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Abstract

Background: Copper oxide (CuO) nanoparticles exhibit high structural, optical, and antibacterial properties; co-doping with Zn and
Ag can further modify these properties but comparative studies of single and co-doped CuO synthesized by sol-gel are limited. This
study evaluates the effects of Zn (5 at %), Ag (5 at %), and Zn + Ag (5 at % each) doping on the structure, optical, morphology, and
antibacterial activity of CuO nanoparticles. Methods: Pure CuO nanoparticles (NPs) and those doped with Zn (5 at %), Ag (5 at %), and
Zn + Ag (5 at % each) were prepared using a sol-gel method and characterized in terms of structural, optical, and antibacterial properties.
Results: All samples exhibited the monoclinic tenorite structure. Doping reduced crystallite size and increased defect (e.g., dislocation)
density, microstrain, and unit cell volume. The NPs exhibited a homogeneous distribution and featured dopant-dependent morphologies
and aggregation extents. Doping increased the absorbance of CuO in the visible region, with the band gaps of pure and Zn/Ag-codoped
NPs determined as 1.77 and 1.71 eV, respectively. All NPs inhibited the proliferation of Escherichia coli and Staphylococcus aureus
(model Gram-negative and Gram-positive bacteria, respectively). The strongest effect was observed for codoped CuO, which inhibited
E. coli more than it did S. aureus. Conclusions: Thus, Zn/Ag-codoped CuO NPs hold promise for different applications, particularly
those requiring antibacterial properties.
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1. Introduction

The small size and large surface area of nanoparti-
cles (NPs) endow them with properties markedly different
from those of bulk materials, enabling diverse applications
such as the diagnosis and treatment of diseases previously
considered intractable [1,2,3]. Other advantages of NPs in-
clude high stability, simple synthesis, and precisely control-
lable properties such as size, shape, and porosity [4]. CuO
NPs find diverse applications, including gas sensing, so-
lar energy harvesting, photocatalysis, and microbe eradica-
tion [5,6,7,8], outperform their bulk counterparts in terms
of performance, stability, and sensitivity as antimicrobial
agents [9], and are available in diverse shapes, including
nanotubes, nanorods, nanowires, and nanospheres [10].

CuO NPs demonstrate high efficacy against resistant
strains of pathogenic bacteria and possess low cytotoxicity,
thus holding promise for critical applications such as health-
care and water treatment [ 11]. This remarkable antibacterial
activity depends on multiple factors and is attributed to the
strong interactions between bacterial cell membranes and
CuO NPs enabled by the large surface area and small size
of the latter [12]. CuO NPs are typically prepared by ball
milling and hydrothermal treatment [13,14]. The sol-gel

method offers the advantages of good homogeneity, easy
composition adjustment, low reaction temperature, and the
possibility of accessing different morphologies [15]. Cu
has three oxidation states (I-III) and is therefore suitable
for both electron and hole doping [16]. Moreover, CuO is
widely used in photocatalysis, electronics, and biomedicine
[17,18].

The simultaneous doping of semiconductor oxides
such as CuO by two transition elements can impart prop-
erties inaccessible via single-element doping [19]. The ele-
ments used to (co)dope CuO NPs include Ni [20], Mg [21],
Co [22], Ag [23], Fe/Co [24], Ag/Ni [25], and Ag/Zn [26].
CuO NPs exert antimicrobial effects through the release of
Cu?" [27], while ZnO exerts such effects by promoting the
generation of reactive oxygen species (ROS) [28,29]. The
doping of CuO with Zn?" is feasible because the ionic ra-
dius of Cu?" (0.72 A) is similar to that of Zn** (0.74 A)
and creates defects that may result in enhanced antibacterial
activity [30]. Ag-doped CuO NPs hold particular promise
because of the nature of Ag"™ ions, and exhibit antibacte-
rial properties well suited for water treatment and cosmetic
applications [25,31]. Azam et al. [32] explored the activ-
ity of CuO NPs against Gram-positive and Gram-negative
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bacteria. Dadi et al. [33] reported that ZnO and CuO NPs
deposited by diffusion methods show high activity against
Gram-negative (e.g., Escherichia coli) and Gram-positive
(e.g., Staphylococcus aureus) bacteria. Several works ex-
amined transition metal (e.g., Zn, Ag, and Zn/Ag)-doped
CuO NPs [34,35,36].

