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Abstract

:

Palladium (Pd), a noble metal, has unique 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 H2 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(III). 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. Hence, in this review, we attempted to cover recent progress in the various applications of Pd NPs with emphasis on their application as sensors and catalysts for energy-related and other applications.
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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 [1,2,3,4,5,6,7,8,9]. 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 [10,11,12]. Palladium (Pd), which is the same group as platinum, possesses the unequalled electronic ground-state structure of Pd (4d105s0) and the square-planar geometry of Pd(II) 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 [13].



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. [14]. Additionally, they are also used in fuel cells, photothermal therapy, anticancer treatment, hydrogen storage, antibacterial applications, and sensors [15]. In addition, palladium NPs (Pd NPs) have been synthesized with high surface area and active sites [16].



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 [17].



In this regard, Pd NPs were synthesized by three types of method: a chemical method [18], a physical method [19], and a biological method [20], but on the industrial scale, the physical method and chemical method were of interest. Physical methods included magnetron sputtering [21], physical vapor deposition [22], and laser ablation [23]. 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 [25]. These methods include supercritical fluid nucleation [26], electrochemical deposition [27], sonochemical preparation [28], and wet chemical methods [29] 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 [30]. 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 [31]. 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) [32].



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 [33], silica [34], polystyrene [35], activated carbon [36], or carbon nanotubes [37]. 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 [38]. 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].



This review aims to compile literature about palladium metallic nanoparticles and their applications in various areas such as sensors, catalysis, and energy, with an aim to put forward prospects for future research directions.




2. Sensing Applications


2.1. Palladium-Based Nanocomposites for Sensing Applications


Metallic nanostructures have gained significant interest for a variety of applications including sensing, due to their diverse morphologies and sizes; unique electronic, plasmonic, and optical properties; and their outstanding chemical stability and varied oxidation states [40,41]. In particular, nanostructures involving gold-, silver-, iron-, palladium-, and platinum-based hybrid nanomaterials typically offer tremendous possibilities in a variety of sensing applications [42,43,44]. Among these metallic nanostructures, noble palladium nanoparticles offer superb physicochemical properties, like strong chemical and thermal stability; excellent electronic, plasmonic and optical properties; and high catalytic activity. In addition to this, palladium is less expensive, readily available, and can be easily synthesized in different morphologies and sizes using simple synthetic approaches [45,46,47,48]. Palladium nanoparticles can be easily combined or coated with different types of functional materials or ligands to fabricate a variety of advanced functional materials with desirable properties [49,50,51]. Palladium nanoparticles have gained particularly significant recognition in the field of catalysis, which has been utilized to create different types of catalysts for several organic transformations including C-C bond formation [52,53,54]. Apart from this, palladium-based nanostructures have also been extensively applied in hydrogen storage, fuel cells, and sensors [55,56,57]. Palladium exhibits the unique capability to reversibly absorb gases, particularly hydrogen, in large quantities under ambient conditions, which makes it a crucial component in gas sensors and in the upcoming hydrogen economy [57]. Due to this, palladium-based nanomaterials have gained significant recognition in hydrogen-sensing applications, but in other sensing applications a relatively small number of reports are available, and they still have to be explored thoroughly to be recognized as credible materials for sensors [58]. Recently, a number of publications on the sensing applications of palladium-based nanostructures have appeared, but there is still a long way to go towards the realistic and broad application of palladium nanostructures in sensors for a wide range of analytes [59,60,61].



Due to their face-centered cubic (fcc) crystal structure, Pd NPs can be effectively prepared in a variety of morphologies such as cubes, spheres, rods, flowers, octahedrons, and so on [62]. For instance, Pd-based cubes, octahedrons, and cuboctahedrons have been fabricated exploiting the ratio of growth rates along the (111) and (100) directions [63]. Apart from shape, Pd can be easily prepared in different sizes using a variety of synthetic approaches, which also play a crucial role in the stability of the resulting material [64]. Especially at the nanoscale level, Pd-based materials demonstrate enhanced physicochemical properties, including plasmonic properties, which have led to the development of significant interest in the scientific community for Pd with controlled size and shape [65]. In this regard, Bhardawaj et al. have reported the fabrication of Pd NPs with well-defined shape and controllable size using the polyol approach [66]. These nanoparticles exhibited a hydrogen-sensing capability at room temperature; moreover, this feature was found to be shape-dependent. The hydrogen sensor studies revealed good response characteristics, and the response parameters varied with a change in shape/facet characteristics of Pd NPs. Pd demonstrates various benefits over other commonly studied plasmonic metals including Au and Ag, which make it more suitable for sensing applications [67]. Despite considerable efforts, the development of plasmonic Pd-based nanocomposites with relatively narrow optical responses while maintaining tunability, and in-depth analysis of these plasmonic materials in sensing applications, has been relatively less studied [68]. Surprisingly, Pd-based nanomaterials have demonstrated excellent plasmonic properties in terms of refractive index sensitivity or absorption capacity, which are often superior to Au or Ag nanostructures [69]. Besides this, Pd is considered as the third plasmonic material that exhibits higher stability at elevated temperatures in comparison with Au and Ag [67]. Especially for anisotropic Pd NPs, the LSPR (localized surface plasmon resonance) excitation condition for the larger axis is typically located at longer wavelengths than for Ag and Au NPs of the same size and geometry [70]. This was demonstrated by Langhammer et al. in their study: upon investigation of highly anisotropic Pd and Ag nanodisks (20 nm and 530 nm in height and diameter, respectively), it was revealed that the LSPR of Ag nanodisks appeared at a lower wavelength (1600 nm) while the LSPR of Pd nanodisks appeared at a higher wavelength (~1800 nm) [71]. Similarly, ultrathin Pd nanoplates with ~10 atomic layers and edge length of between 20 and 160 nm have demonstrated well-defined and controllable LSPRs from 826 nm to 1068 nm in the IR region [72]. These extraordinary LSPR properties of Pd NPs are highly effective in a variety of sensing applications, as various sensors are often based on changes in LSPR, which can be effectively controlled by modifications of Pd NPs’ size and/or shape, which can be typically achieved during analytical assay [73]. For example, in the presence of target analytes, particle etching is either inhibited or promoted; in addition, analytes also mediate/promote the growth of particles which can facilitate control of the size, shape, and composition of particles. Therefore, Pd NPs that have been found to possess excellent recognition in colorimetric sensors were due to the high LSPR sensitivity (large shift range) resulting from shape and size modifications [74].



Among various analytes, Pd is typically known for its high affinity towards hydrogen (H2); indeed, it was the first metal that was used to reversibly introduce H2 and can absorb 900 times its equivalent volume of H2. The electronic structure of metallic Pd NPs dictates the amount of H2 absorption; indeed, the number of unoccupied d-states is directly related to the amount of absorbed H2. The electrons from absorbed H2 are transferred to the unoccupied d-states of Pd NPs, which are transferred to Pd, and the absorption of H2 is inhibited when the unoccupied d-states of Pd are filled with electrons upon the formation of Pd hydride [75]. To overcome these and other issues, and to further enhance the sensing properties of Pd, it is typically combined with various materials including other metallic nanoparticles, metal oxide NPs, carbon-based materials, and other layered materials to fabricate different types of sensors, including electrical sensors, optical sensors, and so on.




