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ABSTRACT: A new quinary oxysulfide LaPbBiS;0 was designed and  °* ' '

successfully synthesized via a solid-state reaction in a sealed evacuated quartz
tube. This material, composed of stacked NaCl-like [M,S4] (where M = Pb, Bi)
layers and fluorite-type [La,0,] layers, crystallizes in the tetragonal space group
P4/nmm with a = 4.0982(1) A, ¢ = 19.7754(6) A, and Z = 2. Electrical
resistivity and Hall effect measurements demonstrate that it is a narrow gap
semiconductor with an activation energy of ~17 meV. The thermopower and
the figure of merit at room temperature were measured to be —52 ¢V/K and
0.23, respectively, which makes LaPbBiS;O and its derivatives be promising for

thermoelectric applications.

B INTRODUCTION

Thermoelectric materials have been studied for many years,
since they were demonstrated as a promising solution for
power generation as well as energy conversion. Bi,Te;-type
compounds and their alloys are famous for Peltier application at
or below room temperature.l_3 In the last decades, various
systems such as oxides, skutterudites, clathrates, half-Heusler
alloys, and PbTe-based materials were found to exhibit good
thermoelectric properties.* "' Low-dimensional materials may
exhibit essential features required for a high figure of merit,
because of their anisotropic crystal and electronic structures.
For instance, the BiCuXO (X = S, Se, Te) system, with
ZrCuSiAs-type layered structure, is of high thermoelectric
performance with a maximum figure of merit, ZT ~ 1.1, at high
temperatures.'* ' Another layered compound, CsBi,Te,
achieves a maximum ZT of ~0.8 at 225 K through suitable
doping."® Similar materials CsPbBi;Tes and CsPb,Bi;Te, were
also reported for their large values of thermopower (—50 uV/K
and —57 uV/K at 350 K, respectively).'® These complex Cs—
Pb—Bi—Te layered compounds consist of anionic infinite
[M,Te,,,] (M =Pb, Bi; n=4,S5,6,7) slabs separated by the
Cs* cation 1ayers.17 Obviously, the infinite [M,Te,,,] layers are
responsible for the large Seebeck coefficient. To explore new
thermoelectric materials, it is rational to design a layered
compound with the [M,Te,,,]-type slabs.
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Recently, a series of BiS,-based superconductors have
attracted much interest, because of their novel superconducting
properties.'*™>* The crucial structural unit for superconductiv-
ity is [Bi,S,] layers, which is isostructural to the [M,Te,,,]
slabs with n = 2. It also contains fluorite-type [La,O,] layers. It
is remarkable that the undoped parent compound, LaBiS,0,
exhibits a large thermopower up to ~150 uV/K at room
temperature.”® Thus, it is appealing to design a compound
containing [M,S,,,] slabs with n > 2, which may be a candidate
for thermoelectric materials as well as parent compounds of
superconductors. A rational approach is to assemble the two-
dimensional (2D) building blocks together, based on the
fruitful concept of crystal design.”>~>" In this Article, we report
our successful trial on the design and synthesis of a new quinary
oxysulfide, LaPbBiS,0, which is composed of stacked [M,S4]
layers and fluorite-type [La,O,] layers. Figure 1 presents how
we could design the target compound from these two-
dimensional (2D) blocks. The prototype of target compound
is LaM,Te;0, which consists of stacked [La,0,] layers and
[M,Tes] slabs. After considering lattice match and charge
balance, LaPbBiS;0 with a new crystal structure was then
designed and finally synthesized. Its physical properties were
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Figure 1. Crystal structure of LaPbBiS;0 designed by hybridization of
the two-dimensional (2D) building blocks [La,O,] in LaBiS,0 and
[M,S¢] (M = Pb, Bi) in CsM,Te,. Lattice match and charge balance
were taken into consideration.
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Figure 2. (a) Powder X-ray diffraction (XRD) patterns for LaPbBiS;0
indexed by a tetragonal cell. (b) The Rietveld refinement profile of the
XRD pattern for LaPbBiS;0.

then measured, and we conclude that LaPbBiS;0 is a narrow
gap semiconductor with a high ZT value, up to 0.23 at room
temperature.

