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Abstract:

Here in we discussed the biogenic synthesis of palladium (Pd) nanomaterials from plants and microbes because
it is cost-effective, sustainable, and environmentally friendly. Plants and their parts are known to contain a
variety of primary and secondary metabolites that convert metal salts to metal nanoparticles. The pH,
temperature, incubation time, and concentrations of plant extract and metal salt all have an effect on the shape,
size, and stability of Pd nanoparticles. Pd nanoparticles are widely used in catalysis, drug delivery, and cancer
treatment. They have demonstrated size and shape-dependent specificity and selectivity in therapeutic
properties. We discussed the biogenic fabrication of Pd nanoparticles, their potential applications as catalysts,
medicine, and biosensors in this review.
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. Introduction

The primary goal of green synthesis is to reduce the use of toxic chemicals in order to protect the
environment from pollution. As a result, biogenic routes for nanomaterial fabrication are becoming increasingly
popular. The three main conditions for the preparation of nanomaterials are (i) The use of an environmentally
friendly solvent medium, (ii) a reducing agent, and (iii) a nontoxic material for their stabilisation. Nanomaterials
derived from plants, fungi, and bacteria have a wide range of potential applications in science and technology
[1-10]. Metal ions are reduced by proteins, amines, amino acids, phenols, sugars, ketones, aldehydes, and
carboxylic acids found in plants and microbes. The geometrical shape, size, and stability of nanoparticles can be
controlled by monitoring the p", temperature, incubation time, and plant extract and metal salt concentrations.
Both palladium and silvery white precious metals have a high density. The biogenic fabrication of palladium
nanoparticles has used Anogeissus latifolia, Cinnamom zeylanicum, Cinnamomum camphora, Curcuma longa,
Doipyros kaki, Gardenia jasminoides, Glycine max, Musa paradisica, Ocimun sanctum, Pinus resinosa, and
Pulicaria glutinosa. Because of their high surface energy and large surface-to-volume ratio, palladium and
platinum nanoparticles synthesised from various plant parts are used as both heterogeneous and homogeneous
catalysts [11]. They are used in a variety of medical diagnostic procedures without causing Damage to
DNA [12].
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Figure 1: Synthesis of nanomaterial Approaches.

In the Suzuki—Miyaura coupling reaction, palladium nanoparticles derived from herbal extracts were
tested for heterogeneous catalytic activity [13]. It can be performed in an aqueous medium without fear of
dissociation because it is a ligand-free catalytic reaction. Under normal conditions, even with one mole
palladium nanoparticles, the yield is very high. In this review, we talked about the biosynthesis and
characterization of palladium nanoparticles using scanning electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray diffraction (XRD), UV-Vis, and Fourier transform infrared (FTIR) spectroscopy.
Their potential applications in catalysis, cancer treatment, and other biological sciences have also been
researched.

Palladium Nanoparticle Biosynthesis.

When an aqueous solution of [Pd(OAc),] was stirred with a methanolic extract of Catharanthus roseus
for 1 hour at 60°C, the color changed. It had a UV-visible absorption peak between 360 and 400 nm,
corresponding to 40 nm spherical palladium nanoparticles. C. roseus extract is a mixture of eight compounds
containing —OH groups, which reduce metal ions to metal nanoparticles. The synthesis, characterization, and
application of palladium nanoparticles as a photocatalyst agent have all been reported [14, 15]. Palladium
nanoparticles were used to investigate the degradation of phenol red. At room temperature and at different pH
levels (2-10), the nanoparticles were mixed with phenol red. The surface plasmon resonance (SPR) band of the
dye at 433 nm disappeared at pH 6, indicating phenol red degradation [15].

