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Abstract 

Size and shape selective synthesis of noble metal nanoparticles plays a pivotal role towards the 

improvement of kinetics of various organic and inorganic transformations. However, the yield of 

the monodisperse nanostructure synthesized using various procedure achieved so far is not up to 

mark1. The main aim of this work is to synthesize monodisperse Pd NCs in high yield.  As 

synthesized Pd NCs were investigated for catalytic reduction of 4-Nitrophenol and Suzuki-

Miyaura coupling reactions as model systems. High catalytic efficiency of Pd NCs due to the 

presence of {100} facets, which have low activation energy, which in turn favors dissociative 

chemisorption of substrates. The reason for choosing aforementioned model systems is due to the 

ease in handling them and due to their impact in solving some serious environmental as well as 

industrial concerns. With the help of solvothermal synthesis, we have generated high yield of 

monodisperse Pd NCs below 10 nm . 4-Nitrophenol reduction followed Pseudo first order reaction 

with a rate constant of 3.129 min-1, which is far better than many catalysts that have been reported 

so far. We further verified the catalytic activity using other aromatic nitro compounds as well. 

Along with these, we have highlighted the remarkable recyclability of our catalyst using cycles of 

4-Nitrophenol reduction reactions. From our series of reactions, we discovered that Pd NCs can 

catalyze Suzuki- Miyaura coupling reaction at room temperature in short time period providing 

high yield of cross coupled product without any side reactions. Our catalyst shows superior 

catalytic activity in terms of efficiency and recyclability, which shows green light for its diverse 

catalytic applications in near future.  
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1. Introduction 

1.1. Palladium Nanocube synthesis 

“Metal nanoparticles are submicron scale entities made of pure metals as we can see from figure1 

(e.g., gold, platinum, silver, titanium, zinc, cerium, iron, and thallium) or their compounds (e.g., 

oxides, hydroxides, sulfides, phosphates, fluorides, and chlorides)”2  

 

Fig 1. Metal nanoparticles and nanoalloys3 

Metal nanoparticles are potential candidates for several applications. This is mainly due to their 

large surface-to-volume ratio and the quantum confinement effect4,5 which happens when size of 

the particle is too less when compared to De Broglie wavelength of the electron. It will lead to a 

transition from continuous to discrete energy levels resulting in confinement of free electrons of 

nanoparticles. As a result, specific size-dependent catalytic, optical, electronic, and magnetic 

properties will be generated, opening up door for diverse applications in Physics, Chemistry, 

Biology and other Interdisciplinary fields. The applications of the nanoparticles, are also dictated 

by their shape, composition, crystallinity and surface functionality. For example, {100} facets have 

low activation energy, which in turn favors dissociative chemisorption of substrates.6 So, by 

developing suitable shaped nanoparticle with more {100} facets (for instance, cube), will result in 

better catalytic activity7.  By fine tuning different parameters, we can attain materials with desired 

properties. Therefore, the focus on precisely controlling shape and to understand their chemical 

behavior are crucial for better economic and performance efficiency of nanomaterials designed for 

diverse applications. Polymer, micelles, and coordinative ligands have been widely used as 

stabilizers in order to generate certain characteristic properties of nanoparticles.  
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Noble metals have been the point of interest of scientists from many centuries due to their 

remarkable resistance to corrosion and oxidation in moist air. Their several unique characteristics 

translates to their vital role in the development of chemical synthesis as we can see in figure 2. 

Why noble metals are good catalysts?8 

• Stability of noble metals makes them relatively inert toward reactants. 

• Noble metals are resistant to oxidation by atmospheric oxygen while other reactive metal 

may not be so. 

• Their ability to readily switch between two-electron oxidation-states plays an essential role 

in many catalytic reactions 

• Their Pi bond acidity makes reactions used to generate molecular complexity proceed via 

pi bond activation 

• Due to their notable stability, catalytically relevant precious-metal complexes are often 

capable of being isolated and reused. 

 

Fig 2. Schematic illustration of three strategies that can be used to tailor the physicochemical 

properties of noble metal nanoparticles, and the use of these physicochemical properties for several 

emerging applications 9 

 

Not many metals in periodic table can be called as ‘noble’. They comprise Ruthenium (Ru), 

Rhodium (Rh), Palladium (Pd), Silver (Ag), Osmium (Os), Iridium (Ir), Platinum (Pt), and Gold 
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(Au). Among them d8 metals are catalytically very important due to their unique characteristics. 

Due to their stable d8 and d10 configurations, their 0 and +2 oxidation states have relatively less 

activation barrier when compared to other metals as we shown by figure 3. For the catalytic 

reactions having oxidative addition and reductive elimination, these oxidation states are really 

important. The lower activation barrier ensues in more rapid reactions, which in turn results in 

high rate constant for the catalyst.  

 

Fig 3.  d orbital energy levels of normal metal vs d8 metals (Source: 

https://i.imgur.com/53jIl.png) 

 

Goldilocks analogy is highly relevant in the case of Palladium and nearby metals. If metal is too 

reactive, it would adsorb substrates, get oxidized by itself and prefers to stay that way by holding 

the reactants back. But too much inertness also creates problem. They might not have any interest 

in adsorbing anything else. In that sense, d8 metals are perfect choice due to their optimum 

reactivity which help them to hold onto reactants, allow them rearrange into products and permit 

them to leave once reaction is done. While both Palladium and Platinum have been center of 

attraction since long time, due to the high cost of Platinum, many scientists have been trying to 

focus more on applications of Palladium. Amount of metal can be effectively reduced without 

compromising potential applications by developing nanostructures. 

The role of Pd nanoparticles in hydrogen storage due to its exceptional sensitivity toward 

hydrogen, as the primary catalyst for the reduction of pollutants emitted from automobiles, and in 

facilitating organic reactions such as Suzuki, Heck, and Stille couplings have already been 

discovered since long ago10. The main focus of this work is to generate Pd NCs and investigate 
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their potential catalytic applications.11 12 13 14 7  Palladium nanocube can be described as a piece of 

single crystal of Palladium, which is bound by {100} facets. Similarly, nanocrystals enclosed by 

equivalent {111}, and {110} facets will form octahedron, and rhombic dodecahedron (RD), 

respectively. So much effort and resources have been spent so far to synthesis perfect shapes of 

nanomaterials, but it turns out to be really difficult and complex. Same method and reactants can 

give extremely different result because of minute changes in reaction condition.  

 

Fig 4. TEM image of Palladium nanocubes 

 

For the synthesis of Pd NCs like what can see from figure 4, we need to use a suitable salt of Pd 

(for instance, Palladium Chloride, Palladium acetate, etc.). Suitable solvent and shape stabilizing 

agents like Poly (vinyl pyrrolidone) or Sodium dodecyl sulphate are also necessary. PVP can act 

both as a mild reducing agent and a good stabilizing agent to prevent the agglomeration of 

nanoparticles. Their reducing property is attributed by the presence of hydroxyl groups at the 

terminal positions of alkyl chains. In order to promote the formation of high-index facets, we can 

use long-chain capping agents. Long chains can be easily accommodated since high-index facets 

are less closely packed13. But we have to be careful about the amount and size of capping agents 

that we are using. Their excess size and concentration can mask active sites of catalyst, which will 

further shadow the catalytic activity in further applications. Effects of solvents on nanocube 

formation have also attracted attention of scientists, since it is observed that NCs will form in 

ethylene glycol only if Bromide ions are present, while in DMF, iodide ions are best for producing 

homogeneous NCs15 . Fast nucleation by the addition of better reducing agents can also favor cube 

formation by bringing down time available to form twin defects. 
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Presence of halide ions is vital for controlling shape due to their preferential binding to {100} 

facets of various metals16. Figure 5 describes the adsorption behavior of Br- on the Pd {100} facets. 

As concentration of halide increases, the Palladium edges will be less exposed. This will bring 

down oxidative etching caused by Cl- and O2, the process by which the exposed Pd present in the 

edges of NCs will be oxidized to +2 oxidation state, resulting in the corrosion of edges. As the 

result of this process, cubes will be converted to irregular shapes and finally to spherical particles.  

Oxidative etching can be curtailed by adding oxygen scavengers like ascorbic acid. The 

chemisorption trend follows Chloride< Bromide< Iodide. Usage of different halides at varied 

amounts can generate diverse nanostructures. If we want to obtain NCs, Iodide ions will be better 

choice. As iodide ions can effectively mask the surface of NCs, they will be more resistant towards 

oxidative etching. In case of other halides, if we are unable to precisely modulate the concentration 

of halides, networked nanowires, nanobars nanoparticles, along with other nanostructures will be 

obtained.  

