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ARTICLE INFO ABSTRACT

Handling editor:P.Y. Chen Herein, we investigate the effects of temperature and thiourea addition rate on the synthesis of copper sulfide
nanoparticles (CuS NPs) via a chemical co-precipitation method, exploring their impact on the size and
morphology of CuS NPs. Our systematic approach resulted in the successful synthesis of CuS NPs with signifi-
cantly smaller nanoflower sizes than previously reported in the literature, providing insights into the nucleation
and growth mechanisms under various synthesis conditions. Furthermore, the photocatalytic activity of the
synthesized CuS NPs with three types of distinctive morphologies, namely, nanoflowers with 50 nm diameter (F-
50), nanoflowers with 200 nm diameter, and nanogravels with 50 nm diameter, is comparatively analyzed.
Notably, the F-50 exhibits a superior photocatalytic performance compared to the other samples, demonstrating
the considerable influence of the NP size and morphology on their functional properties. Furthermore, the
antibacterial property of the small CuS nanoflowers is examined using an antibacterial film fabricated by coating
the NPs on a polyethylene terephthalate substrate, which is widely used as a protective or packaging film in
various industries because of its transparency and flexibility. The antibacterial film can be used to kill both gram-
positive and -negative bacteria effectively. This research contributes significantly to the understanding and
optimization of CuS NP synthesis and application, emphasizing the potential of small-sized nanoflower CuS NPs
in photocatalysis and antibacterial applications.
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1. Introduction produce reactive oxygen species (ROS) that damages cell membranes

and eventually kill bacteria [9]. Among these agents, copper has been

The emergence of several new antibiotic-resistant bacteria threatens
the existence of various creatures and adversely affects human health.
These bacteria live and multiply on most surfaces, including human skin,
floors, devices, and packages. Researchers have been exploring various
materials and approaches to produce a universal antimicrobial agent
with broad bactericidal activity and applicability. Metals, oxides, and
sulfides, including Au, Ag, Cu, Pt, Pd, ZnO, TiO4, and CuS, have been
studied as antimicrobial agents [1-8]. These antimicrobial agents
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widely used for commercial applications, as it is an earth-abundant
element and is less expensive than other novel metals. However, it
poses a significant toxicity risk to humans and is susceptible to oxidation
when exposed to ambient atmosphere [10]. In contrast, copper sulfide
(CuS) has higher biocompatibility and chemical stability compared to
copper metal and possesses superior antimicrobial activity [11]. The
high stability of CuS enables its effective stabilization and application in
the form of nanoparticles (NPs), leading to excellent antibacterial
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activity owing to unique features comprising small sizes, high
surface-to-volume ratios, and diverse morphologies [12].

Previous studies have demonstrated the synthesis of CuS NPs with
various morphologies, such as nanoflowers [13], nonoplates [14,15],
hollow spheres [16,17], nanowires [18,19], and nanocubes [20].
Among these morphologies, nanoflowers assembled with nanoplates
have shown exceptional photocatalytic and antibacterial performances
due to their abundant active sites and efficient light absorption [21-24].
Mutalik et al. demonstrated that CuS nanoflowers exhibited enhanced
ROS production, both in the presence and absence of light irradiation,
compared to microspheres and nanoparticles [8]. Adhikari et al. re-
ported that CuS nanoflowers exhibited the highest photocatalytic ac-
tivity among various morphologies, such as nanoflowers, nanoplates,
and nanowires [22]. Zhang et al. reported that nanoflowers exhibited
higher photocatalytic activity than doughnut-shaped dense nano-
spheres, attributed to the enhanced light absorption resulting from the
cavity-mirror effect, inducing multiple light scatterings within the
nanoflower [23]. Based on these preceding studies, the morphology,
specifically the shape and size, of CuS NPs emerges as a critical factor
influencing their photocatalytic and antimicrobial activities.