Table 1: Size and shapes of Pd nanomaterials

Plant Sources Part used Nanoparticles Size (nm) Shape References
Anogeissus latifolia Gum Pd 4.8 Spherical [39]
Azadirachta indica Leaves pd 5-50 Small and large [62]

spheres
Cinnamom Bark Pd 15-20 Crystalline [23]
zeylanicum

Cinnamomum Leaves Pd 3.2-6.0 - [86]

camphora
Curcuma longa Tuber Pd 10-15 Spherical [26]

Doipyros kaki Leaves Pd 2-12 Crystalline [26]

Euphorbia granulate Leaves Pd 25-35 - [44]
Gardenia jasminoides Leaves Pd 3-5 - [27]
Glycine max Leaves Pd 15 Spherical [34]
Moringa oleifera Waste petal Pd 10-50 Spherical [42]
Moringa oleifera Peel extract Pd 272 Spherical [43]
Musa paradisica Peeled banana Pd 50 Crystalline irregular [33]
Ocimun sanctum Leaves Pd 23 Irregular [55]
Pulicaria glutinosa Whole plant Pd 20-25 Crystalline and [35]
spherical
Pinus resinosa Bark Pd 16-20 Crystalline [58]
Pinus resinosa Bark Pd 6-8 Irregular [45]
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[ Prunus x yedoensis | Leaves | Pd | 50-150 | Spherical | [45] |

Palladium nanoparticles derived from aqueous leaf extract of Hippophae rhamnoides have been
reported [13]. They were characterised using SEM, TEM, XRD, UV-Vis, and FTIR spectroscopy. Polyphenols
were found to function as reducing and capping agents for palladium nanoparticles. Particle sizes ranged from
2.5 to 14 nm, with the vast majority being spherical. Their catalytic activity as a heterogeneous catalyst for the
Suzuki—Miyaura coupling reaction in water was investigated under lignin-free conditions. The reaction of
iodobenzene with phenylboronic acid in the presence of palladium nanoparticles at 100 °C in alkaline medium
yielded a 100% product yield. When numerous aryl halides were combined with phenyl-boronic acid, they all
produced the corresponding compounds in high yield (91-95%). Momeni and Nabipour [16] created palladium
nanoparticles using the Sargassum bovinum alga. Using UV-Vis spectroscopy in the 300-800 nm range, the
authors observed the conversion of palladium ions into metallic palladium. A change in colour from yellow to
dark brown indicated the formation of palladium nanoparticles. Bimetallic nanoparticles with core-shell
structure and shape-controlled synthesis have been reported for Au@Pd nanoparticles [17, 18]. Another metal
was added to a reduced gold nanoparticle before it was chemically reduced or reduced with a plant extract
containing a mild reducing agent (Cacumen platycladi leaf extract). The gold nanoparticles were encased by the
second metal nanoparticles, resulting in a specific shape determined by how the second metal nanoparticles
were arranged around the gold. Because Pd and Fe are magnetic, they were recovered from the reaction mixture
with a magnet and reused with negligible activity loss for Sonogashira coupling reactions. Palladium
nanoparticles were biosynthesised on reduced graphene oxide using barberry fruit extract and used as a
heterogeneous catalyst in a 1:2 alcohol-water mixture at 50 °C [21]. Because vitamin C appears to be the most
plentiful phytochemical in the extract, it appears to have reduced the metal ions to nanoparticles. Palladium
nanoparticles were discovered to have an average size of nearly 18 nm. By reducing nitrobenzene to aniline, the
catalytic activity of NaBH, was determined.

The reduction takes place on the catalyst's surface and is determined by the rate of nitro
compound absorption on the catalyst's active site. The procedure is complex, but it is done in stages. Adsorption
of H, and nitro compounds occurs, followed by electron transfer from the BH unit to the nitro derivative, and
finally, amino compound desorption from the catalyst's surface. The catalyst can be used five times without
significantly losing activity.

