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A novel quaternary sulfide, BasCugln,S;, (1), has been successfully
synthesized via a high-temperature solid-state reaction. It contains
CugS10S4/2 clusters as basic building blocks, which are connected to
one another by discrete In®* ions to generate a 3D copper-rich
framework, where the Ba?* cations reside. Interestingly, such large
clusters that are fused by five crystallographically independent Cu
sites with three different chemical environments result in the
increase of phonon scattering, which is the crucial factor to the
exceptionally low lattice thermal conductivity (ca. 0.28 W m™t K
at 773 K) in 1.

Solid-state cuprous- and argentous-based chalcogenides have
been extensively investigated for several decades not only
for their promising applications in thermoelectric (TE) fields,
such as Cu,_,Se," Cu,PSeg,” AgCuSe,* AgSbTe,* and CsAg;Te;,”
but also for their intriguing architectures and topologies, for
instance, monovalent Cu/Ag can create various asymmetric
local environments to the chalcogenides due to the lack of
crystal field stabilization, forming linear, trigonal, and tetra-
hedral geometries. On the other hand, group 13-containing
chalcogenides containing MQ, tetrahedra (e.g., M = Ga, In)
serve as the smallest structural units and have also attracted
intensive research. From the point of view of crystallography,
these structural units are always linked together by sharing
corners or edges to form 1D chains, 2D layers, and 3D networks.
Also, most of them show exciting TE properties. For instance,
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InTe, a mixed-valent 1D compound, exhibits an ultralow lattice
thermal conductivity (k, ~ 0.4 W m™ ' K ') in high-quality
crystalline ingots.® 2D layered In,Pb,Sn,Se; is an exceptional
candidate for mid-temperature TE materials with a high figure
of merit ZT value of 1.4 at 733 K.” CuGaTe, and CulnTe, show
high-efficiency TE performances based on the 3D diamond-like
frameworks.®

To date, a large number of ternary A/TM/Q and A/M/Q
(A = cations; TM = coinage metals; M = group 13 metals; and
Q = chalcogenides) systems with diverse crystal structures have
been explored and synthesized. However, the existing examples
for quaternary compounds based on the A/TM/M/Q systems
are limited to only K,TMM;Ses (TM = Cu, Ag; M = Ga, In),’
CsAgGa,Se,,'® Ba,AgGasSeys,'' Ba,AgInS,,"”” Ba,TMGas;Q,
(TM = Cu, Ag; Q =S, Se),">"* Ba,TMMSe; (TM = Cu, Ag; M = Ga,
In; Q = S, Se),"* PbgTMIn,,S;, (TM = Cu, Ag, Au),"””> RE,CulnQ;
(RE = La-Nd, Sm; Q = S, Se),"® La,Ag,In,S13,"” and RE;CuGaQ,
(RE = La-Nd; Q = S, Se) compounds."® Moreover, all of them are
not coinage metal-rich compounds, ie., the ratio of TM/M < 1.
In recent years, a large family of natural minerals called tetra-
hedrites has received worldwide intensive investigation due to
their unique structural characteristics (e.g., large Cu/Sb ratio and
different coordination geometries of Cu atoms) and their promis-
ing thermoelectric applications. For example, the pure synthetic
tetrahedrite Cuy,Sb,S13 has a ZT value of approximately 0.6 at
700 K; the values of transition-metal-substituted tetrahedrite
compounds are in the range of 0.7-1.1."° In this communication,
we report a novel quaternary semiconductor, BasCugln,S;, (1),
with a unique 3D copper-rich framework (Cu/In = 4) and unusual
Cu coordination that exhibits ultralow thermal conductivity.

Air-stable 1 was prepared via a solid-state reaction by heating
of a mixture of elements Ba, Cu, In, and S at 1223 K (for details,
see the ESIt). The thermal stability of 1 was investigated by
TG-DTA analysis on a NETZSCH STA 449C simultaneous analyser.
As shown in Fig. 1a, compound 1 has excellent thermal stability
and shows no obvious weight loss within the entire experimental
temperature range. Moreover, the DTA data show only one sharp
endothermic peak at around 968 K in the heating curve and one
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Fig.1 Measurements on 1: (a) TG and DTA (inset) diagrams. (b) PXRD of
simulated (black), as-synthesized (red), and DTA products (blue).

sharp exothermic peak at 902 K in the cooling curve, which
indicates that 1 is a congruently melting compound. In order to
further verify its thermal behaviour, the powder X-ray diffraction
(PXRD) patterns recorded before and after DTA indicated the full
recovery of compound 1 (Fig. 1b).

