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The study proposes a simple and efficient way to synthesize a heterogeneous catalyst that can be used for
the degradation of organic dyes. A simple and fast chemical process was employed to synthesize Au: Ni: Co
tri-metal nanohybrid structures, which were used as a catalyst to eliminate toxic organic dye contamination
from wastewater in textile industries. The catalyst's performance was tested by degrading individual dyes as
well as mixtures of dyes such as methylene blue (MB), methyl orange (MO), methyl red (MR), and Rose
Bengal (RB) at various time intervals. The experimental results show the catalytic high degradation
efficiency of different dyes achieving 72-90% rates in 29 s. Moreover, the material displayed excellent
recycling stability, maintaining its degradation efficiency over four consecutive runs without any
degradation in performance. Overall, the findings of the study suggest that these materials possess
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1. Introduction

Water contamination is caused by various hazardous pollutants
originating from pharmaceutical drugs, insecticides, and
steroid hormones, and other industries. One of the most
dangerous discharges of organic dyes comes from textile
industries during different dyeing steps. The dyes waste is at
least 5% and can reach up to 50% depending upon the dye and
type of fabric in use. As a result of this, around 200 billion liters
of colored effluents are yearly generated.»” In addition to that,
hair color® and leather tanning,*® the food industry, as well as
the paper industry, also contribute to the discharge of dye in
water. This can cause lethal effects such as genotoxicity,
mutagenicity, and carcinogenicity to humans and living
organisms.® In the future, it is estimated that the world will face
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opening avenues toward their

use in clean energy alternatives,

environmental remediation, and other biological applications.

a major water crisis due to different reasons. Due to the above-
mentioned facts, scientists turned their attention to the possi-
bility of treating industrial wastewater effluents with dyes and
exploring innovative treatment methods. Many methods have
been reported in the literature previously such as microbial
degradation,” photo-catalytic degradation,®**” flocculation,®
activated carbon sorption,” redox treatment,*® electro-
coagulation, etc. All the reported methods are expensive, inef-
fective, and time-consuming and the generation of by-products
is the main drawback of using these methods. Therefore, to
provide healthy reformative/wholesome remediation, a non-
toxic eco-friendly method, a single-step nanomaterials
approach has been developed.* Metal nanoparticles are clas-
sified as monometallic, bimetallic, trimetallic and so on, based
on the number of metallic components. When metal nano-
particles are mixed, they usually exhibit new or stronger prop-
erties that differ from the ones held by their original
components. This is why researchers have recently concen-
trated on trimetallic nanoparticles.*” Trimetallic nanoparticles
are of importance due to their higher outstanding catalytic
performance in association with the single metal or BNPs.? The
development of multimetallic core-shell or alloy nanoparticles
has gained significant attention in recent decades both from the
fundamental and application perspectives.*® Trimetallic nano-
particles have established increased research awareness in
recent years due to their new chemical and physical properties
derived from the synergistic effects of their components. Tri-
metallic nanoparticles are desirable in technical applications,
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particularly for catalytic processes. These nanoparticles were
synthesized using different methods, including microwave, co-
precipitation, hydrothermal, selective catalytic reduction, and
microemulsion.

We demonstrate here that trimetallic Au: Ni: Co NPs with
dendritic alloy type well defined morphology which can be
synthesized in a high yields by a facile aqueous by following one
step synthetic method with no need templates. The co-
reduction of multiple precursors of different metals has been
carried with single reducing agent (aspirin) strong enough to
gave a fine control over the growth kinetics and nucleation
resulting in formation of Au: Ni: Co NPs.

Furthermore, the prepared NPs showed excellent catalytic
activity and stability for the electrooxidation of aqueous media.

2. Materials and methods
2.1 Materials

Hydrogen tetrachloroauratetrihydrate (HAuCl,-3H,0), cobalt II
chloride (CoCl,-6H,0) and nickel chloride (NiCl,-6H,0) from
sigma Aldrich, polyvinylpyrrolidone (PVP), sodium borohydride
(NaBH,), sodium hydroxide (NaOH) from Fischer Chemical HK
limited, Nafion NR50 was purchased from Sigma-Aldrich, USA,
KOH, methylene blue (MB), methyl red (MR), methyl orange
(MO) and Rose Bengal (RB) dyes were purchased from E. Merck,
all the foregoing chemicals and reagents used in this work were
of analytical grade and directly used without further purifica-
tion. Stock solutions were prepared by dissolving the appro-
priate amount of each salt according to concentration.
Throughout experimental work, Mili Q water was used.

