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A B S T R A C T   

Porous materials have attracted extensive attention from research communities, showing great promise in 
energy-conversion applications. In this study, we prepared eco-friendly Bi2S3-based thermoelectric materials 
with porous structure using reticulated Bi2S3 nanonetwork synthesized by a solution-phase bottom-up strategy. 
Comprehensive structural characterizations through small-angle X-ray scattering (SAXS) and electron micro-
scopy were performed to measure the pore structures in these materials. The distorted lattices, dense disloca-
tions, and nanopores reduce the material’s lattice thermal conductivity to as low as 0.36 Wm-1K-1 at 823 K, which 
is 22% lower than that of the less porous counterpart. Simultaneously, Cl was doped into the lattice, which 
greatly improved the electrical conductivity and mitigated the deterioration of the electrical performance by the 
pore structure. The maximum power factor reaches 0.47 mWm-1K-2. The synergistic effect of nanopores and Cl 
doping greatly improves the thermoelectric properties of the Bi2S3 system, and the highest ZT value reaches 0.81 
at 823 K, which is nearly 60% higher than that of the control sample with fewer pores. This work develops a new 
strategy for the preparation of high-performance and light-weight thermoelectric materials.   

1. Introduction 

With excellent performance in transforming heat to electricity 
directly, thermoelectric materials (TE) have attracted much attention [1, 
2]. Usually, the conversion efficiency of TE materials is gauged by a 
dimensionless figure of merit, ZT = S2σT/κ in which S is Seebeck coef-
ficient, σ is electrical conductivity and κ is thermal conductivity. S2σ is 
usually defined as the power factor, reflecting the material’s output 
power of thermoelectric conversion. The κ can be divided into lattice 
thermal conductivity κL and electronic thermal conductivity κe, which 
are attributed to lattice vibration and electron gas, respectively. In order 
to optimize the thermoelectric performance, it is necessary to decouple 
the S, σ, and κ to improve the power factor and reduce the thermal 
conductivity. 

Bi2S3 is a low-toxicity semiconductor material with an indirect 
bandgap of 1.3–1.7 eV [3–5], which has intrigued the research com-
munities due to its advantages such as earth-abundant constituent ele-
ments, intrinsic low thermal conductivity, and good processability. After 
years, researchers have exhausted multiple means to optimize the ZT of 
Bi2S3 families. In the electrical aspect, strategies such as doping n-type 
elements to adjust the carrier concentration [6,7], doping rare earth 

elements to introduce impurity levels [8,9], and constructing a 
core-shell structure to filter low energy carriers [10–12] are used to 
improve the power factor. In the thermal aspect, most studies focused on 
the fabrication of multiscale defects to scatter phonons with different 
wavelengths, such as alloying, high density of grain boundaries [13,14], 
dislocations [15], and nano-precipitates [16,17]. 

In recent years, porous materials have attracted extensive attention 
in catalysis [18–21], battery [22–24], sensor [25,26], and other fields 
due to their high specific surface area, multiple active sites, and meso-
scale cavity structure, while porous thermoelectric materials have rarely 
been reported [27]. The lattice thermal conductivity can be expressed as 
κL=

1
3CvvgΛ, in which Cv, vg, and Λ represent heat capacity at constant 

volume, phonon group velocity, and phonon mean free path, respec-
tively. Compared with the dense material, the porous counterpart can 
significantly reduce heat capacity and sound velocity, and the impact on 
thermal conductivity is explained by effective medium theory [28,29]. 
When the pore size is close to the mean free path (Λ), it can also scatter 
phonons, resulting in even lower thermal conductivity [30,31]. Thus, 
constructing a porous structure with controllable pore size is a sufficient 
way to reduce κL. Meanwhile, reducing the mass density of 
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thermoelectric materials by pores plays a significant role in improving 
the portability of devices but remains largely unexplored. 

For the synthesis of porous materials, the commonly used top-down 
synthetic methods such as melting or mechanical alloying do not work 
well since the size and morphology of powder precursors cannot be 
finely controlled. Inevitably, the sintered monoliths usually have high 
density and non-porous structures [6,9]. By contrast, bottom-up sol-
ution-processed production is a potentially efficient alternative to con-
ventional methods. But in this scenario, a high degree of control over the 
relative density of the final bulk matrix after sintering still represents a 
grand challenge because 2D nanosheets/ 1D nanotubes/ 0D nanodots 
tend to be tightly tiled under pressure. In an effort to make good use of 
the reduction of lattice thermal conductivity by the pore structure in 
monoliths, synthesizing sized-controlled nanocrystals with porous 
morphologies such as hollow, concave, and branched nanostructures as 
precursors are proved to be efficient [30]. From a synthetic perspective, 
creating a framework structure derived from a two-dimensional self--
assembly structure can be an effective tool to solve this problem. 

In this work, we have successfully prepared two kinds of powder 
samples via solution methods: nano network (NN) and randomly ori-
ented nanorods (NR). They can be prepared by either hydrothermal 
autoclaves (HT) or glass flasks (FL). The shape-controlled network-like 
sample is used as a precursor to construct the porous thermoelectric 
materials, as illustrated in Fig. 1a. Small-angle X-ray scattering (SAXS) 
and electron microscopy are applied to study the pore structure, as 
shown in Fig. 1b. With a large amount of properly sized nanopores as 
well as abundant grain boundaries, its thermal conductivity can be 
reduced to a significantly low value. We also note that four-phonon 
scattering is important in Bi2S3, as has been found in other thermo-
electric materials very recently [32–35]. Our first-principles simulations 
further support that. On the electrical aspect, Cl is successfully doped 
into the lattice, compensating for the deterioration in electron mobility 
caused by the porous structure. First-principles calculation shows that 
the introduction of Cl brings the Fermi level into conduction bands, and 
the carrier concentration is greatly increased (Fig. 1c). As a result, both 
NN and NR samples have excellent electrical properties compared with 

those of pristine Bi2S3 reported in other literature [6,7,36]. A peak ZT of 
0.81 at 823 K is obtained for the monolith sintered by the more porous 
sample (HT-NN), which is 60% higher than the less porous counterpart 
(HT-NR) and among the best Bi2S3 thermoelectric materials (Fig. 1d). 

2. Experimental section 

2.1. Reagents 

Bismuth chloride (BiCl3, A.R., 99%) was purchased from Energy- 
Chemical Co., Ltd. Thioacetamide (TAA, A.R., 99%) was purchased 
from Shanghai Macklin Biochemical Technology Co., Ltd. Hydrochloric 
acid (HCl, A.R, 36%) was purchased from Sinopharm Chemical Reagent 
Co., Ltd. Ultra-pure water was used as solvent with a resistivity of 
18.25 MΩ⋅cm. 

2.2. Preparation of nanostructure precursors and bulk samples with 
porous structure 

Bi2S3 network nanodiscs (HT-NN) were synthesized through the 
hydrothermal method. In a typical process, 2.5 mL of BiCl3 (1 mmol) 
and HCl (5 mmol) solution was added to 42.5 mL H2O. Then white 
BiOCl precipitate was formed. 15 mL of TAA (10 mmol) solution was 
added in drops with magnetic agitation. When the suspension changed 
color from white to brown, the mixture was transferred to a Teflon-lined 
stainless-steel autoclave (100 mL) and reacted at 180 ℃ for 3 h. Black 
Bi2S3 precipitate was washed with DI water and ethanol 3 times, sepa-
rately. The precipitated slurry was finally dried in a vacuum at 60 ℃, 
and the black Bi2S3 powder was obtained. 

The randomly oriented nanorod (HT-NR) was synthesized using the 
same process, except with the doubled concentration of BiCl3 (2 mmol). 

Two kinds of powder were sintered at 823 K for 15 min using a spark 
plasma sinter (SPS) system (LABOX-110, Sinter Land) under an axial 
pressure of 20 MPa. The SPSed monoliths were cut and polished into 
3 mm × 3 mm× 9 mm rectangular ingots and 10 mm × 10 mm×

1.5 mm square slice to test electrical and thermal performance in the 

Fig. 1. (a) Illustration of experimental procedure of Bi2S3 bulk sample with porous structure through stacking precursor building blocks synthesized via self-template 
method. (b) Characterization of pores in nanoscale via small-angle X-ray scattering (SAXS), transmission electron microscopy (TEM), and scanning electron mi-
croscopy (SEM). (c) Schematic diagram of simultaneous optimization of electron and phonon transport. Fermi level rising into conduction bands increases carrier 
concentration. The strong 4-phonon process leads to intrinsically low κL. Nanopores with abundant grain boundaries and other defects further reduce the κL 
significantly. (d) A comparison between ZT values obtained in this work with those reported in the literature for Bi2S3 systems through different modification 
methods [6,9,12,36–41]. 
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direction perpendicular to sintering pressure, respectively. 
Since HT samples have better performance, they are discussed in 

detail in the main manuscript, while the characterization and TE prop-
erties of the FL samples are presented in the Supporting Information. 

2.3. Measurement of thermoelectric properties 

Seebeck coefficient and electrical resistivity were measured by static 
direct current method and four-probe method (CTA-3S, CRYALL), 
respectively. Thermal conductivity was calculated through the equation 
κ = Cp⋅ρ⋅D. The specific heat at constant pressure (Cp) is obtained by 

using a differential scanning calorimetry thermal analyzer (DSC, 
DSC404F3, NETZSCH). The densities of sintered specimens were 
measured by Archimedes method The thermal diffusivity (D) was 
measured by laser flash method (Discovery Xeon Flash, TA Instrument). 
The temperature-dependent Hall coefficients were measured by van-der- 
Pauw method under a reversible magnetic field of 1.5 T (Lake Shore 
8400 Series). The Hall carrier concentration (nH) and Hall mobility (μH) 
were calculated by nH = 1/(eRH) and μH = σRH, respectively. 

