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1. Introduction

Fabrication and characterization of Cu-ZnO-
cellulose acetate electrospun nhanocomposite
membranes for dual-function photocatalytic
degradation and microbial inhibition
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Antimicrobial resistance is a growing global health threat, motivating the design of materials with
enhanced, broad-spectrum antimicrobial performance under practical conditions. Zinc oxide (ZnO)
nanoparticles are attractive for their intrinsic antimicrobial activity, but their photocatalytic efficacy is
typically limited to UV irradiation due to a wide band gap. Here, Cu-doped ZnO (Cu,Znigo_xO)
nanohybrids were synthesized via co-precipitation with varying Cu contents (x = 0, 3, 5, 7, 10) and
calcination temperatures (450 °C and 650 °C) to enable visible-light activation and synergistic
antimicrobial activity. XRD, FTIR, SEM-EDX, UV-vis DRS, and AAS analyses confirmed the successful
incorporation of Cu, along with corresponding changes in morphology and band gap modulation. The
7% Cu-doped ZnO prepared at 450 °C exhibited the lowest band gap and the highest photocatalytic
activity toward methylene blue under visible light, alongside the strongest antioxidant capacity (ICsg =
151 pg mL™Y). Antimicrobial activity assessed by agar well diffusion demonstrated superior inhibition
zones for 7% Cu—-ZnO compared to pure ZnO across gram-positive (Staphylococcus aureus, MRSA),
gram-negative (Escherichia coli, Salmonella typhi, Shigella sonnei), and fungal (Candida albicans) strains.
Cu doping markedly enhanced the antimicrobial performance of ZnO nanofiber mats. The 7% Cu-ZnO
mats exhibited significantly larger inhibition zones against both Gram-positive and Gram-negative
bacteria as well as C. albicans compared to pure ZnO mats, confirming their superior broad-spectrum
activity. 7% Cu-doped ZnO processed at 450 °C functions as a visible-light-active, broad-spectrum
antimicrobial nanohybrid, and its incorporation into cellulose acetate nanofibers provides a cost-
effective, scalable membrane platform for advanced antimicrobial and photocatalytic applications.

harmless compounds like CO, and H,O. This sunlight-driven
process provides an eco-friendly and sustainable approach to

A light-driven process in which a semiconductor catalyst
absorbs photons generates electron-hole pairs that trigger
chemical reactions. This method has attracted significant
interest for environmental applications, as it directly harnesses
abundant solar energy to break down pollutants into harmless
products." Photocatalytic materials can degrade organic pollu-
tants or neutralize microorganisms, turning them into

“College of Chemical Sciences, Institute of Chemistry Ceylon, Rajagiriya,
CO (10107), Sri Lanka. E-mail: hasithaherath351@gmail.com
b Department of Chemistry, Faculty of Applied Sciences, University of Sri
Jayewardenepura, Nugegoda (10250), Sri Lanka. E-mail: imalka@sjp.ac.lk,
pasinduvirajs@gmail.com, piumikayapa@gmail.com, dabaresanduni@gmail.com
¢ Department of Microbiology, Faculty of Medical Sciences, University of Sri
Jayewardenepura, Nugegoda (10250), Sri Lanka. E-mail: mmweera@sjp.ac.lk
 Department of Nano Science Technology, Faculty of Technology, Wayamba
University of Sri Lanka, Kuliyapitiya (60200), Sri Lanka. E-mail: upeka@wyb.ac.lk

8092 | Mater. Adv, 2025, 6, 8092-8113

water purification, efficiently removing contaminants while
addressing critical environmental and energy challenges.”

The performance of a photocatalyst depends strongly on its
nanostructure. Nanoscale catalysts demonstrate significantly
higher activity than their bulk counterparts, owing to quantum
size effects and their exceptionally high surface-to-volume
ratios.> In nanoscale particles, the confinement of electrons
and holes leads to enhanced redox potentials, facilitating their
rapid migration to the surface. At the surface, these charge
carriers generate reactive oxygen species (ROS), which effec-
tively participate in oxidation-reduction reactions. This spatial
separation reduces charge-carrier recombination, thereby
accelerating photocatalytic surface reactions and improving
overall catalytic efficiency. Accordingly, modern strategies to
boost photocatalytic efficiency often rely on nanostructuring
and compositing, such as doping with metal ions, forming
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heterojunctions or coupling with co-catalysts.” These modifica-
tions extend light absorption and further improve charge
separation, enabling much faster pollutant degradation.

Zinc oxide (ZnO) is one of the most studied photocatalysts
thanks to its strong oxidation power, chemical stability, and
low cost.® ZnO possesses a wide band gap (~3.2-3.4 eV) and a
high exciton binding energy (~60 meV), enabling efficient
generation of superoxide and hydroxyl radicals under UV irra-
diation. Its biocompatibility and natural abundance have driven
widespread applications in sensors, solar cells, and photocata-
lysis. However, the wide band gap confines ZnO activity to the
UV portion of the solar spectrum (~5-7% of total solar energy),
and its photogenerated electrons and holes are prone to rapid
recombination, limiting overall photocatalytic efficiency.® These
limitations constrain ZnO’s practical efficiency under sunlight,
driving efforts to enhance its visible-light activity through stra-
tegies such as metal-ion doping, formation of heterojunctions,
and incorporation into nanostructured composites. A well-
established strategy to enhance ZnO’s photocatalytic perfor-
mance is doping with transition metals. In particular, substitut-
ing Cu®>" ions into the ZnO lattice significantly modifies its
optoelectronic properties. Cu incorporation introduces defect
states and intermediate energy levels, effectively narrowing the
band gap and extending light absorption into the visible region.”
At the same time, the Cu dopant creates surface states that favor
the generation of oxidative species and trap charge carriers to
slow recombination. Consequently, Cu-ZnO composites exhibit
significantly enhanced photocatalytic degradation of dyes and
pollutants compared to pure ZnO. Even low atomic percentages
of Cu can markedly accelerate the photodegradation of rhoda-
mine B, enabling near-complete mineralization under UV/visible
light, whereas unmodified ZnO shows substantially slower
degradation rates.”

Importantly, Cu-ZnO hybrids also exhibit strong antimicro-
bial effects. Both ZnO and copper ions are known to be toxic to
bacteria via the generation of reactive oxygen species and
disruption of cell membranes. Studies have shown that Cu-
incorporated ZnO coatings can completely eliminate bacterial
colonies in a short time. For instance, transparent Cu-ZnO films
achieved total inactivation of E. coli under hospital-type white
light within 6 hours, and even in the dark (24 h) for higher Cu
content.® This strong biocidal activity is attributed to multiple
concurrent mechanisms, including the generation of reactive
oxidative species and the release of Cu®* ions, which together
overwhelm microbial defense systems. Consequently, Cu-ZnO
nanocomposites function as effective broad-spectrum antimicro-
bial agents in addition to their photocatalytic properties.>*°

To harness the advantages of these nanomaterials in practical
applications, an effective strategy is to incorporate Cu-ZnO nano-
particles into a polymer matrix at greater loading. Electrospinning
cellulose acetate (CA) produces fibrous mats with high surface
area, facilitating maximal exposure of the immobilized catalysts to
Such nanofiber-nanoparticle composites have been
demonstrated to function effectively as filtration membranes
and for pollutant degradation."' In particular, incorporating
functional nanoparticles into CA fibers can impart additional

water.
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properties: CA is biocompatible and easily processable, and
embedding bioactive particles (e.g., Ag, Cu, ZnO) produces versa-
tile antimicrobial membranes.'* For example, ZnO nanoparticles
in CA nanofibers retain their photocatalytic and antimicrobial
activity, making the composite useful for water disinfection and
dye degradation.”” In essence, a CA-Cu-ZnO nanohybrid
membrane integrates the mechanical integrity and hydrophilicity
of the polymeric support with the visible-light-driven oxidative
capability and broad-spectrum biocidal activity of Cu-ZnO nano-
particles. Building on these principles, the present study focuses
on the fabrication and systematic evaluation of CA nanofiber
membranes loaded with Cu-ZnO nanostructures, aiming to
achieve synergistic solar-driven photocatalysis and microbial dis-
infection for advanced multifunctional applications. As illustrated
in Fig. 1, this study represents the first focused investigation into
the sterilizing capabilities of cellulose acetate-based Cu-ZnO
nanofiber membranes under visible light irradiation.

2. Materials and methods

2.1 Materials and reagents

All reagents, metal precursors, and other chemicals, including
zinc acetate dihydrate, copper chloride, sodium hydroxide
(NaOH), polyethyleneglycol 12000 (PEG15000), methylene blue,
2,2 diphenyl-1-picrylhydrazyl (DPPH), methanol, ascorbic acid,
acetone, dimethylformamide, cellulose acetate, sodium chlor-
ide (NaCl), barium chloride (BaCl,), and sulfuric acid (H,SO,)
were obtained from Sigma Aldrich, USA. Chemicals, media, and
other materials for microbiology research, such as nutritional
agar, Muller Hinton agar, Muller Hinton broth agar, bacterio-
logical agar, blood agar, and antibiotic powders were obtained
from HiMedia in India. ATCC strains of Staphylococcus aureus
(ATCC 25923), Shigella sonnei (ATCC 25931), Escherichia coli
(ATCC 25922), Salmonella typhi (ATCC 6539), and Candida
albicans (ATCC 12031) were obtained from the Department of
Microbiology, University of Sri Jayewardenepura, Sri Lanka.

2.2 Synthesis and characterization of ZnO and Cu-ZnO
nanoparticles

In 50 mL of deionized water, 5.30 g of zinc acetate dihydrate
was dissolved. After the addition of 1.00 g of PEGi5000, 2 M
NaOH was drop wisely added while being constantly stirred
until the pH of the mixture reached about 12. After two hours of
stirring the reaction mixture, the resulting gel was centrifuged
and given three rounds of washing with deionized water. After
that, the precipitate was oven dried for 12 hours at 100 °C. Zinc
oxide nanoparticles were calcined for two hours at 450 °C. The
calcined ZnO nanoparticles were further ground with a mortar
and pestle to produce the fine powder.

