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Abstract

In this study, a novel Ag/Er,O;@CuO nanocomposite was synthesized by a simple hydrothermal method to evaluate both
its efficiency for visible light-driven degradation of Amaranth (AM) dye, as well as its biological performance against
various microorganisms such as Vibrio culture, Serratia marcescens, Hemophilus influenzae, and Aeromonas hydrophila.
The physicochemical properties of the Ag/Er,0,@CuO nanocomposite were determined by UV-Vis spectroscopy, X-ray
diffraction (XRD), Scanning electron microscopy (SEM), Energy-dispersive X-ray (EDX) spectroscopy, and X-ray pho-
toelectron spectroscopy. The XRD results indicated the peak intensities of the Ag/Er,O;@CuO nanocomposite. The SEM
images highlighted the morphology of the samples, revealing clearly structured spherically-shaped Ag elements that were
well dispersed in the Er,03/CuO composite matrix. XPS analysis revealed the elemental composition of the as-prepared
nanocomposites. The greater zones of inhibition between the activities of each nanocomposite were indicative of their
enhanced sensitivity for the abovementioned bacteria. Compared with the other regions, the Ag/Er,O;@CuO zones per-
formed exceptionally well. Within 30 min, the AM dye was completely mineralized via photocatalytic degradation. The
Ag/Er,0;@CuO nanocomposite’s antibacterial efficacy against Hemophilus influenzae and Aeromonas hydrophilia was
attributed to its wide surface area, increased reactivity due to its reduced size, and augmented formation of reactive oxygen
species (ROS). During the photocatalytic degradation process, the AM dye was completely mineralized within 30 min.
The optical parameters are also explained.
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1 Introduction

Owing to the complex hierarchical structure and suscepti-
bility of human tissue to damage from trauma, cancer, and
other degenerative disorders [1], developing new ways of
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regenerating and managing injured human tissue is crucial.
Refined biomaterials and tissue-engineered scaffolds are
two common types of materials used for this purpose; how-
ever, they pose a higher risk of bacterial infection, that is
associated with the insertion of foreign equipment or mate-
rials into the human body [2]. In sterile environments, such
as operating rooms, even a single bacterium can cause an
infection that can prove fatal. Implant failure and patient
suffering can result from bacterial infections that may occur
months to years after surgery [3]. In view of this, in this
study we focus primarily on the processes and antibacterial
capabilities of various metal ions and metal nanoparticles
utilized in the development of biomaterials and structures,
with the potential to reduce the severity of harmful bacte-
rial infections. Infectious diseases caused by bacteria pose
major health and financial concerns. For instance, the treat-
ment of implant-associated osteomyelitis was projected to
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have cost more than $1.62 billion in the United States by
2020 [4]. A growing body of research aims to combat the
steady spread of bacterial resistance by creating new anti-
microbials. Bacterial cell-wall formation, DNA replication,
and the protein translation machinery are the primary tar-
gets of antibiotics. However, the versatile resistance mech-
anisms of bacteria to antibiotics remain a concern. Efflux
pumps, changes in cell morphology, amino acid substitu-
tions, and post-translational modifications are examples
of resistance mechanisms [5]. The production of enzymes
that degrade, modify, or inactivate corresponding antibiot-
ics (such as -lactamases) is another example. Antibacterial
materials that work effectively and last for a long time are
urgently required because of the growing threat posed by
bacteria that are resistant to antibiotics. Much research has
been conducted on the antibacterial qualities of metals that
have been in use for centuries. Several metals are required
for the biochemistry and metabolism of all living things, it
is crucial to note that several metals are required for cellular
activity [6, 7]. Copper, manganese, iron, and zinc are exam-
ples of essential metal ions (M™) that play crucial roles in
the formation of cell membranes and DNA, as well as in
fundamental cellular activities such as electron transfer and
catalysis [8, 9]. Extremely high concentrations of essential
metals such as iron and copper can be toxic to cells [10].

