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ABSTRACT

The combination of microwaves with other classical synthetic methods may be considered as a powerful tool for the preparation of metal oxides and metal
chalcogenides. This approach allows the modification of the reaction kinetic significantly by shortening the processing time to minutes and it minimizes the
energy consumption during the synthesis. In this work, potential thermoelectric compounds, which enable the direct conversion of temperature gradients into
useful electric energy, have been produced by means of microwave-chemistry routes. Pure phases of SnS;.xSex (x =0, 0.2, 1) have been synthesized in just 1 min by
using microwave-hydrothermal synthesis. Moreover, Zng 9gMg 020 (M = Al, Ga) rods were formed by microwave-coprecipitation method in 5 min. Besides, 8 min of
microwave-heating were enough for the combustion of Sr; 4LayTiO3.5(x = 0, 0.05, 0.1). In all cases, the utilization of microwave radiation produces high-quality
phases. A comprehensive study of the structural, microstructural and thermoelectric properties of the microwave-synthesized materials is here per-formed by
means of X-ray diffraction, SEM, HRTEM and temperature dependence measurements of Seebeck coefficient, electrical conductivity and thermal conductivity.
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1. Introduction

A dramatic transition to a more sustainable energy system is required
to achieve a net zero carbon emissions by 2050 [1,2]. Scientific com-
munity is making a great effort for the improvement of the efficiency of
any kind of energy generation process. For that, and 200 years after
Thomas Seebeck reported his discovery of thermoelectricity (August 16,
1821) [3]. Thermoelectric devices -which transform heat given off from
multiple sources (i.e. power plants, heavy industry, automotive sector,
electronic devices, human body ...) into electrical power- may provide
part of the solution to diminish the environmental emergency and en-
ergy requests [4,5]. Approximately 2/3 of the worldwide-applied energy
carriers are converted into waste-heat, so the retrieval of a part of this
waste-heat -by means of the Seebeck effect-leads to extensive energy
saving [6].

Seebeck effect consists of the generation of an electrical current in a
circuit (driven by AV) when a temperature difference (AT) exists at the
ends of a material (equation (1)). This is produced by a higher average
velocity (in absolute terms) of the charge carriers in the hotter part of the
sample, producing an effective diffusion towards the cold part [5].
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S =-AV/ AT (eq.1)

The conversion efficiency of thermoelectric devices, which are based
on couples of n-type and p-type semiconductors electrically connected in
series and thermally in parallel, lies directly in the thermal and electrical
features of the constituent semiconducting materials. The material’s
performance is defined by the dimensionless figure of merit 2T (equation
(2)), which depends on the Seebeck coefficient (S), electrical resistivity
(p), absolute temperature (T) and thermal conductivity (k). The latter is
composed of electronic (k) and lattice vibration (ki) contributions [7,
8].
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Therefore, the highest thermoelectric performance of a material is
given by the conjunction of a simultaneously low electrical resistivity
and low thermal conductivity with a high Seebeck coefficient [35].
Unfortunately, due to the interconnection between all these thermo-
electric properties, achieving materials with a high thermoelectric per-
formance is not an easy task. While 2T values ~ 1 are reached by

(eq. 2)
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commercial thermoelectrics (i.e. Bi;Tes, PbTe, SiGe), recent progress has
led to the synthesis of novel compounds with zT values above unity:
Skutterudites [9-11], half-Heusler [12,13], Si-Ge alloys [14], clathrates
[15] and metal chalcogenides [16,17] are examples of new advanced
families of compounds with high thermoelectric performance [18].
Among all of them, an appealing phase is SnSe, as it has been reported a
2T value of 2.6 at 923 K along the b-crystallographic axis in the
single-crystal form [19]. This exceptional figure of merit is explained in
terms of its ultralow thermal conductivity and the high power factor
attributed to the presence of multiple bands in the electronic band
structure, improving the charge transport. Nevertheless, zT values for
polycrystalline SnSe are generally lower than 1, due to a higher elec-
trical resistivity and higher thermal conductivity. Therefore, there is a
remarkable interest to achieve similar values as for the single crystal
and, recently, Zhou et al. described an outstanding zT value of 3.1 at
783 K for a polycrystalline Nag ¢3Sng.ge55e sample [20].

In addition to developing compounds with competitive zT values, the
search for inexpensive and environmentally-friendly materials is
essential. SnS phase is a stimulating starting point as it is isoelectronic
and isostructural to SnSe but Sulfur is more abundant (260 ppm in
Earth’s crust), less toxic and cheaper than Selenium (0.05 ppm in Earth’s
crust). Previous publications show 2T values < 0.6 for polycrystalline
SnS [21,22]. However, the modification of the carrier concentration by
generating Sn vacancies or doping could be adequate strategies to
improve its thermoelectric properties [23].

