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The solvothermal synthetic exploration of the Bi-S-halogen phase space resulted in the synthesis of two 

bismuth sulfohalides with common structural motifs. Bi13S18l2 was confirmed to have the previously 

reported composition and crystal structure. In contrast, the bromide analogue was shown to have a 

formula of neither Bi19S27Br3 nor Bi13S18Br2, in contrast to the previous reports. The composition, refined 

from single crystal X-ray diffraction and confirmed by elemental analysis, high-resolution powder X-ray 

diffraction, and total scattering, is close to Bi13S17Br3 due to the partial S/Br substitution in the framework. 

Bii3Si8l2 and Bi13S17Br3 are n-type semiconductors with similar optical bandgaps of ~0.9 eV but different 

charge and heat transport properties. Due to the framework S/Br disorder, Bi13S17Br3 exhibits lower 

thermal and electrical conductivities than the iodine-containing analogue. The high Seebeck coefficients 

and ultralow thermal conductivities indicate that the reported bismuth sulfohalides are promising plat­

forms to develop novel thermoelectric materials.

Introduction
Bismuth chalcogenides and chalcohalides constitute an impor­
tant class of thermoelectric materials with low thermal 
conductivity.1-6 Bi2Te3 is the state-of-the-art thermoelectric 
material with the highest thermoelectric performance for near­
room temperature applications.3 However, the scarcity of Te 
and Se compared to S has called for research towards screening 
bismuth sulfides and bismuth sulfohalides, Bi-S-X (X = Cl, Br, 
and I), as alternative thermoelectric materials.1 The latter family 
of materials comprises the well-known BiSX series7-9 and a 
few other complex phases including Bi19S27X3,10-12 Bi4S2Cl5,13 

Bi6.88S8.64d3.36j and Big 64S7 g2Cl4 os- BiSX and Bi19S27X3 have 
been widely investigated for various applications due to their 
interesting pyroelectric,15 photocatalytic,16 photoelectric,17 and 
photothermal18 characteristics. The detailed structural analysis 
enabled by the growth of high-quality single crystals has shown 
that Bi19S27I3 is rich in Bi and has an actual composition of 
Bi13SlsI2.19 Solution-processed Bi13SlsI2 was recently reported to

of C&gmis&y, /oiwz Uhrwerszfy, Amos, /owa 5002 2, CASA

Nafzonof Za6on#o;y, K5. Deparfmenf of Energy, Tbwa 50022, USA 
f Electronic supplementary information (ESI) available: Additional tables and 
figures related to SEM, EDS, SCXRD, PXRD, PDF, TGA, and resistivity. CCDC 
2182340. For ESI and crystallographic data in GIF or other electronic format see
DOI: https://doi.org/10.1039/d2dt02295h

be an n-type thermoelectric material with a high ZT value of 1.0 
at 788 K.20 The high thermoelectric performance of Bi13SlsI2 

was attributed to the presence of distinct electronic and 
phonon structure motifs, which results in a narrow bandgap 
and strong phonon scattering, respectively.

Given the structural similarity between Bi19S27I3 and 
Bi19S27Br3 in the original reports,11’12 we hypothesized that 
the actual composition of the bismuth sulfur bromide is 
“Bi13SlsBr2” and this phase may exhibit promising thermo­
electrical properties. With that assumption in mind, we aimed 
at developing a suitable, facile synthetic method to access 
Bi13SlsBr2. Previous approaches employed to obtain Bi19S27Br3 

include high-temperature solid-state reaction,11 colloidal syn­
thesis,21 microwave-assisted aqueous synthesis,22 and solvo­
thermal methods.23 In this study, we exploited the latter 
method, given the ability of solvothermal conditions to stabil­
ize metastable phases. Our low-temperature solvothermal syn­
thesis employing ethanol as the solvent yielded single crystals 
suitable for structure redetermination; the composition of the 
single crystals was determined to be neither Bi19S27Br3 nor 
Bi13SlsBr2. The compound indeed has 13 Bi atoms, but it also 
exhibits S/Br substitution in the Bi-S framework leading to the 
actual composition of Bi12.9(1)S17.2(1)Br2.9(1) i.e., Bi13Sls_5Br2+5, 
5 ~ 0.9(1). For clarity, herein, this composition will be referred 
to as Bi13S17Br3.

In this article, we report the synthesis, formation mecha­
nism, single crystal growth, crystal structure determination, and
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transport properties of Bi13S17Br3. The average and local crystal 
structures of Bi13S17Br3 are probed by structural refinements of 
the powder X-ray diffraction and X-ray total scattering data, 
respectively. Low-temperature charge and thermal transport pro­
perties are investigated and compared to those of Bi13SlsI2.

