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Abstract: A one-pot green method for aqueous synthesis of fluorescent copper sulphide nanoparticles
(NPs) was developed. The reaction was carried out in borax—citrate buffer at physiological pH, 37 °C,
aerobic conditions and using Cu (II) and the biological thiol cysteine. NPs exhibit green fluorescence
with a peak at 520 nm when excited at 410 nm and an absorbance peak at 410 nm. A size between
8-12 nm was determined by dynamic light scattering and transmission electron microscopy. An
interplanar atomic distance of (3.5 & 0.1) Aanda hexagonal chalcocite crystalline structure (3Ch)
of CuyS NPs were also determined (HR-TEM). Furthermore, FTIR analyses revealed a Cu-S bond
and the presence of organic molecules on NPs. Regarding toxicity, fluorescent CuyS NPs display
high biocompatibility when tested in cell lines and bacterial strains. Electrocatalytic activity of CuyS
NPs as counter electrodes was evaluated, and the best value of charge transfer resistance (Rct) was
obtained with FTO/Cu,S (four layers). Consequently, the performance of biomimetic CuyS NPs as
counter electrodes in photovoltaic devices constructed using different sensitizers (ruthenium dye
or CdTe NPs) and electrolytes (S*7/Sn%~ or I~ /IP7) was successfully checked. Altogether, novel
characteristics of copper sulfide NPs such as green, simple, and inexpensive production, spectroscopic
properties, high biocompatibility, and particularly their electrochemical performance, validate its use
in different biotechnological applications.

Keywords: fluorescent nanoparticles; CuyS NPs; counter electrode; green synthesis

1. Introduction

Metal-based semiconductor nanocrystals of elements such as Ag, Zn, Cd, Se and
Cu, among others, have become increasingly relevant given their unique size-dependent
optical, physicochemical and electronic properties [1,2]. Among these, metal sulphide
nanoparticles (NPs) have been widely studied in basic and applied science due to their
multiple applications.

To date, there are many methods to synthesize Cu,Sx NPs. These include microemul-
sion [3], sol-gel and different metal reduction processes such as electrochemical, hydrother-
mal, thermal [4], and sonochemical reductions [5]. However, most of these methods display
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limitations related to the use of toxic solvents, hazardous chemical precursors, inert at-
mospheres, high temperatures, and high pressures. All these conditions render NPs with
different features, and most of them have poor water solubility and biocompatibility [6].

Green synthesis approaches involve the use of biological molecules or conditions
to synthesize biocompatible and soluble NPs. Peptides, biopolymers, proteins, amino
acids, and particularly biological thiols are currently used in the green synthesis of metal
NPs [7]. In general, the use of biomolecules in NPs-synthesis involves several advantages:
(i) biomolecules can act as scaffold or template for NPs nucleation and growth [8]; (ii) solu-
ble biomolecules participate in NPs size control [9]; (iii) biomolecules can act during the
synthesis as reducing agent [10]; and (iv) biomolecules can also be used as stabilizers or
capping agents [11].

Most copper nanoparticles produced to date have commercial importance and are con-
stituted by Cu’, CuO, and Cu,Sy. Nevertheless, in recent years copper sulphide NPs have
attracted great attention because of their wide range of stoichiometric compositions [12,13],
and their application as pigments, catalysts in lithium secondary batteries, semiconductors,
and superconductors in optoelectronics devices [14,15]. Furthermore, the application of
CuxSy NPs as eco-friendly and efficient materials to fabricate Quantum Dots Sensitized
Solar Cells (QDSSCs) has gained importance during the last decade [16]. QDSSCs have
become more attractive due to the global need of replacing fossil fuels as an energy source
and considering that the sun is the more abundant energy source on Earth [17].

Like dye-sensitized solar cells (DSSCs), QDSSCs are mainly constituted by three parts:
the electron acceptor, the electrolyte, and the counter electrode (CE). CE is responsible for
the electron transfer from the external circuit to the redox electrolyte and mediates the
reduction reaction of species in the electrolyte [18]. To date, the most common CE used
in solar cells is the rare and expensive material, Pt. However, there is growing interest in
developing new and cheaper materials to be used as CE [19]. Previous results indicated that
Cu-sulphide nanomaterials constitute a real alternative to replace Pt as CE in solar cells [20].
In this context, the use of Cu in photovoltaic research involves several benefits when
compared with other metals; it is more abundant, less expensive, and highly biocompatible
to human cells [21].

Solving energy requirements is extremely important for developing countries that
economically depend on commodities. This is especially relevant for mining countries
such as Chile, which besides being the top Cu-producing nation, receives high levels of
solar radiation all year round. In this context, the generation of Cu-based photovoltaic
technologies that give “added value” to Cu and that also contribute to energy requirements,
constitutes a unique opportunity for countries such as Chile, Argentina, Bolivia, and Peru,
among many others.

Despite the large number of CuxSy NP synthesis processes reported to date [12-17],
the remaining challenge is a green chemical method that synthesizes safe NPs with physic-
ochemical properties that allow them to be used in a wide range of applications. In this
regard, here we report a new eco-friendly, safe, and economical method to synthesize Cu,S
NPs; the characterization of these NPs reveals that they possess improved properties. The
NPs showed aqueous solubility, low toxicity, and organic coating. Finally, the application
of the produced NPs as a counter electrode was demonstrated, which is a crucial first step
for the adoption of this new technology by reducing the cost of solar cells fabrication by
avoiding the use of Pt.

2. Materials and Methods
2.1. Synthesis of CupS Nanoparticles

The synthesis of fluorescent copper nanoparticles was carried out in aqueous media
using copper chloride (Sigma-Aldrich, Burlington, MA, USA). CuCl; 0.3 mM, L-cysteine
14 mM (Sigma-Aldrich) and borax—citrate buffer pH 9.4 were used for the synthesis. The
solutions were incubated at 37 °C with constant stirring for 12 h. The color of the solution
changed from colorless to golden brown, phenomenon that was indicative of NPs formation.
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The samples were dialyzed using dialysis tubing cellulose membranes to remove remaining
salts and reagents. Then, the dialyzed samples were centrifuged on ultra-4 Millipore
centrifugal filters to collect nanometer-sized products. Finally, samples were lyophilized
on a SP Scientific Virtis Benchtop Sentry 2.0 Freeze Dryer to obtain a golden powder for
further characterization.