2.2. Bimetallic Pd Nanocomposite-Based Sensors


Pd is typically combined with various transition metals to enhance the sensing ability of the resulting materials. In case of gas sensing including H2, transitions metals like Pt, Au, Ag, and others help to balance the number of unoccupied d-states in Pd; these metals also offer electrons to Pd, which leads to a reduction in the amount of gas absorbed [76]. The combination of Pd with other transition metals significantly reduces the cost of sensing equipment and also increases gas permeability and solubility, which ultimately leads to the inhibition of phase transition and enhanced sensing ability than pristine Pd [77]. Besides this, the alloying of Pd with other metals enhances the resistance of the gas sensor against poisoning, which leads to the generation of a stable sensor response and enhanced lifetime of the sensor [78]. Cui et al. reported the fabrication of Pd-Ag ultrathin optical film, which was used as a H2 gas sensor. In comparison with pristine Pd, the Pd-Ag hybrid has enhanced the life and the stability of sensing film [79]. In another study, Maboudian reported a modified epoxy-silver and Pd-based non-enzymatic glucose sensor. Palladium was galvanically displaced on the surface of the epoxy-silver surface in order to obtain metal nanoparticles that act as catalysts for the direct oxidation of glucose [80]. The as-fabricated sensor has shown a linear range of 1–20 mM for the detection of glucose with low interference of ascorbic acid and uric acid. A fiber-optic H2 sensor based on a hybrid of Pd and Au was reported, which consisted of a stack of Pd and Au nano-layers [81]. In this sensor, in the presence of H2, the Pd refractive index was decreased, leading to attenuation changes in the optical fiber evanescent wave. Using this sensor, when a mixture of H2 and N2 (carrier gas) was used to test the effectiveness of the device, a response time of 4.5 s for H2 concentration of 4% was detected. Giessen et al. studied the influence of stacking order and geometry of stacked Au and Pd nanodisks on the H2-sensing ability of a hybrid plasmonic nanostructure-based sensor [82]. Furthermore, a Pd-Au nanorod as a nanozyme was reported for malathion detection [83]. The Pd-Au nanozyme demonstrated superior peroxidase mimetic activity with O-phenylenediamine in the presence of H2O2. The principle of the developed assay was selective quenching of the peroxidase activity of the nanozyme, which was affected by the increasing concentration of malathion (cf. Figure 1).



Besides this, a blend of Pd and Pt was also used, such as a Pt-modified Pd-nanowire-based hybrid used as a resistive gas sensor for the detection of H2 gas in air, which was prepared with controlled Pt coverage [84]. When compared to pristine Pd nanowire, the inclusion of Pt on the surface of Pd NP changed the H2 detection properties of the resulting hybrid, including alteration of the amplitude of the relative resistance at low temperatures and fastening of the recovery rates and response at all temperatures. The heterostructured Pd-Pt core-shell nanocubes displayed catalytic activity in the glucose oxidation reaction (GOR), which was exploited in the application of non-enzymatic glucose sensors in 0.1 M NaOH(aq) solution [85]. The Pd@Pt core-shell hybrid exhibited a sensitivity of 170 μA∙mM−1∙cm−2 under GOR catalysis conditions, and required a potential as low as −0.05 V (vs. Ag/AgCl). More recently, the surface plasmon resonance property of Pd was exploited for the quantitative SPR sensing of organic films, and for this purpose, thin films of Pd and Pt were used [86]. Moreover, a Pd and Ni alloy was also deployed, as described by Yu et al. in their study on the influence of working temperature on the accuracy of a PdNi alloy thin-film H2 sensor [87]. The PdNi H2 sensor exhibited good response to H2 with concentrations of 0.02% to 40% at room temperature, with a nonlinearly related response to H2 concentration and working temperature. The nanoporous PdNi alloy exhibited high electrocatalytic activity towards the oxidation of H2O2 and glucose when compared to pristine Pd and Pd/C catalysts [88]. In this case, the alloy was prepared by one-step mild dealloying of PdNiAl precursor alloy in NaOH solution. The hybrid consisted of a nanoporous network architecture with a ligament size as small as 5 nm. Wang et al. developed a quick-response and revival H2 gas sensor employing Pd/Cu nanowires, which was based on a surface acoustic wave (SAW) [89]. In this case, the adsorption in Pd/Cu NWs towards H2 molecules was due to resistivity changes in the Pd NPs, which modulated the SAW propagation by an induced acoustoelectric coupling effect and sensor signal, indicating that the gas concentration was proportional to the corresponding shifts in oscillation frequency.



In addition to this, supported Pd bimetallic hybrids have also commonly been applied to avoid the aggregation of metallic components. For example, in a recent study, Pd and Cu hybrid nanostructures were deposited on activated carbon (AC) to fabricate a nanocomposite for electrochemical sensing of riboflavin (vitamin B2). A screen-printed electrode modified with the composite efficiently detected vitamin B2, which displayed a clear oxidation peak at −0.15 V (vs. Ag/AgCl) in solutions with a pH value of 7.0. In another study, Zou et al. deposited Pd@Au core-shell (Pd@Au) heterostructures on the surface of highly reduced graphene oxide (HRG) to obtain a hybrid [90]. The hybrid was used to modify glassy carbon electrode (GCE), which was used to simultaneously determine concentrations of ascorbic acid (AA), dopamine (DA), and uric acid (UA). Similarly, in another study, Pd and Ag (70–30%) were deposited on activated ZnO thin films, which were used as a highly selective methane sensor at low operating temperature (~100 °C) [91]. ZnO films deposited with a Pd-Ag dotted pattern have shown high selectivity towards methane (with respect to H2S and CO) and sensitivity (~80%) at a comparatively low operating temperature of about 100 °C.




2.3. Metal Oxide-Pd NP Nanocomposite-Based Sensors


Metal oxides have gained significant recognition in sensing applications due to their excellent physicochemical properties; higher sensing response, particularly to gases; easy availability; high stability; and low cost [92]. Metal oxides are also applied in their pure forms for various sensing applications; however, most of the commonly applied metal oxides, particularly for gas sensing, like SnO2, ZnO, In2O3, and so on, typically interact with surrounding gases at RT [93]. This seriously slows down the reaction rate and adversely affects their sensing abilities [94]. Thus, specialized catalysts are required to lower the activation energy of the reaction, which ultimately accelerates the chemical reactions for fast and high responses [95]. To resolve these issues in gas sensors, particularly in H2 sensors, noble metals like Pd and Pt are applied due to their high catalytic properties for H2 dissociation [96]. The dissociated H2 atoms typically move from the Pt or Pd parent particles to the neighboring metal oxides and initiate chemical reactions, which has been known as the “spillover effect” [97]. Thus, Pd has been incorporated with a variety of metal oxides; for example, Tong et al. introduced an easy method for the decoration of WO3 nanorods with Pd NPs to obtain enhanced NH3 gas-sensing performance [98]. In addition, Liu et al. reported the shape-controlled preparation of Pd nanocubes on WO3 nanoplates using a solvothermal approach; the resulting hybrid demonstrated a high and fast response at room temperature for H2 sensing [99]. They also investigated the relationship between the interaction of Pd nanocrystals with metal oxides and their effect on sensing performance by comparing the sensing performance of pure WO3 and mechanically mixed Pd nanocubes and WO3 nanoplates. In freestanding Pd nanocrystals, H2 dissociation occurs on Pd while reactions resulting in resistance changes take place on metal oxides. More recently, Lee et al. reported a chemiresistive sensor based on Pd-WO3 to detect H2 at the ppm level at RT with a outstandingly high response along with extraordinary selectivity [100]. The composite was prepared by using a self-assembly approach, in which the self-assembly of Pd NPs and WO3 nanoparticles was reinforced with positively charged droplets.



