
Vol.:(0123456789)

https://doi.org/10.1007/s10854-025-15637-7

J Mater Sci: Mater Electron          (2025) 36:1558 

Photoelectrochemical engineering of Cu1.94S 
nanoparticles towards a low temperature 
atmospheric synthesis method

Seyed Ali Hosseini Moradi1,*   and Farzad Namvar2

1 Department of Physics, Khatam Al-Anbia Air Defense University (PBUH), P.O. Box: 178183513, Tehran, Iran
2 College of Pharmacy, Al-Hadba University, Mosul, Iraq

ABSTRACT
Cu2−xS photocatalysts have demonstrated robust performance in various applica-
tions, including pollutant degradation, sensors, and chemicals synthesis under 
visible light, owing to their unique properties. Compared to noble-metal-based 
photocatalysts, the low cost of copper and sulfur makes Cu2−xS photocatalysts 
attractive for industrial use. However, developing a simple and scalable synthe-
sis method remains a challenge. In this study, a low-temperature, atmospheric-
pressure route was introduced to synthesize Cu1.94S nanoparticles. XRD analysis 
confirmed that using Tween 20 as a capping agent at 60 °C yields Cu1.94S nano-
particles, whereas using Triton X-100 under the same conditions results in CuS. 
FESEM and TEM images revealed that the Cu1.94S nanoparticles are spherical with 
a strong tendency to aggregate. UV–Vis and photoluminescence analyses showed 
that the band gap of Cu1.94S could be tuned through this method, reaching a value 
of 1.66 eV. Furthermore, linear sweep voltammetry and electrochemical imped-
ance spectroscopy indicated a significant enhancement in the electrochemical 
performance of Cu1.94S-coated electrodes compared to bare titanium electrodes.

1 Introduction

The expansion of industries and the increase in popu-
lation worldwide have led to increased governmen-
tal attention to the use of renewable energy sources. 
One of the most important types of renewable energy 
is solar energy, which has gained significant inter-
est for applications in solar cells [1], water purifica-
tion systems [2–4], and desalination plants [5]. One 
of the prerequisites for the utilization of solar energy 

in these systems is the design of semiconductors with 
improved optical properties. Despite the design and 
introduction of various semiconductors such as TiO2 
[6], WO3 [7], SnO2/ZnO [8], V2O5/TiO2 [9] and oth-
ers, extensive research is still ongoing to develop new 
materials with better performance and cheaper raw 
materials. Recent studies on MnTiO2 and SnO2 have 
indicated that the high surface area, robust chemi-
cal stability, and efficient interactions with light and 
biological systems make them ideal candidates for 
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of copper sulfides in the form of Cu2−xS (0 ≤ x ≤ 0.25) is 
their tunable thermoelectric properties, which makes 
them attractive for thermoelectric applications [36, 37]. 
Proper utilization of these materials requires a precise 
understanding of their stoichiometry, phase structure, 
and electronic properties under different operating 
conditions, which has not yet been fully elucidated [27, 
38]. For example, Li et al. [39] investigated the effect 
of annealing atmosphere (pure argon or 5% hydro-
gen + argon) at 450 °C on the electrical conductivity 
and Seebeck coefficient of Cu2−xS nanoparticles. How-
ever, Zuo et al. [40] aimed to improve the power factor 
of Cu2−xS films by adding manganese and finding its 
optimum amount.

It should be noted that one of the main reasons for 
the attractiveness of copper sulfides is the low cost 
of this material for industrial applications. However, 
in order to achieve this goal, the production method 
must also be inexpensive with minimal energy con-
sumption. Several methods have been proposed for 
the synthesis of Cu2−xS nanoparticles, most of which 
operate at pressures above atmospheric [40–42] and 
temperatures above 140 °C [31, 39]. Methods have also 
been developed at atmospheric pressure and tempera-
tures below 70 °C, but due to the use of expensive raw 
materials such as L-cystine and L-cysteine, their indus-
trial applicability is limited [43, 44]. Pathan et al. [45] 
also proposed a method using inexpensive materials 
at room temperature, which is suitable for the prepa-
ration of thin films of Cu2S on glass substrates, not 
for Cu2S nanoparticles. The synthesis and tuning of 
the optoelectronic properties of copper sulfide nano-
particles involves many complexities, which can arise 
not only from the different possible Cu to S stoichio-
metries, but also from the high mobility of Cu atoms 
in their crystal lattice [46].

