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ABSTRACT

Thermoelectric (TE) materials provide an environment-friendly approach to convert waste
heat into electricity. The liquid-like superionic behavior of copper selenides and their ultra-
low thermal conductivity have attracted interest as potential thermoelectric material.
However, to reach practical applications, the thermoelectric performance of copper selenides
requires enhancement. In this thesis, the literature on TE materials is reviewed, the routes for
synthesizing different copper selenide materials are discussed, and the strategies for
enhancing the thermoelectric performance through alloying, doping, nanostructuring, and
nanocomposite formation are discussed. Moreover, the application of graphene as an

excellent filler to improve the performance of TE materials is analyzed.

We developed a solution-based method for synthesizing pure copper selenide and its
graphene oxide (GO) nanocomposites. Two types of GO prepared following the Tours (GOT)
and the Hummers (GOH) methods, leading to a different distribution of oxygen functionality,
were used. Detailed analysis of the chemical composition, structural morphology, mechanical
and thermal properties, and the thermal conductivity of pure and nanocomposite

thermoelectric materials was carried out.

The structure of the synthesized materials is characterized using XRD and XPS that
confirmed the cubic crystal structure of CuigSe with the absence of impurities. The SEM
analysis confirmed the sheet-like morphology with homogenous size distribution synthesized
material. The nanocrystal size of Cu1gSe was ~42 nm based on the Warren-Averbach model.



The addition of graphene did not have a significant effect on the grain size of the
nanopowders. However, the Hummer’s GO composites showed a smaller grain size than
Tour’s GO composites. The thermal transitions and thermal stability were analyzed using
DSC and TGA. The incorporation of graphene increased both the mechanical and
thermoelectric properties. The CuysSe and its nanocomposites showed poor thermal stability
due to the sublimation of selenium at higher temperatures. This was reflected in poor TE

performance and the inability to hot-press the nanocomposites due to melting.

Nonetheless, thermal annealing at 600°C for 10 hours has improved the thermal stability of
the pure and nanocomposite samples. The annealed sample also showed enhanced electrical
conductivity, Seebeck coefficient, and power factor. The power factor of the pure sample

increased from 0.04 mW/mK? to 0.56 mW/mK? at 300 °C after the thermal treatment.

Our results show that incorporating graphene into copper selenide is an encouraging method
to improve the thermoelectric performance of the materials, with the improvement of
mechanical properties that may help in device fabrication for commercial applications.
Furthermore, the thermal treatment of the nanopowders under inert conditions has drastically

enhanced the material's thermal and TE properties.
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1. INTRODUCTION

The present goal of our society is to look for technologies and innovations that can effectively
reduce our dependence on fossil fuels, thereby minimizing greenhouse gas release. With
rising population and rapid urbanization, there is an urgent need for environment-friendly
techniques and renewable energy sources like solar and wind to replace conventional energy
sources [1]. Any energy source usage, be it fossils, solar or electrical energy, generates a lot
of waste heat. As much as 60% of the fossil fuel’s energy is lost as waste heat and around
70% in automobiles [2]. Thermoelectric (TE) devices can convert thermal energy into
electricity from the sun, cars, industrial waste heat, and ubiquitous waste heat. TE devices'
advantages are their solid-state nature, ease of scalability, and no having mechanical moving
parts, making their maintenance more manageable and cost-effective [3, 4]. Solid-state
energy conversion is advantageous due to its simplicity compared to devices run by

compression and expansion of a two-phase (liquid/gas) working fluid [5].

Conversely, the reverse phenomenon where electrical energy is converted to thermal energy,
i.e., thermoelectric cooling, is used to make refrigerators and other cooling devices [6]. TE
device potential can be maximized by working in tandem with other energy conversion
technologies. Therefore, TE devices have garnered worldwide attention, and significant

research is being carried out to fabricate high-performance TE materials [7].



1.1. History of Thermoelectrics

The thermoelectric effect was first discovered in 1802 by Alessandro Volta, where he
observed that the temperature gradient between the junction of two different conducting
materials produces an electromotive force[3]. Twenty years later (1821), Thomas Seebeck, a
physicist from Berlin, observed the deflection of a compass magnet placed near the circuit of
the junction of two dissimilar metals [8]. This effect is now known as the ‘Seebeck effect.’
Although Seebeck mistakenly refuted the phenomenon's electrical essence and claimed it
‘thermomagnetism,’ the name ‘thermoelectric’ was later coined by Orsted [3, 8]. In 1834, a
part-time French physicist discovered that an isothermal junction consisting of dissimilar
metals is either heated or cooled depending on the direction of current passing through it,
which is the opposite to the ‘Seebeck effect’ and today, this phenomenon is named the ‘Peltier
effect” [3, 9]. In 1854, a British mathematical physicist, William Thomson, provided a
thermodynamic analysis of the Seebeck and Peltier effects. Thomson found a third
thermoelectric effect in which heat is either released or absorbed when the current flow in a
homogenous material is subjected to a temperature gradient. This effect is now called the
‘Thomson effect’ [3]. Based on the Seebeck, Peltier, and Thomson effects, thermoelectrics
found various applications in the 20" century where energy availability was more important
than efficiency. In 1885, the British physicist John William Strutt Rayleigh was the first to

use the Seebeck effect for power generation [3, 10]. Various devices were fabricated to



generate electric current later in the 19" century, and these devices were named

thermoelectric generators [3].

In 1909, a German physicist, Edmund Altenkirch, proposed a formula to calculate the
maximum efficiency for thermoelectric generators. In 1922, Edmund also obtained the
coefficient of performance of a Peltier cooler [3]. The dimensionless figure-of-merit zT,
which analyzes and compares the thermoelectric efficiency for thermocouples, was first

established in 1949 by a Russian physicist named Abram Fédorovi¢ Ioffe [3, 11].

The efficiency of thermoelectric devices was not up to the mark, and research around the
1960s started to focus more on conventional devices. However, the solid-state and immovable
mechanical parts kept the research programs on TE devices alive. The first Radioisotope
Thermoelectric Generators (RTGs) were first developed in the late 1950s. In 1961, the United
States launched SNAP 3, the first spacecraft equipped with Radioactive Thermoelectric

Generator (RTG).

The advent of nanotechnology paved way for the advancement of thermoelectrics. In 1993,
L. D. Hicks and Mildred Dresselhaus of the Massachusetts Institute of Technology (MIT)
published a theory paper titled “Effect of Quantum Well Structures on the Thermoelectric
Figure of Merit’’ outlining the importance of nanotechnology to improve the performance of
thermoelectric devices [3, 12, 13]. This novel approach to increase the zT began to garner
more interest, and significant research was carried to develop high-performance

thermoelectric devices. Conventional petrol/diesel engines could be soon replaced in the



upcoming years as the current attention is focused on renewable and sustainable technology
for the forthcoming generations. Hence, investment in thermoelectric technology will be a

strategic target for many companies across the world.

1.2. Fundamentals of Thermoelectrics

Thermoelectric conversion is defined as the conversion of thermal energy to electrical energy
[4]. TE devices work on the principle of the thermoelectric effect. The effect is a combination
of three effects: Seebeck, Peltier, and Thomson effects, all of which have been briefly
explained in Section 1.2 History of Thermoelectrics [14]. This effect is applicable for both

power generation and active refrigeration.

In thermoelectric power generation, the charge carriers will move from the hot junction to the
cold junction due to high thermal energy at the hot junction when a thermoelectric couple
consisting of n-type and p-type elements is subjected to a temperature gradient (AT) [4]. This
induces an electric potential (AV) across the junction leading to the production of electric
current in the circuit [4, 15]. This effect is defined as the Seebeck effect, discovered by

Thomas Johann Seebeck in the year 1821 [3, 15, 16]. The Seebeck coefficient, S, is given by

[4]:

S = AV/AT (1.1)

The sign of S changes accordingly with the current direction and is usually measured in V/K

or uV/K [17]. Seebeck coefficient is the basis of thermoelectric power generation.



Conversely, suppose an external electromotive force is applied across the junction of two
dissimilar metals, the reverse phenomenon of the Seebeck effect takes place, which is known
as the ‘Peltier effect’, named after the French physicist Jean Charles Peltier who discovered
this phenomenon in 1834 [3, 4, 16, 17]. The flow of current either produces a heating or
cooling effect at the junction [15]. The Peltier coefficient = is the ratio between the heat q
removed from the system and the current | passing through the system [14, 17]. The Peltier

coefficient () has units of V and is given by:

~ |

(1.2)

The principles of the Seebeck and Peltier effects are illustrated in Figure 1.

e.

Active cooling

Heat flow, Q
Heat flow, Q

Heat sink

O Current flow, /
=1

Power generation mode Active refrigeration mode

Figure 1: (a) TE generator and (b) TE refrigeration. (a) A temperature gradient provokes the
charge carriers to diffuse from the hot end to the cold end, thereby generating current in the circuit.



(b) Electric current passes through the active refrigerator inducing a temperature difference across
the junction, and the cold end absorbs heat Adapted from Li et al. Li, et al. [4].

The third thermoelectric effect, the Thomson effect, occurs when heat is either absorbed or
released by the charge carriers along a single homogenous conductor with a temperature

difference of AT [18]. The Thomson coefficient () is defined as [17]:

B = qIAT (1.3)

The units for the Thomson coefficient are also V/K [17].

1.3. Figure of merit

A thermoelectric devices’ performance is represented by a dimensionless figure-of-merit (zT)

introduced by Abram Fédorovic¢ loffe in 1949 [3, 4, 11, 15-17]. zT is defined as [3, 4, 17] :

=0T (1.4)

S, 0, k,and T is the Seebeck coefficient, the electrical conductivity, the thermal conductivity,
and the absolute temperature at which the properties are measured. A material with higher zT
corresponds to better thermoelectric performance. To maximize zT, both the Seebeck
coefficient (S) and electrical conductivity (c) must be high, while the thermal conductivity
(k) must be low [4]. A material with zT of one is considered a good TE material. However, a
zT of ~ 3 is essential for TE energy converters to reach any efficiency comparable to

mechanical power generators [4, 19]. As shown in Figure 2, a higher temperature gradient



would lead to increased efficiency. Hence, TE materials that maintain a large temperature

gradient across its ends is preferred.
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Figure 2: Power generation efficiency based on the Seebeck effect and cooling efficiency based on
the Peltier effect as a function of average ZTave. The figure shows that a larger temperature
difference and higher zT will have better efficiency. Adapted from Zhang and Zhao [16].

The maximum efficiency of a TE generator as a function of Carnot efficiency is given by [15,

20, 21]:

Ny = Thot=Tcold  v1+ZTm—1
P T Tcold
hot  /1+ZTm+ T

(1.5)

ZTm is the figure of merit averaged over the hot and cold junction temperature, i.e., the n-type

and p-type legs [15]. Moreover, the thermoelectric cooling efficiency at the electrified

junction is given by[16]:

Tcold

[T+ZTayg +1

Ne =

Thot—Tcold

[T ZTayg—hot
Thot [ g ‘ (16)



A higher zTae and a larger temperature gradient will provide a higher thermoelectric

efficiency required to match the conventional mechanical engines.

1.4. Thermoelectric Materials

The advent of semiconductors paved the way again for more research to be focused on TE
materials. Maria Telkes, in the year 1947, developed a Thermoelectric Generator (TEG)
based on PbS and ZnSb that achieved a conversion efficiency higher than 5% for a
temperature difference of 400 K [22]. The Soviet Union in the 1950s produced ring-shaped
TEGs that is made up of ZnSb that ran on heat from kerosene lamps [23]. Various materials
have been used in the fabrication of TE devices, but due to their low efficiency, TE devices
were not successful compared to other techniques like mechanical power generators.
However, TE devices were used for spacecraft as they required less maintenance and no
mechanical moving parts. The most commonly studied TE materials are lead, tellurium, and
germanium but because these metals are either uncommon or hazardous, other groups of

materials are being studied.

