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Abstract

In this review we could get more information about nanostructured copper sulfide, its properties and applications in
many fields. The key reaction parameters that influence the nucleation and growth as well as the size, shape,
composition, and structure are carefully discussed.
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Introduction

Semiconductor nanocrystals are always metastable phases, and they should be passivated byligands to avoid aggregation,
though it 1s hard to meet this goal by the above mentioned solid-solid or solid-gas reactions. Nanocrystalline copper sulfide
exhibits at least five stable phases with different Cu:S molar ratios. These phases include covellite (CuS), anilite (Cu.»S),
digenite (CuisS), djurlite (CuissS), and chalcocite (Cu.S) [1]. Copper sulfide grows with 0-D (quantum dots [2,3], 1-D
(nanotubes [4,5]; nanowires [6-8]; nanorods [9,10]; nanoneedles [11,12] ), 2-D (nanoplates [13-15]; nanoribbons [16,17];

nanodisks [17]; nanosheets [11,18]) and 3-D (nanocubes [19], nanospheres [20-23], cages [24, 25]. Therefore, there 1s a
strong tendency to minimize the total surface energy. Owing to its unique electronic, optical and other physical and
chemical properties [26, 27] and wide potential applications in many fields [28], copper monosulfide (CuS) semiconductor
has attracted much attention.

Among these various morphologies, hollow spheres with nano- or microsized dimensions gain ex- tensive attentions
because of its prospective applications in catalysis, drug delivery, light fillers, chemical storage and photonic crystals [29-

311.

In this review we could get more mnformation about nanostructured copper sulfide, its propertiesand applications in
many fields. The key reaction parameters that influence the nucleation and growth as well as the size, shape, composition,
and structure are carefully discussed.

1. Properties of Copper Sulfide Nanomaterials. Owing to its unique elec- tronic, optical and other physical and

chemical properties [26, 27] and wide potential applications in many fields [28], copper monosulfide (CuS)
semiconductor has attracted much attention. In this section, we will selectively summarize the main and general properties
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of copper sulfide nanomaterials.
1.1. Structural properties. The crystal structure of covellite 1s hexagonal (space group P63/mmc, a

=380 pm, ¢ = 1640 pm) with 6 CuS formula units in the unit cell. Of the 6 Cu atoms 4 are tetrahedrally coordinated and 2
are triangularly coordinationed by S atoms. Four of the 6 S atoms form S groups. In accordance with this, the S (2p) X-ray
photoelectron spectrum of CuS shows a doublet structure corre- sponding to the two different coordinations (octahedrally
and triangularly bipyramidal) of S atoms [32- 34]. The electron-diffraction results presented can, however, be readily
mterpreted as a mixture of hex- agonal chalcocite and high digenite [35]. Kimihiko Okamoto et al. [36] observed what
they denoted as “indistinct polymorphic phase transitions” in the temperature region 90 to 310 K. Such transitions have
not been confirmed by other investigators. The heat capacity was extrapolated to the decomposition tem- perature of

covellite, 780 K [34].

Both the precursor molar concentration, reaction time and the reaction temperature are crucial for obtaining pure CusS.
CuS and Cu.S hydrothermally synthesized at (a) 150 °C, (b) 180 °C, and (c) 250 °C with varied precursor [Cu(NOs).:
Na.S.:0:] molar ratios [13]. The XRD patterns of the product obtained with a [Cu(NO:):: Na.S:Os] = 1 : 2 molar ratio at
150 and 180 °C are found to be similar and well- matched to pure hexagonal CuS. However, the product obtained at 250
2C shows two additional diffrac- tion peaks, which are assigned to Cu2S along with the major hexagonal CuS diffraction
peaks. The rela- tively high pressure generated during the high temperature (250 °C) hydrothermal synthesis leads to the
desulfurization of some CuS to Cu2S. Further increasing the thiosulfate concentration, i.e., 1 : 6 molar ratio of Cu(NO).
to Na.S:O;, they obtained CuS along with sulfur at all three reaction temperatures.