2.2. NPs Characterization

The absorption and emission spectra of NPs were recorded using a Synergy HIM
multiple-well plate reader (Biotek, Winooski, VT, USA). FTIR analyses were obtained by
using a Spectrum Two (Perkin Elmer, Waltham, MA, USA), between 4000 and 400 cm L.
The size of nanoparticles was measured through dynamic light scattering on a Zetasizer
Nano ZS. HR-TEM micrographs of NPs were obtained with a TEM FEI Tecnai F20 G2 with
field emission gun operated at 200 kV. The sample was suspended in phosphate buffered
saline and dispersed ultrasonically to separate individual particles. Then, the suspension
was deposited onto a 300-mesh holey carbon copper grid (Electron Microscopy Sciences).

2.3. NPs Toxicity in Eukaryotic and Prokaryotic Cells

To assess the cytotoxicity of NPs on eukaryotic cells, an MTS ([3-(4,5-dimethylthiazol-
2-il)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay was performed
in TERT2 OKFé6-type eukaryotic cells. A total of 20,000 cells per well were incubated for
24 h at 37 °C and 5% CO; to allow adherence of cells to the plate. After 24 h, cells were
treated with different concentrations and dilutions of Cu,S NPs. Again, treated cells were
incubated for 24 h at 37 °C and 5% CO,. Then, cells were washed with PBS (3 times) and
treated with 100 mL of a mixture of phenazine methosulphate and MTS; on the ratios
indicated by the manufacturer (Promega). After 1 h of incubation, the absorbance at 490 nm
was measured.

Toxicity of NPs to prokaryotic cells was evaluated in a Gram-positive (S. aureus) and
Gram-negative (E. coli) bacterium. Both bacteria were grown in LB broth in Erlenmeyer
flasks at 37 °C to an optical density at 600 nm of 0.3 and supplemented with different
concentrations of Cu,S NPs at that time. NPs concentrations used were 100, 500, 1000, and
2000 pg/mL. To determine the effect of NPs on the growth of microorganisms, absorbance
was measured at 600 nm at different times until reaching the stationary phase.

2.4. Fabrication of Quantum Dot Sensitized Solar Cells

QDSSCs  were  produced  following  the  protocol described by
Ordenes-Aenishanslins et al., (2014) with some modifications. To fabricate the electrodes of
QDSSCs, 10 x 10 x 2 mm size fluorine doped tin oxide coated glasses (FTO) TEC15, with a
surface resistivity of 13 [()/sq] and 85% transmittance were used. Conductive glasses were
cleaned by successive sonication in absolute ethanol and deionized water for 10 min to
remove organic contaminants. The Cu,S counter electrode was prepared by adding 100 pL
of Cu,S NPs on ultrapure water solution on FTO coated glass and heated 20 min at 350 °C.
This step was repeated several times, cleaning the surface with deionized water each time.
The anode was prepared using a suspension of titanium (IV) oxide nanoparticles (TiO,
nanopowder, ~21 nm particle size and anatase crystal structure, Sigma-Aldrich Co.) that
was deposited on the glass through spin coating at 2000 rpm for 10 sec. The electrodes
(TiO; films) underwent a sintering process at 465 °C for 20 min, creating an active area of
1.0 cm?. Sensitization of TiO, film was performed by direct adsorption of CdTe quantum
dots [2]. Then, the photoanode and the counter electrode were assembled leaving a 127-pm
space between them. Before sealing the cell, 7 uL of electrolyte solution was added. Sul-
phide/polysulphide (S~ /Sy2~) (NaOH 0.1 M, NayS 1.0 M, and S 0.1 M on ultrapure water)
or iodide/triiodide (I” /I37) (Iodolyte AN-50, Solaronix S.A., Aubonne, Switzerland) redox
mediators were used.
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2.5. Electrode Impedance Spectroscopy

All electrochemical experiments were measured on a CH Instrument model 760C
electrochemical workstation. EIS experiments were performed using sandwiched cells
(E/electrolyte/CE) with a Kapton tape as spacer and a S>~ /S,%~ redox couple electrolyte.
Nyquist plots were acquired between 10°-10~! Hz, in dark conditions and the initial
potential was set at the open circuit potential (OCP) measured previously for every cell
over 400 s. Data were fitted with Z view software.

2.6. Characterization of Quantum Dot Sensitized Solar Cells

Characterization of solar cells were performed with a solar simulator (A1l Solar Light-
Line, Sciencetech Inc., London, ON, Canada) and a current-voltage measurement system (IV
Tester- 20W, Sciencetech Inc.). Measurements were performed under constant conditions
of temperature and irradiance at a one sun intensity as the light source (~100 mW-cm 2
and AML1.5).

3. Results and Discussion
3.1. Synthesis and Characterization of CuyS NPs

Copper NPs were synthesized by incubating a Cu-precursor and cysteine in borax—
citrate buffer (pH 9.4) for 12 h with constant stirring (aerobic conditions). When cysteine
and Cu were mixed in the buffer, the solution immediately turned a brown color. Then,
the solution color moved to golden indicating the generation of CuxSy NPs (see methods
for details).

Optical properties of nanomaterials strongly influence their final applications. There-
fore, absorbance and fluorescence properties of copper NPs produced by this method were
investigated. Biomimetic NPs show a maximum absorption peak at 410 nm, in agreement
with previous reports showing absorption peaks between 350 and 410 nm for Cu NPs [3].
The shoulder at 410 nm corresponds to the chalcocite phase (Cu,S). The lack of absorbance
near the IR region suggests that Cu NPs do not present the covellite phase (CuS) [4,5,16].

