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Abstract: Biomolecules from plant extracts have gained significant interest in the synthesis of
nanoparticles owing to their sustainable properties, cost efficiency, and environmental wellbeing.
An eco-friendly and facile method has been developed to prepare Cu-Co-Ni trimetallic nanoparticles
with simultaneous bio-reduction of Cu-Co-Ni metal precursors by aqueous extract of oregano
(Origanum vulgare) leaves. Dramatic changes in physicochemical properties of trimetallic nanoparticles
occur due to synergistic interactions between individual metal precursors, which in turn outclass the
properties of corresponding monometallic nanoparticles in various aspects. The as biosynthesized
Cu-Co-Ni trimetallic nanoparticles were initially analyzed using ultraviolet (UV)–visible spectroscopy.
The morphology, structure, shape, and size of biosynthesized trimetallic nanoparticles were confirmed
by transmission electron microscopy (TEM), scanning electron microscopy (SEM), and X-ray diffraction
(XRD) spectroscopy. The elemental analysis was carried out by energy-dispersive X-ray (EDX)
spectroscopy. Fourier transform infrared (FTIR) microscopy was carried out to explain the critical
role of the biomolecules in the Origanum vulgare leaf extract as capping and stabilizing agents in
the nanoparticle formation. Additionally, simultaneous thermogravimetric analysis (TGA) and
differential thermogravimetry (DTG) analysis was also performed to estimate the mass evaluation
and rate of the material weight changes. The photocatalytic activity of as biosynthesized trimetallic
nanoparticles was investigated towards methylene blue (MB) dye degradation and was found to be
an efficient photocatalyst for dye degradation. Kinetic experiments have shown that photocatalytic
degradation of MB dye followed pseudo-first-order kinetics. The mechanism of the photodegradation
process of biogenic Cu-Co-Ni trimetallic nanoparticles was also addressed.
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1. Introduction

The explanation for the changing catalytic properties of metals lies in their synergistic doping
combination of bimetallic and trimetallic nanoparticles [1]. The trimetallic nanoparticles had recently
gained appealing applications in the field of catalysis and are significantly manifested in various catalytic
processes [2,3]. Trimetallic nanoparticles have a greater catalytic activity [4,5], increased antimicrobial
action [6], diverse morphologies [7], highly selective detection and sensitivity [8–10], virtuous
stability [11], and chemical transformation [12], when compared with monometallic nanoparticles.
The biogenic or green synthetic approach of developing metal nanoparticles is a great challenge.
Polysaccharide hydrogels and sodium alginate hydrosol are used as the template in metal nanoparticle
synthesis [13–15]. The synthesis/preparation of these multimetallic or alloy catalysts are mostly
based on the traditional preparation methods viz. impregnation; mechanical alloying; melt spinning;
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hydrothermal preparation; microwave irradiation; co-reduction; and electro-deposition [16–18].
These synthesized multimetallic nanoparticles have proven excellent catalysts with more chemical
reactivity than their monometallic counterparts because of enhanced electronic charge transfer; lattice
strain; and geometric effects [19–21]. In particular trimetallic nanoparticles have better catalytic
properties than their counter mono and bimetallic nanoparticles [22]. Adding other metal to bimetallic
nanoparticles has improved the nature and selectivity of catalysis [23]. Thus, it has been observed
as a revolution in the enhanced catalytic process by adding other metals to bimetallic nanoparticles.
The catalytic nature is believed to be from the composition and nature of individual metal constituent of
the trimetallic nanoparticles [24]. The amalgamation process in bimetallic and trimetallic nanoparticles
through dissimilar metal additive has proven to have appreciable catalytic properties rather than the
individual metal constituents [25]. Moreover; various investigations have been carried out regarding
the synthesis and application of trimetallic nanoparticles. The trimetallic nanocatalysts of Pt@Fe@Ni
were applied in fuel cells to enhance oxygen reduction reaction activity compared to the Pt electrode
catalyst [26]. In the reduction of 4-nitrophenol, the trimetallic nanoparticles such as Al2O3@Ag/Au
core-shell; Pt@Pd@Bi nanowires; Cu@Ni@Pt dendrites; and Au@Pd@Ru core-shell played a vital
role [27–30]. Similarly, Zhang et al. reported trimetallic nanoparticles of Au-Pt-Pd with much
better catalytic activity for the glucose oxidation than monometallic and bimetallic nanoparticles [31].
Matin et al. synthesized core-shell trimetallic nanoparticles of Pd/Co@Pt with enhanced electrocatalytic
performance in oxygen reduction reaction compared to commercial Pt/C catalyst [32]. Yurderi et al.
and Wang et al. reported the higher catalytic activity of Ni@Ag@Pd and Ni@Au@Pd, respectively,
in the dehydrogenation of formic acid [29,33]. Moreover, Tayal et al. demonstrated that Ir/Pt/Sn
electrocatalyst showed higher activity towards ethanol oxidation as compared to the corresponding
bimetallic nanoparticles [34]. Very recently, the catalytic activity of the Pd synthesized trimetallic
nanoparticle was tested using the Suzuki C–C coupling reaction [35]. Similarly, Fe@Ag@Pd trimetallic
nanocatalyst retain its catalytic property after being used six times for formic acid degradation [36].

