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Abstract  

Copper oxide (CuO) thin films were successfully deposited by spray pyrolysis using precursor solutions with different molarities 

(0.02, 0.05 and 0.1 M) in order to investigate the correlation between growth conditions and multifunctional properties. Structural 

analysis confirmed the formation of monoclinic CuO with improved crystallinity as the molarity increased. The crystallite size 

increased to ~17 nm while the strain and dislocation density decreased, indicating enhanced crystal quality at higher precursor 

concentrations. In FTIR spectra, it was observed that the bonding at 760 and 912 cm-1 which attributed to Cu-O stretching bonds 

which confirms the formation of CuO phase. Surface morphology analysis showed that higher molarity led to increased roughness 

and grain size to ~ 61 nm and ~1.9×105 nm respectively, reflecting a smoother and more homogeneous surface. Optical studies 

revealed a decrease in optical bandgap to 1.41 eV at 0.1 M. The Urbach energy increased to 0.89 eV at the same molarity indicating 

a low disorder and defect density in the films. Surface morphology analysis showed that higher molarity led to increased roughness 

and grain size to ~ 61 nm and ~1.9×105 nm respectively. Electrical measurements demonstrated a significant enhancement in 

conductivity with increasing molarity reaching to 7.88 x 1013 cm-3, driven by the combined effect of higher carrier concentration and 

improved mobility due to reduced grain boundary scattering. Photocatalytic performance evaluated through methylene blue (MB) 

degradation under natural sunlight revealed that the 0.02 M film exhibited the highest degradation efficiency ~70.21 %, which is 

attributed to its higher surface area ~ 67.91 m2 /g and greater density of active sites. In contrast, antibacterial activity tests showed 

that films prepared at higher molarity 0.1 M exhibited superior bactericidal performance, particularly against Gram-negative bacteria, 

due to enhanced Cu²⁺ ion release and increased generation of reactive oxygen species (ROS). These findings demonstrate a clear 

trade-off between photocatalytic and antibacterial performance, governed by precursor molarity. The study highlights molarity 

control as a simple and effective strategy for tailoring CuO thin films toward eco-friendly multifunctional applications in 

environmental remediation and antimicrobial coatings. 
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1. Introduction  

Copper oxide (CuO) thin films have attracted significant attention in recent years due to their remarkable physical, chemical, and 

biological properties, making them suitable for a wide range of technological applications [1]. As a p-type semiconductor with a 

narrow bandgap typically ranging from 1.2 to 2.1 eV [2], CuO exhibits excellent optical absorption in the visible region, good 

electrical conductivity [3], and strong chemical stability that can be tuned by varying its synthesis conditions [4]. In recent years, the 

development of CuO thin films with specific properties has been actively pursued for photovoltaic [5], gas sensors [6], and catalysis 

[7] applications. In particular, the growing demand for environmentally friendly and cost-effective solutions to address water 

pollution and microbial contamination has intensified research on multifunctional materials. CuO thin films have emerged as 

attractive candidates due to their dual capability to degrade organic pollutants through photocatalytic processes and to inhibit bacterial 



growth via intrinsic antibacterial mechanisms [8,9]. These properties are mainly associated with the generation of reactive oxygen 

species (ROS), release of copper ions (Cu²⁺/Cu⁺) [9], and strong interaction with microbial cell membranes [10]. In addition to 

environmental pollution, the rapid emergence of antimicrobial resistance (AMR) has become a major global health concern [11]. 

According to the World Health Organization, bacterial infections associated with antimicrobial resistance are responsible for millions 

of deaths annually highlighting the urgent need for alternative antibacterial strategies that do not rely on conventional antibiotics 

[12]. In this context, metal oxide-based materials such as CuO have gained increasing attention due to their intrinsic antimicrobial 

properties [13] and their ability to generate reactive oxygen species (ROS) that effectively inactivate microorganisms [14]. The 

functional performance of CuO thin films is highly dependent on their structural, morphological, and electronic properties, which are 

strongly influenced by synthesis conditions. Among the various deposition techniques, spray pyrolysis [15] is widely recognized as 

a simple, low-cost [16], and scalable method that allows precise control over film characteristics by adjusting parameters such as 

substrate temperature, precursor concentration, and deposition rate [17]. In particular, precursor molarity plays a crucial role in 

determining nucleation kinetics, grain growth, defect formation, and film thickness, all of which directly impact the material 

performance [18]. 

