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Palladium (Pd), a noble metal, has unigue properties for C-C bond formation in reactions such as the Suzuki and Heck
reactions. Besides Pd-based complexes, Pd NPs have also attracted significant attention for applications such as fuel
cells, hydrogen storage, and sensors for gases such as H, and non-enzymatic glucose, including catalysis. Additionally,
Pd NPs are catalysts in environmental treatment to abstract organic and heavy-metal pollutants such as Cr (VI) by
converting them to Cr(lll). In terms of biological activity, Pd NPs were found to be active against Staphylococcus aureus
and Escherichia coli, where 99.99% of bacteria were destroyed, while PVP-Pd NPs displayed anticancer activity against
human breast cancer MCF7.
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| 1. Introduction

Recently, scientific research and industrial applications have been interested in transition metal nanoparticles (TMNPs)
due to their unique optical, electronic, and catalytic properties LIZEIASISIABIN Notably, noble metal NPs that include
palladium (Pd) and ruthenium (Ru), rhenium (Re), rhodium (Rh), silver (Ag), osmium (Os), iridium (Ir), platinum (Pt), and
gold (Au) have received a lot of attention in vast areas like sensors, energy conversion, biomedical treatment, and
catalysis U2 pajladium (Pd), which is the same group as platinum, possesses the unequalled electronic ground-
state structure of Pd (4d'95s% and the square-planar geometry of Pd(ll) complexes with further axial positioned
coordination sites, which can be expanded by employing numerous ligands, giving Pd distinctive properties for C-C bond
formation and C-O bond cleavage 131,

Apart from this, palladium (Pd) NPs have received massive attention due to their exceptional properties that give them
high catalytic activity and the ability to adsorb hydrogen at low temperatures. 14l Additionally, they are also used in fuel
cells, photothermal therapy, anticancer treatment, hydrogen storage, antibacterial applications, and sensors 12 |n
addition, palladium NPs (Pd NPs) have been synthesized with high surface area and active sites 18],

In synthesizing Pd-based nanomaterials, one has to consider many points: (i) control of size and shape to reach an
optimum of chemically active sites; (ii) control of high-index factors for enhanced catalytic activity; (iii) development of bi-
and tri-metallic compositions and architectures to improve stability and activity; (iv) foundation of essential correlations
between composition, structure, and reactivity of Pd nanomaterials to prepare highly competent catalysts; (v) finding new
substrate materials with high chemical, conductivity, and mechanical stability, and also large surface area; and (vi)
permitting the uniform distribution of Pd-based catalysts on support materials to enhance efficiency L2,

In this regard, Pd NPs were synthesized by three types of method: a chemical method 18!, a physical method 19, and a
biological method 29, but on the industrial scale, the physical method and chemical method were of interest. Physical
methods included magnetron sputtering 24, physical vapor deposition 22, and laser ablation 2. However, the
synthesized physical method required expensive equipment and energy-intensive processes, including maintaining high
pressure and high temperatures 24, On the other hand, the chemical method depended on the chemical reduction of
metal ions to zero-valent metal atoms and their nucleation to form NPs (22, These methods include supercritical fluid
nucleation 28 electrochemical deposition 27 sonochemical preparation (28 and wet chemical methods 22 such as the
sol-gel method or reduction by alcohols or other reductants. The disadvantages of chemical synthesis methods involve
reducing or stabilizing agents, hazardous solvents, or producing toxic side products BY. However, biological methods,
such as biogenic methods, are more interesting in pharmaceutical and biomedical applications due to the principle of
providing simple, rapid, potentially more environmentally friendly, and cost-effective methods. Furthermore, the biogenic
method has displayed control over physical properties of NPs such as size and shape B, Notably, the properties and
performance of efficient catalysts depend on the shape and size of the nanomaterial; models for the shape-selective



synthesis of Pd nanostructures were published, such as Pd nanowires (Pd NWs), Pd broccolis (Pd NBRs), and Pd
nanorods (Pd NRs) 22,

On the other hand, Pd NPs tend to agglomerate, leading to a decrease in the surface area. To overcome this problem, Pd
NPs should be immobilized on the surface of a solid support such as metal oxide 22!, silica 24, polystyrene 5, activated
carbon B8 or carbon nanotubes 4. A solid support helps to increase the activity of the catalyst by preventing the
aggregation of Pd NPs, enhancing the stability and simplifying the recovery of the catalyst after the reaction, thus
decreasing the cost and the chemicals used B8 In addition, there are different ways to improve Pd NPs, such as
bimetallic catalysts. Pd-based bimetallic catalysts, for instance, Pd-Cu, Pd-Ru, Pd-Ni, and Pd-Co, have shown high

performance in catalytic activity and selectivity for goal products due to new properties of electronic and chemical
structure 39,

| 2. Medicinal Application of Pd NPs

Researchers have discovered the effects of Pd NPs in photothermal, anticancer, and antibacterial applications. Thus,
using Pd NPs improves wound-healing properties and antimicrobial, anticancer, and antioxidant properties (cf. Table 1).
Unfortunately, there are not a lot of research studies about Pd NPs in the biomedical field. In general, metal nanopatrticles
are considered one of the most powerful antibacterial agents, and this strength comes from their thermal flexibility and
their ability to act on multidrug-resistant microorganisms 9.