2.2 Instrumentation

The nanocrystalline structure was studied using X-ray Diffrac-
tion (XRD) by a Philips PW 1729 diffractometer using CuKe. A
Fourier transform infrared technique (FTIR) was applied to find
out interaction of TNPs with the capping agents. UV-vis spectra
were recorded by using Cary Series UV-vis spectrophotometer
(Cary 100 UV-vis). Atomic force microscopy and Scanning elec-
tron microscopy (SEM) is used to verify the size and morphology
of synthesized trimetallic nanoparticles. Elemental composi-
tion was confirmed by EDS.

Metals { ‘
pvp
Capping agent
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2.3 Synthesis of PVP capped Au-Ni-Co TNPs

The strategy of Au-Ni-Co TNPs is straightforward as indicated
by different ratios of each metal ie. (Au,sNiyCo,), here
subscripts show the corresponding ratio of the metals that were
added in 15 mL vial, then 100 pL of PVP was added. After stir-
ring for 5 minutes, about 100 uL of NaBH, as a reducing agent
was added for reduction purposes. By adding NaBH, light pink
color appears that, after stirring for 10 minutes, changes to dark
black Fig. 1.

2.4 Catalysis study of PVP-capped Au: Ni: Co TNPs in the
reduction of dyes

Degradation of dyes was carried out by synthesized PVP capped
TNPs, these particles were found to be the best catalyst for
various organic dyes. To investigate the catalytic activity of Au-
Ni-Co TNPs, various dyes were selected such as methylene blue
(MB), Rose Bengal (RB), methyl orange (MO), methyl red (MR)
and the mixture of all four dyes were measured in the presence
and absence of nanoparticles along with sodium borohydride
(NaBH,). Real water samples such as textile industrial waste-
water were also checked. 0.4 mL of 100 uM of each dye was
taken in the cuvette and diluted up to 4 mL followed by the
insertion of 0.5 mL of 0.01 M of NaBH, and observed the
degradation with changing absorbance by UV-visible
spectrophotometer.

2.5 Reduction of different organic dyes

The catalytic activity of synthesized PVP capped Au-Ni—-Co TNPs
was checked against the reduction of organic dyes such as
Methylene blue (MB), Rose Bengal (RB), methyl orange (MO),
and methyl red (MR) in the present as well as without NaBH,.
Nanocatalyst was added to the test solution of each dye having
10 uM concentration with 10 mM of NaBH, and the reduction
process was monitored using UV-visible spectroscopy. Various
parameters were optimized like the concentration of NPs and
NaBH,. The test was performed in a standard 1.0 cm® quartz
cuvette having 1 em path length. For observation of the catalytic
activity of the prepared nanocatalyst, about 1 mL of TNPs was
added to the solution of dyes. All the factors such as concen-
tration and amount of TNPs, organic dyes, and NaBH, were
optimized according to the best results obtained.>?

UV-Visible Spectra

&

o
o
N
&
o

Trimetallic Nanoparticle(TNPs)

Fig. 1 Schematic diagram for illustration of complete process (synthesis to dye degradation).
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2.6 Procedure for reduction of all the four dyes

For reduction of dyes, 10 uM of MB was added along with
0.5 mL of NaBH, in a quartz cuvette, then 1 mL (0.1 mg) of
prepared nano catalyst was poured in that cuvette. The
following parameters volume of NaBH,, nanoparticles amount
and concentration of dyes were optimized according to opti-
mized conditions. By adding Nano catalyst to the dye solution
color disappears within seconds, and UV-visible spectra were
observed.

3. Results and discussion

3.1 UV-visible spectroscopy

UV-visible absorption spectroscopy is the basic techniques to
confirm the formation of nanoparticles to get the stable and
small monodisperse nanoparticles. The colloidal dispersion of
Au-Ni-Co TNPs was prepared by mixing three metal precursors
simultaneously in the presence of PVP as a capping agent and
NaBH, as a reducing agent. The UV-vis spectra of the dispersion
of the Au-Ni-Co TNPs show an absorption peak around 600 nm
as well as those of the Au, Ni, Co monometallic and, Au-Co, Au-
Ni, and Ni-Co BNPs as shown in fig. 2.