To synthesize the Cu doped ZnO, the zinc acetate dihydrate
solution was prepared by dissolving 10.15 g of zinc acetate in
50 mL of deionized water. A copper chloride solution was
prepared by mixing 0.2377 g of copper chloride in 30 mL of
deionized water. Both solutions were mixed at once. PEG;,000
was added to that solution followed by the dropwise addition of
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2 M NaOH. The reaction mixture was stirred for 2 hours and the
resultant gel was centrifuged and washed with deionized water
three times. The precipitates were collected, and dried at 100 °C
for 12 hours using an oven. The oven dried product was
calcined at 450 °C for 2 hours to obtain Cu 3%-ZnO nanohy-
brid. The aforementioned procedure was followed to obtain 5%
Cu-ZnO, 7% Cu-ZnO and 10% Cu-ZnO nanohybrids using
0.3959 g, 0.56 g, and 0.817 g copper chloride, respectively.">**
To investigate the impact of calcination temperature on the
structural and functional characteristics, a parallel batch of
nanohybrids with the same compositional ratios was calcined
at 650 °C using the identical synthesis procedure. This compara-
tive study allowed for the assessment of temperature effects on
crystallinity, particle size, band gap, and photocatalytic and
antimicrobial performance of the synthesized nanoparticles.
The crystalline structures of the synthesized nanohybrids were
analyzed by powder X-ray diffraction (PXRD; Rigaku SmartLab,
3 kW sealed X-ray tube, CBO optics, D/teX Ultra 250 silicon strip
detector). Functional groups and characteristic peaks were exam-
ined using Fourier-transform infrared (FTIR) spectroscopy with
the KBr pellet method (Bruker Vertex 80). Optical band gaps were
determined from diffuse reflectance UV-vis spectroscopy (Perkin-
Elmer UV Express, version 4.1.3). Morphological features were
studied via scanning electron microscopy (SEM; ZEISS, second-
ary electron mode, 10 kV), and surface elemental composition
was analyzed by energy-dispersive X-ray spectroscopy (EDX).

2.3 Evaluation of the photocatalytic activity of nanohybrids

The photocatalytic activity of pure ZnO and Cu-ZnO nano-
hybrids was determined by observing the degradation of a
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methylene blue (MB) dye solution. About 350 pL methylene
blue was taken into a 500 mL volumetric flask and it was
topped up with distilled water to make the stock MB solution.
Then 10 mL of prepared methylene blue solution from
the stock solution and 20 mg of catalyst were mixed, and the
samples were kept in the dark for one hour, to reach the
adsorption desorption equilibrium. A photodegradation experi-
ment was carried out under sunlight (intensity 45-75 Klux) and
dark conditions while continuously stirring the solutions using
magnetic stirrer for 90 minutes."® After every 10 minutes time
interval, aliquots (5 mL) were extracted and centrifuged. The
photocatalytic degradation of methylene blue was monitored
over time using UV-vis spectroscopy, measuring the absorbance
at 663 nm."°

2.4 Evaluation of the antimicrobial activity of synthesized
nanohybrid powders

ZnO and Cu-ZnO nanohybrids (450 °C) were tested against the
ATCC cultures of including both gram-positive (Staphylococcus
aureus and MRSA) and gram-negative bacteria (Escherichia coli,
Salmonella typhi, Shigella sonnei), as well as the fungus Candida
albicans. These microorganisms are predominant pathogenic
microbes that can be commonly observed in humans. Com-
mercially available antibiotics: erythromycin (100 pg) was used
as the positive control for gram-positive bacteria. Gentamycin
(100 pg) was used for gram-negative bacteria, and fluconazole
(100 pg) was used for Candida albicans.

The prepared media and tips of the micropipette were
sterilized in an autoclave at 121 °C (15 bar pressure) for
15 minutes. Other glassware was sterilized in a hot air oven

© 2025 The Author(s). Published by the Royal Society of Chemistry
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at 160 °C for 2 hours. A quantity of 25 mL of Muller Hinton agar
was poured into each disposable Petri dish and allowed to
solidify. Then suspensions of all the selected microorganisms
were prepared, which were adjusted with their concentrations
to 0.5 McFarland’s standard (10° CFU mL™"). Then 100 pL from
each inoculum was pipetted out and cultured on the solidified
agar plates by using the streak plate method. Then wells were
cut using sterile pipette tips and sealed at the bottom by
placing 1-2 drops of MHA. Then it was allowed to dry to obtain
the sealed wells. The metallic dispersions were then pipetted to
the respective well (100 puL from each dispersion of metallic
nanohybrid that has a concentration of 100 mg mL™"), and all
the agar plates were incubated for 24 hours at 37 °C. Finally, the
zone of inhibition (ZOI) around each well is measured in
millimeters by using a zone reader (Netillin Zone Reader,
USA). Each experiment is performed in triplicate (n = 3), and
the mean value is calculated.

2.5 Determination of radical scavenging activity and IC5,
values of ZnO and 7% Cu-ZnO nanohybrids by DPPH assay

The (DPPH assay method was used to measure the nanohy-
brids’ capacity to scavenge free radicals, and the ICs, value was
computed. After dispersing 1 mL of nanohybrid solution at
various concentrations in distilled water, precisely 1 mL of
100 uM DPPH produced in methanol was added. The standard
used was ascorbic acid (0.1 M). At 517 nm, absorbance was
measured, and the following eqn (1) was used to determine the
DPPH scavenging activity.

(4o — 4,)
A

0

DPPH scavenging activity = x 100% (1)
where 4, is the absorbance of the stock DPPH solution, 4; is the
absorbance of the sample mixture."*!”

2.6 Fabrication and characterization of pure ZnO and 7% Cu-
ZnO nanohybrids incorporated electrospun cellulose acetate
(CA) nanofibers

2.6.1 Preparation of 40% (w/w) pure ZnO (450 °C)
embedded nanofiber mat. To prepare the electrospinning
solution, 600 mg of cellulose acetate (CA) was weighed and
transferred into a glass vial. A solvent mixture of acetone and
N,N-dimethylformamide (DMF) in a 2:1 volume ratio (4 mL of
acetone and 2 mL of DMF) was added to the vial. The solution
was stirred for 1 hour to ensure complete dissolution of the
polymer. Subsequently, 400 mg of pure ZnO nanoparticles
calcined at 450 °C were added to the polymer solution to
achieve a 40% (w/w) ZnO loading in the CA matrix. The mixture
was then stirred continuously for 6 hours to promote uniform
dispersion of the nanoparticles, followed by sonication for
30 minutes to eliminate agglomeration and ensure homogeneity.
The final polymer-nanoparticles solution was loaded into a
syringe equipped with a needle. Electrospinning was conducted
for 5 h at 19 kv, 1.5 mL h™* flow rate, and a 13 cm needle-to-
collector distance, with aluminum foil on the collector to collect
the nanofibers.""” The process was conducted at temperature of
32 °C and humidity of 60%."

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.6.2 Preparation of 40% (w/w) 7% Cu-ZnO (450 °C)
embedded nanofiber mat. An amount of 600 mg of cellulose
acetate (CA) was weighed and placed into a glass vial. A solvent
mixture of acetone and N,N-dimethylformamide (DMF)ina2:1
volume ratio (4 mL acetone and 2 mL DMF) was added, and the
mixture was stirred for 1 hour to dissolve the polymer. To this
solution, 400 mg of 7% Cu-doped ZnO nanohybrid calcined at
450 °C were incorporated to achieve a 40% (w/w) loading of
nanohybrids within the CA matrix. The nanoparticle-polymer
suspension was stirred for 6 h, sonicated for 30 min, and
electrospun for 5 h at 19 kv, 1.5 mL h™", and 13 cm needle-
to-collector distance, with aluminum foil on the collector,
under 32 °C and 60% humidity.

2.6.3 Characterization of pure ZnO and 7% Cu-ZnO
nanohybrids incorporated electrospun cellulose acetate (CA)
nanofibers. The crystalline structures of the prepared nanofiber
mats were analyzed using powder X-ray diffraction (PXRD),
allowing identification of phase purity and crystallinity. To
investigate the presence of functional groups and bonding
characteristics, Fourier transform infrared spectroscopy (FTIR)
was performed in ATR mode. The surface morphology and fiber
distribution of the electrospun membranes were examined using
scanning electron microscopy (SEM). To assess the elemental
dispersion and confirm the homogeneous incorporation of Cu
and Zn throughout the nanofiber mats, atomic absorption
spectroscopy (AAS) was employed. Prior to analysis, samples
were digested using a manual acid digestion method. A
100 cm’® section of the electrospun membrane was selected
from which 1 cm?® samples were collected from the center and
each corner. Triplicate samples from each location were digested
in a 3:1 HCI-HNO; mixture at 95 °C for 2-3 h under a fume
hood. The filtered solutions were analyzed by AAS to quantify
metal content and confirm uniform distribution.

2.6.4 Photocatalytic and free radical scavenging activity of
ZnO and 7% Cu-ZnO nanohybrid-loaded CA nanofiber
membranes. The photocatalytic activity of cellulose acetate
(CA) fiber mats incorporated with pure ZnO and 7% Cu-ZnO
nanohybrids was evaluated by analyzing the degradation of
methylene blue (MB) dye under visible light. A 1 cm? portion of
each membrane sample was immersed in 10 mL of methylene
blue solution and kept in the dark for 1 hour to achieve
adsorption-desorption equilibrium. After this, the photodegra-
dation experiment was conducted under visible light and dark
conditions, while continuously stirring the solution with a
magnetic stirrer for 60 minutes. At 10 minutes intervals,
5 mL aliquots were withdrawn, centrifuged, and their absor-
bance was measured using UV-vis spectroscopy, with particular
attention to the 663 nm peak of methylene blue. The
degradation percentage over time was calculated based on the
reduction in absorbance at this wavelength.