Single-crystal XRD analysis reveals that 1 crystallizes in the mono-
clinic space group C2/c (no. 15) with a = 14.584(2) A, b = 16.369(2) A,
¢=10.509(2) A, § = 100.14(2)° and Z = 4. In the asymmetric unit, the
structure of 1 consists of 15 crystallographically independent
sites, which include three Ba sites, one In site, six S sites and
five Cu sites (the corresponding Cu5 atom splits into three sites,
Cu5A, Cu5B, and Cu5C, with occupancies of 17(4)%, 42(2)%, and
41(2)%, respectively). As shown in Fig. 2, the 3D copper-rich
Cu-In-S open framework was constructed by 1D [CugS,]*®™ chains
(dashed area in Fig. 2) of vertex sharing S atoms. The channels
along the c-direction were occupied by Ba®* cations.

Fig. 2 3D framework structure of 1 viewed down the c-axis with the unit
cell marked (1D [CugS1,]*®~ chain is outlined by a dashed area; for details,
see Fig. 3).
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Fig. 3 (a) CugS10S4/2 cluster with the atom number marked. (b) Coordina-
tion geometry of Cu atoms with Cu—S distances. (c) 1D [CugS;2]*®~ chain
along the (100) direction with the width shown in the right side. The split
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The critical building block of 1 is the CugS;(S4/» cluster, as
shown in Fig. 3a, which consists of three types of coordination
modes. The coordination geometry of Cu atoms is shown in
Fig. 3b, where Cul and Cu5 are 3-fold coordinated in an
approximate plane triangle, Cu2 and Cu4 are 2-fold coordinated
in an approximate line, and Cu3 is 4-fold coordinated in a
distorted tetrahedron. Each cluster is interconnected with other
two neighbouring clusters by sharing four S6 atoms, which gives
rise to 1D [CugS;,]*®” chains along the (100) direction with a
width of 13.6 A (Fig. 3c). These chains are further linked together
by discrete In** ions to form a 3D open framework. The Cu
atoms show normal Cu-S distances, ranging from 2.142(4) to
2.574(4) A and the In atom is four-fold coordinated in a distorted
tetrahedral sphere with In-S bond distances of 2.444(4)-
2.510(4) A. There are three crystallographically independent Ba
atomic sites with two different chemical environments, as shown
in Fig. S1 (ESIT). Both Bal and Ba3 exhibit a square prismatic
coordination with eight Ba-S bonds of distances between
3.191(4) and 3.596(6) A, whereas the Ba2 atom is surrounded
by six close S atoms at the corners of a distorted triangular prism
with Ba-S distances of 3.057(4)-3.319 (4) A and two capping S
atoms at a further distance of 3.712(4)-3.921 (4) A. Such an
interesting coordination geometry of the Ba2 atom is also
observed in Ba;,In,S;s and Ba,M,Ss (M = Ga, In).*°

According to the solid-state optical absorption spectrum at
room temperature, the energy gap (E,) of 1 is estimated to be
2.14 eV (Fig. 4a), which is in agreement with its dark-red colour
and suggests a semiconductor behaviour. To understand the
nature of compound 1, the band structures together with
the projected density of state (PDOS) calculations have been
studied. As shown in Fig. 4b, the electronic structure calcula-
tions reveal an indirect E, of 1.09 eV for 1, which is smaller than
the measured value due to the well-known tendency of these
calculations to underestimate the value of E,. The PDOS
between +5.0 and —7.0 eV, with the Fermi level at 0 eV, is
shown in Fig. 4c. The major contribution to the valence band
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Fig. 4 (a) Solid-state optical absorption spectrum of 1. (b) The calculated

band structure of 1. (c) The projected DOS of 1 (the orbitals with minor
contributions are omitted for clarity). (d) Thermal conductivity as a function
of the temperature for a hot-pressed polycrystalline sample of 1 during
two thermal cycles.

maximum (VBM) is from the S-3p and Cu-3d states, while the
conduction band minimum (CBM) mainly consists of S-3p,
In-5s, Cu-3d and Ba-5d states. Therefore, the optical absorption
in 1 is mainly ascribed to the charge transitions from S-3p
states to In-5s, Cu-3d and Ba-5d states.

