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Abstract

Abstract (English)

A major challenge in nanotechnology is that of determining how to introduce green
principles when assembling individual nanoscale elements to create multifunctional
working devices. This dissertation focuses on fundamentals (Part A), scaling-up (Part
B) and application (Part C) of nanoparticles with sub-10 nm in size produced by
ambient spark ablation, which is a scalable and environmentally benign process,
providing great versatility in producing inorganic nanoparticles consisting of a wide
variety of conducting or semiconducting materials with virtually unlimited mixing
possibilities. In Part A, a new ‘singlet’ concept has been introduced, which rules out
the pseudo-paradigm: continuous gas-phase synthesis of nanoparticles is associated
with rapid agglomeration. Subsequently, a general approach has been developed to
describe the size distributions of singlet particles as a function of the process
conditions. In Part B, a newly developed high-frequency spark yields a series of
monometallic and bimetallic nanoparticles, sub-10 nm (primary) particles and well-
defined chemical composition, providing a green and versatile platform for
manufacturing key building blocks toward industrial scale. To improve the uniformity
of nanoparticles, inhibition of ‘splashing’ particles (larger than 100 nm) has been
successfully achieved by using an external magnetic field within the inter-electrode
gap. The resulting Lorenz force deflects the continuous glowing current, onto which
sparks are superimposed, thereby avoiding the sparks to strike the same point of
electrode surface. To explore internal nanoparticle mixing, a model developed here
links the composition of nanoparticles to spark oscillations. In Part C, by integrating
gas-phase nanoparticle syntheses into textile nanofinishing, a number of constraints
encountered in traditional wet-finishing processes, can be circumvented while
creating a new class of fabrics. As proof of this concept, Ag nanoparticles are
deposited onto a range of textiles, imparting high antimicrobial activities and
exhibiting good washing durability. Accounting for the green, scalability and
versatility of the technique used here as well as its compatibility with the existing
fabrication processes, the generated nanoparticles bear a great potential for creating

multifunctional working devices.
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Abstract

Abstract (Dutch)

Een grootte uitdagingen in de nanotechnologie is vaststellen hoe groene principes
kunnen worden geintroduceerd in de assemblage van individuele elementen op
nanoschaal tot multifunctionele working devices. Dit proefschrift richt zich op de
fundamenten (deel A), het opschalen (deel B) en de toepassingen (deel C) van sub-10
nm nanodeeltjes geproduceerd met vonk ablatie onder kamertemperatuur en druk.
Dit is een schaalbare en milieuvriendelijke methode die aanzienlijke veelzijdigheid
verschaft bij de productie van anorganische nanodeeltjes, bestaande uit
uiteenlopende geleiders en halfgeleiders en met praktisch onbeperkte
mengmogelijkheden. In deel A is een nieuw ‘singlet’ concept geintroduceerd die het
pseudo-paradigma dat de continue synthese van nanodeeltjes in de gasfase is
geassocieerd met snelle agglomeratie uitsluit. Vervolgens is er een algemene
benadering ontwikkeld om de grootteverdelingen van singlet deeltjes te beschrijven
als functie van de procesomstandigheden. Deel B behandeld een onlangs ontwikkelde
high-frequency spark waarmee een serie monometallische en bimetallische
nanodeeltjes, sub-10 nm (primary) en met duidelijke chemische samenstelling, is
geproduceerd. Hiermee wordt een groen en veelzijdig platform verstrekt voor de
productie van belangrijke bouwstenen voor industri€le schaal. Uniformiteit van de
deeltjes is succesvol verbeterd door de productie van ‘splashing’ deeltjes te remmen
met behulp van een extern magnetisch veld tussen de elektrodes. Door de
resulterende Lorentz kracht wijkt de continu gloeiende stroom, waarop de vonken
zijn gesuperponeerd, uit en wordt voorkomen dat de vonk dezelfde positie treft. Om
interne menging in nanodeeltjes te onderzoeken, werd een model ontwikkeld die de
samenstelling van de nanodeeltjes aan de vonk oscillatie verbindt. In deel C, door
synthese van nanodeeltjes in de gasfase te integreren in ‘textile nanofinishing’,
konden een aantal beperkingen van traditionele wet-finishing processen worden
omzeild en werd een nieuwe klasse stof gecreéerd. Als bewijs voor dit concept werden
Ag nanodeeltjes gedeponeerd op textiel. Dit resulteerde in hoge antimicrobiéle
activiteiten en goede wasbestendigheid. In het kader van het groene, de
schaalbaarheid en veelzijdigheid van de technieken die hier worden gebruikt, evenals
de compatibiliteit met bestaande fabricage processen, bieden de gegenereerde
nanodeeltjes veel mogelijkheden voor het maken van multifunctionele working

devices.
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thermal conductivity of the electrode

ratio of energies absorbed by the cathode and the anode
dilution rate

diffusional transport rate in turbulent flow
laminar diffusional transport rate
representative distance as a function of particle diffusion coefficient and
velocity

particle travel distance at the horizontal

tube length

inductance

thickness of textiles

depth of textiles

mass production rate of NPs

ablated mass per spark

the mass of the gas in V,

molar weight

the mass per unit area of the textile

mass density of the aerosol

| Abbreviations & Symbols



Abbreviations & Symbols

N(t)
Niot

Qq
Qa
Qsh

Ddep

I's

particle mass

the mass of one component in one nanoparticle

the mass of the other component in one nanoparticle

mass of one primary particle

mass of Au in particles when Au is the cathode

mass of Pd in particles when Pd is the cathode

mass of Pd in particles when Pd is the anode

mass of Au in particles when Au is the anode

mass ablated per spark

mass ablated per spark from the anode
mass ablated per spark from the cathode
particle concentration

the concentration of agglomerates
initial concentration of the vapour
final particle concentration

total particle number concentration
quenching gas flow rate

quenching gas flow rate

aerosol flow rate

sheath flow rate

surface fractals

the power of spark

penetration

actual pressure

saturated pressure

atmospheric pressure

the probability of particle deposition
sticking probability after particle collision
charge probability

pressure drop

scattering vector

half of the plume width

radius of the spark channel
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re the amount materials ablated from cathode to that of both electrodes
R interception parameter

Re Reynold number

Rg gyration radius of the particles

Rspark  spark resistance

Rextra extra resistance

Riot total resistance

Rac resistance of glowing current

S supersaturation

St Stokes number

T. carrier gas temperature

Ty boiling point of the electrode

Tm melting point of the electrode

ts duration in Stage B

tc duration in Stage C

tp duration in Stage D

ta turbulent time

t time

T temperature of mixed cloud containing metallic vapour and gas molecular
Tt CFU of nanofinished samples at time 18 h
To CFU of nanofinished samples at time 0 h
AT temperature change of the carrier gas

U face velocity through textiles

Ua time-averaged fluid speed

Uy mean fluid velocity

U. potential difference over the electrodes

Ugap gap voltage
Wb breakdown voltage
Vg gas volume

Vmean ~ mean gap voltage

Vo the volume of initial vapour cloud
%4 DMA voltage
Vgeo characteristic volume of SDG
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effective volume of the plume

a dimensionless quantity introduced in this thesis

the natural frequency of the oscillation

horizontal direction in the cone

proportionality between the geometry and characteristic volume of SDG
electrical mobility with consideration of the space charge effect

electrical mobility without consideration of the space charge effect




1. Introduction

“There’s Plenty of Room at the Bottom.”

— by Richard P. Feynman

1. 1 General information on nanoparticles

The term ‘nanoparticle’ (NP) is commonly used to indicate particles with
diameters smaller than 100 nm, which is approximately three orders of
magnitude smaller than the diameter of a human hair. In the literatures, atomic (<1
nm) and nano clusters (1~2 nm) are often used to describe particles with dimeters
smaller than 2 nm. A number of approaches are used to categorize the NPs. From the
aspect of types of materials that NPs consist of, inorganic and organic particles are
frequently mentioned. On the basis of chemical composition, development in NP
synthesis has achieved to mix two or more materials to obtain binary, ternary or
multicomponent particles!-3. In terms of configuration of the NPs, there are a variety
of shapes such as spherical, cubic NPs, nanowires, or other different nanostructures
(onion-like core-shell particles, Janus particles that have two heads composed of

different materials)4.

. € PM,;
Human Hair Combustion particles, organic
50-70um compounds, metals, etc. Human Hair

(microns) in diameter < 2.5pm (microns) in diameter

B Magnified 1000x

© PM,,

Dust, pollen, mould, etc.
< 10pm (microns) in diameter

PM, ; Particle

Fine beach sand
90pm (microns) in diameter

Figure 1.1 Comparing different particle sizes with a human hair (resource:

http://www.dustoutus.com/resources/definitions/#lightbox/0/).
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Generally, there are two basic techniques to produced NPs. The first approach is
commonly referred to as top-down, which starts with bulk material split into
nanosized pieces by applying mechanical, electrical, or other forms of energy. On the

contrary, the bottom-up process enables atomic or molecular species to grow to NPs.
1.2 Interesting applications of NPs

The NPs have provided fascinating applications for our life because of their unique
electronic, optical, or magnetic properties that differ substantially from their
corresponding bulk counterparts. The most important variables determining their
properties are size (distribution), composition, shape, and the degree of

agglomeration.

One application has been realized in nanofinishing smart textiless¢, which have huge
capacity in global markets. Fashion and apparel industries were valued at $1.2 trillion
globally in 2014, and the market size is expected to have a compound annual growth
rate of 4.8% until 2025, mainly driven by emerging markets. In 2014, the global
smart textiles market was assessed at $795 million, which is anticipated to reach
$4.72 billion by 2020 with a compound annual growth of 33%. Military related
sectors occupies about 27% of the total market of smart textiles. The nanofiber-based
products can reach over $1 billion by 2020. Silver and palladium NPs distributed
within a dress or jacket impart antimicrobial, air purifying, or virtually unlimited
colour-changing properties. These metallic NPs are assembled over the fibre surface
of the textiles. One can also control the colour by manipulating the light interactions
with the coated textiles by plasmonic NPs. Fashion-shows may not only be propelled

by designers to please the eye, but also provide unprecedented research opportunities.

Magnetic materials expel heat in the presence of a magnetic field due to the
alignment of the magnetic moments and cool down when removing this field”. In the
light of this principle, magnetic refrigerants are the ideal candidates to revolutionize
conventional refrigeration based on vapor-compression, providing ca. 30 % better
energy efficiency and less noisy, eliminating detrimental refrigerant gases as well as
creating more compact systems8. Great efforts to explore new magnetic materials
have been focused on maximizing their cooling effects by manipulating the

composition91°, size!t12 and crystal structure9::3-18. The interactions between the
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single magnetic domains can be minimized by using NPs smaller than this domain

size, thereby increasing their magnetoanisotropy?2. Further reducing the size of NPs,
the thermal energy exceeds the magnetoanisotropy energy, quickly randomizing the
magnetic dipoles92°. As a result, supermagnetism occurs, thus not showing the
undesired hysteresis above the blocking temperature in the typical magnetization
measurements 2021, Another interesting feature of these superparamagnetic NPs lies

in their switching behavior, triggering tremendous new possibilities!3.19-23,

Cancer might be treated more efficiently by properly functionalizing magnetic NPs, to
make them biocompatible and target-specific!9:2425. The superparamagnetic NPs have
no net magnetization at body temperature. They can be magnetized in the presence of
an external magnetic field, and guided to the target in the human body. Being able to
guide the particles independently can reduce drug dosages, so that therapies are more
efficient and less harmful to patients. Magnetism can be switched off after delivering
the drug to the target and the nonmagnetic particles can safely be removed from the

blood in the liver and the kidneys.

A rapidly growing demand for catalysis is stimulating the manufacturing of large
quantities of well-defined NPs, since the catalytic properties are enhanced by the
large surface area of the very small NPs. The market of gold NPs is expected to reach
$ 4.86 billion by 2020, according to a new study*. This means that producing of well-
defined NPs is not only interesting for academic purposes but also to a global
business. ‘Making money by going green’ has to be realized by using a sustainable

manufacture method.
1.3 A need for scaling up

1.3.1 Challenges

The commercial production of high-performing nanomaterial-based applications,
such as antimicrobial textiles2627, products in medicine2829, and nanocatalysis3°:31,
requires scalable fabrication processes that are simple and do not use expensive and
toxic chemicals32-34. These applications have attracted growing interest in exploring a
new scalable method of synthesizing NPs with a directly-controlled size, well-defined

composition and high purity2235-37, which are the most important variables
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determining the properties of the products. One of the challenging tasks in
nanotechnology is to increase the NP mass production rate with an accurately
controlled size distribution down to the atomic scale. For example, methods with high

throughput tend to exhibit limited size control and vice versa38-4o,

The conventional wet-chemistry processes for synthesizing NPs allow a homogeneous
and narrow size and shape distribution, yet present a number of drawbacks41-43,
Their scalability is severely inhibited by slow kinetics in the liquid phase as well as
their batch type operations. Additionally, such batch operations commonly result in a
wide variability in terms of physicochemical properties of the synthesized NPs.
Moreover, liquid-phase methods generally require a number of chemicals for
synthesizing one specific nanomaterial. Consequently, impurities and hazardous
wastes are inextricably linked to these techniques, and some of the waste products

are detrimental to both environment and products.
1.3.2 A green and versatile synthesis method

Gas-phase processes, on the other hand, are continuous, rapid, and environmentally
friendly, and therefore they have been identified as chemical manufacturing
techniques for a wide range of nanomaterials at the industrial scale. Flame
processes#4, for example, have been used for producing oxide materials45-47, such as
pigmentary titania, silica and carbon black at several magatons per year. Fast kinetics
of particle formation in gas phase, however, is not only an advantage in scaling-up;
but it also tends to form fractal-like structures (i.e., agglomerates). The agglomerates
result from collisions among particles, which remain joined by strong adhesive forces
after colliding. The agglomeration is favoured at high particle concentrations. As a
result, it usually occurs in industrial aerosol processes. The primary nanoscale
particles, which build up the agglomerates, are usually the major determinant of the
unique/novel properties of the final nanomaterials. The primary particle size could be
controlled by manipulating the temperature profile downstream of the particle source.
The surface state of the primary particles determines their size. This is because the
trace amount of some constituent gas molecules reacts with the surface of these small
particles. In contrast to the wet-chemistry methods, the purification of the resulting

NPs can be generally avoided due to using a limited number of chemical precursors.
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Among the numerous gas-phase methods, micro-second pulsed spark ablation

operated at ambient pressure4® provides the great versatility of synthesizing many
ultrapure NPs with virtually unlimited mixing possibilities3449-52, and easy-to-control
particle sizes ranging from that of atomic clusters to non-agglomerated ‘singlets’ (cf.
Chapter 2) and agglomerated particles49:53:54. Furthermore, the absence of solvents
and other toxic chemicals allows it to be an inherently environmentally benign
process. In this method, repeated microsecond-pulsed sparks formed between two
electrodes with desired composition locally heat their surface to produce vapor
clouds34, which are drastically quenched and carried away by a high-purity gas flow.
As a result, the vapors become extremely supersaturatedss:s¢, thereby leading to the
formation of NPs by homogeneous nucleation and subsequent condensation. This
fast quenching also facilitates the internal mixing in spark ablation (cf. Chapter 5)
and makes this method feasible to produce thermodynamically metastable

materialss7.

The mass production rate of NPs produced by means of spark ablation is proportional
to the spark repetition frequency and to the mass ablated per spark that is linearly
related to the spark energys458. Spark discharges using resistance-inductance-
capacitance (RLC) circuits (referred to this circuit based spark as RLCS from this
point onwards)34:59 have an upper operating frequency threshold of a few hundred Hz.
Above that a continuous arc discharge develops®, thereby yielding much larger
particles®t. Alternatively, the NP production rate can also be raised by increasing the
spark energy. However, increasing the spark energy above a certain level leads to
undesired ‘splashing particles’ (i.e., large particles ejected from a molten pool that are
momentarily formed due to repeatedly striking the same hot-spot on the electrode
surface; cf. Chapter 6)2. As deduced from the above discussion, maximizing the

spark repetition frequency is a reliable approach to scale up this method (cf. Chapter

4).
1.4 Compatibility with existing fabrication processes

This spark ablation (cf. Section 1.3), which produces well-defined NPs with high
throughput, is compatible with existing fabrications processes. The resulting NPs

suspended in the gas-phase can be deposited and immobilized onto various (flat or
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porous) substrates (e.g., silicon wafers, glass slides, polymeric, filter membranes,
ceramics, textiles), opening a wealth of new possibilities for producing hierarchically
patterned coatings and membranes555:03-65, For instance, 3D patterned
nanostructures have been created with the help of focused aerosol deposition%6-73.
The representative applications of these nanostructures include printable
electronics73, perovskite solar cells®974, and sensors26. In addition, dry gas-phase
methods can also be coupled with wet-chemistry routes, which enables the synthesis

of an even broader range of new building blocksst75-78,
1.5 Goal of this thesis

The goal of this thesis is to use spark ablation for producing well-defined NPs that
fulfill the requirements for the applications in the field of smart textiles, and
magnetic materials in a green and scalable manner. To achieve this goal, several sub-
tasks must be combined as discussed in Section 1.6. Ultimately, knowledge about the
scaling-up of NPs production will be shared with other industry partners within our
project (BUONAPART-e). It is expected that this environmentally benign and
versatile method (regarding virtually unlimited mixing possiblities, controllable
particle sizes, and high purity) will be applied in a large number of industrial
processes in the next decades. This thesis will therefore contribute to identifying
these new possibilities and intends to inspire new research activities on
nanostructured materials in connection with gas phase methods. It also strives to
form a bridge between the aerosol and the materials community, from which fruitful

results can be obtained.
1.6 Thesis outline

This thesis is organized as follows. There are three main parts, namely fundamentals
(Part A, i.e., Chapters 2 and 3), scaling up NP production (Part B, i.e., Chapters 4
~6), and their associated applications (Part C, i.e., Chapter 7). In order to keep the
conciseness of the main body of some chapters, Supplementary Information (SI) is
therefore appended at the end of the associated chapters. These SI materials include
additional technical details, some necessary specifications, further elaborations,

compelling evidence, which may be of interest to certain readers. To discriminate
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between the main body and SI, a different number system starting with an upper-case

lettering “S” (e.g. S5.1) is adopted in the SI materials.

Ch. 4 Scaling-up

High frequency sparks: 25 kHz

1 g/h: sub-10 nm particles

Ch. 5 Spark mixing

o Spark oscillations

o Controlling NP composition

Ch. 6 ‘Splashing’

= Magnetic field

= Deflect glowing current,
superimposed sparks

Part B
Scaling-up

[ Ch. 1 Motivation

» Aneed for high-yield synthesis of NPs

» A green and versatile synthesis method

Ch. 7 Smart Textile nanofinishing

e ‘/\\\

.

PP N
-~ New process N

Antibacterial activity
Washing durability

1

P

il \
- Part C ™
Applications |

Ch. 8 Conclusions and outlook
Scalabilityq/
Controllability«
Applications ‘/’

Industrialization
Global business
Other applications

Figure 1.2 Visual outline of this thesis.

Part A: fundamental considerations

-

e

\

Ch. 2 New singlet concept
(

Q Spherical singlet NP
| (sub-5 nm)
| O Analytical model
4

Ch. 3 NP Size evolution

Different governing mechanisms

Numerical model

Part A
Fundamentals

Continuous gas-phase synthesis of NPs is commonly associated with rapid

agglomeration, which can be a limiting factor for numerous applications. In Chapter

2, experimental evidence is provided to demonstrate that gas-phase methods can be

used to produce ultrapure non-agglomerated “singlet” NPs with tunable sizes under

atmospheric conditions. By controlling the temperature in the particle growth zone to

guarantee complete coalescence of colliding entities, the size of singlets in principle

can be regulated from that of single atoms to any desired value.

Besides introducing the new concept of singlet NPs in Chapter 2, a general model is

also developed to predict the size distribution of the generated NPs as a function of
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the process conditions in Chapter 3. Despite the complexity of the entire process,
the concentration and size evolution of particles can be adequately described by a
first-order differential equation accounting for coagulation, turbulent dilution, and
diffusional deposition to the walls. This model provides a simple and practical tool
that can be generally used to design and control particle generators for the synthesis

of NPs with tunable sizes.
Part B: scaling up

After the fundamental studies have been described in Chapters 2 and 3, scaling up of
this method is subsequently conducted. Besides, to meet the industrial demands,
there is an urgent need to deliver large quantities of well-defined NPs. Chapter 4
presents a newly developed high frequency spark (HFS; see more details79) which
achieves a frequency as high as 25 kHz34. Such a high frequency, which is
proportional to the mass production rate, is two orders of magnitude higher than the
RLCS. In order to avoid producing noticeable ‘splashing particles’, small and constant
spark energy is used in the HFS system. The singlet NPs described in Chapters 1 and
2 can in principle be produced on an industrial scale by using this HFS when

appropriate quenching gas flow rates are achieved.

Chapter 5 shows that polarity reversal of micro-second pulsed sparks between
electrodes of different materials enables synthesis of mixed NPs with a controllable
composition distribution. To examine this influence, a model is developed in this
chapter. This model provides a tool for tuning the ablation ratio between the
electrodes by adjusting the electric characteristics of the spark circuit, thereby
controlling the mean composition of the resulting NPs. Model predictions are in
accordance with measurements obtained here and earlier works, proving the

feasibility of producing mixed NPs with a desirable composition.

The operating conditions of the HFS are optimized to deliver a constant NP output
and to suppress ‘splashing particles’ in Chapter 6. Inhibition of ‘splashing particles’
has been successfully suppressed by employing an external magnetic field in the
electrode gap. The resulting Lorentz force can deflect a low-power and continuous
glowing current, onto which sparks are superimposed, thereby avoiding the sparks to

strike the same point of the electrode surface.
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Part C: application

In this part, the focus lies on the applications of the NPs on the basis of fundamental
studies of Chapters 2 and 3, and these NPs can also be produced in large quantities by
employing the HFS described in Chapter 4. As deduced from Chapters 5 and 6, the

resulting NPs also possess improved uniformity and desired mixing ratio.

Chapter 7 proposes a scalable and environmentally benign process of embedding
NPs onto textiles that act as filters. A range of textiles has been demonstrated to have
high antibacterial activity and good washing durability. In view of the deposition of a
wide range of NPs onto numerous textiles, this universal approach to ‘smart textile
nanofinishing’ can be generalized and industrialized, such as self-cleaning textiles for

upholstery with TiO. NPs and shielding radiation textiles with Fe.O; NPs.

