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ABSTRACT: Grams of copper selenides (Cu,_ ,Se) were
prepared from commercial copper and selenium powders in
the presence of thiol ligands by a one-pot reaction at room
temperature. The resultant copper selenides are a mixture of
nanoparticles and their assembled nanosheets, and the
thickness of nanosheets assembled is strongly dependent on
the ratio of thiol ligand to selenium powder. The resultant
Cu,_,Se nanostructures were treated with hydrazine solution
to remove the surface ligands and then explored as a potential
thermoelectric candidate in comparison with commercial
copper selenide powders. The research provides a novel
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ambient approach for preparation of Cu,_,Se nanocrystallines on a large scale for various applications.
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B INTRODUCTION

Transition metal chalcogenides have attracted considerable
attention due to the wealth of physical and chemical properties
that can be tuned through the careful manipulation of synthesis
conditions. Copper selenides are typical transition metal
chalcogenides with diverse applications ranging from energy
conversion/storage to the biomedical regime,l_4 e.g., lithium-
ion or sodium-ion batteries,5’6 electrocatalysis,7 quantum-dot-
sensitized solar cells,*” and photothermal therapy.'® Some of
these applications require large amounts of samples for testing
and measuring their performance; e.g, thermoelectric measure-
ment requires gram-scale powders for sintering a small
pellet,"""* and photovoltaic test needs tens of individual cells
in a batch.”*~"

In the thermoelectric regime, introduction of nanoscale
structures into conventional thermoelectric bulk materials has
been proven to be an effective way for improvement of
thermoelectric performance. For example, nondoped f-phase
Cu,Se and Cu,_,Se fabricated by high-temperature solid state
reaction have a figure of merit, ZT, of around 1.5 at 1000 K,'®
which can be enhanced to 1.7-1.8 at 700 °C by the
introduction of nanoscale precipitates through fast quenching
of their liquids in the latest report.'” Although various
strategies, such as hydrothermal or solvothermal ap-
proaches,”**° sonochemistry,>"*> electrochemical deposi-
tion,™3° the microwave-assisted route,® and the cation
exchange method,”” have been developed to prepare nanoscale
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copper selenides, most methods are not able to produce large-
scale samples for thermoelectric, photovoltaic, or other
applications. For example, the yield of copper selenide
nanomaterials prepared from hydrothermal or solvothermal
approaches are limited by the volume, temperature, and
pressure of Teflon-lined autoclaves, which make scale-up
preparation difficult. Jiang et al. prepared Cu,_,Se nanostruc-
tures from CuO and Se powder in a mixture of ethylenediamine
and hydrazine hydrate at room temperature. The use of
expensive and corrosive mixed solvents leads to a high cost.*®
Sonochemistry, electrochemical deposition, and the microwave-
assisted routes are energy-consuming and also face difficulties
in large-scale preparation. For the ion exchange method, the
replacement reactions between cations or anions strongly relied
on the size, morphology, and amount of nanoscaled precursors,
and it could not be adopted for large-scale preparation. An
alternative approach is the high-energy ball-milling method,"*
which is energy-consuming and time-consuming. Thus, a facile
synthesis of copper selenide on a large scale is desirable.

In this work, large amounts of Cu,_,Se nanostructures were
synthesized through the ambient reaction of commercial copper
powder with selenium powder in the presence of 2-
mercaptoethanol and traces of NaOH. The as-prepared samples
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Figure 1. (a—c) FESEM and TEM images of as-prepared Cu,_,Se nanostructures. The inset in (c) is the SAED pattern of a typical single layer of
Cu,_,Se. (d) HRTEM image of the selected area in (c), with the inset of FFT pattern from the area selected with the dashed square in (d).

were treated with hydrazine solution to remove the adsorbed
surface ligands. The resultant Cu, ,Se nanoparticles were
sintered into pellets for investigation of their thermoelectric
properties in comparison with commercial Cu,Se powder,
which was sintered and measured under the same conditions.
The obtained ZT is comparable to that of the commercial
samples and reaches 0.28 at 480 °C.