Therefore, the aim of this work was to propose a 
method for the synthesis of Cu2−xS nanoparticles using 
inexpensive materials with potential for industrializa-
tion, at low temperature and atmospheric pressure. It 
was also decided to tune the band gap of the synthe-
sized nanoparticles in the visible light region with the 
developed method, making them suitable for photo-
catalytic applications under sunlight along with desir-
able electrochemical properties. In this regard, copper 
sulfide nanoparticles were synthesized using two dif-
ferent nonionic capping agents, Tween 20 and Triton 
X100, at two temperatures of 25 and 60 °C using the 
same method. It was observed that the nanoparticles 
obtained are significantly different. The synthesized 

applications such as antibacterial agents, antioxidant 
platforms, and photocatalysts [10, 11]. Complementing 
traditional synthesis approaches, recent efforts have 
turned toward environmentally benign production 
strategies—particularly those utilizing plant-based 
extracts—which offer a greener and more sustainable 
pathway. This shift underscores the growing emphasis 
on eco-conscious innovation in nanomaterial research 
and the emerging role of metal oxide nanoparticles in 
addressing contemporary scientific challenges [12–14]. 
At the nanoscale, metal oxides demonstrate tunable 
physical and chemical characteristics, with morphol-
ogy, surface defects, and particle size playing key roles 
in boosting reactive oxygen species generation—essen-
tial for antibacterial and antioxidant effectiveness. 
Their inherent biocompatibility and minimal toxicity 
further support their integration into biomedical and 
environmental technologies, as confirmed through 
various characterization techniques [15, 16]. Recent 
advances in nanoscale engineering have revealed how 
modifications at the atomic level can significantly alter 
surface energy and electronic properties, thereby ena-
bling stronger biological interactions and improved 
therapeutic efficacy [17–20]. Moreover, emerging 
studies on transition metal chalcogenide (TMC) nano-
structures have emphasized their potential in photo-
electrochemical applications. Their ability to absorb 
light efficiently and support rapid charge transfer 
renders them suitable for solar-driven water splitting 
and related energy technologies. The performance 
of these systems is closely tied to nanoscale features, 
which continue to be optimized to unlock their full 
potential. Incorporating recent developments in this 
area provides a more robust foundation for current 
investigations and reinforces the significance of ongo-
ing research [21–24].

Transition metal sulfides (e.g. MoS2 [25]) have 
exhibited unique properties. One material that has 
shown attractive optoelectronic properties in addition 
to being non-toxic and inexpensive is copper sulfide 
[26]. Copper sulfide is a p-type semiconductor with 
the general formula CuxS, where x can take different 
values. Depending on the composition and size of the 
nanoparticles, CuxS has a band gap in the visible to 
ultraviolet light range [27, 28]. For this reason, copper 
sulfide nanoparticles have been designed for various 
applications such as water purification [29, 30], air 
purification [31], hydrogen evolution reaction (HER) 
[32], photocatalytic reactions of hydrocarbons [33], 
solar cells [34], and desalination [35]. Another feature 
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nanoparticles were carefully examined by several XRD 
analyses. Next, the physical structure of the nanopar-
ticles synthesized with Tween 20 at both 25 and 60 °C 
was investigated using FESEM images. The optical 
properties of the obtained Cu1.94S nanoparticles were 
investigated by UV–Vis absorption and photolumines-
cence analyses. Finally, the electrochemical properties 
of the electrodes made of Cu1.94S nanoparticles were 
investigated by means of linear sweep voltammetry 
(LSV) and electrochemical impedance spectroscopy 
(EIS) tests.

2 �Experimental method

2.1 �Materials

Copper sulfate pentahydrate (CuSO4·5H2O, ACS), 
sodium sulfide (Na2S.9H2O GR), cyclohexane (C6H12, 
ACS), Triton X100 (AR) and absolute ethanol (ACS) 
were purchased from Merck. Tween 20 (AR) was pur-
chased from Sigma-Aldrich. All the chemicals were 
used without further purification.