In this context, the present work aims to systematically investigate the influence of precursor molarity (0.02, 0.05 and 0.1 M) on the 

structural, optical, electrical, and morphological properties of CuO thin films deposited by spray pyrolysis, and to correlate these 

properties with their photocatalytic and antibacterial performance. Particular attention is given to understanding the relationship 

between microstructure, defect density, charge transport, and surface characteristics in governing the multifunctional behavior of the 

films. Although several studies have investigated CuO thin films for either photocatalytic [19] or antibacterial application [11], most 

of them focus on complex strategies such as doping, heterostructure formation, or nanocomposite design to enhance performance. 

However, the effect of precursor molarity as a single, controllable parameter for tuning both functionalities simultaneously remains 

insufficiently explored, especially in thin film systems [20]. 

The originality of this work lies in demonstrating that precursor molarity alone can be used as a simple and effective parameter to 

tune the balance between photocatalytic and antibacterial activity. A clear trade-off is identified, where low molarity enhances 

photocatalytic efficiency due to higher surface area and active sites, while high molarity improves antibacterial performance through 

increased Cu²⁺ ion release and enhanced reactive oxygen species generation. This study provides a scalable and cost-effective 

approach for designing bifunctional CuO thin films for environmental and biomedical applications. 

2. Experimental details and characterization techniques 

In this study, CuO thin films were synthesized using spray pyrolysis at a substrate temperature of 400°C, with precursor solution 

molarities of 0.02, 0.05 and 0.1 M. The deposition process was meticulously controlled to ensure uniform film formation, with 

parameters such as the atomizer-to-substrate distance (17 cm), deposition time (10 minutes), and precursor solution composition 

carefully optimized less than 1 bar. This systematic approach ensures consistency in the preparation and facilitates a comprehensive 

investigation of the effects of molarity on the structural and functional properties of the CuO thin films. Copper acetate was employed 

as the precursor, while distilled water was used as the solvent to ensure environmental compatibility. The films were deposited on glass 

substrates, with dimensions of 2 cm x 7 cm, which had been pre-cleaned using a rigorous protocol involving methanol, acetone, and 

distilled water to eliminate surface contaminants, optimal film adhesion and uniformity, the protocol was illustrated in figure 01. When 

copper acetate is dissolved in distilled water, it dissociates into its ions.  The chemical equation (i) is as follows: 

Cu(CH3COO)  2 + H2 O ܖܗܑܜ܉ܑ܋ܗܛܛܑ܌ in water→               Cu2+ + 2CH3COO− + H2  O                                                                                                   (i) 

When solution is deposited on glass substrate at 400°C, it decomposes to form copper oxide (CuO), carbon dioxide (CO2) and acetic 

acid (2CH3  COOH) the reaction is as follows in equation (ii): 

Cu2+ + 2CH3COO− + H2 O at 400°c→     CuO + 2CO2⤴ + 2CH3  COOH   ⤴                                                                                (ii) 



 

Figure 01. Illustrations for the deposition method of CuO thin films via spray pyrolysis. 

 

3. Result and discussion 

3.1 XRD results   

XRD analysis were carried out to investigate the structural properties of CuO nanostructures thin films deposited on glass substrates 

with different molarities concentrations. The observed XRD pattern for CuO nanostructures thin films in the scan range of 25 to 70˚ 

are shown in figure 02. The XRD pattern of CuO contained the diffraction peaks at 2θ  ̴32.4274, 35.9289, 38.9699, 48.9704, 53.8922, 

58.3185, 61.8675, 65.9323 and 67.7934° which are assigned to reflection planes of (110), (002), (200), (-202), (020), (202), (-113), 

(022) and (113) show the monoclinic Tenorite structure of CuO (JCPDS card number 00-041-0254). 

 

 
Figure 02. XRD patterns of CuO thin films with different molarities. 
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The lattice parameters (a, b, c and β) were calculated and tabulated in table 01, and the crystalline volume also were calculated using 
the equation [21]. In addition, the specific surface area SSA was calculated using the equations (2) [22, 23] and tabulated in table 01:  V = abc sin β                                                                                                                                                                                        (1) SSA = 6000D×γ                                                                                                                                                                                              (2) 

Where D and ߛ are the average crystalline size and the density of CuO thin films respectively. It was observed that the SSA decreased 
with an increase of molarity. The highest value (67.91 m2/g) was obtained at 0.02 M, which can be the best candidate for 
photocatalytic test. This trend reflects the growth of larger crystallites at high molarity which reduce the surface to volume ratio, the 
same results were reported by Khlifi et al. [23]. The volume increases with the increasing of the molarities due to internal stress and 
defects formation during the deposition process. Also, the lattice parameters (a, b, c and β) were very close to the standard values in 
PDF card (JCPDS card number 00-041-0254). 