3.2 pH study of synthesized trimetallic nanoparticles

The UV-visible spectra in Fig. 3 clearly demonstrate the
Surface Plasmon Resonance (SPR) of PVP-capped trimetallic
nanoparticles over a pH range from 3 to 7. Notably, the SPR
absorption is visibly present for all pH values within this
range but at pH 5, the enhancement of SPR absorption indi-
cates the complete reduction and stability of the synthesized
nanoparticles, with relatively small in size at approximately
57 nm. This stable and small particle size of PVP-TNPs at pH 5
makes them ideal for further investigation as an efficient
photocatalyst for dye degradation. The results show that the
photodegradation of the dye substantially increases with an
increase in pH value, reaching its highest efficiency at pH ~5,
within the acidic pH range. This behavior can be attributed to
the effect of pH on the absorption behavior and surface
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Fig. 3 pH study response of synthesized trimetallic nanoparticles.

charge properties of the catalyst. Might be at higher pH levels,
the catalyst surfaces become more negatively charged,
leading to improved decolorization of the dye. These findings
indicates the promising potential of the PVP-capped trime-
tallic nanoparticles for efficient and environmentally friendly
dye degradation applications respectively.

3.3 FT-IR analysis

Fourier transform infrared spectroscopy is well-known tech-
nology to investigate the interaction of a functional group of
capping agents with metals. Furthermore, FTIR spectroscopic
studies verify attachment of specific functional group through
shift, appearance and disappearance of FTIR signal which
confirms the attachment of particular functional group in the
reaction mixtures compared with non-interactive functional
group. Fig. 4a and b shows PVP and PVP capped TNPs, by
comparing both the spectra it is observed that a broad peak
between 1288 and 1655 cm ™' in spectra (a) which relate to C-N
stretching motion and C=0 stretching motion of monomer for
PVP and absorption peaks at 1495-1466, 1371 cm ' are
accredited to C-H bonding respectively.?® In spectra (b) there is
a decrease in intensity of the peak in the range of 1288-
1644 cm ™' and 1495-1466, 1371 cm™ ' occurs that confirms the
interaction of nitrogen of PVP to the synthesized TNPs.
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(a) Different combinations of metal nanoparticles (b) UV-visible spectra of selected combinations of metals Au-Ni-Co.
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Fig. 4 FTIR spectra of (a) Polyvinylpyrrolidone (PVP) (b) PVP capped TNPs.

3.4 Energy dispersive spectroscopic study

The energy dispersive spectroscopy (EDS) analysis of the
synthesized trimetallic nanoparticles (TNPs) confirms the
presence of specific metals in the sample. The EDS spectrum
reveals the presence of Gold (Au), Nickel (Ni) and Cobalt (Co)
elements in the TNPs. Importantly, the atomic ratio of these
metals, as determined from the EDS data, is found to be
approximately 2.59:8.6:4.68, which shows good agreement
with the expected or appointed atomic ratio of 2:8:4 for the
TNPs. In addition to the metals, the EDS analysis also identifies
the presence of other elements in the sample. These elements

cps/eV

are attributed to the capping agent used during the synthesis of
the TNPs, which in this case is polyvinylpyrrolidone (PVP). The
elements identified in PVP include carbon (C), nitrogen (N), and
oxygen (O), respectively. This comprehensive EDS character-
ization not only confirms the successful synthesis of the desired
trimetallic nanoparticles with the specified metal composition
but also validates the presence of the capping agent and its
associated elements in the sample. These findings further
support the understanding of the TNPs' structural and
compositional properties, which are crucial for their catalytic
performance and potential applications Fig. 5.

Al [Sif Au

Fig. 5 EDS spectra of PVP capped TNPs.
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Fig. 6