Synthesized Cu-NPs emit green fluorescence when exposed to UV light through a
transilluminator (£ext = 360 nm) (data not shown). Accordingly, the fluorescence spectrum
shows a strong and defined emission peak with maximum emission at 520 nm when excited
at 410 nm (Figure 1). A fluorescence emission profile near 520 nm for CuyxSy NPs has been
previously reported [5]. Nevertheless, fluorescence was obtained when NPs were excited
at 250 nm and copper NPs display broad emission peaks.
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Figure 1. Spectroscopic properties of CupS NPs. (A) Absorbance and (B) fluorescence spectra of
CuyS NPs (Aexc = 410 nm). Based on the emission spectra, a full width at half maximum (FWHM) of
103.22 nm was determined.

To determine organic molecules and potential CuxSy bonds present in the metal
nanostructure, biomimetic NPs and a cysteine standard were analyzed by FTIR. In both IR
spectra, a band between 1570 and 1690 cm ™! corresponding to the vibration of the carbonyl
group (C=0) is observed (Figure 2). For carbonyl groups it is common to observe a peak
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near 1700 cm—1, however, for both spectra, this peak is shifted to shorter wavelengths than
it have been previously described on L-cysteine-capped CdTe NP [22]). This shift can be
a consequence of the formation of a cysteine amino acid zwitterion [23]. In this case, the
carboxylate group presents a resonance effect in which both C-O bonds share the electron
charge of the C=0, then the bond multiplicity decreases, and in consequence, the vibration
frequency is lower.
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Figure 2. FTIR spectra of Cu,S NPs (complete line) and cysteine (dashed line). Interaction of the Cu
metal surface with cysteine molecules was studied using FTIR spectroscopy.

Two peaks at 1685 and 1570 cm ™! are observed in the NP spectrum (absent in
cysteine spectrum). This may be produced by the vibration deformation of oxygen-
containing groups [24,25]. This same vibrational deformation was observed with the
signal at 3400 cm ™!, which could correspond to the stretching vibration of O-H groups.
This signal may be indicative of the interaction of copper NPs with cysteine. Weak bands
observed in the FTIR spectrum at 745 cm ! are assigned to C-S stretching vibrations [26].
FTIR results revealed important differences between cysteine and NPs, the S-H stretching
of cysteine (2538 cm ) that disappears in the NPs [25,27]. This suggests a formation of a
covalent bond between the NPs and cysteine through a sulthydryl group, a phenomenon
that can be explained by the oxidation of the sulthydryl group in the presence of metal
ions. This reaction produces a Cu-SR bond that is observed at 607 cm~! in the NPs FTIR
spectrum [28].

Size, polydispersity, and shape of NPs were determined by TEM and DLS (Figure 3A).
A monodisperse size distribution was determined for Cu,S NPs, with nanocrystal sizes
ranging between 6 and 10 nm, as determined by DLS (Figure 34, inset). This was also
confirmed using TEM, which revealed electron-dense spherical NPs with an average size
of 10 nm and mono-disperse distribution (Figure 3A).
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Figure 3. Electron microscopy characterization of NPs. (A) TEM image of biomimetic CuyS NPs. The
inset shows the size dispersion analysis through DLS. (B) TEM image of biomimetic CupS NPs (red
arrows show the NPs). (C) HRTEM image obtained from the sample. A particular family of planes
could be clearly distinguished from the micrograph. The corresponding interplanar distance is equal
to 3.5 & 0.1 A. The inset in the (C) shows the ring diffraction pattern obtained for the sample.

It is well known that synthesis conditions, such as pressure, solvent, temperature,
and the ratio between reagents can influence the structure of nanocrystals. Specifically, for
CuxSy nanomaterials, there are many known stable phases (crystalline structures), ranging
from copper-rich chalcocite (Cu,S) to copper-deficient villamaninite (CuS,), with other
intermediate compounds in between, such as the cubic digenite, the hexagonal covellite,
and the orthorhombic djurleite and anilite [29,30].

To determine the crystal structure of biomimetic NPs, HR-TEM studies were per-
formed. HR-TEM image analysis revealed ordered atomic rows with an interplanar dis-
tance of 3.5 + 0.1 A (Figure 3B). The stoichiometric composition of Cu,S can present two
different crystal symmetries: (i) the monoclinic low-chalcocite (xCh); and (ii) the hexago-
nal high-chalcocite (3Ch). The BCh hexagonal cell appears in the P63 /mmc space group
(No. 194) [31], and the unit cell parameters are a = 0.4005 nm and ¢ = 0.6806 nm [32].
Considering these cell parameters, a prediction of the planes and their interplanar distances
was obtained (data not shown). The planes observed in the HRTEM micrograph (Figure 3B)
are separated by a distance of 3.5 + 0.1 A; this specific distance is predicted for the {1 0 0}
family of planes. Moreover, inset of Figure 3B shows a ring diffraction pattern that fits with
the predicted pattern (JEMS software prediction) for hexagonal chalcocite; in particular, the
ring indexed as 1 0 0 is associated with that family of planes displaying an interplanar dis-
tance of 3.5 A. These results indicate that biomimetic synthesis produces BCh (hexagonal)
Cu,S nanoparticles.

Recent works have reported hexagonal phase CuxSy nanomaterials (pure or mixed
with other structures). For example, Cu,S (also CuySeS and Cu,TeS) BCh-NPs [33], hexag-
onal CuS NPs [34], CuS NPs/ZnO nanorods on carbon fibers [35], and hexagonal Cu;S
NPs [36], have been reported. Some of these reports also describe the photocatalytic
activity of Cu-NPs, an important property for the application of these nanomaterials in
photovoltaic technology.