The photocatalytic process has gained tremendous attention for water-splitting reactions. It plays a
significant role in providing cost-efficient, environmentally friendly technology to eliminate the chemical
contaminants and plays a vital role in ethanol’s chemical transformation into CO2 and water [37–41].
Recently, photocatalysts with excellent photocatalytic performances after regeneration have been
developed for photocatalytic oxidation of ethanol under visible light irradiation [42]. Zhen et al.
have developed a highly stable and promising photocatalysts of Co-Cu-P/GP and Co-Ni-P/GP for H2

generation reactions under visible light irradiation [43]. Most of the organic dyes have many roles in
human life, as the use of dye is increasing rapidly in different dying industries, including printing, textile,
plastic, and leather industries, and most of these synthetic organic dyes are non-biodegradable and are
highly toxic [44,45]. They are resistant to direct degradation by sunlight and other light sources and,
therefore, they are considered unrelenting pollutants [46]. The release of contaminated water into the
atmosphere poses a severe threat to marine and human life. Dyes are the primary pollutants produced
from pharmaceutical, Kraft bleaching, plastic, textile, and other industries [47]. The photochemical
degradation of dyes is one of the significant aspects able to alleviate the hazardous effect of dyes.
The conventional treatment methods such as electrochemical, chemical, ultrafiltration, and adsorption
were not found to be suitable for removing such dyes from wastewater [48]. The wastewater beside
other pollutants as dyes included the methylene blue as a common azo dye [49]. The research focus is
on developing bio-synthesized trimetallic photocatalysts to assist dye degradation by the process of
photocatalysis. Consequently, we reported the seedless one-pot biosynthesis of Cu-Co-Ni trimetallic
nanoparticles using phytochemicals/biomolecules present in the aqueous extract of Origanum vulgare
leaves, which act as reducing as well as stabilizing/capping agents. A comprehensive photocatalytic
degradation of methylene blue (MB) dye using as-synthesized trimetallic nanoparticles has been
reported. Such trimetallic nanoparticles have advantages over mono and bimetallic nanoparticles for
catalytic properties.
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2. Results and Discussion

Several studies have shown that plant extracts aim to reduce metal ions to compact nanoparticles
and stabilize them to prevent agglomeration, through the chelate-effect binding to the metal atom [50,51].
Origanum vulgare L. being a rich source of several bioactive phytochemicals, can productively be proven
advantageously into the biosynthesis and fabrication of metallic nanoparticles [52]. The phytochemical
analysis of Origanum vulgare L. accentuates the presence of rosmarinic acid, caffeic acid, protocatechuic
acid, a glycoside of protocatechuic acid, and derivative of rosmarinic acid, 2-caffeoyloxy-3-[2-(4-hydroxy
benzyl)-4,5-dihydroxy]phenylpropionic acid in certain amounts (Figure 1). These specific kinds of
phytochemical, including polyphenols, flavonoids, and phenolic acids, function as a bio-reducing and
stabilizing agent without external agents or surfactants.
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Figure 1. Phytochemicals present in the Origanum vulgare L. Extract.

Among these phytochemicals, water-soluble glycosides, rosmarinic acid, and rosmarinic acid
congeners are the main compounds responsible for bio-reduction and stabilization of Cu, Ni, and
Co ions according to their corresponding reduction potential into Cu-Co-Ni trimetallic nanoparticles.
The hydroxyl groups of these water-soluble biomolecules tend to interact with metal ions in solution
to form chelates due to the loss of hydrogen from hydroxyl groups. The probable formation of H+

radical is attributed to the electron losing property of biomolecules and results in the reduction of Cu2+,
Co2+, and Ni2+ metal ions into Cu-Co-Ni hybrid trimetallic nanoparticles. The possible reduction
potential of the metals involved in the biosynthesis of trimetallic Cu-Co-Ni hybrid from Origanum
vulgare L. extract can be summarized by anticipating the mechanism as depicted in Figure 2. However,
the formation of Cu-Co-Ni trimetallic nanoparticles using Origanum vulgare L. extract was physically
observed from the color change of precursor solution from dark brown to the dark greenish-brown
solution, which indicated the formation of stable trimetallic nanoparticles.
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Figure 2. The systematic illustration for the synthesis of tri-metallic Co-Cu-Ni nanoparticle composite
reduces rosmarinic acid and water-soluble glycosides.

Under similar circumstances, no color change was observed on mixing three different metal
ions in the absence of the aqueous extract of Origanum vulgare leaves. Biosynthesized Cu-Co-Ni
trimetallic nanoparticles were observed at wavelengths of 200 to 800 nm in the ultraviolet (UV)–visible
absorption spectrum. The UV–visible spectrum of Origanum vulgar L. extract reveals absorption
bands at 326nm and 280nm distinguished by the absorbance of benzoyl-related phyto-biomolecules.
The UV–visible absorption spectrum of Origanum vulgare L. extract and biosynthesized Cu-Co-Ni
trimetallic nanoparticles are revealed in Figure 3 The UV–visible absorption spectrum of the
biosynthesized trimetallic nanoparticles displays two prominent small shoulder peaks at 270 nm,
and 320 nm attributed to the presence of phytochemicals and act as capping/stabilizing agents in the
biosynthesis of Cu-Co-Ni trimetallic nanoparticles. The presence of peaks in Origanum vulgare extract
and the steepness of peaks in the bio-synthesized Cu-Co-Ni trimetallic nanoparticles demonstrated
the presence of phytochemicals performing the role of bio-reducing and stabilization along with the
functionalization of the surface of the biosynthesized trimetallic nanoparticles. Using the Tauc plot
(αhv)2 versus (hv) and extrapolating the linear portions of curves into the energy axis in accordance
to αhv = B(hv-Eg)1/2, where α is the absorption coefficient, hv is the photon energy, Eg is the direct
bandgap energy, and B is a constant, the bandgap energy (Eg = 3.06 eV) of the biogenic Cu-Co-Ni
trimetallic nanoparticles was measured from the UV–visible spectrums [53].
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Figure 3. Ultraviolet (UV)–visible spectra of Origanum vulgare L. extract and biosynthesized Cu-Co-Ni
trimetallic nanoparticles.