To evaluate the free radical scavenging ability, a DPPH assay
was performed. A 5 cm? section of each fiber mat was placed in
a test tube containing 1 mL of distilled water and 1 mL of
0.1 mM DPPH solution prepared in methanol. The mixture
was shaken well and kept in the dark for 30 minutes, after
which the absorbance was recorded at 517 nm using UV-vis

Mater. Adv., 2025, 6, 8092-8113 | 8095
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spectroscopy. The percentage of DPPH radical scavenging was
calculated using the standard formula. All tests were conducted
in triplicate using separate portions of each sample to ensure
reproducibility and statistical relevance.

2.7 Evaluation of the antimicrobial activity of ZnO
nanoparticles and 7% Cu-ZnO nanohybrid incorporated
electrospun CA membranes

The disc diffusion method was conducted to observe the anti-
microbial activity of the ZnO and Cu nanohybrid incorporated
electrospun polymer membranes. ZnO and 7% Cu-ZnO nanohy-
brid incorporated electrospun membranes were tested against the
ATCC cultures of including both gram-positive (Staphylococcus
aureus and MRSA) and gram-negative bacteria (Escherichia coli,
Salmonella typhi, Shigella sonnei), as well as the fungus Candida
albicans, all of which are known to cause human infections.
Commercially available antibiotic discs of erythromycin (15 pg)
were used as the positive control for gram-positive bacteria.
Gentamycin (10 pg) was used for gram-negative bacteria, and
fluconazole (15 pg) was used for Candida albicans. Cellulose
acetate electrospun membrane was used as the negative control.
The diameter of the discs that were used for the assays was 6 mm.

As described in Section 2.4, the media were prepared and
autoclaved, and bacterial and fungal suspensions were cultured
on the plates. Fresh cultures of the specified microorganisms
were used to prepare the suspensions. Sterile discs were placed
on the surface of the solidified agar using sterile forceps, and
the plates were incubated at 37 °C for 24 h. The zones of
inhibition were then measured using a Netillin Zone Reader
(USA). All experiments were performed in triplicate following
CLSI guidelines.

3. Results and discussion

This study reports the fabrication and characterization of
cellulose acetate (CA) electrospun nanofiber membranes
embedded with Cu-doped ZnO nanohybrids, designed as
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visible-light-active, biodegradable, and self-sterilizing materials.
ZnO, a wide band gap semiconductor with intrinsic photocata-
lytic and antimicrobial properties, was doped with Cu®>* ions to
enhance charge separation, extend visible-light absorption, and
improve overall redox performance. The substitutional incor-
poration of Cu®" into the ZnO lattice was intended to modify the
electronic structure while maintaining the intrinsic wurtzite
crystal phase. Cu-doped ZnO nanoparticles were synthesized
via a co-precipitation method with Cu doping concentrations
of 0, 3, 5, 7, and 10 mol%, followed by calcination at 450 °C and
650 °C. These conditions were chosen to evaluate the effects of
both doping level and thermal treatment on the structural,
optical, and functional properties of the resulting nanohybrids.
Optical properties were characterized using UV-vis diffuse reflec-
tance spectroscopy (DRS), and band gap energies were estimated
from Tauc plots. Cu incorporation induced a progressive red
shift in the absorption edge relative to undoped ZnO, indicating
enhanced visible-light absorption. Among the samples, 7% Cu-
ZnO exhibited the lowest band gap values at both 450 °C and
650 °C calcination temperature. Calcined the photocatalytic
efficiency of the lowest band gap nanohybrids was evaluated
via the visible-light-driven degradation of methylene blue (MB)
dye. Among all samples with varying Cu doping levels and
calcination temperatures, the 7% Cu-ZnO nanohybrids calcined
at 450 °C exhibited the highest photodegradation efficiency.

3.1 Characterization of the synthesized ZnO and Cu-ZnO
nanohybrids

To confirm the successful synthesis and phase purity of Cu-
doped ZnO nanohybrids, PXRD analysis was carried out for all
synthesized samples. Fig. 2(a) presents the PXRD patterns of
pure ZnO and Cu-doped ZnO nanoparticles with doping levels of
0%, 3%, 5%, 7%, and 10%, calcined at 450 °C and Fig. 3(a)
presents the PXRD patterns of pure ZnO and Cu-doped ZnO
nanoparticles with doping levels of 0%, 3%, 5%, 7%, and 10%,
calcined at 650 °C. The calculated average crystallite sizes, unit
cell parameters along with volumes for all doping concentrations
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(a) PXRD analysis and (b) FTIR analysis of 450 °C calcined samples (i). ZnO nanoparticles (ii). 3% Cu-ZnO nanoparticles (iii). 5% Cu-ZnO

nanoparticles (iv). 7% Cu—ZnO nanoparticles (v). 10% Cu—ZnO nanoparticles. SEM image of 450 °C calcined (c) ZnO (d) 7% Cu-ZnO.
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7% Cu—ZnO nanoparticles (v). 10% Cu—ZnO nanoparticles. SEM image of 650 °C calcined (c) ZnO (d) 7% Cu-ZnO.

Table 1 Average crystallite size of nanohybrids calcined at 450 °C

(a) PXRD analysis (b) FTIR analysis of 650 °C calcined samples (i). ZnO nanoparticles (ii). 3% Cu-ZnO nanoparticles (iii). 5% Cu—ZnO nanoparticles (iv).

Table 2 Average crystallite size of nanohybrids calcined at 650 °C

Average Unit cell Unit cell Average Unit cell Unit cell
Vi . . v . .

g arameters (A arameters (A " arameters (A arameters (A
crystallite P (4) p ) Volume crystallite P @) p (3) Volume
Sample size (nm) a=b c (AP Sample size (nm) a=b ¢ (A
Pure ZnO 32.815 3.25 5.22 47.7479  Pure ZnO 31.097 3.24 5.18 47.0909
3% Cu doped 30.207 3.25 5.22 47.7479 3% Cu doped 35.004 3.25 5.20 47.5650
5% Cu doped 22.681 3.25 5.19 47.4735 5% Cu doped 32.400 3.25 5.19 47.4735
7% Cu doped 19.954 3.26 5.23 48.1343 7% Cu doped 53.559 3.25 5.20 47.5650
10% Cu doped 21.643 3.25 5.23 47.8394  10% Cu doped 54.972 3.25 5.19 47.4735

and both calcination temperatures are summarized in Tables 1
and 2.

For the nanohybrids calcined at 650 °C and 450 °C, the
diffraction peaks of the undoped ZnO sample were found to
match well with the standard pattern for hexagonal wurtzite
ZnO (JCPDS card no. 036-1451), with characteristic reflections
assigned to the miller indices (100), (002), (101), (102), (110),
(103), (200), (112), (201), (004), and (202) planes (Fig. 2(a) and
3(a)). The sharp and intense peaks confirm the high crystal-
linity of the synthesized material. The narrow width, sharpness,
and high intensity of the diffraction peaks showed that ZnO as
synthesized is a very pure, well defined crystalline nanomater-
ial. The average crystallite size of Cu-doped ZnO nanoparticles
(Cu-ZnO NPs) was calculated using the following eqn (2), the
Debye-Scherrer equation.

k2.
D=
pcost

(2)

where D is the crystallite size, k£ = 0.9, 4 is the X-ray wavelength
(4 =0.154056 nm), f is the diffraction peak’s full width at half-
minimum intensity (FWHM) on the 26 scale measured in
radians. A key observation from the average crystallite size
calculated from PXRD data was the effect of both Cu doping
concentration and calcination temperature on the average
crystallite size. In the samples calcined at 450 °C, the average

© 2025 The Author(s). Published by the Royal Society of Chemistry

crystallite size decreased progressively with increasing Cu con-
tent, the minimum crystal size was obtained at the 7% of Cu
doping level and decreased above this again. In nanomaterials,
a smaller crystallite size leads to a larger surface area-to-volume
ratio, which provides more active sites for the reaction to
undergo, therefore in semiconductor materials, increases the
ROS generation and facilitating more efficient charge transfer
and faster redox reactions under light irradiation. As a result, the
7% Cu-ZnO sample with the lowest crystallite size showed the
highest photocatalytic degradation efficiency against methylene
blue under visible light, clearly indicating that crystallite size
plays a crucial role in optimizing the photocatalytic performance.
This average crystallite size decreasing has been reported many
times in the literature.”®° This reduction in grain size is
attributed to the Zener pinning effect, whereby Cu®" ions accu-
mulate at grain boundaries and impede their motion. Acting
either as substitutional or interstitial defects, Cu** dopants
generate a retarding force on grain boundary migration, thereby
stabilizing the microstructure and limiting grain coarsening.>'>*

Grain growth in polycrystalline materials is driven by the
reduction of grain boundary energy, which acts as the driving
force for grain boundary migration. Dopant ions or second-
phase particles can exert a pinning force (Zener pinning)
at grain boundaries, which opposes this motion. When the
pinning force exceeds the driving force, grain growth is
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suppressed, resulting in smaller crystallite sizes. This pinning
effect is more pronounced at lower calcination temperatures
because the thermal energy available is insufficient to overcome
the retarding force exerted by dopant segregation at grain
boundaries, thereby effectively limiting grain coarsening.*>**

Conversely, in the samples calcined at 650 °C, an increase in
average crystallite size was observed with increasing Cu doping
which also has been reported many times.***® At the higher
calcination temperature of 650 °C, increased thermal energy
enhances atomic mobility, promoting grain growth and par-
tially offsetting the pinning effect of Cu dopants. Elevated
temperatures also facilitate dopant diffusion and clustering,
which can reduce lattice distortion and encourage crystallite
coalescence. Consequently, although CuO impurities are pre-
sent at higher doping levels in both temperature regimes,
dopant-induced suppression of crystallite growth predominates
at 450 °C, whereas grain growth is enhanced at 650 °C.>

The lattice parameters (@ = b and c¢) of Cu-doped ZnO
samples were found to be similar to those of undoped ZnO,
which can be attributed to the minimal ionic radius difference
between Zn>" and Cu®" ions. Additionally, the c/a ratio was
found to closely approach 1.633, indicative of an ideally close-
packed hexagonal structure, which suggests that the wurtzite
lattice remains structurally stable upon Cu doping.

