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Introduction: Research interest in nanomaterials has surged because of their unique physical and chemical characteristics that
differentiate them from their bulk counterparts, such as electrical resistivity, strength and hardness, chemical reactivity, optical and
electronic properties and a wide range of adaptable biological activity. The primary objective of this study was to develop a facile and
cost-effective method for the triphenylamine-assisted synthesis of stable copper (I) oxide (Cu,O) nanoparticles (NPs) and to
comprehensively evaluate their potential optical, electronic, and antibacterial applications. This present study is the first report of
a facile and effective method to triphenylamine-assisted synthesis of stable copper (I) oxide (Cu,O) nanoparticles (NPs).

Methods: After triphenylamine-assisted synthesis of Cu,O NPs, the synthesized NPs were comprehensively characterized through
X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM), UV-Vis spectroscopy,
Fourier-transform infra-red spectroscopy (FTIR), atomic force microscopy (AFM), and thermal gravimetric analysis (TGA). The
antimicrobial activity of the Cu,O NPs was evaluated using the disk diffusion method and determination of minimum inhibitory
concentration (MIC) against four clinically significant bacterial strains.

Results: XRD analysis confirmed the crystalline cubic structure of CuyO NPs, while TEM and SEM revealed spherical morphology
with an average particle size of 10-60 nm with the highest frequency of 30 nm in diameter. Optical, electronic and antimicrobial
properties of Cu,O NPs were also studied. UV-Vis spectra exhibited a distinct absorption peak at 275 nm and 280 nm in formic acid
and N-methyl pyrrolidone (NMP) solvents, respectively. Electronic properties were investigated using cyclic voltammetry (CV)
analyses and electron transitions (direct and indirect) in UV-Vis. Results of antibacterial activities indicated dose-dependent inhibition.
The synthesized NPs showed significant efficacy, particularly against Gram-positive bacteria.

Conclusion: These findings highlight the potential of stable Cu,O NPs as durable antimicrobial agents for biomedical and its
electrical and optical characteristics making it appropriate for various uses in photovoltaics, sensors, and photocatalysis and industrial
applications, offering enhanced longevity and effectiveness compared to conventional counterparts.

Keywords: antimicrobial properties, copper (I) oxide nanoparticles, electronic properties, optical properties, triphenylamine,
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Introduction

Nanomaterials, with their unique properties at the nanoscale (1-100 nm), are revolutionizing the field of biotechnology.'
Research interest in nanomaterial has surged because of their unique physical and chemical characteristics that
differentiate them from their bulk counterparts, such as electrical resistivity, strength and hardness, chemical reactivity,

optical and electronic properties and a wide range of adaptable biological activity.? > The vast range of uses for metal
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oxide nanoparticles (NPs), including medicinal applications, disinfectants, industrial catalysts, fillers, opacifiers, anti-
microbials, medical devices, and the development of microelectronics and cosmetics, has drawn special attention to
them.” ® Metal oxide NPs, such as copper oxide, have attracted attention and may be used in various biological domains
due to their antibacterial and biological properties.”” Copper oxide NPs are available in two types, cubic configuration of
cupper (I) oxide (Cu,0),"” which has an average band gap of 2.17 eV, and cupric oxide (CuO) monoclinic crystalline'"
which has a narrow band gap of 1.2 eV. Cu,O crystallizes as a simple cubic with a lattice constant of around 4.27 A. One
cubic sublattice (bcc) of oxygen anions and two cubic sublattices (fcc) of copper cations. Four copper atoms coordinate
each oxygen atom tetrahedrally, yet two oxygen atoms coordinate each copper atom linearly.'? Cu,O’s distinct electrical
and optical characteristics stem from this structure, making it appropriate for various uses in photovoltaics, sensors, and
photocatalysis.'®> Nano-sized copper oxides, specifically CuO and Cu,O, are considered potentially valuable materials for
converting and storing energy applications due to their unique properties. Because of their nano size, they have a larger
surface area and greater reactivity, which makes them ideal for use in photovoltaics, catalysts, and energy storage
systems.'* Cu,O has potential uses due to its electrical characteristics, including photocatalysis,'> biosensors,'® storage
devices,'” electrode materials,'® solar energy conversion,'” and antibacterial activities.”® Several methods, including
chemical reduction,”! hydrothermal synthesis,22 microemulsion method,?? electrochemical,?* sonochemical,?® microwave
irradiation,?® and photochemical synthesis®’ have been used to synthesize metal and metal oxide nanoparticles, especially
Cu,0. However, each of these methods has some advantages and disadvantages. For instance, the chemicals used in these
processes have raised concerns due to their potential environmental damage.”® In the chemical reduction method,
oxidation of final product which leads to compound phases (Cu, Cu,0, CuO), using toxic and dangerous reagents (eg,
sodium borohydride, hydrazine, etc.) which can cause environmental and safety concerns and can be harmful, dangerous
and costly to careful disposal is very challenges.?*~® In the synthesis of sol-thermal (hydrothermal/solvothermal) method,
need for high pressure or temperature which requires high energy consumption, the use of dangerous chemical materials,
the formation of particles as poly-disperse and aggregated particles due to good crystal growth, long reaction time up to
several hours or several days, sensitive to small changes in parameters such as pH, temperature, solvent or pre-material
concentration which influence on the size and shapes of nanoparticles and be difficult to make pure processing after
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synthesis are the challenges of this method.>' > In the synthesis of photochemical process, precise control of light
parameters such as wavelength, intensity and time, use of organic solvents and photo-initiators, requires intensive care,
need for visible light sources or UV specialized light sources that have high cost for setup and consumption of energy,
low variation in defined morphology and poor crystallization in comparison with other methods such as sol-thermal are
the main challenges of this method.>**> However, the present study and the method that had used in it do not have any of
the disadvantages mentioned in the above methods, and this is considered an important advantage for this method and
another advantage is that this method is known as a “green” process that do not require any additional reducing or
stabilizing agents, as reduction, crystallization, and stabilization occur simultaneously.* Numerous scientists have