Even though these metal chalcogenides exhibit decent thermoelec-
tric efficiencies, their application for waste-heat recovery is restricted
due to their poor chemical stability, superficial oxidation or possible
sublimation, which limit their use at high temperatures. To avoid these
problems, it is necessary to find stable ceramics, such as metal oxides,
where oxidation is not an issue [24]. However, most of the well-known
oxides present low carrier mobility and high thermal conductivity,
limiting their use for thermoelectric applications. Despite that, there are
some families of oxides that are worth studying for thermoelectric ap-
plications: NayCo204 [25-28], CaMnOs [29,30], Al-doped ZnO [31,32]
or SrTiOsz-based materials [33-36].

Metal chalcogenides and metal oxides are commonly prepared by
extended annealing processes (days) of stoichiometric amounts of high-
purity precursors at high temperatures [37]. The use of this method
involves the need for high temperatures to accelerate diffusion, inter-
mediate grindings, high energy and time consumption. In the case of
metal chalcogenides, additionally, it is necessary to work in an evacu-
ated sealed tube to avoid oxidation. Consequently, there is currently
growing research of alternative synthetic routes where time and tem-
perature of the process are minimized.

The main difference between microwave heating and conventional
heating is that, in the latter, the heating mechanism involves convection
or conduction processes, consequently taking more time to achieve the
target temperature in the reaction mixture due to thermal gradients (the
walls being hotter than the inside). On the other hand, the alternating
electromagnetic field of microwaves interacts with matter on a molec-
ular level, producing an extremely rapid heating rate and uniform
heating [38]. The efficiency of this heating depends mainly on the
dielectric properties of the species involved in the reaction. Dielectric or
polar compounds are considered as absorbing materials, as they are able
to transform the electromagnetic energy efficiency into heat [39,40].
Metals or materials with a high electrical conductivity reflect the mi-
crowave radiation and do not allow deeper penetration of the electro-
magnetic wave, while insulators or materials with low dielectric
permittivity are transparent to microwaves as the absorption of micro-
wave energy due to dielectric polarization is low [41].

In this work, it is shown that tin chalcogenides (SnS, SnSe,
SnSp.gSep.2) and metal oxides (ZnobggAlo.ozo, Zng.98Gag 020; SrTiOss,
Sro.95Lag.05TiO3.5, Sro.gLlag.1TiOs5) can be easily synthesized by means
of ultrafast microwave routes. A combination of microwaves with other
conventional methods, such as hydrothermal, coprecipitation or

combustion is explored for the preparation of these thermoelectric
phases. Furthermore, structural and microstructural characterization by
X-ray diffraction (Rietveld refinement), high resolution transmission
electron microscopy and scanning electron microscopy have been per-
formed. Besides, a detailed investigation of the thermoelectric proper-
ties and their correlation with the structure of the materials is also
presented.

2. Materials and methods
2.1. Synthesis and sintering

2.1.1. Preparation of tin chalcogenides by microwave-hydrothermal
synthesis

Microwave-assisted hydrothermal synthesis provides the advantages
of microwave and hydrothermal methods. The latter achieves moderate
pressures (autogenous pressure) when heating the system at tempera-
tures over 100 °C (usually between 100 °C and 220 °C). The kinetics of
solution—crystallization is increased by the coupling of the electromag-
netic wave to the polar molecules of the solution contained in a closed
reaction system [42]. Besides the typical parameters controlled in hy-
drothermal synthesis (i.e. time, pressure, temperature, pH), this process
involves additional monitoring of the microwave power. Commercial
equipment regulates the microwave power according to the reaction
program automatically. Power is instantaneously cut off when the pro-
grammed temperature is reached and connected again if it is necessary
to increase the temperature to follow the programmed heating ramp.

In this work, a commercial Milestone ETHOS 1 instrument, fully
automatized and operating at 2.45 GHz, was used for the synthesis of
SnS, SnSe and SnSy gSeq 2. This equipment allows the control of the re-
action parameters (i.e. power-temperature, time and pressure) and it is
equipped with a stirrer motor, which improves the homogeneity of the
reaction mixture, preventing the formation of hot-spots that could
damage the vessel.

The proposed phases were synthesized by mixing two solutions:
(Solution 1) 8 mmol of SnCl, (Scharlau, 99.5%) were added to 40 mL of
a NaOH 1.2 M (Sigma-Aldrich, >98%). (Solution 2) 4 mmol of S (pre-
cipitate, Scharlau, 99.5%) or Se (powder, Sigma-Aldrich, 99.5%) were
dissolved in 20 mL of ethylene glycol (Sigma-Aldrich, anhydrous,
99.8%) and stirred for 30 min. Then, 5 mL of hydrazine monohydrate
64-65% (Sigma-Aldrich, 98%), which is the reducing agent, were added
dropwise to the solution. The prepared solutions were mixed and placed
into a PTFE vessel. A carrousel with two vessels was situated in the
microwave in order to replicate the synthesis twice at the same time. The
vessels were instantly heated by microwaves at 180 °C for just 1 min
(heating rate =~ 36 °C/min). The autogenous pressure of the system was
ca. 13 bars and power was limited to 500 W, although the maximum
power employed by the equipment at these conditions was ca. 350 W.
Once the system is cooled down, ca. 0.6 g of black polycrystalline
powder formed in the autoclave was washed with distilled water and
dried in a vacuum line (10~2 mbar) at 80 °C for 5 h to avoid surface
oxidation of the particles.