Due to their high Seebeck coefficient, semiconductors are undoubtedly the most studied
material for TE devices. Inorganic compounds like Bi>Tes and its alloys have high zT due to
their low thermal conductivity [24]. The advantages of inorganic over organic materials are
their superior thermoelectric properties. Materials with a small bandgap are desirable for use
in TE devices [25]. Semiconductor TE materials can also be classified into three types,

according to their use-temperature ranges. Bi>Tes- based low-temperature materials that are



used below 400 K, PbTe based middle-temperature materials that operate between 600 and

900 K, and SiGe-based high-temperature materials that are used above 900 K [26].
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Figure 3: Evolution of ZT of various thermoelectric materials. Adapted from He &Tritt (2017) [27]

Figure 3 depicts the advancement of zT over the past decades with low toxic materials. The
recent attention of the research community has been directed to chalcogenides. Chalcogenides
are a group of inorganic thermoelectric materials made of tellurides (Te), selenides (Se) and
sulfides (S). Chalcogenides are the best thermoelectric contender among all inorganic
materials and have been widely employed due to their consistent and superior thermoelectric

performance over other materials [28]. Because of the low ZT of ceramic and polymer-based



TE devices, semiconductors are still the most promising candidates for TE devices [16].

Therefore, this research focuses on copper selenide, a p-type semiconductor.

1.5. Enhancement of the performance of thermoelectric materials

1.5.1. Challenges

Enhancing the performance of thermometric materials, i.e., increasing zT, is the focus of the
thermoelectric research community. As discussed in the previous section, zT of ~ 3 is
necessary to commercialize thermoelectric devices [4, 19]. A good TE material is expected
to have the properties of ‘phonon-glass/electron crystal’ (PGEC) material [17, 29]. This
material should have low glass-like thermal conductivity and excellent crystal-like electrical
properties [17, 29]. The main challenge in achieving high zT is the interdependent
thermoelectric properties, namely electrical conductivity, Seebeck coefficient, and thermal
conductivity. TE materials should have low thermal conductivity (k) for a large temperature
gradient, high electrical conductivity to reduce the Joule heat loss and a high Seebeck

coefficient for better voltage output [30].

The typical approach of improving TE materials’ performance is to increase the power factor
(S0?) by changing the carrier concentration ‘n’ or reducing lattice thermal conductivity [24,
30]. The thermal conductivity, k, is the sum of the electronic (ke), the lattice (ki), and the

bipolar (kb) thermal conductivity elements [24, 30].
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The electrons and holes contribute to the electrical conductivity and electronic thermal
conductivity, while the phonons contribute to the lattice thermal conductivity [24]. Generally,
good thermoelectric materials are heavily doped semiconductors with a carrier concentration
of 10*°-10%! cm~3 [31]. On the other hand, the lattice thermal conductivity can be reduced by

incorporating scatter centers [24, 30].

1

zT

0.5

101 10 1020 102!

Carrier concentration (cm)

Figure 4: a) The dependence of the Seebeck coefficient (S), electrical conductivity (g), and thermal
conductivity (k) with carrier concentration. Semiconductors have the perfect carrier concentration
for the maximum power factor (PF). Adapted from Snyder and Toberer [32]

The Seebeck coefficient (S) accounts for the energy difference between the average energy
of the mobile carrier and the Fermi energy [24, 30, 33]. If the carrier's concentration is high,
both the average energy and the Fermi energy increase, but the Fermi energy increases more
swiftly than the average energy, which reduces the Seebeck coefficient and thereby the power
factor (So?). Thus, due to the interconnection of TE properties, an increase in the carrier

concentration increases the electrical conductivity but reduces the Seebeck coefficient.
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Charge carriers conduct electricity as well as heat. The Wiedemann-Franz law gives the
relationship between the electronic thermal conductivity (Ke)and the electrical conductivity

(), as shown in Equation (1.7) [4, 24, 30].
K,=LaT 1.7

Where ke is the electronic thermal conductivity, T is the temperature, ¢ is the electronic,

electrical conductivity, and L is the Lorenz number that varies based on carrier concentration

(L= 1.6x1078 % - 2.2x107° 2 [30].
The relationship between electrical conductivity and carrier concentration is given by:
0 = une (1.8)
u is the carrier mobility, n is the carrier concentration, and e is the charge of an electron.

From equation 1.7, it is clear that the electrical conductivity (o) is proportional to the
electronic contribution to the thermal conductivity (ke). Any method employed to increase
electrical conductivity will increase ke, thereby increasing thermal conductivity. Therefore,
other techniques must be employed for increasing zT. Also, an attempt to decrease the lattice
thermal conductivity by increasing phonon scattering will decrease the carrier mobility as
most defects tend to scatter both phonons and electrons [30]. The thermoelectric parameters

are intertwined where one affects the other, and a proper decoupling of these parameters is
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needed to enhance the zT. It is also important to note that there is no limitation on increasing

the value of zT by the second law of thermodynamics [24].

1.6. Enhancing the Performance of Thermoelectric Materials

1.6.1. Enhancement by nanostructuring

The main motive when developing high-performance TE material is to unwind the
interconnection of thermoelectric physical properties. The formation of nanostructures is a
sound way to improve TE performance. Nanostructuring plays a pivotal role in enhancing the
figure-of-merit by reducing the lattice thermal conductivity. By nanostructuring, the
dimensions of the material are reduced. This approach has been considered to improve the zT
for low-cost thermoelectric bulk materials like semi-metallic bismuth, metallic zinc, and
semiconducting silicon [7]. The density of states (DOS) near the Fermi level is significantly
enhanced due to quantum confinement when the particle size is reduced, and the particles’
interatomic distance equals the phonon mean free path [4, 12]. The DOS increases with a
decrease in the dimensionality [7], which in turn improves the Seebeck coefficient by
increasing the effective carrier mass and paves the way to improve the earlier challenge faced
to enhance zT by decoupling power factor (Sa2) and electrical conductivity (o) [4, 34]. This
approach has its constraints as small confinement length requirements are difficult to fabricate
in many materials [7]. In 1993, Hicks and Dresselhaus [12] reported that the zT value of two-
dimensional (2D) Bi>Tes could be increased via quantum confinement over three-dimensional

(3D) structures [12]. The bulk 3D material’s chemical potential could be influenced only by
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chemical doping compared to their 2D counterpart, wherein their chemical potential could be
optimized by varying the thickness of each BizTeslayer [12]. A study conducted by Hicks et
al. [35] on PbTe/PbixEuxTe system showed that decreasing the well-width increases the
power factor several times over the bulk material [35]. It was recently demonstrated that the
electric field effect (EFE) could manipulate DOS at the Fermi level by incorporating carrier
quantum confinement [36]. Theoretical calculations predict that Bi>Tesz nanowires could
achieve a zT = 3.4 at room temperature when the carrier concentration is modified using this

EFE method [7].

The relation between phonon mean free path (1) and lattice thermal conductivity (Ki) is given

by [12, 30, 34, 37, 38]:
K, =5 Cyvl (1.8)

Cvis the heat capacity at constant volume, v is the velocity of sound, and [ is the phonon mean

free path.

The second approach to reducing the lattice thermal conductivity is by incorporating
nanostructures to scatter phonons' transport due to nanostructures' interfaces, reducing
thermal conductivity [7, 24]. Any dimension less than phonons' average mean free path will
decrease the thermal conductivity [4, 7]. The mean free path of electrons is shorter than those

of phonons in heavily doped semiconductors, as illustrated in Figure 5.
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Figure 5: Schematic illustration of different mechanisms of scattering of phonons within a
thermoelectric material. Nanoparticles scatter the longer wavelength phonons, while the atomic
defects scatter the short-wavelength phonons. The figure also depicts the electronic transport of hot
and cold electrons in the material. Adapted from Vineis et al. [38].

Hence, introducing a large density of interfaces by nanostructuring will predominantly scatter
the phonons with a large mean free path over electrons [34, 38]. This method does not hinder
the electrical conduction within the material. For example, the thermal conductivity of Bi>Tes
films fabricated by pulsed laser deposition shows a significant 25% reduction in thermal
conductivity (0.3-0.4 W m~! K™1) compared to the bulk Bi>Tes [4]. The introduction of grain
boundaries also aids in the reduction in thermal conductivity [4]. Seebeck coefficient of
Bio.4s Teo.54 Nanowires deposited in the nanopores of anodized alumina membranes increased
by 15-60% compared to their bulk at 300 K [24]. Kesker et al. [24] reported a decrease in
Bismuth nanotubes' thermal conductivity five times over Bismuth powder due to the decrease

in lattice thermal conductivity through interface scattering, as shown in Figure 6.
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Figure 6: Thermal conductivity and zT as a function of temperature for the nanostructured samples.
As seen in the figure, the thermal conductivity is significantly reduced after nanostructuring than the
powder form. The zT is also enhanced and reached 0.2 at 280 K due to the reduction in thermal
conductivity. Adapted from Alam and Ramakrishna [24]

1.6.2. Enhancement by Doping/Alloying

Doping and alloying are typical approaches to improving the efficiency of thermoelectric
materials by either increasing the power factor or decreasing the material's thermal
conductivity.

1.6.2.1. Alloying

Alloys of bismuth telluride reached a zT of 1 at room temperature in the 1950s [38]. The
main motive of alloys is to generate point defects that scatter phonons. The host and guest

should be of the same group in the periodic table to minimize the scattering of carriers [7].
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Si1xGex is a commonly used alloy-based thermoelectric material where the undoped alloy's
thermal conductivity is lower than undoped Si [7]. The alloying process allows the calibration
of the carrier concentration of the lattice thermal conduction without decreasing the electrical
conductivity. The lattice thermal conductivity of Bi>Tes is reduced with ShoTes and Bi>Ses
hence increasing the zT [24]. Similarly, binary tellurides (Bi.Tes, Sb,Tes, PbTe, and GeTe)
are alloyed and studied extensively for their thermoelectric properties [39]. The same has
been considered for AgSbTe» to increase the zT value above 1. The p-type alloy
(GeTe)o.es(AgSbTe2)o.15 was found to have a zT value of 1.2 at 400 K [40]. Tang et al.[41]
reported a significant increase in zT when SnTe was alloyed with MgTe. The solubility of
MgTe was increased to 20% in this approach, which facilitated valence band convergence
[41].

1.6.2.2. Doping

One of the template methods to maximize the figure of merit value is by modifying carrier
concentration to the optimized value. The zT of a material can be further optimized by
increasing the DOS if the dopant has energy levels near the Fermi level and increasing
thermopower [7]. Doping improves the Seebeck coefficient of the material, thereby
enhancing the thermoelectric performance. Zhao et al. [42] reported an increase in the
thermoelectric figure of merit at 300 K for SnSe from 0.1 for the undoped sample to 0.7 for
the sample hole-doped with sodium (Na) at 300 K, reaching a maximum zT of 2.0 at 773 K.
This high performance is attributed to the increase in the electrical conductivity of SnSe from

~12 S cm™? to 1500 S cm™ by hole doping [42]. The increased electrical conductivity and
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enhanced Seebeck coefficient are essential in increasing the PF [42]. Heremans et al. [43]
reported a zT value of 1.5 at 773 K for Thallium doped PbTe, which is more than twice the
zT of conventional bulk PbTe (0.7). The local DOS increases, increasing the effective carrier
mass without any change in the carrier concentration when a donor or acceptor level lies near
the Fermi level. The Seebeck coefficient was enhanced by the distortion of the electronic
density of states near the Fermi level. The effective mass increased by three while the mobility
decreased by a factor of 3-5. Such band engineering techniques, along with nanostructuring,

reduce the sample's thermal conductivity [43].