Because the toxicity of CuxSy NPs can limit their use in some applications, we deter-
mined the biocompatibility of Cu,S NPs produced by our green method in cell lines and
bacteria. MTS assays indicate that NPs only display a significant effect on the viability
of OKF6-TERT?2 cells (near 50%) at high concentrations (2000 pg/mL), but their toxicity
is considerably reduced at lower concentrations, where about 95% of the cells remain
viable (Figure 4). This raises a concrete possibility of the use of these CuyS NPs in different
biomedical applications such as modulation of cell behavior, photothermal ablation, drug
delivery, and DNA detection [37].
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Figure 4. Toxicity of biomimetic NPs. (A) MTS viability assay on OKF6-TERT2 cells exposed to
different concentrations of NPs. (B) Bacterial growth curves of Staphylococcus aureus and (C) Escherichia
coli in the presence of different concentrations of NPs (the arrow indicates the time in which NPs
were incorporated). Control without copper (e) 100 pg/mL (M), 500 ug/mL (O), 1.000 pg/mL (O),
and 2.000 pug/mL (¢) CuCl,.

Bacterial toxicity of biomimetic NPs was also determined in Escherichia coli (Figure 4B)
and Staphylococcus aureus (Figure 4C) cells. The growth of both bacteria was not affected
by treatment with biomimetic NPs at concentrations ranging from 100 to 2000 pg/mL.
The absence of changes in the growth curves of S. aureus and E. coli exposed to different
concentrations of NPs (Figure 4B,C) means that the viability and growth rate remain similar
to control conditions without copper.

Cu-NPs are commonly used as antibacterial materials in several applications, and their
toxicity is mainly associated to Cu?* release. In effect, copper oxide NPs are the most toxic
metal-oxide NPs, particularly when compared with Ti, Zn, Fe, and Sb [38,39]. Chemically
synthesized CuS NPs require concentrations of 10 pM CuS NPs to exert an antimicrobial
effect [40]. However, in nanoparticles synthesized with amino acids, concentrations of
10 mM and longer treatment times are required to exert an antimicrobial effect [41].

For this reason, several copper oxide nanostructures are currently used in antimicrobial
applications and tumor ablations [42]. Unlike CuO NPs, cytotoxicity of CuxSy NPs has
not been studied thoroughly. CuS NPs with similar levels of biocompatibility to Au NPs,
which are accepted as biocompatible nanomaterials, have been reported [43]. However,
these CuS NPs were used as toxic agents for tumor ablation therapies in photothermal
therapy. Therefore, the high biocompatibility of CuyS NPs synthesized by our method is a
novel and unexpected characteristic that favors their potential technological applications.
The decreased toxicity of these Cu-NPs may be explained by high stabilization of Cu atoms
inside the nanocrystal, but the detailed mechanism is currently under investigation.

3.2. CuyS NPs Characterization as Counter Electrode

The electronic charge transport kinetics of the electrodes were analyzed by electro-
chemical impedance spectroscopy (EIS) using sandwiched cells (E/electrolyte/CE) [44].
FTO, CuyS, and platinum were evaluated as counter electrodes. Additionally, the effect of
chalcocite concentration over FTO substrate was determined. The Nyquist plots of EIS in
Figure 5 showed meaningful performances of Cu,S/FTO (four layers) and Pt CE.
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Figure 5. Nyquist plots obtained from EIS experiments of sandwiched cells CE/E/WE in dark
conditions. FTO/TiO, was used as CE, and as WE (0) CupS/FTO modified electrode (n layers = 4),
(e) Pt/FTO modified electrode and (A) FTO glass.

To simulate the equivalent circuit, a Randles cell was used (see Figure 5) and Rs and
CPE values were determined [45] (Table 1). According to the circuit components, R; is
related to the solution resistance and CPE is a constant phase element associated to the effect
of the double layer that acts as an imperfect capacitor. R is the resistance to the electron
charge transfer between the electrolyte and the counter electrode after the redox process.

Table 1. Data value of the circuit elements obtained from the fit of EIS plots of Figure 5 for each WE,
and photovoltaic parameters of QDSSCs using Cu;S NPs or Pt as counter electrodes.

EIS Characterization

Counter Electrode RS/Q) CPET/uF CPEP RCT/kQ)
FTO 18.15 2.82 0.94 112.7
Pt 16.81 7.83 0.93 13.8
Cuj,S (4 layers) 26.15 5.54 0.92 25.3
QDSSCs Characterization
Short Current Open Circuit Maximum . . .
Sensitizer Electrolyte ECIOLIntZr Density Voltage Power Fill Factor Efficiency
ectrode
Jsc [A/em?] Ve [V] Pmax [W] 1 [%]
CusS 1.50 x 1074 + 0.490 + 1.70 x 1075 + 0.231 + 1.70 x 1072 +
. o 2 489 x 1011 473 x 1074 221 x 10712 6.67 x 1077 225 % 107
Ruthenium 17/I3
Pt 520 x 1074 + 0.583 + 192 x 1074 + 0.632 + 1.92 x 1071 +
1.04 x 10710 3.02 x 1074 6.75 x 10~ 11 447 x 107> 6.78 x 107°
CusS 502 x 107° + 0.300 + 540 x 107° + 0.358 + 540 x 1073 +
CdTe §.2- /g2 2 1.21 x 1010 5.15 x 1074 2.09 x 10712 529 x 1074 2.09 x 1076
n
Qbs Pt 449 x 107° £ 0.207 + 404 x 1076 £ 0.436 + 404 x 1073 £
1.07 x 10710 6.47 x 107° 8.00 x 10713 485 x 1074 7.84 x 1077

The constant phase elements (CPE) were constructed by two components, a pre-

exponential value associated to the magnitude of the capacitor (CPEt) which when com-
pared to FTO was approximately two times higher for Cu,S/FTO (four layers) and three
times higher for Pt CE. The exponential value (CPEp) was close to 1 in all cases with small
differences (£0.004), indicating a capacitor-like behavior in every case.
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According to the circuit components, R; is related to the solution resistance, CPE is a
constant phase element associated to the effect of the double layer that acts as an imperfect
capacitor. Rt is the resistance to the electron charge transfer between the electrolyte and
the counter electrode after the redox process.