Herein, we explore the structural, optical, morpholog-
ical, and antibacterial properties of pristine and Ag-doped,
Zn-doped, and Ag/Zn-codoped CuO NPs prepared using a
sol-gel method, revealing that Zn/Ag-codoped CuO NPs
exhibit remarkable activity against E. coli (ATCC-25922)
and S. aureus (ATCC-43300).

2. Materials and Methods
2.1 Materials

Cu(NO3)2-3H,0 (299.0%), citric acid (=99.0%),
Zn(CH3;CO0);,-2H,0 (=98-99%), AgNO; (=99.0%), and
absolute ethanol (=99.5%) were supplied by Sigma-
Aldrich. Distilled water was obtained from a standard lab-
oratory water purification system. All chemicals were used
as received without further purification.

2.2 Equipment

CuO NPs were characterized using X-ray diffrac-
tion (XRD, X’Pert MPD, Philips Analytical, Almelo,
The Netherlands), Fourier transform infrared (FTIR) spec-
troscopy (FTIR, FT/IR-4700, JASCO International Co.,
Ltd., Hachioji, Tokyo, Japan), ultraviolet—visible (UV—vis)
spectroscopy (UV—Vis, V-630, JASCO International Co.,
Ltd., Hachioji, Tokyo, Japan), and field-emission scanning
electron microscopy (FE-SEM, JSM-7600F, JEOL Ltd.,
Akishima, Tokyo, Japan).

2.3 Synthesis

Cu(NOs3),-3H,0 (5 g) was dispersed in ethanol-
distilled water (25 mL) upon magnetic stirring. The dis-
persion was heated at 80 °C for 2 h upon stirring until a
clear and homogeneous solution was obtained. Separately,
citric acid (0.4 g) was dissolved in ethanol (25 mL) upon
magnetic stirring, and the resulting solution was dropwise
added to the copper nitrate solution upon stirring. The pre-
cipitate was collected, dried at 80 °C for 24 h, and crushed to
auniform consistency using a mortar and pestle. The result-
ing powder was heated at 500 °C for 4 h to afford pure CuO
NPs. Doped CuO NPs were prepared using the same pro-
cedure but with the desired dopant (Zn(CH;COO),-2H,0,
AgNOs, or both) codissolved with copper nitrate in the first
step (Zn loading = Ag loading =5 at %).

2.4 Antibacterial Activity Evaluation

Antibacterial activity was assessed using a diffusion
assay [37]. Sterilized Mueller—Hinton agar was distributed
into Petri dishes (4 mL per dish) and allowed to congeal.
Sterile wells were created in the solidified agar using a ster-
ile cork borer. Sterile wells measuring 6 mm in diameter

and 4 mm in depth were used. The agar plates were allowed
to cool for 10—15 min at room temperature (approximately
25 °C) before inoculation to prevent damage to bacteria and
inoculated using two techniques. A diluted bacterial inocu-
lum [107 colony-forming unit (CFU)/mL] was prepared and
used to flood the entire agar surface, with excess liquid care-
fully removed. Alternatively, a sterilized cotton wipe was
dipped in the inoculum and used to make streaks across the
agar surface. After brief drying (4 min) to ensure bacterial
adherence, each well was supplemented with CuO NPs (1
mg). All inoculated plates, including negative controls (no
NPs) and positive controls (pristine and doped CuO NPs)
were incubated at 37 °C for 24 h (Fig. 1).

(A) (B)

Fig. 1. (A) Image illustrating the well diffusion assay used to
evaluate antibacterial activity. (B) Images of E. coli (E) andsS.
aureus (S) growth on Mueller—Hinton agar.

