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ARTICLE INFO ABSTRACT
Keywords: This study investigates the potential of utilizing Aloe vera-assisted green synthesis with transition
Green synthesis metal dopants of Ag and Cu for greater efficiency and sustainability in advanced scientific ap-
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plications utilizing ZnO nanoparticles. Samples were prepared using the co-precipitation method,
maintaining a basic pH media of 10. Aloe vera gel extract was chosen for its acclaimed role as a
stabilizing and reducing agent and its proven antioxidant, antibacterial, and anticancer proper-
ties. The XRD report revealed the hexagonal Wurtzite crystal structure of nanoparticles, exhib-
iting a crystallite size range of 17-23 nm with substantial alterations in lattice parameters,
dislocation density, and bond lengths when dopants were added. Additionally, EDX analysis
confirmed the perfect doping of Ag and Cu in ZnO without any impurities. SEM analysis indicated
areduction in agglomeration, accompanied by a transition in particle morphology from columnar
to globular. Additionally, the optical study showed a band gap range of 3.18-3.27 eV, confirming
it to be a wide band gap semiconductor. The effect of dopants resulted in an increase in trans-
parency and band gap, while a decrease in absorption coefficient in the visible wavelength region.
With increasing temperature, a decline in electrical resistivity was noted, with co-doped nano-
particles consistently exhibiting the lowest resistivity, affirming semiconductor characteristics.
Most importantly, A remarkable antibacterial efficacy was noticed at low concentrations against
gram-positive (Staphylococcus aureus) and gram-negative (Escherichia coli) bacteria. The zone of
inhibition produced by nanoparticles exhibited values akin to the antibiotic control, even at
substantially lower doses. This research offers a comprehensive analysis of the effects of Ag and
Cu in Aloe vera-assisted green-synthesized ZnO nanoparticles, concurrently addressing their
potential applications in biomedical, energy storage, and optoelectronic devices.

1. Introduction

Fabrication of metal oxide nanoparticles (NPs) has received much interest in recent years because of their unique physicochemical
features and high surface-to-volume ratios. Notably, NPs such as Titanium Oxide (TiO3) [1], Zinc Oxide (ZnO) [2], Silver Oxide (AgO)
[31, Gold (AuO) [4], Iron Oxide (Fe3O3 or FesO4) and Silica (SiO2) [5] etc. have emerged as focal points of research due to their tunable
properties and unique characteristics. Among these, ZnO NPs are notable for having a large exciton binding energy, a direct energy
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band gap between 3.1 and 3.3 eV, and wide band gap semiconductor characteristics [6]. Their diverse applications into span opto-
electronic devices [7,8], biosensors [9], disease diagnosis [10,11], antibacterial agents [12,13], solar cells [14], photocatalysis [15]
and energy storage devices [16] are significant in the current scientific world. Zinc oxide nanoparticles have become highly
sought-after in the fields of solar cell and energy storage technologies due to their distinctive properties, which include a wide
bandgap, excellent electrical conductivity, and a high surface area. They are commonly used in electron transport layers for Organic
Photovoltaics (OPVs) and Perovskite Solar Cells, as well as photoelectrodes in Dye-Sensitized Solar Cells (DSSCs) and the fabrication of
thin film solar cells [17-20]. These nanoparticles are also utilized as electrode materials in supercapacitors and as anode materials for
Lithium-Ion Batteries [21,22]. Additionally, their potential is currently being explored to increase efficiency and sustainability in
Zinc-Ion Batteries, Sodium-Ion batteries, and to develop lightweight and flexible energy storage solutions [23-25]. ZnO NPs are widely
applied in optoelectronic devices, including Photovoltaic devices, Light Emitting Diodes, Biomedical Imaging, Optical Waveguides,
and Laser devices [26-30]. They are also functionalized as DNA biosensors, protein detection, Immunoassays, Enzymatic Biosensors,
and are known to enable label-free biosensing [31-35]. These nanoparticles can also be utilized in cancer detection and imaging,
where functionalized ZnO NP can target specific cancer cells, making them useful in imaging techniques such as fluorescence imaging
or photoacoustic imaging [36-38]. By incorporating ZnO NPs into drug carriers, their optical or electrical properties can be utilized to
track the release of therapeutic agents in real-time [38-40]. ZnO NPs have been extensively studied and employed as antibacterial
agents due to their unique properties. They are commonly used as antibacterial coatings for various surfaces, including medical de-
vices, textiles, and packaging materials, where they inhibit the growth and spread of bacteria on surfaces, reducing the risk of in-
fections [41-44]. They are also utilized in wound healing, water purification, air filtration, and dentistry due to their proven
antimicrobial efficacy against different bacterial strains [45-48]. ZnO NPs possess several advantages over other NPs, including
low-cost fabrication, chemical stability, and abundant availability in nature. Comparatively, ZnO NPs exhibit superior optical, elec-
trical, and mechanical properties, as well as antibacterial efficacy, when compared to counterparts like TiO3 [49], Al,O3 [50], and SiO4
[51]. The economic aspect further favors ZnO, with manufacturing costs approximately 75 % lower than those of TiO3 and Aly03 [52].
Moreover, ZnO NPs demonstrate non-toxic effects on human cells, making them a promising candidate for various biological appli-
cations, including nano-dentistry and drug delivery [53].