1.6.3. Enhancement by Nanocompositing

Most of the current research on low-dimensional thermoelectrics has been investigated at the
nanoscale level by understanding the TE phenomena without applying them for energy
conversion at a macroscopic level. To overcome this limitation, Nanocompositing has
become an encouraging method to increase the dimensionless figure of merit.
Nanocomposites are used to scale up and produce large quantities for commercial use.
Nanocomposites are bulk materials made up of nanostructured constituents. Nanocomposites
of thermoelectric materials have different nanostructures, including refined grains, dispersed
particles, and atomic defects. The main objective of nanocomposite fabrication is to
introduce as many interfaces as possible to reduce the thermal conductivity, increase the
Seebeck coefficient, and maintain or improve the electrical conductivity. Both these factors

contribute to the increase in zT [44]. The most successful approach for enhancing the zT of
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nanocomposites is reducing the thermal conductivity [45]. Jeng et al. [46] carried a Monte-
Carlo simulation of nanocomposite thermoelectric materials to study their thermal transport.
Their results indicated a decrease in thermal conductivity compared to that of the minimum

alloy [46].

Figure 7: Nanocomposite thermoelectric material, assembly of nano-inclusions materials embedded
in a host material or matrix. Adapted from Alam and Ramakrishna [24]

Dresselhaus et al. [44] reported a decrease in the thermal conductivity below an alloy with
the exact overall stoichiometry by the random distribution of nanostructures in SiGe
nanocomposites, as shown in Figure 7 Figure 7: Nanocomposite thermoelectric material,
assembly of nano-inclusions materials embedded in a host material or matrix. Adapted from
Alam and Ramakrishna [24]. The thermal conductivity of 10 nm and 50 nm Si-Ge
nanocomposites wires was numerically predicted and experimentally confirmed lower than

the Si-Ge superlattices [44].
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Poudel et al. [47] reported increasing zT for bulk p-type BixSh.xTez alloys by incorporating
nanostructured morphologies [47]. Nanopowders of p-type BiSbTe were prepared by ball
milling of bulk p-type BiSbTe ingots followed by hot pressing to produce the nanocomposites
[47]. The phonon scattering by grain boundaries and defects decreased the thermal
conductivity from 1.4 W/mK for the bulk ingot to 1.1 W/mK for the nanocomposite
associated with an increased electrical conductivity [47]. The grain boundaries are depleted
of charge carriers. These grain boundaries serve as Schottky barriers, wherein the grain
boundary is a source of holes introduced into the grains, thereby increasing the material's
electrical conductivity [33]. Therefore, these grain boundaries, in addition to phonon

scattering, could also impact electrical conductivity based on this hypothesis.

Ni et al. [48] prepared Bi>Tesz based nanocomposites by hot pressing metal alloys and
powders synthesized by the hydrothermal method. P-type BiosShisTesand N-type
BixTe2.855€0.15 were balled milled to powders and mixed with 10 wt.% hydrothermally
synthesized Bi>Tes powders. The mixture was then hot pressed to produce 1-mm thick
nanocomposite discs. A more substantial decrease in thermal conductivity over electrical

conductivity was observed due to nanopowders' addition that lead to an increase in zT [48].

Figure 8 shows the Transmission Electron Microscopy (TEM) image of SigoGezo
nanocomposite prepared by mechanical alloying of the pure elements with P micro powders.
The grain size is small (10-20 nm) than a typical SigoGe2o grain, around one micron or larger.

These structures are smaller than the phonon's mean free path but larger than that of electrons.
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Hence, phonons are scattered by these interfaces over the charge carriers, thereby reducing
the material's thermal conductivity. The peak zT of the SiGe bulk alloy was 1.3 at 900 °C

[49].

Figure 8: (a) TEM and (b) HRTEM images of SigoGe2o nanocomposite. Adapted from Minnich et al.
[50]

There are several challenges associated with the fabrication of nanocomposites. Previously,
atomic layer deposition techniques were the only viable techniques to fabricate
nanostructured materials. Recently, bulk processes were conducted to create a
thermodynamically stable nanostructured material. One of the critical challenges is to sustain
the thermoelectric performance of the devices based on nanocomposites during practical

applications without disintegration over repeated use [50].

Thermal stability is also an important characteristic that must be addressed when developing
nanocomposites, as these devices usually operate at high temperatures. Despite all these
challenges, various methods have been developed to fabricate nanocomposites. Ball milling,

followed by hot pressing, is used to make nano-grained materials [50]. Other techniques
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include thermal processing to produce nanoscale precipitates [50], hydrothermal and

solvothermal synthesis, and wet-chemical synthesis [51].
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2. LITERATURE REVIEW

2.1. History of Cu- based Thermoelectric

The first use of copper-based material as a TE material was documented in 1827 by the French
scientist Antoine César Becquerel when he studied the electricity produced in circuits made
of ring-shaped platinum and copper heated by candles [52, 53]. Burning sulfur powders over
the Cu wire improves electricity generation. Over thirty years later, Monsanto Company

applied for a patent for Ag-doped Cu.Se TE material in 1959.

The interest in copper-based thermoelectric materials has increased drastically. The number
of annual articles published on Cu-based TE materials, obtained from the ‘Web of Science’
and ‘Scifinder’ database using the keywords “copper” and “thermoelectric” is provided in
Figure 9 [1]. Conventional TE materials like Bi>Tes and PbTe are comprised of rare elements

and are toxic to the environment.
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Figure 9: Annual publications on Cu-based TE materials returned using “copper” and
“thermoelectric” as keywords. Source: Web of Science and SciFinder Date of Search: 12" July
2021.

Copper chalcogenides have garnered immense interest in the field of TE due to their “phonon-
liquid electron-crystal’’ (PLEC) property and the low raw materials cost. A zT of 0.95 at 850
K was reported by Shi et al. [54] in quaternary chalcogenide CusZnSnSes. Many Cu- based
compounds like Cu2SnSes and CulnTe; have been found to have zT > 1 [55, 56]. PLEC led
to the fabrication of more copper-based TEs, resulting in very low thermal conductivity as
observed in the CuzSe synthesized by Liu et al. [57] that had a max zT of 1.5 at 1000 K. The
figure of merit of the current Cu- based TEs have exceeded 2.0 with ultrahigh TE performance

of 2.3 at 400 K in iodine doped Cu,Se [58].
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2.2. Copper Selenide Thermoelectric Materials

Copper selenides have been a promising TE material for more than 200 years. The lack of
cutting-edge research and acceptable documentation practices hindered the growth of
applications of copper chalcogenides. Figure 10 depicts the number of scientific literature
published per year, primarily dealing with copper selenide. The graph indicates that the
starting point for the onset of copper selenides happened around the year 1980, and the

involvement of research is growing in the thermoelectric field.
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Figure 10: Number of annual publications (1981-2020) using “copper selenide” and
“thermoelectric” as the keywords. Source: Web of Science and Scifinder (Date of Search: July 12",
2021)

2.2.1. Structure and Properties of Copper Selenide

Nanostructure materials are those materials that have at least one dimension between 1 and

100 nm. Nanomaterials are defined to have strong chemical bonds and delocalization of
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valence electrons [59]. Cu-based TE materials have recently gained much interest due to the
abundance of copper [60]. Due to their characteristic electrical and optical properties, metal
chalcogenides have been extensively studied with potential applications in various fields like
batteries, gas sensors, and photovoltaic cells [61]. Metal chalcogenides are also used in
superionic  conductors, photodetectors, photothermal conversion, electro-conductive

electrodes, and microwave shielding [62-65].

Cu-based chalcogenides have high efficiency, adjustable transport properties, and low
toxicity [66]. Copper Selenide is a p-type semiconductor (conduction is due to the movement
of positive holes) that exists in many phases and crystal structures in both stoichiometric
(CuSe, CuzSe, and CusSez) and non-stoichiometric (CuzxSe) structures [61]. CuSe crystal
structure is a hexagonal closed packed (HCP) at room temperature that undergoes a transition

to the orthorhombic phase at 48° C and goes back to HCP at 120°C [67].

Table 1: Crystal Structure of CuSe and Cu,Se

Space Lattice parameter T
System | Phase | Crystal Structure P (nm) Ref.
group (K)
a b C
o Hexagonal P6a/mmc| 1.42 1.73 | 298
CuSe B Orthorhombic Cmem | 0.395 | 0.686 | 1.724 | 353 |[68]
Y Hexagonal P6s/mmc| 0.398 1.726 485
o Monoclinic, B=94.31°| C2/c | 0.714 | 0.124 <400
CuzSe - [69]
B Cubic Fm3m | 0.569 [ 0.569 | 0.569 | >400
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The Cu2-xSe phase is similar to the B4 (ZnO) and CI (CaF.) structures with a fcc lattice with
six to eight copper atoms occupying the octahedral, tetrahedral, and trigonal sites randomly
and four selenium atoms at the face center [70]. As shown in Figure 11, the Cu deficient

region (CuxxSe) shows two phases, a low- temperature a-phase and a high-temperature -
phase [71].
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Figure 11: Binary phase diagram of Cu-Se. Adapted from Glazov, et al. [71]

Se atoms are present in an uncomplicated fcc structure at high-temperature B-phase with the

space group Fm3m ( Figure 12), but the superionic copper ions spanning the structure are
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kinetically disordered. The a -phase is stable up to ~400 K and has a lower symmetry crystal

structure [57].
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Figure 12: a) Unit cell is shown with Cu atoms occupying the 8 (c) and 32 (f) sites and b) the
crystal structure along [110] direction. The arrows represent the movement of Cu ions between the
interstitial sites. Adapted from Liu, et al. [57].

Based on the electron counting rules, the stoichiometric Cu»Se is assumed to be an intrinsic
semiconductor with optical studies indicating a bandgap of 1.23 eV [72]. Cu2xSe is detailed
to have a direct bandgap of 2.2 eV and an indirect bandgap of 1.4 eV for x=0.2 [73]. In
contrast, Tadashi et al. and \Vohl et al. reported a direct bandgap of 2 eV. The sharp cut causes
the band gap's variation of the wavelength with spectral transmittance instead of the slow
increase [74]. The variation is also caused by the deviation from stoichiometry, dislocations,

the variation in grain size, and the quantum effect [75].

The non-stoichiometric phase is an excellent p-type electrical conductor with a high Seebeck
coefficient [76]. The conductivity of the material increases with increasing Cu- deficiency.
The transport properties of polycrystalline Cu,xSe are excellent both in the low and high-
temperature phases. The material has low electrical resistivity and a high Seebeck coefficient,

Figure 12-b. The Seebeck coefficient, S, is 60 -100 uVK™ in the a-phase (300-350 K), and
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80 - 300 u VK™ in the B-phase (420- 1,000 K) [57]. These values are comparable to the best

TE materials available.