However, synthesizing tiny flower-shaped NPs is challenging
because the nucleus should be formed rapidly and simultaneously, and
further growth should be suppressed to obtain small NPs. Additionally,
to obtain nanoflower morphology, the nuclei should be grown further to
form nanoplates with a preferential orientation, followed by self-
assembly [25,26]. Therefore, carefully controlling the nucleation and
growth during the synthesis process is essential to obtain nanoflowers.
Although many articles have been published on morphology control,
only a few reports are available on controlling the size of the nano-
flowers. Furthermore, most nanoflowers reported thus far have
micron-sized particles [13,24,27,28], with the smallest particle diam-
eter being 100 nm [29].

In this study, we successfully synthesized flower-shaped CuS NPs
with a particle diameter of 50 nm via a cost-effective and scalable
chemical co-precipitation method. Furthermore, the nucleation and
growth mechanisms are discussed depending on the temperature and
thiourea addition rate. Among the synthesized CuS NPs with various
morphologies, such as small nanoflowers with 50 nm diameter (F-50),
large nanoflowers with 200 nm diameter (F-200), and small nanogravels
with 50 nm diameter (G-50), the F-50 exhibit the highest photocatalytic
performance. To demonstrate the effectiveness of the small nanoflowers,
we prepared CuS films on a hydrophobic flexible substrate by coating
the F-50 dispersion, indicating its potential for food packaging or anti-
bacterial film applications. Finally, we demonstrated that the F-50 film
can effectively eradicate gram-positive and -negative bacteria.

2. Experimental

2.1. Synthesis of CuS NPs, preparation of antibiotic film and
characterization

Copper(II) acetate monohydrate (>99.0 %), thiourea (>99.0 %), and
sodium dodecyl sulfate (SDS, >99.0 %) were purchased from Sigma-
Aldrich. All chemicals were directly used without further purification.
CuS NPs with various morphologies and particle sizes were synthesized
via a chemical co-precipitation method by changing the synthesis tem-
perature and thiourea addition rate. First, 0.4 g of SDS, as a surfactant,
was dissolved in 20 mL of deionized (DI) water. Next, 0.198 g of copper
acetate monohydrate and 0.152 g of thiourea were separately dissolved
in 20 mL of DI water [30]. Thereafter, the copper acetate solution was
slowly added to the SDS solution, and the mixture was slowly heated
under continuous stirring for 1 h using a hotplate with an external
temperature probe until the temperature reached 70, 80, or 90 °C.
Subsequently, 20 mL of thiourea was added drop-wise to the solution
with vigorous stirring, and its addition rate was adjusted to 0.01, 0.1,
and 1.0 mL/s with a burette using a polytetrafluoroethylene (PTFE)
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plug. During this process, the solution color changes from sky blue to
white. The solution was heated continuously with vigorous stirring for
24 h, and finally, a dark-green-colored dispersion was obtained. The
products were washed several times with DI water and then freeze-dried
to maintain the shape and size of the NPs.

To fabricate transparent flexible CuS films by coating F-50 dispersion
onto a polyethylene terephthalate (PET) film, the dispersion medium
was substituted from water to toluene using centrifugal separation. The
dispersion was centrifuged and washed thrice with DI water, ethanol,
and toluene. The dispersion was coated on the PET film (5 x 5 cm?) by
spin coating (30 s at 3000 rpm), followed by drying at 60 °C for 5 min.
The coating and heating processes were repeated three times.

The structural characteristics of the synthesized CuS NPs were
evaluated via X-ray diffraction (XRD, PANalytical, X’Pert Powder) with
a Cu Ka radiation source. The morphology, lattice fringes and selected
area electron diffraction (SAED) patterns of CuS NPs were observed
using transmission electron microscopy (TEM: HT-7700, Hitachi), a
high-resolution TEM (HR-TEM: Titan G2 80-200, FEI), and a field-
emission scanning electron microscopy (FE-SEM: JSM-6701F, JEOL).
The chemical states of CuS NPs were analyzed by X-ray photoelectron
spectroscopy (XPS: Nexsa, Thermo Fisher Scientific) using a mono-
chromatic Al Ka X-ray source (1486.6 eV) with a spot size of 400 pm.
Binding energies were provided with respect to the C 1s peak of the
hydrocarbons at 285.0 eV. The chemical composition was examined
using energy dispersive X-ray spectroscopy (EDS: S-4800 equipped with
a Horiba EX-250, HITACHI). The absorbance spectra of CuS NPs were
measured by an ultraviolet-visible (UV-Vis) spectrometer (Carry 5000,
Agilent).