Transition metal doping of ZnO has emerged as a potential way of altering its optical and electrical properties in recent years.
Transition metal ion doping into the ZnO lattice (under controlled conditions) has shown to be a flexible way to improve performance
for optoelectronics, biomedicine, and electronics applications. Doping with elements such as Ni [8,54], Co [9], Sn [55], Al [56], Ag
[57], Cu [7], Sr [58], Mg [59], Sn [60] and Mn [61] have demonstrated significant alterations in the properties of ZnO nanoparticles,
opening avenues for advanced applications. Co-doping ZnO NPs with various materials has garnered significant interest in enhancing
the efficiency and sustainability of ZnO NPs. Studies have shown that co-doping ZnO nanoparticles with Mn & Co [62], Fe & Co [63],
and Ni & Co [64] exhibit better antimicrobial, photocatalytic, and ferromagnetic properties compared to pure and mono-doped ZnO
NPs. Co-doping with Ni & Cu [65], Y & Cu [66], and Al & Cu [67] show higher dielectric constant, ferromagnetism, and better optical
properties suitable for optoelectronic device development. On the other hand, co-doping ZnO nanoparticles with Al & Ag [68], Ni & Ag
[69], and Y & Ag [69] have been observed to have better electrical, optical, and photocatalytic properties.

Various synthesis techniques have been employed to obtain nanostructured ZnO NPs, including electro-deposition [70], hydro-
thermal [71], spray pyrolysis [72], combustion [73], sol-gel [74], precipitation [75], and biosynthesis [76]. Green synthesis, utilizing
environmentally benign materials such as plant extracts or microorganisms, is superior due to its eco-friendly nature. This method
minimizes the use of hazardous chemicals, reduces energy consumption, produces non-toxic materials, and aligns with the principles
of green chemistry. Several types of plants, such as Azadirachta indica [77], Mimosa Pudica [78], Moringa oleifera [79], Calotropis
procera [80], Agathosma betulina [81], lemon juice [82], orange fruit peel [83], Calotropis procera [84], Hibiscus sabdariffa [85],
Syzygium Cumini [86], Carica papaya [87], Aloe barbadensis miller [88], and Solanum nigrum [89] have been studied extensively for their
potential as a green synthesis method to improve the efficiency and sustainability of optoelectronics, biomedical, energy storage, and
catalysis applications. Aloe vera, a well-known medicinal plant, has demonstrated remarkable green synthesis capabilities, utilizing its
leaf exudates and mucilaginous gel. The inherent antibacterial, antifungal, antioxidant, anti-inflammatory, and anticancer properties
of Aloe vera, attributed to its rich phytochemical composition, make it an ideal candidate for controlled nanoparticle synthesis [6,88,
90,911].

Previous research has explored the use of Aloe vera in synthesizing ZnO nanoparticles (NPs) with mono-doping of Ag and Cu.
However, our study goes beyond the existing literature by investigating silver (Ag) and copper (Cu) co-doping effects on ZnO NPs. Our
innovative approach, combined with our commitment to green synthesis methods, distinguishes our investigation. Specifically, we
utilize Aloe vera as a bio-reducing agent to facilitate the synthesis of Ag—Cu co-doped ZnO NPs, making a unique contribution to
sustainable technological applications. The limited scope of previous studies in this area has left a significant gap in the research, with a
lack of thorough examinations of dual-doping ZnO NPs through environmentally friendly methods. Our study aims to fill these gaps
and pioneer the use of Aloe vera for the eco-friendly synthesis of Ag—Cu co-doped ZnO NPs. Our investigation also seeks to unravel the
antibacterial effectiveness of these NPs against gram-positive and gram-negative bacterial strains. Additionally, we promise a
comprehensive analysis and comparative evaluation of the structural, morphological, optical, and electrical characteristics inherent in
the synthesized NPs. With a focus on co-doping effects, green synthesis, and using Aloe vera as a bio-reducing agent, our study
significantly contributes to advancing the understanding of sustainable nanotechnology with potential implications for diverse
applications.
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2. Methodology

The synthesis of AgyCuyZn(.x5»O (0 < x < 0.2 and 0 < y < 0.05) [ZnO (ZO), Ago.05Zn9.950 (AZO), Cug.2Zng.gO (CZO), and
Ago.05Cup 8Zng 750 (ACZO)] nanoparticles (NPs) was done mainly in two steps such as green extract preparation and then NPs
preparation by co-precipitation method (as shown in Fig. 1). For synthesizing high-purity analytical grade NPs, pure-graded precursor
salts were used. In the meantime, precise control was maintained throughout the procedure (as far as possible) to avoid contamination.

2.1. Materials

The raw materials included zinc nitrate hexahydrate [ZnNO3-6H20, >99 % pure, Merck Specialties Ltd. (India)] and sodium hy-
droxide [NaOH, >99 % pure, Merck Specialties Ltd. (India)] cupric nitrate tetrahydrate [(Cu(NOg3)2-3H20), >99 % pure, Merck
Specialties Ltd. (India)] and silver nitrate [AgNO3) [(Cu(NO3)2-3H20), >99 % pure, Merck Specialties Ltd. (India)]. Aloe barbadensis
miller was collected from Rajshahi, Bangladesh.