Experimental
Synthesis

WARNING: Owing to the generation of high autogenic pressures 
and the potential release of gaseous species, solvothermal reac­
tions should be conducted in high-strength reaction vessels. 
Splashing of the solvent may occur upon opening the autoclaves. 
Wearing of proper protective equipment including face-shields, 
long-sleeve hot gloves, and tight-cujf lab coats as well as placing 
furnaces in well-ventilated spaces such as fume hoods are highly 
recommended. A facile solvothermal method was developed 
to synthesize polyciystalline Bi13S17Br3 samples. Thiourea, 
CH4N2S (Fisher Scientific, 99.4%), BiBr3 (Alfa Aesar, 99%), and 
NaBr (Fisher Scientific, 99.9%) were used as received. 
Manipulation of the reactants and solvents was performed in a 
glovebox under an argon atmosphere. In a typical synthesis, 
CH4N2S (0.50 mmol), BiBr3 (0.33 mmol), and NaBr 
(0.50 mmol) were added into a Teflon liner containing 10 mL 
of ethanol (EtOH). The filling fraction was 43%. The liner was 
sealed inside a stainless-steel autoclave, which was then placed 
inside a furnace and dwelled at 180 °C for 24 h. Next, the reac­
tion vessel was allowed to cool naturally to room temperature. 
The product was filtered, washed with EtOH, and dried in air. 
Black powders were obtained. Solvothermal reciystallization of 
~20 mg of the Bi13S17Br3 powder in 4 mL of EtOH at 180 °C 
yielded needle-like crystals suitable for single-crystal X-ray 
diffraction. In addition, samples of pristine Bi13SlsI2 were syn­
thesized for property measurements using S (Alfa Aesar, 
99.5%), Bil3 (Sigma-Aldrich, 99%), and NH4I (Alfa Aesar, 98%) 
as the reactants. These reactions were performed at 150 °C for 
24 h after mixing S (0.50 mmol), Bil3 (0.33 mmol), and NH4I 
(0.50 mmol) in dimethylformamide (DMF). The product was 
filtered, washed with EtOH, and dried in air. The sample was 
black in color.

Powder X-ray diffraction (PXRD)

Room-temperature PXRD patterns were collected using a 
benchtop Rigaku Miniflex 600 operated at 40 kV and 15 mA. 
Cu-Ka (2 = 1.5418 A) radiation and a Ni-kTp filter were used. 
Scans were carried out in the 5-80° 20 range.

In situ synchrotron PXRD studies

The formation of Bi13S17Br3 was investigated using the in situ 
synchrotron PXRD data collected at beamline 17-BM-B (2 = 
0.24075 A) at the Advanced Photon Source located at Argonne 
National Laboratory. A mixture was prepared by finely grinding 
together CH4N2S (0.50 mmol), BiBr3 (0.33 mmol), and NaBr 
(0.50 mmol) in a glovebox. Approximately 10 mg of this 
mixture was loaded on-site into a silica capillary closed on one

Paper Dalton Transactions

end (ID-0.9 and OD-1.1 mm), which was then filled with ~2 pL 
of EtOH. A dynamic pressure of 500 psi was applied using 
argon gas at the open end of the capillary to mimic solvo­
thermal conditions. The glass capillary was heated using a 
hot air blower placed vertically 1 cm below the closed end. 
Variable-temperature in situ PXRD patterns were collected in 
the 24-185 °C temperature range by employing a heating rate 
of 5 °C min-1 while focusing the incident X-ray beam at the 
solid and solid-solvent interface regions of the vertically 
mounted glass capillary.

Single-crystal X-ray diffraction (SCXRD)

SCXRD experiments were carried out using a Broker D8 

Venture diffractometer with a PhotonlOO CMOS detector. The 
data were collected using Mo-Jfa radiation (2 = 0.71073 A) at 
100 K. The SHELX software package was used for structure 
solution and refinement.24

High-resolution synchrotron PXRD

The synchrotron PXRD pattern of Bi13S17Br3 was measured at 
the 11-BM beamline of the Advanced Photon Source at the 
Argonne National Laboratory. The sample was diluted with 
amorphous silica in a 1:5 (sample: silica) weight ratio to 
minimize the effects of X-ray absorption. The diluted sample 
was packed in a Kapton capillary and data collection was per­
formed in the transmission mode at room temperature using a 
wavelength of 0.4582 A (27.058 keV).

Rietveld analysis

General Structure Analysis System (GSAS-II) was used to 
perform the Rietveld refinement of synchrotron PXRD data of 
Bi13S17Br3.25 A structural model obtained from SCXRD (the 
hexagonal space group P63) was used as the basis for the 
refinements. The refinements were carried out in the 3-36° 20 
range. The isotropic displacement parameters were refined for 
all the atoms. Atomic occupancies were not refined. Difference 
curves and Rwp residuals were used to evaluate the agreement 
between the calculated and experimental diffraction patterns. 
Rietveld refinement was also carried out on the PXRD 
pattern of Bi13SlsI2 collected using the laboratory benchtop 
diffractometer.