Table 01. Variation of lattice parameters with different molarities. 

Molarity (M) a (A°) b(A°) c(A°) β (°) V (Å3) SSA (m2 /g) 

0.02 4.682 3.402 5.064 98.80 79.75 67.91 

0.05 4.723 3.432 5.104 98.95 81.18 54.44 

0.1 4.723 3.425 5.083 99.20 81.71 52.97 
 

 

To investigate the variation of crystalline size of CuO thin films; Scherrer’s equation (equation 3) was utilized by measuring the full 
width at the half-maximum (FWHM) of the most intense diffraction peaks (002) and (200) [24].  ܦ = ௞ఒβhklcosఏ                                                                                                                                                                                           (3) 

Where k is the shape factor (k = 0,9), λ is the X-ray wavelength (λ = 1.54 Å for Cu Kα radiation), βhkl is the full width at half 
maximum of the peak and θ is the Bragg’s angle. The variation of strain and dislocation density was estimated using equations (4) 
and (5) [24]. ε = βhkl cos θ4                                                                                                                                                                                          (4) 

δ = 1D2                                                                                                                                                                                                     (5) 

According to figures 03, the average crystalline size increased to ~17 nm while the strain and dislocation density decreased with the 

increase of molarity. This trend can be explained by nucleation growth mechanism. On the one hand, at high molarity 0.1M, the 

concentration of Cu2+ ions in solution increased where enhancing the formation of nucleation mechanism and coalescence process 

which contribute in the enlargement of grain size. Furthermore, more atoms were arranged closer to their equilibrium positions 

reducing the stress and strain in CuO lattice. This reduction can cause expansion in lattice parameters. On the other hand, at low 

molarity 0.02 M; less material per unit time were deposited, which can raise the grain boundaries and crystalline defects [25].  
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Figure 03. Variation of deformation in CuO lattice with different molarities (left). Variation of crystalline size and dislocation 

density with different molarities (right). 

 



3.2 FTIR Spectroscopy 

FTIR Spectroscopy was utilized to identify the Cu-O bonding and the other vibration bonds existing in CuO thin films with different 

molarities ranging from 400 to 4000 cm-1. According to the figure 04, it was observed that the bonding at 760, 912  ± 4 cm-1 which 

attributed to Cu-O stretching bonds [Cuo58]. The peaks that situated at 1407 and 1576 cm-1 were related to H-O-H bending or 

adsorbed water. The CO2 peak was appeared at 2855 cm-1, which came from residual of utilized precursor (copper acetate) [26]. The 

last peak at 2926 cm-1 could be attributed to O-H stretching vibrations which can enhance the antibacterial activity. The zoomed plot 

(400 to 1000 cm-1) showed a clear shifting to higher wavenumbers which confirms our findings in XRD results. These results are in 

good agreement with Sone et al. [27].  
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Figure 04. FTIR spectra of CuO thin films with different molarities (left), and the zoomed section (right). 

3. AFM analysis 

The AFM results for CuO thin films prepared with different molarities (0.02 0.05 and 0.1M) highlight clear trends in surface 

roughness and grain size, which are significant factors for determining the films quality and potential application including 

antibacterial and photocatalytical properties. According to 2D and 3D images (figure 05), the roughness increases with the solution 

concentration because the higher concentration result in larger droplets during spray process leading to the deposition of bigger 

particles and rougher films. In contrast, films prepared with lower solution concentration such as 0.02 M exhibit smoother surface 

because the process of deposition is more uniform. These results confirmed our findings in XRD. Figure 06 displayed that the grain 

size increased and the number of particles decreased with higher solution concentration to  ~1.9×105 nm and ~1200 respectively 

(0.1 M); larger grain sizes are associated with enhanced crystallinity and fewer grain boundaries contribute to better electrical 

conductivity and the stability of the films. On the other hand, the higher density of grain boundaries at lower concentration can lead 

to create active sites that can significantly enhance certain properties, such as antibacterial activity [28]. 



 

 

 

 

Figure 05. 2D and 3D pictures of the AFM 5×5 µm2 area. 

