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ABSTRACT: In the present study, a quick and environmentally friendly "i%™ “** R e a9
. rendly 5% % %g
approach has been developed for the synthesis of CuS nanocrystals of different : B -“
shape with antibacterial activity. The process is completed in 5 min. The Sl s [ s
synthesis

presence of copper sulfide in the final products was confirmed by XRD, Raman
spectroscopy, XPS, and TEM. The morphology of the product is dependent on
whether or not the reaction providing sulfur was realized. When sulfur was
included, the CuS particles developed an elongated shape with a thickness in S
the range between 6 and 8 nm and lengths up to 60 nm. It was found that sulfur
plays a role of a nucleation agent in this case and then is removed during the
washing process. On the other hand, if just precursors for copper sulfide were
used, the morphology was spherical and the crystallite size was around 20 nm.
Finally, the antibacterial activity of the products was evaluated. The activity was
less selective in the case of CuS prepared by the assistance of sulfur.
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B INTRODUCTION

Semiconductor nanoparticles are used for various purposes (e.g.,
in solar cells, cathode material in lithium batteries, optical filters,
or in photocatalysis)."” Recently, physicochemical properties
and application fields of copper sulfide semiconductors such as
chalcocite (Cu,S),”* covellite (CuS),””” villamaninite (CuS,),"
and nonstoichiometric copper sulfides (yarrowite (Cu,;,S),
anilite (Cu, 55S), etc.)’™"" are intensively studied. Among them,
covellite (CuS) nanoparticles have an inevitable place, as they
are promising materials for electrical, optical, environmental, as
well as for biomedical applications."”'® There are also few
studies reporting the antibacterial activity of CuS."”~*° The

}mhzatlon o.f copper—basgﬁ_régnopartlcles as antimicrobial agents based methods was reported in the past. Reports showing the
is a hot topic nowadays.

waste management.”” Since the mechanochemical approach
reduces the use of harmful organic solvents and saves energy (no
need of manual temperature increase), it is an environmentally
method. Application fields of mechanochemistry are well
described in the work of Boldyreva et al.*’

As already mentioned, this method has been successfully
applied for the production of CuS nanoparticles. Acetate route
synthesis of MS (M: Zn, Cd, and Pb) nanoparticles utilizing
mechanochemistry has been proposed by Balaz et al.*' and using
this approach Godotikova et al. synthesized copper sulfide
nanoparticles in an industrial mill.**

Shape-controlled synthesis of Cu$ utilizing various solution-

There are many preparation methods of copper sulfide
nanoparticles such as hydrothermal,”* sonochemical,” micro-
wave irradiation,”® molecular ternplate,27 polyol,28 chemical
vapor deposition,”” and mechanochemical synthesis.** >

The last one is of particular interest as it utilizes a combination
of the solid-state approach and mechanical energy for various
purposes in an environmentally friendly way.”” It can be applied
in different research fields such as inorganic chemistry,”* organic
chemistry,™ catalysis,*® polymers,*” cocrystals formation,* and

-4 ACS Publications  © 2019 American Chemical Society

successful formation of various morphologies of CuS, such as a
flower- and trepang-like,*’ pillar- and raft-like,"* rod- and flake-

like,* sphere-, urchin-, and tube-like***” were published.
However, no report of shape control using mechanochemistry

was published until now.
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In this study, we have synthesized CuS nanocrystals via a
simple and cost-efficient mechanochemical method. By
introducing sulfur as a reaction intermediate on the pathway
to the final product, the possibility to prepare nanoparticles in
different shape was discovered. To our best knowledge, this is
the first report on the mechanochemical synthesis of CuS with
different shapes.

B MATERIALS AND METHODS

Chemiicals. Sodium thiosulfate (Na,S,0;-5H,0, ITES, Slovakia),
citric acid (C¢HgO», Liana, Slovakia), copper acetate (Cu(CH;COO),:
H,0, Acros Organics, Belgium), and sodium sulfide (Na,S-9H,0,
Acros Organics, Belgium) were analytical grade and were used without
further purification. Distilled water was used in all washing and cleaning
procedures.

Mechanochemical Synthesis of S, CuS, and nCuS. For all
milling experiments, the reactants (S g) in stoichiometric amounts were
transferred into a 250 mL steel milling chamber containing 50 steel balls
with 10 mm diameter and milled for 1—15 min using the Pulverisette 6
planetary ball mill (Fritsch, Germany) using rotational speed S50 rpm,
ball-to-powder ratio 37 and air atmosphere. After milling, the obtained
product was washed with 1.5 L of water in order to remove the
undesirable side-products and dried at 70 °C.