 

Fig 5. Possible growth pathway of the fresh Pd atoms onto the Br-capped Pd {100} facet.17 

 

In solution phase, if Pd salt is reduced, nucleation of Pd atoms result in the formation of spherical 

particles (cuboctahedrons) enclosed by a mix of {100} and {111} facets. This process is 

thermodynamically favored. Generally, domination of thermodynamic factors results in the surface 

energy minimization, which in turn results in the formation of different shapes of nanocrystals18 

as we can see from figure 6. If bromide or iodide ions are present, they will chemisorb onto the 

surface of Pd seeds and alter the order of surface free energies for different facets, promoting the 
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formation of {100} facets. The palladium salts on {111} facets will be reduced, resulting in 

diminishing of those facets. This, along with the accelerated deposition of palladium atoms on the 

{100} facets will result in the growth of Palladium NCs.  Anisotropic nanostructures like nanobars, 

structures with a square cross-section and enclosed by {100} facets, and nanorods, structures with 

an octagonal cross-section whose side surface is bounded by a mix of {100} and {110} facets, can 

be generated by kinetic control. Five-fold twinned structures can anisotropically grow into 

nanowires when their {100} facets are protected13. We can also generate high-index facets by 

kinetically controlling the atomic addition, making it uneven along the growth axis. High-index 

facets are highly valuable for catalysis due to the presence of lots of terraces and steps along with 

loosely packed surface atoms, making them highly reactive. Kinetic control of reaction condition 

involves varying the type and concentration of reducing agent, adding ionic species as well as 

optimizing the injection rate and the reaction temperature19.  

 

Fig 6. Various kinds of nanomaterials. (A) 0D spheres and clusters. (B) 1D nanofibers, wires, and 

rods. (C) 2D films, plates, and networks. (D) 3D nanomaterials.20 

 

Different approaches are adopted for the efficient synthesis of Pd NCs. The most popular ones are 

Polyol method, seed mediated synthesis and hydrothermal synthesis.  

1.1.1. Polyol method 

In polyol method all the reagents along with ethylene glycol will be taken which acts as a 

solvent, reducing agent and stabilizer as schematically represented in figure 7. Ethylene 

glycol will reduce Palladium from +2 to 0 oxidation state. When we increase the 

temperature of reaction mixture, nucleation will take place due to increasing reduction 
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potential of ethylene glycol, which further result in the formation of metal nanoparticles.  

So many modifications of this method have been proposed so far. But it is still a great 

challenge to precisely control shape and size of nanostructures, especially those within sub-

10 nm. Due to the usage of large amount of solvent, separating our product from it poses a 

great challenge, which will ultimately bring down the yield. 

 

Fig 7. Schematic of the polyol method 21 

 

1.1.2. Seed-Mediated Growth Method22 

In this method, a metal precursor is reduced small that will become seeds with a single-crystal, 

singly twinned, or multiply twinned structure, which further determines the final morphology as 

shown in the figure 9. The schematic representation of atom movement is illustrated through figure 

8. If we want to obtain Pd NCs as end product, already synthesized Pd NCs are used as seeds in 

this approach. Size of the obtained NCs can be modulated by adjusting amount of seeds added. 

More seeds added, lesser will be the edge length of cubes formed due to the availability of more 

sites for further deposition. Size of seeds have to be big as the crystal structure fluctuates their size 

is very small, resulting in polycrystallinity. It has been observed that different amount of seed 

solution dictates the growth rate of Pd along <100> and <111> directions, for example, very less 

amount of seeds will result in the formation of cuboctahedrons. At medium concentrations of 

iodide ions, {110} facets will be favored at high temperature and {111} at relatively low 

temperature. At high temperature, more Palladium atoms will be generated without the surface 

catalysis of the added seeds. This spontaneous nucleation will ultimately result in nanorod 
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formation. Usually, KI can suppress spontaneous nucleation to some extent by facilitating the 

catalytic deposition of palladium atoms to the seeds that are already formed. As mentioned in 

polyol synthesis, difficulty in separation of nanoparticles from reaction mixture at the end of the 

reaction is challenging here as well due to presence of excess solvent. 

 

Fig 8. Schematic illustration of the atom movements during the growth process17 

 

Fig 9. Reaction pathways that lead to face-centered cubic (FCC) metal nanocrystals having 

different shapes.21 
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1.2. Methods to investigate catalytic activity 

Once catalyst is synthesized, our next aim is to investigate their catalytic efficiency. For 

this purpose, we have chosen 4- Nitrophenol reduction to 4- Aminophenol, as well as, 

Suzuki-Miyaura coupling reaction. The reasons for choosing these model systems have 

been discussed in details in results and discussions part. 

 

1.2.1. 4-Nitrophenol reduction 

4-Nitrophenol, a light-yellow solid with very little odor, is used mainly to manufacture 

drugs, fungicides, and dyes, and to darken leather. It can degrade in water and surface soil, 

but the breakdown takes longer at lower soil depths and in groundwater. The aggregation 

of amount of 4-Nitrophenol is alarming. Its main input is because hydrolysis of various 

pesticides and industrial wastes. It is listed as one of the “Priority Pollutants” according to 

United State Environmental Protection Agency (UESPA), because of its contamination of 

ground water resources. Agency for toxic substances and disease registry warns that 4-

Nitrophenol can enter our body pass into the blood stream if we breathe contaminated air 

or drink water containing it. Chemicals like the nitrophenols cause a blood disorder in 

humans, along with methemoglobin formation, liver and kidney damage, anemia, skin and 

eye irritation, and systemic poisoning.24  Therefore, presence of 4-Nitrophenol in our 

environment is of a significant concern and hence industrial waste water containing it 

should be treated before discharging, for both environmental protection as well as for 

sustainable development. 

 

Fig 10. 4-Nitrophenol reduction 25 
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Efforts to develop a highly efficient catalyst to reduce 4-Nitrophenol to 4-Aminophenol 

(Figure 10) have been an active research area since a very long time. While 4- Nitrophenol 

is a toxic pollutant, 4- Aminophenol is a compound that is useful in different fields of our 

daily life. Its wide range of applications involves its usage as photographic developer, hair-

drying agent, anti-corrosion lubricant, corrosion inhibitor, weak acid dyes such as yellow 

5G and it acts as a precursor for drugs like paracetamol and clofibrate.26 27 

 

Catalytic hydrogenation is an efficient method for the generation of aromatic amines from 

aromatic nitro compounds because of several reasons like high and fast conversion rate, 

absence of side products and acid effluents are not generated as the part of the reaction. 

This method is widely used as a model reaction to study the catalytic activity of different 

metal nanomaterials and complexes, due to the easiness in monitoring the progress of the 

reaction and studying kinetics. This is like killing three birds with a single stone- hazardous 

aromatic nitro compounds can be depleted effectively, useful amino compounds can be 

generated efficiently, and finally catalytic activity of new Pd NCs can be monitored 

effortlessly.  

The progress of the reaction is easily noticeable with the help of UV-Vis spectroscopy. 

Aqueous 4-Nitrophenol solution has yellow color and typically shows an absorption peak 

at 317 nm. When we add sodium borohydride to it, the solution turns even brighter yellow 

color and the peak get shifted to 340 nm, due to the formation of 4-nitrophenolate ion under 

alkaline pH. As we add catalyst, the reaction proceeds and we can see diminishing of color 

of the solution as well as peak at 340 nm vanishes, giving rise to another peak at 298 nm 

corresponding to the product. 

 

This method of 4-Nitrophenol reduction is an irreversible six-electron transfer process in 

the presence of a reducing agent, sodium borohydride (NaBH4).  In this method, as shown 

in fig 11, 4-Nitrophenol is first reduced into nitroso intermediate, then to hydroxyl amine, 

the first stable intermediate, which further reduces to the p-Benzoquinone imine and finally 

to amino product. This reaction cannot take place without catalyst due to high activation 

barrier generated due to strong electrostatic repulsion between the reactant and the 

reductant. Metal catalysts like Pd, Ni, Re, Pt, TiO2 in the presence of reducing agents like 
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NaBH4 or NH2NH2 can catalyze the reaction. Here, both 4-nitrophenolate ion and 

borohydride ion get adsorbed onto the surface for the catalyst so that electron transfer can 

occur, thus crossing kinetic barrier.  