According to figure 07 and table 02, the surface morphology of CuO thin films shows a notable dependence on precursor molarity, 

as reflected in the tabulated roughness parameters. At 0.1 M, the film exhibited a relatively high average roughness (Sa = 43.1 nm) 

and root mean square roughness (RMS = 61 nm), indicating a rougher surface with more distinct height variations. As the molarity 

decreases to 0.05 and 0.2 M, both Sa and RMS decrease progressively to 17.7/24.4 nm and 5.93/5.2 nm respectively, reflecting a 

smoother and more homogeneous surface. The Skewness (Ssk), which indicates the symmetry of surface height distribution, shifts 

from a slightly positive value (0.165) at 0.02 M to negative values (0.237 at 0.05 M and 0.287 at 0.1 M), suggesting a transition from 

a peak-dominated to a valley-dominated surface topology, the results were reported by H. Zare Asl et al. [29]. The kurtosis (Sku), 

which reflects the sharpness of the height distribution, remains relatively stable across pointing to minor changes in peak sharpness. 

Notably, the peak-to-valley height (Sy) and the ten-point height (Sz) both increase from 42.9 nm at 0.02 M to 340 nm at 0.1 M, 

indicating an increasing in extreme height differences on the film surface. This confirms the formation of more sharply and rougher 

films at high molarities.  
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Figure 06. Particles number and particles size variations as function of solution molarity. 

Table 02. Variations of high average roughness, root mean square roughness and kurtosis of CuO thin films.  

Molarity (M) 0.02 0.05 0.1 

Sa (nm) 5.93 17.7 43.1 

RMS (nm) 17 24.4 61 

Sku (nm) 3.7 4.65 3.94 
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Figure 07. Peak-to-valley height (Sy) and ten-point height (Sz) (left), and Skewness variation versus molarity (right). 

 



 

4. Optical properties 

The transmittance behavior of CuO thin films with different molarities (0.02, 0.05 and 0.1 M) was investigated using UV-vis in the 

range between 400 nm to 900 nm. It was observed that the transmittance of CuO thin films decreased with the increasing of molarity, 

which can be explained by the elevation of the concentration of Cu2+ ions in the droplets in solution during the spray pyrolysis 

process, leading to higher deposition rate per unit time. Moreover, elevated precursor concentrations such as 0.1 M accelerated the 

nucleation and grain growth, yielding thicker and denser CuO films. These thicker films absorb more photons; however, this also 

leads to increased light scattering of films, causing reduces effective transmission as demonstrated in the accompanying figure 08. 

The Beer–Lambert’s law (IT= I0 e−αd) describes how light intensity decreases when it propagates through a thin film. When α is the 

absorption coefficient, d is thickness of thin films, I0 is incident intensity light and IT is transmitted light. There is also a correlation 

effect between the topological, morphological and the optical proprieties. The results obtained using AFM are providing these insights 

into how the surface morphology can evolve with the molarity. It is well known that the increase in the grain size could cause the red 

shift of absorption edge [30]. The fluctuations in zoomed section are caused by interference fringes. The CuO crystal is biaxial and 

optically anisotropic due to its monoclinic crystal structure, which leads to the double refraction. The double refraction in a 

polycrystalline film causes light scattering [31]. Similar observations have been reported in [32, 33] 
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Figure 08. Transmittance spectra of CuO thin films with different molarities with zoomed section. 

The Taus’s equation (equation 6) was utilized to estimate the bandgap energy [15]:  (αhυ) = C(hυ − Eg)n                               (6) 

 

Where, α is the absorption coefficient,  hυ is the photon energy,  Eg is the bandgap, C is a constant and the n exponent depends on 

the nature of electronic transition (n = 1/2 for allowed direct transition of CuO optical band). According to figure 09 the bandgap 

was reduced with the increasing of molarity which can be explained by the degrading of stoichiometry. Additionally, at higher 

precursor concentrations the oxygen vacancies Vo and interstitials sites Cui create mid-gap states that trap the photons and increase 

the absorption of light  [33].  
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Figure 09. Tauc’s plot for CuO thin films (left), Urbach energy plot for CuO thin films (right). 

