
https://doi.org/10.4233/uuid:fb6c0122-587b-471d-8009-b52ef9b69b07
https://doi.org/10.4233/uuid:fb6c0122-587b-471d-8009-b52ef9b69b07




 

 

Scalable Spark Ablation Synthesis 

of Nanoparticles:  
Fundamental Considerations and Application  

in Textile Nanofinishing 
 

 

 

 

 

 

 

 

 

 

 

 

 

JICHENG FENG 
 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

Scalable Spark Ablation Synthesis of 

Nanoparticles:  
Fundamental Considerations and Application  

in Textile Nanofinishing 
 

 

 

 

 

Proefschrift 

 

 

ter verkrijging van de graad van doctor 

aan de Technische Universiteit Delft, 

op gezag van de Rector Magnificus prof.ir. K.C.A.M. Luyben; 

voorzitter van het College voor Promoties, 

in het openbaar te verdedigen op 

donderdag 3 november 2016 om 12:30 uur 

 

door  

 

Jicheng FENG 

 

Master of Science in Materials Processing and Engineering 

Shanghai University of Engineering Science, China, 

geboren te Shandong, China 

  





 

 

 

 

 

 

 

 

To my beloved family  

  



 

 

 

 

 

 

 

 

 

 

 

 

No pain no gain 







 
 

| Table of Contents I 
 

Table of Contents 

List of Figures 1 

List of Tables 5 

Abbreviations and Symbols  7 

1. Introduction 15 

    1.1 General information on nanoparticles (NPs) 15 

    1.2 Interesting applications of NPs 16 

    1.3 A need for scaling up 17 

          1.3.1 Challenges 17 

          1.3.2 A green and versatile synthesis method 18 

    1.4 Compatibility with existing fabrication processes 19 

    1.5 Goal of this thesis 20 

    1.6 Thesis outline 20 

    References 24 

Part A Fundamental Considerations 

2. Toward Industrial Scale Synthesis of Ultrapure Singlet 

Nanoparticles with Controllable Sizes in a Continuous 

Gas-phase Process 

31 

    Graphical Abstract 32 

    2.1 Introduction 33 



II Table of Contents |  

 

    2.2 Results 35 

          2.2.1 An analytical approach 35 

          2.2.2 Experimental validation 39 

    2.3 Discussion 43 

          2.3.1 Dependence of operating conditions on the particle size 43 

          2.3.2 Deposition of well-defined singlets 43 

    2.4 Conclusions 44 

    2.5 Methods 45 

          2.5.1 Spark discharge generator 45 

          2.5.2 Experimental setup 45 

    Supplementary information 47 

          S2.1 Material ablation in a continuous gas-phase process 48 

          S2.2 Final coagulation stage 50 

          S2.3 Experimental materials 51 

          S2.4 Ablated mass per spark 55 

          S2.5 Enhancement of the coagulation 57 

          S2.6 The critical size of singlets 59 

          S2.7 Space-charge effect inside the DMA 60 

          S2.8 Au singlet nanoparticles deposited on substrates 62 

          S2.9 Production of Ag singlet particles 63 

   References  64 

3. General Approach to the Evolution of Singlet 

Nanoparticles from a Rapidly Quenched Point Source 

69 

    Graphical Abstract 70 

    3.1 Introduction 71 

    3.2 Experimental section 72 

    3.3 Theoretical framework 73 

          3.3.1 Material ablation  77 

          3.3.2 Particle concentration evolution 77 

          3.3.3 Evolution of particle size 81 

    3.4 Calibration of the model and interpretations 82 

    3.5 Discussion 89 



 
 

| Table of Contents III 
 

          3.5.1 Analytic solution for Stage D 89 

          3.5.2 Recipes for applying the model 90 

          3.5.3 Acquisition of a complete particle size distribution 91 

    3.6 Conclusions 92 

    Supplementary Information 95 

          S3.1 Estimation of the vapour cloud supersaturation 96 

          S3.2 Material properties and constants 97 

          S3.3 Independence of the portion of the spark energy on gap distances 99 

          S3.4 Fuchs form of the coagulation kernel 100 

          S3.5 Comparison between the predicted and measured mean size of Ag NPs 101 

          S3.6 Proximity collection of the early stage clusters 102 

          S3.7 Laminar deposition rate  104 

          S3.8 Size evolution of particles 106 

          S3.9 Relation between the volume and mass of initial vapour cloud 107 

          S3.10 Estimation of the penetration 109 

    References  110 

Part B Scaling-up 

4. A Green and Versatile Method for High-yield Synthesis 

of Metallic Nanoparticles 

117 

    Graphical Abstract  118 

    4.1 Introduction 119 

    4.2 Results and discussion 121 

         4.2.1 NP mass production rate determined by gravimetric measurements 121 

         4.2.2 Deposition of individual non-agglomerated NPs 123 

         4.2.3 NP mass production rate estimated by aerosol density 124 

         4.2.4 Determination of the primary particle size 126 

    4.3 Summaries  129 

    4.4 Experimental section  130 

    Supplementary Information   131 





 
 