The resistance to the charge transfer (Rt) presents the higher difference between the
cells. FTO CE showed the higher resistance value, probably due to a poisoning effect
of the electrolyte solution over the electrode. On the other hand, a comparison between
the number of layers of the chalcocite indicated that four layers Cu,S/FTO CE exhibited
the lower Rcrt, confirming its excellent electrocatalytic activity (not shown). Previous
works reported smaller R¢ values using an electrochemical deposition method of Cu,S
nanoparticles over the surface of FTO glass [46,47].

Pt/FTO CE display the smallest R; values, almost half of those determined for
Cu,S/FTO WE (n layers = 4). However, considering the low cost of copper and the
low Rt values indicating the ideal performance of the electrodes, Cu,S NPs produced by
our method constitutes an ideal material to be used as counter electrode in QDSCs.

In addition, EIS was evaluated in the presence of two electrolytes. Cu,S displayed a
better activity for polysulfide redox reaction (data not shown), a result that is in agreement
with previous reports [48] and confirm the potential of CuS NPs produced by our green
method as counter electrode in QDSSCs.

To determine the performance of CuyS NPs as counter electrode in QDSSC, solar
cells sensitized with ruthenium dye or CdTe quantum dots were assembled. In addition,
solar cells were constructed using two different electrolytes (sulphide/polysulphide or
iodide/triiodide). Platinum counter electrode-based solar cells were also assessed as
the control. The performance of the solar cells was tested, and photovoltaic parameters
determined (Table 1).

Under one sun illumination, QDSSCs based in Cu,S CE presented similar parame-
ters to those observed with the control CE Pt when two different electrolytes were tested
(Table 1). Photovoltaic parameters of cells using Cu,S or Pt as CE were higher in QDSSCs
using the high efficiency redox couple iodide/triiodide as electrolyte. In the case of sul-
phide/polysulphide electrolyte, a poor CE performance of Pt was found to be related
to undesirable chemisorption of sulfur species on the electrolyte, a poisoning effect that
has been previously reported [49]. Moreover, a slight increase in photovoltaic perfor-
mance using Cu;S CE represents a minimum inner energy loss at electrolyte—counter
electrode interfaces.

Altogether, results obtained using CuyS NPs as CE on solar cells validate their perfor-
mance as counter electrodes, even in the presence of different sensitizers and electrolytes.
The novel characteristics of CuyS NPs produced by our green method including simple
synthesis, spectroscopic properties, high biocompatibility, and photovoltaic performance,
validate their use in different technological applications, particularly in the generation of
Cu-based QDSSCs.

4. Conclusions

In the present work, we reported the synthesis of CuyS NPs through a simple and
economical green approach in the presence of oxygen and at a low temperature. Using
this one-pot protocol, we generated nanostructures exhibiting green fluorescence when
irradiated with UV light, a size below 10 nm, aqueous solubility, and low toxicity in
both eukaryotic cells and microorganisms. In addition, produced CuyS NPs function as
promising counter electrodes in photovoltaic cells with comparable performance than Pt,
an expensive element widely used as CE in solar cells. Altogether, obtained results validate
the use of CuyS NPs produced by our method as a sustainable and economic CE alternative
for energy applications.



Nanomaterials 2022, 12, 3194 10 of 12

Author Contributions: L.A.S.: investigation, conceptualization, writing—original draft prepara-
tion, methodology; J.L.C.-G.: investigation, conceptualization, writing—original draft preparation,
methodology; G.A.-O.: investigation; N.O.-A.: investigation, methodology; F.A.V.: investigation;
M.EG.: investigation; C.D.: methodology, investigation; M.I.: conceptualization, writing—reviewing
and editing; D.B.: conceptualization, writing—reviewing and editing; . M.P.-D.: conceptualization,
investigation, writing—reviewing and editing, writing—original draft preparation. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by Fondecyt 1200870 (J.M.P.--D.), Fondecyt 1181226 (M.I.), CONI-
CYT scholarship 21171644—2017 (J.L.C.-G.), and INACH grants RT_25-16 (J.M.P.-D. and D.B.) and
MT_04-13 (L.A.S.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data is available on reasonable request from the corresponding
author.

Acknowledgments: This work was supported by Erika Elcira Donoso Lopez and is dedicated
in loving memory to Claudio Vasquez Guzman, an excellent friend, mentor, and scientist, but a
better human being; thank you for all the adventures and for showing us the beauty of science
and friendship.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Akhtar, J.; Malik, M.A.; O’Brien, P.; Helliwell, M. Controlled Synthesis of PbS Nanoparticles and the Deposition of Thin Films by
Aerosol-Assisted Chemical Vapour Deposition (AACVD). J. Mater. Chem. 2010, 20, 6116-6124. [CrossRef]

2. Pérez-Donoso, ].M.; Monrés, ].P; Bravo, D.; Aguirre, A.; Quest, A.F.; Osorio-Roman, 1.O.; Aroca, R.F; Chasteen, T.G.; Vasquez, C.C.
Biomimetic, Mild Chemical Synthesis of Cdte-GSH Quantum Dots with Improved Biocompatibility. PLoS ONE 2012, 7, e30741.
[CrossRef] [PubMed]

3. Brelle, M.C.; McNulty, J.C.; Zhang, J.Z.; Torres-Martinez, C.L.; Mehra, R.K. Synthesis and Characterization of CuxS Nanoparticles.
Nature of the Infrared Band and Charge-Carrier Dynamics. Pure Appl. Chem. 2000, 72, 101-117. [CrossRef]

4. Gautam, U.K,; Mukherjee, B. A Simple Synthesis and Characterization of CuS Nanocrystals. Bull. Mater. Sci. 2006, 29, 1-5.
[CrossRef]