3. Results and Discussion
3.1 XRD Analysis

The XRD patterns of pure CuO NPs (Fig. 2A) fea-
tured peaks at 20 = 32.46°, 35.68°, 38.25°, 38.80°, 44.28°,
48.80°, 53.67°, 58.45°, 61.66°, 64.80°, 66.32°, 68.14°,
72.67°, 75.29°, and 77.89° corresponding to the (110),
(002), (111), (200), (112), (-202), (020), (202), (-113),
(022), (311), (220), (11-3), (22-2), and (004) planes, re-
spectively, and agreed with the standard pattern of tenorite
(ICSD No. 01-080-1268) [38]. No marked changes in the
positions of peaks at 26 = 35°-38° were observed upon Zn
(Fig. 2B) and Ag (Fig. 2C) doping. However, the increase
in peak intensity observed for these samples indicated their
increased crystallinity. The slight peak shift to lower an-
gles upon Zn and Ag incorporation was ascribed to the dif-
ference between the radii of dopant ions and Cu?*. The
pattern of Zn/Ag-codoped CuO NPs (Fig. 2D) exhibited
additional peaks at 26 = 27.77°, 34.31°, 46.44° and 54.68°
corresponding to the (110), (200), (440) and (311) planes
of the Ag—CuO phase, respectively, and matched those of
monoclinic CuO (JCPDS No. 96-500-0076) and silver(IIT)
oxide (JCPDS No. 00-040-0909). This pattern signified
the formation of a secondary Ag—CuO phase alongside the
dominant CuO phase [39]. The peaks at 26 = 35° and 38°

&% IMR Press


https://www.imrpress.com

» (110) Ag20

*(112)

(D)

Intensity (arb.unit)

(A)

*(-202)

- oo - —_
.—-—.argrc»—,—.ﬂ'
St e v 22y 2 & 8
o, g_-l’-‘-'_«“:m--
--—-’ **t, T

.

20 30 40

50 60 70 80

20 (00)

Fig. 2. XRD patterns of (A) pure, (B) Zn-doped, (C) Ag-doped, and (D) Zn/Ag-codoped CuO NPs. ¢: CuO NPs, *: Ag—CuO NPs.

Table 1. Selected structural parameters of pure and doped CuO NPs.

Average 6 x 107*

NPs Average D (nm) (o) dio (A) dooz (A) dago (A) a(A) b(A) c(A) Averagee x 104V (A3)
nm-

CuO 21.01 35.93 2.501 2.301 2.727 4.66 3.38 5.07 1.93 79.076

Zn-doped CuO 20.43 50.67 2.518 2.320 2751 470 341 5.10 2.15 80.960

Ag-doped CuO 18.50 59.33 2.522 2.323 2746 471 340 S5.11 2.38 80.905

Zn/Ag-codoped CuO 15.92 52.78 2.512 2.313 2.760 4.69 343 5.09 2.39 81.050

CuO, copper oxide; NPs, nanoparticles.

commonly assigned to CuO might indicate an intermediate
phase generated during Zn—CuO NP formation [40]. This
finding necessitates the further investigation of the possibil-
ity of a minor Zn—CuO phase coexisting with the dominant
CuO phase in the Zn-doped sample (Fig. 2B) even in the
absence of pronounced peak position shifts.

The formation of Ag—CuO NPs in the codoped sam-
ple due to the dominance of Ag aligns with previous re-
search [41,42] and suggests that Ag preferentially occupies
Cu sites in the CuO lattice. However, Ag doping was re-
ported to exert no notable influence on the crystal structure
of CuO [43]. This discrepancy might be explained by con-
sidering ionic radii. Compared with the radius of Ag™ (1.26
A), that of Zn** (0.74 A) is closer to that of Cu?* (0.72 A);
hence, Zn?" diffuses into the CuO lattice more efficiently
than Ag* without markedly disrupting the host structure
[44,45,46].

The average crystallite size (D) of NPs was calculated
using the most intense XRD peaks according to the Scherrer
equation [27]:

0.94)
_D =
[ cost

()
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where 1 = 1.546 A is the X-ray wavelength, £ (rad) is the
full width at half-maximum of the employed peak, and 8 is
the peak angle. D and other structural parameters of pure
and doped CuO NPs are listed in Table 1.