3 nanourchins,36 37

created a wide range of Cu,O micro and nanostructures, including nanoflowers, nanowires,
nanospheres,*® nanosheets,*® nanorods,*® and hollow spheres*' by several methods that been explain above. Mallik
et al (2020) synthesized Cu,O NPs using chemical precipitation method in an aqueous solution. Sodium borohydride was
used as the primary reducing agent, and polyethylene glycol was used as the capping agent. The average size of the
synthesized Cu,0O NPs was measured to be about 7.5 + 1.8 nm.** Spiridonov et al (2020) reported a one-step room-
temperature synthesis of Cu,O NPs in a carboxymethyl cellulose (CMC) matrix. They used NaBH, as a reducing agent
and CMC as a stabilizing polymer matrix to reduce copper sulfate. The Cu,O NPs were approximately 10 nm in
diameter.*® Liu et al (2021) described how they synthesized Cu,O NPs through a hydrothermal technique. They obtained
different morphologies, including cubic, octahedral, and urchin-like, by adjusting the content of polyvinyl pyrrolidone as
a template. The synthesized Cu,0O NPs were used for the electrochemical reduction of CO, to alcohols.** Salgado et al
(2024) synthesized Cu,O NPs using a green synthesis method with the help of Eucalyptus globulus leaf extract on
cellulose-based fabric. This method involved the reduction of Cu®" to Cu”, and the size of the synthesized Cu,O NPs
ranged from 34.0 to 173.5 nm with an average diameter of 81.84 nm.*> Ahmadi et al (2024) synthesized Cu,O NPs using
an electrochemical method. The researchers studied the effect of electrolyte composition (NaCl, Na,SO,4, and CTAB) on
the formation of Cu,O NPs using copper electrodes. The size of the Cu,O NPs varied depending on the synthesis
conditions but was generally less than 100 nm.>* Studies have shown that certain compounds like amines can enhance the
stability of metal oxide NPs by formation of complex and acting as coating agents and attaching to their surface through
physical or chemical adsorption. The amine coating creates spatial and electrostatic repulsion between NPs, preventing
aggregation and sedimentation, thus improving their colloidal stability.*® In addition to amines, other compounds, such as
organic compounds like polymers, surfactants, and ligands, as well as inorganic compounds like silica and metal oxides,
can also contribute to the stability of metal oxide NPs.*”*** Numerous articles have reported the synthesis of metal and
metal oxide NPs in the presence of amines.>***? For instance, Aslam et al (2007) described a straightforward one-step
method using dodecylamine to synthesize iron oxide nanoparticle aqueous colloids.*®

Furthermore, the development of durable antibacterial agents is crucial for biomedical and industrial applications.
Unlike organic antibacterial agents, which often suffer from poor stability and heat resistance, inorganic metal oxide
nanoparticles offer superior durability and longevity. From an economic perspective, the fabrication process of anti-
microbial agents must be cost-effective to be viable for large-scale applications. The use of copper and copper oxide, an
abundant and relatively inexpensive compound compared to another metal and metal oxides such as silver or gold,
combined with a facile synthesis route, presents a significant economic advantage for developing potent antibacterial
materials. Therefore, the creation of novel nanomaterials using new synthetic techniques has emerged as a key area in
recent approaches to nanotechnology. The production of innovative metal oxide-based nanomaterials for biological
applications has made new advancements, as described in this account.*>> In this work, high-purity Cu,O nanoparticles
were synthesized from Cu (ClOy,), in the presence of triphenylamine (TPA) as a reducing and synthesis of its dimer as
stabilizing agent. As-prepared Cu,O NPs were characterized in size, structure, surface, antimicrobial, optical and
electronic properties. The Cu,O NPs exhibited significant effective against every bacterial strain tested, with indicating
a dose-dependent response. Other advantage of the method is that dimer of TPA (tetraphenylbenzidines; TPB) as other
useful product is generated in the reaction. TPB is an important organic compound and has various applications in
xerography, photoconductors and hole-transporting layers in organic solar cells, organic light emitting diodes (OLED),
organic field effect transistors (OFETs), etc.’* ¢
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Methods and Materials

Chemical Materials and Microorganisms

All of the chemical materials used in this study were purchased with high purity (all solvents were GC and HPLC grade)
from Merck (Germany) and Sigma-Aldrich (USA). TPA (high purity), acetonitrile (MeCN) (>99.8%), sodium hydroxide
(NaOH) (high purity), n-hexane (>98.0%), dichloromethane (>99.8%), chloroform (>99.8%) and potassium carbonate
(K,CO3) (high purity) were bought from Merck and tetrabutylammonium perchlorate (Buy,NCIO,) (=98.0%), Copper (II)
perchlorate hexahydrate [Cu (Cl104),.6H,0] (299.0%) were bought from Sigma-Aldrich. It should be noted that for more
caution, MeCN, n-hexane, chloroform and dichloromethane had been distilled before used. The bacteria Bacillus cereus
(ATCC 11778), Staphylococcus aureus (ATCC 6538), Pseudomonas aeruginosa (ATCC 27853), and Escherichia coli
(ATCC 25922) were received from the Iranian Research Organization for Science and Technology (IROST), Tehran,
Iran. Double-distilled water was used for washing the laboratory dishes.

Synthesis of Cu,0O NPs

About 6 mmol (2.223 g) of Cu (ClO,),.6H,0 was first dissolved in 100 mL of MeCN. This solution was then added to
4 mmol (0.98 g) of TPA dissolved in 200 mL of MeCN. Immediately upon mixing the two solutions, the color of the
mixture turned dark blue. The mixture was stirred at room temperature for 12 hours on a magnetic stirrer. After 12 hours,
5 g of K,CO3 and 10 mL of double-distilled water were added to the mixture and stirred for 30 minutes (pH=12-13).
During this time, orange particles appeared in the mixture, and the mixture’s color altered to dark brown-red. The solid
particles were filtered through filter paper and washed with 50 mL chloroform. At the bottom of the flask, a dark brown-
red precipitate of Cu,O NPs remained, which did not dissolve in the hexane-dichloromethane phase (hexane-
dichloromethane phase was used for washing and workup the Cu,O NPs). This precipitate was collected and stored
after drying after drying in an oven between 45 and 50°C for a duration of 12 hours. The chemical reaction for preparing
of Cu,O NPs in the presence of TPA is presented in Scheme 1.

