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Thermoelectric properties of Y2O3@SmS and (YxGd1−x)2O3@SmS

with a core-shell type nanostructure
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The conditions for the synthesis of compounds based on rare earth elements (REE) of the compositions

Y2O3@SmS, (Y0.90Gd0.10)2O3@SmS and (Y0.99Gd0.01)2O3@SmS were optimized with a core-shell type nanos-

tructure. The optimization process consisted in finding the minimum times and optimal temperatures at each

stage of synthesis to stabilize the phase of Y and Gd oxides, as well as complete conversion to SmS in the

studied composites after successive stages of sulfidation and annealing of the initial precursors. The thermoelectric

properties in the temperature range T = 298−873K were studied and compared with the literature data for

thermoelectric compounds based on REE. For connection (Y0.99Gd0.01)2O3@SmS at T = 873K, the values of the

Seebeck coefficient S = −94 µV/K, the resistivity ρ = 17 µ� ·m and the total thermal conductivity coefficient

κtot = 1.50W/m ·K. The maximum achieved value of the thermoelectric ZT parameter for the connection

(Y0.99Gd0.01)2O3@SmS reaches values of ZT = 0.56 at T = 873K, which is a promising result in comparison

with other thermoelectrics based on rare earth elements
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1. Introduction

The growing demand for electrical and mechanical energy

requires optimizing the approaches to efficient energy

management, as well as accelerating the search for new

clean and renewable sources. One of the most promising

approaches is the development of devices based on ther-

moelectric materials (TEMs) capable of converting thermal

energy into electrical energy. The introduction of TEMs will

make it possible to use the world energy resources more

economically, as well as significantly improve the environ-

mental situation [1–4]. Besides, the use of thermoelectric

devices will make it possible to transfer to hybrid engines,

which will significantly reduce carbon monoxide emissions

into the atmosphere and increase energy efficiency [5,6].
Thus, the development of new and modernization of already

known TEMs are an urgent solution to the problem of the

efficiency increasing of thermoelectric devices [7–10].
The efficiency of the thermoelectric material is deter-

mined by the dimensionless thermoelectric ZT parame-

ter according to the formula ZT = S2
· T/ρ · κtot, where

defining parameters such as the Seebeck coefficient S,
resistivity ρ and thermal conductivity κtot depend on the

specific material [11]. Considering the interdependence

of various transport parameters, the development of ther-

moelectric materials with increased efficiency is a very

challenging task. This generates interest in developing new

strategies and searching for potential materials that can

reveal broader aspects for the search for new thermoelectric

devices [12,13].

Recently, much attention was paid to the study of

materials based on rare earth metal (REM) chalco-

genides [7,14–17], including compounds with increased

defectiveness based on solid solutions of REM sul-

fides [18–20], For example, in the paper [19] it was possible
to significantly reduce the thermal conductivity coefficient

due to additional heat dissipation through deformations of

the cation sublattice. In [18] the found thermoelectric

parameters of ceramic samples γ-Dy0.8Yb0.2S1.5−y have high

Seebeck coefficient, as well as low electrical resistivity and

thermal conductivity. This is due to an increase in the

specific area of crystallite boundaries and the concentration

of deformation stresses at semi-coherent crystallite bound-

aries. As a result, it was possible to achieve the maximum

value of the thermoelectric ZT parameter among all known

compounds based on rare earth elements: ZT = 0.60 at

T = 770K. Thus, the concept of regulating crystalline and

defect structures by changing dimension, control of the

chemical composition of defects, and changing the atomic

order of compounds represents a new breakthrough in the

development of next generation thermoelectric materials.

It is known that the main way to obtain high values

of thermoelectric ZT parameter is to reduce the thermal

conductivity coefficient κtot and resistivity ρ, and on the

other hand, it is necessary to increase the Seebeck coeffi-

cient S [21–23]. From this point of view, a promising direc-

tion for further search seems to be the synthesis of ceramic

high-temperature composites with nanostructure of type

”
core−shell“ based on oxides, oxosulfides and sulfides of

rare earth metals [24]. These compounds are built according
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to the guest-host principle, where the
”
guest“ plays the role

of a
”
phononic glass“ with low thermal conductivity, and the

”
host“ has a metallic type of conductivity and plays the role

of an
”
electronic crystal“ [8]. In the paper [14] compounds

with nanostructure of the core-shell type were studied for

the first time. The most promising values of thermoelectric

parameters at the indicator ZT = 0.48 (T = 773K) were

obtained for the compound of composition SmS@Y2O2S.