Chapter 8 closes with the most important conclusions, followed by some
recommendations for future studies on the basis of the work described in this thesis.
The main goal of this thesis is to describe a versatile and green method for producing
well-defined NPs (in terms of controlled size and chemical composition) with high
throughput. After fundamental studies and scaling-up of the NP production method
have been outlined in Part A (Chapters 2 and 3) and Part B (Chapters 4, 5 and 6),
Part C (Chapter 7) goes on to introduce a new process for smart textile
nanofinishing, showing the antibacterial activity of resulting textiles. The future users
can critically select the desired NPs by appropriately tuning the operating conditions
of spark ablation. This work can stimulate more interesting applications, thereby
driving its industrialization. It is hoped that this thesis compliments some previous
work focused on specific facets, and the results obtained here therefore are expected

to provide minor contributions to the development of our society.
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2. Toward Industrial Scale Synthesis of
Ultrapure Singlet Nanoparticles with

Controllable Sizes in a Continuous Gas-

phase Process

Continuous gas-phase synthesis of nanoparticles is associated with rapid
agglomeration, which can be a limiting factor for numerous applications. In this
chapter, this pseudo-paradigm is challenged by providing experimental evidence to
support that gas-phase methods can be used to produce ultrapure non-agglomerated
“singlet” nanoparticles having tunable sizes at room temperature. For drastically
quenched processes, the temperature in the particle growth phase can be decoupled
from the localized vaporization, and can be set to a value guaranteeing complete
coalescence. By controlling the temperature to guarantee complete coalescence of
colliding entities, the singlet particle size in principle can be regulated to any desired
value. The results are assessed in the context of a simple analytical model, assuming a
constant room temperature and a uniform residence time distribution, to explore the
dependence of singlet size on the operating conditions. Agreement of the model with
experimental measurements shows that these methods can be effectively used for
producing singlets that can be processed by many alternative approaches. Combined
with the capabilities of upscaling and unlimited mixing that spark ablation enables,
this study provides an easy-to-use concept for producing the key building blocks for

low-cost nanofabrication of advanced materials toward industrial scale.

This chapter is adapted on the basis of the published paper:
Feng, J., Biskos, G., Schmidt-Ott, A., Sci. Rep. 5, 15788 (2015).


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

Gas—phase methods for nanoparticle (NP) synthesis exhibit fast kinetics because
the relevant diffusion coefficients are three orders of magnitude larger than
those encountered in wet-chemistry techniques. Although the fast kinetics enable
effective continuous processes, which are gaining significant ground in view of
industrial applications over the recent years2, they commonly lead to agglomerated
particles which are undesirable in some cases. These agglomerates consist of primary
particles (typically regarded as the smallest size the particles can have) that are
difficult to take aparts.

A number of previous works have therefore focused on ways to avoid the collisions of
these particles before deposition or immobilization. In spark discharges, for example,
agglomeration can be reduced by using the high space charge density4, although this
can be a limiting factor for its scalability. For flame aerosol synthesis, it has been
shown that the associated elevated temperatures lead to non-agglomerated particles
having sizes in the micron range5. Imposing harsh conditions in the gas-phase

processes can also produce atomic clusters®-3.

This chapter provides a general concept of continuous gas-phase synthesis of
ultrapure singlet particles ranging from atomic clusters to particles in the nanometre
range. The essence of this concept is illustrated in Figure 2.1. Vapours are produced
by localized material ablation using lasers or electric discharges. The vapours are
strongly quenched by an inert gas flow of variable temperature, thereby producing
particles by condensation. As the supersaturations reached in the rapidly quenched
vapour cloud are extremely high, the critical nucleus size is pushed down to the
atomic scale. As a result, the growth governed by particle-particle collisions can be
considered to start from the atomic scale, and therefore particle-particle collisional
growth represents a valid model for the description of the size distribution

evolution79-12, Note that this simplification is only valid in the case of rapidly
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quenched vapours emitted from point sources. If the quenching flows are low (and

thus the cooling rates are substantially low) as in most NP production methods in the
gas phase, more sophisticated models will be required to describe particle formation
and growth:3. The atomic clusters and smallest NPs that are formed at the early
stages of the process are liquid-like even at room temperature!4, and therefore fully
coalesce into singlets when colliding with each other. Growth of singlets to a critical
size above which coalescence only partly occurs or ceases for the selected operating
temperature (see below), signals the onset of agglomeration which leads to non-
spherical/agglomerated particles. For drastically quenched processes, the
temperature in the particle growth phase can be decoupled from the localized
vaporization, and can be set to a value guaranteeing complete coalescence (cf. Figure
2.1). In contrast to other high temperature aerosol synthesis methods5:15, this feature

provides great flexibility in controlling the size of the resulting NPs.

Complete coalescence

Material ablation (\J\f (\j\/’
l Singlet nanoparticles Agglomerated nanoparticles
% Y & \

.“.( ‘((((( *(

Quenching gas : _ . ‘. “. s (
flow rate Q TN O ¢ ¢ € ( ( (( &t
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Figure 2.1 Schematic representation of the formation of singlet and agglomerated

aerosol NPs resulting from material ablation at atmospheric pressure.

This chapter challenges the pseudo-paradigm that “nanoparticle synthesis in the gas
phase leads to agglomerates” by coining a scalable concept of “singlet” particle
production. Using spark ablation as an example of the vapour point source, the

results show that the concept can lead to singlets ranging from clusters of a few atoms
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to particles of any desired size by tuning the operating conditions in Section 2.2.

Using first principles this section also develops an analytical model, which is based on
the Smoluchowski coagulation, for predicting the size of the singlet particles under
different operating conditions. Collisional growth of particles can be simply described
by the monodisperse aerosol dynamics under a number of simplifications, which have
also been used by others®17. Section 2.3 demonstrates that the proposed approach
exhibits enormous flexibility for high-throughput and ultrapure production:8, thereby
advancing NP synthesis and enabling low-cost fabrication of nanomaterials on an
industrial scale as concluded in Section 2.4. Section 2.5 shows the experimental setup,
which consists of units for the generation, collection, and online size distribution

measurement of NPs (cf. Figure S2.3 in the SI).
2.2 Results

2.2.1 An analytical approach

In order to exclusively produce singlet particles, the process must be controlled in a
way that particle growth does not exceed the critical size, which in turn depends on
the material of the particles and temperature?s19, and is relatively insensitive to other
process parameters. In practice, singlets of any diameter can be achieved by
controlling the temperature of the aerosol (i.e., particles dispersed within the carrier
gas), so that coalescence is guaranteed up to the desired size. To further ensure that
coalescence is not hindered by unwanted oxidation of particles due to the presence of
trace amounts of oxygen and/or water in the carrier gas, extremely clean conditions
are required throughout the production line. Such conditions can be achieved using
suitable absorbers (i.e., molecular sieves and catalysts) to purify the carrier gas

upstream the particle generatorz=o.

In the next paragraphs, a simple model is developed to predict the evolution of singlet
NPs produced by material ablation in the gas-phase under conditions that guarantee
complete coalescence (see Section S2.1). According to Smoluchowski’s theory9, the
decay rate of particle concentration dN(t)/dt is proportional to the square of N(t).
Any particle losses by diffusional transport to the walls, where van der Waals forces

normally guarantee sticking, can be approximated by a linear term in N(t) 222, For
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sufficiently high concentrations during particle evolution, losses by diffusion to the
walls as well as rapid turbulent dilution (cf. Figure S2.1 for additional details) can be

neglected compared to the vigorous coagulation. N(t) can therefore be described by:
— = ——pN? (2.1)

where B is the coagulation kernel, which changes with time depending on the
momentary particle size distribution and temperature, gas flow conditions, and inter-
particle forces2324. For the early stages of atomic cluster formation, § is unknown
because the sticking probability after each collision depends largely on the stability of
the atomic clusters2s. Turbulent flow conditions that are not well enough defined in
practical cases of particle coagulational growth, lead to yet another intractable
problem in deriving any rigorous model for predicting the evolution of the particles.
For tackling these problems, it is therefore instructive to evaluate the general

behaviour of coagulating systems, governed by equation (2.1).

As the initial concentration N, of the vapour atoms produced by material ablation is
many orders of magnitude larger than the final concentration N(t;) of the particles
(i.e., No >> N(ty), equation (2.1) implies that N(t) is independent of N,. In fact, N(t)
is only determined by the evolution of N(t) during approximately the last decade
concentration reduction (cf. Figure S2.2)2¢. This stage, referred to as the “the final
coagulation stage” in the following, covers most of the total coagulation time.
Therefore, the complex turbulent flow conditions and the uncertainties in using an
appropriate value for g (associated with the early stages of atomic clusters growth)
can be reasonably excluded as explained further in the SI (cf. Sections S2.1 and S2.2
therein). For suitable ablation methods, the temperature in the particle growth region
can be decoupled from that in the vaporization stage, and set to a well-defined value
during the final coagulation stage. For a specific mass ablation rate, the particles

grow approximately by a factor of two during the final coagulation stage due to the

1
proportionality of particle size d, to N(t) 3. Coagulation models show that  does not
vary by more than a factor of two when particle size doubles, and its dominating value

corresponds to the final size.
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It is therefore reasonable to assume that [ is constant and solve equation (2.1)

considering N, >> N(t) to yield:

N(t) = Q (2.2)

B Vet

where Q is the gas volumetric flow rate and V.« the effective volume corresponding to
the volume incorporating most of the flow and occupied by the coagulating aerosol.
In a continuous flow arrangement, the residence time of the particles is then t; =
Ve/Q and represents the duration for an aerosol parcel to travel from the vapour
source to the point of measurement or further particle processing, where coagulation
is inhibited by immobilization or adequate dilution. A good estimation for the

relevant f can be based on the final particle size as explained above.

The increase of particle size due to coagulation is related to the decrease in number

concentration. As the average particle size increased, the measured particle
. . . . dm .
concentration drops while the total particle mass concentration 5, remains

approximately constant2’. Considering that the mass production rate m can be

expressed as C;—T = i—?i—z =Q (:1_75’ the particle size dp, can be calculated by:
3BV
d, = (———)/3 2.3
p ( ,DTIQZ ) ( )

where p is the material density. This expression can be used to determine the particle
size as a function of gas flow rate Q and particle mass production rate m. Equation
(2.3) is generally valid for any material ablation process or similar processes where
vaporization is localized enough for the coagulation temperature, defining 3, to be
decoupled from the vaporization temperature, at least during the final coagulation
stage. Evidently, rapid dilution (i.e., dilution time tq << t;; cf. Figure S2.1) and high
enough temperature for complete coalescence as mentioned above, must also be

ensured.

If the particle losses are neglected, equation (2.3) will generally lead to an
overestimation of particle size. However, the effect of losses on particle size is

moderate for most systems because m enters equation (2.3) as the cube root. The
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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 methods'28. Being
applicable to many inorganic materials8, and virtually allowing unlimited mixing
combinations at atomic and nanometre scale29:30, it represents a powerful approach

for synthesizing advanced materials with multiple functionalities3.32.

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
ceased!s:33:34. This technique has been applied in diluted laboratory setups with
particle mass production rates in the range of mg h-i. 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 ht 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 techniques'8. Additionally, the possibility of
numbering up the generators can further increase the production rate of the desired

particles to meet industrial demands:.
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The mass produced by a single spark is given by:

Am = C,(E — E,) (2.4)

Here Cn is a material-dependent constant (cf. equation (S2.6)), E the spark energy,
and E, is the minimum spark energy for producing particles (cf. equation (S2.7)). Cm
and E, can be calculated by the evaporation model, which is derived by the energy
balance of the evaporation process (cf. equation (S2.5))3s.

The mass production rate is given by mn = Amf (cf. Figure S2.4), where f is the spark
repetition frequency. Pulsed sparks can be regarded as a continuous particle source
given that sufficient mixing guarantees a uniform concentration before the final

coagulation stage is reached. Combining equations (2.3) and (2.4) yields:

3BVeseC(E — Eo)f
npQ?

d, = ( )1/3 (2.5)
Recipes and sources for determining sufficiently accurate values for the required
quantities of Cm, Eo, 5, and Ve are given in the SI (cf. Section S2.4 and S2.5). In the
following, the proposed model is validated (i.e., equations (2.2) and (2.3) that give the

evolution of particle concentration and size) with the measurements.
2.2.2 Experimental validation

Figure 2.2 (a-e) shows TEM images of particles collected using the experimental
setup (cf. Section S2.3 and Figure S2.3 in the SI) under different quenching gas flow
rates at a fixed spark energy E (=16 mJ) and frequency f (=60 Hz), which allows
variation of the singlet particle size from ca. 2 nm upwards. Evidently, the
coalescence is complete up to sizes between 5 and 6 nm (cf. Figure S2.6 for more
details in the SI). Larger particles are agglomerates, indicating that the selected
coagulation temperature of ca. 20 °C is adequate for generation of Au singlet particles

up to ca. 6 nm.

In coagulation with full coalescence, the size distribution approaches a lognormal
self-preserving distribution with geometric standard deviation (GSD) ranging from
ca. 1.33 to 1.353¢. Figure 2.2f shows that the geometrical mean diameter (GMD) of the

singlet particles measured by the scanning mobility particle sizer (SMPS) is ca.10 %
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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.
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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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volume is conserved (cf. Figure S2.2 and equation (S2.4) in the SI). It should be

pointed out that in order to derive the particle size distributions at the exit of the
particle generator, the space charge effect in the differential mobility analyser
(DMA)37 is neglected as it affects the particle size measurements by less than 4%
assuming the highest possible concentration of charged particles observed here (ca.
107 cm3; cf. Section S2.7 in the SI). Moreover, for particle concentrations of the order
of 10 c¢m3, coagulation within the DMA can also be neglected during the short

residence time of 0.15 s, as discussed in Section S2.2 in the SI (cf. Figure S2.2).
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Figure 2.3 Concentration of Au singlet particles as a function of quenching gas flow

rate at spark energy of 16 mJ and a spark repetition frequency of 60 Hz

The estimation of singlet particle concentration confirms the dependence of N(tf) on

Q predicted by equation (2.2), which has been derived using a constant g and

2
BV et

through the measurements indicates that the product S Vet is 5.93%x1020 mé s-1. This

assuming that N, >> N(tr). The slope (i.e., ) of the best-fitted straight line

value is in line with a theoretical value for g that considers poly-dispersity as well as
van der Waals forces between the particles (cf. Section S2.5.1 and S2.5.2 in the
SI)24.38, Note that the image potential described by Ouyang et al.24, can be neglected
for our low concentration of charged particles (cf. Section S2.5.3). The value of S is in

the order of 101 m3 s (cf. equation (S2.8)) based on the final (desired) size and an
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estimated effective volume Veff of 104 m3 corresponding to an adequate fraction of

the volume of the spark chamber (cf. Figure S2.5).
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Figure 2.4 Mean mobility diameter of particles produce by spark ablation as a

function of mass production rate and quenching gas flow rate.

Figure 2.4 shows the variation of the GMD with the term (%)1/ 3, which is linear

according to equation (2.3). The slope (i.e., (%)1/ 3) of the best-fitted solid line

through the experiments is 1.42x109 kg-1/3 s1/3 m3. For a density of 19.3 g cm3 for Au,
the product BV, derived from this slope is 5.78x1020 mé s, which is in good
agreement with the value derived from Figure 2.3, and thus also with the theoretical
value of f and an estimate of V¢ from the geometry of the confinement (see details in
Section S2.5 in the SI). The value of V ¢ has the highest uncertainty. For systems of
similar geometry to that used here Vg = (0.2~0.3)V,, is recommend, where Vg, is
the geometric volume of the confinement (details are provided in Figure S2.5). Note
that an error in V¢ within a factor of two would only alter the predicted d, by 25%.
Only the experimental values for particles having sizes below 7 nm are plotted in
Figure 2.4, since larger particles are agglomerates (cf. Figure 2.2e) due to incomplete

coalescence.

New Singlet Concept |




2.3 Discussion

2.3.1 Dependence of operating conditions on the particle size

In principle, the GMD of singlet particles produced via spark ablation (and any other
similar gas-phase process) can be tuned from atomic clusters to any desired size by
carefully varying the gas flow rate Q, and the mass production rate 1, which in turn is
defined by the spark energy E and the spark repetition frequency f. Of course, full
coalescence must be guaranteed by choosing a sufficiently high operating
temperature and a high-purity carrier gas. In order to up-scale singlet NPs
production process, one needs to increase the production rate ri. This can be
achieved by numbering up the particle generators, with each of them delivering a

mass rate in the order of 1 g h-1.

The model can estimate the singlet size distribution at the outlet of the NP generator
used in this work. The GMD is given by equation (2.3) while the lognormal size
distribution has a self-preserving GSD of ca. 1.4536. Mobility size classification in the
gas-phase can easily be applied for applications requiring narrower size
distributions39, although it should be noted that doing so will lead to substantial

particle losses and will therefore limit scalability.
2.3.2 Deposition of well-defined singlets

Deposition of well-defined singlets on a substrate can yield films and materials of
unique properties. Avoiding coalescence of the colliding particles on the substrate is a
prerequisite to retain these properties. An elegant way to hinder coalescence is by
coating the particles (e.g., with an oxidized layer) while they are still suspended in the
gas (i.e., before deposition)4o41. For deposited uncoated particles, coalescence on the
substrate can be avoided by keeping the surface coverage low enough (cf. Figure S2.8)
or by manipulating charge effects between particles442. Low surface coverage is
sufficient to improve the conversion efficiency of solar cells and photo catalysts for
water splitting4344. In the case of high surface coverage, where the particles are in
contact, the substrate temperature should be controlled below the threshold
temperature to avoid the coalescence of the arriving singlets4546, Integrating gas-

phase synthesis of singlets into wet-chemistry routes can also be used for supressing
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particle collisions, since the collision rate is decreased by three orders of magnitude

in the liquid phase, and opens numerous possibilities of further processing47.
2.4 Conclusions

This chapter has introduced a general concept for continuous gas-phase synthesis of
well-defined singlet particles in the nanometre size regime and even below that. The
concept of promoting coalescence by using an ultrapure carrier gas and a sufficiently
high temperature in the particle growth zone has been tested on the example of
synthesizing Au NPs smaller than ca. 6 nm using spark ablation. For drastically
quenched processes (e.g., spark ablation), the temperature in the particle growth
phase can be decoupled from the localized vaporization, and can then be set to a
value guaranteeing complete coalescence. Based on the drastic quenching rate of
spark ablation, this study simply assumed a constant room temperature in the entire
particle growth, and this temperature can lead to complete coalescence of colliding
particles smaller than the critical size ca. 6 nm. To obtain singlet particles larger than
this critical size, one can increase the temperature downstream of the material
ablation by using a tube oven. In addition, this work has developed an analytical
model that can be used to determine the combination of process parameters required
to obtain singlet NPs of a desired size. The model can be applied to predict the size of
singlet NPs (consisting of any material; cf. Figure S2.9 of the Ag singlets) produced by
rapidly quenched gas-phase processes, provided isothermal conditions and uniform

residence time in particle growth processes.

Combined with the various advantages of continuous gas-phase processes, including
their scalability, high particle purity and high versatility (i.e., particles of virtually any
inorganic composition or mixture that spark ablation enables), the method used as an
example here (spark ablation) exhibits enormous flexibility for high-throughput
production of ultrapure singlets, especially in the size regime below 10 nm.
Consequently, the technique enables the advancement of NP synthesis and paves the
way towards -cost-effective fabrication of novel nanomaterials for numerous

applications (cf. Section S2.8) 18:30,40,43,44,47-59,
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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 kHz!8. 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)
systemo°, 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.



[CHAPTER 2] Part A

S2.1 Material ablation in high purity gas

Localized material ablation guarantees a high purity of the resulting NPs, and allows
decoupling of the high temperature required for vaporization from the system
temperature T(t) where particle growth takes place®-¢3. This advantageous feature
allows that the system temperature T(t) can be regulated in order to ensure full

coalescence of colliding particles to any desired size.

Another important feature of ablation processes is that they yield an initial particle
or vapor atom concentration N, that is several orders of magnitude higher than the
final particle concentration N(ty), i.e., No >> N(tf)3. This feature allows for analytical
estimation of particle concentration evolution by excluding uncertainties at the early

stage of particle formation process (e.g., sticking probability, turbulence).

The quenching gas flowing through the electrode gap causes turbulent dilution of the
initial vapours and particles. The time period tg that the vapour atoms and particles
spend in this dilution stage is much shorter than the total period of particle growth

and thus can be reasonably neglected as discussed in Section S2.1.1 below.
S2.1.1 Turbulent dilution time tq4

The flow downstream the spark ablation can be split into two regions: the first that
exhibits turbulent dilution and the second where particles reach the tube walls. To
understand which process is more dominating, an estimate of the residence time of
the particles is needed in each of these two regions. This section uses the simplest
description that assuming the jet region flares out linearly in the x direction. The
time-averaged turbulent flow pattern is a conical volume with an angle of roughly
20°64, In the time-averaged turbulent jet, x is measured from the virtual origin of the
cone and is proportional to the plume width 2r (dr/dx = tan (10 °)). The plume is
developing before its boundaries reach the walls of the spark chamber. The inner

diameter of the spark chamber is about 3.5 cm as shown below.
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Figure S2.1 Illustration of the flow structure in the turbulent dilution and the

convective region immediately downstream the spark discharge.

The travelling distance of the particles flowing through the jet is estimated as Li=
r/tan (10°) = 9.9 cm, and the time of travel along the x direction is obtained by dt =

dx/ua. u, is the time-averaged fluid speed at the centreline given by®4:
X
Uy = Up(=) /2 (52.1)
Xo
where Uy is the mean fluid velocity at the nozzle and x, is given by®4:

Xg = Zde (52.2)

where d is the nozzle diameter, y ,= 7.67 the empirical constant accounting for the

growth rate of the jet region. Combining equation (S2.1), (S2.2) and dt = dx/u, yields

EA

dt = x"U— dx which can integrate for o to tq and for x, to L the left and right hand of

0

the equation, respectively, yields:

2 3 3
ty = —1/(Lt f2 - x,2) (52.3)
3Upx, /2
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Using a quenching gas flow rate of 10 standard litres per minute (slm), the turbulent
time is ta= 6.7 ms. In contrast, the total residence time of particles in the apparatus
is in the order of 1 s. Hence, the turbulent dilution time can be reasonably neglected.
This further justifies the assumption of mass density conservation in the total period

of particle growth.
S2.2 Final coagulation stage

Figure S2.2 shows the evolution of the number concentration predicted by equation
(2.1) of Chapter 2 with time due to poly-disperse coagulation. In the case of the
straight line on the logarithmic plot marked “N, — o” was calculated using equation
(2.2) of the main text assuming a constant coagulation kernel f calculated by the
final particle size. The residence time Vefr/Q in equation (2.2) is simply replaced by
the residence time t. Note that f has been enhanced by a self-preserving size
distribution with respect to mono-disperse case. Given that the self-preserving value
of the geometric standard deviation (GSD) is reached approximately after the time of
the first reduction of the concentration by a factor of 10, equation (2.2) can also be
applied for the case of arbitrary size distributions®s, if the enhancement factor of a
certain poly-dispersity for 8 is considered with respect to the mono-disperse case3s.
At the moment the curves for different initial concentrations reach this straight line

(i.e., No — =), the concentration becomes independent of the initial concentration.

However, f depends on the particle size. For a specific mass ablation rate, the

particles grow approximately by a factor of two during the final coagulation stage due

to the proportionality of particle size d, with N(t) _%. Because f3 does not vary more
than a factor of two in the final coagulation stage, and its dominating value
corresponds to the final size, a constant 8 can be assumed for a given mean particle
size. Although assuming a constant  of a final particle size remains an
approximation, Figure S2.2 illustrates a general feature: any coagulation process
approaches a state where the particle concentration is independent of its initial value.
If B spreads out to have high-variability with size, only the line for “N, — «” will be
curved. Regarding the poly-disperse coagulation, the end of the turbulent dilution

period can be regarded as the initial state.
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If the general concentration evolution of self-preserving size distribution according
to Figure S2.2 is applied to this case, the time interval between 0.2 to 2 s is marked in
the figure. It is seen that N(t;) evolves into the same line of Ny — « regardless of its
initial concentration, if only N, > 107 m=3. It also becomes clear that the
concentration N(tf) is mostly determined by the evolution of N(t) during

approximately the last decade of N-reduction or the last decade in time.
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Figure S2.2 Particle number concentration versus time for various initial

concentrations No. The constant coagulation kernel [ used in these predictions
accounts for poly-dispersity (i.e., self-preserving distribution) that increases the final
particle size as compared to the mono-disperse coagulation (cf. equation (S2.8) and

Section S2.5).
S2.3 Experimental materials

Figure S2.3 shows the details of the experimental setup described in the Methods
section of Chapter 2. The system consists of components for the generation (I),
collection (II), and online size distribution measurements (III) of NPs. Some
acronyms are shown in the following subsection. The electrode rods (99.99% purity,

Au and Ag, 3 mm diameter, 25 mm long) used in the spark generator were purchased
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from MaTecK Material-Technologie Kristalle GmbH. For all experiments discussed

in this paper, N, (purity 99.999%) is used as a carrier gas.