Characterization of Cu,O NPs
Synthesized NPs were determined by analysis of UV—-Vis spectra in the range of 200-1100 nm using a UV-Vis
spectrophotometer (Agilent, U.S.A, Cary 60 software) was used to record the UV—Vis spectra of 0.02 gL' solution of
synthesized powder in N-methylpyrrolidone (NMP) and formic acid (FA) solvents. The crystal structure of the Cu,O NPs
was analyzed using recording their elemental spectra using an X-ray diffractometer (XRD; D8-Advance Bruker,
Germany). This device used a copper K-alpha radiation source with a wavelength of 1.54 A, scanning over an angle
range of 0 to 80 degrees, and operated at 40 kV and 30 mA. The average size of the Cu,O crystallites was estimated using
Scherrer’s equation: D = 0.9 k/b cosf. Where D is the particle size in nanometers, k is the X-ray wavelength (0.154 nm),
b is the full width at half maximum (FWHM) of the diffraction peak, and 6 is the diffraction angle.

Fourier transform infrared (FTIR) spectroscopy was also performed on the Cu,O NPs using a Spectrum RXI

! with a 4 cm™' separability.

instrument (PerkinElmer, USA) scanned over wavelengths between 400 and 4000 cm
For the FTIR measurements, potassium bromide (KBr) powder was combined with the dried nanoparticle samples and
pressed into a pellet for analysis. To investigate the performance and thermal stability of the synthesized Cu,O NPs,
thermal gravimetric analysis was conducted to determine thermal stability, decomposition behavior, and compositional
purity of Cu,O NPs (Sanaf Electronic Industries Company TGA (DMTA-1000)) was used with a temperature program of

23-600 °C and 34-600 "C at a heating rate of 10 "C/min for an atmosphere of air (O,) and nitrogen (N,), respectively.

1) MeCN

2)TPA/MeCN, 50 °C, 12h
Cu(ClO,),.6Ho0 > Cuy0
3) K,CO4

4) H20

Scheme | Synthesis of Cu,O NPs in the presence of TPA.
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Cyclic voltammetry (CV) technique for investigating the electrochemical behavior of Cu,O NPs was conducted in
a three-electrode cell containing 1.0 M NaOH electrolyte. A carbon paste electrode (0.194 g graphite + 0.006 g NPs
powder + two drops of paraffin) was prepared as working electrode. The counter electrode was a platinum wire, while the
reference electrode was an Ag/AgCl electrode. The CV profile for determination of band gap energy was recorded by the
electrodes used were glassy carbon electrode (GCE) as the working electrode, Ag/AgCl as the reference electrode, and Pt
wire as the auxiliary electrode. The analysis media was Cu,O NPs added to CH;CN solution of BuyNCIO,4 (0.1 M)
electrolyte under N, atmosphere. The surface properties of the synthesized nanoparticles were examined using atomic
force microscopy (AFM) (AFM-Brisk).

Antibacterial Activity

The antibacterial efficacy of synthesized Cu,O NPs was studied using both the disk diffusion and the minimum inhibitory
concentration (MIC) methods®’ against four clinically significant bacterial strains: Pseudomonas aeruginosa (ATCC
27853), Bacillus cereus (ATCC 11778), Escherichia coli (ATCC 25922), and Staphylococcus aureus (ATCC 6538). For
the disk diffusion assay, bacterial cultures were grown in Mueller-Hinton Broth (MHB) and standardized to 0.5
McFarland standard (approximately 1.5x10% CFU/mL). The bacterial suspension was then inoculated onto Mueller-
Hinton Agar (MHA) plates using a sterile swab. Sterile filter paper disks (6 mm diameter) impregnated with Cu20 NPs
(50, 100, 200, and 400 pg per disk) were placed on the plates. Amoxicillin-Clavulanic acid (30 pg) disks served as
a positive control. The plates were incubated at 37 “© for 24 hours. The diameter of the inhibition zone (ZOI) was
measured in millimeters. The MIC was assessed through the broth micro dilution procedure in 96-well plates. Serial
dilutions of nanoparticles (ranging from 12.5 to 800 pg/mL) were prepared in MHB, and standardized bacterial
suspensions (5 x 10° CFU/mL final concentration) were added. Positive controls (bacteria without NPs) and negative
controls (medium only) were included. Bacterial growth was assessed by measuring optical density at 600 nm after
24 hours of incubation at 37 “°. The MIC was defined as the lowest nanoparticle concentration that completely inhibited
visible bacterial growth. All experiments were performed in triplicate, and the results for Zone of Inhibition are expressed
as mean =+ standard deviation (SD).

Results and Discussion

Synthesis and Mechanism

The present study is the first report of a facile and effective method to synthesize stable Cu,O NPs from Cu?" by TPA as
a reductant reagent. The similar method was applied to yield TPB.>® In fact, we were obtained Cu,O NPs addition to TPB
which we wish to report in this paper. In other word, we are prepared for both products. Characterization of TPB was
before reported by Sreenath et al.”**° The proposed mechanism for the preparation of Cu,O NPs in the presence of TPA
is presented in Scheme 2. This scheme is based on reports that have provided mechanisms for the electrochemical
oxidation of TPA.%*° Here, Cu,O NPs were prepared with TPA, and two steps are considered the mechanism. In the first
step, TPA loses an electron and converts to a cationic radical. Simultaneously, Cu®" ions capture the electron lost from
TPA and are reduced to Cu”. In the second step, the two formed cationic radical’s couple together and convert to TPB by
losing two protons. Then, two Cu' ions react with a K,COs in water to convert to Cu,O NPs.”® In the other words,
formation of TPB dimer as other product during reaction can stabilize Cu" for formation Cu,O. As presented in the
proposed mechanism, the dimer produced forms a complex with Cu”, preventing its oxidation to Cu®" (and sequentially
to CuO), and upon addition of K,COj3, Cu,0 nanoparticles are formed. In fact, TPA not only act as reducer reagent but
also as stabilizer (as formation of its dimer). As mentioned before, various studies have demonstrated and reported the

stabilization of metals and metal oxides, especially copper and copper oxide, by amine groups.>***?