The non-essential metals silver (Ag) and mercury (Hg),
on the other hand, are toxic even in trace amounts. In the
same way that bacteria and mammals have different trans-
port systems and metalloproteinase, metals have different
effects on these two types of organisms [11]. This paves the
way for the use of metal-based nanoparticles in long-term
antibacterial therapy with minimal or no host side effects.
Extensive research has been conducted on metal ions and
the development of metal nanoparticles (M-NPs) with
potent antibacterial activities [12—15]. Potential exists for
M"* and M-NPs significantly reduced or eradicated anti-
biotic-resistant microorganisms. The breakdown of DNA
and proteins, two of the most crucial cellular components,
has been reported as a mechanism of action [16—19]. Silver
(Ag), Gold (Au), Copper (Cu), Zinc (Zn), and their oxides
are frequently utilized.

Because of their high price and complexity, many detec-
tion methods currently employed are ineffective. The need
for a cheap, dependable device that can accurately and
reliably detect organic pollutants without interference has
never increased. Scientists are inspired to create semi-
conductor nanostructure materials because of their supe-
rior mechanical strength, heat resistance, electro catalytic
qualities, electrical conductance/properties, electromagnetic
properties, and electro-catalytic and photo-catalytic capabil-
ities [20, 21]. Recent studies have shown that the improved
physicochemical properties of Nano-structured doped metal
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oxides are a major factor in their increasing popularity. The
physicochemical properties of the doped metal oxide were
improved by doping with semiconductor metal ions at vary-
ing concentrations, and these qualities were modified as
needed [22-28].

In this regard, metal oxides based on the lanthanide
sequence are considered an essential resource in the materi-
als research field and are increasingly used in catalytic activ-
ity, absorption, and battery storage applications, owing to
their unique semiconducting and paramagnetic properties,
high-temperature stability, and fluorescent properties [29—
31]. Erbium oxide (Er,0,) is a lanthanide that has greatly
attracted the interest of chemists and physicists owing to
its superior semiconductivity, specific heat capacity, and
reduced toxicity, that render it an ideal catalyst for a vari-
ety of applications, from batteries and sensors, to biosensors
and photocatalysis processes [32—34]. When introduced as
a dopant in semiconductor catalysts for photosynthesis, it
improves their light absorption performance and photogen-
erated electron production. In addition, it can boost the natu-
rally lower intensity of infrared photons. The up-conversion
mechanism described above can successfully improve the
overall photocatalytic efficacy of semiconductor catalysts
[35, 36]. Doping with semiconductor transition metals can
improve the electrical conductivity of rare earth elements
[37]. These doped nanomaterials have the added benefit of
acting as electron mediators in tailor-made electrodes for
the ultrasensitive detection of a wide variety of danger-
ous compounds using electrochemical and photocatalytic
techniques.

Erbium was combined with copper in this method to
develop altered semiconductor nanostructure components
with enhanced electrical and photocatalytic performances.
This is because CuO has the best electrical properties among
semiconductor transition metal oxide [38]. Due to their use-
ful physical and chemical properties [39], CuO NPs have
several potential applications. There are only a few exam-
ples of thermoelectric [40], antioxidant [41], antibacterial
[42], catalytic [43], solar cell [44], battery [45], Toxic Gas
Detection [46—48], and chemical and biomolecular Com-
pound Detection [49, 50] applications. It has been shown
that the physical and chemical properties of CuO nanopar-
ticles can be drastically changed by doping or mixing them
with other nanomaterials [21, 49-51]. Multiple methods
have been reported for producing copper (I1)oxide nanopar-
ticles (CuO-NPs) [52, 53], including sonochemical, wet
chemical, direct thermal decomposition, microwave, solu-
tion plasma, pulsed wire explosion, and sol-gel methods.
Researchers have also focused on photocatalytic degrada-
tion and other environmentally friendly cleaning practices
a lot of attention. As a thriving branch of complex oxida-
tion processes, photocatalysis has proven to be one of the
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most efficient methods for the complete mineralization of
toxic organic contaminants [54—56]. Further evidence of its
efficacy and economic viability [5S7-61] is that reactive oxy-
gen species (ROS) can be created with affordable resources,
such as semiconductor materials, water, and light photons.
However, agglomeration and recombination phenomena
can severely hinder the photocatalytic performance of the
host Er,O; material. In this regard, doping with CuO and
Ag elements to create heterojunctions, and employing metal
oxides to reduce aggregation, have been proven as viable
methods to solve this issue. In view of this, in this work,
we developed Ag-doped Er,05;/CuO nanomaterial compos-
ites that satisfy the criteria of low cost, high efficiency, light
weight, and eco-friendly performance, for antimicrobial
and environmental applications. The antibacterial action of
our developed nanomaterials against a variety of different
microorganisms, i.e., Vibrio culture, Serratia marcescens,
Hemophilus influenza, and Aeromonas, was evaluated using
a disc-and-well diffusion method. Further, their photocata-
lytic degradation efficacy against an AM dye effluent was
investigated, reaching an exceptional 98.3% degradation
rate within 30 min. This performance notably surpasses
those of Er,0O5 and CuO in previous reports. To the best of
our knowledge, this is the first publication regarding the
photocatalytic degradation efficiency and antimicrobial
activity of Ag/Er,O;@CuO nanomaterials, thus offering
valuable insights to fellow researchers in this field.