| Table of Contents V 
 

          6.2.2 Particle collection and characterization 187 

   6.3 Results and discussion 188 

   6.4 Conclusions and future application 191 

   References 193 

Part C Application 

7. Scalable and Environmentally Benign Process for 

Smart Textile Nanofinishing 

197 

    Graphical Abstract 198 

    7.1 Introduction 199 

    7.2 Results 201 

          7.2.1 Particle size distribution in the gas phase  201 

          7.2.2 Particle deposition on textiles 203 

          7.2.3 Surface chemistry and morphology of Ag NPs on textile fibres 205 

          7.2.4 General macroscopic properties of the nanofinished textiles 208 

          7.2.5 Antimicrobial properties of the nanofinished textiles 208 

          7.2.6Washing durability of the nanofinished textiles 212 

    7.3 Discussion 213 

    7.4 Conclusions 215 

    7.5 Methods 216 

          7.5.1 Nanoparticle synthesis 216 

          7.5.2 Particle size distributions measurements 216 

          7.5.3 Textile nanofinishing by aerosol deposition 216 

          7.5.4 Filtration properties of the textiles 217 

          7.5.5 Analysis of the fabric Ag content  217 

          7.5.6 Antimicrobial activity of the nanofinished textiles 217 

          7.5.7 Washing durability of the fabricated textiles 218 

          7.5.8 Surface chemistry and morphology of the nanofinished textiles 219 

    Supplementary Information 221 

          S7.1 Particle size distribution at the position of textiles 222 



VI Table of Contents |  

 

          S7.2 Modelling NP deposition on the textiles 224 

          S7.3 Measuring deposition efficiency and pressure drop for the textiles  228 

          S7.4 Estimation of Ag NP loading on the textiles 229 

          S7.5 Particle production and measurements 231 

    References  233 

8. Conclusions and Recommendations 237 

    8.1 Concluding remarks 237 

    8.2 Recommendations  238 

    References  246 

Summary 249 

Samenvatting 253 

Acknowledgements  257 

List of Publications 261 

Curriculum Vitae 265 

Appendices 267 

 



List of Figures   

 

| Figure Captions 1 
 

 List of Figures 

1.1  Comparing different particle sizes with a human hair  

1.2  Visual outline of this thesis  

Graphical Abstract of Chapter 2  

2.1 Schematic representation of the formation of singlet and agglomerated 

aerosol nanoparticles resulting from material ablation at atmospheric 

pressure 

 

2.2 Electron Micrographs of Au singlets (a-c) and partly agglomerated particles 

(d and e) produced by spark ablation, and particle size distributions 

determined by the SMPS and TEM image at Q = 9.9 slm (f)  

 

2.3 Concentration of Au singlets as a function of quenching gas flow rate  

2.4 Mean mobility diameter of particles produce by spark ablation as a 

function of mass production rate and quenching gas flow rate 

 

S2.1 Illustration of the flow structure in the turbulent dilution and the 

convective region immediately downstream the spark discharge 

 

S2.2 Particle number concentration versus time for various initial 

concentrations  

 

S2.3 Schematic diagram of the experimental setup   

S2.4 Mass ablated by one spark as a function of the spark energy  

S2.5 Schematic illustration of particle generator indicating the effective volume 

Veff taken up by the aerosol plume within and downstream of the generator 

 

S2.6 TEM images of the critical size of Au singlets  

S2.7 Mobility diameter of particles selected by the DMA as a function of voltage 

applied between two electrodes with (red line) and without (black line) 

consideration of the space charge effect  

 

S2.8 SEM images of Au singlets deposited on a well-defined TiO2 layer substrate  

Graphical Abstract of Chapter 3  

3.1 Schematic layout of the continuous gas phase NP synthesis setup   

3.2 New depiction of particle formation. (a) Schematic representation of the  



 List of Figures  

 

2 Figure Captions |  

 

particle formation process from a rapidly quenched point source. (b) The 

main stages of the process considered in the model.  

3.3 Measured size distributions of particles produced by spark ablation using 

various quenching gas flow rates and fixed energy per spark (15.74 mJ) 

 

3.4 Measured and predicted mean mobility diameters of the particles produced 

by spark ablation, together with model predictions using V0 = 56 mm3 that 

best fits the data, as a function of quenching gas flow rates 

 

3.5 High-resolution TEM (HRTEM) images (a, 15 slm; b and c, 30 slm) of the 

resulting particles. Facets are indicated by solid lines in (c) and its insets 

show fast Fourier transform (FFT) patterns of the selected particles 

 

3.6 Turbulent diffusional deposition rate Kdf1 as a function of quenching gas 

flow rate Qq 

 

3.7 Particle size dependence on spark operating conditions   

S3.1 Measured and predicted geometric mean diameter of Ag singlet particles as 

a function of quenching gas flow rate 

 

S3.2 TEM images Au NPs collected at a distance of ca. 8 mm downstream of the 

spark with different scale bars, (a) 20 nm and (b) 2 nm 

 

S3.3 Dependence of the vapour temperature on the critical nucleus size  

S3.4 Schematic diagram of a circular tube where the aerosol NPs pass  

S3.5 Schematic illustration of heat energy transfer  

S3.6 Penetration versus deposition parameter for circular tubes and the 

comparison between Gormley-Kennedy theory and our method  

 

Graphical Abstract of Chapter 4  

4.1 Mass production rates of HFS-produced Au, Zn, Ag, Cu, Cu-Ni (95-5 at.%), 

Ni, and Al  NPs, as a function of spark repetition frequencies 

 

4.2 TEM images of Au (a, b, c) and Ag NPs (d, e, f, g: STEM) generated by the 

HFS at 1 kHz, showing their shape and configuration and confirming their 

crystal structures 

 