It was also shown that a further increase in the ZT
parameter is possible by increasing the Seebeck coefficient

while maintaining optimal values of electrical resistivity by

optimizing the concentration in the sample Y2O3. Further

studies [25] on the development of compounds with core-

shell nanostructure allowed for a specific polyol sol-gel syn-

thesis, which resulted in increase in the number of core-shell

particles. Besides, in the resulting compound Y2O3@SmS it

was possible to significantly increase the absolute value of

the Seebeck coefficient (−40µV/K at T = 430K), which is

approximately by two times greater compared to the same

parameter for SmS@Y2O2S. Thus, composites with core-

shell nanostructure based on samarium monosulfide and

yttrium oxide of rare earth elements (REE) were considered
as promising new thermoelectric materials.

In this paper, the compounds Y2O3@SmS,

(Y0.90Gd0.10)2O3)@SmS and (Y0.99Gd0.01)2O3@SmS

were selected as objects of study. The preparation of solid

solutions of REE oxides in the
”
core“ structure will allow

the creation of additional defects and disorder in the lattice,

which will further increase the Seebeck coefficient and

reduce the thermal conductivity of the material. It seems

that the combination of such features of the components

can provide conditions for increasing the thermoelectric

ZT parameter composite as a whole. Thus, the objectives

of this paper are the synthesis of compounds Y2O3@SmS,

(Y0.90Gd0.10)2O3@SmS and (Y0.99Gd0.01)2O3@SmS with

core-shell nanostructure and study of their thermoelectric

properties.

2. Experimental part

To synthesize nanostructured powders of compounds

with core-shell structure the rare earth element compounds

were used as initial reagents: gadolinium and yttrium ni-

trates Gd(NO3)3 · 5H2O, Y(NO3)3 · 5H2O, samarium acety-

lacetonate Sm(acac)3, as well as sodium hydroxide NaOH,

urea (NH2)2CO and ammonium rhodanate NH4SCN. The

content of the main components in these reagents was

no less than 99.9%. The ethylene glycol C2H4(OH)2
of

”
chemically pure“ grade was used as an organic solvent.

The synthesis procedure was carried out according to

the scheme described in detail in the paper [25]. At the

initial stage sol-gel synthesis was carried out using solutions

of alkali NaOH and gadolinium and yttrium nitrates. As

a result, solid solutions of hydroxides of compositions

YxGd1−x(OH)3 (x = 0.9, 0.99) and separately Y(OH)3
were obtained. The resulting hydroxides were annealed

in a muffle furnace for 1 h at 873K to obtain REE

oxides. Next, suspensions of the resulting nanopowders

were prepared in ethylene glycol and precipitation of

Sm(acac)3 with solution of (NH2)2CO using polyol sol-

gel synthesis was carried out similarly to the method

described in [25]. The resulting powders were annealed

in a muffle furnace for 1 h at 873K to obtain appropriate

oxides. Thus, three compounds were synthesized with

core-shell nanostructure of the compositions Y2O3@Sm2O3,

(Y0.90Gd0.10)2O3@Sm2O3, (Y0.99Gd0.01)2O3@Sm2O3.

Using solid-phase synthesis with powders Y2O3@Sm2O3,

(Y0.90Gd0.10)2O3@Sm2O3, (Y0.99Gd0.01)2O3@Sm2O3 and

ammonium rhodanate NH4SCN using the method [26,27]
the samples were obtained containing the phase of samar-

ium polysulfide SmS2 on the surface of the particles. The

sulfidation process was carried out in ammonium thio-

cyanate vapors at T = 633K for 10 h in inert atmosphere.

Next, the resulting powders were mixed with metallic

samarium in a stoichiometric ratio and thoroughly mixed

in an agate mortar, then placed in the induction furnace,

and the resulting mixture was heated at T = 1423K for 1 h.

