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a b s t r a c t

Two new metal chalcoiodides were synthesized by solid-state reactions at 400 °C. Crystal Data:
Bi2CuSe3I, 1, monoclinic, C2/m, a¼14.243(2) Å, b¼4.1937(7) Å, c¼14.647(2) Å, β¼116.095(2)°,
V¼785.7(2) Å3, and Z¼4; Bi6Cu3S10I, 2, orthorhombic, Pnma, a¼17.476(2) Å, b¼4.0078(4) Å, c¼27.391
(2) Å, V¼1918.5(3) Å3, and Z¼4. Compound 1 adopts a three-dimensional structure formed by two al-
ternative layers, which consist of BiSe5 square pyramids, BiSe4I2 octahedra, CuSe4 tetrahedra, and CuSe2I2
tetrahedra. Compound 2 possesses a new open framework built up of BiS5 square pyramides, BiS6 oc-
tahedra, BiS8 polyhedra, and CuS4 tetrahedra where I� anions are uniquely trapped within the tunnels.
Both electronic structures reveal that bismuth and chalcogenide orbitals dominate the bandgaps. The Cu
d and I p states contribute to the top of valence bands, in which the distribution of I orbitals may cor-
respond to the relative bonding interactions in 1 and 2. The optical bandgaps determined by the diffuse
reflectance spectra are 0.68 eV and 0.72 eV for 1 and 2, respectively. 1 is a p-type semiconductor with
high Seebeck coefficients of 460–575 μV/K in the temperature range of 300–425 K. The electrical con-
ductivity is 0.02 S/cm at 425 K for the undoped sample. The thermal conductivity is 0.22 W/mK at 425 K.

& 2015 Elsevier Inc. All rights reserved.
1. Introduction

The hybridization of chalcogenides and halides can be utilized
to produce new crystalline metal solids with their structural
topologies originating from the closest packing models [1]. For
examples, the layers of [Ba2F2] and [M1þnS3þn]F2 (M¼Sn, Sb;
n¼0, 1) have been predicted with the rock-salt and fluorite
structure types, respectively, which regulate the frameworks in a
homologous series [2].The combination of CdI2-type and NaCl-
type fragments compose the multiple members in CdMQ2X
(M¼Sb, Bi; Q¼S, Se; X¼Cl, Br, I) [3]. A homologous series of
[BiQX]2[AgxBi1�xS2�2xX2x�1]nþ1 (Q¼S, Se; X¼Cl, Br; n¼0–7) has
been discovered, the structures of which feature Bi2Se3-type
thickened slabs with Ag–Br(Cl) bonds located around the margins
[4]. It is worth noting that a larger divergence of electronegativity
and covalent radius appearing in the hybrid anions can sometimes
induce unique structural topologies. For example, the [TeS3]2�

anions alternate with the layers of I� anions in (CuI)3Cu2TeS3 [5a],
and I� anions display the hexagonal diamond packing in
(CuI)Cu3SbS3 [5b]. The rare Hg12S8 cuboids and As4S4 cages are
stable in HgI2As4S4 [6a] and TlHg6S4Br5 [6b], respectively, in which
the halide anions serve to sustain the flexible coordination centers.

Metal chalcoiodides of Cu3Bi3S5I2 [7a], Cu3Bi2S3I3 [7b],
Cu1.57Bi4.69Se7.64I0.36 [7c], Cu2.31Bi5.00Se8.31I0.69 [7c], Cu4BiSeI4 [7d] ,
and Cu3.33Bi2.00S3.33I2.67 [7e] have been reported in the systems of
Cu/Bi/Q/I (Q¼S, Se, Te). Within these extended structures, the Cuþ

ions are highly disordered and tend to be mobile among several
aggregated holes [8]. Such behavior observed in thermoelectric
materials like Ba3Cu14�δTe12 [9] and Cu2�xSe [10] can effectively
depress the lattice thermal conductivity (κl) within the figure of
merit ZT¼(S2s)T/(κeþκl), where S is the thermopower, s the
electrical conductivity, T the absolute temperature, and κe and κl
are the electronic and lattice thermal conductivities, respectively.
Metal chalcoiodide BiTeI has received considerable attention as a
potential thermoelectric material, the ingot of which displays
electrical conductivity over 2000 S/cm and thermopower around
�55 μV/K at 300 K [11]. In particular, the lattice thermal con-
ductivity (κl) of BiTeI is estimated to be only 0.6 W/mK, which is
lower than the 1.1 W/mK for the benchmark Bi2Te3 [12] at the
room temperature. In this work we represent crystal structures
and electronic structures of two new metal chalcoiodides of
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Table 2
Atomic coordinates, thermal parameters (Å2), and occupancies for 1 and 2.
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Bi2CuSe3I (1) and Bi6Cu3S10I (2). The thermoelectric properties of 1
are studied.
atom x/a y/b z/c Ueq
a Occ.