Synchrotron X-ray total scattering and pair distribution 
function (PDF) analysis

The X-ray total scattering data of polycrystalline Bi13S17Br3 

loaded in Kapton capillaries were collected at the 11-ID-B 
beamline of the Advanced Photon Source at Argonne National 
Laboratory. A wavelength of 0.2115 A (58.621 keV) was used for 
data collection at 298 K in the transmission mode. The nor­
malized structure function S(Q) and pair distribution function 
G(r) of Bi13S17Br3 were extracted using the RAD software.26 S(Q) 
was calculated after performing corrections for the back­
ground, absorption, and Compton scattering of the X-ray total 
scattering data. The Fourier transformation of S(Q) using a 
maximum scattering vector of 22 A-1 resulted in the G(r). 
PDFgui27 was used to conduct the refinements by employing
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the structural model extracted from the Rietveld refinement of 
the Bi13S17Br3 powder as the basis. The refinements were 
carried out in the interatomic distance range of 1.6-16 A to 
accommodate all the pairs of atoms within a unit cell. 
Isotropic displacement parameters were refined for all the 
atoms. The difference curves and Rw residuals were used to 
estimate the agreement between the calculated and experi­
mental G(r) s.

Energy-dispersive X-ray spectroscopy (EDS)

Elemental compositions of the samples were probed using 
EDS, which was carried out using an FEI Quanta 250 field 
emission-scanning electron microscope (SEM) with an EDS 
detector (Oxford X-Max 80). The analysis was conducted using 
the Aztec software. The powders of Bi13S17Br3 and Bi13SlsI2 

were placed on a conductive carbon tape on an aluminum 
stub. An accelerating voltage of 15 kV was utilized. Multiple 
sites of the powder were scanned to probe the distribution of 
the elements in the sample.

Diffuse reflectance spectroscopy

A PerkinElmer Lambda 1050+ UV/vis/NIR spectrometer 
equipped with a 150 mm Spectralon-coated integrating sphere 
was used for solid-state diffuse reflectance measurements of 
Bi13S17Br3 and Bi13SlsI2. The samples were finely ground and 
loaded into a powder holder. The powders were compacted 
onto the lens and kept in the holder using a press and a 
spring. Adjustment of the iris aperture was performed to focus 
the beam onto the sample-loaded holder, which was posi­
tioned at the reflectance port. The specular port was kept open 
during the measurements. A Spectralon reference standard 
was used as a blank. Tauc plots were constructed by Kubelka- 
Munk conversion of the acquired data to estimate the direct 
bandgaps of the materials.

Thermogravimetric analysis (TGA)

The TGA of Bi13S17Br3 and Bi13SlsI2 was carried out using a 
Netzsch STA 449 FI simultaneous TGA/DSC analyzer. 
Approximately, 2 mg of the powder was placed in an alumina 
crucible and heated to 860 °C under flowing argon. The 
heating rate was 10 °C min-1.

Spark plasma sintering

Spark plasma sintering (Dr Sinter Lab Jr. 211 Lx) was used to 
press compact pellets of Bi13S17Br3 and Bi13SlsI2. The powder 
was finely ground and loaded into a 5 mm-diameter graphite 
die with tungsten carbide plungers. The temperature was 
ramped to 350 °C in 5 minutes with a gradual increase in the 
applied uniaxial pressure to 204 MPa. The powder was held 
under the final temperature and pressure conditions for 
10 minutes. After 10 minutes, immediate release of the 
applied pressure was necessary to avoid cracking of the pellet 
during cooling. The resulting pellet was polished to remove 
graphite. The geometrical densities of the pellets were 89% 
and 93% of the corresponding theoretical X-ray densities of 
Bi13S17Br3 and Bi13SlsI2, respectively.

Dalton Transactions Paper

Transport properties

5 mm diameter pellets of Bi13S17Br3 and Bi13SlsI2 were utilized 
for measuring transport properties. All measurements were 
conducted using the Quantum Design PPMS Evercool II. 
Thermal conductivities and Seebeck coefficients of the pellets 
were measured in the 10-300 K temperature range by employ­
ing the thermal transport option with the two-probe configur­
ation. Electrical resistivities were measured on bars cut from 
the pressed pellets in the same temperature range with a four- 
probe configuration using alternating current in the electrical 
transport option.