The apparent stability of the unit cell parameters q, b, and ¢
despite increasing Cu doping levels can be attributed to the
close ionic radii of Cu®" (0.73 A) and Zn>" (0.74 A), which results
in minimal lattice distortion upon substitution within the
wurtzite ZnO structure. This allows the ZnO lattice to accom-
modate Cu ions without significant expansion or contraction of
the lattice dimensions, maintaining a relatively constant unit
cell volume.>® Additionally, the presence of minor secondary
phases such as CuO at higher doping concentrations may relax
the lattice strain by segregating excess Cu outside the ZnO
lattice, further stabilizing the bulk crystal parameters. Thus,
despite compositional changes, the average lattice constants
remain mostly unchanged, reflecting the structural resilience of
ZnO to moderate Cu substitution.

In contrast, the variation in average crystallite size with
doping and calcination temperature is governed primarily by
microstructural factors such as grain boundary mobility and
dopant segregation rather than changes in lattice parameters.
At the lower calcination temperature (450 °C), Cu dopants tend
to segregate at grain boundaries and exert a pinning effect
(Zener pinning), which inhibits grain growth and reduces the
average crystallite size as Cu content increases. Conversely, at
the higher temperature (650 °C), enhanced atomic mobility
enables grain coarsening and partial dopant diffusion or clus-
tering, which can promote grain growth, leading to an increase
in crystallite size with doping. This decoupling of crystallite size
behavior from unit cell parameter changes is common in doped
nanomaterials, where lattice constants reflect average atomic
spacing but crystallite size depends on kinetic and thermody-
namic factors controlling grain growth and defect formation.>

The unit cell volume calculated for ZnO and Cu-ZnO sam-
ples, exhibited no clear pattern of variation with increasing
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dopant concentration. This irregularity can be attributed to the
complex structural responses of the ZnO lattice to Cu incor-
poration, which go beyond a straightforward ionic substitution
mechanism. Although Cu®" is closely matched in size with Zn>",
the substitution of Zn>* by Cu>* does not uniformly alter the
lattice dimensions due to several competing phenomena. At
lower doping levels, Cu®" ions likely substitute Zn>" in the
wurtzite lattice without inducing significant lattice distortion.
However, as the dopant concentration increases, deviations
from ideal substitution become more pronounced. Cu®" ions
may not only occupy substitutional sites but also enter inter-
stitial positions or form nanoscale clusters, leading to local
lattice distortions that are not homogeneously distributed
throughout the crystal structure. Furthermore, the onset of
secondary CuO phase formation at higher doping levels, even
in small amounts, can relieve internal strain within the ZnO
matrix and influence the effective lattice dimensions indirectly.
Therefore strain relaxation mechanisms, such as bond angle
distortions or point defect rearrangements may act to counter-
balance the volumetric changes introduced by ionic substitu-
tion. Collectively, these factors contribute to the observed non-
systematic behavior of the unit cell volume.””

The absence of a clear trend in structural parameters
suggests that the ZnO lattice accommodates Cu incorporation
through a combination of substitutional doping, defect-
mediated relaxation, and microstructural adjustments, all
while preserving its characteristic hexagonal wurtzite structure.
This structural resilience underscores ZnO’s ability to tolerate a
wide range of dopant concentrations without undergoing sig-
nificant crystallographic phase transitions.*®

Even at higher Cu doping ratios and calcination tempera-
tures, the crystal retains its hexagonal wurtzite structure, as
shown by the stability of unit cell characteristics.”>*® As shown
in Fig. 2(a) and 3(a), the diffraction peaks widened as the
material was doped with Cu ions from 3, 5, and 7, and
10 mol% respectively. As the molar ratio of the dopant increase,
the degree of nano agglomeration also increased, as also confirm
by SEM in Fig. 3(c).>! For the Cu-doped ZnO samples, the main
peaks corresponding to the wurtzite ZnO phase were preserved,
indicating that the crystal structure remains predominantly ZnO.
However, at higher percentages of Cu-doped ZnO samples
exhibited additional diffraction peaks, which were absent in
the undoped ZnO. These new peaks were analyzed and found
to correspond to tenorite CuO (JCPDS card no. 048-1548),
indicating the presence of a minor secondary CuO phase. This
observation agrees with literature reports that at low Cu doping
concentrations, Cu>" ions can effectively substitute Zn>" within
the ZnO lattice due to their similar ionic radii. However, as the
Cu content increases, excess Cu tends to segregate and crystallize
as CuO, forming isolated clusters as an impurity phase."*?>"*
This indicates that after a critical molar ratio, Cu-ZnO produces
the separate CuO nano layer over ZnO NPs.*®

Overall, these findings demonstrate that Cu doping critically
influences crystallite size and phase purity, while the calcina-
tion temperature significantly affects the material’s structural
evolution. Notably, the 7% Cu-doped ZnO sample calcined at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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450 °C exhibited the optimal combination of small crystallite
size and high phase purity, which contributed to its superior
photocatalytic and antimicrobial performance.*¢*’

The FTIR spectroscopy analysis was conducted to identify
the functional groups, peak positions, and relevant peak shifts
of the pure and Cu-doped ZnO nanohybrids calcined at 450 °C
and 650 °C to further confirm the structure of nanohybrids. The
spectra of all samples which shows in figure (Fig. 2(b) and 3(b)),
revealed several key absorption bands that are characteristic of
ZnO-based nanostructures, with notable variations observed
upon doping and with changing calcination temperature. A
broad and intense absorption band observed in the region of
3000-3500 cm ™" is attributed to the O-H stretching vibrations
of surface hydroxyl groups and physically adsorbed water
molecules. The peak around 1650 cm ' corresponds to the
bending vibration (H-O-H) of water molecules, further con-
firming the presence of adsorbed moisture across samples. In
addition, peaks between range of 1630 and 1384 cm ' were
attributed to the asymmetric and symmetric stretching vibra-
tions of carboxylate groups (COO™), respectively.*® These car-
boxylate groups are likely derived from residual carbon
containing species used during synthesis.> As the crystallite
size increases, the intensity of the FTIR peaks corresponding to
surface-bound carboxylate and hydroxyl groups gradually
diminishes, indicating a reduction in these surface functional
groups. This trend is particularly evident in samples calcined at
650 °C, where increasing temperature promotes crystallite
growth and reduces the surface-to-volume ratio, leading to a
lower density of surface-active species.***!

The most prominent peak of the FTIR spectra appears in the
fingerprint region between 500 and 530 cm ™', which corre-
sponds to the Zn-O stretching vibrations in the ZnO wurtzite
lattice.*>** In pure ZnO calcined at 450 °C, the Zn-O peak
appears around 507 cm ™. With increasing Cu doping concen-
tration, minor peak shift to higher wavenumbers can be
observed around 512 cm™', 518 cm™', 524 cm ', and
529 cm ™~ '. A similar trend was observed in the 650 °C samples,
where the Zn-O peak appears near 512 cm™ ' in the undoped
ZnO and shifts up to 518 cm™ " upon doping which also has
been reported many times.** The observed upward shift of the
Zn-O stretching mode upon Cu incorporation aligns with
established vibrational theory for mixed crystals. Because cop-
per atoms (atomic mass ~ 63.5 u) are slightly lighter than zinc
atoms (atomic mass &~ 65.4 u), their substitution into the ZnO
lattice results in a slight increase in the frequency of the
transverse optical phonon modes due to the reduced effective
atomic mass in the bond.*>*® Thus, the combined FTIR and
PXRD analysis confirmed the successful integration of Cu®*
ions into the ZnO matrix, affirming both structural and vibra-
tional modifications induced by doping.

The optical band gap energies (E,) of undoped and Cu-
doped ZnO nanohybrids were evaluated using UV-vis DRS,
and the values were derived using Tauc plots by extrapolating
the linear region of the (F(R)hv)” versus hv plots to the (F(R)hv)®
= 0 axis. Tauc plots for ZnO and Cu-ZnO nanohybrids calcined
at 450 °C are given in Fig. S1. The E, values of ZnO and Cu-ZnO

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Band gap energies of pure ZnO nanoparticles and Cu doped ZnO
nanohybrids

Band gap (eV)

Sample calcined Sample calcined

Sample at 650 °C at 450 °C
Pure ZnO 3.25 3.21
3% Cu-ZnO 3.20 3.10
5% Cu-ZnO 3.12 3.13
7% Cu-ZnO 3.09 3.03
10% Cu-ZnO 3.11 3.27

nanohybrids calcined at 450 °C and 650 °C are shown in
Table 3. For the 450 °C samples, pure ZnO exhibited a band
gap of 3.21 eV. With the introduction of Cu dopant, the band gap
showed a non-monotonic trend, initially decreasing to a minimum
of 3.03 eV at 7% Cu doping, followed by a slight increase to 3.27 eV
at 10% doping. A similar trend was observed in the 650 °C
samples, the band gap of pure ZnO was 3.25 eV, which reduced
to 3.09 eV at 7% doping and increased slightly to 3.11 eV at 10%
doping. The band gap of Cu-doped ZnO exhibits a non-monotonic
behavior, initially decreasing at moderate doping levels and
increasing again at higher concentrations. This is likely due to
the formation of impurity energy levels and Cu*" substitution at
Zn*" sites, which narrow the band gap via sp-d exchange interac-
tions at lower doping levels. However, at higher dopant concentra-
tions, factors such as the CuO phase segregation, and lattice
distortion may contribute to band gap widening.*”**

When correlate with the AAS results, where among all Cu-
doped ZnO nanoparticle samples, the 7% Cu-doped samples
exhibited the highest actual Cu incorporation into the ZnO
matrix. This enhanced incorporation directly influenced the
electronic structure of ZnO, as evidenced by UV-vis DRS analy-
sis, which showed that the 7% Cu-ZnO sample possessed the
lowest band gap energy.