This 1s obviously due to the excess amount of thiosulfate in the reaction medium [13]. An optimum pre- cursor
[Cu(NO3):: Na.S:O:] molar ratio of 1 : 2 is suitable for synthesizing pure CuS in the temperature range of 150-180 °C,
whereas with a molar ratio of 1 : 4, the synthesis temperature should be higher than 200 °C, so the excess sulfur formed
could be degraded. However, Changhua An et al. reported pure CuS with a 1 : 6 precursor molar ratio of copper acetate
and sodium thiosulfate in ethylene glycol solvent and sodium oleate and hexadecylamine as surfactant at 180 °C [37].
This suggests that, in aqueous medium, is suitable for obtaining pure CuS in a shorter reaction time with a lower
thiosulfate precursor concentra- tion.

1.2. Optical properties. In the Cu-S system, it has many known stable phases from chalcocite (Cu.S) to sulfur-rich
covellite (CuS). Each stable phase has its own characteristic optical property. UV - visible absorption spectroscopy 1s a
useful technique to monitor the optical properties of the nanomateri- als. Semiconductor nano-crystallites are known to
have an absorption edge, which is shifted with respect to the bulk material towards shorter wavelengths. This blue shift 1s
thus taken as an indication of the presence of such nanocrystals, and can be used to evaluate the crystallite size [38]. In a
previous study, CuS nanowires [6] have been reported by hydrothermal method. Optical absorption of it i1s reported; the
product obtained at lower temperature (120-175 °C) with CuS nanowire shows a small absorption peak around 400 nm
and has broad absorption in the near-IR.

For some Cu-S system nanoparticles [39] they point out to have two phases (CuS and Cus.S), the presence of a
characteristic broad absorption band in UV region for Cu.S and the other in near-IR region for covellite copper sulfide

(CuS).

Such a copper sulfide group (Cu.S) involves various compounds, Cu.S (chalcocite), CuiS (djur- leite), CuisS (digenite)
and CuS (covellite). The electronic structures depend on their stoichiometries,i.e., the copper deficiency. CuisS, CuisS
and CuS are of a direct band gap type, while CusS 1s of an in- direct band gap type. The energy band gap varies from 1.2
eViorx=2and 1.5 eV iorx = 1.8 to 2 eV forx = 1 [40]. Since their optical properties also depend on the size and shape
of copper sulfide nanocrystals,it is important to control their morphology and composition for application to optoelectrical
devices.

For the CuS nanoparticles prepared at (a) 150 °C, (b) 180 °C, and (c¢) 250 °C with a precursor molar ratio of 1 : 2
[Cu(NO3):: Na.S:0s] [13] a broad peak is observed in the region of 600-650 nm for the CuSprepared at 150 and 180 °C,
whereas the CuS prepared at 250 °C shows a peak at” 675 nm. The measured bandgap is 1.75 eV for CuS prepared at
150 °C whereas it 1s 1.68 eV for CuS prepared at 180 and 250 °C suggesting potential applications in optoelectronic
devices.

The hot injection method used 1-octadecene and tri-n-octylphosphine solution medium, cuprous acetate and
dodecanethiol precursors to synthesize Cu.S nanodisks at 160-220 °C, and the size and as- pect ratio could be controlled
by changing refluxing temperature and time [23]. The band gap of the products plotted as a function of reaction

temperature shows a gradual decrease from 1.53 to 1.36 eVwith increasing temperature. The decrease of the band gap
1s ascribed to the increased size of Cu.S nanocrystals at higher reaction temperatures (Fig. 1).

The growth of Cu.S nanocrystals has been monitored by characterizing samples collected at differ- ent reaction times by
using TEM and UV-vis absorption spectroscopy. The diameter/thickness of Cu.S disks changed from 13/7.5 nm to
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18.2/9.6 nm gradually when the reaction time extended from 60 to 300 min [23]. After the relatively fast nucleation at
around 15 min, the slow growth of Cu.S nanocrystals gradually strengthened the absorption of the nanocrystals, leading to
a red shift of the peak as the reactionproceeds. The relatively fast nucleation and slow growth processes are believed to
contribute to the high uniformity of the nanocrystals [41]. One can notice slight broadening in size for samples heated
for along time (e.g., 540 min) because of the Ostwald ripening process. The final product after 540 min of reaction shows
a very broad absorption spanning from UV to near IR which may make this material a good candidate for photovoltaic

devices.