Equations (7) helps us to estimate the Urbach energy ݑܧ with different molarity [15]: 

(ℎ߭)ߙ = ℎഔ−ಶ೒ಶೠ)0݁ߙ )                        (7) 

The Urbach energy is typically determined from the slope of the exponential tail of the absorption edge. It is a measure of the degree 

of disorder or the density of defects in the material. The decrease in Urbach energy with increasing molarity concentration may 

suggest a decrease in disorder or defect density in the films which can introduce localized energy states within the band gap. The 

obtained results show that the Urbach energy decreases with increasing precursor molarity, indicating a progressive reduction in 

structural disorder and defect density. These states act as trapping or recombination centers for charge carriers, and increase the risk 

of carrier recombination due to the presence of defect states within the narrowed band gap [29]. The figure 10 showed an inversely 

proportional relationship between the bandgap and the Urbach energy, which confirm our findings. This behavior can be attributed 

to the improvement in crystallinity at higher molarity, as confirmed by XRD analysis, where an increase in crystallite size and a 

decrease in strain and dislocation density were observed. 

5. Electrical properties 

The electrical conductivity of CuO thin films was systematically investigated using Hall Effect measurements which were utilized 

to evaluate key parameters, including conductivity, resistivity, free carrier concentration and mobility. The analysis provides a 

comprehensive understanding of the relationship between the solution molarity and the electrical transport properties of the 

deposited thin films. Figure 10 illustrated the variation of conductivity and resistivity as function of solution molarity. The data 

revealed an increase in electrical conductivity; increases by three orders of magnitude underscoring the significant impact of 

solution molarity of the thin films. Furthermore, the resistivity of thin films is inversely related to its electrical conductivity. This 

trend can be attributed to the dual effects of increased carrier concentration and enhanced mobility due to the reduced grain 

boundaries. Moreover, a clear correlation was observed between the solution molarity and free carrier concentration, which 

increased from 4.96 × 1012 to 7.88 × 1013 cm-3. It is well known that; the conductivity of semiconductor it be expressed by 

equation (8): σ =  p × µ × q                                                                                      (8) 

Where p is the free carrier concentration, µ is mobility and q is the elementary electronic charge. This fundamental relationship 

implies that the electrical conductivity is directly proportional to the product of the carriers’ concentration and mobility. 

Consequently, any enhancement in these two parameters will improve the conductivity. Also, the mobility is intrinsically linked to 

the microstructure properties of the material, particularly the crystal structure. The observed relationship between crystallite size, 

mobility and conductivity highlighted the pivotal role of grain boundaries in determining the electrical transport behavior of CuO 

thin films. An increase in crystalline size generally can lead to improved mobility as larger crystallites reduce the density of grain 

boundaries, which are known to impede charge carrier transport [34]. The grain boundaries effect, which arises due to carrier trapping 



and scattering at these interfaces. These boundaries introduce localized states within the bandage, which can capture more free carries 

and reduce the mobility. The trend was observed in [32, 33]. 
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Figure 10. The mobility (µ), carrier charge density (P), the resistivity (ρ) and conductivity (σ) variation as a function of solution 

molarity. 

6. Photocatalytic test  

The photocatalytic efficiency was evaluated for CuO thin films under natural sunlight. The experiment was tested in Constantine, 

Algeria, on June 19th 2025, from 10:00 AM to 3:00 PM, using sunlight as the irradiation source with an average solar intensity of 

approximately 6.63 kW/m² /day. For each concentration, the film was dipped in 25 mL of Methylene Blue (MB) solution. Their 

degradation activity was monitored every hour and the spectral absorption was recorded in the wavelength range of 400-800 nm 

employing UV-vis spectroscopy. Figure 11 (a, b and c) shows the evolution of the absorption of MB in the presence of copper oxide 

thin films under sunlight irradiation. We observe an absorption peak of MB at 663 nm (maximum peak), and a gradual decrease in 

the absorbance intensity as a function of irradiation time until the absorbance intensity stabilizes. This confirms that the MB 

decomposition mechanism is at work. This mechanism is known as photo degradation. The sunlight generates electron-hole pairs 

that participate in oxidation-reduction reactions. The conduction band electrons reduce O2 to form reactive oxygen species (ROS) 

like Ȯ2, while valence band holes oxidize water to produce hydroxyl radicals (OH radical) OḢ, which drive pollutant degradation. 

The equations (9.X, X= 1, 2, 3 and 4) can describe the mechanism of photocatalytic process to degrade MB: CuO + hυ → CuO(eCB− + hVB+ )                                         (9.1) CuO(eCB− ) + O2 → CuO + Ȯ2                  (9.2) CuO(hVB+ ) + H2O → CuO + H++  OḢ                   (9.3) OḢ/Ȯ2 + dye(MB) → Oxidation decomposition → CO2 + H2O               (9.4) 



400 450 500 550 600 650 700 750 800

0.1

0.2

0.3

0.4

0.5

0.6

 

 

A
b

so
rb

a
n

ce
 (

a
.u

.)