4.3 Size distributions of agglomerated NPs produced by the HFS for (a) Ni, Al, 

Cu-Ni (95-5 at.%), Cu, Ag, and Zn NPs produced at 1 kHz, and (b) Cu NPs 

produced using different spark repetition frequencies 

 

4.4 SAXS/WAXS and TEM measurements of Ni NPs generated at 3 kHz. (a)  









 List of Tables  

 

6 Table Titles |  

 

5.2 Comparison of the material constant ratios estimated when using different 

electrodes with those of using the identical electrodes 

5.3 Dependence of the fraction of spark energy used for NP production on the gap 

distance  

5.4 Comparison of the mean composition determined by the gravimetric 

measurements and the model predictions using equation  (5.9) 

S5.1 Material constants for Au, Ag, Pd, Mg, and Al 

7.1 Mean size and geometric standard deviation of Ag NPs generated by spark 

ablation 

S7.1 Characteristics of some textiles used in Chapter 7 

S7.2 The pressure drops of the raw and nanofinished textiles with Ag NPs 

S7.3 Comparison of the NP loading determined by ICP-MS and deposition model 

S7.4 Atomic composition of C, O, N and Ag for the textile samples 

 

 

 

 

 

 

 

 



Abbreviations & Symbols   

 

 | Abbreviations & Symbols  7 
 

 List of Abbreviations and Symbols 

Abbreviations 

AA  Antimicrobial Activity 

AEM Aerosol Electrometer 

APCP Acrylic-Polyester-Cotton-Polyamide 

a.u. arbitrary unit 

BUONAPART-e Better Upscaling and Optimization of Nanoparticle and 

Nanostructure Production by Means of Electrical Discharges 

CFU Colony Forming Unit 

CPC Condensation Particle Counter 

DMA Differential Mobility Analyser 

EDX Energy-dispersive X-ray spectroscopy  

ESP Electrostatic Precipitator 

FFT Fast Fourier Transform 

GMD Geometrical Mean Diameter 

GSD Geometric Standard Deviation 

HFS High Frequency Sparks 

HRTEM High Resolution Transmission Electron Microscopy 

HRSEM High Resolution Scanning Electron Microscopy 

HV High Voltage 

ICP-MS Inductively Coupled Plasma Mass Spectrometry 

KP Klebsiella Pneumoniae 

LYS Lyocell rayon (Safari) 

LYZ Lyocell rayon (Zen) 

MPS Mini-Particle Sampler 

NP Nanoparticle 

PES Polyester 

ppm mg per kg 

PSD Particle Size Distribution 















 Abbreviations & Symbols  

 

14 Abbreviations & Symbols |  

 

Veff effective volume of the plume 

w a dimensionless quantity introduced in this thesis 

wf the natural frequency of the oscillation 

x horizontal direction in the cone 

xg proportionality between the geometry and characteristic volume of SDG 

Zpsc  electrical mobility with consideration of the space charge effect 

Zp electrical mobility without consideration of the space charge effect 

 































Part A [CHAPTERS 2, 3] 

 

Part A 

Fundamental Considerations 
 

  



[CHAPTERS 2, 3] Part A 

 
 



http://www.nature.com/articles/srep15788


[CHAPTER 2] Part A 
 

32 New Singlet Concept |  

 

 

 

Graphical Abstract 

 

 

 

 

 

 













[CHAPTER 2] Part A 
 

38 New Singlet Concept |  

 

ensuring text will show that the model can be applied to a microsecond-pulsed 

particle source where in practice the system is mixed well enough to provide a 

uniform concentration during the final coagulation stage. The particle size predicted 

by equation (2.3) remains an approximation, but the elegance of the approach lies in 

the fact that uncertainties are circumvented because the final size depends on the 

final stage of the process, where the system is well defined.  

From this point onwards spark ablation will be considered as the source of vapours 

for particle formation. As a scalable technique, mixing is remarkably simple with 

spark ablation as compared to other evaporation-condensation methods1,28. Being 

applicable to many inorganic materials18, and virtually allowing unlimited mixing 

combinations at atomic and nanometre scale29,30, it represents a powerful approach 

for synthesizing advanced materials with multiple functionalities31,32.  

Details of the spark ablation setup are described in the experimental section (cf. 

Section S2.3 and Figure S2.3 in the SI). In brief, repeated microsecond-pulsed sparks 

initiated between two electrodes ablate electrode materials to produce vapour clouds. 

These vapours are subsequently quenched by a high-purity gas flow and condensed to 

form atomic clusters and NPs. Depending on the process variables (i.e., quenching 

gas flow rate Q, spark energy E, and spark repetition frequencies f), the resulting 

particles can have sizes that range from clusters of a few atoms up to any desired size. 

For the sake of completeness, it must be noted here that if agglomerates are produced 

by spark ablation, or by any other similar gas-phase method, they can be converted to 

singlet particles by heating in gas suspension after growth has essentially 

ceased15,33,34. This technique has been applied in diluted laboratory setups with 

particle mass production rates in the range of mg h-1. By contrast, the concept 

presented in this work, where coalescence is induced in the particle growth phase, is 

only limited by the vapour mass production rate from the spark ablated electrodes. 