 

 

Fig 11. Mechanism of aromatic nitrophenol reduction. 28 

 

We need to study kinetics of the reaction to obtain rate constant of the reaction.29 The 

kinetic equation of this reaction can be written as, 

 

 

where,  

Ct = Concentration of 4-Nitrophenol at time t 

k’= rate constant 

m = reaction order of [NaBH4]  

n= reaction order of Ct  

If we consider this this to be a second order reaction, finding rate constant will be too much 

complicated. When excess NaBH4 is present along with sufficient amount of catalyst, the reaction 

is a pseudo-first-order reaction. In this case the rate of the reaction solely depends on the amount 

of 4-Nitrophenol present. Thus, above reaction can be simplified as, 
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Taking logarithm on both sides will yield, 

 

Here, 

Ct = Concentration of 4-Nitrophenol at time t 

C0 = Initial concentration of 4-Nitrophenol 

k = rate constant 

 

According to Beer Lambert law, absorbance of a solution can be expressed as, 

 

Where,  

A = Absorbance 

Ɛ = Wave-length dependent absorptivity coefficient 

l = Path length 

C= Analyte concentration 

At a particular λmax, Ɛ and l will be constant. i.e., Absorption and concentration will be directly 

proportional. Therefore, our equation can be rewritten as, 

 

Here, 

At = Absorbance at time t 

A0 = Initial Absorbance 

k = rate constant 

The graph between ln (At/A0) vs t can be plotted and the slope gives the value of rate constant. 
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1.2.2.  Suzuki- Miyaura Coupling 

 

 

Fig 12. Scheme of Suzuki coupling reaction 

 

Suzuki reaction as represented by figure 12, which was first reported in 1979 by Akira 

Suzuki, is a well-known as well studied reaction due to its importance in synthesis of 

intermediate complexes in pharmaceuticals, advanced materials, natural products and other 

industries. In this reaction, a single bond is formed between two carbon atoms by coupling 

an organoboron species with a halide using a palladium catalyst and a base. Even though 

this reaction was discovered decades ago and several modifications have been introduced 

since then, still there are many challenges that are faced while performing the reaction. 

When we are perusing through literature, we can see that most of the catalytic studies have 

been carried out in homogeneous systems. Solvent soluble palladium complexes are used 

for this method. Even though this method has many advantages such as requirement for 

lower temperature for the reaction than heterogeneous systems, they face several serious 

like difficulty in separating catalyst from reaction mixture once reaction is over, since all 

of them are in same phase. Since Palladium is not so cheap metal, recyclability is a 

necessary criterion if we want to use the catalyst industrially. In case of heterogeneous 

catalysis, catalyst and reactants are in different phase, so that we can filter out or centrifuge 

catalyst and reuse it again without losing significant amount of activity. But leaching out 

of metal ions into reaction media is a problem faced by this method. Suitable solid support 

can be used to counteract this. Currently, many scientists have been focused on generating 

heterogeneous catalysts which can perform this coupling reaction at high yield, low 

reaction temperature and time and high recyclability.  

 

The general mechanism of this reaction using a Pd catalyst is shown in the scheme (Figure 

13). Palladium in 0 oxidation state acts as active site in this process (1). The different steps 
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involved in this catalytic cycle involve oxidative addition, transmetalation and reductive 

elimination30 31. In the first step, organopalladium species will be formed by the insertion 

of Pd (0) between carbon halogen bond of aryl halide R2-X as shown in the scheme. This 

addition leads to the oxidation of Palladium species from 0 to +2, hence the process is 

called oxidative addition (2) resulting in the formation of (3). This is followed by activation 

of Palladium center along with elimination of halide ion with the help of a suitable base 

like K2CO3 or NaOtBu (4). Along with this, base will also coordinate with boron in phenyl 

boronic acid (5,6) and makes the R1 group more nucleophilic, which in turn facilitates the 

transmetalation step32 33, in which R1 group is eventually transferred to palladium center 

(8) leaving out the boron complex (7). In the final step, C-C bond will be formed by the 

reductive elimination of Palladium species (9), which will be ready for next catalytic cycle 

(1). 

 

                               Fig 13. Mechanism of Suzuki coupling (Source: Wikipedia) 
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2. Experimental Section 

  

2.1.Chemicals: Palladium (II) Chloride (PdCl2, 99.9%, metals basis, Pd 59.0% min 

crystalline), Poly (vinyl pyrrolidone) (PVP, Mol wt. 40,000, Sigma -Aldrich), Sodium 

iodide (NaI, Himedia, Hi-AR/ACS), Concentrated Hydrochloric acid (Conc. HCl, 

Himedia, 35% pure, Hi-AR), 4-Nitrophenol (C6H5NO3, Sigma Aldrich, ≥99%), 2-

Nitrophenol (C6H5NO3, Honeywell, ≥99%), 2,4-Dinitrophenol (C6H4N2O5, Sigma Aldrich, 

≥99%), 3-Nitrophenol (C6H5NO3, Sigma Aldrich, ≥99%) , 4-Nitroaniline (C6H6N2O2, 

Sigma Aldrich, ≥98%), 2-Hydroxy-5-nitrobenzaldehyde (C7H5NO4, Sigma Aldrich, 98%), 

Picric acid (C6H3N3O7, Sigma Aldrich, ≥98%), Sodium borohydride (NaBH4, Fluka 

Analytical, ≥99%) , Absolute ethanol (C2H5OH, Ensure ACS, ISO, Reag. Ph Eur), Acetone 

(C3H6O, Rankem LR), Isopropanol (C3H8O, Merck, 99%), Ethanol (C2H5OH, AR 99.9%, 

Changshu Hongsheng Fine Chemical Co., Ltd.), Methanol (C2H4O, Rankem LR), Hexane 

(C6H14, Rankem LR), Ethyl acetate (C4H8O2, Rankem LR), Chloroform (CHCl3, Himedia, 

AR), Chloroform D + 0.03% Tetramethyl silane ( CDCl3+0.03% C4H12Si, Euriso-top) 

Dichloromethane (CH2Cl2, Rankem, LR), Silica gel (SiO2, 100-200 mesh, Merck), 

Aluminium oxide active, neutral (Al2O3, 70-230 mesh, Himedia), Potassium carbonate 

anhydrous (K2CO3 anhy. 99%, Extra pure, Loba Chemie), Phenyl boronic acid (C6H7BO2, 

Alfa Aesar, 98+%), Iodobenzene (C6H5I, Aldrich Chemistry, 98%), 1-Iodo-4-nitrobenzene 

(IC6H4NO2, Alfa Aesar, 98+%), 4-Iodoanisole (IC6H4OCH3, Alfa Aesar, 98+%). The 

distilled water used was taken from Milli-Q purification system with resistance 18.2 MΩ 

cm-1. 

 

2.2.Synthesis of Palladium nanocubes 

Pd NCs were prepared using hydrothermal synthesis. Palladium (II) Chloride (22.5 mg) is taken 

in an eppendorf and 3 drops of conc. Hydrochloric acid was added to it and sonicated for 30 

minutes. This results in the formation of H2PdCl2, to which 4 ml H2O was added. Meanwhile, 9 

ml of water was added to 1g of 40K Poly (vinyl pyrrolidone) taken in a 50 ml beaker and vigorously 

stirred at room temperature until it was completely dissolved in the solution. Here PVP is in excess 

when compared to the amount of PdCl2.  Both solutions were mixed together thoroughly. After 5 
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min of stirring, freshly prepared 2ml of Sodium iodide in H2O solution, whose concentration was 

optimized, was added dropwise. Followed by additional stirring of 20 minutes, the resulting 

homogeneous dark brown solution was transferred to a 25 ml Teflon-lined stainless-steel autoclave 

and the sealed vessel was kept at 200oC. The reaction was allowed to proceed for different periods 

of time for further optimization.  Once the reaction was completed, the autoclave was cooled to 

room temperature and the dark brown colored solution was centrifuged at a rate of 13,500 rpm for 

30 min to collect the black colored Pd NCs, followed by washing with water several times and 

then with ethanol once to remove unreacted reagents, if remaining and excess PVP. The 

precipitates were redispersed in ethanol and were characterized by transmission electron 

microscopy (TEM). 

