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ABSTRACT

In this article we report a facile, highly energy-efficient synthesis route for the fabrication of
nanostructured bulk thermoelectric copper selenide (Cu,Se). Using microwave-assisted

thermolysis, nanopowders of Cu,Se were produced starting from commonly available precursor



materials. Optimized compaction parameters were achieved through an investigation of different
factors in the compaction process to achieve enhanced thermoelectric properties. The high ZT
value of 2 obtained at 900 K for optimized SPS-compacted Cu,Se nanopowders exceeds the state
of the art CuySe by 25% at the same temperature. The results demonstrate the prominent
improvement in Z7 attributed both to the low thermal conductivity, as low as 0.38 W/m-K at 900
K, and the enhancement in the power factor of nanostructured Cu,Se.

Introduction

Thermoelectric (TE) materials are solid-state energy-converters, which can convert heat into
electricity or serve as Peltier heat pumps. They have a wide range of applications in thermal
management and power generation''). The materials are classified with respect to their intended
operational range as low (room temperature up to 250 °C), medium (from 200 °C up to 600 °C)
and high temperature (above 600 °C) TEs. Several families of materials have been introduced
for each respective temperature range. Recently, copper selenide (Cu,.<Se) has gained a renewed
interest for the medium temperature range operation. Copper selenide structures have previously

(231 and are being considered even in biological

been used in photovoltaic cells and devices
systems “. This renewed interest can be attributed to the low thermal conductivity of the
material as well as to its phase changing nature, which is an interesting aspect of the material "
#191 The constituent elements are abundant in nature, and are considered as more benign in
comparison to many other TE structures, especially those containing Pb, Sb, As, etc.
Additionally, Cu,4Se exhibits an electronic-ionic conduction mechanism that has a great
influence on different properties, such as the specific heat capacity (c,), which approaches the
theoretical limit of solid crystalline materials compared to liquids'™ ® * ' 1?1, Different methods

have been used for the fabrication of these materials, including melt alloying!> > 7+ % '2 13,



6, 14, 15]

mechanical alloying (ball milling)! , self-propagating high-temperature synthesis (SHS)!'",

[9, 16, 17]

and chemical routes using aqueous solutions either directly’ or solvothermally precipitated

8] [4, 19

using autoclave!"™ or organometallic precursorst® '), Some of these processes require high
temperatures (above 1000 K), long processing times, which consumes a lot of energy, or inert
atmosphere glove boxes for powder handling, which are expensive.

Our motivation for this study is to develop an alternative, fast, energy and resource effective
synthesis method for Cu,Se-based compounds with improved performance intended for TE
applications. Our technique is based on as-received materials and the synthesis is performed via
microwave (MW) assisted heating at temperatures much lower than those used in conventional
methods (250 °C). Fabricated nanomaterials have been carefully consolidated to preserve the
nanostructure and characterized for their temperature-dependent TE properties depending on the
sintering temperature and pressure.

Experimental

Copper acetate [Cu(CO,CHs),-H,0], selenium powder (Se, > 99.5%), and the organic solvents
oleic acid (CigH340;), 1-Octadecene (C;sHss, ODE), and Trioctylphosphine [P(CgH,7);, TOP]
methanol and hexane (C¢H4) were all purchased from Sigma Aldrich and used as received. The
precursor mixture was prepared by adding a stoichiometric amount of copper acetate and Se
powder in a MW glass vial with 4 ml of ODE and 8 ml of oleic acid. The vial was then sealed
with silicon septa caps and degassed with several purges of nitrogen followed by vacuum, into
which 2 ml of TOP was added. The degassing process is performed to prevent TOP oxidation.
The vial was then loaded into the laboratory MW synthesizer (Biotage® Initiator+), pre-stirred

for 2 minutes and then heated with the following parameters; a MW power of 400 W, a synthesis

temperature of 250 °C, and a synthesis holding time of 5 min. The greenish color suspension