2.2 �CuxS nanoparticles synthesis

To synthesize copper sulfide nanoparticles, 3.47 g of 
copper sulfate was first dissolved in deionized water. 
Then, a certain amount (21, 41.5 and 83 cc) of Tween 
20 was added to the prepared copper sulfate solution. 
Then, 75 cc of cyclohexane was added to this solution 
and stirred well to prepare a reverse micellar state. In 
a separate beaker, 10.8 g of sodium sulfide was dis-
solved in 45 cc of water and this solution was added 
dropwise to the prepared copper sulfate mixture while 
stirring. The prepared mixtures were maintained at 
two temperatures of 25 and 60 °C for 5 h with con-
tinuous stirring. The same procedure was performed 
using Triton X100 at concentrations equivalent to 
that of Tween 20. The synthesized copper sulfide 

nanoparticles were then separated and washed several 
times with distilled water and then with absolute etha-
nol. The temperature and amount of capping agent 
used to synthesize the nanoparticles are summarized 
in Table 1.

2.3 �Nanoparticles characterization

XRD patterns of the prepared samples were obtained 
for phase detection using a diffractometer (PHILIPS-
PW1730) operated at 40 kV and 30 mA with Cu Kα 
radiation (λ = 1.5406 Å). The XRD instrument had a 
scan rate of 3°/min with a step size of 0.05°. SEM imag-
ing was performed using a MIRA3 FESEM appara-
tus to study the physical structure of the synthesized 
nanoparticles. To investigate the optical properties of 
each sample, UV–Vis absorption and photolumines-
cence (PL) analyses were performed using a Shimadzu 
UV2600 UV–Vis spectrometer and an Agilent Cary 
Eclipse fluorescence spectrometer, respectively.

2.4 �Electrochemical tests

An AUTOLAB potentiostat was employed for elec-
trochemical measurements on the synthesized Cu1.94S 
nanoparticles in a conventional three-electrode setup 
at ambient temperature. The counter electrode was a 
graphite rod, while an Ag/AgCl electrode served as 
the reference electrode. Cu1.94S sheets as working elec-
trodes were prepared by mixing 3 mg of Cu1.94S nano-
particles with 20 μL of PVDF/NMP solution (5 wt%), 
which was then extruded uniformly on both sides of a 
clean titanium sheet. Finally, the prepared sheets were 
dried at 60 °C. All experiments were performed under 
alkaline conditions using 1 M KOH solution. LSV 
analysis was performed at a scan rate of 50 mV/s. EIS 
measurements were performed over a frequency range 
of 0.1 Hz to 100 kHz using an amplitude of 5 mV.

Table 1   Temperature and amount of capping agent used to synthesize nanoparticles

Parameter Tween 20 Tween 20 Trition X100 Trition X100

Capping agent amount (cc) 21 41.5 83 21 41.5 83 3.5 20 45 3.5 20 45
Capping agent amount (g) 23.1 45.7 91.3 23.1 45.7 91.3 3.75 21.4 48.15 3.75 21.4 48.15
Capping agent concentration 

at final mixture (mol/lit)
0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3

Synthesis temperature (°C) 25 25 25 60 60 60 25 25 25 60 60 60
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3 �Results and discussion

3.1 �XRD experiments

Figure 1 shows the XRD graphs for six samples of 
copper sulfide nanoparticles synthesized with Tween 
20 and six samples synthesized with Triton X100. As 
shown in Fig. 1a, at 25 °C, when the concentration of 
Tween 20 is 0.1 molar, the obtained nanoparticles con-
sist mainly of Cu4(SO4)(OH)6 with an orthorhombic 
crystal structure in accordance with PDF# 29-0575 [47]. 
When the concentration of Tween 20 is increased to 

0.2 molar, the peaks corresponding to Cu4(SO4)(OH)6 
almost disappear and the crystalline structure of CuS 
[48] begins to form. By further increasing the Tween 
20 concentration to 0.3 molar, the hexagonal crystal-
line structure of CuS in accordance with PDF# 29-0575 
is established and the dominant peaks correspond to 
this material. For the XRD graphs related to the tem-
perature of 60 °C in Fig. 1a, a notable feature is the 
formation of the monoclinic crystalline structure of 
Cu1.94S (PDF# 23-0959) in all three concentrations of 
Tween 20 (0.1, 0.2, and 0.3 molar) [40, 50]. It can also be 
observed that the peaks corresponding to the medium 

Fig. 1   XRD analysis graphs 
for, a nanoparticles synthe-
sized with Tween 20, and, 
b nanoparticles synthesized 
with Triton X100
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concentration of Tween 20 (0.2 molar) are weaker com-
pared to the other two concentrations, similar to the 
graphs for the temperature of 25 °C. It seems that the 
crystals of the nanoparticles form better in the dilute 
mixture (0.1 molar Tween 20) and the concentrated gel 
(0.3 molar Tween 20) compared to the dilute gel (0.2 
molar Tween 20).