     2.3. Nitrophenol reduction 

2.7 ml of 0.1 mM 4- Nitrophenol along with 0.3 ml of 0.6 M of NaBH4 were taken in a cuvette and 

1 µl of 1mg/ml aqueous dispersion of catalyst was added to it, stirred, and UV spectra and kinetics 

were recorded. Same procedure was followed for the reduction of other aromatic nitro compounds. 

In order to check recyclability of our catalyst and effect of temperature on it, we have performed 

the same set of above reaction, along with addition of 27µl of 4-Nitrophenol after each catalytic 

cycle. 

2.4.Suzuki Coupling 

In a general method, a 10 ml one‐neck round‐bottom flask was charged with aryl halide (1 mmol), 

phenylboronic acid (1.2 mmol), potassium carbonate (2 mmol), Pd NCs dispersed in EtOH (250µl 

corresponding to 0.3 mg), and a mixture of ethanol and water (1:1, 4 ml). The solution was then 

stirred for the desired time at room temperature. In order to monitor the progress of reaction, an 

aliquot was taken in a small Eppendorf at arbitrary time intervals, water and ethyl acetate was 

added to it, and organic layer was analyzed using TLC (Thin Layer Chromatography) technique. 

Vanishing of reactant spots in TLC plate indicates the complete conversion of reactants to product. 

Presence of single product spot verifies the absence of any plausible side reaction. Once reaction 

was completed, the ethanol present in the reaction mixture was evaporated using rotavapor. The 

reaction mixture was purified with the help of separating funnel, using ethyl acetate and water as 

solvents. The catalyst can be separated along with the aqueous layer. The organic layer was 
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evaporated under reduced pressure to obtain our required biaryl compounds and further isolation 

and purification of product was done with the help of Column chromatography. 

2.5.Materials Characterization 

Scanning electron microscopy (SEM) images were obtained using a field emission microscope 

(FESEM, JEOL, JSM- 7600F). The FESEM was operated with an accelerating voltage of 20-30 

kV and a chamber pressure of 10-5 Torr. All SEM samples were prepared by drop casting ethanolic 

solutions of the sample on silicon wafers and allowing the solvent to evaporate slowly at room 

temperature in a vacuum desiccator. Transmission electron microscopy (TEM) and electron 

microdiffraction patterns were obtained using a FEI TITAN3TM electron microscope using an 

accelerating voltage of 80-300kV.  In order to prepare samples for TEM, drops of diluted solutions 

were placed on Formvar- coated, copper TEM grids. The drop casted grids were kept in vacuum 

desiccator to completely evaporate the solvent. UV-Vis absorption spectra were recorded using a 

LABINDIA UV-Vis spectrophotometer at room temperature. NMR spectra were taken using 400 

MHz Spectrometer operating under 9.397 Tesla field strength manufactured by Bruker Biospin 

Switzerland. 
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3.  Results and discussion 

This work mainly involves three main parts. Our main aim is to synthesize monocrystalline Pd 

NCs at high yield and to further investigate their potential catalytic application as well as efficiency 

by using 4-Nitrophenol reduction and Suzuki-Miyaura coupling reactions as model systems. 

Recyclability of our catalyst was verified using the former model system. 

 

3.1. Synthesis of Palladium nanocubes 

Several factors play crucial role in regulating size and shape of nanostructures. Reproducing 

same results under same reaction conditions may not be easy as it seems. While one factor 

favors increase in size, another will do reverse. All parameters have to be optimized and act in 

perfect symphony to achieve desired nanostructure. As we discussed in the introduction part, 

commonly used methods for the NC generation is highly flawed due to sparse yield. So, we 

decided to explore about another synthetic route, i.e. Solvothermal synthesis 

3.1.1. Solvothermal synthesis23 

There are a few reports on this method. But those reports mention the necessity of using 

more expensive solvents15 or additional shape regulating agents like SDS( Sodium dodecyl 

sulfate) along with PVP and halide salts34. But we discovered that, by just optimizing the 

amount of NaI, we can synthesize remarkable yield of Pd NCs using just water as solvent  

In this method, metal precursor along with PVP, halide salt and suitable solvent are mixed 

properly and transferred to a Teflon-lined stainless-steel autoclave(Figure 14) and the 

sealed vessel will be kept at high temperature for an optimized amount of time. Main 

advantages of this method are that, we can precisely control the size, shape and crystallinity 

of the nanocrystals that are forming by optimizing different parameters like time of 

reaction, temperature, fill volume, pH, type and amount of precursor, stabilizer, reducing 

agent, solvent and so on. Through this method, syntheses of some low-temperature phases 

and metastable compounds can be possible, which may not be possible through some other 

methods. Some transition metal complexes with some oxidation states that are difficult to 

attain can also be achieved through this way of synthesis. 
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Fig 14. Autoclave for solvothermal synthesis 

 

Understanding different steps involved in the reaction process comes first. PdCl2 is the starting 

material used, but it is not soluble in water which is used as the solvent for nanocube synthesis. 

So, we need to make it soluble in water first. When Palladium salt is sonicated in conc. HCl, it 

will form H2PdCl4, that is soluble in water. Here balanced amount of chloride ions matters a 

lot. Addition of very little may not be sufficient, while excess addition facilitates oxidative 

etching once cube is formed, thus resulting in polydispersity which is not desirable.  
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Fig 15. UV adsorption spectrum of aqueous solution of H2PdCl4 along with PVP 

 

The peak at 425 nm corresponds to that of aqueous solution of H2PdCl4 along with PVP35 as 

shown in Figure 15. Once we add Sodium iodide solution, chloride ions initially present will 

be replaced by iodide ions which are more heavier resulting in the formation of H2PdI4, which 

in turn lowers the potential of the palladium species. This will result in slow reduction and thus 
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prevents defects due to spontaneous reduction. Under suitable reaction conditions for 

optimized amount of time, Palladium from +2 oxidation state will be reduced to 0 state and 

will be rearranged to form nanostructures.  
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Fig 16. UV adsorption spectrum of reaction mixture just after the addition of NaI and after 2 

hours of reaction 

 

Presence of peak around 350 nm along with two peaks observed in between 400 and 600 nm 

indicates the formation of H2PdI4 
36as well as the gradual disappearance of peak at 425 nm 

indicates the consumption of H2PdCl4 species as indicated by figure 16. After the reaction for 

optimized amount of time, the vanishing of peaks of H2PdI4 are apparent. This confirms that 

H2PdI4 has been consumed in the reaction to form palladium nanostructures. 

The overall process can be consolidated into the following reaction scheme (Figure 17) 

 

Fig 17. Schematic representation of the formation of Palladium nanocubes 
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Here the resultant shape of nanostructure depends a lot of concentration of iodide ions, which 

will preferentially get adsorbs in the {100} facets and shields from further oxidative etching. 

The single crystal with {100} facets is cubical in shape. Solvent cannot be neglected as well. 

Viscosity of solvent affects reaction dynamics in general, while solvents like ethylene glycol 

having hydroxyl functional groups act as reducing agent as well. Poly (vinyl pyrrolidone) also 

acts as a mild reducing agent as well as capping agent, which prevents further agglomeration. 

 

3.1.2. Role of halide precursors 

Halide ions can act as capping agents and thus facilitates cube formation. But, high 

electronegativity of Chloride ions results in corrosion of edges of NCs. So, Chloride salt 

was omitted from choice. In order to check how other two halides are giving results, we 

have used NaBr and NaI. Usually for Polyol method of synthesis, NaBr can give good 

yield of cubes. Our choice of method was Solvothermal since, less amount of solvent is 

required in this method when compared to other methods. This favors minimal loss of 

product during centrifugation, which is an important advantage since metal precursor is 

not so cheap. But there are reports that NaBr salt alone cannot give homogeneous shape 

and size distribution, giving rise to the necessity of additional capping agents like Sodium 

dodecyl sulfate34. To check whether this claim is true, we used NaBr+ SDS also. Results 

obtained were same as that we were expecting. In all of these three experiments, we used 

22.5 mg PdCl2, 3 drops of conc. HCl, 1 gm PVP, 15 ml H2O and 25 ml autoclave 

containing reaction mixture was kept at 200oC for 2 hrs. 