2.2. Photocatalytic and antibacterial activity test

The photocatalytic activity was evaluated via Rhodamine B (RhB)
dye degradation tests [31-34], under the irradiation of a light-emitting
diode (LED) lamp-based solar simulator (Newport, LSH-7320, Class
ABA) with a power density of 100 mW/cm?. First, 4 mg of CuS powder
was added to 20 mL RhB solution (25 mg/L). The solutions were
maintained under dark conditions with stirring for 20 min to achieve an
adsorption—desorption equilibrium. Subsequently, the solution was
irradiated using an LED lamp for 1 h under continuous stirring. For
analysis, 1 mL of solution was extracted from the system at 10 min in-
tervals. The sampling solution was filtered using a 0.2 pL PTFE filter to
eliminate residual CuS powder. The solution concentration was
analyzed by observing the peak intensity at 554 nm using an UV-Vis
spectrometer (Carry 5000, Agilent).

For the evaluation of the antibacterial ability of F-50, the most
effective photocatalyst which will be shown later, the gram-negative
Escherichia coli (E. coli; ATCC 8739) and the gram-positive Staphylo-
coccus aureus (S. aureus; ATCC 6538) were used in this study. Each
bacterial strain was sub-cultured overnight at 37 °C on nutrient agar
(NA; 15.0 g/L agar, 5.0 g/L meat extract, 10.0 g/L peptone and 5.0 g/L
sodium chloride) plates to obtain fresh cultures. Isolated colonies were
taken using a sterile loop and suspended in 10 mL of 1/500 nutrient
broth (NB; 3.0 g/L meat extract, 10.0 g/L peptone, and 5.0 g/L sodium
chloride). Cell number was adjusted to approximately 1.5 x 108 cells/
mL, corresponding to the McFarland 0.5 standard. These suspensions
were diluted in sterile PBS 1 x , to get an inoculum with a final con-
centration ranging approximately 1.3 x 10° cells/mL (S. aureus) and 2.1
x 108 cells/mL (E. coli) for the strains. Bacterial counts were evaluated
by determining the colony-forming units (CFUs)/mL after 10-fold di-
lutions in PBS 1 x and plating onto nutrient agar (NA; 15.0 g/L agar, 5.0
g/L meat extract, 10.0 g/L peptone and 5.0 g/L sodium chloride) plates
followed by incubation at 37 °C overnight.

According to the ISO 22196:2011 standard [35], the antibacterial
activity of F-50 coating films was determined by quantifying the re-
covery of bacteria held in contact for 24 h with these surfaces at 37 °C
under a relative humidity of above 90 %, and the analysis was performed
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Fig. 1. Powder X-ray diffraction (XRD) patterns of the synthesized CuS nanoparticles (NPs) as a function of (A) synthesis temperature (thiourea addition rate: 0.1
mL/s) and (B) thiourea addition rate (temperature: 80 °C). Inset images show the corresponding CuS dispersion. Crystallite size calculated via XRD peak broadening
depending on (C) synthesis temperature at a thiourea addition rate of 0.1 mL/s and (D) thiourea addition rate at a fixed temperature of 80 °C. (E) High-resolution
transmission electron microscopy (HR-TEM) image and (F) the selected area electron diffraction (SAED) patterns of CuS NPs synthesized under the conditions of
80 °C and 0.01 mL/s. X-ray photoelectron spectroscopy (XPS) spectra of (G) Cu 2p and (H) S 2p, and (I) energy dispersive X-ray spectroscopy (EDS) spectra of CuS

NPs synthesized under the conditions of 80 °C and 0.01 mL/s.