The observed narrowing of the band gap with increasing Cu
content up to 7% is commonly attributed to the interaction
between the host ZnO electronic states and the partially filled
3d orbitals of Cu®" ions substituted into the ZnO lattice. These
interactions modify the band structure via sp-d exchange
interactions, leading to hybridization between Cu 3d states
and the O 2p or Zn 4s orbitals, which causes a downward shift
in the conduction band or an upward shift in the valence band,
ultimately narrowing the band gap. This phenomenon has been
reported in several studies on Cu-doped Zn0O.**>"

As Cu®" substitutes Zn*' in the lattice, the creation of
intermediate energy levels or the mixing of Cu 3d states with
O 2p orbitals modifies the electronic structure, further con-
tributing to the red shift (band gap narrowing) observed in Cu-
doped ZnO. This incorporation disturbs the host crystal sym-
metry and introduces localized states near the conduction
band, reducing the effective band gap.**

At a higher doping concentration of 10%, a slight increase in
the band gap was observed, which can be attributed to the
Burstein-Moss effect. This phenomenon occurs when an
increased free electron concentration pushes the Fermi level
into the conduction band, thereby blocking lower energy
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transitions and resulting in an apparent widening of the band
gap‘52—54

The pronounced peak values in the Tauc plot (Fig. S1) for the
7% Cu-doped ZnO sample, where (F(R)-hv)* is plotted as a
function of photon energy, can be explained by the material’s
superior light absorption at this specific doping level. The
incorporation of 7% Cu creates localized electronic states that
enhance photon uptake in the UV-vis spectrum.’>>® This effect
causes a sharp reduction in diffuse reflectance (R), leading to
an elevated Kubelka-Munk function value (F(R)), which is
further intensified by the squaring operation in the Tauc
plot.>”

Comparatively, the 3% and 5% Cu-doped ZnO samples
(Fig. S1) display much lower F(R) values, likely a result of
limited Cu integration and fewer defect sites, thus reducing
their light absorbing capability. On the other hand, the 10%
Cu-doped sample despite containing more copper—may suffer
from dopant aggregation or clustering. This disrupts the ZnO
crystal structure and diminishes efficient light absorption
(Fig. S1). Accordingly, the higher FAR) readings in the 7%
Cu-doped ZnO highlight an optimal doping level for enhanced
optical performance, while deviations in other concentrations lead
to reduced absorbance due to structural and electronic factors.”®

Scanning electron microscopy analysis further supported
the XRD findings by revealing distinct morphological changes
upon Cu doping. SEM analysis was conducted specifically for
the samples with the lowest band gap energies at each tem-
perature, 7% Cu-ZnO calcined at 450 °C and at 650 °C as well as
for pure ZnO nanoparticles as a reference. The SEM images
revealed that calcination temperature plays a crucial role in
determining nanoparticle morphology (Fig. 2 and 3(c), (d)). At
450 °C, the nanoparticles displayed a relatively less aggregated
and nanoflakes morphology, while the samples calcined at
650 °C exhibited more compact, spherical morphology, indicat-
ing enhanced crystallite growth. These morphological differ-
ences are attributed to the effect of temperature on nucleation
and growth dynamics during calcination, where higher tem-
peratures promote grain growth and densification, consistent
with the reduction in surface defects and the observed narrow-
ing of the band gap. This correlation between morphology and
thermal treatment highlights the importance of temperature
optimization in tailoring the physicochemical properties of
Cu-ZnO nanomaterials for photocatalytic and antimicrobial
applications. The SEM micrographs revealed that the shape
and surface morphology of ZnO nanoparticles undergo notice-
able changes upon Cu doping, even when the calcination
temperature is held constant at 450 °C. For pure ZnO, the
nanoparticles retained a relatively uniform appearance how-
ever, a significant morphological transformation was observed
at 7% Cu doping, where the particles exhibited more irregular
and aggregated structures.>® This suggests that Cu incorpora-
tion, particularly has a pronounced impact on the growth
pattern and surface characteristics of ZnO. Thus, the morpho-
logical variations seen at 7% Cu doping reflect the strong
influence of dopant concentration on ZnO nanostructure, even
under identical thermal treatment conditions.®
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To evaluate the elemental composition of the synthesized
nanoparticles, energy dispersive X-ray (EDX) spectroscopy and
atomic absorption spectroscopy (AAS) were employed. EDX
analysis revealed the surface-level elemental distribution which
is in Fig. S2-S5. AAS was used to determine the overall metal
content within the bulk of the samples. The AAS results for Cu-
doped ZnO nanoparticles synthesized at 450 °C and 650 °C are
summarized in Table 4, showing the actual molar ratios of Cu
to Zn. In this study, the measured Cu:Zn atomic ratios were
consistently lower than the nominal doping concentrations of
3%, 5%, 7%, and 10%, indicating incomplete incorporation
of copper ions into the ZnO lattice during co-precipitation
synthesis. This phenomenon is commonly observed in wet
chemical methods, where dopant solubility limits, ionic radius
mismatch, and kinetic factors restrict dopant incorporation
efficiency. Specifically, at higher doping levels, dopant ions may
segregate to grain boundaries or precipitate as secondary CuO
phases rather than substituting into Zn sites, reducing effective
doping within the crystal lattice.®*** Moreover, understanding
the limits of dopant incorporation guides optimization of
synthesis parameters to improve doping homogeneity and
functional performance in Cu-doped ZnO nanomaterials.

3.2 Evaluation of the photocatalytic activity of the synthesized
pure ZnO and Cu-ZnO nanoparticles

The photocatalytic efficiency of Cu-doped ZnO nanoparticles
synthesized at 450 °C and 650 °C was evaluated by monitoring
the degradation of methylene blue (MB) dye under sunlight and
dark conditions. The photocatalytic activity was assessed by
monitoring the gradual decrease in the characteristic absorp-
tion peak of MB over time using UV-vis spectroscopy. Using the
eqn (3), the degradation efficiency was calculated as the per-
centage of dye degradation relative to the initial concentration.

Cy—-C

Degradation efficiency (%) = L% 100% (3)

t

where, C, = initial concentration of MB dye (at time ¢ = 0),
C; = concentration of MB dye at time ¢.

The photocatalytic degradation of methylene blue (MB) dye
using ZnO is well documented and involves the generation of
reactive oxygen species (ROS) upon light irradiation. Initially,
MB molecules adsorb onto the surface of ZnO nanostructures.
When ZnO is irradiated with light possessing energy equal to or
greater than its band gap, electrons are excited from the valence
band (VB) to the conduction band (CB), generating electron-
hole pairs (excitons).®"%

Table 4 AAS results of % Cu in samples synthesized at 450 °C and 650 °C

Actual % of Cu
incorporated in
650 °C samples

Actual % of Cu
incorporated in

Nominal % of Cu 450 °C samples

3% Cu-ZnO 0.9% 1.85%
5% Cu-ZnO 1.6% 2.28%
7% Cu-ZnO 3.2% 4.02%
10% Cu-ZnO 2.9% 2.25%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The photogenerated electrons in the conduction band react
with adsorbed molecular oxygen to produce superoxide anion
radicals (O, *), while the holes in the valence band oxidize
surface hydroxyl groups or water molecules to generate hydroxyl
radicals (*OH).®® These highly reactive species are responsible
for initiating a series of oxidation reactions that break down MB
dye molecules, leading to their decolorization and mineraliza-
tion into non-toxic end products such as CO, and H,0.°® The
efficiency of this photocatalytic degradation depends on the rate
of generation and lifetime of the electron-hole pairs and ROS,
which are influenced by the surface area, crystallinity, and
electronic structure of the ZnO photocatalyst.*®

The intensity of the characteristic absorption peak at
663 nm progressively decreased with increasing exposure time
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from 0 to 1 hour, indicating the gradual degradation of methyl-
ene blue (MB) dye (Fig. S13 and S14). This reduction in
absorbance confirms the photocatalytic activity of the synthe-
sized Cu-doped ZnO nanohybrids, where the visible-light-
driven degradation of the dye is attributed to the generation
of reactive oxygen species (ROS) that oxidize the dye molecules
over time. Fig. 4 illustrates the photocatalytic degradation of
methylene blue (MB) dye under sunlight and dark conditions
for pure ZnO samples synthesized at 450 °C and 650 °C, and
also for the 7% Cu-doped ZnO nanohybrids synthesized at
450 °C and 650 °C which are corresponding to the lowest
measured band gap energy at each temperatures. After 1 hour
of sunlight exposure, the pure ZnO samples showed moderate
photocatalytic activity, achieving degradation efficiencies of
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Fig. 4 Photocatalytic studies of (a) pure ZnO (i) 650 °C (ii) 450 °C under visible light; (b) pure ZnO (i) 650 °C (ii) 450 °C under dark; (c) 7% Cu—ZnO
samples (i) 450 °C (ii) 650 °C under sunlight (intensity 45-75 Klux). (d) 7% Cu—-ZnO samples (i) 450 °C (ii) 650 °C under dark.
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Table 5 Photocatalytic degradation efficiency (%) of methylene blue over
time under sunlight

Time ZnO ZnO 7% Cu-ZnO 7% Cu-ZnO
(min) (650 °C) (%) (450 °C) (%) (650 °C) (%) (450 °C) (%)
10 5.14 1.70 17.91 11.07
20 6.47 7.36 17.33 11.38
30 7.06 14.67 17.99 12.59
40 7.91 16.48 19.11 26.74
50 9.67 20.51 21.78 31.68
60 9.74 20.02 25.03 34.77

20% and 10% for the 450 °C and 650 °C samples, respectively.
In contrast, the 7% Cu-doped ZnO sample calcined at 450 °C
demonstrated a significantly enhanced degradation efficiency
of 35% within the same time period. The 7% Cu-ZnO sample
prepared at 650 °C exhibited 25% degradation. The photocata-
lytic degradation efficiency (%) of methylene blue under sun-
light over time for these samples is summarized in Table 5.