1
Bi(1) 0.3347(1) 1/2 0.1279(1) 0.0281(2) 1
Bi(2) 0.2362(2) 0 0.3569(1) 0.0320(4) 0.635(5)
Bi(2A) 0.2101(3) 0 0.3698(3) 0.0320(4) 0.365(5)
Cu(1) 0.5424(4) 1/2 0.4536(5) 0.059(2) 0.482(8)
Cu(2) 1/2 0.682(4) 1/2 0.059(2) 0.146(6)
Cu(3) 0.452(1) 0 0.416(1) 0.059(2) 0.185(6)
Cu(4) 0 0.191(5) 0 0.087(9) 0.145(9)
Se(1) 0.3612(1) 1/2 0.3408(1) 0.0209(3) 1
Se(2) 0.1890(1) 0 0.0832(1) 0.0203(3) 1
Se(3) 0.3741(1) 0 0.5573(1) 0.0216(3) 1
I(1) 0.5228(1) 0 0.1651(1) 0.0254(2) 1

2
Bi(1) 0.33603(3) 3/4 0.57381(2) 0.0174(1) 1
Bi(2) 0.54335(3) 1/4 0.56248(2) 0.0159(1) 1
Bi(3) 0.74329(3) 3/4 0.65504(2) 0.0249(2) 1
Bi(4) 0.86403(4) 1/4 0.75787(2) 0.0230(2) 1
Bi(5) 0.50876(4) 3/4 0.85431(3) 0.0365(2) 1
Bi(6) 0.60021(3) 1/4 0.99330(2) 0.0222(2) 1
Cu(1) 0.5509(2) 3/4 0.68850(9) 0.0508(7) 1
Cu(2) 0.6497(2) 1/4 0.7477(1) 0.0643(9) 1
Cu(3) 0.6826(1) 1/4 0.88091(9) 0.0364(5) 1
S(1) 0.4164(2) 1/4 0.5116(1) 0.0140(6) 1
S(2) 0.4746(2) 3/4 0.6147(1) 0.0150(6) 1
S(3) 0.6243(2) 1/4 0.6660(1) 0.0160(7) 1
S(4) 0.4705(2) 3/4 0.7522(1) 0.0161(7) 1
S(5) 0.5932(2) 1/4 0.8210(1) 0.0144(6) 1
S(6) 0.7400(2) 3/4 0.7503(1) 0.0155(6) 1
S(7) 0.8572(2) 1/4 0.6629(1) 0.0142(6) 1
S(8) 0.8071(2) 3/4 0.8650(1) 0.0155(6) 1
S(9) 0.6372(2) 3/4 0.9236(1) 0.0155(7) 1
S(10) 0.4703(2) 1/4 0.9464(1) 0.0117(6) 1
I(1) 0.74941(5) 1/4 0.54538(3) 0.0192(2) 1

a Ueq is defined as one third of the trace of the orthogonalized Uij tensor.

Table 3
Selected bond distances (Å) for 1.

Bi(1)—Se(2) 2.817(1) Bi(1)—Se(1) 2.973(1)
Bi(1)—Se(2)a 2.817(1) Bi(1)—I(1)a 3.254(1)
Bi(1)—Se(2)b 2.958(1) Bi(1)—I(1) 3.254(1)
Bi(2)—Se(3) 2.720(2) Bi(2)—Se(3)c 3.191(2)
Bi(2)—Se(1) 2.827(2) Bi(2)—Se(3)d 3.191(2)
Bi(2)—Se(1)e 2.827(2)
Bi(2A)—Se(3) 2.711(4) Bi(2A)—Se(1) 3.164(3)
Bi(2A)—Se(3)c 2.846(3) Bi(2A)—Se(1)e 3.164(3)
Bi(2A)—Se(3)d 2.846(3)
2. Experimental section

2.1. Synthesis

The chemicals used in the reactions were bismuth (pieces,
99.99%, Aldrich), copper (foil, 99.98%, Aldrich), copper(I) iodide
(Riedel-de Haën, 99%), sulfur (powder, 99.98%, Aldrich), and sele-
nium (pellet, 99.98%, Aldrich). All manipulations were conducted
under a dry N2 atmosphere in an OMNI-LAB glove box. The che-
micals were loaded in fused silica tubes (diameter: 8 mm) and
sealed under a vacuum (o10�4 Torr).