Wavelength (nm)

 0 h

 1 h

 2 h

 3 h

 4 h

 5 h

663 nm

0,02 M

A=0,668 u.a.

A=0,478 u.a.

A=0,239 u.a.

A=0,225 u.a.

A=0,218 u.a.

A=0,199 u.a.

zoomed

(a)

650 660 670

 

400 450 500 550 600 650 700 750 800

0.1

0.2

0.3

0.4

0.5

0.6

 

 

A
b

so
r
b

a
n

c
e
 (

a
.u

.)

Wavelength (nm)

 0 h

 1 h

 2 h

 3 h

 4 h

 5 h

663 nm

zoomed

0,10 M

A=0,219 u.a.

A=0,228 u.a.

A=0,234 u.a.

A=0,267 u.a.

A=0,529 u.a.

A=0,668 u.a.

(c)

650 660 670

 

1

 

400 450 500 550 600 650 700 750 800
0.0

0.1

0.2

0.3

0.4

0.5

0.6
A

b
so

rb
a

n
ce

 (
a

.u
.)

Wavelength (nm)

 0 h

 1 h

 2 h

 3 h

 4 h

 5 h
0,05 M

A=0,668 u.a.

663 nm

zoomed

A=0,551 u.a.

A=0,235 u.a.

A=0,228 u.a.

A=0,213 u.a.

A=0,201 u.a. (b)

650 660 670

 

 

Figure 11. (a) Spectrum of MB degradation of CuO thin films at 0.02 M, (b) Spectrum of MB degradation of CuO thin films at 
0.05 M, (c) Spectrum of MB degradation of CuO thin films at 0.1 M. 

 

The  equations (10) and (11) were utilized to illustrate the bandgap and different transitions between CB and VB of CuO with different 

molarities (0.02, 0.05  and 0.1 M)  [36]:  EVB = EA − Ee + 0.5Eg                                         (10) ECB = EVB + Eg                                      (11) 

 

 

Figure 12 Illustration of electron transitions and the degradation of MB. 



6.1 Degradation rate 

The present study demonstrates the heterogeneity of the degradation rate as a function of the concentration of individual oxides, as 

visually shown in figure 13. Calculation of the degradation rate (D) according to time interval t, is carried out using formula in 

equation (12) [37]: 

D = C0−CC0 × 100                                  (12) 

When, C0 is the initial MB concentration and C is the concentration at time (t). After 5 hours of expositing in sunlight, the rate of 

degradation reached to 70.21, 69.91 and 67.22% for the films deposited with 0.02, 0.05 and 0.1 M respectively. According to these 

values of degradation rate, we can consider CuO thin films as an effective photocatalyst for MB dye. This degradation can be 

explained by the disorder observed at higher molarity (estimated by Urbach energy) which can influence on the motion and the 

velocity of charges that contribute in photocatalytic process. It is clear that the sample of 0.02 M, which has the lower Urbach energy, 

the degradation is higher. In addition, the high disorder in the films (0.05 M and 0.1 M) presents high defect density on surface 

causing saturation of photocatalytic degradation. In this case, the internal material does not participate in this process and the 

degradation will act slowly. Moreover, the AFM results displayed that the CuO thin films at 0.02 M exhibited a positive skewed 

surface which provide more reactive sites for interaction with MB while the other films showed a negative skewed surface which can 

influence negatively on photocatalytic process.  
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Figure 13. Photocatalytic efficiency of prepared thin films against MB dye under sunlight (left), Photocatalytic efficiency of 
prepared thin films against MB dye under sunlight after 5 hours (right). 

6.2 Kinetic process  

In photocatalytic process, the efficiency of CuO thin films depends on factors such as surface area, crystallinity, film thickness, and 

charge transport properties, all of which are influenced by molarity. The kinetic coefficient was estimated using the equation (13) 

[38]: 

Ln (CtC0) = −kt                                                              (13) 