B EXPERIMENTAL SECTION

Polycrystalline sample of LaPbBiS;0 was synthesized via a solid-state
reaction, using high-purity starting materials of La,S;, Bi,S; and PbO
(Alfa Aesar, >99.9%). These starting materials in the stoichiometric
ratio were accurately weighed first, and the mixture was placed into an
alumina tube, which then was sealed in an evacuated quartz ampule.
After that, the ampule was slowly heated to 940 K, holding for 1500
min. The resultant was then ground, pressed into pellets, and sintered
under vacuum at 1020 K for another 1500 min, followed by cooling to
room temperature. All the operations except for the ampule sealing
and heating were carried out in a glovebox with the water and oxygen
contents of <1 ppm. The pellet sample obtained was black in color,
whose density was measured to be 5.6(1) g/cm®.

X-ray diffraction (XRD) was performed using a PANalytical
diffractometer (Empyrean Series 2) with Cu Ka, radiation. The
crystal structure at room temperature was refined by Rietveld
analysis,”> and the composition of the polycrystalline samples was
checked by a field-emission scanning electron microscopy (SEM)
system equipped with an energy-dispersive X-ray spectroscopy (EDX)
device. The electrical resistivity was measured on a bar-shaped sample
with size of 5.0 mm X 1.7 mm X 1.5 mm by a standard four-terminal
method using gold wires and silver paste. We employed a Quantum
Design Physical Properties Measurement System (PPMS-9) to
measure the Hall coefficient, thermopower, and thermal conductivity
in the temperature range of 2—320 K. The infrared diffuse reflectance
of polycrystalline LaPbBiS;0 was measured using Bruker spectrom-
eters (Models IFS 113v and 80v) at room temperature. Note that all
the measurements of physical properties were performed on the same
specimen.

B RESULTS AND DISCUSSION

The XRD patterns for LaPbBiS;0 shown in Figure 2a are well-
indexed with a tetragonal P4/nmm space group (No.129). No
reflections from the possible impurities such as La,S;, La,0;,
Bi,S;, and ternary compounds were found. Only few tiny
reflections of PbS were observed (the intensity of the strongest
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impurity peak is <1% of that of the main phase). According to
the crystal design described above, the c-axis of LaPbBiS;O was
estimated to be ~20.0 A by the formula ¢ pypis,0 = CLapis,0 + 2

X d, where d stands for the interlayer distance in the [BiS]
multilayers*>** (here, d = 3.1 A). As expected, the fitted c-axis
(19.775 A) meets the estimated value. Moreover, the fitted a-
axis (4.0982 A) is close to that of LaBiS,0.%° Therefore, the
unit cell coincides with the designed structural model shown in
Figure 1.

The detailed structural parameters were obtained by a
Rietveld refinement shown in Figure 2b, and the crystallo-
graphic data including atomic coordinates are displayed in
Table 1. Note that Pb and Bi are assumed to occupy the same
crystallographic sites in disorder, and the occupancy were both
set to be a fixed value (0.5). One can see that the calculated

Table 1. Crystallographic Data for LaPbBiS;0 Obtained
from Powder XRD at Room Temperature

parameter value
chemical formula LaPbBiS;0
crystal system tetragonal

space group

unit-cell parameters

a (A)

¢ (A)

V (A%

z

density (g/cm®)
atom site

La 2c
(6] 2a
Pb/Bi(1)  2c
Pb/Bi(2) 2¢
S(1) 2c
S(2) 2c
S(3) 2c

P4/nmm (No. 129)

4.0982(1)
19.7754(6)
332.13(1)
2
6.6724(2)
X y z
0 0.5 0.0852(3)
0 0 0
0.5 0 0.5670(1)
0.5 0 0.2529(2)
0.5 0 0.7230(7)
0.5 0 0.4260(9)
0.5 0 0.1236(8)

occupancy
1.0
1.0
0.5/0.5 (fixed)
0.5/0.5 (fixed)
1.0
1.0
1.0

dx.doi.org/10.1021/ic501687h | Inorg. Chem. 2014, 53, 11125—-11129



Inorganic Chemistry

profile reproduces the experimental data well. The weighted
reliable factor R, (6.86%) and the goodness-of-fit parameter
(1.077) indicate correctness of the designed structure. The
quantitative analysis of EDX data collected on platelike
crystalline grains (displayed in Table 2) gives the average
ratio of La:Pb:Bi:S = 1.00(3):1.08(2):1.07(2):3.15(8) (oxygen
content cannot be accurately determined by EDX), which
confirms the chemical formula LaPbBiS;O.