Results and discussion
Synthesis

Two low-temperature solvothermal synthetic routes were devel­
oped to obtain Bi13S17Br3 and Bi13SlsI2. The optimization of 
the synthetic conditions revealed that single-phase bromide 
samples can be obtained by reacting CH4N2S, BiBr3, and NaBr 
in a ratio of 3 : 2 :3 in EtOH at 180 °C for 24 h. Formation of 
the Bi metal as an admixture was observed in the reactions 
carried out at temperatures above 180 °C or using higher 
CH4N2S: BiBr3 ratios. Bi13SlsI2 could be synthesized using S, 
Bil3, and NH4I in a ratio of 3 : 2 : 3 in DMF at 150 °C for 24 h. 
We also noticed that the reaction of S, BiBr3, and NH4Br in the 
same ratio in ethylene glycol at 200 °C for 24 h led to the for­
mation of a bromide analogue, Bi13S17Br3. However, the 
organic residues in this product made it less thermally stable 
than the bromide obtained from the CH4N2S route. Therefore, 
the bromide phase produced by the ethylene glycol route was 
not further utilized for property measurements.

The in situ synchrotron PXRD data were collected to unveil 
the formation mechanism of Bi13S17Br3 (Fig. 1). Two different 
areas of the sample were analyzed in the vertically aligned 
capillary containing the reactant mixture and EtOH: the solid- 
solvent interface and the lower region of solid powder. An 
assumption is that in the solid area the penetration of solvent 
is limited. The diffraction maxima corresponding to NaBr were 
mainly observed in the PXRD patterns collected on the solid at 
temperatures below ~40 °C; no visible peaks from BiBr3 and 
CH4N2S were observed (Fig. 1A). This is in line with the reports 
claiming the ability of CH4N2S to form soluble complexes with 
Bi3+ in alcoholic media.22,28 30 In addition to unreacted NaBr, 
the appearance of diffraction maxima corresponding to S and 
Na2S2 in the PXRD patterns of the solid region indicated the 
possible thermal decomposition of the Bi3+-CH4N2S complex 
and its subsequent reaction with NaBr in the 40-143 °C temp­
erature range. The formation of BiSBr and Bi13S17Br3 was 
observed upon increasing the temperature from 143 to 180 °C. 
Unreacted NaBr was also detected in the solid in the same 
temperature range. NaBr, BiSBr, and Bi13S17Br3 were present in 
the solid region after cooling to room temperature. Unlike the 
solid region, no formation of S, Na2S2, and BiSBr was observed 
at the solid-solvent interface throughout the temperature 
range of interest (Fig. IB). Instead, the dissolution of crystal-

This journal is <s> The Royal Society of Chemistry 2022 Dalton Trans.
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Fig. 1 Contour plots of in situ PXRD patterns collected by exposing (A) 
solid and (B) solid-solvent interface regions of the CH4N2S-BiBr3-NaBr 
reaction mixture in EtOH to synchrotron X-ray radiation (X = 0.24075 A). 
The black vertical lines on the bottom and top of each figure correspond 
to the XRD peak positions of NaBr and Bi13S17Br3, respectively (labeled in 
red). A schematic of the capillary showing the solid, solid-solvent inter­
face, and solvent regions is also provided.

line NaBr was observed upon increasing the temperature up to 
~130 °C; Bi13S17Br3 started forming at 130 °C and became the 
only phase present in the 150-180 °C temperature range. This 
is in excellent agreement with the optimized reaction tempera­
ture (180 °C) employed to synthesize phase pure Bi13S17Br3 in 
the laboratory. In the laboratory, a significantly larger solvent 
to solid ratio is used for the synthesis; thus, we consider the 
results from the solid-solvent interface of this in situ study to 
be the most representative in terms of the formation mecha­
nism. Interestingly, no traces of Bi2S3 or Bi were observed as 
an intermediate or admixture in the in situ studies. Therefore, 
based on the in situ diffraction studies, one can assume that 
the decomposition of the Bi3+-CH4N2S complex is driven by 
either temperature or the increase in the ionic strength of the 
solution due to NaBr dissolution or both. At relatively high 
EtOH concentrations, the decomposition of the complex leads 
to the formation of ternary bismuth sulfur bromide without 
any crystalline binary intermediates. In addition, we may 
expect the formation of elemental Bi as an impurity in the lab­
oratory experiments carried out at temperatures higher than 
180 °C due to the thermal decomposition and/or the reduction 
of Bi13S17Br3. In fact, it has been reported that Bi3+ can be 
reduced to Bi metal in the presence of EtOH.28

Next, we probed the elemental compositions of pristine 
Bi13S17Br3 and Bi13SlsI2 using EDS (Fig. 2, Fig. SI, and 
Table Slf). Both the bromide and iodide samples exhibited 
hexagonal needle-like crystals of different sizes. Assuming the 
general formula of the two compounds to be Bi13SlsX2 (X = Br, 
I), the theoretical atomic percentages are 39.4%, 54.5%, and

Fig. 2 SEM backscattered electron image of Bi13S17Br3 needles.