The deviations of Seebeck coefficient, electrical conductivity, and 
thermal diffusivity are less than ± 7%, ± 10%, and ± 4%, respectively. 

Fig. 2. Morphological and phase characterizations of as-synthesized powder precursors. (a) XRD pattern of two powder precursors; (b, c) SEM image of HT-NN and 
HT-NR, which shows the netted and disordered morphology; (d) low-magnification TEM image of a typical HT-NN nanodisc and its corresponding SAED pattern 
demonstrate the vertical growth of nanorods; (e) HR-TEM image of HT-NN single nanorod with inset of fast-Fourier transform (FFT) pattern, indicating that the 
nanorods grow vertically along [0 0 1] crystal axis; (g) TEM image of HT-NR with annular SAED pattern; (h) HR-TEM of HT-NR with inserted FFT image; (f, i) EDS 
mapping images of HT-NN and HT-NR, respectively. 
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3. Results and discussion 

3.1. Phase and morphology of Bi2S3 nanopowders 

Bi2S3 typically crystallizes in Pnma (62) space group. It preferentially 
grows along the c-axis (namely [0 0 1] axis) by the Bi-S covalent bond of 
the [BiS3] trigonal pyramid unit, forming zig-zag chains. The chains are 
arranged in parallel and linked by van der Waals and weak ionic forces 
along the a-axis and b-axis. Fig. 2a shows the X-ray diffraction pattern of 
as-synthesized powder with different morphologies (nanonetwork and 
nanorods), respectively. To calibrate the location of the diffraction 
peaks, silicon powder was used as an inner standard. Both diffraction 
spectra can be indexed as pure orthorhombic Bi2S3 (JCPDS#17–0320). 
The cell parameters of these two samples are very close (Table S1). 

Fig. 2b clearly shows the network structure of HT-NN, while nano-
rods in HT-NR (Fig. 2c) have a disordered arrangement structure and are 
similar in size to that of HT-NN. The morphologies of two as-synthesized 
powder samples are further investigated by high-resolution TEM (HR- 
TEM) and selected area electron diffraction (SAED), as shown in the 
insets of Fig. 2d and g. HT-NN consists mainly of vertically interlaced 
nanorods with a diameter of 45 ± 15 nm (conforming to normal distri-
bution); HT-NR is composed of disordered nanorods with a slightly 
larger size than HT-NN and a single-rod diameter of 60 ± 15 nm. The 
SAED pattern of HT-NN is mainly composed of two sets of mutually 
perpendicular diffraction points that form a square matrix grid, indi-
cating that nanorods on the disk grow almost vertically. The diffraction 
points slightly deviating from the grid belong to a few skewed nanorods. 
Moreover, the structure of orthogonally stacked nanorods can be clearly 
seen from the contrast information given by the HAADF image (Fig. 2f 
inset). The process of these topological transformations was studied in a 
similar reaction by Li et al. through electron diffraction [42]. With the 
dilution of the concentration of BiCl3 hydrochloric acid solution, the 2-D 
precursor of BiOCl was generated by hydrolysis. As the interplanar 
spacing in the directions of (1 0 0) and (0 1 0) of tetragonal BiOCl was 
close to the dominant growth crystal plane (0 0 1) of orthorhombic 
Bi2S3. The interaction between single crystal BiOCl nanosheets and 
thioacetamide led to topotactic transformation, forming a disk 
composed of Bi2S3 orthogonal nanorods. In contrast, the SAED pattern of 
HT-NR (Fig. 2g inset) is irregularly annular, indicating that the nanorods 
are arranged disorderly. As Bi concentration increases in the solution, 
the nanorods tended to grow irregularly and the length of each nanorod 
became longer. According to HT-NN’s HR-TEM image (Fig. 2e) and 
corresponding FFT pattern, the interplanar spacing is about 3.98 Å, 
which is consistent with the (0 0 1) crystal plane of Bi2S3. HT-NR 
nanorods also grow in the preferred orientation of [0 0 1], but do not 
form a network structure, probably because the high concentration of Bi 
makes the solution growth change from the seeded mode to 
self-nucleation mode [43]. As shown in Fig. 2f and i, the element dis-
tribution mapping of these two samples is characterized by energy 
dispersion spectrum (EDS), and the contents of chlorine element in the 
two precursors are 4.22 ± 0.96 at% and 3.94 ± 0.94 at%, respectively. 
Each element is homogeneously distributed, and there is no obvious 
second-phase enrichment. In addition, nitrogen adsorption and 
desorption experiments were carried out to analyze pore information of 
these as-synthesized powder (Fig. S5). The specific surface areas of 
HT-NN and HT-NR powder fitted by the Brunauer–Emmett–Teller (BET) 
equation are 16.76 m2/g and 10.08 m2/g respectively, indicating that 
the single nanorod of HT-NN is shorter and has smaller grains in the case 
of similar diameters. HT-NN exhibits a Barrrett–Joyner–Halenda (BJH) 
adsorption cumulative volume of pores of 0.056 cm3/g, which is twice 
that of HT-NR (0.028 cm3/g), suggesting that HT-NN is rich in porous 
structure derived from orthogonal nanorods. As a result, it is a reason-
able hypothesis that some defects of HT-NN nanonetworks (such as 
non-flat edges) enable them to form large amounts of nanoscale voids 
during the stacking process, which facilitates the formation of pore 
structures during further sintering. 

3.2. Electron microscopy analysis on SPSed monoliths 

The XRD patterns of SPSed bulk specimens along different directions 
are shown in Fig. S1a. After the SPS process, the main diffraction peaks 
become narrower and sharper according to the half-height width of the 
strongest diffraction peak, confirming the increase of grain size. Besides, 
obvious difference in the intensities of the diffraction peaks between the 
samples perpendicular to the pressure direction and those parallel to the 
pressure direction indicates that the bismuth sulfide forms anisotropic 
ingots under pressure sintering. In the pattern of the cut plane perpen-
dicular to the direction of pressure, the diffraction peak of the (0 0 1) 
crystal plane almost disappears, while the diffraction peak of the (0 0 1) 
plane is enhanced in surface parallel to the direction of pressure, which 
is estimated by Lotgering factor as following. 

The Lotgering factors [44] of the bulk cleavage surfaces in different 
pressing directions are listed in Table 1 (the details are shown in Sup-
plementary Note 3). The results show that both materials have strong <h 
k 0 > preferred orientation in the perpendicular to the pressure direc-
tion and weak < 0 0 1 > orientation in the parallel to pressure direction. 
It is worth noting that the Lotgering factor of HT-NN is slightly lower 
than that of HT-NR, which may be because HT-NN is highly nano-sized, 
with small and irregular grains verified by SEM images below. Clearly, 
extremely low thermal conductivity can be obtained in parallel di-
rections, but the electrical properties are deteriorated by van der Waals 
gaps. On the contrary, the electrical conductivity is significantly 
improved in the vertical direction, and the thermal conductivity is 
higher, which is consistent with the experimental results. The XRD 
patterns of FL-NN and FL-NR are shown in Fig. S1b and the results are 
similar. 

The micro and nanostructures of SPSed bulk specimens are shown in  
Fig. 3. Fig. 3a and b are BSE images of polished surfaces of HT-NN and 
HT-NR, respectively. The black spots in BSE image reflect the pore 
structure on the surface and deep layer (over 100 nm) of the sample, and 
the pore distribution between the two is in stark contrast. The pores in 
HT-NN are smaller and more densely distributed, while that of HT-NR 
are larger and sparse. Fig. 3c and d are the high-magnification SEM 
image of fractured surfaces of sintered monoliths perpendicular to 
pressure direction. The grain size of HT-NN is about 190 ± 90 nm 
(average density: 6.05 g/cm3 with a standard deviation of 0.072 for over 
15 samples; relative density: 89.0% ± 1%), while grain size of HT-NR is 
620 ± 280 nm (average density: 6.52 g/cm3 with a standard deviation 
of 0.071 for over 15 samples; relative density: 95.7% ± 1%), as shown in 
Fig. 3c-d insets. It can be clearly observed that the grains of HT-NN are 
olive-shaped, with a large grain boundary density. Meanwhile, plentiful 
holes can be observed in the grains of HT-NN, which is the reason for the 
significant decrease in its relative density. As aforementioned, the 
source of these holes is the void caused by the stacking of HT-NN 
nanonetworks. In contrast, the grains of HT-NR are mostly cuboid, 
whose size is much larger than that of the powder precursors, indicating 
that nanorods without special stacking are easy to recrystallize and form 
denser grains under the sintering conditions of high temperature and 
high pressure. In order to visually display the pore structure of HT-NN, 
bulk TEM samples were prepared by ion thinning technique. Fig. 3e and 
h are the HR-TEM images of the crystal lattice of HT-NN specimen. From 
Fig. 3e, the image of Bi2S3 crystal looking down from the a-axis is ob-
tained, and the corresponding atomic arrangement information is also 
given in the inset. The Van der Waals gap between [BiS3] chains can be 
clearly observed. To clearly display the strain field in the atomic scale, 
two vertical diffraction spots (0 1 0) and (0 0 1) were selected for geo-
metric phase analysis (GPA) [45]. As shown in Fig. 3f, the distinct 
normal strain along strain tensors εxx indicates that [BiS3] zigzag is 
distorted by Cl incorporation. Fig. 3g is the low-resolution TEM image of 
the HT-NN sample’s thin area. The pore structure is clearly expressed by 
mass contrast and is very abundant, with diameters ranging from 30 nm 
to 100 nm. Fig. 3h shows an overview of Bi2S3 lattice along [0 1 0] zone 
axis. By taking the inverse Fourier transform of the diffraction spots on 
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the (5 0 1) crystal plane, it can be found that the HT-NN sample contains 
plenty of dislocations and stacking faults. 