Characterization

FT-IR Spectroscopy Analysis

FT-IR spectrum was recorded at room temperature to evaluate the structural and chemical nature of Cu,O NPs. Figure la
and b showed the FT-IR analysis of the synthesized Cu,O NPs compared with Cu,O NPs that prepare from Sigma-Aldrich
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Scheme 2 Mechanism of reaction and stability of Cu™ during Cu,O NPs preparation.

Company respectively. To characterize the synthesized Cu,O NPs by examining the stretching and bending vibrations of the
existing bonds and functional groups. As can be seen, in the FT-IR spectrum of Cu,O NPs, there is a clear and strong
absorption band around 604 cm ! for synthesized Cu,O NPs and around 603 cm ! for purchased Cu,O NPs, attributed to
the Cu (I)-O vibrational mode. This peak is a strong indicator of the presence of Cu,0.%*%* Cu,O has a strong absorption
band around 600—630 cm™', while CuO has bands around 500600 cm~'.%*"%® As can be seen, the FT-IR spectra of
synthesized NPs are completely confirmed by the purchased NPs and there is a reason for successful synthesis and
production of pure NPs. In general, the absence of unexpected bands underscores the sample’s purity and successful
synthesis.

XRD Studies

The XRD pattern of the synthesized Cu,O NPs was also investigated to identify the phases and find their diffraction
planes, and the recorded XRD spectrum is presented in Figure 2. The XRD pattern of Cu,O NPs provides information
about their crystal phases and crystallinity. The XRD pattern of Cu,O NPs shows peaks at 28 values of approximately
29.6°, 36.4°, 42.3°, 61.3°, 73.2°, and 77.1°, which are corresponded to the (110), (111), (200), (220), (311), and (222)
planes, respectively, as indicated by the JCPDS card, No. 05-0667, which corresponds to the ICDD database reference
template.®” These peaks indicate the cubic cuprite structure of Cu,O and reveal a face-centered cubic arrangement.’®”!
These peaks indicate the formation of a single-phase cuprite structure without impurities.”? The absence of peaks in the
range of 35.5° and 38.7°, etc. confirms the purity of the phase. Also, the absence of metallic copper peaks (which are at
43.3°, 50.4°, etc.) would be important because during synthesis, especially if a reducing agent is used, there might be
a risk of forming metallic Cu instead of the oxide, this confirms the successful synthesis of stable Cu,O NPs. The Scherer

equation, as shown below, was used to calculate the size of the NPs: 374

_ Ki
~ peost

(1
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Figure | FT-IR spectrum of Cu,O NPs (a) synthesized, (b) prepared from Sigma-Aldrich CAS Number: 1317-39-1, Purity 2 97%.

Where D is the crystallite size in nanometers, K is the Scherer constant (usually between 0.9 and 1 depending on the NPs
shape), / is the X-ray wavelength (for copper Ka, A = 1.5406 A), £ is the full width at half maximum (FWHM) in radians,
and 6 is the Bragg angle. The angle that shows the highest peak intensity is the Bragg angle (here is 36.4°). According to
the equation (1), the size of the Cu,O NPs is about 33 nm.

EDX Analysis

The EDX and mapping spectra of Cu,O NPs, which shows the elemental composition of the Cu,O sample, are shown in
Figure 3. In the EDX spectrum, each element has specific energy peaks. For copper, the Ka line is around 8.04 keV, and
the La line is around 0.93 keV. Oxygen’s Ka is around 0.53 keV. So in the spectrum, we should see peaks around these
energies. The absence of peaks at other points proves the purity of the synthesized Cu,O NPs.

The analysis shows that copper constitutes 92.20% by weight and 74.85% by atomic percent, while oxygen comprises
7.80% by weight and 25.15% by atomic percent (Figure 3a). The mapping of Cu,O NPs that is shown in Figure 3b—d (3b
is for Cu, 3c is for O and 3d is for Cu,O composition) elemental mapping of Cu,O NPs) completely is compatible with
EDX and confirms high purity of Cu,O NPs.
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Figure 2 XRD pattern of Cu;O NPs.

SEM Analysis
SEM image of Cu,O NPs is shown in Figure 4. SEM is used to get clear, high-definition pictures showing the surface
features of a sample. Also SEM would help in looking at their size, shape, and distribution. Figure 4a—d clearly shows the
presence of holes in Cu,O NPs and also different sizes of them. In particular, the histogram of particle size distribution
shows that the average diameter of most nanoparticles is approximately 30 nm (fully compatible with XRD) and their
size range is from 10 to 80 nm (Figure 4e). The SEM images would show whether the particles are well-dispersed or
aggregated. If they are stable, the images should show uniform particles without much clumping. In this study, the
synthesized Cu,O NPs are stable, the image showed uniform particles without much clumping. The spherical or near-
spherical nanoparticles are hollow, somewhat similar to the concave spheres reported in the literature,”> and some areas
show the little effects of aggregation.”®

A notable point in the SEM images is the presence of pores and holes in the synthesized copper oxide nanoparticles.
These pores and holes (zeolite-like network) have the ability to absorb small molecules, so they can be used as
adsorbents in various processes. Due to the high chemical and thermal stability of the synthesized Cu,O NPs, these
nanoparticles can remain stable at high temperatures and in various chemical environments, which is a very important
feature for use in catalysts.”’