Sulfur particles were mechanochemically synthesized by the reaction
of sodium thiosulfate pentahydrate with citric acid, thus mirroring the
procedure reported in ref 48, according to the following reaction:

Na,$,0;-5H,0 + C.H O, (catalyst)
— S + Na,SO, + C¢H O, (catalyst) + SH,0 (1)

Citric acid has been used as a catalyst. In a typical procedure, 2.8133
g of sodium thiosulfate and 2.1817 g of citric acid was homogenized and
milled.

Copper sulfide nanocrystals were prepared by the so-called acetate
route following the procedure in ref 41 In this synthesis, copper acetate
monohydrate and sodium sulfide nonahydrate were comilled in a
stoichiometric amount (2.2727 and 2.7273 g, respectively), according
to the chemical reaction:

Cu(CH,C00),-H,0 + Na,$-9H,0
— CuS + 2CH;COONa + 10H,0 2)

In order to obtain nCuS, the reactions 1 and 2 were realized
simultaneously.

Characterization Methods and Techniques. The XRD patterns
were recorded by a D8 Advance diffractometer (Bruker, Germany) with
CuKa (40 kV, 40 mA) radiation. XRD patterns were measured in the 2
theta range 10—60° with step size 0.03° and step time 6 s. For phase
analysis, the JCPDS-PDF2 database and the Diffrac™ EVA software
has been used.

The Raman data were obtained using a combined system Solver
Spectrum (NT-MDT Spectrum Instruments, Russia), equipped with a
photomultiplier tube (PMT) detector, a high-stability fast confocal
laser (Rayleigh) imaging and 600/600 grating, 473 nm solid state laser
excitation. In all experiments, laser power at the sample was 35 mW and
the exposure time was 60 s. Continuously tunable filters ND = 0.5
which reduce the laser intensity by 30% were also used. Without the use
of a filter, the sulfur sample is decomposed by the laser action. When
using a blue laser, an error of +4 cm™ is provided.

The absorption spectra were measured using a UV—vis spectropho-
tometer Helios Gamma (Thermo Electron Corporation, Great Britain)
in the range of 300—900 nm using a 1 cm path length quartz cuvette.
The samples were diluted in absolute ethanol by ultrasonic stirring.

The PL spectra at room temperature were recorded at right angle on
a photon counting spectrofluorometer PC1 (ISS, USA) with an
excitation wavelength of 350 nm. A 300 W xenon lamp was used as the
excitation source. Excitation and emission slit widths were set to 1 and 2
mm, respectively. One cm path length rectangular quartz cuvette was

used. The PL intensity was measured from the powder samples
ultrasonically dispersed in absolute ethanol.

The surfaces of samples were analyzed by X-ray photoelectron
spectroscopy (XPS). XPS measurements were performed using XPS
instrument (SPECS) equipped with PHOIBOS 100 SCD and
nonmonochromatic X-ray source. The survey surface spectrum was
measured at 70 eV transition energy and core spectra at 20 eV at room
temperature. All spectra were acquired at a basic pressure of 9 X 10~
mbar with AIK, excitation at 200 W. The data were analyzed by
SpecsLab2 CasaXPS$ software (Casa Software Ltd.). A Shirley and
Tougaard type baseline was used for all peak-fits. The spectrometer was
calibrated against silver (Ag 3d). All samples showed variable degrees of
charging due to their insulating nature. The problem was resolved by
the calibration on carbon.

The particle size distribution was measured by photon cross-
correlation spectroscopy (PCCS) using a particle size analyzer
Nanophox (Sympatec, Germany). The powdered samples were
dispersed in distilled water and sonicated before measurements. A
portion of each sample was subsequently diluted with distilled water to
achieve a suitable concentration for measurement. This analysis was
performed using a dispersant refractive index of 1.33. The measure-
ments were repeated 3 times for each sample.

Scanning electron microscopic (SEM) analysis of the samples was
carried out with a SEM Quanta 3D 200i instrument (FEI, The
Netherlands). Conducting carbon adhesive tape was used as a substrate
for the samples. SEM images of the not washed and dried filtrate
samples of nCuS system were recorded using a MIRA3 FE-SEM
microscope (TESCAN, Czech Republic) equipped with EDX detector
(Oxford Instrument, United Kingdom). Nanoscale analyses of the
samples were performed by transmission electron microscopy (TEM).
For TEM analyses, the samples were ultrasonically dispersed in
absolute ethanol and the fine fraction of each sample was carefully
applied onto a carbon-coated nickel grid. The dried grids were
additionally carbon coated to prevent charging under the high-energy
electron beam. TEM analyses were performed using a 200 kV
microscope JEM 2100 (JEOL, Japan) with LaBj electron source.