Table 1. Different Pd nanocatalysts reported for their biomedical application.

L Catalyst . Yield
Catalyst Application Loading Temp Time % Ref.
microbial Pd-NPs Kill Staphylococcus aureus and 20 mgiL s7oc 0 ggge U
Escherichia coli min
PdNPs/GDY Destroy cancer cells - - - 50 2]
PANPs/GDY combinate Destroy cancer cells - - - 82.9 2]
DOX
PVP-PdNPs Breast cancer 10 pg/mL 37°C 24 h 92 4]

2.1. Pd NPs for Antibacterial Studies

Interestingly, antibacterial activity depends on the size and shape of Pd NPs. Some research illustrates that the larger size
of Pd NPs has a lower effect in destroying E. coli than the smaller size. On the other hand, ultra-fine Pd NPs have
vigorous activity in antimicrobial applications. In this regard, cubes and octahedrons of Pd nanocrystals are used to study
the effect against Gram-negative and Gram-positive bacteria. Strikingly, the performance of Pd cubes with facets in
destroying Gram-positive bacteria was more efficient compared with Pd octahedrons with facets; in contrast, the effect of
Pd octahedrons with facets on Gram-negative bacteria was better efficient compared with Pd nanocubes 4],

The properties of Pd nanocrystals’ oxidase and peroxidase activities have improved antibacterial activity’s efficiency by
producing reactive oxygen species (ROS). The way that Pd NPs damage microbes produces reactive oxygen species

(ROS), causing harm to DNA and cell membranes and damage to proteins after destroying the electron transport system
s,

Some methods to kill bacteria depend on heat by converting near-infrared (NIR) light to heat, such as photothermal
therapy (PTT), where PTT is an efficient and intact technique to transact with bacterial infections. Chen et al. used eco-
friendly methods to prepare microbial Pd NPs by Bacillus megatherium Y-4. The cytotoxicity of microbial Pd NPs was
investigated, where the result for microbial Pd NPs exhibited excellent biocompatibility. Also, it showed high antibacterial
activity under NIR irradiation, where a low dose of Pd NPs (20 mg/L) was used to kill Staphylococcus aureus and
Escherichia coli; during 10 min, 99.99% of bacteria were destroyed. Thus, Pd NPs can be used in PTT as an agent for
fast sterilization applications due to Pd NPs having an efficient photothermal conversion ability [44.

In recent years, new methods have proven efficient in synthesizing nanoparticles with different shapes and sizes and have
proven eco-friendly, such as the pulsed laser ablation in a liquid medium technique (PLAL). This technology inexpensively
produces high-purity materials that depend on producing high-intensity pulses on a liquid material’s surface 48, Salman et
al. successfully prepared Pd NPs using pulsed laser ablation with the liquid medium technique (PLAL). The study used
Gram-positive (Staphylococcus aureus) and Gram-negative (Escherichia coli) bacteria to investigate the effectiveness of



Pd NPs for antibacterial activity. Consequently, the performance of Pd NPs appeared to be more efficient in destroying
Gram-negative bacteria than Gram-positive [44.

2.2. Pd NPs for Anticancer Studies

The unique properties of Pd NPs show them to be strong candidates for cancer treatment with the photothermal method
because they have strong absorption in the NIR region, photostability, high photothermal conversion efficiency,
biocompatibility, and different sizes and shapes depending on the synthesis route 48!,

In this regard, many researchers have illustrated Pd NPs’ mechanism for damaging cancer cells. According to literature
reports, Pd NPs bond with nitrogen bases and phosphate groups of DNA and protein where the bonding is
physicochemical, inhibiting their activity. Lactate dehydrogenase (LDH) is important for producing cellular energy;
however, Pd NPs cause the leakage of LDH, thus having an effect on the activity of cancer cells. Moreover, Pd NPs

produce free radicals of ROS and reactive nitrogen species (RNS), which damages the composition of lipids of cancer
cells (49,

