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In the past decades, Cu,_,Se compounds have attracted great attention due to the
inclusion of non-toxic and abundant elements, besides having a promising thermoelectric
(TE) performance. In this work, we investigated the effect of a crystal mismatch of a
nanoinclusion phase on the TE properties of Cu,_,Se. Nano-Cu,Se was synthesized using
microwave assisted thermolysis, while the p-type skutterudite, Fes»5C0g 755010
(FeCoSb), compound was synthesized using a chemical alloying route. Nano-Cu,Se,
and (nano-CusSe)+_,(nano-FeCoSb), composites, where x = 0.05 and 0.1, were prepared
via mechanical alloying followed by Spark Plasma Sintering process. Structural properties
were evaluated by PXRD and SEM analysis, while the high temperature transport
properties were examined via electrical conductivity, Seebeck coefficient, and thermal
conductivity measurements in the temperature range of 300-800K. Powder X-ray
diffraction (PXRD) confirmed a single phase of nano Cu,Se, while the samples with
FeCoSb inclusion consist of two phases as Cu,Se and CoSbz. SEM micrographs of
all samples show that Cu,Se has randomly oriented grains with different sizes. Cu,Se
samples with a FeCoSb inclusion show a rather different structure. In these samples, a rod-
shaped FeCoSb phase, with a size varying between 20 and 100 nm, showed an
inhomogeneous distribution in the structure and stacked between the Cu.Se layers.
Transport data indicate that crystal mismatch between Cu,Se and FeCoSb has a strong
effect on the TE transport properties. Electrical conductivity decreases but Seebeck
coefficient enhances with nano FeCoSb inclusion. Total thermal conductivity was
suppressed by 30% and ZT value enhanced by 15% with 5% nano FeCoSb inclusion
at 750 K, likely due to a decrease in the electronic contribution of the thermal conductivity.
Structural and transport data show that small amount of nanoinclusion of FeCoSb has a
beneficial effect on the TE performance of nano Cu,Se at temperatures below 800 K.

Keywords: thermoelectric effect, microwave assisted thermolysis, nano Cu,Se, nano Fe3;5C0475Sb2, crystal
mismatch, thermal conductivity
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INTRODUCTION

In an effort to reduce global warming, which results from the
burning of fossil fuels, various alternative energy sources have
been identified. Thermoelectric (TE) materials and devices are
one of the promising alternatives and sustainable energy sources
which can convert heat energy directly into electrical power. TE
materials-based technologies have been incorporated into space
missions and are now gaining more attention for terrestrial
applications. For more than a decade, this technology has not
been used in a large scale, this is because of its inherent low
conversion efficiency (Bell, 2008; Snyder et al, 2008; Julian
Goldsmid, 2009). This conversion efficiency is proportional to the
efficiency of the TE material, which can be determined by a factor
called figure of merit Z. Its dimensionless form is given as ZT = S0 T/x,
consisting of the Seebeck coefficient (S), the electrical conductivity (o),
absolute temperature (T), and the thermal conductivity « (= &p. + e,
where «,. is electronic and «; is the lattice contribution to thermal
conductivity). A good TE material should have a high power factor
(S%0) and a low thermal conductivity (Bell, 2008; Snyder et al., 2008;
Julian Goldsmid, 2009). In an attempt to get a higher ZT > 2, an
extrinsic semiconductor with good electronic properties (high charge
carrier mobility) is generally selected and various methods that will
reduce the thermal conductivity as much as possible are being
explored. Several approaches have been used to increase the
efficiency of TE materials. Such approaches include the Phonon
Glass Electron Crystal paradigm (Rowe, 2006; Beekman et al,
2015), the formation of bulk nano-composites (Hsu et al, 2004;
Poudel et al., 2008), the use of band resonant states to enhance the
density of states (Heremans et al, 2008), the composition and
temperature induced band convergence (Pei et al,, 2011; Liu et al,
2012), using materials with extreme inharmonicity of lattice vibrations
(Morelli et al., 2008), ultra-fast solidification techniques (Li et al., 2009),
and the Phonon Liquid Electron Crystal (PLEC) (Liu et al,, 2012; Yu
et al,, 2012) concept. The PLEC concept is an extension of Phonon
Glass Electron Crystal and the principle is to eliminate transverse
phonon vibrations in the process of heat transfer. The PLEC concept
could be successfully applied to copper-based chalcogenides (Ballikaya
et al,, 2013).