1877



J. Jung et al.

(C) 80°C, 0.1 mL/s

(E) 80°C,1 mL/s
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(G) 90°C, 0.1 mk/s

Fig. 2. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of CuS NPs synthesized under the conditions of (A, B) 80 °C and
0.01 mL/s, (C, D) 80 °C and 0.1 mL/s, (E, F) 80 °C and 1 mL/s, and (G, H) 90 °C and 0.1 mL/s.

in triplicate. The antibacterial test was conducted in the absence of the
light. Briefly, F-50 coating films (5 x 5 cm?) were placed into sterile
petri dishes with the glazed surface uppermost. Then, an aliquot of 400
pL of the test inoculum was pipetted onto the surface of each sample and
covered with a pre-sterilized polypropylene film (4 x 4 cm?). After 24 h
incubation, microorganisms were recovered from samples by adding 10
mL of soybean casein digest broth with lecithin and polyoxyethylene
sorbitan mono-oleate (SCDLP; 17 g/L casein peptone, 3 g/L soy peptone,
5 g/Lsodium chloride, 2.5 g/L dipotassium hydrogen phosphate, 2.5 g/L
glucose, 1 g/L lecithin and 7 g/L tween 80) and shaking them for 5 min
to achieve detachment of the bacteria from the surface. After this step,
10-fold serial dilutions in PBS 1 x were performed, and CFUs were
counted on plate count agar (PCA) plate, following incubation at 37 °C
for 24 h. As controls, untreated films were processed as previously
described, immediately after bacteria deposition to represent the inoc-
ulum and after incubation for 24 h to evaluate antimicrobial activity.

3. Results and discussion
3.1. Structural and compositional characterization

X-ray powder diffraction analysis was conducted to study the crystal
structure and crystallite size of the synthesized CuS NPs as a function of
the synthesis temperature and thiourea addition rate (Fig. 1). Fig. 1A
and B shows the XRD patterns of the CuS NPs depending on the synthesis
temperature and thiourea addition rate, respectively. For the CuS NPs
synthesized at 80 and 90 °C, peaks corresponding to the (100), (101),
(102), (103), (006), (107), (110), (108), (203), and (116) diffraction
planes are observed at 27.10°, 27.68°, 29.23°, 31.78°, 32.78°, 47.73°
47.89°, 52.67°, 58.66°, and 59.21°, respectively, confirming the suc-
cessful synthesis of covellite CuS with a hexagonal structure (space
group: P63/mmc) [36]. All peaks are well matched with those in JCPDS
card no. 06-0464 without any secondary phase, such as CuyS, copper
oxide, or copper hydroxide. However, the powder synthesized at 70 °C
shows a distinct white color and no XRD peaks for the covellite CuS.
(Fig. 1A). Because thiourea decomposes to sulfur at temperatures
>80 °C, the white color indicates the presence of a copper-thiourea
complex [30]. From Fig. 1B, all three powders synthesized at 80 °C show
the same diffraction pattern regardless of the thiourea addition rate.
Therefore, the temperature affects the formation of the hexagonal CuS
phase, whereas the thiourea addition rate does not critically impact the
CuS phase formation.

The crystallite size was calculated using the Debye-Scherrer formula

(eq. (1)).
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where D is the crystallite size of the particle; K is the shape factor (=0.9);
1 is the X-ray wavelength (1.541 A); f represents the full-width at half
maximum; and @ is the peak position. The CuS NPs synthesized at 80 and
90 °C show nearly identical crystallite sizes of 14.8 and 14.7 nm,
respectively (Fig. 1C). Similarly, as shown in Fig. 1D, the crystallite sizes
of the CuS NPs synthesized with the addition rates of 0.1 and 1.0 mL/s
are comparable (~15 nm). However, the CuS NPs synthesized with the
lowest addition rate of 0.01 mL/s exhibited a substantially small crys-
talline size of ~11 nm. Therefore, although the thiourea addition rate
has negligible effects on the CuS phase formation, it significantly in-
fluences the crystallite size, particularly at low addition rates.

The HR-TEM image of CuS NPs (Fig. 1E) displayed a lattice fringe
spacing of 0.189 nm, corresponding to the interplanar spacing of (110)
lattice planes of hexagonal CuS. The SAED pattern exhibited bright spots
and rings with a high intensity. These results confirm that the CuS NPs
are highly crystalline, consistent with the XRD analysis results (Fig. 1F).