Fourier transform infrared (FTIR) spectra have been scrutinized to interpret different functional
groups in reaction mixtures of metal particles and biomolecules. To determine the presence of bioactive
molecules involved in the bio-reduction and stabilization of Co2+, Ni2+, and Cu2+ metal ions in
trimetallic hybrid nanoparticles, FTIR spectroscopic analysis of plant extract and the synthesized
hybrid metallic nanoparticles was conducted in 4000-400 cm−1 range. The plant extract’s character as
reducing, stabilizing/capping agent was inferred by comparing the FTIR spectra of Origanum vulgare
L. extract and biosynthesized Cu-Co-Ni trimetallic nanoparticles, as shown in Figure 4. The FTIR
of Cu-Co-Ni trimetallic nanoparticles and the phyto-synthesized extract showed (Figure 4) typical
peaks at 3456 cm−1, 2945 cm−1, 1640 cm−1, 1573 cm−1, 1423 cm−1, 1360 cm−1, 1253 cm−1, 1175 cm−1,
1081 cm−1, 992 cm−1, 873 cm−1 and 622 cm−1, respectively. The obtained peaks at 3456 cm−1 of
trimetallic nanoparticles and extract were from –OH stretching vibration of phenolic compounds and
–OH stretching vibration due to the presence of water molecules, respectively. The observed peak
at the absorption bands 2945 cm−1 is from the –C-H symmetrical vibration because of the saturated
hydrocarbons, while the peak at 622 cm-1 was from the –C–H bending vibrations. The presence of
bands at 1573 cm−1 and 1423 cm−1 are expected from the symmetric stretching of –C–C=C– from
aromatic compounds onto the surface of nanoparticles, and an additional absorption band at 1640 cm−1

is due to the α,β-unsaturated carbonyl CH=CH–C=O functional group, which confirms the presence
of rosmarinic acid in the reaction mixture. The presence of peaks as analyzed from FTIR spectroscopy
confirms the occurrence of phenolic, aromatic, and alcoholic compounds in leaf extract predominantly
responsible for stabilizing and forming Cu-Co-Ni trimetallic nanoparticles.
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2.1. Surface Morphological Characterization of Cu-Co-Ni Trimetallic Nanoparticles

The surface morphology and the particle size of the biosynthesized Cu-Co-Ni trimetallic
nanoparticles were analyzed by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) (Figure 5). TEM observation clearly demonstrates the formation of nanoflakes
and confirms the 2-D flake-like morphology (Figure 5a,b). It is clear from the TEM images that the
random nanoflakes are lightly packed together without any apparent origin or center. SEM images of
as-synthesized trimetallic nanoparticles show they possess nanoflake-like morphology and exhibit
assemblage and agglomeration of the particles (Figure 5e). It is clear from the SEM micrographs of
biosynthesized Cu-Co-Ni trimetallic nanoparticles that the agglomeration of the nanoflakes results
in structural porosity (Figure 5e). The interpenetrated growth of nanoflakes on each other and the
structural porosity is clearly visible from the gaps between the nanoflakes. The agglomeration of
biosynthesized Cu-Co-Ni trimetallic nanoparticles increases the particle size. The observed results
suggested that the individual nanoflakes instantaneously formed were associated as the growth of the
flakes continued. The particle size distribution and average particle size (28.25 nm) were estimated by
using a particle size analyzer (ImageJ software) by plotting the diameter histogram, and the average
particle size was calculated by using Gaussian fit (Figure 5f).

The elemental composition analysis and targeted elemental mapping of the biosynthesized
Cu-Co-Ni trimetallic nanoparticles using Origanum vulgare L. extract as reducing and stabilizing
agent were elucidated by energy-dispersive X-ray (EDX) spectroscopy analysis shown in Figure 6a,b).
The individual elemental composition (in weight %) as determined by the EDX spectrum was 17.34,
10.37, and 34.01 for Co, Ni, and Cu, respectively, with an approximate weight ratio of 2:1:3 (Figure 6b).
Thus, Co, Ni, and Cu elemental peaks conform to the formation of Cu-Co-Ni trimetallic nanoalloy
structures. The presence of C and O weak signals may be due to the presence of surface-bound
biomolecules or phytochemicals, which act as capping agents on the surface of the Cu-Co-Ni trimetallic
nanoalloy particles. The selected area elemental mapping of Cu-Co-Ni trimetallic nanoparticles is
represented by red, green, and white for Cu, Co, and Ni, respectively (Figure 6a).
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Figure 6. Energy-dispersive X-ray (EDX) elemental mapping of Cu-Co-Ni trimetallic nanoparticles (a)
and EDX spectrum of biosynthesized Cu-Co-Ni trimetallic nanoparticles (b).