Quenching Flow

Quenching Flow Spark
[
T :‘ Generator
N, . h T \/ W Electrode
{\\gure 3 Concentration 2 0-
\‘ Exhaust Flow r'>l | Jj_
L :I Capacilcr:: @

Current(Source
Aerosol Flow

Exhaust Flow

I1I

Figure S2.3 Schematic diagram of the experimental setup. All dimensions are

expressed in mm. Key: DMA, differential mobility analyzer; ESP, electrostatic

precipitator; AEM, aerosol electrometer.

The measured concentrations plotted in Figure 2.3 are derived from the geometric
mean particle diameter measured by SMPS and assuming negligible wall losses, i.e.,
mass conservation per unit volume. The total particle concentration is therefore

given by:

Niot =

(S2.4)
pdy”Q
While particle size can reliably be determined by means of the SMPS, this is not the
case for the absolute particle concentration, as explained below. An SMPS system,
generally consists of a bipolar charger (also called “neutralizer”), a DMA and an

AEM. However, a neutralizer would increase the residence time of the NPs before
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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 measurement®, 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 sense®, 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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preserving). So the particles of a size dp; grow to the size dig = cspdp1, and the particles
of a size dp. grow to the size d»g = csp dp2. The corresponding initial charging
probabilities P; o< dp:2 and P» « dp»2 remain unchanged after growth¢7, thus Pig « dp:2
and P.g x dp-2. The SMPS system assumes Pig  Csp 2 dpi2 and Pog « csp? dp22, but the
ratio Pig/P-; remains constant, which means that the SMPS system indicates a
distribution that correctly represents the geometric mean size but underestimates the

total particle number concentration.
S2.3.1 Characterization methods
S2.3.1.1 Online characterization

The DMA selects particles based on their different sizes, whereas the AEM measures
the current of all the singly charged particles downstream the DMA. This current,
which depends on the aerosol flow rate used in the measurements, defines the
concentration of charged particles of the polarity chosen by the DMA (negative in our
case). Note that a bipolar charger typically used in SMPS system is not employed in
the measurements. One reason is that the spark produced particles are already
bipolarly charged and represent the total particle size distributions as explained
above¢°. The other reason is that the longer residence time (ca. 77 s) inside a bipolar
charger would have led to considerable agglomeration, which is desired to be avoided

in the present study.
S2.3.1.2 Offline characterization

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM)
were used to image the particles produced by the spark generator. An electrostatic
precipitator (ESP) was used to collect the charged particles produced by the spark
generator and classified by the DMA. TEM grids (Van Loenen Instruments, S143-3
Q'foil 1.2/1.3 400 Cu) and substrates covered by TiO. layer were inserted into the
ESP. The DMA voltage is fixed at the peak of the particle size distribution.
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S2.4 Ablated mass per spark

Equation (2.4) from Chapter 2 is expanded below. The mass ablated from one spark

can be estimated by the Llewellyn Jones model given bys3s:

Am = aE — 2nr2ot(Ty — T — 2nrytho (T, — T) — 21Tk, (T, — T)
Cps (T = T) + cpi(Ty — Tr) + Hy + He

(S2.5)

where E is the energy per spark (J); a is the fraction of spark energy used for
evaporation; cps and cp (J K kg?) are the heat capacities of the solid and liquid
material, respectively; 7 (s) is the spark duration; rs (m) is the radius of the spark
channel; ke and k. (W m K1) are the thermal conductivity of the electrode material
and carrier gas (N., ka = 25.83 x 103 W m K1), respectively; T, Tp, and Tm (K) are
the carrier gas temperature at 293 K (e.g., room temperature), the boiling and
melting points of the electrode materials, respectively; Hm and He (J kg?) are the
enthalpies of melting and vaporization of electrode materials; and o (5.67x108 W m-
2 K-4) is the Stefan—Boltzmann constant. Values of all material properties (for Au and

Ag) are given in Table S2.1.

IS
1

= Gravimetric measurements
Linear fit

w
1

Am=C(E-E,)

N
1

Ablated mass per spark (x10®° mg)

o

0 I 10 I 2IO I 3'0 I 4IO I 50
Energy per spark (x10° J)
Figure S2.4 Mass ablated from the electrodes by one spark as a function of the

spark energy.

Figure S2.4 shows measurements of the mass ablation by one spark from the

electrodes as a function of the spark energies. The result is consistent with
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proportionality between Am and (E-E,). This justifies the fraction of energy a
consumed for production of NPs is constant for identical gap distances. Note that the
value of a is validated for all materials®°. Threshold energy E, and the slope C are
derived from the fitted straight line through the experiments shown in Figure S2.4.

The material-dependent constant Cr, is given by:

a

C.. =
" eps(T = T) + ¢ (Ty = Try) + Hy + He

(S2.6)

Its value is derived as 8.33x107° kg J! when ¢=0.1819% from the slope of the
straight line in Figure S2.4, which can be considered independent of the electrode

materials for identical spark gaps3s-6°.

Table S2.1 Physical constants at atmospheric conditions

Parameters Au Ag

cps (J Kt kg?) 129 235

cpl (J K kgt) 129 235
ke(Wm*K?1) 318 429

Ty (K) 3243 2435

T (K) 1337 1235

Hpn (J kg) 6.37x104 1.04x105
H.(J kg?) 1.74%X10% 2.35x10°

The threshold energy E, to produce NPs via spark ablation is:

2nriot(Td — T*) + 2nrtk (T, — T) + 2nrtk, (T, — T
Eo — ( b ) Z( b ) a( b ) (32.7)

Assuming that the radius of spark ablated hot-spot r is 0.51 um and the spark
duration 7 is 1.2 ps, equation S2.6 yields Eo, = 1.98 mJ. This value is in agreement,
within experimental uncertainty, with the estimated value of 1.97 mJ by the fitted

line through the experiments shown in Figure S2.4.

A newly developed switching circuit delivers high frequency sparks ranging from 1 to
25 kHz described in the previous publication!8. Based on the data in Figure S2.4 at
spark energy of 50 mJ and 25 kHz repetition frequency, the mass production rate
m = Amf of single synthesis unit can go up to 25 kHz x 4 x 105 mg x 3600 s = 3.6

g/h. Arrays of these units could be used to scale up production to any desired rate.
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S2.5 Enhancement of the coagulation

This section discusses the enhancement of coagulation by both poly-dispersity, van
der Waals forces between particles and image potentials between net neutral NPs
and charged ones based on the Fuchs’ interpolation model for mono-disperse

particles.
S2.5.1 Mono-disperse coagulation

Fuchs’ coagulation theory23, gives the Brownian coagulation kernel g for particles of

equal size as follows:

B = 8nde< & +Q> 1 (52.8)
dpy+9g cdp

Here D is the particle diffusion coefficient, g the transition parameter, and c a

function of temperature and the mass of colliding particles (cf. Table S2.2). Equation

(S2.8) assumes sticking at every collision and no forces between the particles.

Because N(tr) is sensitive only to the value of g in the final coagulation stage as

discussed above, equation (S2.8) can be used to estimate the constant value used in

the model by using the desired particle size. For 5 nm particles, f is 3.29x10°16 m3 s,
S2.5.2 Poly-dispersity enhanced coagulation

Apart from the particle size, the coagulation rate depends on the broadness of the
size distribution and inter-particle forces. The coagulation rate for aerosols having a
log-normal size distribution is enhanced with respect to the mono-disperse case, so a
correction factor has to be used to predict the resulting size distribution more
accurately26:38. The fact that a coagulating aerosol rapidly approaches a self-
preserving size distribution can be directly used to most cases, as the self-preserving
distribution is certainly reached in the final coagulation stage (as indicated by the
size distribution measurements shown in Figure 2.2f in Chapter 2), which is crucial

for N(tr) and dp. Based on this fact and assuming a singlet particle diameter of 5 nm,
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B can be estimated as 3.94x10716 m3s138, which is ca. 20% larger than the value given

by equation (S2.8).
S2.5.3 van der Waals forces enhanced coagulation

Although previous studies have showed that the majority of particles produced by
spark ablation is uncharged¢°, ignoring inter-particle forces leads to inaccurate
predictions of coagulational growth. For metal particles in the free molecular regime,
the effect of van der Waals forces on coagulation is significantly pronounced24. For
example gold particles in the size range of 1~20 nm require an enhancement factor of
ca. 2.2 to match observations with predictions24.68.69, This factor is directly applied to
the particle size distribution shown in Figure 2.2f and Figure 2.4 of Chapter 2. The

coagulation kernel enhanced by van der Waals forces then increases to f = 8.67x10"

16 m3s-1.
Table S2.2 Fuchs form of the coagulation kernel 8
Coagulation Kernel?3 d, gp \ !
B =8nDd ( )
p dp+9 cpdp
Diffusion coefficient26 D kTC.
B 3nud,

Cunningham slip correction factorz2e Am dp,
Cc = 1477 (234 + 1.05exp(~039-5)
m

p
Particle velocity 23 ¢, = (8kT) 1,
mm
it 23 1 3
Transition parameter g= [( d + 1)3 _ ( dpz + lz) /2] —d,
3dpl
8D
l=—
TTCp

S2.5.3 Image potential enhancement

Image potential is frequently the dominant factor of potential energy in collisions
between net neutral particles and charged particles24. Assuming that the
concentration of the charged particles is ca. 1% of the total particle number

concentration, the image potential term is only 2% of the concentration decay rate
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determined by equation (2.1), and can therefore be neglected for even lower charge

particle fraction in this work (considerably lower than the equilibrium state).

Dividing BV, derived from the data shown in Figure 2.3 and Figure 2.4 by this value,
the estimated effective volume Vet is around 66 cms3, which is 1/5~3/10 of the total

geometric volume of the spark chamber (cf. Figure S2.5).

35

Effective volume Vet = Plume + duct

Gas nozzle
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A A
)’3) J
>
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R |>}| .- o @-g--p-|
2 ’,3 ]
A V’ j

63

Aerosol Plume

N

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

Electrodes

volume Ver taken up by the aerosol plume within and downstream of the generator,
where Veff = (0.2~0.3)Vgeo. Here the geometric volume of spark chamber Vg, is ca.
210 cm3. A gas nozzle is fixed upstream the gap between the two electrodes. The
dimension of the duct, which was connected the spark chamber to the DMA, has an
inner diameter of 4 mm and a length of 40 cm. All the detailed geometries are

specified with the unit of mm.
S2.6 The critical size of singlets

Figure S2.6 shows the primary particles of agglomerates having a critical size of
about 5~6 nm. Comparing with the particles shown in Figure 2.2, the size is the

critical size for Au singlets. Subsequent collisions of particles larger than the critical
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size lead to the formation of agglomerates due to incomplete coalescence. The
primary particles embedded in the agglomerates are the smallest round units, which

have typically been considered as the minimum attainable size for NPs.

Figure S2.6 TEM images of the critical size of Au singlets. The particles were
produced by spark ablation using spark energy of 16 mJ, repetition frequency of 60
Hz, and quenching gas flow rate of 10 slm. The aerosol particles with a flow rate 1.4
slm were sampled by using a custom-made electrostatic precipitator placed 5 cm
downstream of the DMA.

S2.7 Space-charge effect inside the DMA

The space charge effect is caused by the cumulative effects of the electric fields of all
of the charged particles in the classification region, which can influence the DMA
measurements when particle concentration is significantly high. According to
Camata et al., space charge increases the electric field in the particle-free region near
the aerosol inlet by a factor given by37:
Ne

fre =1+ Ge (S2.9)
where N is the concentration of charged particles, e the elementary charge, &, electric
permittivity, V the DMA voltage, and Gr is a flow rate and geometry dependent

parameter. All the relevant parameters are summarized in the Table S2.3.
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The space charge-effects are superimposed on the electrical field in the DMA, thereby
changing the electrical mobility of the particles. Combining the work of Knutson et
al.7o, and Camata et al.37, the electrical mobility of the particle classified by a DMA
when consider the space charge effect can be expressed as7°:

Zp
Zpsc = f_ (52.10)
sc

where Z,s. and Z, represent with and without considering the space charge effect inside the

DMA, respectively.

Table S2.3 Quantities required in equation (S2.9).

Parameters Expression or value Note

g (Fm?) 8.85%x1012 -

(- ()

r. (m) 0.935x1072 diameter of the inner electrode of DMA
r. (M) 1.936x102 diameter of the outer electrode of DMA
ra(m) ( (r2+1r2> -

1 + ( 1 ( 2
¢ Qa -

Qsh

Q. (slm) 1 Aerosol flow rate
Qsh (slm) 14 Sheath flow rate

Figure S2.7 shows the space charge effect on the mobility diameters for a
concentration of negatively charged particles of 107 cm3. The mobility diameter
increases from 1 to 4 % as the particle size decreases from 6 to 3 nm (i.e., the particle
size range investigated in this work). The concentration derived from the
measurements using the DMA and the AEM was always below this value. It should
also be pointed out that Camata et al. have assumed a unipolarly charged aerosols’.
Given that this work uses a bipolarly charged aerosol (as produced by spark
ablation), these errors are overestimated because in this case the space charge only
has an effect after the particles of the two polarities have been separated in the

entrance zone of the DMA.
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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 cm3, which is the maximum charged particle

concentration derived from the measurements of the DMA and AEM.

S2.8 Au singlet NPs deposited on substrates

EHT = 1.40kV Signal A= ESB Date :14 Feb 2014 M ESA

WD = 2.8 mm Photo No. = 14847 Time :14:54:55

Mag = 644.93 KX | Probe = 90 pA

Figure S2.8 SEM Micrograph of Au singlet particles deposited on a well-defined
TiO: 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 TiO. coated substrate, which was placed in the custom-made
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electrostatic precipitator at 5 cm downstream of the DMA. A representive TEM
micrograph of particles is shown in the insert. The resulting singlet NPs can be used
for many applications, particularly for nanocatalysis7!. Properly altering the process
variables of spark ablation permits the ultrapure singlet Au NPs to be deposited on

the substrate, without using any chemical precursors or post-treatments.
S2.9 Production of Ag singlet particles

Figure S2.9 shows singlet Ag particles having diameters of ca. 6 nm produced by
spark ablation. Due to the material properties, the production rate of Ag vapour
atoms (Amf) is ca. 1.4 times greater than that of Au (cf. equation (S2.5)), which leads
to particles that are approximately 1.1 times larger when using the same
experimental conditions with those used for the measurements shown in Figure 2.2f
(cf. equation (2.5) in the main text) under the assumption of the same value of S for
both metals. The same factor is determined by comparing the singlet particles of both
metals from TEM micrographs, which shows TEM analysis is in agreement with
predictions using equation (2.5) and equation (S2.5). The comparison between
model prediction and TEM analysis justifies the simple model can be expanded to

other materials.

Figure S2.9 TEM image of Ag singlet particles produced by spark ablation. The
particle producing and sampling conditions were the same as those used in Figures
S2.6 and S2.8.
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3. General Approach to the Evolution of

Singlet Nanoparticles from a Rapidly

Quenched Point Source

Among the numerous point vapour sources, microsecond-pulsed spark ablation at
atmospheric pressure is a versatile and environmentally friendly method for
producing ultrapure inorganic nanoparticles ranging from singlets having sizes
smaller than 1 nm to larger agglomerated structures. Due to its fast quenching and
extremely high supersaturation, coagulational growth already begins at the atomic
scale at room temperature. Based on this knowledge, a simple semi-empirical yet
versatile model is developed for predicting the size distribution of singlet particles as
a function of the process conditions. The model assumes that a plume of a turbulent
aerosol flow flares out from a concentrated point source, eventually reaching the
walls of the confinement where a fraction of the particles is deposited. Despite the
complexity of the entire process, the concentration and size evolution of particles can
be adequately described by a first-order differential equation accounting for
coagulation, turbulent dilution, and diffusional deposition to the walls. The model
provides a simple and practical tool that can generally be used to design and control

point vapour source reactors for the synthesis of singlets with tunable sizes.

This chapter is based on the published paper:

Feng, J., Huang, L., Ludvigsson, L., Messing, M. E., Maisser, A., Biskos, G., Schmidt-
Ott, A., J. Phys. Chem. C 120, 621-630 (2016).
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3.1 Introduction

Chapter 2 introduced a new concept of singlet production incorporated with an
analytical model explaining their controllable sizes. This chapter proposes a
general approach to describe the size distributions of singlet particles as a function of

the process conditions.

Synthesis of high-purity inorganic nanoparticles (NPs) of well-defined size,
composition and morphology is paramount for developing a number of novel
materials and products'-8. To meet the required industrial scale fabrication rates,
there is an urgent need to develop efficient and robust processes for the synthesis of
NPs910, Microsecond-pulsed sparks, which is one of the typical examples of rapidly
quenched point sources, repeatedly form between two electrodes at a frequency
ranging from 104 to 25 kHz (cf. Chapter 5), locally heating the surface of the
electrodes resulting in vapour clouds!, which are drastically quenched and carried
away by a high-purity gas flow. As a result, the vapours are brought to the carrier gas
temperature 7. (typically room temperature) while an infinitely large supersaturation
is reached through instantaneous quenching from boiling temperature to T. (cf. Table
S3.1 in the SI). This extremely high supersaturation pushes the critical nucleus size
down to the atomic scale, indicating that irreversible coagulational growth starting

from the atomic scale can be used to describe the particle growth process®2.

This chapter develops a simple yet versatile model that predicts the size distributions
of the singlet particles produced from a rapidly-quenched point vapour source. The
model assumes that the primary particle size is larger than the desired singlet size6.
A discrepancy exists between theoretical predictions and measurements for the size
of primary particles, as the coalescence process is extremely sensitive to the state of
the particle surface, which can be significantly influenced by gas impurities even in or
below the ppb range. To the best of our knowledge, the prior studies have not
considered this point appropriately, and thus the theoretical prediction of the NP size
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evolution in realistic systems presents a major impediment3-15, In this chapter, the
chosen temperature in the particle growth phase guarantees complete coalescence to
the desired size. Spark ablation, a representative point vapour source technique, its

operating parameters are easily incorporated into the model.

The rest of this chapter is organized as follows: Section 3.2 describes the details of the
experimental setup and the procedures used in the measurements, while Section 3.3
provides the theoretical framework for predicting the size distribution evolution of
NPs. Section 3.4 explains the calibration of the model based on experimental
observations. Model predictions are further compared to those of a simple analytical
model proposed in Chapter 2 17. Section 3.5 discusses its easy applicability to acquire
a complete size distribution. Finally, Section 3.6 concludes that this simple, yet
versatile approach can generally be used to describe the evolution of particle size and
concentration from rapidly-quenched point vapour sources such as spark discharges
and laser ablation (see details in Section S3.1.1). This model provides a simple tool for
designing and controlling spark generators or similar point sources with the aim of

tuning singlet NP sizes.
3.2 Experimental section

Figure 3.1 shows a schematic layout of the experimental setup that consists of a spark
discharge generator (SDG), an online particle size spectrometer and a particle
collection system. The SDG has been used with a pair of Au rod electrodes (MaTecK
GmbH, Germany; 99.99% purity) having a diameter of 3 mm and length of 25 mm.
Results using Ag rod electrodes are also provided in the SI (cf. Figure S3.1). The two
electrodes, placed ca. 1 mm apart are connected in parallel to a variable capacitor and
a high voltage power supply (TECHNIX, Model: CCR10-R-750-OP) operated in a
constant current mode?8. A continuous N gas flow (99.999% purity) ranging from ca.
2 to 45 standard litres per minute (slm) is passed through the inter-electrode gap.
When the breakdown voltage of the carrier gas is reached, a short spark discharge
(e.g., a few microseconds) forms in the gap. A high voltage probe is connected to an
oscilloscope (HAMEG Instruments, Model HMO1024) for recording the breakdown
voltage Vp and the spark repetition frequency f. The spark energy E = 0.5CcaVb2, is

varied by changing capacitance Cc. from 3 nF to 31 nF.
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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 particles9:20. 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)2.. 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
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temperature to T¢ (i.e., ranging from 10° to 109 K s1) 22-24, causes an infinitely large
supersaturation (cf. SI Section S3.1). As a result, the extremely high supersaturation
pushes the critical nucleus size to the atomic range which subsequently grow to NPs
by particle-particle collisions and sticking; a process commonly referred to as
coagulation2. Turbulent dilution and/or particle diffusional losses to the walls of the
generator also affect the evolution of the particles downstream of the point source
when the plume reaches the walls of the confinement (i.e., at stages B, C and D shown

in Figure 3.2b).

The surface of pure particles in the size range of a few nanometres is liquid-like30-32,
For Au NPs suspended in a high-purity gas as in the present case, this is valid even at
room temperature. This liquid-like surface of the NPs is attributed to the contraction
of the ionic radii of the atoms with reduced coordination number33, as confirmed by a
number of other publications32-35. The liquid-like surface of very small NPs (with
diameters < 5 nm) is essential to achieve complete coalescence and its driving force is
surface energy minimization, associated with dangling bond density and distribution.
Furthermore, the Laplace pressure inside sufficiently small NPs, which is inversely
proportional to the particle size, permits plastic deformation through the slip of edge
defects, thereby promoting further coalescence. The NPs therefore completely
coalesce to form larger spherical singlet NPs upon collision with each other. Once the
NP diameter exceeds a critical size D, further inter-particle collisions lead to non-
spherical fractal-like agglomerates (cf. Figure 3.2a). For a given material, D. depends
on temperature!4-36-40, and can therefore be influenced by the carrier gas temperature
Te. Due to the fast quenching, 7. can easily be decoupled from the material ablation
(cf. Stage A in Figure 3.2b), which allows easy control over D. (singlet size ranges

from one single atom to D).
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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 V, 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).
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When the aerosol plume eventually reaches the boundaries of the generator, the
dominant mechanisms become coagulation and turbulent diffusional deposition
(Stage C; within the generator). At the exit of the generator, the particle growth
process can be stopped by diluting the aerosol2s, by depositing the NPs onto a
substrate with a low coverage2627, by suspending them in a liquid for further
processing28, or by coating them rapidly29, depending on the applications. In other
cases, including that of the present experimental setup, a tube is added to the
generator to lead the aerosol to a device for characterizing. Stage D is therefore added,
where diffusional losses and further coagulation take place under laminar flow

conditions.

The model is based on the following main assumptions:

(1) At t = o (initial conditions) the temperature of the vapour cloud is equal to that
of the carrier gas temperature 7. and remains constant throughout the particle
growth process (cf. Figures S3.2 and S3.3 as well as Section S3.9.1 in the SI).

(2) The selected temperature T. guarantees full coalescence for the desired singlet
size.

(3) The sticking probability for every particle-particle collision is unity, and

therefore particle growth is solely determined by collisions2:41.