Figure 1b corresponds to the XRD graphs of nano-
particles synthesized with Triton X100 at a concen-
tration equivalent to Tween 20 and using a similar 
method. As observed in the graphs of Fig. 1b, at 25 °C, 
the orthorhombic crystal structure of Cu4(SO4)(OH)6 
(PDF# 29-0575) in the synthesized nanoparticles is 
clearer compared to the nanoparticles prepared with 
Tween 20. In addition, considering the decrease in the 
width of the peaks and the increase in their height, it 
can be concluded that with the increase in the con-
centration of Triton X100, the size of the Cu4(SO4)
(OH)6 crystals becomes smaller while their quantity 
increases. Regarding the graphs in Fig. 1b at 60 °C, the 
obtained nanoparticles corresponds to CuS with the 
hexagonal crystalline structure (PDF# 29-0575), which 
is in agreement with the results obtained by Nemade 
et al. [51]. It can also be observed that as the concentra-
tion of Triton X100 increases, the width of the peaks 
decreases while their heights remain constant. This 
indicates a decrease in the size of the CuS crystals with 
increasing Triton X100 concentration.

3.2 �FESEM

Based on the results of the XRD analysis, the FESEM 
images of the nanoparticles synthesized with Tween 
20 at both temperatures of 25 and 60 °C were obtained 
and are shown in Fig. 2. As observed at both tempera-
tures, the nanoparticles synthesized at all three con-
centrations of Tween 20 show a strong tendency to 
form aggregates [51]. Among the nanoparticle images 
in Fig. 2, only the nanoparticles with a concentration of 
0.1 molar Tween 20 at 25 °C (Fig. 2a) show a structure 
composed of dense flat sheets with some aggregates of 
spherical particles. Figure 3 shows the FESEM image 
of nanoparticles synthesized with 0.1 molar Triton 
X100 at 25 °C. From the similarity between Figs. 3 and 
2a, it can be concluded that the dense flat sheets in 
Fig. 2a probably represent nanoparticles of Cu4(SO4)
(OH)6, while the small aggregates of spherical nano-
particles correspond to CuS, whose presence was con-
firmed in the XRD pattern of Fig. 1a. The images of 
CuS nanoparticles synthesized with 0.2 molar Tween 

20 (Fig. 2c) and 0.3 molar Tween 20 (Fig. 2e) at 25 °C 
show a similar structure with a difference in particle 
size distribution. This difference in particle size distri-
bution is due to the variation in the amount of capping 
agent, which is also observed for Cu1.94S nanoparticles 
synthesized at 60 °C (Fig. 2b, d and f). From Fig. 2b, 
d and f, it can be concluded that as the concentration 
of Tween 20 increases, the size of the nanoparticles 
decreases, but the aggregates become larger. In fact, as 
the amount of Tween 20 increases, the tendency of the 
nanoparticles to adhere to each other also increases, 
which is unfavorable for easy dispersion of the nano-
particles in a medium such as water. The mean particle 
sizes are given in Table 2, through a detailed analysis 
of the images.

In order to provide a more comprehensive per-
spective on the propensity of Cu1.94S nanoparticles 
to form aggregates, even when prepared with a 
minimal amount of Tween 20 (0.1 molar) at 60 °C, a 
(TEM) image is presented in Fig. 4. It is noteworthy 
that, given the low synthesis temperature (60 °C) of 
these Cu1.94S nanoparticles, ultrasonication was not 
employed for sample preparation prior to TEM imag-
ing. The intense energy of ultrasonication has the 
potential to induce alterations in the chemical struc-
ture of Cu1.94S nanoparticles, thereby converting them 
into a different phase of CuxS.

3.3 �UV–Vis and PL experiments

To evaluate the photocatalytic activity of Cu1.94S nan-
oparticles synthesized at 60 °C, UV–Vis absorption 
analysis (Fig. 5a) was performed for all three samples. 
Based on Fig. 4a, all plots have the same trend with a 
maximum absorption peak ( �

maxUV
 = 315 nm) in the 

UV region, besides an inflection point (at 498 nm) and 
a minimum absorption peak ( �

minVis
 = 580 nm) both 

in the visible region. The same trend of the UV–Vis 
plots, together with the identical �

maxUV
 and �

minVis
 , 

proves the same chemical composition of the sam-
ples in agreement with the XRD results. However, 
as the mean particle size increases, the absorption at 
�
maxUV

 decreases while it increases at �
minVis

 , indicat-
ing a red shift in the absorption of the synthesized 
nanoparticles.