2.1.2. Preparation of Zng,9gMy,020 (M = Al, Ga) by microwave-
coprecipitation synthesis

Coprecipitation method requires the preparation of a solution of the
starting reactants and the addition of a precipitating agent. Generally, it
is necessary to heat the solution at low temperatures (below 100 °C) to
start the precipitation process and the formation of the required product.
In this case, ZngggMp 020 (M = Al, Ga) compounds were formed by
combining the soft-chemistry coprecipitation method and heating by
microwave radiation. Stoichiometric amounts of Zn(NOs3)y-6H50
(Sigma-Aldrich, >99%), AI(NO3)3-9H,0 (Sigma-Aldrich, >98%) or Ga
(NO3)3-xHoO (Sigma-Aldrich, >98%) and hexamethylenetetramine
(Sigma-Aldrich >99.0%) —to form 8 mmol of product - were dissolved in
70 ml deionized water and added into a PTFE vessel. The use of
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Fig. 1. (a) X-ray diffraction patterns at room temperature of microwave-synthesized Sng g4S, Sng g1S0.85€0.2 and Sng g1 Se, refined in orthorhombic Pnma space group:
Observed (red circles), calculated (black line) and difference (blue line) profiles. Bragg positions are indicated as green vertical lines. (b) SEM micrographs of Sng g4S,
Sno.g150.85€0.2 and Sng g1Se powder. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Refined structural parameters obtained from powder X-ray diffraction for Sng g4S, Sng.g1S0.85€0.2 and Sng g1Se at room temperature (Pnma space group). (Refinement
agreement factors: Rpragg Sno.g4S = 2.45%; Rpragg SnSo.8,S€0.2 = 3.70%; Rpragg Sno.g15e = 3.67%).

Space Group a/A b/A c/A Atom X y pA Occ Uiso/A2
Sng g4S Pnma 11.2052(9) 3.9867(3) 4.3265(4) Sn 0.117(5) 0.25 0.099(1) 0.835(7) 0.016(1)
S 0.3561(9) 0.25 0.017(1) 1 0.038(3)
Sng g1S0.85€0.2 11.3096(5) 4.029(1) 4.352(1) Sn 0.120(3) 0.25 0.112(6) 0.814(7) 0.017(1)
S/Se 0.3576(9) 0.25 0.0167(9) 0.8/0.2 0.016(3)
Sng.g1Se 11.5151(7) 4.1579(9) 4.4328(9) Sn 0.1204(4) 0.25 0.099(1) 0.81(5) 0.016(1)
Se 0.3561(5) 0.25 0.019(1) 1 0.020(3)

Fig. 2. (a) SAED pattern of SnSy gSeq > crystal along the [100] zone axis. (b) HRTEM image of SnSg gSey > crystal along the [100] zone axis. The FFT in the inset shows
extra spots observed along 0-11 confirming the modulation of the structure.

Milestone ETHOS 1 microwave and heated for 5 min at 100 °C. When the
process was completed, the system was cooled naturally to room tem-
perature. After that, the white polycrystalline product formed in the

hexamethylenetetramine as an efficient precipitating agent for the for-
mation of ZnO nanostructures was previously reported by Zhou et al.
[43] and Wahab et al. [44]. The autoclave was introduced into the
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Fig. 3. Thermoelectric properties of SnS; xSex (x = 0, 0.2, 1). Temperature dependence of (a) Seebeck coefficient, electrical resistivity and power factor (PF), (b)

~

S (uV/K)

p (©2m)

PF (mW/m K?)

400 +

300

200 A

0.018 +

0.012 +

0.006 ~

0.000 ~

—o— SnS
o SnS;¢Sey,

—o— 8nSe

0.18 +

0.12

0.06

0.00 ~

300 400 500 600 700 800
T (K)

i —o— 8SnS
—o—8nS;;Se; ;]

—e— SnSe

\ SRR
RS

0-0-0-0=0=0=0=0=0=0

300 400 500 600 700 800
T(K)

300 400 500 600 700 800
T (K)

Total thermal conductivity, lattice and electronic contributions of the thermal conductivity, (c) figure of merit (zT).

Fig. 4. (a) X-ray diffraction patterns at room temperature of microwave-synthesized Zng 9gMp 020 (M = Al, Ga), refined in hexagonal P63mc space group: Observed
(red circles), calculated (black line) and difference (blue line) profiles. Bragg positions are indicated as green vertical lines. (b) SEM micrographs of Zng 9gGag 020
(powder and sintered). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 2

Refined structural parameters obtained from powder X-ray diffraction for Zng 9gMg 020 (M = Al, Ga) at room temperature (P63mc space group). (Refinement agreement

factors: RBragg Zﬂo'ggAlo'ozo = 2.21%; RBragg Znolggcao'ozo = 2460/0)

Space Group a= b/f\ c/j\ Atom X y Z Occ Uiso/lo\z
Zng 9gAlp 020 P63mc 3.2514(2) 5.2069(4) Zn/Al 0.333 0.666 0 0.98(1)/0.02(1) 0.008(4)
o 0.333 0.666 0.381(1) 1 0.006(4)
Zny,08Gag.020 3.2492(9) 5.2041(9) Zn/Ga 0.333 0.666 0 0.98(1)/0.02(1) 0.007(4)
o 0.333 0.666 0.380(1) 1 0.006(4)
Zn, 45Ga, 0,0

50 rim
—1

Fig. 5. TEM images and SAED patterns of Zng 9gMo.020 (M = Al, Ga) crystals along the [010] zone axis.

microwave-coprecipitation process (~0.6 g) was washed with distilled
water and dried in an oven at 80 °C for 5 h.