The phase structure and crystallinity of as-synthesized trimetallic nanoparticles were scrutinized
by means of X-ray powder diffraction (XRD) pattern analysis. It is well documented that biosynthesized
CuNPs’ diffraction peaks (2θ) correspond to Miller indices (111), (200), and (220) planes following the
standard Cu (JCPDS No. 04-014-0265) [54] and NiNPs exhibit XRD diffractions peaks (2θ) indexed as
(111), (200), (220), and (311) crystal planes of Ni (JCPDS No. 04-0850) [55]. Similarly, in the case of
CoNPs, the XRD pattern illustrates that diffraction peaks (2θ) are assigned to (111), (200), and (220)
planes that match with the Co (JCPDS No. 89-7093) [56]. Moreover, the XRD analysis of as-synthesized
biogenic Cu-Co-Ni trimetallic nanoparticles showed typical diffraction peaks located at 2θ value of
42.85◦, 49.85◦, 74.21◦, and 89.65◦ are assigned to (111), (200), (220), and (311) crystal planes, respectively
(Figure 7). The typical perusal of biosynthesized Cu-Co-Ni trimetallic nanoparticles’ diffractogram
describes numerous sharp, intense peaks that determine the crystallinity and formation of Cu-Cu-Ni
trimetallic nanoparticles. The slight shift in the 2θ peak values confirms the formation of trimetallic
nanoalloy particles and confirms the presence of all constituents in the synthesized material [57–59].
We did not observe any additional metal oxide peaks in the XRD spectra, an indication of the formation
of pure hybrid Cu-Co-Ni trimetallic nanoparticles. Scherrer’s equation has been used to estimate the
particle size of the biosynthesized trimetallic nanoparticle.

d =
Kλ

β cos θ
(1)

where β indicates maximum width at half-length maximum (FWHM) in radians, λ refers to the
X-ray wavelength (1.4506Å), θ refers to the Bragg diffraction angle, and k is a constant (0.9), and d
refers to the crystal-size of the biosynthesized Cu-Co-Ni nanoparticles. The average particle size of
the biosynthesized Cu-Co-Ni nanoparticles was estimated to be 15 nm using Scherrer’s equation
(Equation (1)).
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Figure 7. X-ray diffraction (XRD) patterns of biosynthesized Cu-Co-Ni trimetallic nanoparticles.

The presence of the phytochemicals as stabilizing/capping agents on the surface of the
biosynthesized Cu-Co-Ni trimetallic nanoparticles was further analyzed by thermogravimetric analysis
(TGA) and differential thermogravimetry (DTG) analysis [60]. Thermogravimetric experiments with a
heating rate of 10 ◦C per minute were conducted under a nitrogen atmosphere. The thermal stability
of Cu-Co-Ni trimetallic nanoparticles along the thermal degradation pattern was obtained are shown
in Figure 8. The thermal degradation pattern of the synthesized Cu-Co-Ni nanoparticles was stable
up to 800 ◦C with an approximate weight loss of 40%. The apparent weight losses as observed in
Figure 8 are from 60 ◦C to 260 ◦C, 260 ◦C to 470 ◦C, and 470 ◦C to 680 ◦C respective. The synthesized
trimetallic Cu-Co-Ni nanoparticles, as per the obtained DTG curve (black line), are thermally stable
below 200 ◦C. The appeared DTG peak at 169.99 ◦C in a region of TGA 60–260 ◦C (weight loss 7.35%)
was attributed to the evaporation of adsorbed moisture from surroundings by phytochemicals capped
onto the surface of Cu-Co-Ni trimetallic nanoparticles. The pragmatic intensity peak at 317.74 ◦C
by DTG analysis and the region of TGA between 260–470 ◦C (weight loss 18.58%) was behind the
thermal decomposition of biomolecules, including amino acids as reducing agents in stabilizing
Cu-Co-Ni trimetallic nanoparticles. However, the presence of phenolic acids and flavonoids of leaf
extract as stabilizing and capping agents in the biosynthesis of Cu-Co-Ni trimetallic nanoparticles was
determined by the thermal decomposition peak at 550.34 ◦C of DTG analysis further reinforced by
TGA region between 470–680 ◦C (weight loss 14.31%), respectively. The results obtained from the
DTG and TGA analysis showed the biosynthesized Cu-Co-Ni trimetallic nanoparticles from Origanum
vulgare leaves are thermally stable with a small size. The as-obtained results elicited these trimetallic
nanoparticles can be used as a photocatalyst upon their obtained biogenic surfaces, thermal stability,
and smaller size traits.
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2.2. Photochemical Activities Cu-Co-Ni Nanoparticles