Cu,_,Se compound is a known superionic compound that has
inherently low thermal conductivity. In the superionic phase,
cations exhibit liquid-like diffusivity and the disordered nature
results in a low lattice thermal conductivity usually (<1 W/m-K)
(Liu et al., 2012; Yu et al., 2012; Ballikaya et al., 2013; Tafti et al.,
2016). Cu,_,Se based chalcogenides have gained more attention
not only because of their extremely low thermal conductivity but
also due to their constituent elements (Cu and Se), which are
considered benign and are found in abundance in comparison to
many other TE material compositions, especially those
containing Pb, Sb, As (Tafti et al., 2016). Cu,_,Se exists in two
phases, a low temperature a phase and a high temperature
phase. The transition from the low temperature to high
temperature phase occurs at ~400 K. Se atoms in a Cu,_,Se
compound are located at FCC sites in the two phases and Cu
atoms are coherent and localized in « phase but disordered in f3
phase (Liu et al., 2012). In spite of Cu-based chalcogenides having
promising TE performance, large scale application has been
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hindered by the reliability issues where diffusive Cu ions are
prone to electro-migration; this issue has to be addressed.
Several strategies have been developed to enhance the ZT and
the chemical stability of Cu,_,Se over a wide temperature range,
include tuning of bonding energy (Zhao et al., 2017), developing
nanocomposites (Butt et al., 2016; Nunna et al.,, 2017), chemical
doping via transition metals, alkaline, halogen or chalcogenide
elements (Peng et al., 2016), and nanoscale incorporation of other
elements and compounds (Ballikaya et al., 2019b). Zhao et al.
(2017) and Nunna et al. (2017) showed the possibility to obtain
ultra-high ZT values in Cu,Se by incorporating carbon fibers, or
carbon nanotubes. Various studies have proved that structural and TE
transport properties of Cu,_,Se can be modified with a variety of
nano-inclusions, and the synthesis route (Tafti et al.,, 2016; Ballikaya
et al,, 2019a; Ballikaya et al., 2019b; Hamawandi et al., 2020). Cu,_,Se
have been synthesized via various methods such as solid-state reaction
(Ballikaya et al, 2013), solvo-thermal synthesis (Tafti et al, 2016),
melting and annealing (Ballikaya et al., 2019a), high-pressure high-
temperature synthesis (Xue et al,, 2019), colloidal synthesis (Forster
etal, 2017), and arc melting (Butt et al., 2019). In spite of many works
reported earlier, the crystal mismatch of guest and host phases on
transport properties of Cu,_,Se has not been studied in detail. In our
previous work, we reported chemical synthesis process and TE
properties of nanostructured Cu;gSe and Cu,Se (Hamawandi
et al, 2020). Here, we intend to study the effects of crystal
mismatch, using p-type nano-skutterudite inclusion, on the
structural and transport properties of nanostructured Cu,Se.

EXPERIMENTAL METHODS

Sample Synthesis

Preparation of Nanoscale Cu,_,Se Powders

“Nano Cu,_,Se” powders were prepared via a microwave (MW)
assisted thermolysis method. High purity copper acetate [Cu
(CO,CH3;),-H,0], selenium powder (Se > 99.5) and the
organic solvent oleic acid (C;gH340,), 1-Octadecene (CigHse,
ODE), and trioctylphosphine [P(CgH;7);, TOP], methanol and
hexane (C4H;,4) were used. The precursor mixture was prepared
by adding a stoichiometric amount of copper acetate and Se
powder in a MW glass tube with 4 ml of ODE and 8 ml of oleic
acid 2 ml of TOP was added in the tube, and then the tube was
sealed with silicone septa caps and degassed with several purges of
nitrogen followed by vacuum to prevent TOP oxidation. The
mixture was stirred for 2 min via MW Synthesizer (Biotage®
Initiator) and then heated for 5 min at the synthesis temperature
of 250°C using MW power of 400 W. The product was washed
several times with methanol and hexane and left in vacuum oven
to dry for 3 h at 60°C, thus obtaining dried powder of Cu,Se. More
details on the chemical synthesis process and structural
properties of nanostructured Cu,Se can be found in our
previous reports (Tafti et al., 2016; Hamawandi et al., 2020).