Black needle crystals of 1 were synthesized by a mixture of
1.0 mmol Bi, 0.5 mmol CuI, and 1.5 mmol Se chemicals. The reac-
tion was heated at 400 °C for 72 h, followed by quenching in air.
The product was ground into a powder treated with an annealing
at 300 °C for 72 h in a vacuum-sealed tube. The quenching and
annealing profiles successfully obtained a pure phase of 1 and
avoided the formation of BiSeI in the product. Black needle crystals
of 2 were synthesized by a mixture of 6.0 mmol Bi, 2.0 mmol Cu,
1.0 mmol CuI, and 10.0 mmol S chemicals. The mixture was heated
slowly to 400 °C and kept at this for 144 h, then cooled to 300 °C
within 20 h, and the process was finished by turning off the power.
The product was characterized as a pure phase of 2.

2.2. Single crystal X-ray diffraction analysis

Single crystals were selected for indexing and data collection
on a Bruker APEXII CCD diffractometer, and irradiated with gra-
phite-monochromatized Mo Kα radiation (λ¼0.71073 Å). Data
integrations and empirical absorption corrections were performed
using the SAINT and SADABS functions, respectively, in the APEX2
package [13]. The structures were solved and refined using the
SHELXTL-97 package [14]. Crystal data and atomic coordinates of
the two structures are listed in Tables 1 and 2, respectively. Se-
lected bond distances are listed in Tables 3 and 4.

For 1, the space group was determined to be C2/m, based on the
intensity distributions and systematic absences of the observed
structure factors. Direct methods were used to locate Bi(1), Bi(2),
Bi(2A), Cu(1)–Cu(4), Se(1)–Se(3), and I(1) atoms on the electron
density maps. The Bi(2) and Bi(2A) atoms separated by a distance
Table 1
Crystal data and refinement details for 1 and 2.

Compound 1 2

Formula Bi2Cu0.96(4)Se3I Bi6Cu3S10I
Formula weight 845.3 1892.1
Crystal system Monoclinic Orthorhombic
Space group C2/m Pnma
a (Å) 14.243(2) 17.476(2)
b (Å) 4.1937(7) 4.0078(4)
c (Å) 14.647(2) 27.391(2)
β (deg) 116.095(2) –

V (Å3) 785.7(2) 1918.5(3)
Z 4 4
ρcalcd (g cm�3) 7.146 6.550
μ (mm–1) 65.083 60.754
T (K) 293 293
Total refls. 3057 14,461
Unique refls. 1102 2712
(Rint) (0.0225) (0.0417)
Goodness-of-fit 1.072 1.074
R1

a [I42s(I)] 0.0305 0.0371
wR2

b [I42s(I)] 0.0712 0.0865

a R1¼(∑||Fo|� |Fc||)/∑|Fo|.
b wR2¼{∑[w( F0

2� Fc
2)2]/∑[w(F0

2)2]}1/2.

Cu(1)—Se(1) 2.374(5) Cu(1)—Se(3)f 2.450(3)
Cu(1)—Se(3)g 2.450(3) Cu(1)—Se(1)g 2.705(6)
Cu(2)—Se(1) 2.421(5) Cu(2)—Se(3)a 2.653(8)
Cu(2)—Se(1)g 2.421(5) Cu(2)—Se(3)g 2.653(8)
Cu(3)—Se(3)f 2.330(13) Cu(3)—Se(1) 2.455(7)
Cu(3)—Se(1)e 2.455(7) Cu(3)—Se(3) 2.747(17)
Cu(4)—Se(2)h 2.576(11) Cu(4)—I(1)i 2.592(15)
Cu(4)—Se(2) 2.576(11) Cu(4)—I(1)b 2.592(15)
Cu…Cu among the centers Cu…Cu along the b axis
Cu(1)…Cu(2) 1.33(1) Cu(2)…Cu(2)g 1.52(3)
Cu(2)…Cu(3)g 1.74(2) Cu(4)…Cu(4)h 1.78(6)
Cu(1)…Cu(1)g 2.18(1) Cu(2)…Cu(2)j 2.68(3)
Cu(3)…Cu(3)f 2.23(3) Cu(4)…Cu(4)k 2.42(6)
Cu(1)…Cu(3) 2.39(1)
Cu(1)…Cu(3)g 2.82(1)

Symmetry code:
a x, yþ1, z;
b –xþ1/2, –yþ1/2, –z;
c –xþ1/2, –y–1/2, –zþ1;
d –xþ1/2, –yþ1/2, –zþ1;
e x, y–1, z;
f –xþ1, –y, –zþ1;
g –xþ1, –yþ1, –zþ1;
h –x, –y, –z;
i x–1/2, yþ1/2, z;
j –xþ1, –yþ2, –zþ1;
k –x, –yþ1, –z;



Table 4
Selected bond distances (Å) for 2.

