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1  Introduction
Chili pepper (Capsicum annuum L.), a widely cultivated member of the Solanaceae fam-
ily, is an essential crop in tropical and subtropical regions and a staple in many global 
cuisines [1]. However, its production is threatened by several plant pathogens that 
severely impact yield and quality [2]. Among these, Pythium myriotylum and Phytoph-
thora capsici are particularly damaging, causing damping-off and root rot diseases, 
especially during early plant development [3, 4]. While P. myriotylum typically affects 
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Abstract
Copper oxide nanoparticles (CuO NPs) are emerging as promising multifunctional 
agents for agriculture and environmental remediation. Here, we report the 
laboratory-scale synthesis of sodium dodecyl sulfate (SDS)-stabilized CuO NPs via 
a co-precipitation method, optimising NaOH concentrations to adjust particle 
characteristics. X-ray diffraction (XRD) confirmed a crystalline monoclinic structure, 
while scanning electron microscopy (SEM) revealed well-dispersed, spherical 
nanoparticles ranging from ~ 27 to 95 ± 5 nm. SDS stabilization effectively prevented 
agglomeration and enhanced nanoparticle dispersibility. UV–Vis spectroscopy 
revealed optical band gaps ranging from 4.16 to 4.52 eV, values higher than typical 
bulk CuO likely due to nanoscale effects and SDS interactions. The nanoparticles 
demonstrated approximately 62.2% and 66.4% mycelial growth inhibition against 
Pythium myriotylum and Phytophthora capsici, respectively, under in vitro conditions. 
Additionally, the SDS-CuO NPs achieved up to 94% degradation of methylene blue 
under UV light after 90 min, indicating effective photocatalytic activity in model dye 
systems. These findings suggest the potential of SDS-CuO NPs for dual applications, 
though further work is needed to evaluate reusability, environmental impact, and 
field-level performance.

Keywords  CuO NPs, SDS stabilization, Antifungal activity, Photocatalysis, Reactive 
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seedlings at the cotyledonous stage, P. capsici can cause complete crop failure under 
favourable conditions [2, 5].

Conventional control methods primarily rely on chemical fungicides. Although 
these treatments can be effective, they pose serious environmental and health risks, 
are expensive, and contribute to the emergence of resistant pathogen strains. As alter-
natives, biological control strategies using microbial antagonists have been explored. 
These approaches involve mechanisms such as hyperparasitism, antibiosis, and preda-
tion [6–8], but their effectiveness is often limited by high specificity, variable environ-
mental performance, and poor adaptability to different soil and crop conditions [9, 10]. 
This highlights the urgent need for safer, more reliable, and environmentally compatible 
alternatives to conventional chemical fungicides [11, 12], while recognising that their 
broader ecological impacts must be carefully evaluated. In parallel, environmental pol-
lution caused by industrial dyes presents another major challenge. Methylene blue (MB), 
widely used in textiles, cosmetics, and pharmaceuticals, is highly persistent in waste-
water due to its complex aromatic structure. Its degradation byproducts are often toxic 
and carcinogenic, posing serious ecological threats [13, 14]. Therefore, effective and eco-
friendly methods for wastewater treatment are also critically needed.

Engineered nanomaterials have recently emerged as promising tools for addressing 
both agricultural and environmental challenges due to their enhanced surface reactivity, 
multifunctionality, and tunable physicochemical properties. Given the global demand 
for integrated, resource-efficient solutions, developing multifunctional nanomaterials 
that can simultaneously manage plant pathogens and environmental pollutants offers 
a strategic advantage for environmentally compatible and application-oriented solu-
tions. Among these, metal oxide nanoparticles are particularly attractive for their broad-
spectrum antimicrobial activity and catalytic potential [15, 16]. Copper oxide (CuO), a 
p-type semiconductor, stands out for its low cost, ease of synthesis, and ability to gener-
ate reactive oxygen species (ROS), which contribute to both microbial inactivation and 
degradation of organic pollutants [17–19]. The antimicrobial efficacy of copper oxide 
nanoparticles (CuO NPs) is attributed to mechanisms such as membrane disruption, 
intracellular ROS generation, and interference with metabolic pathways [20, 21]. Addi-
tionally, CuO exhibits strong photocatalytic activity under UV and visible light due to 
efficient charge separation and redox potential, making it a viable candidate for dye deg-
radation and wastewater treatment applications [22, 23]. Recent studies have demon-
strated CuO’s effectiveness against plant pathogens and in environmental remediation, 
with promising outcomes in terms of both inhibition efficiency and catalytic degradation 
rates [24]. These multifunctional properties position CuO as a dual-action material suit-
able for integrated pest and pollution management systems.

