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ABSTRACT 

Palladium nanoparticles have shown improved Pd-H interaction and 

better catalytic properties due to the size dependent shift of Pd4d 

centroid and increased surface area. The alloying of Pd with a suitable 

amount of Ag and Cu results in enhanced resistance to hydrogen 

embrittlement, increased hydrogen permeation rate, higher resistance to 

carbon mono oxide and sulphurous constitutes in gas mixtures. The size 

dependent and alloying induced modifications in the hydrogenation 

properties can possibly be synergetically combined to achieve improved 

Pd-H results. To achieve the above, it is important to synthesize Pd alloy 

and composite nanoparticles of well defined size, shape, and composition 

so that the effect of size and alloying on the structural and electronic 

properties can be clearly established. The central objective of the thesis 

is to study the structural and electronic properties of Pd, Pd-Ag, Pd-Cu 

nanoparticles having controllable size, size distribution, and composition 

and to correlate the size and alloying induced modifications with the 

hydrogenation properties.  

In the present study, gas phase synthesis technique is used to 

grow the size-selected Pd, Pd-Ag, Pd-Cu, Pd-graphene and Cu-graphene 

nanoparticles. The gas phase synthesis exhibits better purity and size 

control of the synthesized nanoparticles, as compared to other 

techniques. Further, particle aggregation is low and the substrate effect 

is nullified, as the particle formation occurs in a homogeneous gaseous 

medium. The spark generator was used to produce the agglomerate like 
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structures. The differential mobility analyser (DMA) was used to select 

the Pd, Pd-Ag and Pd-Cu agglomerates having the mobility equivalent 

diameters (Dm) of 20, 40 and 60 nm. Thereafter, the agglomerates were 

sintered in-flight to obtain the spherical, crystalline and monodisperse 

nanoparticles at optimized sintering temperatures.  

The morphological, structural and electronic properties of the size 

selected nanoparticles were studied at each sintering stage using 

glancing angle x-ray diffraction (GAXRD), transmission electron 

microscopy (TEM) and x-ray photoelectron spectroscopy (XPS). GAXRD 

confirms the FCC phase in Pd nanoparticles and the alloy formation in 

the sintered Pd-Ag and Pd-Cu nanoparticles. TEM studies clearly show 

that particles have a very well defined size and narrow size distribution. 

Further, the high resolution transmission electron microscopy (HRTEM) 

confirms the monocrystalline nature of the nanoparticles. The shift in 

the XPS core level binding energies was observed on increasing the 

sintering temperature and is attributed to the combined action of size 

and alloying effects.  

 The structural and electronic properties of the size selected, Pd, Pd-

Ag and Pd-Cu nanoparticles were also studied as a function of 

nanoparticle size. XRD studies reveal that on decreasing the particle 

size, lattice contracts. The observed lattice contraction may be attributed 

to the bond length contraction and increased surface to volume ratio on 

decreasing the particle size. From the XPS studies, it is observed that 

the core level and valance band binding energy values increase on 

decreasing the size of the metal (Pd, Ag and Cu) and alloy (Pd-Cu and 
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Pd-Ag) nanoparticles. The alloying induced binding energy shift was also 

calculated by comparing the binding energy of Pd-Ag and Pd-Cu with 

those of the Pd, Ag and Cu nanoparticles of the same size. In Pd-Cu 

nanoparticles it can be attributed to charge transfer due to 

electronegativity difference and in case of Pd-Ag nanoparticles it can be 

attributed to the hybridization effects.   

The hydrogenation properties of the Pd, Pd-Ag and Pd-Cu alloy 

nanoparticles were studied as a function of size in the pressure range of 10-4 

mbar to 100 mbar while varying the temperature from 250 K to 350 K. In-

situ XRD shows that at room temperature, Pd nanoparticles show α→β 

phase transition while no such transition is observed in the Pd-Ag and Pd-

Cu alloy nanoparticles; only their lattice parameter undergoes a gradual 

change. In Pd-Ag and Pd-Cu nanoparticles, the larger change in lattice 

parameter above 305 K and below 25 mbar indicates that Pd-H interaction 

is controlled by size or surface dependent adsorption process. Near 

saturation of the nanoparticle surface below 305 K and above 25 mbar 

results in the lattice changes independent of nanoparticle size, indicating 

diffusion controlled Pd-H interaction. On hydrogen incorporation, at any 

pressure and temperature, change in lattice parameter increases on 

decreasing the particle size which indicates that smaller nanoparticles 

absorb more hydrogen. ERDA measurements carried out on Pd, Pd-Ag and 

Pd-Cu nanoparticles, confirms the increased incorporation of hydrogen in 

nanoparticles of smaller sizes. The increased hydrogen incorporation at 

smaller sizes may be attributed to the shift in XPS valance band binding 

energy away from the Fermi edge.  
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The gas phase synthesis method has been extended to grow graphene-

Pd and graphene-Cu core shell nanoparticles which might be used in future 

for catalysis and hydrogen related applications. In the present method 

formation of metal/MLG core shell nanoparticles is based on the initial 

mixing of metal with carbon at atomic or nanoscale, resulting in the alloy or 

composite nanoparticle formation, during in-flight sintering at higher 

temperatures. When particles exit the sintering zone, temperature 

decreases, resulting in the segregation of carbon to surface (out of the metal 

matrix) due to its decreased solubility and low surface energy. The greatest 

advantage of this method is that metal nanoparticles having well defined 

size and narrow size distribution capped by a graphene shell can be directly 

deposited on any desired substrate. 
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