyzed by TG-DTA as
shown in Fig. 4. For 51-54, the weight loss occurred
about 373 K-590 K which correspond to the evapo-
ration of moisture and organic components from the
samples [36, 37]. DTA plot displaying an endother-
mic peak at 453 K attributed to the phase transition of
AgBiS, from B-phase to a-phase, which was stable at
the temperature above 455 K (Sample S1) [38]. The
endothermic peak appeared at 575 K was due to loss
of SO, molecules [39]. For sample S2, the peak
appeared at ~ 786 K which was attributed to the
decomposition of AgSbS, [38]. The broad endother-
mic peaks obtained at ~ 640 K was attributed to the
phase transition of monoclinic a-AgSbS, to cubic B-
AgSbs, [38].

DTA plot displayed endothermic peak appeared
at ~ 647 K which was attributed to the phase
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transition of monoclinic a-AgSbS, to cubic B-AgSbS,
[38]. The endothermic broad peak obtained at ~
410 K and ~ 793 K which is attributed to the high-
temperature phase transition of orthorhombic-Bi,S;/
AgSbS, to AgszSbS; and decomposition of AgSbS,
[38, 39]. The strong endothermic peak obtained at
589 K which is due to decomposition of the sample
53. For sample 54, DTA showed the phase transition
and strong decomposition of AgSbS, appeared at
660 K and 790 K, respectively [38]. The endothermic
peak obtained ~ 733 K was attributed to the
decomposition of AgSbS, into oxidation processes of
Sb,S; and Ag,S [38]. In the TG-DTA graph, the
decomposition started around 560 K for sample S1
and S2. Hence, the pellets were prepared at 473 K by
spark plasma sintering method for thermoelectric
measurements.

The surface micrographs of pelletized samples (51-
54) are shown in Fig. 5a, which showed that the
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Fig. 4 TGA-DTA curve of AgBi;_,Sb,S, (0-1) from RT to 870 K
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0.28 nm l*

d 200

Fig. 5 a Cross-sectional HR-SEM of the bulk sample S1-S4 [AgBi,_,Sb,S; (x = 0-1)] b TEM for S2, and ¢ HR-TEM micrograph for S2

cross-section of pellet was composed of densely
packed nanoparticles. The morphology and the
structure of the pellet sample S2 are further detected.
Figure 5b displays TEM image of rectangular shape
particles. The size of the rectangular rod-like mor-
phology is ranging from 150 to 250 nm. The HR-TEM

@ Springer

image (Fig. 5c) demonstrates that the inter-planar
spacing values are 0.32 nm and 0.28 nm, corre-
sponding to the d-spacing of the (1 1 1) and (2 0 0)
planes of the cubic-AgSbS,. In addition to that, the
lattice fringes about 0.36 nm (1 3 0) for orthorhombic-
BiyS; and 0.27 nm (1 2 2) for rhombohedral-Ag;SbSs;
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Fig. 6 Plot of («hv)® versus Energy (hv) of AgBi;_,Sb,S,
(x=0-1)

were also observed in sample S2. The HR-TEM
exhibits the separation of grains with various struc-
tures and the random orientation of three different
phases with large number of grain boundaries. It
confirmed that the sample 52 had mixed phases of
AgSbS,, AgsSbS;, and BiyS; polycrystalline com-
pounds, which is in good agreement with XRD pat-
tern shown in Fig. 1.

The absorption (a/A) data were calculated using
Kubelka—-Munk equation: a/A4 = (1 — R)?/(2R) [40],
where R is the reflectance, o and /A are the absorption
and scattering coefficient, respectively. The energy
bandgap derived from o/ 4 vs E; (eV) plot is shown
in Fig. 6. The experimental optical bandgaps were
observed as 0.83-0.9 eV for S1-S3 and 1.43 eV for 54,
respectively. The insignificant change in the bandgap
values of sample 51-53 were observed, but sample 54
(mixed phase of silver antimony sulfide) showed the
bandgap value of 1.43 eV. All the samples showed
direct bandgap semiconducting nature, which has the
band edge close to the Fermi level.

The fundamental characterization of XRD and XPS
results confirmed that the formation of multiphase
with different fractional percentage may be due to the
possibility of cationic and anionic interaction in pre-
cursor along with the corresponding concentration of
Bi and Sb during synthesis process. The possibility of
multiphase can be dependent on the quick avail-
ability of ionic interaction during the chemical syn-
thesis due to the addition of Sb. So the multiphase
materials with the different phase formation can tune
the optical bandgap as shown in Fig. 6.
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6 Thermoelectric properties

Figure 7a shows the thermal diffusivity as a function
of temperature for all the samples. In which, Sb-
substituted samples (52-54) show low diffusivity
than sample S1 for the entire temperature range. At
room temperature (303 K), thermal diffusivity of the
samples were measured as 0.252 mm?/s for S1, 0.166
mm?/s for S2, 0.169 mm?/S for S3, and 0.161 mm?/s
for 54, respectively. It confirmed that Sb substitution
on Bi-site could create the defects in lattices which
scatter the thermal carriers leading to low thermal
conductivity. The defects might be attributed to the
multiple phases present in the samples which were
well consistent with XRD analysis. At 453 K, it
showed the reduction of thermal diffusivity as 0.208
mm?/s for S1, 0.14 mm?/s for S2, 0.139 mm?/s for S3,
and 0.133 mm?/s for S4, respectively. When increas-
ing the temperature from 303 to 453 K, it was
decreased by 17.5% for S1, 15.6% for S2, 17.75% for
53, and 17.4% for S4, respectively.