The size, shape, and stability of CuO NPs play important roles in their functionality 
[25, 26], and various synthesis approaches have been developed, including hydrothermal 
[27], electrochemical [18], biogenic [28], chemical precipitation [29], and sol-gel meth-
ods [30]. CuO NPs produced via these methods have shown strong antifungal activity 
against plant pathogens [31, 32]. For example, Thakur et al. synthesized CuO NPs using 
Asparagus adscendens extracts and reported significant antibacterial effects [32], while 
Sawake et al. demonstrated the antifungal potential of biogenic CuO NPs against Phy-
tophthora parasitica [28]. Similarly, cuprous oxide NPs have been reported to control 
Fusarium solani and reduce root rot in cucumber [33].
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Among the available synthesis techniques, chemical precipitation stands out for its 
simplicity, scalability, and cost-effectiveness. The addition of surfactants such as poly-
vinylpyrrolidone (PVP) [34, 35], sodium dodecyl sulphate (SDS) [36], cetyl trimethyl 
ammonium bromide (CTAB) [37], ethylene glycol [38], sodium polyacrylate [39], and 
polyethylene glycol (PEG) [40, 41] plays a critical role in controlling nanoparticle mor-
phology and stability. In this study, SDS was chosen as the stabilizing agent due to its 
unique combination of functional advantages. As a low-cost, widely available anionic 
surfactant, SDS provides strong electrostatic stabilization that minimizes nanoparticle 
agglomeration during synthesis [42]. In contrast to non-ionic (PVP) or cationic (CTAB) 
alternatives, SDS also possesses inherent microbicidal properties, potentially enhanc-
ing the antifungal efficacy of CuO NPs. Additionally, its widespread use in biological 
systems and documented biodegradability [43] make it an environmentally compatible 
choice, aligning with the sustainability goals of agricultural and wastewater treatment 
applications.

Although CuO NPs have been widely studied for either photocatalytic or antifungal 
applications, integrated studies demonstrating both functionalities within a single nano-
material system remain limited. In particular, the dual use of SDS-stabilized CuO NPs, 
which combine improved colloidal stability, microbicidal synergy, and photocatalytic 
performance, has not been systematically explored. Prior work has addressed these roles 
separately, but comprehensive evaluation against aggressive phytopathogens such as P. 
myriotylum and P. capsici is scarce, and few studies link such biological targets with con-
current environmental remediation goals.

To address this gap, we synthesized SDS-stabilized CuO NPs via a simple chemical 
precipitation method and characterized their structural, morphological, and optical 
properties. Their antifungal efficacy and photocatalytic performance were evaluated 
using biologically and environmentally relevant test systems. This study aims to advance 
multifunctional nanomaterials by demonstrating a cost-effective, dual-action platform 
for both plant disease control and wastewater treatment.

2  Materials and methods
2.1  Synthesis of CuO NPs

CuO NPs were synthesized using a simple aqueous precipitation method [44; Fig.  1]. 
Copper chloride (CuCl2, Sigma-Aldrich, 99%) and copper nitrate (Cu(NO3)2·3  H2O, 
Sigma-Aldrich, ~ 99%) were used as precursor salts. A combination of these two cop-
per salts was chosen to create a mixed anion environment, which influences solubility, 
ion release rates, and nucleation kinetics, ultimately aiding in uniform particle forma-
tion and dispersion. NaOH (Merck, ~ 99%) served as an alkaline reagent. SDS (Sigma-
Aldrich, ~ 99%) was included as a surfactant to aid nanoparticle stabilization. All 
chemicals were of analytical grade and used without further purification.

Initially, 50 mL of 1M aqueous solutions of Cu(NO3)2·3  H2O, CuCl2, and SDS were 
prepared separately. NaOH solutions of 1 M, 3 M, and 5 M were also prepared in dis-
tilled water. The precursor (Cu(NO₃)₂ and CuCl₂) and surfactant (SDS) solutions were 
combined in a round-bottom flask and stirred continuously for 20 min to ensure homo-
geneity. Subsequently, NaOH solution was added dropwise under continuous stirring 
while maintaining a constant temperature of 60 °C. The reaction was allowed to proceed 
for 2 h with continuous stirring, during which the addition of NaOH raised the pH above 
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10 to promote CuO precipitation. After synthesis, the precipitate was washed repeatedly 
with distilled water until the wash solution reached neutral pH (~ 7). The total reaction 
volume was maintained at approximately 150 mL.

The resulting precipitates were collected by centrifugation at 3000  rpm, thoroughly 
washed with double-distilled water to remove impurities, and subsequently dried at 
50 °C. The precipitate initially appeared light blue and gradually turned dark brownish 
black upon drying, indicating the formation of CuO. Three different samples of CuO 
NPs were synthesized by varying the molar ratio of NaOH relative to the fixed amounts 
of copper precursors and SDS. Sample 1 was prepared using Cu(NO3)2·3 H2O, CuCl2, 
SDS, and NaOH in a molar ratio of 1:1:1:1. Sample 2 followed the same procedure but 
with a 1:1:1:3 molar ratio, while Sample 3 used a 1:1:1:5 ratio. This variation in NaOH 
molar equivalents was aimed at studying its effect on the structural and morphological 
properties of the synthesized CuO NPs. These ratios were selected based on preliminary 
screening experiments to explore how varying alkalinity influences the size, crystallinity, 
and functional behaviour of the resulting CuO NPs. SDS played a critical role during the 
co-precipitation process. Its anionic sulphate groups adsorb onto the surface of growing 
CuO NPs, introducing electrostatic repulsion that inhibits particle agglomeration [36, 
42]. This stabilization mechanism facilitates more uniform crystal growth and contrib-
utes to controlling nanoparticle size and dispersion, as later confirmed by scanning elec-
tron microscopy (SEM) and X-ray diffraction (XRD) analyses.