  

Fig 18. SEM images of Palladium nanostructures generated in the presence of 2.5 mmol 

of (a) NaBr (b) NaBr + SDS (c) NaI 

 



 

22 
 

As we can see from the figure 18, Polydispersity and heterogeneous size distribution is 

generated which can be minized only through further optimization. Among these three, 

only NaI is generating some cubes. Theoretically, chemisorption of halides increase in the 

order Chloride< Bromide< Iodide. This makes Iodide ions better candidate since, it can 

efficiently mask exposed facets of Palladium. Minute changes in NaBr concentration alters 

shape of nanostructure because of its higher corrosive nature than iodide ions due to 

electronegativity. So we decided to further optimize the amount of iodide salt 

concentration.  

 

3.1.2 Optimization of amount of NaI added 

Once the salt is finalized to be NaI, the next step is to investigate its balanced concentration 

requires for nanocube formation. Starting from 0.83mmol, we have tried different amount 

of salt such as 2.5 mmol, 7.5 mmol,12.5 mmol and 17.5 mmol to see how this change is 

going to affect the shape. In all of these experiments up to 7.5 mmol, we used 22.5 mg 

PdCl2, 3 drops of conc. HCl, 1 gm PVP, 15 ml H2O and 25 ml autoclave containing 

reaction mixture was kept at 200oC for 2 hrs. For higher concentrations of NaI, after just 

2 hrs., particles were not settling down by centrifuging it at 13,500 rpm form 1 hr. So, we 

gave extra 10 hrs. at same reaction conditions to obtain product. 

 

                   

Fig 19. SEM images of Palladium nanostructures generated in the presence of (a) 

0.83mmol NaI (b) 2.5 mmol NaI 
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Fig 20. TEM images of Palladium nanostructures generated in the presence of 2.5 mmol NaI 

 

 

Fig 21. TEM images of Palladium nanostructures generated in the presence of (a) 7.5 

mmol NaI (b) 12.5 mmol NaI (c) 17.5 mmol NaI 

 

At lower concentrations of NaI, the iodide ions are not sufficiently enough to shield NCs 

completely from oxidative etching. This will result in polydispersity as shown in the figure 

19 and 20. The amount of NaI can tune the percentage of {100} facets. At very high 

concentrations of NaI, nanowires will be formed due to anisotropic growth when their 

{100} facets of cubes are protected, by an autocatalytic process. From the string of 

experiments, we noticed that the optimum amount of NaI required at the considered set of 

parameters turns out to be 12.5 mmol (Figure 21). 

 

3.1.3. Optimization of time required for the synthesis 

When we provided 2 hrs for the solvothermal method of synthesis of Pd NCs, particles 

were not properly settling down. So we tried to provide additional 6 hrs to the same 

reaction mixture. We tried to give straight 8 hrs instead of providing 2 hrs first, waiting 

for the autoclave to cool down, then providing an additional 10 hrs. The result was 
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surprising. As the TEM images in figure 22 shows, the nanostructures formed in the latter 

process was more closer to spheres than cubes. In both of these experiments, we used 22.5 

mg PdCl2, 3 drops of conc. HCl, 1 gm PVP, 12.5 mmol NaI, 15 ml H2O and 25 ml 

autoclave containing reaction mixture was kept at 200oC . 

 

Fig 22. TEM images of Palladium nanostructures generated when time provided for the 

reaction is (a) 2+ 6 hours (b) 8 continuous hours. 

 

The plausible reason might be seed formation in the first reaction. After 2hrs of reaction, 

the reduced palladium species will form templates for NCs onto which further addition 

takes place when it is kept further under solvothermal setup. When reaction is stopped at 

2 hours, iodide ions will cover the facets of cubes and further oxidative etching is halted. 

As soon as we will proceed with the reaction, additional H2PdI4 present in the reaction 

mixture will be reduced, while it takes time for deposited Palladium species to get oxidized 

since facets exposed will be less. So further addition will be faster than deposition. But in 

the second case, both deposition and corrosion will take place simultaneously resulting in 

the formation of spherical particles rather than cubes as illustrated by figure 23. If we 

reduce overall reaction time, yield will be less since most of H2PdI4 will be remaining in 

the solution unreduced. 

 

Fig 23. Illustration showing how nanocube will get converted to spherical shape as reaction goes 

on. 
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3.1.4. Overview on optimum conditions for obtaining nanocubes 

3 drops of conc. HCl should be added to 22.5 mg of PdCl2 to prepare H2PdCl4 solution. 

Amount of PVP and NaI were optimized to be 1g and 12.5 mmol respectively. The 

total volume of H2O required to make reaction mixture was estimated to be 15 ml, when 

we are using 25 ml autoclave. The sealed vessel has to be kept at 200oC for 2+6 hours 

to obtain NCs. Once reaction is over, Pd NCs can be separated from the reaction 

mixture by centrifuging at 13,500 rpm for 30-60 min.  

 

 

Fig 24. TEM images of Palladium nanostructures, generated in the optimized reaction 

conditions, at different magnifications. 

 

3.2. 4-Nitrophenol reduction using as synthesized catalyst 

Once NCs were obtained, our next aim was to investigate their potential catalytic activity. As 

we have already discussed in the introduction, one of the useful ways is to check its 4-

Nitrophenol reduction efficiency as indicated by figure 25. In the presence of NaBH4 and 

catalyst, 4- Nitrophenol will be reduced to 4- aminophenol, without the formation of any side 

products.  The only instrument needed to measure the catalytic efficiency is UV-

Spectrophotometer. The absorption peak of 4-Nitrophenol along with Sodium borohydride 

solution at 400 nm along with the yellow color of solution vanishes as the reactant gets 
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converted to product. The isosbestic point obtained from the spectra further refutes the 

presence of any possible side product. 

  

Fig 25. Reduction of 4-Nitrophenol to 4- Aminophenol 

Even though the main reason for choosing 4-Nitrophenol reduction as a model system is because 

of its idealness in indicating of how good our catalyst is, the reaction itself has lot of relevance as 

we have already discussed in the introduction. 

3.2.1. Reaction conditions and method of calculation of rate constant 

2.7 ml of 0.1 mM 4-Nitrophenol was used for the reaction, which means that 0.27 µmol 

of reactant is present. Since this reaction is a second order reaction and we want to conduct 

it as a pseudo first order reaction, one of the reactants have to be in excess. So, 0.18 mmol 

of Sodium borohydride was used, i.e., 0.3 ml of 0.6 M NaBH4 solution. In order to verify 

whether Pd NCs show superior catalytic activity over other palladium nanostructures, we 

reduced 4-Nitrophenol using each of the catalyst that we generated throughout the journey 

of optimization of nanocube synthesis. All the reactions were performed at room 

temperature using water as solvent. In order to monitor the vanishing peak of reaction 

mixture at 400 nm, we added 1µl of 1mg/ml catalyst to it and recorded UV-Vis spectra at 

regular time intervals as shown in figure 26. 
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Fig 26. UV visible spectra showing reduction of 4-Nitrophenol + Sodium borohydride 

solution when catalyst was added to it. 

 

For obtaining above spectra (Figure 26), we used the palladium nanostructures which were 

closest to cubic shape. That is, we used 22.5 mg PdCl2, 3 drops of conc. HCl, 1 gm PVP, 

12.5 mmol NaI, 15 ml H2O and 25 ml autoclave containing reaction mixture was kept at 

200oC for 2+ 10 hours. Aqueous dispersion of catalyst was prepared from 1mg of the dried 

sample in an Eppendorf. 1ml of water was added to it and sonicated for a long time to 

ensure that it was homogeneously dispersed. As we can clearly notice from the spectra, as 

time progresses, the intensity of reactant peak drastically vanishes. After 4 min, the peak 

at 400 nm is no longer visible. At the same time, the new peak that emerges at 298 nm 

corresponds to 4-Aminophenol. Along with this, the vanishing yellow color of the reaction 

mixture also signifies the progression of the reaction. 

Once we verified that the reaction is proceeding well in short interval of time, our next 

aim was to calculate the rate constant of our NCs and compare it with that of other 

nanostructures that we have synthesized and some literature reports. 

Rate constant of reaction when different catalysts are used can be calculated in multiple 

steps. Firstly, we need to obtain Kinetics spectrum of reaction using UV 

Spectrophotometer as we can see from Figure 27. 