Salvadora persica root extract was recently used to create palladium nanoparticles. The extract
contained polyphenols, which acted as both a bio-reductant and a stabilising agent [22]. Average nanoparticles
of 10 nm were obtained at 90 °C, as determined by the loss of color and disappearance of an absorption band at
415 nm in the UV-Vis spectrum of the colloidal solution. Palladium nanoparticles were produced at 30 °C by
combining C. zeylanicum bark extract and PdCl, [23]. Although the reaction began after 24 hours, it took 72
hours to complete. The nanoparticles were polydispersed and spherical in shape, measuring 15 to 20 nm in size.
Increasing concentrations of leaf extract influenced their formation. The XRD pattern confirmed the existence of
crystallization palladium. Although pH has had no effect on nanoparticle formation, precipitation occurs above
pH 6. It has no effect on the shape of nanoparticles, but it does have a minor effect on their size [24]. At 30 °C, a
5-ml extract was treated with 50 ml of 1 mM PdCl, and nearly 60% of the PdCI, was reduced to palladium
nanoparticles. Higher biomaterial concentrations could reduce the remaining 40% PdCl,; otherwise, the
suspension would contain both the Pd?*" ions and the palladium nanoparticles. Linalool, eugenol, methyl
chavicol, cinnamaldehyde, ethyl cinnamate, and caryophyllene [25] have indeed been found in C. zeylanicum
bark extract and have been shown to convert Pd ions to Pd nanoparticles. However, no clear mechanism has
been proposed for the reduction of PdCl, to Pd nanoparticles. Sathish kumar et al. [26] biosynthesised palladium
nanoparticles from C. longa extract. The 10-15 nm nanoparticles are thought to be formed through a redox
process in which polyphenols act as a reducing agent. They were found to be stable even after three months. The
pH of the solution had almost no effect on nanoparticle formation, but size increased as pH increased. Green
synthesis of palladium nanoparticles from dried fruit extract of G. jasminoides Ellis was achieved after 1.5 hours
of incubation at 60 °C [27]. A color shift from orange to dark brown indicated the formation of nanoparticles.
Three distinct absorption peaks were observed in the extract at 238, 322, and 440 nm, which corresponded to
geniposide [28], chlorogenic acid [29], and caffeine [30]. Palladium nanoparticles were biogenically synthesized
from biodegradable banana peel extract and defined using UV-Vis, IR, SEM, and XRD [33]. The peel extract
powder reacted with PdCI, in water for 3 minutes at 80 °C. The UV-Vis spectra of all mixtures showed a 400
nm peak, but when Pd*" was reduced to Pd (0), the peaks shifted or disappeared, with a constant change in
colour from yellow to red due to surface plasmon vibration excitation in the palladium nanoparticle. The SEM
images revealed nanoparticles and aggregates. Dendrites form as a result of accumulation and resemble a lovely
flower twig. Dendrites, on the other hand, are revealed to be made up of micro cubes that are neatly arranged as
a motif at higher magnification. The average size of palladium nanomaterials was 50 nm. The presence of
carboxyl, amino, and hydroxyl groups was revealed by the FTIR spectral data, which are thought to be active
ingredients in PdCI, reduction.
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Petla et al. [34] created palladium nanoparticles from soybean leaf extract (G. max). Despite the fact
that the reduction began after 5 minutes, the characteristic absorption peak for Pd®* at 420 nm vanished
completely after 48 hours, indicating that Pd** was completely converted to Pd (0). The TEM micrograph
revealed the formation of uniform spherical particles 15 nm in size. Palladium nanoparticles were
biosynthesized from P. glutinosa plant extract at 90 °C after stirring the mixture of PdCl, extract for 2 hours
[35]. A change in colour from light yellow to dark brown, as confirmed by UV-Vis spectral analysis, indicated
the formation of palladium nanoparticles. A TEM micrograph revealed palladium nanoparticles with diameters
of 20-25 nm that were capped and reduced by an organic layer derived from the extract. The IR spectrum of the
plant revealed the presence of flavonoids and polyphenols. Their catalytic activity was investigated in the
Suzuki reaction of bromobenzene with phenylboronic acid in an aqueous medium without prior activation [36]
under anaerobic conditions in the presence of SDS and K;PO,. Biphenyl was obtained when only 5% of
palladium nanoparticles were used as a catalyst. The response was quick and effective, with nearly 60%
conversion achieved in the first 1 minute and completed in 4 minutes. Recently, palladium nanoparticles were
created using Arabidopsis plant culture and K,PdCl, [38]. The reduction took only 24 hours to complete. During
the first three hours, TEM images of various plant sections revealed well-dispersed spherical metallic
nanoparticles with an average diameter of 3 nm. As the incubation time increased, the size and concentration of
nanoparticles increased up to 32 nm. They were evenly distributed throughout the apoplast regions. The plant
had reached its maximum palladium concentration after 24 hours. The mechanism of Pd** ion reduction to
elemental Pd within the plant system is still unknown. However, prior to the formation of nanoparticles, one of
the likely steps is the binding of Pd*" ions to carboxyl, amino, and sulfhydryl groups present in the plant. A
chemical-based reduction process was performed in an isolated system using a single chemical, whereas
biological reductions occur in the presence of biomolecules in a biological system such as plants or microbes.