The entire concentration evolution of the particles can be described by
Smoluchowski’s coagulation theory at T.12, extended to account for turbulent dilution
and particle diffusional losses onto the walls42. The whole process can be presented
by four distinct stages. Stage A represents a point vapour source that produces a
certain amount of vapour atoms. Subsequently, in Stage B (i.e., the expanding plume),
the size and concentrations of the forming NPs are determined by coagulation and
turbulent dilution, while Stage C and D where the aerosol flows in a confinement, the

size distribution is determined by coagulation and diffusional losses to the walls.
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3.3.1 Material ablation (Stage A)

A single spark or laser produces a vapour cloud (Stage A) as shown in Figure 3.2b.
Based on the energy balance, the mass of the produced vapour can be expressed as a
function of the energy per spark E or the applied energy for other similar processes as

follows43:
Am = Cy(E — Ey) (3.1)

where E, is the threshold energy for particle production and the material-dependent
constant Cn. Values of all the physical parameters related to Cn and E, in equation
(3.1) are given in Tables S3.2, S3.3 and S3.4 in the SI. It is worthwhile to point out
that Cm constitutes an empirical factor @, which is determined by gravimetrical
analysis (cf. Table S3.2 in the SI). Its value of @ = 0.18% can generally be used for
similar setups, independent of the gap distance (cf. Table S3.5, SI). Using this
constant a for Cn in equation (3.1) has been shown to hold for a wide range of

materials:8.
3.3.2 Particle Concentration Evolution

In Stage B (i.e., close to the point source) an aerosol plume flares out from a point
vapour source44. As a result, apart from the coagulational term that scales the
concentration decay rate dN/dt with the square of the number concentration N(t), a
turbulent dilution term has to be introduced4245. Since the plume is not in contact
with the chamber walls yet, diffusional deposition does not have to be considered at
this stage. Assuming for the moment that all particles have the same size, the decay
rate of particle number concentration can therefore be described by:
dn = —lﬁNZ — K4 N (t < tg) (3.2)
dt 2
where N (m3) is the particle concentration at time t (s), 8 the size dependent
coagulation kernel (m3 s ), Ky, the dilution rate (s*) and tg the turbulent dilution

time (s) which is of the order of millisecond7.
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As turbulence occurs on length scales much larger than the particle-particle distance,
it has no relevance for the particle-particle collision rate4t. The coagulation kernel

required to solve equation (3.2) is given by:

d 8P..D\ "
P, = ) (3.3)

B = 8mpeDd <
P\dp +9  cpd,

where @ is a correction factor accounting for the fact that the aerosol is polydisperse4;
e is an enhancement factor due to van der Waals forces between particles47; D is the
particle diffusion coefficient; g is the transition parameter; ¢, is particle velocity as a
function of temperature and colliding particle masses, and Ps is the sticking
probability after collisions. All the parameters in equation (3.3) are provided in Table
S3.6 in the SI.

The coagulation kernel g depends on the sizes of both colliding particles, and its
effective value rises when the broadness of the particle size distribution widens. This
increase is due to the fact that particles differing in sizes have a higher collision
probability than equally sized ones, because the bigger particles provide a larger
target for smaller ones having higher diffusion coefficients. Under this circumstance,
the geometric standard deviation (og) of particle size distribution is constrained to the
self-preserving value48. Accordingly, Lee and Chen have shown that the coagulation
rate for a polydisperse aerosol of arbitrary size distribution can be expressed by the
monodisperse model introducing an enhancement factor4¢. The data below confirms
that the self-preserving distribution is reached already when the particles grow to ca.

5 nm.

In practice, van der Waals forces between particles enhance the coagulation rate
through increased collision frequency4’. Particularly, for metal NPs in the free
molecular regime, the effect of van der Waals forces becomes considerably
pronounced4, and according to prior work49, the associated enhancement factor can

be regarded as a constant when the particle size is below 20 nm.

The dilution term KaN in equation (3.2) is negligible due to rapid coagulation at high
concentration in Stage B. Equation (3.3) yields values of g that are in the order of 10-

16 m3 st for particle diameters ranging from 1 to 100 nm. In addition, aerosol dynamic
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simulations suggest that Ka in equation (3.2) is in the range of 10 st 4245 As

turbulent dilution time tg is a few ms, N(t = tg) = ﬂ% is estimated to be in the order
B

of 109 m3 17, Considering the aforementioned approximations, the dilution rate Ka is

only ca. 1% of the term %BN in equation (3.2), which can therefore be simplified to:

v _ —lﬁNz (t < tg) (3.4)
dt 2

Particle diffusional losses to the walls become important in Stage C where dilution
stops. In a turbulent flow system, a thin laminar boundary layer is formed near the
confinement wall where diffusion becomes the only transport mechanism onto the
wallsso. This layer separates a turbulently well-stirred volume with the concentration
N(t) from the wall where the concentration is zero. Based on this information, the
diffusional transport rate is driven by a concentration gradient N(t), and thus
introduce a linear term KanN to account for the diffusional losses under turbulent

flowst. The particle number concentration continues to fall rapidly due to coagulation,
eventually reaching a point where Kaf: is comparable with %,B’N . In this case, the linear

term representing diffusional losses cannot be neglected and equation (3.4) can be
modified to:

av o1

G = 7PN~ KauN (t <tc) (3.5)
Equation (3.5) can be used to describe the particle concentration evolution along the

entire particle generator in both Stages B and C. Because Kar is an order of
magnitude smaller than Kq (negligible compared to % BN in Stage B), adding the term

KN in equation (3.4) is not detrimental to the concentration evolution. The
turbulent diffusional deposition of the particles to the walls (Re ranges from 4000 to
20000 and these estimations are shown in Section S3.8.1 in the SI) is difficult to
determine theoretically. For this reason, Ka is estimated by fitting the measurements

to the model as discussed in Section 3.4 further below.
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The residence time in the particle generator, including Stages B and C, is expressed
by

tc = Vet (3.6)
Qq

where Qq is the quenching gas flow rate and Vefr = xg Vieo (xg < 1) is the characteristic
volume that the main aerosol flow occupies in the confinement of geometry volume
Vigeo. For systems of similar geometry (e.g., Vegeo = 210 cms3) as used in this work x; =
0.2 is recommended, which is based on the estimations from the analytical model in
Chapter 2 and the best fit to the measurements in the simulations. As an alternative,
Vet of any arbitrary chamber can be determined empirically by turning the point
source on (or off) and measuring the time the concentration takes to rise (or fall) to

the 50% value at the outlet.

Measuring the size distribution of the particles immediately downstream of the
particle generator has practical constraints with the most important being the tube
connecting the particle generator to the SMPS system. In Stage D (i.e., the stage
where the evolution of the particles takes place in the tube), the coagulation and
particle diffusional losses continue. Laminar flow (Re = 500) conditions allow one to
directly derive the relation between the concentrations at the inlet and outlet of the
output tube (Nc = N (tc) and Np = N (tp), respectively). In analogy to equation (3.5),
Stage D can be described by:
dN

1
= 3PN —KapN (tc<t<tp) (3.7)

where Kgf. is a laminar diffusional loss rate derived from Fick’s second law (see

Section S3.7 in the SI) given by:

(3.8)

1
D Qa /2
2m (Ltube) nLtubedtubez
Kar, = exp Kaf,

2 4Qa
where diwpe and Liwpe are the diameter and the length of the tube through which the

dtube

aerosol flows, and Q. is the aerosol flow rate. The residence time in Stage D is

calculated by 71 Liube diube?/4Qa.
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The number of vapour atoms produced by each spark or laser, i.e., the product of the
initial atom concentration N, and the initial volume of the vapour cloud Vs is an
important parameter determining the final particle size, which is related to the mass
Am of vapour produced by each spark or other patterns of pulsed heating sources:

Am

NoVo = Na—r (3.9)

Here Na is Avogadro’s number (molt), and M is the molar weight (Kg mol-t). The
unknown parameter V, can be derived by matching the measurements with equation

(3.5) as described in Section 3.4.
3.3.3 Evolution of Particle Size

In Stage B, the reduction of NP mass per unit volume is driven only by dilution (cf.

Section S3.8 in SI), and therefore one can write:

T 3
d(pgdm N) T,

where dg is the diameter of average mass and p is the particle material density. As
the distribution is log-normal and o; can be estimated by the constant self-preserving
value oz = 1.35 as shown belows2, di and the geometric mean diameter d, can be
converted by the Hatch-Choate relation (i.e.,dm = d, exp(1.51n*0,)) for any log-
normal size distribution (cf. Section S3.8 in the SI). Equation (3.10) is also valid for

replacing dg; by d), because the proportionality constant (i.e., exp(1.5In%gy)) can be

cancelled out.

Likewise, the reduction of mass per unit volume due to diffusional losses in Stages C

and D are given by:
d(d,>N) 3
- KanNdy® (e =t=tc) (3.11)
d(d,*N) 2
- —Kar, Nd, (tc St <tp) (3.12)
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From equations (3.2), (3.5), (3.7), (3.10), (3.11) and (3.12), it follows that:

dd, 1

Equation (3.13) is therefore valid for all the stages. Considering that the initial size
(i.e., dp (t = 0) = da) is the atomic diameter, equations (3.5) (3.7) and (3.13) can be
solved to predict the singlet particle size distributions as well as the total particle

concentration.

To summarize, material vaporization (cf. Stage A) is described by the evaporation
model (cf. equation (3.1)). In Stage B, the initial atomic vapour plume coagulates so
rapidly that the simultaneous turbulent dilution can be neglected with regard to the
number concentration and size evolution. In Stage C, where the emerging aerosol
cloud reaches the wall of the confinement, turbulent wall deposition must be
considered besides coagulation. Despite the complexity of the process, the evolution
of NP concentration in Stages B and C can be described by a differential equation
(equation (3.5)) with a square term accounting for coagulation and a linear one
accounting for turbulent deposition. In Stage D linking the generator to the
characterizing device, coagulation and diffusional losses continue under laminar flow
conditions (cf. equation (3.7)). The mean size evolution can be expressed by equation

(3.13) for all stages.
3.4 Calibration of the model and its interpretations

Figure 3.3 shows NP size distributions measured by the SMPS at a specific point (the
distance from the DMA to the exit of spark generator is 40 cm) downstream of the
spark discharge generator at different quenching gas flow rates. An increase of the
quenching flow drastically decreases the size of particles as a result of the decreased
residence time tp and the inhibited coagulation4s. By further increasing the
quenching flow rate, the particle size would ultimately get down to atomic size53:54.
The equally sized vapour atoms with oz = 1 gradually agglomerate to approach an
increasingly broader size distribution (cf. oy in Table 3.1) that reaches the self-
preserving size distributions255. As the value of o, of 1.35 is normally obtained, when

forcing a lognormal function to fit the data, which can be taken as a general feature
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for the case of complete coalescence. The larger value of o, for particle sizes above ca.

5 nm (cf. Table 3.1) signals the onset of agglomeration.

1.2

Qq= 33.2/215/9.9/6.0/2.1slm
A%

1.0 1
0.8 1
0.6 1

0.4 1

Normalized Concentration

0.2 1

0.0- :
1 2 4 6 810 20

Mobility Diameter (nm)
Figure 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).

Table 3.1 Mean mobility diameter and geometry standard deviation of the size
distributions of the particles generated by spark ablation at different quenching gas
flow rates. The values of different parameters correspond to the measurements

shown in Figure 3.3. dp denotes the mean mobility diameters, which are presented in

Figure 3.4.
Qq (slm) d, (nm) Og
33.2 2.8 1.25
21.5 3.6 1.25
9.9 5.4 1.37
6.0 6.3 1.39
2.1 8.0 1.43
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Figure 3.4 shows the dependence of the mean particle diameter on the quenching

flow rate at a fixed spark repetition frequency and energy per spark, together with
TEM images of collected NPs in some cases (cf. insets). The numerical solution for d,
(Qq) (red dashed line) derived from equations (3.5), (3.7) and (3.13), taking into
account equations (3.8) and (3.9), yields the best fit to the measurements in Figure
3.4 for an initial vapour cloud volume of V, = 56 mms. Interestingly, this predicted
volume is corroborated by emission spectroscopy experiments performed by
Geretovszky’s groups°. Model predictions consider Vo= 56 + 23 % mm3 (grey shaded

region) and the values of Kqf; are independently derived from Figure 3.6.
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Quenching Gas Flow Rate (sIm)

Figure 3.4 Measured and predicted mean mobility diameters of the particles
produced by spark ablation, together with model predictions using V, = 56 mm3 that
best fits the data, as a function of quenching gas flow rates. For all measurements
presented here, the spark energy (15.74 mJ) and repetition frequency (60 Hz) stay
constant. Model predictions consider Vo, = 56 + 23 % mms3 (grey shaded region) and
values of Kaf, are independently derived from the fit shown in Figure 3.6. The insets

display TEM images of the particles produced at specific conditions.

The mean size of singlet NPs ranges from ca. 2 to 6 nm based on the TEM images,
which are associated with the size distributions shown in Figure 3.3. At gas flow rates

higher than 6.0 slm, the NPs are fully coalesced singlets having diameter smaller than
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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 T. that is high enough to guarantee complete coalescences’. At a flow
rate of 2.1 slm and at room temperature 7., the formation of agglomerates consists of
primary particles of this critical size (D.), 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 ¢, 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 3.5¢
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 diffusions8, mainly by relocation of surface atoms. The insets in Figure
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3.5¢ show fast Fourier transform (FFT) patterns of the selected particles that indicate

lattice directions <111> and <111> with a reciprocal spacing of 0.24 nm. This
correlates well with the lattice distance of the {111} planes in crystalline gold (0.236

nm).

Physical and chemical stability are critical issues, mainly in nanosuspensions
(colloids) but also in aerosols. The physical stability issues include agglomeration,
crystal growth and the change of crystallinity state. In the present case, the singlet
particles are deposited onto a TEM grid, where they are immobilized due to van der
Waals forces. This avoids further agglomeration. At room temperature, the
crystallinity state of most metallic NPs remains unchanged, even though their surface
is liquid-likes?:58, The chemical stability of singlet particles depends on their material
and storage conditions, namely the temperature and the surrounding medium. In the
case of dry gas-phase deposition, Au NPs exposed to the atmosphere remain highly

pure and crystalline, as confirmed by HRTEM measurements (cf. Figure 3.5).
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Figure 3.6 Turbulent diffusional deposition rate Kaf; as a function of quenching gas
flow rate Qq. The empirical value Ky is derived from matching the model (i.e., the
solution of equations (3.5) and (3.7)) with the measured particle mean sizes at

different quenching gas flow rates.

The turbulent diffusional loss rate Kaf; is estimated by fitting the model (i.e., the

solution of equations (3.5) and (3.7)) to the measurements of particle mean sizes
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under different quenching gas flow rates. Figure 3.6 shows the resulting particle

diffusional loss rate as a function of the quenching gas flow rate. The measurements
fit well to a linear relation for all sizes, which is in line with the findings from Nomura
et also. The diffusional loss rate increases with the flow rates as a result of the
enhanced turbulent deposition (in other words, the increase of the diffusional loss

rate is equivalent to the increase of turbulent intensity), which yields:
Kapr = v Qq (3.14)

with y = 6.534 x 103 m3. This linearity holds in general, as long as the gas flow is
turbulents°. To generalize to any point vapour source for NP production, y can be
calibrated by measuring the particle number concentration or particle size only at two
different quenching gas flow rates for any reactor geometry. In contrast to the
complication of turbulent depositions2, the observation of the linearity shown in
equation (3.14) represents an elegant means of expressing wall deposition of NPs in a

turbulent flow despite its simplicity.
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Figure 3.7 Particle size dependence on (%) that includes the operating spark

q
energy (E-E,), repetition frequency f, and quenching gas flow rate Qq. Solid circles
and stars denote experimental measurements where singlets and agglomerates are
observed respectively. Red curves and the dot-dashed line represent the model

described in this chapter and the analytical model proposed in our recent work?7.
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Figure 3.7 shows how the particle size varies with (@)U 3, where E is the energy
q

per spark that in turn directly determines the ablated mass Am (cf. equation (3.1))
and E, (cf. Table S3.2) is a threshold spark energy for producing NPs7, f the spark
repetition frequency and Qq the quenching gas flow rate. The reason for using this
coupled term in the horizontal axis is that it is approximately linearly related to the
particle mean sizes7. The dots in Figure 3.7 correspond to the measured sizes at
different operating conditions, while the curves are the predictions from the model
described in Section 3.3. For a fixed Qq, the predictions are derived by varying the
spark energy E and/or repetition frequency f. E is related to the initial conditions as
shown in equation (3.1) and (3.9), whereas f influences the concentration evolution
of the particles downstream of the point source as described by Tabrizi et al8. In
addition, the product of f and Am (cf. equation (3.1) connects f and E) gives the mass
production rate m of the NPs from the point source. Therefore, Figure 3.7 also simply
implies the relation between the mass production rate and particle size. Predictions
using the analytical model proposed in the earlier work are also shown in Figure 3.717.
This analytical model assumes negligible particle diffusional losses and a constant
coagulation kernel from which the size of singlet particles can be estimated. The
discrepancy between the analytical model and the model described in this work
becomes apparent for large values of Qq. This is because higher quenching flows lead
to increase of particle losses by turbulent diffusion (cf. dependence of Kar; with Qq in

Figure 3.6), which is not captured by the analytical model.

For any given material, the size of the vapour cloud V, depends on the ablated mass
per spark. An empirical relation is derived from back calculating the size and
concentration evolution of NPs (as shown in Figure 3.7) from equations (3.5), (3.7)
and (3.13) for different values of Am (corresponding to different applied spark

energy) determined by equation (3.1), and it is expressed as:

)

where 1 and § are derived from the fit yielding 0.75 and 1.76 m3 Kg*-” mol-1. Equation
(3.15) thus suggests that V, o< Am ©75, which means that the initial vapour cloud

volume varies almost linearly with the vapour mass emitted per spark. This finding is
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plausible because a linear dependence is found according to the ideal gas law (cf.

Section S3.9, SI). Combining equations (3.9) and (3.15) yields that N, « E°-25 which
means that the initial atomic concentration in the vapour cloud is relatively

insensitive to the energy per spark.
3.5 Discussion

Model simulations only consider the influence of gas flow rate and energy per spark
on particle size distributions, whereas the influence of frequency is coupled with
spark energy through the spark power Ps =2E f, the product of current and the
breakdown voltage (both can be obtained experimentally). It is also assumed that the
spark repetition is high enough to guarantee homogeneous aerosol particle
concentrations downstream of sparks, while very low spark repetition frequency will

lead to divergence of this model.
3.5.1 Analytic solution for Stage D

Stage D is described by an analytical approach of practical value, which to the best of
our knowledge have not been presented before. This model is applied to predict the
mean particle size at the exit of particle generator. Equation (3.7) gives the
concentration evolution in Stage D, i.e. in a tube under laminar flow conditions. For
applications where such a tube is necessary, as in our case for driving the aerosol
particles from the generator to characterizing system, an expression relating the size
dp(tc) and concentration N(tc) of the particles at the outlet of the generator to the
measured size dp(tp) and concentration N(tp) is desired. Since particle growth during
Stage D is generally not enormous, there is only a minor error by assuming constant

Kt and 7, which enables an analytical solution of equation (3.7) for N(tc):

N (tp)
N(tc) = =) (3.16)
exp <—de2 ’”E;T”’) (1+w)-w
BN (tp)

where w = T is a dimensionless quantity. Ka- is calculated by equation (3.8) on

df2

the basis of the measured dp(tp), whereas the residence time t can be expressed as
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2
Tdrube Ltube Combining equations (3.13) and (3.16), one can integrate equation (3.13)

4Qq
from dp(tc) to dp(tp), which leads to the desired relation between the size at the outlet
of the particle generator:

dp(tc) = Iy (o) . (3.17)
w

_ a

deapo’l — ¢
\exp <dez Itube “tube tu?fb t“be> -1

a

Equation (3.17) expresses the particle size dp(tc) at the inlet of an arbitrary duct as a
function of w, dp(tp) at the outlet and the particle penetration P, = exp(-Kat=t). The

expression of Py is grossly simplified compared to the Gormley-Kennedy equation (cf.

BN (tp)

—— introduced here
2Kdf2

Figure S3.6 in the SI) 59. Note that the dimensionless quantity

expresses the importance of coagulation with respect to diffusional losses.

As can be seen from the above, under conditions similar to our experiment, the
analytical results for the correction factor N(tp)/N(tc) based on the values of Kar. and
f at time tp only varies between ca. 3% from the respective value derived numerically
with the correct size dependence of these quantities. For the size correction,
dp(tp)/dp(tc), the analytical value reproduces the numerical one only within an error

of about 0.1%.

It is worthwhile pointing out that equations (3.16) and (3.17) are evidently valid at
any point in Stage D as long as this point is placed downstream of the generator exit.
This purpose can be easily achieved by adjusting the tube length Liube. With respect to
the geometry of the tube, one can simply adjust the calculation of the residence time

accordingly in equations (3.16) and (3.17).
3.5.2 Recipes for applying the model

Summarizing the findings examined above, these parameters required for applying
the model are determined by the following recipes. First, one needs to determine the

mass of vapour emitted per spark or other similar rapidly-quenched point sources
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such as laser ablation through equation (3.1) and numerically solve the equations (3.5)

and (3.13). The complex problem of turbulent particle wall loss is tackled by inserting
the turbulent diffusion rate Kaf; as a value proportional to the flow rate Qq according
to equation (3.14), where the proportionality constant y has to be calibrated by two
different quenching gas flow rates. The initial concentration N, is given through
equation (3.9) by the initial vapour volume V; empirically determined by equation
(3.15). The value for N, remains an approximation, but the present observations
imply that it is relatively insensitive to the energy applied to the point source. On the
other hand, the concentration evolution continues in the form of equation (3.7) under
a well-defined laminar flow, where Kat. is calculated by equation (3.8). For the entire
process, the coagulation kernel £ is calculated by equation (3.3). The residence time
tp is expressed through the quenching gas flow rate Qq and an effective volume Vet
according to equation (3.6) in addition to the time flowing through Stage D (e.g.,
Tt Ltubedrube?/ 4Qa)

3.5.3 Acquisition of a complete particle size distribution

The experiment shows that the size distributions can all be fitted to log-normal
functions and that the self-preserving geometric standard deviation of 1.35 is reached
at the size of ca. 6 nm, which can be regarded as a general feature. For sizes above
this value it will therefore be safe to assume the self-preserving value, if complete
coalescence is guaranteed. Narrower distributions are observed below ca. 6 nm, as
equally sized atoms exist in the initial vapour cloud. Log-normal distributions for the
type of processes treated here allow the simple approach of monodisperse
coagulation to be used when the coagulation kernel g is appropriately modified (cf.
equation (3.3)). As the value of oy of 1.35 is normally obtained, when forcing a
lognormal function to fit the data, which can be taken as a general feature for the case
of complete coalescence. The larger value of o for particle sizes above ca. 5 nm (cf.
Table 3.1) signals the beginning of agglomeration. In order to obtain the complete
singlet size distribution, one can thus safely assume a well-defined log-normal
distribution having the geometric standard deviation of self-preserving value (in most

cases) and the mean size calculated by equation (3.13).
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The recipes summarized above can be generally used to predict the particle size
distribution from any highly quenched point vapour source, and to design the particle
generator. It is relevant for applications, where the growth process is stopped, for
example, by dilution, or by rapid deposition of the particles onto a substrate, or by
combining with wet chemistry routes to open a great number of new possibilities28, or
by rapid coating29. In other cases, including the experimental setup employed here, a
tube is added to the generator to lead the aerosol to a device for characterization (cf.
Figure 3.2b). Coagulation and wall losses continue within Stage D. Here, well-defined
laminar flow conditions lead to easily modelling this stage (cf. equations (3.7) and
(3.13)). As a practical alternative, analytical formulae are also derived for Stage D (cf.
equations (3.16) and (3.17)). To our best knowledge, such expressions have not been

presented in this form before and involve a new dimensionless quantity BN Iiv(t)
df2

expressing the importance of coagulation with respect to diffusional losses. The
analytical results have been shown sufficiently accurate and can be applied to predict
the particle size distribution at the generator exit in combination with the SMPS

measurements (cf. equation (3.17)).
3.6 Conclusions

This chapter has described a simple, yet versatile approach that can generally be used
to describe the evolution of particle size and concentration from rapidly-quenched
point vapour sources such as spark discharges, which should have high enough spark
repetition frequency, guaranteeing a homogenous particle concentration downstream
of the spark source. The model assumes solely coagulational growth based on the
extremely high supersaturations where the vapour atoms start to coagulate and
subsequently grow to fully coalesced singlet NPs at room temperature. The mean size
of singlet NPs can be easily controlled by adjusting the operating conditions. The
experiment shows that the size distributions can all be fitted to log-normal functions
and that the self-preserving of ca. 1.35 is reached at a size of ca. 6 nm, which can be
regarded as a general feature. The larger value of geometric standard deviation for
particle sizes above ca. 6 nm (cf. Table 3.1) signals the beginning of agglomeration.
As a result, a log-normal particle size distribution is acquired by using a mean size

calculated by equation (3.13) and a geometric standard deviation of the self-
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preserving value. In addition, analytical formulae express the phenomena occurring
in Stage D (equations (3.16) and (3.17)), providing a useful tool for further processing

of the NPs exiting particle generators. To the best of our knowledge, this is the first

simplified particle evolution model that includes a dimensionless quantity If—N, which
df2

expresses the importance of coagulation with respect to diffusional losses. The
approach described in this work is versatile and applicable to the singlet NPs of any
material; it is also compatible with existing fabrication processes, thereby enabling a

non-disruptive methodology for the generation of functional materials.
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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 Kat.
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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S3.1 Estimation of the vapour cloud supersaturation

Quantitative prediction for the critical nucleus size is often not possible as the data
for supersaturation and surface tension are not well known. The surface tension of
these NPs are directly used from the literatures®0-62, whereas the supersaturation is

approximated by equation (S3.1) further below.