The carrier density of CuzxSe is in the order of 10%° cm™, as reported by Liu et al. [57]. At
room temperature, the measured power factor (PF = S?/p) is ~ 6-8 uW cm™*K* for the a-
phase and 7-12 uW cm™*K for the B-phase. Cu-xSe has low thermal conductivity, as shown
in Figure 13. Liu et al. reported a zT of ~ 1.5 at 1,000 K for Cu,Se, which is very on par with
the best TE materials available [57]. The material developed by Liu et al. was prepared using
spark plasma sintering and was un-doped, which suggests that refining the TE properties by

doping or any other means would increase zT further.
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Figure 13: Thermoelectric properties of a and B phases in Cu,-,Se. Adapted from Liu, et al. [57]

As discussed in the earlier sections, k is the sum of three components, i.e., electronic

contribution (ke), lattice contribution (ki), and bipolar contribution (kp). The most direct
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method to improve zT is by reducing the lattice contribution to the thermal conductivity
through nanocomposites [77], [78]. The critical point in developing nanocomposites is to

create grains that help in phonon scattering without affecting electron transport.
2.2.2. Copper Selenide synthesis techniques and their properties

Nanocomposites synthesized by high-energy ball milling with assisted hot pressing have
improved zT. Yu reported a maximum zT of 1.6 for B-phase Cu,Se synthesized using ball
milling and hot pressing at 700 °C. They also reported a low lattice thermal conductivity of
0.4-0.5 W/mK. The B- phase turns into a- phase on cooling, and this phase transition is
reversible. The cubic p-phase has a smaller unit cell with a= b= c=5.8639 A at 200 °C. The
authors also studied the composition effect on the TE properties by varying the amount of Se
in the starting compositions. The Seebeck coefficient and electrical resistivity decreased with
increasing the selenium content due to the increased concentration of holes caused by many
Cu vacancies [79]. Copper selenide synthesized by Bulat et al. [80] is reported to have a
maximum zT value of 1.8. A mechanochemical process was used to synthesize the
nanopowders by ball milling of Cu powder and Se grains. These obtained high zT was
attributed to the low thermal conductivity of the synthesized materials. Theoretically
predicted zT was also consistent with the experimentally measured zT up to a temperature of
773 K [80]. Cu.Se undergoes a structural phase transition at 130 °C from the o-Cu.Se
(monoclinic) phase to a cubic f-Cu2Se phase [81]. Tafti et al. [82] synthesized nanostructure

copper selenide (Cu»Se) using microwave-assisted thermolysis with an average particle size
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of 150 nm +20 nm, and the powders were then compacted using spark plasma sintering

(SPS). The synthesized samples were reported to have a high-power factor and low thermal

conductivity. A zT value of 2.0 was found at 900 K, one of the highest reported values. The

figure of merit of the nanostructured Cu,Se is increased by around 60% compared to the bulk

samples [82].

Table 2: Synthesis methods for copper selenide

Growth

Main

Process

Technique|Precursors| Conditions Application Product Ref
B-phase Cu>Se with ordered Se [79]
= and disordered Cu layers
E Nanostructured Cuz.¢sSe with [83]
3 Milling time of 12 nm crystallite post-SPS
> = 8-50 h at 400- Monoclinic and cubic CuzSe,
= S 500 rpm under small grain boundaries, and [84]
b= £ Ar. Process TE pores
= E control agents_, Monoclinic CuzSe. Grain size [85]
o n e.g., stearic acid of 20 nm
'c% and n-heptane
S Nanostructured CuSe.
© Crystallite size ~11 nm. [86]
Polymorphic CuzSe;-Sx at room [87]
= temperature
= CuzySe1 xBrx doped with Br to [88]
> = reduce hole concentration
£ TS T = 1423K for TE C_lJzSeHSx. Mix_ture of
g 3 §_ 10-12 hr. trigonal and cubic phases. [89]
2 Thickness < 100 nm
S CuzxSe ingots [57]
© Trigonal CuzSe;-.Te.. 100 nm [90]

thickness
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Co-precipitation: Cu,Se
nanoflowers. Average size of

CuCl and
150-500 nm.
5 Se powder Reduction: Irregular [91]
£ RT to 250 C. hexagonal Cu.Se nanoplates
S Duration: 5 mins (100 nm)
c_(’; Copper (MW TE
S Acetate |thermolysis) to 2 B-Cu»Se nanoparticles with an [82]
EE’ and Se hr. average size of 150 nm
O powder
B-Cu2Se nanoparticles with
Cu204 and spherical morphology witha | [92]
eO2 ;
diameter ~75 nm
Copper CuSe, B-CuzSe, CuzSe, and
salts and Cuo..Se for different Cu [93]
Se None precursors
CuSOg4 and Cu,Se hexagonal flakes ~ 100-
Se0, REPORTED 200 nm [94]
Copper foil Cu»Se nanowires. Length up to [95]
and Se 50 pm.
— Cu,Se nanopowders with
g Cugg)gzand spherical morphology, size [96]
2 about 100 nm- 1.2 ym
5 TE
2 CuO and B-phase CuzSe hexagqnal
2 Se0, Autoclave. T = nanoplatelets. Grain size ~ 30 | [97]
= 100 — 230 C for nm.
S 1-24h Cuz.xSe. Nanocrystals size 10- [98]
I3 130 nm
*c;> Copper CuxxSe@C nanosheets. [99]
S acetate and Thickness 20-50 nm
« Sodium Cubic CuzxSe nanosheets. [100]
Selenite Battery |diameter ~300 nm
Cual;?jam CuzSe nanoflakes. ~100 nm [101]
thick on Cu foam substrate
Selenourea
Cu foil and
Se with RT for 2 h CuxSe- CTAB nanosheets [102]
CTAB

32




(<5
g 5 Cuz+xSe- RGO composites
o
5 § cu an;l Se TE with enhanced chemical [103]
§) @ powder stability

2.2.3. Effect of doping on the properties of copper selenide.

The zT of Cu,Se at room temperature was found to be improved via doping. Liu et al. [58]
reported a zT of ~ 2.3 at 400 K at the phase transition in lodine-doped Cu.Se. The critical
phase transition temperature can be modified to around room temperature by iodine doping.
The scattering significantly increases the thermopower and decreases thermal conductivity,
leading to a high zT value [58]. Studies have been carried out even at very low temperatures.
A figure of merit of 0.14 was reported by Yao et al. [81] at 200 K in doped p-type a-phase
CuoSe. This layered structure was developed using ball-milling and studied with different
dopants like Tellurium, Nickel, and Zinc. However, the parent compound Cu,Se was
reported to show a higher zT value over the doped compounds. Kang et al. [104] reported an
increased zT value of 1.4 by doping copper selenide with lithium. Superionic compounds are
known to have thermo and electromigration due to the diffusive cation, and this bipolar
conduction was forcibly put to a decrease by lithium doping [104]. Another study by Hu et
al. [105] also reports the same conclusion. Lithium-doped Cu>Se samples were prepared by

hot-pressing the powders that were obtained from hydrothermal synthesis. The addition of Li
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increases the Seebeck coefficient and reduces the k; due to increased phonon- scattering. A

zT value of 2.14 was reported for the Cuz1.9sLi0.02Se sample at 973 K [105].

Peng, et al. [106] reported a decrease in the electric resistivity. The carrier concentration was
changed when Cu,Se was doped in the following stoichiometric composition Cu.99Ao.01Se
(A= Fe, Ni, Mn, In, Zn or Sm). This, in turn, enhanced the value of the power factor. All the
doped samples except the In-doped sample showed better thermoelectric properties. The
highest zT was obtained for the Ni-doped sample, and the value was around 1.51 at 823K

[106]. A few more information on other doped sample studies is summarized in Table 2.

Table 3: Thermoelectric Properties of Doped Copper Selenide

Preparation
Technique

Developed

. Comments Ref.
size

Filler T(K) |zT

Vacuum melting Ultra-high Thermoelectric

lodine and spark plasma {400 |2.3 |Ingots [58]
Lo oF performance
sintering
Lithium doped Copper selenide was doped
Lithium  |using mechanical {1000 |1.4 |Ingots with lithium to suppress the  |[104]
alloying Cu ion diffusivity
Fe Conventional 1.07 |Ingots
Ni medltlng, bzl_l milling 823 151 T= 823K, Doping did not
Mn and quenching ; 1.28 change structure of Cu2Se, p- |[106]
Sm route, followed by a |(Ni) 1.07 type conduction
spark plasma
Zn sintering technique. 1.25
Ag doping reduces Hall carrier
Melting elemental concentration, zT of Cu2Se
Cu, Ag, Se and then can be increased by reducing
Ag ball-milled to form 870 |10 Ingots Hall carrier concentration. We [107]
powders. do not require Ag; any other
means would suffice.
Te doping made the phase
400- | _ 1.5um transition to a- phase. Low k
Te Solvothermal 850 12 via nanostructuring and Te [108]
doping
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i Doping of K brings micro-pore
K Hydrot_herrr_1a|+ Hot 773|119 |- structure to decrease thermal |[109]
press sintering -
conductivity
Li Hydrothermal 973 |21 100-500 Reduct_lon in ki due to phonon [105]
nm scattering
Na Hydrothermal 973 |1.32 |- _Carrler concentration [110]
increases, decreased k.

2.3. Nanostructured Thermoelectric Material-Graphene Composites

2.3.1. Graphene

Graphene is the building block of graphite. It is a single layer of carbon atoms in a tightly
packed honeycomb two-dimensional lattice, as shown in Figure 14. Graphene was discovered
by K. S. Novoselov and A. K. Geim in 2004 when they tried to separate flakes from bulk
graphite using scotch tape [111]. Moreover, since its discovery, numerous applications have
been used due to its remarkable physical properties that would pave the way for extensive

research in the nanoscale industry [111-115].

)
-

b .\., -0 -9
~o—9%—0-0
Molecular structure

Graphite stone

Primary unit of graphene

Graphene

Figure 14: Schematic depictions about the origin (presenting the transformation) of graphene from
graphite and peculiar structure of graphite and graphene. Adapted from Tiwari, et al. [116].
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It is made up of sp? hybridized atoms arranged in a lattice structure [117, 118]. The unit cell
for graphene is a two-dimensional rhombus, and two atoms are present per unit cell, as shown
in Figure 15 [119]. Graphene has exceptional thermal and electrical properties. Graphene has
a thermal conductivity of 3000-5000 Wm™K™* at room temperature [120]. P.R Wallace was
the first to perform band structure calculations on graphene [121]. Pristine graphene is found
to be a zero-bandgap semiconductor as the conduction and valence bands touch at the Dirac
point [122, 123]. The graphene unit cell is a two-dimensional rhombus, and two atoms are
present per unit cell, as shown in Figure 16 [119]. The carrier mobility of graphene at room
temperature was found to be around 10,000 cm?V1s with a specific area of 2630 m?g™.
Young’s modulus is as high as 1 TPa [118] and ultimate strength of 130 GPa, making single-
layer graphene the strongest ever material to be measured [124]. Graphene exists in various
dimensions, namely zero-dimensional (0OD) fullerenes, 1D nanotubes, or stacked as 3D

graphite, as shown in Figure 16.

Figure 15: Two-dimensional rhombic unit cell ABCD of graphene surrounded by four neighboring
unit cells. Adapted from Zhou and Huang [119].
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Figure 16: 2-D graphene is regarded as the building block for other carbon materials. It can be
wrapped into 0D fullerenes, rolled into 1D nanotubes, or stacked into 3D graphite. Adapted from
Kakaei et al. [125].

Over the years, graphene has garnered interest due to its exceptional and mind-boggling
properties, which can be exploited in various ways. It has been used widely in sensors,
biomedicals, fuel cells, and nanocomposite materials [112, 114-116, 126]. Graphene also

improves the efficiency and performance of Pt nanoparticles [118].