TEM Analysis

The size and shape of the prepared Cu,O NPs were examined using TEM. The TEM images revealed that the Cu,O NPs
had a uniform spherical shape (Figure 5a). Specifically, a histogram of the particles size distribution showed that the
majority of the NPs were approximately 30 nm in diameter, with a size range spanning from 10 to 60 nm (Figure 5b).
This size distribution was consistent with the results obtained from X-ray diffraction (XRD) analysis (Figure 3).
Furthermore, the TEM images indicated that the generated Cu,O NPs did not agglomerate, suggesting that they were
stable within the observed timeframe.

AFM Analysis

The surface nature of the produced nanoparticles was investigated by AFM to examine the surface roughness of the
nanoparticles, and the result is presented in Figure 6. According to Figure 6, the average surface roughness is 10.32 nm,
and the surface height is 3.438 um/div based on the 3D image.”® The measured roughness of 10.32 nm for a nanoparticle
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Figure 3 Elemental analysis by (a) EDX and (b—d) elemental mapping of Cu,O NPs ((b) is for Cu, (c) is for O, and (d) is for Cu,O composition.

represents the average deviation of the surface texture from a perfectly smooth plane at the nanoscale. This roughness
value, expressed in nanometers, indicates a smooth surface with very low unevenness.”’

UV-Vis Spectroscopy Analysis and Optical Properties of Cu,0O NPs

The UV-Vis spectral analysis was applied as an important technique for the characterization of the electron transitions property
of the Cu,O NPs. Also, optical properties are crucial for determining a material’s suitability in optoelectronic and energy
storage devices. To investigate these properties, UV-Vis spectroscopy was employed. Specifically, the technique was used to
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Figure 4 The SEM images (a—d) and particle size distribution (e) of Cu;O NPs.

measure the band gap of Cu,O nanoparticles, with a wavelength range of 200-1100 nm being scanned to record the
absorbance spectra. Figure 7a shows the UV-Vis absorption spectra of Cu,O. Figure 7a depicts absorption peaks at about
275 nm and 280 nm in FA and NMP solvents, respectively, and 785 nm in both them. The peak at 275 and 285 nm is attributed
to the characteristic Brillouin transition of Cu,0.5° Also the presence of spectral peaks at wavelengths of 275 and nm and 640
nm strongly supports the presence of Cu,O NPs. Figure 7a shows the absorption spectra of the synthesized Cu,O NPs,
revealing distinct absorption features in both the UV region (275-285 nm) and the visible region (650—750 nm), consistent
with previously reported results.®® This presents bands at 275-285 and 694.8 nm, characteristic of an anisotropic behavior of
the Cu,O NPs. It is important to note that the absorption peak at 275-285 nm arises from interband transitions of copper
electrons from a deep level within the valence band.*® Meanwhile, the peak observed between 650 and 750 nm corresponds to
interband transitions of copper electrons from a higher level in the valence band and is identified as the surface plasmon
resonance (SPR) peak.®' The SPR peak of colloidal Cu,O nanoparticles, previously reported to appear between 600 and 800
nm, matches well with our current findings.®* Also Dehno Khalaji et al, (2020) reported that, an extremely broad peak at about
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Figure 5 TEM image (a) and particle size distribution (b) of Cu;O NPs.

770 nm is corresponded to the d-d transition of the copper ion.** The obtained results are comparable with literature.*** The
results suggest that Cu,O NPs were formed after interaction with reducing and stabilizing agent. The optical band gap of Cu,
O nanoparticles can be determined using Tauc’s plot, which is based on the equation (ahv) * = A (hv - E,)", where a is the
absorption coefficient, v and hv is frequency and energy of photon respectively, A is a constant, and n is an exponent that
equals 0.5 for direct transitions and 2 for indirect transitions. The E, is found from the intercept of the (ahv) 2 versus hv plot on
the energy axis. Kumar et al (2021) reported band gap energies (Eg) of 2.18 eV for CuO and 1.62 eV for Cu,O using this
method.® In general, the band gap of nanoparticles increases as particle size decreases due to quantum confinement
effects.’”*® However, this trend is not always consistent, as other factors such as structural defects in the oxide form can
also influence the band gap. Consequently, the as-synthesized Cu,O nanoparticles may exhibit a lower band gap.®*° The blue
shift in optical absorption that occurs with smaller crystallite sizes suggests the influence of quantum confinement, especially
when the size is much less than the Bohr radius. The calculated Eg that we got in this work for Cu,O NPs are 2.70 (indirect
transfer mode) and 3.60 eV (direct transfer mode) in NMP and 2.63 (indirect transfer mode) and 3.80 eV (direct transfer mode)
in FA solvents as shown in Figure 7b and c, respectively, which is larger than that of bulk Cu,O (Eg = 2.1-2.2 V). The
difference in properties between a bulk semiconductor and a nanostructured semiconductor is primarily due to quantum
confinement effects, which arise when the dimensions of a semiconductor material are reduced to the nanoscale. These effects
lead to a quantization of energy levels, altering the material’s electronic and optical characteristics.®”-’® This band gap energy
is ideally suited for solar cell and optical device and sensors applications.®””! This behavior is consistent with the quantum
confinement effect. A change from a direct band gap to an indirect band gap can reflect the crystallinity characteristics of the
material. Based on the (ahv)" versus hv plots, the results for indirect band gap transitions were found to be more accurate than
those for direct transitions. Table 1 shows the E, for copper oxides NPs in other reports. Also, Figure 7a shows optical band
gaps (Egom) of Cu,O NPs. The EgOpt(s) were calculated by absorption edges using Equation (2):
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Figure 6 AFM analysis of the Cu,O NPs surface.
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where Aqqse 18 the longest absorption wavelength.95 The absorption edge for Cu,O NPs was determined and shown in
Table 2. The optical band gap of the Cu,O NPs in NMP solvent is lower than Cu,O NPs in FA solvent.”®