The specific heat capacity (C,) of all the samples are
shown in Fig.7b in which it was measured as
0.418 J/gK for S1, 0.444 J/gK for 52, 0.583 J/gK for
53, and 0.499 J/gK for S4, respectively. It is note-
worthy that, the trend of C,, curve was influenced by
the phases present in the samples. The sample S3
showed increasing-decreasing trend occurring at
363 K—423 K, which can be possibly attributed to
phases transition present in the samples. In specific,
sample S1 has one phases and sample 52-54 have
more than two phases as tabulated in Table 2. It could
be attributed to the phase transition which was evi-
denced from the DTA curve showing the endother-
mic peak over the temperature range of 370-406 K
(Fig. 4).

Remarkably, A type transition was observed in the
temperature-dependent C, in 363-423 K range
(Fig. 7b), which confirmed the order-disorder type
transition in sample S3. The Koy Values covered the
range of 0.29-0.57 Wm™> K™' (Fig. 7c) over the tem-
perature range of 303 to 453 K. Similar type of
lambda transitions have been found in nanocrys-
talline AgBiS, [16], where cation rearrangement was
responsible for the same [41]. A sharp peak in the
Kiotal OCcurs for the sample S3, which may be due to
phase transition for AgSbS, to Ag;SbS; in sample S3
which was consistent with DTA results. Figure 7c
shows the low thermal conductivity for Sb included
phase samples (52) compared to the AgBiS, phase.
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bulks. d Schematic illustration showing the existence of sample S2

The thermal conductivity of sample S2 is much lower
than that of other samples. The measured results of
thermal conductivity were compared with previous
reports as shown in Fig. 8 which showed that Sb-
substituted samples have low thermal conductivity
than that of other reported values. Remarkably,
sample S2 (AgBig55b552) exhibited low thermal
conductivity of 0.213 Wm ™' K™ at 333 K which was
50% decrement from nanocrystalline [16] and 68%
decrement from bulk-AgBiS, [17], respectively. The
reduction in thermal conductivity was plausibly
predicted by significant scattering for heat carrying

@ Springer

phonons. By which the phonons were scattered at
grain boundaries due to multiple phases of cubic-
AgSbS,, rhombohedral-Ags;SbS; and orthorhombic-
Bi,S; present in the samples. It reduced the thermal
conductivity to a low level as 0.213 Wm™' K" at
333 K for sample S2. The grain boundaries with dif-
ferent phases initiate the grain boundary scattering
which reduces the thermal conductivity and different
grain boundaries of the sample is clearly shown in
HR-TEM results (Fig. 5c).

In single-phase material (AgBiS,), the grain
boundary scattering mechanism occurs primarily and
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Fig. 8 Schematic diagram for comparison of thermoelectric
properties with reports

it scatters the phonons having shorter wavelength. In
multiphase materials (52-54), grain boundaries as
well as phase boundaries play a vital role to scatter
the phonons. This approach has the remarkable
potential to reduce thermal conductivity through the
introduction of Sb substitution in matrix (multiphase
material). At the phase boundary, there are two main
mechanisms for phonon scattering. (i) The strain
induced by the slightly mismatched lattice which
causes phonon scattering at a (semi)coherent
boundary. This impact is reasonably comparable to
point defects. (ii) The second mechanism is phonon
scattering at an incoherent boundary. The mis-
matched phonon modes are the sources of the low
thermal conductivity. In addition, the incoherent
border serves as a carrier scattering centers [42].
Zhang et al. [43] reported that the presence of
multi-nanophases has reduced the lattice thermal
conductivity via phonon scattering and enhanced the
power factor by incorporated multi-nanophases. The
low thermal conductivity of the sample 52 was
observed due to the following aspects such as
(i) volume fraction of multiphases which depends on
the shape and orientation of phases, (ii) crystallo-
graphic misorientation with the origin of grain size
effect in polycrystalline materials, and (iii) the dif-
ferential acoustic scattering due to the two phases
(planar interface) [44]. The multiphase and poly-
crystalline behavior of cubic-AgSbS,, rhombohedral-
Ags5bS; and orthorhombic-BiyS; were clearly seen in
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HRTEM analysis. It is also represented schematically
in Fig. 7d.

7 Conclusions

We have reported the experimental realization of
less-toxic and abundant AgBiS, and AgBi;_,Sb,S;
(x =05-1) for mid-temperature thermoelectric
energy harvesting application. The pristine & mixed
phase of AgBiS, & AgBi;_,Sb,S, (x = 0.5-1) were
synthesized using solvothermal followed by spark
plasma sintering method. The material stability of the
samples has been studied using TG-DTA measure-
ments and the structural purity of the samples has
been investigated using Rietveld refinement tech-
nique. The surface morphology showed a densely
packed cross-sectional microstructure of pellet sam-
ples. The results revealed the significant and benefi-
cial role of antimony-substituted multiphase sample
52 (AgBipsSbgsS,) and the sample S2 has the pres-
ence of the multiphase of AgSbS, (73.70%), AgsSbS;
(22.59%), and BiyS; (3.71%). The optical properties
showed the narrow optical bandgap of ~ 0.83 eV-
1.3 eV which was beneficial to good electrical trans-
port. The bandgap variation with the nominal com-
position has been investigated. AgBiS, and
AgBi;_,Sb,S, (x = 0.5-1) have numerous interfaces
and grain boundaries due to the presence of multi-
phase in the samples. The grain boundaries are
known as a disordered arrangement of atoms, which
remarkably enhanced the phonon scattering. It led to
the low thermal conductivity of 0.21 Wm ™' K™ at
333 K in the sample S2. The plausible reason for low
thermal conductivity was predicted as the phonon
scattering mechanism at grain boundaries of multi-
phase present in the samples. This study provides
opportunities for the design and tuning of the mul-
tiphase material and achieving physical properties
tenability.
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