2.1.3. Preparation of Sr;.xLa,TiO3.s (x = 0, 0.05, 0.1) by microwave-
combustion synthesis

Combustion is a versatile method for producing polycrystalline ma-
terials, principally oxides. The process involves an exothermic reaction
between oxidizers precursors (i.e. metal nitrates) and a fuel (i.e. glycine,
urea, sucrose, glucose, citric acid ...), which are homogeneously mixed
in an aqueous solution and heated in a hot-plate, in a furnace at mild
conditions (200-500 °C) or in a microwave oven (as in this work). There
are at least three thermodynamic processes during the synthesis: (a) heat
generation, (b) gas expulsion (a fuel that decomposes in HoO, CO, and
N, non-toxic gases is employed) and (c) powder formation or crystalli-
zation. Occasionally, the desired product can be generated directly in
the combustion, but usually a calcination step is necessary to remove
organic waste and enhance crystallinity [45].

Sr1.4LayTiO35 (x = 0, 0.05, 0.1) samples were synthesized by a
microwave-combustion route. Stoichiometric amounts of Sr(NO3), (Alfa
Aesar, 99.9%), La(NO3)3.6H20 (Sigma-Aldrich >99.99%) and TiOy

(anatase, Sigma-Aldrich, 99.7%) — for the preparation of 5 mmol of
product - were dissolved in a minimum amount of water and mixed with
a glycine solution (in a 2:1 proportion with the total amount of precursor
moles) in a porcelain capsule. The capsule was situated in the domestic
microwave (ProClean 3010, Cedotec, 700 W) and after ca. 8 min of
microwave radiation, the combustion occurs producing a greyish-
powder. A calcination of ~0.5 g of the product at 800 °C for 2 h was
carried out to crystallize the phase and eliminate the organic remains.

2.1.4. Sintering by spark plasma sintering (SPS)

All the synthesized powders were sintered by using the SPS process.
This is an advanced sintering technique that allows the compaction of
the polycrystalline powder in short time (minutes) heating with an
alternating current (AC) and, at the same time, applying uniaxial pres-
sure. Similar to microwaves, SPS heating is internal, which facilitates an
extremely rapid heating or cooling (up to 1000 °C/min). The explana-
tion of the heating mechanism by SPS is controversial, but it is believed
that Joule heating that comes from the graphite die and graphite foil
plays a dominant role. There are other possible contributions: the direct
current (DC) component included in pulse current, the skin effect of AC,
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Fig. 6. Thermoelectric properties of Zng 9gMp 020 (M = Al, Ga). Temperature dependence of (a) Seebeck coefficient, electrical resistivity and power factor (PF), (b)
Total thermal conductivity, lattice and electronic contributions of the thermal conductivity, (c) figure of merit (7).

the small heat capacity of the heated system or the heat effect of eddy
current in grains (the latter contribution has an influence only for
conductive materials) [46]. In the SPS process, the bulk is exposed to
minimal thermal effects. As a result, the microstructure of the powder is
conserved and there is not a significant particle growth.

A DR. SINTER LAB Jr. sps-212Lx SPS instrument was used for the
sintering of the materials described in this work. Synthesized powder
was introduced in an 8 mm diameter graphite die and wrapped with
graphite foil. Uniaxial pressure was programmed to 50 MPa and the
heating time was limited to 5 min. The process occurs under vacuum.
Temperature was optimized for all the samples. In the case of SnS, SnSe
and SnS gSeq 2 samples, a temperature of 450 °C is required, while 900
°C was used for Zng ggMy 920 (M = Al, Ga) and 1200 °C for Sry.,La,TiO3.5
(x = 0, 0.05, 0.1). A graphite foil covers the inner part of the SPS
graphite die. Once the process finishes, the pellet is ground and polished
to remove any remnants of this foil. The estimation of the density of the
pellets was done by measuring volume and weight of the pellet and all of
them are in the range of ~93-98% of their crystallographic densities
[Sl‘lS (96%); Sl’lSo_sSe()AZ (960/0); SnSe (98%); Zno_ggAl().ogO (93%);
Zng.98Gag, 020 (92%); Sro.95Lag.05Ti03.5 (95%); Sro gLag.1TiO3.5 (94%)].