3.5 Scanning electron microscopy analysis

The SEM images of the prepared sample reveal intriguing struc-
tural features of the synthesized trimetallic nanoparticles (TNPs)
at low resolution (Fig. 6a), the TNPs exhibit a bead-like structure,
while at high resolution (Fig. 6b), they display rod-like structures.
These distinct morphologies are of particular interest for catalytic
applications, as they offer increased surface area and potentially
provide additional active sites, enhancing the catalytic activity.
Furthermore, the slightly rough surface and sharp edges observed
in the TNPs are characteristic of nanoparticles, which are highly
advantageous for catalysis. Such surface properties facilitate more
efficient interaction between the nanocatalyst and reactants,
thereby promoting catalytic reactions. These structural charac-
teristics are particularly beneficial for catalytic processes, as they
not only supports the catalytic activity but also ease the removal of
the nanocatalyst upon the completion of the catalytic reaction.
This feature is crucial for recycling and reusing the nanocatalyst,
making it more environmentally sustainable and economically
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(a) SEM images of PVP-capped TNPs at low resolution (b) PVP-capped TNPs at high resolution.

viable for various catalytic applications. Overall, the SEM obser-
vations provide valuable insight into the unique structural attri-
butes of the synthesized TNPs, which hold promising potential for
advancing catalytic processes and their practical applications.

3.6 Atomic force microscopy (AFM)

The AFM images provide valuable insights into the surface
morphology and size characteristics of the prepared nano-
particles. In Fig. 7a, it is evident that some of the particles exhibit
a spherical shape and are well-dispersed (monodispersed), indi-
cating uniformity in size and shape. On the other hand, certain
particles display a bead-like morphology, suggesting some varia-
tion in their structures within the sample. In Fig. 7b, the average
diameter of the synthesized PVP-TNPs is measured to be approx-
imately 57 nm. This finding gives us a crucial understanding of
the nanoparticles' size distribution, highlighting their nanoscale
dimensions. The combination of AFM imaging and diameter
analysis contributes significantly to our comprehension of the

o b 2 40 60 80 100 %

(a) AFM image of PVP-capped trimetallic nanoparticles (TNPs), (b) the average diameter of the synthesized PVP-TNPs.
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nanomaterial's surface properties and size characteristics. These
observations are vital in evaluating the potential catalytic perfor-
mance and other applications of the synthesized PVP-TNPs,
making them a promising candidate for various
nanotechnology-based endeavors.

3.7 X-ray diffraction spectroscopy

The X-ray diffraction (XRD) analysis of the PVP-capped TNPs is
illustrated in Fig. 8. The XRD diffractogram for the Au-Ni-Co
TNPs exhibits distinct peaks at 38.50°, 44.66°, 64.81°, and 77.5°,
which can be indexed to the (111), (200), (220), and (311) crystal
planes, respectively, of a face-centered cubic (FCC) structure.
Comparing the observed peaks with literature data for Ni-Co
bimetallic nanoparticles, it is found that the expected peaks
should appear at 26 values of 44.3°, 51.5°, and 76.2°, corre-
sponding to the (111), (200), and (220) crystal planes. However, in
the XRD pattern of the Au-Ni-Co TNPs, the peaks at 51.5° and
76.2° are absent, and there is a right shift of these peaks. This

700 -
600 111

500 -

400 +

Intensity

300 4 200

220

100

20 30 40 50 60 70 80 90
26/ degree

Fig. 8 XRD diffractogram of PVP capped TNPs.
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right shift and absence of peaks at 51.5° and 76.2° are attributed
to the presence of Gold (Au) in the synthesized TNPs. The shift
and absence of these peaks in the XRD pattern confirm the
formation of Au-Ni-Co trimetallic nanoparticles, indicating
successful incorporation of Au into the Ni-Co bimetallic structure.
XRD analysis provides strong evidence of the crystalline structure
of the synthesized nanoparticles and confirms the successful
formation of the desired Au-Ni-Co TNPs, underscoring their
potential for catalytic and other applications.

3.8 Reduction of methylene blue (MB)

In order to determine the catalytic activity of prepared TNPs for
degradation of methylene blue (basic cationic dye) in an aqueous
solution.* In aqueous medium MB shows an absorption band at
664 nm with a shoulder at 614 nm.* Degradation was observed in
the presence of a strong reducing agent i.e., NaBH, as well as in
the presence of TNPs along with a reducing agent. As it is shown
in results the rate of reaction comparatively slow for reduction of
methylene blue in the presence of a reducing agent (NaBH,).
Whereas, when TNPs nanocatalyst were introduced along with
NaBH,, there was a significant increase in the degradation of
methylene blue observed. This enhanced catalytic activity of the
prepared TNPs can be seen in Fig. 9b, where the absorption peak
at 664 nm (associated with MB) promptly disappeared. The
degradation of MB resulted in the formation of a colorless leu-
comethylene blue product indicating the successful breakdown of
the dye molecule within 5 s.*®

3.9 Reduction of methylene red (MR)

Discharge of organic dyes from textile industries is the major
source of water pollution. Methyl red is also the main water
pollutant of wastewater and needs to be removed from the water
stream.”* Methyl red (MR) is a commonly used monoazo dye in
laboratory assays, textiles, and other commercial products. It may

leuco methylene blue

(LMB, colourless)
1.2 4

0 sec
5 sec!