The leading cause of the quick proliferation of cancer cells is hypoxia, because hypoxia activates HIF-1 (a dimeric protein
complex) that controls tumorigenesis and progression. In general, cancer cells produce a large concentration of H,O,.
Therefore, the target of researchers is to raise the concentration of O, by decomposing the H,O, produced by neoplastic
cells, inhibiting the HIF-1 level and avoiding the pervasion of neoplastic cells. Liu et al. synthesized a two-dimensional
(2D) nanocatalyst, including Pd NPs immobilizing on graphdiyne’s surface (GDY). PANPs/GDY play the role of oxygen
generator by decomposing H,O, into oxygen molecules inside cancer cells, thus preventing the rapid proliferation of
neoplastic cells. The results proved that the efficiency of the antitumor effect was increased with the combination of
PdNPs/GDY with a chemotherapeutic agent like doxorubicin (DOX) 42,

Breast cancer is a common cancer type in women, and it is regarded as curable in the premature stage of diagnosis.
Ramalingam et al. successfully prepared PVP-PdNPs where polyvinylpyrrolidone (PVP) was immobilized on the surface
of PANPs utilizing an in situ single-step method. Moreover, the stability of PVP-PANPs was proven due to the gain of Pd
ions from pairs of electrons from the nitrogen or carbonyl oxygen of PVP. The performance of PVP-PdNPs was
investigated by its anticancer activity against human breast cancer MCF7. Accordingly, PVP-PdNPs efficiently treated
breast cancer MCF7 and had less cytotoxic activity against normal cells 43!,

| 3. Energy-Related Applications of Pd NPs

Apart from the studies reported above, there are a plethora of reports with regards to the energy-related applications of Pd
NPs such as fuel cells, solar cells, and hydrogen production and storage.

In a recent study, E. Mari et al. demonstrated the use of flower-like graphitic carbon nitride/iron oxide/palladium
nanocomposite for the electro-catalytic oxidation of ethylene glycol as a useful technique for preparing fuel cells. The
authors detailed the fabrication of a g-C3N4/Fe,O3/PdNPs/SPE nanocomposite-modified electrode by the electrochemical
deposition method for ethylene glycol oxidation BY. The proposed g-C3N4/Fe,Os/Pd NPs nanocomposite has exceptional
electro-oxidation efficiency while being highly durable compared to commercial Pd/C and other recently reported electro-
catalyst materials. Therefore, it is an competent electro-catalyst for direct alcohol-based fuel cell applications. The
nanocomposite was found to be highly suitable for direct alcohol fuel cell applications, specifically for the electro-catalytic
oxidation of ethylene glycol.

In another study, M.U. Rahman et al. developed an efficient and cost-effective counter electrode using 20 wt% of Pd NPs
decorated on nitrogen-doped acetylene carbon black as dye-sensitized solar cells (DSSCs). The goal was to achieve
higher power conversion efficiency and improve the overall performance of DSSCs. The outcomes showed that NCB@Pd
displayed higher catalytic activity and efficiency compared to Pt, which was attributed to the nitrogen functional groups in
the NCB support that modify the electronic structure of Pd, as well as the smaller particle size of Pd NPs with better
dispersion, which provided improved electrolyte diffusability due to more active sites for redox reactions. Additionally, the
support played a role.

Further work published by B.P. Vinayan et al. reported the synthesis of triangular-shaped Pd NP-decorated nitrogen-
doped graphene, which was tested for its use as fuel cells and in hydrogen storage applications B, The study revealed
that the as-prepared Pd/N-G exhibited higher hydrogen storage capacity compared to pure Pd nanoparticles, indicating
the effectiveness of the spillover mechanism.



Another report by Kevin Dal Pont et al. 29 reported the preparation of Pd-based nanocomposites with a polyether block
amide copolymer matrix while varying the percentage of Pd NPs. The nanocomposite with up to 20% Pd-based doping
exhibited a typical response corresponding to ionic conductivity, with a decrease in ¢’ detected in the low-frequency
spectral region. The pure polymer possessed conductivity of 5.1 x 107 S/cm; however, an increase in ionic conductivity
was observed with an increase in doping of Pd NPs in the matrix 22,

Another research team, A.F. Oliveira et al., carried out some interesting work on the synthesis of palladium-doped titanium
dioxide nanoparticles and their characterization for solar cell applications B3l The reverse micelle sol-gel method was
employed for synthesis of TiO, and TiO,:Pd (i.e., doped with Pd), which yielded a satisfactory yield of between 80 and
90% for the synthesis of pure TiO, with various palladium dopings. The samples were subjected to impedance
spectroscopy; from transmittance measurements employing Tauc plot fittings, the optical energy gap was established,
which revealed that almost all the samples possessed good ionic conductivity.

