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1. Introduction

The impact of Ni and Zn doping on the thermal
durability and thermoelectric variables of pristine
CuSe nanoparticlesy

Sefali R. Patel, (2 *® Sunil H. Chaki, (2 **° Mitesh B. Solanki,©
Rohitkumar M. Kannaujiya,® Zubin R. Parekh,? Ankurkumar J. Khimani® and
Milind P. Deshpande®

Copper selenide nanomaterials are recognized to possess thermoelectric characteristics, becoming a
strong contender to unite materials science and energy technology with effective use in practical
applications in extreme environments. Nanoparticles of pure CuSe, as well as Ni- and Zn-doped CuSe, are
synthesized via an elementary co-precipitation strategy, with their structural and compositional verification
achieved through preliminary characterization. In this endeavor, the authors embark on a first-of-its-kind
investigation of the thermal attributes of as-synthesized Ni and Zn-doped CuSe nanoparticles. The
thermogravimetric profiles for pristine, Ni- and Zn-doped CuSe nanoparticles are acquired under neutral
nitrogen (N,) conditions spanning ambient temperature to 793 K. The assessment demonstrated that all
nanoparticles tested went through a two-step breakdown, showcasing a maximum weight reduction of
26.08% for pristine CuSe and the lowest weight decrement of 16.87% for Zn-doped CuSe nanoparticles. The
experimental assessment of thermal stability is substantiated through a comprehensive theoretical analysis of
phonon dynamic stability that provides profound insight into the thermal characteristics of the as-
synthesized nanoparticles. Density functional theory is employed to scrutinize the phonon dynamic stability
within CuSe with Ni and Zn as dopants. The Kissinger framework is employed to estimate the
thermodynamic coefficients conveying the non-spontaneous disintegration of all nanoparticles. All five
samples are proven to be semiconductors based on the variations in Seebeck coefficient (S), dc electrical
conductivity (), and thermal conductivity (k) from ambient temperature to 523 K. The investigation
of temperature-induced variations in the power factor (S%) and figure of merit (Z7) elucidated that Ni- and
Zn-doped nanoparticles exhibit superior values in comparison to pure CuSe nanoparticles. The optimum ZT
metric of 1.28 is attained for 10% Zn-doped CuSe nanoparticles at 523 K. A detailed discussion of the
findings is provided.

sensors, and many more."”” Continued research and develop-
ment in this field has the potential to revolutionize various

Transition metal chalcogenide (TMC) nanomaterials possess a
range of remarkable properties that make TMCs highly versatile
for applications in electronics, energy conversion, catalysis,
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industries and contribute to technological advancements in the
coming years. The importance of copper selenides within the
TMC family lies in their diverse range of applications, including
thermoelectric devices, photovoltaics, energy storage, catalysis,
and optoelectronics.®™® Copper selenides comprise a varied
subgroup of p-type semiconductors that exist in a wide variety
of stoichiometric phases, such as CuSe,'" Cu,Se, CuSe,,"
Cu,Se,,"® CusSe,,™* and Cu,Se,,"” as well as non-stoichiometric
forms of Cu,_,Se (2.00 > 2 — x > 1.72)."°

The importance of single-phase CuSe nanoparticles lies in
their unique properties and potential applications, such as
optoelectronic devices, energy harvesting and waste heat recov-
ery, catalysis, photothermal therapy, etc.”"”"® Metal doping in
binary CuSe semiconductors plays a crucial role in enhancing
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their properties, such as ability to tune bandgap, control carrier
concentration, enhance electrical conductivity, tailor optical
properties, and improve stability."®>®* These -capabilities
expand the range of potential applications of CuSe nano-
particles and pave the way for the development of advanced
electronic, optoelectronic, and energy-related devices. Within
the realm of existing literature, numerous investigations delved
into transition metal-doped CuSe materials in both nanocrystal
and thin film formats.>*">® However, no scholarly discourse has
reported the exploration of 5% and 10% doping levels for Ni
and Zn in CuSe nanoparticles. As a consequence, the authors
intended to synthesize and examine Ni and Zn-doped CuSe
nanoparticles.

Over the years, copper selenide materials have garnered
significant interest for their remarkable thermoelectric charac-
teristics. Analyzing the prospective utility of the as-synthesized
nanoparticles as thermoelectric materials necessitates an exam-
ination of their thermal stability, which is important to underpin
consistent and efficient performance for the device. The thermo-
gravimetric and differential thermogravimetric profiles for pure
CuSe nanoparticles have been described by Josephine Ying Chyi
Liew et al.*” and Ibrahim Garba Shitu et al.® Also, Huan Luo
et al. conducted a thorough thermal study with kinetic para-
meters for a pure CuSe compound.?® But as far as the present
researchers are cognizant, neither any thorough thermal study of
5% and 10% Ni-doped CuSe nanoparticles nor that of 5% and
10% Zn-doped CuSe nanoparticles has previously been
described. Because of this, the authors investigated the thermal
properties of pristine CuSe along with Ni and Zn-doped CuSe
nanoparticles in this manuscript. Besides experimental thermal
investigations, there is currently limited in silico understanding
of the theoretical thermal stability within the copper selenide
family. The prior research article reports the density functional
theory (DFT) investigations to study the metallic behavior of
hexagonal CuSe.*® Yubo Zang et al. and Mikael Rasander et al.
have employed DFT to examine the electronic structure of
fluorites Cu,X (X = S, Se, Te).>"** Besides these limited findings,
there are neither published theoretical studies on the structural
phonon dynamic stability of hexagonal klockmannite CuSe nor
any for Ni- and Zn-doped CuSe. For this reason, a DFT investiga-
tion is executed on the theoretical sub-stoichiometric doping of
Ni and Zn within the hexagonal crystal system of CuSe. This
manuscript delves deeper into the structural relaxation and
phonon dynamic stability of the CuSe hexagonal crystal system,
exploring their sensitivity to the metallic impurities of Ni and Zn.