1.0 4

0.8

0.4

Absorbance (a.u)

0.2 4

450 500 5;0 81‘)0 8&0 7 l')O
Wavelength (nm)

(a) Reduction of methylene blue dye in the absence of TNPs (b) With TNPs.
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Fig. 10 Degradation of methyl red (a) in the absence of TNPs (b) in the presence of TNPs.

cause eye and skin sensitization and digestive tract irritation if
inhaled or swallowed.? Fig. 10 shows the degradation of methyl
red in the absence as well as the presence of TNPs and it was
observed that in the absence of TNPs degradation occurs very
slowly and up to 21% in 40 min, while in the presence of catalyst
along with reducing agent rate of reaction was very fast, peak at
lambda max 426 rapidly disappears and 70% of dye degraded
completes within 15 s.

3.10 Reduction of methyl orange dye (MO)

MO is commonly used as azo dye and it is also present in waste-
water of industries. Maximum absorption of methyl orange
appears at 463 nm. From Fig. 11a and b it can be observed that in
the presence of a strong reducing agent, only 21% of dye was
degraded up to 40 min, and by adding TNPs degradation of dye
occurs very fast i.e., 71% of dye degraded within only. It shows
great catalytic activity for synthesized TNPs.

MO
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Fig. 11 Degradation of methyl orange (a) without TNPs (b) with TNPs.
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3.11 Reduction of Rose Bengal (RB)

Rose Bengal dye which is commonly known as (4,5,6,7-tetra-
chloro-2',4',5,7"-tetraiodofluorescein) is extensively used in the
printing, insecticides and dying industries.>” Rose Bengal dye
shows the maximum absorption at 547 nm in an aqueous
solution. Reduction of dye was carried out in the presence of
NaBH, which is the strongest reducing agent and based on
Fig. 12, very little degradation was achieved i.e., 34% occurred
up to 40 min. By adding TNPs in the presence of reducing agent
91% degradation occurs only within 10 s.

3.12 Simultaneous reduction of mixture of dyes

In simultaneous reduction, a mixture of all four dyes was taken
in equal amounts and degradation was observed by using UV-vis
spectrophotometry. From Fig. 13 it was observed that in the
presence of TNPs, 83% of a mixture of dyes was degraded within
only 29 s respectively.
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Fig. 12 Degradation of Rose Bengal (a) in the absence of TNPs (b) in the presence of TNPs.

3.13 Industrial wastewater samples

The catalytic activity of TNPs was examined by degrading real
wastewater dye-containing samples. Real wastewater samples
were collected from drains of three different local textile
industries in Karachi. Catalytic degradation was performed with
a similar methodology as mentioned above, with an optimized
amount of TNPs 1 mL (0.1 mg) and 0.5 mL of 100 mM (NaBH,)
reductant and 10 pL of real sample diluted up to 0.4 mL with
deionized water. Fig. 14 shows UV-vis spectra for the reductive
degradation of real samples. Complete degradation was
observed in a very short reaction time indicating the highly
efficient nature of Au-Ni-Co TNPs.

3.14 Degradation mechanism

In this photocatalytic process as illustrated in Fig. 15, it is
assumed, that a possible mechanism for the degradation of
carcinogenic organic dyes over trimetallic nanocatalyst in the
presence of UV-visible light radiation. When light applied to the
reaction mixtures light-induced electron and hole is exist over
trimetallic nanoparticles with O, and OH to form oxidant ‘O,
and ‘OH ", respectively, then it react with organic compounds
and degrade them. In the trimetallic nanoparticles increased
oxygen valances are accountable for the degradation process by
the mechanism of chemical wet oxidation (CWO). This mech-
anism is described previously by.***
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Fig. 13 Degradation of a mixture of four different dyes.
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4. Discussion