 

Fig 27. Kinetics spectrum of 4-Nitrophenol reduction using Palladium nanocubes 

 

Next step is to plot ln (At/A0) vs time (Figure 28). Slope of the steep part of the curve gives 

rate constant (k) of the reaction. Its unit would be inverse of the unit of time. 
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Fig 28. Plot of ln (At/A0) vs time 

 

Above graph gives a slope of -3.129. That is, rate constant is 3.129 min-1. Similarly, 

Kinetics spectra were recorded for some other catalysts synthesized during the 

optimization process.  In all of this set of nanostructures, we used 22.5 mg PdCl2, 3 drops 

of conc. HCl, 1 gm PVP, 15 ml H2O and 25 ml autoclave containing reaction mixture was 

kept at 200oC. Only type and quantity of halide salt and time of nanostructure synthesis 

were varied. Reagents for 4-Nitrophenol reduction were kept same for all of these. 

 

Catalyst specification Rate constant (min-1) 

NaI (x=2.5 mmol), 2h 0.254 

NaI x, 2h 0.318 

NaBr x/2 + SDS, 6 h 0.535 

NaBr x, 2h 0.234 

NaI 3x, 2 h 0.848 

NaI x/3, 2h 0.429 

NaI 5x, 2+6 h 3.129 
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NaI 5x, 8 h 1.379 

NaI 7x, 8 h 0.486 

 

Table 1. Rate constant for different palladium nanostructures generated during optimization 

process, for 4-Nitrophenol reduction 

 

Catalyst [4-NP] 

(mM) 

[cat.] Time 

(sec.) 

K (s-1) 

Pd–PRGO37 0.1 3 mg 15 0.24 

Ni-Pt38 

(96:4) 

0.0085 0.004 mg  60 0.116 

Pd/RGO/Fe3O4
39 1.2 5 mg 60 0.051 

Porous Cu particle40 0.1 0.05 mg  390 0.0093 

AuCu-MgO41 0.06 30 mg  1800 0.0003 

Pd NWs42 0.09  0.3 mg  100 0.0194 

Pd nanocube 0.1 10 µg 20 0.052 

 

Table 2. Comparison of activity of different nanomaterials for 4-Nitrophenol reduction 

From the tables 1 and 2, it is evident that Pd NCs show superior catalytic activity than other 

nanostructures synthesized along the way and other reported values.  
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3.3. Reduction of some other aromatic nitro compounds 

 

3.3.1.  2-Nitrophenol 

 

Fig 29. Schematic representation of 2-Nitrophenol reduction to 2- Aminophenol 
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Fig 30. UV absorption spectra of 2-Nitrophenol reduction 

 

 

3.3.2.  2,4-Dinitrophenol 

 

Fig 31. Schematic representation of 2,4-Dintrophenol reduction to Amidol 
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Fig 32. UV absorption spectra of 2,4-Dinitrophenol reduction 

 

3.3.3. 3-Nitrophenol 

 

Fig 33. Schematic representation of 3-Nitrophenol reduction to 3-aminophenol 
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Fig 34. UV absorption spectra of 3-Nitrophenol reduction 
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3.3.4. 4-Nitroaniline 

 

 

Fig 35. Schematic representation of 4-nitroaniline reduction to p-Phenylenediamine 
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Fig 36. UV absorption spectra of 4-Nitroaniline reduction 

 

3.3.5. 2-Hydroxy-5-nitrobenzaldehyde 

 

 

 

Fig 37. Schematic representation of reduction of 2-hydroxy-5-nitrobenzaldehyde, 

which is also known as 5-Nitrosalicylaldehyde to 5-Aminosalicylaldehyde 
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Fig 38. UV absorption spectra of 2-hydroxy-5-nitrobenzaldehyde reduction 

 

3.3.6. Picric acid 

 

Fig 39. Schematic representation of reduction of picric acid to 2,4,6-triaminophenol 
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Fig 40. UV adsorption spectra of picric acid reduction 
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All of the above reactions were conducted at room temperature, with a substrate 

volume of 2.7 ml of 0.1 mM solution, Pd NCs amount of 1 µl from 1mg/ml aqueous 

dispersion and NaBH4 solution of 0.3 ml taken from 0.6 M. In order to get kinetics 

spectra, we have taken 10 µl of catalyst dispersion, while other reaction conditions 

were kept same. Kinetic spectra were further utilized for estimating rate constant of 

the reaction catalyzed by obtained Pd NCs. 

 

Table 3. Rate constant for reduction of different aromatic nitro compounds using Palladium 

nanocubes 

 

From the table 3, it is evident that Pd NCs can act as a good catalyst for the reduction of different 

aromatic compounds. Reduction of all aromatic nitro compounds will not take place at similar 

rates. This is due to the influence of some additional interactions. For instance, reduction of 2-

Nitrophenol is more challenging than that of 4-Nitrophenol due to the presence of intra-molecular 

hydrogen bonding, which hinders adsorption of substrates onto the catalyst surface. When more 

substituents are present, steric hindrance also comes into picture. Para substitutes compounds can 

give better result than ortho- or meta- substituted compounds due to less steric hindrance. 

Compound     Rate constant(min-1) 

2-Nitrophenol 0.490 

2,4-Dinitrophenol 0.609 

3-Nitrophenol 0.408 

4-Nitroaniline 0.870 

4-Nitrophenol 3.129 

2-Hydroxy-5-

nitrobenzaldehyde 

0.573 

Picric acid 1.112 
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Nevertheless, our catalyst reduces all the mentioned harmful aromatic nitro compounds into useful 

products at a remarkable rate. 

 

3.4. Recyclability studies 

Just verifying the catalytic activity is not good enough, we need to estimate the recyclability as 

well. Since palladium is a costly metal, if the synthesized catalyst has to be industrially 

manufactured, it has to maintain its efficiency after considerable amount of cycles. For this 

purpose, we took 4-Nitrophenol volume of 2.7 ml of 0.1 mM solution, Pd NCs amount of 10 µl 

from 1mg/ml aqueous dispersion and NaBH4 solution of 0.3 ml taken from 0.6 M. After each 

cycle, 27µl of 10 mM of 4-Nitrophenol was added and the solution was mixed properly. From the 

drop in absorbance of reactant peak at 400 nm after each cycle, keeping a time fixed at 5.5 min 

(Time taken for 98.5% conversion in the first cycle), we can calculate the percentage of conversion 

of 4-Nitrophenol to 4-Aminophenol. For this, we will assume the initial absorbance just before the 

addition of catalyst as 100%. Once catalyst is added, the percentage of decrease in absorbance in 

accordance with time corresponds to the percentage of conversion. The result that we got is 

tabulated as table 4 

 

Initial absorbance 

= 2.5 

Absorbance 

at time= 5.5 min 

Percentage 

of conversion 

Cycle 1 0.0488 98.5 % 

Cycle 2 0.0731 97.1 % 

Cycle 3 0.0924 96.3 % 

Cycle 4 0.204 91.8 % 

Cycle 5 0.4253 82.98 % 

Cycle 6 0.4676 81.3 % 

Cycle 7 0.5862 76.55 % 

Cycle 8 0.8663 65. 35 % 

Cycle 9 1.15 54 % 

Cycle 10 1.3591 45.6 % 

Cycle 11 1.6408 34.36 % 
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Cycle 12 1.7361 30.56 % 

Cycle 13 1.8607 25.57 % 

Cycle 14 1.9299 22.8 % 

 

Table 4. Percentage of conversion of 4- Nitrophenol reduction to 4-Aminophenol after repeated 

cycles  

 

Above table can be consolidated into following graph (Figure 41). 
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Fig 41. Recyclability of Palladium nanocubes for 4-Nitrophenol reduction 

 

The catalytic activity does not decrease much up to three cycles and then it shows gradual decrease. 

By the end of 14th cycle, the percentage was decreased to 22.8 %, which was 98.5 % at the first 

cycle. Usually reaction dynamics will become more facile as we raise temperature. To check 

whether temperature can improve the recyclability of catalyst, we have performed the same set of 

reactions at an elevated temperature of 50oC and got results as following (Figure 42):  
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Fig 42. Recyclability of Palladium nanocubes for 4-Nitrophenol reduction at 50oC 

 

Figure 42 shows that, contrary to our expectations, catalyst shows poor performance at elevated 

temperature. For first three cycles, similar trend as before can be observed, where percentage of 

conversion is pretty much high and does not vary much. But from then on, the scenario was 

drastically changed. While it shows 82.98 % conversion after 5 cycles at room temperature, the 

value was reduced to 28.8% for same number of cycles at 50oC. This might be due to many reasons. 

For instance, 

1. While transferring to cuvette and beaker back and forth, there might be some catalyst loss. 

2. NaBH4 acts as hydride source for 4-Nitrophenol reduction. As we increase temperature, H2 

evolution will be more facile. 