Due to the controversial results regarding the 
band gap of Cu1.94S, which is direct [52] or indirect 
[53], the Tauc plot for both (αhν)2 (assuming direct 
band gap material) and (αhν)0.5 (assuming indirect 
band gap material) vs. hν was plotted (Fig. 5b and 
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Fig. 2   FESEM imgaes of 
the nanoparticles synthesized 
with, a 0.1 molar Tween 20 at 
25 °C, b 0.1 molar Tween 20 
at 60 °C, c 0.2 molar Tween 
20 at 25 °C, d 0.2 molar 
Tween 20 at 60 °C, e 0.3 
molar Tween 20 at 25 °C, f 
0.3 molar Tween 20 at 60 °C



J Mater Sci: Mater Electron         (2025) 36:1558 	 Page 7 of 14  1558 

c, respectively) for all samples using the absorption 
data (Fig. 5a). It is well known that for the direct 
band gap materials, the recombination of an elec-
tron from the conduction band and a hole from 
the valence band occurs at the same k-momentum, 
releasing a photon. But, in the case of indirect band 
gap materials, this recombination necessitates the 
release of both phonons and photons. The latter is 
due to different k-momentum values for the mini-
mum of conduction band and maximum of valence 
band. A comparison of Fig. 5b and c reveals that the 
linear part of the plots is more pronounced in Fig. 5b 
than in Fig. 5c, indicating Cu1.94S is a direct bandgap 
material. As illustrated in Fig. 5b, the nanoparticles 
synthesized with 0.1, 0.2, and 0.3 molar Tween 20 
exhibited direct band gaps of 1.66, 1.77, and 1.9 eV, 
respectively, as the linear part of the plots were 
extended to the x-axes. Accordingly, the band gap 
of the obtained nanoparticles falls in the wavelength 
range of 650 to 750 nm, confirming their activity in 
the visible light range. It is worth noting that, based 
on the hyperbolic band model [54], the band gap 

increases as the size of the nanoparticles decreases. 
In addition, compared with 2.15 eV as the band gap 
for Cu1.94S nanoparticles with an average size of 
7 nm reported by Zhu et al. [52], it was shown that 
the band gap of Cu1.94S nanoparticles was success-
fully reduced using a simpler preparation method.

To further investigate and validate the obtained 
band gap values of Cu1.94S nanoparticles, PL anal-
ysis was performed on all three samples. In this 
experiment, an excitation wavelength of 400  nm 
was chosen to ensure a significant distance from the 
calculated band gap values obtained by the UV–Vis 
absorption method. It is known that the farther the 
excitation wavelength is from the actual band gap 
wavelength, the shorter the peak height correspond-
ing to the band gap should be in the PL analysis. 
According to the PL analysis graphs shown in Fig. 5, 
it can be observed that the band gap of the samples 
has a small FWHM (full width at half maximum) and 
a high peak at a wavelength of 797 nm, correspond-
ing to 1.56 eV. Since the calculated band gap in this 

Fig. 3   FESEM image of the nanoparticles synthesized with 0.1 
molar Triton X100 at 25 °C

Table 2   Mean particle 
size of the nanoparticles 
synthesized with Tween 20

Parameter Tween 20 Tween 20

Capping agent concentration (mol/lit) 0.1 0.2 0.3 0.1 0.2 0.3
Synthesis temperature (°C) 25 25 25 60 60 60
Mean particle size (nm) – 35 30 45 40 35

Fig. 4   TEM image of the Cu1.94S nanoparticles synthesized with 
0.1 molar Tween 20 at 60 °C
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Fig. 5   a UV–Vis absorption 
graphs, b direct band gap 
Tauc plots and, c indirect 
band gap Tauc plots, for 
Cu1.94S nanoparticles synthe-
sized with Tween 20 at 60 °C
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method is expected to be at higher wavelengths than 
those obtained from UV–Vis absorption analysis, this 
value seems reasonable.