We conducted XPS and EDS studies to identify the chemical
composition of CuS NPs. In Fig. 1G, XPS peaks appear around 932.5 eV
and 952.4 eV, corresponding to the binding energy of Cu 2ps,, and Cu
2p1,2, respectively. These values align with the reported peaks for CuS
[37,38]. A shake-up line is observed between the binding energies of Cu
2ps3,2 and Cu 2pj /5 due to Cu(Il) in the paramagnetic chemical state of
Cu®" [39]. The S 2p spectrum exhibits a characteristic doublet peak,
indicative of metal sulfide [40,41]. Peaks at approximately 162.5 eV and
163.5 eV are attributed to S 2ps,» and S 2p; o, respectively [42]
(Fig. 1H). EDS analysis revealed the presence of copper and sulfur, with
a copper-to-sulfur atomic ratio 51.7 : 48.3, closely matching the inten-
ded composition.

3.2. Morphological properties

The size and morphology of CuS NPs synthesized under various
conditions were evaluated via SEM and TEM analyses. Fig. 2A-F shows
CuS NPs synthesized at 80 °C with distinct sizes depending on the
thiourea addition rate. All samples obtained at 80 °C show similar
flower-like morphology, regardless of the thiourea addition rate.
Notably, the CuS NPs synthesized with an addition rate of 0.01 mL/s
(named F-50) showed an average particle size of ~50 nm. In contrast,
those synthesized with addition rates >0.1 mL/s showed comparable
particle sizes of ~200 nm (named F-200). Significantly, when the
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Fig. 3. Time-course UV-Vis absorbance spectra of the RhB dye during the photocatalytic test under LED irradiation. (A) F-200, (B) G-50, and (C) F-50. (D) Con-
centration variation of the RhB dye with the irradiation time. (E) Plot of In(Co/C) versus the irradiation time. Solid lines represent the fitting using a pseudo-first-
order reaction rate of the corresponding samples. (F) Tauc-plot of F-200, G-50 and F-50. The inset shows UV-Vis absorption spectra.

synthesis temperature was increased to 90 °C (named G-50), the particle
size reduced from 200 to ~50 nm (Fig. 2G and H). Furthermore, the
morphology changed from nanoflower to nanogravel, i.e., the NPs
synthesized at 90 °C exhibited a smoother surface (i.e., a lower surface
roughness). Therefore, the synthesis temperature and thiourea addition
rate significantly influence the microstructure, morphology, and particle
size.

The dramatic change in morphology can be attributed to the release
rate of sulfur ions (SZ’) resulting from the decompositions of thiourea
and the local concentration of S~ near the nucleation sites, which
govern the nucleation and growth process of CuS NPs [22,25,43,44].
When thiourea solution is introduced into the copper acetate solution, it
is well-known that the copper-thiourea complex is formed [22]. In cases
where thiourea is supplied rapidly (i.e., at an addition rate of >0.1
mL/s), the local temperature near the complex remains below 80 °C for a
while. Consequently, $2~ ions are gradually released due to the
heat-induced decompositions of thiourea and gradually combines with
Cu®" ions to form Cu$ nuclei. It has been reported that CuS crystallites
undergo preferentially oriented growth when S~ is released slowly after
nucleation, resulting in nanoplates [25,26]. The growth along the
<110> direction is preferred while the growth along the <001> di-
rection is suppressed, exposing the {001} plane [45,46]. As the reaction
proceeds, heterogeneous nucleation and growth take place on the (001)
plane to reduce the surface energy of the nanoplate, eventually forming
hierarchical flower-shaped nanoparticles (F-200) [25]. On the other
hand, when the reaction temperature is increased (e.g., to 90 °C), the
local temperature may not decrease below the decomposition temper-
ature of thiourea. As a result, S>~ ions are released rapidly, leading to
immediate nucleation and fast growth, resulting in small, irregularly
shaped gravel-like nanoparticles (G-50) with no or less preferred
orientation [44]. In stark contrast, when thiourea is introduced at an
extremely slow rate at 80 °C, the local temperature remains higher than
the thiourea decomposition temperature. Consequently, the
copper-thiourea complex releases S~ ions and forms nuclei quickly. As
the further sulfur supply requires a long time, nuclei concentration
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gradually increases until it reaches a critical level. Beyond this point, the
added thiourea is more likely to be consumed for the growth of existing
nuclei, rather than creating new nuclei. In this scenario, the growth of
nanoflowers is constrained due to the high concentration of nuclei
compared to the case of rapid sulfur source supply, leading to the for-
mation of tiny, flower-like uniform NPs (F-50).