The supersaturation S can be approximated as:

s=Pa ($3.1)

Ds
where pa and ps are the actual pressure and saturated pressure, respectively.

The saturated pressure can be determined from Clausius—Clapeyron equation

assuming that the enthalpy of vaporisation Hy is independent of temperature given

by

where po is the atmospheric pressure, T} the boiling temperature, R is universal gas

constant, and 7. is the room temperature.
Assuming the ideal gas law for the vapour cloud, p. can be estimated as:
p. = NokT, (S3.3)

where k is the Boltzmann constant and Np is the initial number concentration, which
is in the order of 1020 m-3. The critical nucleus size d* can be derived from Kelvin

equation:

. 4y.0)

~ kT.In(S) (534)

where (2 is the atomic volume and vys is the surface tension.
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Taking the examples Au and Ag, the supersaturation and critical nucleus sizes are

shown in Table S1. Values of their physical properties are provided in Table S3.2 and
S3.3 further below.

Table S3.1 The supersaturation and critical nucleus size for Au and Ag.

Au Ag
S 1.24%105° 2.86x1034
d* (nm) 0.86 0.85~1.03

S3.1.1 Coagulational growth of particles in spark discharge and laser

ablation

A spark discharge starts from streamer formation and propagation between
electrodes where high voltage is applied. The initial electrons are directed to the
anode, during which they gain energy in the electric field, thereby ionizing the
ambient gas molecules by collision. During ionization, new electrons are also created.
Due to the larger mass of ions than electrons, the ions are considered to be at the end
of streamer propagation, while the electrons are deposited on the anode. When the
steamer reaches the opposite electrode, the cathode, electron emission increases
dramatically, and the streamer grows into a conductive plasma column. The gas is
then heated and cylindrical expansion takes place, leading to electrode evaporation
and erosion. In laser ablation, laser heating of the surface leads to the material
evaporation. The vaporized material absorbs part of laser power, leading to
hemispherical expansion. In spark ablation, the vapour is quenched very rapidly to
quasi-room temperature, and this is also the case for laser ablation, if the dilution gas
stream is pointed at the point of ablation and sufficiently high. The vapour cloud that
is cooled and diluted by mixing with the quenching gas marks the starting point of

the coagulation model described in Chapter 3.
S3.2 Material properties and constants

Based on the energy balance, the mass of the produced vapour can be expressed as a

function of the energy per spark E as follows43:

A — aE — 2nrlot(Te — T.Y) — 2nrgtko (T, — T.) — 2mrsth, (Ty — Te) (535)
Cps(Tm —Td) + Cpl(Tb —Tm) + Hy + He -
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Here a is the fraction of spark energy consumed for NP production, cps and cpi (J K
kg1) the heat capacities of the solid and liquid material, 7 (s) the spark duration, r
(m) the radius of the spark channel, ke and ko (W m- K1) the thermal conductivity of
the electrode material and carrier gas, respectively, Tc, Tb, and Tm (K) the
temperatures of the carrier gas, the boiling and melting points of the electrode
materials, respectively, Hn and H. (J kg?') are the enthalpies of melting and
vaporization of electrode materials, and o (5.67x108 W m= K+4) is the Stefan—
Boltzmann constant. The constant portion of spark energy a = 0.18% has been
empirically determined by gravimetric measurement for all gap distances (see

Section S3.6).

Table S3.2 Constants used in the calculations

Stefan—Boltzmann constant 0 = 5.67x108 W m2 K+

Avogadro constant Na=6.02%x1023 mol*

Boltzmann constant k =1.38 x 1023 J K~

Universal gas constant R =8.31J K mol+

Material-dependent constant Cr, in @

equation (3.1) Cps(Tmn — T) + cpi(Ty — Ty) + Hyy + He

The threshold energy E, to produce 2nr?ot(Ty — T*) + 2nrtke(Ty — T) + 2mrtk, (T, — T)
NPs in equation (3.1) p

Table S3.3 Material properties at atmospheric conditions

Material properties symbol Au Ag
Surface tension ys (N m™) 8.7860 5.9~7.206163
Heat capacities of the solid cps (J K kg) 129 235
and liquid materials cpl (J Kt kg?) 129 235
Thermal conductivity ke (W m K1) 318 429
Boiling point Ty, (K) 3243 2435
Melting point Tm (K) 1337 1235
Enthalpies of melting Hn (J kg) 6.37%x104 1.04 X105
Enthalpies of vaporizing H.(J kg) 1.74x10° 2.35x10°0
Hy (J mol+) 3.42x105 2.54%105
Molar weight M (Kg mol™) 0.197 0.108
_Atomdiameter . dalom) 0.288 0288
N
Thermal conductivity ka(W m* K?) 25.83 x 1073
Temperature T.(K) 203
Dynamic viscosity u (Kg ms) 1.75%X10°5
Mean free path Am(nm) 58.80
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Table S3.4 Characteristics of the sparks

Energy per spark E =0.15~180 mJ
Spark duration T=12US
Radius of the spark channel 7,=1.5 um

S3.3 Independence of the portion of the spark energy

on gap distances

Table S3.5 Energy consumed to a hot-spot and dissipated by radiation, metallic

thermal conduction, and convection and conduction in the gas

Terms Au (J) Ag (J)
Radiation: 2nr, 207 (Ts — T.*) 1.06x10° 3.38x10™
Electrode thermal conduction: 27wrytk.(Ty, — T¢) 1.06X105  1.04x10%5

Convection and conduction in the gas: 2nr,tk, (T, — T.) 8.62x107° 6.26x1071°

Based on the energy balance, the mass of the vapor can be expressed as a function of

energy per spark given by equation (S3.5) 43.

Using the constants provided in Tables S3.2, S3.3 and S3.4 and equation (S3.5), the
value of the individual terms, namely radiation, metallic thermal condition as well as

convection and conduction in the gas, for Au and Ag are summarized in Table S3.5.

Table S3.5 shows that the metallic conduction contrasting to radiation and
convection in the gas, is largely dominate in equation (S3.5). This finding suggests
that the electrode gap distance is independent of the portion of spark energy (i.e., a
in equation (S3.5)) consumed for NP production. In the case of larger distance, the
spark energy distributes over a larger volume where the radiation is emitted.8
However, radiation is only 0.001 % of metallic conduction. On the contrary, changes
of the gap distance do influence the passing gas flow conditions and lead to different
efficiency of material transportation. The thermal conduction of Au and Ag is similar

as shown in Table S3.3. Therefore, constant a probably validates for all the gap
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distances. The other processes, for instance, the energy absorbed as heat by

evaporation of electrons (cathode) and positive ions (anode) can also affect a.

S3.4 Fuchs form of the coagulation kernel

Table S3.6 Fuchs form of the coagulation kernel B which considers the

enhancement of van der Waals forces, and particle polydispersity.

Coagulation Kernel4 d 8P, D\ "
B = 8negode< L >
dp+9 cpdp
Diffusion coefficient®4 D kT.C.
- 3mudy,
Cunningham  slip  correction A d
factorss Ce=1+77(234 +1.05exp(~0.39-7)
p m
Particle velocity 4 48KT, y
= Gapa? "
Transition parameter 4 g [(d, + 0 - ()2 + 12)3/2] —d,
3d l
8D
l=—
ey,
Enhancement factor by van der e = 2.2 for size ca. 5 nm from references47:60
Waal forces#7:65:66
Enhancement factor by poly- Y, 25 5
. e
dispersity+ Q= 3\/_b( s > [exp <§1n20g> + 2 exp (glnzag)
1 2
+ exp (gln og>]

b ranges from — for 0 =1.0 t0 0.8755 for 0,=3.0

Sticking probability+ Py=1
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Table S3.7 Specific values for b and ¢. Here b is calculated based on the linear

relations to og, using the source from Lee et al4¢. According to previous work®7,
enhancement by van der Waal forces is insensitive to particles smaller than 20 nm.
Therefore, e was taken as a constant of 2.2. Since the volume of initial vapour cloud is
found to be only related to the energy per spark, as shown in equation (3.15) with n =
0.75 and 6 = 1.76 m3 Kg-"mol-'. Figure 3.4 was only using spark energy of 15.76 mJ,
thus providing V, = 56 mms for the best fit to the measurements. The influence of

deviations of V, in model predictions is shown in the grey shaded region of Figure

3.4.

d, (nm) Qq (slm) Oy b @

2.8 33.2 1.25 0.7365 1.62
3.6 21.5 1.25 0.7365 1.62
5.4 9.9 1.37 0.7507 1.67
6.3 6.0 1.39 0.7529 1.68
8.0 2.1 1.43 0.7578 1.70

S3.5 Comparison between the predicted and measured

mean diameter of Ag NPs

A  Ag Measurments
— Model

Mean Mobility Diameter (nm)
N

0 T T T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50
Quenching Flow Rate (sIm)

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

particles as a function of quenching gas flow rate.

Figure S3.1 shows a comparison between measured and predicted Ag particles as a
function of quenching gas flow rate and provides the evidence to generalize our

model to other materials, e.g., Ag, while main manuscript uses Au particles (cf.
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Figure 3.4). For the predictions shown in Figure S3.1, the same system parameters
was used as for Au, with the only exception of the # in equation (3.15), which was

0.715 instead of 0.75.
S3.6 Proximity collection of the early stage clusters

To verify the assumption 1) in the main manuscript and compare the volume of
initial vapour cloud to the model, NPs were collected close to the spark by a Mini-
Particle Sampler (MPS) 68, which carries a TEM grid with holes, through which the

aerosol flow passes. Particle collection can thus be described as a filtration process.

Figure S3.2 TEM images for Au NPs collected at a distance of ca. 8 mm
downstream of the spark with different scale bar, (a) 20 nm and (b) 2 nm. The
collection time was 5 s, while the spark energy, frequency and flow rate were fixed as

ca. 16 mJ, 60 Hz and 7 slm, respectively.

Figure S3.2 shows TEM image of MPS sampled NPs close to the spark (cf. a distance
of ca. 8 mm from spark, which is in the range of model prediction for the initial
vapour cloud volume) and the grey areas seems to be a deposited film, which
indicates the TEM grid is positioned in the vapour domain. Because thin films or
very small particles are liquid-like at room temperature, surface tension leads to the
formation of patches, within which small droplets form, similar to what happens

with a water film on glass. In the area indicated of Figure S3.2a by the solid circle,
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enough material has accumulated for these droplets to grow to a size between 1 and 2

nm, and become visible in TEM. The micrograph thus indicates that the depositing
species are smaller than 1 nm (vapour atoms or small clusters). Thus at the distance
of ca. 8 mm from the spark (i.e., the vapour from a 1 mm gap having flow rate of 10
slm needs ca. 0.4 ms to reach TEM grid), the plume is still in a vapour-like state. The
estimated quenching rate from boiling point to room temperature during 0.4 ms is
7.5 x 100 K s, which agrees to the literatures (10¢ ~ 109 K s1)22-24, The micrograph
thus justifies the assumption 1) that the cooling time from the boiling point to the
carrier gas temperature T¢ (usually room temperature) is so short that the starting
condition in Stages B and C (i.e., the entire spark chamber) is a vapour at T, and
collisional growth occurs under this constant temperature 7. throughout the system.
The large particles (i.e., a few nm in size) shown in Figure S3.2a are due to the

recirculation of the aerosol in the particle generator.

1.2

1.0+

0.8+

0.6 +

Critical necleus size (nm)

0.4 1

300 350 400 450 500 550 600
Intial vapor temperature (K)

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

Due to very short spark duration (<10 ps), the temperature downstream of the
discharge, where the TEM grid is located (ca. 8 mm away from the spark) hardly
exceeds room temperature. Multiple crystalline domains within the sampled NPs are
observed by HRTEM images (cf. Figure S3.2b). This observation confirms that the
temperature downstream of the spark stays low. Otherwise, in-flight collisions of hot,
newly-formed clusters would lead to full epitaxial crystallization, assisted by the high

temperature. Grammatikopoulos et al. also reported that multiple domains will be
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formed if the NPs coalesce at room temperaturess. Sparks or laser ablation
configurations with a higher energy per pulse or a higher repetition frequency than
the one used here would still fulfil this condition of ‘rapid quenching’ when the gas
flow rate is increased accordingly. In addition, the results of Chapter 2 have shown
that assuming single atoms in the initial state does not have to be fulfilled in a strict
sense, as the final particle size is insensitive to the initial one at a given mass
loading?7. This means that even if quenching is not drastic enough to disable classical
nucleation, the simple assumption of a vapour condensing at room temperature

leads to correct results (cf. Figures 3.4 and 3.7 in Chapter 3).
S3.7 Laminar deposition rate Kas-

Diffusion of aerosol particles on the walls leads to a concentration gradient from left
to right through a circular tube with a length of dl. The number of particles dn

deposited per unit area of surface during a time dt is given by®4:

D
dn = N, (E)l/zdt (S3.6)

Figure S3.4 Schematic diagram of a circular tube, through which the aerosol NPs
pass. A differential variable is used to estimate the diffusional loss rate under laminar

flow conditions.

For a tube with the diameter dwbe and the length of dl during time dt, the total

number of deposited particles X onto the walls can be expressed as:
T = ndype dl dn (S3.7)

Under laminar flow conditions, the concentration decay by diffusional losses can be
described by:64
dN = —Ky,Ndt (S3.8)
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In this case, X can be calculated by:
n 2
Y= —Zdtube dl dN (53.9)
Combining equations (S3.6)-(S3.9), one can arrive at:
D 1 T 2
£ = ndupe dl No () /2dt = — 7 deube” I (—KagzN dt) (S3.10)

Equation (S3.10) can be simplified to:

i (%) ’ = N S3.11
dope - Karz 3 (53.11)
Integrating equation (S3.8), the penetration is given by:
N
Pp = N— = exp(—deZt) (8312)
0

Combining equation (S3.11) and (S3.12), the laminar deposition rate can be implicitly

expressed as:

D .1
_ + ('
Kar, = exp(Kafat) d (83.13)
tube
2
Equation (S3.13) can also be rewritten by replacing t = %QL“”” as:
DQ,\ /2
T[dtubethube 2m <Ltube;)
Kar, = exp | Kgsz 2 > (S3.14)
Qa dtube
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S3.8 Size evolution of particles

The procedures of size evolution for other stages based on the mass conservation are
analogous to Stage B where turbulent dilution and coagulation occur, because the
reduction of NP mass in per unit volume is only driven by dilution or diffusion. Here
only Stage B is used as an example to describe the procedures to get the geometric
mean size evolution of the particles. The concentration decay rate in Stage B can be
described as:

dN

1
E = —E,BNZ - Kle (t S tB) (5315)

In order to use the mass conservation, the diameter of the particle with average mass
dm, however, must be converted from the geometric mean diameter d, by Hatch-

Choate conversion equation given by:
dm = dp exp(1.5Inay) (53.16)

where o, is the geometric standard deviation and can be regarded as a self-preserving

value of 1.35. Therefore, the conversion factor is a constant and it is generally valid

for any log-normal size distribution.

In Stage B, the NP mass in per unit volume is reduced only by dilution so the

reduction rate can be expressed as:

d(p g (exp(15In%a,)d,)°N)
dt

— T 51 2 d 3 <
= —Ky pg(exp(l. n?s,)d,)3N (t <tg) (S3.17)

Cancelling out the constants on both sides of equation (S3.17), it is thus simplified to:

3d3Nd(d,) + dadN

n = —Kqd,’N (t<tp) (53.18)

Substituting equation (S3.15) in equation (S3.18), the mean size evolution is finally
obtained:
dd,

1
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S3.8.1 Estimating Re in Stage B

As shown in Figure S2.1, the flow rate exits from a nozzle with a rectangular shape
having dimension of 2x3 mmz2. With consideration of rapid turbulent time (in the
order of ms as estimated in Section S2.1), using 10 slm flow rate gives a velocity of ca.
10 m/s, which is approximated to the velocity around the walls. Inserting this value
in Re formula (gas density is in the order of 1 kg/m3, N, viscosity 1.75%1075 pa s,
hydraulic diameter 3.5x10-2 m), one can obtain a value of ca. 20 000, whereas a flow

rate of 2 slm corresponds to Re around 4000.

S3.9 Relation between the volume and mass of initial

vapour cloud

The vapour produced by the point source has adiabatically expanded to ambient
pressure po, and reached a temperature Ta. Its thermal energy Ew, a fixed fraction of
the spark energy E, is proportional to nTa (Ey, < nT,), where n is the number of
moles. Applying the ideal gas law to this vapour cloud leads to Ey, « p,V, , which
means that Va is proportional to the spark energy E and thus approximately to the
mass per spark, Am, considering equation (S3.5) and Figure 3.4. The vapour cloud is
subsequently cooled and diluted by mixing with the quenching gas (room
temperature T¢). Cooling to a given temperature Ts means expansion of Va by a given
factor to Vi, which is named as the initial volume, as it marks the starting point of the
coagulation model. These considerations are in line with a value of n = 0.75 close to 1.
Note that in practise T5s is close to T¢, and it has been assumed coagulation at the

quenching gas temperature.

S3.9.1 Estimating the temperature increase of the gas downstream of

spark ablation

The model assumes constant temperature during the “final coagulation stage”, in
which the final concentration and particle size can be estimated via mass balance. It
is assumed that the particulate material is completely mixed with the quenching gas
in this determining phase. The following considerations justify the assumption of a

constant temperature during the final coagulation stage. Basically, the temperature
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of the whole process can be considered to be ambient temperature, which is also the
temperature of the inflow of quenching gas. Note that this process temperature could
be increased with respect to room temperature to guarantee complete coalescence up
to the largest particle size desired, but room temperature is sufficiently high in the
experiment. In reality, the temperature at the final coagulation stage may not be
strictly constant, because the spark heats up the gas by AT, and subsequently the
walls of the system, which are at ambient temperature, cool back towards ambient.
In order to support the assumption of constant temperature during the final
coagulation stage, the temperature increase by the spark is estimated, as it represents

the maximum temperature drop possible during that stage.

The spark is assumed to release all its energy to the gas. This neglects heat transfer to
the electrodes and radiation loss and leads to an upper limit for the temperature
increase. At a given energy per spark E and a spark repetition frequency f, the energy
released during the time ¢ into a volume V; = Qq t of flowing gas (flow rate Qq, density

pg) is given by:
Eft = cgpgQq t AT (53.20)

Here c; is the specific heat capacity of the quenching gas, considered as constant.
With the parameters of the experiment given in the table below, the result is AT=4.4
K. As reasoned above, this is the maximum possible value and it is certainly
negligible with respect to its effect on coagulation, justifying the assumption 1) made

in Chapter 3.

Table S3.8 Values of various parameters used in equation (S3.20). Values of some
parameters are specifically provided under atmospheric conditions at a N, gas flow

rate of 10 slm.

Parameters E Qq N. density Cg T.
(x103J) (Hz) (x104m3/s) (kg/m3) (J/(kg K)) (K)
Values 16 60 1.67 1.25 1040 203
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S3.10 Estimation of the penetration

In contrast to Gormley-Kennedy theorys9, the elegance of our method to estimate the
penetration through a circular tube lies in the simplicity of calculating Kas (cf.
equation (S3.14)). Since the residence time is always easy to calculate, one can easily
use equations (S3.12) and (S3.14) to estimate the penetration for any geometry. The
penetration predicted by Gormley-Kennedy theory, is comparable to that predicted
using equations (S3.12) and (S3.14) (cf. Figure S3.6).

Figure S3.6 compares the penetration predicted by equation (S3.8) and Gormley-

Kennedy model as a function of deposition parameter ( ¢ = % ) for circular tubes

with a length L.,,.. The points in Figure S3.6 are chosen in a laminar circular tube
with an inside diameter of 4 mm and length of 40 mm. The residence time is 0.181 s
based on an aerosol flow rate Q. = 1.67 slm and the dimensions of this circular tube.
For easy calculations, particle growth was not considered in this short time. Briefly,
equation (S3.12) was used to estimate the penetration, where Kaf. is estimated by

equation (S3.14) for the mean size of particles.

1.0

0.8 1

0.6

Penetration

0.4+ Gormley-Kennedy thoery
o exp (-Kgpo 1)
0.2
OO T LA | T LI | T L | T LR |
10™ 10 10° 10" 10°

Deposition parameter (§), dimensionless

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

comparison between Gormley-Kennedy theory and our method (cf. using equations

(S3.12) and (S3.14)).
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4. A Green and Versatile Method for

High-yield Synthesis of Metallic

Nanoparticles

High-yield and continuous synthesis of ultrapure inorganic nanoparticles (NPs) of
well-defined size and composition has invariably been one of the major challenges in
nanotechnology. Employing green techniques that avoid the use of poisonous and
expensive chemicals has been realized as a necessity for the production of NPs on an
industrial scale. This chapter shows that a newly developed high-frequency spark
(HFS) quenched by a high-purity gas yields large quantities of various monometallic
and bimetallic NPs, well-defined with respect to the primary particle size (a few nm)
and chemical composition. Given that the mass production rate is linearly dependent
on the operating frequency, the method proposed in this work can reach up to 1 g h,
providing chemists with a versatile tool producing multicomponent metallic NPs only
in one single step. Considering that the methodology neither requires any specialized
machinery, nor any chemical reagents, product purification, or any further waste
processing, it provides a green and versatile platform for manufacturing key building

blocks toward industrial scale.