2.2. Characterization

2.2.1. Structural and microstructural characterization

Room temperature X-ray diffraction (Cu-Ka radiation) was per-
formed on an X’Pert MPD PANalytical Instrument diffractometer. The 26
range for the measurement was 10°< 20 < 70° with step size A(20) =
0.02°. Rietveld refinements from X-ray diffraction patterns of the pow-
ders were carried out by using FullProf software [47]. The diffraction

pattern reflections were fitted by a pseudo-Voigt function. Scale factor,
background, zero-shift, asymmetry, lattice parameters, atomic positions,
occupancy and displacement parameters were refined. The refinements
have been done considering isotropic vibrations, which means that
atoms vibrate in all directions equally.

Scanning electron microscopy (SEM) of gold-coated powders was
carried out using a JEOL 6400 microscope equipped with a detector for
energy-dispersive analysis of X-rays (EDAX), while a JEOL 3000F mi-
croscope was used for high resolution transmission electron microscopy
(HRTEM) and selected-area electron diffraction (SAED). Fast Fourier
transforms (FFTs) of the HRTEM images were carried out using Gatan
Microscopy Suite Software.

2.2.2. Thermoelectric properties

Thermoelectric characterization of the materials is done in consistent
pellets prepared by SPS. For that, a thin slide of the pellet (=~ 0.3 mm) is
cut with a diamond saw and reserved for thermal diffusivity measure-
ments, while a bar-shaped part is also cut for Seebeck coefficient mea-
surements. Electrical resistivity is determined in the remaining part of
the pellet.

A commercial MMR-technologies system was used for the determi-
nation of the Seebeck coefficient of the samples. Measurements were
performed under vacuum conditions (102 mbar) from 300 to 800 K. A
reference (constantan wire) was measured for comparison with bar-
shaped samples, previously cut with a diamond saw perpendicular to
the pressing direction. Electrical resistivity was measured in the same
instrument using van der Pauw method.

Thermal diffusivity («) was measured in a Linseis LFA 1000 instru-
ment from 300 to 800 K under Argon. A thin graphite coating was
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Fig. 7. (a) X-ray diffraction patterns at room temperature of microwave-synthesized Sr; x\LayTiO3.5 (x = 0, 0.05, 0.1), refined in cubic Pm-3m space group: Observed
(red circles), calculated (black line) and difference (blue line) profiles. Bragg positions are indicated as green vertical lines. (b) SEM micrographs of Srg gsLag 0sTiO3.5
(powder and sintered). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 3

(a) Refined structural parameters obtained from powder X-ray diffraction for Sr; 4\La,TiO3 s (x = 0, 0.05, 0.1) at room temperature (Pm-3m space group). (Refinement
agreement factors: Rpragg StTiO3 = 2.36%; Rpragg St0.95L20.05TiO3.5 = 3.65%; Rpragg So.9Lao 1 TiOz.5 = 2.97%).

Space Group a=b=c/A Atom X y z Occ Uiso/A2

SrTiO3 Pm-3m 3.8954(3) Sr 0 0 0 1 0.005(1)
Ti 0.5 0.5 0.5 1 0.003(1)
(¢] 0 0.5 0.5 1 0.01

Sr¢.95Lag.0sTi03.5 3.8985(5) Sr/La 0 0 0 0.95(2)/0.05(1) 0.006(1)
Ti 0.5 0.5 0.5 1 0.002(2)
(6] 0 0.5 0.5 1 0.01

Srg.9Lag,1TiO3.5 3.9014(3) Sr/La 0 0 0 0.89(1)/0.11(1) 0.005(1)
Ti 0.5 0.5 0.5 1 0.002(1)
(6] 0 0.5 0.5 1 0.01

deposited on the surface of pellets to increase the heat absorption and
emissivity. Samples were measured along the SPS direction. The thermal
conductivity (k) was calculated by using the expression k = a-Cp-d,
where C,, corresponds to the specific heat and d is the sample density.
Specific heat was estimated by Dulong-Petit law [48].

3. Results and discussion
3.1. Tin chalcogenides

Fig. 1a displays the Rietveld refinement analyses of the powder X-ray
diffraction patterns for SnS, SnSy gSep > and SnSe. The three phases were
refined in the orthorhombic Pnma space group. Unit cell parameters,
atomic positions, occupancy and displacement parameters are summa-
rized in Table 1. The results of the Rietveld refinements confirm that the
preparation of these materials by means of microwave-hydrothermal
synthesis produces the formation of Sn vacancies (Sng g357)S, Sno.s14
(7S0.85€0.2, SN 81(5)Se), randomly located in the structure. The existence
of these vacancies would have a noteworthy effect in the thermoelectric
properties, as the carrier concentration of the materials is modified.
Yang et al. [23] demonstrated that stoichiometric SnS sample possesses

a low hole concentration of 10*® cm ™2 at room temperature, while an
increment to 10'° ecm™> is produced when preparing SnggsS by a
cationic lattice site vacancy engineering strategy.

SEM micrographs of the powder show an agglomeration of particles
with a considerable porosity (Fig. 1b). The relatively uniform size and
shape of the particles facilitate the sintering by SPS. A semi-quantitative
EDAX study in 10 points of the powders is in good agreement with the
compositional results extracted from the Rietveld refinements.