3.3. Synchrotron radiation SAXS study on pore structures 

Although electron microscopy can visually detect the pore 
morphology, it lacks statistical significance. To further investigate the 

Table 1 
The Lotgering factor of (h k 0) and (0 0 1) crystal planes.  

Lotgering factor HT-NN bulk parallel HT-NR bulk parallel HT-NN bulk perpendicular HT-NR bulk perpendicular 

F(hk0) non-<h k 0 > oriented non-<h k 0 > oriented 0.36, moderately oriented 0.62, well oriented 
F(001) 0.035, poorly oriented 0.052, poorly oriented non-< 0 0 1 > oriented non-< 0 0 1 > oriented  

Fig. 3. Morphologies and lattice fringes of SPSed bulk samples. (a, b) Back-scattered electron (BSE) images of HT-NN and HT-NR polished surfaces, respectively; (c, 
d) high-magnification SEM images of fractured surfaces of HT-NN and HT-NR with related statistical chart of grain size, respectively; (e) aspherical aberration- 
corrected TEM (ac-TEM) image of ion-beam-thinned HT-NN specimen; (f) geometric phase analysis (GPA) of corresponding ac-TEM image (e) in the x-direction, 
the color scale of temperature from yellow to blue reflects a change in strain value from − 15% to 15%; (g) low-resolution TEM image of a thin area in ion beam 
thinned specimen, and the outline of the pores are highlighted by orange dash lines; (h) HR-TEM image of HT-NN with its corresponding FFT graph; (i) inverse FFT 
image based on (5 0 1) diffraction spot, which shows a high density of dislocations and stacking faults. 
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statistical distribution of disconnected pores, synchrotron radiation 
small-angle X-ray scattering (SAXS) was used to analyze these isolated 
pore structures in heterogeneous electron-density systems. The optical 
path diagram of the SAXS experiment through synchrotron radiation X- 
ray is illustrated in Fig. 4a, with a two-dimensional SAXS image inserted 
in Fig. 4b. When a beam of X-ray irradiates a sample with uneven 
electron density, the scattering intensity in a small Angle range can well 
reflect the information of nanoscale scatterers in the material. In these 
porous Bi2S3 systems, the heterogeneous nanoscale pore structure causes 
the electron gas density of the system to fluctuate, which can effectively 
scatter X-rays. Scattering vector q is an important parameter in X-ray 
scattering theory, which is written as q = 4πsin(θ)/λ. Fig. 4b shows the 

relationship between scattering intensity (I) and scattering vector (q) 
obtained through integrating 2-D scattering data. Clearly, HT-NN has a 
higher scattering intensity, which is caused by its high porosity. 

Moreover, SAXS is one of the effective means to measure the fractal 
dimension, which can express the self-similarity and roughness of the 
nano-structure in samples. According to Porod formula I(q)∝Aq− α [46], 
where A is a constant and the power exponent α is the fractal 
dimension-related parameter. When 3 < α < 4, it indicates that the 
object is compact and the surface fractal exists, which can be expressed 
as Ds = 6 – α [47]. When 0 < α < 3, it suggests that the sample has a 
loose structure and is mass fractal, which can be depicted as Dm = α. The 
α is obtained from the slope of the tangent line in log-log graphs of the 

Fig. 4. (a) Schematic diagram of synchrotron radiation SAXS experiment. (b) SAXS original data (inset is a 2-D data graph of HT-NN), (c) fractal dimension curve, (d) 
Guinier curve, (e) pore size distribution curve of HT-NN and HT-NR. 
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intensity vs. scattering vector, as shown in Fig. 4c. The α of HT-NN is 4, 
which indicates that its Ds is 2 and the surface of the pore structure is 
very smooth. The slope of the characteristic straight line in HT-NR plot is 
− 5, which is caused by its non-fractal boundaries with gradually 
changed scattering length density between pores and grains [48]. 

Furthermore, in order to estimate the average pore size, the curve is 
processed by the Guinier formula [49]: 

I(q) = IeMn2e−
q2 R2

g
3 (1)  

lnI(q) = C −
R2

g

3
q2, (2)  

where M is the number of incoherent pores, Ie is the Thomson scattering 
intensity of a single electron, n is the total number of electrons in a pore, 
and Rg is the radius of gyration, which is an important parameter to 
calculate the average radius of practical pores. The radius of gyration 
can be obtained by fitting the slope of the Guinier plot (Fig. 4d) in the 
low-scattering vector region. The Rg values of HT-NN and HT-NR are 
28.87 ± 0.49 nm and 35.82 ± 1.39 nm, respectively. The relation be-
tween spherical pore and Rg can be written as Rg =

̅̅̅̅̅̅̅̅
3/5

√
R. Therefore, 

the average pore sizes of HT-NN and HT-NR are 37.27 nm and 58.38 nm 
based on the spherical pore hypothesis, respectively. The Guinier curve 
of HT-NR has a large linear region and shows good monodispersity, 

while that of HT-NN indicates that the pore-size distribution is 
polydispersed. 

The pore size distributions of two samples are calculated by the 
maximum entropy method [50], as shown in the following equation, 

I(q) = Δρ2
∑

F2(q, r)V2(r)NP(r)dr (3)  

in which Δρ is the difference of scattering length density between pores 
and Bi2S3 matrix, F(q, r) is the form factor of the scatterer, V(r) is the 
volume of a pore with a diameter of r, P(r) is the probability size dis-
tribution of pores. The pore size distribution (PSD) curve of HT-NN and 
HT-NR are shown in Fig. 4e in the range of 5–90 nm. Clearly, the PSD 
curve of HT-NN shows a doublet peak with a pore size range from 25 nm 
to 65 nm, reaching the maximum volume value at 37 nm and 55 nm, 
respectively. That of HT-NR exhibits a unimodal distribution with a peak 
value of 77 nm, and its volume distribution is much smaller than HT-NN. 
The results of a series of SAXS analyses can confirm each other, indi-
cating that HT-NN has smaller and more pores and a wider size distri-
bution range, which is consistent with SEM observation results. 

3.4. Thermal conductivity and Boltzmann transport equation (BTE) 
modeling 

The nanopores and rich nanostructures characterized above have 

Fig. 5. Experimental and modeled thermal conductivity. (a) Total thermal conductivity (κt), polar-electron thermal conductivity (κe), and bipolar thermal con-
ductivity (κb) of HT-NR; (b) experimental data (dots) of κL for HT-NN and HT-NR with corresponding fitted curves (solid lines) calculated via BTE model; (c) lattice 
thermal conductivity drop due to various phonon scattering mechanisms in HT-NN, which considered Umklapp process of three-phonon (3-ph) and four-phonon (4- 
ph), defects (D), grain boundaries (GB), pores in the nanoscale (Pore), and chlorine doping (Cl); (d) comparison of the lowest thermal conductivity of HT-NN with the 
reported values in the direction perpendicular to sinter pressure [6,8,15,37,53,54]. 
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considerable influence on thermal conductivity. Fig. 5a shows the 
temperature-dependent of total thermal conductivity κt, which contains 
contributions from electrons (κe), bipolar electron-hole pairs (κb), and 
lattice vibrations (κL). It can be seen that HT-NR has clear bipolar 
thermal conductivity, which increases fast at high temperature, while 
HT-NN has almost none. Since HT-NN and HT-NR are doped to a similar 
extent, the changes in carrier concentration and band structure by 
chlorine impurities are similar. The difference in κb is mainly caused by 
the difference in the degree of scattering of minority carriers. In HT-NN 
samples, nanopores with tens of nanometers and highly nanosized grain 
boundaries and grains can scatter minor carriers more efficiently due to 
the wavelength of the holes is close to those nanostructures at the 
intrinsic region. In contrast, HT-NR is almost devoid of these nano-
structures, making it weak to hole scattering and exhibiting significant 
bipolar thermal conductivity (the detailed discussion is included in 
Supplementary Note 4). According to Wiedemann-Franz law, the 
contribution of electrons can be expressed as κe = L1σT, in which L1 is 
the electronic polar Lorenz number [51] calculated from the single 
parabolic band model (SPB, see Supplementary Note 5). The Lorenz 
number contributed by bipolar electron-hole pairs can be expressed as 
L2 = (k

e)
2 b
(b+1)2

(
Eg
kT + 4)2 [52]. We fit κb from this equation such that κt = κe 

+ κb + κL is satisfied (the details are depicted in Supplementary Note 6). 
To gain insight into the lattice thermal conductivity and understand 