Throughout the preceding decades, thermoelectric materials
captured increasing attention, attributable to their potentiality
in converting industrial waste heat into electrical energy.**7*
This quantification is typically ascertained through the materi-
al’s figure of merit, denoted as ZT. To date, numerous scholarly
works have examined the transport characteristics of Cu,Se and
Cu,_,Se, positioning them as prospective contenders in the
domain of thermoelectric materials.*®° However, the CuSe
phase has garnered notably less attention, prompting the
authors to embark on an investigation aimed at enhancing its
thermoelectric properties, thereby unlocking its substantial

© 2023 The Author(s). Published by the Royal Society of Chemistry
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potential across a broad spectrum of disciplines. To the best of
the authors’ knowledge, the first investigation of the figure of
merit (ZT) for CuSe nanoparticles was carried out by Longbin Li
et al., yielding values spanning from 0.004 to 0.021.*° Based on
the authors’ comprehensive literature review, no previous
records documented the in-depth thermoelectric examination of
CuSe nanoparticles doped with 5% and 10% Ni, as well as 5% and
10% Zn. Henceforth, within this manuscript, the authors under-
took an intricate exploration concerning the thermoelectric
performance of CuSe nanoparticles, modified by the incorpora-
tion of Ni and Zn dopants. This research work aims to learn about
the thermoelectric impact mechanism of Ni and Zn doping on
pristine CuSe nanoparticles.

2. Experimental details

In the present work, the thermal behavior of previously synthe-
sized nanoparticles of CuSe, 5% Ni-doped CuSe, 10% Ni-doped
CuSe, 5% Zn-doped CuSe, and 10% Zn-doped CuSe is investi-
gated. In order to keep everything simple, pure CuSe is denoted
by S1, 5% Ni-doped CuSe by S2, 10% Ni-doped CuSe by S3, 5%
Zn-doped CuSe by S4, and 10% Zn-doped CuSe by S5. The
synthesis of nanoparticles through the co-precipitation
approach and their preliminary characterization are already
described in the latest publication of the authors.*’ The XRD
profiles of the quintet of the as-synthesized nanoparticles are
elucidated in Fig. S1 (ESIf). The plotted data validated the
hexagonal crystalline arrangement in all specimens, evincing
structural dimensions that closely aligned with the standard
data from JCPDS Card no. 034-171. Table S1 (ESI{) demon-
strates the structural data derived from the XRD analysis. The
in-depth structural examination of XRD profiles is elaborated
on in the same recent publication by the authors.*' The
ascertained findings elucidated that crystallinity of the nano-
particles is compromised upon the substitution of host lattice
ions with dopants. The EDAX assessment, portrayed in Fig. S2
(ESIY), substantiated the chemical stoichiometry of all five as-
synthesized nanoparticles. The spectra unveiled solely the
characteristic peaks of the individual elements, underscoring
the purity of the as-synthesized samples, devoid of any extraneous
impurities. The authors’ publication corroborates the nano-
particles’ stoichiometry via a juxtaposition of ascertained and
standard weight proportions of Cu, Se, and the corresponding
dopants Ni and Zn employing EDAX data.*" The homogeneous
dispersion of elemental constituents is affirmed through the
elemental mapping micrographs for all nanoparticles, as depicted
in Fig. S3 (ESIt). The FESEM micrographs presented in Fig. S4
(ESIY) revealed a spherical morphology with uniform distribution
for all as-synthesized nanoparticles. All nanoparticles are investi-
gated by X-ray photoelectron spectroscopy (XPS) using a Scienta
ESCA equipped with Omicron Nano Technology. The thermogra-
vimetric (TG), differential thermogravimetric (DTG), and differ-
ential thermal analysis (DTA) curves of all as-synthesized
nanoparticles are measured using the Seiko SII-EXSTAR TG/
DTA-7200 thermal analyzer. The alteration in thermoelectric
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power (S) and dc electrical conductivity (o) and variation in
thermal conductivity as a consequence of temperature are exam-
ined using equipment fabricated by Supernova Technology, Vithal
Udyognagar, Gujarat, India.

3. X-Ray photoelectron spectroscopy

Each nanoparticle’s chemical constituents and valence level are
determined through inspection of their XPS profiles shown in
Fig. 1. According to the survey spectral data, all the nano-
particles comprise of elements Cu, Se, O, and C. Furthermore,

View Article Online
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demonstrate the involvement of Ni and Zn components, respec-
tively. The weak O 1s peak around 531.2 eV and the C 1s peak at
284.8 eV are primarily attributed to the oxygen and carbon
dioxide absorbed on the sample surface.*?