5. Haram, S.K.; Mahadeshwar, A.R.; Dixit, S.G. Synthesis and Characterization of Copper Sulfide Nanoparticles in Triton-X 100
Water-in-Oil Microemulsions. Undefined 1996, 100, 5868-5873. [CrossRef]

6. Kulandaisamy, A.J.; Rayappan, ].B.B. Significance of Nanoparticles and the Role of Amino Acids in Structuring Them—A Review.
J. Nanosci. Nanotechnol. 2018, 18, 5222-5233. [CrossRef]

7. Zan, G,; Wu, Q. Biomimetic and Bioinspired Synthesis of Nanomaterials/Nanostructures. Adv. Mater. 2016, 28, 2099-2147.
[CrossRef]

8. Dunleavy, R.; Lu, L; Kiely, C.].; McIntosh, S.; Berger, B.W. Single-Enzyme Biomineralization of Cadmium Sulfide Nanocrystals
with Controlled Optical Properties. Proc. Natl. Acad. Sci. USA 2016, 113, 5275-5280. [CrossRef]

9. Zhang, L.; Qin, D.; Liu, Q.; He, G. Biomimetic Synthesis and Characterisation of ZnS Nanoparticles in Aqueous Solution of
Lysozyme. Micro Nano Lett. 2012, 7, 115. [CrossRef]

10. Leng, Y,; Fu, L.; Ye, L.; Li, B.; Xu, X,; Xing, X.; He, J.; Song, Y.; Leng, C.; Guo, Y.; et al. Protein-Directed Synthesis of Highly
Monodispersed, Spherical Gold Nanoparticles and Their Applications in Multidimensional Sensing. Sci. Rep. 2016, 6, 28900.
[CrossRef]

11.  Pan, H; Tao, X.; Mao, C.; Zhu, J.J.; Liang, F. Aminopolycarboxyl-Modified Ag2S Nanoparticles: Synthesis, Characterization and
Resonance Light Scattering Sensing for Bovine Serum Albumin. Talanta 2007, 71, 276-281. [CrossRef] [PubMed]

12.  Roy, P; Srivastava, S.K. Low-Temperature Synthesis of CuS Nanorods by Simple Wet Chemical Method. Mater. Lett. 2007, 61,
1693-1697. [CrossRef]

13.  Zhao, Y,; Pan, H,; Lou, Y.; Qiu, X.; Zhu, J.; Burda, C. Plasmonic Cu2-XS Nanocrystals: Optical and Structural Properties of
Copper-Deficient Copper(I) Sulfides. J. Am. Chem. Soc. 2009, 131, 4253-4261. [CrossRef]

14. Raevskaya, A.E.; Stroyuk, A.L.; Kuchmii, S.Y.; Kryukov, A.I. Catalytic Activity of CuS Nanoparticles in Hydrosulfide Ions Air
Oxidation. J. Mol. Catal A Chem. 2004, 212, 259-265. [CrossRef]

15. Li, E; Wu, J.; Qin, Q.; Li, Z.; Huang, X. Controllable Synthesis, Optical and Photocatalytic Properties of CuS Nanomaterials with
Hierarchical Structures. Powder Technol. 2010, 198, 267-274. [CrossRef]

16. Wu, Y,; Wadia, C.; Ma, W,; Sadtler, B.; Alivisatos, A.P. Synthesis and Photovoltaic Application of Copper(1) Sulfide Nanocrystals.

Nano Lett. 2008, 8, 2345-2350. [CrossRef]


http://doi.org/10.1039/c0jm00830c
http://doi.org/10.1371/journal.pone.0030741
http://www.ncbi.nlm.nih.gov/pubmed/22292028
http://doi.org/10.1351/pac200072010101
http://doi.org/10.1007/BF02709345
http://doi.org/10.1021/jp952391n
http://doi.org/10.1166/jnn.2018.15388
http://doi.org/10.1002/adma.201503215
http://doi.org/10.1073/pnas.1523633113
http://doi.org/10.1049/mnl.2011.0625
http://doi.org/10.1038/srep28900
http://doi.org/10.1016/j.talanta.2006.03.057
http://www.ncbi.nlm.nih.gov/pubmed/19071300
http://doi.org/10.1016/j.matlet.2006.07.101
http://doi.org/10.1021/ja805655b
http://doi.org/10.1016/j.molcata.2003.11.010
http://doi.org/10.1016/j.powtec.2009.11.018
http://doi.org/10.1021/nl801817d

Nanomaterials 2022, 12, 3194 11 of 12

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Ordenes-Aenishanslins, N.A.; Saona, L.A.; Duran-Toro, V.M.; Monrés, J.P.; Bravo, D.M.; Pérez-Donoso, ].M. Use of Titanium
Dioxide Nanoparticles Biosynthesized by Bacillus Mycoides in Quantum Dot Sensitized Solar Cells. Microb. Cell Fact 2014, 13,
1-10. [CrossRef]

Emin, S.; Singh, S.P,; Han, L.; Satoh, N.; Islam, A. Colloidal Quantum Dot Solar Cells. Sol. Energy 2011, 85, 1264-1282. [CrossRef]
Shen, Q.; Yamada, A.; Tamura, S.; Toyoda, T. CdSe Quantum Dot-Sensitized Solar Cell Employing TiO2 Nanotube Working-
Electrode and Cu2 S Counter-Electrode. Appl. Phys. Lett. 2010, 97, 10-13. [CrossRef]

Meng, K.; Surolia, PK.; Byrne, O.; Thampi, K.R. Efficient CdS Quantum Dot Sensitized Solar Cells Made Using Novel Cu 2S
Counter Electrode. J. Power Sources 2014, 248, 218-223. [CrossRef]

Kim, C.S.; Choi, S.H.; Bang, ].H. New Insight into Copper Sulfide Electrocatalysts for Quantum Dot-Sensitized Solar Cells:
Composition-Dependent Electrocatalytic Activity and Stability. ACS Appl. Mater. Interfaces 2014, 6, 22078-22087. [CrossRef]
[PubMed]

