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INTRODUCTION 

Nowadays, nanotechnology is one of the most dynamically developing fields. 

This discipline deals with the synthesis, modification, characterization and 

application of nanomaterials. Nanomaterials (nanoparticles) have found their 

way to many application fields due to their exceptional and versatile physical 

and chemical properties. Most relevant application fields include 

(micro)electronics, materials science and biomedicine, but catalysis and 

energy sectors also greatly benefit from nanomaterials.  

The advancements in the application, impact assessment and synthesis of 

nanomaterials also require the continuous development of the detection 

techniques. This is partly due to the increased need of monitoring the synthesis 

or the presence of nanoparticles in the environment, in products, etc., but also 

due to the development of measurement technologies and data evaluation 

procedures. As a result, the availability, flexibility and performance of the 

characterization methods are rapidly growing.  

One of the new nanoparticle characterization tools, which has recently been 

brought into the spotlight, is the so-called single particle inductively coupled 

plasma mass spectrometry (single particle ICP-MS or spICP-MS) technique. 

In my doctoral thesis, I have carried out research in this field, with the primary 

interest in studying the details of signal formation processes, interferences and 

the optimization of analytical performance of the spICP-MS. My thesis is the 

first in this topic in Hungary. 

The spICP-MS method takes advantage of the analytical properties of the ICP-

MS (ppt level detection limits, multi-component analysis, high selectivity, 
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reliability, robustness, etc.) and uses these to tackle the challenges presented 

by the goal of characterizing nanoparticles dispersed in liquid or gas media. 

spICP-MS is generally used under conditions when nanodispersions are 

introduced into the instrument in a highly diluted way, optimally one after the 

other, in sequential fashion. The decomposition of each individual nanoparticle 

in the plasma produces ion clouds, which will then generate a signal spike, 

which can be recorded as a signal time profile. The time resolution is around a 

few milliseconds or, in newer instruments, ca. 10 microseconds. The intensity 

of signal peaks depends on the number of atoms present in the nanoparticles 

(which is proportional to the mass or volume), whereas the number of detection 

events is proportional to the particle concentration. As results in my 

dissertation show, the utilization of the selectivity of ICP-MS measurements 

and in-depth examination of high-resolution signal profiles also allow for the 

determination of other particle modalities. The main attraction of the spICP-

MS method is that it is versatile, it offers a fast analysis with a good statistical 

quality, and requires only a small volume of sample (small number of 

nanoparticles).  
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OBJECTIVES 

The main objective of my research was to develop spICP-MS analytical 

methods with enhanced analytical performance and reliability, as well as to 

expand the applicability of this technique. In particular, my research focused 

on how the experimental parameters influence the analytical signal, on the 

optimization of sample preparation, as well as the data mining of high-time 

resolution signal profiles.  

My investigations were carried out using nanoparticles of different size, shape 

and structure. In terms of composition, the particles were made of metals (e.g.: 

Au, Ag) and metal oxides (e.g.: ZnO, Fe2O3, Cr2O3). All nanoparticles were 

measured in the form of aqueous nanodispersions and were introduced into the 

ICP-MS by a pneumatic nebulizer.  

I carried out experiments to reveal which stabilizers are best suited for spICP-

MS measurements and I also assessed the advantages and dangers of the 

sonication of dispersions prior to measurements. I have studied the effect of 

measurement parameters (e.g. integration time, particle size and concentration, 

plasma RF power, plasma sampling depth, gas flow rates, etc.) on the signal 

intensity, as well as on particle size detection limits, size resolution and 

accuracy. My experiments also addressed the problem of potential spectral 

interferences that may be present during spICP-MS measurements and I 

attempted to suggest means to eliminate or reduce these interferences. Last but 

not least, I also intended to explore the relationship between high resolution 

time-dependent signal profiles and the structure and shape of the particles.  
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RESULTS 

My research produced the following, new scientific results listed below, which 

form the basis of my dissertation. The numbers indicated in brackets refer the 

number of the reference in my list of publications: 

1.) Using the standard nanodispersions with different sizes of spherical gold 

and silver nanoparticles, I studied the effect of the main experimental 

parameters on the analytical performance of the spICP-MS measurements and 

found that [1, 2, 3]: 

1a.) By examining the relationship between integration time, size, 

concentration and measurement time, I determined that these 

parameters need to be coordinated to optimize the sensitivity and 

the number of detected particles. Using high-resolution (s) 

measurement data, I also showed that the transit time of ion clouds 

are changing linearly with the particle size in the range of 20-

100 nm, but the actual value for a given particle also depends on its 

quality (dissociation energy, ionic energy and atomic mass). For 

example, gold particles gave rise to 66% longer transit times, than 

same size silver particles.  