2 Experimental Section
2.1 Materials

The Ag/Er,0,/CuO nanocomposite was synthesized via
hydrothermal process using Copper chloride (>99.99%),
Erbium nitrate hexahydrate (>99.9%), Silver nitrate
(>99.0%), Urea (>99.0%), Sodium hydroxide (>98%),
Ethanol (>99.8%), and deionized water as reacting pre-
cursors (all obtained from Merck Chemicals, India and Sri
Ganapathy Scientific Chemicals, Srivilliputhur, Tamilnadu,
India).

2.2 Synthesis of CuO Nanoparticles

The CuO nanoparticles were generated using a hydrother-
mal method. The 20 mL of 0.1 M CuCl, were dissolved in
water (20 mL) using a magnetic stirrer. The solution was
magnetically stirrer for an hour as 10 mL of 1 M NaOH
was slowly added. The prepared samples were washed
extensively with distilled water before being placed in an
autoclave and heated to 150 °C for 6 h. For the purpose of

obtaining the CuO NPs, the material was first dried in an
oven at 70 °C for 4 h before being calcined at 500 °C.

2.3 Synthesis of Er,0; Particles

A reaction mixture containing 10 mL of 0.01 M Erbium (IIT)
nitrate solution, 100 mL of water, and 0.5 mL of ammonia
was transferred to an autoclave and subjected to hydrother-
mal treatment at 160 °C for 12 h. The precipitates formed
from the hydrothermal reaction were thoroughly washed
with deionized water and ethanol and then dried in an elec-
tric oven at 70 °C for 24 h. The Er,0; nanomaterial was
made by subjecting the as-synthesized samples to thermal
treatment at 550 °C for 4 h in an electrical furnace with air
circulation.

2.4 Synthesis of Ag/Er,0;@Cu0 Composites

The two suspensions were simultaneously mixed and stirred
for % hr. A silver nitrate solution was added dropwise to the
mixture. After the hydrothermal treatment, the as-prepared
materials Ag/Er,0;@CuO were washed with water and
dried in an oven at 70 °C for 5 h. In conclusion, the dried
sample of Ag/Er,0;@CuO was taken exactly as it had been
prepared and calcined at 550 °C. Figure 1 shows the synthe-
sis of the Ag/Er,0;@CuO nanocomposites.

2.5 Degradation Performance Analysis

When the polluted sample was subjected to the as-synthe-
sized Ag/Er,0;@CuO, it was destroyed by increased solar
radiation. Approximately 30 mg/L of the photocatalyst were
dispersed in 0.1 L (10 ppm) amaranth dye (AM) (10 mg/L)
solution under dark conditions for 30 min, until the adsorp-
tion-desorption equilibrium was reached. The degradation
process began after the dispersed mixture was added to the
reaction tank and the tungsten lamp source was turned on
(150 W). To measure the pollutant concentration, it was nec-
essary to take samples of the degradation process at regular
intervals and analyze them using a UV-Vis spectrophotom-
eter (UV-2600, SHIMADZU, Japan). After centrifuging the
suspension at 8500 rpm for 10 min to remove all nanopar-
ticles, the catalyst was subjected to a continuous recycling
radiation technique to assess the effectiveness of degrada-
tion and, by extension, the viability for future reuse.