1.3. Thermal properties. The presence and degradation of elemental sulfur formed with CuS was characterized by
thermal analysis [Cu(NO3): and Na.S.O:] molar ratios [13]. They were heated CuS at different temperatures in a vacuum

Abs (a.u.)

and/or in air and found different results (figure 2). The residue ob- tained upon calcining pure CuS$ at 350 °C shows the
formation of Cu.S, which is in accordance with the TG analysis. However, the pure CuS product calcined at 400 and 4.50
°C produced copper sulfate hydrox-ide hydrate and copper sulfate hydroxide, as shown in Fig.2. According to fig 2. the
oxygen present for formation of CuO at 800 °C. Upon heating the pristine CuS$ to 350°C 1n a vacuum, a Cu.S phase
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Figure 1. UV-Vis-NIR absorption spectra of’ Cu2S nanocrystals obtained at diflerent reaction tem- peratures; the inset
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shows variation of band gap as a function of reaction temperature. [23]

Fig. 2. (4)XRD patterns of CuS heated at different temperatures in a vacuum. High temperatureheating induced the phase
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change of CuS to Cu.S. (b)XRD patterns from the residues of pure CuS cal-cined at different temperatures in air.

This is in accordance with the thermal analysis, which shows the desulfurization of CuS to Cu.S. Upon further increasing
the temperature up to 480 °C, the mtensity from Cu.S diffraction features isfound to increase, which indicates more
desulfurization of CuS to Cu.S. It is also important to note that the most intense diffraction feature of Cu.S, at 20 of
~542, is found to be shifted to a lower 20 with an increase in the temperature of the sample. This is due to the lattice
expansion of the crystal at higher tem-peratures [13].

Liqiu Wang et al. [42] apply the chemical solution method to synthesize CuS/Cu.S nanofluids andexperimentally measure
their thermal conductivity. The measured thermal conductivity shows that the presence of nanoparticles can either
upgrade or downgrade fluid conductivity, a phenomenon predicted by the recent thermalwave theory of nanofluids. The
presence of CuS/CusS nanoparticles can either en- hance or weaken fluid heat conduction so that the conductivity ratio
varies from 0.82 (smaller than 1) to

1.21 (larger than 1).

1.4. Electrical properties/ Photoelectric and Thermoelectric properties. Electrochemical capaci-tors (ECs), also called
supercapacitors, are attracting particular attention owing to their high power den- sity, rapid charging/discharging rate, and
long cycle life. ECs are divided into two types, depending on their underlying energy storage mechanism- electrical double-
layer capacitors (EDLCs) and pseudo ca- pacitors [43]. Whereas EDLCs store electrical energy by the electrostatic
accumulation of charges in an electric double-layer close electrode/electrolyte interfaces, pseudo capacitors exploit
reversible Faradaic reactions that occur at the electrode surface, and so have a much higher specific capacitance [44].
Coppersulfide is one of the promising cathode materials of lithium 1on batteries (LIBs) because of its advantagesof a high
theoretical capacity 560 mAh g, flat discharge curves and a good electrical conductivity (107 S ecm™) [45]. As an
important semiconductor material, copper sulfides exhibit their unique physical and chemical properties. For instance,
copper sulfide (covellite) shows a metal-like electrical conductivity

[46] and transforms into a superconductor at 1.6 K [47]. Anup Mondal et al [48] reported a chemical route for the
deposition of nanocrystalline thin films of CuS, using aqueous solutions of Cu(CH:COO)., SC(NH.). and N(CH.CH.-OH)
[triethanolamine, 1.e. TEA] in proper concentrations and ratios. For elec- trical characterizations, the CuS films were
deposited on fluorine doped tinoxide (SnO::F) coated trans- parent conducting oxide (TCO) glass substrates and the d.c.
I-V measurements within the range of -3.0 Vto +3.0 V were carried out. The upper electrical contact to the film was made
with carbon paste of 0.09 cm” area, while, TCO itself acted as the bottom contact [48].