B EXPERIMENTAL SECTION

Chemical Reagents. Copper powder (—150 mesh, 99.5%), 2-
mercaptoethanol (>99.0%), hydrazine solution (35 wt % in H,O), and
anhydrous ethanol (>99.5%) were purchased from Sigma-Aldrich and
used as received. Sodium hydroxide (97.0%) and selenium powder
(—325 mesh, 99.5%) were bought from Alfa Aesar.

Synthesis of Cu,_,Se Nanostructures. Cu powder (0.06 mol),
12.6 mL of 2-mercaptoethanol (0.18 mol), I mL of NaOH (7 M), and
100 mL of anhydrous ethanol were loaded into a 250 mL glass flask.
The mixture was stirred for S min, and Se powder (0.03 mol) was
added into the mixture. The color of the mixture gradually turned to
black, suggesting the reaction of reddish copper with gray selenium
powder. After the mixture was reacted for 24 h under gentle stirring,
black precipitates were separated by centrifuge. These precipitates
were dispersed in 20 mL of hydrazine solution and stirred overnight.'®
The precipitates were separated, washed with distilled water and
ethanol several times, and then dried in vacuum at room temperature.

Characterization. X-ray diffraction (XRD) patterns for all samples
were collected using Cu Ka radiation (4 = 1.5406 A) at 40 kV and 25
mA at a scanning rate of 2° min~' for 20 in the range of 20—80°.
Energy dispersive X-ray spectroscopy (EDS), X-ray photoelectron
spectroscopy (XPS), inductively coupled plasma—atomic emission
spectroscopy (ICP-AES), and Raman spectroscopy with a 10 mW He/
Ne laser at 632.8 nm (Jobin Yvon HR800) were used to characterize
the chemical composition and crystal structure of the samples. The
weight loss of the samples was measured with a Mettler-Toledo

thermogravimetric analysis/differential scanning calorimetry (TGA/
DSC) instrument from 50 to 900 °C, with a heating rate of $ °C min™"
in argon. Field emission scanning electron microscope (FE-SEM)
images of all the samples were collected using a JEOL JMS 7500-FA
microscope with an accelerating voltage of 5 kV and a secondary
electron detector. The transmission electron microscope (TEM)
images were collected on a JEOL ARM-200F microscope and a JEOL
2011 microscope operated at 200 kV.

Thermoelectric Measurements. The hydrazine-treated copper
selenide nanopowders were loaded into a graphite die with a diameter
of 20 mm and sintered into a pellet at 430 °C under 65 MPa for 10
min by the spark plasma sintering (SPS) technique. The resultant
pellet was cut into pieces and polished into parallelepipeds with
dimensions of ~2 mm X 3 mm X 10 mm. The parallelepipeds were
coated with a layer of boron nitride to protect the instrument against
evaporation of the elements.* The electrical conductivity and the
Seebeck coefficient were measured simultaneously under helium
atmosphere from room temperature to 480 °C using an Ozawa
RZ2001i (Japan). A Linseis LFA1000 (Germany) instrument was used
to determine the thermal diffusivity of samples that were cut and
polished into a disk shape with a diameter of 10 mm and a thickness of
1 mm. The thermal conductivity (k) was calculated using eq 1

k=DXC,Xp 6))

where D is the thermal diffusivity, C, is the heat capacity, and p is the
density of the sample, which was calculated using the geometrical
dimensions of the specimen and its mass. The heat capacity was
determined using the differential scanning calorimetry (DSC) method.

B RESULTS AND DISCUSSION

Copper selenide was fabricated from commercial copper
powder and selenium powdes in the presence of 2-
mercaptoethanol at room temperature, and the resultant
nanostructures were treated with hydrazine solution to remove
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Figure 2. (a) XRD patterns and (b) TGA curves of as-prepared Cu,_,Se nanostructures before and after treatment with N,H,. The vertical lines in

(a) mark the line positions of the Cu,Se standard (JCPDS 88-2043).
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Figure 3. XPS spectra of (a) Cu 2p and (b) Se 3d of as-prepared Cu,_,Se; (c) Cu 2p and (d) Se 3d of Cu,_,Se powder treated with N,H,.