Average D followed the order of undoped CuO NPs
(21.01 nm) > Zn-doped CuO NPs (20.43 nm) > Ag-doped
CuO NPs (18.50 nm) > Zn/Ag-codoped CuO NPs (15.92
nm). This order reflects the effects of doping on crystal
growth kinetics and the slight deterioration of the crystalline
structure of CuO NPs [20]. Similar results have been de-
scribed for Ag/Co-codoped CuO [25].

Dislocation density (J), i.e., the number of disloca-
tions per unit area of the crystal, was estimated as Eqn. 2
[471.

0= 15 @)

The average microstrain (¢) experienced by the crystal
lattice was determined as Eqn. 3 [48].

cosf
E =
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Fig. 3. FTIR spectra of pure and doped CuO NPs. (A) pure, (B), Zn-doped, (C) Ag-doped, and (D) Zn/Ag-codoped CuO NPs.

Interplanar spacings (d;4) and the unit cell volume (V)
(Table 1) were determined as Eqns. 4,5 [27,46].

1 .12 hj+k2sin25+ 12 2hlcos(p) @
d?  sin®g \ a? b2 c? ac

V = abesin 8 Q)

where a, b, and ¢ are lattice parameters, 4, k, and / are Miller
indices, and [ is the angle between the a and ¢ axes.

Upon codoping, V' increased from 79.076 to 81.050
A3 because of the size mismatch between Cu?* and dopant
ions and in addition to the anisotropy in the CuO crystal.

The decrease in D upon codoping was mirrored by
an increase in ¢ and ¢, which suggests an evolution of lat-
tice imperfections, potentially due to alterations in NP mi-
crostructure and shape. The above findings align with pre-
vious observations [49,50].

3.2 FTIR Analysis

Fig. 3 presents the FTIR spectra of pure and doped
CuO NPs. The most intense peaks in the spectrum of pure
CuO NPs were observed between 220 and 770 cm™' and as-
cribed to the stretching vibrations of Cu—O bonds in mono-
clinic CuO [51,52]. The bending vibrations of Cu—O, Zn—
0, and Ag—O bonds were observed at around 460, 615 and

825 cm™, respectively [51,52]. The broad band at 1000
1500 cm™! was ascribed to residual water vapor and atmo-
spheric CO, [39].

The FTIR spectra of codoped CuO NPs featured ad-
ditional strong peaks attributed to a secondary phase. This
observation suggests that the substitution of Cu?* with Zn**
and Ag" affected bond strength. The minor shifts in band
arrangement upon codoping were attributed to the structural
changes in the CuO lattice, supporting successful dopant in-
corporation. Overall, the results of FTIR analysis well align
with those of XRD analysis.

3.3 Optical Properties

All samples exhibited absorbance in the visible and
near-infrared (NIR) zones (Fig. 4) [53]. Pure CuO NPs
showed the lowest overall absorbance, i.e., doping en-
hanced light-absorption ability. The absorption spectra dis-
played prominent peaks around 310 nm and an absorp-
tion border between 630-650 nm, which agrees with the
bandgap transformation within CuO and indicates its crys-
talline structure [54]. Bhuvaneshwari and Gopalakrishnan
[55] ascribed the peaks at 300-385 nm to exciton transitions
in CuO. Wang et al. [56] ascribed the UV emission peak
at 310 nm to the neighboring band-edge emission of CuO
nanostructures arising from the recombination of electron—
hole pairs in excitons. The red shift of absorption peaks
upon codoping correlates with concomitant bandgap nar-
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Fig. 4. UV-vis absorbance spectra of (A) pure, (B) Zn-doped, (C) Ag-doped, and (D) Zn/Ag-codoped CuO NPs. UV-vis,

ultraviolet—visible.

rowing [57]. Simply put, codoped CuO absorbs light across
a wider range (NIR to visible). Thus, both pure CuO and
the co-doped sample exhibit absorption at approximately
300 nm, which corresponds to the UV region. However,
the co-doped sample shows considerably higher absorption
at wavelengths above 700 nm, indicating enhanced absorp-
tion in the NIR region. The above results show that codop-
ing effectively extended the light absorption range of CuO
NPs from the NIR to the visible region.