Bi(1)—S(8)a 2.661(2) Bi(1)—S(1) 2.982(3)
Bi(1)—S(8)b 2.661(2) Bi(1)—S(1)c 2.982(3)
Bi(1)—S(2) 2.669(4) Bi(1)—S(9)b 3.476(4)

Bi(2)—S(1) 2.621(4) Bi(2)—S(1)d 2.937(3)
Bi(2)—S(2)e 2.740(2) Bi(2)—S(1)f 2.937(3)
Bi(2)—S(2) 2.740(2) Bi(2)—S(3) 3.170(4)

Bi(3)—S(6) 2.609(4) Bi(3)—S(3) 2.903(3)
Bi(3)—S(7)c 2.837(3) Bi(3)—S(3)c 2.903(3)
Bi(3)—S(7) 2.837(3)

Bi(4)—S(7) 2.604(3) Bi(4)—S(6)a 2.959(3)
Bi(4)—S(4)g 2.748(3) Bi(4)—S(6) 2.959(3)
Bi(4)—S(4)h 2.748(3) Bi(4)—S(8) 3.098(4)

Bi(5)—S(5) 2.651(2) Bi(5)—S(10)c 3.291(3)
Bi(5)—S(5)c 2.651(2) Bi(5)—S(10) 3.291(3)
Bi(5)—S(4) 2.876(4) Bi(5)—S(7)b 3.350(3)
Bi(5)—S(9) 2.939 (4) Bi(5)—S(7)a 3.350(3)

Bi(6)—S(10) 2.609(3) Bi(6)—S(10)i 2.874(2)
Bi(6)—S(9)e 2.842(2) Bi(6)—S(10)j 2.874(2)
Bi(6)—S(9) 2.842(2)

Cu(1)—S(4) 2.240(4) Cu(1)—S(3)c 2.458(3)
Cu(1)—S(2) 2.421(5) Cu(1)—S(3) 2.458(3)

Cu(2)—S(5) 2.237(4) Cu(2)—S(6) 2.553(3)
Cu(2)—S(3) 2.280(5) Cu(2)—S(6)e 2.553(3)

Cu(3)—S(8) 2.221(4) Cu(3)—S(9)e 2.452(3)
Cu(3)—S(5) 2.265(4) Cu(3)—S(9) 2.452(3)

I(1)…Bi(1)f 3.590(1) I(1)…Bi(3) 3.612(1)
I(1)…Bi(6)k 3.600(1) I(1)…Bi(3)e 3.612(1)
I(1)…Bi(6)l 3.600(1) I(1)…Bi(2) 3.632(1)

I(1)…S(1)d 3.853(3) I(1)…S(7) 3.732(3)
I(1)…S(1)f 3.853(3) I(1)…S(9)l 3.880(4)
I(1)…S(3) 3.962(4) I(1)…S(10)g 3.866(3)

Symmetry code:
a x�1/2, yþ1, �zþ3/2;
b x�1/2, y, �zþ3/2;
c x, yþ1, z;
d �xþ1, �y, �zþ1;
e x, y�1, z;
f �xþ1, �yþ1, �zþ1;
g xþ1/2, y, �zþ3/2;
h xþ1/2, y�1, �zþ3/2;
i �xþ1, �yþ1, �zþ2;
j �xþ1, �y, �zþ2;
k �xþ3/2, �y, z�1/2;
l �xþ3/2, �yþ1, z�1/2.
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of 0.486(1) Å were refined with occupancies of 63.5(5)% and 36.6
(5)%, respectively. The bond-valence sums displayed the charges of
2.83 and 2.82 for the two bismuth sites. The Cu(1)–Cu(4) sites
were refined with occupancies of 48.2(8)%, 14.6(6)%, 18.5(6)%, and
14.5(9)%, respectively. The bond-valence sums displayed the
charges of 0.75–0.86 for the four copper sites. The formula of 1
was then determined to be Bi2Cu0.97(4)Se3I. The anisotropic dis-
placement parameters (ADPs) of the Cu(1)–Cu(3) sites situated at
the same location were constrained. The significant deficiencies
may cause these copper sites to have higher values of ADPs. All the
atoms in 1 were refined anisotropically with R1 and wR2
converging at 0.0305 and 0.0712, respectively.
For 2, the space group was determined to be Pnma, based on

the intensity distribution and systematic absences of the observed
structure factors. Direct methods were used to locate Bi(1)–Bi(6),
Cu(1)–Cu(3), S(1)–S(10), and I(1) atoms on the electron density
maps. The bond-valence sums of the six bismuth sites displayed
the charges of 2.94–3.19. The three copper sites were confirmed by
the charges of 1.09, 1.11 and 1.24. All of these atoms were refined
anisotropically with R1 and wR2 converging at 0.0371 and 0.0865,
respectively. The formula of 2 was determined to be Bi6Cu3S10I.