The catalyst efficiency was checked by different concentra-
tions of dyes concentrations ranging from 1-10 uM used to
access the maximum photocatalytic activity while keeping
other variables constant. Fig. 9-15 shows degradation and
mechanism of methyl orange (MO), methyl red (MR), Rose
Bengal (RB) and mixture of these dyes and textile waste water
treatments. It is revealed in figures without the catalyst
degradation rate was comparatively too slow and it takes time
in mins with lowest percentage 45% of degradation. But after
the addition of nanocatalyst, it was degraded within seconds
with 96% degradation was achieved. Moreover, The percent
degradation was also checked at different amounts of catalyst
by keeping other experimental conditions constant. The
degradation percentage of dyes by different catalyst doses,
0.1-1 g L™ " for 10 pM concentration of dyes such as methyl
orange, methyl red, Rose Bengal and a mixture of these dyes
was examined. It is may be due to the reason of with increases
in the concentration of dyes interference from intermediates
formed upon degradation of parental dye molecules for that
reason suppression would be more pronounced in the pres-
ence of high percent degradation intermediates formed upon
an increased dye concentration.**** Furthermore, the contact
time of dyes with the catalyst is an important parameter that
influence the catalytic degradation process regardless of the
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0.2

400 500 600 700
Wawelength (nm)

Fig. 14 UV-visible spectra for reductive degradation of real sample.
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type of catalyst generally, as the reaction time increases the
decomposition rate increases by keeping other parameters
constant. As it is discussed in previous report in Fenton
process varied the reaction time from 30 to 120 min and
observed that with the passage of time COD increased with
disappearance of the colour of dye catalytic percentage ach-
ieved 45-69%.%** Another reported work discussed by Karthi-
keyan et al. also observed after the addition of homogeneous/
heterogenous catalyst it took 4 h for complete removal of dyes
with maximum percent degradation.***® During current work,
catalytic degradation of organic dyes via PVP-Au: Ni: Co
nanocatalyst, it is concluded 98% removal of methyl orange,
methyl red, Rose Bengal and a mixture of dyes obtained after
addition with just 0.1 mg of catalyst gives immediate degra-
dation 80-90% within sec respectively.’” It is revealed in the
Fig. 9-15 as the amount of the catalyst increases the particle-
to-particle interaction also increases this is the major factor
to reduce light absorption by the photocatalyst. Also, the
agglomerations prevent photons from reaching the inner
layers of the catalyst so the minimum quantity is sufficient to
achieve maximum degradation.*” Hence, the least amount of
catalyst particles gets excited and ultimately lower number of
electron/holes and hydroxyl radicals were produced. There-
fore, the degradation rate tends to decrease as the catalyst
dose increases.*

29278 | RSC Adv, 2023, 13, 29270-29282

4.1 Comparative study

Table 1 shows comparative study of combination of different
trimetallic nanoparticles and their catalytic applications. In
2004, Pt-Ru-Co TNPs were synthesized using water-oil micro-
emulsion with cyclohexane, Triton X-100, and 2-propanol.
These nanoparticles were formed using hydrazine as a reducing
agent. TEM analysis showed an average diameter of 2.7 £
0.6 nm. It was tested as DMFC catalysts and showed improved
activity due to the synergistic effects of Co and Ru with Pt. They
are promising for fuel cell applications.*® A study was conducted
in 2007 by Toshima and colleagues on the synthesis of Au-Pt-
Rh trimetallic nanoparticles (TNPs) with a core-shell structure.
The study used polyvinylpyrrolidone (PVP) as a capping agent.
The TNPs synthesized in the study showed better catalytic
activity in the hydrogenation of methyl acrylate compared to
both monometallic nanoparticles and bimetallic nanoparticles
(BNPs).* Moreover, Au-Ag-Pd and Pt-Ni-Fe trimetallic nano-
particles have been studied for their exceptional catalytic
performance in organic synthesis and proton exchange
membrane fuel cells their potential in enhancing efficiency and
performance in renewable energy technologies highlights the
significance of trimetallic nanoparticles in various industrial
and sustainable applications.* In another report a group of
researchers developed Pt-Ni-Fe trimetallic nanoparticles by
using three metal precursors salts and reducing them in an

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Different combinations of TNPs, their sizes, and capping/reducing agents utilized in literature