Bulk graphene has one of the highest thermal conductivities [127-129], and due to that, its
overall zT is relatively low [130]. Even though this poses a threat to the TE performances,
there are numerous ways to decrease the thermal conductivity of graphene by introducing
defects [130], edge-passivation by hydrogen [131], by patterning [132, 133], and by
nanostructuring [134]. Graphene also strengthens the bulk materials’ mechanical properties,

as this criterion is essential for device fabrication [135].
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2.3.2. Thermoelectric Material-Graphene Nanocomposites

Graphene has been added to improve the thermoelectric performance with other
nanocomposites to increase the figure of merit. The electrical conductivity of materials is
enhanced by incorporating graphene at very low vol% due to its high electrical conductivity
and high aspect ratio [136]. Xie, et al. [137] reported increased electrical conductivity by
adding graphene into MoS2 nanomaterials. The addition of graphene provides more electron
transport channels in the nanocomposite. Wang et al.[138] prepared Polyaniline
(PANI)/graphene nanocomposites in which the structural defects and the amount of oxygen
content in the graphene affect the thermoelectric performance of the composites. In composite

films prepared with graphene, TE properties were high and increased with graphene content,

as shown in Figure 17 [138].
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Figure 17: Electrical conductivity (a), Seebeck coefficient (b), and power factor (c) of bulk
PANI/graphene composite films. Adapted from Wang et al. [138]
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Ahmad et al. [139] reported that the addition of graphene into nanostructured BiTesz produced
by ball milling enhanced the material's thermoelectric properties. The incorporation of

graphene decreased thermal conductivity because of enhanced phonon scattering [139].

Li et al. [140] reported an increase in zT of CuzSe incorporated with graphene nanoplates. A
ZT=2.44 was reported at 873 K, which is very high and a record number in the field of study.
The nanocomposite material was prepared using ball milling and melt quench to incorporate
graphene nanoplatelets into the copper selenide matrix. The graphene-incorporated S-CuzSe
has a lattice parameter of 5.857+0.005 A. The electron microscopy showed the graphene
incorporated copper selenide with a primary Cu»Se phase and a secondary honeycomb
structure. Incorporating graphene lowers the PF, but the drastic reduction in the thermal
conductivity overcomes that reduction in PF, leading to enhancement in zT. The study also
reported an increase in zT with the graphene content of up to 0.3 wt%. A maximum zT of
2.44 was observed at 0.15 wt%. The main observation was the control of the thermal

conductivity by the incorporation of graphene [140].

Li et al. [141] reported a study on graphene’s synthesis and TE properties- incorporated
Cu>Se nanocomposites. The graphene- copper selenide nanocomposites were fabricated
using ball milling followed by SPS. The material's thermal conductivity is decreased in the
GNP incorporated sample compared to the pure sample, thereby enhancing the thermoelectric

figure of merit. The zT values increase with the increase in doping concentration with a
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maximum zT value of 1.8 at 873 K (0.25 wt% GNP- Cu,Se sample), whereas the undoped

sample had a zT value of 0.9 at the same temperature (873 K) [141].

Table 4: Thermoelectric figure of merit of various Cu,Se — carbon nanocomposites.

Carbon Preparation 2l
p T(K) Developed size Ref
source Method -
Control |Composite
Carbon Hydrothermal 1.3 198 973 50-100 nm hexagonal [142]
nanodots nanoplates
carbon | g1l Milling+ SPS| 1.5 24 | 1000 - [143]
nanotubes
Carbon fibers o1t solidification|  1.25 24 | 80 | 30-60 nm (CuzSe) |[144]
Graphene | Ball milling+ SPS| 0.9 1.8 873 ~50 um [141]
Graphene | Ballmillingand | o= 15 0y | g73 i [140]
melt quench

*Reading from graph

Zhao, et al. [144] also reported enhancing zT of copper selenide by incorporating various
carbon sources. The authors noted that a small number of carbon fibers increased the zT
significantly with a maximum zT of 2.4 at 850 K reached with 0.3 wt.% carbon-doped Cu.Se.
The inclusion of a carbon source reduces copper ion diffusion, which hinders practical
applications at high temperatures. Generally, the thermoelectric performance at moderate
temperatures (500-750 K) is unsuitable for practical applications as the zT < 1. This specific
sample also showed a zT >1 for temperatures above 520 K. The fabrication of Cu,Se with
carbon develops nanostructured interfaces that significantly decrease the thermal

conductivity by increasing the boundary's resistance. CuzSe based nanocomposites are less
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toxic, with low-cost fabrication methods paving the way for state-of-the-art TE materials

[144].

The current research focuses on utilizing graphene's remarkable electrical and transport
properties with copper selenide's available intrinsic properties. As seen in Table 4, many of
the syntheses use mechanical methods to fabricate the sample. At the same time, this research
focuses on a hydrothermal approach that is cost-efficient, scalable and has better nucleation
control. The morphology/ structure of the material can be controlled with reaction
temperature, solvents, type of precursors, and capping agents. The enhancement of the figure
of merit is of prime importance in thermoelectric materials to incorporate them for energy
applications, and nanocomposite fabrication is proved to be an excellent approach for

improving zT.
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3. RESEARCH OBJECTIVES

This research aims to enhance the properties of thermoelectric materials of copper selenide

by fabricating nanocomposites with graphene.

The aim of this research will be met by accomplishing the following objectives:

1. Preparation of copper selenide and copper selenide-graphene composites with
different concentrations of graphene.

2. Characterization of the as-prepared thermoelectric materials to establish the
correlation between graphene content and its effect on the materials' properties.

3. Assessment of the thermal stability of the pure CuSe and its graphene nanocomposites

4. Improvement of the thermal stability of the as-synthesized nanopowders via thermal
treatment.

5. Analysis of the thermoelectric performance of the pure and nanocomposites for the

optimum graphene concentration pre and post thermal treatment.
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4. METHODOLOGY

4.1. Copper Selenide Fabrication

For the preparation of Copper selenide (Cu2Se), copper sulfate pentahydrate (CuSOs - 5H20),
selenium dioxide (SeO) were used as precursors. 9.692 g (38.82 mmol) of CuSOsand 2.154
g (19.41 mmol) of SeO were added (2:1 mole ratio) to a 200 mL beaker containing 160 mL
of deionized water. The solution was stirred for 10 minutes using a magnetic stirrer to ensure
that no clumps of the precursors remained. It was then probe sonicated for 10 minutes (30
seconds on, 30 seconds off). The reducing agent used for this process was hydrazine hydrate
N2H4.H20. 12 mL of the reducing agent was added to the prepared precursor mixture. This
solution was then transferred to a 200 mL Teflon liner, placed in an autoclave, and kept in
the oven at 180 °C for 24 hours. After heating, the autoclave was then removed from the oven,
and it was cooled down to room temperature naturally. The product was collected by
centrifugation by washing twice with HCI followed by four times with water and ethanol.

The material was then dried at 80 °C under vacuum until a constant mass was achieved (4 h).

Cu?* and Se** being highly active, are reduced by hydrazine, which then combines to form

CusSe. The reaction mechanism is as follows:

SeO2+ H,0— H2SeO3 (4.1)
H2SeOs + N2H4.H20 — Se + N2 1+ 4H20 (4.2)
2CuS04-5H20 + N2H4-H20 — 2Cu + 2H2SO4 +N21 +6H20 (4.3)
2Cu + Se — CuzSe (4.3
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4.2. Copper selenide-graphene composite

For the preparation of copper selenide-carbon composite, a similar procedure to pure copper
selenide preparation was followed. The preparation of the precursor mixture was unchanged,
but different quantities of DI water were used instead. For the carbon, a graphene oxide (GO)
precursor was used. Different amounts of 2 mg/mL graphene oxide were used. Two graphene

oxide solutions were used to make the composites.

The GO prepared using Hummer’s method (1958) involved oxidation of graphite by
potassium permanganate, sodium nitrate, and concentrated sulfuric acid. GO produced using
Hummer’s method is one of the most used commercial methods due to its reduced production
cost [145]. The most recent popular technique was James Tours, who enhanced the existing
Hummer's method. This method used phosphoric acid instead of sodium nitrate and was
introduced in 2010. This modification lessens the toxicity of the solution since hazardous
gases such as nitrogen dioxide and dinitrogen tetroxide are emitted in Hummer’s approach,
which is not present in Tour's synthesis [146]. Graphene oxide prepared using Tour’s method
was synthesized in our lab, and graphene oxide prepared using Hummer’s method was

obtained commercially.

The graphene oxide solution preparation is the same for both types. A solution was made in
100 mL DI water for all the different masses. It was bath sonicated for 15 minutes, followed
by probe sonication for 5 minutes (30 seconds on, 30 seconds off). The precursor solution,

the graphene oxide solution and 12 mL hydrazine were added to a 200 mL Teflon liner. The
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liner was then placed in an autoclave and kept in the oven at 180 °C for 24 hours. The
autoclave was then removed from the oven, and the product was collected by filtration in a

dead-end cell using N2. The material was then dried at 80 °C in a vacuum.

Table 5:Mass of the precursors used for the synthesis of Cu,«Se and Cuz«Se -graphene
nanocomposites

Precursor Mass
% GO
0 [0.05% | 0.1% | 0.25% | 0.5%
CuS04.5H,0 9.69
Se0; 2.15
GO(mg) | 0 | 57 | 114 287 | 57.1

The nanostructured powders were consolidated using hot pressing under an argon
atmosphere. The powder was loaded and pressed under a uniaxial pressure of 1 GPa at 300°C

for 5 mins. The consolidated discs were of 12.7 mm diameter with a thickness of 3 mm.

4.3. Characterization

Various characterization tests were carried out on the synthesized samples to understand their
physical and chemical properties. The tests performed for analysis and testing of the prepared

materials are summarized in Table 6

Table 6: Characterization tests performed on the synthesized samples.

) DS Seebeck Electrical
Material | XRD | XPS | SEM | EDS C TGA Coefficient | Conductivity Hardness
Cu-Se v v v v| v v
(1:1)
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Cu-Se v v v vl v v v v v
(2:1)
Tours GO Composites (%GO)
0.05% v v v v| vV v v v v
0.1% v v v v| v v v v v
0.25% v v v vl v v
0.5% v v v v| vV v
Hummer's GO Composites (%GO)
005% | v |V [V v v [V v v v
01% | v | v |V v v |V v v v
025% |v |V v v v v
05% | v | v |V v v |V

4.3.1. Chemical and Structural Properties

4.3.1.1. X-Ray Diffraction (XRD)

X-ray diffraction is a non-destructive technigue to study the crystallographic structure of a
material. The periodic arrangement of atoms in a crystal diffracts light, thus producing
significant peaks due to monochromatic X-ray beams' constructive interference at specific
angles. This diffraction pattern holds information about the arrangement of atoms in a

material.

The XRD data can also obtain parameters such as average grain size, crystallinity, strain, and
crystal defects. The diffraction from a crystal can be outlined based on Bragg’s law, which is

givenby A = 2dsinf (4.4)

where d is the interplanar spacing, A is the wavelength of the X-rays, and 0 is the angle

between the incident beam and the Bragg plane [147, 148].
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The crystal size is determined according to Scherrer’s equation given by:

0o 1
" Bq cosB

D (4.5)

where A and 0 are the same as Bragg’s law, and f is the full width at half maximum (FWHM).
However, Scherrer’s equation has a limitation. The assumption that only the crystals' size
affects the peak broadening is inaccurate, as it does not consider the stress-induced
broadening, the effect of ambient temperature, and lattice strain on the width of the peak [149,

150]. There are several other methods used to overcome the pitfalls of Scherrer’s equation:

4.3.1.1.1. Williamson- Hall (WH)

Williamson-Hall is a better method than Scherrer’s in determining the size as it acknowledges
the peak broadening due to lattice strain and not just the crystallite size. As a result, the

FWHM according to W-H is given by

Bhkl = Bsize + Bstrain (46)

where Bhii, Psize, and Pstrain are the peak broadening, peak widths due to the grain size, and
lattice strain. We obtain the size from the intercept and the strain component from the graph's

slope [149].