2.3. Electron microscopy

Semiquantitative analyses of crystals were performed using a
Hitachi SU-1500 scanning electron microscope equipped with a
Horiba EMAX-ENERGY energy dispersive spectrometer (EDS). The
data were acquired using an accelerating voltage of 10 kV and
analyzed using the EMAX Suite version 1.90 software. The EDS
analyses on several crystals of 1 and 2 gave the average compo-
sitions of Bi2.0(1)Cu1.2(1)Se2.9(1)I1.0(1) and Bi6.0(1)Cu3.2(2)S9.8(2)I1.0(1),
respectively (Fig. S1).

2.4. Powder X-ray diffraction analysis

The powder X-ray diffraction (PXRD) patterns were collected
with a Bruker AXS D2 phaser using a Cu Kα tube (1.5406 Å) at
30 kV and 10 mA. A one-dimensional LYNXEYE detector designed
with more than 150 integrated slits record 2θ positions with an
angular accuracy of less than 0.02°. The measured PXRD patterns
of 1 and 2 compared well with the patterns simulated from the
results of the single-crystal X-ray structural analyses (Figs. S2 and
S3).

2.5. Differential thermal analysis

Differential thermal analysis (DTA) was performed using a
computer-controlled Shimadzu DTA-50 thermal analyzer. The
sample and a reference Al2O3 were loaded with the same weight
of about 25 mg and were sealed in fused silica ampoules under a
vacuum. The heating and cooling procedures of the DTA chamber
were operated at the same rate of 20 °C min�1. The thermal
measurement was monitored by multiple cycles of melting and
recrystallization. The first run of the heating curve of 1 displayed
an endothermic peak at ∼456 °C followed by an increased back-
ground to end with a weak endothermic peak at ∼570 °C (Fig. S4a).
The cooling curve displayed an intensive exothermic peak at
∼550 °C and two weak exothermic peaks at 430 °C and 377 °C. The
three exothermic peaks reappeared at the same positions in sec-
ond run of measurement. This data indicates that the phase of 1
decomposed at ∼456 °C. Several powder samples of 1 were then
prepared in sealed tubes to quench at various temperatures. The
PXRD patterns of the products showed that the phase of 1 was still
stable at 400 °C and 430 °C (Fig. S5a). As the sample quenched at
500 °C, BiCu3Se3, one of the decomposed products, was identified
by the comparative PXRD patterns (Fig. S5b). The recrystallizing
temperature of BiCu3Se3 measured at ∼570 °C may explain the
intensive exothermic peak appeared at ∼550 °C for 1 (Fig S4b).

The heating curve of 2 displayed an endothermic peak at
∼492 °C, followed by an increased background to end with an
broad and weak endothermic peak at ∼630 °C (Fig. S6). The cool-
ing curve of 2 displayed two exothermic peaks at ∼408 °C and
∼597 °C. Similarly, several samples of 2 were prepared and quen-
ched at various temperatures. The PXRD pattern showed that the
phase of 2 was stable at 400 °C, but no longer existed in the pro-
ducts quenched from 500 °C and 600 °C (Fig. S7). These phe-
nomena indicate that the phase of 2 was decomposed at ∼492 °C.



Fig. 1. A perspective view of three-dimensional structure of 1 along the b axis.
Color scheme: Bi atoms, blue; Cu atoms, cyan; I atoms, purple; Se atoms, red.
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However, the decomposed phases were hard to be characterized
by the comparative PXRD patterns to explain the two exothermic
peaks appeared in 2.

2.6. UV–vis–NIR spectroscopy

Diffuse reflectance spectra were record using a Hitachi U-4100
UV–vis–NIR spectrophotometer covering a wavelength range from
300 to 3300 nm. This system was equipped with a single mono-
chromator, a photomultiplier detector for the UV/Vis region, and a
PbS-based detector for the NIR region. The powder sample was
measured with respect to BaSO4 powder as a reference. The ab-
sorption data (α/S) were calculated from the reflectance data using
the Kubelka–Munk function: α/S¼(1�R)2/2R where R is the re-
flectance at a given energy, α is the absorption, and S is the scat-
tering coefficient. The band gap was determined as the intersec-
tion point between the energy axis and the line extrapolated from
the linear portion of the absorption edge [15].