the relative importance of various thermal resistance mechanisms, we fit 
the experimental data based on the BTE model with the full phonon 
dispersion relation obtained by density functional theory (DFT) calcu-
lations (see Supplementary Note 7 and 8 for details). In the fitting pro-
cess, we have considered the intrinsic phonon-phonon anharmonic 
scattering and extrinsic phonon-grain boundary scattering, phonon- 
chlorine impurity scattering, phonon-nanopore scattering, and 
phonon-other defect scattering. Since all the phonon-extrinsic scattering 
mechanisms do not present strong temperature dependence [30,55,56], 
the faster-than-T-1 decreasing trend of κL with temperature is plausibly 
due to four-phonon scattering [57–59]. Since 2016, four-phonon has 
been proven to be critical in many simple crystals [33,57–68]. 
Four-phonon scattering, as a high-order phonon anharmonic scattering 
is usually important for low-thermal conductivity materials, which is 
exactly the case of thermoelectric materials. Therefore, in very recent 
years, many thermoelectric materials have been found to have critical 
four-phonon scattering [32–35]. More importantly, four-phonon scat-
tering becomes even more important as temperature increases. As a 
result, four-phonon scattering plays a significant role in thermoelectrics 
[60]. To support our hypothesis, we have calculated the three-phonon 
and four-phonon scattering phase spaces based on the phonon disper-
sion relation by DFT (Fig. S7). The four-phonon scattering phase space is 
not small compared to the three-phonon scattering. The weighted 
four-phonon scattering phase space is even larger. Although the scat-
tering phase space is still not the same as scattering rates, they are in-
direct evidence for strong four-phonon scattering. Note that the 
modeling is based on relaxation time approximation and is not able to 
include the phonon boundary transmission phenomenon that is 
captured in Monte Carlo simulations [69]. Regarding the impact of 
nanopores, we not only consider their scattering with phonons but also 
include their reduction to heat capacity (by effective medium approxi-
mation). The grain boundary, nanopore, and chlorine impurity scatter-
ings are calculated by using the experimentally characterized grain 
sizes, porosity, pore sizes, and impurity densities, respectively. The 
phonon-other defect scattering is a fitting parameter that implicitly in-
cludes all other defects such as lattice distortions and dislocations whose 
densities are difficult to count. The fitted results are shown in Fig. 5b, 
which agree well with experimental data when bipolar thermal con-
ductivity is negligible. The lattice thermal conductivity reductions by 
various scattering mechanisms in HT-NN are shown in Fig. 5c. The 
HT-NN sample experiences a larger impact by nanopores than that in the 
HT-NR sample (Fig. S8). In addition, we have compared the minimum 

total thermal conductivity of our HT-NN sample with the reported 
values prepared by a variety of methods in the Bi2S3 system, indicating 
that the κmin of our porous Bi2S3 is lower than that of most materials in 
the same direction (Fig. 5d). 

3.5. Electrical transport properties 

The temperature-dependent electrical performances of two bulk 
specimens (nanonetwork and randomly oriented nanorod) in the di-
rection perpendicular to the sintering pressure are shown in Fig. 6. 
Undoped Bi2S3 usually has a low intrinsic carrier concentration but high 
mobility of over 10 cm2V-1s-1 [7,36]. Compared with other pristine Bi2S3 
samples, the room temperature carrier concentration of our HT-NN and 
HT-NR increased significantly by two orders of magnitude, reaching 
1019-1020 cm-3 (the related parameters are shown in Table 2), which is 
attributed to the heavy doping of chlorine. Both XPS and EPMA spectra 
proved the existence of Cl-, the details will be discussed in the next 
section. The mobilities of the two samples are lower than that of Bi2S3 
doped by other methods, which may be due to the strong scattering of 
carrier transport by abundant pores and grain boundaries. 

The Seebeck coefficient with error bar is displayed as Fig. 6a. 
Negative Seebeck coefficients indicate that electrons are the majority 
carriers in Bi2S3 system. The absolute Seebeck coefficient increases 
linearly with rising temperature from 323 K to 673 K, then plateaus to 
about 230 μV/K. According to = γ − lnn, where γ is the scattering factor 
and n is the carrier concentration. Since n is on the order of 1020 cm-3 in 
the high-temperature region, the absolute values of Seebeck coefficients 
of both two specimens are much lower than the none-doped Bi2S3 re-
ported in some other literature [6,8,14]. Based on Mott expression, the 
Seebeck coefficient is depicted as S = (π2kB

2T/3e)(dn(E)/nd(E)+dμ 
(E)/μd(E))E = Ef, also indicating that the reduction of S attributes to the 
huge increase of carrier concentration. The variation trend of Seebeck 
coefficients and carrier concentrations of the two samples are the same 
and very close (Fig. 6c), indicating that the scattering factors of the two 
samples are roughly the same. The Seebeck coefficient of HT-NR de-
creases gently after 723 K, which agrees with the change of its thermal 
conductivity at > 723 K and is caused by the bipolar diffusion effect. 

The electrical conductivity as a function of temperature is shown in 
Fig. 6b, which can be expressed as σ = neμ, where n is carrier concen-
tration, e is the elementary charge, and μ is carrier mobility. In general, 
the electrical conductivity of HT-NR is slightly higher than that of HT- 
NN and the main trend of conductivity is to increase first and then 
decrease, which is attributed to the multiple scattering mechanisms of 
charge carriers. In low-temperature region (323–523 K), the conduc-
tivity of both increases exponentially with temperature, and grain 
boundary scattering (μ ∝ T1.9) is the dominant mechanism [9,36]. By 
calculating a dimensionless determinant αBD [71], the possibility of 
scattering from ionized impurities is ruled out (the details are expressed 
in Supplementary note 9). The rapid increase of conductivity before 
423 K is attributed to the rapid increase of mobility, which indicates that 
there is a large potential barrier (Eb) at the grain boundary to inhibit 
carrier transport. According to the formula of σ dominated by grain 
boundary scattering proposed by Seto [72], we fit the Eb of the two 
samples, which are both high values of 170 meV (Fig. S9). As the tem-
perature rises from room temperature to 523 K, more and more 
high-energy carriers are excited and break through that interfacial 
barrier, making the conductivity increase rapidly. Due to the high 
density of HT-NN grain boundary, the grain-boundary scattering of the 
carrier is stronger, and the mobility is lower (Fig. 6c inset), resulting in 
the conductivity of HT-NN being slightly lower than that of HT-NR with 
less grain boundary. When the temperature reaches 523 K, an inflection 
point appears in the conductivity curve, where the grain boundary 
scattering and acoustic phonon scattering reach equilibrium. Although 
the carrier concentration still rises slowly, phonon scattering (μ ∝ T-1.8 

with an exponent close to − 1.5) becomes the dominant factor [9,73], 
leading to the decrease of mobility and finally the decrease of 
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conductivity with respect to T after 523 K. Finally, the conductivity of 
HT-NR recovered mildly in the high-temperature region (723–823 K), 
which is attributed to the intrinsic excitation of the material. 

The power factors (S2σ) of the two samples gradually rise with the 
increase of temperature, as shown in Fig. 6d. As HT-NR has a larger grain 
size, smaller grain boundary density, and fewer pores, its carrier 
mobility is slightly better than that of HT-NN, resulting in a higher 
power factor in the high-temperature region, which reaches 0.50 mWm- 

1K-2 at 823 K. While HT-NN also has a high value of about 0.47 mWm-1K- 

2 at 823 K. 

3.6. Cl doping and band structures calculations 

EPMA is applied to determine the composition of each element in 

these Cl-doped Bi2S3 systems. The results of EPMA elemental mapping 
and the element content in ten different regions are shown in Fig. S10. 
The mapping shows that Bi, S, and Cl are evenly distributed, and no 
obvious second phase exists. After averaging and normalization, the 
compositions of HT-NN and HT-NR are expressed as Bi2S3Cl0.18 and 
Bi2S2.98Cl0.19, respectively. The surface element environmental of the 
fractured bulk surface was studied by XPS, as shown in Fig. 7a-b. It can 
be observed that the peaks in the spectra belong to bismuth, sulfur, 
chlorine, carbon, and oxygen, and the absence of photoelectron peaks of 
other elements in the survey spectra (Fig. S11) indicates that the sample 
is of pure phase. 

Fig. 7a shows the high-resolution XPS spectra of Bi 4 f peak, which is 
the photoelectron peak of Bi 4 f5/2 and Bi 4 f7/2 at 163.85 eV and 
158.55 eV, respectively. Through careful comparison, the peak positions 
of the two samples are almost the same. It is worth mentioning that the 
Bi 4 f splitting peaks of both samples had shoulder peaks, which are 
located at 164.45 eV and 159.25 eV, respectively. The shift of Bi 4 f is 
due to the doping of more electronegative chlorine, which makes Bi 
more electrically positive and improves its binding energy [74]. While 
the doublet with lower binding energy is Bi-S bond in Bi2S3 system [75]. 
Peaks at 162.45 eV and 161.30 eV correspond to the S 2p band, which 
are located between the splitting peaks of Bi 4 f. From Fig. 7b, the 
binding energies at 198 eV and 199.8 eV are assigned to Cl 2p3/2 and Cl 
2p1/2, respectively. The binding energy of less than 200 eV indicates the 
existence of Cl in the form of Bi-Cl metal-chlorine bond [74]. According 
to the research results of EPMA and XPS, no matter for the distribution of 
elements in the deep layer of the block or the chemical environment 
information on the grain surface, Cl was successfully doped into the 

Fig. 6. Temperature-dependent electrical properties of HT-NN and HT-NR: (a) Seebeck coefficient, (b) electrical conductivity, (c) carrier concentration (n) plot with 
an inset of log(μ) vs. log(T) curve, and (d) power factor with the performance curves of undoped Bi2S3 prepared through three different methods (hydrothermal, 
melting, and ball milling methods) in the perpendicular direction of sintering pressure [6,7,36]. 