Antibacterial Activity. The antibacterial activity of the samples
was evaluated by the agar well diffusion method by a slight modification
of the process reported in.* The tested bacteria (. aureus CCM 4223,
and E. coli CCM 3988) were obtained from the Czech collection of
microorganisms (CCM).

In brief, bacteria were cultured aerobically at 37 °C in nutrient broth
(Oxoid, United Kingdom) with agitation, or on standard plate count
agar (Oxoid, United Kingdom). Frozen stock cultures were maintained
at —20 °C. Before the experimental use, cultures were transferred to
liquid media and incubated for 24 h. Cultures were then subcultured in
liquid media, incubated for 24 h and used as the source of inoculum for
each experiment.

Agar media was cooled to 42 °C after autoclaving, inoculated with
liquid overnight bacterial culture to a cell density of $ X 10° cfu/mL and
20 mL of this inoculated agar was pipetted into a 90 mm diameter Petri
dish. Prior to the measurement, 10 mg of each sample was dispersed in 1
mL distilled water using sonication. After the solidification of agar, five
millimeters diameter wells were punched into it and filled with SO L of
samples. Distilled water was used as negative control and gentamicin
sulfate (Sigma-Aldrich, U.S.A.) with the concentration 10 mM as a
positive control. The plates were incubated for 24 h at 37 °C. After the
incubation, the plates were photographed and the inhibition zones were
measured by the Image]J software. The values used for the calculation
were the mean values of three replicate tests. The antibacterial activity
was calculated by applying the formula:

%RIZD = [(IZD sample — IZD negative control)
/IZD gentamicin] X 100 (3)

where RIZD is the percentage of relative inhibition zone diameter and
IZD is the inhibition zone diameter (mm). As a negative control, the
inhibition zones of distilled water equal to O were taken. The inhibition
zone diameter (IZD) was obtained by measuring the diameter of the
transparent zone and subtracting the size of the wells (S mm).
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B RESULTS AND DISCUSSION

XRD Analyses. As a first step, it was necessary to prepare
sulfur particles. In Figure 1, the X-ray diffraction patterns of
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Figure 1. XRD patterns of sulfur prepared by milling of STS and CA for
a different time.

sodium thiosulfate pentahydrate (STS) milled for 1, 3, 5, 10, and
1S min in the presence of citric acid (CA) are shown. The
patterns were recorded after the washing procedure. The XRD
patterns prior to washing procedure showing sulfur and
unidentified reflections are provided in the ESI (Figure S1).

It can be clearly seen that almost all diffraction peaks of the
washed samples can be surely ascribed to sulfur and there seems
to be no difference with respect to milling time. However, in
addition to sulfur peaks, there are some diffuse peaks present
around 45° for the samples milled for more than 5 min. These
two peaks at 43.6° and 44.7° can be ascribed to chromium and
iron respectively and are a result of contamination from the
milling chamber. Their intensity increases with prolonged
milling. It seems that this reaction causes a significant amount of
chromium and iron from milling media to enter the reaction
mixture after a very short time. The intensity of these peaks
increases with milling time, which supports the hypothesis about
wear.>’

Using a similar approach, Urakaev et al. synthesized sulfur
nanoparticles via the reaction of sodium thiosulfate pentahy-
drate with crystalline succinic acid (C,H40,).** In their work,
the concept of the diluent agent (side final product, Na,SO;)
was used. The main idea of this approach is a dilution of the
initial reaction system by a compound, which will not react with
reagents and products, and thus dilutes the product to form
smaller nanocrystallites.”"**

In our case, the dilution strategy was not applied, however, in
comparison with Urakaev et al,” the synthesis time was
significantly reduced. As the diffraction peaks seem to be very
sharp in our case, the size of crystallites is most probably in the
micrometer range.