2.7. Electronic structure calculation

The electronic properties were studied within the B1-WC [16]
hybrid functional using a linear combination of the atomic orbitals
method and localized Gaussian basis sets, as implemented in CRYS-
TAL code. [17] B1-WC hybrid mixes the generalized gradient ap-
proximation functional of Wu and Cohen [18] with 16% of exact
exchange within the B1 scheme [19]. The triple-zeta valence with
polarization basis sets for solid state calculations were used [20].
Effective core pseudopotentials were considered for I [21] and Bi [22],
whereas the other elements were treated at the all electron level. The
relaxed lattice parameters and atomic positions within B1-WC
functional are applied for the calculations (Tables S1 and S2).

Other technical details are as follows. For 1, we performed a
first model calculation in which the Cu(4) site was treated fully
occupied and the other Cu sites were empty. A second model
calculation with Cu(1) site fully occupied and the other Cu sites
empty, was also performed. The Bi(2) site was treated with a full
occupancy in both model calculations of 1. The optimized lattice
constants were determined considering a 6x6�3 mesh of k points
in the primitive triclinic Brillouin zone of 1 and a 4x8�2 mesh of k
points in the orthorombic Brillouin zone of 2. The self-consistent
calculations converged in energy to within 10�8 Hartree, and the
atomic positions were relaxed until the forces were smaller than
2.5�10�5 Hartree/Bohr. An extralarge predefined pruned grid
consisting of 75 radial points and 974 angular points was used for
the numerical integration of charge density. The level of accuracy
in evaluating the Coulomb and exchange series was controlled by
five parameters [16]. The values used in our calculations are 7, 7, 7,
7, and 14.

2.8. Thermoelectric measurement

The measurements of the Seebeck coefficient (S) and electrical
conductivity (s) were performed simultaneously using an ULVAC-
RIKO ZEM-3 system under a residual pressure of He gas to facil-
itate homogeneous distribution of heat inside the furnace. A rec-
tangular pellet with dimensions of 10 mm�3 mm�3 mm was
prepared, and this was then annealed at 300 °C for three days.
Thermal conductivity (κ) was calculated from thermal diffusivity
(D), density (ρ), and heat capacity (Cp) with the formula κ¼D�ρ
�Cp. A Netzsch LFA-457 system was used to measure the thermal
diffusivity and heat capacity. A round pellet with a diameter of
10 mm and a thickness of 2 mm was prepared and that was pro-
cessed by the same annealing profile. Both rectangular and round
pellets were shaped by a pressure of 400 MPa using the powder
samples sieved with a 74 μm mesh.
3. Results and discussion

3.1. Structural description

The structure in 1 can be viewed as two distinct layers alter-
nating along the b axis (Fig. 1). The first layer is constructed by the
building block consisting of Bi(1)Se4I2 octahedra and Cu(4)Se2I2
tetrahedra (Fig. 2a). The Bi(1)Se4I2 octahedron has four Bi–Se bond
distances ranging from 2.817(1) Å to 2.973(1) Å and two Bi–I bond
distances of 3.254(1) Å. In the literature, the Bi–I bonds display
3.24 Å in BiSeI [23] and 2.81–3.48 Å in Cu3Bi2S3I3 [7b]. The
Cu(4)Se2I2 tetrahedron is regular with two Cu–Se and two Cu–I
bond distances of 2.576(11) Å and 2.592(15) Å, respectively. These
polyhedra share edges to form an infinite column along the b axis
with the structural topology mimic the fragment sliced from the
NaCl-type lattice along the [100] direction. The columns are then
fused together to form the first layer in 1. A pseudo Cu(4)…Cu
(4) distance of 1.78(6) Å appears along the column that is symme-
trically generated by a mirror plane lying on the pair of Se(2) atoms.
The second layer is built up of the edge-sharing Bi(2)Se5 square
pyramid and an aggregated group of CuSe4 tetrahedra, with metal
ions disordered among the Cu(1)–Cu(3) sites (Fig. 2b). Both
Cu(1)Se4 and Cu(3)Se4 tetrahedra display three short and one long
Cu–Se bond distances that is a typical coordination for Cuþ ions
mobile between trigonal and tetrahedral holes [8]. The meaningless
Cu…Cu distances between 1.33(1) Å and 2.39(1) Å observed among
the Cu(1)–Cu(3) sites can be attributed to these deficient sites
cannot be occupied simultaneously within the same unit cell [5].
This framework is similar to that of Cu1.57Bi4.69Se7.64I0.36 [7c], but
the sever Bi/Cu or Se/I disordering phenomena do not appear in the
atomic positions of 1.