surface organic material, which can influence the thermoelectric
properties of pellets sintered from nanopowders due to the
evaporation of organics during sintering and measurement at
high temperature. Figure 1 shows FESEM and TEM images of
the nontreated sample. A mixture of nanoparticles and their
assembled nanosheets were observed (Figure la—c), in which
the nanosheets have a thickness of around 7 nm (Figure S1 in
the Supporting Information). The selected-area electron
diffraction (SAED) pattern in the inset of Figure lc also
indicates the polycrystalline nature of the products, which is
consistent with the random orientation of the crystal lattice, as
shown by the high-resolution TEM (HRTEM) image of the
selected area (Figure 1d). The sheet structure was destroyed
after treatment with hydrazine solution due to the removal of
ligands (Supporting Information Figure S2), which indicates
that nanosheets were assembled from nanoparticles under the
assistance of ligands. The HRTEM images of both nontreated
and treated samples clearly display lattice fringes with a spacing
of 0.33 nm, matching well with the (111) planes of cubic
Cu,_,Se (Figure 1d), Supporting Information Figure S2c).
These results suggest that removal of surface organic ligands by
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hydrazine did not influence the crystal structure. To confirm
their crystal structures, XRD patterns of treated and nontreated
samples were collected (Figure 2a). All the peaks of both
samples match well with standard peaks of face-centered-cubic
(fcc) Cu,Se (JCPDS 88-2043), demonstrating that no crystal
structure or phase change occurred after treatment with
hydrazine, although the morphology was drastically modified
after treatment. The strong and sharp diffraction peaks suggest
that both samples are well-crystallized, despite our room-
temperature synthesis and modification. The average Cu/Se
ratios in nontreated and treated samples were determined to be
1.91 and 1.95 by ICP-AES.

To demonstrate the successful removal of surface organic
material, TGA was used to compare the weight loss of samples
before and after hydrazine treatment (Figure 2b). The weight
loss was reduced from 13% to only 3% after hydrazine
treatment, which means that most of the surface ligands were
removed. Raman spectroscopy was further applied to
demonstrate the removal of surface ligands. The spectra of
both the nontreated and the treated Cu,_,Se samples clearly
show the characteristic vibration of the Cu—Se bond at 256
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Figure 4. SEM images of Cu,_,Se nanostructures prepared from different molar ratios of Cu to 2-mercaptoethanol: (a) 1/5, (b) 1/7, (c) 1/10, (d)

1/20, (e) 1/30, (f) 1/50.

cm™ (Supporting Information Figure $3).**~* The spectra
also confirm the absence of the typical peak of the —SH group
at 2500—2600 cm™.* It is well-known that Cu,_,Se is easy to
oxidize,”** and XPS was used to determine the ratio of different
valence states of Cu (i.e, Cu*/Cu®*) in both nontreated and
treated Cu,_,Se samples (Figure 3). The XPS spectra of Cu 2p
confirm the presence of both Cu* and Cu** in both samples
(Figure 3a, c). The ratio of Cu*/Cu*" increases from 6.8 to 8.3
after the treatment with hydrazine due to the reduction
capability of hydrazine.**~*" The spectra of Se 3d in both
samples suggest the existence of Se’” at 53.8 eV (Figure 3b, d).
A small peak at 58.2 eV in the original sample is attributed to
the adsorbed organic selenide on its surface (Figure 3b),>*
which was successfully removed after treatment (Figure 3d).
Previous reports on the preparation of high-crystalline metal
chalcogenides, such as CuSe made from copper and selenium in
pure 2-mercaptoethanol,*’ and Bi,S; nanorods prepared from
bismuth(III) monosalicylate in the presence of thioglycolic
acid, demonstrate that the key role of the —SH group is to
provide S*” or dissolve selenium to form highly reactive
selenothiolate.’*™>* Theoretical calculations show that the
reaction between copper and reactive selenothiolate (e.g.,
HOCH,CH,SSe™) is spontaneous.”* The influence of 2-
mercaptoethanol on the Cu,_,Se nanostructures was inves-
tigated (Figure 4). The ratio between Cu and 2-mercaptoetha-
nol was varied from 1/3, through 1/5, 1/7, 1/10, 1/20, and 1/
30, to 1/50. The resultant nanostructures are nanosheets
assembled from nanoparticles, and their thickness increases
with increasing concentration of 2-mercaptoethanol (Figure 4).
The average thickness of the nanosheets obtained from the
ratio of 1/3 is 7 nm (Supporting Information Figure S1), and it
increases through 11, 15, 18, 23, and 29 nm, to 47 nm with the
ratio of Cu/2-mercaptoethanol increasing from 1/3, through 1/
5, 1/7, 1/10, 1/20, and 1/30, to 1/50, respectively. These
results demonstrate that more 2-mercaptoethanol promotes the
growth of nanoparticles along the [111] direction, which is the

automatically smooth surface with the lowest energy in the fcc
structure.”® The XRD patterns of all the products (Supporting
Information Figure S4) are matched well with fcc Cu,Se
(JCPDS 88-2043), which means that the use of more 2-
mercaptoethanol did not influence the crystal structure of
Cu,_,Se.