Subsequently, the synthesis of copper sulfide using the acetate
route was realized. Figure 2 shows the XRD patterns of the
washed powders after milling copper acetate and sodium sulfide
for different times. The XRD patterns prior to washing
procedure showing CuS and most probably hydrated forms of
copper sulfates are provided in the ESI (Figure S2). The
diffraction peaks in the patterns of the washed samples closely
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Figure 2. XRD patterns of copper sulfide prepared by milling of copper
acetate and sodium sulfide for a different time.

match those of copper sulfide from the database (JCPDS 06-
0464). As shown in the XRD pattern (Figure 2), only S min of
milling are satisfactory for the reaction, as no other peaks were
detected, indicating the high purity of the sample. All the other
samples contain posnjakite phase (Cu,[(OH)SO,]-H,0;
JCPDS 20-0364). We are unable to explain this phenomenon
at the moment, but it was observed also upon repeated
experiment. The presence of hydrated copper sulfates (namely
chalcanthite and bonattite phases) was also detected upon the
semi-industrial mechanochemical synthesis of CuS using this
approach before.*” From the XRD pattern (Figure 2) it seems
that the crystallite size most probably increases with milling time
(as documented by increase in the intensity of diffraction peaks).

The above-mentioned facts suggest that for both S and CuS
formation, 5 min of milling seem to be the best option. Both
reactions were performed simultaneously in the range between 1
and 15 min. The XRD patterns of the washed powders after this
combined approach are present in Figure 3. The XRD patterns
prior to washing procedure containing a large number of various
reflections hard to identify are provided in the ESI (Figure S3).
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Figure 3. XRD patterns of mechanochemically synthesized copper
sulfide prepared by a combined approach for a different milling time
(nCuS).
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Figure 4. Raman spectra of S, CuS, and nCuS$ samples.
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Figure 5. UV—vis absorption spectra of S, CuS, and nCuS samples (Tauc’s plots with the determined energy band gaps are presented in the inset).

Standard copper sulfide peaks (JCPDS 06-0464) distinctly
confirm the presence of copper sulfide particles in all the washed
samples. The size of nanocrystals seems to be larger than when
solely acetate route was used (Figure 2), as the peaks are sharper
and more intensive. Sulfur was not identified in neither of the
XRD patterns. The reason for this could be its quick
amorphization during the milling process,”” or the fact that it
in situ undergoes further reaction. As the iron contamination
was not detected in this case (on the contrary to synthesis of S),
it is probable that the phenomena taking place during this
combined approach are different from the situation when each
step is performed individually. This point will be discussed later.

Raman Spectroscopy Analysis. Raman spectroscopy was
used to characterize the three samples prepared by mechano-

12900

chemical synthesis for S min (sulfur (S), and copper sulfide
prepared either by acetate route (CuS) or by a combined
approach (nCuS)). These samples were selected as final
products and therefore, further characterization was peformed
only on them.

As can be seen in Figure 4, three strong peaks were evidenced
for S sample. According to refs 54 and S5, the main sulfur peaks
should be located at 152, 220, and 474 cm™". In our case, the
bands at 153.03, 218.77, and 474.12 cm™! were found, which
definitely confirm its presence.

The Raman spectrum of copper sulfide prepared by acetate
route (CuS) contains two distinguishable peaks at 266.00 and
470.57 cm™L. According to literature data, the main wave-
numbers defining peaks of copper sulfide are located at 26S and

DOI: 10.1021/acssuschemeng.9b01849
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Figure 6. PL emission spectra of S, CuS, and nCuS samples at an excitation wavelength of 350 nm.
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experimental data.

473.5 cm™'°°7%% 50 our results match with these values
providing another proof of successful CuS$ synthesis.

In the nCuS§ sample, sulfur signals are absent, similarly to the
XRD results of this sample. We could observe only copper
sulfide peaks at wavenumbers 258.75 and 470.57 cm™.
Although the absence of sulfur peaks in the nCuS sample can
be explained by too small size of sulfur crystals, which makes it
difficult to measure with Raman spectroscopy due to the phonon
confinement effect,”® its absence could also mean its trans-
formation into some water-soluble compound and its washing
out during the post-treatment of the milled mixture with distilled
water (this will be discussed later).