Preparation of Nanoscale FeCoSb (Fes 25C0¢.755b15)
Powders

Precursor for p-type skutterudite nano-FeCoSb powder was
prepared by chemical alloying route, using the procedure
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FIGURE 1 | PXRD patterns of: (A) nano-Cu,Se, (B) nano-FeCoSb, and (C) as-milled nano-Cu,Se-%5 Nano FeCoSb.

20 (Angle)

developed and reported earlier (Tafti et al.,, 2014). The process includes
co-precipitation of constituent elements in an intimately mixed
oxalate form, which are then thermochemically treated to obtain
the final skutterudite phase. In a typical process cobalt chloride
(CoCl,-6H,0), iron chloride (FeCl,-4H,0) and antimony chloride
(SbCl;) solutions were prepared as stocks. 0.3 M ammonium oxalate
(C,HgN,0,) was used as the precipitating agent. Thermodynamic
modeling was used to determine the pH window to co-precipitate the
constituents with the desired stoichiometry (see Reference Tafti et al,
2014 for further details). The metal ion solution and the precipitating
agent were added to the reaction chamber simultaneously. The
reaction pH was kept at two and the process was carried out at
room temperature. After the precipitation process, the powders were
washed, filtered and dried at 60°C overnight. The powders were then
calcined at 350°C for 3 h to obtain their oxide form. Finally, to obtain
the stoichiometric nano FeCoSb, powders were thermochemically
treated at 450°C for 3 h in a rotating tube furnace under hydrogen gas.

Sample Compaction

Cu,Se nanopowders were directly compacted, whereas (nano-
Cu,Se);_(nano-FeCoSb), solid solutions were mechanically ground
for 1h in a Planetary Ball Mill (Optosense), then compacted under
Argon gas. All powders were loaded into separate 12.6 mm diameter
cylindrical dies for compaction using a spark plasma sintering (SPS)
system. Then samples were densified at 450°C for 15 min under
50 MPa pressure, cut into disc and rectangular bar shapes for high
temperature transport property measurements.

Structural Analysis
The phase identity and purity were verified using powder X-ray

diffraction (PXRD) (RigakuUltima IV diffractometer). Scanning
electron microscopy (Hitachi $3200 SEM) was used for a detailed
microstructural analysis of all the samples.

Transport Properties

Transport property measurements were carried out in the
temperature range of 300-800 K. The Seebeck coefficient and
electrical conductivity were measured concurrently using Ulvac
ZEM-3. The total thermal conductivity x was calculated
according to ¥ = D.p.Cp, where D is the thermal diffusivity,
Cp is the specific heat capacity and p is the bulk density. Thermal
diffusivity was measured using a LFA1000 laser-based apparatus
from Linseis Corporation. Specific heat was measured by a
Differential Scanning Calorimeter (Linseis PT1000), and the
density obtained from Archimedes’ method, reaching about
95-97% of the theoretical density. The typical error bar
expected in the Seebeck coefficient and electrical conductivity
is +4%, while it is +6% for the thermal conductivity.

RESULTS AND DISCUSSION

Structural Data
Phase purity of samples were determined by Powder X-Ray
Diffraction (PXRD). Figure 1 shows the PXRD pattern

A BxE

10kV  10000X 10kv  24000X

FIGURE 2 | Fractural nano-Cu,Se SEM micrographs at different magnifications.

32000X

10 kv
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FIGURE 3 | Surface SEM-BSE micrographs and elemental mapping of nano-Cu,Se.

obtained from nano-Cu,Se, nano-FeCoSb, and (Nano-
Cu,Se)g 95—(Nano-FeCoSb)g os.