A. P. Alivisatos et al. fabricated a heterounction of Cu.S on indium-tin-oxide glass and flexible plastic substrates by spin
coating to study it’s photovoltaic performance [49]. Jeunghee Park et al. re- ported polymer solar cells using Cu.S-
MW(CNTs nanocrystals [50]. For the photovoltaic application, it is important to fabricate the materials as thin film forms.
Copper sulfide thin films can be obtained directly by electrochemical or atomic layer deposition processes [51] or
drop-casted to fabricate a thin film.Glass, polyester, and metals are generally used as the substrate for depositing thin
films of Cu.S [52].

1.5. Field-emission (FE) properties. As compared with conventional technologies, nanostructures have many advantages
such as faster device turn-on time, sustainability and compactness [53]. Recent progress in the research on FE and
stimulated emission properties of 1D wide band-gap semiconducting metal sulfide nanostructures has resulted in an
mmportant increase in the current density and decrease in the turn-on voltage [54]. Hierarchical microrings and porous
microrings were synthesized through a fac- ile solvothermal method by Ke Yu et al. [55]. In some recent researches, FE
properties of Cu.S nanos- tructures with different morphologies were reported [56].

Ke Yu et al. investigated the FE properties of self-mosaiced Cu.S nanoflowers and compared them to those of the original
self-assembled nanoflower sample [57]. For FE measurement, self-mosaic and original self-assembled Cu.S samples were
painted on Si substrates by a screen-printing method respec- tively. FE properties were measured under a high vacuum
level of about 2x10” Pa at room temperature. The emission area was lemxlem. Generally, FE mainly depends on the
emitter geometry [58]. The Cu.S nanostructures with thin edges on the surface are supposed to have good FE properties.
The emission cur-rent density exponentially increases with the increase of applied field. The turn-on field and threshold
field for original and self- mosaic Cu.S samples are about 5.2V/um and 8.4V4um, 4.4V/um and 7.6VAum, respectively. It 1s
clear that the FE property for the self-mosaic Cu.S sample 1s better than the other one. In the case of their self-mosaic
Cu.S sample, the applied primary field gets enhanced on the original nanosheets, which successively act as a secondary
field for the small self-mosaiced nanosheets, thereby enhancing the local electric field. For these reasons, self-mosaic Cu.S
sample shows better FE properties. Three flower-like and one rod-shape cubic Cu.S nanostructures were successfully
synthesized from a facile hydrothermal method [59]. Field emission (FE) properties of these nanostructures results
indicated that the tetragonal Cu.»S nanorods had excellent field emission performance with turn-on field of ~2.2V um’,
threshold field of ~5.1 V um" and enhancement factor of 1532. It showed that the tetragonal CuisS nanostructures were
competitive material in FE applications. The Cu.sS nanoparticles havelower work function than Cuw.S. Therefore, it is

606 - www.imcra.az.org, | Issue 6, Vol. 8, 2025
Properties and perspective applications of copper sulfide nano-materials: a review
Ofeliya Balayeva




Sci. Educ. Innov. Context Mod. Probl.| ISSN p(e): 27900169; 27900177

reasonable that electrons can be emitted more easily fromthese sharp edges of CuisS. Moreover, the result shows that
nanorods own better emitter geometry than nanoflowers and the field emission property for the CuwsS nanorods
compares favorably with that of the multiwall CN'Ts [60].

1.6. Photocatalytic activity. Nanostructured semiconductors have faster electron migration and charge generation rate due
to their higher surface arca-to-volume ratio than the bulk [61]. Semiconductor nanomaterials for photocatalytic
degradation of organic contaminants are promising materials in envi- ronmental protection nanotechnology [54]. The
development of new visible light-active photocatalysts 1s one of the most important subjects in photocatalysis research.
Doping of metal ions into wide band gap metal sulfide semiconductor nanomaterials has been used to prepare
photocatalysts [62].