As a result, compounds of the composition Y2O3@SmS,

(Y0.90Gd0.10)2O3@SmS and (Y0.99Gd0.01)2O3@SmS were

obtained. The obtained products with core-shell nanostruc-

ture were sintered by hot pressing in vacuum at T = 1423K

for 2 h with force of 70MPa. The resulting ceramic

materials were used to study micro-, nano-, and defect

structures, as well as thermoelectric properties.

The phase composition of the compounds was deter-

mined by powder diffractometry. X-ray diffraction analysis

(XRDA) of the obtained polycrystals was carried out on

Shimadzu XRD-7000 diffractometer (CuKα-radiation, Ni

filter, range 10−80◦2θ, step 0.03◦, accumulation 2 s).
The morphology of compressed compounds with core-

shell nanostructure was studied using high-resolution trans-

mission electron microscopy (HRTEM) on JEOL JEM-2010

device operating at a voltage of 200 kV and resolution of

1.4 Å. Samples for TEM were prepared by grinding sintered

ceramics in agate mortar, creating suspension in methanol,

and spreading them onto a carbon perforated mesh. The

molar ratio of elements in the compounds was determined

using energy dispersive chemical analysis (EDA) on Hitachi

TM3000 TableTop SEM unit with Bruker QUANTAX

70EDS attachment.

The temperature dependences of the Seebeck coef-

ficient S were measured in a sparse (5 Torr) helium

atmosphere with samples placed between two copper

contact pads. A temperature gradient of 5K between the

copper contacts was maintained using Thermodat−13K5

thermostat. The thermo-emf between copper contact pads

was measured with Keysight 34465A digital voltmeter.

Resistivity ρ was measured by Van der Pauw method. The

electrical properties were studied in the temperature range

298−873K. The errors in determining the values of Seebeck

coefficient and resistivity of the samples are ∼ 5%.

The temperature conductivity coefficient (χT ) of the

studied samples was determined by the laser flash method
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on automated LFA-457 unit (NETZSCH (Germany)) in

atmosphere of high-purity argon (Ar 99.992 vol.%) in the

temperature range 298−873K. Heat capacity measurements

were carried out using the reference standard Pyroceram

9606. A flat sample is irradiated from below with a

short pulse of laser radiation (1.064µm). The error in

measuring the temperature conductivity coefficient for solid

samples is 2−5% depending on temperature. The overall

temperature conductivity coefficient κtot was calculated

using the well-known equation κtot = χT DC p, where χT —
temperature conductivity coefficient, C p — heat capacity,

D — density of ceramic material. The experimental values

χT obtained by the laser flash method contain lattice and

electron diffusion components.

3. Results and discussion

3.1. High resolution XRDA and TEM

Figure 1 shows the XRDA results for the obtained

compounds Y2O3@SmS, (Y0.90Gd0.10)2O3@SmS and

(Y0.99Gd0.01)2O3@SmS.

One of the important tasks of this paper was the optimiza-

tion of the method for multi-stage synthesis of compounds.

The optimization process consisted of searching for optimal

temperatures and times at each stage of synthesis to

stabilize the phase of oxides Y and Gd, as well as the

complete conversion of the
”
shell“ in SmS after successive

stages of sulfidation and annealing. Thus, in the resulting

compounds, yttrium and gadolinium oxides occupy the

internal region of the particles —
”
core“, on which surface

layers of samarium monosulfide —
”
shell“ are formed.

Besides, as XRDA results showed, in this paper single-phase

compounds without trace impurities of REE oxosulfides and

sesquisulfides were synthesized. The formation of solid

solutions of REE oxides in compounds was also identified

(Y0.90Gd0.10)2O3@SmS and (Y0.99Gd0.01)2O3@SmS.
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Figure 1. XRDA analysis of the obtained compounds

Y2O3@SmS, (Y0.90Gd0.10)2O3@SmS and (Y0.99Gd0.01)2O3@SmS.

EDA results of compounds Y2O3@SmS, (Y0.90Gd0.10)2O3@SmS

and (Y0.99Gd0.01)2O3@SmS

Sample
Content of element in sample, wt%

Sm Gd Y O S

Y2O3@SmS 37 − 43 12 8

(Y0.90Gd0.10)2O3@SmS 36 7 38 11 8

(Y0.99Gd0.01)2O3@SmS 37 1 43 11 8

Figure 2 shows the HRTEM results of the stu-

died powders Y2O3@SmS, (Y0.90Gd0.10)2O3@SmS and

(Y0.99Gd0.01)2O3@SmS. Experimental data confirmed the

formation of a composite with core-shell nanostructure.