turned into brownish color after the synthesis. The powders were then washed several times with
hexane and methanol and left in vacuum oven to dry at 60 °C for 3 hours. The dried powders
then underwent several characterization processes, including Scanning Electron Microscopy
(SEM, Zeiss Ultra 55), Transmission Electron Microscopy (TEM, Jeol JEM 2100), and X-ray
Powder Diffraction (XRPD) (PANalytical Empyrean, PANalytica X’pert PRO with Anton Paar
XRK 900 High Temperature Chamber). Afterwards, the powders were compacted using Spark
Plasma Sintering (SPS, Dr. Sinter 825). The optimized sintering parameters were identified as a
heating rate of 75 °C/min, maximum temperature of 400 °C, and no holding time. The cooling of
the pellets had to be controlled to minimize the effect of the phase transition on the structural
integrity of the pellet. All high temperature transport measurements were carried out under Ar
atmosphere in the range of 300-900 K. The Seebeck coefficient (S) and the electrical
conductivity measurements were performed using a ZEM 3 (Ulvac Technologies) system. The
total thermal conductivity k was calculated using the equation k=D"p-C,, where D is the thermal
diffusivity, ¢, the specific heat capacity and p the bulk density of the pellet. The thermal
diffusivity was measured using a laser flash analysis system (LFA 457, Netzsch). The specific
heat capacity, c,, was measured by Differential Scanning Calorimetry (Netzsch-DSC 404
Pegasus214 Polyma), and the density was obtained from the Archimedes method. High
temperature Seebeck coefficient and electrical conductivity measurements were repeated at the
University of Michigan to confirm the electronic transport properties of these compounds.

Results and Discussion

By a careful exploration of the MW synthesis parameters, the optimum synthesis temperature
was identified as 250 °C and the holding time of 5 min. The reaction process on the MW

synthesizer is mechanized using a sample loader therefore the human influence is minimized.



This results in highly reproducible results. Due to the limitation of the volume on the particular
instrument a full batch results in about 12 grams of nanopowders. In this work several batches
underwent the same procedure and the XRD results were identical. Therefore the study
performed on the compaction and optimization of the compaction parameters were performed on
the same big batch of nanopowders. Figure la illustrates the XRPD pattern for samples at

different stages of processing: as-prepared, SPS-compacted, and after measurements of the TE

transport properties.
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Figure 1: Room temperature XRPD pattern of a) powders at different processing steps; as-
prepared, compacted powder and the pellet after the TE measurements and b) temperature-
dependent XRPD of the copper selenide powder (indexed with ICDD Card number 29-0575 for
a-CuySe (*), 01-079-1841 for B-Cu,Se () and and 98-002-9287for Si (o))

Depending on the temperature, Cu, <Se has two main phases: a monoclinic a phase below 140
°C and a cubic B phase above 140 °C. The XRPD 20 scans of the compacted sample show a
slight shift with respect to the as-prepared sample from higher angles to lower angles at 26 and
39.7 degrees, corresponding to the (2 2 2) and (5 3 0) planes, respectively, which can be
attributed to the recrystallization of some of the defects and/ or amorphous parts and the

formation of the proper phase. Additionally, the room temperature XRPD pattern taken after TE



transport measurements shows the transformation of most of the Cu, Se from the B phase to the
o phase. Moreover, Figure 1b illustrates the temperature-dependent XRPD of the powder (a
mixture of the as-prepared Cu,,Se nanopowder and Si powder used as the internal reference) at
elevated temperatures and confirms the o to B phase transition around 100 °C, a much lower
temperature than that reported in the literature. According to Chakrabarti et al.*” and Gahtori et
al.l"®! the transformation takes place at above 120 °C. In the material under investigation, the
phase transformation commences at temperatures lower than 100 °C and is completed at about
110 °C. This transformation is also confirmed by the DSC measurements, which were performed
in 2 cycles, as displayed in Figure 2. The data reveal that the phase transformation process is
reversible, the traces being identical upon heating and cooling. The process parameter was set for
2 °C/min increments, and the phase transition takes place at about 105 °C, where we observe a

sharp peak in the derivative of the heat flow.
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Figure 2: DSC thermogram of Cu,.«Se nanopowder with 2 heating-cooling cycles.