Apart from WO2, SnO2 is also the most used metal oxide, particularly in gas sensing, due to its stability: for example, SnO2 NP-based sensors for the detection of volatile organic compounds (VOCs), carbon monoxide (CO), etc., at low temperature. In particular, in the case of CO, SnO2 responded to CO via oxidation of CO molecules by chemisorbed oxygen species to CO2 [101]. Subsequently, considerable changes in charge carrier density occurred on the surface, leading to changes in resistivity. However, low-temperature sensing of CO faces long-term stability problems and often requires high power consumption. To overcome these issues, the incorporation of additive metals including Pd is crucial to improve sensitivity and selectivity, resulting in sensors which also lower the operating temperature. For instance, Kim et al. demonstrated the fabrication of a low-temperature sensor for CO detection using Pd/SnO2 nanocomposite, which is prepared by an infiltration process [102]. The addition of an organic binder (15% hydroxypropyl cellulose (HPC)) led to several improvements in sensor efficiency, including high sensitivity to CO gas at the ppm level, efficient repeatability in 6–18 ppm CO exposure, and active response for more than 40 days. Similarly, a CO sensor based on nanocrystalline Pd/SnO2 was reported by Gangwar et al.; thin films of the as-prepared hybrid were deposited on an alumina substrate by reactive magnetron sputtering for highly sensitive and selective CO gas sensing [103]. In another case, an ultra-fast-response H2 sensor based on Pd-modified SnO2 NPs with a size of ~7 nm was evaluated. The addition of Pd significantly enhanced the H2 sensing performance when compared to a pristine SnO2 gas sensor; in particular, after Pd addition, the working temperature of SnO2 decreased from 300 °C to 125 °C [104]. Several studies have suggested that the incorporation of noble metal decoration including Pd enhances the sensing properties of the resulting hybrids due to the electronic sensitization as well as chemical sensitization effects of metals [105]. In the case of chemical sensitization, metals catalytically influence the dissociation of oxygen and some target gases, leading to easier and faster adsorption on the surface of the gas sensor [106]. However, electronic sensitization causes the creation of a junction potential barrier between the sensing material and the metallic NPs [107]. Differences in the Fermi levels of the sensing material and the metallic NPs often cause the depletion/accumulation of charge carriers at the metal oxide near the metallic NPs, eventually leading to enhancement in the sensor signal. Therefore, application of a sensing layer composed of metal oxide, noble metal, and oxygen vacancies has been proposed by several researchers to enhance gas-sensing properties. In this regard, Choi et al. used highly catalytic Pd-implanted SnO2−x-decorated SnO2 nanowires for NO2 gas sensing. In this case, Pd NPs were surrounded in SnO2−x with a large number of structural defects on the surface of SnO2 nanowires for enhancing NO2 sensing [108]. They also studied in detail the underlying sensing mechanism in terms of generation of oxygen defects, catalytic activity of Pd, and creation of heterojunctions in the sensing material (cf. Figure 2).



In addition, ZnO, which is an n-type semiconductor with a band gap of 3.37 ev, and Pd as a noble metal, were also desirable choices for the fabrication of a variety of sensors including a planar-type gas sensor [109]. For instance, Wang et al. fabricated a Pd-modified ZnO nanocomposite using a simple hydrothermal route and subsequent calcination process [110]. The as-prepared composite was tested for its methane (CH4)-sensing properties, which were also compared with those of pure ZnO, and the materials exhibited a noticeable sensing capability even at the smallest loading of Pd. The 1% Pd-ZnO exhibited a maximum response value of 19.20 to 5000 ppm CH4 at 200 °C, but also exhibited excellent selectivity and good repeatability. In another study, thin-film ZnO chemoresistive acetone sensors were fabricated by the decoration of Pd NPs on the surface at low operating temperatures [111]. The polycrystalline ZnO films were crystallized at the (002) and (101) orientations of the hexagonal phase; due to this, the ZnO:Pd sensor showed a lower detection limit and a response enhancement factor of between 2 and 7 compared with pure ZnO sensors. Recently, Pd-decorated ZnO NPs were supported on a highly porous framework of activated carbon to achieve an efficient electrochemical sensor for the detection of carbaryl trace [112]. The results revealed a unique oxidative-sensing ability of composite for carbaryl at 0.62 V with a low ΔE (80 mV) as compared to that of a bare glassy carbon electrode (GCE). Under optimized conditions, electrochemical sensing of carbaryl was realized with a low detection limit of 0.01 μM and a detection range of 0.01–5.0 μM. Apart from these oxides, a variety of other metal oxides have also been chosen to fabricate sensors for the detection of a range of analytes [113]. Pd-In2O3 nanocomposites were prepared by Pd modification, and the composite was applied for room-temperature H2 sensing [114].




