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1. Experimental Section

1.1 Materials and Instruments

All reagents used in the present experiments were purchased from commercial 

sources and directly used without further purification. All weighing processes were 

completed in an anhydrous and oxygen-free glove box. The semi-quantitative energy 

dispersive X-ray (EDX, Oxford INCA) spectra were measured with a field emission 

scanning electron microscope (FESEM, JSM6700F). Powder X-ray diffraction 

(PXRD) analysis was carried out in a Rigaku Mini-Flex II powder diffractometer (Cu-

Kα, λ = 1.5418 Å). UV-vis-NIR absorption measurement was performed in the region 

of 200−2500 nm at room temperature using an UV-vis-NIR spectrometer (Perkin-

Elmer Lambda 950). The reflectance spectrum of the BaSO4 powder was collected as 

the baseline and the diffuse reflectance data were converted to absorbance internally 

by the instrument by use of the Kubelka-Munk function.1 The thermal stability 

analyses were measured on a NETZSCH STA 449C simultaneous analyser. The 

thermal conductivity were measured by laser flash techniques with a Netzsch LFA 

457 system and calculated using the formula κ = D × Cp × d, where D was the 

measured thermal diffusivity, Cp was the heat capacity estimated using the Dulong-

Petit model (Cp = 3nR, where n is the number of atoms per formula unit and R is the 

gas constant) and d was the sample density.2 The uncertainty of the thermal 

conductivity k is estimated to be within 5 %, considering the uncertainties for D, Cp 

and d.
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1.2 Synthesis of Ba6Sb6O2S13

The starting reagents BaS (99.7 %), Sb2O3 (99 %), and Sb2S3 (99 %) purchased from 

Aladdin China (Shanghai) Co., Ltd. were used as obtained. 

After numerous explorations on the experimental conditions including starting 

reactant, loading ratio, annealing temperature, the optimal synthesis condition of 

Ba6Sb6O2S13 was established as follows: a stoichiometric mixture of 32 mmol of BaS, 

11 mmol of Sb2O3, and 5 mmol of Sb2S3 in a carbonized silica crucible. The tube was 

then evacuated to a vacuum of 10−2 Pa atmosphere and sealed. Afterward, the sample 

was heated in a resistance furnace to 973 K over 24 h and kept at that temperature for 

72 h, and subsequently cooled to 773 K at 2.5 K/h before switching off the furnace. 

Red-black crystals were obtained and the yield is about 95% (based on Sb). The 

samples were stable in air for more than 6 months, which can be verified by the 

analysis results of both single-crystal and powder XRD (Figure S6).

Energy-dispersive X-ray analysis of Ba6Sb6O2S13 was shown in Figure S2. The 

EDX results confirmed the presence of Ba, Sb, O and S in an approximate molar ratio 

of Ba6.0(5)Sb6.1(3)O1.9(5)S13.5(6), which is in good agreement with the refined 

compositions obtained from the single-crystal XRD data. Compound Ba6Sb6O2S13 

was characterized by powder XRD and the experimental XRD patterns of the title 

compound was agreed well with the simulated patterns (Figure 3b).

The as-synthesized polycrystalline samples were ground into a fine powder and 

hot-pressed pellet at 773 K for 60 min under an axial compressive stress of 100 MPa 

in vacuum. A highly dense disk (more than 95% theoretical density), with dimensions 
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of 10 mm in diameter and approximately 1 mm in thickness, was obtained. Graphite 

was evenly sprayed on both sides of the disk for the purpose of measuring thermal 

conductivity.

1.3 Single-Crystal Structure Characterizations 

Suitable single crystal of the title compound was mounted on the glass fibers. 

Diffraction data were collected by an Oxford Xcalibur (Atlas Gemini ultra) 

diffractometer with a graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) at 

room temperature. The absorption correction was based on the multi-scan method.3 

The structures were solved by the direct methods and refined by the full-matrix least-

squares fitting on F2 using the SHELXL-2014 software package.4 The assignments of 

Ba, Sb, O, and S were determined on the basis of the interatomic distances, 

coordination environments and relative displacement parameters. The structure was 

verified using the ADDSYM algorithm from the program PLATON.5 The final atomic 

positions were standardized with the STRUCTURE TIDY program.6 Crystal data and 

refinement details are summarized in Tables 1-2, the selected bond lengths are listed 

in Table S1. CCDC number: 2247687.