The evolution of the nanostructures was investigated in the
case of the Cu/2-mercaptoethanol ratio of 1/50. The original
commercial Cu powder is irregular and rough (Supporting
Information Figure SSa). Five minutes after the addition of
selenium powder into the reaction solution, small nanoparticles
were formed and assembled into thin nanosheets with
assistance of thiol ligands (Supporting Information Figure
SSb). Increasing the reaction time led to the growth of small
nanoparticles and the assembling of nanoparticles (Supporting
Information Figure SSc—f). The XRD patterns of all the
samples also confirm the evolution of the nanostructures and
the transformation of Cu into Cu,_,Se (Supporting Informa-
tion Figure S6). The product obtained within a short reaction
time (i.e., S min) is a mixture of Cu and Cu,_,Se, as indicated
by the high intensity of the Cu peaks and the very weak peaks
from Cu,_,Se in its XRD pattern. Extended reaction time led to
more Cu,_,Se and an increase in the intensity of the Cu,_,Se
peaks in the corresponding XRD patterns. The pure Cu,_,Se
obtained after 24 h reaction demonstrates the complete
transformation of Cu into Cu,_,Se.

An advantage of our method is that it is capable of producing
grams of Cu,_,Se nanostructures in a one-pot reaction for
investigation of their properties and applications. As mentioned
previously, copper selenides such as Cu,_,Se and Cu,Se could
be candidates of thermoelectric materials. We investigate the
thermoelectric properties of the as-synthesized Cu,_,Se
nanostructures in comparison with commercial Cu,Se powder.
Both synthetic and commercial powders were sintered by SPS,
and the resultant pellets were cut into pieces of a similar size
and then measured under the same conditions.*® As shown in
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Figure S. Temperature dependence of the thermoelectric properties of synthetic Cu,_,Se and commercial Cu,Se samples: (a) electrical conductivity;

(b) Seebeck coefficient; (c) power factor; (d) specific heat capacity (C,); (e) thermal conductivity; (f) figure-of merit calculated using eq 2.

Figure Sa, the electrical conductivity of the synthetic Cu,_,Se
sample is higher than that of the commercial Cu,Se powder
from room temperature to 480 °C. Due to its excellent
electrical conductivity, the Seebeck coefficient of Cu,_,Se is
lower than that of the commercial sample (i.e., 35 pV/K at
room temperature and 80 yV/K at 480 °C) (Figure Sb).
Following the same trend as with the Seebeck coefhicient, this
sample has a power factor (PF) of 0.3 gW-cm™ K2 at room
temperature and 3.5 yW-cm™' K™ at 480 °C, lower than the
corresponding values for the commercial sample (Figure Sc).
Heat capacities (Cp) were measured and are shown in Figure
5d. A sharp endothermal peak at around 140 °C was observed
in both the Cu,_,Se and the commercial samples.'* The overall
thermal conductivity of the Cu,_,Se and commercial samples
calculated from eq 1 demonstrates that our Cu,_,Se sample has
lower thermal conductivity than that of the commercial Cu,Se
sample (Figure Se). The figures of merit for our Cu,_,Se and
the commercial sample were calculated from eq 2.

_ S%T
K 2

where S, 0, k, and T are the Seebeck coefficient, the electrical
conductivity, the thermal conductivity, and the absolute
temperature, respectively. The calculated ZT values of the
Cu,_,Se and Cu,Se samples are plotted in Figure S5f, where a
slight decrease in ZT at 140 °C can be observed due to the

ZT
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presence of a sharp endothermal peak at this temperature
(Figure 5d). The ZT values of our Cu,_,Se and the commercial
sample increase with increasing temperature and reach 0.28 and
0.38 at 480 °C, respectively. These results are also similar to
that for Cu,_,Se prepared from a high-temperature solid state
reaction.