The thermal conductivity (i) and electrical conductivity
(0) of 1 have been measured on hot-pressed polycrystalline
pellets, the relative densities of which are more than 98% of the
theoretical value. As shown in Fig. 4d, the k., value decreases
with increasing temperature from 0.39 W m~* K at 300 K to
0.28 Wm ™' K ' at 773 K. This decrease in ko With increasing
temperature indicates that the phonon contribution to the
conductivity is predominant. This is consistent with the very
low thermal diffusivity (D) as a function of temperature (Fig. S2,
in the ESIf) and the insulating character of the electrical
transport properties (e.g., 1.75 x 10°'° S em ™" at 300 K for 1;
for details, see Fig. S3 in the ESIT). The thermal conductivity of
1 is one of the lowest reported for crystalline materials. Such a
value is more interesting to compare with the exceptional TE
materials in the range of 300-800 K, such as the highest ZT
value in the SnSe crystal, which exhibits an ultralow x;, value
(0.25-0.68 W m~ ' K'), is due to the strong anharmonicity of
chemical bonds in this layered compound,® phonon-liquid
electron-crystal (PLEC) materials Cu,_,S (0.30-0.55 W m™' K~ ')*
and Cu,PSe, (0.23-0.34 W m ' K '),> and typical phonon-glass
electron-crystal (PGEC) materials, e.g. multiple-filled skutterudites
(Ba.0sLap.05YDo.04C04Sbys, 1.61-0.97 W m~ ' K™ 1),** Zintl phases
(Yby,MnSby;,>* 0.61-0.47 W m™ ' K ', and Gd;;,C056Sny15, 0.3~
0.5 W m ' K ),> clathrates (BagGa;6Gesp,”° 0.20-0.46 Wm 'K %,
and BagAu;ePs0,” 0.15-045 W m ' K '), tetrahedrites
(Cuys_Z1,Sb,S15,** 0.15-1.02 W m* K%, and Cuy,Sb,S;,Se,'
0.31-0.72 W m~" K '), highly disordered compound Zn,Sb;
(0.27-0.42 W m~' K '),*® semiconducting sulfosalt LiPbSb;Sg
(0.21-0.24 W m~" K ')*° and Ag,TITe; (<0.25 W m~ ' K ).*°
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In addition, the ultralow thermal conductivity of 1 appears to be
similar in origin to the recently reported CsAgsTe,;” and likely
results from the concerted rattling of Cu atoms with different
chemical environments in the structure.

In summary, the first quaternary 3D copper-rich sulfide
framework, Ba;CugIn,S;,, in the A/TM/M/Q system (A = cations;
TM = coinage metals; M = group 13 metals; Q = chalcogenides)
has been discovered. The remarkable structural feature is the
novel CugS;¢S4/, clusters with the Cu atoms in three different
chemical environments. More interestingly, such an extra-
ordinary group of Cu atoms in the structure results in an
ultralow lattice thermal conductivity (ca. 0.28 W m™" K™ ') at
around 800 K. This new insight will shed useful light on the
search and design of promising thermoelectric materials with
exceedingly low thermal conductivities.
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% Crystal data for 1 at 293(2) K: monoclinic; C2/c; Z = 4; a = 14.584(15) A,
b = 16.369(17) A, ¢ = 10.509(12) A, f = 100.14(2)°, V = 2469(5) A°.
Collection and refinement data: deq. = 4.867 g cm™ ;1 =17.386 mm™';
9529 total reflections; 2835 unique reflections [F,”> > 2¢(F,>)]; GOF =

1.134; R, = 4.79% and wR, = 7.87% for I > 2¢(I). CCDC 1504921.
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