Fig. 1  Schematic illustration of the synthesis procedure for SDS-stabilized copper oxide nanoparticles (CuO NPs). 
The process involves the co-precipitation of copper nitrate and copper chloride with sodium hydroxide (NaOH), 
followed by the addition of sodium dodecyl sulphate (SDS) for nanoparticle stabilization, centrifugation, and col-
lection of the final CuO NPs product
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2.2  Characterizations of CuO NPs

The successful formation of SDS-capped CuO NPs was confirmed through various char-
acterization techniques. XRD analysis was carried out using a Bruker D8 Advance X-ray 
diffractometer (Germany) with Cu-Kα radiation (λ = 1.5405 Å) operated at 40  kV and 
30  mA to determine the crystalline structure of the nanoparticles. The scan was per-
formed over a 2θ range of 10°–80° with a step size of 0.02° and scan speed of 1°/min. 
The morphology and elemental composition of the synthesized CuO NPs were exam-
ined using SEM coupled with energy-dispersive X-ray spectroscopy (EDX) (JEOL JSM-
7600 F, Japan) at a working voltage of 10 kV. Samples were sputter-coated with a thin 
gold layer (~ 10  nm) prior to imaging to enhance conductivity and image resolution. 
Optical properties were investigated using UV-visible spectroscopy (SPECORD 210 
Plus, Germany), where nanoparticles were ultrasonically dispersed in deionized water 
for 10 min and scanned over a wavelength range of 200–800 nm. The functional groups 
and molecular interactions were analysed through Fourier-transform infrared spectros-
copy (FTIR) (PerkinElmer 1650, USA) using the KBr pellet method, recorded over a 
spectral range of 400–4000 cm−1 with a resolution of 4 cm−1 and 32 scans per sample.

2.3  Photocatalytic properties

The photocatalytic activity (PCA) of SDS-assisted CuO NPs was evaluated by monitor-
ing the degradation of methylene blue (MB) under UV light (λ = 365  nm) irradiation 
using a 300 W mercury vapor lamp positioned 15 cm above the reaction mixture. For 
this analysis, 30 mg of synthesized SDS/CuO (1:1:1) nanoparticles was dispersed in 50 
mL of aqueous MB solution. Prior to illumination, the suspension was stirred in the dark 
for 30 min to establish adsorption–desorption equilibrium. The mixture was then con-
tinuously stirred under UV exposure for 90 min to ensure uniform dispersion and reac-
tion of the photocatalyst.

To assess the dye degradation, UV-visible (UV-vis) spectra were recorded at regu-
lar intervals of 5 min. For each measurement, a 3 mL aliquot was withdrawn from the 
reaction flask and centrifuged to separate the residual photocatalyst particles. The clear 
supernatant was then analysed using a UV-vis spectrophotometer. The degradation rate 
of MB was calculated using the following equation [45].

Degredation Rate (%) = Ao − At

Ao
× 100%

where, Ao is the initial concentration of dye and At is the concentration of dye after 
treatment at different time intervals.

2.4  Fungal species

The antifungal activity of SDS/CuO NPs was evaluated against two previously reported 
virulent fungal strains: P. myriotylum (accession no. MF143429) and P. capsici (acces-
sion no. MF322868), both known causal agents of damping-off disease in chili crops [3, 
4, 46]. The fungal isolates were obtained from the Department of Botany, Government 
College Women University Sialkot (GCWUS), Pakistan (​h​t​t​p​s​:​​/​/​g​c​w​​u​s​.​e​d​u​​.​p​k​/​​f​a​c​u​l​​t​i​e​s​
/​​f​a​c​u​l​t​​y​-​o​f​​-​n​a​t​u​r​a​l​-​s​c​i​e​n​c​e​/​b​o​t​a​n​y​/). These fungal species were cultured on potato dex-
trose agar (PDA) medium (HCM050, HKM, China) and incubated at 25 ± 2  °C under 

https://gcwus.edu.pk/faculties/faculty-of-natural-science/botany/
https://gcwus.edu.pk/faculties/faculty-of-natural-science/botany/
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dark conditions to ensure optimal growth and virulence. Subculturing was performed 
every 7 days to maintain viability and pathogenicity.

2.5  Antifungal assay of CuO NPs

The antifungal activity of SDS-assisted CuO NPs was assessed in vitro against P. myrio-
tylum and P. capsici following the method as described previously [31]. The nanopar-
ticles were tested at three different concentrations: 100 ppm, 200 ppm, and 300 ppm. 
Freshly prepared PDA plates were inoculated with seven-day-old cultures of P. myrioty-
lum and P. capsici by placing fungal discs on one side of the Petri dish. On the opposite 
side, sterilized paper discs loaded with 10 µL of CuO NPs suspensions at the respective 
concentrations were placed. Control plates contained only fungal cultures without CuO 
NPs treatment. All treatments were performed in triplicate (n = 3). Colony diameter was 
measured in two perpendicular directions, and the average was used to calculate growth 
inhibition to minimize measurement bias. All plates were incubated at 25 ± 2  °C for 
5 days, and fungal growth inhibition was recorded using the following method.