Under dark conditions, minimal dye degradation was
observed in all samples, with values remaining below 5%,
indicating that light irradiation is essential for the activation
of photocatalytic processes of Cu-ZnO and ZnO semiconductor
materials. Among the Cu-doped ZnO nanoparticles synthesized
in this study, the 7% Cu-ZnO nanohybrids calcined at 450 °C
exhibited the smallest average crystallite size, as confirmed by
XRD analysis. The reduction in crystallite size results in a
higher surface-to-volume ratio, which is a critical factor influ-
encing photocatalytic activity.”” An increased surface area
enhances the adsorption of methylene blue (MB) molecules
onto the photocatalyst surface, thereby facilitating improved
interaction between the active sites and the target pollutant and
ultimately boosting degradation efficiency.®®

The photocatalytic degradation efficiencies of pure ZnO and
Cu-doped ZnO nanoparticles synthesized in this study compare
favorably with reported values in the literature, demonstrating the
beneficial effect of Cu doping on photocatalytic performance. The
7% Cu-ZnO sample calcined at 450 °C exhibited a dye degrada-
tion efficiency of 35% under visible light within 60 minutes,
which is notably higher than the 20% achieved by pure ZnO
synthesized at the same temperature. This enhancement aligns
well with previous reports where Cu doping in ZnO introduces
intermediate energy levels and defect states that narrow the band
gap, enabling visible-light activation and improved charge carrier
separation. Differences in degradation efficiencies across studies
can often arise from variations in synthesis methods, dopant
concentrations, calcination temperatures, and particle morpholo-
gies; however, the positive trend in performance improvement
with moderate Cu doping is consistently observed, confirming the
effectiveness of the approach adopted in this work. The below
Table 6 compares some previous studies with this work to further
confirm the efficiency.®

3.3 Evaluation of ICs, value of the synthesized pure ZnO
(450 °C) and 7% Cu-ZnO (450 °C) by DPPH assay

To evaluate the antioxidant potential of the most active photo-
catalyst, the 7% Cu-ZnO nanohybrid synthesized at 450 °C was

8102 | Mater. Adv., 2025, 6, 8092-8113

View Article Online

Paper

subjected to the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical
scavenging assay. This sample was selected due to its superior
photocatalytic performance, lowest optical band gap energy
(3.03 eV), and smallest crystallite size, which collectively indi-
cate efficient charge transfer and enhanced surface reactivity.
Pure ZnO synthesized at 450 °C was used as a control for
comparative analysis. The DPPH assay is a widely accepted
method for evaluating antioxidant activity by measuring free
radical scavenging capacity.”*””

The ICs, value represents the concentration at which 50% of
the DPPH free radicals are effectively scavenged or neutralized.
It is calculated using linear regression analysis by plotting the
percentage of radical inhibition against the corresponding
sample concentrations, as illustrated in Fig. 5. The ICs, value
of the control pure ZnO sample was found to be 441 ug mL ™,
whereas the 7% Cu-doped ZnO sample exhibited a significantly
lower ICs, value of 151 ug mL ™", indicating a markedly higher
radical scavenging activity.”®””

A closer examination of the DPPH assay data reveals a mecha-
nism consistent with the well-established semiconductor-based
photocatalysis principle. The free radical scavenging ability of the
Cu-ZnO nanohybrids in methanolic DPPH solution can be attrib-
uted to the generation of reactive species upon bandgap excita-
tion. Specifically, photoexcitation produces valence band holes
(h") and conduction band electrons (e¢”). The terminal hydroxyl
(OH ") groups on the nanohybrid surface facilitate the oxidation of
water molecules to generate hydroxyl radicals (*OH), while the
conduction band electrons react with molecular oxygen to form
superoxide radicals (O, *), initiating a chain reaction that pro-
duces additional *OH radicals.®>*

These hydroxyl radicals, along with holes, interact with the
DPPH molecules, accelerating the degradation of the purple-
colored DPPH free radicals into a yellow, protonated, and stable
form. This transformation aligns with the mechanism
described by Kedare and Singh (2011), where the DPPH radical
accepts electrons, stabilizing via conversion of unpaired elec-
trons primarily located on nitrogen atoms, resulting in the
observed color change.”®

3.4 Evaluation of the antimicrobial activity of the
nanohybrids

The antimicrobial efficacy of the synthesized 7% Cu-doped ZnO
nanohybrid (450 °C) and pure ZnO (450 °C) was assessed using
the agar well diffusion method against a spectrum of microbial
strains, including both gram-positive (Staphylococcus aureus
and MRSA) and gram-negative bacteria (Escherichia coli, Salmo-
nella typhi, Shigella sonnei), as well as the fungus Candida
albicans. The results revealed a clear enhancement in antimi-
crobial activity upon copper doping when compared to
undoped ZnO nanoparticles. Notably, the 7% Cu-doped ZnO
NPs calcined at 450 °C exhibited the highest antimicrobial
efficacy across all tested strains, as shown in Fig. 6. The zone
of inhibition (ZOI) data show that Cu-ZnO NPs generated
significantly larger inhibition zones than pure ZnO NPs. For
instance, the Cu-ZnO NPs produced ZOIs of 18.5 £ 0.5 mm for
S. aureus, 15.83 £ 0.29 mm for MRSA, 25.5 + 0.5 mm for E. coli,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Comparison of photocatalytic degradation efficiencies (%) of pure ZnO and metal-doped ZnO samples for organic dye removal under different

light conditions and durations, with corresponding literature references

Source ZnO catalyst Target dye (conc.) Light source Catalyst dose ~ Time (min) Degradation
This study Pure ZnO (450 °C) MB Sunlight (45-75 klux) 20 mg 60 21%
7% Cu-ZnO (450 °C) MB ) Sunlight (45-75 klux) 20 mg 60 35%
Blazeka et al. 2022°°  Pure ZnO MB (2.7 x 107°M) UV ~80 mg L " 60 ~44% (=)
Ag (0.32%)-ZnO MB (2.7 x 10 °M) UV ~80 mg L ™" 60 73%
Lins et al. 20237° Ni (1%)-ZnO MB (1.0 x 107° M) UV (160 W) 500 mg L™* 120 98.4%
Imboon et al. 2025”"  Pure ZnO RhB (10 mg L™ uv — 1440 58%
Fe-ZnO/GO RhB (10 mg L™Y) uv — 1440 99.3%
Chen et al. 20247 Cu (0.5%)-ZnO RhB uv — 120 ~100%
Ranathunga et al.”? Pure ZnO MB (4 mg L) Sunlight (45-75 klux) 20 mg 60 27%
Fe 5%-ZnO MB (4 mg L) Sunlight (45-75 klux) 20 mg 60 87%

Notes: MB = methylene blue; RhB = rhodamine B. For entries marked “=,” values are approximate/derived from cited data. Catalyst doses not

explicitly reported in some studies; “—’’ indicates not specified.
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Fig. 5 DPPH free radical scavenging activity of (i) ZnO nanoparticles and
(i) 7% Cu—ZnO (450 °C).

27.33 + 0.58 mm for S. typhi, 30.33 + 0.58 mm for S. sonnei, and
31.67 + 0.29 mm for C. albicans. In contrast, pure ZnO NPs
under the same conditions only showed ZOIs of 13.33 +
0.76 mm, 13.83 + 0.29 mm, 17.66 + 0.76 mm, 15.17 +
0.76 mm, 15.83 &+ 0.29 mm, and 15.17 &+ 0.76 mm, respectively.

This enhanced antibacterial performance can be attributed
to the synergistic effects of Cu incorporation into the ZnO
lattice, which is known to increase the generation of reactive
oxygen species (ROS), including hydroxyl radicals and super-
oxide anions. Through lipid peroxidation and the oxidation of
organelles, such as proteins and DNA, reactive oxygen species
(ROS), which are produced by radical scavenging activity,
inhibit the antioxidant-dependent defense mechanism in
microbial cells. The majority of bacteria create an acidic
environment in their host cells, which causes catalysts to
dissolve in biological fluids.” In this instance, the increasing
acidity then promotes the production of hydroxyl groups.®’ As a

© 2025 The Author(s). Published by the Royal Society of Chemistry

result, the bacterial cells will run out of glutathione and
generate more ROS, which harm the microbial cells in a
number of ways.®! Collectively, these results validate the super-
ior antibacterial and antifungal performance of 7% Cu-ZnO
NPs and highlight the potential of Cu-Cu-ZnO-loaded nano-
fiber mats for biomedical and environmental antimicrobial
applications.

In addition to ROS-mediated toxicity, copper doping also
influences other physicochemical properties of ZnO nano-
particles that contribute to their enhanced antimicrobial effi-
cacy. One such factor is the reduction in particle size and
increase in surface area, which enhances nanoparticle-microbe
interaction and facilitates greater ion release. The doped Cu**
ions can also disrupt microbial cell membrane potential and
interfere with ATP synthesis, further weakening cellular integ-
rity. Moreover, Cu-ZnO nanoparticles have been reported to
induce protein leakage and DNA fragmentation, particularly
under oxidative stress conditions. The synergistic antibacterial
activity is not only due to the combined effects of Zn>" and Cu®*
ions but also their differential mechanisms of action, which help
in minimizing the likelihood of microbial resistance develop-
ment. Interestingly, the pronounced antifungal activity observed
against Candida albicans indicates that Cu doping may alter
surface charge distribution and hydrophobicity of the particles,
improving adhesion to fungal membranes and increasing the
internalization of particles into fungal cells.®**?