UV—vis Spectroscopy Analysis. Figure 5 shows the
differences in the visible range of UV—Vis absorption spectra
of S, CuS and nCuS$ samples with clearly higher intensity of light
absorbance for CuS-containing samples. The optical band gap,
Eg was estimated based on Tauc equation for directly allowed
optical transition ahv = A(hv — Eg)l/ ? by the plotting (ahv)?
against photon energy and extrapolating the slope in the band
edge region to zero, as shown in the inset of Figure 5. The optical
band gap was determined to be 2.12 eV for CuS and 2.0 eV for
nCusS. In the wavelength of the optical spectra, a blue shift was
not found in comparison with the bulk CuS which has
characteristic band gap energy of about 2.2 eV.”” The

12901

determined band gaps are in accordance with the results
published in previous papers.®’ ™%

PL Spectroscopy. The room temperature PL spectra of S,
CuS, and nCuS samples were obtained using excitation
wavelength 350 nm and are displayed in Figure 6. CuS and
nCuS samples exhibit a very weak emission at about 398 and 397
nm (corresponding to 3.096 and 3.104 €V) almost consistent
with the literature.”* Our results are different from previous
papers, where no emission was reported® but, on the other
hand, are in accordance with results reported in our earlier
papers.””®” The observed photoluminescence intensity of nCu$S
sample is higher than in the case of CuS. The PL spectrum of S
shows an emission peak at 400 nm (3.08 eV) and a small
shoulder peak at 470 nm (corresponding to 2.63 eV) (Figure S.
The peak intensity is influenced by several parameters such as
shapes, crystallinities, size effects of the products, which, in turn
account for the increase in the content of surface oxygen vacancy
and defects with a decrease in dimension.*®

It can be seen that the synthesized S, CuS and nCuS samples
have a little bit different optical properties. The band gap energy
depends on the crystalline structure, size as well as morphology
of the Cu$ nanostructures.

XPS Analysis. In order to investigate the oxidation states of
the most abundant elements, the XPS spectra were recorded
(Figure 7).
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The results showed the anticipated results in terms of
oxidation states of all elements. In the case of copper (Figure
7a), the spectra are practically identical, showing the Cu in
oxidation state +I1 (peaks around 952 and 932 eV). The satellite
peak at 943.2 €V further confirms this.***>” There is a dispute
about the presence of Cu in oxidation state +I cannot be
overlooked.”" In the case of sulfur (Figure 7b), the presence of
S(-I1) is clear (the peak around 162.5 eV).%%79 However, also
some oxidized species are present on the surface, as the peak
around 168.8 corresponding to S(+VI) was found for both
samples.”” Sulfur sample exhibits the peak at 163 eV, which is in
accordance for the binding energy reported for elemental sulfur
in other studies.”*’* Regarding iron coming from milling media,
it was registered only in the case of CuS and nCuS samples. Its
content seems to be higher in the case of nCuS. The results are
different from XRD, where Fe was detected for pure sulfur, but it
was not detected in the CuS sample (Figures 1 and 2). However,
XPS is a surface method, so the distribution of elements can be
different in comparison with the bulk analyzed by XRD. Iron was
definitely oxidized into ionic form. It cannot be surely claimed
whether it is in (+II) or (+III) state, as the XPS peaks are quite
close and the binding energy depends also on the anion in the
compound.”” Nevertheless, its interaction with the milled
powder and incorporation into some compound, mostly in the
form of sulfate is in accordance with the results of XRD of the
dried filtrate which will be reported later (Figure 13) and with
the presence of sulfate peak in the S 2p spectrum (Figure 7b).

PCCS Analysis. Particle size distributions of the prepared
samples are shown in Figure 8. Sulfur particles (S sample) are
characterized by the polymodal distribution composed of several
more-or-less discrete fractions. The sizes of particles are of a
wide range (from 330 to 2600 nm). In the case of CuS
nanoparticles synthesized by acetate route (CuS), the
polymodal distribution was obtained in the measured range.
The sample consists of particles with very fine sizes (from 280 to
410 nm) as well as of the coarse (or agglomerated) ones with the
sizes of several micrometers. The unimodal particle size
distribution was obtained for the sample prepared by a
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combined approach (nCuS). The fraction is very fine (from
40 to 330 nm) with the average hydrodynamic diameter of 170
nm.

Microstructural and Morphological Analyses. Figure 9
shows the results of the SEM analysis of mechanochemically
synthesized S, CuS, and nCuS$ samples. SEM images of the sulfur
sample (Figure 9a,b) showed that the sulfur particles are slightly
larger than the other ones, thereby confirming the results of the
PCCS analysis. The SEM-EDS results (see Figure 10a, S
sample) also confirmed the results of XRD analysis showing the
presence of iron and chromium in the sample. Also nickel and
silicon are present in small amounts in the sample. Silicon can be
present as a result of the cleaning procedure applied before the
experiment, in which grinding balls and steel chamber are
cleaned using abrasive sand with SiO, as the main component.
The presence of Cr and Ni could be due to wear coming from
steel milling chamber, as this element can be introduced into
steel when it is produced.