Further insight into the structure of the synthesized phases was ac-
quired from transmission electron microscopy (TEM). The samples
exhibit good crystallinity despite the short processing time. The study of
the reciprocal space by selected area electron diffraction (SAED), con-
firms the orthorhombic structure for the three chalcogenides, however
in some crystals the patterns recorded along the [100] zone axes apart
from the strong basic reflections, an additional weak diffraction
maximum is observed, which are incommensurate with the basic lattice
(Fig. 2a). The satellite reflections are characterized by a modulation
vector q = 0.13xd(0-11) and have not been previously reported in these
types of chalcogenides. The HRTEM images of modulated crystals along
the [100] zone axis are similar to the one displayed in Fig. 2b, which
corresponds to SnSp gSep 2. The contrast of the micrograph reveals that
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Fig. 8. HRTEM image of SrggsLag 0sTiO3s crystal along the [001] zone axis.
The FFT in the inset does not show any extra spot or streaking. Crystal model is
shown on top of the HRTEM image: green balls correspond to La/Sr atoms, red
balls indicate oxygen positions, while brownish octahedra are formed by TiOg.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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the origin of the modulation is the formation of blocks with a thickness
of ~7.5xd(0-11) with a 5 shift along the (011) direction (marked with
the yellow arrow in the image), yielding a centered superstructure with
a size ~15xd(0-11) (marked with the green arrows in the HRTEM
image).

Thermoelectric properties of SnS, SnSy gSep 2 and SnSe as a function
of temperature and measured along the perpendicular of the pressing
direction are summarized in Fig. 3. The positive value of the Seebeck
coefficient (S) (top panel of Fig. 3a) indicates the p-type semiconductor
character of the compounds along the studied temperature range. The
maximum Seebeck coefficient was found for SnS0.8Se0.2 sample, with a
value that is increased from 280 pV K1 at room temperature to 393 pV
K~! at 673 K. At higher temperatures, a reduction of S is noticeable,
which is attributed to the bipolar effect [49]. The same behaviour was
found for SnS and SnSe. Seebeck coefficient values are comparable to
previously reported for SnS; xSex materials produced by other synthetic
techniques, such as ball milling [50], hydrothermal [49,51] or
melting-annealing process [20].

Electrical resistivity (middle panel of Fig. 3a) decreases when heat-
ing the samples. However, in the three samples, at ca. 500 K there is a
plateau with a slight increase of electrical resistivity at higher temper-
atures. This behaviour was previously described for SnSe and points to
the phonon scattering mechanism as the dominant factor of the elec-
tronic resistivity at high temperatures, whereas the grain boundary
potential barrier affects the mobility of the charge carrier at the lower
temperature regime [51]. SnSe presents the lowest electrical resistivity
value (1.5 x 10”3 Q-m at room temperature and 3.0 x 10~* Q-m at 590
K), although over 550 K there is no significant difference in SnSe and SnS
values (electrical resistivity of SnS at 590 K: 7.8 x 10~* Q.m). As a result,
the maximum of the power factor (PF = s%/ p) of SnSe and SnS are close:
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Fig. 9. Thermoelectric properties of Sr; 4\La,TiO3 s (x = 0.05, 0.1). Temperature dependence of (a) Seebeck coefficient, electrical resistivity and power factor (PF), (b)
Total thermal conductivity, lattice and electronic contributions of the thermal conductivity, (c) figure of merit (7).
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0.17 mW/m-K? at 630 K for SnSe and 0.15 mW,/m-K? at 590 K for SnS.

Fig. 3b shows the temperature dependence of the thermal conduc-
tivity. A decrease of k is observed when heating the samples. Although
the total thermal conductivity is relatively low for the three samples, k of
SnS is ca. 30% higher than x of SnS( gSeg > and SnSe at room tempera-
ture. The minimum « value was found for SnSe (0.36 W/m-K at 673 K),
as it can be observed in the bottom panel of Fig. 3b. It is associated with
the relatively high electrical resistivity of the samples, the total thermal
conductivity is mainly controlled by the lattice thermal conductivity (k)
and the electrical thermal conductivity (k.) has a minimum influence.
The low thermal conductivity achieved for these phases is attributed to
the intrinsic giant anharmonicity due to the layered structure and
anisotropic bonding together with the weak cross-layer interatomic in-
teractions and the reduced phonon group velocity [52]. The thermal
conductivity decreases following xk = T~ equation. This trend is
observed when the phonon scattering is dominated by Umklapp pro-
cesses [53].

Taking into account the electrical and thermal properties of the
materials, the dimensionless figure of merit 2T was determined and
represented in Fig. 3c. A maximum value of 0.22 at 573 K was found for
SnSe, while SnS presents a comparable figure of merit 2T = 0.20 at 673
K. The thermoelectric performance is not ideal for technological appli-
cation since zT < 1. However, the thermoelectric results found for these
systems are similar to other works published for undoped tin chalco-
genides [22,54,55]. Adequate doping may improve the efficiency of
these systems as it is shown in Asfandiyar et al. work, where the figure of
merit was increased from 2T = 0.2 at 877 K for SnS to 2T = 1.1 at the
same temperature by doping with Ag [55].