2.4. Carbon Materials and Pd Nanocomposite-Based Sensors


Carbon-based nanomaterials such as single and multiwalled carbon nanotubes (SWCNTs, MWCNTs), graphene, carbon nitrides, fullerenes, and several others have been considerably popular as sensor materials due to their remarkable properties [115,116]. An example of this is their ability to hybridize into sp, sp2, and sp3 configurations based on the bonding relationships with neighboring atoms, and the narrow gap between the 2s and 2p electron shells, effectively facilitating the fabrication of a wide variety of carbon materials [117,118]. In particular, as electrode materials in sensors, carbonaceous nanomaterials demonstrate several unique properties for sensing and detection of a variety of analytes [119], such as the possibility of depositing electrocatalytic groups on the surface of these materials, the presence of edge-plane-like sites located at the ends and in defect areas of nanostructures, high surface area, efficient electronic properties, and unique 2D structures, such as in graphene and carbon nitride, etc. [120]. In addition to this, carbon nanostructures are also beneficial due to their low weight and low cost, and also exhibit onboard reversibility and rapid sorption kinetics [121]. Besides this, carbon nanostructures offer high stability in basic and/or acidic media, are relatively inexpensive, are easily recoverable, and are considered the best support material [122]. As effective support materials, they are extremely capable of enhancing the electroactive area with excellent nanoparticle dispersion and the promotion of electronic transfer and improvement of the rate of diffusion of electroactive species through the porous structure of the carbon support [122]. Due to these excellent properties, a variety of carbon nanostructures have been effectively combined with Pd NPs to fabricate highly advanced and efficient sensors [123]. For example, porous activated carbons (PACs) derived from biomass feedstock have gained significant recognition in sensing and detection of toxic metal ions and other analytes [124]. Pd NP-decorated PAC-modified GCEs have been successfully utilized as potential electrochemical sensors for the detection of gases including H2 and methane and biomolecules such as uric acid, glucose, dopamine, ascorbic acid, and hydrazine [125,126,127]. For instance, Veerakumar et al. prepared PACs derived from waste biomass feedstock (fruit peels). The as-prepared PACs were decorated with Pd and used to modified GCEs [128]. The PAC-Pd-modified electrodes were used as electrochemical sensors for the detection of different types of toxic heavy-metal ions, including Cd2+, Pb2+, Cu2+, and Hg2+, which showed superior performances for both individual as well as simultaneous detections. Similarly, Zhang et al. fabricated a uniformly decorated Pd NP- and PAC-based composite, in which the Pd NPs were in situ reduced on PAC (Pd@PAC) via KOH activation and a thermal reduction method [129]. The Pd@PAC-modified GCE was applied for the detection of trace Cd2+, Pb2+, and Cu2+ ions by square-wave anodic voltammetry (SWASV). The as-fabricated sensor has demonstrated extreme sensitivity and selectivity during the detection of heavy-metal ions.



Among carbon materials, graphene is more popular due to its planar sheetlike structure consisting of sp2 hybridized carbon atoms [130]. In this unique structure, the strongest bond is the in-plane σC-C bond, and the out-of-plane π bond is responsible for the electron conduction of graphene, which offers weak interaction among graphene layers or between graphene and the substrate [131]. Due to this unique electronic configuration, graphene consists of a large surface area (2630 m2 g−1); high mechanical strength (200 times greater than steel); high electrical conductivity, which is 60-fold greater than single-walled CNT (SWCNT) and 6-fold higher than that of copper; along with high elasticity and thermal conductivity [132]. Thus, graphene-based electrodes exhibit excellent electronic conductivities and high electrocatalytic properties when compared to other carbonaceous nanostructures [133]. In particular, studies have revealed that the combination of graphene with noble metal nanoparticles has potentially enhanced the electrocatalytic performance of the resulting nanocomposites [134]. Graphene- and Pd NP-based nanocomposites have especially been extensively explored for the determination of various analytes because of their excellent electrocatalytic properties [135]. These composites have been prepared by various approaches including in situ electrodeposition from a Pd precursor solution or immobilization of pre-synthesized Pd nanoparticles onto electrodes [136]. The composite was used to fabricate a selectivity-enhanced field-effect transistor (FET)-type glucose sensor, employing surface functionalization phenomena using electrodeposition and spin coating techniques [137]. In another study, a novel and sensitive electrochemical nitrite sensor was fabricated using in situ electroless deposition of Pd NPs and rGO in a stepwise manner on a GCE. The Pd-rGO-modified electrode demonstrated considerable enhancement towards the oxidation of nitrite with increased current response and reduced overpotential, which was a result of the synergistic catalytic effect of rGO and Pd NPs. Recently, there has been the highly selective detection of chloramphenicol (CAP) using a Pd NP-decorated highly reduced graphene oxide (rGO-PdNP) nanocomposite [138]. The rGO-PdNP-modified GCE exhibited excellent electroactivity in the presence of chloramphenicol, which demonstrated an outstanding performance with a linear response range of 50–1000 nM and a low detection limit of 50 nM (S/N = 3). In another study, Pd NPs were successfully decorated on polypyrrole/reduced graphene oxide substrate to obtain rGO/Pd@PPy nanocomposite [139]. Using this, an effective electrochemical sensor was fabricated by depositing the as-prepared composite on GCE for the simultaneous detection of ascorbic acid (AA), dopamine (DA), and uric acid (UA) (cf. Figure 3). The modified electrode showed excellent catalytic efficiency and conductivity for the detection of the aforementioned analytes with higher current and oxidation peak intensities, while the simultaneous detection of these molecules was achieved due to the elevated selectivity and sensitivity of rGO/Pd@PPy NPs.



Apart from this, carbon nitride is another metal-free carbon material, which exhibits a high N : C ratio with structure ranging from a polymeric to a graphitic form, constituting heptazine or triazine rings as structural motifs [140]. These materials consist of medium band gap, porosity, and high thermal and chemical inertness; in addition, due to the tunability of their electronic and optical properties, biocompatibility, high stability, and low cost, they can be employed in the field of sensing [141]. In a study, carbon nitride was combined with Pd to fabricate a room-temperature H2 sensor [142]. Graphitic carbon nitride (g-C3N4) was prepared by pyrolysis of melamine. Pd NPs were scattered on g-C3N4 by the polyol reduction method. Hydrogen-sensing properties of Pd/g-C3N4 were studied within a near-flammability range of 1–4 vol%. More recently, the deposition of Pd/g-C3N4-based thin films at different percentages of Pd loading (10%, 20%, and 40%) on an Astro-glass substrate in a temperature range of 350–400 °C was reported. These films were applied for efficient H2 gas sensing at RT. Among various films, 40% Pd/g-C3N4 and 20% Pd/g-C3N4 showed response and recovery, while the sensitivity of 20% Pd/g-C3N4 was found to be highest amongst all differently loaded composites.




2.5. Multicomponent Pd Nanocomposite-Based Sensors


To overcome the issues faced by bimetallic hybrids, such as their metastable nature and lower kinetics, Pd-based multicomponent hybrids like ternary nanocomposites, etc., have been applied, which exhibit higher kinetics even at low temperatures. Multicomponent hybrids have been shown to have higher permeability than pure Pd, as reported by Tarditi et al. [143]. In their study, it was revealed that the H2 permeability of ternary Pd composite (PdAgCu) demonstrated four times higher H2 permeability than its binary counterpart with an fcc phase. Furthermore, to reduce the detection limit of analytes and to enhance response and selectivity, controlling the microscopic morphology of multicomponent composites is necessary through the targeted selection of catalytic elements. In this regard, the ternary porous H2 sensors of Pd-doped spherical SnO2 loaded on highly reduced graphene oxide (HRG) was synthesized by a simple, template-free hydrothermal method. The influence of different HRG mass ratios and Pd molar ratios on the H2-sensing properties of SnO2-based materials was systematically analyzed. Due to its synergistic effect, the 5.0 Pd-SnO2/HRG ternary nanocomposite showed the best H2-sensing properties, and displayed a response of 32.38 to 200 ppm hydrogen at 360 °C. Based on its surface oxygen vacancies and its reaction kinematics, the mechanisms of high sensitivity and selectivity of the 5.0 Pd-SnO2/rGO material to a low concentration of H2 were described.