% Mycelial Growth Inhibition = C − T

C
× 100

 C = Mycelial growth in control; T = Mycelial growth in treatment.

2.6  Statistical analysis

The in vitro antagonism assay data were analysed using ANOVA in Statistix (ver. 8.1). 
Pairwise comparisons were conducted using Fisher’s least significant difference (LSD) at 
95% significance level.

3  Results
3.1  Structural analysis of SDS-coated CuO NPs

The structural characteristics of SDS/CuO NPs were analysed using X-ray diffraction 
(XRD; Fig.  2). The XRD patterns confirm the formation of a single-phase monoclinic 
CuO structure across all samples. The diffraction peaks observed at 2θ = 32.70°, 35.67°, 
38.95°, 49.01°, 53.56°, 58.53°, 61.72°, 65.95°, and 68.38° correspond to the (110), (1̅11), 
(111), (2̅02), (020), (202), (1̅13), (022), and (220) crystal planes, respectively, which are 
consistent with the standard reference data (JCPDS card No. 65-2309) [47].

As depicted in Fig. 2, the NaOH concentration significantly influences the crystallinity 
of CuO NPs. Importantly, at a volumetric ratio of 1:1:5, the intensity of the diffraction 
peaks increases, indicating improved crystallinity, and additional peaks emerge (Fig. 2c). 
Moreover, no impurity phases such as Cu2O, Cu, or Cu(OH)2 were detected, confirming 
the high phase purity of the synthesized nanoparticles [48]. The average crystallite size 
of the CuO NPs was estimated using the Scherrer equation [49].

S = 0.9λ

β Cosθ

where β represents the full width at half maximum (FWHM), S is the crystallite size, λ is 
the X-ray wavelength (1.54056 Å for Cu-Kα radiation), and θ is the Bragg angle. Broad-
ening of XRD peaks was observed, suggesting nanoscale crystallite size and potential 
micro strain within the crystal lattice. The estimated crystallite size of CuO NPs ranges 
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from 19 to 80 nm. This broad size distribution reflects variation among the three sam-
ples synthesized at different NaOH concentrations, with larger crystallites forming at 
higher alkalinity. Since SDS acts solely as a stabilizing agent and does not form a crys-
talline phase, only the CuO component was analysed for crystallite size. Furthermore, 
the average nanoparticle size calculated using the Scherrer equation aligns well with the 
SEM analysis, confirming the consistency of the structural and morphological results.

3.2  SEM analysis

The morphology and size distribution of the synthesized CuO NPs were examined 
using SEM (Fig.  3). The analysis revealed that the nanoparticles were well-dispersed 
and exhibited a spherical shape, with sizes ranging from ~ 27 to 95 ± 5 nm. The effect of 
NaOH concentration on nanoparticle size was evident. At lower NaOH concentrations 
(1:1:1 and 1:1:3 volume ratios), the CuO NPs appeared smaller but showed noticeable 
agglomeration (Fig. 3a, c). However, as the NaOH concentration increased (1:1:5 ratio), 
the average nanoparticle diameter grew to ~ 95 ± 5 nm, and a qualitative improvement 
in particle separation was observed, suggesting reduced agglomeration (Fig.  3e). This 
trend may be attributed to improved SDS-mediated stabilization at higher pH, although 
we recognize that agglomeration can also be influenced by drying conditions, ionic 
strength, and surface interactions. The synthesis procedure was repeated under identical 
conditions for each molar ratio, and SEM analysis of replicate batches confirmed consis-
tent morphology and particle dispersion, indicating good reproducibility of the method.

Fig. 2  X-ray diffraction (XRD) patterns of SDS/CuO nanoparticles (CuO NPs) synthesized at different molar ratios 
of precursor: surfactant: NaOH. a Molar ratio 1:1:1, b Molar ratio 1:1:3, and c Molar ratio 1:1:5. The diffraction peaks 
indicate the formation of monoclinic CuO phase, with variations in peak intensity and crystallinity observed with 
changes in the NaOH concentration
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3.3  EDX spectroscopy analysis

EDX spectroscopy was performed to confirm the presence of CuO NPs and analyse the 
elemental composition of the synthesized samples. EDX analysis was performed on a 
representative CuO sample (sample 2). Although SDS was used as a capping agent, no 
sulphur peaks were detected, likely due to its low surface concentration and the lim-
ited sensitivity of EDX to light organic elements. The EDX spectra clearly indicated 