The photocatalytic capability of biosynthesized Cu-Co-Ni trimetallic nanoparticles was explored
on target toxic dye methylene blue under dark and UV light conditions. Methylene blue is a stable
dye with a characteristic absorption band λmax at 663 nm. Under dark conditions, the decoloration
of MB by biosynthesized Cu-Co-Ni nanohybrid photocatalyst was negligible. The photocatalytic
efficiency of as-synthesized nanoparticles was monitored by recording the UV–visible spectra of the
experimental solution at a 10 min time interval. Before the irradiation of UV light, the experimental
solution containing MB dye (100 ppm) and Cu-Co-Ni photocatalyst (30 mg) at 25 ◦C was kept in
the dark with constant stirring to achieve significant equilibrium between MB dye and Cu-Co-Ni
nanoparticles. On the addition of the photocatalyst under optimal experimental conditions under UV
light irradiation, the peak intensity of the MB starts decreasing, and its gradual disappearance with a
raised peak at 663 nm incites the degradation of MB dye as shown in Figure 9a. It was accentuated
more than 50% MB dye degradation was completed at 50 min of reaction time. Dye degradation
percentage under the optimal experimental condition for a fixed time interval of 10 minutes was
calculated as per the following equation (Equation (2)):

Degradation (%) =
Ao − At

Ao
× 100 =

Co − Ct

Ct
× 100 (2)

where Ao is the initial absorbance, and At is the absorbance at time t of the dye solution. Further, Co is
the initial dye concentration, and Ct is the concentration of the dye solution at the time t.

During the said experimental condition, 92.67% photodegradation of MB was achieved in 100
min (Figure 9b). For the dye MB by Cu-Co-Ni nanoparticles, the values of concentration with time
graphs were used to study the kinetics behind the reaction. As per the obtained standard deviations,
the pseudo-first order kinetics equation was selected as follows:

ln
(Co

Ct

)
= kapp · t (3)
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where Kapp is the pseudo-first order constant in min−1. The linear correlation was obtained with the
degradation pseudo-fist order rate constant of 0.02588 min−1 with high precision and linear fit R2

values of 0.935.
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The catalytic degradation efficiency of Cu-Co-Ni nanoparticles was studied by observing the effect
of initial MB dye concentration on the decolorization process under UV light irradiation by changing the
initial dye concentrations 100ppm to 500ppm and photocatalyst (Cu-Co-Ni nanoparticles) concentration
of 30 mg. The degradation depended very heavily on their concentration, as the dye molecules sorbed
on the photocatalyst surface affect the formation of hydroxyl radicals. The photocatalytic process
shows the highest activity with 30 mg of Cu-Co-Ni photocatalyst load, and in this manner ln(Ct/Co)
versus time (min) was plotted with varying the initial MB dye concentrations to investigate the effect
of the MB dye on the degradation process as shown in Figure 10a. The data analysis offers a linear
relationship (R2) of 0.935. The photocatalytic degradation rate of dye quenches with an increase in
the dye concentration in a range of 100 ppm to 500 ppm was observed. The apparent rate constant
(kapp) values of the photocatalytic degradation were estimated to be 0.02588, 0.01138, 0.00523, 0.00339
and 0.00178 min−1 for 100, 200, 300, 400 and 500 ppm, respectively. The rate constants, degradation
percentages, and the corresponding correlation coefficients (R2) have been determined from the plots
and recorded in Table 1. The highest dye degradation achieved is because of the maximum available
•OH radicals on the photocatalyst’s surface, and the decrease in the dye degradation percentage with
an increase in dye concentration might be accredited to the inhibition of hole/electron production.
This impact may be because the initial concentration of MB dye molecules was increased, and more
MB molecules could be adsorbed on the photocatalyst surface and occupy the active sites of Cu-Co-Ni
nano catalytic material. This process results in fewer hydroxyl radicals (•OH) on the surface of the
as-synthesized photocatalyst. Therefore, the oxidation cycle requires higher photocatalyst dosage
and reaction time for higher concentrations of MB dye molecules. Consequently, the above results
indicate that nanocomposite Cu-Co-Ni may serve as an effectual photocatalyst for even higher MB
dye concentrations.

The photocatalyst loading was optimized in the presence of different quantities of photocatalyst
Cu-Co-Ni nano-hybrid (10 mg, 15 mg, 20 mg, 25 mg, and 30 mg) (Figure 10b). With the increased
concentration of the photocatalyst, the efficiency of photodegradation was improved, which can be a
result of an increase in the adsorbed photons and a large number of reactive sites on the photocatalyst
surface were measured and the results are shown in Figure 10b. While the concentration of the
photocatalyst was augmented from 10 to 30 mg, the degradation effectiveness of MB dye increased
linearly and degraded the MB dye molecules and the apparent photocatalytic degradation percentage
for various amounts of the photocatalyst dosages were established in Figure 10b. More efficiency of
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degradation was observed with the increase in the photocatalyst dosage, which increased active sites on
the photocatalyst surface and generated free hydroxy radicals (•OH). The further rise in photocatalyst
has no noticeable impact on the efficiency of degradation. This may be caused by the aggregation of
nanocomposite particles of Cu-Co-Ni. Nanoparticles are applied to the number of active sites on the
photocatalyst. These aggregated nanoparticles also serve as hydroxyl radical scavengers. Hence, the
optimal degradation efficiency for the 30 mg photocatalyst dose was achieved.
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Figure 10. (a) The plot of ln(Ct/Co) vs. time (min) as a function of initial MB dye concentration on the
degradation efficiency, (b) plot of ln(Ct/Co) vs. time (min) as a function of photocatalyst dosages on the
degradation of MB.