Table 2. Energy-Dispersive X-ray (EDX) Data Collected on
Crystalline Grains for LaPbBiS;0

La (at. %) Pb (at. %) Bi (at. %) S (at. %)

1 14.03 14.44 14.86 40.40

2 13.08 14.85 14.16 43.86

3 13.76 14.98 14.71 43.45
average 1.00(3) 1.08(2) 1.07(2) 3.15(8)

The temperature dependence of electrical resistivity [p(T)]
for LaPbBiS;0 plotted in Figure 3 shows a semiconducting
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Figure 3. Temperature dependence of electrical resistivity for

LaPbBiS;0 from 2 K to 320 K. The inset plots In p vs T~ with an
Arrhenius fitting (red line).

behavior with a room-temperature resistivity p(300 K) of ~8
mQ cm. The high-temperature (T = 30—300 K) p(T) data
obey the thermal activation model,

p(T) =p, eXP(kE;]

The thermal activation energy E, was fitted to be ~17.1 meV.
In the low-temperature regime (T < 10 K), the data can be
fitted by the Mott’s law of three-dimensional variable range
hopping (VRH) p(T) o exp(To/T)"* (not shown here), 3
which suggests the Anderson localization scenario. This means
that the activation energy above (E,) cannot be used to derive
the energy band gap. To determine the energy band gap, the
infrared diffuse reflectance measurement was performed, and
the spectrum is shown in Figure 4. One can see a large drop
below 0.1 eV, which may be due to absorption across the band
gap. However, it is difficult to determine the band gap value
because of the phonon-induced peaklike structure. The band
gap can only be roughly estimated to be ~100 meV, according
to the reflectance spectrum.

Hall effect measurements under poH = 5 T were performed
from 2 K to 320 K to identify the species of carriers. The
temperature dependence of the Hall coefficient —Ry(T) for
LaPbBiS;0 is shown in Figure 5. Consistent with the
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Figure 4. Diffuse reflectance spectrum of polycrystalline LaPbBiS;0
measured at room temperature.
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Figure S. Temperature dependence of Hall coefficient under yoH = 5

T and carrier concentration for LaPbBiS;0. The inset shows the
temperature dependence of carrier mobility.

semiconducting behavior in the p(T) curve, the absolute
value of Hall coefficient increases by 4 orders of magnitude as
temperature decreases. Besides, the negative value of the Hall
coeflicient for all temperatures indicates that electron carriers
dominate, suggesting that the Fermi level is located at the tail of
the conduction band (localized states). Taking a single-band
picture, the effective carrier concentration was estimated by n =
1/(eRy) and shown in Figure S. At room temperature, the
carrier concentration is 6.77 X 10%® m™3, which corresponds to
0.0S electrons per Pb/Bi. These carriers are possibly generated
due to deviation of stoichiometry. The bismuth content is
slightly bit larger than the lead content, because of a small
amount of PbS impurity in the sample (such a small deviation
cannot be detected by EDX). The decrease in carrier mobility
with increasing temperature at high temperatures, shown in the
inset of Figure S, can be understood by phonon scattering. The
increase of carrier mobility below 30 K may be associated with
the VRH of localized electron carriers, whose mobility is
expected to be much lower.

Figure 6a shows the temperature dependence of Seebeck
coefficient S(T) for LaPbBiS;0 plotted with black hexagons.
One can see that the Seebeck coefficient is negative above 10 K,
which confirms that electron carriers dominate the electrical
transport. The sign change below 10 K resembles the
phenomenon observed in the SrBiS,F system.** This was
interpreted by an unknown defect, which induces holelike
carriers at low temperatures. With increasing temperature, the
absolute value of the Seebeck coeflicient increases in a complex
manner, which may be related to the Mott’s VRH and phonon
drag effect. The thermopower achieves a high value of § &% —55
#V/K near room temperature, which is almost the same as that