 

Any of these reasons or all of them collectively can be cumbersome to the progress of the 

reaction. To check whether our assumptions are true or not, we decided to redo the 

reactions at room temperature and high temperature by adding solid NaBH4 after each 

cycle. Usually we use 300 µl of 0.6 M aqueous NaBH4 solution. Since we were going to 

add solid NaBH4 after each cycle, addition of this much excess may result in catalyst 

poisoning. So, we decided to add solid NaBH4 corresponding to 0.3 ml of 0.3M of its 
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aqueous solution, that is, 3.45 mg. All the reactions were performed in cuvette to avoid any 

catalyst loss while transferring. 

 

Fig 43. Recyclability of Palladium nanocubes for 4-Nitrophenol reduction at room 

temperature when NaBH4 is added after each cycle 

 

Addition of NaBH4 only once turns out to be one of the reasons for the reduction in catalytic 

activity after repeated cycles. As we can see from the above graphs (Figure 43), high 

percentage of conversion can be observed up to 7 cycles. Sudden decline after 7th cycle 

may be due to catalytic poisoning caused by the excess amount of borate complex formed 

which can occupy active sites of palladium nanostructures. It can also be because of large 

time interval between consecutive cycles of reaction. To check whether the second 

possibility can be ruled out or not, we have conducted the same set of experiments 

continuously at room temperature. Consecutive cycles were initiated by the addition of 4-

Nitrophenol solution, once yellow color of reaction mixture from previous cycle was no 

longer visible. 
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Fig 44. Recyclability of Palladium nanocubes for 4-Nitrophenol reduction at room 

temperature when NaBH4 is added after each cycle without giving time gap between 

cycles 

 

Above graphs (Figure 44) indicate that recyclability was indeed dependent on time gap 

between consecutive cycles. This might be because, longer we keep, more H2 will evolve 

from the solution, which limits the amount of hydride ions required for the reaction. The 

exact reason has to be elucidated through further mechanistic studies. At high temperature, 

one more challenge is present i.e., evaporation is more apparent. This will bring down 

volume of the solvent (water), thereby increasing the concentration of substrate. In order 

to compensate the solvent loss, required amount of solvent was added to the reaction 

mixture after each cycle. Other reaction conditions were kept same as that of those at room 

temperature, along with the addition of Sodium borohydride after each cycle. 

 

Fig 45. Recyclability of Palladium nanocubes for 4-Nitrophenol reduction at 50oC when 

NaBH4 is added after each cycle 

 

High percentage of conversion can be observed from repeated cycles at 50oC which ensures 

that the Pd NCs are indeed good catalyst for 4-Nitrophenol reduction. 
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3.5. Suzuki-Miyaura coupling reactions using as synthesized catalyst 

 

As we have already discussed in the introduction, development and advancement of Suzuki-

Miyaura coupling reactions have been center of attraction for organic chemists since very long 

time due to their various applications. So, if we can able to show that our Pd NCs can catalyze 

these reactions at better rate, it would be really helpful in different fields of Chemistry. With 

that aim in mind we have performed three sets of reactions with electron withdrawing, donating 

substrates and substrate without any of these two. 

 

Reaction conditions: ArI (1mmol), ArB(OH)2 (1.2 mmol), K2CO3 (2 mmol), EtOH/H2O (1:1, 

4 ml) in the presence of Pd NCs (250 µl of aqueous dispersion corresponding to 0.3 mg Pd) at 

room temperature.  

 

To optimize the reaction conditions of Suzuki- Miyaura coupling reaction, 4‐iodobenzene and 

phenylboronic acid are commonly chosen as a model reaction. In most cases, oxidative 

addition is the rate‐determining step of the catalytic cycle. I-Ph has low bond dissociation 

enthalpy when compared to that of other halides bonded with phenyl group. This makes 

coupling reactions more feasible. This is the reason why we chose Iodobenzene over 

Bromobenzene or Chlorobenzene. While choosing solvent, we have to be extra careful. If we 

take Water as a solvent, organic substrates cannot be completely dissolved in it. This will 

hamper the rate and yield of the reaction. Choosing organic solvent will also pose problem as 

inorganic base that we use will not dissolve properly. So, we decided to use EtOH- H2O 

mixture at the ratio 1:1, that can be further optimized, if required. The usage of the co-solvent 

will ensure the good solubility of the inorganic base and the organic reactants. In terms of 

aqueous base to activate the boronate ester component, we have a long list of choice involving 

organic and inorganic bases such as, NaOH, NaHCO3, K2CO3, K3PO4, KOH, NEt3, and so on. 

Usually, organic base like NEt3 are less reactive than inorganic bases such as K2CO3 and KOH. 

But high alkalinity of KOH makes it corrosive and very difficult to handle. Due to this problem, 

we decided to use K2CO3 as base for facilitating this reaction. Temperature plays an important 

role in bringing down kinetic barrier of the reaction. We decided to start at room temperature 

and see the effect. Surprisingly, at room temperature itself, our catalyst provided very high 
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yield in short time span. Usually for heterogeneous reactions, high temperature and phase 

transfer catalyst are necessary for reaction to take place. But in our case, without these two, we 

could attain high yield without even taking much time. This verifies the superior catalytic 

activity of Pd NCs over other required catalysts, most of which require an optimum 

temperature range of 70oC to 80oC to catalyze the reaction. Random amount of catalyst was 

used to verify whether reaction is going on or not. Further optimization of the amount of 

catalyst is still going on. 

 

3.5.1. Substrate without electron donating or withdrawing group 

 

 

 

Fig 46. Reaction scheme for Suzuki-Miyaura coupling reaction using Iodobenzene and 

Phenyl boronic acid 

 

 

 

Fig 47. Estimated positions of peaks in 1H NMR spectrum of 1,1’-biphenyl using 

ChemDraw software 
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Fig 48. 1H NMR spectrum of 1,1’-biphenyl 

By using ChemDraw software, we can estimate the presence of three sets of peaks. 1H 

NMR spectrum at room temperature shows four sets of peaks, one of which (singlet at 

7.286 ppm) belongs to solvent CDCl3. Total number of protons was obtained by 

integrating the peaks and it was found to be 10, which corresponds to the total number of 

protons of expected product. Triplet of triplet found around 4.366-4.4 ppm corresponds to 

that of proton (a) as shown in estimated figure shown before. Similarly, presence of peaks 

around 7.6 and 7.5 ppm corresponds to (b) and (c) respectively, which further verifies the 

structure. 

Entry Halide Catalyst Solvent Time 

(h) 

Yield 

(%) 

TOF * 

(h-1) 

1 Br Pd (PPh3)4
43 DME: H2O 

(1.5:4.5) 

- 88 34 

2 Br Pd (0) particles44 H2O 2 7 - 

3 Br Pd nanorods in 

mesoporous channel 

of SBA-1545 

EtOH/H2O 

(1:1) 

1.5 93.6 - 
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*TOF= Turnover frequency 

Table 5. Comparison of time taken, yield and TOF for Suzuki- Miyuara coupling using 

Palladium nanocubes with other reported catalysts when substrate without electron donating or 

withdrawing group is used. 

3.5.2. Substrate with electron withdrawing group 

 

Fig 49. Reaction scheme for Suzuki-Miyaura coupling reaction using 1-Iodo-4-

nitrobenzene and Phenyl boronic acid 

 

 

Fig 50. Estimated positions of peaks in 1H NMR spectrum of 4-nitro-1,1’-biphenyl 

using ChemDraw software 

4 I Pd immobilized 

mesoporous silica 

material46 

MeOH 24 74 88 

5 I 1,2,3- Triazolylidene 

Pd complex47 

H2O 12 94 - 

6 I Pd-SnSreduced
48 EtOH 24 97.4 - 

7 I Pd nanocubes EtOH/H2O 

(1:1) 

1.5 90 212.4 
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Fig 51. 1H NMR spectrum of 4-nitro-1,1’-biphenyl 

 

 1H NMR spectrum at room temperature shows five sets of peaks, one of which (singlet at 

7.284 ppm) belongs to solvent CDCl3. Total number of protons was obtained by 

integrating the peaks and it was found to be 9, which corresponds to the total number of 

protons of expected product. Doublet found around 8.3 ppm corresponds to that of proton 

(a) as shown in estimated figure shown before. Similarly, presence of doublets around 7.7 

and 7.6 ppm corresponds to (b) and (c) respectively. The peaks of (c) and (d) are spread 

in 7.46-7.55 ppm range will merge together to form multiplet. The obtained NMR 

spectrum verifies the structure. 