3.2. Zng.9gMop.020 (M = Al, Ga)

Phase purity and wurtzite-type structure (hexagonal phase, P6smc
space group) were confirmed from the powder X-ray diffraction patterns
and Rietveld refinements of Zng ggMg 020 (M = Al, Ga) (Fig. 4a). Unit-
cell parameters, atomic positions, occupancy and displacement param-
eters are summarized in Table 2. The structural information obtained
after Rietveld refinement is in good agreement with data reported in the
literature [56,57]. Although ZnO possesses low solubility limits for
doping, based on the X-ray diffraction results and EDAX analysis, we can
confirm that Al and Ga are part of the structure. An increment of the
doping level would produce the appearance of secondary phases:
ZnAl;04 or ZngGayOi13, when % of Al or Ga are >2% [57]. As an
example, SEM micrographs of Zng 9gGag 020 (powder and sintered) are
shown in Fig. 4b. The particles of Zng 9gAlp 020 and Zng 9gGag 920 syn-
thesized by microwave-coprecipitation route crystallize in homogenous
rod-shape form (Figs. 4b and 5).

The structure of the individual Zng 9gMg 020 (M = Al, Ga) rods was
further characterized by TEM and SAED (Fig. 5). Isolated rods were
identified for both compositions. SAED patterns taken along the [010]
zone axes are in good agreement with the wurtzite structure observed by
X-ray diffraction for both oxides. The absence of extra reflections,
streaking lines or scattering diffuse between the basic reflections con-
firms the absence of extended defects in the rods.

Fig. 6 represents the thermoelectric properties of Zng 9gMp.020 (M =
Al, Ga). Seebeck coefficient is negative for the two materials in the
measured temperature range, indicating an n-type semiconducting
character (top panel - Fig. 6a), i.e. the negative free charges will produce
a negative potential at the cold end of the thermoelectric device. This
kind of conductivity was previously described for bulk ZnO. Although
undoped ZnO presents a wide band gap between 3.2 and 3.5 eV [58],
doping with small amounts of elements, such as Al or Ga, produces an
increment of the electrical conductivity changing the conduction to a
more metallic scenario. In this case, it can be observed that the electrical
resistivity is slightly higher for Zng 9gAlp 020 (p = 2.66 x 10-3 Q-m at
room temperature) than for Zng 9gGag,920 (p = 1.05 x 10-3 Q-m at room
temperature). Although the electrical resistivity values are appropriate

for thermoelectric applications (middle panel - Fig. 6a), the relatively
low Seebeck coefficient produces a low power factor too (bottom panel -
Fig. 6a). Thermal conductivity of the two materials is quite large at room
temperature (=30 W/m-K in both cases), but there is a constant decrease
of k when heating (=212 W/m-K and 7 W/m-K at 773 K for Zng 9gAlg 920
and Zng.9gGag 020, respectively). These findings are consistent to that
reported by Mele et al. [59] although, in their work, Seebeck coefficient
values were higher. Total thermal conductivity is principally controlled
by the lattice thermal conductivity. The thermal conductivity curve
found for these two samples is similar to the one described for other
oxides in the temperature range over which resistive phonon—-phonon
interactions (Umklapp processes) are the main scattering mechanism
[60]. Overall, both compositions present the same temperature depen-
dence of the figure of merit zT (Fig. 6¢) but achieving 2T values (in the
described temperature range) far from commercial thermoelectric
materials.

3.3. SrilaxTiO3.5 (x = 0, 0.05, 0.1)

Rietveld refinements of the X-ray diffraction patterns for SrjxLay.
TiO,, (x = 0, 0.05, 0.1) confirm the cubic symmetry and Pm-3m space
group (Fig. 7a). Table 3 shows the unit cell parameters, atomic positions,
occupancy and displacement parameters of the three compositions. As a
result of the larger size of La compared to Sr, there is an increment in the
unit cell dimensions for the La-containing samples. Sr; xLa,TiO3.5 com-
pounds are oxygen-deficient ceramics, which dramatically affect the
charge-carrier concentration (electronic properties) and thermal prop-
erties of the phases [61]. In order to quantify the oxygen vacancies,
neutron diffraction experiments would be necessary [33]. As an
example, Fig. 7b reveals representative SEM images of the powder and
the cross section of a sintered pellet of SrggsLag osTiO35. A uniform
grain structure and grain size distribution is evident.

HRTEM microstructure study of SrggsLag osTiOs.5 along the main
zone axis [001] is shown in Fig. 8. The sample is homogenous and the
crystal structure is well ordered, with no presence of additional re-
flections or streaking visible in the FFT inset of the image, suggesting the
absence of cation or vacancy ordering. The direct measurement of a and
b parameters in the image gives a value of 3.9 A, consistent with the unit
cell size determined by X-ray diffraction. On the HRTEM image, a rep-
resentation of the structure is indicated, showing TiOg octahedra col-
oured in brown and Sr/La cations in green, which match perfectly with
the different contrasts of the micrograph.