In the case of both CuS samples, it is evident that the
individual nanoparticles are agglomerated into large grains. SEM
images of CuS produced by acetate route (Figure 9c,d) show
that the copper sulfide particles have nonuniform sizes. It was
already shown by PCCS analysis of this sample that it exhibits
the polymodal distribution of particles (Figure 8). On the
contrary to the produced sulfur, the EDS results did not show
any impurities indicating high purity of the sample.

The SEM results of nCuS produced by sulfur-mediated
acetate route synthesis (Figure 9e/f), it can be seen that the
particles exhibit significantly different morphology from CuS
sample produced by simple acetate route. More light on the
shape of particles will be shed in the next paragraph (TEM
analysis). The EDS results revealed the presence of wear and
impurity in this sample, documented by Si, Fe, and Cr peaks in
the spectra. However, the intensity of the corresponding peaks is
smaller compared to the sulfur sample, so the wear is not so
significant in the case, as it was not detected by XRD (Figure 3).

In order to reveal the morphology of CuS nanoparticles in the
products, TEM analysis was performed. The sulfur particles
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Figure 9. SEM images of mechanochemically synthesized sulfur (a, b), CuS (¢, d), and nCuS (e, f) samples.

underwent detrimental changes under the high-energy electron
beam, therefore, only CuS and nCuS samples were analyzed.
Low-magnification images (Figure 1la,b) confirmed the
observations by SEM that both samples are composed of
agglomerated nanoparticles. Selected-area electron diffraction

(SAED) patterns were recorded and only reflections from
covellite (CuS) phase were found in both samples. The
difference in the morphology of nanoparticles between the
samples was revealed at higher magnifications. HRTEM images
(Figure 11c,d) show that in the CuS sample, the crystallites are
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tightly packed; they have more or less isometric morphology and nm (aspect ratio up to 1:10). HRTEM analysis of the crystallites

size (diameter) in the range of 20 nm. The morphology of revealed that the particles are elongated along the basal planes of

individual CuS crystallites is different in the nCuS sample. Here, the covellite structure.

most of the crystallites show elongated or needle-like shape with The difference in morphology of CuS NPs in both samples

a thickness in the range between 6 and 8 nm and lengths up to 60 implies differences in the nucleation and growth mechanism of
12904 DOI: 10.1021/acssuschemeng.9b01849
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Figure 11. Low-magnification images with SAED patterns in the insets of (a) CuS and (b) nCuS samples confirm that both samples are composed of
agglomerated nanoparticles. All rings in the SAED pattern belong to covellite (JCPDS 06-0464), (hkl) of lattice planes for the most intense rings are
given. (¢, d) High-resolution TEM images of both samples reveal the difference in the morphology of nanoparticles in both samples. (c) In the CuS
sample, the NPs are nearly isometric, while in the (d) nCuS sample, the particles are elongated along basal (001) planes (perpendicular to the c-axis,

denoted by arrows) of the CuS$ covellite structure.

CuS under different synthesis conditions. The reasons may lie in
the unique properties of the covellite structure (Figure 12a),

(@) (b) CuS

: ~«—— CuSg triangles
e g g el o< CuS, tetrahedra
" A‘ A ']Sz unit )
b B

nCu$S

Figure 12. (a) Crystal structure of CuS. (b) Nearly isometric CuS NPs
in the sample obtained by acetate route. (c) Elongated, needle-like CuS
NPs with an aspect ratio up to 1:10 are observed in the sample
synthesized in the presence of elemental sulfur.

which is composed of main structural units including Cu atoms
in tetrahedral and triangular planar coordination and S—S bonds
between these main units.” In the CuS sample prepared via the
acetate route, the reaction between the precursors results in
relatively uniform growth rates in all directions or a slightly faster
growth rate in the c-direction (Figure 12b). On the other hand,
the presence of elemental sulfur shows a significant effect on the
crystal growth of CuS NPs. The nanoparticles have needle-like
shape with a uniform thickness of around 6 nm length of up to 60
nm (aspect ratio 1:10) as shown in Figure 12c. The presence of
elemental sulfur may enhance the S—S bonding and preferential
growth of CuS along the basal planes (Figure 12¢). This could
be potentially interesting for particular applications since CuS
exhibits superconducting-like behavior at temperatures below
40 K due to the structural characteristics.”®

As elemental sulfur was not detected in the nCuS produced by
a combined approach, it is highly probable that it reacted in situ
to form a water-soluble compound.