Considering that the measurements of ablated mass per spark indicate that a 

production rate of the order of 1 g h-1 is feasible (cf. Section S2.4 in the SI), the 

concept can lead up to three orders of magnitude higher singlet particle production 

rate than other commonly used techniques18. Additionally, the possibility of 

numbering up the generators can further increase the production rate of the desired 

particles to meet industrial demands1.  
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larger than that determined by the TEM images when Q = 9.9 standard litres per 

minute (slm). This discrepancy can be explained by the larger representation of the 

small particles (having large diffusion coefficients) collected by diffusion on the TEM 

grids. The limited number of particles (ranging from 20 to 50) counted in TEM 

images also adds a minor statistical error in the microscopy observations.  

 
Figure 2.2 Electron Micrographs of Au singlets (a-c) and partly agglomerated 

particles (d and e) produced by spark ablation and collected downstream of the DMA, 

and particle size distributions determined by the SMPS and TEM image at Q = 9.9 

slm (f). Geometric standard deviations of the particles sampled on the TEM images of 

(a-d) are 1.10 (52 particles), 1.07 (32 particles), 1.10 (20 particles) and 1.08 (40 

particles), respectively. Therefore, the particles can be considered as quasi-

monodisperse. Figure 2.2d and 2.2e show that the size of primary particle is ca. 6 nm, 

which corresponds to the largest singlet particles of Au.  

Figure 2.3 shows how the total number concentration of the particles at the exit of the 

particle generator varies with quenching gas flow rate. It should be noted here that 

the concentration is derived from the particle sizes measured by the SMPS with the 

assumption that there are no diffusional losses, i.e., mass of ablated material per unit 
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2.5 Methods 

2.5.1 Spark Discharge Generator 

A spark discharge generator consists of a pair of electrodes with a gap of ca. 1 mm 

between them, connected to an electric circuit (see Figure S2.3 in the SI). The circuit 

induces microsecond pulsed discharges in a typical range of energy per spark from 

0.3 to  200 mJ and a repetition frequency ranging from 0.1 to 25 kHz18. An inert gas 

flow continuously flushes the inter-electrode gap carrying away the produced vapors 

and particles to the point where they can be processed. 

2.5.2 Experimental Set-up 

The system consists of units for the generation (I), collection (II), and online size 

distribution measurement (III) of NPs (cf. Figure S2.3). The size distributions of the 

resulting aerosols are measured with a scanning mobility particle sizer (SMPS) 

system60, consisting of a differential mobility analyzer (DMA), and a Faraday cup 

aerosol electrometer (AEM), but avoiding an aerosol neutralizer. The singlet NPss 

produced by the spark ablation were collected on TEM grids, using a custom-made 

electrostatic precipitator (ESP) placed at the DMA outlet. The DMA classifies the 

particles according to their mobility. The resulting NPs are led to the SMPS through a 

ca. 0.4-m long stainless steel tube with an inner diameter of 4 mm.  
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Supplementary Information in Chapter 2 

Supplementary Information in Chapter 2 contains the following contents of material: 

experimental details, the features of materials ablation in gases, detailed explanation 

of governed final coagulation stage, the calculation of mass ablated by a single spark, 

the enhancement of coagulation rate, the example of critical size of singlets described 

in this report, the space-charge effect inside the DMA, the applications of these 

singlets and expanding to other materials by using the introduced concept, which 

accompanies this chapter in the following pages. 
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entering the DMA by ca. 7 s. This long residence time leads to strong coagulation and 

agglomerate formation, which has been avoided in the present study.  

Another reason for not using the bipolar charger is that it would not give any 

additional information given that a fraction of particles produced by spark ablation is 

already bipolarly charged. At the high particle concentration here, a bipolar charger 

would not deliver the well-defined equilibrium charge distribution which would be 

necessary for an absolute particle concentration measurement66, providing another 

reason to avoid using it.  

The bipolar charger is frequently omitted by people routinely characterizing particles 

produced by spark production. Tabrizi et al. have shown that the total particle size 

distribution can be represented by the charged particles directly from the spark 

discharge in a relative sense60, which means that the mean sizes are correctly 

reflected. This can be explained by the fact that spark ablation produces a high 

concentration of ions of both polarities similarly to the bipolar charger. For small 

particles, it can easily be shown that this rule is even valid if charge equilibrium is not 

reached. It can also be shown that coagulational growth of these small particles alters 

the size distribution of the neutral particles and the charged particles in a very 

similar way. The detailed explanations for the aforementioned points are described 

in the next paragraph. 

The measurement-based values for the charged particle concentration and the total 

particle concentration imply that the particle collision frequency of the charged 

particles among each other, leading to recombination and thus loss of charges, must 

be negligible during the period between completion of charging near the spark and 

measurement. Thus the charged particles retain their charge but grow in size by 

colliding with neutral particles. Originally, the relative charging probabilities 

corresponding to different sizes within the self-preserving distribution are 

proportional to dp2,67 which would lead to the correct derivation of the total particle 

size distribution by the SMPS system regarding the position of the geometric mean 

size (see above). The growth of the geometric mean size of this self-preserving 

distribution by a factor csp retains the said proportionality with dp2, because each size 

within the self-preserving distribution grows by the same factor (this makes it self-
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Figure S2.7 Mobility diameter of particles selected by the DMA as a function 

voltage applied between its two electrodes with (red line) and without (black line) 

consideration of the space charge effect. The concentration of charged particles in 

these calculations is assumed to be 107 cm-3, which is the maximum charged particle 

concentration derived from the measurements of the DMA and AEM. 