2.2. Green synthesis of Ag,Cu,Znj.x.,)O nanoparticles

2.2.1. Mechanism of NP preparation by aloe vera

Aloin, a natural phenolic compound, is a reducing and stabilizing agent found in the aloe vera gel. This also helps to keep the size of
NPs. Aloe vera gel provides polysaccharides like acemannan and glucomannans, which act as a capping agent. These polysaccharides
form a protective layer around NPs, preventing them from agglomerating or aggregating. Aloe vera also contains other phytochemicals
like anthraquinones, flavonoids, and saponins. These compounds adsorb onto the NP’s surface and contribute to their stabilization.

2.2.2. NPs preparation

Aloe barbadensis miller (available in Rajshahi University of Engineering & Technology, Rajshahi, Bangladesh) was collected and
washed thoroughly. The gel was removed carefully with a knife and spoon. Maintaining a 1:1 ratio, the extracted gel and distilled
water were weighed and blended, and a light green gel solution was formed. It was agitated in a magnetic stirrer at 1000 rpm, and the
temperature was held at 60 °C until the gel solution changed its color to pale yellow. When the solution was cooled to room tem-
perature, it was filtered by Whatman filter paper. The filtrate solution [(known as Aloe vera gel (AVE)] extract was stored in a bottle
and kept in a refrigerator at 10 °C for future usage.

The starting precursor salts, e.g., ZnNO3-6H20, AgNO3, Cu(NO3)2-3H20, and NaOH, were weighed and dissolved in distilled
water to make the solutions. A 1 M solution was prepared. At a 1:1 ratio, the volume of previously prepared AVE is added to the
precursor solution and stirred in a magnetic stirrer at 1500 rpm and 80 °C. The NaOH solution was added dropwise by pipette, and the
pH was constantly monitored by a pH meter. After the pH value of the solution reached 10, the magnetic stirrer was switched off, and
the remainder of the solution was removed. Then, the precipitate was centrifuged at 4500 rpm for 8 min. The precipitate was then
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Fig. 1. Graphical presentation of experimental Procedure.
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washed consecutively with distilled water and ethanol.
It was dried at 100 °C and ground for 30 min until a fine powder was formed. The powder was calcined at 250 °C for 4 h. The

reaction occurred in this process (as shown in Eq. (1) and Eq. (2)):
AVE + (1 — x — y)ZnNO;.6H,0 (aq) +xCuNO;.6H,0 + yAgNO; + 3NaOH (aq) — Ag,Cu,Zn(;_x_y) (OH),
| +3NaNO; (aq) + 7H,0 (1) eh)

Ag,CuZng ) (OH), — Ag,CuZn; xy)0 + H,O 2)

2.3. Pellet preparation

1 gm of each nanoparticle sample was weighed and mixed with a PVA binder. Then, it was pressed at 3-ton pressure. Finally, the
pellet was sintered at 450 °C.

2.4. Characterization

Structural characterization of synthesized NPs was done using X-ray diffraction (XRD), which was conducted by Bruker’s D8-
Advanced X-ray Diffractometer, Germany, equipped with Cu-ka radiation in the 26 range of 30° to 80°, operating at 40 kV and 30
mA. Morphological characterization was performed by scanning electron microscopy (SEM), and elemental characterization was
performed using the energy dispersive X-ray (EDX) spectroscopy technique. They were both conducted by ZEISS-EVO 18.

Optical properties were characterized by UV-visible spectroscopy. UV-visible absorption data was obtained by the SHIMADZU
UV/Vis-1650 PC spectrometer from Japan in the range of 350-700 nm.

The electrical resistivity of the prepared pellets was measured by the four-point probe technique. The pellet’s conductance was
measured with respect to 28-100 °C.

The antibacterial activity of AgyCuxZn(1.xy)O NPs was assessed against two types of bacteria using the disk diffusion method. In this
study, gram-positive bacteria were Staphylococcus aureus, and gram-negative bacteria were Escherichia coli. Fresh bacteria culture was
homogenously spread over the prepared medium on plates. For measuring the antibacterial test, the concentration range was 50, 100,
150, and 200 pgm/ml. The disks had been incubated for 24 h at 35 °C. The zone of inhibition was calculated in mm, which formed a
circular shape around the paper discs.

3. Result & discussions

3.1. XRD analysis

The structural characteristics of green synthesized AgyCuyZn;.y.;O NPs are investigated by analysing the XRD patterns of Fig. 2. In
conformity with the JCPDS card No. 36-1451, the most intense peaks of ZnO NPs are identified along (100), (002), (101), (102), (110),
(103), (200), (112), (201), (004) and (202) planes. These patterns confirm the wurtzite hexagonal crystal structure, having a space
group of P63mc. Some additional peaks are identified at angles of 38.12°, 44.30°, and 64.44° in AZO and ACZO NPs. These peaks are
indexed as (111), (020), and (022) planes and significantly confirm the presence of cubic structured Ag, having a space group of Fm-3m
(according to the JCPDS card No. 1-087-0597). The distinct Ag phase denotes the integration of Ag by both interstitial and substitution
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Fig. 2. XRD patterns of the Ag,CuyZn;_,.,O NPs.



