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1. Experimental section.
Reagents. All staring materials were obtained from Alfa Aesar Puratronic, and used
without further purification: (i) BaS powder, AR, 99%; (ii) bismuth powder, AR, 99.9%;
(iii) cobalt powder, AR, 99%; (iv) sulfur powder, sublimed, 99.9%.
Synthesis of Ba5Bi2Co2S10 Single Crystals. All operations were carried out in Arprotected glove box. Single crystal samples were synthesized by traditional melting salt
method. A mixture of starting materials of BaS powder (2.5 mmol), Bi powder (1 mmol),
Co powder (1 mmol), S powder (2.5 mmol), and KI powder (25 mmol) was loaded in a
carbon-coated fused silica tube. The tube was evacuated to 10-3 mbar, sealed and heated
gradually (60 Kh-1) to 1273 K, where it was kept for two days. The tube was cooled to 773
K at a rate of 3 Kh-1 and then quenched to room temperature. The direct combination
reaction at the presence of excess KI flux gave solidified melts. The melts were washed
and sonicated by distilled water and dried with alcohol. Then the black Ba5Bi2Co2S10 single
crystals were obtained. The presence of Ba, Bi, Co, and S was confirmed by semiquantitative energy-dispersive X-ray (EDX) analysis on a JEOL (JSM6510) scanning
electron microscope (Figure S1). A number of different crystals were chosen, and their
average Ba/Bi/Co/S atomic ratio was 25.71/11.77/9.10/53.42.
Single Crystal X-ray Crystallography. Suitable crystals were chosen to perform the data
collections. Single crystal X-ray diffraction was performed on a Bruker D8QUEST
diffractometer equipped with Mo Kα radiation. The diffraction data were collected at room
temperature by the ω- and φ- scan methods. The crystal structures were solved and refined
using APEX3 program.1 Absorption corrections were performed using the multi-scan
method (ASDABS). The detailed crystal data and structure refinement parameters are

summarized in Table S2. Fractional atomic coordinates parameters, atomic displacement
parameters and geometric parameters are summarized in Table S3-S5.
Powder X-ray Diffraction. The as-synthesized crystal samples were ground into fine
powder before use. Phase purity of the powder samples was checks by powder X-ray
diffraction performed on a Bruker D8QUEST diffractometer equipped with mirrormonochromatized source of Cu Kα radiation (λ= 0.15406 nm). The patterns were recorded
in a slow-scanning mode with 2θ from 5° to 80° at a scan rate of 2°/min. Simulated patterns
were generated by using the CrystalMaker program and CIF file of the refined structure.
Physical Properties Measurements. Magnetic properties were measured on a Physical
Properties Measurement System (PPMS, Quantum Design). Temperature-dependent
direct-current (DC) magnetic susceptibility (M-T) curve of the powder sample was
measured from 2 to 300 K under the magnetic field of 1 T in the zero field cooling (ZFC)
and field cooling (FC) processes. The field dependence of magnetization was measured at
2 K, 10 K, 50 K, and 300 K under the applied magnetic field from -2 T to 2 T. Lowtemperature electrical resistivity (2−300 K) and room-temperature Hall effect
measurements (-2 T−2 T) were also measured using a PPMS. The formula 𝑝 = 1/𝑅𝐻𝑒, was
used to calculate the carrier concentration by the approximation of single parabolic band
conduction model. The variable range hopping (VRH) model is a well-known model that
can be used to describe the semiconducting transport. The VRH model can be expressed
as:
𝜌𝑇 = 𝜌0𝑒𝑥𝑝
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,

g(μ) is the density of states at the Fermi level, a is the localization

radius of the states near the Fermi level, and β is a numerical coefficient.
Solid-state UV/Vis and UPS spectroscopy. The solid-state ultraviolet-visible (UV-vis)
light diffuse-reflectance spectra of the fine powders of Ba5Bi2Co2S10 were measured on a
UV-4100 spectrophotometer operating from 1200 to 350 nm at room temperature. BaSO4
powder was used as a 100% reflectance standard. The powder sample was spread on a
compacted base of BaSO4 powder. The generated reflectance-versus-wavelength data were
used to measure the band gap of the as-synthesized samples. The reflectance data were
converted to absorbance data by using the Kubelka-Munk equation.2 The valence band
level of the Ba5Bi2Co2S10 was determined by ultraviolet photoemission spectroscopy in
Kratos Axis Ultra DLD multitechnique surface analysis system using He (21.21 eV) photon
lines from a discharge lamp with an error about 0.01 eV.
Thermal Analyses. Thermogravimetric analysis (TG) and Differential Scanning
Calorimeter (DSC) carried out on a NETZSCH STA449C thermal analyzer for
investigating the thermal properties of the Ba5Bi2Co2S10 compound. A well-ground powder
sample (10.51 mg) was loaded into an Al2O3 crucible and heated from room temperature
to 1000 °C at 10 °C/min under a constant flow of argon gas.
Photoelectric properties. The ceramic sample was prepared by pressing the sample
powder into a pellet with a diameter of 8 mm under a pressure of 15 Mpa. Then the pellet
was sealed in an evacuated quartz tube and sintered into a compacted ceramic pellet under
723 K for 5 h. Photocurrent density-voltage (J-V) characteristics were measured under
visible light with a 300 W xenon lamp (filter: λ= 420 nm), which is a standard solar light