Table 1. Rate constants, % degradation of MB dye, and correlation coefficients (R2) of the MB
photocatalytic degradation.

[MB]
(ppm)

Rate Constant
(min−1)

%
Degradation R2 [Cu-Co-Ni]

(mg)
%

Degradation
Rate Constant

(min−1)
R2

100 0.02588 92.67 0.935 10 13.61 0.00156 0.942
200 0.01138 68.75 0.961 15 27.74 0.00344 0.990
300 0.00523 40.93 0.997 20 53.41 0.00733 0.996
400 0.00339 29.89 0.991 25 72.25 0.01265 0.947
500 0.00178 15.73 0.993 30 92.67 0.02588 0.935

2.3. The Mechanism behind the Photocatalytic-Degradation of MB

A mechanistic diagram has been proposed based on our control experiments and observations
(Figure 11). The photocatalyst’s electron storage behavior can promote the faster formation of
electron-hole pairs under UV light irradiation. When the UV light illuminates an aqueous solution of
synthesized materials in the presence of water containing dissolved oxygen and organic dye molecules,
the dye molecules can degrade. The decrease in the absorption peak at 663 nm from azo bonds of MB
by bio-synthesized Cu-Co-Ni nanoparticles was observed physically from diminishing the blue color
of dye to colorless after 100 min of reaction time. The electron-hole-pair surface transmission process
over nanocomposites makes them more acceptable for the formation of reactive oxygen species (ROS).
These generated ROS-like hydroxyl radicals and superoxide radicals, are accountable for MB dye
degradation. The hybrid nanoparticles of Cu-Co-Ni provide a large surface area to the available MB
dye molecules. As a result, additional MB dye molecules will interact with the Cu-Co-Ni photocatalyst,
increasing photodegradation efficiency. Because of induced transition from valence band (VB) electrons
to the conduction band (CB) leaving a hole in the VB, electron (e-)-hole (h+) pairs are produced
when light is incidental to the MB dye solution. Such holes are permitted to react with OH ions and
produce •OH radicals in the aqueous MB dye solution while electrons can react with dissolved O2
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and generate O2
•− radicals. Those radicals eventually degrade MB dye molecules into tiny non-toxic

degraded products.
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It is well known that the hydroxyl radicals (•OH), superoxide radical anions (O2
•−), hole (h+),

and electrons (ē) play a vital role in the photocatalytic degradation of organic dyes [61,62]. A series of
scavenging experiments were carried out to investigate the role of active species responsible for the
degradation of MB dye using Cu-Co-Ni trimetallic nanoparticles as photocatalysts. Radical trapping
experiments were performed by using isopropyl alcohol (IPA), benzoquinone (BQ), and ammonium
oxalate (AO) as radical scavengers for •OH radical, O2

•− radical, and hole (h+), respectively [61,62].
In the absence of radical scavengers, the degradation efficiency of the Cu-Co-Ni trimetallic nanoparticles
was 92.67%. The results indicate that the scavenger-free photocatalytic process shows the maximum
degradation rate under optimal experimental conditions compared to the scavenger-assisted system.
When IPA (•OH radical scavenger), BQ (O2

•− radical scavenger), and AO (hole (h+) scavenger) were
added into the reaction solution during the MB degradation, the degradation ratios of MB dropped to
17.23%, 58.52%, and 88.63% within 100 min, respectively (Figure 12a). The results revealed that the
addition of IPA showed a significant decrease in the degradation of MB dye by quenching hydroxyl
radical (•OH) produced in the reaction mixture, implying the dominant role of •OH radicals in the
process of MB dye degradation. Furthermore, with the addition of BQ and AO, the photodegradation
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of MB is slightly reduced, providing further evidence of the presence of hydroxyl radicals as the main
reactive species [63,64]. The BQ captures photogenerated electrons and reduces the possibility of
double-electron reduction, while AO captures the hole during the photocatalytic reaction process. Thus,
the possible mechanism behind the degradation of MB by bio-synthesized Cu-Co-Ni nanoparticles can
be summarized as:

Cu−Co−Ni + hv −→ Cu−Co−Ni
(
h+ + v−

)
(4)

H2O + h+ −→ •OH + H+ (5)

O2 + e −→ O•−2 (6)

•OH + MB Dye −→ Degradation products (7)

O•−2 + MB Dye −→ Degradation products (8)
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2.4. Stability and Reuse of the Photocatalyst

In the photocatalytic degradation process, functional applicability, stability, and recyclability play
an essential role. The catalytic system’s stability and reusability were evaluated by recycling the MB
degradation reactions under visible light through the Cu-Co-Ni photocatalyst. In each of the samples,
the photocatalyst was isolated by centrifugation from the suspension and washed over deionized water
and dried for 1 hour at 100 ◦C. After washing and drying, the photocatalyst maintained its initial dark
greenish-brown color. As seen in the Figure 12b, Cu-Co-Ni trimetallic nanoparticle’s photocatalytic
performance shows only a slight decrease in recycling experiments even after five consecutive cycles
under the same environment, which can be due to the minor loss and deactivation of the photocatalyst
in the cycling experiment, suggesting its high stability and durability. A comparative analysis of
the photocatalytic dye degradation efficiencies of the reported photocatalysts in the literature with
as biogenic Cu-Co-Ni trimetallic photocatalyst is important and is exemplified in Table 2 It is clear
from the results that the biogenic Cu-Co-Ni trimetallic nanoparticles have efficient photocatalytic
efficiency. Therefore, Cu-Co-Ni trimetallic nanoparticles could be excellent photocatalysts for dye
degradation and have excellent reusability results. The synthesis procedure of Cu-Co-Ni trimetallic
nanoparticles reported in our study is straightforward, green, and cost-efficient compared to the other
reported methods.
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Table 2. Photocatalytic performance comparison of different photocatalysts for degradation of
methylene blue.