Table 1

Structural parameters of AgyCuyZn;.x.yO NPs.

Sample Crystallinity, Xc Crystallite size, Crystallite volume, a= b c (A) c/a Bond 18] Cell Micro-strain, ¢ Dislocation density, Number of unit cells per
(%) D (nm) D? (nm®) A) length, L volume, v (x107% 8 (nm~?) crystallite (Nu)

yAe] 80.6 23 12.167 3.243 5.192 1.601 489.473 94.769 47.295 3.604 2.2 0.257

AZO 78 20 8 3.243 5256 1.621  507.579 97.081  47.87 13.18 103.503 0.167

CZO 74.6 17.36 5.232 3.249 5.204 1.602  494.599 95.541  47.574 12.373 58.643 0.11

ACZO 76.19 21.26 9.609 3.239 5.198 1.605 490.066 94.771 47.24 4.173 2.923 0.203
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procedures, as mentioned by others [92-94]. Two more peaks at 35.56° and 38.99° are found in CZO and ACZO NPs. These peaks are
indexed as (111) and (200) according to the data of JCPDS card No. 41-0254, giving conformity of a phase of CuO (having a
monoclinic crystal structure of space group of C12/c1). The appearance of additional and confirmed peaks and reduced intensity of the
aforementioned peaks provide evidence of the Ag and CuO phases, which is attributed to the incorporation of Cu?* and Ag™, sug-
gesting both mono and co-doping of themselves in exchange for Zn?". Besides, no intense peaks of any foreign element are found in
XRD. Secondary phases of Ag and CuO occur when concentrations are higher than the threshold limit to form a solid solution of ZnO, as
mentioned by others [55,92,93]. When a solubility limit is exceeded than a specific doping level, they diffuse, precipitate, and
aggregate, leading to the occurrence of additional phases [57]. In comparison to Zn, Ag and Cu possess different crystal structures and
ionic radii. The ZnO lattice expanded when Ag metal was introduced as the radius of Ag" (1.22 A)is larger than that of Zn%*t (0.72 A)
[95]. Since the ionic radius of cu®t (0.73 10\) and Zn%* (0.72 A) are so similar, Cu may easily pierce the crystal lattice of ZnO [96]. Cu,
however, may only be dissolved up to 10 %. Lower doping concentrations of Cu can effectively replace Zn ions. Still, when the
concentration of Cu rises beyond 10 %, CuO begins to form clusters, just as Ag" does when it precipitates and assembles as an Ag phase
on the grain surface [7,97]. Secondary phases may not have the same thermodynamic stability as pure ZnO. These secondary phases
may arise because of circumstances where their energy is lower and their energetic conditions are more favorable. The behavior may
indicate that the dopant occupies both the interstitial and lattice positions [98].
. The crystallinity, X, was determined by the following equation (Eq. 3) [99]:

A
€ % 100%

Xe=——"—
€T Act A,

(3)

Here, X¢ is the crystallinity, Ac is the area of the crystal phase, and A, is the area of the amorphous phase. Via Scherrer’s formula
(Eq. 4), the crystallite size (D) was determined [24].
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Fig. 3. Compositional dependent structural parameters of Ag,CuyZn(; x.,)O NPs.
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Here, A is the wavelength of the incident X-ray, f is the diffraction peak’s full-width half maximum (FWHM) in radians, and 26 is
Bragg’s angle in radians.
Crystallite volume, V was calculated by (Eq. (5)) [24].

V=D’ ®)
From the equation of the wurtzite hexagonal structure (Eq. (6)), the lattice parameters were calculated [24].

h? + hk + k* 2
Liwﬂ_ 6)

D* 3 a? c?

Miller indices of the corresponding plane are h, k, 1. Zn-O bond length, L was determined from Eq. (7) [24].

a? 1 2
L= ?+<§—U> x ¢? )
The parameter U in the equation was calculated from the Eq. (8) [24].
a2
U=—+40.25 8
SR (8)

Cell volume, v, was calculated by Eq. (9) [24].

v= \/3/2 ac 9
Micro-strain, ¢ was calculated by the Eq. (10) [24].
e=(Bcos0)/4 10)

Dislocation density, § was calculated by the Eq. (11) [24].
5=1/D* (1)
The number of unit cells per crystallite, Nu, was determined by Eq. (12) [24].