4.3.1.1.2. Warren-Averbach (W-A)
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Warren- Averbach method is another size/strain analysis that uses a Fourier — coefficient
analysis model. This model can calculate the size of a curve of any shape provided the tails
are appropriately truncated. This method is found to be in good accordance with the crystallite

size determined experimentally [151].

4.3.1.1.3. Size Strain Plot (SSP)

The SSP model offers more significance to the low angle XRD peaks as those areas have high
accuracy and precision than higher diffractions angles where peaks generally overlap. The
SSP plot models the size broadened part as a Lorentzian function and the strain broadened

part as a Gaussian function [152].

For this research, the XRD was carried using Rigaku Ultima IV X-ray Diffractometer in a scan
range of 5° to 80°, with a speed of 1°/minute. CuK (alpha) (0.1542 nm) radiation at 40 kV

and 30 mA was used in this analysis. Figure 18 shows an X-ray Diffractometer

-
E

¥

Figure 18:Rigaku Ultima IV X-ray Diffractometer
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4.3.1.2. X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a non-destructive surface characterization
technique that bombards the material's surface with X-ray photons under a vacuum. The
electrons absorb photons corresponding to a particular energy level in the material. The
electrons released are unique for each element, which aids in obtaining the material's
elemental composition. XPS can also give us information on the chemical state of the element
based on the binding energy. For this project, XPS was used to determine copper and
selenium's chemical state in their compounds. It was also used to obtain each element's
quantification — how much was present in each sample. This test can also show if there are
oxides present [148, 153]. Figure 19 depicts an X-ray Photoelectron Spectroscopy from

Kratos Analytical.

Figure 19: X-ray Photoelectron Spectroscopy from Kratos Analytical

4.3.1.3. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a well-known technique to obtain images of a

material's surface. The scanning electron microscope scans the material with a focused
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electron beam and gathers the secondary or backscattered electrons from the sample. SEM
provides high magnification, high-resolution images of the surface. Different detectors collect
the emitted particles to yield the results. X-rays are also generated due to the incident beam,
which is characteristic of a particular element and helps collect the elemental information
(discussed in the next section). The analysis was performed on the Thermo Fisher Scientific
Apreo SEM in high vacuum and 30 kV [153, 154].

4.3.1.4. Energy Dispersive X-ray Spectroscopy (EDS)

Energy Dispersive X-ray Spectroscopy (EDS) is utilized to identify the sample's elemental
composition by collecting characteristic x-rays generated from the material's surface during
SEM analysis using a specialized detector. The X-rays are collected and categorized
automatically since each element has characteristic energy for the X-ray photons emitted
[153, 154]. The EDS was performed in conjunction with the SEM, using the EDAX Octane

Elect EDS System.

4.3.2. Thermal Properties

4.3.2.1. Thermal stability

Thermogravimetric analysis is used to determine the thermal stability of a material. It also
measures the composition of volatile compounds in the material. The material's weight
change is monitored as the sample is heated to a higher temperature at a constant rate. The
heating is carried out in a controlled atmosphere where the purge gas is nitrogen. The curve

obtained is the weight change against the temperature can also determine any decomposition,
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oxidation, dehydration, and pyrolysis during heating [155]. TGA was carried on a Perkin

Elmer TGA, a temperature range of 50 °C to 900 °C under nitrogen at the rate of 20° C/minute.

4.3.2.2. Thermal Transitions

Differential Scanning Calorimetry (DSC) is a thermal analysis technique. The difference in
the amount of heat required to raise a material's temperature and reference material is
recorded as a temperature function. It is a useful analysis to gauge if a sample undergoes
physical or chemical changes. Both the sample and the reference are maintained at the same
temperature throughout the experiment. The melting point, specific heat capacity, heat of
fusion, and heat of vaporization of a material can be obtained from this technique [155]. For
this research, DSC was carried out from 50 °C to 400 °C for two cycles at 20 “C/ min using

Perkin Elmer Pyris.

4.3.3. Thermoelectric property measurement

Compaction of powders was done for all samples using hot- pressing at 300 °C for 10 minutes
under high-purity argon. This temperature was chosen based on the stability of the prepared

copper selenide.

Electrical conductivity and the Seebeck coefficient are essential in understanding the TE
behavior of a material. The consolidated samples' properties are measured using NETZSCH

SBA-458 as shown in Figure 20 from room temperature to 573 K under Argon atmosphere.
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The sample is held between a pair of micro heaters, current pins, and thermocouples. The
microheaters heat alternatively to maintain a temperature gradient. The temperature gradient
will generate a potential difference/voltage between the thermocouples. Each measured
voltage is plotted against the temperature to obtain the Seebeck coefficient. Similarly, the
electrical conductivity is measured by passing different current values through the current

pins and then measuring the resulting voltage across the ends.

Figure 20: NETZSCH- SBA-458 Nemesis instrument

4.3.4. Mechanical Properties

4.3.4.1. Hardness Measurement

To analyze the mechanical properties of the synthesized materials, the microhardness
of these materials was measured. For these measurements, the nanopowders were pressed
into small disks. A pyramidal indenter with a square base makes an indentation on the surface
of the disk. The hardness of the material is determined by the prediction size of the indentation

and the used load [156]. Figure 21 shows an illustration of the indenter and indentation.
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Figure 21: Indenter and indentation made for the microhardness measurements. Adapted from
Smallman and Ngan [157]
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5. RESULTS AND DISCUSSION

Pure copper selenide and copper selenide-graphene nanocomposites with different graphene
concentrations were synthesized using the hydrothermal method detailed in Section 4. The
yield of the as-synthesized products was above 90% for all materials. The first synthesis was
produced using a 1:1 precursor ratio (CuSO4:Se0Oz) as a pilot study and a 2:1 ratio. As
predicted, the first synthesis yielded CuSe as the product. The graphene composites were

made for the 2:1 ratio only.

The chemical and structural properties of the materials were studied by performing XRD,
XPS, SEM, and EDS on the synthesized materials. The XRD peaks were matched to the
reference database from ICDD (The International Centre for Diffraction Data), and the
crystallite size was calculated as detailed in Section 4.3.1.1. The XPS was done to analyze
the samples' chemical state and composition, followed by SEM imaging and EDS mapping
to find the chemical composition. The thermal properties of the sample were studied by their
respective TGA and DSC scans. The samples were then consolidated into discs for TE

property measurements.

5.1. Copper (1) Selenide (CuSe)

5.1.1. Chemical and Structural Properties

A 1:1 stochiometric ratio of the precursors was to synthesize pure CuSe. Figure 22 shows the

XRD patterns for the pure CuSe. The observed XRD peaks correspond to CuSe-
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Klockmannite (ICDD PDF Card No: 00-006-0427), confirming the pure successful synthesis
of CuSe. The identified lattice plane (006) has the highest intensity. The interplanar spacing

of 0.29 nm was obtained for the (006) plane using Bragg’s law.
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Figure 22: XRD plot of synthesized CuSe with standard PDF card (ICDD: 00-006-0427)

The grain size for the crystals was determined using Scherrer’s, W-H, and W-A methods.
WA method resulted in the best fit with an R? value of 0.94. The equation for the Warren-

Averbach process is as follows:

b= 2(L )+ 25e2 (5.1)

tan20 D \tan@ sind
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Figure 23: Warren- Averbach linear fit for CuSe nanocrystals.

2
Figure 23 shows a linear fit for BZ VS B}‘, , the grain size and strain were obtained from
tanZ 0 tan O sin O

the slope and the intercept, respectively. The grain size was 28.7 nm, and the strain was 0.14

%.

In addition to XRD, XPS analysis was performed to investigate the elements' chemical states
and quantify their composition. Figure 24 (a) shows the survey spectra of the synthesized
CuSe sample. Figure 24 (b) and (c) show the deconvoluted Cu 2p and Se 3d peaks. The Cu
spectrum has only two significant peaks at (932.9 eV and 952.6 eV), corresponding to the Cu
(11) ions in CuSe. The satellite labeled peaks confirm Cu?* in the samples as satellite peaks
are characteristic of the element's paramagnetic state. The shoulder peaks correspond to the
presence of copper oxides in the model. The Se spectra have only two peaks (at 54.7 and 55.3

eV), which can be assigned to Se? ions in CuSe. The short, broad peak in Se 3d scan could

56



correspond to the formation of oxides on the surface. The Cu and Se content can be quantified

from the peak areas of Cu 2p and Se 3d, tabulated in Table 7.
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Figure 24: XPS (a) survey spectrum of pure CuSe and high-resolution spectra of the (b) Cu 2p and

(c) Se 3d regions.

Table 7: Elemental composition of CuSe measured by XPS.

Composition (At. %)
Cu 45.3
Se 23.9
o) 30.8
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Figure 25 shows the SEM images for CuSe. Hexagonally shaped nanostructures are visible
in all images. No nanoparticle agglomeration was observed, although the edge length had a
wide range of size distribution. The hexagonal plates showed a thickness varying from 34 nm

to 40 nm, and the average edge length was 188 nm.

Figure 25: SEM images of CuSe nanostructures.

Table 8 represents the EDS analysis results of the CuSe sample. The results confirm the
chemical composition with a 1:1 stoichiometry, indicating the material is CuSe, as per the 1:1
stoichiometry of Cu and Se atoms in the precursor. The atomic % of Cu and Se are 51 and

49, respectively. The elemental mapping of Cu and Se are shown in Figure 26.

Table 8:EDAX Quantification of as-synthesized CuSe

Composition (At. %)
Cu 51
Se 49
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Figure 26: a) SEM and EDS mapping of b) Cu and c) Se of CuSe.

5.1.2. Thermal Properties

The thermal transitions of the CuSe nanomaterials were examined using DSC in the range of
25 to 400°°C. The melting point of the material is an essential criterion when the material is
sintered for TE testing. Figure 27 shows the DSC and TGA of the CuSe sample. An
endothermic peak is observed around 382 °C, corresponding to the decomposition of CuSe

to B-Cu2-xSe and Se [158].
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Figure 27: DSC and TGA curves of the CuSe nanocrystals.

The thermal stability of the materials was evaluated using TGA. The thermal stability of the

TE material is essential as it dictates the temperature range of application. The 5% mass loss
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temperature is at 423 °C. The TGA thermogram in the region of room temperature to 900 °C
is shown in Figure 26Figure 27. From the TGA thermogram, the decomposition of CuSe
commences around 320 °C with a 37% weight loss of the sample, revealing the low thermal

stability of the sample consistent with the literature [159, 160].

5.2. Copper (1) Selenide (Cu2-xSe) and Copper Selenide- Graphene Nanocomposites

A 2/1 Cu/Se atomic ratio was used for the synthesis of Cu2Se and its GO nanocomposites.
All the characterization tests performed for the CuSe were also carried out for the Cu2Se
samples. The preparation method was identical to the CuSe sample synthesis except for the

ratio of Cu/Se. The yield obtained was higher than 95% for all the materials.

5.2.1. Chemical and Structural Properties of CuzxSe

Figure 28 shows the XRD pattern of the pure Cu»xSe prepared using a 2/1 Cu/Se
stoichiometric ratio. The XRD peaks match Berzelianite cubic CuygSe (ICDD: 04-003-6777)
belonging to the F-43m (216) space group. The lattice planes are identified as shown in Figure
28, with the peak of the (220) plane having the highest intensity. The interplanar spacing
obtained for the pure copper selenide composites using Bragg’s law for the (220) plane was

0.20 nm.
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Figure 28: XRD plot of synthesized Cu1gSe with standard PDF card (ICDD: 04-003-6777)

The grain size for the crystals was determined using Scherrer’s, W-H, and W-A methods.
The R? obtained from the Williamson-Hall method did not suggest a good fit. Hence, the WA
method explained in Section 5.1.1 was followed. This method gave the best fit with an R?

value of 0.96. The same trend was observed in all the composites, with WA having the best

fit.
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Figure 29 shows a linear fit for ——vs — , the grain size and strain were obtained from
tanZ 0 tan Osin O

the slope and the intercept, respectively. The grain size was 42 nm, and the strain was 0.2%.