Table 2 
The room-temperature physical properties of HT-NN and HT-NR. The density 
(ρ0) of single-crystal Bi2S3 is 6.78 g⋅cm-3 [70]. The hall data of pristine Bi2S3 is 
based on undoped samples from the literature.  

Abbreviation Cl 
content 
(atomic 
%) 

ne 

(*1019 

cm-3) 

μ (cm2 

V-1 s- 

1) 

m∗
DOS 

(me) 
ρ (g cm- 

3) 
ρ/ρ0 

Bi2S3 [36] 0.00%  0.045  38  0.27 – – 
HT-NN 3.47%  4.06  2.01  0.62 6.056 

± 0.072 
89.0% 
± 1.1% 

HT-NR 3.67%  4.71  2.98  0.68 6.514 
± 0.071 

95.7% 
± 1.0%  
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Bi2S3 lattice with uniform distribution. 
Considering the wide bandgap and low carrier concentration of 

pristine Bi2S3, strong n-type dopants are often used for doping, espe-
cially in the form of heavy metal halides. Since chloride ion is not easy to 
have a side reaction with the reactants, and the ion radius is close to that 
of sulfur, it is selected in this work to replace S and supply electron. To 
gain insight into the electronic structure of Bi2S3 doped with Cl, we 
conducted first-principles density functional theory (DFT) calculations. 
We take into consideration the spin-orbit coupling (SOC) since the 
previous first-principles studies have demonstrated the importance of 
SOC in determining the band structure of bismuth-based compounds 
[76,77]. The band structure of pristine Bi2S3 1 × 1 × 3 supercell is 
calculated as shown in Fig. 7a with a bandgap of 1.03 eV, which in-
dicates a general underestimation of the bandgap by PBE 
exchange-correlation functional [78,79]. Both the valence band maxima 
(VBM) and conduction band minima (CBM) are close to the Γ point, 
where the CBM is located between Γ and X point, and the VBM is situ-
ated between Γ and Y point, indicating that Bi2S3 is a typical indirect 
bandgap semiconductor. Besides, it can also be observed that multiple 
bands with their energy levels very close to VBM and CBM exist on Γ-X 
path and Γ-Z path, respectively. Such a multi-minima band structure 
may promote electron transport. However, due to the large bandgap, 
Bi2S3’s intrinsic carrier concentration is very low, which leads to its poor 
conductivity. We calculated a series of formation energies of 
Cl-substitution doped configurations. The results showed that the sub-
stitution of S2 site required the lowest energy (Fig. S13 and Table S2). 
Then, we simulated the influence of increasing Cl doping concentration 
on the band structure as shown in Figs. 7d and S12, and the Cl doping 
concentrations are 1.7 at% and 3.3 at%, respectively. The incorporation 

of Cl pushes the Fermi level into the conduction band and the material 
becomes a degenerate semiconductor, which greatly increases the car-
rier concentration of the system. Compared with the band structure of 
pure Bi2S3, that of Cl doped one is largely unchanged, and the main 
difference is the band splitting at VBM and CBM, which is attributed to 
the doping of Cl breaking the lattice symmetry of the pure phase. 

Based on the aforementioned data, the calculated ZT is shown in  
Fig. 8a. Due to the chlorine doping, the carrier concentrations of the two 
samples are greatly increased, which compensates for the deterioration 
of carrier mobility by pore structure and grain boundary and both 
samples reach high ZT values. Noticeably, the ZT of the sample with 
more pores reaches 0.81 at 823 K, which is 60% higher than that of the 
sample with lower porosity, indicating that the porous structure can 
efficiently improve ZT in Bi2S3 system. In addition, this is the first time 
that Bi2S3-based TE material has achieved a state-of-the-art ZT in the 
high-temperature region (773–823 K, Fig. 1d), extending its application 
temperature range as n-type TE material. The related thermogravimetric 
test and thermoelectric performance cycle test are shown in Fig. S15, 
further confirming the thermal stability of our materials. 

We have also calculated a theoretical thermo-to-electric conversion 
efficiency based on 

η =
Th − Tc

Th
[

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + ZTavg

√
− 1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + ZTavg

√
+ Tc

Th

], (4)  

where Th is the temperature of the hot end, Tc is the temperature of the 
cold end, and ZTavg is the average value of ZT, which can be depicted in 
the following equation, 

Fig. 7. XPS spectra of HT-NN and HT-NR bulk sample: (a) Bi 4 f and S2p; (b) Cl 2p; (c) calculated band structure of pristine Bi2S3 supercell (Bi24S36) with the inset 
illustrating its 1st Brillion zone; (d) band structure of 3% Cl-doped Bi2S3 (Bi24S34Cl2). 
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ZTavg =
1

Th − Tc

∫ Th

Tc

ZT dT. (5) 

According to Eqs. (4) and (5), the ZTavg and Th-Tc are critical to 
conversion efficiency. Although ZTavg of the sample is not the highest, 
the large temperature difference that samples can withstand increases 
the η. The theoretical conversion efficiency of our HT-NN reaches 6.3%, 
which is the highest value of Bi2S3 prepared by solution methods and is 
also good in high-performance Bi2S3 materials in recent years. 

4. Conclusion 

In summary, we have prepared high-performance Bi2S3-based ther-
moelectric material from the solution-synthesized porous precursor, 
which has the advantages of simple manipulation, short time, and low 
energy consumption. Two kinds of powder samples with different 
morphologies, namely the networked and randomly oriented nanorod, 
were synthesized by hydrothermal method with the same reactants. 
Network nanodiscs (HT-NN) have a finer grain size and more nanopores 
after the SPS process, resulting in reduced lattice thermal conductivity 
and lower density of the material. The lower relative density makes it 
more portable and promising for special applications, such as radioiso-
tope thermoelectric generators (RTG). Its maximum ZT value is 0.81 at 
823 K, which is 60% higher than the dense control sample (HT-NR) and 
is among the highest ZT values reported in Bi2S3 materials. Compared 
with previously reported Bi2S3-based TE materials, this work also 
broadens the application temperature range of the Bi2S3 system, 
providing a new strategy for the preparation of high-performance, eco- 
friendly and portable thermoelectric devices. 
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Supplementary Figures 

Fig. S1. XRD patterns of (a) sintered samples of HT-NN and HT-NR. Silicon powder is used as an 

internal standard for powder samples. The inset shows that the measurement is perpendicular or 

parallel to the sintering pressure direction with corresponding Lotgering factors, showing obvious 

anisotropy, (b) powder and sintered sample of FL-NN and FL-NR, (c) schematic diagram of the 

formation mechanism of preferred orientation. 

 

 

 

 

 

 

 

 

 

 

  



 

Fig. S2. The low-magnification TEM image of (a) FL-NN and (b) FL-NR. The SEM image of 

fractures of (c) FL-NN and (d) FL-NR. Similar to the samples prepared by hydrothermal method (HT-

NN and HT-NR), the sizes of nanorods of the two samples are similar, but the morphologies are 

different, which makes the grain size and porosity of the sintered samples different. The average 

density of FL-NN is 5.70 ± 0.14 g·cm-3, while that of FL-NR is 6.14 ± 0.09 g·cm-3. 

 

 

 

 

  



Fig. S3. XPS spectra of fractured surfaces of FL-NN and FL-NR. (a) the survey spectra of FL-NN; 

(b) the peak fitting of Bi 4f in FL-NN; (c) the peak fitting of Cl 2p in FL-NN; (d) the survey spectra 

of FL-NR; (e) the peak fitting of Bi 4f in FL-NR; (f) the peak fitting of Cl 2p in FL-NR. These results 

are similar to those of HT-NN and HT-NR (Fig.7 a-b), indicating that Cl was successfully doped into 

Bi2S3 lattice. 

 

 

 

  



 

 

Fig. S4. Temperature-dependent thermoelectric properties of FL-NN and FL-NR in the direction 

parallel to the sintering pressure: (a) Electrical conductivity, (b) Seebeck coefficient, (c) thermal 

conductivity, and (d) figure of merit. The electrical properties and thermal conductivity of FL-NN 

and FL-NR were averaged from the data of three batches of samples. The thermal conductivities are 

calculated through κ= Cp·ρ·D, where Cp is Dulong-Petit limit (0.24255 J g-1 K-1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

Fig. S5. The isothermal adsorption and desorption curves of (a) HT-NN, (b) HT-NR, (c) FL-NN, and 

(d) FL-NR measured at 77 K. The related fitting data through BET and BJH equation are listed in the 

figure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S6. The low-magnification SEM image of fractured surfaces of (a) HT-NN and (b) HT-NR. We 

made statistics on the long and short axes of individual grains (assuming the length of the two short 

axes is equal) and the side length of the cubes with the same grain volume is taken as the final size of 

single grain (Scheme inset). Five SEM images (11 μm in length and 7 μm in width) of fractured 

surfaces in different regions were used as statistics for each sample, and the size data of more than 

1000 grains were made into the frequency histograms (Fig. 3c inset), which were better matched by 

fitting the Gauss distribution function. 

  



 

Figure S7. (a) First-principles phonon dispersion relation curve for orthorhombic Bi2S3; (b) scattering 

phase space for 3-phonon and 4-phonon; (c) weighted scattering phase space for 3-phonon and 4-

phonon. 

  



 

Figure S8. Drop of κL due to various phonon scattering mechanisms in HT-NR. (Umklapp process 

of three-phonon (3-ph) and four-phonon (4-ph), defects (D), grain boundaries (GB), pores in the 

nanoscale (Pore), and chlorine doping (Cl)). 



 

Figure S9. The linear fit of grain boundary potential barrier (Eb). 