S2.8 Au singlet NPs deposited on substrates  

 
Figure S2.8 SEM Micrograph of Au singlet particles deposited on a well-defined 

TiO2 layer substrate. The inset is the corresponding TEM micrograph. The conditions 

for particle production and collection are the same as those used in Figure S2.6.   

Figure S2.8 shows SEM image of Au singlet NPs produced by spark ablation 

distributed on a TiO2 coated substrate, which was placed in the custom-made 
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Figure 3.1 Schematic layout of the continuous gas phase NP synthesis setup. In 

brief, NPs formed in the spark generator are subsequently passed through a 

tube and size selected in the differential mobility analyser (DMA) before their 

concentration is measured by the Faraday cup aerosol electrometer (AEM), or 

deposited on a desired substrate by the electrostatic precipitator (ESP).  

A custom-made scanning mobility particle sizer (SMPS) consisting of a differential 

mobility analyser (DMA), and an aerosol electrometer (AEM) was used for online 

measurements of the size distribution of the resulting particles19,20. Transmission 

electron microscopy (TEM) was used to image the resulting NPs. An electrostatic 

precipitator (ESP) placed downstream of the DMA was employed to collect particles 

from the monodisperse aerosol flow onto TEM grids (Van Loenen Instruments, S143-

3 Q'foil 1.2/1.3 400 Cu)21. A Philips CM30T microscope operated at 300 kV with a 

LaB6 filament as the electron source was used for the imaging, whereas high-

resolution TEM (HRTEM) images were acquired with a JEOL 3000F equipped with a 

field emission gun. 

3.3 Theoretical framework 

Figure 3.2a shows a schematic representation of the evolution of the singlet and 

agglomerated NPs from a rapidly-quenched point vapour source, while Figure 3.2b 

illustrates the dominant mechanisms at each stage (i.e., from Stage A to D) before the 

particles become agglomerates. A vapour cloud is drastically quenched while carried 

away by the gas flow. The instantaneous quenching of the vapour cloud from boiling 

V

A

ESP

AEM

Quenching gas flow

Spark ablation
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Figure 3.2 (a) Schematic representation of the particle formation process from a 

rapidly-quenched point source. (b) The main stages of the process considered in the 

model. Vapour clouds having initial volume V0 produced from a rapidly-quenched 

point source (Stage A) are subsequently carried away and cooled down to form NPs. 

The dominant mechanisms defining the size and concentration of the particles 

immediately after the point source are coagulation and turbulent dilution (Stage B). 

(a) 

(b) 
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ca. 6 nm (cf. insets). For a given material, the critical size of the singlets (i.e., primary 

particle size) can be controlled by the carrier gas temperature Tc. Therefore, singlet 

sizes ranging from a single atom to any desired diameter can in principle be obtained 

by adjusting Tc that is high enough to guarantee complete coalescence57. At a flow 

rate of 2.1 slm and at room temperature Tc, the formation of agglomerates consists of 

primary particles of this critical size (Dc), indicating that particles larger than ca. 5 

nm do not fully coalesce upon collisions. The measurement corresponding to the 

agglomerated particles in Figure 3.4 (red colour) was not included in the calibration 

of our model.  

 
Figure 3.5 High-resolution TEM (HRTEM) images (a, 15 slm; b and c, 30 slm) of the 

resulting particles, which were collected at spark energy of 15.76 mJ and spark 

repetition frequency of 60 Hz. Facets are indicated by solid lines in (c) and its insets 

show fast Fourier transform (FFT) patterns of the selected particles. 

High-resolution TEM (HRTEM) images show the shape and configuration of the 

resulting particles and confirm the crystal structure of gold. Particles shown in Figure 

3.5a were sampled at a flow rate of 15 slm, while particles in Figure 3.5b and 3.5c 

were deposited at a flow rate of 30 slm. The spark energy and repetition frequency 

are the same with those described in Figure 3.4 (i.e., E = 15.74 mJ, and f = 60 Hz; 

Using the same spark energy and repetition frequency, the particles shown in Figure 

S2.6 were collected at a gas flow rate of 10 slm). Figure 3.5a and 3.5b contain a 

mixture of particles that are single crystalline and polycrystalline. The particles 

shown in Figure 3.5b are slightly more spherical than in Figure 3.5a with some of 

them being more elongated. Formation of these spherical shaped NPs is driven by 

solid-state diffusion58, mainly by relocation of surface atoms. The insets in Figure 
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Supplementary Information in Chapter 3 

Supplementary Information in Chapter 3 consists of the following contents: the 

estimation of supersaturation and critical nucleus size (Table S3.1), material 

properties and constants (Tables S3.2, S3.3 and S3.4), the required parameters for 

calculating an appropriately modified coagulation kernel (Table S3.6), generalization 

of our model to other materials (Figure S3.1), the experimental justification of 

assumption 1), detailed procedures to derive the laminar diffusional loss rate Kdf2 

and particle size evolution, linearity between vapour volume and its mass, and 

comparison of the penetration estimated by Gormley-Kennedy theory and our 

grossly simplified method. This material is available in the new few pages. 
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Figure 4.3 Size distributions of agglomerated NPs produced by the HFS for (a) Ni, 

Al, Cu-Ni (95-5 at.%), Cu, Ag, and Zn NPs produced at 1 kHz, and (b) Cu NPs 

produced using different spark repetition frequencies. The symbols denote the SMPS 

measurements and the curves are fitted log-normal distributions to the data. 