The individual Cu 2p, Se 3d, Ni 2p, and Zn 2p XPS spectra
are displayed in Fig. 1. As depicted in Fig. 1, the Cu 2p level
appears with two prominent photoelectron peaks with binding
energies of around 932.4 eV for Cu 2p;/, and 952.2 eV for Cu
2py, that correspond with the Cu®' state across all five
samples.*>** The XPS profiles of Se 2d for all samples exhibit
two photoelectron bands with binding energy values of 54.2 eV
and 55.0 eV, designated as Se 2ds,, and Se 2d;,, respectively,

the survey patterns for Ni- and Zn-doped nanoparticles known as standard peaks of Se.>**** The identical patterns of
o f
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Fig. 1 The XPS spectra of as-synthesized S1-S5 nanoparticles.
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both of the Cu 2p peaks and Se 3d peaks for each nanoparticle
indicate the existence of CuSe.

The XPS profiles of Ni 2p for both S2 and S3 nanoparticles
exhibit two signature photoelectron spikes for Ni 2p;/, and Ni
2p1, With binding energies of around 855.7 and 873.4 eV,
respectively.*> Two extra spikes in the Ni 2p spectra at 862.4
and 880.2 eV can be ascribed to satellite structures of the Ni**
ion.*® The occurrence of these peaks in S2 and S3 nanoparticles
evidenced the presence of Ni**. For S4 and S5 nanoparticles, the
Zn 2p XPS spectra revealed two prominent bands of Zn 2pj;,
and Zn 2p,/, with binding strengths of 1022.3 and 1045.2 eV,
respectively, confirming the inclusion of the Zn>" ion.*” These
results provide confirmation for Ni and Zn-doping in pristine
CuSe nanoparticles and each of the identified values is con-
gruent with the previous equivalents.

4. Thermal analysis

The TG, DTG, and DTA thermal profiles are acquired concurrently
for all as-synthesized nanoparticles. The thermal measurement is
performed in an inert nitrogen (N,) gas environment at a flow rate
of 100 mL each minute. The temperature profiles are recorded
using a sequential series of four heating rates of 5, 10, 15, and
20 K min~ . The three thermocurves are all measured throughout
the range of temperatures from room temperature to 793 K.

4.1 Thermogravimetric study

Fig. 2 (a-e) portrays the TG profiles perceived for all five
nanoparticles at four separate heating speeds. Referring to the
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TG curves, the nanoparticles undergo a two-step degradation
mechanism for each of the four heating speeds. The initial phase
of weight reduction is noted from ambient temperature up to
638 K, showing that all nanoparticles exhibit minuscule weight
loss within this temperature interval. Alternatively, during the
second stage of decomposition between 638 K and 793 K, the
mass diminution is striking.

All the nanoparticles are resilient throughout the first break-
down stage, referring to the minimal weight diminution up to
638 K. Evaporation of water molecules and other weaker
molecules from samples accounts for the minimal weight
reductions detected within the aforementioned temperature
range.*®*°

Following the initial stage, TG profiles presented the com-
mencement of decomposition in the second temperature
range. This second temperature range shows that there are
three distinct phases for the decomposition process: an initial
rapid reaction, a further progressive reaction through an
extended temperature range, and a last flat-end reaction. As
the nanoparticles disintegrate, selenium progressively evapo-
rates, enriching the specimens with copper and correlating the
stoichiometric transition from CuSe to Cu,Se.?” The further
validation of this phase transformation is strengthened
through annealing one of the five samples, which is pristine
CuSe, at 793 K under vacuum conditions. The as-synthesized
pristine CuSe nanoparticles are taken within a quartz tube,
which is evacuated and sealed at a vacuum level of approxi-
mately 10~ Torr. The nanoparticles are subjected to annealing
at 793 K in a high-temperature hot-wall furnace for 6 hours.
Fig. S5 (ESIt) showcases the XRD, which elucidates the phase
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Fig. 2 The TG curves for as-synthesized S1-S5 nanoparticles.
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Table 1 The temperature range and weight loss from TG curves for as-synthesized nanoparticles

Temperature range

Weight loss (%)

Total weight loss (%)

Step-1 Step-2
Sample Heating rates (K min™") 301-638 K 639-793 K 301-793 K Average weight loss (%)
S1 5 2.44 23.32 25.76 26.08
10 1.91 24.59 26.5
15 1.46 24.51 25.97
20 1.37 24.73 26.1
S2 5 1.39 22.25 23.64 23.44
10 1.08 22.73 23.81
15 1.21 21.67 22.88
20 1.16 22.28 23.44
S3 5 2.68 15.57 18.25 18.18
10 2.06 15.5 17.56
15 2.05 16.43 18.48
20 1.78 16.67 18.45
S4 5 2.4 17.08 19.48 19.70
10 1.87 17.78 19.65
15 1.75 17.23 18.98
20 1.89 18.81 20.7
S5 5 2.05 15.31 17.36 16.87
10 1.97 14.48 16.45
15 2.13 14.98 17.11
20 2.15 14.42 16.57

transformation of the pristine CuSe nanoparticles into a cubic
Cu,Se crystal structure (JCPDS 06-0680) following the thermal
annealing process.>”*°