According to figure 14, the 0.02 M CuO film is expected to have the smallest grain size due to lower precursor concentration, leading 

to a relatively high surface area and a more porous structure may cause more generated Ȯ2, enhancing its photocatalytic efficiency 

with  ݇ = 1.02 × 10−3 min−1. Secondly, the 0.1 M CuO film, with higher precursor concentration, results in a thicker structure and 

larger grains, enhancing crystallinity and reducing defect states. While it improves charge transport, its reduced surface-to-volume 

ratio may limit the availability of active sites, thus lowering photocatalytic efficiency (k = 0.89 × 10−3 min−1) despite good charge 

mobility. The 0.05 M CuO film strikes a balance between crystallinity, charge transport, and surface area. Its moderate grain size and 

thickness provide sufficient active sites while maintaining good charge separation. In a methylene blue (MB) degradation experiment 

under sunlight with݇ = 0.91 × 10−3 min−1, the 0.02 M CuO films degrade MB the fastest due to its optimal charge separation and 



sufficient active sites. The 0.05 M film may show moderate degradation but suffer from charge recombination, while the 0.1 M film 

may degrade MB at a slower rate due to its limited surface area. Similarly, in a hydrogen evolution reaction (HER) experiment, the 

0.02 M film is expected to generate the highest photocurrent and hydrogen production rate, outperforming the 0.05 M and 0.1 M 

films due to its well-balanced properties.  
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Figure 14. Plot of Ln (C0/C) versus irradiation time for MB dye (left), variation of kinetic constant as function of CuO molarity 

(right). 

6.3 Comparative study  

To evaluate our findings with the previous studies, the degradation rate (%) of MB employing CuO thin films with different molarities 

was compared in table 03 which showed attractive results about the efficiency and response of our thin films toward the MB. In the 

upcoming studies, we will focus on complex strategies such as doping, co-doping, heterostructure formation, or nanocomposite 

design to enhance the photocatalytic process. 

Table 03. Comparative table with the previous studies. 

Material Source light Degradation rate (%) dye reference 

ZnO:NPs UV 46 MB [39] 

ZnO-CuxO Vis 73.5 RhB [40] 

CuO/Co3O4:NPs UV 56 MB [41] 

CuO:NPs UV 46 MB [41] 

CuO:NPs UV 23.4 MB [42] 

CuO (0.02M):TF sunlight 70.21 MB This work 

TF: thin films  
NPs: nanoparticles  

7. Antibacterial activity 

The antibacterial activity test using CuO thin films with different molarities (0.02, 0.05 and 0.1M) was investigated against E.coli: 

NCTC 10.538, Bacillus Spizizenii: ATCC 6633, Pseudomonas aeruginosa: NCIMB 8626 and Staph.Aureus: ATCC 6538. All the 

bacteria were incubated at 37 C° for 24 hour. The table 04 and figure 15 displayed the response and sensitivity of the thin films 

against all tested bacteria. First, E.colis exhibited a zone of inhibition (ZOI) with diameter 20, 10 and 17.5 mm for 0.1 M, 0.05 M 

0.02 M respectively. A similar trend was observed for Pseudomonas aeruginosa with a maximum (ZOI) of 30 mm for 0.1 M. While 

Staph.Aureus and Bacillus Spizizenii showed a modest change with a peak also for 0.1 M. Our findings revealed that the CuO thin 

films are very sensitive to Gram negative. In contrast, Gram positive showed minimal or reduced sensitivity which is attributed to 

their thicker cell-wall structure [41,42]. 



 

 

 

Table 04. The Zone of inhibition (ZOI) with different molarities and Gentamicin effect for the four bacteria. 

 ZOI (± 2 mm) / Molarity (M) 

Bacteria 0.1 M 0.05 M 0.02 M Gentamicin 

E.colis 20 10 17.5 35 

Staph.Aureus 22.5 13 17 54 

Bacillus Spizizenii 20 16 16 39 

Pseudomonas aeruginosa 30 15 14.5 45 

 

 

Figure 15 Images of zone of inhibition (ZOI) with different molarities and Gentamicin effect for the four bacteria. 

Figure 16 showed the variations of percent kill rate for each bacterium with different molarities of CuO thin films. It is clear that all 

bacteria showed a high respond with CuO thin films with 0.1 M molarity where the highest value was obtained for Pseudomonas 

aeruginosa (66.67 %). This can be attributed to high copper content in thin films which can produce more Cu2+ cations release into 

bacterial environment. These cations increase the transport electron at the surface which leads to higher ROS production [44]. 