| 4. Synthesis of Pd NPs

Lastly, the synthesis of Pd NPs is briefly mentioned. There are several approaches which include physical and chemical
methods. The physical methods with which Pd NPs have been reportedly synthesized are magnetron sputtering B4155]
and laser ablation B8IE7, while chemical methods comprise electrochemical deposition 8], sonochemical methods BEY
(61 and supercritical fluid nucleation 2631641 Moreover, Pd NPS have also been extensively synthesized by biogenic
methods such as the use of plant-based extracts as reducing/stabilizing agents for their preparation, i.e., Pulicaria
glutinosa extract, Origanum vulgare L. extract, Syzygium aromaticum agueous extracts, Filicium decipiens leaf extract,
Santalum album leaf extract, dried leaf of Anacardium occidentale, etc., which yielded a variety of Pd NPs with varying
sizes and shapes [6SIESIE7I68IE9[70] | addition to this, microbial-mediated synthesis using bacteria, fungi, algae, and
yeast has also been successfully attempted BAZLI721[73][74]

References

1. Shubha, J.P.; Savitha, H.S.; Patil, R.C.; Assal, M.E.; Shaik, M.R.; Kuniyil, M.; Alduhaish, O.; Dubasi, N.; Faroog Adil, S.
A green approach for the degradation of toxic textile dyes by nickel oxide (NiO-SD) NPs: Photocatalytic and kinetic
approach. J. King Saud Univ.-Sci. 2023, 35, 102784.

2. Al-Janabi, A.S.M.; Oudah, K.H.; Aldossari, S.A.; Khalaf, M.A.; Saleh, A.M.; Hatshan, M.R.; Altheeb, N.B.; Farooq Adil,
S. Spectroscopic, anti-bacterial, anti-cancer and molecular docking of Pd(Il) and Pt(ll) complexes with (E)-4-
((dimethylamino)methyl)-2-((4,5-dimethylthiazol-2-yl)diazenyl)phenol ligand. J. Saudi Chem. Soc. 2023, 27, 101619.

3. Albano, G.; Petri, A.; Aronica, L.A. Palladium Supported on Bioinspired Materials as Catalysts for C-C Coupling
Reactions. Catalysts 2023, 13, 210.

4. Shaik, M.R.; Khan, M.; Kumar, J.V.S.; Ashraf, M.; Khan, M.; Kuniyil, M.; Assal, M.E.; Al-Warthan, A.; Siddiqui, M.R.H.;
Khan, A.; et al. Nano Nickel-Zirconia: An Effective Catalyst for the Production of Biodiesel from Waste Cooking Oil.
Crystals 2023, 13, 592.

5. Almutairi, E.M.; Ghanem, M.A.; Al-Warthan, A.; Kuniyil, M.; Adil, S.F. Hydrazine High-Performance Oxidation and
Sensing Using a Copper Oxide Nanosheet Electrocatalyst Prepared via a Foam-Surfactant Dual Template.
Nanomaterials 2023, 13, 129.

6. Kumar, K.P.A.; Alduhaish, O.; Adil, S.F.; Pumera, M. Grafting of Pd on Covalently and Noncovalently Modified N-Doped
Graphene for Electrocatalysis. Adv. Mater. Interfaces 2022, 9, 2102317.

7. Shubha, J.P.; Kavalli, K.; Adil, S.F.; Assal, M.E.; Hatshan, M.R.; Dubasi, N. Facile green synthesis of semiconductive
ZnO nanoparticles for photocatalytic degradation of dyes from the textile industry: A kinetic approach. J. King Saud
Univ.-Sci. 2022, 34, 102047.

8. Khan, M.; Ashraf, M.; Shaik, M.R.; Adil, S.F; Islam, M.S.; Kuniyil, M.; Khan, M.; Hatshan, M.R.; Alshammari, R.H.;
Siddiqui, M.R.H.; et al. Pyrene Functionalized Highly Reduced Graphene Oxide-palladium Nanocomposite: A Novel
Catalyst for the Mizoroki-Heck Reaction in Water. Front. Chem. 2022, 10, 872366.

9. Ibrahim, A.A.; Fakeeha, A.H.; Lanre, M.S.; Al-Awadi, A.S.; Alreshaidan, S.B.; Albagmaa, Y.A.; Adil, S.F.; Al-Zahrani,
A.A.; Abasaeed, A.E.; Al-Fatesh, A.S. The Effect of Calcination Temperature on Various Sources of ZrO2 Supported Ni
Catalyst for Dry Reforming of Methane. Catalysts 2022, 12, 361.

10. Zhang, M.; Wang, L.; Yan, H.; Lian, L.; Si, J.; Long, Z.; Cui, X.; Wang, J.; Zhao, L.; Yang, C. Palladium-halloysite
nanocomposites as an efficient heterogeneous catalyst for acetylene hydrochlorination. J. Mater. Res. Technol. 2021,



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

13, 2055-2065.