Photocatalyst Irradiation
Time (min) % Degradation Irradiation Source References

ZnO 90 88.37 UV Light [53]
SnO2 30 90 UV Light [65]

Cu2O–Cu 50 90.1 Visible light [66]
RGO-N-ZnO 120 98.5 Visible light [67]

Cu@Cu2O 50 96.5 UV Light [68]
Zr2Ni1Cu7/Zr2Ni1Cu7/Si3N4 90 92 Visible light [69]

Pc-TiO2 100–140 100 Visible light [70]
NH2-MIL-101(Fe)@CuCoNi 120 99 Visible light [71]

ZnO-SnO2 60 96.53 UV Light [72]
TiO2/PAAm 300 95 Sunlight [73]
Cu-Co-Ni 100 92.67 UV Light Present work

3. Experimental

Copper(II) nitrate trihydrate (Cu(NO3)2·3H2O) molecular weight = 241.60 g/mol, cobalt(II)
nitrate hexahydrate (Co(NO3)2·6H2O) molecular weight = 291.03 g/mol, nickel(II) nitrate hexahydrate
(Ni(NO3)2·6H2O) molecular weight = 290.79 g/mol were purchased from Sigma Aldrich (Bangalore,
India)with the purity of 99%. Ethanol (99.8%) was purchased from Sigma Aldrich (Bangalore,
India). The scavenger reagents, including isopropyl alcohol (IPA, 99.5%), benzoquinone (BQ, 98%),
and ammonium oxalate (AO,99.5%) were also purchased from Sigma Aldrich. Ultrapure water
(Millipore, 18.2 MΩ cm, Jeddah, Saudi Arabia) was used in all experiments. Fresh leaves of
Origanum vulgare were acquired from the local market. All the glassware used for the synthesis
of trimetallic nanoparticles was washed by aqua regia followed by rinsing with double-distilled water
and then oven-dried.

3.1. Preparation of Origanum Vulgare Leaves Extract

The aqueous extract of the Origanum vulgare leaves was prepared after thorough washing of the
leaves under running tap water to remove all dust particles, followed by several piles of washing
with double-distilled water. These Origanum vulgare leaves were allowed to dry in room temperature
(30 ◦C), and 5 g of the leaves were crushed into a fine powder. The powder was poured into a 250 mL
beaker containing double distilled water and heated at 50 ◦C for 30 min followed by filtration with
filter paper (Whatman No. 1) to gain a clear aqueous extract of Origanum vulgare. This extract was kept
in a cold and dark place for further experimental use for the preparation of trimetallic nanoparticles.

3.2. Biogenic Synthesis of Trimetallic Nanoparticles

In a typical experiment, all metal-salt precursors, including Cu (0.01 M, 10 mL, Co (0.01 M, 10 mL),
Ni (0.01 M, 10 mL), were mixed in a 250 mL beaker and heated at 50 ◦C under continuous constant
stirring on a magnetic stirrer heating plate. A 20 mL of Origanum vulgare leaf extract was added to the
trimetallic salt solution under constant stirring at 40 ◦C until the formation of dark greenish-brown
color was achieved, resulting in the formation of trimetallic nanoparticles. Initially, the formation
of the nanoparticles was observed by recording the UV–visible spectra as the color change in the
reaction mixture was observed. The reaction was allowed to complete and the reaction mixture to cool
down, followed by centrifugation of the solution for 20 min at 20,000 rpm to collect pure and stable
trimetallic nanoparticles. The acquired Cu-Co-Ni trimetallic nanoparticles were washed several times
with distilled water followed by ethanol to remove impurities from the surface of the as-synthesized
nanoparticles. Cu-Co-Ni trimetallic nanoparticles were dried in an oven at 100 ◦C for 12 h and finally
stored in a dry place under vacuum conditions for further physicochemical characterization and
application as photocatalysts.
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3.3. Characterization