1b.)  A minimum of 1300-1500 W plasma RF power is required for the 

efficient ionization and detection of nanoparticles above 20 nm in 

diameter. Signal intensities as well as the number of detection 

events were found to increase monotonously with the plasma RF 

power. This trend is attributed to the increase of plasma 

temperature.  
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1c.)   By optimizing the plasma sampling depth, not only the size 

detection limits can be reduced significantly (by 25-30%), but also 

the size resolution (separation of the different size particles in the 

size distribution chart). Optimal plasma sampling depth values do 

not differ significantly for solutions and nanodispersions. The 

optimum value is slightly dependent on the particle size, plasma 

power, analyte ionization potential, and atomic mass. In case of gold 

and silver, the optimum is 4-5 mm.  

1d.) I studied the combined effect of the carrier gas and the aerosol 

dilution gas (HMI gas) using a MicroMist microconcentric 

nebulizer, and found that substantial performance improvements 

can not be achieved. The potential use of HMI gas flow as an aerosol 

dilution device is very limited (a max. two-fold dilution), because 

the nebulizer gas flow needs to be proportionally reduced if HMI is 

used, and this condition reduces the sensitivity and the number of 

detection events. 

1e.)  It was proved that the use of a helium gas collision cell with kinetic 

energy discrimination for the reduction of spectral interferences 

does not significantly reduce the performance of the spICP-MS 

method and also does not significantly affect the optimal value of 

the instrumental parameters. In my experiments, the helium 

collision cell did not cause a significant change in the ion cloud 

transit time either and did not increase the standard deviation of the 

measurements (3-5% RSD), even if the intensity of the measured 
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signals was very low (down to 50 counts), due to the good signal 

statistics.  

1f.) Through the optimization of the measurement parameters, I achieved 

the best size detection limits (Au 13 nm, Ag 26 nm, Pt 17 nm, ZnO 

18 nm, Fe2O3 15 nm, Cr2O3 39 nm) described in the literature. 

2.) I identified five different potential sources of spectral interferents in spICP-

MS measurements. By using metallic and oxide nanoparticle dispersions, I 

demonstrated that these contributions come from i) the dissolved analyte, ii) 

the plasma gas, solvent and air, iii) residues of synthesis reagents, iv) 

stabilizers, v) specific particle components (for multi-component particles). 

For each type, I described approaches along which these interferences can be 

eliminated or reduced. These approaches are based on the combined use of 

sample dilution, collision cell technology and a proper data evaluation [1]. 

3.) I have elaborated a data evaluation procedure and a computer program for 

the management and analysis of the high resolution signal time profiles 

produced by high-resolution (HR-)spICP-MS measurements. The program can 

identify and filter the particle detection events, it can determine the transit time 

of the ion clouds, the shape of the signal profile and it makes the statistical 

analysis of the data significantly easier [3, 4]. 

4.) I found characteristic differences between the high resolution signal time 

profiles of rod-shaped and spherical nanoparticles, which is dueto the  free 

rotation of the nanoparticles while entering the plasma. By the statistical 

evaluation of the data, I developed a new analytical method to determine the 

volume, shape and dimension of the particles. I have demonstrated the 
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applicability and accuracy of this method by determining the size and the 

aspect ratio of several nanorod standards. The resulting values showed only a 

6% deviation from the reference TEM data [3].  

5.) I demonstrated, that information about the structure of nanoparticles can be 

extracted using high resolution time-dependent signal profiles. Based on the 

measurement of pure Ag, Au and Ag-Au alloy particles, I showed that HR-

spICP-MS data is useful for determining whether the nanoparticles are mono- 

or bimetallic nanoparticles and what is their structure (homogenous alloy or 

core-shell). In the case of core-shell particles, the composition, the thickness 

of the shell and the core diameter can also be determined [4]. 
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