The photocatalytic performance of the hierarchical CuS structures on the oxidation of methylene blue (MB) dye has been
studied i the presence of hydrogen peroxide [63]. The catalytic reaction was conducted under natural light. UV-Vis
spectra were applied to demonstrate the photocatalytic degrada- tion activity of MB. The intensity absorption peak at 662
nm of MB decreased gradually with the exten- sion of time, indicating the photocatalytic degradation of MB. About 90%
of the MB was degraded after 90 min (fig. 8). In their work, the hierarchical CuS structures have a lot of unfolded
nanoplates that could absorb more photons to produce electron-hole pairs under natural light, and the deep and
capacious poresenable the hierarchical structures to be exposed to the MB solution sufficiently. Furthermore, the nano-
size of plates could reduce the radiationless recombination of electron-hole pairs [64], which is also in favour of the
photocatalysis of MB.

Currently, the studies on the photocatalytic properties of CuS nanostructures are seldom reported. G.C.Guo et al. [65]
reported the photocatalytic properties of CuS nanoflowers on Rhodamine B and the degradation rate 1s close to 90% after
2 h halogen lamp irradiation.
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Fig. 3. (a) Absorption spectra of MB aqueous solutions in the presence of the hierarchical CuSstructures. (b) Degradation
rate of MB at different intervals [63].

Andrews Nirmala Grace et al. explained the mechanism of photocatalytic reaction in their work [66]. They prepared CuS
nanostructures by hydrothermal route using copper nitrate and thiourea as cop- per and sulfur precursors. The
photocatalytic activity was evaluated by the decolorization of methylene blue (MB) dye under visible-light irradiation and
results showed that 87% of the dye was degraded. The photocatalytic degradation of methylene blue was monitored under
visible light irradiation and the meas- urement was taken using a UV-Vis spectrophotometer [66]. For the adsorption of
dye molecules, elec- tron-hole pair plays an important factor. Initially the dye molecule gets adsorbed on the surface of
the catalyst. When CuS photocatalyst absorbs light from the visible region, it will produce pairs of electrons and holes,
which further react with dye molecules to oxidize the dye pollutant into non-toxic products. Under visible light radiation,
an electron from the valence band gets excited to conduction band to form electron-hole pairs. The electrons from the
conduction band are transferred to the catalyst surface reducing O to O” [66]. On the other hand, the holes in the
valence band react with H.O on the surface of the catalyst to form hydroxyl radicals. These radicals show high oxidizing
ability reacting with organic dyes to oxidize it. Thus the as-prepared CuS catalysts are highly promising materials for
photocatalytic appli- cations towards dye degradation.

High quality CuS and CuS/ZnS core/shell nanocrystals (NCs) were synthesized in a large quantity using a facile
hydrothermal method at low temperatures of 60 °C and evaluated in the photodegradationof Rhodamine B (RhB) under
visible light irradiation [67]. Photocatalytic activity originates from photo- generated holes in the narrow bandgap CuS,
with encapsulation by large bandgap ZnS layers used toform the core/shell structure that improves the resistance of
CuS towards photocorrosion. Such CuS/ZnS core/shell structures exhibit much higher photocatalytic activity than CuS or
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7ZnS NCs alone under visi- ble light illumination, and is attributed to higher charge separation rates for the photo-
generated carriersin the core/shell structure [67]. The high photodegradation efficiency of CuS/ZnS core/shell catalysts
can be explained by the formation of type-II structure, which promotes the separation of the photoexcited electrons and
holes which contribute to the photocatalytic decomposition reaction of RhB. The stability of the CuS/ZnS core/shell
particles and mmpact of the ZnS shell in resisting photocorrosion was verified by exploring the reusability of the
photocatalyst. After five photodegradation recycles of RhB, the CuS/ZnS core/shell catalysts did not display any significant
loss in the photocatalytic activity, confirming that CuS/ZnS core/shell NCs were good photocatalytic materials. These
materials open up exciting op- portunities for visible light initiated photocatalytic depollution and subsequent studies will
evaluate the application of these catalysts under continuous operation [67].

2. Perspective applications. Nanostructured copper sulfide exhibit size and shape de- pendent properties and have
potential applications in various fields, such as materials science; biomedicalscience [4,68]; electronics[69,70]; optics [71];
energy storage [20], electrochemistry [69,70] and so on.As a typical transitional metal chalcogenide, copper sulfide is a
well known p-type semiconductor thathas potential in applications of solar controller, solar radiation absorber and lithium
1on batteries [72,73].