The biogenic Cu-Co-Ni trimetallic nanoparticles prepared by using Origanum vulgare leaf extract as
a reducing and stabilizing/capping agent were analyzed using a UV–vis double beam spectrophotometer
(UV-1601, Shimadzu, Kyoto, Japan) between the range 200–800 nm. The UV–visible absorption spectrum
was recorded using quartz cuvette in comparison with reference to deionized double distilled water.
An advanced X-ray diffractometer (Bruker AXS D8 advance, Madison, USA) with Cu Ka (k = 1.5418 Å)
radiation was operated to analyze XRD patterns of the samples. The morphology of biogenic trimetallic
nanoparticles was observed under SEM (JSM-6380 LA, JEOL, Tokyo, Japan) operated at 30 kV. The SEM
samples were prepared by placing a thin layer of fine powder of synthesized nanoparticles on a sample
holder and placed in the specimen chamber to record the SEM images. The as-synthesized trimetallic
nanoparticles were examined for their chemical/elemental composition by an EDX spectroscopy
equipped SEM (JSM-6380 LA, JEOL, Tokyo, Japan) at room temperature. TEM observation was
performed on a JEOL-2010 Microscope (JEOL, Tokyo, Japan), with an acerbating voltage of 80 kV. The
TEM image was observed to interpret the particle size, predominantly exposed crystal plane, and
nanoalloys distribution. All TEM samples were prepared by placing a droplet of the biosynthesized
trimetallic nanoparticle solution on a copper grid that was completely dried at room temperature.
TGA-DTG curves of trimetallic nanoparticles were examined using Perkin-Elmer Pyris Diamond
(Perkin-Elmer, Waltham, MA, USA) under the nitrogen atmosphere at a heating rate of 10 ◦C min−1 in
an open alumina pan. FTIR spectral analysis was accompanied to interpret the functional groups of
bio-synthesized trimetallic nanoparticles using a Bruker FTIR spectrophotometer (Model: ALPHA II,
Bruker, Billerica, MA, USA) within the range of 400–4000 cm−1.

3.4. Photocatalytic Degradation

The photocatalytic activity of as-synthesized Cu-Cu-Ni trimetallic nanoparticles was evaluated by
determining the dye degradation efficiency under photocatalytic experimental conditions. The target
dye used was methylene blue (MB), which is an anionic dye. All experiments with degradation reactions
were conducted at 25 ◦C, with the use of a UV–visible spectrophotometer to track the progress of all
reactions. MB shows maximum absorption at a wavelength of 663nm, and thus the photodegradation
of the dye was controlled by observing changes in the overall absorption, followed by measurement of
the first order constant. A Xenon (Xe) arc lamp (150 W) with irradiation intensity of 50 mW/cm2 was
used to test the photocatalytic activity of the prepared photocatalysts for the degradation of MB under
UV light radiation. In a quartz reactor at room temperature, the photocatalyst (30 mg) was dispersed
into 30 mL of 100 ppm aqueous MB dye solution. The reaction solution was continuously stirred in
the dark for 30 min before the light was switched on to ensure an adsorption-desorption equilibrium
was formed. Before and during the illumination, the suspension was magnetically stirred. During
the experiment, a 3 mL sample solution was drawn from the device at some time interval. Following
the irradiation and removal by centrifugation of the photocatalyst nanoparticles, the catalyst-free MB
dye concentration in the solution was analyzed based on its characteristic optical absorption at 663
nm using the UV–visible spectrometer (Shimadzu, Kyoto, Japan) to calculate the decline in MB dye
concentration with irradiation time based on the Lambert–Beer law (A = ε× l × C), where A is the
absorbance of the solution at 663 nm, ε is the molar extinction coefficient, l is the width of the cuvette,
and C is the concentration of the MB dye [74]. The results indicated that trimetallic nanoparticles
degraded MB completely in 100 min, with 92.67% conversion efficiency.

Experiments for photocatalyst recycling have also been conducted under optimal reaction
conditions. To avoid catalyst loss, the samples collected after centrifugation were washed three times
with deionized water, dried at 100 ◦C for 5 h, and used directly without any additional treatment for MB
dye degradation experiments in the subsequent recycling process. The radical trapping experiments
were performed to detect the role of active species responsible for photocatalytic degradation of MB dye.
A 1.0 mM concentration of IPA, BQ, and AO was added to 30 mL (100 ppm) MB dye solution containing
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30 mg of Cu-Co-Ni nanoparticles and irradiated by UV light under optimal experimental conditions to
trap hydroxyl radicals (•OH), superoxide radical anions (O2

•−), and holes (h+), respectively.

4. Conclusions

We established an eco-friendly, facile, seedless, one-pot approach to synthesize flake-shaped
trimetallic Cu-Co-Ni nanoparticles using phyto-biomolecules present in the aqueous extract of oregano
(Origanum vulgare) leaves as reducing and stabilizing/capping agents. The formation of biogenic
trimetallic Cu-Co-Ni nanoparticle formation was confirmed by various spectroscopic techniques,
including UV–visible spectroscopy, FTIR, XRD, and EDX analysis. The biogenic Cu-Co-Ni trimetallic
nanoparticles were found to have irregular morphology with an average particle size of 28.25 nm.
The bio-synthesized Cu-Co-Ni nanoparticles, as such, were used as a photocatalyst for the photocatalytic
degradation of MB under UV light irradiation. The results from the UV–visible spectrum showed that
the photocatalytic degradation was significant at 663 nm and the lowering peak intensity for MB by
Cu-Co-Ni nanoparticles conforms to the complete degradation of MB dye upon photodegradation
within 100 minutes. The result shows that the photocatalytic degradation of MB by Cu-Co-Ni
nanoparticles followed pseudo-first-order kinetics as interpreted from the obtained linear correlations.
Five cycles of photocatalytic degradation runs were performed to check the biogenic Cu-Co-Ni
trimetallic nanoparticles’ stability and reusability. The possible photocatalytic degradation mechanism
over Cu-Co-Ni nanoparticles was proposed, and the role of •OH radicals was dominant in the
photodegradation process. This study could provide an insight into developing novel photocatalysts
for large-scale degradation of toxic materials.
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