TNPs Capping/reducing agents Diameter size (nm) Application Ref.
Pt-Ru-Co TritonX/hydrazine 2.7 Methanol oxidation 38
Au-Pt-Rh PVP NM Electrocatalytic activity for 39
ORR
Au-Ag-Pd CTAB/NaBH,4 13.0 Methanol oxidation reaction 40
Pt-Ni-Fe Oleylamine, oleic acid/1,2- 5.3 Methanol oxidation reaction 41
hexadecandiol
Fe/Cu/Ag NaBH, 60-90 Methyl orange dye 42
Au-Ag-Pt CTAB, ascorbic acid NM Immunosensor for detection 43
of zearalenone
Au-Pb-Pt PVP/NaBH,, ascorbic acid NM NM 44
Ag-Co-Fe PVP/ammonia borane 12.8 Dehydrogenation of amine 45
borane
Ag-Ni-Fe Methyl amine borane 19.5 Dehydrogenation of amine 45
borane
Au-Pt-Pd PVP/NaBH, 2.0 MO dye degradation 47
Fe-Ni-Ce PVP/NaBH, NM MO dye degradation 48
Au-Ag-Cu PVP/diethylene glycol, N, N- NM NM 49
dimethylformamide, and
ethylene glycol
Au-Pt-Ag NaBH, 1.5 Glucose oxidation 50
Cu-Fe-Ni PVP/ammonia borane NM Efficient catalysts for the 51
Heck reaction.
Pd-Fe-Ni Chitin 19.54-6.27 Biotin biosensor 52
Pt-Pd-Fe Dioctyl sulfosuccinate 14-24 Efficient catalyst for 53
sodium salt/hydrazine reductive
hydrate hydrodehalogenation of aryl
and aliphatic halides
Au-Ni-Co PVP 57 Degradation of multiple dyes Current work

octyl ether solvent. These nanoparticles were then supported on
carbon black and exhibited remarkable electrocatalytic activity
in proton exchange membrane fuel cells. The use of these
nanoparticles has the potential to enhance the efficiency of
PEMFCs, making them an attractive option for sustainable
energy conversion technologies.”* Furthermore, in this article
authors investigated the effectiveness of trimetallic nano-
particles Fe-Cu-Ni for breaking down methyl orange dye in
water, which is commonly used in industrial processes and can
lead to water contamination. Through analyzing the concen-
tration of the dye over time, they were able to measure the
catalysts' efficiency. These findings may pave the way for
developing eco-friendly solutions to control water pollution and
remove dyes from wastewater, Ultimately advancing sustainable
water treatment methods.*” In this experiment, Au-Pt-Ag
nanocomposite and Au-Pd-Pt nanotubes were produced
through microwave irradiation. UV-visible spectroscopy and
high-resolution scanning electron microscopy was used to verify
the existence of the TNPs nanoparticles. The outcome of this
study showed that Pt was essential in enhancing the catalytic
activity and structural stability of the nanoparticles. Further-
more, the use of multilayered nanoparticles provided more
potential for customization and optimization of their properties
to meet specific application requirements.*»** Meanwhile, new
combination Ag-Co-Fe and Ag-Ni-Fe core-shell nanoparticles
have been created with methylamine borane and graphene
support. They have strong catalytic activity and can be easily
dispersed on graphene. Ag@CoFe/graphene nanoparticles

© 2023 The Author(s). Published by the Royal Society of Chemistry

perform best, with excellent durability and magnetic recycla-
bility for hydrolytic dehydrogenation of AB and MeAB. This
synthesis method can be used for other metal core-shell
nanoparticles supported by graphene.*>* Core-shell TNPs made
of Cu, Fe, and Ni were synthesized through a one-step method
that employed ammonia borane as a reducing agent and PVP as
a capping agent. The TNPs comprising Fe-Ni-Ce and Au-Pd-Pt
exhibit potential in degrading methylene blue dye.*”** The
objective of this study was to produce Au-Ag-Cu trimetallic
nanocrystals through a three-step reduction process. The
addition of Cu shells to Au@Ag cores was verified by TEM, EDS,
and XRD analyses. Huang and Lien et al. also investigated
similar TNPs, using varying surfactants and catalysts.*> Au-Pt-
Ag TNPs were successfully created by Zhang and Toshima with
PVP as a capping agent and NaBH, as a reducing agent. These
nanoparticles exhibit an alloy structure and an average diam-
eter of 1.5 nm. It's worth noting that they have the highest
turnover frequency for aerobic glucose oxidation compared to
all other metal nanoparticles that have been reported before.>
Wang et al. have reported that Cu-Fe-Ni TNPs are highly
effective catalysts for hydrolytic dehydrogenation of ammonia
borane. Exceptional catalytic activity was observed when varying
ratios of magnetic Cu, 4@Fe,.1Niy.s NPs were utilized. In addi-
tion, TNPs have been successfully employed as a catalyst for the
Hydroconversion of n-heptane, and for the catalysis of the Heck
reaction, with the use of Au-Ag-Pd TNPs.** This paper presents
a study concerning electrodeposition of Pd-Fe-Ni trimetallic
alloy NPs by cyclic voltammetry (CV) onto a glassy carbon