Fig. 3  Scanning electron microscopy (SEM) images of SDS-mediated CuO nanoparticles (CuO NPs) synthesized at 
different molar ratios of precursor: surfactant: NaOH. a Molar ratio 1:1:1, b Magnified view of the 1:1:1 sample show-
ing particle size and morphology, c Molar ratio 1:1:3, d Magnified view of the 1:1:3 sample highlighting particle 
dispersion, e Molar ratio 1:1:5, and f Magnified view of the 1:1:5 sample showing reduced agglomeration
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the presence of copper (Cu) and oxygen (O) in the examined sample, with no detect-
able impurity elements, confirming the high purity of the synthesized CuO NPs (Fig. 4). 
The atomic composition of Cu and O, was determined to be Cu–75.64% and O–24.36%. 
Although this deviates from the ideal 1:1 stoichiometry of CuO, such discrepancies are 
common in EDX analysis due to its limited sensitivity to light elements like oxygen, 
which can result in underestimation. Other contributing factors may include surface oxi-
dation states, beam-sample interactions, or slight compositional inhomogeneity. Addi-
tionally, sample preparation and electron beam exposure may contribute to the apparent 
imbalance. However, phase purity confirmed by XRD supports the successful formation 
of monoclinic CuO.

3.4  UV-vis absorption spectroscopy

UV-vis absorption spectroscopy was used to investigate the optical properties of the 
synthesized CuO NPs. Figure 5a presents the UV-vis absorption spectra alongside the 
EDX data of the SDS/CuO NPs. The absorption spectra revealed three prominent peaks 
at wavelengths 298 nm, 282 nm, and 274 nm, indicating the characteristic optical behav-
iour of the CuO NPs.

The band gap of the nanoparticles, calculated from the UV-vis data, was found to range 
between 4.16 eV and 4.52 eV. These values are higher than typical bulk CuO band gaps 
(~ 1.2 to 2.1  eV), likely due to quantum confinement effects associated with the small 
particle size. Surface interactions with the SDS stabilizer and the assumption of a direct 
electronic transition in the Tauc analysis may also contribute to the observed shift. The 

Fig. 4  Energy-dispersive X-ray spectroscopy (EDX) spectrum of SDS-stabilized CuO nanoparticles (sample 2), con-
firming the elemental composition. The strong peaks corresponding to copper (Cu) and oxygen (O) indicate suc-
cessful synthesis of CuO with no detectable impurity elements. The quantified atomic ratio shows a Cu content of 
75.64% and O content of 24.36% by weight
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Fig. 5  UV–vis spectra and band gap estimation of SDS-stabilized CuO nanoparticles (CuO NPs). a UV–vis absorp-
tion spectra of SDS-stabilized CuO NPS synthesized at varying NaOH concentrations (samples S1, S2, and S3). b 
Tauc plots used to estimate the optical band gaps of the nanoparticles. The extrapolated linear regions yield band 
gap values of 4.52 eV (S1), 4.45 eV (S2), and 4.16 eV (S3)
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band gaps were estimated using Tauc plots [50]. by extrapolating the linear regions of 
(αhν)2 versus hν curves (Fig. 5b). Particularly, the peak intensity in the absorption spec-
tra decreased with increasing NaOH concentration, and a corresponding decrease in 
the band gap was observed. These results suggest that the optical properties of the CuO 
NPs are influenced by the synthesis conditions, particularly the NaOH concentration. 
The observed redshift in the absorption edge with increasing NaOH concentration may 
be attributed to an increase in nanoparticle size, as seen in SEM analysis. Additionally, 
changes in surface defect density and interactions between SDS and the CuO surface at 
higher base concentrations may also contribute to the shift in absorption behaviour.

3.5  FTIR analysis

The presence of various functional groups in the synthesized CuO NPs was investi-
gated using FTIR. The FTIR spectra of the CuO NPs were recorded in the range of 500–
4000 cm−1. The spectra exhibited several characteristic peaks at 3568 cm−1, 3296 cm−1, 
2169  cm−1, 1597  cm−1, 1471  cm−1, 1324  cm−1, 1087  cm−1, 828  cm−1, and 677  cm−1 
(Fig. 6). The broad absorption bands above 3000 cm−1 are attributed to O–H stretching 
vibrations, which likely arise from adsorbed moisture or surface hydroxyl groups. While 
such features are commonly associated with metal hydroxides, the absence of Cu(OH)2 
or other secondary phases in XRD analysis confirms the formation of pure monoclinic 
CuO. These FTIR peaks are therefore interpreted as surface-bound features rather than 
evidence of incomplete conversion.

Fig. 6  FTIR spectra of SDS-coated CuO nanoparticles (CuO NPs) synthesized at varying molar ratios of precursor: 
surfactant: NaOH. The spectra highlight the key functional groups and provide insights into the chemical interac-
tions between SDS and CuO, confirming the successful synthesis and stabilization of the nanoparticles
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The prominent peak at 677 cm−1 is attributed to the Cu–O stretching vibration, con-
firming the formation of CuO NPs. This observation is consistent with previous FTIR 
studies on CuO nanostructures, which reported similar Cu–O stretching modes [51, 52]. 
The peaks near 1324–1597 cm−1 may correspond to C–H bending vibrations or symmet-
ric stretching of–CH2 groups introduced by SDS, while the peak at 1087 cm−1 is likely 
associated with S=O stretching of the sulphate group from SDS. These features suggest 
surface adsorption of SDS on the CuO NPs, supporting its role as a stabilizing agent.