The cubic lattice parameter (a) for the pristine sample is 5.7427 A.

In addition to XRD, XPS analysis was performed to detect the chemical state and composition
of the synthesized CuigSe. XPS confirmed the synthesis of CuigSe with both Cu and Se
spectra showing peaks corresponding to CuigSe, as shown in Figure 30. Two peaks were
observed for Cu 2p- at 933 eV and 953.1 eV, attributed to copper- Cu 2ps2 and Cu 2py/.
Selenium 3d scan shows two peaks at 54.5 eV, and 55.4 eV corresponds to the -2-oxidation
state. Satellite peaks are marked in both the Cu and Se scans, indicating surface oxidation
[161-163]. This does not affect the structure of the bulk phase, as the XRD analysis detected

no oxide phases.
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Figure 30: (a) Survey spectra obtained for pure Cuy.sSe (b) Copper — Cu 2p scan and (b) Selenium-
Se 3d scan.

Figure 31 shows the SEM images for Cu1gSe. Spherical nanoparticles of various sizes are
present in all images. They are irregular in shape, and their size ranges from 50-100 nm. There
are also minor hexagonal-shaped nanoplates [93]. The optimum reaction time of 24 hours has

helped in the crystallization.
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Figure 31: SEM images of the Cuy.sSe synthesized at 180 °C for 24 h.

5.2.2. Copper Selenide- Graphene Nanocomposites

The XRD patterns for the synthesized Tour’s GO and Hummer’s GO composites are
represented in Figure 32. The peaks match with the cubic Cus sSe standard (ICDD PDF Card
No: 04-003-6777). The same can be inferred from Hummer’s GO composites, as shown. The
synthesized nanopowders are present in the high-temperature - phase, which is kinetically
favored over the low-temperature a- phase [164]. This compound belongs to the class of non-
stoichiometric CuzxSe with exceptional electrical properties due to high carrier
concentration. The diffracted lattice planes are matched and identified in Figure 32, with
(220) plane having the highest intensity. There are no peaks that show oxides in the sample
or pure elements from the precursors. However, the 0.05% Hummer’s GO composites show
some low-intensity additional peaks due to multiple phases in the sample. Those peaks best

match with the standard ICDD card of CusSe,/ CuSe.
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Figure 32: XRD plot of synthesized Cui.gSe- Tour’s GO and Hummer’s GO composites with
standard PDF card (ICDD: 04-003-6777)

The same procedure used for the pure samples was followed to obtain the grain sizes of the
graphene composites. Grain size calculated using the Warren Averbach method had the best
fit, and the results are summarized in Table 9. The Hummer’s GO composites showed a
comparatively lesser grain size than the Tour’s GO composites. The synthesis method for GO
is different in the two cases. GO prepared via Hummer’s method has a comparatively smaller
sheet size than GO prepared by Tour [165]. The linear fits for the composites can be found in

Appendix A.1

Table 9: Grain sizes for pure CugSe and CuySe Graphene composites obtained using Scherrer,
Williamson-Hall, and Warren-Averbach methods

GO Grain Size (nm)

Concentration | Scherrer's | Williamson- Warren-
9 Averbach
(%) Method Hall (Bost Fit)

0 (Pure) 22 48 42

Tour’s GO Composites
0.05 25 56 48
0.1 28 58 51
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0.25 35 43 47

0.5 37 43 48
Hummer’s GO Composites

0.05 26 28 32

0.1 28 23 29

0.25 31 26 32

0.5 23 29 32

XPS confirmed the synthesis of copper selenide-based composites with Cu and Se showing
peaks corresponding to copper selenide. The deconvoluted XPS scan of the 0.1% GO

composites is shown in Figure 33. As seen in the control sample, surface oxidation is present

as indicated by the satellite peaks.
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Figure 33: Deconvoluted XPS scans of the 0.1% Tour’s and Hummer’s GO composites

The Cu and Se content can be quantified from the peak areas of Cu 2p and Se 3d, tabulated
in Table 10. In this sample's composition, Selenium has significantly decreased, although the
EDS analysis gives a 2/1 Cu and Se atomic ratio. Since XPS is a surface characterization

technique, the low Se content shows that the surface primarily consists of oxidized Cu.

Table 10:Quantification of pure Cu sSe and Cus sSe -Graphene composites from XPS

Graphene (wt%) | Cu | Se O
0 (Pure) 59 |11 | 30
Tour’s GO Composites
0.05 57 13| 30
0.1 55 15| 30
0.25 68 | 6 26
0.5 61 |12 | 27
Hummer’s GO Composites
0.05 49 112 ] 39
0.1 47 | 11| 42
0.25 29 [10] 61
0.5 47 | 12| 41
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Figure 34 shows the SEM images of the 0.1% composites. The embedded carbon inclusions
can be seen in the 0.1% Tour’s GO composite that spans up to several micrometers. The
presence of carbon inclusions strongly reduces the material's thermal conductivity by acting
as barriers to phonon propagation at grain boundaries. There is also a high amount of
agglomeration seen in the images. The remaining SEM images of the composites can be

found in Appendix- A2.

0.1% Tours

0.19% Hummers

Figure 34: SEM Images of CuisSe and Cui.sSe — 0.1% GO nanocomposites

Table 11 summarizes the elemental composition results obtained from EDS analysis. A
stoichiometric ratio of 2:1 (Cu: Se) with comparatively less oxygen atomic% in the

Hummer’s GO composites.
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Table 11: Elemental composition from EDS analysis

Graphene (Wt%) Cu [Se| O
0 (Pure) 61 | 31| 8

Tour’s GO Composites
0.05 54 25|21
0.1 53 [25|22
0.25 64 | 28| 8
0.5 55 | 28|17

Hummer’s GO Composites

0.05 60 |29 |11
0.1 48 |29 |23
0.25 62 | 27|11
0.5 57 28|15

5.2.3. Thermal Properties

Thermal properties of the as-synthesized nanopowders were analyzed using DSC and TGA
using the technique and conditions outline in Section 4.3.2. The analysis was done from 50
°C to a temperature of 400°C. From the DSC scans, it can be inferred that the sample is
relatively stable without any peaks corresponding to melting for the pure, 0.05, and 0.1
composites. An endothermic peak was observed around 150 °C in the 0.25% and 0.5% Tour’s
GO composite, attributed to the sample's melting of remaining solvents/ salts. The
endothermic peak corresponding to the melting point of Se (220 °C) is also absent in all
samples. The synthesis's reaction temperature (180 °C) is higher than the phase
transformation temperature (127 °C). Therefore, the obtained product is in the high-
temperature B-phase, kinetically favored over the low-temperature a-phase. Hence, this phase

transformation is absent in all the DSC scans [97]. The Hummer’s GO composites also
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showed the same trend for the 0.05% and 0.1% GO composites. The 0.25% GO composite

has a peak at 100°C, which is due to removing residual moisture in the sample.
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Figure 35: DSC thermograms of (a) Pure CuisSe, (b) CuisSe- 0.1% Tour’s GO, (c) CulgSe- 0.25%
Tour’s GO (d) CuysSe- 0.1% Hummer’s GO and (e) CuigSe- 0.25 % Hummer’s GO performed from
ambient to 400 °C under N, atmosphere.

The thermal stability of the pure and graphene nanocomposites was evaluated using TGA.
The materials showed good stability up to 300 °C. A decrease in mass starts at 300 °C, but
the simultaneous DSC signal does not show any thermal transformations at this temperature.
The weight loss begins around 350 °C for all samples except 0.05% and 0.25% of Tour’s GO
composites depicted in Figure 36-a. They both show an abnormal weight gain which is not
reflected in other samples. The pure sample had a weight loss of 10%, and no clear trend was
observed for the graphene nanocomposites. The 0.1% Tour’s GO composite had a lesser

weight loss than the control sample.

For the Hummer’s GO composites, 0.1% GO showed the best stability with only 7-8% weight

loss. Again, the absence of a clear trend denies a conclusive statement on thermal stability.
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The sublimation of Se and the electromigration of Cu at higher temperatures could be

attributed to the weight loss[166]. Thus, the degradation must be rectified for the material to

be helpful in practical applications.
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Figure 36:TGA for pure Cu1sSe and GO composites heated at 20 “C/min under N> atmosphere,
performed from ambient temperature to 700 °C

The thermal stability of the samples was improved by annealing the as-synthesized powders

at 600 °C under inert conditions. The steps followed characterization, the results of the

thermal properties are elaborated in Section 5.2.6.

5.2.4. Mechanical Properties

The hardness of pure copper selenide was measured and was found to be the lowest with a
cross-plane hardness of 0.48 GPa, which is higher than the reported values [167, 168]. Figure
37 reveals that the hardness of the material increases with the addition of graphene. Although,

the 0.05% GO loading shows better hardness than the 0.1% GO sample. There is an 83%
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increase in hardness with the 0.05% Hummer’s GO, revealing the excellent reinforcing effect

of graphene and suggesting good dispersion in the Cu; sSe matrix.

1.0

09 }
<08 |
)
50.7 -
% 0.6
F05

0.4

0.3

Control 0.05% T 01%T 0.05% H 0.1% H
% rGO

Figure 37: Effect of graphene loading on the hardness of CuisSe((H= Hummer’s GO, T= Tour’s
GO)

5.2.5. Thermoelectric Properties

Electrical transport properties like the Seebeck coefficient (S) and electrical conductivity (o)
were measured for the pristine and graphene composites. The presence of a melting peak in
the DSC scans of both the 0.25% and 0.5% Tours and Hummers GO composite prevented the
hot-pressing and their corresponding testing. Melting of the sample might result in damage
to the die/ sensors used in the respective equipment. Hence, only the new, 0.05%, and 0.1%
composites were pressed and tested. Further heat treatment and analysis must be carried on

the remaining composites to stabilize the material thermally.
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Figure 38 shows the electrical conductivity (o), Seebeck coefficient (S), and Power Factor
trends for the pure and GO composites. The temperature-dependent electrical conductivity is
shown in Fig. 34a. All the GO nanocomposites have higher electrical conductivity than the
pristine sample. The nanocomposites show high electrical conductivity over the entire
temperature range and drop as the temperature increases, typical of a semiconductor [169].
The electrical conductivity is comparable with state-of-the-art thermoelectric materials [57,
85, 170]. The non-stoichiometry of the compound due to copper deficiency leads to an
increase in Cu vacancies. These vacancies generate more carrier concentration due to holes,
thereby enhancing electrical conductivity [57]. At higher temperatures, the mobility of the
charge carriers is significantly decreased, leading to a reduction in electrical conductivity.
The increase in the conductivity over the temperature range for the GO composites seems to
match the trend reported by Li et al. [141]. The presence of graphene inclusions generates

more Cu vacancies, leading to increased electrical conductivity[141].
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Figure 38: Temperature dependence of (a) Electrical conductivity, (b) Seebeck coefficient, and (c)
Power factor for CuisSe and its GO composites (H= Hummer’s GO, T= Tour’s GO)

Fig 34.b shows the Seebeck coefficient (S) temperature dependence, which is a crucial
property in evaluating the TE performance of a material. All the samples show a positive
Seebeck coefficient indicating holes are the primary carriers with p-type conduction [97]. All
the samples (pure and composites) exhibit nearly the same trend where the Seebeck
coefficient increases with increasing temperature. At 300 °C, all the samples exhibit the
highest S of 49 uV/K, which is lower than the literature [140, 170]. As explained in Section
1.5.1, Seebeck coefficient (S) and carrier concentration are inversely related as per the

relation [24]:

s = ey (&)2/3 (5.1)
where kg is the Boltzmann’s constant, h is the Planck constant, m”* the effective mass of the
carrier, and e is the charge of an electron. Hence, the higher carrier concentration in the non-
stoichiometric copper selenide could be the cause the low Seebeck coefficient.
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The power factor (PF=S?c) for the pure and composites are shown in Fig. 34c. The control
has the lowest PF over the entire temperature range. All the samples show an increasing trend
with temperature. The Hummer’s GO composite has a better PF than the Tour’s GO
composite with a maximum value of 0.14 mW/m-K? for the 0.05% Hummer’s GO at 300 °C.
That is a 200% increase over the control sample. The 0.05% GO concentration seems to have
a higher PF than the 0.1% at 300 °C for both the composites. The 0.1% Tours GO composite
has a higher PF over 0.05% GO from room temperature to 200 °C but drops suddenly to start
increasing again. The presence of graphene inclusions could have reduced the thermal
conductivity reported by others [141, 169]. Hence, graphene has dramatically increased the
power factor by increasing both the Seebeck coefficient and electrical conductivity. Due to
the thermal instability of the compound at higher temperatures, the measurements could not
be run above 300 °C. Therefore, improvements in the synthesis method or treatment of the
samples to produce a near stoichiometric compound with optimum carrier concentration

should be carried out.