Photodegradation efficiency = (1 — C) x100% (1)
Co

where the initial concentration is denoted by C, and the dye
concentration at that time is given by C.
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Fig. 1 Graphical representation of synthesize of Ag/Er,0;@CuO nanocomposite

2.6 Antibacterial Performance Tests

Microorganisms such as Vibrio culture, Serratia marc-
escens, Hemophilus influenza and Aeromonas were tested
using the Er,05, CuO, and Ag/Er,0;@CuO nanocompos-
ites. The antibacterial efficacy was evaluated using Kirby-
Bauer disc diffusion and microdilution with optical density
techniques. All testing materials for antibacterial treatments
were sterilized by heating to 120 °C for 15 min. A laminar
flow cabinet was used for all microbiological applications.

2.6.1 Disk Diffusion Method

Individual bacterial cells were cultured in Mueller-Hinton
broth for 24 h. A Mueller-Hinton agar plate was prepared
in a glass Petri dish, and 100 L of bacterial culture, totaling
approximately 6 X 107 CFU, was streaked evenly across the
surface. About 6-mm diameter paper discs were impregnated
with 25, 50, and 75% CuO, Er,0;, and Ag/Er,0;@CuO.
Separate discs of impregnated paper were carefully placed
on agar plates that had been streaked with different micro-
organisms. The agar plates were kept at 37 °C for 12 h. To
evaluate the antibacterial properties of the nanocomposites,
we observed and documented the size of any visible zones
of inhibition around the periphery of the paper discs after
they had been impregnated with the solution.

2.7 Characterization of Ag/Er,0;@Cu0 Composites

The phase purity of the as-prepared materials was examined
using a Philips X PERTPRO powder X-ray diffractometer
with a step size of 0.02°. The resulting sample micrographs
and elemental compositions were studied using a scanning
electron microscope calibrated using a model (SEM ZEISS
— Sigma 300 microscope). The particle size was calculated
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from various digitized SEM images using the ImageJ soft-
ware. The band energy of each synthesized sample was
determined using a UV-visible spectrometer (Shimadzu
UV-2600). Surface chemical analysis of the samples was
conducted via X-ray photoelectron spectroscopy (XPS)
using the ESCA-3 model. A Shimadzu UV-1800 UV-visible
spectrophotometer was used to study the absorption wave-
lengths of the degraded organic pollutant samples.

3 Results and Discussion
3.1 Structural Analysis

The Ag, Er,05, CuO, and Ag/Er,O0,@CuO nanocomposites
exhibit distinct P-XRD patterns, as shown in Fig. 2. Powder
diffraction analysis following Joint Committee standards
was used to determine the phase purity of the as-prepared
nanomaterials. The possible locations of 26 peak intensity
are (110), (111), (112), (020), (202), (-113), (-311), (220) and
(311), respectively. All observed peaks are in good agree-
ment with the JCPDS file (No. 45-0937) [62]. Diffraction
planes at (222), (400), (440), and (622) are also observed in
the spectra, indicating the presence of Er,0; in addition to
CuO in the produced nanomaterial (JCPDS-77-0459) [63].
The four peaks at 38.79°, 44.12°, 64.92°, and 78.09° corre-
sponded well with the (111), (200), (220), and (311) planes
of Ag [64]. Figure 2 shows the elongated diffraction peaks
in the (222) plane of the Er,0; and Ag/Er,O;@CuO nano-
composite materials. A comparison of the peak intensities
revealed that the Ag/Er,0;@CuO nanocomposite signifi-
cantly outperformed Er,0;.
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Fig.2 Observed P-XRD profile of Ag, Er,O5, CuO, and Ag/Er,O;@CuO nanocomposite

3.2 Morphology Analysis

The SEM-EDS and elemental color mapping images of the
Ag/Er,0;@CuO nanocomposites (Fig. 3) revealed the pres-
ence of Ag, Er, O, and Cu. The EDAX spectra (Fig. 31, j,
k) revealed the presence of Ag, Er, O, and Cu in the host
and coupled nanocomposites. Also, as depicted in Fig. 3g,
h, spherical Ag species were well deposited on the surface
of the Er,0;@CuO hybrids. The surfaces of the nanorods
were mostly covered with Ag spheres, and it was difficult to
detect isolated Ag nanoparticles. The Er,O;@CuO compos-
ites were almost completely encased in Ag nanoparticles,
while the host Er,0; materials were well dispersed with
CuO. The total weight percentages of each component of
the as-prepared nanocomposite are illustrated in Table S1.