Ny = 12)

v

The calculated data is shown in Table 1. The actual size of crystallites cannot be measured correctly by SEM as nanoparticles are
often found in agglomeration. Fig. 3(a) illustrates the dependence of crystallinity and crystallite size on composition. The computed
average crystallite size of samples is between 17 and 23 nm, ensuring the formation of nanoparticles. In AZO and CZO, crystallite size
reduced up to 24.67 %, whereas it was 7.57 % in ACZO. The growth of the crystallite lattice size was evident in ACZO, while it
decreased in CZO. The doping elements were incorporated into both substitutional positions up to the limit of solid solution formation.
Beyond this limit, they were introduced into interstitial positions, creating new phases. In ACZO, the coexistence of two additional
phases resulted in a larger crystallite size of the nanoparticles compared to the other doping samples. The crystallinity, on the other
hand, reduced to 7.44 % in AZO and CZO and 4.96 % in ACZO. Though changes in lattice parameters are negligible, illustrated in Fig. 3
(b), distortion of structure due to mismatch in atomic radius is evident. The result of the introduction of a separate phase of dopants
causes a spike increment in micro-strain, ¢ and dislocation density, § in AZO CZO, but for ACZO, significant changes are not noticed,
which is illustrated in Fig. 3(c). It was highest for Ag doping as the atomic radius of Ag is greater than that of Zn, creating strain in the
crystal lattice due to interstitial doping along the lattice site, implying structure distortion. From Fig. 3(d), it is seen that the bond
length of AZO and CZO increases, indicating a stretched structure due to doping, but almost no stretch of the bond is seen in ZO and
ACZO. Most crystallite volume decreased for CZO. The cell volume of ACZO is only inferior to ZO. No sample has an inferior number of
unit cells per crystallite than ZO. The Ag and Cu co-doping induce inhibition of ZnO nucleation and growth, which results in a decrease
in average crystal size. In general, adding foreign impurities causes more defects like lattice interstices and vacancies. The defects on
the grain’s surface inhibit the nucleation, which also stops the grain growth. The crystallite size increases as the presence of interstitials
increases the volume of the lattice.

3.2. SEM analysis

Fig. 4(a—d) shows the surface morphology of the synthesized NPs. In Fig. 4(a), pure ZnO NPs exhibit a slightly spherical and
columnar shape with large pores and agglomeration. Doping with Ag (Fig. 4(b)) results in reduced agglomeration and porosity, with
particles taking on a more globular form. Similarly, Cu doping leads to a significant reduction in agglomeration and porosity, yielding
uniform and consistently spherical particles (Fig. 4(c)). Co-doped ZnO results in a combination of columnar, globular, and spherical
particles accompanied by small pores and agglomerations. The average grain sizes were determined as follows: 52.38 nm for Pure ZnO
NPs, 51.62 nm for Ag-doped ZnO NPs, 49.49 nm for Cu-doped ZnO NPs, and 45.64 nm for co-doped ZnO NPs. The noted reduction in
size is ascribed to the uniform diffusion of dopants, resulting in enhanced homogeneity and decreased porosity. It is noteworthy to
highlight that the nanoparticle sizes derived from SEM micrographs differ from those acquired through XRD analysis. SEM
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measurements consider the variations in distinct grain boundaries, focusing on a visible structure. In contrast, XRD measurements are
based on the crystalline surface’s ability to diffract X-ray waves, emphasizing the overall crystalline arrangement [101]. However, the
size distribution curves of the NPs are shown in Fig. 4(e-h).

3.3. EDX analysis

To identify the anticipated elemental presence of the Zn, O, Cu, and Ag, EDX analysis was performed. The topological features of
AgyCuxZn; x.yO NPs are also analyzed from the EDX spectrums. The EDX spectrums of ZO, AZO, CZO, and ACZO are illustrated in Fig. 5
(a—d) respectively. The EDX spectrums ensure the presence of Zn, O, Cu, and Ag. It also confirms that the sample is free of extraneous
components. Table 2 displays the quantitative weight, atomic percentage, and stoichiometric ratio of the elements found in the
AgyCuxZn xyO NPs, indicating that the green synthesis technique used by AVE favors the creation of ZO, AZO, CZO, and ACZO NPs.
The stoichiometric ratio of the Zn and O is 1:1.22, indicating the atomic percentage is close to 50, both in pure ZnO NPs. In AZO, the
atomic percentage of Ag is 1.89, resulting in a slight decrease of Zn and indicating Ag doping. The atomic percentage of Cu is found at
8.59 in CZO. From the ACZO, the atomic percentages of Ag, Cu, Zn and O are 1.29, 6.46, 28.56, and 63.69, respectively. The drastic
reduction of Zn and increase of O is due to the formation of the CuO phase in the sample. The amount of Zn decreased as the doping
amount increased, suggesting the replacement of Zn by doping with Ag and Cu.

3.4. UV-visible spectroscopy analysis

ZnO NPs are considered as a semiconductor material possessing a broad bandgap [92]. When these NPs are doped with other
elements like Ag and Cu, some of the Zn atoms in the ZnO crystal lattice are replaced by dopant atoms. This introduces impurities into
the crystal structure, leading to changes in the material’s electronic and optical properties. The dopants can have several effects on the
material’s behavior, including its absorption coefficient, band gap, extinction coefficient, and transparency.