Figure 3 displays SEM micrographs of the as-prepared powder. The particle size ranges from
50 nm up to several hundreds of nanometers, with an average size of 150 nm + 20 nm (counting
about 300 particles/grain from several micrographs). Additionally, secondary particles consisting

of much smaller domains, as primary particles, are visible in Figure 3b. These primary particles



have sizes in the range of 15-40 nm, with an average size of 25 + 5 nm. This is seen from the
TEM image presented in the inset of Figure 3Error! Reference source not found.b, which

confirms the presence of the primary smaller particles within the observed clusters.

200 nm

Figure 3: a), b) SEM micrographs of the as-prepared Cu,Se nanopowder at different
magnifications (inset in (b) is the TEM micrograph of as-prepared Cu,.,Se nanopowder).

HRTEM was performed on the as-prepared powder samples to more closely observe the
crystal structure and geometry of the primary particles in the cluster. Figure 4 represents the
TEM micrograph of the as-prepared powder at different magnifications. The HRTEM image
depicts the primary particles with a high crystallinity. The interplanar distance was calculated as
0.33 nm, corresponding to the (2 2 2) plane of the a-Cu,.«Se phase matched with the ICDD card
number 29-0575. The FFT performed on the designated area also displays the periodicity of the

interplanar distance.



Figure 4: a) Low, and b) high resolution TEM micrographs of as-prepared powder with the
corresponding FFT of the interplanar distances.
Table 1 lists the SPS processing conditions for the samples used for transport characterization.
The heating rate during the SPS process was selected in such a way as to prevent any accidental
surge of current that could have melted the powder. Additionally, the densification curve
provided us with the plateau limit for the compaction (data not shown). The optimum parameters
were identified as a 400 °C compaction temperature with a heating rate of 75 °C/min and no
holding time. The most important difference in the SPS process parameters was the fact that in
one compaction processes, the load/pressure on the sample was released during cooling
(CuySe_Nano_nl), while in the other process, the load/pressure was maintained (Cu,Se Nano ).

Table 1. SPS processing conditions and the resulting sample density.

Chemical process Mass density Heating rate Compaction Holding .
Sample Tag parameters (g/em®) (°C/min) temperature (°C) Time Cooling load
S -
CusSe_Nano_nl 250°C'S mins 5.97 (=90%) 75 400 0 No
holding time
250°C 5 mins —ONo
Cu,Se Nano | holding time 6.02 (=90%) 75 400 0 Yes

The density of the compacted Cu,Se nanopowder samples was around 90% of the theoretical
density, a relatively smaller density compared to the density of nano structured and bulk Cu,Se

reported by other groups * ' !, This might be due to differences in the grain size!**!. Different



particle sizes have different surface energy, which may cause resistance to further compaction'®.

SEM micrographs of two compacted samples with different compaction parameters are
presented in Figure 5a and b. Although both samples have nearly the same density, the sample
Cu,Se Nano nl contains a mixture of nano- and micron-sized grains, while in the other sample
the grains have grown quite a lot, a feature attributed to maintaining the load/pressure even
during the cooling step. Due to the high pressure and sintering temperature, as well as the very
short exposure time to the sintering temperature, several smaller particles might start diffusing
into each other and aggregate to form larger grains, while some other particles remain small.
During the cooling stage that maintained the load/pressure on the compacted powder, the
diffusion of small particles might be enhanced; thus, the sample labeled as nano Cu,Se 1 has
much larger grain size in comparison to the sample designated as Cu,Se nl. Nano and micro
grain sizes and their distribution in the structure have a strong influence on the TE properties of

the compound.