6.1% for Bi, S, and X, respectively. The iodide sample showed 
the experimental atomic percentages of 39.5(2)%, 53.7(2)%, 
and 6.8(2)% for Bi, S, and I, respectively, in close agreement 
with the assumed Bi13SlsI2 composition. On the other hand, 
the experimental atomic percentages of Bi, S, and Br are 39.2 
(4)%, 52.4(5)%, and 8.4(4)%, respectively, for the bromide. 
This systematic underestimation of the S content and the over- 
estimation of Br content were consistently observed across 
multiple crystals in the same sample and across different 
samples. This observation suggested the deviation from 
the general formula Bi13SlsX2 for the bromide compound. 
Interestingly, the presence of excess bromine and deficiency in 
sulfur were also noticed in “Bi19S27Br3” nanowires synthesized 
using the colloidal method causing a discrepancy between the 
expected and experimental elemental ratios.21 Therefore, in 
our study, recrystallization of the bromide compound in EtOH 
was performed to isolate single crystals suitable for structure 
redetermination.

Crystal structure

The crystal structure of “Bi19S27Br3” was first reported by 
Kramer in 1973.11 It was reported that Bi19S27Br3 crystallizes in 
either the P63 or the P63/m space group. A few years later, 
Mariolacos solved the structure in the P63 space group assign­
ing the same composition of Bi19S27Br3.31 The analogous 
iodide counterpart Bi19S27I3 was also found to belong to the 
same space group.12,32 However, recently Groom et al. redeter­
mined the structure of the iodide in the P3 space group pro­
posing the new empirical formula Bi13SlsI2.19 They suggested 
that the bromide could probably crystallize in the same space 
group with the formula Bi13SlsBr2, which was further sup­
ported by the investigation of Li and co-workers.33 Our SCXRD 
investigation, on the other hand, revealed that the crystal 
grown by the solvothermal method (Fig. 2) belongs to the P63 

space group with unit cell parameters of a = 15.473(3) and c = 
4.0041(9) A. Attempts to solve the structure in the P3 or P63/m 
or P21 space groups resulted in neither the improvement of

Dalton Trans. This journal is <s> The Royal Society of Chemistry 2022
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the R-values nor in reducing or eliminating the observed dis­
order in both Bi chains and S/Br substitutions. The elimin­
ation of Br from either the S2 or S3 sites resulted in negative 
atomic displacement parameters (ADPs) for the corresponding 
sulfur site. A refinement with constrained ADPs to be equal for 
all S sites resulted in negligible changes in S/Br site occu­
pancies. The details of the structure refinement and the 
extracted structural parameters of Bi13S17Br3 = Bi12.9(i)S17.2(i)Br2.9(i) 
are provided in Tables 1 and S2-S4.f Due to the presence of 
the disorder in both the heavy atoms sites (Bi) and the light 
atom sites (S), all atoms were refined isotropically. The 
obtained structural model was further verified by synchrotron 
PXRD and total scattering methods (vide infra).

The refined chemical formula of Bi12 9(1)S17.2(1)Br2.9(1) shows 
an excellent agreement with the chemical composition 
detected from EDS (see Table Slf). The overall motifs in the 
Bi13S17Br3 crystal structure are similar to those of the iodide 
analogue, Bi13SlsI2. The Bi-S framework is composed of 
corner- and edge-sharing BiS5 square pyramids and BiSs dis­
torted square antiprisms (Fig. 3A). Large channels in the 
framework are of two types. The channels decorated with Bi 
atoms from BiS5 square pyramids are filled with bromine 
atoms located inside trigonal prisms of 6 Bi atoms (Br@Bi6) 
(Fig. 3B). In turn, the hexagonal channels around the origin of 
the unit cell are filled with disordered Bi sites which are co­
ordinated by 6 S atoms with a possibility of Bi-Bi bonds 
(Bi@S6) (Fig. 3B and D). Two S sites of Bi-S framework (shown 
in orange) are partially substituted with bromine atoms 
(Fig. 3C). Not accounting for this substitution during the 
initial refinement resulted in significantly higher R-values, 
negative displacement parameters for those S atoms, and large 
difference electron density peaks. Since the Bi-Br distance is 
expected to be longer than the Bi-S one, the S/Br substitution 
caused the additional splitting of the Bi site inside square anti­
prisms. The composition of the iodine compound can be

Table 1 The selected single crystal data and structure refinement para­
meters for Bii2.9Si8_5Br2+5. The deposition number 2182340f contains 
the supplementary crystallographic data for this paper. These data are 
provided free of charge by the joint Cambridge Crystallographic Data 
Centre and FIZ Karlsruhe Access Structures service

Chemical formula 
Formula weight (g) 
Temperature (K)
Wavelength (A)
Crystal system 
Space group

1
Z
Density (g cm-3) 
Data/parameters 
/j (mm-1)

m
R4(T>2<#
Wj?2 (/ > 2(7(/))

GOF (S)
Largest peak and hole (e A-3)

Bii2.9(i)Si7.2(i)Br2.9(i)