From our point of view, the following reaction can occur:

2Cu(CH,CO0),-H,0 + Na,$,05-5H,0 + CH 0,
+ Na,$-9H,0 + 80,
- 2CuS + Na,SO, + Na,CO; + 22H,0 + 7CO,
+ CeHO; (4)

According to this reaction, there are three sulfur atoms
entering the reaction. Two of them end in CuS product. The first
one comes from the acidic decomposition sodium thiosulfate
(reaction 1). We are of the opinion that it is present also in
elemental form for a short time, thus serving as a nucleation
agent. The second one comes from sodium sulfide. The last one
is oxidized from sodium sulfite (product of reaction 1) into
sodium sulfate. In order to prove this hypothesis, we recorded
the XRD pattern of the dried filtrate (Figure 13). A small
amount of CuS (JCPDS 06-0464) was identified. In addition to
this, also Na,SO, (JCPDS 79-1553) and Na,CO;-10H,0
(JCPDS 01-0938) were found, thus supporting the idea about
reaction 4). Possibly, also CuC,0, (JCPDS 76-4595) and
Fe,(OH),,SO, (JCPDS 21-0419) could be present. The
presence of Fe,(OH),,SO, could be a result of the reaction
between iron coming from milling media and side-products of
reaction 4) in acidic conditions (due to the presence of citric
acid). CuC,0, can be hypothetically formed as a result of the
reaction between Cu(+II) cations and acetate anions. For
further information, the XRD patterns of the dried filtrates after
1 and 3 min are provided in ESI (Figure S4). The identified
phases are more-or-less in accordance for the ones detected for
the dried filtrate after nCuS synthesis for 5 min.

SEM, EDS, and Elemental Mapping Analysis. In order to
examine the chemical changes going on during the nCuS
formation (namely the absence of elemental sulfur in the final
nCuS sample), the tools of SEM, EDS, and elemental mapping
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Figure 13. XRD pattern of dried filtrate of mechanochemically
synthesized copper sulfide sample prepared by a combined approach
for § min (nCuS).

were utilized. Namely, the not washed sample taken directly
from the milling chamber and the dried filtrate obtained after the
washing procedure of this sample were compared. The SEM
images of both samples are provided in the ESI (Figures SS and
S6). Although the morphology is of secondary importance in
this case, some phenomena can be observed. The not washed
sample contains large particles of hundreds of microns with
quite smooth morphology (Figure S5). The dried filtrate seems
to be more structured with particles from a few microns up to
100 pm (Figure S6). The cracks observed in the image are most
probably present due to the manual crashing of the obtained
sample prior to analysis.

The chemical composition of both samples was investigated
by means of EDS analysis. The results are summarized in Table
1.

Table 1. Results of the EDS Analysis of Not Washed Powder
and Dried Filtrate from nCu$ Synthesis (Values Are in at. %)

sample region Na S (0] Cu Fe
not washed 1 219 13.2 60.3 4.5 0.2
2 22.4 11.8 61.5 4.2 0.2

average 222 12.5 60.9 4.4 0.2

dried filtrate 1 24.1 14.1 60.2 1.5 0.2
2 23.2 12.9 60.0 3.6 0.2

3 26.2 10.0 61.8 1.6 0.5

average 24.5 14.1 60.2 2.2 0.3

The difference between the two samples is not large. Both of
them contain a significant amount of sodium, sulfur, and oxygen.
The atomic ratio of these elements is quite close to the
theoretical stoichiometry of sodium sulfate Na,SO, (namely
28.6% of Na, 14.3% of S and 57.1% of O). This compound was
identified in the XRD pattern of the dried filtrate (Figure 13), so
sulfur formed in situ by eq 1) is most probably transformed into
sodium sulfate upon further processing, according to eq 4. The
only significant difference is in the copper content, which was
two times higher for the not washed sample. As copper sulfide
remained in the solid state during the washing process, the
significant decrease of Cu content in the dried filtrate is logical.
However, the content of sulfur was slightly lower for the not

12906

washed sample, which is contradictory and we are unable to
explain this phenomenon at the moment. Iron content was on
the borderline of the detection limit, so the contamination from
milling media was not very significant in the analyzed regions.