Figure 4.3a shows the particle size distributions for Zn, Ag, Cu, Cu-Ni (95-5 at.%), Ni 

and Al, measured by the SMPS18. Note that the SMPS measures the agglomerate size 

(agglomeration is allowed here), and not the primary particle size, which can only be 

determined by TEM imaging or SAXS (cf. Figures S4.6 and S4.8 shown in the SI). 

Details of the measurements and the size distributions of different particle materials 

are summarized in Table S4.3. In Figure 4.3a, Ni shows a relatively large particle 

concentration and size despite its low production rate (cf. Figure 4.1). This is 

attributed to the small primary particle size and the tendency of magnetic materials 

to form chain-like agglomerates (small fractal dimension; Figure S4.6a in the SI), 

leading to a larger mobility diameter for a given mass per agglomerate (cf. Section 

S4.7 in the SI) and reduced losses. Figure 4.3b shows the size distributions of 

agglomerated Cu NPs generated at frequencies ranging from 1.0 to 4.2 kHz. The size 

distributions shift to larger sizes as the spark frequency increases, correlating well 

with coagulation theory. If Q is increased linearly in accordance with f, Mag will 

remain unchanged for a specific material (cf. equations (4.1) and (4.2)) as indicated 

by size distribution measurements discussed in Section S4.9 in the SI.  

 

Mobility Diameter (nm) 
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4.2.4 Determination of the primary particle size 

The primary particle size has greater relevance than the agglomerate size for the 

majority of technological applications. Concerning the invariance of the agglomerate 

size distribution when f/Q stays constant, it is hypothesized that the particle 

formation process remains similar. The TEM observations confirm that there is a 

strong similarity to the primary particle sizes under these conditions (cf. Figure S4.8 

presented in the SI). 

It should be mentioned that using TEM to quantitatively determine the primary 

particle size is difficult here, since boundaries among them are unclear. Therefore, 

TEM images can only be used to qualitatively compare the primary particle size. To 

combat this difficulty, SAXS is used for determining the primary particle sizes, 

thereby achieving the comparison of primary particle sizes of different materials. This 

technique usually provides particle size in terms of the radius of gyration (the root-

mean-square of the distances of all the electrons in the particle from their center of 

gravity), using Guinier's law, as well as particle surface area from the Porod constant 

and the scattering invariant43. In contrast to using TEM for estimating particle size, 

SAXS data represent an average over a large number of particles because all particles 

located within the illuminated volume contribute to the scattering.  

To further understand this empirical result, as well as the different primary particle 

sizes observed for the materials investigated in the present study (cf. Table 4.2), it is 

instructive to qualitatively identify the major determinants of primary particle size. 

Growth of NPs in the rapidly quenched gas-phase synthesis is dominated by particle 

collisions and sticking. The particles formed at the early stage are liquid-like44, and 

therefore fully coalesce into singlets when colliding with each other until they attain a 

critical size, above which coalescence only partly occurs or ceases, thus forming non-

spherical agglomerated particles18. This critical size is essentially the primary particle 

size in the agglomerates, and is temperature and material dependent. A higher 

surface diffusion coefficient (usually indicated by a lower melting point) yields larger 

primary particles. For example, the primary Zn NPs are larger than those of Ni. 

Together with the growth history of the particles, the temperature history is 

particularly influential in the primary particle size. If f/Q stays constant for a given 
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WAXS measurements identify the crystal phases of the resulting Ni NPs (cf. Figure 

4.4b) by comparing them with the background peaks. The mean primary particle 

sizes dpp and crystal phases of Cu, Al, Zn, Ag and Cu-Ni NPs generated at 3 kHz are 

reported in Table 4.2.  

Table 4.2 The structural properties of HFS-generated (at ca. 3 kHz) monometallic 

and bimetallic NPs characterized by SAXS/WAXS.  

Metallic NPs      SAXS WAXS 

dpp (nm) Crystal phase 

Ni 7.13 Ni 

Cu 8.58 Cu, CuO a) 

Al 11.53 Al 

Zn 14.70 Zn, ZnO a) 

Ag 26.51 Ag 

CuNi 7.28 Cu, Ni, CuOa) 

a) Occurrence of oxide crystal phases (e.g. CuO and ZnO) is probably due to the 

partial oxidation of NPs during the transport and handling as well as the presence of 

trace amounts of oxygen and/or water in the carrier gas during NP production. 

4.3 Summaries 

To summarize, this chapter has presented that a newly developed HFS allows the 

preparation of various metallic NPs of well-defined primary particles size and 

composition at yields of up to 130×10-3 g h-1 (operated at 3 kHz). Such yields of small 

NPs have never been achieved before by gas-phase spark ablation. The mass 

production rates for the NPs consisting of different materials increase linearly with 

spark frequency. As a result, HFS can achieve NP mass production rates of the order 

of 1 g h-1 as extrapolated from the results reported here. Considering that the generic 

process is easily scalable by parallelizing, the HFSs can achieve mass production rates 

to meet industrial demands. Besides the production capacity, the method also 

maintains consistency in product quality attributed to good kinetic control in a 

continuous manner.  