Aside from biosynthesis, Kora and Rastogi [39] investigated palladium nanoparticles' properties as an
antioxidant and a catalyst. Gum ghatti (A. latifolia), a water soluble plant gum polymer, was allowed to react
with PdCl, for 30 minutes at 121 °C and 103 K Pa, resulting in a change in colour and the disappearance of an
absorption peak at 427 nm in the UV-Vis region. The nanoparticles were spherical in shape and poly-dispersed,
with an average size of 46 nm. The hydroxyl and carboxyl groups of the gum are thought to be first bonded to
Pd*" ions, which then reduce and stabilise them. The proteins and polysaccharides in the gum are thought to
stabilise and cap the nanoparticles. Palladium nanoparticles were created using Moringa oleifera biomass and
bis-phthalate as a natural reducing and capping agent. Their average size ranged between 10 and 50 nm. They
were spherical, distributed evenly, and did not aggregate [42]. The phytochemicals reduced the size of the
palladium nanoparticles, according to TEM analysis. M. oleifera peel extract has also been used for palladium
nanoparticle fabrication [43], as evidenced by the Zeta potential and GC-MS, as well as UV-Vis spectroscopy,
XRD, SEM, and HR-TEM analyses. At room temperature, palladium nanoparticles derived from Euphorbia
granulate leaf extract were used as a heterogeneous catalyst in the phosphine-free Suzuki-Miyaura coupling
reaction [44]. According to a TEM micrograph, the palladium nanoparticles were 25-35 nm in size.
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Figure 2: Applications of Palladium (Pd) nanomaterial
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Palladium nanoparticles were made from Prunus yedoensis leaf extract and then characterized using UV-Vis,
XRD, FTIR, HR-TEM, and SAED [45].

The formation of palladium nanoparticles was confirmed by a colour change from light yellow to dark brown.
For the production of palladium nanoparticles, Manikandan et al. [45] proposed pH 7, 3 mM Pd(ll), and a 30-
min incubation time (table 1 shows shape and size of Pd nanomaterials ).