Cyclic Voltammetry

Cyclic voltammetry (CV) is an important electrochemical technique to characterize Cu,O NPs. CV studies can reveal
information about the redox behavior, electrochemical surface area, and catalytic activity of Cu,O nanoparticles.
Specifically, CV can help in understanding the oxidation and reduction processes of Cu,O. Figure 8 shows the CV
curves of Cu,O NPs recorded using a glassy carbon electrode (GCE) in 1.0 M NaOH solution, within a potential range
of —1.0 to 1.0 V (vs Ag/AgCl) at a scan rate of 0.1 V-s~'. In a basic environment, the Cu,O redox reaction in a cyclic
voltammetry (CV) curve will display both anodic and cathodic peaks. These peaks correspond to the oxidation and
reduction of Cu,O, respectively. The presence of these peaks clearly indicates a reversible redox process that confirms
faradaic capacitive properties.”” These anodic and cathodic peaks are corresponding to the Cu,O redox reactions as
follows:

Cu,0 + 20H™ & 2CuO+H,0 + 2¢~ 3)

Cu(OH),+2e” < CuOH < Cu,0 + 20H +H,0 4

The CV curve indicates that the anodic peak (oxidation) is due to the conversion of Cu,O to CuO and Cu(OH)j.
Conversely, the cathodic peak (reduction) is attributed to the reverse process where CuO and Cu(OH), are reduced back
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Figure 7 UV-Vis spectra of Cu,O NPs in formic acid (0.02 g.|™') and NMP (0.02 gI™') (a), plot (ahv)"”? and (ahv)? as a function of hv of Cu,O NPs in NMP (b), and formic
acid solvents (c).

to Cu,0O. In simpler terms, the CV curve shows that the material oxidation state changes from Cu,O to CuO and Cu(OH),
when voltage is increased, and back to Cu,O when the voltage is decreased.'®*'®" Table 3 shows the current density and

potential of the oxidation and reduction peaks of Cu,O NPs.

Table | E, for Copper Oxides NPs in Other Reports

R | Copper Oxides | Optical E; (eV) (by (ahv)? as a Function of hv) | Ref.
[ CuO NPs 42 [62]
2 CuO NPs 4.08 [66]
Cu,O NPs 2.07
3 CuO NPs 322 [80]
4 Cu,O NPs 239 [81]
5 Cu,O NPs 3.67 [82]
6 Cu,O NPs 2.80 [85]
7 Cu,O NPs 2.98 [91]
8 Cu,O NPs 2.00 [92]
9 Cu,O NPs 2.14 [93]
CuO NPs 1.35
10 Cu,O NPs 1.62 [94]
CuO NPs 2.18
(Continued)
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Table | (Continued).

R | Copper Oxides | Optical E; (eV) (by (ahv)? as a Function of hv) | Ref.

11 Cu,O NPs 2.34 [95]
CuO NPs 1.55

12 Cu,O NPs 2.37 [95]

13 Cu,O NPs 2.08 [96]
CuO NPs 1.82

14 CuO NPs 3.25 [97]

Table 2 Absorption Edge and Band Gap Energies of Cu,O NPs in Different Solvents

Sample in Solvents Assignments | Absorbance Edge [nm] EgoPt [eV] E, [by the Plot of (ahv)” vs hv] [eV]

Direct Band Gap | Indirect Band Gap

Cu,0 NPs in NMP solvent d—d 450 2.76 3.60 2.70
Cu,O NPs in FA solvent d—d 330 3.76 3.80 2.63

Band Gap (Eg), LUMO (Lowest Unoccupied Molecular Orbital) Energies, and HOMO (Highest Occupied
Molecular Orbital)

The LUMO and HOMO energies of Cu,O NPs are fundamental parameters that dictate their electronic and optical
behavior, influencing their suitability for various applications. Cu,O NPs, commonly used in various applications,
possess a HOMO-LUMO energy gap that is closely related to their band gap. This gap enabling absorption of
a significant portion of the visible light spectrum. The band gap of Cu,O, which is the energy difference between the
valence band (related to HOMO) and conduction band (related to LUMO), is crucial for its optical and electronic
properties Cu,O is a p-type semiconductor, meaning it primarily conducts with “holes” (the absence of electrons). This
characteristic is linked to the position of its HOMO and LUMO energy levels relative to the Fermi level.”” The CV
profile for determination of band gap energy was recorded by GCE, Ag/AgCl and Pt wire as working, reference and
auxiliary electrodes, respectively. The analysis was conducted using Cu,O NPs dispersed in a 0.1 M BuyNCIO,4
electrolyte solution in CH3CN under N, atmosphere. The measurements were taken at a slow potential sweep rate of
0.1 V s~' and a temperature of approximately 25 . Energy levels were referenced to the standard hydrogen electrode
(SHE) by adding 4.4 eV, with the vacuum level considered as zero.'°*'*® The experimental results are shown in Figure 9.
The electrochemical band gap energy (Egcvy) of the Cu,O NPs was achieved from analysis of their CV curves. Firstly,

1.5

08 T «"J \

01 + - , : j»,»,_,,/-w'/"/

Current density (mA)
|
|
|
|
‘\
\

2+ t } t t } t
-0.9 -0.6 -0.3 0 0.3 0.6 0.9

Potential (V)

Figure 8 CV obtained at Cu,O NPs in a solution of 1.0 M NaOH at a scan rate of 0.1 Vs~'.
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Table 3 Current Density and Potential of Anodic and Cathodic
Peaks for Cu,O NPs

Compound Oxidation (A) Reduction (A’)

Epal (V) | Ipal (uA) | Epc2 (V) | Ipc2 (nA)

Cu,O NPs 0.179 1.028 —0.28 —0.359

the energy levels of LUMO and HOMO were respectively computed using the reduction and oxidation potential values