In addition, the fast quenching makes this method feasible to produce 

thermodynamically metastable materials and to achieve efficient mixing on the 
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atomic or nanometer scale. In contrast to chemical routes, the system avoids using 

any precursor solutions, thereby allowing single-step synthesis of complex 

multicomponent metallic nanomaterials with high purity in a predictable and green 

manner. The present findings pave the way of upscaling an extensive variety of 

nanomaterial syntheses with respect to virtually unlimited mixing possibilities, 

providing a green and versatile approach to nanofabrication due to the compatibility 

of the method with existing fabricating processes. The produced NPs (many types, 

desirable composition) will be of interest to diverse fields such as material science, 

chemistry, and physics as well as applications from industrial partners. 

4.4 Experimental section 

The experimental setup includes a NP production system, online measurement 

system, and collection systems. The SDG consists of a pair of electrodes connected to 

a newly developed HFS. The SMPS system constitutes an 241Am bipolar charger, a 

custom-made differential mobility analyzer (DMA), and a condensation particle 

counter (CPC; TSI Model 3775) 18. Additional details of the experiments can be found 

in Section S4.3 in the SI.  



 

Supplementary Information in Chapter 4 

Supplementary Information is provided in the following pages, including 

applications of the spark produced NPs, the comparison between RLCS and HFS, 

experimental details, mass ablated per spark, the design of recycling flow system, 

electrode gap control system, the estimation of mass production rate, TEM images, 

and particle size distributions with a fixed Q/f, and the evidences for producing non-

agglomerated singlet particles when utilizing an appropriate ratio Q/f. 
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S4.2 Comparison between RLCS and HFS 

Figure S4.1 shows a simple RLC spark (RLCS) circuit and a newly developed 

switching circuit that decouples charge and discharge cycles by adding a number of 

fast electronic switches. In the RLCS, the capacitors are charged by a constant 

current supply. A spark discharge between the two electrodes is formed when the 

voltage over the capacitor reaches the breakdown voltage. After this discharge, the 

charging of the capacitor starts again and this process repeats itself at a certain 

frequency.  

 
Figure S4.1 Schematic representation of RLC spark circuit (RLCS) and the high 

frequency sparks (HFS; i.e., a switching spark circuit) decoupling charge and 

discharge cycles. Current paths during charge and discharge processes as well as for 

the continuous glow current are presented by the dashed cycles of different colours 

(dark blue: charge; red: discharge; green: glow current). 

By contrast, the HFS separates charge and discharge in the RLC circuit and the 

sparks are superimposed onto a continuous low glow current between consecutive 

sparks39. This glow current is three orders of magnitude lower compared to that 

needed to sustain an arc38. As a result, it does not result in the ablation of a 

significant amount of mass from the electrodes53 and guarantees that the plasma 

between the electrodes does not extinguish completely between two successive 
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sparks. The applied voltage required for igniting each spark discharge is also kept low 

because of this current. The spark energy is proportional to the capacitance and to 

the square of the discharge voltage. Considering that the HFS has a fixed capacitance 

and applies a constant voltage, constant and low spark energy can thus be well 

maintained for each spark8,18,37. By keeping a low and constant spark energy and 

simply increasing the spark repetition frequency, it is easy to increase the mass 

production rate of NPs.  

S4.3 Experimental 

Figure S4.2 shows the schematic layout of the experimental setup that was used to 

investigate the mass production rate of NPs. It consists of a NP production system 

(i.e., a spark discharge generator; SDG), online measurement system (i.e., a scanning 

mobility particle sizer54; SMPS), and collection systems (i.e., a filter, and a mini-

particle sampler;55 MPS). The SDG consists of a pair of electrodes connected to a 

newly developed HFS. The SMPS system37 constitutes an 241Am bipolar charger, a 

custom-made differential mobility analyzer (DMA), and a condensation particle 

counter (CPC; TSI Model 3775) 54.  

S4.3.1 NP production: SDG 

The SDG consists of a pair of electrodes connected to a newly developed HFS8. The 

HFS can achieve a spark repetition frequency up to 25 kHz. In contrast to the 

RLCS18, the HFS with a fixed capacitance Cca of 45 nF decouples charge and 

discharge cycles8. Doing so in the HFS allows the applied voltage UC between the 

electrodes set independent of the breakdown voltage. A low current source in the 

switch circuit provides a continuous low current in the discharge gap. The 

continuous low-power discharge within the gap reduces the breakdown voltage of the 

carrier gas, allowing stable operation at UC = 1.2 kV for gap distances up to 2 mm. For 

all the experiments, the energy per spark was fixed to 32.4 mJ (estimated by E = 0.5 

CcaUC2). In order to obtain the spark repetition frequency and monitor the spark 

oscillation, an oscilloscope (HAMEG instruments GmbH, HMO1024) was connected 

to the HFS using 1:100 HV probes (Testec HV250).  
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Figure S4.2 Schematic layout of the experimental setup. Key: DMA, differential 

mobility analyser; CPC, condensation particle counter; MPS, mini-particle 

sampler. 

S4.3.2 Experimental materials 

The SDG has been used with pairs of solid electrodes made of Au, Al, Cu, Ag, Ni, Cu-

Ni (95-5 at.%), or Zn (all of them have 99.99% purity) having a diameter of 3 mm 

and a length of 25 mm (MaTecK GmbH) as shown in Figure S4.2. In all cases, the 

two electrodes were facing each other with a gap length variable up to 2 mm. A 

continuous inert gas (Ar, purity 99.999%) flushed through the gap at a rate of 13 

standard litres per minute (slm) and a coaxial flow rate of 7 slm (cf. four blue arrows 

around the pair of electrodes). 