3.6  Photocatalytic activity of SDS/CuO NPs

The size and shape of nanoparticles play a critical role in their photocatalytic properties. 
In this study, SDS/CuO NPs synthesized with a 1:1:3 molar ratio of precursor, surfactant, 
and base were chosen for photocatalytic experiments due to their moderate particle size 
and good dispersion as observed in SEM analysis. Although SEM indicated that particle 
size increased with NaOH concentration, the improved surface separation and higher 
crystallinity at this ratio likely enhanced light absorption and surface reactivity, contrib-
uting to better photocatalytic performance.

These SDS/CuO NPs were employed as photocatalysts for the degradation of MB 
under UV light irradiation. A 125 W UV lamp (λ = 254 nm) was used at a fixed distance 
of 15  cm, and the reaction was carried out under ambient temperature with continu-
ous stirring. The initial pH of the MB solution was ~ 6.9 and remained near neutral 
throughout the experiment. Before illumination, the reaction mixtures were stirred in 
the dark for 30 min to achieve adsorption–desorption equilibrium. To assess the effect 
of dye concentration on photocatalytic efficiency, we tested three different concentra-
tions of MB dye (20 mg/L, 30 mg/L, and 40 mg/L) using a constant photocatalyst dose of 
0.5 mg/L. Furthermore, to evaluate the influence of photocatalyst dose, the degradation 
of 20 mg/L MB dye was investigated at various photocatalyst doses (0.1 mg/L, 0.3 mg/L, 
and 0.5 mg/L) (Fig. 7).

3.7  Effect of SDS/CuO NPs on photocatalytic efficiency

The influence of varying concentrations of SDS/CuO NPs on the photocatalytic effi-
ciency was evaluated. A 20 mg/L MB solution was used, with CuO NPs added at concen-
trations of 0.1 mg/L, 0.3 mg/L, and 0.5 mg/L. An increase in photocatalyst concentration 
led to enhanced MB degradation efficiency (Fig.  8). The addition of more CuO NPs 
increases the available surface area for reactant adsorption, thereby providing more 
active sites for the photocatalytic reactions [53]. Interestingly, the highest degradation 
efficiency of 87% was achieved at 0.3 mg/L, beyond which the efficiency slightly declined 
at 0.5 mg/L. This may be attributed to excessive catalyst loading causing light scatter-
ing and reduced photon penetration, which can lower photocatalytic performance. A 
detailed comparison of the degradation rates and the kinetic study for different concen-
trations of CuO NPs demonstrates the optimal photocatalytic performance at this spe-
cific dose (Fig. 8).

3.8  Effect of dye concentration on photocatalytic degradation

The effect of varying MB dye concentrations on the photocatalytic degradation was 
investigated using a 0.5  mg/L dose concentration of CuO NPs (Fig.  9). MB solutions 
with concentrations of 20  mg/L, 30  mg/L, and 40  mg/L were tested with the fixed 
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photocatalyst dose of 0.5  mg/L. The results revealed that nearly 94% degradation was 
achieved when the dye concentration was 20 mg/L, indicating the highest photocatalytic 
efficiency at this dye concentration. As the dye concentration increased, the degradation 
efficiency decreased. This inverse trend can be attributed to the saturation of active sites 
on the nanoparticle surface and reduced light penetration due to the higher optical den-
sity of the solution. Excess dye molecules may also shield the catalyst surface, limiting 
photon. absorption and reactive oxygen species (ROS) generation

3.9  Antifungal activity of CuO NPs

The antifungal potential of the synthesized CuO NPs was evaluated in vitro against P. 
myriotylum and P. capsici, at varying concentrations (100 ppm, 200 ppm, and 300 ppm) 
using the disc diffusion assay (Table 1).

For P. myriotylum, all CuO NPs samples exhibited concentration-dependent mycelial 
growth inhibition. Among the three tested samples, CuO sample-2 showed the signifi-
cantly higher inhibition, with 62.3% at 300 ppm, 56.5% at 200 ppm, and 43.0% at 100 
ppm. In contrast, samples 1 and 3 demonstrated lower inhibition, ranging from 26.6 to 
45.9% (Table 1). Untreated PDA plates served as negative controls, and no inhibition was 
observed, confirming the antifungal effect of the CuO NPs.

For P. capsici, similar dose-dependent inhibition was observed. CuO sample-2 again 
showed the significantly higher efficacy with 66.4% inhibition at 300 ppm, 52.8% at 200 
ppm, and 34.6% at 100 ppm, while samples 1 and 3 ranged from 25.7 to 57.5% (Table 1). 

Fig. 7  Photocatalytic degradation of methylene blue (MB) dye using CuO nanoparticles (CuO NPs) at different 
dosages: a 0.1 mg/L, b 0.3 mg/L, and c 0.5 mg/L. The degradation efficiency is shown in response to varying CuO 
concentrations, demonstrating the influence of nanoparticle dosage on the photocatalytic activity against a fixed 
MB concentration of 20 mg/L

 



Page 14 of 20Ramzan et al. Discover Sustainability           (2025) 6:703 

The enhanced performance of sample-2 may be attributed to its optimal balance of par-
ticle size, surface stabilization by SDS, and crystallinity, as indicated by SEM and XRD 
analyses.