RSC Adv, 2023, 13, 29270-29282 | 29279
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electrode (GCE) modified with a room-temperature ionic liquid
(RTIL)-chitin (Ch) composite film (PdFeNi/ChRTIL/GCE) aiming
at BTN trace detection using differential pulse voltammetry
(DPV) which has been reported for the first time. Different
deposits were obtained by varying the number of cyclic potential
scans during electroreduction step and we used a computerized
method (DIP) for measuring PSDs. Finally the sensitivity of the
best resulting Pd-Fe-Ni/ChRTIL/GCE sensor toward BTN assay
was evaluated.” This work, provide a proper catalytic system
using Pt/Pd/Fe T-NP in the HDH reaction. The activity of this
novel trimetallic nano-catalyst is compared with each pair of its
constituent metal elements (i.e., comparison with bimetallic
systems). Then, the reaction parameters are screened, and the
results are evaluated. At last, the proposed reaction mechanism
on Pt/Pd/Fe catalyst surface is discussed.>

The catalysts that was developed previously demonstrated in
the above section has tremendous potential across various
applications, such as the hydrolytic dehydrogenation of
ammonia borane, DMF, and the hydrogenation of methyl
acrylate applications. It has been proven to out perform other
alternative, including monometallic and BNPs.

After conducting extensive research, we have observed that
our work is groundbreaking in its utilization of a unique
combination of TNPs (trimetallic nano-catalysts) that has not
been previously reported. Our study showcases the application
of these TNPs in catalytically degrading both single and
multiple organic dyes in a matter of sec not in min. The results
demonstrate the remarkable efficiency of this novel catalytic
system for rapid dye degradation. This breakthrough approach
offers a promising solution for remediation of dyes form
contaminated water, making a significant contribution to
environmental sustainability and safeguarding human health.
By utilizing this innovative nanocatalyst, we have achieved
faster and more efficient degradation of multiple dyes, bringing
us closer to addressing textile pollution effectively and pro-
tecting our environment and well-being.

5. Conclusion

The rapid degradation observed in this study can be attributed
to the exceptional adsorption capability of the nano catalyst,
which facilitates the decomposition of organic molecules. To
achieve this, various metal elements such as Au, Ni, Cu, Ag, and
Co were employed. Among these, the combination of Au, Ni,
and Co (Au: Ni: Co) proved to be the most promising. A
comprehensive characterization of the synthesized Au-Ni-Co-
TNPs was conducted, revealing an average diameter of 57 nm,
and confirming the presence of an alloy-like composition. The
synthesized Au-Ni-Co-TNPs were utilized as catalysts for the
individual degradation of several organic dyes, including
methylene blue (MB), Rose Bengal (RB), methyl orange (MO),
and methyl red (MR). Remarkably, the degradation of all dyes
occurred within a matter of seconds. Furthermore, the nano-
catalyst exhibited exceptional performance in the simultaneous
degradation of multiple dyes. This multi-dye degradation
process was also completed within seconds, highlighting the
remarkable catalytic activity of the Au-Ni-Co-TNPs.
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Importantly, the nanocatalyst was effectively employed for the
removal of dyes from industrial wastewater, demonstrating its
potential for practical applications in the treatment of
contaminated water sources. Overall, the findings of this study
highlight the exceptional adsorption capability and catalytic
performance of the synthesized Au-Ni-Co-TNPs. The rapid
degradation of organic dyes, including both individual and
simultaneous degradation, underscores the potential of these
nano catalysts for efficient and environmentally friendly
wastewater treatment in industrial settings.
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