Moreover, the Surface Plasmon Resonance SPR which plays an interesting factor in antibacterial test [45]. When the CuO can respond 

to light, by creating a strong electromagnetic field at their surface [46].This SPR effect helps the producing of ROS and making the 

films more powerful in killing bacteria. Also, the AFM results revealed that the films with the high molarity (0.1 M) showed a large 

particles size with few numbers which reduce grain boundaries and the trapping of transfer electrons. Furthermore, the CuO thin 

films that prepared at 0.1 M showed a narrow bandgap which absorb more photons, leading to greater excitation of electrons from 

the valence band to conduction band. These e-/h+ participate in redox reaction that generate the ROS which can damage cell 

membranes [47], protein then the blocking DNA replication [48], especially through mismatched base (G-C to G-A or T-A to T-C) 

[49] as shown in figure 17, this oxidative damage can lead to decreasing in ATP production, which is vital energy for the cells. All 

the previous effects can result in cellular leakage and cell death [50]. 
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Figure 16. The percent-kill rates with different molarities for the four bacteria. 

After 48 hours of incubation at 37 C°, it was observed a significant enhancement in antibacterial activity of CuO thin films. These 

films achieved an impressive kill rate rising to 77.78% and ZOI of 35 mm against Pseudomonas aeruginosa, practically at 0.1 M. In 

addition, no noticeable changes were observed for the others samples showed a little to no improvement under the same conditions. 

This enhancement can be explained by multiple factors. Firstly, the continuity of generation of reactive oxygen species ROS because 

the high molarity can product more Cu2+ in thin films. Secondly, the natural resistance mechanism of Pseudomonas aeruginosa also 

can lead to delayed and effective cell death. The positive charge induces electrostatic attraction between CuO thin films and the 

microorganisms’ negatively charged cell membranes, allowing Cu2+ and Cu+ to adhere to cell membranes more easily causes the 

uncontrolled flow of components into and out of the cell. It clear that the high carrier charge density and the high mobility can 

improve the percent kill rates by the increasing the capacity of ions penetration (Cu2+ and Cu+) in bacteria cell and producing damages 

[23]. 

 

Figure 17. Illustration of antibacterial activity mechanism for CuO thin films 

 



Conclusion  

In conclusion, copper oxide (CuO) thin films were successfully deposited via spray pyrolysis, demonstrating that precursor molarity 

(0.02, 0.05, and 0.1 M) is a key parameter governing their structural, optoelectronic, and functional properties. Increasing molarity 

led to a progressive improvement in crystallinity, with crystallite size reaching ~17 nm, accompanied by a reduction in lattice strain 

and dislocation density, as confirmed by XRD analysis. FTIR results further validated the formation of the monoclinic CuO phase 

through characteristic Cu–O vibrational modes at 760 and 912 cm⁻¹. Morphological analysis revealed that higher molarity promotes 

grain coalescence, resulting in increased surface roughness (~61 nm) and the formation of a dense and homogeneous microstructure. 

Optical investigations indicated a bandgap narrowing to 1.41 eV at 0.1 M, along with a decrease in Urbach energy to 0.89 eV, 

suggesting reduced structural disorder and defect density. Electrical characterization supported these findings, with carrier 

concentration reaching 7.88 × 10¹³ cm⁻³ at higher molarity, attributed to enhanced charge transport and reduced grain boundary 

scattering in improved crystalline networks. From a functional standpoint, photocatalytic performance under natural sunlight 

highlights the importance of surface characteristics in environmental remediation. The highest degradation efficiency (~70.21%) 

observed for the 0.02 M film is directly linked to its large specific surface area (~ 67.91 m²/g) and high density of active sites, which 

favor adsorption and interfacial redox reactions. This makes low-molarity films particularly suitable for solar-driven wastewater 

treatment applications. In contrast, antibacterial performance is significantly enhanced in films prepared at 0.1 M, especially against 

Gram-negative bacteria. This behavior is attributed to controlled Cu²⁺ ion release and efficient generation of reactive oxygen species 

(ROS), facilitated by the dense and well-crystallized structure. Such characteristics enable prolonged antimicrobial activity and 

improved durability, addressing critical challenges related to surface contamination and antibiotic-resistant microorganisms. Overall, 

a clear trade-off emerges between photocatalytic activity and antibacterial efficiency: nanostructured, high-surface-area films favor 

photocatalysis, whereas highly crystalline and dense films enhance antibacterial performance. This structure–property–function 

relationship confirms that precursor molarity is a simple, scalable, and powerful tool for tailoring CuO thin films toward specific 

applications, ranging from solar-assisted environmental remediation to advanced antimicrobial coatings for healthcare and public 

infrastructure. 
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