The bandgap of CuO NPs was determined using the
Tauc equation [58]:

(ahv)" = B (hv-E,) 6)

where B is a material-specific constant, % is Planck’s con-
stant, v is the photon frequency, E, is the optical bandgap,
n is an exponent determined by the nature of the elec-
tronic transition, and « is an absorption coefficient related
to wavelength (1) and extinction coefficient (k) as

a=— (7

Fig. 5 displays plots of (a/4v)* vs. hv and the cor-
responding extrapolations used for bandgap determination.
Band gaps were calculated by extrapolating the linear por-
tion of the plots to the intercept with the Av axis and de-
creased in the order of undoped CuO NPs (1.77 eV) > Zn-
doped CuO NPs (1.75 eV) > Ag-doped CuO NPs (1.73 eV)

&% IMR Press

> Zn/Ag-codoped CuO NPs (1.71 eV). This result is con-
sistent with values of 1.5-2.1 eV reported elsewhere [56].
The bandgap decrease upon doping was due to the con-
comitant red shift of the absorption edge. Thus, codoped
CuO NPs could absorb light of lower energy (longer wave-
lengths) than pure CuO, which was ascribed to the creation
of additional energy states within the bandgap upon doping.

The incorporation of Zn and Ag can lead to lattice dis-
tortion and thus generate localized energy levels above the
valence band. The energy required to excite the valence
band to these newly formed levels is less than that required
for direct excitation to the conduction band. Furthermore,
the red shift can be attributed to the localization of charge
carriers within the material structure and electron-phonon
coupling arising from interactions at defect sites and inter-
faces. These combined effects facilitate the absorption of
smaller-energy photons, leading to a higher number of elec-
tronic transitions and bandgap narrowing [38,59].

3.4 SEM Analysis

Pure CuO NPs (Fig. 6A) featured a heterogeneous dis-
tribution of particles with various morphologies, including
uniform spherical NPs, flower-like structures, and hierar-
chical nanostructures. The high aggregation degree was
ascribed to densification caused by the limited space be-
tween the particles. Higher-magnification analysis revealed
a mixture of spherical and flower-like morphologies, with
most NPs existing in an aggregated state [60]. The aver-
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Fig. 5. Tauc plots used for bandgap determination. (A) pure CuO, (B) 5% Zn-doped CuO, (C) 5% Ag-doped CuO, (D) Zn-Ag codoped

CuO.

age particle size was estimated as ~62 nm. Zn doping en-
hanced agglomeration (Fig. 6B). The particle size of Zn-
doped NPs ranged from 216 to 331 nm, which aligns with
previous findings [42]. Ag-doped CuO NPs (Fig. 6C) fea-
tured mixed nanostructures, including spherical pellet-like
and disc-like ones [46]. The average size of the spheri-
cal NPs ranged from 192 to 228 nm. Ren et al. [61] re-
ported a markedly smaller size range (20—25 nm) for spher-
ical Ag-doped CuO NPs. Zn/Ag-codoped CuO NPs (Fig.
6D) featured a predominantly near-spherical morphology
and porous nature and were notably less aggregated than
pristine and single-metal-doped samples. The particle size
and agglomeration behavior depended on the dopant: Zn
doping increased particle size, while Ag doping had the op-
posite effect. This behavior was rationalized by considering
the radii of Zn?", Ag", and Cu®>* [39]. The average size of
the codoped sample ranged from 128 to 165 nm. A sim-
ilar trend in crystallite size variation was also observed in
the case of Zn/Ag-codoped CuO NPs [26]. However, the
D values determined from XRD data (Table 1) are smaller
than the sizes determined by SEM because the former re-

Table 2. ZOI diameters of pure and doped CuO NPs.
ZOI diameter (mm)  ZOI diameter (mm)

NPs

for E. coli for S. aureus
Pure CuO 17 4
Zn-doped CuO 18 20
Ag-doped CuO 19 17
Zn/Ag-codoped CuO 23 15

Z0I, zone-of-inhibition.

flect the sizes of single crystals, whereas the latter reflect
the sizes of crystal aggregates. Similar trends have been
widely reported for Ag/Co-codoped CuO [23].