The higher electrical conductivity and lower overall thermal
conductivity of our Cu,_,Se sample could be attributed to its
stable crystal structure, which was re-examined after SPS
sintering and thermoelectric measurements. The XRD patterns
show that there was no phase transition in the Cu,_,Se sample
after sintering and measurement at high temperature, except
that the peaks became narrower and sharper due to the
improvement in crystallization at high temperature (Figure 6a).
The original as-received commercial Cu,Se powder consists of
cubic and orthorhombic phases; however, the fraction of
orthorhombic Cu,Se became pronounced after it was sintered
into a pellet under the same conditions, and it was completely
transformed into the orthorhombic structure after high-
temperature measurements (Figure 6b). The disordered Cu
ions in the cubic structure at high temperature would be highly
efficient phonon scattering centers as compared with the
orthorhombic structure, which increase the carrier concen-
tration.">'® The average Cu/Se ratios in pellets of our Cu,_,Se
and the commercial samples after SPS and measurement were
determined to be 1.93 and 2.02, respectively, by ICP-AES,
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Figure 6. XRD patterns of (a) as-prepared Cu,_,Se nanopowder (original), Cu,_,Se pellet after sintering at 430 °C under 65 MPa (SPS), and
Cu,_,Se pellet after thermoelectric measurements (measured); (b) commercial Cu,Se powder, Cu,Se pellet sintered under the same conditions as in
(a), and Cu,Se pellet after thermoelectric measurements. FESEM images of cross sections of (c) Cu,_,Se and (d) Cu,Se pellets after sintering at 430
°C under 65 MPa by the spark plasma sintering technique and thermoelectric measurements.

which shows a higher Cu deficiency in the Cu, ,Se sample.
Increased carrier concentration enhances the electrical
conductivity according to eqs 3—4; however, the Seebeck
coefficient of the Cu, ,Se compounds was found to decrease

with increasing carrier concentration.”’
p = 1/une 3)
a=—|r—In—
¢ No )

where p, i1, n, ¢, @, k, r, and N are the electrical resistivity,
carrier mobility, carrier concentration, charge of the electron,
Seebeck coefficient, Boltzmann’s constant, scattering factor, and
Avogadro constant, respectively.ss’59 In addition to the
liquidlike behavior of copper ions at high temperature, the
lower thermal conductivity of our Cu,_,Se sample could be also
due to the presence of nanoscale grains, pores, and boundaries
in the pellet, which can effectively improve the phonon
scattering and decrease the thermal conductivity. SEM images
of pellets made from Cu,_,Se nanoparticles and commercial
Cu,Se powder in Figure 6¢c—d clearly show that the Cu,_,Se
pellet has a larger amount of nanoscale particles and pores than
the Cu,Se pellet, although they were sintered under the same
conditions (ie., 430 °C, 65 MPa, and 10 min) by SPS
technology. In addition, the pronounced Cu-deficiency in the
Cu,_,Se sample leads to more vacancies, which are also
responsible for its lower thermal conductivity.
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B CONCLUSIONS

Grams of Cu,_,Se nanostructures have been synthesized by a
one-pot reaction of commercial copper powder with Se powder
in the presence of 2-mercaptoethanol. The resultant nano-
structures were treated with hydrazine solution to remove
adsorbed surface ligands. The hydrazine treatment destroyed
the sheetlike structure and resulted in pristine Cu,_Se
nanoparticles, which were sintered into a pellet. Their
thermoelectric properties were measured in comparison with
commercial Cu,Se powder under the same conditions. Their
thermoelectric properties show that the Cu,_,Se sample has a
similar temperature-dependent ZT (0.28 at 480 °C) to that of
the commercial sample. The Cu,_,Se sample retained the same
crystal structure and morphology after SPS sintering and
thermoelectric measurements at high temperature. Our
research provides a simple way to prepare large-scale copper
selenide nanostructures for diverse applications.
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FESEM and TEM images of samples treated with N,H,;
Raman spectra of samples; XRD patterns of samples at different
ratios of Cu/2-mecaptoethanol and different reaction times;
FESEM images of samples after different reaction times. The
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