Table 1 lists the percentage of mass reduced along with the
temperature band for each sample. As depicted in Table 1, the
initial step of degradation from ambient temperature to 638 K
causes no substantial reduction in weight for any of the five
nanoparticles. All the nanoparticles undergo extensive weight
loss within the second stage of decomposition. Based on the
mean weight loss in Table 1, sample S1 lost substantially more
mass (26.08%) among all other samples. For S2 and S3, this
value drops to 23.44% and 18.18% respectively, while for S4
and S5, it falls to 19.70% and 16.87% respectively. These
findings highlight that higher concentrations of Ni and Zn
doping enhance the thermal stability of pristine CuSe nano-
particles. The weight loss data for S4 and S5 are lower than
those for S2 and S3, indicating that Zn doping is more efficient
regarding thermal durability than Ni doping. This can be a
consequence of the greater melting point of zinc selenide as
compared to nickel selenide and pristine copper selenide.>">*

Table 2 The DTG peak positions for all as-synthesized nanoparticles

The TG contours in Fig. 2 illustrate that the slower heating
rates trailed behind the faster ones. It highlights that the
overall mass losses for all samples rise with increasing heating
speeds. The greater mass loss at higher heating speeds is a
consequence of heat transfer constraints.>>* As a result of the
heat transmission constraint at high heating rates, the overall
temperature of the sample rises before the applied external
heat has fully dissipated throughout the whole sample. At a
slower rate of heating, the entire sample will dissipate heat
uniformly. Uneven heat dissipation causes more mass loss in
contrast to its uniform counterpart. This impact is supported
by the movement of both Peak-1 and Peak-2 of the DTG graph
to greater temperature values with increasing heating speed, as
illustrated in Table 2.

4.2 Differential thermogravimetric (DTG) analysis

The DTG contours obtained simultaneously at four different
heating rates for each sample exhibit two distinct peaks
as represented in Fig. 3. All four heating rates have their
peaks within the temperature range where weight reduction

DTG peak position Ty, (K)

S1 S2 S3 S4 S5
Heating rates (K min ) Peak 1 Peak 2 Peak 1 Peak 2 Peak 1 Peak 2 Peak 1 Peak 2 Peak 1 Peak 2
5 504 703 511 702 523 674 500 697 508 693
10 515 731 522 725 530 695 510 720 514 721
15 527 755 528 741 535 728 517 732 522 726
20 531 764 534 750 540 735 528 749 531 734
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Fig. 3 The DTG curves for as-synthesized S1-S5 nanoparticles.
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Fig. 4 The DTA profiles for as-synthesized S1-S5 nanoparticles.

is recorded for the associated TG curves. Furthermore, this
finding provides support for the two-stage breakdown of
all samples in TG analysis. Table 2 lists the coordinates of
the DTG peaks for all samples. A close scrutiny of DTG peak

© 2023 The Author(s). Published by the Royal Society of Chemistry
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locations reveals that it migrates towards higher temperature
values as the heating rates increase. This is attributed to a
limitation in the heat transfer characteristic, as seen in the
TG curves.
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Fig. 5 Kissinger plots for as-synthesized S1-S5 nanoparticles.

4.3 Differential thermal analysis (DTA)

Fig. 4 depicts the concurrently acquired DTA profiles of
the yielded nanoparticles at four distinct heating speeds. For
all four heat rates examined, the DTA profiles of all the
nanoparticles remain below the zero scale, indicating that
they are endothermic. As a consequence of the endothermic
behavior, the sample uptakes the heat, disintegrates, and
eliminates volatile elements. Weight reduction in the relevant
temperature range of TG graphs is evidence for the liberation
of volatile elements. Previous thermal studies of pure CuSe
nanoparticles have also shown comparable endothermic
tendencies.””**
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The evaluation of the TG, DTG, and DTA contours makes it
clearly evident that all the data are congruent with one another
and support each of their findings.

4.4 Kinetic parameters

The thermodynamics of the yielded nanoparticles can be
properly understood with the aid of the kinetic parameters.
In this section, the kinetic variables are computed from the
acquired thermo-curves implementing the iso-conversional lin-
ear integral Kissinger formula. The Kissinger correlation is as
follows:>>

(1)

where DTG peak temperature is denoted by Ty, R is the gas
constant, and f is the heating rate. Fig. 5 displays the Kissinger

. 1 -
maps of ln% against T for two decomposition phases across
m m

all nanoparticles.

The Arrhenius factor (4) as well as activation energy (E,)
associated with as-synthesized nanoparticles are derived from
the intercepts and slopes from the Kissinger maps. Implement-
ing the estimates of A and E,, other kinetic variables such as the
activation enthalpy (AH*), the activation entropy (AS*), and the
Gibbs free energy change (AG*) are computed for all the
nanoparticles.’

Comparison of the E, estimates of Peak-1 for all nano-
particles reveals that S2 has a greater value than the other four
samples as shown in Table 3. This finding demonstrates that S2
nanoparticles are more stable in the lower temperature range.
This conclusion is supported by the lesser mass loss in Step-1
for S2 compared to all other samples, as depicted in Table 1. On
the other hand, an assessment of the E, estimates of Peak-2 for
all samples demonstrates that S5 has a greater value, indicating
the greater stability of S5 nanoparticles in the second tempera-
ture range. This finding is further validated by S5 experiencing
less mass loss in Step-2 compared to the other samples, as seen
in Table 1.

All nanoparticles attained positive AH* values. These posi-
tive figures signify heat absorption in the entire thermal range.
The sample decomposes as a consequence of the increase in
internal energy driven by heat absorption. The TG weight loss
corroborates the sample decomposition. The endothermic
character of DTA profiles provides additional evidence for heat
absorption by the sample. Sample S2 shows the maximum AH*
value in the initial temperature zone, whereas sample S5 has
the highest AH* value in the second temperature region. These
findings are consistent with the activation energy estimates for
all nanoparticles.