3.5 Antibacterial Activity

The antibacterial activities of pure and doped CuO
NPs are illustrated in Fig. 7, with zone-of-inhibition (ZOI)
diameters listed in Table 2. The activity of Zn-doped CuO
NPs against S. aureus (ZOI diameter = 20 mm) exceeded
that against E. coli (18 mm), in line with previous studies
[62,63]. Conversely, the activity of Ag-doped CuO NPs
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Fig. 6. SEM micrographs of (A) pure, (B) Zn-doped, (C) Ag-doped, and (D) Zn/Ag-codoped CuO NPs. Scale bar: 1 um, 2 pm.
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Fig. 7. Images illustrating the antibacterial activities of (a) pure, (b) Zn-doped, (c) Ag-doped, and (d) Zn-Agcodoped CuO NPs.
Scale bar: 5 mm.
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against S. aureus (17 mm) was lower than that against E.
coli (19 mm), which contradicts the previously reported
higher susceptibility of Gram-positive bacteria to antibac-
terial agents [64]. This discrepancy highlights the depen-
dence of antibacterial properties on factors such as bacterial
strain and dopant. The maximum ZOI diameter (23 mm)
was observed for E. coli treated with Zn/Ag-codoped CuO
NPs, revealing the selectivity of this material for Gram-
negative bacteria.

The enhanced antibacterial activity of codoped CuO
NPs was attributed to the production of ROS such as hy-
droxyl radicals, oxide radicals, and oxygen anion radicals.
E. coli possesses a more negatively charged and rigid cell
membrane than S. aureus [65]. The positively charged Zn
and Ag centers in the codoped NPs might facilitate bind-
ing to the negatively charged bacterial cell walls and thus
enhance the antibacterial effect. Additionally, codoping
might promote the ability of CuO NPs to disrupt the bac-
terial cell membrane by creating pits and gaps [66,67].

This study demonstrates the potential for tailoring the
antibacterial activity of CuO NPs through codoping with Zn
and Ag. The observed selectivity for Gram-negative bacte-
ria highlights the need for elucidating the underlying mech-
anisms.

3.6 Limitations

Despite the promising structural, optical, and antibac-
terial properties of pure and Zn—Ag co-doped CuO, this
study has several limitations. The investigation was con-
ducted under laboratory conditions using a limited num-
ber of pathogenic bacterial strains; therefore, the results
may not fully represent the material’s performance against
a broader range of microorganisms or under real-world en-
vironmental conditions. In addition, the antibacterial mech-
anism was not investigated in detail, and further studies
are required to clarify the respective contributions of metal-
ion release, reactive oxygen species generation, and direct
interaction between the nanoparticles and bacterial cells.
The long-term stability, potential cytotoxicity, environmen-
tal impact, and biological safety of the prepared materials
were also not evaluated. Finally, optimization of the Zn and
Ag concentrations and assessment of the material’s perfor-
mance in practical applications are necessary before con-
sidering potential biomedical or environmental uses.

4. Conclusion

Pure and doped (Zn, Ag, or both) CuO NPs were
synthesized and characterized in terms of physicochemical
properties and activity against E. coli and S. aureus. All
NPs featured a monoclinic tenorite structure, and doping
enhanced crystallinity. Codoping with Zn and Ag led to
the formation of additional phases, namely Zn—CuO and
Ag—CuO. Crystallite size decreased upon doping, whereas
dislocation density, strain, and unit cell volume increased.
Sample morphology depended on dopant type, with struc-

tures ranging from spherical to flower-like and nanorod-like
forms. Zn-doping increased particle size. In contrast, Ag
doping produced the opposite effect, resulting in the forma-
tion of more uniformly distributed particles. The Zn/Ag-
codoped sample displayed a near-spherical particle mor-
phology. Codoping caused a red shift in the absorption edge
and thus reduced the bandgap from 1.77 to 1.71 eV. Over-
all, this study shows that Zn/Ag codoping can be used to tai-
lor the physicochemical and antibacterial properties of CuO
NPs and thus render them suitable for medical and environ-
mental applications requiring robust antibacterial activity.
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