The results of the elemental mapping of the dried filtrate after
nCusS synthesis are shown in the Figure S7. Distribution of Na, S,
and O is completely matching, which points to the fact that they
are present in the same compound. This further supports the
presence of Na,SO,. Copper seems to be concentrated in the
area close to the middle of the image. The sulfur distribution in
this region is also slightly richer, which points to the presence of
a small amount of CuS (which was not effectively separated from
the liquid phase during filtration). Its presence was also
mentioned in the XRD pattern of the dried filtrate (see Figure
13). Iron seems to be evenly distributed, with some larger
particles on the right side of the map. These particles can be
fragments either from milling balls of the chamber.

Results of Antibacterial Activity Measurements. Three
final samples (S, CuS and nCuS) in concentration 10 mg/mL
were subjected to tests of antibacterial activity using agar well
plate method on one Gram-negative (E. coli) and one Gram-
positive (S. aureus) bacteria. The results are summarized in
Figure 14.

[ E. coli
100 B S. aureus,

80
~—~ 60
3
[m]
N
X 404

204

0 T
S CuS nCuS
Sample

Figure 14. Antibacterial activity of S, CuS, and nCuS samples expressed
as relative inhibition zones diameter (RIZD).

It can be seen that three studied samples exhibit significantly
different antibacterial activity. The sulfur sample did not show
any activity. However, the produced particles in our case are
microsized and the antibacterial activity was reported to
significantly increase upon the reduction of particle size into
the nanorange.”” The crystal structure, size and capping agent of
sulfur NPs can have a significant effect on the antibacterial
activity of sulfur.”””®

Copper sulfide prepared by acetate route has shown very
strong antibacterial activity against Gram-negative E. coli,
however, no activity for the Gram-positive S. aureus was
evidenced. Although the formation of the even larger zones than
for E. coli was evidenced in this case, the zones were not
transparent and the borders were not strict so it was concluded
that it is just some kind of reaction between the sample and the
bacterial colonies, but it cannot be interpreted as antibacterial
activity. On the contrary to the specificity of CuS sample, the
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nCusS one has shown the effect against both E. coli and S. aureus.
Although the effect was approximately two times lower against S.
aureus, the sulfur-mediated synthesis brought about an improve-
ment of antibacterial activity in terms of being less selective. This
creates a space for the investigation of the effect of CuS
nanoparticles of various shapes on the antibacterial activity in
the future.

It seems that the interaction between the CuS NPs and
bacteria is quite specific. Such evidence was also reported in the
first report on the antibacterial activity of CuS nanoparticles
published in 2015,"* in which no activity against S. aureus was
found. The mechanism of action was found to be through
damage of the cell wall. The authors also investigated the effect
of copper(II) ions, which was found to be lower than the one of
CuS NPs. Chakraborty et al.”” suggest that the antibacterial
effect of CusS is through disturbing the respiration process of the
cell. This study is also interesting because it reports on the effect
of different shape on the activity. Namely against E. coli, only
granular particles exhibited activity, whereas the spherical and
agglomerated ones did not. Another work investigated also the
minimal inhibitory concentration of the spherical CuS NPs."” It
was found to be 30 and 40 pg/mL for E. coli and S. aureus,
respectively. The activities against both bacteria were more-or-
less similar in this study. The zebrafish animal model was applied
to study the antibacterial activity of CuS NPs in ref 20. The
authors confirmed the main role of CuS NPs is in the membrane
damage and triggering the production of reactive oxygen species.
They also found that CuS NPs are hemocompatible. Finally,
sheet-like CuS NPs were used as a coating for polyacrylonitrile
fibers and the material showed the antibacterial efficacy 99.99%
against S. aureus and 96.80% against E. coli.*’

B CONCLUSION

A rapid environmentally friendly mechanochemical synthesis of
copper sulfide nanocrystals yielding different shapes is proposed
for the first time in this report. The synthesis is completed in just
S min. TEM analysis showed that the utilization of sulfur as a
nucleation agent can lead to the formation of needle-like CuS
(nCuS) nanocrystals with an elongated shape. This phenomen-
on did not occur when CuS was produced by simple cogrinding
of precursors, as the nanocrystals exhibited a spherical shape in
this case. Results of photon cross-correlation spectroscopy
showed that the size of agglomerates is significantly smaller for
nCuS sample. The produced CuS nanoparticles exhibit
antibacterial activity. It was found that nCusS is a less selective
agent, as it possessed activity against both E. coli and S. aureus
bacteria, whereas the spherical CuS sample showed activity only
against E. coli. The present study could possibly serve as a
protocol for the shape-controlled synthesis of nanoparticles
using mechanochemistry, which could open a new branch of this
environmentally friendly and sustainable synthetic method.
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