Figure 1A shows the PXRD pattern of nano-Cu,Se with
orthorhombic crystal structure ((ICDD PDF card no: 00-
029-0575)), while the PXRD pattern of nano-FeCoSb
(Fe;25Co0g 75Sby,),displayed in Figure 1B, indicates that all
peaks are consistent with the main structure of
skutterudite—CoSb; (ICDD PDF card no: 00-065-1791). The
crystal structure of nano-Cu,Se is rather different from the
bulk Cu,Se (Ballikaya et al., 2013). This is likely because the
crystal structure of Cu,_,Se strongly depends on the position and
deficiency of Cu atoms in structure (Tafti et al., 2014). Figure 1C
displays the PXRD pattern of (nano-Cu,Se)qgs—(nano-
FeCoSb)g o5, where the presence of two distinct phases, as
Cu,Se and CoSb; can be clearly observed. This may be a trace
of the crystal mismatch between nano-Cu,Se and nano-FeCoSb.
Similar PXRD pattern was obtained for Cu,Se sample with 2%
nano FeCoSb inclusion (data not shown). The diffraction intensity
of the minority FeCoSb phase is as strong as the host Cu,Se phase.
The crystal structure of these two phases are different; FeCoSb has
a larger unit cell with 32 atoms per cell, where Cu,Se has 18 atoms

per cell (Uher, 2016). The higher atomic density per unit cell for
the skutterudite system may lead to a higher diffraction peak
intensity. However, an important contributor to the observed
effect could also be the material preparation route, where the
FeCoSb skutterudite phase has been reduced by gas-solid reaction
at elevated temperature (450°C), therefore exhibiting a higher
crystallinity. The crystallinity difference between the Cu,Se phase
and FeCoSb phase can also be seen from the broadening of the
diffraction peaks. In the case of Cu,Se, observed broad diffraction
peaks are ascribed to its lower crystallinity as a result of the
adapted solution synthesis route.

A more detailed microstructural property evaluation was
performed by SEM-EDS analysis. Fractural structure of nano-
Cu,Se is displayed in Figure 2 at different magnifications. As
seen, nano-Cu,Se has a highly layered texture crystalline
structure that is consistent with the literature (Li et al., 2009;
Liu et al,, 2012; Yu et al,, 2012; Ballikaya et al., 2013; Tafti et al,,
2016). Its grain size is in the range from 10 nm to 1 um. In order
to further analyze the phase purity element concentration of
nano-Cu,Se, back-scattered electron (BSE) analysis and
elemental mapping were performed.

Nano Cu,Se-5%Nano-FeCoSb
SNV

1 i
X AN |

10.00 kv 4.000X 10 pm

FIGURE 4 | Fractural SEM micrographs of (nano-Cu,Se)o gs(nano-FeCoSb)g o5 at different magnifications.

10.00 kv 25.000X 2pum

10 pm
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Nano Cu,Se-5%Nano-FeCoSb
L S—————

o

FIGURE 5 | Surface SEM-BSE micrographs and elemental mapping of (nano-Cu,Se)o g5(nano-FeCoSb)g o5 sample. White color font shows FeCoSb phases while

gray phase is the Cu,Se.

Figure 3 confirms the phase purity of Cu,Se and homogeny
distribution of Cu and Se elements in the structure. Figure 4
shows SEM micrographs of (nano-Cu,Se)y 95-(nano-FeCoSb)g 5
sample. It clearly reveals that there are two distinct phases as
skutterudutie (FeCoSb) and copper chalcogenides (Cu,Se) in this
sample, which is consistent with the PXRD pattern. SEM
micrographs of (nano-Cu,Se)gs-(nano-FeCoSb)g g5 indicates
that FeCoSb phase distributed non-uniformly within the
structure and form rod shape clusters that are stacked between
Cu,Se layers. Non-uniform distribution of FeCoSb might be due
to two possible scenarios. The first one may be the difference in
surface energy between FeCoSb and Cu,Se phases. In other
words, small size particles have higher surface energy that
resist to combine to form larger grains (Ching and Pan, 2007).
Rod shaped FeCoSb nanoparticles might, therefore, resist to
combine with larger Cu,Se particles. The other scenario is the
agglomeration of FeCoSb, which may be due to ball milling time
and energy not being sufficient for the de-agglomeration of
FeCoSb phase for a homogeneous incorporation into the
Cu,Se phase. In order to further investigate the structural
properties of Cu,Se sample with FeCoSb inclusion, a surface
SEM-BSE analysis and elemental mapping were performed.

Surface-SEM-BSE micrograph of (nano-Cu,Se)g¢5(nano-
FeCoSb)g s in Figure 5 confirms two different phases as
observed from fractural SEM and PXRD patterns.
Agglomeration and non-uniform distribution of FeCoSb
were clearly observed and it is confirmed with color
mapping of the elements. The effect of the observed
microstructure of samples on the TE transport properties is
presented below.