Entropy quantifies the extent of disorder inherent in a given
system. A positive entropy change (AS* > 0) is typically
correlated to a mass reduction resulting from the liberation
of disordered or gaseous entities, which frequently aligns with
the elimination of volatile constituents such as water or other
compounds with low molecular weight. A negative entropy
change (AS* < 0) is commonly associated with a weight

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The kinetic parameters evaluated from DTG curves for S1-S5 nanoparticles

Activation Arrhenius Enthalpy Entropy Gibbs energy

Sample Peaks energy E, (k] mol™") constant A (min™") AH* (k] mol ™) AS* (J mol ™) AG* (K] mol ™)
S1 Peak 1 99.65 5.25 x 10° 95.33 —63.46 128.28

Peak 2 86.48 2.83 x 10° 80.34 —148.10 189.65
S2 Peak 1 176.99 2.03 x 10" 172.63 81.74 129.83

Peak 2 73.00 4.81 x 10* 66.93 —162.74 185.64
S3 Peak 1 132.31 1.03 x 10" 127.89 —0.64 128.23

Peak 2 114.18 4.34 x 107 108.29 —105.91 183.25
S4 Peak 1 112.11 1.34 x 10" 107.72 —36.43 126.44

Peak 2 106.69 1.35 x 10’ 100.66 —115.84 184.60
S5 Peak 1 138.46 5.43 x 10" 134.15 12.09 126.79

Peak 2 124.90 3.89 x 10° 118.93 —87.80 182.03

reduction caused by the generation of more ordered or com-
pacted products.>®

As shown in Table 3, the AS* values in Step-1 are greater, but
the values in Step-2 are negative. The entropy (AS*) values
demonstrate a direct relationship with E, and A; as the values
of E, and 4 increase, so do the values of (AS*).>” The equili-
brium between these variables dictates the overall kinetics of
the reaction. As depicted in Table 3, the positive AS* values for
Peak-1 in samples S2 and S5 align with the greater activation
energy for the same. A reaction featuring elevated activation
energy values for S2 and S5 during the initial stage signifies the
demand for more energy input for the sample to reach the
transition state. These observations suggest that the sample
decomposition leads to products with higher disorder, result-
ing in a positive change in entropy. The noted negative entropy
values in the second step across all specimens signify that the
ultimate products exhibit a greater degree of order and thermal
stability compared to the initial state.

The AG* values are positive in every stage and for all
samples. Positive values for AG* signify that the decomposition
mechanism is not spontaneous. The degradation of the sample
via heat absorption is justified by all of the observed and
obtained thermodynamic parameters, which are all in accor-
dance with one another.

5. Computational characterization

Density functional theory (DFT) implemented in the Quantum
Espresso package®® is used to evaluate the phonon
dynamics stability of CuSe with doping of Ni and Zn in the
Cu site. The exchange—correlation energy is estimated using the
Perdew-Burke-Ernzerhof method under the framework of the
generalized gradient approximation.’”®® The plane-wave
kinetic energy cutoff is 550 eV, and the Brillouin zone is
sampled using a (12 x 12 x 6) k-point grid in the Mon-
khorst-Pack technique.®® The computations are carried out
after attaining energy and atom force convergence criteria of
0.001 eV A™* and 10° eV, respectively, for both lattice para-
meters and atom locations.®”

© 2023 The Author(s). Published by the Royal Society of Chemistry

5.1 Structural properties

Fig. 6(a—c) illustrate the CuSe covellite that exhibits a hexagonal
P63/mmc space group. Cu'” is bound to one Se” and three
equivalent Se'~ atoms to produce Ni, Zn/CuSe, tetrahedra, with
three equivalent SeCusSe tetrahedra and seven equivalent Ni,
Zn/CuSe, tetrahedra sharing corners. Cu®* is linked to three
equivalent Se, atoms in a trigonal planar shape. The length of
all Ni, Zn/Cu-Se bonds is 2.32 A. Se' is bound to three
equivalent Ni'*, Zn'*/Cu'" and one Se' atom to produce dis-
torted SeCu;Se tetrahedra with three equivalent Ni, Zn/CuSe,
tetrahedra, six equivalent SeCuj;Se tetrahedra, and three equiva-
lent SeCus; trigonal bipyramids. The length of the Se-Se bond is
2.43 A. Se® is coupled to two equivalent Cu'' and three

.

Fig. 6 The crystal structure of (a) pristine CuSe (Cu in blue and Se in green
color), (b) Ni:CuSe (Ni in red color) and (c) Zn:CuSe (Zn in light blue color).
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Fig. 7 Phonon dynamics in the high symmetric point for (a) pristine CuSe,
(b) Ni:CuSe, and (c) Zn:CuSe hexagonal nanoparticles.

equivalent Cu®" atoms to create SeCus trigonal bipyramids with
six equivalent SeCujSe tetrahedra and six equivalent SeCus
trigonal bipyramids.