Pre-obtained particles of oxides Y2O3, (Y0.90Gd0.10)2O3

and (Y0.99Gd0.01)2O3 have a plate-like shape. After the

process of the core coating with Sm(OH)3 shell, the

core facet is smoothed. Thus, nanoparticles in the syn-

thesis products Y2O3@SmS, (Y0.90Gd0.10)2O3@SmS and

(Y0.99Gd0.01)2O3@SmS are characterized by a pronounced

oval and hexagonal shape (Figure 2). The proposed

sequence of synthesis routes promotes the formation of

samarium oxide on the surface of REE oxides. However,

the formation of individual particles Sm2O3 is not excluded.

Thus, on the surface of the particle there is a darkened

boundary of the core, like that of a heavier samarium atom

(shown by arrows in Figure 2).

The study by HRTEM method allows us to conclude that

the compounds contain a significant amount of
”
core-shell“

nanoparticles. Optimization of the multi-stage synthesis of

compounds made it possible to obtain particles with an

average size of approximately 100−150 nm. The resulting

value is by 30−50% lower compared to the particle

sizes in the compounds Y2O2 S@SmS and SmS@Y2O2S

obtained in [14]. This fact contributes to increase in the

concentration of deformation centers and decrease in the

thermal conductivity coefficient of the sintered ceramic

sample [20].

The elemental composition of the studied samples cor-

relates with the theoretical reference atomic concentration.

The EDA results confirmed the ratio of Y, Gd, Sm,

O and S atoms in the synthesis products Y2O3@SmS,

(Y0.90Gd0.10)2O3@SmS and (Y0.99Gd0.01)2O3@SmS (see
Table). Error of determination was ∼ 1%.

To analyze the effect of changes in the internal mi-

crostructure of compounds with core-shell nanostructure on

their thermoelectric properties, it is necessary to determine

correlations and relationships between the properties and

the size of particles (crystallites). Taking into account the

known features of changes in thermoelectric properties in

compounds based on REE sulfides [18,19], associated with

the morphology of powders and pressed ceramics, it can be

assumed that similar processes will occur in the compounds

under consideration with core-shell nanostructure.
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Figure 2. HRTEM results for compounds: a — Y2O3@SmS, b — (Y0.90Gd0.10)2O3@SmS and c — (Y0.99Gd0.01)2O3@SmS).

3.2. Thermoelectric properties

Figure 3 shows the temperature dependences of

the Seebeck coefficient S (a), resistivity ρ (b) and

power factor S2/ρ (c) for compounds Y2O3@SmS,

(Y0.90Gd0.10)2O3@SmS and (Y0.99Gd0.01)2O3@SmS. The

obtained experimental dependences were compared with

previously obtained results for compounds Y2O2 S@SmS

and SmS@Y2O2S with core-shell nanostructure [14].

The negative sign of the Seebeck coefficient (Figure 3, a)
indicates the electronic type (n-type) of conductivity in

the resulting compounds. The temperature dependences

of the parameter S change monotonically without obvious

anomalies. The smallest value (−94µV/K) at T = 873K

is obtained for compound (Y0.99Gd0.01)2O3@SmS. This

is by ∼ 20% lower then the same parameter for

compound Y2O3@SmS and by ∼ 70% lower then for

the previously studied compounds Y2O2S@SmS and

SmS@Y2O2S [14]. Thus, the conditions found for the

stabilization of oxide and sulfide phases during the syn-

thesis of compounds Y2O3@SmS, (Y0.90Gd0.10)2O3@SmS

and (Y0.99Gd0.01)2O3@SmS allowed us to achieve optimal

values of the Seebeck coefficient in accordance with the

formula for calculating the thermoelectric ZT parameter of

material ZT = S2T/ρκtot.
At the same time, in the considered objects under

study the tendency for increase in the resistivity of

the material with increase in the thermo-emf index re-

mains. Figure 3, b shows that for compounds Y2O3@SmS,

(Y0.90Gd0.10)2O3@SmS and (Y0.99Gd0.01)2O3@SmS the

parameter ρ achieved values of 9 to 17µ� ·m at

T = 873K. The obtained values ρ are close to values
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Figure 3. Temperature dependences: a — Seebeck coefficient S, b — resistivity ρ and c — power factor S2/ρ for compounds