Transport Properties

All the transport measurements were carried out in the
temperature range of 300-800 K. The temperature dependent
electrical conductivity is presented in Figure 6. Electrical

conductivity decreases with increasing temperature for all
samples, which is a typical behavior of highly doped
semiconductors. The highest electrical conductivity was
obtained in Cu,Se and the electrical conductivity is suppressed
with increasing content of nano-FeCoSb. This may be due to the
decrease in charge carrier density with FeCoSb content, or strong
scattering of the charge carriers by the grain boundaries.
Regarding the second scenario, the decrease in electrical
conductivity is thought to be caused by the crystal mismatch
between Cu,Se and FeCoSb phase. As Kim and Majumdar (2006)
and Mingo et al. (2009) stated in their work, if there is no
homogeneous distribution of nano-phases and there is no
coherent interface with small band offsets between the host
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K [
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FIGURE 6 | Electrical conductivity vs. temperature for nano-Cu,Se
(nano-CusSe)g.gs5(nano-FeCoSb)g o5 and (nano-CusSe)g gg(Nano-FeCoSb)g o2
samples.
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FeCoSb)g 02 samples.
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FIGURE 8 | The heat capacity, Cp, vs. temperature for nano-Cu.Se
(nano-CuxSe)g.g5(nano-FeCoSb)g s and (nano-Cu,Se)q gg(nano-FeCoSb)g o2
samples.

and incorporated nano-phases, then charge carrier scattering is
much stronger. Therefore, we believe that crystal mismatch
between FeCoSb and Cu,Se, and agglomeration of FeCoSb
phase in the structure might have caused large interfaces to
form in the grain boundary regions, which is thought to cause
strong scattering of charge carriers.

Positive sign of the Seebeck coefficient in Figure 7 indicates that
holes are the main charge carriers in all samples. The temperature
dependent Seebeck coefficient shows generally opposite trend of
the temperature dependent electrical conductivity. It seems that the
Seebeck coefficient increases with increasing content of FeCoSb,
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FIGURE 9 | The total thermal conductivity vs. temperature for nano-
CuoSe (nano-Cu,Se)o g5(nano-FeCoSb)g 05 and (nano-Cu,Se)q gg(nano-
FeCoSb)g.02 samples.
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FIGURE 10 | Electronic part of thermal conductivity for nano-Cu,Se
(nano-CusSe)g gs5(Nano-FeCoSb)g o5 and (nano-Cu,Se)g gg(Nano-FeCoSb)g o2
samples after the phase transition (400-873 K).

which is also either due to decreasing charge carrier density, or
strong scattering of charge carriers (Uher, 2016; Kim and
Majumdar, 2006). The peak observed around 400 K in both the
electrical conductivity and the Seebeck coefficient vs. temperature
is a signature of well-known structural a-P structural transition in
Cu,Se materials as described earlier (Liu et al., 2012). Heat capacity
(C,) measurement is a useful, indirect method to detect structural
changes in a material. All samples reveal a clear signature of a phase
transition around 400 K (Figure 8). Upon nano FeCoSb inclusion,
C, decreases in comparison to pure nano-Cu,Se (Figure 8). The
intensity of a phase transition peak is related to the energy
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FIGURE 12 | Power factor (PF) function of temperature for nano-Cu,Se

(nano-Cu,Se)g.g5(nano-FeCoSb)g s and (nano-Cu,Se)q gg(nano-FeCoSb)g o2
samples.

difference between the two phases, and it also reflects the chemical
stability of compound (Brown, 2015; Ballikaya et al., 2019b). In
other words, compounds that have small peak during phase
transition are more stable thermally and chemically in
comparison to those with a higher peak intensity. Therefore, it
may be concluded that the thermal stability of these samples also
increases with increasing nano FeCoSb content (Brown, 2015;
Olvera et al., 2017).