Synthetic colors are widely used in food industries; while some of them may generate [74] hazards and problem to human
health at excess level [74]. Reza Sahraei et al. [75] were synthesized copper sul- fide nanoparticles loaded on activated
carbon (CuS-NP-AC) by novel, low cost and green approach was used for the removal of sunset yellow (SY) from aqueous
solutions. Another resembling work, Mehro- rang Ghaedi et al. synthesized CuS-NP-AC adsorbent was utilized to removal
of AO (Auramine O (4,4’- dimethylaminobenzophenonimide) and SO (Safranin O -2,8-dimethyl-3,7-diaminophenazine)
dye from aqueous medium in presence of ultrasound radiation [76]. It was found that application of ultrasound leads to
significant enhancement in extent of adsorption and removal percentage of AO and SO from aqueous solutions.
Combination of ultrasound with CuS-NP-AC increased the dye removal percentage (more that 99%) by using small
amount of adsorbent (0.06 g) in short time (7 min). The proposed method has good potential for removal of dyes from
waste water compared to several other adsorbents.

Special rose-like copper (I) sulfide nanostructure (Cu.S NRS) made up of thickness nanoplates were successfully
synthesized on copper rod by a simple method can be used as integrated electrode (called as Cu.S NRS/CRIE) to
nonenzymatic detect the cholesterol (CT) [16] In the past, many works were devote to fabricate enzyme-based sensors
because it’s high sensitivity and good selectivity [77,78], but the activity of the enzyme decreases with use and the enzymeis
easily denatured during its immobili- zation procedure due to its intrinsic instability and the activity of the enzyme is liable
to be affected by pH, temperature and toxic chemicals. Moreover, the reproducibility of enzyme-based sensors is not very
good and needs to be further improved [79]. In the [16] work results show the Cu.S NRS/CRIE displayed excellent
performance, a wide linear range from 0.01 mM to 6.8 mM for the detection of cholesterol witha low detection limit of

0.1 uM(S/N = 3).

Glucose detection 1s extremely important for diabetes clinical detection and therapy [80]. In recent years, variety of Cu
based nanomaterials have been reported toward the development of nonenzymatic glucose sensors [81], but the
nonenzymatic glucose sensor based on hollow structured CuS was rarely reported. There are several methods reported
for the synthesis of the CuS nanotubes such as oleic acid/water microemulsion method and microwave assisted Cu
complex transformation method [82]. In these two reports, the as-prepared CuS NTs could be used for nonenzymatic
glucose sensing at low glu- cose concentration with high sensitivity [4].

2.1. Application in energy storage and conversion (ESC) devices.

2.1.1. Batteries. Copper sulfides have been investigated as battery active materials for lithium-ion batteries (LIBs) for
several decades. Cu.S nanocrystals are widely used in LIBs. Owing to the increasing demand of energy and shifting to the
renewable energy resources, (LIBs) have been considered as the most promising alternative and green technology for
energy storage applied in hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs), and other electric
utilities [83].Xuelin Yang et al. re- ported the fabrication of porous Cu.S nanostructure that directly grows on Cu foam via
a novel low tem- perature dry thermal sulfuration method [84]. The electrochemical performance of the Cu.S/Cu as cath-
ode for Li-ion battery was studied by charge/discharge test and cyclic voltammetry (CV) measurement. The results indicate
that the Cu.S/Cu cathode exhibits excellent cycle stability and rate capability. When applying a charge/discharge rate of
0.25 C, it delivers initial discharge and charge capacity of 0.74 and

0.40 mAh cm®, respectively. After 100 cycles, the discharge and charge capacity are both 0.41 mAh cm *, showing no
obvious capacity attenuation. Besides, even after 140 cycles at various rates from 0.3 C to

60 C, the discharge capacity of the Cu.S/Cu cathode can restore 97.8% when lowering the charge/discharge rate to 0.3 C.
The excellent rate capability and cycle stability of Cu.S/Cu cathode sug- gest that metal sulfides have potential application
mn high-rate Li-ion batteries, and improving of initial coulombic efficiency may be an important issue to be resolved.
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One of the serious problems of the Li/CuS batteries is a rapid drop in capacity during cycling [85, 86] which is caused by
the high solubility (in organic solvent electrolytes) of the Li.S that are formed during the charge/discharge processes [87].
The dissolution of the products in the charge-discharge proc-esses can lead to low active materials utilization, low
coulombic efficiency and short cycle life of theCuS cathode [88]. In order to solve these problems, the two approaches
were employed for improving the cycle life of CuS cathode. One is the replacement of liquid electrolyte with inorganic
solid electrolyte [89]; the other 1s limiting the discharge cut-off voltage to avoid the formation of Li.S.