 

 

 

Entry Halide Catalyst Solvent Time 

(h) 

Yield 

(%) 

TOF 

(h-1) 

1 Cl Pd1Ni4/CNF**49 EtOH/H2O 

(1:1) 

5 6.32 - 

2 Br Pd (0) particles50 H2O 2 6 - 
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3 Br Pd nanorods in 

mesoporous channel of 

SBA-1551 

EtOH/H2O 

(1:1) 

1.5 91.4 - 

4 I Pd immobilized 

mesoporous silica 

material52 

MeOH 24 66 17 

5 I Pd Nanoparticles in ionic 

liquid53 

H2O 2  87 21.75 

6 I Pd nanocubes EtOH/H2O 

(1:1) 

16 90 19.92 

*TOF= Turnover Frequency 

**CNF= Carbon Nano Fiber 

Table 6. Comparison of time taken, yield and TOF for Suzuki- Miyuara coupling using 

Palladium nanocubes with other reported catalysts when substrate with electron 

withdrawing group is used. 

 

3.5.3. Substrate with electron donating group 

 

Fig 52. Reaction scheme for Suzuki-Miyaura coupling reaction using 4-Iodoanisole and 

Phenyl boronic acid 

 

Fig 53. Estimated positions of peaks in 1H NMR spectrum of 4-methoxy-1,1’-biphenyl 

using ChemDraw software 
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Fig 54. 1H NMR spectrum of 4-methoxy-1,1’-biphenyl  

 

 

1H NMR spectrum at room temperature shows five sets of peaks. Total number of protons 

was obtained by integrating the peaks and it was found to be 12, which corresponds to the 

total number of protons of expected product. Singlet found around 3.88 ppm corresponds 

to that of proton (a) as shown in estimated figure shown before. Similarly, presence of 

triplets around 7.55-7.6, 7.47 and 7.05 ppm correspond to (c, d), (e) and (b) respectively. 

The multiplet at 7.339 ppm corresponds to (f) along with the trace amount of solvent 

CDCl3. The obtained NMR spectrum verifies the structure. 

 

 

Entry Halide Catalyst Solvent Time 

(h) 

Yield 

(%) 

TOF* 

(h-1) 

1 Br Pd nanorods in 

mesoporous channel of 

SBA-1551 

EtOH/H2O 

(1:1) 

1.5 91.6 - 
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2 Br Pd1Ni4/CNF**54 EtOH/H2O 

(1:1) 

3 98.77 263 

3 I Pd immobilized 

mesoporous silica 

material52 

MeOH 24 75 88 

4 I Pd/CuO55 EtOH/H2O 

(1:1) 

1.5 31 - 

5 I Pd Nanoparticles in ionic 

liquid56 

H2O 1.5  88 29.33 

6 I Pd nanocubes EtOH/H2O 

(1:1) 

1.25 90 255 

 

 

*TOF= Turnover Frequency 

**CNF= Carbon Nano Fiber 

Table 7. Comparison of time taken, yield and TOF for Suzuki- Miyuara coupling using 

Palladium nanocubes with other reported catalysts when substrate with electron donating 

group is used. 

 

In all of the above cases, when we used Pd NCs as catalyst, biphenyl products 

corresponding to aryl iodides containing both electron-withdrawing and electron-donating 

groups when coupled with phenylboronic acid, were obtained in excellent yields. Pd NCs 

that we have synthesized excels the previously reported catalysts in terms of shorter 

reaction times, higher stability and also better isolated yields. Further optimization of 

chemical parameters including solvent, kind of base, reaction temperature, amount of 

catalyst, catalyst loading on different templates like filter paper, sponge, silica, etc. and 

type of aryl halide substrate are still going on in our lab to determine the best possible 

combination. Filtration, purification and recycling of the catalyst are the main focus of the 

work that is currently going on.  
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4. Conclusion 

 

Our aim was to use hydrothermal method for the efficient synthesis of Pd NCs. In order 

to understand the mechanism involved in the synthesis, we took UV-Vis spectra of 

reaction mixture at each step of the synthesis. From this study, we found that H2PdCl4 will 

be generated from PdCl2 once conc. HCl is added. Addition of aqueous KI solution will 

replace chloride ions to generate H2PdI4. Under hydrothermal treatment at 200oC for 

optimized amount of time, Palladium in +2 oxidation state will be reduced to Pd (0) and 

rearrange to form Pd NCs. Absence of any halide ions will generate palladium 

nanoparticles without any particular shape. So, we tried using different halide salts and 

noticed that KI is the best for the generation of NCs. Once we fixed the salt, we further 

tried different amounts of it to fix the optimum concentration required. Further 

optimization of time of hydrothermal treatment was also carried out. The as prepared 

nanostructures were further characterized by FESEM and TEM to verify their shape and 

dispersity. 

 

Once Pd NCs were synthesized, our next aim was to check its catalytic activity. 4-

Nitrophenol reduction to 4-Aminophenol was used as the model reaction for this purpose 

due to the ease of conducting reaction, calculating rate constant. The reaction is very 

important as well since 4- Nitrophenol is highly toxic and curbing its amount is necessary 

in current context. At the same time, the reduced product is highly beneficial in the 

synthesis of many drugs, dyes and so on. We verified the superior catalytic activity of our 

NCs over other synthesized nanostructures with the help of UV-Vis spectroscopy. Pd NCs 

showed a rate constant of 3.129 min-1, which is far better than many catalysts that have 

been reported so far. Such a high activity may be due to the presence of large number of 

active sites on the edges of the cubes. We further verified the catalytic activity using other 

aromatic nitro compounds as well. 

 

Since Palladium precursor is not so cheap, our catalyst can be industrialized only when if 

it can be recycled and reused many times without losing catalytic activity significantly. 

To check the recyclability, we conducted repeated cycles of 4-Nitrophenol reduction using 
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Pd NCs. When we tried to perform reaction at both room temperature and elevated 

temperature of 50oC, after adding excess NaBH4 only at the beginning of first cycle, we 

found drastic decrease in reduction of catalytic activity on repeating cycles due to the 

depletion of hydride ions from the solution due to hydrogen evolution. From this we 

concluded that NaBH4 has to added after each cycle. Same set of reactions were conducted 

by adding it after each cycle showed that our catalyst was showing high efficiency even 

after many cycles. 

 

Discovery of Suzuki-Miyaura coupling reaction is considered as one of the important 

milestones in the history of synthetic organic chemistry. Several modifications were 

introduced since its discovery. Still many limitations are still there. For example, 

homogeneous catalysts cannot be properly recycled and reused, while heterogeneous 

catalysts can catalyze the coupling only at elevated temperature and phase transfer catalyst 

is required. From our series of reactions, we discovered that Pd NCs can catalyze this 

reaction at room temperature in short time period providing high yield of coupled product 

without any side reactions. At the same time, phase transfer catalyst was not required due 

to the usage of cosolvents. The catalyst maintains very good activity when electron 

donating or withdrawing substituents were attached to the substrate as well. 
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5. Scope of the work 

 

Through this project, we attempted to investigate the role of structure of metal nanoparticle 

in the enhancement of catalytic activity. Since noble metals are expensive, we need to 

develop suitable strategies where we can minimize the amount of metal as well as 

maximize its catalytic efficiency. Here comes the relevance of shape selective syntheses 

of nanostructures. As we have seen through this work, certain shapes can expose certain 

facets more, and thus we can tune the amount of exposed active sites and catalytic activity 

accordingly.  

This thesis throws light on the superior catalytic activity of Pd NCs for 4-Nitrophenol 

reduction and Suzuki coupling over many other reported works. Minute quantity of 

catalyst can give very high yields of product due to the presence of {100} facets, which 

have low activation energy, thus favoring dissociative chemisorption of substrates. 

 Usage of Pd NCs does not end here. Through extensive experiments and studies, we can 

discover many catalytic reactions that can be catalyzed by it. For instance, Palladium metal 

nanoparticles are known for its excellent electrocatalytic activity57. We can extend the 

study to investigate the usage of Pd NCs for electrocatalytic water splitting58, Carbon 

dioxide reduction59 60, Nitrogen fixation and so on. The potential applications of Pd NCs 

are infinitely vast.  
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