4  Discussion
The successful synthesis of SDS-stabilized CuO NPs using varying NaOH concentra-
tions was confirmed through structural and morphological analyses. Key parameters 
such as crystallinity, particle size, and dispersion appeared to be influenced by NaOH 
concentration and SDS stabilization. These findings suggest a relationship between syn-
thesis conditions and nanoparticle quality, which forms the basis for evaluating their 
photocatalytic and antifungal performance.

NaOH concentration seemed to play a critical role in affecting nanoparticle morphol-
ogy and aggregation. At lower NaOH concentrations (e.g., 1.34 g), fewer CuO NPs were 
observed, and SEM images showed significant agglomeration, possibly due to stronger 
interparticle forces. This may result from rapid diffusion of Cu2+ and OH− ions onto the 
crystal surface, potentially leading to uncontrolled nucleation. In contrast, higher NaOH 
concentrations (4.02 g and 6.7 g) led to more uniform and larger particles with reduced 
agglomeration. This trend may be related to slower nucleation and more controlled 
growth, although no in situ or kinetic measurements were conducted.

The spherical morphology observed at all concentrations was further enhanced by the 
capping effect of SDS, which stabilized the particles and prevented aggregation. This 

Fig. 8  Photocatalytic degradation of methylene blue (MB) dye using SDS/CuO NPs under varying conditions: a 
Effect of different dye concentrations (20 mg/L, 30 mg/L, and 40 mg/L) on degradation rate; b Influence of varying 
CuO nanoparticle (CuO NPs) dosages (0.1 mg/L, 0.3 mg/L, and 0.5 mg/L) on the degradation efficiency; c Kinetic 
study of MB degradation at different dye concentrations; d Kinetic analysis of the degradation process at varying 
CuO NPs dosages
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stabilization is likely due to the electrostatic repulsion introduced by the anionic sul-
phate head groups of SDS adsorbing onto the nanoparticle surface. Beyond preventing 
aggregation, SDS may also influence the surface charge of the nanoparticles, potentially 
enhancing their dispersion in aqueous media [36]. This surface modification could affect 
interactions with fungal cell membranes or dye molecules by altering hydrophobicity 
and surface reactivity [54, 55]. However, no direct confirmation of SDS binding such 

Table 1  Antifungal activity of SDS-mediated CuO nanoparticles against Pythium myriotylum and 
Phytophthora capsici, shown as mean inhibition zone diameters (cm) ± SE at various nanoparticle 
concentrations
Treatment Pythium myriotylum Phytophthora capsici

Mean (cm) ± SE *GI Mean (cm) ± SE *GI
CuO sam-1 (100 ppm) 4.57 ± 0.20 bc 33.8% 5.30 ± 0.15 b 25.7%
CuO sam-1 (200 ppm) 4.37 ± 0.22 cd 36.7% 3.83 ± 0.15 ef 46.3%
CuO sam-1 (300 ppm) 3.83 ± 0.19 e 44.4% 3.03 ± 0.23 g 57.5%
CuO sam-2 (100 ppm) 3.93 ± 0.18 e 43.0% 4.67 ± 0.15 cd 34.6%
CuO sam-2 (200 ppm) 3.00 ± 0.15 f 56.5% 3.37 ± 0.17 fg 52.8%
CuO sam-2 (300 ppm) 2.60 ± 0.17 f 62.3% 4.20 ± 0.12 de 66.4%
CuO sam-3 (100 ppm) 5.07 ± 0.19 b 26.6% 4.97 ± 0.20 bc 30.4%
CuO sam-3 (200 ppm) 4.53 ± 0.18 c 34.3% 3.47 ± 0.27 fg 51.4%
CuO sam-3 (300 ppm) 3.73 ± 0.15 e 45.9% 3.30 ± 0.21 fg 53.7%
Control 6.90 ± 0.21 a 0.00% 7.13 ± 0.35 a 0.0
Different letters indicate statistically significant differences between samples as determined by fisher’s least significant 
difference (LSD)
*GI: Growth inhibition

Fig. 9  Photocatalytic degradation of methylene blue (MB) using SDS/CuO NPs with a CuO dosage of 0.5 mg/L at 
varying MB concentrations: a 20 mg/L, b 30 mg/L, and c 40 mg/L
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as FTIR peak shifts, zeta potential measurements, or surface energy analysis was per-
formed. Therefore, whether SDS acts solely through electrostatic stabilization, or also 
functions as a micelle template or surface ligand, remains uncertain. Although surface 
charge and Cu2+ ion release was not measured here, both factors may contribute to the 
observed antifungal and photocatalytic activity and warrant further investigation.