3.3 XPS Analysis

The elemental makeup, host state, and dopant components
of the nanocomposites were investigated using X-ray pho-
toelectron spectroscopy. The presence of Ag, Er, Cu, and
O in Fig. 4 (b)—(f) proves that the Ag/Er,0;@CuO nano-
composites were indeed synthesized. The XPS spectra of
Er 4d, Ag 3d, Cu 2p, and O 1s are shown in Fig. 4 (c-f).
The binding energies of the electronic states of Cu 2p;),
(933.1 eV) and Cu2p,), (952.9 eV) [65] are shown in Fig. 4
(e). As a result of the erbium ions being in the +3-oxida-
tion state in the host lattice, the Er 4d spectrum displays a
peak with a center energy of 169.2 eV. The absorbed oxygen
species are located at the 530.8 eV peak in O 1s, while the
530.1 eV and 533.1 eV peaks, which are associated with
de-convolution, pertain to the lattice and chemical oxygen,
respectively [66]. The 3d;,, Ag(l) has a central feature peak
at 376.5 eV, and the 3ds,, Ag(l) provides strong evidence

for silver’s oxidation state with a peak at 370.6 eV [67, 68].
The synthesis of the nanomaterial confirmed the presence of
Ag/Er,0;@Cu0, as shown by the results.

3.4 Photoluminescence Analysis (PL)

PL analysis is an effective method for examining the quality,
purity, and optical properties of materials. The remarkable
light-absorbing properties of our developed nanocompos-
ites render them promising candidates for various applica-
tions. The three emission peaks at 396, 426, and 465 nm in
the PL visible emission spectra of the produced CuO and
Ag/Er,0;@CuO nanomaterials at an excitation wavelength
of 225 nm (Fig. S1) corresponded to violet, blue, and green
emissions, respectively. The transition vacancies of oxygen
and interstitial oxygen were responsible for the violet and
blue emission bands, respectively, while single-ionized oxy-
gen causes the emission band to be visible as green light.
Overall, our nanomaterial exhibited prominent visible-range
emission bands. According to these findings, the photocata-
lytic activity of the CuO nanoparticles was reduced owing
to the elevated recombination rate of photoinduced charge
carriers, as also indicated by the strong PL intensity. The
photocatalytic performance of the CuO nanomaterials was
improved by introducing Ag and Er,O; nanoparticles on
their surfaces, which significantly inhibited charge-carrier
recombination. The PL intensity and photocatalytic activity
in this study were strongly correlated.

3.5 BET Analysis
The surface area and pore volume of the Ag/Er,O;@CuO

nanocomposites were calculated using the Brunauer-Emmett-
Teller (BET) method as 142.49 m*/g and 0.089 cm’/g,
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Fig. 3 SEM micrographs of (a, b) Ag; (¢, d) CuO; (e, f) Er,0; (g, h) Ag/Er,0;@CuO nanomaterial and (i, j, k) represents the EDX spectrum of

CuO, Er,0; and Ag/Er,0;@CuO nanomaterials

respectively (Fig. S2). The mesoporous nature and nanoscale
size of the particles may have contributed to the large sur-
face areas and increased porosity of our fabricated compos-
ites. According to Barrett-Joyner-Halenda (BJH) analysis,
the Ag/Er,0;@CuO nanocomposites had an average pore
size of 2.52 nm. Further, their porosity and average particle
size significantly affected their antimicrobial capabilities,
as they directly determined the surface area and number of
available active sites for interactions with microorganisms.