3471.32
100(2)
Mo-A'„, 0.71073 
Hexagonal 
P63 (no. 173) 
15.473(3)
4.0041(9)
830.2(4)
1
6.943
962/35
72.54
0.291
0.031
0.047
0.971
2.09, -2.24

Fig. 3 Crystal structure of Bii3Si7Br3: (A) an idealized Bii2Si8 framework 
with disorder and atoms in the channels omitted for clarity. (B) Br<aBi6 
trigonal prisms (pink) and Bi<aS6 octahedra (green) inside the channels 
are shown; (C) a view of one unit cell along [001] with atoms labeled 
and mixed sites shown; and (D) Bi chains inside the channel; the red and 
magenta lines represent the Bi-Bi bonding pairs at a distance of 
2.906 A. A hypothetical ordered version with isolated dumbbells of Bi2+ 
and chains of Bi+ are also shown. Framework Bi: blue; Bi in channels: 
green; fully occupied S: yellow; S/Br sites: orange; and fully occupied Br: 
pink.

written as Bi2+(Bi3+12S2_ls)(I1_)2. Analysis of possible Bi-Bi dis­
tances shows that the formation of Bi2 dumbbells is possible 
and such dumbbells may be isolated from each other. In the 
case of the bromine compound, the composition is altered by 
S/Br substitution causing the average oxidation state of Bi in 
the chains to be reduced: Bi1'3+0.9(Bi3+12S2"17.2Br1"0.9)(Br1")2. 
This compound was found to be a semiconductor (vide infra). 
Thus, we can assume that in the structure of iodine compound 
isolated Bi24+ dumbbells are present while for the bromine 
analogue, those dumbbells are connected in longer linear Bi 
fragments like Bi46+; yet, the topologically interesting34 infinite 
chains of ^4[Bi3] are not achieved.

Next, we investigated the feasibility of the structural model 
derived from SCXRD to describe the average and local crystal 
structure of the Bi13S17Br3 bulk powder. To this end, we uti­
lized Rietveld refinement of the synchrotron powder X-ray 
diffraction data and PDF analyses of the X-ray total scattering 
data. The Rietveld refinement was employed to analyze the 
average structure while the local structure was characterized 
using PDF. The results from this analysis are summarized in 
Fig. 4 and Table S5.f The Rietveld fit revealed the absence of 
any diffraction maxima corresponding to the secondaty ciystal- 
line phases; thus, the phase purity of the bulk Bi13S17Br3 

powder was confirmed (Fig. 4A). The results of Rietveld refine­
ment (the low Rwp value and the reasonable atomic displace­
ment parameters) confirmed that the structural model derived 
from the SCXRD experiment adequately describes the average 
crystal structure of Bi13S17Br3. The phase purity of Bi13SlsI2 

was also confirmed by the Rietveld analysis of the laboratory 
PXRD data (Fig. S2f). The refined structural model derived

This journal is <s> The Royal Society of Chemistry 2022 Dalton Trans.
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Fig. 4 (A) Rietveld and (B) PDF analyses of the synchrotron X-ray diffr­
action and the total scattering patterns of Bi13S17Br3, respectively. Black 
circles, red trace, and blue trace correspond to the experimental data, 
calculated patterns, and difference curves, respectively. The green verti­
cal bars in the Rietveld plot indicate the calculated positions of the diffr­
action maxima. Rwp/R„ residuals are included. A broad hump in the diffr­
action pattern is due to the dilution of the sample with amorphous silica 
to adjust X-ray absorption by the sample.

from the Rietveld analysis of synchrotron PXRD data of 
Bi13S17Br3 was utilized as the starting point to cany out a PDF 
analysis of the X-ray total scattering data. The corresponding 
structure function is shown in Fig. S3.f An adequate fit to the 
experimental G(r) is obtained in the 1.6-16 r range using the 
starting model (Fig. 4B). This demonstrates that the model 
obtained from SCXRD also provides an adequate picture of the 
intrinsic disorder observed in the local structure of Bi13S17Br3. 
Overall, the results of the structural analysis further highlight 
the validity of the SCXRD model to describe the average and 
local crystal structure of Bi13S17Br3.

Optical properties and thermal stability

Diffuse reflectance measurements were carried out to determine 
the bandgaps of Bi13S17Br3 and Bi13SlsI2 (Fig. 5). The direct 
bandgap values of 0.92(2) and 0.91(1) eV were observed for 
Bi13S17Br3 and Bi13SlsI2, respectively; these values indicate the 
semiconducting nature of both compounds. Previous studies on 
Bi19S27Br3 have reported direct bandgaps ranging from 0.82-1.49 
eV 21,23 Qn other hand, direct bandgaps in the 0.82-1.08 eV 
range have been reported for Bi13SlsI2 and Bi19S27I3.19,35

We also studied the thermal stabilities of Bi13S17Br3 and 
Bi13SlsI2 before conducting transport property measurements. 
Results from the TGA/DSC analyses of the two compounds are 
depicted in Fig. S4.f Thermal decomposition of the two com­
pounds started at ~450 °C. Interestingly, no significant differ­
ences in thermal stability were noticed for the two compounds.