5.2 Phonon dynamic stability

The assessment of the dynamic stability of pristine CuSe as well as
Ni and Zn-doped CuSe nanoparticles with a hexagonal structure
involves an examination of the phonon dispersion curve and the
phonon density of states (DOS), as depicted in Fig. 7(a-c). For pure
CuSe (Fig. 7a), the existence of modes exhibiting negative phonon
frequency values indicates a certain level of dynamic instability.
When a Ni atom is introduced as a dopant on the Cu side, the
phonon stability improves compared to the pure CuSe compound,
as depicted in Fig. 7b. Moreover, upon the introduction of Zn
atoms on the Cu side, the phonon dynamics achieved an even
higher level of stability, characterized by the absence of negative
phonon frequencies, as illustrated in Fig. 7c. The enhanced
phonon dynamic stability in Zn-doped CuSe nanoparticles aligns
with the greater thermal stability observed in the TG study
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(Section 4.1) in comparison to both pristine CuSe and Ni-doped
CuSe nanoparticles. The number of potential vibrational orienta-
tions in a system is denoted by d(N — 1), with N representing the
number of atoms in a unit cell, determining the number of optical
modes. Vibrations along the bond axis are called longitudinal
polarization, while those perpendicular to this axis are termed
transverse polarization. A total of 12 vibration modes are identi-
fied in the hexagonal crystal systems of pristine CuSe as well as Ni
and Zn-doped CuSe, each containing 4 atoms per cell and
consisting of 4 acoustic and 8 optical modes.

The phonon dispersion curves and phonon density for
nanoparticles of pristine CuSe and those doped with Ni and
Zn are conducted along the high-symmetry points G-A-H-K-G-
M-L-H (Fig. 7), utilizing a frequency range from —5 to 10 THz
under the ground state conditions (P = 0 GPa). Within the lowest
frequency range, there are four acoustic branches, whereas the
remaining eight branches belong to the higher frequency range.
The -X direction features two-fold degenerate transverse acoustic
modes, while at points G, H, and M, there is an overlap between
the acoustic and optical branches in both pristine and Ni- and
Zn-doped CuSe nanoparticles. At the A-H point, there are four
doubly degenerate optical modes, with the corresponding band
gaps of approximately 1.20 and 2.5 THz wide. The phonon DOS
extends from 0 to 3 THz and is primarily associated with
vibrations involving the cation Cu/Ni/Zn and the anion Se. The
phonon DOS at roughly 0 to 4 THz range is primarily attributed
to Se anion vibrations, with a significant contribution from the
Cu (Ni/Zn) cation. Beyond 4.5 THz, Cu and Se vibrations pre-
dominantly contribute to the phonon DOS, with minor contribu-
tions from the Ni and Zn cations.

6. Thermoelectric properties

Investigations of electrical and thermal transport characteris-
tics are conducted on pellets made of the nanoparticles via
hydraulic pressing. Hydraulic compressing of an equally filled
powder of individual nanoparticles into a die (pelletizer) at a
pressure of 0.9 GPa over 30 minutes produces pellets of pristine
CuSe as well as Ni- and Zn-doped CuSe nanoparticles. The
resulting pellets have a circumference of 1.4 cm and an average
thickness of 1 mm.

6.1 Thermoelectric power

The temperature dependence of the potential variance between
the two probes was studied across the range of 300 K to 523 K
on pellets produced from pristine CuSe and Ni- and Zn-doped
CuSe nanoparticles. The correlation between the Seebeck coef-
ficient ‘S’ and inverse of temperature (1000/7) for each sample
is demonstrated in Fig. 8. Throughout the full temperature
range, the thermoelectric power (TEP) of each specimen
appears positive, indicating their p-type semiconducting char-
acter. The characteristic semiconducting nature of all nano-
particles is confirmed by the steady fall of the value of ‘S’ with
the increasing value of (1000/7). Moreover, the positive indica-
tion of the TEP value remains unchanged with increasing

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Variation of thermoelectric power versus inverse of temperature
for as-synthesized S1-S5 nanoparticles.

temperature for all samples. This indicates that there is no
phase change in any of the materials throughout the whole
investigated temperature range. As elucidated in Fig. 8, the
alteration of ‘S’ as a function of the reciprocal of temperature
exhibits an almost consistent uniformity across all the nano-
particles. For more precise differentiation of the temperature-
dependent behavior of ‘S’ across each sample, Fig. 8 presents a
magnified inset of a smaller domain. Throughout the entire
temperature span, it is evident that Zn-doped CuSe exhibits a
lower magnitude of “S” compared to Ni-doped CuSe nano-
particles. The decrement in the Seebeck coefficient (S) values
ascertained for Zn-doped CuSe and Ni-doped CuSe samples can
be attributed to the dissimilarity in ionic radii between the Zn**
dopant ion and the Ni** dopant ion compared to the host Cu**
ion.*"®* A greater disparity in ionic radii between Zn** and Cu*>*
ions leads to a more pronounced strain within the S4 and S5
samples, as corroborated by the detailed XRD examination of
identical nanoparticles in the authors’ recent publication.*!
The microstrain data extracted from XRD data evaluation, as
detailed in Table S4 (ESIt), definitively corroborate the higher
degree of strain in Zn-doped CuSe nanoparticles relative to
their Ni-doped CuSe counterparts. The presence of strain
impedes and forms a hindrance to the unimpeded mobility
of the majority charge carriers, consequently leading to a
diminution in the “S” value. The standard formula given below
is employed to get the Fermi energy (Ef) and the scattering