Khan, M.; Karuppiah, P.; Alkhathlan, H.Z.; Kuniyil, M.; Khan, M.; Adil, S.F.; Shaik, M.R. Green Synthesis of Silver
Nanoparticles Using Juniperus procera Extract: Their Characterization, and Biological Activity. Crystals 2022, 12, 420.

Khan, M.; Al-Hamoud, K.; Liagat, Z.; Shaik, M.R.; Adil, S.F.; Kuniyil, M.; Alkhathlan, H.Z.; Al-Warthan, A.; Siddiqui,
M.R.H.; Mondeshki, M.; et al. Synthesis of Au, Ag, and Au-Ag Bimetallic Nanoparticles Using Pulicaria undulata Extract
and Their Catalytic Activity for the Reduction of 4-Nitrophenol. Nanomaterials 2020, 10, 1885.

Joudeh, N.; Saragliadis, A.; Koster, G.; Mikheenko, P.; Linke, D. Synthesis methods and applications of palladium
nanoparticles: A review. Front. Nanotechnol. 2022, 4, 1062608.

Chen, S.; Wang, G.; Sui, W.; Parvez, A.M.; Dai, L.; Si, C. Novel lignin-based phenolic nanosphere supported palladium
nanoparticles with highly efficient catalytic performance and good reusability. Ind. Crops Prod. 2020, 145, 112164.

Yurkov, G.; Koksharov, Y.; Fionov, A.; Taratanov, N.; Kolesov, V.; Kirillov, V.; Makeev, M.; Mikhalev, P.; Ryzhenko, D.;
Solodilov, V. Polymer Nanocomposite Containing Palladium Nanoparticles: Synthesis, Characterization, and Properties.
Polymers 2022, 14, 3795.

Favier, |.; Pla, D.; Gomez, M. Palladium nanoparticles in polyols: Synthesis, catalytic couplings, and hydrogenations.
Chem. Rev. 2019, 120, 1146-1183.

Thirumalraj, B.; Rajkumar, C.; Chen, S.-M.; Veerakumar, P.; Perumal, P.; Liu, S.-B. Carbon aerogel supported
palladium-ruthenium nanoparticles for electrochemical sensing and catalytic reduction of food dye. Sens. Actuators B
Chem. 2018, 257, 48-59.

Jameel, M.S.; Aziz, A.A.; Dheyab, M.A.; Mehrdel, B.; Khaniabadi, P.M. Rapid sonochemically-assisted green synthesis
of highly stable and biocompatible platinum nanoparticles. Surf. Interfaces 2020, 20, 100635.

Oshima, K.; Shiraishi, Y.; Matsumura, T.; Kuriyama, A.; Taguchi, K.; Inoue, J.; Anno, H.; Toshima, N. Enhancement of
the electrical conductivity of defective carbon nanotube sheets for organic hybrid thermoelectrics by deposition of Pd
nanoparticles. Mater. Adv. 2020, 1, 2926—-2936.

Fahmy, S.A.; Preis, E.; Bakowsky, U.; Azzazy, H.M.E.-S. Palladium nanoparticles fabricated by green chemistry:
Promising chemotherapeutic, antioxidant and antimicrobial agents. Materials 2020, 13, 3661.

Dong, M.; Qian, W.; Liu, X.; Chen, Y.; Huang, W.; Dong, C. Enhanced thermo cell properties from N-doped carbon
nanotube-Pd composite electrode. Surf. Coat. Technol. 2022, 434, 128213.

Sikeyi, L.L.; Matthews, T.; Adekunle, A.S.; Maxakato, N.W. Electro-oxidation of Ethanol and Methanol on Pd/C,
Pd/CNFs and Pd-Ru/CNFs Nanocatalysts in Alkaline Direct Alcohol Fuel Cell. Electroanalysis 2020, 32, 2681-2692.

Fernandez-Arias, M.; Vilas, A.M.; Boutinguiza, M.; Rodriguez, D.; Arias-Gonzéalez, F.; Pou-Alvarez, P.; Riveiro, A.; Gil,
J.; Pou, J. Palladium nanoparticles synthesized by laser ablation in liquids for antimicrobial applications. Nanomaterials
2022, 12, 2621.

Osonga, F.J.; Kalra, S.; Miller, R.M.; Isika, D.; Sadik, O.A. Synthesis, characterization and antifungal activities of eco-
friendly palladium nanoparticles. RSC Adv. 2020, 10, 5894-5904.

Ali, S.; Sharma, A.S.; Ahmad, W.; Zareef, M.; Hassan, M.M.; Viswadevarayalu, A.; Jiao, T.; Li, H.; Chen, Q. Noble
metals based bimetallic and trimetallic nanoparticles: Controlled synthesis, antimicrobial and anticancer applications.
Crit. Rev. Anal. Chem. 2021, 51, 454-481.