In another study, to compare the sensing properties of binary and ternary composites of Pd for sensing applications, binary WO3-graphene and ternary WO3-graphene-Pd hybrids with varied contents of graphene and Pd were prepared by a microwave-assisted hydrothermal method [144]. Due to the superior catalytic property of Pd, H2 molecules were effectively disintegrated into H2 atoms, which enhanced the activity and improved the gas-sensing abilities of the resulting material. On the other hand, due to high electrical conductivity, graphene served to augment the mobility of charge carriers within the ternary materials, which accelerated the response/recovery rates of gas sensors. The graphene and Pd, with separate work functions from WO3, facilitated the creation of a heterojunction at the interface of these diverse materials, which led to the enhancement of the property of electron-hole pair separation and further amplified the gas-sensing performance of the ternary materials. In case of multicomponent nanocomposites, the sensing performance is commonly dependent on the uniformly distributed heterojunctions. To study this, different ratios of CoTiO3 (CT) and TiO2 (T) were explored at RT of 25 °C for sensing benzene. The gas-sensing performance of the sensor was further improved by the construction of a Pd-CTT ternary composite sensing material [145]. The excellent sensing property of the Pd-CTT sensor towards benzene is associated with the formation of a CoTiO3/TiO2 p-n heterojunction and the catalytic action of Pd. The Pd-CTT sensor showed a high response (Rg/Ra = 33.46 @ 50 ppm) to benzene, with a detection limit as low as 100 ppb. In another study, halloysite nanotube@Pd-molybdenum disulfide (HNTs@Pd-MoS2) ternary composite (HNTs@Pd-MoS2) was fabricated, which was applied for the electrochemical determination of dopamine [146]. The as-fabricated sensor exhibited significant response for the electrocatalytic oxidation of dopamine with typical linearity in the concentration range of 25–1000 μM, with a LOD of 0.15 μM. Besides this, the ternary composite HNTs@Pd-MoS2 was also effective for the detection of uric acid, glucose, ascorbic acid, and acetaminophen. Recently, Pd NP-functionalized, rGO (highly reduced graphene oxide) nanosheet-modified 3D rod-like CuO (Pd-CuO/rGO) with a nanowire hierarchical structure was fabricated, which was highly effective for the trace-level detection of NO2 gas at RT [147]. The Pd-CuO/rGO hybrid showed an ultra-high response of 64.2 to 100 ppm NO2 gas at RT, which is ~3.4 times that of the pristine CuO sensor, 2.7 times that of the Pd-CuO sensor, and 2 times that of the CuO/rGO sensor, respectively. Simultaneously, a response/recovery time of 10.7/9.2 s to 10 ppm NO2 gas at RT was indicated for the Pd-CuO/rGO sensor.



Zou et al. fabricated Pd@Au core-shell (Pd@Au) heterostructures using Pd nanocubes as the structure-directing cores [90]. The as-prepared Pd-Au core-shell (Pd@Au)/RGO hybrid was applied to modify GCE and utilized for the simultaneous determination of the concentrations of ascorbic acid (AA), uric acid (UA), and dopamine (DA). In a more detailed analysis, Ghosal et al comparatively explored the sensing abilities of diverse metal-oxide-based ternary hybrids such as Pd/RGO/TiO2 nanotubes (NTs), Pd/RGO/WO3 nanoflowers (NFs), and Pd/RGO/MnO2 nanoflowers (NFs) [148]. Every ternary hybrid metal oxide was a crucial sensing matrix because of their high surface-to-volume ratio and large number of adsorption sites, which enhanced the sensitivity or response magnitude (%RM) of the sensor. On the other hand, RGO exploited the high mobility (~1600 cm2/V−s) and acted as a connector for the materials involved, which led to the enhanced response or recovery kinetics. Finally, Pd NPs helped to reduce the activation energy requirement for targeted species dissociation, due to their catalytic activity, which significantly reduced the operating temperature. These ternary hybrids were applied for the detection of a variety of volatile organic compounds (VOCs), such as methanol, ethanol, etc. Among these, all the hybrids were most effective in the detection of alcohol with a detection range of 1–700 ppm and a fast response time (~12–20 s) and recovery time (~23–30 s) without conceding the response magnitude (80–98% at 700 ppm). More recently, an efficient methane sensor was fabricated which was based on core-shell-structured ZnO/Pd@ZIF-8. The Pd-based hybrid was fabricated via the self-templated method, and the resulting hybrid sensor displayed excellent selectivity towards CH4 against NH3, CO, and NO2 [149].



Other studies involving ternary composites consisting of multi-metallic and multi-metal-oxide nanostructures together with Pd have also been reported [150]. For example, in a recent study, a ternary catalyst consisting of a Pd-Cu-Ni nanocomposite which was electrodeposited at rGO-modified GCE (Pd-Cu-Ni/rGO/GC) is reported [151]. The modified electrode gas demonstrated excellent activity towards glucose electrooxidation reaction (GOR); at the surface, the peak current was 4.6, 3.0, and 2.2 times higher than that of individual hybrids with single metals such as Cu/rGO/GC, Pd/rGO/GC, and Ni/rGO/GC electrodes, respectively. In this case, graphene augmented the surface area, durability, and electrical properties of the catalyst, whereas Pd offered plenty of active sites during GOR activities. Zhang et al. prepared PdNPs@ZnO-Co3O4 using oxidation treatment of a bimetallic ZnCo-zeolitic-imidazolate framework (ZnCo-ZIF); the Pd precursor was subsequently reduced in situ by a chemical process on the surface of the nanocrystal. The as-obtained hybrid was later combined with MWCNTs (multiwall carbon nanotubes) to obtain PdNPs@ZnO-Co3O4-MWCNTs hybrids, which are utilized as electrodes for a non-enzyme electrochemical sensor for high-sensitivity detection of tanshinol [152]. With PdNPs@ZnO-Co3O4, and the excellent charge transfer property between imidazole groups of the ligands in MOFs and MWCNTs, the sensor showed high sensitivity for tanshinol detection under optimum experimental conditions. The sensor showed two good linear relationships between the current and tanshinol concentration in the ranges of 0.002–0.69 mM (R2 = 0.989) and 0.69–3.75 mM (R2 = 0.994) with corresponding sensitivities of 59.16 μA mM−1 and 19.08 μA mM−1 together with an LOD of 0.019 μM (S/N = 3).





3. Environmental Redemption Application


The recent increase in the number of pollutants produced by the industrial sector affects the life of living organisms. The main types of contaminant are heavy metals, oil spills, herbicides, fertilizers, organic compounds, organic dyes, and sewage, which have high toxicity and are hazardous to the health of humans [39]. Global organizations and researchers are making a great effort to reduce the number of contaminants in water and the environment by using different methods such as coagulation [153], chemical reduction [154], reverse osmosis [155], and photodegradation procedures [156] to remove nitro compounds and organic dyes [157] (cf. Table 1). However, the effort has been focused on using noble metal nanoparticles such as gold, palladium, silver, platinum, and copper as catalysts to eliminate pollutants from water and the environment due to these metals being eco-friendly and high-activity sites [157].