0.91 eV, 0.92 eV

0.7 0.8 0.9 1.0 1.1 1.2 1.3
Energy (eV)

Fig. 5 Tauc plots for the diffuse reflectance spectra of Bi13S17Br3 (red 
trace) and Bi13S18l2 (black trace) and the corresponding direct bandgaps.

Based on the TGA data and flow test results, a temperature of 
350 °C was chosen for SPS densification of the bromide and 
iodide pellets.

Transport properties

The low-temperature charge and thermal transport properties 
of the Bi13S17Br37 and Bi13SlsI2 pellets were measured. The 
temperature dependence of the electrical resistivity (p), 
Seebeck coefficient (S) and thermal conductivity (%) of the two 
compounds are depicted in Fig. 6. Electrical resistivities of 
both compounds decrease with increasing temperature in the 
2-300 K range suggesting their semiconducting nature. 
Recently, high-temperature thermoelectric properties of bulk 
Bi13SlsI2 were reported by Xu et al. in the 313-788 K tempera­
ture range.20 Noticeably, the electrical conductivity of Bi13SlsI2 

at 300 K for Bi13SlsI2 in our study (2310 S m_1) is significantly 
larger than that obtained by Xu et al. (~300 S m_1) at 313 K. 
This may be attributed to the differences in the synthetic 
methods (solvothermal vs. SPS processing) employed in the 
two studies. The resistivity of Bi13S17Br3 at 300 K (35 m£2 m) is 
significantly larger than that of Bi13SlsI2 (0.436 m£2 m). A clear 
drop in the resistivity of Bi13S17Br3 is observed at ~70 K. Below 
70 K, the resistivity of Bi13S17Br3 exhibits little temperature 
dependence. This behavior may originate from the highly dis­
ordered nature of the Bi and S/Br sublattices. In contrast, a 
less-pronounced descent in the resistivity of Bi13SlsI2 is 
noticed at ~10 K. We employed the plot of In(l/p) vs. (1/T) to 
determine the exact temperatures of resistivity changes in the 
two compounds (Fig. S5f). This analysis yielded transition 
temperatures of 63 and 48 K for Bi13S17Br3 and Bi13SlsI2, 
respectively. We also attempted fitting the resistivity data col­
lected above the transition temperatures to the Arrhenius-type 
equation In(l/p) = In(l/p0) - Ej2kBT to extract the activation 
energies (I?a) of the thermal excitation of the charge carriers of 
the two compounds, where kB is the Boltzmann constant.36 

Activation energies of 0.175 eV (Bi13S17Br3) and 0.020 eV 
(Bi13SlsI2) were obtained, which were significantly smaller
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Fig. 6 Transport properties of Bi13S17Br3 (red symbols) and Bi13S18l2 
(black symbols). Temperature dependence of electrical resistivity. 
See beck coefficient, and thermal conductivity are shown in the top, 
middle, and bottom panels, respectively.

than the corresponding optical bandgaps. This indicates a 
complex mechanism of charge carrier generation via admix­
ture states in the bandgap instead of simple thermal activation 
of the carriers over the bandgap.

Temperature dependences of the Seebeck coefficient of 
Bi13S17Br3 and Bi13SlsI2 were reliably measured in the 
80-300 K and 150-300 K temperature ranges, respectively 
(Fig. 6). The measurements of Seebeck coefficients with absol­
ute values of only few pV K-1 at temperatures below 80 K 
(Bi13S17Br3) and 150 K (Bi13SlsI2) are not reliable with the 
PPMS setup used in this study. The measured Seebeck coeffi­
cients were negative throughout the temperature ranges of 
interest for bromide and iodide indicating electrons as their 
major charge carriers; therefore, both compounds are ra-type 
semiconductors. This corroborates with the ra-type semicon­
ducting behavior reported by Xu et al. for Bi13SlsI2.20 

Moreover, the absolute values of the Seebeck coefficients 
increase upon increasing the temperature and reach a value of 
-325 pV K-1 at 300 K for the two compounds. In the case of 
bromide, the saturation of the Seebeck coefficient seems to 
start near 300 K before the bipolar effect becomes active. In 
contrast, no saturation of the Seebeck coefficient of Bi13SlsI2 is 
observed at 300 K. In fact, high-temperature property measure­
ments have demonstrated that the Seebeck coefficient of

Paper

Bi13SlsI2 reaches nearly -520 pV K-1 at 400 K.20 The 
Goldsmid-Sharp formula (Eg = 2e|S|maxrmax) was also utilized 
to determine the bandgap of Bi13S17Br3 using the temperature- 
dependent Seebeck coefficient data.37 A bandgap of ~0.19 eV 
was obtained, which is significantly different from the experi­
mental optical bandgap but close to the E& activation energy 
obtained from the resistivity data. This again suggests the 
complex nature of charge carrier generation in this material, 
where defect chemistry defines the charge carrier behavior.