This chapter is adapted according to the published work:

Feng, J., Guo, X., Ramlawi, N., Pfeiffer, T.V., Geutjens, R., Basak, S., Nirschl, H.,
Biskos, G., Zandbergen H.W., Schmidt-Ott, A., J. Mater. Chem. A, 4, 11222-11227

(2016).


http://pubs.rsc.org/en/Content/ArticleLanding/2016/TA/C6TA03221D#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2016/TA/C6TA03221D#!divAbstract
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4.1 Introduction

Part A (Chapters 2, 3) of this thesis focuses on the theoretical facets and provides
key parameters to control the particle size and nanostructures at surfaces. This
chapter concentrates on scaling up of this production method while maintaining a

small primary particle size.

Commercial production of high-performing nanomaterial-based devices'~7, requires
scalable fabrication processes that are robust, rapid and avoid the use of expensive
and toxic chemicals8. These applications have attracted growing interest in
conjunction with the synthesizing of diverse inorganic NPs with small primary
particles, only a few nm in size and a well-defined chemical composition, and high
purity9—2. Achieving high enough mass production rates of such NPs has invariably

been one of the challenging tasks in nanotechnology.

Conventional wet-chemistry processes allow manipulating the shape of NPs with
homogeneous and narrow size distributions3-15. Their scalability, however, is limited
by the batch operation and slow kinetics. The former commonly results in
undesirable variability of NP physicochemical propertiest¢. In addition, liquid-phase
methods generally require a number of chemical precursors, which can lead to the
contaminations of the resulting nanomaterial surface and, in some cases, hazardous

wastes that have to be released to the environment.

Rapidly quenched gas-phase spark ablation operated at ambient pressure provides
great versatility in the synthesis of metallic NPs consisting of a wide variety of
conducting or semiconducting materials including rare earths (that are difficult to
produce with traditional wet-chemistry methods), thermodynamically metastable
materials'7, and alloys (e.g., steel) or other nanocomposite patterns with virtually
unlimited mixing possibilities®:8-21. In addition, the method offers good control over
particle size which ranges from that of atomic clusters to that of singlets (cf. Chapter

1) or agglomerates consisting of primary particles a few nm in diameter:8.22.23, This

| Scaling-up




[CHAPTER 4] Part B

technique can produce oxide and non-oxide NPs, when appropriate gases and
electrodes are available. As a result, recent research efforts have focused on
fabricating NPs using spark ablation (at low frequencies) for a host of new
applications (Table S4.1)3:6:8:18.20,23-35_ Although the energy required by the system is
high (i.e., on the order of 10° J g, exclusively in the form of electricity), the
advantage of avoiding any solvents, toxic chemicals and wastes makes this method
inherently environmentally benign. Purifying the electrodes is beyond the scope of
this production line. Therefore, the energy used for purifying electrodes is not
considered. It should be noted that wet-chemistry manufacturing processes may have
a comparable demand of energy for processing the waste stream, producing the
precursors, and purifying the nanomaterials. To make the process also sustainable
with respect to its energy consumption, one could couple it with a source of

renewable energy (e.g., solar panels).

Apart from the importance of having small enough primary particles (a few nm)23,
achieving a high yield in NP synthesis is a vital prerequisite for numerous
applications. The mass production rate of spark ablation is proportional to the spark
repetition frequency and to the mass ablated per spark, which is linearly related to
the spark energy as have been recently demonstrated both experimentally and
theoretically23. Spark discharges using resistance-inductance-capacitance (RLC)
circuits (referred to as RLCS from this point onwards; cf. Figure S4.1)83° have an
upper operating frequency threshold of a few hundred Hz. A continuous arc
discharge develops above that threshold, which yields undesirable larger primary
particles associated with a higher mass production ratesé. Above a certain level of the
spark energy, however, undesired ‘splashing particles’ (cf. Chapter 6) are ejected from
molten pools that are momentarily formed on the electrode surface during the spark

discharges3”.

This chapter shows that a newly developed high frequency spark (HFS; cf. Figure S4.1
and previous work?®:38:39) can enormously increase the NP production rate while
maintaining the small size of their primary particles. The core concept of the HFS is
to decouple the charge and discharge cycles driven by the RLC circuit by adding a
number of fast electronic switches, allowing spark frequencies to be controlled up to

25 kHz8. Switching prevents transition into the continuous arc mode, and facilitates a
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constant low-energy per spark set independently of gas characteristics (type, purity,

and flow rate) and electrode gap spacing. This constant spark energy reduces the
differences in the ablated mass from spark to spark and also avoids ‘splashing’,
guaranteeing a consistent output when operating multiple HFSs in parallel23. The
maximum frequency of 25 kHz corresponds to a duty cycle of 25% (i.e., typical spark
duration of ca. 10 pus over a period of 40 ps for the entire cycle), thereby allowing
adequate quenching between successive sparks. In contrast to continuous arc
discharges, the gas quenching is sufficient to cause a sharp temperature drop

downstream of the spark zone favoring the formation of small (primary) particles3®.

This chapter expounds, for the first time, the HFS (operating frequencies > 1 kHz) on
high-yield synthesis of a series of monometallic Au, Ag, Ni, Zn, Cu, Al and bimetallic
Cu-Ni (95-5 at.%) NPs. Since producing non-agglomerated singlets has been
demonstrated in Chapters 2 and 3823, this chapter allows the agglomeration. In
Section 4.2, the size distributions of the resulting agglomerated NPs are characterized
by a scanning mobility particle sizer (SMPS; cf. Section S4.3 in the SI), whereas the
size of the primary particles of the agglomerates is analyzed by transmission electron
microscopy (TEM) and small-angle X-ray scattering (SAXS). In addition, wide-angle
X-ray scattering (WAXS) is used to determine the crystal phases of the resulting
particles. Section 4.3 summarizes the most important findings: HFSs can achieve a
high-yield in a wide range of NP syntheses, while maintaining small primary
particles, and identifies some future directions. This chapter closes with a brief

description of experimental setup in Section 4.4.
4.2 Results and discussion

4.2.1 NP mass production rate determined by gravimetric measurements

Gravimetric measurements of the electrodes were used to determine the mass
production rate m of the resulting particles. Figure 4.1 shows the mass production
rates of NPs consisting of a number of different materials, namely Au, Zn, Ag, Cu, Cu-
Ni (95-5 at.%), Ni and Al, produced at frequencies from 1 to 4.5 kHz. A high-purity
carrier gas (Ar, 99.999%) at a total flow rate of 20 standard liters per minute (slm)

was used for all the measurements carried out in this chapter (cf. Figure S4.2 in the
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SI). A low-enough constant spark energy of 32 mJ is fixed throughout the
experiments (cf. Section S4.3 described in the SI) to avoid the formation of notable
‘splashing particles’. The red arrow (cf. Figure 4.1) indicates that the maximum
frequency of RLCS corresponds to a maximum m which lies below 20x10-3 g h-t. The
measured linear relations between r and f imply that the mass ablated per spark Am

is constant and independent of frequency, and m can therefore be written as:
= Am f (4.1

Note that Am is material dependent (cf. equation (S4.1) and Table S4.2) 8.

.5
v *  Au
2 ® Zn
® 44 © Ag
8 =  Cu 1
R < Cu-Ni (95-5 at.%)Slope = ablated mass
L34 = Ni
s | * Al
_5 Upper operating
S 27limit for RLC
S
=4
S 14
0
7]
=
O_ T T T T

o 1 2 3 4 s

Spark repetition frequency (kHz)
Figure 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. Symbols denote
the gravimetric measurements of the electrodes, while the lines are fits to the

measurements. The red arrow indicates the upper operating limit of the RLCS.

In view of these linear relations and based on the data shown in Figure 4.1, the mass
production rate of Au NPs can be extrapolated to ca. 1.1 g h* when the spark
frequency is raised to 25 kHz. Operating at such high frequencies, however, would
require a quenching gas flow rate higher than 100 slm in order to sufficiently cool the
electrodes. The present system only allows flow rates of the order of a few tens slm.
The HFS could therefore be operated at 25 kHz only for a short period, and stable
operation was feasible only up to 4.5 kHz at the flow rate used here (20 slm). A
recycling flow system capable of handling the flow rate of a few hundred slm has been

designed (cf. Figure S4.3 in the SI). Continuous and stable operation at 25 kHz would
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also require a gap control system, since the electrodes are rapidly consumed (see

more details in Section S4.6 in the SI).
4.2.2 Deposition of individual non-agglomerated NPs

Figure 4.2 shows the non-agglomerated spherical Au NPs with high
crystallinity, which were deposited (using only ca. 1 s) on a TEM grid (placed in
the custom-made filter holder) at a flow rate of 20 slm and spark repetition
frequency of 1 kHz, corresponding to a production rate of ca. 60 mg h-.
Formation of these spherical NPs is driven by solid-state diffusion23, mainly by
relocation of surface atoms. However, it is observed that the agglomerates
inevitably form for high coverage on the surface of substrates (cf. TEM images
in the SI). This is attributed to the incomplete coalescence of the colliding
particles on substrates. Further annealing these agglomerates yields spherical
particles having larger sizes than the primary particles within the as-deposited
agglomerates. If particle growth or post-heat treatment is to be avoided,
coalescence could be hindered by forming a protecting layer on the particle
surface, such as coating particles by introducing a trace amount of oxygen in
the carrier gas, which has been reported as ‘pinning’ effect by Seipenbusch et
al.4o. Alternatively, decreasing the temperature below the threshold can avoid
triggering coalescence. In addition, guiding the aerosol NPs to the liquid phase
opens numerous possibilities to stabilize them, which, however, results in

impurities and expensive/tedious washing procedures.

Besides the applications shown in Table S4.1, nonagglomerated singlet
particles have been shown to increase the conversion efficiency of solar cells
and photocatalysts for water splitting®32, whereas agglomerated particles have
been used to nanofinish a number of antibacterial textiles with high
antibacterial activity and good washing durability4:. With respect to
nanocatalysis, it was found that the agglomerated NPs at surface can be
reconstructed to spheres by annealing. Even at 9oo °C for 100 h, particle size
distributions remain the same, showing high stability and improved methane

conversion efficiency42.
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the HFS at 1 kHz, showing their shape and configuration and confirming their crystal

structures.
4.2.3 NP mass production rate estimated by aerosol density

Apart from the determination of m by gravimetric measurements, m is derivable

through the mass density of the aerosol Mg given by:
= M,gQ (4.2)

where Q is the quenching gas volume flow rate. Mg is estimated from the measured
particle size distributions (Figure 4.3) by means of a simple model that assumes a
scaling relation between the mass of freshly formed agglomerates and their mobility
diameter (cf. Section S4.7 in the SI). m estimated by equation (4.2) are consistent
with the gravimetric measurements, thereby verifying that the mass ablated from the
electrodes is essentially converted to NPs (cf. Section S4.4 and Table S4.3 and S4.4
shown in the SI).
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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 SMPS8. 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, M,z 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.
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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 particles!8. 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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material and specific spark energy, the particulate volume produced by each spark

will be distributed over the same gas volume, suggesting a similar temperature
history, as the same energy is dissipated per spark. Considering that f/Q remains
unchanged, the gas impurity concentration also stays constant with respect to the
particle mass concentration, thereby forming a similar surface diffusion barrier
(through gas impurities reacting with the particles, usually forming an oxide layer, if
non-oxide NPs are desired) hindering further coalescence. In addition, material with
a higher Am/p (p: bulk material density) yields a greater particulate volume while
maintaining identical operating conditions. This implies the tendency of forming

larger primary particles, as they grow faster in the initial hot “coalescence zone”.

Table 4.1 Qualitative rules for controlling primary particle size.

Increasing the below factors increase (1) or decrease (|)

Quenching gas volume flow rate Q !
Spark repetition frequency f
Particulate volume Am/p

Surface diffusion coefficient

— 5 > >

Reactivity with gas impurities

The aforementioned considerations highlight the difficulty in predicting the primary
particle size due to the complexity of the process and due to the fact that gas impurity
is unknown unless a purification system is adopted. Table 4.1 summarizes the criteria
of controlling primary particle size, which allows us to keep the primary particle size
small as their production rate increases. The primary particle sizes of Ni, Cu, Cu-Ni,
Al, and Zn determined by SAXS measurements (cf. Table 4.2) correlate well with
Am/p (cf. Table S4.2). The surface diffusion coefficient does not correspond to the
melting point for alloys. In Cu-Ni (95-5 at.%), the NP surface state tends to behave
similarly to that of pure Ni due to segregating Ni to the surface4s, thereby forming
smaller primary particles than Cu and alike to Ni (cf. Table 4.2). Ag NPs apparently
make an exception, showing a primary particle size “too large” with respect to the
rules in Table 4.1. This is ascribed to strong coalescence on the substrate and/or
under the electron beam that it has been frequently observed for noble metal NPs (cf.

Figure S4.6a for Ag and Au in the SI). It is believed that this is not so for most other
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metals because traces of reactive species exert a stabilizing effect (i.e., hindering

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

SAXS curve and TEM image (inset), which provides the small primary particles of a

few nm in size. (b) WAXS curves.

In the SAXS/WAXS observations, the scattering intensity of deposited particles is
measured as a function of scattering angle 260 or scattering vector g = (47t/A)sinf (the
wavelength of the X-ray beam A = 0.154 nm). Figure 4.4 shows the SAXS/WAXS
results for Ni NPs generated at 3 kHz, whereas the data for other NPs are
summarized in Table 4.2. The SAXS curve in a log-log plot shows two power-law
regimes, and the values of their exponents P can be determined from the slopes of the
linear parts (black and green lines). Due to the growth mechanism, the particle
samples have fractal surfaces and form a mass fractal structure. The mass fractal
describes the 3D network structure of agglomerates, whereas the surface fractal
describes roughness of particle surface. In general, for surface fractals (with
exponents 3<P<4) the surface fractal dimension ds is given by ds = 6-P. For the two-
phase structure with sharp boundaries and smooth surfaces, P is equal to 4. For mass
fractals (with 1<P<3) the mass-fractal dimension dmf is equal to P, which describes
the mass-fractal scaling inside the aggregates or agglomerates4647. Ni agglomerates
have dms of 2.12 and a smooth surface (ds = 2.0). A “shoulder” occurs between two

power-law regimes, as marked by a red-dash curve, yielding the gyration radius of the
particles (Rg = 2.75 nm), thereby determining dpp ~ 7 nm ( d,, = 2/5/3 R,) 4647, This

estimation is in line with the TEM observations (cf. inset in Figure 3a). Simultaneous
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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
dyp (nm) Crystal phase
Ni 7.13 Ni
Cu 8.58 Cu, CuO®
Al 11.53 Al
Zn 14.70 Zn, ZnO?
Ag 26.51 Ag
CuNi 7.28 Cu, Ni, CuO?

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 130x10-3 g h-t (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 ht 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 24:Am bipolar charger, a
custom-made differential mobility analyzer (DMA), and a condensation particle
counter (CPC; TSI Model 3775) 8. Additional details of the experiments can be found
in Section S4.3 in the SI.
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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.



Part B

S4.1 Applications of the spark produced nanoparticles

(NPs)

Table S4.1 Representative applications of spark produced NPs (using frequencies < 1

kHz).

Nanomaterials Reference(s) Applications Notes

Mg-Ti 30 H. storage alloy NPs

Pd-Au 3 optical H. nanoparticulate films
sensing

Au 32 water splitting plasmonic effect

Ag 6 solar cells nanoparticle film

Cu 48 catalysis catalysing Ag deposition on a

polymer substrate

Pd-Ag, Pt-Ag, Au- 25 catalysis bimetallic nanostructures for

Ag catalytic CO conversion

TiO./Graphite 49 photocatalysis nanocomposites for

oxide photocatalytic hydrogenation

Ag 27 spectroscopic nano dots and nano rings

Ag 26 antibacterial bioaerosol filtration

Au 50-52 growing nano seeds
nanowires

Pd (Cu)/graphene 34 synthesizing metal core, multilayer
core-shell NPs graphene shell

Au/Ag 20 synthesizing Au-core, Ag shell; Au nano-
core-shell NPs seed injected into Ag

precursor solution

Au/Ag, 31 synthesizing coagulational deposition

Au/polystyrene core-shell NPs

latex
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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.

— oo
I 4 bl 4 i
'I A +)! =, Uy ¢
/ CDE : Electrodes HVC—):‘ ‘.'ﬁri_ ; ' ‘GD v
I
charge discharge charge discharge glowing
RLCS HFS
Maximum frequency : ca. 500 Hz Maximum frequency: 25 kHz

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 electrodess3 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 spark8:8.37. 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 sizers4; SMPS), and collection systems (i.e., a filter, and a mini-
particle sampler;5s MPS). The SDG consists of a pair of electrodes connected to a
newly developed HFS. The SMPS systems” constitutes an 24:Am 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 HFSS8. The
HFS can achieve a spark repetition frequency up to 25 kHz. In contrast to the
RLCS:8, the HFS with a fixed capacitance C.. 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
CeaUc?). In order to obtain the spark repetition frequency and monitor the spark
oscillation, an oscilloscope (HAMEG instruments GmbH, HM01024) 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
HFSss56. 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 equilibriums?. The DMA

operated with a closed-loop sheath flow system classifies particles based on their

| Supplementary Information BN 35




[CHAPTER 4] Part B

electrical mobility. Subsequently, the CPC measures particle concentrations (up to

107 cm-3).
S4.3.4 Collection systems for offline characterization

The samples from the collection systems are characterized by transmission electron
microscope (TEM; JEOL JEM-1400, and Philips CM12), and a custom-built small-
and wide-angle X-ray scattering (SAXS/WAXS) laboratory camera46. TEM
measurements provide the information of particle morphologies. The MPS was used
to collect NPs onto the TEM grids (S143-3 Q'foil 1.2/1.3 400 Cu) with holes, through
which the aerosol flow passed, and some particles were subsequently collectedss. The
non-destructive SAXS/WAXS technique allows simultaneous measurements of the
primary particle, as well as quantitative determination of the crystallite properties,
such as the co-existence of crystal phases, and their fractions4¢:47. The samples for
SAXS/WAXS were collected on membrane filters (HVHP090o50 Durapore PVDF

with 0.45 um pore size and 90 mm in diameter) using a custom-made filter holderss.
S4.4 Mass ablated per spark

Table S4.2 Physical constants of the applied electrode materials and Am

determined by the slopes of linear relations shown in Figure 4.1 as well as Am

estimated gravimetrically

Materials Density H. Hn Ty T Cos Am  Am/p a Am’
(g/cm3) (x10J/kg) (x105J/kg) (K)  (K) (J/(Kkg)) (x10°mg) (x10°cm3) (%)  (x10°mg)
Zn 7.14 1.8 1.1 1180 693 392 6.6 9.24 0.045 4.5
Ag 10.49 2.4 1.0 2435 1235 234 4.9 4.67 0.043 3.6
Al 2.70 1.1 4.0 2743 933 896 2.4 8.89 0.097 1.9
Cu 8.96 4.7 2.1 2835 1358 382 3.6 4.02 0.065 3.4
Au 19.30 1.7 6.4 3243 1337 129 13 6.74 0.088 13
Ni 8.91 6.4 1.7 3003 1728 442 2.5 2.81 0.061 3.8

The mass ablated per spark can be estimated by the evaporation model expressed

ass9:

A aE
m=
cpS(Tb —-T)+H, +H,

(S4.1)
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Here, E is the energy per spark (J); a is the fraction of spark energy consumed for

particle production, which can be empirically estimated to be in the order of ca.
0.1 %23; cps (J K1 kg) is the heat capacity of the solid material; T'and T}, are the room
temperature, and the boiling point of the materials, respectively; Hn and He (J kg?)
are the enthalpies of melting and vaporization of the materials. Values of the
properties of all material used in this study are given in Table S4.2. Am represents

the slope of the linear fittings to the measurements as shown in Figure 4.1 in Chapter

4.

The linear relations between production rate and frequency of different materials
(Figure 4.1) demonstrate that Am is unchanged. This also indicates that the averaged
values of a is also unchanged (cf. equation (S4.1)) for a given composition of
electrode material and carrier gas. The values of a were derived from equalizing the
slopes of linearity shown in Figure 4.1 to equation (S4.1). Its values, in principle, can
be directly used for estimating the mass production rates of different materials. It
should be noted that this unknown parameter a can also be theoretically obtained
with precise calculation of the multi-events of the energy transferéc. However, even if
theoretical determination is available, it can only represent one single spark, as
shown in equation (S4.1). Since not all the sparks behave unchangeably under real
operations (the influence from electrode surface, carrier gas conditions within the
inter-electrode gap, irregular participation of generated clusters in the plasmas), the

empirical determination of its value seems more practical.

Am’ determined gravimetrically at spark repetition of 1 kHz, which assumed that
each spark behaves the same during the time of operation, is smaller than that of
using equation (S4.1). This can be attributed to the change of a at higher f, where a
fraction of splashing particles can be formed. In contrast to Am’, Am is derived from
the slopes of the linear relations between mass production rate and spark repetition

frequencies.
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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.

HV

SMPS
£ Collection system

Gas supply ———» @

A

Cooling system Pump system

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-t. 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 U. 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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independent of the gap distance®:. This means that the peak current Ipeak = Uc/Rspark

is also constant. As a result, both the voltage and peak current cannot be used to

control the gap distance.

The resistance of the glow current Rgc (cf. Figure S4.1) between the successive sparks

can be expressed as:

Rgc « :ap (54.2)
Cs

where A is the cross sectional area of the glow current, and dgap is the electrode gap
distance. The gap voltage Ugap must also depend on dgap, which can be written as:
U, o -GC g 54.3
gap X 7 gap (54.3)
where I is the glow current between two successive sparks, and Igc/Acs is the glow
current density, which can be assumed as a constant®. Therefore, equation (S4.3) is

simplified to:

Ugap  dgap (54.4)

This linear relation is further confirmed by the measurements shown in Figure S4.4.

Figure S4.4 shows that the mean gap voltage of the glow current between successive
sparks is linearly dependent on the gap distance. A custom-made electrical device (cf.
Figure S4.5) is applied to derive the control signal Viean from the voltage Ugap across
the sparks. It forms the difference between the potentials of the electrodes and
integrates the potentials over the time to form the averaged values. Consequently, the
electrode gap can be monitored by Vmean that varies monotonically with the gap

distance as shown in equation (S4.4).
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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.
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S4.7 The mass production rate estimated by the size

distribution of the particles

A scaling relation describing an agglomerate with a mobility diameter dumb consisting

of primary particles with a mean primary particle size d is given by®2:

M, (d dop )\
M =C <dib> Nag (dimp) (54.5)
Mpp pp

where C; can be approximated with unity®3; Dr is the mass-mobility exponent®4; my,
is the mass of one primary particle, and Mag (dmp) and Nag (dmb) are the mass density
and the number concentration of the agglomerates as a function of a mobility
diameter dmp. Assuming that the primary particles have the density of the bulk

material p, the sum of the mass of agglomerates Mg is given by:

e} D¢

_ T 3 dmb dNag(dmb)

Mag =p 6 dpp f <dpp> dd,p, ddmb (846)
0

Assuming that Dr is a constant for a specific size distribution and a constant dp, the
size distribution of the aerosol NPs can always be fitted to a lognormal function with
a total particle number concentration Nit, a geometry mean diameter dpm, and a
geometric standard deviation og %5. Therefore, the solution of equation (S4.6) is given
by:

2
T _ sz(lnc )
Ma =gpdpp3 DthoteXp (—g (dpm)Df (54-7)

Assuming particle losses are negligible during aerosol NP transport, the mass

production rate m can be expressed as:

= M,gQ (54.8)

| Supplementary Information BN 41




[CHAPTER 4] Part B

Substituting equation (S4.7) to equation (S4.8), one can obtain:

D¢ (lncsg)2

5 ) (dpm)®* (54.9)

1 == Qpdy, 2T N

m = ng PP tot€XP
Niot, 0; and dpm are known quantities determined by a lognormal particle size
distribution (i.e., SMPS measurements), whereas dpp can be obtained by analysing
TEM images or SAXS measurements. The only unknown parameter D: can be

estimated by matching equation (S4.9) to the gravimetric measurements.