Proven hydrogels are effective in adsorbing contaminants by coordination, complexation, chelation, ion exchange, adsorption by physical forces, and ion trapping in their inter- and intra-fibrillar capillaries [158]. Several hydrogels have a great number of polar functional groups, for instance, hydroxyl and carboxyl groups [162], which can robustly chelate with transition metals (Au57, Ag58, Cu59, Pd60, Ni61, Co62, etc.), causing the successful loading of metal nanoparticles and prohibiting their aggregation [163]. Recently, palladium-based hydrogels have been used as catalysts for the reduction of nitrophenols (which have high toxicity and are a reason for cancer) to aminophenols due to significant merits such as thermal stability, high mechanical strength, reusability, easy work-up, simple synthesis, and high surface area [164].



On the other hand, hexavalent chromium (Cr(VI)) is one of the largest pollutants in the environment caused by industries such as metal finishing, electroplating, leather tanning, dyeing, and textiles. Thus, Cr(VI) is highly toxic, carcinogenic, and a confirmed mutagen [165,166]. In contrast, a small concentration of Cr(III) is needed for nutrient composition, such as sugar and fat metabolism in the human body, so Cr(III) could be degraded into various neutral, polynuclear, and other hydroxide species in an aqueous medium [167]. Consequently, many researchers have been interested in reducing Cr(VI) to Cr(III) through several methods and eco-friendly strategies [14,163,166,168]. Kalantari et al. successfully prepared a Pd NPs/Fe3O4@nanocellulose catalyst to reduce Cr(VI) to Cr(III) in an aqueous medium (formic acid) (cf. Figure 4). Pd NPs/Fe3O4@nanocellulose was prepared without using any chemical reducing agent, which depended on the roots of Chelidonium majus aqueous extract as a reduction agent to reduce Pd (II) to Pd nanoparticles. However, the Fe3O4@nanocellulose catalyst was not highly efficient in reducing Cr(VI) to Cr(III) and also needed more time to finish the reaction, while Pd NPs/Fe3O4@nanocellulose was proven efficient in reducing Cr(VI) during a short time in formic acid due to an increase in Pd NPs activity site and the surface area. Firstly, FA is adsorbed on the Pd surface, and then it decays to provide CO2 and H2; the existence of Pd NPs helps to raise the amount of adsorbed H2 on the activity site, which acts as reducing agent for the reduction of Cr(VI) to Cr(III) [160].



Much research has proven that noble-metal loading on metal-organic frameworks (MOFs) has improved photocatalytic activity [164]. Zhang and co-workers synthesized a CuPd@ZIF-8 catalyst by using a sol-gel method (cf. Figure 5). ZIF-8/CuPd NPs displayed higher efficiency than ZIF-8 due to Cu/Pd-enhanced photocatalysis. Moreover, bimetallic catalysts displayed higher catalytic activity and selectivity for target products. Among these, CuPd can work as an electron intermediary to improve conductivity, so the transfer of electrons from Cu to Pd leads to an enhanced electron density of Pd atoms, thus favoring the adsorption of the intermediate format and succeeding generation of active H atoms over ZIF-8/CuPd NPs. Thus, using the photoreduction method, ZIF-8/CuPd NPs were used to reduce Cr(VI) in an aqueous solution [161].




4. Pd Nanoparticles in Organic Synthesis


Pd nanoparticles are earning notable attention because of their unique competence as a catalyst in a large number of organic transformations, including several types of cross-coupling, carbon-carbon, redox, and hydrogenation reactions. They play a vital role in several industrial heterogeneous catalysts due to their unique properties: for instance, a well-defined structure; great intrinsic carrier; and outstanding electronic, thermal, and mechanical stability [169]. Moreover, palladium-based catalyst was used in organic transformations such as Heck, Stille, Suzuki-Miyaura, Hiyama, Sonogashira, and Buchwald-Hartwig coupling and asymmetric arylation, allylation, reduction, cyanation, carbonylation, and condensation reactions (cf. Table 2) [46,170]. However, due to low selectivity, activity, and high cost, the industrial chemical synthesis has observed a reduced useage of Pd-based catalysts. There are many efforts to improve Pd-based catalysts by merging multiple metals with Pd to improve the selectivity and activity of Pd-based catalysts.



4.1. Pd Nanocatalyst for Cross-Coupling Reactions


Cross-coupling is a creative method to format a single bond between carbon C-C, C-H, C-S, C-N, C-O, and so on to synthesize complex organic compounds. Moreover, cross-coupling reactions are used to prepare many natural products and compounds with complex chemical structures that are physiologically active [176]. In 2010, the Noble Prize was given to Richard F. Heck, Ei-Ichi Negishi, and Akira Suzuki for the discovery of Pd-catalyzed cross-coupling reactions in organic synthesis [177]. Suzuki-Miyaura cross-coupling (SM) reactions generally include the reaction between aryl boronic acid and aromatic halides [178]. However, Pd catalysts have encountered some obstacles, such as low efficiency in separation limit, metal leaching, and insufficient selectivity. In this regard, effort has been dedicated to modify Pd-based catalysts to overcome obstacles caused by synthesis of Pd catalysts on the nanoscale and immobilizing them on a solid surface [179]. Baran and co-worker synthesized a Pd NPs@Fe3O4/CS-AG catalyst and tested its performance in Suzuki-Miyaura reactions: that is, the reaction of phenylboronic acid with 4-iodoanisole under solvent-free and microwave irradiation. A high yield was noticed when Pd NPs@Fe3O4/CS-AG catalyst was used compared with other catalysts [171]. Senthilkumar et al. prepared a nano-Pd/chitosan catalyst and used it in a Suzuki coupling reaction to synthesize pyrazolyl derivatives from reacting aryl boronic acid with a heterocyclic halide. The result was optimal and obtained a high yield due to the efficiency of the activity site and large surface area [172].




4.2. Pd Nanocatalyst for Organic Redox Reactions


The unique properties of Pd NPs, such as amazing electro-oxidation properties, homogeneous dispersion, electrode stability, and quick electron transfer characteristic features, has led to a rise in the catalytic performance of hybrid combinations. Owing to these properties, it was used in fuel cell applications and electro-oxidation reactions [180].



Eswaran et al. reported producing efficient methanol electro-oxidation after using g-C3N4/PANI/PdNPs. A g-C3N4/PANI/PdNP nanohybrid composite modified electrodes by a simple one-step in situ electrochemical co-deposition method. Commonly, metallic Pd is an operative material for methanol electro-oxidation reactions. The results show two different oxidation waves for absorbed and adsorbed hydrogen above Pd [173].



As we know, redox reactions are responsible for energy storage at the electrode surface in supercapacitors. Thus, all efforts have been made to improve electrodes’ efficiency performance in chemical stability and conductivity for energy storage [181]. Jose et al. illustrated a technique for the combination of palladium oxide-polypyrrole (PdP) with graphene oxide (rGO) to produce a PdPGO ternary to enhance electrochemical properties and increase stability. PdPGO has proven its efficiency in improving energy storage due to the individual properties of Pd NPs. Pd NPs are used in the synthesis of new materials for electrodes of supercapacitors to become high-efficiency and enhance high storage capability [174].