Compound 2 adopts a new three-dimensional structure as-
sembled by BiS5 square pyramids, BiS6 octahedra, BiS8 polyhedra,
CuS4 tetrahedra, and I� anions (Fig. 3). The framework in 2 can be
depicted by three individual infinite columns with their structural
topology mimic the monolayer of the NaCl-type lattice terminated
with various widths (Fig. 4a). The first column is constructed by a
building block consisting of Bi(1)S6 and Bi(2)S6 octahedra and their

21-generated (//
→
b ) counterparts (Fig. 4b). The second column is

based on a building block consisting of Bi(3)S5 square pyramids,
Bi(4)S6 octahedra, and Cu(2)S4 tetrahedra. The third column is

extended by a building block consisting of 21-related (//
→
b ) Bi(5)S8

bicapped octahedra, Bi(6)S5 square pyramids and Cu(3)S4 tetra-
hedra. Finally, an infinite chain running by the corner-sharing
Cu(1)S4 tetrahedra bridge these columns to form a novel frame-
work featuring the penetrating tunnels. Instead of participating
with the covalent bonding, I� anions in 2 are uniquely trapped in



Fig. 2. ORTEP drawings of the building blocks (a) and (b) to form the layers in 1.
Thermal ellipsoids are shown at the 40% probability level.

Fig. 3. A perspective view of three-dimensional structure of 2 along the b axis.
Color scheme: Bi atoms, blue; Cu atoms, cyan; I atoms, purple; S atoms, yellow.
Three individual infinite columns in the framework are shaded by the rectangular
patterns.

Fig. 4. (a) Three individual infinite columns bridged by an infinite chain of Cu(1)S4
tetrahedra. (b) ORTEP drawings of the building blocks to form the columns in 2.
Thermal ellipsoids are shown at the 60% probability level.

Fig. 5. UV–vis–NIR optical absorption spectra of 1 and 2.
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the tunnels. To the best of our knowledge, the ionic character of I�

anions present in the extended structures of metal chalcogenides
are very limited, such as Ni8Bi8SI [24a] and Ni8Bi8SI2 [24b]. In 2,
the Bi–S bond distances of the five-, six-, and eight-coordinated
polyhedra range from 2.604(3) Å to 3.476(4) Å. As compared with
the Cu–S bond distances of 2.303(7)–2.345(4) Å reported for
CuBiS2 [25], Cu(1)S4–Cu(3)S4 tetrahedra are inherently distorted
within this framework. For example, the Cu(1)S4 tetrahedron has
one sort and three longer Cu–S bond distances of 2.240(4) Å and
2.421(5)–2.458(3) Å, respectively. This may explain the three
copper sites featuring higher values of ADPs. In 2, the I(1) anion is
surrounded by eight Bi3þ cations with the I…Bi distances dis-
tributed in the range of 3.590(1)–3.632(1) Å. These distances are
similar to those of 3.492(3)–3.950(2) Å of the nine-coordinated I�

anions characterized in Ni8Bi8SI2. In addition, the I(1) anion is
surrounded by six S2� anions, including two S(1), S(3), S(7), S(9),
and S(10) atoms, where the I…S distances range from 3.732(3) Å to
3.962(4) Å.

3.2. Electronic band structures

The measured band gaps of 1 and 2 were ∼0.68 eV and
∼0.72 eV by the solid UV–vis–NIR absorption spectrum, respec-
tively (Fig. 5). The electronic band structure of 1 calculated with
the full Cu(4) and Bi(2) sites reveals an indirect band gap of
∼1.25 eV with the valence band maximum along the ΓL direction
and the conduction band minimum at the L[0.5,0.5,0] point of the
triclinic primitive Brillouin zone (Fig. 6a). The model with the Cu
(4) site treated as fully occupied is more stable by 3.8 eV than the
one with the Cu(1) site fully occupied (Fig. S8).

The density of states (DOS) analysis of 1 shows that the band
gap Eg is mainly formed by the hybridization of Bi p and Se p or-
bitals in the [�7 eV, 0 eV] and [1.5 eV, 5.5 eV] energy intervals of
the valence and conduction band, respectively (Fig. 7a). This hy-
bridization suggests a degree of covalence in the Bi–Se bonding
interactions. We assign the Eg overestimation with respect to the



Fig. 6. Electronic band structures labeled with high symmetry points [33] of (a) 1 and (b) 2.