3.4.1. Absorbance coefficient

Fig. 6 shows the room temperature absorbance coefficients of the specimens. Pure ZnO NPs show a peak at 372 nm, confirming
their purity. With Ag doping, a shift in the peak to 361.5 nm is observed, accompanied by a higher absorbance coefficient compared to
pure ZnO NPs. The introduction of Cu results in a maximum absorbance coefficient of 374.5 nm. Co-doping of Ag and Cu in ZnO leads

cps/eV cps/eV
18 ( a) 14 (b)
16 12
14 i

10
12

10 % "
0 o 6 oﬂ A

2
f
OM*L T 2 L T LA R Umhx"' L o —_——
2

4 6 8 10 12 14 2 4 6 8 10 12 14
Energy [keV] Energy [keV]

oo
&

~

cpsfeV cps/eV

(©)] n (d)

4 EJ
G

;]88 . G T B « @

2 4

1 2

0 === — — — — 0 ,,.,,.‘,‘,..L.,,.\.H,.
2 4 6 8 10 12 14 2 4 6 8 10 12 14

Energy [keV] Energy [keV]

Fig. 5. EDX spectrum of (a) ZO, (b) AZO, (c) CZO, and (d) ACZO NPs.



M.H. Rashid et al.

Table 2

Weight percentage, atomic percentage, and stoichiometric ratio of the synthesized NPs.

Heliyon 10 (2024) e25438

Sample Weight (%) Atomic (%) Stoichiometric ratio
Zn [0} Ag Cu Zn o Ag Cu Zn o Ag Cu
zo 77.01 22.99 - - 45.05 54.95 - - 1 1.22 - -
AZO 72.24 22.53 5.23 - 43.14 54.97 1.9 - 22.79 29.04 1 -
CZO 64.54 21.53 - 13.93 38.68 52.73 - 8.59 4.5 6.14 - 1
ACZO 54.34 29.66 4.04 11.95 28.56 63.69 1.29 6.46 22.19 49.49 1 5.02
=  0.08
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Fig. 6. Absorbance co-efficient curves of Ag,CuyZn(;.x.;)O NPs.

to a reduced absorbance coefficient, attributed to the decrease in particle size and the quantum confinement effect. The observed shift
in absorption edge (towards higher energy) aligns with the expected behavior for semiconducting NPs undergoing quantum
confinement effect [102]. Among the NPs, co-doped ZnO maintained the lowest absorbance coefficient value, whereas pure ZnO
demonstrated the highest. However, Ag and Cu mono-doped samples fell between these two extremes.

3.4.2. Optical bandgap

Bandgap refers to the difference between the energy of the conduction band and the valence band. Usually, ZO is a direct bandgap
material [103,104]. The direct band gap energy (Eg) for the ZO NPs is determined by fitting the absorbance data according to the
following equation (Eq. 13) [105].

ohv=C(hv — E,) "

(ahv)2 (a.u.)

13)

3.0

3.2

Energy, E (eV)

Fig. 7. (ahv)? vs. hv plot for determining the bandgap of doped-ZO NPs.
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Where a is the absorption coefficient, hv is the photon energy, C is a constant, and Eg is the band gap. Plotting (ahv)? as a function of
photon energy and extrapolating the liner portion of the curve to zero absorption gives the value of direct band gap, known as Tuac plot
[106]. Following this procedure, the direct bandgap values are obtained, such as 3.19 eV, 3.27 eV, 3.18 eV, and 3.23 eV for ZO, AZO,
CZO, and ACZO NPs, respectively (as shown in Fig. 7).

The observed variations in bandgap can be attributed to the crystalline size determined from XRD analysis. The reduced bandgap of
Cu mono-doped ZO NPs is due to the introduction of donor states within the crystal lattice. In contrast, Ag mono-doping results in
higher bandgap energy because of the dominant influence of the quantum confinement effect [100]. The co-doping of Ag and Cu into
Z0 NPs results in an increased bandgap compared to undoped ZO NPs, a phenomenon commonly observed with multiple dopants. The
increased bandgap in ACZO is attributed to intricate interactions between Ag and Cu dopants with the ZO lattice, leading to the
creation of new energy states within the band [107,108]. Pure ZO, characterized as a wide bandgap semiconductor, is employed in
various applications, including transparent conductive coatings, UV detectors, semiconductor devices, etc. AZO, possessing the highest
bandgap (3.29 eV), is well-suited for use in transparent conducting films for displays and solar cells [14,108]. CZO, distinguished by
enhanced electrical conductivity, finds application in gas sensors and photovoltaic devices. ACZO, amalgamating the properties of Ag
and Cu dopants, exhibits potential applications in antibacterial coatings, gas sensors, and photocatalysis [107,108].

3.4.3. Extinction coefficient

The extinction coefficient (k), also referred to as the absorption index, serves as a measure of a material’s capacity to scatter or
absorb light at a certain wavelength. The extinction coefficient also provides insight into the light interaction characteristics of the
materials [100]. Generally, k is calculated according to the following equation (Eq. 14):

kiﬂa

i a4

Fig. 8 shows the extinction coefficient spectrum of the synthesized NPs. Pure ZO NPs exhibit a peak at a wavelength of 373 nm,
having an extinction coefficient of 2.25 x 10-7, primarily determined by adopting an intrinsic band structure model. Introducing Ag in
ZO NPs significantly increases the extinction coefficient to 2.27 x 1077 at around 364 nm. In contrast, Cu doping in ZO NPs influences
absorption properties, raising the extinction coefficient to 2.45 x 10~7 at around 376 nm. An intriguing observation occurs in Ag, Cu
co-doped ZO NPs, where the extinction coefficient is lowest at 2.13 x 1077 at around 369 nm. This suggests that both Ag and Cu
dopants induce complex interactions, resulting in a lower extinction coefficient and distinctive optical properties. The introduction of
Ag and Cu as dopants influences the absorption properties of ZO NPs by modifying the electronic structure. These modified extinction
coefficient values exhibit significant effects on practical scientific applications of ZO-based NPs, such as photovoltaics, sensors, and
optoelectronic devices, where precise tuning of optical properties is essential [31,33].