2. Computational Details 

Crystallographic data determined by single-crystal XRD were used for theoretical 

calculations of their electronic band structures. The density functional theory (DFT) 

calculations have been performed using the Vienna ab initio simulation package 

(VASP)7-9 with the Perdew-Burke-Ernzerhof (PBE)10 exchange correlation functional. 

The projected augmented wave (PAW)11 potentials have been used to treat the ion-
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electron interactions. A Γ-centered 7×7×9 Monkhorst-Pack grid for the Brillouin 

zone12 sampling and a cutoff energy of 750 eV for the plane wave expansion were 

found to get convergent lattice parameters and self-consistent energies.
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3. Figures and Tables

Figure S1. (a) Coordination environment of Ba atoms including bond distances in the 

Ba6Sb6O2S13.
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Figure S2. Energy-dispersive X-ray spectroscopy analysis of Ba6Sb6O2S13.

Figure S3. The first Brillouin zone with high symmetry points (red) in Ba6Sb6O2S13.
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Figure S4. IR transmittance spectra of Ba6Sb6O2S13.

Figure S5. Electron localization function diagram of Ba6Sb6O2S13.
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Figure S6. (a) Photograph of the title crystals and (b) powder XRD patterns of 

Ba6Sb6O2S13 after 6 months.
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Table S1. Selected bond lengths (Å) for Ba6Sb6O2S13.

Sb1–O 2.086(4)  O–Sb1–S2 94.11(12)

Sb1–S2 2.448(2)  O–Sb1–S4 85.31(13)

Sb1–S4 2.4750(2)  S2–Sb1–S4 100.59(6)

Sb2–S1 2.7958(5)  S5–Sb2–S1 86.56(4)

Sb2–S5 2.428(2)  S5–Sb2–S6 89.07(5)

Sb2–S6 2.769(2)  S6–Sb2–S1 175.31(4)

Sb2–S7 2.393(2)  S7–Sb2–S1 88.23(4)

Sb3–O 2.022(4)  S7–Sb2–S5 97.78(6)

Sb3–S3 2.393(2)  S7–Sb2–S3 90.69(6)

Sb3–S4 2.858(2)  O–Sb3–S3 98.65(13)

Sb2–S6 2.837(2)  O–Sb3–S4 76.87(13)

 O–Sb3–S6 77.08(13)

 S3–Sb3–S4 96.39(5)

 S3–Sb3–S6 88.89(6)

 S4–Sb3–S6 153.92(5)
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Table S2. Structural features of Sb-based oxychalcogenides.

Compounds Space group crystal system Q-to-O ratio BBUs Structural 
dimension Ref.

La6Sb4O12S3 I 41/amd (141) orthorhombic 0.25 [SbO3] 0D 13

Ba6Sb6O2S13 P 21/c (14) 6.5 [SbOS2], [SbOS3], [SbS4] 0D This 
work

Ba2Sb2O2S3 1.5 [SbOS2] 0D 14
Ca2Sb2O2S3 1.5 [SbOS4] 1D 14
Sr2Sb2O2Se3

C2/c (15）

1.5 [SbOSe4] 1D 15
Sr6Cd2Sb6O7Se10 1.43 [SbO4], [SbOSe4], [SbSe5] 1D+2D 16
Sr6Cd2Sb6O7S10

Cm (8)
1.43 [SbO4], [SbOS4], [SbS5] 1D+2D 17

Pb13.43Sb15.57O0.18S36
C2/m (12) 200 [SbS5], [SbS3], [SbOS3], [SbO3S] 18

Pb14Sb30O5S54 10.8 [SbS5], [SbS3], [SbO2S2] 19
CeSbOS2 2 [SbS3] 20

SrCuSbOS2 2 [SbOS4] 21
SrCuSbOSe2 2 [SbOSe4] 22

Sr3.5Pb2.5Sb6O5S10

P21/m (11)

2 [SbO2S2] 23

Sr4Pb1.5Sb5O5Se8
Cm (8) 1.6 [SbO3]

2D

24

CaSb10O10S6
C2/c (15)

monoclinic

0.6 [SbO3], [SbOS2], [SbS3], [SbO4] 3D 25
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