3.6 Antibacterial Performance of Ag/Er,0;@Cu0
NPs

3.6.1 Disk Diffusion Study

Er,0;, CuO, and Ag/Er,O0;@CuO nanocomposites were
evaluated for their antibacterial properties against Vib-
rio culture, Serratia marcescens, Hemophilus influen-
zae, and Aeromonas. Efficacy against Gram-negative and
Gram-positive bacteria was shown for the Er,0;, CuO,
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and Ag/Er,0;@CuO nanocomposites. Ag was responsi-
ble for the improved antibacterial activity of the prepared
nanocomposites. Some studies have found that silver has
high antibacterial activity. Several studies have reported
the mechanisms by which silver exerts its potent anti-
bacterial effects. As shown in Fig. 5(a), Er,0;, CuO, and
Ag/Er,0;@CuO effectively killed the various bacteria.
Compared to Ag/Er,O;@CuO, the zones of inhibition were
larger against Hemophilus influenzae, and Aeromonas.
These bacteria were more sensitive due to the larger inhi-
bition zones between the activities of the nanocomposites.
The silver (Ag) in the nanocomposites is a major factor in
the superior performance of the Ag/Er,0;@CuO zones.
The MIC values for both species (Table 1) were the same
because of the contribution of Ag to the nanocomposites.
Ag/Er,0;@CuO showed greater activity than the other
catalysts because its zones were larger in most cases. Fig-
ure 5(b) shows how the Ag/Er,O;@CuO nanocomposite
exerts its antibacterial action against a wide range of bacte-
rial pathogens.
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3.7 Photocatalytic Performance of Pollutants
3.7.1 Prediction of Catalyst Usage Level

The degradation conditions for organic pollutants were
determined by determining the sweet spot for a number
of parameters such as nanomaterial dosage level, differ-
ent nanomaterial usages (host and doped), concentrations
of pollutants, scavengers, and the cycle of the degradation
test. Figure 6 (b) shows how multiple catalysts, includ-
ing the host Er,05 and CuO, and the combination material
Ag/Er,0;@Cu0O, were optimized for use with both AM dyes.

It was found that the photocatalyst with the highest degrada-
tion ability degraded the AM dye in less than an hour and that
the concentration of the pollutant dropped to nearly zero. In
addition, the degradation efficacy of the other host materials
was much lower than that of Ag/Er,0,@Cu0O, and complete
mineralization did not occur. Thus, Ag/Er,O;@CuO mate-
rials are significantly more effective as host catalysts than
competing materials.

In Fig. 6a, the visible-light absorption value of Ama-
ranth (AM) (1x107° M) dye is shown in the presence of
Ag/Er,0;@CuO nanomaterial [30 mg/L]. The rate con-
stants obtained from the kinetic parameters are depicted in
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Fig. 5 (a) Antibacterial activity of
Er,03, CuO and Ag/Er,O;@CuO
nanocomposite against vari-

ous bacterial pathogens and (b)
antibacterial activity mechanism
of Ag/Er,0;@CuO nanocom-
posite against various bacterial
pathogens

Cell membrane rupture

Release of Reactive oxygen OE tamage lacters

species and metal ions Mitochondria damage
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Fig. 6¢, and the results are reported in Table 2 for both the
host and the Ag/Er,O;@CuO nanocomposites. Overall, the
Ag/Er,0;@CuO nanocomposites exhibited superior cata-
lytic efficiency compared to other host materials, such as
Er,0;, CuO, and Er,0;@CuO (Fig. S3).
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3.7.2 Optimization of CIP and MO Concentration

An essential part of the degradation process is the optimi-
zation of the pollutant concentration. The efficiency of the
photocatalyst can be enhanced by considering the starting
concentration of the AM. The AM dye concentrations varied
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Table 1 In-vitro Antibacterial activity of Ag/Er,0,@CuO nanomaterials
Samples Total Zone of Inhibition (cm)
Er,05(C) CuO (B) Ag/Er,O;@CuO (D)
Bacteria 25%  S0%  75%  25%  S50%  75% 25% 50% 5%
Clear Zone diameter (cm)  Vibrio culture (GN) 1.3 1.4 1.6 1.4 1.5 1.8 1.3 1.9 2
Serratia marcescens (GN) - - - 1.1 1.5 2 1.7 2 2.4
Haemophilus influenza (GN) 1.3 1.6 1.8 1.8 2 2.5 24 2.5 2.6
Aeromonas (GN) 0.3 0.4 0.6 1.0 1.2 1.5 2.3 2 2.6
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Fig. 6 Photodegradation of AM dye (a) Absorption spectrum of AM
dye, (b) Photodegradation of AM dye using various catalysts and (c)
The kinetics plot for various catalysts, (d, e) photodegradation of AM

Table 2 The Kinetics parameters for the photocatalytic degradation of
amaranth (AM) Organic pollutant under visible light irradiation with
various catalysts