On the other hand, Fuku et al. reported producing H2O2 from O2 over Pd nanoparticle (NP) co-catalysts supported by BiVO4 (cf. Figure 6). Accordingly, the performance of Pd NPs was optimal due to low overpotential and high selectivity for the two-electron reduction of O2 [175].




4.3. Pd Nanocatalyst for Hydrogenation Reactions


In general, traditional heterogeneous catalysts have low selectivity due to over-hydrogenation. Usually, hydrogenation reactions occur under high temperatures and pressure so they become more dangerous; in contrast, if a Pd catalyst is used, the reaction occurs at room temperature and atmospheric pressure owing to the unique properties of Pd [182]. To increase the activity sites and surface area, there is an orientation toward using palladium nanoparticles [183].



More recently, researchers have been developing Pd NPs by merging with different ligands to raise the selectivity of organic reactions (cf. Table 3). Notable features of supported palladium nanoparticles are high efficiency, selectivity, and faster rate of reactions [184].



Advani et al. succeeded in preparing Pd NPs on N-doped graphitic carbon (N-C), starting from chitosan by carbonizing a Pd-chitosan complex under nitrogen atmosphere and high temperature. The Pd@N-C nanocatalyst was used to hydrogenate styrene to ethylbenzene; the result was excellent, as the conversion exceeded 99% with high selectivity. Furthermore, the Pd@N-C nanocatalyst was studied for hydrogenation of phenylacetylene and phenethyl alcohol; the results were that the conversion and selectivity were very high compared with other catalysts due to the nature of the strong interaction between Pd nanoparticles and graphitic/pyridinic N, where the electrons transferred from N-doped carbon towards the palladium nanoparticles led to an increase in the density of electrons, thus increasing the catalytic activity [185].



Pisarenko et al. studied the methylacetylene hydrogenation reaction in propane-propylene gas mixtures and used a Pd nanocatalyst (Pd/α-Al2O3) as a catalyst to obtain pure propylene [186].



The chemical industry is generally interested in the semi-hydrogenation of alkynes to alkenes, while alkane is unfavorable. The type of catalyst is important in semi-hydrogenation reactions because traditional catalysts reach over-hydrogenation, so the Pd nanocatalyst is high-efficiency selective of semi-hydrogenation and avoids over-hydrogenation [187]. Lv et al. prepared a meso-PdP nanocatalyst to convert 1-phenyl-1-propyne to propenyl benzene (cf. Figure 7). The result was the high performance of the conversion of 100% and a selectivity of 97.9% (95.9% cis-propenylbenzene). Owing to this, Pd is electrophilic and has an unfilled d-electron orbital, so drawing the electrons from P (nucleophilic) causes an increase in the density of electrons around Pd, thus increasing activity. Furthermore, the existence of mesoporous channels led to weakening of the adsorption and binding strengths of propenylbenzene on Pd-active sites, thus forbidding over-hydrogenation of propenylbenzene to phenylpropane [188].





 





Table 3. Different Pd nanocatalysts for hydrogenation reactions.
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	Catalyst
	Product
	Catalyst loading
	Temp
	Time
	Yield %
	Ref.





	Pd@N-C
	ethylbenzene
	50 mg
	30 °C
	-
	>99
	[185]



	Pd/α-Al2O3
	propylene
	0.05 wt% of Pd
	120 °C
	30 s
	95
	[186]



	meso-PdP
	propenylbenzene
	-
	-
	60 min
	100
	[188]








Fing et al. successfully synthesized PEI-Pd hydrogel by reacting 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide-N-hydroxysuccinimide with palladium chloride solution to form metal-loaded composite hydrogels. PEI-Pd was used for the reduction of 4-nitrophenols (4-NP) to form 4-aminophenols (4-AP) in sewage (cf. Figure 8) [158]. Zhang and co-workers synthesized a novel bifunctional nanocatalyst with combined 3D acroscopic carbon nanotube (CNT)-graphene hydrogel (GH)-supported palladium NPs (Pd-CNT-GH), which is utilized for the catalytic reduction of 4-NP to 4-AP [159].





5. 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 4). Unfortunately, there are not a lot of research studies about Pd NPs in the biomedical field. In general, metal nanoparticles 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 [189].



5.1. 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 [193].



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 [194].



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 (cf. Figure 9). 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 [190].



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 [195]. 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 [196].




5.2. 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 [197].



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 [45].



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 H2O2. Therefore, the target of researchers is to raise the concentration of O2 by decomposing the H2O2 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) (cf. Figure 10). PdNPs/GDY play the role of oxygen generator by decomposing H2O2 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) [191].



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 PdNPs utilizing an in situ single-step method. Moreover, the stability of PVP-PdNPs 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 [192].





6. 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/Fe2O3/PdNPs/SPE nanocomposite-modified electrode by the electrochemical deposition method for ethylene glycol oxidation [198]. The proposed g-C3N4/Fe2O3/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 (cf. Figure 11). 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. The results obtained are presented in Figure 12. Overall, the study highlighted the potential of NCB@Pd as an alternative CE material for DSSCs [199].



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 [200]. 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 (cf. Figure 13).



Another report by Kevin Dal Pont et al. [20] 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 σ’ detected in the low-frequency spectral region. The pure polymer possessed conductivity of 5.1 × 10−9 S/cm; however, an increase in ionic conductivity was observed with an increase in doping of Pd NPs in the matrix [201].



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 [202]. The reverse micelle sol-gel method was employed for synthesis of TiO2 and TiO2:Pd (i.e., doped with Pd), which yielded a satisfactory yield of between 80 and 90% for the synthesis of pure TiO2 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 (cf. Figure 14).




7. Synthesis of Pd NPs


Lastly, we would like to mention briefly the synthesis of Pd NPs. There are several approaches which include physical and chemical methods. The physical methods with which Pd NPs have been reportedly synthesized are magnetron sputtering [203,204] and laser ablation [205,206], while chemical methods comprise electrochemical deposition [207], sonochemical methods [208,209,210], and supercritical fluid nucleation [211,212,213]. 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 aqueous 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 [48,214,215,216,217,218]. In addition to this, microbial-mediated synthesis using bacteria, fungi, algae, and yeast has also been successfully attempted [30,219,220,221,222].