Xu, Y.; Musumeci, V.; Aymonier, C. Chemistry in supercritical fluids for the synthesis of metal nanomaterials. React.
Chem. Eng. 2019, 4, 2030-2054.

Wang, H.; Zhao, W.; Zhao, Y.; Xu, C.-H.; Xu, J.-J.; Chen, H.-Y. Real-time tracking the electrochemical synthesis of
Au@metal core-shell nanoparticles toward photo enhanced methanol oxidation. Anal. Chem. 2020, 92, 14006-14011.

Yu, Y.; Theerthagiri, J.; Lee, S.J.; Muthusamy, G.; Ashokkumar, M.; Choi, M.Y. Integrated technique of pulsed laser
irradiation and sonochemical processes for the production of highly surface-active NiPd spheres. Chem. Eng. J. 2021,
411, 128486.

Guo, J.; Liu, W.; Fu, X.-C.; Jiao, S. Wet-chemistry synthesis of two-dimensional Pt-and Pd-based intermetallic
electrocatalysts for fuel cells. Nanoscale 2023, 15, 8508-8531.

Mohana, S.; Sumathi, S. Multi-functional biological effects of palladium nanoparticles synthesized using Agaricus
bisporus. J. Clust. Sci. 2020, 31, 391-400.

Altuner, E.E.; Gulbagca, F.; Tiri, R.N.E.; Aygun, A.; Sen, F. Highly efficient palladium-zinc oxide nanoparticles
synthesized by biogenic methods: Characterization, hydrogen production and photocatalytic activities. Chem. Eng. J.
Adv. 2023, 14, 100465.



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Tan, K.B.; Sun, D.; Huang, J.; Odoom-Wubah, T.; Li, Q. State of arts on the bio-synthesis of noble metal nanoparticles
and their biological application. Chin. J. Chem. Eng. 2021, 30, 272-290.

Kaur, M.; Sharma, C.; Sharma, N.; Jamwal, B.; Paul, S. Pd Nanoparticles Decorated on ZnO/Fe304 Cores and Doped
with Mn2+ and Mn3+ for Catalytic C-C Coupling, Nitroaromatics Reduction, and the Oxidation of Alcohols and
Hydrocarbons. ACS Appl. Nano Mater. 2020, 3, 10310-10325.

Patnaik, S.; Sahoo, D.P.; Parida, K. Bimetallic co-effect of Au-Pd alloyed nanopatrticles on mesoporous silica modified
g-C3N4 for single and simultaneous photocatalytic oxidation of phenol and reduction of hexavalent chromium. J.
Colloid Interface Sci. 2020, 560, 519-535.

Uegaki, N.; Seino, S.; Ohkubo, Y.; Nakagawa, T. Effect of Polymer Substrate on Adhesion of Electroless Plating in
Irradiation-Based Direct Immobilization of Pd Nanoparticles Catalyst. Nanomaterials 2022, 12, 4106.

Wei, Z.; Xie, Z.; Gao, L.; Wang, Y.; Sun, H.; Jian, Y.; Zhang, G.; Xu, L.; Yang, J.; Zhang, W. Highly crystallized Pd/Cu
nanoparticles on activated carbon: An efficient heterogeneous catalyst for Sonogashira cross-coupling reaction.
Catalysts 2020, 10, 192.

Zhang, X.; Yang, P. Pd nanoparticles assembled on Ni- and N-doped carbon nanotubes towards superior
electrochemical activity. Int. J. Hydrogen Energy 2021, 46, 2065-2074.

Veerakumar, P.; Lin, K.-C. An overview of palladium supported on carbon-based materials: Synthesis, characterization,
and its catalytic activity for reduction of hexavalent chromium. Chemosphere 2020, 253, 126750.

Pei, A;; Ruan, L.; Liao, J.; Zhang, H.; Wang, J.; Yang, K; Liu, Z.; Zhu, L.; Chen, B.H. Preparation of a PARuNi/C tri-
metallic nanocatalyst and its excellent catalytic performance for ethylbenzene hydrogenation reaction. New J. Chem.
2019, 43, 17306-17314.

Gulbagca, F.; Aygiln, A.; Gllcan, M.; Ozdemir, S.; Gonca, S.; Sen, F. Green synthesis of palladium nanoparticles:
Preparation, characterization, and investigation of antioxidant, antimicrobial, anticancer, and DNA cleavage activities.
Appl. Organomet. Chem. 2021, 35, e6272.

Chen, Y.; Chen, Z.; Yang, D.; Zhu, L.; Liang, Z.; Pang, Y.; Zhou, L. Novel Microbial Palladium Nanoparticles with a High
Photothermal Effect for Antibacterial Applications. ACS Omega 2022, 8, 1534-1541.