Application of Palladium Nanoparticles

As a glucose biosensor, palladium nanoparticles doped with chitosan—graphene have been used [36].
Palladium nanoparticles on graphene oxide were also used as a recyclable heterogeneous catalyst for the
reduction of nitroarenes with sodium borohydride. Because the recovered catalyst can be used for five cycles, it
can be used on a large scale to reduce nitroarenes. It has also been used in the production of methylene blue,
methyl orange, and nitro phenol. Because the nanoparticles degraded the above dyes so well, they can be used to
treat affluent containing dyes. Palladium and platinum are both commonly used in the oxidative addition and
reductive elimination of hydrogen. Platinum-treated asbestos is used in many catalytic [49] reactions. For
example, (i) in the contact process to produce H,SOy,, (ii) in the Ostwald process to convert NH; to NO to
produce HNOs, (iii) methyl to formaldehyde oxidation, and (iv)Hydrazine decomposition to nitrogen and
ammonia. Platinum-gold dendrimer-like nanoparticles supported on polydopamine graphene oxide reduce
nitrophenol to aminophenol [50]. The ability to catalyse the reduction is determined by the platinum-gold ratio.
Palladium nanoparticles were synthesised from S. persica root extract, and their catalytic activity in the Suzuki
coupling reactions of aryl halides with benze- neboronic acid in water to biphenyl was investigated [22].
Although the major conversion occurred in the first 2 minutes, the efficiency of the conversion rate as a function
of time and yield follows the order iodobenzene > bromobenzene > chlorobenzene. The palladium nanoparticles
used as a catalyst can only be reused three times (figure 2). Another study used Myrtus communis leaf extract to
produce Pd/TiO, nanoparticles [51]. The authors demonstrated that Pd/ TiO, nanoparticles, which are highly
efficient, stable, and recyclable, could be recycled five times without agglomeration. Palladium nanoparticles
were synthesised from dried fruit extract of G. jasminoides Ellis and measured for catalytic activity by
hydrogenating p-nitrotoluene to p-toluidine and then to p-methyl-cyclohexylamine [27]. It is worth noting that
while p-toluidine conversion was 100 percent, second reduction was only 26 percent at 80-90 °C. The O.
sanctum leaf extract contains palladium, ascorbic acid, and terpenoids, which act as reducing and stabilizing
agents. The average particle size was measured at 23 nm. The energy dispersive absorption X-ray spectroscopy
(EDAX) revealed a net 71 percent content, whereas the XRD revealed the presence of PtO,, K»(PtCl,), Pt, and
PtCl,. One-pot synthesis of platinum and palladium nanoparticles from natural lignin and fulvic in water at pH 7
at 80 °C under aerobic conditions has been reported [58]. These polymers have both reducing and stabilising
properties. Palladium nanoparticle formation with NaBH,. After 15 minutes, the nitrophenol absorption peak at
399 nm was reduced, and a new absorption band corresponding to 4-aminophenol appeared at 292 nm.

Platinum nanoparticles were created by combining polyols with polyvinyl pyrrolidone, which
stabilized the nanoparticles and prevented them from aggregating. They had diameters of 5-7 and 8-12 nm and
shapes of cubic, hexagonal, square, and tetrahedral [59].

The biosynthesis of nanomaterials from Azadirachta indica extract was reported by Thirumurugan et
al. [62]. TEM analysis revealed the formation of polydispersed nanoparticles ranging in size from small to large
spheres (5-50 nm). The rate of fabrication of platinum nanoparticles increased as the reaction temperature
increased. The presence of carbonyls, alkanes, and aliphatic amines was indicated by sharp peaks at 1728.22,
1365.60, and 1219.01 cm™, respectively, in the FTIR spectrum. Terpenoids, which act as a reducing agent as
well as a stabilizer for the nanoparticles, were found in A. indica leaf broth [60].

I1.  Conclusions

Under mild conditions, one-pot biogenic synthesis of palladium and platinum nanoparticles from herbal
extracts, algae, and fungi is possible. Non-toxic nanoparticles of various shapes and structural motifs (spheres,
rods, and rings) can be created and stabilized. Furthermore, they can be optimized by adjusting the pH,
temperature, incubation time, and concentrations of plant extract and metal salts. These biogenic nanoparticles
can be used as nanomaterials in environmental remediation to scavenge dye from textile industries, as well as in
Suzuki coupling reactions for the production of many organic compounds. Antibacterial activity of
nanoparticles has also been demonstrated against Gram-negative and Gram-positive bacteria. Platinum group
metal complexes are used to treat cancer, but they are toxic to normal cells. It's interesting to note that
biogenically synthesized palladium and platinum nanoparticles capped and stabilized by phytochemicals are
nontoxic. The functionalized nanoparticles can be used as medicine in treating cancer as well as drug carriers. A
new protocol for cancer therapy based on palladium and platinum nanoparticles could be developed, which
could be more effective and less toxic than current conventional drugs. Coating them with nontoxic and soluble
biopolymers may improve their efficacy.
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