UV–vis absorption spectra revealed a redshift in optical transitions with increasing 
NaOH concentrations, consistent with the observed decrease in band gap energy (from 
4.52 to 4.16 eV). This trend likely reflects changes in electronic structure associated with 
increased nanoparticle size and surface modifications induced by SDS stabilization. 
Although the band gaps are significantly higher than those of bulk CuO (~ 1.2 to 1.9 eV), 
this may result from combined effects of nanoscale size, SDS interactions, and the use of 
a direct transition model in Tauc analysis. While quantum confinement may contribute, 
further validation using photoluminescence spectroscopy or band structure modeling 
is required. FTIR spectra confirmed the presence of O–H groups, C–N stretching, and 
C–O vibrations associated with flavonoids, providing insight into the surface chemistry 
of the synthesized nanoparticles and further indicating the impact of NaOH on NP com-
position and surface functionalization [51, 56–58].

The formation mechanism involved co-precipitation of Cu(OH)2 from a mixture of 
copper chloride (CuCl2), copper nitrate (Cu(NO2)2), and NaOH, followed by thermal 
decomposition into CuO. Trace formation of Cu2O was attributed to the partial reduc-
tion of CuO under certain conditions, especially in the presence of excess Cu, which 
favours the formation of thermodynamically stable Cu(I) oxide in the solid state [41, 59]. 
SDS not only stabilized the particles during this transformation but also influenced sur-
face properties that likely enhanced the observed functionalities [36].

The photocatalytic performance of SDS-CuO NPs was evaluated by their ability to 
degrade MB dye under UV irradiation. Upon light exposure, the CuO NPs absorb energy 
and generate electron–hole pairs, which initiate a cascade of redox reactions. Photogen-
erated holes can oxidize adsorbed water molecules to produce hydroxyl radicals (·OH), 
while conduction band electrons may reduce molecular oxygen to form superoxide radi-
cals (O2−), both of which are ROS that contribute to dye degradation. Increased CuO 
dosage enhanced the photocatalytic activity due to the availability of more surface-active 
sites, and improved particle dispersion with degradation following pseudo-first-order 
kinetics, confirming high catalytic efficiency [53, 60, 61]. This is consistent with recent 
reports demonstrating the photocatalytic efficacy of CuO-based nanomaterials in dye 
degradation systems under UV and visible light [62, 63]. A similar study also demon-
strated the catalytic degradation of MB using Cu-based nanostructures, further support-
ing the effectiveness of such materials for dye removal applications [64].

The antifungal efficacy of the CuO NPs was also significant. Their nanoscale size 
enabled close interaction with fungal cell walls, facilitating penetration and intracellular 
generation of ROS, including ·OH, O2−, and H2O2. These reactive species are believed 
to induce oxidative stress by disrupting fungal membrane integrity, damaging intracel-
lular organelles, and impairing metabolic function. These ROS caused oxidative stress, 
damaging cellular membranes and components, ultimately inhibiting fungal growth 
[54, 55, 58, 65]. Among all synthesized samples, CuO sample-2 exhibited the strongest 
antifungal activity, with mycelial growth inhibition ranging from 43.0 to 62.3% for P. 
myriotylum and 34.6–66.4% for P. capsici. This enhanced activity may be attributed to its 
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intermediate particle size and improved dispersion, as observed in SEM analysis. Com-
pared to the smaller but more agglomerated sample-1 and the larger sample-3, sample-2 
likely presented an optimal surface area-to-particle contact ratio, enabling more effec-
tive interaction with fungal cells and ROS-mediated damage. Additional factors such as 
localized Cu2+ ion release, alteration of fungal redox signalling, or modulation of mem-
brane permeability may also contribute to the antifungal mechanism. These results sur-
passed the inhibitory rates reported by Banik and Pérez-de-Luque, who achieved 60% 
inhibition of Phytophthora cinnamomi at 100 mg/L CuO NP concentration [32, 66]. Our 
findings support recent studies emphasizing the broad-spectrum antifungal potential of 
CuO NPs against plant pathogens [28, 31]. Additional recent reports also highlight the 
antifungal and antimicrobial potential of metal oxide nanostructures in agricultural con-
texts [67, 68].

5  Conclusions
This study demonstrates that SDS-stabilized CuO NPs synthesized via a chemical pre-
cipitation method exhibit measurable antifungal and photocatalytic activity under con-
trolled laboratory conditions. Among the three formulations tested, the nanoparticles 
synthesized at a 1:1:3 molar ratio of precursor, surfactant, and NaOH showed the most 
effective performance. These nanoparticles achieved up to 94% degradation of methy-
lene blue under UV light and a maximum mycelial growth inhibition of 62.3% and 66.4% 
against P. myriotylum and P. capsica respectively. These findings reflect, in vitro per-
formance, and do not yet confirm practical applicability in field or environmental sys-
tems. The antifungal and photocatalytic activities were evaluated independently. Future 
research should focus on validating the underlying mechanisms (e.g., ROS detection), 
testing reusability and long-term nanoparticle stability, and performing comparative 
studies with conventional fungicides and photocatalysts. Additional work should also 
assess Cu2+ leaching, phytotoxicity, and interactions with soil and microbial ecosys-
tems. Field trials and environmental risk assessments will be essential to determine the 
safety, efficacy, and scalability of SDS-CuO NPs for agricultural or wastewater treatment 
applications.
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