S. No Catalysts Degradation ~ Apparent rate
efficiency (%) constants
k (min™")
MO R’ Koo
1. Blank 1.61 0.9934 5.332
B4
2. Er,0, 74.07 0.9467 0.0437
3. Ag 78.53 0.9649 0.0573
4. CuO 87.43 0.9326 0.0739
5. Ag/Er,0;@CuO 98.3 0.6737 0.1701

Irradiation time (min)

dye solution under different conditions: (d) Optimization concentra-
tion of AM dye, (e) Optimized catalyst dosage by AM degradation

between 10 and 30 pM, while all other variables were held
constant. There may not be enough photons available for
the breakdown and surface of the light catalyst at high con-
centrations of pollutants, causing the photocatalytic reaction
rate to drop dramatically. As shown in Fig. 6d, the optimal
AM concentration was 10 uM.

3.7.3 Optimization of Catalyst Dosage

Catalyst dose optimization is an important process vari-
able for the deterioration of composite materials. The
catalyst dosages ranged from to 10-30 mg/L for AM, and
their effects on organic pollutant degradation were studied
(Fig. 6e). The decomposition of AM was rapid up to a dose
of 30 mg/L of Ag/Er,O;@CuO and then began to slow. The
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Fig. 7 (a) Reactive oxidative species study with different scavengers and (b) recycle ability test of Ag/Er,O3;@CuO nanocomposite for AM dye

degradation

number of reaction sites for photosynthesis can be increased
by increasing the photocatalyst concentration. However, the
breakdown efficiency decreases dramatically when the pho-
tosynthetic dosage is increased, as this increases the inte-
gration of nano-photocatalysts and decreases their active
surface areas. Additionally, an increase in the turbulence of
the solution can prevent more light from passing through.

3.7.4 Degradation Mechanism and ROS Studies

The scavengers used for benzoquinone (BQ), triethanol-
amine (TEOA), ethanol, and isopropanol (IPA) in this study
were superoxide (02*_), hole (h™), electron (¢), and hydroxyl
("OH) radicals [69-74]. From the reactive oxygen species
(ROS) study, superoxide radical (Oz*_) and hydroxyl group
("OH) scavengers were efficiently formed via this method by
interacting with O, groups and H,O molecules on the catalyst
surface. As shown in Fig. 7a, the primary species involved
in the inhibition of this degradation were hydroxyl group
("OH) scavengers. Charge transfer processes under visible-
light irradiation generate radical species that degrade con-
taminants. Because of the low bandgap of CuO, visible-light
photons excite electrons in the valence band (VB), moving
them into the conduction band (CB) and leaving holes in the
former. Er,0; is then used as a photoelectronic acceptor, and
the photogenerated electrons in CuO’s CB are swiftly trans-
ferred to Er,0;’s CB. Superoxide radical anions (O,+¢™ —
0,"7) are formed when oxygen accepts photo-induced elec-
trons. The result of this process is that harmful organic sub-
stances in the wastewater are eliminated, and more oxygen
species are produced through different interactions with h™.
Water can be oxidized into hydroxyl radicals (H,0+h* —
OH") during this process of concurrent hole transport in the
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opposite direction. The primary products of the chemical
interactions between the highly oxidizing hydroxyl radicals
and organic matter molecules are carbon dioxide (CO,) and
water (H,O) (Fig. 8). This phenomenon is represented by Eq.
S1-S7. The electron hole pairs in the photocatalyst’s CB and
VB are respectively denoted as e~ -5 and hyz*. According to
Eq. S1, the catalyst can create €~ - h* pairs under light irradi-
ation. The migrated electrons then react with O, to form O,
(Eq. S2), thus preventing electron-hole pairs created by light
from recombining. Next, the produced superoxide radicals
react with H to form .OH (Eq. S3), and the photogenerated
electrons react with oxygen to form hydroxide ions (Eq. S4).
According to Eq. S5-S7, the decomposition of the adsorbed
dye molecules on the photocatalyst surface could also have
been caused by photogenerated holes in the VB, which can
lead to radical cation formation. Parallelly, electron holes
can also react with hydroxide ions to produce HO', which
could further accelerate the breakdown of the dye. There-
fore, the efficient breakdown of dyes can be attributed to the
active radical species.