8. Conclusions


This review presents the latest literature study with regards to the applications of Pd NPs as sensors and catalysts and energy-related usage such as fuel cells and solar cells. Brief information about the medicinal applications of Pd NPs along with their uses in environmental remediation studies is also included. The sensor-related applications of Pd NPs have been extensively studied, and the performance efficiency has been enhanced by including another metal/metal oxide component along with the Pd NPs. However, there is scope to improve sensor-based activity by including newer 2D materials as supports which can be taken up by upcoming researchers. Moreover, the involvement of Pd NPs in organic conversion reactions as catalysts is also significantly investigated, and it has been found that they can be employed in various conversion reactions as well in the form of complexes with ligands to yield enantiomerically pure product. The medicinal uses of Pd NPs are mostly focused on antibacterial and anticancer applications, but their potential applications for various other ailments can be studied. With regards to environmental redemption and energy-related applications, there is still extensive scope for further study, which can be taken up by future researchers, such as the effect of various competitive impurities and the possibility of the leaching of Pd NPs while being used as an environmental redemption agent.
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Abbreviations




	TMNPs
	transition metal nanoparticles



	Pd NPs
	palladium nanoparticles



	Pd NWs
	Pd nanowires



	Pd NBRs
	Pd broccolis



	Pd NRs
	Pd nanorods



	PEI
	polyethylenimine



	4-NP
	4-nitrophenols



	4-AP
	4-aminophenols



	CNT
	carbon nanotube



	GH
	graphene hydrogel



	Cr(VI)
	hexavalent chromium



	FA
	formic acid



	MOFs
	organic frameworks



	SM
	Suzuki-Miyaura cross-coupling



	PdP
	oxide-polypyrrole



	rGO
	graphene oxide



	N-C
	N-doped graphitic carbon



	ROS
	reactive oxygen species



	NIR
	near-infrared



	PTT
	photothermal therapy



	PLAL
	pulsed laser ablation in liquid medium technique



	E. coil
	Escherichia coli



	LDH
	lactate dehydrogenase



	RNS
	reactive nitrogen species



	GDY
	graphdiyne’s surface



	DOX
	doxorubicin



	PVP
	polyvinylpyrrolidone



	RT
	room temperature



	LSPR
	localized surface plasmon resonance



	Pd-Ag
	palladium-silver



	GOR
	glucose oxidation reaction



	VOCs
	volatile organic compounds



	HPC
	hydroxypropyl cellulose



	SWCNTs
	single and multiwalled carbon nanotubes



	PACs
	porous activated carbons



	SWASV
	square-wave anodic voltammetry



	SWCNT
	single-walled carbon nanotube



	FET
	field-effect transistor



	CAP
	chloramphenicol



	rGO-PdNP
	Pd NP-decorated highly reduced graphene oxide



	AA
	ascorbic acid



	SAW
	surface acoustic wave



	DSSCs
	dye-sensitized solar cells
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Figure 1. Schematic illustration of the principle of Pd@AuNR nanozyme assay for malathion [83]. Red Cross: the quenching oxidation process. 
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Figure 2. Schematic diagrams explaining sensing mechanisms on the surface of gas sensors (a) Crystal structure of SnO2−x with oxygen vacancy, (b) Comparison of the Fermi levels and work functions of the two samples; electrons will transfer from the core toward the shell, (c) Interface between Pd and SnO2−x and (d) Spillover effect of catalyst [108]. 
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Figure 3. (a) A schematic diagram for the electrochemical oxidation process of AA, DA, and UA at the surface of rGO/Pd@PPy biosensor. (b) Nyquist plots of bare-GCE and rGO/Pd@PPy-modified electrodes [139]. 
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Figure 4. Schematic illustration for the (a) green synthesis of Pd NPs/Fe3O4@nanocellulose catalyst and (b) reduction of Cr(VI) to Cr(III) on Pd NPs/Fe3O4@nanocellulose catalyst in the presence of formic acid [160]. 
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Figure 5. Schematic illustration of the Cr(VI) degradation mechanism [161]. 
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Figure 6. Schematic illustration of photocatalytic H2O2 generation from O2 over a reductive co-catalyst supported BiVO4 in the presence of CH3OH as a hole scavenger [175]. 
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Figure 7. Schematic illustration of hydrogenation routes of 1-phenyl-1-propyne over meso-PdP nanobundles [188]. 
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Figure 8. Synthesis and catalytic process of PEI hydrogel and PEI-Ag/PEI-Pd composites [158]. 
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Figure 9. Schematic illustration of synthesis of microbial Pd NPs by Bacillus megatherium Y-4 [190]. 
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Figure 10. Schematic illustrations showing the synthesis of Pd/GDY and PdNPs/GDY [191]. 
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Figure 11. CV response of g-C3N4/Fe2O3/PdNPs nanocomposite electrodeposition in 1 mg/mL g-C3N4, 0.01 M Fe2O3, 0.005 M PdCl2, and 0.5 M H2SO4 at a sweep rate of 20 mV s−1 [198]. 
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Figure 12. (a) Tafel polarization curves and (b) I–V curves of the DSSC with different counter electrodes [199]. 
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Figure 13. Hydrogen pressure-composition isotherms of (a) N-G and (b) Pd/N-G taken in the temperature range of 25–100 °C and pressure range of 0.1–4 MPa [200]. 
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Figure 14. Impedance spectroscopy of TiO2 samples containing different Pd dopings after being kept under deionized water for 24 h [202]. 






Figure 14. Impedance spectroscopy of TiO2 samples containing different Pd dopings after being kept under deionized water for 24 h [202].



[image: Catalysts 13 01343 g014]







 





Table 1. Reported catalysts for environmental remedy applications.
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	Catalyst
	Application
	Catalyst Loading
	Temp
	Time
	Yield %
	Ref.





	PEI-Pd
	reduction of 4-NP to 4-AP
	20 mg
	RT
	-
	94
	[158]



	Pd-CNT-GH
	reduction of 4-NP to 4-AP
	5 mg
	-
	30 s
	100
	[159]



	Pd NPs/Fe3O4@nanocellulose catalyst
	reduce Cr(VI) to Cr(III)
	0.4 g/L
	50 °C
	40 min
	-
	[160]



	CuPd@ZIF-8
	reduce Cr(VI) to Cr(III) in an aqueous solution
	20.0 mg
	-
	60 min
	89
	[161]










 





Table 2. Pd nanoparticles reported in different organic syntheses.
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	Catalyst
	Application
	Catalyst Loading
	Temp
	Time
	Yield %
	Ref.





	NPs@Fe3O4/CS-AG
	produce 4-Iodobiphenyl
	1.5 × 10−2 mmol
	-
	5 min
	99
	[171]



	nano-Pd/chitosan
	produce pyrazolyl
	0.02 mol%
	60 °C
	60 min
	99
	[172]



	g-C3N4/PANI/PdNPs
	methanol oxidation
	0.5 g
	-
	30 min
	-
	[173]



	PdPGO
	energy storage
	-
	-
	-
	88
	[174]



	Pd-BiVO4
	produce H2O2
	0.1 wt%
	-
	2h
	-
	[175]










 





Table 4. Different Pd nanocatalysts reported for their biomedical application.
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	Catalyst
	Application
	Catalyst Loading
	Temp
	Time
	Yield %
	Ref.





	microbial Pd-NPs
	Kill Staphylococcus aureus and Escherichia coli
	20 mg/L
	37 °C
	10 min
	99.99
	[190]



	PdNPs/GDY
	Destroy cancer cells
	-
	-
	-
	50
	[191]



	PdNPs/GDY combinate DOX
	Destroy cancer cells
	-
	-
	-
	82.9
	[191]



	PVP-PdNPs
	Breast cancer
	10 μg/mL
	37 °C
	24 h
	92
	[192]
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