Yourong Wang et al. [87] reported for the first time, the in situ preparation of the CuS cathode on the Cu foil substrate
for lithium 1on battery by a facile method, and the electrochemical properties of the obtained CuS cathode were
mvestigated under different current density. The possible mechanism of the unique stability of the CuS cathode was
discussed. Hierarchical-structured copper sulfide/multi-walled carbon nanotubes (CuS/MWCNTs) are synthesized via a
one-step hydrothermal process [90]. As ex- pected, the CuS-MWCNTs exhibit a much higher specific capacitance up to
2831 F g', compared with

925.1 F g' for CuS and 555.6 F g' for MWCNTs. Furthermore, the CuS-MWCNT's hybrids also exhibit good cycling
stability with more than 909% capacitance retention over 600 cycles. The enhancement of CuS/MWCNTs in
supercapacitor performance not only attribute to their unique 3D structures with large specific surface area, but also their
excellent conductivity, which facilitate efficient charge transport and promotes electrolyte diffusion.

An oriented attachment and growth mechanism allows an accurate control of the size and mor- phology of Cu.S
nanocrystals, from spheres and disks to tetradecahedrons and dodecahedrons [91]. The performance of Cu..S
nanocrystals as a cathode in all-vanadium redox flow batteries (VRB) was also tested. The efficiency of this type of battery
1s usually limited by the rate and potential of the [VO]*/[VO.] cathodic reaction. Cu.S nanocrystals were thoroughly
purified, deposited on a substrate and fixed by Nafion. Their electrochemical activity was characterized m an nert
atmosphere by means of cyclic voltammetry. Their characteristics were compared with those obtained for a
polyacrylonitrile (PAN)-derived graphite felt, which 1s a material widely used as a VRB cathode. Lower oxidation poten-
tials were systematically obtained for Cu=S nanocrystals when compared to the PAN-based graphite felt. At a 2 mV s1
scan rate, the oxidation potential was found at 0.72 V for the PAN-based graphite felt and at 0.44 V for the electrode
containing Cus.S nanocrystals. This result denotes faster electrocatalytic kinetics of the oxidation process for the electrode
containing Cu..S nanocrystals. The difference of po- tential between the oxidation and reduction peaks was 0.36 V for the
PAN-based graphite felt and 0.10 V for the Cu.S electrode. Furthermore, the ratio between the currents at the oxidation
and reduction peaks for Cu..S nanocrystals was close to unity and changed moderately with the scan rate. These
experimen- tal results pointed towards a significant performance improvement in terms of reversibility of the [VOI*/[VO.]
redox process with the use of Cu..S nanocrystals [91]. However, the currents measured with Cu.S cathodes were lower
than those obtained with PAN-based graphite felts.

2.1.2. Fuel cells. As devices for directly converting chemical energy into electrical energy, fuelcells that oxidize fuel
at the anode and reduce oxygen from the air at the cathode to produce electricity for automotive propulsion have
achieved great progress in many technical aspects related to their large- scale practical applications [92]. Efficient catalysts
for the oxygen reduction reaction (ORR; O. + 4H + 4¢ — 2H.O) are essential for the fabrication of high performance
direct methanol fuel cells (DMFCs) [92]. Many nanomaterials (NMs) such as nitrogen-doped carbon [93,94], CuS [95,96]
have been pre- pared and employed as effective catalysts for high-rate ORR kinetics by taking advantage of their large
surface area and high catalytic activities [97]. Low-cost MS (M = Co and Cu) exhibits metal-like electri- cal conductivity, a
property that has attracted significant interest in electrochemistry; however, current MS electrodes have much lower ORR
activities than Pt electrodes [7, 98]. Carbon supports are com- monly used in fuel cells to improve the electrochemical
activity and stability of catalysts mainly because of their large surface area, low cost, and unique electrical properties [99].
Carbon-supported CosS: and CoSe: NMswith onset potential values of 0.67 V and 0.72 V, respectively, are more active in
the ORR than a reversible hydrogen electrode in acidic media [7, 98].