 

The carrier mobility can be simulated from the equation proposed by Seto [1] 

 𝜇 = 𝑒𝑑(
1

2𝜋𝑚∗𝑘𝐵𝑇
)1/2exp⁡(

−𝐸𝑏

𝑘𝐵𝑇
).  (1) 

The energy barrier Eb can be obtained from the slope of ln(μT1/2) - (kT)-1 curve for both HT-NR and 

HT-NN when the temperature is low (300–500 K).  

 ln (𝜇𝑇
1

2) = −
𝐸𝑏

𝑘𝑇
+ 𝐶.  (2) 

The Eb values for both HT-NR and HT-NN are about 170 meV. The large value of Eb is in the 

reasonable range (for instance: 73 meV in PbSe [2]; 60 meV in PbTe [3]; 169 meV in SnSe [4]).  

 

  



 

Fig. S10. (a) Element content based on EPMA measurement. EPMA elemental mapping of (b) HT-

NN and (c) HT-NR.   



 

 

Fig. S11. The XPS survey spectra of (a) HT-NN and (d) HT-NR. The peak areas of Bi 4d3/2, S 2s, and 

Cl 2p are selected for semi-quantitative analysis, which reveals that Cl contents are 5.3 atomic% and 

2.7 atomic% for HT-NN and HT-NR after sintering respectively, which are close to EPMA 

quantitative analysis.  

  



 

 

Fig. S12. The electronic density of states (DOS) of (a) pristine Bi2S3 (supercell Bi24S36), (b) 1.7 % 

Cl-doped Bi2S3 (Bi24S35Cl), and (c) 3.3 % Cl-doped Bi2S3 (Bi24S34Cl2). (d) Band structure of 1.7 % 

Cl-doped Bi2S3 (Bi24S35Cl). E=0 labels the valence band maximum for pristine Bi2S3 and Fermi level 

for doped Bi2S3. 

 

 

 

  



 

 

Fig. S13. The perspective view of Bi2S3 supercell in the direction of [0 0 1] zone axis. Sulfur sites in 

three different chemical environments are distinguished. 

 

 

  



 

 

Fig. S14. (a) Specific heat at constant pressure (Cp) of HT-NN and HT-NR; (b) thermal conductivity 

of HT-NN and HT-NR calculated through Dulong-Petit limit (Cp = 0.24255 J·g -1·K-1); (c) ZT values 

of HT-NN and HT-NR calculated through Dulong-Petit limit. The highest ZT value of HT-NN is also 

0.81, which is 35 % higher than that of HT-NR (0.59).  

  



 

Fig. S15. (a) Thermogravimetric analysis (TGA) of HT-NN and HT-NR. The weight losses of both 

samples are less than 1%. Temperature-dependent thermoelectric properties in cycle test of HT-NN: 

(b) electric conductivity, (c) Seebeck coefficient, (d) thermal conductivity, and (e) ZT values. (f) the 

maximum ZT, average ZT, and conversion efficiency of three cycles of measurement. All results of 

cycle test were averaged from the data of three different samples under three heating processes (1st, 

2nd, and 3rd), and the relative error is displayed as error bars in ZT values (Fig. S10e). Although the 

maximum ZT value decreases during the cyclic test, the average ZT increases due to the significant 

increase in electric conductivity, resulting in a theoretical conversion rate of 7.3%, which is the 

highest value in Bi2S3 system.  

 

 

 

  



Supplementary Tables  

 

Table S1. The cell parameter of powder and SPSed bulk sample from Rietveld refinement data.  

 

Sample a (Å) b (Å) c (Å) 

FL-NN-Powder 11.16819 11.29359 3.98703 

FL-NR-Powder 11.17555 11.33123 3.98961 

FL-NN-Bulk 11.14772 11.28284 3.97763 

FL-NR-Bulk 11.13694 11.27924 3.98215 

HT-NN-Powder 11.17493 11.31055 3.99054 

HT-NR-Powder 11.17982 11.30584 3.99164 

HT-NN-Bulk 11.14534 11.27898 3.98441 

HT-NN-Bulk 11.12678 11.26615 3.98004 

 

 

 

Table S2. Lattice parameter, total energy, Fermi level and defect formation energy for pristine and 

Cl-doped Bi2S3 through DFT calculation. The chemical potentials of S (μS) and Cl (μCl) are -4.127 eV 

and -1.787 eV, respectively. 

 

Supercell 

component 

Lattice parameter (Å) 
Total 

energy (eV) 

Fermi 

level (eV) 

Formation 

energy (eV) a b 
c (3X 

supercell) 

Bi24S36 11.167 11.791 12.051 -262.66 4.020 N/A 

Bi24S35Cl (replace S1) 11.175 11.780 12.071 -260.46 5.584 -0.14 

Bi24S35Cl (replace S2) 11.161 11.746 12.148 -260.63 5.632 -0.31 

Bi24S35Cl (replace S3) 11.165 11.753 12.151 -260.65 5.598 -0.33 

Bi24S34Cl2 (replace S3) 11.163 11.709 12.193 -258.52 6.167 -0.54 

Bi24S36Cl 

(interstitially doping) 
11.106 12.408 12.081 -263.62 3.673 0.83 

Bi24S36Cl2 

(interstitially doping) 
12.240 12.800 12.125 -265.56 3.473 0.67 

 



Supplementary Note 1: 

Flask synthesis of FL-NN and FL-NR 

Synthesis of Bi2S3 nanorod network via flask (FL-NN): 6.25 mL dilute HCl solution (3 M) that 

contained 2.5 mmol BiCl3 was added in 250 ml ultrapure water with stirring. Then, 25 mL TAA (12.5 

mmol) solution was added slowly in this white suspension. Before the reaction starts, high purity 

nitrogen is pumped for 5 minutes to exhaust as much oxygen as possible and seal the reaction unit. 

In the open reaction system, by-product S is generated, which is attributed to the side reaction caused 

by long-term contact between oxygen and excess hydrogen sulfide. The reaction temperature was 

kept at 60 ℃ for 72 hours. Bi2S3 black powder was obtained and washed 3 times with water and 

ethanol separately. The sediment was dried at 60 ℃ in vacuum for 6 hours. 

Synthesis of Bi2S3 disordered nanorod via flask (FL-NR): 3.648 g BiCl3 (11.6 mmol) and 3 mL 

HCl (12 M) were successively added to 250 mL deionized water. After stirring, 3.93 g TAA (52.35 

mmol) was added, and the solution changed from milky white to brownish-yellow. Then, the mixture 

was incubated at 60 ℃ with stirring for 72 hours. The washing and drying procedures of the product 

were the same as those of FL-NN.  

The sintering procedures are the same as those of HT-NN and HT-NR samples. The 

thermoelectric performance parallel to the pressure direction is optimal. The sintered bulk was cut 

into 3 mm*3 mm*10 mm cuboid ingot and Φ10 mm*1.5 mm disc to measure its electrical and thermal 

performance, respectively. 

 

  



Supplementary Note 2: 

Characterization methods  

The crystal information of two types of as-synthesized powders was identified via powder X-

ray diffraction (XRD, AXS D8 Advance, Bruker) with monochromatic Cu-Kα radiation. The 

thermogravimetric analysis (TGA, STA449F3, NETZSCH) of bulk samples was performed from 323 

K to 873 K with a heating rate of 10 K/min. Nitrogen adsorption and desorption isotherms were 

measured on a specific surface area and porosity analyzer (Asap2020, Micromeritics) at 77 K. The 

morphology of two powder samples was investigated via transmission electron microscope (TEM, 

TECNAI G2 20 LaB6, FEI) and scanning electron microscope (SEM, JSM-IT500HR, JEOL). The 

fractography of sintered specimens was also characterized by scanning electron microscopy (SEM, 

JSM-IT500HR, JEOL). The spherical aberration correction TEM (Cs-TEM, Titan G2 60-300, FEI) 

was utilized to analyze the lattice image of the bulk sample. The bulk sample for Cs-TEM testing was 

prepared by the ion thinning technique (Gatan 695C, Gatan). Ar ions were used to thin out the small 

holes at 8° and trim the edge area at 4° with a voltage of 5 kV. The composition of elements and the 

chemical states of elements contained in the samples were analyzed by X-ray Photoelectron 

Spectroscopy (XPS, Thermo Scientific K-alpha, Thermo Field Company) using Al-Kα micro-

focusing monochromatic X-ray source (1486.6 eV). C 1s peak (284.8 eV) was used to calibrate peak 

positions. The Electron Probe Micro-analyzer (EPMA, JXA-8230, JEOL) was used to characterize 

the element content and distribution in bulk samples. The synchrotron radiation small-angle X-ray 

scattering (SAXS) measurements were conducted at Shanghai Synchrotron Radiation Facility (SSRF, 

Shanghai, China) SAXS beamline (BL19U2). Bi2S3 bulk samples were polished into slides with a 

thickness of 0.15 mm to avoid multiple scattering effects during testing. The wavelength of the X-ray 

was 1.033 Å, and the distance from the sample to the detector was 2190 mm. The scattering model 

was collected by a detector (Pilatus 2M, DECTRIS) with a pixel size of 172 μm × 172 μm.  