Fig. 7. Density of states (DOS) for (a) 1, and (b) 2. The total DOS of the atoms is shown. For Cu atoms the partial s contribution is also included.
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experiment mainly to the lack of spin–orbit interaction (SOI),
which cannot be included in the electronic structure calculations
with Crystal code. SOI interaction can reduce Eg ∼0.3 to 0.4 eV in
chalcogenides containing heavy Bi and Se atoms [26]. The hybrid
functionals are known to describe with more accuracy the band
gap values than the usual simple functionals [27]. The hybridiza-
tions of the filled and unfilled Cu(4) s states around [–6 eV, �1 eV]
and [1.5 eV, 6 eV] with I p states, respectively, show the weak
covalent character of the Cu–I bonds within the Cu(4)Se2I2 tetra-
hedron. The hybridizations of Cu(4) s states and Se p states are also
present in the same energy intervals. The DOS of 1 shows that the
Cu and I states contribute to the top valence band states together
with the Se p states, and these are active in the transport
properties.

The electronic band structure of 2 reveals a direct band gap
with Eg of ∼1.20 eV at the Γ point in the Brillouin zone (Fig. 6b).
The DOS analysis shows that the valence band states lying in the
[�7.5 eV, �4 eV] energy interval have the largest contributions
from S(2), S(3), S(4), S(5), S(8) p orbitals, and Bi(1)–Bi(6) p orbitals
(Fig. 7b). The states lying in the [�4 eV, 0 eV] energy interval have
the largest contributions from Cu(1)–Cu(3) d orbitals, I p orbitals, S
(1), S(6), S(7), S(9) and S(10) p orbitals, and Bi1–Bi6 p orbitals. In
this higher energy interval Cu d orbitals hybridize with S p orbitals,
showing a very weak degree of covalence in the Cu‒S bonding



Fig. 8. The measurements of (a) thermopower (S) and electrical conductivity (s)
and (b) thermal conductivity (κ) for 1 in the temperature range of 300–425 K.
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interactions. The conduction band is mostly dominated by Bi p
orbitals, but also has contributions from S p orbitals. This shows a
degree of covalence in the Bi–S bonding interactions.

We identify that the S atoms with an average bond distance of
less than 2.7 Å have the p orbitals better stabilized, mostly lying in
the [�7.5 eV, �4 eV] energy interval, whereas the p orbitals of the
S atoms with an average bond distance larger than 2.7 Å are
mostly lying at higher energies in the [�4 eV, 0 eV] energy in-
terval. Therefore, I p orbitals are almost all filled and lying in the
[�4 eV, 0 eV] energy interval, showing that I atoms hybridize in
this energy interval with S atoms. We propose this hybridization to
the van der Waals interactions between I and nearest neighbor S
atoms (S(1), S(7), S(9), and S(10)) based on the bond distances less
than 4 Å (the Shannon radii of 2.20 Å for I� and 1.84 Å for S2�)
[28].

3.3. Thermoelectric properties

The thermopower (S) values of Bi2CuSe3I (1) are 500 μV/K at
300 K and 460 μV/K at 425 K (Fig. 8a). The electrical conductivities
(s) increase along with the temperature, with 0.016 S/cm mea-
sured at 425 K. The transport properties reveal 1 belonging to a
p-type semiconductor. For 1, the thermal conductivities (κ) are
0.30 W/mK at 300 K and 0.22 W/mK at 425 K (Fig. 8b), and these
values can be considered as a contribution from the lattice part (κl)
since an infinitesimal value of the electronic part (κe) according to
the Wiedemann–Franz law [29]. The structures derived from the
Bi2Te3 model have established many materials, such as CsBi4Te6
[30] and K2Bi8Se13 [31], which complex frameworks can enhance
phonon scattering to decrease the value of κl. The hybridization of
chalcogenide and halide within the framework as the example of
BiTeI may help to lower the κl in 1.[11]
4. Conclusions

The solid-state reactions performed at low temperature have
successfully discovered two kinetic stable phases of Bi2CuSe3I (1)
and Bi6Cu3S10I (2), in which structures iodide anions participate in
distinct covalent and ionic bonding characters, respectively. The
various extents of I orbitals contributing to the valence and con-
duction bands coincides with their relative strengths of bonding
interactions. The low lattice thermal conductivity were found in
the framework of 1, which values can be comparable to 0.27–
0.43 W/mK reported for several silver chalcohalides like
Ag10Te4Br3 [32]. However, the low electrical conductivity still re-
mains a huge challenge for these materials.
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