intensity. The light intensity was calibrated with an NREL-calibrated Si cell (Oriel 91150).
Current-voltage (I-V) measurements were performed by sweeping the voltage from the
positive maximum to the negative minimum using a semiconductor characterization
system (KEITHLEY 4200).
Electronic Structure Calculation. Density functional theory (DFT) calculations were
performed using the Vienna Ab Initio Simulation Package (VASP).3-5 The Perdew-BurkeErnzehof (PBE) version of the generalized gradient approximation (GGA) was used to
describe the exchange correlation functional, and the projector augmented wave (PAW)
method was used in the present work.6 Here the cutoff energy of plane wave was chosen
at 400 eV. For the structure optimizations, 8×6×8 k-points were used for the conventional
cell. The convergence criteria are that the changes in total energies between two successive
electronic steps are less than 10-5 eV, and all the Hellmann-Feynman force acting on each
atom is less than 0.01 eV /Å. High-symmetry points in Brillouin zones (B, Γ, C, Z, E and
Y represent (0, 0, 0.5), (0, 0, 0), (0.5, 0.5, 0), (0, 0.5, 0), (-0.5, 0.5, 0.5) and (0.5, 0, 0)) were
considered in our band structure calculation. The calculations about work function are also
based on DFT calculations, as implemented in the VASP. The (hkl) surface is simulated
using a slab model: slabs in the (hkl) crystallographic direction, are generated with at least
eight atomic planes. A vacuum thickness of 12 Å is set between two periodically repeated
slabs. Each slab is symmetrical to avoid unphysical dipole–dipole interactions between two
consecutive slabs.

2. Supplementary figures.

Figure S1. The SEM image and EDS result of Ba5Bi2Co2S10 crystal, and element mapping
of Ba, Bi, Co and S in Ba5Bi2Co2S10.

Figure S2. Crystal structure of Ba2BiFeS5 viewed down the b-axis.7

Figure S3. Coordination environment of Ba1, Ba2 and Ba3.

Figure S4. DSC (black) and TG (blue) diagrams of Ba5Bi2Co2S10.

Figure S5. Solid-state UV-vis absorption spectra of Ba5Bi2Co2S10.

Figure S6. The total density of states of Ba2+ ions in Ba5Bi2Co2S10.

Figure S7. Resistivity versus temperature profile for Ba5Bi2Co2S10. Insets: Plots of lnρ vs
T-1/4 (VRH model).

Figure S8. (a) The UPS spectrum of the Ba5Bi2Co2S10. (b) Theoretically calculated
electronic properties of Ba5Bi2Co2S10: the work function.

1

Figure S9. (a) ∞[CoQ2]

2-

1D infinite chains and (b) [Co4Se8]7- anion clusters.8-9

Figure S10. Schematic band position of Ba5Bi2Co2S10 with respect to the vacuum level
(EVAC), which is compared with some well-known semiconductors.10

3. Supplementary tables.
Table S1. EDS results of Ba5Bi2Co2S10.
Element

Weight%

Atomic%

SK

20.79

53.42

Co K

6.51

9.10

Ba L

42.86

25.71

Bi M

29.84

11.77

Totals

100.00

100.00

Table S2. Crystal Data and Details of the Structure Refinements for Ba5Bi2Co2S10.
Chemical formula

Ba5Bi2Co2S10

Fw (g·mol-1)

1543.07

Crystal system

Monoclinic

Space group

P21/m

a, (Å)

8.9913(5),

b, (Å)

12.5989(6),

c, (Å)

9.1253(5)

α (deg)

90

β (deg)

104.664(2)

γ (deg)

90

V (Å3)

1000.05(9)

Temperature (K)

293

Z

2

Crystal color

Black

ρc (g·cm-3)

5.125

μ (mm-1)

29.84

F(000)

1320

Rint

0.056

RI [I > 2σ(I)]

0.028

wR2 (all data)

0.051

GOF

1.03

aR

1

= Ʃ||Fo| - |Fc|/ ƩFo. wR2 = [Ʃ w(Fo2 -Fc2)2/ Ʃ w(Fo2)2]1/2.
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