Liu, J.; Wang, L.; Shen, X.; Gao, X.; Chen, Y.; Liu, H.; Liu, Y.; Yin, D.; Liu, Y.; Xu, W. Graphdiyne-templated palladium-
nanoparticle assembly as a robust oxygen generator to attenuate tumor hypoxia. Nano Today 2020, 34, 100907.

Ramalingam, V.; Raja, S.; Harshavardhan, M. In situ one-step synthesis of polymer-functionalized palladium
nanoparticles: An efficient anticancer agent against breast cancer. Dalton Trans. 2020, 49, 3510-3518.

MubarakAli, D.; Kim, H.; Venkatesh, P.S.; Kim, J.-W.; Lee, S.-Y. A systemic review on the synthesis, characterization,
and applications of palladium nanoparticles in biomedicine. Appl. Biochem. Biotechnol. 2023, 195, 3699-3718.

Luo, S.; Liu, Y.; Zhu, Y.; Niu, Q.; Cheng, M.; Ye, S.; Yi, H.; Shao, B.; Shen, M.; Wen, X. Perspectives on palladium-
based nanomaterials: Green synthesis, ecotoxicity, and risk assessment. Environ. Sci. Nano 2021, 8, 20-36.

Subhan, A.; Mourad, A.-H.1.; Al-Douri, Y. Influence of laser process parameters, liquid medium, and external field on the
synthesis of colloidal metal nanoparticles using pulsed laser ablation in liquid: A review. Nanomaterials 2022, 12, 2144.

Salman, S.H.; Khashan, K.S.; Hadi, A.A. Green Synthesis and Characterization of Palladium Nanoparticles by Pulsed
Laser Ablation and Their Antibacterial Activity. Metals 2023, 13, 273.

Liu, Y.; Li, J.; Chen, M.; Chen, X.; Zheng, N. Palladium-based nanomaterials for cancer imaging and therapy.
Theranostics 2020, 10, 10057.

Phan, T.T.V.; Huynh, T.-C.; Manivasagan, P.; Mondal, S.; Oh, J. An up-to-date review on biomedical applications of
palladium nanoparticles. Nanomaterials 2019, 10, 66.

Mari, E.; Tsai, P.-C.; Eswaran, M.; Ponnusamy, V.K. Efficient electro-catalytic oxidation of ethylene glycol using flower-
like graphitic carbon nitride/iron oxide/palladium nanocomposite for fuel cell application. Fuel 2020, 280, 118646.

Vinayan, B.; Sethupathi, K.; Ramaprabhu, S. Facile synthesis of triangular shaped palladium nanoparticles decorated
nitrogen doped graphene and their catalytic study for renewable energy applications. Int. J. Hydrogen Energy 2013, 38,
2240-2250.

Dal Pont, K.; Serghei, A.; Espuche, E. Multifunctional Pd-Based Nanocomposites with Designed Structure from In Situ
Growth of Pd Nanoparticles and Polyether Block Amide Copolymer. Polymers 2021, 13, 1477.

Oliveira, A.; Silva, S.; Rubinger, C.; Ider, J.; Rubinger, R.; Oliveira, E.; Doriguetto, A.; de Carvalho, H. Preparation and
characterization of palladium-doped titanium dioxide for solar cell applications. Mater. Sci. Eng. B 2022, 280, 115702.

Slavcheva, E.; Ganske, G.; Schnakenberg, U. Sputtered Pd as hydrogen storage for a chip-integrated microenergy
system. Sci. World J. 2014, 2014, 146126.



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Alexeeva, O.; Fateev, V. Application of the magnetron sputtering for nanostructured electrocatalysts synthesis. Int. J.
Hydrogen Energy 2016, 41, 3373-3386.

Mendivil, M.; Krishnan, B.; Castillo, G.; Shaji, S. Synthesis and properties of palladium nanoparticles by pulsed laser
ablation in liquid. Appl. Surf. Sci. 2015, 348, 45-53.

Marzun, G.; Nakamura, J.; Zhang, X.; Barcikowski, S.; Wagener, P. Size control and supporting of palladium
nanoparticles made by laser ablation in saline solution as a facile route to heterogeneous catalysts. Appl. Surf. Sci.
2015, 348, 75-84.

Pan, W.; Zhang, X.; Ma, H.; Zhang, J. Electrochemical synthesis, voltammetric behavior, and electrocatalytic activity of
Pd nanoparticles. J. Phys. Chem. C 2008, 112, 2456—-2461.

Okitsu, K.; Yue, A.; Tanabe, S.; Matsumoto, H. Sonochemical preparation and catalytic behavior of highly dispersed
palladium nanoparticles on alumina. Chem. Mater. 2000, 12, 3006—3011.