3.3. Photocatalytic properties

The photocatalytic performance of the three types of CuS NPs was
investigated via RhB dye degradation experiments under LED illumi-
nation (100 mW/cm?). The efficiency of the RhB degradation is
compared using the time-dependent UV-Vis absorption spectra of the
RhB solution. The absorption peak of RhB dye at 554 nm was used to
quantify the concentration of the residual RhB dye. As shown in
Fig. 3A-C, in all sample spectra, the intensity of the absorption peaks
continuously decreases without any changes in their position during the
photocatalytic reactions.

Fig. 3D and E shows the changes in the concentration of the RhB
solution as a function of the irradiation time. The change in the con-
centration of the RhB solution in the absence of CuS NPs was also
examined for comparison. The RhB solution without CuS NPs does not
show any concentration changes, whereas the solution with CuS NPs
shows a significant change in the concentration under LED irradiation.
In this study, the most rapid decrease in the RhB dye concentration was
observed for F-50, followed by G-50 and F-200. This result indicates that
the smaller the NP size, the higher the photocatalytic activity. The
photocatalytic degradation process was fitted using a pseudo-first-order
kinetic model (eq. (2)):

GCo
Inl— | =kt
n<C’>

where Cy and C; are the RhB concentrations at the initial state and at t
time, respectively, and k is the rate constant (min'). The photo-
degradation rate constants of the F-200, F-50, and G-50 photocatalysts

@
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Fig. 4. (A) Bacterial colonies of untreated PET film (control) after 24 h and F-50 CuS NPs coating film after 24 h against E. coli (ATCC 8739) and S. aureus (ATCC
6538). Insert image display PET film coated by F-50, (B—C) Agar plates of E. coli in control and F-50 after 24 h, respectively, (D-E) Agar plates of S. aureus in control

and F-50 after 24 h, respectively.

were calculated to be 0.0233, 0.0726, and 0.0462 min’l, respectively.
This result indicates that F-50 displays the highest degradation rate
among the analyzed samples. When CuS NPs absorb the light, conduc-
tion band electrons (e”) and valence band holes (h") are generated.
These carriers migrate to the surface and engage the redox interaction
with O, and H,0 adsorbed on the surface of photocatalyst, producing
the ROS such as hydrogen peroxide (H205), hydroxyl radicals (OH®),
superoxide radicals (037) and singlet oxygen (102) (egs. (3)-(6)) [47].
The generated ROS break down the Rh.B molecule into smaller
non-toxic molecules, ultimately resulting in the formation of CO, and
H,0.

CuS + hv (photon energy) — ¢~ + h* [hv>E,] 3)
Oy +e =0, 4
H,O+h"— OH +H" )
0, +H" - H,O (6)

Table 1
Summarization of previous reports on CuS-based antibacterial films coated on
PET, Teflon, fiber and glass.

Sample type Test time  Antibacterial activity (%) Reference
(hour) Gram Gram
negative positive
bacteria bacteria
Agar-CuS 9 >99.9 Non- [61]
nanocomposite effective
/Teflon film
Alginate-CuS 12 >99.9 Non- [62]
nanocomposite/ effective
Teflon film
CuS NPs 24 92 97.5 [63]
/PAN fibers
CuS NPs 24 >99.9 >99.9 [64]
/glass
CuS NPs 24 >99.9 >99.9 this work
/PET film
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2H20 g H202 + 02 (7)

The optical properties of F-200, G-50 and F-50 were investigated to
determine if their optical characteristics influence photocatalytic per-
formance. Fig. 3F show the UV-Vis absorption spectra and the Tauc plot
of CuS NPs. The bandgap of F-200, G-50 and F-50 are 1.98, 1.99 and
1.99 eV, respectively, which are consistent with the previous work [48].
While all spectra appear similar, F-50 sample exhibited the highest
absorbance in the range of 300-620 nm. Notably, all spectra show the
absorption in the near-infrared (NIR) region because of localized surface
plasmon resonance (LSPR) characteristic of CuS NPs in the NIR region
[49,50].