Table 4 The estimated Ef, A, and s values for as-synthesized S1-S5
nanoparticles

Sample E¢ A S

S1 1.43 4.39 —1.89
S2 1.41 4.36 —1.86
S3 1.40 4.34 —1.84
S4 1.38 4.31 —1.81
S5 1.37 4.29 —-1.79

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

—=—(S1)
8] —e—(S2) /

T T T
400 450 500

Temperature (K)

Fig. 9 Variation of dc electrical conductivity with temperature for as-
synthesized S1-S5 nanoparticles.

parameter (s) for each nanoparticle:**
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In this instance, Kz denotes the Boltzmann constant, e the
electronic charge, A the constant defined by the dominant
scattering mechanism, and Ef the distance between the Fermi
level and the top of the valence band. The scattering constant A
is calculated via the slope of Fig. 6(b), and the effective scattering
energy Er is calculated using the intercept. The scattering para-
meter (s) is computed from s = 5/2 — A.°* The outcomes are
summarized in Table 4.

Table 4 demonstrates that Ni- and Zn-doped CuSe nano-
particles exhibit lower Fermi energies (Eg) than pristine CuSe
nanoparticles. As described by Zoater et al., E¢values indicate the
distance from the Fermi level to the top of the valence band.*®
The minor drop in the E¢ value with increasing Ni and Zn doping
in pure CuSe validates the fact that Ni and Zn-doped nano-
particles are less resistive than pristine CuSe. All nanoparticles
exhibit negative values for their scattering parameter (s), indicat-
ing that the scattering process results from carrier scattering by

acoustic phonons in a single parabolic band model.**

6.2 Electrical conductivity

Fig. 9 graphically elucidates the alteration in dc electrical
conductivity ‘o’ as a function of temperature across the tem-
perature span extending from ambient temperature to 523 K.
The graph portrays a proportional elevation in ¢ values with
increasing temperature, offering validation for the semicon-
ducting characteristics of all five as-synthesized nanoparticles.
These findings substantiate the semiconductor properties of all
five nanoparticles, as evident in the temperature-dependent
variation of ‘S’. The enhancement of electrical conductivity (o)
is concurrently discerned alongside the increasing concentra-
tions of Ni and Zn dopants within CuSe nanoparticles. This rise
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Fig. 10 The plots of (a) Kiotal versus temperature and (b) Kiatice/ Kiotal VErsus temperature for as-synthesized S1-S5 nanoparticles.

in ‘o’ values can be linked to the increase in carrier concen-
tration resulting from the incorporation of Ni and Zn dopants.
As evident in Fig. 9, the magnitude of ¢ is higher for Ni-doped
CuSe nanoparticles in comparison to both Zn-doped and pristine
CuSe nanoparticles. The reduced magnitude of ¢ pertaining to
Zn-doped CuSe is attributed to the increased structural strain
within 5% and 10% Zn-doped nanoparticles, a phenomenon
substantiated by the XRD and thermoelectric studies. The
presence of strain increases the obstruction to the unhindered
movement of carriers, resulting in a diminished value of ¢.*

6.3 Thermal conductivity

Fig. 10(a) portrays the ascertained data points of total thermal
conductivity (rora1) plotted against temperature, encompassing
the entire temperature range of 323 K to 523 K for all five as-
synthesized nanoparticles. For all the samples, the thermal
conductivity values exhibited a decrement with increasing
temperature. The diminishment in total thermal conductivity
with increasing temperature can be attributed to the occur-
rence of Umklapp scattering, during which phonon-phonon
interaction gets more prevalent with increasing temperature.®®
The graphical depiction also reveals that, within the prescribed

—=—(S1)
0254 —*—(S2) ()
él\
M 0.20
g 0.15 -
~
E_ 0.10
N’
Nb 0.05
7,
0.00
350 400 450 500
Temperature (K)

temperature domain, the k., magnitude is highest for pristine
CuSe nanoparticles when compared to the other Ni and Zn-doped
CuSe nanoparticles. The decrement in thermal conductivity wit-
nessed in samples S2-S5 can be attributed to the structural
imperfections induced by the substitution of Cu with Ni and Zn
atoms.®® This phenomenon can be ascribed to the dominant
impact of phonon scattering on the metallic particles.”” The
heightened structural distortion in Zn-doped CusSe is accountable
for the lowest thermal conductivity observed for 10% Zn CuSe
nanoparticles.

The total thermal conductivity considers contributions pri-
marily from the mobility of carriers and the lattice vibrations,
which can be written as®®

€)

where k. is the carrier thermal conductivity and Kjaice iS the
lattice thermal conductivity. The computation of the (ijatcice/
Keota) Tatio, which signifies the proportion of lattice to total
thermal conductivity, is determined utilizing eqn (3). Fig. 10(b)
displays the graph of (Kjatice/Ktotal) versus temperature within the
temperature span from 323 K to 523 K. The graph depicts a
gradual reduction in the (Kiaetice/Kiota) Value as temperature rises.

Ktotal = Ke T Klattice

T T T
400 450 500

Temperature (K)

T
350

Fig. 11 The (a) power factor $%¢ and (b) figure of merit ZT variation with temperature for as-synthesized S1-S5.
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Table 5 Comparison of ZT for as-synthesized CuSe and 10% Zn doped
CuSe with those of various chalcogenide compounds

Material ZT (K) Ref.