Li, L.; Liao, L.; Ding, Y.; Zeng, H. Dithizone-Etched CdTe Nanoparticles-Based Fluorescence Sensor for the off-on Detection of
Cadmium Ion in Aqueous Media. RSC Adv. 2017, 7, 10361-10368. [CrossRef]

Soomro, R.A.; Nafady, A.; Sirajuddin; Memon, N.; Sherazi, T.H.; Kalwar, N.H. L-Cysteine Protected Copper Nanoparticles as
Colorimetric Sensor for Mercuric lons. Talanta 2014, 130, 415-422. [CrossRef] [PubMed]

Nikoli¢, V.D.; Ili¢, D.P.,; Nikoli¢, L.B.; Stankovi¢, M.Z.; Stanojevi¢, L.P.; Savi¢, I.M.; Savi¢, LM. The Synthesis and Structure
Characterization of Deoxyalliin and Alliin. Savrem. Tehnol./Adv. Technol. 2012, 1, 38-46.

Wang, Y.; Lu, J.; Tong, Z.; Huang, H. A Fluorescence Quenching Method for Determination of Cooper Ions with CdTe Quantum
Dots. J. Chil. Chem. Soc. 2009, 54, 274-277. [CrossRef]

Chandra, S.; Saleem, H.; Sebastian, S.; Sundaraganesan, N. The Spectroscopic (FT-IR, FT-Raman), NCA, First Order Hyperpolariz-
ability, NBO Analysis, HOMO and LUMO Analysis of 1-Cysteine by Ab Inito HF and Density Functional Method. Spectrochim.
Acta A Mol. Biomol. Spectrosc. 2011, 78, 1515-1524. [CrossRef]

Susi, H.; Byler, D.M.; Gerasimowicz, W.V. Vibrational Analysis of Amino Acids: Cysteine, Serine, 3-Chloroalanine. . Mol. Struct.
1983, 102, 63-79. [CrossRef]

Pang, M.; Zeng, H.C. Highly Ordered Self-Assemblies of Submicrometer Cu20 Spheres and Their Hollow Chalcogenide
Derivatives. Langmuir 2010, 26, 5963-5970. [CrossRef]

Chakrabarti, D.J.; Laughlin, D.E. The Cu-S (Copper-Sulfur) System. Bull. Alloy Phase Diagr. 1983, 4, 254-271. [CrossRef]
Quintana-Ramirez, P.V.; Arenas-Arrocena, M.C.; Santos-Cruz, J.; Vega-Gonzalez, M.; Martinez-Alvarez, O.; Castafio-Meneses,
V.M.; Acosta-Torres, L.S.; de la Fuente-Hernandez, J. Growth Evolution and Phase Transition from Chalcocite to Digenite in
Nanocrystalline Copper Sulfide: Morphological, Optical and Electrical Properties. Beilstein |. Nanotechnol. 2014, 5, 1542-1552.
[CrossRef]

Grenvold, F; Westrum, E.F. Thermodynamics of Copper Sulfides I. Heat Capacity and Thermodynamic Properties of Copper(I)
Sulfide, Cu2S, from 5 to 950 K. J. Chem. 1987, 19, 1183-1198. [CrossRef]

Pakeva, S.; Germanova, K. Electric and Photoelectric Properties of Polycrystalline Copper Sulphide. J. Phys. D Appl. Phys. 1985,
18,1371-1376. [CrossRef]

De Nanoparticles, T.; Saldanha, P.L.; Brescia, R.; Prato, M.; Li, H.; Povia, M.; Manna, L.; Lesnyak, V. Generalized One-Pot Synthesis
of Copper Sul Fi de, Selenide-Sul Fi de, and Telluride-Sul Fi de Nanoparticles. Chem. Mater. 2014, 26, 1442-14409.

Pal, M.; Mathews, N.R.; Sanchez-Mora, E.; Pal, U.; Paraguay-Delgado, F.; Mathew, X. Synthesis of CuS Nanoparticles by a Wet
Chemical Route and Their Photocatalytic Activity. J. Nanoparticle Res. 2015, 17. [CrossRef]

Ram, C; Sivamani, S.; Micha Premkumar, T.; Hariram, V. Computational Study of Leading Edge Jet Impingement Cooling with a
Conical Converging Hole for Blade Cooling. ARPN J. Eng. Appl. Sci. 2017, 12, 6397-6406. [CrossRef]

Singh, A.; Manivannan, R.; Noyel Victoria, S. Simple One-Pot Sonochemical Synthesis of Copper Sulphide Nanoparticles for
Solar Cell Applications. Arab. ]. Chem. 2019, 12, 2439-2447. [CrossRef]

Goel, S.; Chen, E; Cai, W. Synthesis and Biomedical Applications of Copper Sulfide Nanoparticles: From Sensors to Theranostics.
Small 2014, 10, 631. [CrossRef]

Karlsson, H.L.; Cronholm, P.; Gustafsson, J.; Mo, L. Copper Oxide Nanoparticles Are Highly Toxic A Comparison between Metal
Oxide Nanoparticles and Carbon Nanotubes. Chem. Res. Toxicol. 2008, 21, 1726-1732. [CrossRef]

Baek, YYW.; An, Y.J. Microbial Toxicity of Metal Oxide Nanoparticles (CuO, NiO, ZnO, and Sb 20 3) to Escherichia Coli, Bacillus
Subtilis, and Streptococcus Aureus. Sci. Total Environ. 2011, 409, 1603-1608. [CrossRef]

Ayaz Ahmed, K.B.; Anbazhagan, V. Synthesis of Copper Sulfide Nanoparticles and Evaluation of in Vitro Antibacterial Activity
and in Vivo Therapeutic Effect in Bacteria-Infected Zebrafish. RSC Adv. 2017, 7, 36644-36652. [CrossRef]