Figure 5: SEM micrographs of a) Cu,Se Nano nl and b) Cu,Se Nano 1 at similar

magnifications.
TE transport properties of nanostructured Cu,Se samples were determined based on

measurements of the Seebeck coefficient, electrical conductivity, and thermal conductivity



between 300 and 900 K. The results are illustrated in Figure 6. The electrical conductivity
(Figure 6a) decreases with the increasing temperature for all samples, likely due to electrons
being scattered by acoustic phonons, which is a typical behavior of heavily doped semiconductor
materials. The sample with no load applied during cooling shows a higher electrical conductivity
of 1126 S/cm compared to the conductivity of 884 S/cm measured on the sample on which the
load was maintained during the cooldown. Both of the samples show a sudden drop in the
electrical conductivity at the phase transition temperature, followed by an increase and the final
values of 170 S/cm for Cu,Se Nano nl and about 100 S/cm for Cu,Se Nano | reached at 900
K. Comparing the electrical conductivity with the values reported by Gahtori et al.'> and Yu et
al.l%, some 15% (=1000 S/cm) and almost 75% (=725 S/cm) enhancements are observed at RT,
respectively. This might be due to the percolated network of large (micron-sized) grains in the
Cu,Se_nl compound. The conductivity values follow the same trend in all 3 samples and fall to a
value of 150 S/cm at 900 K in Cu,Se_Nano_nl, similar to the work of Gahtori et al.l'*! and about
50% higher than the value (=95 S/cm) reported by Yu et al.[°!

The positive sign of the Seebeck coefficient confirms that holes are the main carriers in both
samples (Figure 6b). The RT Seebeck coefficient value is 70 pV/K and increases to about 250
uV/K, which is roughly 25% more than values reported in the work of Gahtori et al. '*}(=200
puV/K), but roughly similar to the values reported by Yu et al. 6)(=255 pV/K ). The temperature
dependence of the Seebeck coefficient indicates that there is a tendency for an extrinsic to
intrinsic transition at high temperatures. Using the empirical relation for the band gap,
Eq=2eSaxTmax, and our Seebeck coefficient data[24], the band gap energy is estimated to be 0.72
eV for the sample Cu,Se Nano nl, and 0.83 eV for the sample Cu,Se Nano 1. Both values are

relatively lower than the band gap energy of nano-Cu,Se reported by Riha et al.”!. The wide

10



range in observed band gap energies and different electronic behaviors in our samples compared

to the literature might be due to differences in the Cu to Se stoichiometry, large grain size

.. . .. . 26
distributions, and grain size effects in the compound .
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Figure 6: Thermoelectric transport data for the two samples measured between 300 K and 900
K: a) electrical conductivity, b) Seebeck coefficient, c) thermal conductivity, and d) estimated ZT
value.

The thermal conductivity values follow the same trend as reported in the literature, namely, the
thermal conductivity of Cu,Se Nano 1 starts at about 0.75 W/m-K at RT (Figure 6¢), abruptly
drops at the phase transition region and continues to decrease until it reaches a value of about
0.38 W/m-K at 900 K. The reduced thermal conductivity value in our Cu,Se samples originates

from the highly disordered structure due to randomly distributed Cu atoms in the structure ™ '

11 as well as the phonon filtering effect due to different grain sizes, and grain boundary

11



scattering present in the compacted pellet. We used the Wiedemann-Franz law to calculate the
lattice contribution to the thermal conductivity of all samples by subtracting the electronic term
(K. = LyoT where Ly, o and T are the Lorenz number, electrical conductivity and absolute
temperature, respectively) from the total thermal conductivity. We assumed the system to be
highly degenerate and the carrier scattering dominated by acoustic phonons. The Lorenz
numbers for Cu,Se, 2.0x10®* V¥/K? for Cu2Se Nano | and 1.8 x10™ V?/K? for Cu,Se_Nano_nl

were used from the literature ' to estimate the electronic part of the thermal conductivity.
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Figure 7: Thermal conductivity contributions in the two samples. The black lines (solid, dashed
and dotted lines with square symbols) represent sample Cu,Se Nano 1 and the blue lines (solid,

dashed and dotted with circle symbols) represent Cu,Se Nano nl

Looking at the thermal conductivity plot presented in Figure 7 as well as the initial thermal
conductivity values illustrated in Table 2, a clear 30% reduction in the total thermal conductivity
is noticeable between the two samples at 850 K. The estimated electronic part of the total

thermal conductivity at room temperature for the sample Cu,Se Nano nl and for Cu,Se Nano |

reaches levels of 0.67 W/m-K and 0.47 W/m-K, compared to the total thermal conductivity of