2.1.3. Solar cells. Cu.S nanoparticles or nanowires could also be grown on carbon or Cu substrates, and the nano devices
fabricated using binding of Cu.S with the conductive substrates may lead to more excellent performance in solar cells and
the sensors [50]. In the copper sulfide family, there are several known solid phases like Cu.S (B, y -chalcocite), CuisS
(dyurlette), CuisS (digenite), and CuS (covellite). All of these phases have been identified as p-type semiconducting
materials because of the copper vacan-cies within the lattice [49]. Among them, Cu.S is both an indirect and direct band
gap materials, with Fg.. = 1.2 €V and 1.8 eV, respectively [100,101], and considered as an ideal absorber in photovoltaic
conversions due to its high absorption coefficient (10* cm™) [100] has been widely used in solar cell de- vices.

Cu.S nanocrystalline films have been successfully prepared using dip-coating technique [102]. Theabsorption coefficient of
CuS film in the UV-vis spectrum of the Cu.S, exhibits a high absorption char- acteristic. The absorption coefficient of
spectrum is in the range 10' ¢m’-10° em®. This feature is desir- able for the photovoltaic devices applications.
Furthermore, it is attractive as a selective solar absorber since it has a high solar absorbency and a low thermal emission

[103].

609 - www.imcra.az.org, | Issue 6, Vol. 8, 2025
Properties and perspective applications of copper sulfide nano-materials: a review
Ofeliya Balayeva




Sci. Educ. Innov. Context Mod. Probl.| ISSN p(e): 27900169; 27900177

Jeunghee Park et al. fabricated the solar cells and the amperometric glucose sensors using these Cu.S—MWOCNT hybrid
nanostructures respond more sensitively than those using the Cu.S NCs (or MWCNTs) alone. [50,59] The solar cells and
the amperometric glucose sensors fabricated using these CusS—MWOCNT hybrid nanostructures respond more sensitively
than those using the Cu.S NCs (or MWCNTs) alone. The utilization of the active Cu.S NCs through direct binding with
the conductive MWCNTs would lead to excellent performance of these nanodevices [50]. Su-Huai Weti et al. [104] find
that under Cu-rich condition, the anilite Cu.-S 1s the most stable structure. It has a predicted band gap of1.4 ¢V and could
a promising solar cell absorber. With a direct energy bandgap of 1.5 eV approachingthe most appropriate range for
high photovoltaic conversion and a high absorption coefficient of more than 10" cm’, CulnS has been regarded as a
promising candidate for thin film solar cell applications [105]. Solar energy conversion efficiencies above 10% have been
obtained with CulnS devices [106]. Using these thin films for the absorption layer of solar cells have attracted growing
attention from poly- crystalline ternary semiconductors [107] due to its wide band gap, high absorption coefficient, broad
spectrum absorption, and high thermal stability [108].

3. Summary and perspective. In this review, we aim to provide a summary on the properties and perspective applications
of nanostructured copper sulfide materials. Controlling copper sulfide nanocrys- tals with an appropriate crystal size is also
immportant. Bigger crystal sizes will lead to smaller specific surface areas and thus lower activity, while smaller sizes often
suffer from faster collapse in the crystal- line structure and thus lower stability.

Recent advances have proved that nanostructured copper sulfide materials are great potential mate- rials for energy
conversion and storage utilization because of their unique physical and chemical proper- ties and because of the above
listed “nanoscale effects”. The huge energy requirement and fossil-fuel induced environmental pollution create an
enormous strain for scientists to develop clean and sustainable technologies to provide abundant energy in an
economically viable way. Energy conversion and storage devices such as fuel cells, photoelectrochemical water splitting
cells, solar cells, Li-lon batteries and su percapacitors, etc. have the capability to power the energy demanding areas
that range from portableelectronics to transportation and even stationary.
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