S4.3.3 Online measurement system: SMPS 

An SMPS was used to measure the size distribution of the NPs produced by the 

HFSs56. The system consists of an aerosol charge neutralizer, a differential mobility 

analyser (DMA) and a condensation particle counter (CPC). The neutralizer located 

upstream of the DMA brings the particles into a charge equilibrium57. The DMA 

operated with a closed-loop sheath flow system classifies particles based on their 
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S4.5 The design of recycling flow system 

Figure S4.3 depicts the recycling flow system in the HFS NP production, which can 

be capable of handling a high flow rate of ca. 500 slm. A gas supply is placed 

upstream of the HFS. This gas quenches the spark and carries away the aerosol NPs 

to the collection system. Pressure and temperature of the gas are monitored. The 

pump system drives the flow and also defines the flow rate. A cooling system is used 

to remove heat generated by the pump system and the HFS. In addition, there is an 

outlet for online measurement of the produced NPs. In principle, this recycling flow 

system also allows the operation of multiple HFSs that can deliver the NPs on an 

industrial scale.  

 
Figure S4.3 Schematic layout of the recycling flow system. Such setup configuration 

can also allow the operation of the multiple HFSs in parallel. 

S4.6 Electrode gap control system 

In order to enable continuous and stable operation of HFS, a robust electrode feeder 

system needs to be designed. For example, when the HFS is operated at 25 kHz, the 

consumption rate of Au solid electrodes with a diameter of 3 mm is estimated to be 8 

mm h-1. Such a rapid electrode consumption rate leads to discontinuous production 

mode, since the gap distance for a stable spark is only below ca. 2 mm for a given 

voltage of 1.2 kV in the HFS.  

Considering that a constant voltage Uc over the electrodes has been applied in the 

HFS, it is not feasible to control the gap distance from a direct measurement of this 

voltage signal as the RLCS does. In addition, the spark resistance Rspark is 
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Figure S4.4 Mean gap voltage Vmean of the glow current as a function of gap 

distance between two Al electrodes in Ar at the spark frequency of 2 kHz. The 

measurements (points) are matched with the line. 

 
Figure S4.5 Differential amplifier measuring the mean (time averaged) gap voltage. 

The amplifier gain is set to 130:1. Maximum output voltage is ±15 V. The bandwidth 

is 0.5 Hz. 
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Figure S4.6. TEM images of Au, Zn, Al, Ag, Ni, and Al NPs generated by HFS at the 

frequency of 1 kHz, the spark energy of 32.4 mJ and the flow rate of 20 slm. The TEM 

grids were attached on the filter membrane inside a custom-made filter. The distance 
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The non-agglomerated Au and Ag NPs were collected in a short time (ca. 1 s), 

indicating that the agglomerates are formed on substrates rather than in the gas 

phase. This makes the deposition of non-agglomerated singlet particle possible. Note 

that such singlet particles should maintain the low surface coverage. In the case of 

high surface coverage, one can either rapidly coat the NPs in the gas phase before 

deposition or drastically decrease the temperature below the threshold one for 

hindering particle coalescence.  

S4.9 Particle size distributions with a fixed Q/f 

Figure S4.7 shows the size distributions of Ag particles at two different spark 

repetition frequencies and gas flow rates, i.e., by keeping the same ratio Q/f. Thus 

similar particle size distributions are obtained. The slightly low concentration at 

higher flow rate is due to the fact that the resulting turbulence leads to substantial 

diffusional losses as reported in Chapter 323. It should be mentioned that each size 

distribution measurement was repeated at least five times to assure repeatability. 

The uncertainties in the measurements were below 5%.  

 
Figure S4.7 Size distributions of Ag particles at different carrier gas flow rates that 

linearly increased with the spark repetition frequency at a fixed spark energy of 32.4 

mJ. 
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Figure S4.8 TEM images of Al agglomerates produced by the HFS at f = 2 kHz, Q = 

30 slm and E = 32.4 mJ (a), and at f = 3 kHz, Q = 45 slm and E = 32.4 mJ (b). The 

TEM grids were attached on the filter membrane inside a custom-made filter and the 

deposition was conducted for 10 min. The distance between the filter membrane and 

the sparks is ca. 20 cm. 

S4.10 Mass production rate of NPs in dry gas-phase 

synthesis methods 

In principle, any production rate is feasible, because spark ablation, in contrast to 

most other methods, is easily scalable by simply numbering up the electrode pairs 

while maintaining consistency in product quality, attributed to good kinetic control 

in a continuous manner. Scalable methods for high-yield synthesis of particles a few 

nm in size hardly exist, especially when avoiding any liquid precursors and post-

processing is desired. In addition, the method enables the production of 

thermodynamically metastable materials due to the associated rapid quenching17,23. 

Table S4.5 compares the nanoparticle production rates of the method with those of 

other scalable techniques that come close to the size range of this work. It should be 

noted that it is much easier to achieve a high production rate for larger particle sizes, 

which explains the high rates reported for arc discharges69. Table S4.5 does not 

include flame and laser ablation methods, because the former employs liquid 

precursors and the latter requires expensive laser sources which inhibit further 

scalability. 

(a) (b) 
























































































































































































































































































