In addition, Fig. 6a shows the order of PL wave-
length peaks as Tween 20, 0.1 molar > Tween 20, 0.2 
molar > Tween 20, 0.3 molar which is in accordance 
with the order of band gap values depicted in Fig. 5b. 
It is also known that the better the crystallinity is 
obtained, the smaller the FWHM will be [55]. Accord-
ing to Fig. 6a, the order of FWHM values is Tween 20, 
0.2 molar > Tween 20, 0.3 molar > Tween 20, 0.1 molar, 
which is consistent with the results of XRD analysis on 
crystallinity (Fig. 1a). The summary of UV–Vis and PL 
tests is presented in Fig. 6b. As illustrated in Fig. 6b, 
the electron excitation energy required for the transi-
tion from the valence band to the conduction band 
of Cu1.94S nanoparticles ranges from 1.66 to 1.9 eV. 
Then, through the path returning to valence band, they 
release a small amount of energy to reach the relaxa-
tion state. Then, they continue on their path to the 
valence band, releasing an energy of almost 1.56 eV. 
The return path is expected to experience a single 
relaxation state, a conclusion supported by the obser-
vation of a single peak in the PL test results (Fig. 6a). 
Another interesting point is the difference between 
the value of the bandgap and the PL released energy. 
This difference for Cu1.94S nanoparticles prepared with 
Tween 20 at 0.1, 0.2, and 0.3 molar concentrations is 
0.1, 21, and 0.34 eV, respectively. The lower the differ-
ence, the fewer defects in crystallinity [56]. This find-
ing demonstrates that Cu1.94S nanoparticles prepared 
with Tween 20 at 0.1 molar possess the lowest defects 
in their crystal structure.

3.4 �LSV and EIS experiments

As illustrated in Fig. 7a, the schematic diagram pro-
vides a representation of the experimental cell uti-
lized for the LSV and EIS tests. LSV plots of Cu1.94S 
electrodes versus bare titanium sheet are presented in 
Fig. 7b. The electrode related to Cu1.94S nanoparticles 
synthesized with 0.1 molar Tween 20 exhibited supe-
rior performance (with an onset potential of 650 mV 
and overpotentials of 685 mV at a current density of 
20 mA/cm2), while the bare titanium sheet (as depicted 
in the inset figure) demonstrated the lowest activity. 

Overall, all the electrodes prepared with Cu1.94S nan-
oparticles significantly enhanced the electrochemical 
activity of the bare titanium electrode. The Nyquist 
plots of Cu1.94S electrodes versus bare titanium 
electrode are given in Fig. 7c. All Cu1.94S electrodes 
showed a large reduction in charge transfer resist-
ance compared to the bare titanium electrode. The 
measured charge transfer resistances for the prepared 
electrodes with Cu1.94S using 0.1 molar, 0.2 molar and 
0.3 molar of Tween 20 are 0.227 kΩ, 0.744 kΩ, and 
2.015 kΩ, respectively. Additionally, by comparing 
the Nyquist plots of the Cu1.94S electrodes, one can 
observe that increasing the mean particle size from 
35 to 45 nm resulted in decreasing the charge transfer 
resistance from 2.015 kΩ to 0.227 kΩ.

4 �Conclusions

This study demonstrated that spherical Cu1.94S nano-
particles synthesized via a low-temperature, atmos-
pheric-pressure method exhibit promising photocat-
alytic activity under visible light. The use of Tween 
20 as a capping agent was found to be essential for 
achieving the Cu1.94S phase, whereas Triton X-100 
led to the formation of CuS. Notably, the synthesis 
was successfully conducted at 60 °C under ambient 
pressure, despite conventional requirements of tem-
peratures above 80  °C and elevated pressures for 
the formation of Cu1.94S. FESEM and TEM analyses 
revealed a strong tendency for the Cu1.94S nanoparti-
cles to form aggregates. UV–Vis and PL measurements 
confirmed the direct band gap nature of Cu1.94S. The 
band gap of Cu1.94S could be tuned from 1.9 to 1.66 eV 
by decreasing the Tween 20 concentration. Electro-
chemical evaluations using LSV and EIS in 1 M KOH 
demonstrated a marked enhancement in the perfor-
mance of Cu1.94S-coated electrodes compared to bare 
titanium. These findings highlight the potential of this 
facile and cost-effective synthesis method for further 
optimization and application of Cu1.94S nanoparticles 
in photocatalysis and photoelectrochemical systems, 
particularly with a focus on improving chemical and 
physical stability.
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Fig. 6   a PL analysis results, and b band gap energy diagram, for the Cu1.94S nanoparticles synthesized with Tween 20 at 60 °C
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