The total thermal conductivity for all the samples as a function
of temperature is shown in Figure 9. The thermal conductivity is

2'0 T L T 2 T x T % T ¥ T
® Nano-Cu,Se
1.6 ® Nano-(Cu2Se), g4(Fe;,5C00 755b12)o.02 ve .
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FIGURE 13 | The ZT value of samples as function of temperature for
nano-Cu,Se (nano-Cu,Se)g gs(Nano-FeCoSb)g gs, and (nano-
Cu,Se)g.98(nano-FeCoSb)g gp samples.

suppressed with increasing nano-FeCoSb content. In order to
further understand this issue, the electronic and lattice part of the
thermal conductivity were evaluated separately. Wiedemann-
Franz law was used to calculate the lattice contribution to the
thermal conductivity (x;) of all the samples by deducting the
electronic term (k. = LoT, where L, ¢ and T are the Lorenz
number, electrical conductivity and absolute temperature,
respectively) from the total thermal conductivity. The values of
L for all the compounds were calculated by using the following
equations (Ballikaya et al., 2013):

L= [@]Z[U +7/2)F,15 () 3 [(" +5/2)F,3/ (f)]z] (1)
e

(r+ 3/2)Fr+1/2 €3) (r+3/2)F12(§)

where r is the charge carrier scattering parameter, kg the
Boltzmann constant, e the electron charge, and F,(¢) is the
Fermi integral given by

n

Fn(£>=j:° X_ay, @)

1+ex¢

Here, £ is the reduced Fermi energy that can be calculated from
the Seebeck coefficient, S and the scattering parameter r according to

+ kg (r+ 5/2)Fr+3/2 €3 _

5= e (r+3/2)F.ap 63

§ (©)

It is assumed that the system is highly degenerate, and
scattering was dominated by acoustic phonons. The
temperature dependent Lorenz number is estimated as 2.21 to
1.55 x 10~® V*/K? in the temperature range of 300-800 K for the
analyzed samples. Temperature dependent x, values in the
temperature range of 300-800 K are shown in Figure 10.
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As clearly seen, the highest x, values belong to Cu,Se, which is
due to its higher electrical conductivity. The x, decreases with
increasing content of FeCoSb phase. This is also associated with
decrease in the electrical conductivity. When electronic
conductivity value of samples at 400 and 873 K are compared,
it can be seen that the gap between maximum and minimum values
is 40, 30, and 50% for pure nano Cu,Se samples, and samples with 2
and 5% FeCoSb inclusion, respectively. This indicates that the
electronic thermal conductivity plays a rather effective role in the
reduction of thermal conductivity of nano-Cu,Se, and samples
with 2 and 5% FeCoSb inclusion. The temperature dependent
lattice thermal conductivities of samples are shown in Figure 11.

A minimum lattice thermal conductivity value of 0.19 W/mK
was obtained in nano-Cu,Se. This might be because this sample
has a highly textured structure, consisting of a large number of
smaller grains (Hicks and Dresselhaus, 1993; Hori and Shiomi,
2019). As it is known, there are three different phonon modes that
contribute to the thermal conductivity in solids which are low,
medium, and high frequency. Among these, low frequency
phonons have higher contribution in lattice thermal
conductivity due to their larger mean free path (Hicks and
Dresselhaus, 1993; Hori and Shiomi, 2019). Micro-nano size
grain is responsible for low and medium frequency phonon
scattering. This might be the dominant reason for observing
lower lattice thermal conductivity in nano-Cu,Se.

The power factor (PF) is calculated using electrical
conductivity combined with the Seebeck coefficient. The PF vs.
temperature plot for all the samples is given in Figure 12. The
maximum power factor of 14 uW/ (mK?) at 800 K was achieved
for Cu,Se sample, due to its higher electrical conductivity and
relatively high Seebeck coefficient.

The temperature dependent figure of merit for all samples are
presented in Figure 13. The ZT values of all samples are higher
than some of the reported ZT values for bulk and nanostructured
Cu,_,Se samples over 900 K (Liu et al., 2012; Yu et al, 2012;
Ballikaya et al., 2013; Oztan et al., 2020). The maximum ZT value
reached ~1.6 at 750 K for the (nano-Cu,Se), 95(nano-FeCoSb)g o5
sample which is one of the highest ZT values for Cu,Se reported
at this temperature. This indicates that it is possible to further
enhance the ZT value with optimization of nano-FeCoSb content
and its distribution within the nano-Cu,Se phase.

CONCLUSION

Nano-Cu,Se and p-type skutterudite Fe; ,5Coy 75Sb;, compounds
were synthesized successfully by using microwave assisted
thermolysis and chemical alloying route, respectively. Their
solid solutions (Cu,Se with 2 and 5% nano-FeCoSb) were
prepared via mechanical alloying followed by SPS process.
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