Dealba-Montero, I.; Guajardo-Pacheco, J.; Morales-Sanchez, E.; Araujo-Martinez, R.; Loredo-Becerra, G.M.; Martinez-Castafion,
G.A; Ruiz, F; Jasso, M.E.C. Antimicrobial Properties of Copper Nanoparticles and Amino Acid Chelated Copper Nanoparticles
Produced by Using a Soya Extract. Bioinorg. Chem. Appl. 2017, 2017, 1064918. [CrossRef] [PubMed]

Ren, G.; Hu, D.; Cheng, EEW.C.; Vargas-Reus, M. A.; Reip, P.; Allaker, R.P. Characterisation of Copper Oxide Nanoparticles for
Antimicrobial Applications. Int. J. Antimicrob. Agents 2009, 33, 587-590. [CrossRef] [PubMed]

Li, Y,; Lu, W.; Huang, Q.; Li, C.; Chen, W. Copper Sulfide Nanoparticles for Photothermal Ablation of Tumor Cells. Nanomedicine
2010, 5, 1161-1171. [CrossRef] [PubMed]


http://doi.org/10.1186/s12934-014-0090-7
http://doi.org/10.1016/j.solener.2011.02.005
http://doi.org/10.1063/1.3491245
http://doi.org/10.1016/j.jpowsour.2013.09.004
http://doi.org/10.1021/am505473d
http://www.ncbi.nlm.nih.gov/pubmed/25423356
http://doi.org/10.1039/C6RA24971J
http://doi.org/10.1016/j.talanta.2014.07.023
http://www.ncbi.nlm.nih.gov/pubmed/25159429
http://doi.org/10.4067/S0717-97072009000300015
http://doi.org/10.1016/j.saa.2011.01.043
http://doi.org/10.1016/0022-2860(83)80007-6
http://doi.org/10.1021/la904292t
http://doi.org/10.1007/BF02868665
http://doi.org/10.3762/bjnano.5.166
http://doi.org/10.1016/0021-9614(87)90056-5
http://doi.org/10.1088/0022-3727/18/7/023
http://doi.org/10.1007/s11051-015-3103-5
http://doi.org/10.1039/b000000x
http://doi.org/10.1016/j.arabjc.2015.03.013
http://doi.org/10.1002/smll.201301174
http://doi.org/10.1021/tx800064j
http://doi.org/10.1016/j.scitotenv.2011.01.014
http://doi.org/10.1039/C7RA05636B
http://doi.org/10.1155/2017/1064918
http://www.ncbi.nlm.nih.gov/pubmed/28286459
http://doi.org/10.1016/j.ijantimicag.2008.12.004
http://www.ncbi.nlm.nih.gov/pubmed/19195845
http://doi.org/10.2217/nnm.10.85
http://www.ncbi.nlm.nih.gov/pubmed/21039194

Nanomaterials 2022, 12, 3194 12 of 12

44.

45.

46.

47.

48.
49.

Quy, VH.V,; Vijayakumar, E.; Ho, P; Park, ]. H.; Rajesh, ].A.; Kwon, ].M.; Chae, ].; Kim, ].H.; Kang, S.H.; Ahn, K.S. Electrodeposited
MoS?2 as Electrocatalytic Counter Electrode for Quantum Dot- and Dye-Sensitized Solar Cells. Electrochim. Acta 2018, 260, 716-725.
[CrossRef]

Chae, J.; Oh, M.; Hong, V.; Quy, V.; Kwon, J.; Kim, J. Enhanced Electrocatalytic Activity and Electrochemical Stability of Copper
(I) Sul Fi de Electrode Electrodeposited on a Ti Interlayer-Coated Fl Uorine-Doped Tin Oxide Substrate and Its Application to
Quantum Dot-Sensitized Solar Cells. Thin Solid Film. 2018, 660, 46-53. [CrossRef]

Shuai, X.; Shen, W.; Li, X.; Hou, Z.; Ke, S.; Shi, G.; Xu, C.; Fan, D. Materials Science & Engineering B Cation Exchange Synthesis of
CuS Nanotubes Composed of Nanoparticles as Low-Cost Counter Electrodes for Dye-Sensitized Solar Cells. Mater. Sci. Eng. B
2018, 227, 74-79. [CrossRef]

Deng, M.; Huang, S.; Zhang, Q.; Li, D.; Luo, Y.; Shen, Q.; Toyoda, T.; Meng, Q. Screen-Printed Cu , S-Based Counter Electrode for
Quantum-Dot-Sensitized Solar Cell. Chem. Lett. 2010, 39, 1168-1170. [CrossRef]

Hodes, G. Electrocatalytic Electrodes for the Polysulfide Redox System. J. Electrochem. Soc. 2006, 127, 544. [CrossRef]

Yang, Z.; Chen, C.; Liu, C.; Li, C.; Chang, H. Quantum Dot-Sensitized Solar Cells Featuring CuS/CoS Electrodes Provide 4.1%
Effi Ciency. Adv. Energy Mater. 2011, 1, 259-264. [CrossRef]


http://doi.org/10.1016/j.electacta.2017.12.023
http://doi.org/10.1016/j.tsf.2018.05.049
http://doi.org/10.1016/j.mseb.2017.10.008
http://doi.org/10.1246/cl.2010.1168
http://doi.org/10.1149/1.2129709
http://doi.org/10.1002/aenm.201000029

	Introduction 
	Materials and Methods 
	Synthesis of Cu2S Nanoparticles 
	NPs Characterization 
	NPs Toxicity in Eukaryotic and Prokaryotic Cells 
	Fabrication of Quantum Dot Sensitized Solar Cells 
	Electrode Impedance Spectroscopy 
	Characterization of Quantum Dot Sensitized Solar Cells 

	Results and Discussion 
	Synthesis and Characterization of Cu2S NPs 
	Cu2S NPs Characterization as Counter Electrode 

	Conclusions 
	References