Y2O3@SmS, (Y0.90Gd0.10)2O3@SmS and (Y0.99Gd0.01)2O3@SmS and comparison with previously obtained results for Y2O2S@SmS and

SmS@Y2O2S [14].

obtained for previously studied compounds of compositions

γ-Ln0.8Yb0.2S1.5−y (20µ� ·m at T = 750K) with defect

crystal lattice of Th3P4 type [18]. But the achieved here

values ρ by order of magnitude are higher the values

obtained in paper [14] for Y2O2S@SmS and SmS@Y2O2S

(0.74 and 0.53µ� ·m at T = 773K). Also note that a

slight increase in the resistivity with temperature increasing

indicates a metallic type of conductivity in the com-

pounds under study Y2O3@SmS, (Y0.90Gd0.10)2O3@SmS

and (Y0.99Gd0.01)2O3@SmS.

Thus, the obtained high values of the Seebeck coefficient

and optimal values of resistivity made it possible to achieve

the values of the power factor (S2/ρ) ≈ 995µW/m ·K

at T = 873K for compound (Y0.99Gd0.01)2O3@SmS. This

is the highest value among similar parameters S2/ρ

for considered in this paper compounds Y2O3@SmS,

(Y0.90Gd0.10)2O3@SmS and (Y0.99Gd0.01)2O3@SmS. How-

ever, this value is lower than the obtained values of the

parameter S2/ρ in paper [14] for compounds Y2O2S@SmS

and SmS@Y2O2S. In connection with this, it was interesting

to study and compare the thermophysical properties of these

compounds.

Figure 4 shows the temperature dependences of

the overall thermal conductivity coefficient of the

compounds Y2O3@SmS, (Y0.90Gd0.10)2O3@SmS and

(Y0.99Gd0.01)2O3@SmS, Y2O2S@SmS and SmS@Y2O2S.

The value of the thermal conductivity coefficient was

determined by the known equation κtot = χT DC p, where

D — density of the ceramic sample, χT — temperature

conductivity coefficient, and C p — heat capacity of the

material. With temperature increasing the increase in the

parameter κtot is observed, and the thermal conductivity

coefficient itself reaches values of 1.50−2.45W/m ·K. For

composition (Y0.99Gd0.01)2O3@SmS the minimum vaues

of thermal conductivity coefficient κtot = 1.50W/m ·K is

achieved at T = 873K, this approximately by 2−3 times

is lower then the same index for previously studied

compounds Y2O2S@SmS and SmS@Y2O2S. Note that the
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Figure 4. Temperature dependences of thermal conductivity coef-

ficient κtot for compunds Y2O3@SmS, (Y0.90Gd0.10)2O3@SmS and

(Y0.99Gd0.01)2O3@SmS and comparison with previously obtained

results for Y2O2S@SmS and SmS@Y2O2S [14].
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Figure 5. Temperature dependences of thermoelectric ZT param-

eter of studied compounds Y2O3@SmS, (Y0.90Gd0.10)2O3@SmS

and (Y0.99Gd0.01)2O3@SmS and comparison with previously ob-

tained results for Y2O2S@SmS and SmS@Y2O2S [14].

obtained thermal conductivity coefficient for the compound

Y2O3@SmS at T = 873K is κtot = 2.35W/m · K. This is by

∼ 20% lower then values κtot in compounds Y2O2S@SmS

and SmS@Y2O2S. Thus, in this paper we obtained

the compounds Y2O3@SmS, (Y0.90Gd0.10)2O3@SmS and

(Y0.99Gd0.01)2O3@SmS with decreased thermal conductiv-

ity coefficient. The reason for this effect may be the intro-

duction of a small amount of ions Gd3+ in sublattice Y2O3.