The SMPS measurements show that the Ni NPs have the highest concentration
among the materials tested in this study (cf. Figure 4.3a in Chapter 4), while their
mass production rate is relatively low (cf. Figure 4.1 in Chapter 4). This apparent
discrepancy can be attributed to that the larger surface area of Ni agglomerates
resulting from their smaller primary particles (see Table 4.2 in Chapter 4) leads to a
larger mobility diameter for the same mass per agglomerate. Another likely reason
for the larger mobility diameter is that Ni NPs probably tend to form linear chain-
like structures (cf. Figure S4.8a) due to their magnetism®6. Larger particles results in
fewer diffusional losses when transported through the tubing of the experimental

setup, explaining its higher concentration.

Table S4.3 Comparison of the mass production rates m estimated on the basis of
the size distributions of the particles (i.e., SMPS measurements), and that is
determined by the gravimetric measurements at a spark repetition frequency of 1
kHz.

Materials  dmp Og Niot Dx Mag m
(nm) (#/cm3) (mg/cm3)  (mg/h)

Al 56 1.52 6.34x107 2.26 0.73x105 8.8

Ni 68 1.56 0.68x107 1.95 0.78x105 9.5
CuNi 48 1.59 5.00x107  2.11 0.93x105  11.3

Cu 41 1.71 5.36x107 2,24 1.09x105  13.3
Ag 38 1.72 4.59%107  2.37  1.43%105 17.5
Zn 51 1.81 4.55%X107 2,21  1.98x105 24.2
Au - - - - - 46.5
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Table S4.4 The mass production rate m determined by the size distributions of Cu

NPs generated at different frequencies ranging from 1.0 to 4.2 kHz.

Frequency Mg m D¢ Dx

(kHz) (mg/cm3) (mg/h) (15% losses)
1.0 1.09x10% 13.3 2.24 2.18

1.4 1.50x105 18.4 2.35 2.29

1.8 1.95%105  23.9 2.35 2.29

2.5 2.70%105 32.4 2.44 2.37

3.3 3.32X105  41.8 2.44 2.39

4.2 4.38x105 53.6 2.47 241

Table S4.4 shows the mass production rate determined by size distributions of Cu
NPs produced at different frequencies (from 1.0 to 4.2 kHz). The substantially
increased concentrations of agglomerated NPs at higher spark frequency (cf. Figure
4.3b in Chapter 4) and the value of mass-mobility exponent, which correlates well
with previous publications®4-67, imply that equation (4.2) can be used to estimate the
mass production rate. The mass-mobility exponent ranges from 2.24 to 2.47 (cf.
Table S4.4). Assuming that particle losses are in the order of 15% during particle
transport to the SMPS system, this range accordingly changes from 2.18 to 2.41. The
values of M.z and the mass-mobility exponent of different materials at 1 kHz (cf.
Figure 4.3a in Chapter 4) and Cu NPs at different spark frequencies (cf. Figure 4.3b
in Chapter 4) are summarized in Tables S4.3 and S4.4.

S4.8 TEM images of NPs consisting of different

materials

Figure S4.6 shows TEM images of Au, Zn, Al, Ag, Ni, and Al NPs produced by HFS at
the frequency of 1 kHz. The purpose of TEM images of different materials is to show
the primary particles within the agglomerates. To produce non-agglomerated singlet
particles can be found in the earlier work (cf. Chapter 2):8. Combining the TEM
imaging with the SMPS measurements (cf. Figure 4.3 in Chapter 4), it is seen that the
number concentration profile in the large size range (> 100 nm) is mostly attributed

to the agglomerates rather than the ‘splashing particles’.
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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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between the filter membrane and the sparks is ca. 20 cm. Due to long deposition (i.e.,

high NP surface coverage on substrates; ca. 20 min), the agglomerates form on the
TEM grid (the images in the first row and Ni, Al in the second row). The micrographs
for Zn, Ni and Al show the small primary particles within the agglomerates. To show
the non-agglomerated NPs, HRTEM and STEM images are provided for Au and Ag
NPs (the third row) with highly crystalline structure collected in a short time (ca. 1 s,
to guarantee a low surface coverage of NPs on substrates). TEM images of CuNi NPs
(the fourth row) and the associated EDS (assembled at the bottom) show that the
composition of Cu-Ni NPs (97:3) is similar to that of the starting electrodes (95:5),

and their crystal structure is also exhibited here.

The primary particle sizes of both Al and Ni NPs are ca. 5 nm. Note that the primary
particle size of Zn NPs is disproportionately large (ca. 15 nm), which can be
attributed to its lowest melting point out of the materials tested in this work,
indicating a lower solid-state surface diffusion coefficient. Another reason for this is
that the larger amount of material ablation makes the effective density of gas-vapour
mixture higher (flow rate is the same as other materials), which promotes further
coalescence in a hotter initial zone. Zn also possesses a larger value of Am/p among

other materials tested in this chapter.

From the micrographs obtained from agglomerates in Figure S4.6, it can be seen that
for the primary particle diameters dpp for Ni, Al and Zn: dpp (Ni) < dpp (Al) < dpp (Zn),
corresponding well with the indication of Am/p (cf. Table S4.2), which provides the order
of the materials tested in this work: dpp (Cu-Ni) < dpp (Ni) < dpp (Cu) < dpp (Ag) < dpp
(Au) < dpp (AD) < dpp (Zn). In the case of Ag and Au, the criteria lead to opposite
trends due to the fact that the noble metallic NPs are prone to coalesce after the
deposition and the observation of particle coalescence under electron beam of TEM.
Concerning the comparison of Cu with CuNi (95-5 at.%), both indicators (e.g., Am/p
and surface diffusion coefficient) are similar, but CuNi exhibits a smaller primary
particle size (cf. Table 4.2). This may be due to the Ni segregating to the surface and
reducing the surface diffusion coefficient. The melting point of a given material can

only be considered as a reliable indicator of surface diffusion for pure NPs.
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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%.

10 +

- 1.0kHz 12.8 sIm

p

dN/dlog (d ) (x10° cm®)

‘10 100
Mobility Diameter (nm)
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

md.
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Figur S4.8 TEM images of Al agglomertes prouced by the HFS at f = 2kHz, 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 quenching!7:23,
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 discharges®. 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.
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Figure S4.9 HRTEM image of non-agglomerated Au singlet NPs generated by low-
frequency spark ablation (Q = 50 slm, f = 60 Hz and E = 16 mJ). The particle
deposition was carried out by custom-made electrostatic precipitator downstream of

the DMA for ca. 2 h. The distance from the TME gird to the sparks was ca. 50 cm.

Table S4.5 Mass production of NPs in gas-phase synthesis methods except flame

aerosol technology and laser ablation.

Techniques Pressure (Pa)  Production rate Particle size Material
(g/h) (nm)
Plasma®8 180-1860 0.014-0.052 2-8 Si
Arc discharge®o ambient 10 ~100 Metals
pressure
Spark ablation ambient ~1(one electrode 0.5-20 Conducting, semiconducting
pressure pair) and mixed NPs
hot-wall aerosol 2500~15000 0.005~1 ca.10-1000  Si-based

reactors70-72
inert gas 107~105 0.005~0.5 2-100 metals and ceramics

condensation73-75

Figure S4.9 evidences the production of non-agglomerated singlet particles when
utilizing an appropriate ratio Q/f in the HFS. On the other hand, the coverage on
substrates is also a major determinant for collecting individual singlet particles. This
is because high purity singlets strongly coalesce due to collisions, forming the

agglomerates. Due to the absence of any liquid chemicals, the prevention of further
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coalescence is difficult here. However, in combination with insights from the

chemists, this should be easily addressed by using some gaseous chemicals, which

can form a protecting layer on the particle surfaces.

S4.11 SAXS/WAXS measurements for different NPs
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Figure S4.10. SAXS/WAXS measurements for various NPs. (a, b) CuNi, (c, d) Ni,

(e, f) Cu, (g, h) Al, (i, g) Ag, (k, 1) Zn. This figure is summarized in Table 4.2 in
Chapter 4.
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5. Internal Nanoparticle Mixing by
Oscillatory Spark Ablation between

Electrodes of Different Materials

Growing demands for engineered mixed nanoparticles (NPs) have spurred efforts to
explore efficient and versatile synthesis methods. Spark ablation provides a viable
alternative for producing widely different types of mixed NPs in a scalable and
environmentally friendly manner. Importantly, implementing the spark mixing
concept can create a new class of nanomaterials with components that are immiscible
in their bulk counterparts. This chapter shows that polarity reversal of micro-second
pulsed sparks between electrodes consisting of different materials enables synthesis
of mixed NPs with a controllable composition distribution. A model developed in this
work provides a tool for tuning the ablation ratio between the electrodes by adjusting
the electric characteristics of the spark circuit, thereby controlling the mean
composition of the resulting NPs. The model predictions are in accordance with
measurements obtained here and earlier works, proving the feasibility of producing
mixed NPs with a desirable composition. Considering that a composition distribution
exists among the mixed NPs, controlling its broadness can be achieved by changing
the operating conditions. This research therefore can be used to produce unique
nanomaterials in an efficient and scalable fashion, especially when the starting

electrode materials do not allow forming alloy or powder-mixture form.

The contents of this chapter have been peer-reviewed:

Feng, J., Ramlawi N., Biskos, G., Schmidt-Ott, A., J. Nanopart. Res., 2016.



[CHAPTER 5] Part B

Graphical Abstract

Internal nanoparticle mixing

Electrode A %

o ( Material A D e S
E Sparks o \'““"»v.w _w_ﬁ.ﬂ-//

L]
5 @@ i

i Y B N A Q o o ‘

100 1 ¢ Material B
5 10

o] Electrode B ﬂ

Spark oscillation

100+

Mixed nanoparticles

1(A)

Spark Mixing |



5. 1 Introduction

Efficient production of nanocomposites is essential for the development of
industrial scale applications!-5. Spark ablation is a green and scalable gas
phase method enabling the manufacturing of a range of nanoparticles (NPs)e.
Its unique feature lies in the capability of manufacturing NPs with virtually
unlimited mixing combinations in a single step®-11. Importantly, spark ablation
has been used to create crystalline phases that only exist in the nanoparticulate
state12-14, and this is because a large fraction of the atoms occupies the material
interface, thereby influencing their miscibility!3. Together with the ability to
accurately control the size of the resulting NPs, this feature can enormously

extend the scope of manufacturing diverse nanomaterials5-22,

In spark ablation, a pair of electrodes is connected to a pulse-forming electrical
circuit that periodically initiates a spark discharge, evaporating electrode
material, which subsequently condenses to form NPs923. Rapid condensation
of mixed vapours and subsequent collisional particle growth leads to the
formation of mixed NPs28:12.23. To produce mixed NPs, the starting electrode
materials can consist of alloys or sintered micron-sized particles23, which,
however, may not exist or may be difficult to obtain for some material
combinations. A way out of this situation is to use two electrodes consisting of
different materials. In light of this concept, successful NP mixing has been

achieved previously8:24.

Although using a pair of different electrodes has been proved to mix NPs (cf. Section
5.2)8:24, the associated interpretations are hardly understood. This chapter examines
the internal NP mixing obtained by vaporizing the two electrodes of different
materials used in spark discharges in both theoretical and experimental manner.
Spark discharges form periodically between the gap of the electrodes, which are

associated with discharge current typically oscillating between its positive and

| Spark Mixing




[CHAPTER 5] Part B

negative polarity at a frequency of ca. 1 MHz. This discharge current is termed as
current oscillation from this point onwards. The spark oscillatory behaviour
determines the mixing ratio of NPs, which has remained an unexplored feature up to
now24. In order to understand the relation between electrical parameters and the NP
mixing ratio, Section 5.3 develops a model that links the current oscillation to the
relative ablation of the two electrodes, gravimetrically determined in Section 5.4. The
mass ablation ratio determines the mean particle composition from any electrode
combination, because the ablated materials essentially convert to NPs. Section 5.5
shows that this ratio can be controlled by the electrical parameters in the spark
circuit. Model predictions are validated with measurements of the ablated ratio of the
electrodes, determined by weighing the electrodes before and after sparking, and
compared with chemical analysis obtained by energy-dispersive X-ray spectroscopy
(EDX) and inductively coupled plasma mass spectrometry (ICP-MS), which were
reported previously8:25. Since the vapours generated from the two electrodes may not
be completely mixed, Section 5.6 further investigate the composition distribution of
the resulting NPs, the broadness of which can be controlled by the process

parameters.
5.2 Interpreting NP mixing based on earlier works

The concept of mixing NPs by spark ablation, using different materials for the
anode and the cathode, leads to vapour clouds that are initially not completely
mixed and go through the first steps of homogeneous nucleation independently
before they mix, thereby resulting in a composition distributions of the final
particles. The NP composition can be determined by means of EDX, ICP-MS,
and gravimetric measurements of the electrodes before and after sparking.
Figure 5.1 shows the composition of a number of NPs, produced by spark
ablation using electrodes of different matter (i.e., Pd and Au), as determined by
EDX in a scanning transmission electron microscope8. Because the number of
detected particles (6 and 7 particles in Figure 5.1a and b, respectively) is
limited, these observations can only be considered as an approximation of the

distribution of NP compositions.
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Figure 5.1 Distribution of the particle composition based on the data from
Tabrizi et al.4 determined by EDX on a random selection of (a) six particles
produced using one Pd and one Au electrode, and (b) seven particles produced

using one Pd and one Ag electrode. The compositions of the particles are

Mmpdq= Mpq=
Pd=A and Ppdec = Pd=C

defined with respect to Pd as @pg-p = —=
Mmpg=A+tMau=c Mmpga=ct+Mag=A

Sample standard deviations oy, are 0.10 for Pd-Au (a) and 0.20 for Pd-Ag (b).

Tabrizi et al.®8 showed that the mean particle composition depends on the
cathode material. The corresponding data is assembled in Table 5.1 and they
were determined by ICP-MS. Based on the energy balance of the process2¢, the
total mass of both electrodes ablated per spark Am at a given spark energy E

can be estimated as?9:
Am =~ aECp, (5.1

Here «a is a material-independent parameter representing the fraction of spark
energy consumed for material evaporation, whereas Cn is a material constant
representing the mass evaporated per unit of energy absorbed by the

electrodes, estimated as9:26:
-1
Con = (Cps(Ty — Te) + Hpy + He) (5.2)

where cps (J Kt kg) is the heat capacity of the solid material; Tcand T} (K) are

the temperature of the carrier gas and the boiling point of the electrode
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materials, whereas Hm and He (J kg?) are their enthalpies of melting and

vaporization.

In this chapter, the subscript ‘=C’ denotes that the material is used as the
cathode, while ‘=A’ represents that the material is used as the anode. For
instance, mpgy—c is the mass portion of Pd in a particle when using Pd as a

cathode.

Table 5.1 Mass ratios ablated from cathodes and anodes of different materials
derived from Tabrizi et al.4. mau-c/mra-a denotes the mass ratio of NPs ablated
from the cathode and the anode. These ratios were determined by means of
ICP-MS. These values are equal to the ratio of Amc/Ama (mass ablated per
spark from the cathode to that of the anode), because the mass ablated from

the electrodes is essentially converted to NPs®6.

Mau=cC Mpd=C Mag=c Mpd=c
Mpd=A Mau=A Mpd=A Mag=A
2.9 0.6 0.7 1.7

A complication of using two different electrodes to mix NPs lies in the fact that
the cathode is ablated more strongly than the anode25. This is because ablation
is, at least in part, caused by the collisions of charge carriers with the
electrodes. These charge carriers include the ionized gas atoms/molecules and
free electrons. The higher the mass, the stronger is the ablation of the electrode
attracting them. As the negatively charged species in the gas are, at least in
part, electrons, the negative electrode is generally ablated more strongly than
the positive one. The sparks obtained by the discharge of a capacitor are
generally oscillatory as shown below, so that the electrodes take turns in
experiencing strong ablation. Modifying the current oscillation by changing
electrical parameters can therefore change the NP mixing ratio. For our further
analysis, the cathode is defined as the electrode being negative during the

period that most of the spark energy is dissipated.

The mass ablated from the cathode or the anode can be expressed separately
using equation (5.1), if a is correspondingly replaced by the fraction of spark

energy consumed for cathode ablation ac or anode ablation aa. The products of
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these fractions and spark energy (i.e., acE and acE) are then the energies

dissipated by evaporating the associated electrodes. The ratio of energies

absorbed by the cathode and the anode is expressed as:

ac

k. =
r an

(5.3)
It is worthwhile pointing out that k: depends on the mass of the ions formed in
the discharge due to their effect of sputtering the electrodes. Besides the
characteristics of the oscillating discharge, the gas composition has an
influence on k:. For example, if both electrodes are ablated by positive and
negative ions with identical mass and concentration, k: will becomes unity.
Ions from the evaporated material may also participate in ablation, but their
contribution to vaporization is negligible, leading to a constant k; under the
same gas atmosphere and electrical spark characteristics, regardless of the
electrode material combination. This assumption is consistent with the data of

Tabrizi et al.8 as shown below.

Substituting equation (5.3) to equation (5.1), the ratio of mass ablated per

spark between the cathode (Amc) and the anode (Ama) can be calculated as:

Amc Cc

. e, (5.4)
Equation (5.4) links a mass ratio of the ablated materials with k; and material
constants, which can be estimated by equation (5.2). This ratio is equal to the
mean mixing ratio of NPs, which can also be experimentally determined, from
either gravimetric measurements of the electrodes, EDX, or ICP-MS of the
resulting NPs. Evidently, k: is the mass ablation ratio when using the same
electrode materials (i.e., Cc = Ca).
Applying equation (5.4) to the Au-Pd combination as shown in Table 5.1,
yields:

Mpau=c Mpd=Cc _

= 2 2Aau ZPd g 2 5.5
Mpg=p May=A " Cpq Cau ' (5:5)
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Substituting the values from Table 5.1 into equation (5.5), kr = 1.3 is obtained
for Au-Pd, and k: = 1.1 for Ag-Pd. This discrepancy in k: can be attributed to
inaccuracies in the ICP-MS measurements. The empirical outcome suggests
that k: can be considered as being material independent. The average value of
kr = 1.2 was taken, because the same electrical circuit was used for the
measurements used here2s. In addition, using the same circuit gave a similar

result for k:, which was derived gravimetrically for identical electrodes=5.

Table 5.2 Comparison of the material constant ratios estimated when using
different electrodes (the first and the second columns; cf. equation (5.4)) with
those of using the identical electrodes (the third column; calculations are based
on a number of gravimetric measurements for Au-Au and Pd-Pd combinations

as well as Ag-Ag and Pd-Pd combinations)23:25.

Material constant ratios Different electrodes Identical electrodes Equation (5.2)
Pd=A Pd =C
Cpa /Cau 0.4 0.5 0.525 0.5

Cra /Cag 1.7 1.4 1.6 25 0.7

Provided that the same spark circuit was used in this section (i.e., kr = 1.2),
equation (5.4) approximates the material constant ratios (Cc/Ca) when using
two different electrodes. In the case of identical electrodes, the associated
material constant ratios can be estimated from two subsequent gravimetric
measurements of two electrodes’ combinations (e.g., Pd-Pd & Au-Au; cf. details
in the Supporting Information). The associated results for these coupled
measurements are shown in Table 5.2 and are also compared with predictions
using equation (5.2). Table 5.2 shows that the material constant ratios have the
striking similarities regardless of whether different or identical electrodes were
used. This supports the above assumption that the value of k: (energy portions;
cf. equation (5.3)) in the configuration using electrodes of the same material is
representative for the case of different electrodes. Therefore, identical
electrodes were used to investigate the relation between k: and the electrical

characteristics of the spark circuit.
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Note that for Cpa/Cag, there is a significant discrepancy between measurements

and estimations using equation (5.2). This is probably due to the energy loss by
thermal conduction of the electodes919:25, which is not captured by equation
(5.1), and the conductivity of Ag that is a factor of ca. 6 times higher than that
of Pd.

5.3 Predicting NP mixing ratio

Power source

Figure 5.2. Simplified switching circuit used in the HFS. The initial potential
difference Uc applied over the electrodes can be set independently of the
breakdown voltage due to the decoupling of the charge cycle from the
discharge®. Such separation is achieved by adding fast switches in the classical
spark circuit®.23. Besides keeping a constant U., a low power source provides a
continuous low current in the discharge gap. This low current reduces the
breakdown voltage of the carrier gas, guaranteeing that U. is always high
enough to ignite the spark for the gap distances used here. Although the
frequency of the HFS can go up to 25 kHz, the spark repetition frequency of 1
kHz was operated, at which there is no substantial electrode heating at the flow

rate used in the experiment.

Figure 5.2 shows a simplified equivalent circuit of the high-frequency sparks
(HFS) used in the present work®. Based on this circuit, a model is developed for
linking the electrical parameters to the current oscillations, which in turn

determines the ablation ratio of the electrodes. The spark discharge can be
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considered as a constant resistance Rspark in the order of 1 Q. Additional cable
and electrode resistances can be neglected when using metal electrodes2’.
According to Kirchhoff’'s rules and the voltage-current relations for the
inductance L the total resistance Riot=Rspark+Rextra and the capacitance Cca, one

can write as:

d?1
Tde?

dl 1
+ (Rspark + Rextra) a +—I=0 (5.6)

L
Cca

Oscillations occur for the case of under damping (Ryy> < ?), where equation

(5.6) is solved to yield:

1 £\
I = CcaUwa(]. + W) exp (— E) sin(wst) (5.7)

Here U, is the initial voltage across the gap that is equal to the voltage over the

2L;

capacitance igniting a spark discharge; tp = is the damping factor; ws =

tot

2
\/% 1-— % is the natural frequency of the oscillation.

The unknown parameters Rspark and Li are derived from matching equation

(5.7) with the measured current traces. If Rextra = 0, the spark energy (E =

1
> Cea U.?) can also be expressed as:

T
E= j (Rspark)I?dt (5.8)
0

In the oscillatory discharge, the electrodes take turns in having a negative and
positive polarity. The electrode momentarily having the negative polarity is
bombarded with positive ions, which have larger mass and carry more energy
to the associated electrode than electrons, thereby emitting vapour. This brings
about the assumption that the ablation only occurs on the electrode acting
momentarily as the negative electrode. As a result, one electrode emits vapour
during the initial negative-wave, whereas the other one takes over when the
measured current becomes positive (cf. Figure 5.3). The cathode is defined as

the electrode being negative during the time that most of the energy is

Spark Mixing |



dissipated. For an under-damped oscillation, the cathode is the electrode that

starts with the negative polarity. As the ablated mass is proportional to the
spark energy (cf. equation (5.1)), the ablated mass of the cathode corresponds
to the dissipated energy when I < 0, while the ablated mass of the anode is
given by the dissipated energy when I > 0. According to equation (5.3), the

ratio of the dissipated energies at the cathode and the anode is given by:

Eac Jy 12dt (I < 0)
Eay  [F12dt (I > 0)

k.= (5.9)
For electrodes of the same material (Ca = Cc), kr can be determined by

measuring the weight losses of both electrodes (cf. equation (5.4)), which

essentially convert to the resulting NPs®6.