(equations 5 and 7). After that, Eg" was determined by subtracting the HOMO energy level from the LUMO energy

level, as shown in equation (7):°%'*

Enomo = — (EQ%, + 4.44)eV (5)
Erumo = — (B2, + 4.44)ev (6)
EgY = —(Enomo — ELumo)eV (7

Based on the direct and indirect transfer diagrams and comparing them with the CV results, it can be concluded that since
the CV results are consistent with indirect transfer in UV-Vis, the transfer mode is indirect. According to the LUMO

(EQxser= +2.00V) and HOMO (Egd = — 1.01 V) energy levels, E;V was obtained 3.01 eV. This amount is almost

similar to E, that we got in this work for Cu,O NPs. Using CV, Egy and Egq of the NPs were found, and the calculated
data are summarized in Table 4. The HOMO-LUMO properties of Cu,O NPs are relevant to their applications in solar
cells (as a hole-transport layer), photo catalysis, and other optoelectronic devices.

100 T

60 T+

EQnser=+2.00V /]

I 1 Il Il Il L == —— 1 ] ge—_1
I T T

29 24 -19 -14 J0F 04 D1 06 1.

Current density (MA)
\

[ ERed =-1.01V

-100 L
Potential (V)

Figure 9 CV of Cu,O NPs in BuyNCIO, (0.1 M) of CH3CN solution at a scan rate of (0.1 Vs~') under an N, atmosphere.
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Table 4 The Frontline Molecular Orbital and Energy Gap of Cu,O NPs

Sample in Solvents UV-Vis cv

)"onset Egopt [ev] Eonsetox [V] EonestRed [v] EHOMO [ev] ELUMO [ev] Egcv [ev]

Cu;0 NPs in NMP solvent 450 2.76 +2.00 —1.01 —6.44 -3.43 3.01
Cu,0 NPs in FA solvent 330 3.76

Thermal (TGA) Properties

TGA (and DTG) were used to determine their thermal stability, decomposition temperatures, and any phase changes.
TGA is used to evaluate the thermal stability, decomposition behavior, and compositional purity of Cu,O NPs. This
analysis reveals insights into moisture content, organic residue decomposition, and phase transitions (eg, oxidation to
CuO or decomposition to metallic Cu) under controlled atmospheres. Maybe also to check for the presence of impurities
like organic surfactants or solvents if they were synthesized using a method that leaves residues. In TGA, the heating rate
and atmosphere are important parameters. Common atmospheres are nitrogen, argon, or air. If done in an inert atmo-
sphere like N,, we can observe decomposition without oxidation. In air atmospheres, we can see oxidation effects, like
conversion to CuO. Initially, there might be a weight loss due to moisture evaporation. Then, if there are organic
surfactants, they would decompose at higher temps, leading to another weight loss step. The main Cu,O might oxidize to
CuO in air. In N, atmospheres, maybe decomposition, but Cu,O is more stable. The decomposition temperature would
indicate thermal stability. The DTG and TGA curves of the Cu,O NPs in N, and air atmosphere are presented in
Figure 10. According to Figure 10, the DTG and TGA curves show the small lose weight at 70°C which is due to the
moisture absorbed (water absorbed physically) by the Cu,O NPs. According to the DTG curve in air atmosphere, three
main stages of weight loss are shown, which are respectively: 70 °C, 170 °C and 250-300 °C. The first weight loss is
probably related to the removal of physical water and the second weight loss is related to chemical water that exists as
surface hydroxyls or is related to the remaining solvents in the reaction that were used to synthesize Cu,O NPs.'%* So the
TGA curve might show initial and secondary moisture (water absorbed physically and chemically) loss (up to 150°),
then maybe oxidation or decomposition of Cu,O NPs itself at higher temps. If the TGA shows a weight gain, it confirms
oxidation to CuO. Alternatively, in N, atmosphere, if the sample is pure Cu,O without organics, the TGA curve might
show stability up to a certain temperature, then decomposition to Cu metal and release of O,, leading to weight loss. NPs
might oxidize at lower temps than bulk due to higher surface area. Cu,O oxidizes above ~250°C. At >600"", Cu,0O may

decompose to metallic Cu and O, gas.'™
120 12 s -
T -l W .
g o | Emg —DTG s
AW MW T g N
§ 60 ‘ .“‘ ‘}1\ jj‘\ Wil ‘ ‘ i :j § 60 = - | is
(19 IR T i | 02
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Figure 10 TGA and DTG curves for Cu,O NPs in N, and air atmosphere.
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Antibacterial Activity

Cu,O NPs exhibited significant antibacterial effects against all tested bacterial strains, showing a dose-dependent
response. Among the tested bacteria, S. aureus showed the highest sensitivity, with the largest inhibition zones observed
at all concentrations, while P. aeruginosa exhibited the lowest sensitivity. The inhibition zones at the lowest concentra-
tion (50 pg/disc) ranged from 7.8 + 0.1 mm (P. aeruginosa) to 11.6 = 0.2 mm (S. aureus) (Table 5 and Figure 11). The
results of the MIC assay are also summarized in Table 5. Based on the MIC values, S. aureus was the most susceptible
strain (MIC = 50 pg/mL), while Gram-negative strains required higher concentrations for inhibition.