An increase in the thermal conductivity of Bi13S17Br3 is 
observed in the 12-100 K temperature range, achieving a value 
of 0.37 W m_1 K-1 at 100 K (Fig. 6). Afterwards, the thermal 
conductivity shows almost no change until 300 K. Noticeably, 
Bi13S17Br3 lacks a maximum of thermal conductivity around 
50 K indicating a glass-like heat transport behavior.38 41 This 
agrees with the high degree of the structural disorder of 
Bi13S17Br3, including the S/Br framework substitution which is 
not present in Bi13SlsI2. In accordance with the more ordered 
structure, Bi13SlsI2 thermal conductivity shows a sharper 
increase at low temperatures reaching a maximum value of 
0.55 W m_1 K_1 at 75 K. Then, a slight decrease in the thermal 
conductivity of iodide is observed due to Umklapp phonon- 
phonon scattering in the 75-300 K temperature range achiev­
ing a value of 0.50 W m_1 K_1 at 300 K. This is in good agree­
ment with the thermal conductivity of 0.55 W m_1 K_1 

reported for bulk Bi13SlsI2 at 363 K.20 As expected, the ultralow 
thermal conductivity of both the Bi13S17Br3 and Bi13SlsI2 

phases stems from factors including the presence of heavy 
atoms (Bi and Br/I), large unit cell, structural complexity, and 
disorder. In particular, Bi13S17Br3 exhibits a higher level of 
structural disorder than Bi13SlsI2 due to the presence of more 
Bi vacancies and mixed S/Br sites. Therefore, these factors may 
be employed to rationalize the lower thermal conductivity of 
Bi13S17Br3 compared to Bi13SlsI2. In addition, the lower density 
of the Bi13S17Br3 pellet compared to that of Bi13SlsI2 may also 
contribute to the lower thermal conductivity of the former. 
The thermal conductivity of a solid is provided by the equation
K — ^lattice ~f ^electronic? where ^lattice and ^electronic are the lattice
and electronic contributions to the thermal conductivity, 
respectively, ^electronic is generally estimated using the 
Wiedemann-Franz law, which is described using the equation 
^electronic = LTjp-, the Lorenz number (L) is determined using 
the Seebeck coefficient data.42 The calculated ^electronic values 
were negligible for both compounds, at the level of ~0.005% of 
the total values due to their high electrical resistivity. Overall, 
our observation of a high Seebeck coefficient and low thermal 
conductivity in low-temperature property measurements corro­
borates well with the reported high thermoelectric figure-of- 
rnerit ZT for Bi13SlsI2 at high temperatures. On the other 
hand, regardless of its high Seebeck coefficient and ultralow 
thermal conductivity, Bi13S17Br3 is more resistive than Bi13SlsI2 

at low temperatures. Therefore, tuning the carrier concen­
tration via aliovalent doping and controlled substitution of I- 
for Br“ may be promising strategies to enhance the thermo­
electric figure-of-merit ZT of Bi13S17Br3 at least at high 
temperatures.
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Conclusions
Solvothermal synthesis targeted at Bi13SlsBr2 has yielded a new 
subvalent bismuth compound with a formula close to 
Bi13S17Br3. Single-ciystal X-ray diffraction and elemental ana­
lysis were utilized to confirm the chemical composition of the 
new phase. In situ X-ray diffraction studies uncovered the 
mechanism of product formation and the appearance of 
Bi13S17Br3 as the only phase in the 150-180 °C temperature 
range, which was in good agreement with the employed syn­
thesis temperature (180 °C). Single-crystal X-ray diffraction 
showed the presence of S/Br mixing in the framework sites—a 
unique feature not observed for the iodide analogue, Bi13SlsI2. 
The derived structural model provided an adequate descrip­
tion of the average and local crystal structure of Bi13S17Br3 as 
ascertained by Rietveld and pair distribution function analy­
sed. While Bi13S17Br3 and Bi13SlsI2 have similar direct band- 
gaps (~0.9 eV), the former exhibits significantly higher electri­
cal resistivity presumably due to the S/Br substitutional 
defects. Electrons were identified as the major charge carriers 
in both compounds (ra-type semiconductors). Bi13S17Br3 and 
Bi13SlsI2 exhibited ultralow thermal conductivities with the 
major contributions originating from the lattice component. 
The lower thermal conductivity displayed by the bromide com­
pared to the iodide was rationalized using the highly dis­
ordered Bi and S/Br sublattices of the former. Manipulating 
the carrier concentration of Bi13S17Br3 via aliovalent substi­
tution to realize lower electrical resistivity is proposed as a 
future research direction.
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