3.5 Characterization of the fabricated ZnO nanoparticles and
7% Cu-ZnO nanohybrid incorporated electrospun CA
membranes

Based on the observed superior antibacterial and photocatalytic
performance of 7% Cu-doped ZnO nanoparticles calcined at
450 °C, nanofiber membranes were fabricated by incorporating
7% Cu-ZnO nanohybrids (450 °C) and, as a control, pure ZnO
(450 °C) into a cellulose acetate (CA) matrix via electrospinning.
XRD analysis was carried out to investigate the structural
characteristics of the resulting membranes. The XRD pattern
of the CA incorporated with ZnO nanofibers displayed a broad
diffraction peak, characteristic of the amorphous nature of
cellulose acetate. And also, for ZnO nanofiber membrane and
Cu-doped ZnO nanofiber membrane, additional sharp
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Fig. 6
ZnO and (2) ZnO (each well contains 50 pL of 100 mg L™ dispersion).

diffraction peaks appeared in the 20 range of 20°-80° of Fig. 7(a),
corresponding to the hexagonal wurtzite structure of ZnO. For
the Cu 7%-ZnO nanohybrid-loaded CA mats, prominent diffrac-
tion peaks were indexed to the (100), (002), (101), (102), (110),
(103), (112), and (201) planes, confirming the presence of crystal-
line ZnO. The absence of secondary or impurity phases in all
samples suggests high phase purity and successful incorporation
of the doped nanostructures within the polymer matrix.

Complementing the XRD findings, FTIR analysis further
confirmed the successful incorporation of nanohybrids within
the cellulose acetate (CA) matrix for both pure ZnO/CA and 7%
Cu-ZnO/CA electrospun mats. The FTIR spectra (Fig. 7(b)) of
both fiber mats exhibit characteristic absorption bands of CA
around 1730 ecm™" (C=O stretching of acetyl groups), around
1360 cm™ ' (C-H bending), around 1240 cm ™" (C-O stretching
in ester), and around 1024 cm ™' (C-O-C asymmetric stretch-
ing), which are consistent with previously reported CA
structure.?® These peaks confirm that the polymer backbone
remains intact during electrospinning and nanohybrid loading.
In addition to the polymer-specific peaks, distinctive metal-
oxygen vibrational bands were observed in the low wavenumber
region, indicating the successful incorporation of metal oxides.
Specifically, the ZnO/CA mat exhibits a characteristic Zn-O
stretching vibration around 647 cm™', whereas in the Cu-
doped ZnO/CA mat, a Cu-O stretching vibration appears near
529 cm ™. Additionally, both mats show bands in the region of
890-910 cm ™~ ', which can be attributed to peroxide (M-0-0-M)
formation, consistent with metal-oxygen-oxygen-metal bond-
ing vibrations observed in similar metal oxide systems.

To analyze the chemical composition of nanofiber membranes,
AAS was carried out for electrospun mats. About 1 cm x 1 cm

8104 | Mater. Adv, 2025, 6, 8092-8113

(i) S. aureus, (i) MRSA, (iii) E. coli, (iv) Salmonella typhi, (v) Shigella sonnei, (vi) C. albicans; (+) positive control, (—) negative control, (1) 7% Cu doped

(1 em®) of pieces were collected from the five different places on
the mats and analyzed the composition of Zn and Cu metals. As
illustrated on Fig. 7(e), the composition of Zn, throughout the ZnO
electrospun mat was homogeneous. This was confirmed statisti-
cally by the ANOVA test. And the results are included in Fig. S8 and
S9. When consider about the Cu-ZnO mat, it also confirmed the
homogeneous distribution of Zn throughout the mat. The amount
of Cu loaded to the nanoparticles was very small. And the amount
used to electrospun could be much smaller. But to check the
homogeneity statistically, the two sample ¢ test was conducted. The
results included in Fig. S10, and it also confirmed the homoge-
neous distribution of Cu metal. Homogeneous distribution is
important to increase the efficiency of photocatalytic degradation.
And also, it confirms the most suitable electrospinning parameters
were used to fabricate the mats using CA.

The morphology of electrospun cellulose acetate (CA) nano-
fibers incorporating ZnO and 7% Cu-ZnO NPs calcined at
450 °C was examined using scanning electron microscopy
(SEM), as shown in Fig. 7(c) and (d). In both ZnO-CA and Cu-
ZnO-CA nanofiber membranes, the presence of beads along the
fibers was observed, which is typically considered a defect in
electrospun materials. However, incorporation of nanoparticles
clearly influenced the fiber morphology. A notable reduction in
fiber diameter was observed upon doping ZnO with 7% Cu. This
reduction in diameter can be attributed to the increased charge
density on the electrospinning jet due to the presence of Cu-
doped ZnO nanoparticles. As the charge on the jet increases, the
electrostatic repulsion within the jet is more effectively counter-
acted by elongational forces under the electric field, leading to the
formation of finer fibers. SEM micrographs were analyzed using
Image] software to quantify fiber diameters and assess their

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) PXRD spectra of (i) CA mat (ii). Pure ZnO/CA (iii). 7% Cu—-ZnO/CA and (b) FTIR analysis of nanofiber membranes of (i). Pure ZnO/CA (ii). 7% Cu—

ZnO/CA, (c) SEM image of ZnO 450 °C CA nanofiber membrane (d) SEM image of 7% Cu—-ZnO 450 °C CA nanofiber membrane (e) Zn metal distribution

throughout the nanofiber membrane with 7% Cu-ZnO/CA.

distribution. The average fiber diameter for the pure ZnO nano-
fibers was 6.236 + 0.299 nm, while the 7% Cu-ZnO nanofibers
exhibited a slightly reduced mean diameter of 5.607 & 0.108 nm.
This observation supports the hypothesis that metal doping can
significantly influence jet dynamics during electrospinning,
resulting in finer and more uniformly distributed fibers.*® The
histogram distribution of size of the nanofibers shows in the
Fig. S11. Additionally EDX analysis was performed along with the
SEM, which are shown in Fig. S6 and S7.

3.6 Evaluation of the photocatalytic activity of pure ZnO and
7% Cu-ZnO nanohybrid incorporated CA electrospun
nanofiber membranes

The photocatalytic performance of the electrospun fiber mats
embedded with pure ZnO and 7% Cu-doped ZnO nanohybrids
synthesized at 450 °C was assessed by monitoring the degradation

© 2025 The Author(s). Published by the Royal Society of Chemistry

of methylene blue (MB) dye over a 60 minute period (Fig. S15). As
shown in the Fig. 8; the 7% Cu-ZnO incorporated fiber mat
achieved a degradation efficiency of 30%, while the pure ZnO
fiber mat displayed a comparatively lower degradation efficiency
of 18%. This enhancement in degradation capacity upon Cu
doping suggests improved photocatalytic activity due to the
presence of Cu ions, which can act as electron traps, reducing
the recombination rate of photogenerated electron-hole pairs.
When compared to the degradation performance of the corres-
ponding nanoparticles the 7% Cu-ZnO nanoparticles exhibited
35% MB degradation, whereas the pure ZnO nanoparticles
showed 20% degradation under the same conditions. Although
the nanoparticle forms demonstrated slightly higher activity than
their respective nanofiber composites, the performance gap was
not significant. In fact, the nanofiber membranes offer advan-
tages in terms of mobilization, material handling, recovery, and
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recyclability, making these mats promising candidates for real
world applications.®”

3.7 Evaluation of radical scavenging activity of ZnO
nanoparticles and 7% Cu-ZnO nanohybrid incorporated
electrospun CA membranes by DPPH assay

Rate based kinetic studies offer a dynamic understanding of
how quickly the radical scavenging reaction progresses over
time. By modeling the temporal evolution of DPPH decoloriza-
tion, rate calculations reveal not just the extent, but also the
speed and mechanism of radical neutralization. This becomes
particularly important when comparing materials with similar
IC5, values, as a faster reaction rate can indicate superior
kinetics and enhanced surface reactivity.3%%°

In our study, the DPPH radical scavenging activity of pure
ZnO and 7% Cu-doped ZnO nanofiber mats were evaluated over
time and fitted to three kinetic models: zeroth-order, pseudo-
first order, and pseudo-second order. From above Fig. 9(a)—(c),
the zeroth-order model yielded the highest correlation coeffi-
cients (R> = 0.9951 for 7% Cu-ZnO and 0.9515 for ZnO), which
indicated in the Table 7, that the reaction follows a concen-
tration independent rate where the radical scavenging is pri-
marily governed by the availability of active sites and reactive
surface electrons.

The poor linear regression coefficients (R* values) for the CA
mat in all kinetic models indicate that the cellulose acetate (CA)
mat itself exhibits very limited or negligible free radical scaven-
ging activity. This is expected because CA is an inert polymer
lacking active sites or functional groups capable of donating
electrons or hydrogen atoms that are necessary to neutralize
free radicals.”® Thus, the scavenging reaction in the CA mat
does not follow these kinetic models well, resulting in poor fits.
The zero-order model shows the best linear regression coeffi-
cient for the pure ZnO/CA mat and 7% Cu-ZnO/CA mat, which

8106 | Mater. Adv, 2025, 6, 8092-8113

suggests that the radical scavenging activity by these materials
proceeds at a relatively constant rate independent of the
concentration of free radicals. This behavior points to a reac-
tion limited mostly by the availability of active sites on the ZnO
or Cu-doped ZnO surfaces rather than by the concentration of
DPPH radicals in solution.?®

This enhancement can be attributed to the presence of Cu**
ions, which introduce defect states and increase the charge
carrier density, thereby facilitating more efficient electron
transfer to the DPPH radicals. Furthermore, the improved rate
is consistent with the higher photocatalytic activity observed in
methylene blue degradation experiments for the same nanofi-
ber composition. Both processes rely on redox activity, and the
faster radical scavenging rate confirms the increased surface
reactivity and electron availability of the Cu-doped ZnO
system.>® Therefore, kinetic rate analysis not only complements
ICs, data but also provides a more nuanced understanding of
the material’s reactivity, especially for applications involving
real-time antioxidant or photocatalytic functions. About
2 hours time period however, the scavenging activity reached
a plateau beyond approximately 80 minutes, with only negli-
gible changes observed thereafter. The 7% Cu-ZnO/CA mat had
the highest radical scavenging activity (around 80%) after
80 minutes as shown in Fig. 9(d).