12



0.74 W/m-K and 1.02 W/m-K, respectively. Moreover, the lattice thermal conductivity at the
highest temperature of measurement (900 K) shows a 65% reduction at 850 K, which is the
result of the nanoengineered grains, causing enhanced phonon scattering, and filtering of low and
high frequency phonons, both processes resulting in a reduced lattice contribution.

Table 2 Room temperature electrical conductivity, total thermal conductivity and electronic

thermal conductivity of the two samples

Sample Tag ° Koot e
(S/cm) (W/m'K) (W/m'K)
Cu,Se Nano _nl 1126 0.82 0.67
Cu,Se Nano | 884 1.02 0.47

Any decrease in the size of the grains in a material results in an electrical conductivity
reduction until the quantum confinement region is reached. There are more interfaces and grain
boundaries in nanostructured materials in comparison to bulk samples. Electrons are scattered
passing these interfaces and grain boundaries, resulting in suppressed electrical conductivity
compared to their bulk counterparts®®!. However, recently it was shown that multiple scattering
mechanisms in bulk samples enhance the Power Factor (PF) of the material®. In other words, in
nano/micro mix-grained composites, the dispersed nanoparticles are designed to preferably
scatter phonons, while micro particles form a percolated network for electron transport”®”’. Since
small grain sizes cause confinement effects for lower energy charge carriers, the Seebeck
coefficient also increases in nano/micro mix-grained composites. We believe a similar
phenomenon is causing an enhancement in the Seebeck coefficient and electrical conductivity in
our samples as compared to reported values in the literature. Figure 6d represents the overall TE
figure of merit ZT of both samples prepared. High power factor and low thermal conductivity

result in an exceptionally high TE figure of merit Z7 for Cu,Se Nano nl as compared to the

13



highest reported Z7 values in Figure 8. Due to the methodology that preserved the nanostructure,
ZT values as high as 2 at 900 K were achieved for the nanostructured Cu,Se, an almost 25%

higher ZT than the maximum value reported by Gahtori et al.l"”) at the same temperature.
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Figure 8: Comparison of ZT values of Cu,Se samples prepared in this work with earlier reports

The increase in ZT in our samples originates from the reduced thermal conductivity compared
to other works (at least 10% reduction compared to the work of Gahtori et al.'*! and more in
comparison to others) as well as the higher Seebeck coefficient achieved with the optimized
compaction process. The high ZT at a lower temperature enables the usage of the material at
temperatures lower than the material’s instability region. According to the phase diagram of
copper and selenium, slight variations in the value of x in the Cu,,Se create big issues on the
material stability over 900 K**\. This might result in migration of Cu ions and creating local
stoichiometric variations resulting in local melting of those domains.

Conclusions

Using a highly reproducible and fully automated MW-assisted thermolysis route, copper
selenide (Cu,Se) nanopowders were fabricated. Structural properties of the powder and the

pellets compacted from the powder were investigated, and the transport properties of the

14



resulting materials were determined. Optimized SPS compaction parameters were identified and
used. The samples have a relatively high power factor and the thermal conductivity of the
material is about 10-20% lower than the previously reported values in the literature. An
exceptionally high ZT value of 2 was obtained at about 900 K, one of the highest reported values
in the literature. The MW-assisted synthesis method provides a promising route for a scalable
fabrication of the nanostructured bulk thermoelectric Cu,Se material, which can be easily
adopted by the industry for energy harvesting and other TEG applications. We concluded that
using this preparation method with optimized compaction parameters, it is possible to enhance
the ZT value of nanostructured Cu,Se based compounds by ~60% as compared to its bulk
counterpart.
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