This resulted in the creation of additional phonon scattering

centers [19] and, as a consequence, in a further decrease

in the thermal conductivity coefficient. As a result the

obtained values κtot for compounds (Y0.90Gd0.10)2O3@SmS

and (Y0.99Gd0.01)2O3@SmS at T = 873K are 1.84 and

1.50W/m ·K, respectively. On the other hand, the results

for parameter κtot by 1.5 times exceed the same values for

compounds γ-Ln0.8Yb0.2S1.5−y with a cubic crystal lattice

of Th3P4 type [18]. This is worth paying special attention to

and looking for further ways to reduce the parameter κtot to

increase the efficiency of the thermoelectric material. In the

general case, the thermal conductivity coefficient includes

two components and can be calculated using the formula

κtot = κlat + κel, where κlat and κel — lattice and electronic

components of thermal conductivity. Considering the low

resistivity (high concentration of charge carriers) in the com-

pounds under study Y2O3@SmS, (Y0.90Gd0.10)2O3@SmS

and (Y0.99Gd0.01)2O3@SmS, it is necessary to take into

account that the contribution of the electronic component

of thermal conductivity will exceed 10%.

Figure 5 shows the temperature dependences

of the thermoelectric ZT parameter of studied

compounds Y2O3@SmS, (Y0.90Gd0.10)2O3@SmS and

(Y0.99Gd0.01)2O3@SmS, and comparison with literature

data, obtained for compounds Y2O2S@SmS and

SmS@Y2O2S with core–shell nanostructure.

The obtained maximum value of thermoelectric ZT pa-

rameter of sample (Y0.99Gd0.01)2O3@SmS at T = 873K is

ZT = 0.56, this is by ∼ 3 times higher than the appropriate

value for samples Y2O3@SmS (ZT = 0.18 at T = 873K)
and Y2O2S@SmS (ZT = 0.23 at T = 773K). As can be

seen from Figure 5, the temperature dependences for

compounds SmS@Y2O2S and (Y0.99Gd0.01)2O3@SmS are

characterized by close parameter values ZT . This is

primarily caused by a lower parameter in the compound

SmS@Y2O2S and by higher resistivity in the sample

(Y0.99Gd0.01)2O3@SmS. On the other hand, the obtained

temperature dependences of the thermal conductivity co-

efficient for compounds containing ions Gd3+ demonstrate

low values of the parameter κtot in comparison with similar

data for compounds Y2O2 S@SmS and SmS@Y2O2S. Thus,

it is necessary to continue to look for ways to optimize

the thermoelectric properties of compounds with core-shell

nanostructures to achieve higher parameter values ZT . It

is obvious that further steps to increase the efficiency of

the thermoelectric material shall be associated with the

optimization of compositions in the
”
core“ and

”
shell“

subsystems — the creation of solid solutions, as well as

the use of rare earth metals with larger difference in ionic

radii.

4. Conclusion

Based on the results of this paper, a series of sam-

ples was synthesized based on rare earth elements, their

oxides and monosulfides with compositions Y2O3@SmS,

(Y0.90Gd0.10)2O3@SmS and (Y0.99Gd0.01)2O3@SmS with

core–shell nanostructure. The synthesis included multi-
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stage processes using the polyol sol-gel method, sulfida-

tion and high-temperature annealing with the search and

establishment of optimal synthesis times and temperatures

to stabilize the oxide and monosulfide phases. It was

determined that the compounds exhibit promising thermo-

electric properties at elevated temperatures up to T = 873K

and above. For the compound (Y0.99Gd0.01)2O3@SmS at

T = 873K the values of the main thermoelectric parameters

are achieved: Seebeck coefficient S = −94µV/K, resistiv-

ity ρ = 17µ� and total thermal conductivity coefficient

κtot = 1.50W/m · K. At that the maximum thermoelec-

tric ZT parameter of compound (Y0.99Gd0.01)2O3@SmS

achieves values ZT = 0.56 at T = 873K, which is a

competitive and promising result in comparison with other

thermoelectric materials based on REE.

To further thermoelectric ZT parameter increasing and

obtaining the effective thermoelectric material with core-

shell nanostructure, it is necessary to optimize the compo-

sitions, the optimization consists in obtaining solid solutions

based on oxides and monosulfides of rare earth elements

using REM with a large difference in ionic radii. This,

to a large extent, will make it possible to complicate the

phonon spectrum of compounds and to reduce the thermal

conductivity of the material, as well as to increase the

power factor of the thermoelectric material. Thus, it will be

possible to obtain a high-temperature thermoelectric device

corresponding to the concept of phononic glass-electron

crystal with a core-shell nanostructure.
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