Based on analysis of the morphology and optical properties of CuS
NPs, the superior photocatalytic performance of F-50 can be attributed
to several factors. First, the flower-like morphology enhances light ab-
sorption due to multiple light scatterings [23,51], as observed in the
absorption spectrum (Fig. 3F). In additions, the tiny size facilitates the
migration of charge from the bulk to the surface [52]. Furthermore, its
tiny flower-like structure contributes to a substantial specific surface
area, hence providing abundant active sites for reactions [22].

3.4. Antibiotic properties

As previously mentioned, the antibiotic properties are closely linked
to the ability of ROS generation because the generated ROS damage the
vital cellular components such as lipids, proteins, and DNA, ultimately
leading death of the pathogens [53]. CuS NPs are known for capability to
eliminate pathogens by generating ROS through their photocatalytic
[54,55], photothermal effect [56,57] and redox cycling of copper ions
[58,59]. For photocatalytic and photothermal bacterial inactivation, the
light irradiation is essential. However, the antibacterial properties
through the redox cycling of copper ions can occur even in the absence
of the light. Given that the ROS production reaction takes place on the
surface of CuS NPs, it is highly likely that samples with high efficiency in
generating ROS under light conditions, such as F-50, also possess the
superior ability to generate ROS under dark conditions [8]. Therefore,
we conducted antibacterial test with F-50, which exhibited the highest
photocatalytic efficiency, against the Gram-negative E. coli (ATCC 8739)
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and Gram-positive S. aureus (ATCC 6538) bacteria to demonstrate the its
antibacterial features under dark conditions.

The antibacterial test was done by quantifying the bacterial recovery

after 24 h of contact with F-50 films, following the ISO 22196:2011
standard [35]. Details of the experimental procedure can be found in the
Experimental section. F-50 films were successfully prepared on flexible
PET substrates using the F-50 dispersion that underwent medium ex-
change, as depicted in the insert image of Fig. 4. Initially, the average
colony counts of E. coli and S. aureus on the samples were 6.7 and 6.1 x
10* CFU/mL, respectively. After 24 h of incubation, the average colony
count of E. coli and S. aureus on the bare PET film without CuS (control)
increased to 3.97 and 1.8 x 10° CFU/mL, respectively. In stark contrast,
all bacteria on the F-50 film were eliminated, as shown in Fig. 4A, C, and
E. Table 1 compares our results with previously reported results of
antibacterial tests for CuS-based films coated on various substrates. This

outs

come underscores the potent antibacterial activity of CuS NPs against

both gram-negative and gram-positive bacteria, even in the absence of
light. The antibacterial activity of CuS NPs can be enhanced by light
irradiation because of their photocatalytic and photothermal effect as
reported in previous studies [8,54,60]. In additions, given its trans-

par

ency and flexibility, our antibacterial film holds promise for diverse

applications.

4.

Conclusions

We successfully synthesized CuS NPs exhibiting nanoflower

morphology, with particle sizes of 50 nm (F-50) via a cost-effective and
scalable chemical co-precipitation method. The F-50 was obtained by
controlling the synthesis temperature and thiourea addition rate without
additional complex procedures and additives. All samples synthesized at

80

°C exhibited flower-like shapes regardless of the thiourea addition

rate, while 90 °C led to gravel-like shapes. When the thiourea addition
rate was reduced to 0.01 mL/s, a substantially smaller particle size (~50
nm) with flower shape was obtained. F-50 exhibited the highest pho-
tocatalytic activity for the degradation of the RhB dye solution. It was
attributed enhanced light absorption, charge migration and high specific
area due to the smallest NP size with the high surface roughness. The
flexible transparent F-50 film on PET exhibited excellent antibiotic ac-

tivi
pos
the

ty against both the Gram-negative E. coli (ATCC 8739) and Gram-
itive S. aureus bacteria under dark conditions. We demonstrated
F-50 was effective in generating ROS under both light and dark

conditions, highlighting its superior photocatalytic and antibacterial
performance. Our results provide significant insights into controlling the
morphology and particle size of CuS NPs without complex procedures
and are expected to aid the diverse applications of CuS NPs.
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