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Introduction 
 
Microwave induced plasma in liquid has become a green and 
effective method for the preparation of metallic nanoparticles 
(NP). This thesis aims to improve the understanding of the 
formation of the metallic and bimetallic nanoparticles using 
microwave induced plasma in liquid process (MWPLP). It 
provides same or better results than conventional methods 
with simple process, high purity, and lower impact on the 
environment due to avoiding the use of toxic solvents and 
reducing agents (alcohol, NaBH4, N2H4, citrate, polyol, etc.). 
The MWPLP also eliminates complicated purification process 
after the synthesis of the NPs. During this process, microwave 
generated non-equilibrium plasma in water at reduced 
pressure thermally decomposes water molecules and provide 
various highly reactive chemical species (e.g. solvated 
electron (e-aq) and hydrogen (H•) radicals), which can reduce 
metal ions, Mn+. The reduction of metal ions by reactive 
species formed in plasma discharge can occur as follows: 
Mn+ + nH• ® M0 + nH+ 

Mn+ + neaq- ® M0 

at low pH or via below reaction:  
Mn+ + neaq- ® M0 

at high pH.  
Composition and size of the nanoparticles can be controlled 
by adjusting the conditions of the synthesis process (reaction 
time, pH, type and amount of precursor, type and amount of 
protecting agent). In our research, we have introduced yttrium 
oxide (Y2O3) coated stainless steel electrode to challenge 
impurity problems of the resulting NPs due to the loss of 
electrode materials.  

Metallic nanoparticles are under immense interest because 
of their unique optical, electrical, and catalytic properties. 
They are used in variety of applications e.g. electronics, 
photodynamic therapy, therapeutic agent delivery, sensors, 
probes, diagnostics, catalysis, and cancer treatment. 

Gold nanoparticles (Au NPs) are one of the most studied 
metallic nanoparticles and they have been used in numerous 
applications from jewelry to advanced technology and 
medicine. In the chapter 2 about gold nanoparticles, the time-
dependent formation and growth of gold NPs during MWPLP 
was investigated together with the effect of the solution pH 
on gold NPs formation. We were able to obtain highly pure 
Au NPs with bimodal size distribution for pH in range of 3.5 
– 12.0. The fraction of small sized Au NPs became significant 
at pH 6.0 and 12.0 while that of big sized Au NPs was 
dominant at pH 3 (Fig.1). This change in the size distribution 
of Au NPs was governed by different reduction rate of gold 
ions at different pH. 

 

Fig. 1 Au Nanoparticles prepared in MWPLP at various pH. 
 

Another metallic nanoparticles, silver NPs are widely 
used for their physical properties, biocompatibility, and low 
cost. These nanoparticles need to be protected because of 
their tendency to aggregation caused by their high surface 
energy which makes them extremely reactive. In chapter 3, 
the influence of different precursor (AgNO3 and [Ag(NH3)2]+) 
and various amount of L-arginine (0.087, 1.74, 8.7 cm3) as 
the stabilizing agent on the formation of Ag NPs in MWPLP 
was investigated. L-arginine was chosen because as one of 
the essential amino acids, it’s highly biocompatible and non-
toxic. As a result, a strong influence of L-arginine on NP size, 
and of silver diamine complex on the uniformity of the 
synthesized Ag NPs was observed. In conclusion, uniform, 
small sized (with the average diameter ca. 5 nm) and highly 
pure Ag NPs can be obtained by addition of silver diamine 
and L-arginine during MWPLP. The obtained Ag NPs were 
effectively stabilized by carboxylate group contributed by L-
arginine as was confirmed by FT-IR (Fig. 2). 

 
Fig. 2 Proposed bonding between carboxylate group and 
silver NPs (particle size and bonding length are not in scale). 
 

Au-Ag alloy bimetallic nanoparticles have been 
intensively investigated due to their plasmonic applications, 
catalysis and biosensing. In the fourth chapter, Au-Ag alloy, 
Au, and Ag NPs were prepared by MWPLP using HAuCl4 
and [Ag(NH3)2]+ as the precursors without any protecting or 
reducing agents, only at adjusted pH to the pH 11.0 value by 
ammonia solution. It was confirmed by STEM (Fig. 3) that 
Au-Ag alloy NPs were successfully synthesized after 140 



minutes reaction duration. 
In the beginning period of the plasma reaction only 

small Au NPs with tendency to aggregation could be 
observed, this can be attributed to the fastest reduction rate of 
Au3+ ions in comparison with Ag+ ions. In fact, Ag 
nanoparticles were observed no sooner than after 60 minutes 
prior to the reaction. This simple method allowed us to 
synthesize Au/Ag NPs without protecting agent and necessary 
purification at different ratio of Au:Ag precursors.  

 
Fig. 3 (a) HAADF-STEM image of single NP prepared 

at initial ratio Au:Ag precursor 2:2, (b) Au EDS mapping 
image, (c) Ag EDS mapping image, (d) overlap image of Au 
and Ag mapping. 

 
The fifth chapter contains conclusions of this thesis. 

Preparation of highly pure metallic and bimetallic 
nanoparticles, controlling their composition, and 
understanding of their formation during microwave plasma in 
liquid process can help with the progress in nanotechnology 
field. 



  

 