Metal oxide nanoparticles (MO NPs) can all stop different types of Gram-positive and Gram-negative bacteria from
reproducing, whether they are susceptible or not. As a result, these materials are being considered as possible candidates
to combat antimicrobial resistance through modulated action.'® The synthesized Cu,0 NPs demonstrated potent
antibacterial activity against both Gram-positive and Gram-negative bacteria. As shown in Table 5, the Gram-positive
strains (S. aureus and B. cereus) were more susceptible to the nanoparticles compared to the Gram-negative strains
(E. coli and P. aeruginosa). This difference is likely due to the structural variations in the cell wall; Gram-negative
bacteria possess an outer lipopolysaccharide membrane that acts as a barrier, limiting the penetration of nanoparticles and
ions.'? Our results are comparable to the standard antibiotic Amoxicillin-Clavulanic acid, although the pure drug
showed slightly larger inhibition zones. However, considering the increasing resistance to conventional antibiotics,
Cu,0 NPs present a promising alternative. Compared to other studies, our MIC values (50 pg/mL for S. aureus) are
competitive with those reported for other copper-based nanomaterials. Although direct mechanistic assays were not
performed in this study, the antibacterial action of Cu,O NPs is widely attributed in the literature to three main
mechanisms: (1) The release of Cu" ions which can bind to DNA and sulfhydryl groups of enzymes, disrupting cellular
function; (2) The generation of reactive oxygen species (ROS) such as hydroxyl radicals and superoxide anions upon
contact with the bacterial cell, inducing oxidative stress and membrane damage; and (3) Direct physical interaction
causing loss of membrane integrity.'®”"'%® The zeolite-like pores observed in our SEM analysis may further enhance this
interaction by increasing the surface area available for ion release. Based on the MIC values of the Cu,O NPs, S. aureus
with the lowest MIC (50 pg/mL) showed the highest susceptibility to the nanoparticles, followed by B. cereus (100 png/
mL), E. coli (200 pg/mL), and P. aeruginosa (400 pg/mL). The results highlight the antimicrobial potential of the
synthesized NPs, with greater efficacy against Gram-positive bacteria compared to Gram-negative bacteria. The
synthesized Cu,0O NPs show strong antimicrobial activity against Gram-positive and Gram-negative bacteria, though
the Gram-negative bacteria’s outer membrane reduces nanoparticle permeability and limits their effectiveness.'®> Our
findings and other studies on Copper and Copper oxide NPs, highlight antimicrobial activity of many metal and metal
oxide NPs and their potential as alternatives to antibiotics (Table 6). The antimicrobial activity of Cu,O NPs is probably
caused by the production of ROS, damage to bacterial membranes, and the release of copper ions (Cu®).'*®!'® Compared
to other studied NPs, such as ZnO, Ag,0 and Cu,O NPs offer similar or superior antimicrobial performance and also
other benefits such as cost-effectiveness and environmental sustainability. In this study, the stabilized Cu,O NPs exhibit

potent antimicrobial activity against both Gram-positive and Gram-negative bacteria, with greater efficacy against Gram-

Table 5 Antibacterial Activity of Cu,O NPs: Zone of Inhibition (ZOI) and Minimum Inhibitory Concentration (MIC)

Bacterial Strain MIC (ug/mL) | Inhibition Zone Diameter (mm) at Different Concentrations | Positive Control* (mm)
(pgl/disc)
50 100 200 400
Staphylococcus aureus 50 11.6 £ 0.2 14.5 £ 0.6 16.9 + 0.4 19.3 £ 0.4 24.1 £ 0.2
Bacillus cereus 100 10.8 £ 0.4 118 +0.2 152 £ 0.6 183 0.7 23.6 £ 0.4
Escherichia coli 200 9.1 £03 10.6 + 0.4 12.1 £0.2 155 0.2 21505
Pseudomonas aeruginosa 400 78 £ 0.1 93 0.1 I1.5+05 132 £ 0.1 203 £ 0.1

Notes: Data are presented as Mean * SD (n=3). *Positive Control: Amoxicillin-Clavulanic acid (Co-amoxiclav) (30 pg/disk).
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Figure |1 Dose-dependent antimicrobial activity of Cu,O NPs against pathogenic bacteria.

positive strains. The dose-dependent activity, cost-effectiveness and broad-spectrum potential of these NPs, make them as
promising candidates for addressing antimicrobial resistance. However, further studies are needed to assess their safety
and applications in healthcare and environmental settings.

Table 6 Commonly Used Copper and Copper Oxide NPs as Antimicrobial Agent, Their Mechanisms of Action and Characteristics

NPs Proposed Mechanism of Antimicrobial Action Shape Size The Main Factors That Influence Ref
(nm) Antimicrobial Activity of NPs

CuO | Crossing or binding of NPs from the bacteria cell membrane | Spherical 10-80 Size and Concentration [

Cu,O and then damaging the vital enzymes of bacteria Irregular | 70.1-99.3 [112]

Cu Spherical 5-35 [113]
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Conclusion

In this study, Cu,O NPs were successfully synthesized using a TPA for the first time, demonstrating a cost-effective and
scalable approach for producing nanoparticles with uniform size and morphology. Comprehensive characterization via
XRD, SEM, TEM, FT-IR, and AFM confirmed the formation of highly crystalline Cu,O NPs with size range of 10-80
nm with the highest frequency of 30 nm in diameter. To determine their thermal stability, decomposition temperatures,
and any phase changes, TGA and DTG were used. The optical properties, investigated through UV-Vis spectroscopy and
electronic properties, were investigated using cyclic voltammetry (CV) analyses and direct and indirect electron
transitions in UV-Vis, revealed a band gap energy highlighting their potential for optoelectronic applications and making
them promising candidates for integration into energy storage devices, sensors, LED, and solar cell technologies. The
antimicrobial efficacy of Cu,O NPs was evaluated against Gram-positive and Gram-negative bacterial strains, exhibiting
significant inhibition of microbial growth at low concentrations. This activity is attributed to the release of copper ions
and the generation of ROS, which disrupt cellular membranes and metabolic processes. Collectively, this work under-
scores the multi-functionality of Cu,O NPs, bridging their structural, optical, antimicrobial, and electronic attributes. The
Cu,0 nanoparticles showed strong antimicrobial effects against all tested bacterial strains, with activity increasing in
a dose-dependent manner. Other advantage of the method is that other useful product is generated in the reaction, TPB. It
is an important organic compound and has various applications in xerography, photoconductors and hole-transporting
layers in organic solar cells, organic light emitting diodes (OLED), organic field effect transistors (OFETs), etc.
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