Qiu, X.-F.; Xu, J.-Z.; Zhu, J.-M.; Zhu, J.-J.; Xu, S.; Chen, H.-Y. Controllable synthesis of palladium nanoparticles via a
simple sonoelectrochemical method. J. Mater. Res. 2003, 18, 1399-1404.

Nemamcha, A.; Rehspringer, J.-L.; Khatmi, D. Synthesis of palladium nanoparticles by sonochemical reduction of
palladium (Il) nitrate in aqueous solution. J. Phys. Chem. B 2006, 110, 383—-387.

Jiang, R.; Zhang, Y.; Swier, S.; Wei, X.; Erkey, C.; Kunz, H.R.; Fenton, J.M. Preparation via supercritical fluid route of
Pd-impregnated nafion membranes which exhibit reduced methanol crossover for DMFC. Electrochem. Solid-State
Lett. 2005, 8, A611.

Moisan, S.; Marty, J.-D.; Cansell, F.; Aymonier, C. Preparation of functional hybrid palladium nanoparticles using
supercritical fluids: A novel approach to detach the growth and functionalization steps. Chem. Commun. 2008, 1428—
1430.

Cansell, F.; Aymonier, C. Design of functional nanostructured materials using supercritical fluids. J. Supercrit. Fluids
2009, 47, 508-516.

Khan, M.; Khan, M.; Kuniyil, M.; Adil, S.F.; Al-Warthan, A.; Alkhathlan, H.Z.; Tremel, W.; Tahir, M.N.; Siddiqui, M.R.H.
Biogenic synthesis of palladium nanoparticles using Pulicaria glutinosa extract and their catalytic activity towards the
Suzuki coupling reaction. Dalton Trans. 2014, 43, 9026—-9031.

Shanthi, K.; Sreevani, V.; Vimala, K.; Kannan, S. Cytotoxic Effect of Palladium Nanoparticles Synthesized From
Syzygium aromaticum Aqueous Extracts and Induction of Apoptosis in Cervical Carcinoma. Proc. Natl. Acad. Sci. India
Sect. B Biol. Sci. 2017, 87, 1101-1112.

Sharmila, G.; Farzana Fathima, M.; Haries, S.; Geetha, S.; Manoj Kumar, N.; Muthukumaran, C. Green synthesis,
characterization and antibacterial efficacy of palladium nanoparticles synthesized using Filicium decipiens leaf extract.
J. Mol. Struct. 2017, 1138, 35-40.

Sharmila, G.; Haries, S.; Farzana Fathima, M.; Geetha, S.; Manoj Kumar, N.; Muthukumaran, C. Enhanced catalytic
and antibacterial activities of phytosynthesized palladium nanoparticles using Santalum album leaf extract. Powder
Technol. 2017, 320, 22—-26.

Shaik, M.R.; Ali, 2.J.Q.; Khan, M.; Kuniyil, M.; Assal, M.E.; Alkhathlan, H.Z.; Al-Warthan, A.; Siddiqui, M.R.H.; Khan, M.;
Adil, S.F. Green Synthesis and Characterization of Palladium Nanoparticles Using Origanum vulgare L. Extract and
Their Catalytic Activity. Molecules 2017, 22, 165.

Sheny, D.S.; Philip, D.; Mathew, J. Rapid green synthesis of palladium nanoparticles using the dried leaf of Anacardium
occidentale. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2012, 91, 35-38.

Anju, A.; Gupta, K.; Chundawat, T.S. In vitro antimicrobial and antioxidant activity of biogenically synthesized palladium
and platinum nanoparticles using Botryococcus braunii. Turk. J. Pharm. Sci. 2020, 17, 299.

Sriramulu, M.; Sumathi, S. Biosynthesis of palladium nanoparticles using Saccharomyces cerevisiae extract and its
photocatalytic degradation behaviour. Adv. Nat. Sci. Nanosci. Nanotechnol. 2018, 9, 025018.

Omajali, J.B.; Gomez-Bolivar, J.; Mikheenko, I.P.; Sharma, S.; Kayode, B.; Al-Duri, B.; Banerjee, D.; Walker, M.;
Merroun, M.L.; Macaskie, L.E. Novel catalytically active Pd/Ru bimetallic nanoparticles synthesized by Bacillus
benzeovorans. Sci. Rep. 2019, 9, 4715.

Sonbol, H.; Ameen, F; AlYahya, S.; Almansob, A.; Alwakeel, S. Padina boryana mediated green synthesis of crystalline
palladium nanoparticles as potential nanodrug against multidrug resistant bacteria and cancer cells. Sci. Rep. 2021,
11, 5444.

Retrieved from https://encyclopedia.pub/entry/history/show/114867