5.2.6. Thermal Treatment

As discussed in the previous sections, the superionic behavior of Cu ions at high temperatures
leads to electromigration and thermal instability [104]. In Section 5.2.3, the poor thermal
stability of some of the composites leads to the inability to press and test the sample for TE
properties. Hence, the samples were selected for annealing to stabilize the material thermally.

Annealing can modify the structure, composition, electrical and thermal properties. The
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0.25% Hummer’s GO was taken as the pilot sample to be annealed due to the melting peaks

in the DSC scans. The annealing was carried out in a tubular furnace for 10 hours at 600 °C

under high purity Argon.

Figure 39 shows the XRD patterns of the annealed 0.25% Hummer’s GO composite. The
well-defined peaks suggest that the annealed nanopowders are crystalline. The peaks match
well with the standard PDF card (ICDD Card: 00-027-1131) of alpha-Cu.Se. The peak at
206=13° is a characteristic of the low-temperature a-phase. Hence, the previous Cu.xSe loses

Se and becomes stoichiometric CuzSe in the monoclinic phase belonging to space group

P2/m(10).
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Figure 39: XRD plot of synthesized and annealed CuisSe- 0.25% Hummer’s GO with standard PDF
card (ICDD: 00-027-1131)

The interplanar distance of the (012) plane was 0.21 nm, obtained using Bragg’s Law. The

grain size was calculated using the Williamson-Hall method, and the same procedure as
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detailed in Section 4.3.1 was followed. The average grain size for the crystals was 92 nm
using Warren- Averbach method, which gave the best fit. The grain size has increased three
times over the as-synthesized composite due to grain growth at high temperatures. The linear

fits of the XRD data are provided in Figure 40. These fits yielded a strain of 11%.
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Figure 40: Williamson Hall and Warren-Averbach linear fit for the annealed 0.25% Hummer’s GO
composite

Hence, annealing has changed the non-stoichiometric phase to the stoichiometric phase,

which would yield better TE properties.

The thermal stability of the compound was studied using TGA and DSC. The analysis was
done from 50 °C to a temperature of 400°C under nitrogen. Figure 41 shows the DSC and
TGA scans of the annealed sample. As highlighted in the DSC scan, a reversible phase
transition occurs at around 130-135 °C as reported in various literature [68, 171]. This
confirms that the annealed sample is in the low-temperature a- phase and undergoes a
reversible phase transition to high-temperature 3-phase. Moreover, the TGA scan shows that

the stability of the material has greatly improved with minimal weight loss,
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Figure 41: DSC and TGA scans of the annealed GO composite

The preliminary results confirmed the excellent thermal stability of the sample. Hence, the
material was forwarded to hot pressing and subsequent TE property measurements. Figure 42
shows the electrical conductivity (o), Seebeck coefficient (S), and Power Factor (PF) trend
for the annealed sample. The sample shows high electrical conductivity that decreases with
increasing temperature. The absence of Cu vacancies leads to minimal dislocations and point
defects, thereby reducing the scattering factors responsible for low carrier mobility. The
sudden increase in the electrical conductivity around 130-140 °C is due to the phase transition
as discussed earlier. Fig. 38b shows the temperature dependence of the Seebeck coefficient.
The Seebeck coefficient has substantially increased after annealing reaching 86 uV/K. The

anomaly drop in the Seebeck coefficient at 140°C is due to the a-f transition.
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Figure 42: Temperature dependence of (a) Electrical conductivity, (b) Seebeck coefficient, and (c)
Power factor for 0.25% Hummer’s GO annealed sample.

Based on the electrical conductivity and Seebeck coefficient, the power factor is calculated.
As shown in Fig 38.c, the power factor shows an increasing trend with temperature. A
maximum value of 0.6 mW/mK? is achieved at 300 °C, four times higher than the power
factor value obtained for the 0.05% Hummer’s GO composite (PF= 0.14 mW/mK?). Hence,
annealing has improved the TE properties of the sample remarkedly, making it a potential

method in the synthesis process.
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The annealing process was then applied to the control sample using the same conditions to
test the effect of pristine copper selenide. The removal of Cu vacancies has improved the
Seebeck coefficient due to less carrier concentration. Figure 43 shows the electrical

conductivity, Seebeck coefficient, and Power factor for the control and the annealed sample.
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Figure 43: Temperature dependence of (a) Electrical conductivity, (b) Seebeck coefficient, and (c)
Power factor for the control and annealed control sample.

The effect of annealing is evident on all the properties, with a significant increase in the
Seebeck coefficient. Due to excellent thermal stability, the measurements were done up to
400 °C. The Seebeck coefficient of the non-annealed sample at 300 °C is 49 uV/K, while that
of the annealed sample at the same temperature is 91 uV/K. Meanwhile, the power factor has
increased from 0.04 mW/mK? to 0.56 mW/mK2. The maximum power factor is 0.67

mW/mK? at 400 °C, comparable to those reported in the literature [83, 91].
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Figure 44: Comparision of annealed composites with the control

Figure 44 shows a comparision of annealing on the composites and the control sample. The
annealing was carried out under the same conditions as before with no changes. As shown,
the 0.25 Hummer’s GO composite has the highest PF trend over the temperature measured.
A maximum value of 0.60 mW/mK? is obtained at 300 °C higher than the control. Both the
samples show a small drop due to phase transition around 130-140 °C. Hence, the addition
of graphene has improved the TE properties of the material post annealing.. Unfortunately,
the 0.1% Hummer’s GO composite shows an anomaly trend with PF values lower than the
control. However, the PF values increases with temperature and are higher than the same

0.1% Hummer’s GO composite before annealing (0.11 mW/mK? at 300 °C). Larger grains
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with fewer boundaries improved the carrier mobility of the electrons. Hence, the annealing

should be carried out on all samples to enhance the TE properties.
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6. CONCLUSION AND FUTURE WORK

In this research, pure copper selenide and their composites with GO (Tours and Hummers
GO) were synthesized using a scalable hydrothermal method. Copper selenide was prepared
from copper sulfate and selenium dioxide as precursors and hydrazine as the reducing agent.
XRD and XPS analysis confirmed the synthesis of cubic copper selenide. The SEM analysis
of the as-synthesized nanopowders shows spherical morphology with agglomeration and
good dispersion of GO in the copper selenide matrix. The addition of GO did not have any
effect on the structure and morphology of the sample. However, the Hummer’s GO
composites (~31 nm) had a comparatively lesser grain size than the Tour’s GO composites
(~49 nm). The TGA and DSC thermograms of the materials showed that their thermal
stability requires improvement, as a high weight loss was observed, along with melting in the
DSC analysis. The samples that did not show a melting peak were hot-pressed and analyzed
for TE and mechanical properties. The hardness measurements carried out for control and
composites gave results agreeable with the literature. Moreover, graphene has enhanced the

mechanical properties, as demonstrated by an 83% increase in hardness to the control sample.

The TE properties were enhanced with GO, a 200% increase in the PF of 0.05% Hummer’s
GO over the control sample, with a maximum power factor of 0.14 mW/mK? . However, the
material's poor thermal stability and non-stoichiometric nature yielded poor TE properties
compared with the literature and restricted the hot-pressing and testing at higher temperatures.

Hence, selected samples were chosen for thermal annealing treatment.
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The thermal annealing of the 0.25% Hummer’s GO at 600°C under inert conditions
drastically improved the thermal stability. The XRD analysis confirmed low temperature a-
phase monoclinic stoichiometric Cu.Se with a large grain size of 92 nm. The TGA for the
composite showed a slight mass loss (~1%). The DSC analysis confirmed the reversible a-3
phase transition with no peaks corresponding to melting. The TE properties of the control
sample have also been enhanced due to annealing. PF value of 0.6 mW/mK? is achieved at
300 °C, four times higher than the power factor value obtained for the 0.05% Hummer’s GO
composite at the same temperature (PF= 0.14 mW/mK?). With satisfactory preliminary
results, the annealing was carried on the control sample to have a clear understanding. As
predicted, the thermal treatment has drastically improved the electrical conductivity, Seebeck
coefficient, and power factor. The power factor has increased from 0.04 mW/mK? to 0.56
mW/mK? at 300 °C for the control, comparable with the literature. Thus, the effect of

annealing has been studied on the structure and TE properties of the selected samples.

Regarding future work, the amount of the reducing agent used must be tuned to ensure the
synthesis of stoichiometric Cu.Se. The thermal treatment must be done on all the composites
so that the TE performance testing can be performed, and the impact of adding graphene to
the pure materials can be studied. The effect of different annealing temperatures, duration,
and hot-pressing temperature must be examined to find the optimum condition for the best

TE performance.
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APPENDIX A

A.1l. Linear fits of grain size calculations for the composites

Figure A.1 shows the Williamson Hall and Warren Averbach linear fits for Tour’s GO

composites
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Figure A.2.: Linear fits of (a) Williamson-Hall and (b) Warren-Averbach models for CuygSe- Tour’s
GO composite. The R? value for Warren Averbach is higher, suggesting Warren-Averbach is a

better fit.

Figure A.2 shows the Williamson Hall and Warren Averbach linear fits for Hummer’s GO

composites.
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0.5% GO
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A.1 1: Linear fits of (a) Williamson-Hall and (b) Warren-Averbach models for Cui sSe- Hummer’s
GO composite. The R? value for Warren Averbach is higher, suggesting Warren-Averbach is a

A.2. SEM images of the composites

better fit.

The SEM images of the Tour’s GO and Hummer’s GO composties are shown below.

GO conc.

0.05%
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A.1 2: SEM Images of the composites

A.3. XPS Spectra of the composites.

The below images show the deconvoluted XPS scans of the Cu2p and Sed 3d spectra.

Tour’s GO composites:
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Hummer’s GO composites:

A.1 3: CuigSe — Tour’s GO- XPS spectra of (a) Cu 2p (b) Se 3d
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A.1 4: CuysSe — Hummer’s GO- XPS spectra of (a) Cu 2p (b) Se 3d

A.4.DSC Scans

Tours GO Composite:
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