3.8 Evaluation of antimicrobial activity of ZnO nanoparticles
and 7% Cu-ZnO nanohybrid incorporated electrospun CA
membranes by disc diffusion method

The antimicrobial efficacy of electrospun nanofiber mem-
branes embedded with 7% Cu-doped ZnO nanohybrids
(450 °C) and pure ZnO (450 °C) was systematically investigated
using the disc diffusion method against pathogenic micro-
organisms, which were also tested against 7% Cu-ZnO nano-
hybrids previously. Strains included gram-positive bacteria

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00890e

Open Access Article. Published on 09 October 2025. Downloaded on 12/4/2025 6:13:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
(a) Concentration vs Time
0074 =
R® = 0.4483
0.06 »
& 0.05
€
©
T 0.04
£
E
— 0.03
5
o
o
g, 0.02
R?=0.9951
m CAmat
0019 ¢ CAZnO mat
A 7% CA-ZnO mat
0.00 . T T
20 40 60 80
Time (minutes)
(c) 1/Concentration vs Time
60 - R
z 50 R2=08127
© m CAmat e
° ® CA-ZnO mat e
E 404 4 7% CA-ZnO mat
T 30
o
o
=)
20
10 T T T

20 40 60 80
Time (minutes)

View Article Online

Materials Advances

5% In Concentration vs Time

-2.8

3.04 R?=0.4473
-3.2
3.4 R?=0.9193

-3.6 4

In [DPPH]

-4.0
R*=0.9351 4
-4.2
m CAmat

44 o CA-ZnOmat

46 * 7% CA-ZnO mat

T T T

20 40 60 80
Time (minutes)

(d)

80

60

40

Time (Minutes)

Il 7% Cu-ZnO/CA mat

20 B ZnO/CA mat

10 20 30 40 50 60 70 80
Radical Scavenging Activity (%)

Fig. 9 The kinetic order plots (a) zeroth order (b) pseudo-first order (c) pseudo-second order, for CA mat, pure ZnO/CA and 7% Cu-ZnO/CA nanofiber
mats (d) % RSA of ZnO/CA and 7% Cu—-ZnO/CA nanofiber mats at different time intervals.

(Staphylococcus aureus and MRSA), gram-negative bacteria
(Escherichia coli, Salmonella typhi, Shigella sonnei), and the fun-
gus Candida albicans. Consistent with the nanoparticle results,
the incorporation of copper significantly enhanced the antimi-
crobial performance of the nanofiber mats. As shown in Fig. 10,
the 7% Cu-ZnO nanofiber mats exhibited markedly larger zones
of inhibition (ZOIs) across all tested strains compared to mats
containing pure ZnO nanoparticles. Specifically, the 7% Cu-ZnO
mats produced ZOIs of 17.66 + 0.76 mm for S. aureus, 16.33 +
0.29 mm for MRSA, 25.5 £+ 0.5 mm for E. coli, 29.17 + 0.29 mm
for S. typhi, 28.17 + 0.28 mm for S. sonnei, and 31.17 £ 0.29 mm
for C. albicans. In contrast, the pure ZnO nanofiber mats showed
significantly lower inhibition zones of 13.33 £ 0.58 mm, 14.33 +
0.28 mm, 17.66 £ 0.76 mm, 18.16 £+ 0.29 mm, 16.33 £ 0.29 mm,
and 17.17 + 0.29 mm, respectively.”*

The enhanced antimicrobial efficacy observed with the 7%
Cu-ZnO nanofiber membranes can be scientifically attributed
to the multifaceted role of copper as a functional dopant within
the ZnO matrix. Copper doping introduces lattice distortions
and oxygen vacancies, which facilitate a higher generation of
reactive oxygen species (ROS); including hydroxyl radicals,
superoxide anions, and hydrogen peroxide. These ROS are
particularly effective at inducing oxidative stress in microbial
cells, damaging vital cellular components such as lipids, pro-
teins, and nucleic acids. The action mechanism varies slightly
depending on the type of microorganism. In gram-negative
bacteria like Escherichia coli, Salmonella typhi, and Shigella
sonnei, the outer membrane contains lipopolysaccharides that
are susceptible to ROS and metal ion-induced disruption,
allowing deeper penetration of toxic species into the

Table 7 The k (rate constant) values and R? values of zeroth order, pseudo-first order and pseudo-second-order kinetic graphs for CA mat, pure ZnO/

CA and 7% Cu—-ZnO/CA mats

Zeroth order

Pseudo-first order

Pseudo-second order

Sample R k value (mM min ") R k value (min™") R k value (mM " min™")
CA mat 0.4483 —1.77619 x 10™* 0.4473 —0.00278 0.4454 0.04378
Pure ZnO/CA mat 0.9515 —5.77989 x 10™* 0.9193 —0.01482 0.8384 0.40585
7% Cu-ZnO/CA mat 0.9951 —5.80947 x 104 0.9351 —0.01801 0.8127 0.61268

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10
doped ZnO, and (2) ZnO (loading = 40% w/w).

periplasmic space and cytoplasm. This likely contributes to the
more pronounced inhibition zones observed for these strains.
In contrast, gram-positive bacteria such as Staphylococcus aur-
eus and MRSA possess a thicker peptidoglycan layer, which can
partially shield internal components from oxidative damage;
however, Cu®>* ions can still penetrate and interfere with
intracellular enzyme systems and DNA replication processes.
The antifungal action against Candida albicans appears even
more pronounced, which may be due to the unique interaction
of Cu-ZnO with fungal cell walls composed of chitin and B-
glucans, as well as the induction of mitochondrial dysfunction
by ROS. Furthermore, the electrospun nanofiber architecture
enhances these effects by providing a high surface area for
microbial contact, promoting sustained ion release and close-
range ROS activity.”>*?

As a comparison, Table 8 presents the antimicrobial perfor-
mance of ZnO nanoparticles, 7% Cu-doped ZnO nanoparticles,
ZnO/CA nanofiber mats, and 7% Cu-ZnO/CA nanofiber mats.
The results clearly demonstrate that both the 7% Cu-doped
ZnO nanoparticles and their corresponding nanofiber mats

(i) S. aureus, (ii) MRSA, (iii) E. coli, (iv) Salmonella typhi, (v) Shigella sonnei, (vi) C. albicans; (+) positive control, (—) negative control, (1) 7% Cu

exhibit pronounced antimicrobial activity against all tested
pathogens. In most cases, the zones of inhibition (ZOI)
observed for the nanohybrids and the nanofiber mats are
highly comparable, with only minor variations. These findings
indicate that the incorporation of the nanohybrids into electro-
spun CA nanofiber mats does not significantly diminish their
antimicrobial efficacy, as the active agents remain effective
despite being immobilized within the mat. Moreover, the 7%
Cu-ZnO nanofiber mats retain the strong antimicrobial perfor-
mance of the free nanohybrids while providing additional
benefits such as improved stability, controlled release, and
enhanced potential for advanced antimicrobial applications.

4. Conclusion

In the present work, ZnO and Cu-doped ZnO nanohybrids were
successfully synthesized using the co-precipitation method,
followed by calcination at 450 °C and 650 °C. Various Cu doping
concentrations (3%, 5%, 7%, and 10%) were investigated

Table 8 Antimicrobial activity of ZnO and 7% Cu—ZnO nanohybrids and their nanofiber mats in mm

Pure ZnO 7% Cu-ZnO Pure ZnO nanofiber 7% Cu-ZnO nanofiber
Microorganism nanoparticles (450 °C) nanoparticles (450 °C) Mat (450 °C) Mat (450 °C)
Staphylococcus aureus 13.33 £ 0.76 18.5 £ 0.50 13.33 £+ 0.58 17.66 + 0.76
MRSA 13.83 £ 0.29 15.83 + 0.29 14.33 £+ 0.28 16.33 £+ 0.29
Escherichia coli 17.66 + 0.76 25.5 £ 0.50 17.66 + 0.76 25.5 + 0.50
Salmonella typhi 15.17 £ 0.76 27.33 £ 0.58 18.16 £+ 0.29 29.17 £ 0.29
Shigella sonnei 15.83 £ 0.29 30.33 + 0.58 16.33 £+ 0.29 28.17 + 0.28
Candida albicans 15.17 £ 0.76 31.67 £ 0.29 17.17 £ 0.29 31.17 £ 0.29

8108 | Mater. Adv, 2025, 6, 8092-8113
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to study their effects on structural, optical, antioxidant, and
antimicrobial properties of ZnO. PXRD analysis revealed that
all samples maintained the hexagonal wurtzite structure of ZnO
without detectable impurity phases, and the crystallite size was
influenced by both doping level and calcination temperature.
Among all synthesized samples, the 7% Cu-doped ZnO nano-
hybrid calcined at 450 °C demonstrated the most balanced and
superior performance. Optical measurements showed a red-
shift in band gap energy upon Cu doping, suggesting improved
visible light absorption. DPPH radical scavenging assay con-
firmed enhanced antioxidant activity for the 7% Cu-ZnO 450 °C
sample compared to pure ZnO. Photocatalytic degradation of
methylene blue under normal light demonstrated that 7% Cu-
ZnO nanoparticles achieved a degradation efficiency of 35%
within 60 minutes, significantly outperforming undoped ZnO
(20%). This enhanced activity was retained even after electro-
spinning into cellulose acetate nanofibers, with the 7%
Cu-ZnO mat achieving 30% degradation indicating excellent
compatibility and functional integration within the polymer
matrix. Antimicrobial studies using the agar well diffusion
method showed that the 7% Cu-ZnO nanohybrids had signifi-
cantly larger zones of inhibition (ZOIs) across all tested patho-
gens, including Staphylococcus aureus, MRSA, Escherichia coli,
Salmonella typhi, Shigella sonnei, and Candida albicans, when
compared to pure ZnO. The electrospun nanofiber mats also
exhibited strong antimicrobial efficacy, with ZOIs closely com-
parable to their nanoparticle counterparts, highlighting their
potential for practical applications in biomedical fields. Alto-
gether, the 7% Cu-ZnO nanohybrid synthesized at 450 °C
exhibited optimized structural and functional performance
and was chosen for nanofiber fabrication. The resulting
Cu-ZnO nanofiber mats offer a robust platform combining
photocatalytic, antioxidant, and antimicrobial functionalities,
suggesting their promising application as photocatalytic and
advanced antimicrobial technologies.
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