3.4.4. Transparency

Transparency in NPs denotes their capacity to permit the passage of visible light or electromagnetic radiation without significant
absorption or scattering. Fig. 9 shows the transparency vs wavelength curves of the NPs. Pure ZnO NPs initiate transparency around
381 nm within the visible spectrum and achieve maximum transparency of 18 % at 408 nm. This implies that ZnO absorbs some visible
and UV light because of its bandgap, whereas a substantial portion of this light transmits without absorption. In contrast, Cu-doped
ZnO begins transparency at 384 nm, slightly beyond pure ZnO NPs, achieving maximum transparency of 21 % at 409 nm. This
suggests that doped Cu modifies the electronic structure and enables greater passage of visible and UV light. Similarly, Ag-doped ZnO
NPs exhibit transparency at 372 nm, and a maximum transparency of 31 % is observed at 404 nm. Doped-Ag enhances the efficiency of
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Fig. 8. Extinction coefficient vs. wavelength plot of synthesized NPs.
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Fig. 9. Transparency vs. wavelength plots for various doped-ZnO NPs.

ZnO NPs to absorb in shorter wavelengths. Also, the increased transparency indicates a reduced absorption in that region. Meanwhile,
transparency in Ag and Cu co-doped ZnO NPs emerges at a peak from 376 nm and exhibits a maximum transparency of 38 % at 417 nm.
It is believed that co-doping synergistically enhances optical properties, allowing effective absorption and transmission across a
broader wavelength range. The observed transparency behavior stems from unique bandgap structures and simultaneously the
introduction of energy levels through doping or co-doping [75]. Consequently, these NPs exhibit variations in their capacity to absorb
and transmit light at different wavelengths, making them promising candidates for applications that require tunable optical properties.

3.5. Electrical resistivity

Fig. 10 illustrates the resistivity profiles of NPs as a function of temperature, ranging from 28 °C to 100 °C. The observed decline in
resistivity with increasing temperature signifies the semiconductor nature of the NPs. Notably, at room temperature, undoped ZnO NPs
exhibit the highest resistivity, whereas co-doped NPs manifest the lowest resistivity. As the temperature increases, a significant
reduction in resistivity is observed, particularly in co-doped ZnO NPs, where the resistivity decreases from 1220.82 Qm at 28 °C to
320.26 Qm at 100 °C, approximately a quarter of the initial value. A noteworthy decline is also observed in Ag and Cu-doped NPs, with
their room temperature resistivities of approximately 1770 Qm reducing to 591.52 Qm and 1766.21 Qm to 706.63 Qm, respectively. In
contrast, pure ZnO NPs consistently maintain elevated resistivity in comparison to their doped counterparts. The behavior of ZnO NPs
(as p-type semiconductors) introduces a nuanced discussion regarding their response to an electric field. The interstitial spaces within
the zinc lattice or oxygen vacancies are believed to be the responsible factors behind this behavior [58,59]. Nevertheless, the intro-
duction of Ag and Cu into the ZnO lattices impart an additional layer of p-type dopants, resulting in increased conductivity. Given the
semiconductor nature of the material, conductivity exhibits an upward trend with increasing temperature.
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Fig. 10. Resistivity curves of Ag,Cu,Zn;.,.,O NPs as a function of temperature.
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3.6. Antibacterial analysis

3.6.1. Antibacterial mechanism of ZnO NPs
The antibacterial mechanism of ZnO NPs is multifaceted and involves several key processes, such as reactive oxygen species (ROS)
Generation, zinc ion release, and cell membrane damage (as shown in Fig. 11).

3.6.1.1. ROS generation. ZnO NPs produce reactive oxygen species (ROS), such as superoxide ions (Oz") and hydroxyl radicals (eOH),
when exposed to moisture or oxygen. ROS generated by ZnO NPs cause oxidative damage to bacterial DNA. This damage results in
mutations, DNA strand breaks, and interference with DNA replication and transcription, ultimately leading to cell death [2,43].

3.6.1.2. Zinc ion release. ZnO NPs release zinc ions (Zn2*) into their surrounding environment, which interact with bacterial cell
membranes and disrupt their structural integrity. Zn* can also enter bacterial cells and interfere with essential cellular processes, such
as enzyme activity and DNA replication. Zn?* ions released by ZnO NPs inhibit the activity of enzymes within bacterial cells. Enzymes
play crucial roles in various metabolic processes, and their inhibition disrupts bacterial growth and survival.