SrqxLayTiO3.5 (x = 0.05, 0.1) phases have been considered potential
thermoelectric materials at high temperatures. Computational pre-
dictions indicate that zT ~ 0.7 may be reached at 1400 K for La-doped
SrTiOg [62]. This high temperature is outside our measurement range,
but it gives an idea about the possibilities of these oxides for
high-temperature applications. Doping SrTiO3 with La" creates a
defective structure, enclosing O-site vacancies with mixed Ti®* and Ti**
in the B position of the perovskite. As a result, electronic properties are
tuned to a more conductive scenario. Due to the insulator character of
SrTiO3 (wide band gap of ~3.2 eV with a low charge carrier concen-
tration), electronic properties could not be determined by our
MMR-technologies system and other techniques, such as impedance
spectroscopy, are necessary to study the electronic properties of the
sample. Furthermore, previous reports indicate that the thermal con-
ductivity of the pristine SrTiO3 sample is large for thermoelectric ap-
plications (9-12 W/m-K) [33,34,63]. However, when doping with La3+,
the Fermi level is raised from the forbidden band to the conduction
band, as electrons have been incorporated. As a result, phonon-electron
coupling occurs and it drives the formation of polarons [63].

Fig. 9 shows the thermoelectric properties found for Sr; 4LayTiO3 5 (x
= 0.05, 0.1) from 300 to 800 K. Seebeck coefficient is negative for both
samples, indicating n-type conduction (upper panel Fig. 9a). It is
observed a higher value (in absolute terms) for Srg gsLag 05TiO3.5. In this
sample a maximum Seebeck coefficient of —277 pV/K was measured at
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690 K. This is &~ 27% higher than the value found for Srg gLag.1TiO3 5. In
the middle panel of Fig. 9a, it can be observed that the electrical re-
sistivity of Srg gLag.1TiOs.5 (p ~ 2 Q-m at room temperature, 0.9 Q-m at
773 K) is much higher than for the sample Srg gsLag 05TiOs5 (p ~ 1.1 x
10-3 Q-m at room temperature, 1.9 x 10-4 Q-m at 773 K). As a result, the
maximum power factor was achieved for Srg gsLag sTiO3.5 (PF ~ 0.4 at
mW/m-K? at 673 K). Concerning the thermal properties of these com-
positions (Fig. 9b), a clear reduction of x when heating is visible.
Although the room temperature values are considerably high for ther-
moelectric applications (x =~ 8.8 W/m-K and 7.1 W/m-K for
Srg.95Lag.05TiO3.5 and SrpgLag 1TiO3.s5, respectively), the possible utili-
zation of these materials at higher temperatures are confirmed by the
decrease of x when heating (x ~ 4.5 W/m-K and 3.9 W/m-K for
Srp.95Lag.05TiO3.5 and SrggLlag 1TiOs.5 at 773 K, respectively). Again,
total thermal conductivity is predominantly attributed to the lattice
thermal conductivity.

The combination of the electrical and thermal properties results in
the figures of merit represented in Fig. 9c. A maximum 2T of ~0.05 at
723 K is achieved for Srg gsLag.05TiO3.5 (Fig. 9¢). These values may be
improved at higher temperatures. Even though zT values are distant
from commercial thermoelectric compounds, the results shown here
suggest that further control of doping, vacancies concentration and the
utilization of new synthetic routes can be encouraging strategies for the
optimization of the thermoelectric properties in oxides.

4. Conclusions

In conclusion, microwave-chemistry is a powerful tool for the syn-
thesis of oxide and chalcogenide thermoelectrics. In this work, we show
the microwave-preparation, the structural and thermoelectric properties
of SnS;.4Sex (x =0, 0.2, 1), Zng 9gMg. 020 (M = Al, Ga) and Srj.4xLayTiO3.5
(x =0, 0.05,0.1).

(a) SnS;4Sex (x = 0, 0.2, 1) phases were synthesized by microwave-
hydrothermal in just 1-min. The materials exhibit an ortho-
rhombic Pnma space group at room temperature and Rietveld
refinement confirms the existence of tin vacancies in the three
prepared phases. A localized structural modulation was found in
the HRTEM study. Thermoelectric efficiency is similar for
isoelectronic SnS and SnSe (2T = 0.22 at 573 K for SnSe and 2T =
0.20 at 673 K for SnS).

(b) Zng.9gMg 020 (M = Al, Ga) rods were synthesized by microwave-
coprecipitation route in 5 min. Both materials show a wurtzite-
type structure (P6smc space group confirmed by Rietveld re-
finements). Thermoelectric properties reveal an n-type con-
ducting behavior. Although, Al-doped sample is slightly more
resistive than Ga-doped ZnO, thermal conductivity is lower and
as a result, 2T values are very similar for the two compounds.

(c) Sr;xLasTiO3s (x = 0, 0.05, 0.1) powders were synthesized by
microwave-combustion route. The combustion occurs after 8 min
of microwave irradiation. The samples are cubic Pm-3m. HRTEM
micrograph shows a well-ordered crystal structure and defects
are not observed. Thermoelectric properties of these n-type ma-
terials show that the maximum thermoelectric performance is
found for Srg gsLag g5TiO3.5 composition.

Further optimization of the doping level of the synthesized materials
is required in order to achieve competitive thermoelectric performance.
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