 

  



Supplementary Note 3: 

Lotgering factor estimation for bulk samples 

Comparing the diffraction peaks of the same bulk sample in different directions, it is found that 

all the diffraction peaks of crystal planes parallel to the c-axis ({h k 0}, where h and k are co-prime) 

in the direction perpendicular to sintering pressure are enhanced. For bulk’s surface in the SPS 

pressure direction, the diffraction peaks of (0 0 1) crystal plane are stronger (Figure S1a). The reason 

for this phenomenon is illustrated in Figure S1c. In HT-NN precursors, the huge pressure causes the 

nanodiscs to pile up horizontally. The vertical or tilted nanodiscs are crushed and further flattened to 

horizontal. Since the single nanorod is <0 0 1>-oriented in plane, the sintered bulk is <h k 0>-oriented 

in the cleavage surface under press direction after SPS process. The SPS process of HT-NR is similar. 

The Lotgering factor is a quality factor to characterize the degree of preferred orientation in 

given samples [5]: 

 {
𝐹(ℎ𝑘0) =

𝑝−𝑝0

1−𝑝0

𝑝 =
∑𝐼(ℎ𝑘0)

∑ 𝐼

 ,  (1) 

where F(hk0) is the Lotgering factor of particular crystal planes (h k 0), p or p0 is a ratio of sum 

intensities of (h k 0) plane and all the diffraction peaks in a certain 2θ range (15-50°) from given 

material or JCPDS data of Bi2S3, respectively. For materials with random orientation, its Lotgering 

factor is 0. The Lotgering factor of 1 means a perfectly textured material.  

The calculated Lotgering factors are listed in Table 1, reflecting obvious anisotropy.  

 

 

 

 

  



Supplementary Note 4:  

The reason why HT-NN has almost no bipolar thermal conductivity 

According to the bipolar effect, the bipolar thermal conductivity can be divided into the 

contribution of majority carrier conductivity and minority carrier conductivity, as shown in the 

following equations [6]:  

 𝜅𝑏 =
𝜎𝑛𝜎𝑝

𝜎𝑛+𝜎𝑝
(𝑆𝑛 − 𝑆𝑝)

2𝑇,  (2) 

where the κb is bipolar thermal conductivity, the subscript n denotes electrons as carriers, and 

subscript p denotes holes as carriers. 

The obvious bipolar thermal conductivity of HT-NR may be caused by the difference of minority 

carriers (σp) between the two.  

The contribution of minority carriers to conductivity can be expressed as follows [6] 

 𝜎𝑝 =⁡
𝑝𝑒2𝜏𝑝

𝑚𝑝
∗ ,  (3)  

where p is hole concentration, τp is hole relaxation time, and mp
* is hole effective mass, respectively.  

In semiconductors, the product of electron and hole concentration can be expressed as a function 

independent of the Fermi level [7]: 

 𝑛𝑝 = 𝑁𝐶𝑁𝑉exp⁡(−
𝐸𝑔

𝑘𝑇
),  (4) 

where NC and NV are effective densities of states in the conduction and valence band respectively, and 

Eg is the band gap. The NC and NV are both the function of carrier effective mass and temperature. 

DFT calculation results also show that the change of chlorine doping amount does not affect the band 

gap and the band shape of valence band maximum or conduction band minimum. Therefore, the p 

and mp
* of both can be regarded as not changing much. Considering that the majority carrier 

concentration (n) is also close, the only difference between the two is mainly reflected in the 

difference of relaxation time of the minority carrier (τp).  

It can be seen from the information in Table S3 below that HT-NN has more abundant 

nanostructures. Some theoretical and experimental reports have demonstrated that the nanostructure 

can inhibit the bipolar effect [8, 9]. We can qualitatively hypothesize that HT-NN's refined grains, 

nanoscale pores, and appropriately high porosity enhanced its scattering factor, resulting in a smaller 

τp. The mean free path of the hole is relatively shorter [9], so it is easily scattered by these 

nanostructures. As a result, the contribution of minority carriers is smaller in HT-NN, and its bipolar 



effect is less obvious. Besides, the difference of minority carriers has a slight effect on electrical 

conductivity and Seebeck coefficient. For HT-NN, the stronger scattering of minority carriers causes 

the electrical conductivity to decrease rather than increase in the intrinsic excitation region, and the 

Seebeck coefficient is still increasing gradually, which is consistent with the experimental results 

(Figure 6). 

Table S3. The nanostructure comparison of HT-NR and HT-NN. 

Samples Doping concentration 

from EPMA 

Grain size from 

SEM 

Pore size from 

SAXS 

Porosity from 

relative density 

HT-NR 3.67 % Cl 620 nm 77 nm 4.7% 

HT-NN 3.47 % Cl 190 nm 37 nm 11.0% 

 

  



Supplementary Note 5: 

The calculation of electronic polar Lorenz number (L1) and density of states effective mass 

(𝒎𝑫𝑶𝑺
∗ ) via single parabolic band (SPB) model 

In the case of electron scattering by the acoustical vibrations of the lattice atoms, the Lorenz 

number contributed by polar electrons can be expressed as [10] 

 𝐿1 = (
𝑘𝐵

𝑒
)2

3𝐹0(𝜂)𝐹2(𝜂)−4𝐹1
2(𝜂)

𝐹0
2(𝜂)

. (5) 

And the reduced Fermi level η can be obtained from the measured Seebeck coefficient through 

the following equations:  

 𝑆 = −
𝑘𝐵

𝑒
[2

𝐹1(𝜂)

𝐹0(𝜂)
− 𝜂] (6) 

 𝐹𝑛(𝜂) = ∫
𝜒𝑛

1+𝑒𝜒−𝜂
𝑑𝜒

∞

0
. (7) 

Fn(η) is the nth Fermi integral, and kB is the Boltzmann constant. The density of states effective 

mass can be fitted from experimental Seebeck coefficient, as shown in the following equations:  

 𝑚𝐷𝑂𝑆
∗ =

ℎ2

2𝑘𝐵𝑇
(

𝑛𝑟𝐻

4𝜋𝐹1/2(𝜂)
)
2

3 (8) 

 𝑟𝐻 =
𝐹1/2(𝜂)−𝐹−1/2(𝜂)

4𝐹0(𝜂)2
, (9) 

where h is Plank’s constant, and rH is the Hall coefficient. 

  



Supplementary Note 6: 

The fit of bipolar thermal conductivity for HT-NR  

The electronic thermal conductivity can be divided into the contribution of single-type carriers 

and a bipolar term [11] 

 𝜅𝑒−𝑡𝑜𝑡𝑎𝑙 = 𝜅𝑒 + 𝜅𝑏.  (10) 

According to the Wiedemann-Franz law, the Lorenz number L can be expressed as [12] 

 𝐿 =
𝜅𝑒+𝜅𝑏

𝜎𝑇
.  (11) 

The term κe is the contribution of n-type carriers to thermal conductivity, which can be calculated 

using the SPB model, the details of which are shown in Supplementary Note 5. 

The bipolar term κb can be calculated through the following formula [12] 

 𝜅𝑏 =
𝜎𝑛𝜎𝑝

(𝜎𝑛+𝜎𝑝)
2 (

𝐸𝑔

𝑘𝑇
+ 4)

2

(
𝑘

𝑒
)2𝜎𝑇,  (12) 

where Eg is the band gap at a certain temperature, k is the Boltzmann constant, σ is relevant electrical 

conductivity. 

The HT-NR’s bipolar diffusion thermal conductivity is observed in the intrinsic excitation region. 

At this time, majority carriers and minority carriers are nearly equal, so the above equation (Eq. 12) 

can be reduced as  

 𝜅𝑏 =
𝑏

(𝑏+1)2
(
𝐸𝑔

𝑘𝑇
+ 4)

2

(
𝑘

𝑒
)2𝜎𝑇,  (13) 

in which the b is a ratio of mobilities for majority carrier (electrons) and minority carrier (holes). The 

value of Eg is obtained as follows. 

The intrinsic carrier concentration depends exponentially on −
𝐸𝑔

2𝑘𝑇
 , as expressed in the 

following equation [7] 

 ln 𝑛 = −
𝐸𝑔

2𝑘

1

𝑇
.  (14) 

The intrinsic energy gap Eg fitted from ln(n)-T-1 plot (Figure S16a) is 1.041 ± 0.078 eV for HT-

NR. Thus, we fit the κb of HT-NR through Eq. (13) so that it satisfies κtotal = κe + κL + κb (Figure 

S16b).



 
Figure S16. (a) ln(n)-T-1 plot with its linear fit curve in intrinsic excitation region (723-773 K); (b) 

the simulated data (κe, κb and κL) from HT-NR’s thermal conductivity. 

  



Supplementary Note 7: 

First-principles calculation details 

The crystal structure of Bi2S3 was obtained from the Crystallography Open Database [13] (No. 

1521540) with Pnma (62) space group, and its cell parameters are 11.170 Å, 11.319 Å, and 3.992 Å, 

respectively. The calculations of density of states (DOS) and band structure of Bi2S3 system were 

implemented in projected augmented plane-wave (PAW) method [14] via Vienna ab initio simulation 

package (VASP) [15]. The generalized gradient approximation (GGA) exchange and correlation 

function proposed by Perdew, Burke, and Ernzerhof (PBE) [16] is used to calculate the electronic 

structure. All the results were based on a 1×1×3 supercell with a 400-eV energy cutoff. Sampling was 

performed in the reciprocal space using the Monkhorst-Pack method [17] with 6×6×6 grids of k-

points for the DOS calculations. The calculation path of high symmetry points in the first Brillouin 

zone of band structure is Γ–X–S–Y–Γ–Z–U–R–T. The energy convergence precision of the whole 

calculation process is below 10-6 eV/atom, while the Hellman-Feynman force is smaller than 

0.01Å/atom in the optimized supercell. Since bismuth is a heavy element, the spin-orbit coupling 

(SOC) effect is considered in all DOS and band structure calculations to account for relativistic effects. 