Ultraviolet photoelectron spectroscopy (UPS) was used
to determine the VB and CB of the photocatalytic materials.
As illustrated in Fig. S4, the secondary electron cut-off can
be used to obtain the high-binding-energy cutoff (E_,q),
and the VB region can be used to obtain the onset energy
(Egpnser)- Both parameters were determined using a second-
ary electron cut-off value. For the testing apparatus, the inci-
dent photon energy, E; igent- Was determined to be 21.11 eV.
The following valence band maximum (VBM) equation
[75] explains this outcome:

VBM = Eincident - (Ecutoff - Eonset)
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Fig.8 Schematic representation
for photocatalytic mechanism of
Ag/Er,0;@CuO nanocomposite

\ Visible light

o

Our calculations indicated that the VBM of Er,O; was 8.26 eV
below the vacuum level. In conjunction with the bandgap
value of 5.3 eV, generated from the DRS-UV spectra [76], the
level of the conduction band maximum (CBM) was estimated
to reside 2.96 eV below the vacuum level for Er,O;. In addi-
tion, the CB and VB of Er,O; were determined (Supporting
Information). When Er,0; was coupled with CuO, the band
energy decreased, indicating that they can be excited via visible
light irradiation. The doped Er,0; causes electron separation
and inhibits recombination in CuO, allowing electrons to move
from the VB to the CB upon irradiation [77].

3.7.5 Photocatalyst Recyclability

These recycling tests revealed the stability and recyclability
of the as-obtained catalysts, which are critical for decom-
position. The used catalyst was recovered after the first
deterioration cycle and returned to the recycling test after
another six degradation cycles under the optimized condi-
tions. Figure 7b, indicates that a moderate decrease in pho-
tosynthetic efficiency occurred when the attenuation of the
AM dye was increased. Compared to other CuO and Er,0,
catalysts, Ag/Er,0,@CuO has a superior degradation effi-
ciency [78-87], the results demonstrated in Table 3. Fig. S5

Table 3 The comparison of Ag/Er,0;@CuO nanocomposite with some other previous reports of Er,0; and CuO based photocatalyst for degrada-

tion process

S. No Catalyst Weight of Organic Irradiation source % of degradation Degrada-  Refer-
catalyst pollutant tion time ence
(g/L) (min)

1 (Ery03),(Yb,05),(Bi,05), 4y 4 Ccv UV light 50.1 180 [78]

2 ZnO/CuO 0.02 MB Visible light 76 150 [79]

3 CuO Coated ZnO 0.15 4-NP Sun light 93 180 [80]

4 Er,05/Zn0O@Mo 0.05 MB UV light 80 120 [81]

5 Er,0;-coated silicon nanowires - MB UV light 99 90 [82]

6 Z-scheme 0.03 MB Sun light 97 60 [83]

Zn0-Er,05;-Nd,0;@rGO

7 Cu0O-Ag-ZnO 0.02 MO Visible light 96.3 30 [84]

8 Ag—CuO-ZnO 0.03 MO Visible light 98 60 [85]

9 Ni-doped CuO/Fe,04 0.125 MB Visible light 94 120 [86]

10 Ag/CuO/WO, 0.05 AR 88 Visible light 90 180 [87]

11 Ag/Er,0;@CuO 0.03 AM Visible light 98.3 30 Present

work
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shows that after 30 min of irradiation, the Ag/Er,0;@CuO
photocatalytic system attained the 56.5% mineralization of
the AM dye (TOC removal).

4 Conclusion

In this study, a new Ag/Er,O,@CuO composite with antibacte-
rial properties was successfully synthesized via hydrothermal
synthesis, where spherical Ag particles were well-deposited on
the Er,0,@CuO composite. The composites with 25%, 50%,
and 75% CuO, Er,0;, and Ag/Er,0;@CuO exhibited notable
clear zones of antibacterial activity against Hemophilus influenza
and Aeromonas, with the Ag/Er,O;@CuO composite showcas-
ing the most favorable inhibition zone compared to those of the
other host materials. Furthermore, the enhanced photocatalytic
properties of the Ag/Er,0,@CuO nanocomposite led to an AM
dye degradation efficiency of over 98%. Furthermore, the optimal
parameters for the Ag/Er,0,@CuO nanoparticles were studied.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s10904-
023-02802-w.
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