dx.doi.org/10.1021/ic501687h | Inorg. Chem. 2014, 53, 11125—-11129



Inorganic Chemistry

T T T T T T

o ' d
N (@)  Laposiso [ a
N »
I ) S* <
< o ¥ :
> 30t ‘,3\: 15 §
g 0,0" aad \‘\ -
» .
45| ,,v” — \ |
/ \
L& N
_60 1 1 1 1 1 1
0 50 100 150 200 250 300
T (K)
0.25 — T T T T T T T T T
[
020 (b)  LaPoBiS,0 .' |
[ ]
015} ]
~ L]
N o010} ]
[ ]
0.05 °
05} o _
L
eo®
0.00 M., ! 1 ! Lo

0 50 100 150 200 250 300
7(K)

Figure 6. (a) Temperature dependence of thermopower (black
hexagons) and thermal conductivity (red squares) at temperatures
from 10 K to 320 K for LaPbBiS;0. (b) Temperature dependence of
the figure of merit for LaPbBiS;0.

of undoped polycrystalline CsBi,Tes, CsPbBi;Tes, and
CsPb,Bi;Te,,'** but relatively lower than the thermopower
of CsBi,Te; needles.'” Previous studies show that the
thermoelectric properties of CsBi,Tey are strongly dependent
on crystalline directions, and relatively lower S values are
ascribed to the random orientation of the grains.>> This implies
that growing single crystals of LaPbBiS;O might significantly
improve its thermopower.

Thermal conductivity «(T) was also measured for
LaPbBiS;0 as plotted with red squares in Figure 6a. The
«(T) value is comparable to that of CsBi,Tes system.'>'¢3>3¢
Generally, thermal conductivity (k) can be described by the
formula

K = Kjayt + Kele

where K, stands for lattice contribution, while «,, is the carrier
contribution. The lattice thermal conductivity can be described

by

1
Kt = (g)cvl"s

where Cy, is the specific heat at constant volume, [ the mean free
path, and v, the average velocity of sound. At low temperatures,
Kge is negligible (even at room temperature, k. has a value of
only ~0.1 W/(m K)), because of the low electrical conductivity
according to Wiedemann—Franz law, while the behavior of kj,
is dominated by the linear relation with C,. Therefore, x
increases at low temperature, as shown in Figure 6a. As the
temperature increases, the lattice thermal conductivity is
dominated primarily by phonon—phonon scattering, which
makes x decrease from a temperature of 150 K to a temperature
of 200 K. The increase of k at T > 200 K could be ascribed to
the contribution of the Pb/Bi disorder-induced glass state. The

thermal conductivity of glass is substantially smaller at low
temperatures, and it tends to increase with temperature almost
monotonically.>” As a result, k increases over almost in the
entire temperature range and tends to be ~4 W/(m K) at room
temperature. It is expected that doping heavy elements in
LaPbBiS;0 is a rational approach to reduce the lattice thermal
conductivity, since ki, is approximatively proportional to p*3/
A”’¢ (p and A denote the density and the mean atomic weight,
respectively).* Besides, nanostructuring this material may also
minimize the thermal conductivity.**®

ZT, which is a dimensionless figure of merit to characterize
thermoelectric materials, is defined as

_ S%6T
K

zZT

where ¢ = 1/p is the electrical conductivity. As shown in Figure
6b, ZT increases rapidly above 250 K and reaches a value of
0.23 around room temperature, comparable with some
optimized CsBi,Te, specimens.>** Although the high-temper-
ature ZT data were not measured due to limitations of our
experimental conditions, they tend to increase further above
room temperature. We expect that the thermoelectric proper-
ties could be further improved by minimization of ki, and b
improvement of the Seebeck coefficient, as discussed above.*

To summarize, a new quinary oxysulfide LaPbBiS;0
containing [(Pb,Bi),Ss] layers was designed and successfully
synthesized. Electrical resistivity and Hall effect measurements
demonstrate that it is a narrow gap semiconductor. Thermo-
power and thermal conductivity measurements show that the
material exhibits a considerably high figure of merit (0.23) at
room temperature. Further optimization of the thermoelectric
properties is very promising. Besides, superconductivity might
also be introduced by tuning the carrier concentration and by
reducing the disorder effect.
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