3.6.1.3. Cell membrane damage. ZnO NPs can directly interact with the cell membranes of bacteria. They cause physical damage to the
membranes, leading to increased permeability and leakage of intracellular contents. This disrupts the bacterial membrane’s function
and ultimately leads to cell death.

3.6.2. Overall analysis

The antibacterial efficacy of synthesized pure ZnO, Ag, and Cu mono-doped, and co-doped ZnO nano-powders was examined
utilizing the disc diffusion technique against both gram-positive (Staphylococcus aureus) and gram-negative (Escherichia coli) bacteria.
Cefixime and Doxycycline served as antibiotic controls in the experiment, facilitating the assessment and comparison of the anti-
bacterial effectiveness of the nanoparticle samples.

The observed Zone of Inhibition (ZOI) trends reveal a concentration-dependent increase in antibacterial effectiveness, as shown in
Fig. 12(a-h) and 13(a, b). Notably, Ag-doped ZnO NPs exhibited the maximum ZOI against E. coli, emphasizing their heightened
efficacy at higher concentrations (as shown in Table 3). Conversely, co-doped NPs demonstrate comparatively lower ZOI than their
mono-doped counterparts. Analyzing the Gram-positive strain (e.g., S. aureus), ACZO (at 75 pg/ml) exhibited the maximum ZOI,
closely resembling the antibiotic control (Doxycycline). Along with the existing mechanisms, the particle size of the NPs plays a vital
role in their antibacterial activity. This similarity ensures the antibacterial activity of the NPs and also positions them as promising
candidates for antibacterial treatments. These highly effective antibacterial agents show potential to be used in different biomedical
applications, such as advanced wound dressings, targeted drug delivery systems, and innovative antimicrobial coatings for medical
devices [109] (see Fig. 13).

Penetration via
cell membrane

Fig. 11. Antibacterial mechanism of ZnO NPs.
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Fig. 12. Antibacterial activity against Escherichia. Coli of (a) pure ZnO NPs, (b) Ag-doped ZnO NPs, (c) Cu-doped ZnO NPs, (d) Ag and Cu co-doped
ZnO NPs, and against Staphylococcus aureus of (e) pure ZnO NPs, (f) Ag doped ZnO NPs (g) Cu doped ZnO NPs (h) Ag and Cu co-doped ZnO NPs
under the concentration of 25 pg/ml, 50 pg/ml, 75 pg/ml and 100 pg/ml.

4. Conclusion

Using Aloe vera as a natural precursor, this study successfully analyzed the properties of Ag and Cu co-doped ZO NPs. It covered
structural, morphological, optical, electrical, and antibacterial characteristics, offering information on the possible uses and benefits of
these NPs. The structural investigation (using XRD) demonstrated that Ag and Cu ions were successfully incorporated into the ZnO
lattice, simultaneously interstitial and substitutional positions, resulting in alterations in the crystal structure. As ZnO NPs were doped,
the average crystallite size was reduced. The mono-doped ZnO NPs have lower crystallite size than that of co-doped. These structural
alterations can be attributed to the inclusion of reducing and capping agents in AVE, such as aloin, flavonoids, anthraquinones, and
others. Morphological studies showed changes in the size and shape of NPs because of doping. The smallest average particle size was
found in co-doped ZnO NPs. The EDX analysis confirmed the presence of all desired elements. The analysis of optical characteristics
revealed a modest rise in band gap as ZnO NPs were doped, which is attributable to the NP’s quantum confinement effect. The lowest
band gap was found in CZO NPs. The band gap also increased as the particle size decreased. The decrease in electrical resistivity with
increasing temperature confirmed the semiconductor characteristics of the material. Moreover, co-doped NPs consistently exhibited
lower resistivity values. Antibacterial analysis confirmed its effectiveness against both gram-positive and gram-negative bacteria. The
prepared NPs showed better antibacterial performances against Staphylococcus aureus compared to Escherichia coli. In addition, ACZO
NPs are less effective than other NPs against E. Coli, showing the lowest ZOI. However, AZO and CZO NPs showed tremendous
antibacterial activity against S. Aureus at a concentration of 75 pgm/ml, having a similar ZOI of the antibiotic (as used in the anti-
bacterial test). In conclusion, this study represented a sustainable approach for Ag and Cu co-doped NPs with superior physiochemical
properties, thereby paving the way for applications in diverse advanced fields, particularly in the realm of biomedical sciences.
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Fig. 13. Histogram of Zone of Inhibition of NPs against (a) Escherichia coli and (b) Staphylococcus aureus bacteria.

Table 3
Antibacterial performances of the NPs.
Bacterial strain NPs Zone of Inhibition (mm)
Cefixime Doxycycline 25 pg/ml 50 pg/ml 75 pg/ml 100 pg/ml
E. coli Z0 22 8 9.5 11.5 12
AZO 21.5 9 12 12 13
CzZO 21.5 8 9 11 12.5
ACZO 21 9 9.5 10 11
S. aureus Z0o 13 8 9 10 10.5
AZO 12 9 9 9.5 11
CZO 13 8 9 9.5 10
ACZO 13 8 9 11.5 10
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