CuSe 0.70 at 523 This work
Cug.9Zng 1Se 1.28 at 523 This work
CuSe 0.021 at 423 40

Cu, ggNig g,Se 0.8 at 650 67
CuSbSe, 0.24 at 623 69

Cu,Se 2.1 at 973 70
Cu,Seg.9gTeg.02 1.76 at 850 71

Cu, ogSe 1.4 at 850 72
CuFeSe, 0.22 at 653 73
Cu,_,Se-Na 0.24 at 673 74

The plot further highlights that the lattice contribution (Kjagtice/
Kiotal) decreases with the incorporation of Ni and Zn dopants into
CuSe nanoparticles. The most minimal values are obtained for
5% and 10% Zn-doped CuSe nanoparticles, which can be linked
to the presence of a more pronounced lattice strain.

6.4 Power factor and ZT

Fig. 11(a) displays the alteration of the power factor (S%0) as a
function of temperature (7) across all five as-synthesized sam-
ples, covering the temperature domain from 323 K to 523 K.
The graph illustrates that, among all examined samples, the
pristine CuSe sample manifests the most minimal S°¢ value.
The increased power factor values discerned in Ni- and Zn-
doped CuSe samples are attributed primarily to the increased
electrical conductivity for doped samples in Fig. 9. The figure of
merit (ZT) provides a quantification of the efficacy of the
thermoelectric materials. The ZT value exhibits a proportionate
relationship with the power factor (S%s) and is expressed as®®

s

K

ZT T (4)
Here k represents the total thermal conductivity. Fig. 11(b)
depicts the graphical representation of ZT versus temperature
across the temperature spectrum from 323 K to 523 K for all five
as-synthesized nanoparticles. As the graph elucidates, the ZT
values for all specimens demonstrate increment with increas-
ing temperature. The ZT value acquired for pristine CuSe is 0.7
at 523 K, which represents a significant increase compared to
the reported value of 0.021 for CuSe by Longbin Li et al.*® As
demonstrated in the plot, the ZT value exhibits enhancement
for Ni- and Zn-doped CuSe nanoparticles when compared to
pristine CuSe nanoparticles. The highest ZT value of 1.28 is
acquired for 10% Zn-doped CuSe nanoparticles, which can be
attributed to their lower total thermal conductivity, as demon-
strated in Fig. 10(a). Hence, it can be posited that Ni and Zn
doping in pristine CuSe nanoparticles elicits an enhancement
in the thermoelectric power factor and figure of merit, thereby
increasing their potential for utilization in the thermoelectric
conversion domains. Table 5 presents a juxtaposition of the
present data with previously documented thermoelectric
results involving various chalcogenide compounds. The as-
synthesized Ni and Zn-doped CuSe nanoparticles exhibit favor-
able outcomes when compared to other chalcogenides.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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7. Conclusion

The chemical compositions of the as-synthesized nanoparticles
are evidenced by XPS binding energy analysis, which affirmed
the inclusion of Ni atoms in Ni-doped CuSe nanoparticles and
the inclusion of Zn atoms in Zn-doped CuSe nanoparticles. All
as-synthesized nanoparticles revealed a two-step breakdown
through their TG curves from room temperature to 793 K,
which is demonstrated by the appearance of two distinct DTG
peaks in the same temperature band. TG examination proved
that all nanoparticles are resilient at temperatures varying from
ambient temperature to 638 K with only a negligible amount of
mass loss. All nanoparticles consistently lost mass above their
stability temperature, indicating that they decomposed in a
single step at that temperature. Mass loss estimated from TG
profiles demonstrated improved thermal stability for both Ni
and Zn-doped CuSe nanoparticles, with Zn-doped nano-
particles functioning superior to Ni-doped nanoparticles. The
enhanced thermal stability of Zn-doped CuSe nanoparticles is
supported by the theoretical analysis of the favorable phonon
dynamic stability through the DFT simulations, which demon-
strate positive phonon stability. The endothermic character of
DTA contours for all samples verified heat absorption that
resulted in the breakdown of the samples, which is corrobo-
rated by the TG weight reduction. The non-mechanistic Kis-
singer correlation is utilized to estimate the kinetic variables.
During decomposition, positive values of AH* represent heat
absorption, whereas negative values of AS* demonstrate rear-
rangement of the structure. Positive results for AG* prove that
the disintegration process is not spontaneous for all as-
synthesized nanoparticles. The computed kinetic statistics are
consistent with all the thermocurve measurements. The varia-
tions in thermoelectric power (S) and dc electrical conductivity
(o) with temperature affirmed the p-type semiconducting attri-
butes for all nanoparticles. All nanoparticles exhibited a
temperature-dependent reduction in total thermal conductiv-
ity. The data revealed that, in terms of thermal contribution,
the lattice component exerts greater dominance than the
carrier contribution. The enhanced thermoelectric power factor
(S*¢) and figure of merit (Z7) for Ni- and Zn-doped CuSe
nanoparticles confirmed an improvement in the thermoelectric
performance of pristine CuSe via Ni and Zn doping. This study
offers significant insights concerning the basic mechanisms
dictating the thermal and thermoelectric characteristics of
nanoparticles and validates the broad variety of potential future
uses for both as-synthesized pure and Ni- and Zn-doped CuSe
nanoparticles, including in high-tech thermoelectric devices,
energy-efficient gadgets, energy harvesting, and many more.
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