DOS and band structure data were extracted via VASPKIT code [18]. 

The formation energy (Ef) of chlorine doping into different sites is calculated from the following 

equation [19],  

 Ef[Bi2S3-xCly] = Etot[Bi2S3-xCly] - Etot[Bi2S3, bulk] - i ni·μi + q·εf .  (15) 

Where the Etot[Bi2S3-xCly] is the total energy of Cl-doping system, Etot[Bi2S3, bulk] is the total energy 

of pristine Bi2S3 supercell, species i goes over Cl and S, ni is the number of Cl atoms (positive) or S 

atoms (negative), μi is the chemical potential of species i, q is the charge states of defects, and εf is 

the Fermi level. 

The phonon dispersion is calculated by using the Phonopy package [20] with VASP [21, 22]. 

The exchange-correlation energy functional is approximated by using local-density approximations 

(LDA). The plane-wave energy cutoff is set as 750 eV for both unit cell and supercell calculations, 

similar to Ref.[23]. The unit cell (20 atoms) is relaxed until the force is smaller than 10-5 eV/Å with 

an energy convergence threshold of 10-9 eV/Å and k-mesh of 4×4×12. A 2×2×3 supercell with k-

mesh of 2×2×4 is used to calculate the forces of atoms with finite displacements, in order to calculate 



the second order force constants. The Four-phonon extension [24] to the ShengBTE package [25] is 

used to calculate the three-phonon and four-phonon scattering phase spaces with phonon q-mesh of 

4×4×8 and scalebroad factor of 0.005. 

 

 

 

  



Supplementary Note 8: 

BTE modeling of lattice thermal conductivity  

To gain insight into the thermal transport and understand the relative importance of three-phonon 

(3ph) scattering, four-phonon (4ph) scattering, and extrinsic properties: defect, porosity, grain 

boundary, and impurities scattering in HT-NN and HT-NR materials, we fit the experimental data 

based on BTE [26-28]: 

𝜅 =
1

3𝑁𝑞𝑉𝑐𝑒𝑙𝑙
∑𝑐𝜆𝑣𝜆

2𝜏𝜆

3𝑁𝑞

𝜆

⁡ (16) 

 

Here, 𝑁𝑞 is the total number of 𝐪 points sampled in the reciprocal space, 𝑉𝑐𝑒𝑙𝑙 is the volume 

of unit cell, 𝜆 ≡ (𝐪, 𝑗) stands for a phonon mode with wavevector 𝐪 and dispersion branch 𝑗, 𝑐𝜆 

is the specific heat of phonon mode 𝜆 , 𝑣𝜆  is the phonon group velocity, and 𝜏𝜆  is the phonon 

relaxation time. 𝑐𝜆 =
ℏ2𝜔2

𝑘𝐵𝑇2

exp(
ℏ𝜔

𝑘𝐵𝑇
)

(exp(
ℏ𝜔

𝑘𝐵𝑇
)−1)

2

⁡

 . kB is the Boltzmann constant, ℏ is the reduced Planck’s 

constant, 𝑇 is the temperature, and 𝜔 is the angular frequency. In this work, a 6×6×18 𝐪 mesh is 

sampled. With the 60 phonon branches, there are 6×6×18×60 = 38,880 phonon modes that are 

included in the calculation of thermal conductivity. 

The combined relaxation time incorporates the effects of 3ph scattering [29-32], 4ph scattering 

[33], crystal defect scattering [28, 30, 32, 34], nanopores [35, 36], grain boundary [29, 32, 36] and 

impurities [29, 31, 32, 34, 37] as: 

𝜏𝑝
−1 = 𝜏3𝑝

−1 + 𝜏4𝑝
−1 + 𝜏𝑑𝑒𝑓

−1 + 𝜏𝑝𝑜𝑟
−1 + 𝜏𝑔𝑏

−1 + 𝜏𝑖𝑚𝑝
−1⁡ (17) 

Here, 

𝜏3𝑝
−1 = 𝑎ω2𝑇⁡exp (−

𝜃

3𝑇
) ≈ 𝑎ω2𝑇⁡⁡(when⁡𝑇 ≫ 𝜃) (18) 

 

𝜏4𝑝
−1 = 𝑏ω4𝑇2⁡ (19) 

 

𝜏𝑑𝑒𝑓
−1 = 𝑐ω4⁡ (20) 

 



𝜏𝑝𝑜𝑟
−1 =

𝑃

2
𝜏𝑏𝑢𝑙𝑘

−1 +
3𝑃

2

𝑣

𝐷𝑝𝑜𝑟𝑒
=
𝑃

2
(𝑎ω2𝑇 + 𝑏ω4𝑇2) +⁡

3𝑃

2

𝑣

𝐷𝑝𝑜𝑟𝑒
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡ (21) 

 

𝜏𝑔𝑏
−1 =

𝑣

𝐷𝑔𝑟𝑎𝑖𝑛
⁡ (22) 

 

𝜏𝑖𝑚𝑝
−1 =

𝜋

2
𝜔2∑𝑔𝑖𝐷𝑖(𝜔)

𝑖

⁡ (23) 

Here, a, b and c are experimental fitting parameters corresponding to 3ph scattering, 4ph 

scattering, and defect scattering. P is the porosity, Dpore is the average size of the nanopores, Dgrain is 

the average grain size, respectively. Similarly, 𝑔𝑖 = 𝑓𝑖 (
Δ𝑀𝑖

𝑀𝑖
)
2

, where 𝑓𝑖 is the number concentration 

of impurity at the host species 𝑖, and Δ𝑀𝑖 is the mass difference between impurity and host atoms, 

𝑀𝑖 is the mass of host species 𝑖. 𝐷𝑖(𝜔) is the normalized phonon partial density of states of the 

host species. The normalization should satisfy ∑ ∫ 𝐷𝑖(𝜔)d𝜔𝑖 = 1.  

Since 3ph and 4ph scatterings are intrinsic mechanisms in Bi2S3, their fitting parameters a and 

b are common for both samples: HT-NN and HT-NR. The two samples have different extrinsic 

properties; thus, they have different extrinsic parameters corresponding to porosity, pore size, grain 

size, and concentration of impurities. The fitting parameters for crystal defects are c1 and c2 for 

samples HT-NN and HT-NR, respectively.  

In the fitting process, there are four fitting parameters: a, b, c1 and c2. Totally 17 experimental 

data, including all 11 data of HT-NN and the first 6 data (those at T < 600 K) of HT-NR, are used in 

the fitting process. The fitted curves agree well with all 17 data. The remaining data (those at T > 600 

K) for HT-NR contains bipolar thermal conductivity contribution and therefore are not used in the 

lattice thermal conductivity fitting process.  

  



Supplementary Note 9:  

Determining the dominant scattering mechanism by a dimensionless parameter αBD when μ 

increases exponentially with temperature. 

The αBD is a ratio of effective Bohr radius (αB
*) and Debye screening length (LD), which can be 

used to describe the screening capability of the material [38] 

 𝛼𝐵𝐷 =
𝑎𝐵
∗

𝐿𝐷
=

4𝜋ℏ2

𝑚𝑏
∗ 𝑒
√
𝑛𝜀𝑟𝜀0

𝑁𝑣𝑘𝑇
,  (24)  

in which, ћ is the reduced Plank’s constant, mb
* is effective mass for conduction band, n is carrier 

concentration, εr is the relative dielectric constant, ε0 is the vacuum permittivity, Nv is the valley 

degeneracy, k is the Boltzmann constant. If αBD is greater than 1, the region where electrons can move 

freely is much larger than the that affected by impurity ions, and the screening effect of impurity ions 

is enhanced, so the ionization impurity scattering can be ignored. On the contrary, if αBD is a small 

value, ionization impurity scattering is the dominant mechanism.  

The required parameters and the result are listed in Table S4 below.  

 

Table S4. The relative parameters to estimate αBD for Cl-doped Bi2S3. The vacuum permittivity of 

10.9 is from the reference [39]. 

mb
* (from DFT) Nv (from DFT) εr (from reference) n (from Hall) αBD 

0.357 me 2 10.9 4×1025 m-3 1.74 

 

The value of αBD for Bi2S3 is > 1, which indicates that the influence of ionized impurities on 

carrier transport is negligible. The dominant mechanism is grain boundary scattering. 

 

 

  



Supplementary Note 10  

The energy gap of Bi2S3 in high temperatures. 

The intrinsic carrier concentration depends exponentially on −
𝐸𝑔

2𝑘𝑇
, as depicted in the following 

equation [Kittel, Charles, and Paul McEuen. Kittel's Introduction to Solid State Physics. John Wiley 

& Sons, 2018.] 

 ln 𝑛 = −
𝐸𝑔

2𝑘

1

𝑇
,  (25) 

in which k is the Boltzmann constant. The Eg values fitted from ln(n)-T-1 plot above 723 K are 1.041 

± 0.078 eV for HT-NR and 1.173 ± 0.005 eV for HT-NN, respectively.  

Both band gaps in high-temperature region are slightly smaller than those measured at room 

temperature in literature (1.3-1.7 eV) [40-42]. We speculate that the thermal motion of the atoms 

increases at high temperature, resulting in larger atomic distances and larger lattice constants. This 

small increase in lattice constant weakens the periodic potential field of the system but has little effect 

on the overlap of electron clouds, thus the band gap is narrowed [11, 43].  

 

Figure S17. ln(n)-T-1 plot with its linear fit curve in intrinsic excitation region (723-773 K). 
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