In accordance with mass conservation, the average particle composition can be
determined gravimetrically (the weight losses of the anode and the cathode), ,
which are equal to the mass ablated per spark Am from the respective
electrode. The mean NP composition is expressed as (with respect to the
cathode material):

Amc

e = ———— 5.10
bc AmA + Amc ( )

Alternatively, ¢ can be formulated by substituting equation (5.4) to equation

(5.10), which yields:

Pc=—"75 (5.11)

where the material term im—Acan be estimated by equation (5.2), while k; is

mC

determined through equation (5.9). The unknown circuit elements, such as the
spark resistance, can be derived by matching equation (5.7) with the current

traces measured in this work.
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5.4 Experimental section

In order to determine k: by equation (5.9), a pair of identical Au electrodes
(each rod having diameters of 3 mm and a length of 30 mm; 99.99% purity)
was used in the HFS with a fixed capacitance of 45 nF. The gap distance
between the electrodes was varied from 0.5 to 2 mm by a fine micrometre
screw with a precision of 0.01 mm, while a He carrier gas (99.999% purity) was
perpendicularly passed through this gap at a flow rate of 12.4 standard litres
per min (slm). The potential difference between the electrodes U. was manually
set between 1.1 and 1.2 kV for the entire range of gap distances, thereby
changing the spark energy. The spark repetition frequency was kept at 1 kHz

throughout the measurements.

The amount of NP production was derived from weighing the electrodes before
and after sparking, which was measured by an electric balance (AT201 Mettler
Toledo) with a precision of 0.01 mg. In addition, the current traces were
recorded by a Pearson Current Monitor (model 110), and an oscilloscope
(Hameg HMO 1024) connected to the HFS using 1:100 High Voltage probes
(Testec HV250).

5.5 Results and discussion

The electric circuit (cf. Figure 5.2) used for determining k. assumes a constant
spark resistance Rspark, and this is justified by the perfect fit of the experimental
current trace with the model predictions from equation (5.7) as shown in

Figure 5.3(a). For Ceca = 45 nF, which leads to a fixed spark energy (E =
%CcaUcz), the damping behaviour is associated with Rspark and the damping

frequency mainly depends on L;, so that both values can be derived accurately.
Figure 5.3b reveals that Rspark increases as the electrode gap distance increases,
and the corresponding values are pointed out by the arrows in the figure
(provided Li = 2.9 pH). This provides a means of changing the total circuit
resistance to influence the mixing ratio, as it follows from equations (5.4), (5.7)
and (5.9). Because adding resistors to the circuit increases heat losses, it is in

principle more efficient to change only the spark gap for varying the ablation
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ratio. The parameter « embedded in equation (5.1) is a constant as discussed

previously9-25. The results shown in Table 5.3 also validate this claim, showing

that « is insensitive to both the electrode gap and spark energy.

150
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Figure 5.3 Current oscillations during a single spark between two electrodes

at different gap distances. a), Current trace with a spark energy of 26.7 mJ and
a gap distance of 1.5 mm. The symbols represent the measurements, while the
curve is a fit of equation (5.7). b), Fits of equation (5.7) to measurements at
different gap distances, yielding the corresponding values for L; (2.9 uH) and

Rspark (i.e., 0.5 mm, 1.29 Q; 1.0 mm, 1.45 Q; 2.0 mm, 1.67 Q).

Table 5.3 Dependence of a on gap distance and energy per spark.

Gap distance (mm) E=26.3mJ E=31.7mJ
0.5 0.116 0.122
1.5 0.110 0.119
2.0 0.120 0.122

The parameter k: represents the energy ratio going in the ablation of the
cathode and anode electrodes. The model in Section 5.3 links it to the electrical
characteristics of the spark circuit (cf. Figure 5.2 and equation (5.9)). Table 5.4
compares the values of k; and @ determined by equation (5.9) and (5.11) with
those estimated by the gravimetric measurements at three different gaps. The
results are in line with each other and reflect the same trend for increasing gap

distance. Importantly, this correspondence verifies the assumption made in the
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model: the material ablation is strongly dominated by the temporarily negative

electrode within the spark oscillation.

Table 5.4 Comparison of k: and the corresponding @ (equation (5.11) with Ca
= Cc) determined by the gravimetric measurements (using equation (5.10))

and the model predictions using equation (5.9) (cf. E = 31.7 mJ, Rextra = 0O).

k: ®c
Gap distance Gravimetric equation Gravimetric equation
(mm) measurements (5.9) measurements (5.11)
0.5 1.5 1.7 0.60 0.63
1.5 1.6 1.8 0.62 0.64
2.0 1.7 1.9 0.63 0.66

1.0
0.9+
- @, = 1—= Critical damping point
o | Only the cathode is ablated
(SN
0.7 -
0.6 -
05 T T T T T g T T T
2 4 6 8 10
Ryt (V)

Figure 5.4 The mean mixing ratio ¢¢ as a function of the total resistance Riot
used in the spark circuit for Cma = Cmc (Cea = 45 nF, Li = 3 uH). When Riot
increases to a critical damping point (R> = 4L;/C.), no polarity reversal

occurs, thereby only ablating the cathode.

Equations (5.7) and (5.9) imply that k; is increased (more ablation from the
cathode with respect to the anode), when L; or Cc. is decreased. As C.a also
influences the spark energy, decreasing it is practical, but L; could be decreased
by careful design of the circuit (e.g. coaxial cables) and increased by adding an
inductor. The simplest way of increasing k;: is to add a resistance Rexira to the

circuit. However, the drawback of doing so lies in the reduction of energy
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efficiency, because Rextra causes the reducing of energy efficiency from a to

R Kk . . oy
— P When Riot (i.e., Rspark + Rextra) Teaches the point of critical
RSpark+RExtra

damping (R..+> = 4L;/C.y), where no polarity reversal occurs and only the

cathode is ablated.

Figure 5.4 shows the change in the mean composition ¢, as derived from
equations (5.9) and (5.11) for the special case of Ca = Cc, which are
representative for other material combinations as validated experimentally (cf.
Section 5.2). The NP composition (i.e., @) has a broad range from 0.6 to 1.0.
Note that the anode and cathode can be exchanged, covering also the

composition range between 0 and 0.4.

As briefly mentioned above, another measure of controlling the particle
composition is to adjust the spark gap, which directly relates to the length of
the spark plasma, thereby determining the spark resistance. As confirmed by
the data shown in Table 5.3, the energy efficiency a remains almost unchanged
regardless of the gap distances. Table 5.4 shows that the electrode gap distance
indeed has an influence on @.. This influence, however, is small and control

over the discharge becomes difficult with gaps larger than 2 mm.

5.6 Understanding the broadness of NP composition

distribution

This section develops a general approach to predicting the composition
broadness of NPs produced by spark discharges between two electrodes of
different composition, which can be controlled by changing the operating
parameters. According to the model described above and its consistency with
the experiments, internal NP mixing can be controlled through the oscillatory
behaviour of the discharge that makes electrodes take turns in emitting vapour

clouds. The broadness of the particle composition distribution oy, shown in

Figure 5.1 is attributed to partly mixed vapours of the two materials (the
respective electrode surface) at the beginning, and/or their emissions at

different times. The latter influence is negligible with respect to the spatial
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separation, since the discharge oscillatory frequency lies at ca. 1 MHz. The
dominance of the spatial separation of the two material sources implies that
the spark gap should have an influence on o5,. Mixing is evidently incomplete
in the initial phase of particle growth, but complete mixing subsequently does
occur with the help of diffusion and turbulence during further NP growth.

Particle formation can thus be modelled by a simplified process in which:

i. particles of one electrode material (‘single-component particles’) with

diameter D,,; are first formed from the initial vapour clouds;

ii. subsequently, the resulting aerosols are completely mixed;
iii. particle-particle collisions contribute to their further growth.

The colliding particles fully coalesce below a critical size (i.e., primary particle
size within agglomerates)? or their growth is interrupted by rapid dilution or
deposition onto a substrate. Note that due to the initially unmixed growth, the
final particles exhibit a spread of compositions, even if subsequent growth

takes place under well-mixed conditions. The fraction of one component

mai

Qi = in these final particles of diameter Dy, can be described by

maj+mpj

Poisson statistics. Considering that the number of initial particles per final

3
pf

. . D . e .
particles is N = o3 the composition distribution can be approximated by
pi

Stirling’s formula given by=28:

I =IN\2
f(¢") = constexp <— %) (5.12)

The standard deviation in equation (5.12) is given by=8:
(5.13)

To determine o, using equation (5.13), the composition @ can be estimated by

gravimetric measurements (cf. equation (5.10)) or predicted by equation (5.11)

using equation (5.9) for kr and equation (5.2) for Ca/Cc.
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This mixing model is simplistic because in reality there is an overlap between

formation of the ‘single-component particles’ and the mixing phase, and
because the particles have a distribution in size. Nevertheless, this analysis
provides an estimate on how the process parameters influence the broadness of
the NP composition distribution. The model can be tested by inserting oy, (cf.
Figure 5.1) into equation (5.13). The primary particle diameters for the Pd-Au
electrode combination are estimated from the corresponding micrographs8 as

Dy = 8 nm and Dy = 5 nm in the Pd-Ag case. Placing these diameters and the

corresponding mean compositions @ into equation (5.13) yields the initial
diameters of the ‘single-component particles’ Dpi. Importantly, both values of
Dy, arrive at ca. 3 nm, which correlates well with the corresponding mean mass
of electrodes ablated per spark as well as the electrode gap distance, implying a
similar particle growth history for these two electrode combinations (Pd-Ag
and Pd-Au)ro.

Supported by this qualitative consistency, equation (5.12) and (5.13) are key to
predicting the influence of spark operating parameters on the broadness of the
composition distributions in a qualitative sense. Quantitative predictions
would require an appropriate value for Dpi. For example, equation (5.12)
correctly predicts that the Pd-Ag distribution (cf. Figure 5.1b) is broader than

that of Pd-Au (cf. Figure 5.1a). The main reason for this is the smaller D for

Ag-Pd. Another reason is that ¢ is closer to 0.5 (where (1 — @) has its

maximum) as shown in Figure 5.1b for Pd-Ag.

In general, more turbulent mixing in the vicinity of the sparks should decrease
Dyi. According to the particle growth modelt©, a decrease in spark energy or an

increase in the flow rate will also decrease Dpi, and therefore decrease ogy,.

Another alternative to reduce oy, is to increase Dy, which is in turn closely

pf>
associated with the temperature history and the surface state of the particles®9.
Finally, the dominance of the spatial separation of the two material sources
over time effects ameliorated above implies that a larger distance between the

electrodes is expected to extend the non-mixed period, thereby increasing Dy
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5.7 Conclusions

This chapter has shown the influence of the oscillatory behaviour of a single
spark on the relative ablation of the two electrodes, which can be used to
change the mean mixing ratio ¢ of the resulting nanoparticles (NPs). The
concept of separating the material-dependent and circuit-dependent
contributions enables this work to determine the electrical parameter k: by

applying identical electrodes.

The model is based on previous observations where the cathode is more
strongly ablated than the anode. In this model, assuming that only the
electrode momentarily acting as negative polarity is ablated, is validated with
the measurements. Tuning k;, a ratio between the energy absorbed by the
cathode to that absorbed by the anode, through the electrical parameters can
be used to vary the particle composition within a broad range (cf. equation
(5.7), (5.9) and (5.11)). Analysis of the data from former publications825
confirms the assumption that the material dependence of the ablation rate
from pairs of identical electrodes can be used to predict the ablation ratio of

electrodes consisting of different materials.

The simplest way of varying the mean composition is to change the resistance
in the circuit. The mean compositions @ predicted from equation (5.11)
correlates well with the gravimetric measurements of the electrodes before and
after sparking, and are consistent with results obtained in previous works8.24,
Considering the broadness of NP composition distribution, a simple model
proposed here serves as a basic guide for controlling it by altering the operating

conditions.

The central results of this work provide a basic understanding of spark
production of internally mixed NPs by using electrodes of different materials.
The models developed here provide a tool for controlling the mean
composition and broadness of the NP composition distribution. In

combination with predicting the particle size and scaling up this production
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method, the results can be used to expand the possibilities of novel nano-

mixing toward industrial scale. The unique approach to internal NP mixing is
stunningly attractive to produce nanoalloys, even if the raw materials do not
form alloys in the macroscopic state or that need further powder mixing and

sintering3.14,
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Supplementary Information in Chapter 5

Supplementary Information is provided in the following pages, including material

constants and the experimental determination of material constant ratios
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Table S5.1 Material constants for Au, Ag, Pd, Mg, and Al

Materials He (J/kg) Hn(J/kg) cps (J/(kgK)) Ti (K) 1/Cm (J/kg)

Au 1736041 63706 129 3243 2180296
Ag 2351852 104444 235 2435 29596606
Pd 3377358 157924 240 3236 4241603
Mg 5333333 353333 1020 1363 6778067
Al 10518519 396667 904 2743 13129985

Determining material constant ratios experimentally
Two different electrodes

This electrode configuration is simple, as one only need to determine the value of k:
by equation (S5.9) in the main manuscript. The experimental determination is also
available using equation (S5.5). Doing so needs two consequential gravimetric
measurements of the electrodes used. For example, we use Au-Pd electrode
combination with known weight for each of them. First we use Au as the cathode to
run spark for a certain time. Subsequently, we weigh the Au and Pd electrodes, which
gives us the mass loss of each electrode after sparking. Second, we switch Au as the
anode and repeat these experiments. We substitute the mass converted to NPs for
each electrode to equation (S5.5), which gives the value of k.. Equation (S5.4) is then

used to estimate the material constant ratios.
Identical electrodes

In this case, the same gravimetric measurements are used to determine k. The only
difference lies that we need to use two identical-electrode combinations. For

example, to determine the material constant ratio between Ag and Pd, First we need

S178 Supplementary Information |



to do the gravimetric measurements for Ag-Ag electrode combination. Then we do

the gravimetric measurements for Pd-Pd, provided that the same electrical circuit is
used as that of A-Ag electrode combination. Considering that equation (S5.1) holds
for using identical electrodes made from a wide range of materials, the material
constant ration between Ag and Pd equals to the ratio of gravimetric measurements
between Ag-Ag and Pd-Pd.

1.0

Al-M
0.6 -
SN

0.4

0.2

0 . O o T . T ) T ' T . T
0 2 4 6 g 10
Riat ()

Figure S5.1 Ablation ratio ratio ¢ as as a function of the resistance in the spark
circuit Al-Mg electrodes, where the curve is predicted by equation (S5.11), while the
points are based on the data from Vons (Cca = 20 nF, L; = 2.0 uH, Uc = 1.3 KV, Rextra =
0 and 5 Q)24. The predictions correspond well with the previous measurements for

Al-Mg electrodes when using Rexira = 0 and 5 Q.
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6. Inhibition of ‘Splashing’ in High
Frequency Sparks for Nanoparticle

Synthesis

Current breakthroughs in green nanotechnology are capable of manufacturing
industrial quantity of sub-10 nm nanoparticles (NPs) with improved uniformity.
Newly developed high frequency sparks can yield sub-1t0 nm NPs with large
quantities. In this method, fast quenching of the vapours generated from electrodes
facilitates the formation of very small particles (< 10 nm). However, high repetition
frequencies increase probability of striking the same hot-spots of the electrode
surface, where molten pools are formed. Droplets are momentarily ejected from the
microscopic pools and they are subsequently solidified by cooling, thereby forming
‘splashing’ particles that are larger than 100 nm. To supress the splashing while
maintaining a high NP mass production rate, a permanent magnetic field is employed
to deflect the a continuous glowing current, onto which sparks are superimposed.
Inhibition of ‘splashing’ is expected to promote wide use of high frequency sparks for

producing nanoscopic building blocks toward industrial scale.
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6. 1 Introduction

Q part from successful scaling up of spark ablation as described in Chapter 4,
‘splashing’ leads to forming particles having sizes larger than 100 nm, thereby
exacerbating the properties of final products. To tackle the problem, this chapter

aims at inhibition of ‘splashing’.

Current breakthroughs in green nanotechnology are capable of manufacturing
industrial quantity of sub-10 nm nanoparticles (NPs) with improved uniformity.
These small NPs can be dispersed finely on a support, so that the associated high
surface areas efficiently uses catalytically active componentst2. Minor changes in
their composition or size can substantially influence the activity and selectivity of a
reaction®2. In addition to the fascinating catalytic properties, very small NPs exhibit a
number of different optical, electronic and magnetic properties, as compared to their
bulk counterparts3. The unique properties can be related to the surface atomic

coordination?!, quantum confinement, and superatom potential4.

The newly developed high frequency sparks (HFS), whose switching circuit was
described in Pfeiffer’s thesis5, has been used to produce various monometallic and
bimetallic NPs with sub-10 nm in size and well-defined chemical composition (cf.
Chapter 5)¢. Extremely fast quenching of the vapours generated from electrodes
makes this method feasible to not only produce very small particles (< 10 nm), but
also to rapidly mixing materials on an atomic scale (forming alloys; cf. Chapter 5)7.
The latter has been identified to produce thermodynamically metastable NPs and
nanoalloys that are converted from incompatible starting materials8. The unique
feature gives birth to many applications in relation to growing demands for

nanocomposites9-10,

As compared to the production rate demonstrated in Chapter 4, HFS can reach
higher mass production rates by further increasing the spark repetition frequency

and/or the spark energy, which are, however, faced with two problems. The first one
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lies in the fact that high repetition frequencies increases probability of striking the
same hot-spots on the inter-electrode surface!!, where the energy is momentarily
transferred to form molten pools. Such microscopic pools eject droplets under the
action of electric and/or acoustic fields, as well as plasma pressure created by ion
bombardment. Subsequent cooling solidifies the droplets, thereby forming undesired
‘splashing’ particles having sizes from 100 nm to a few microns. The second problem
arises from the formation of splashing particles at a high spark energy, which can be
inhibited by using a low spark energy (ca. 30 mJ) according to earlier work®.
Splashing does not contribute to NP production, but leads to strong electrode

erosion. As a result, it reduces converting efficiency of starting electrodes to NPs.

This chapter designs a system that is feasible to investigate the splashing particles
generated by HFS with and without using of magnets around the electrodes. In the
HFS, sparks are superimposed onto a low-power and continuous discharge, which
enables magnetic deflection of the spark position, thereby avoiding successive sparks
to strike the same spot on inter-electrode surface. Section 6.2 presents the
experimental setup used for inhibition of ‘splashing’ particles. Section 6.3 compares
the results of employing the magnets with those obtained from the experiments
without using magnets. The particle samples were analysed by small- and wide-angle
X-ray scattering (SWAXS), scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). Finally section 6.4 closes with a summary demonstrating
that inhibition of splashing particles enhances the quality of the nanoscale building
blocks at high yields and the converting efficiency of starting electrodes to sub-10 nm
NPs.

6.2 Methods

6.2.1 Experimental setup

Figure 6.1 shows the schematic layout of the experimental setup used to identify the
difference between using and not using magnets with respect to the splashing
particles. It consists of a NP production system (i.e., the spark discharge generator;

SDG), and collection systems (i.e., a filter, an impactor and a mini-particle sampler:2;
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MPS). For all the experiments in Section 6.3, the energy per spark E was fixed to 32.4
md (E =0.5 CcaUCz, Where Cca =45 nF, Uc =1.2 kV).

NP production

____________ _ § Filter holder

- HoIIow electrodes <>

\m@

I
| = —’..
|

oo i
Outlet Flow , ! Filter holder |
/ 3 Impactor 3

Ring Magnets ‘ l:l:
‘ MPS

Collection system
Figure 6.1 Schematic layout of the experimental setup and the configuration of ring
magnets attached on the pair of hollow electrodes through which the coaxial flow
passes. Key: DMA, differential mobility analyser; CPC, condensation particle

counter; MPS, mini-particle sampler.

To keep the sparks at the circumference of rods and guarantee symmetry, the hollow
electrodes (an inner and outer diameter of 6 and 8 mm, and a length of 20 mm;
99.99% purity) were used instead of solid ones. Two identical ring magnets were
fixed around each hollow rod electrode. The carrier gas (Ar, purity 99.999%) passed
through the hollow anode electrode and subsequently carried away the aerosols to the
hollow cathode electrode and particle collection systems, having a flow rate of 10.5
slm. The magnets were mounted to avoid respelling each other, i.e. with identical
poles facing. This caused the magnetic field lines to have a radial component between
the magnets away from the horizontal (centre) axis where a low-power and
continuous glowing current was formed and superimposed by sparks. As a result, a

Lorentz force deflects the glowing current, positioning the superimposed sparks .
6.2.2 Particle collection and characterization

When the generated aerosols exited the hollow cathode electrode, MPS, impactor,
and filter were placed downstream to collect the particles. TEM (JEOL JEM-1400)
was utilized to exhibit both NPs and splashing particles. Both SEM (JSM 6300) and
SAXS/WAXS measurements gave a comparison of the splashing particles produced
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under the condition of using and without using the magnets around the electrodes.
(1) The MPS was used to collect NPs onto the TEM grids with holes (S143-3 Q'foil
1.2/1.3 400 Cu)'2, through which the aerosol flow passed!2. (2) Two custom-made
filters were placed upstream and downstream of the impactor to collect particles on
the commercial membrane filters (HVHP09050 Durapore PVDF 0.45 um pore size,
90 mm diameter). The particle samples were analyzed by SAXS/WAXS. (3) A
custom-made impactor (low-pressure of 70 mbar, a nozzle with a diameter of 3.5 mm
at a flow rate of 0.63 slm, Stokes number = 0.01 for 100 nm Au NPs when the carrier
gas is Ar with purity of 99.999%) was used to sample the splashing particles onto the
impaction plate!s. A piece of membrane filter (with a dimension of 1.5 x 1.5 cm?2; cut
from the commercial ones) was glued on the centre of the impaction plate, where
particles were deposited. In addition, silica wafers (1 x 1 cm2) were also placed on the
impaction plate to collect particles. The former was used for SAXS/WASX

measurements!415, while the latter was characterized by SEM.
6.3 Results and discussion

Figure 6.2 shows SEM images of Au splashing particles with and without using
magnets over the hollow electrodes. In the absence of magnets, there is an increased
probability of repeated spark discharges striking the same spot on the inter-electrode
surface, thereby causing the formation of splashing particles with sizes larger than
100 nm. To suppress splashing without reducing the production rate, a magnetic field
was applied to deflect the continuous glowing current5!6, onto which a spark is

superimposed. This avoids repeatedly striking the same spot on electrode surface.

2 um " 2um

SElI 15kV  WD12mmSS43 x5,500 2pm —_— S!I 15kV. WD12mmSS43 x5,500 2um —

Figure 6.2 SEM images of Au splashing particles produced using hollow electrodes
at f = 1 kHz. Au splashing particles collected on the impaction plate by the impactor
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for 10 min with a flow rate of 0.63 slm and a deposition pressure of 70 mbar, with

magnets (a) and without magnets (b).

The SEM images indicate that the amount of splashing particles is dramatically
reduced when using the magnets, as shown in Figures 6.2a, whereas Figure 6.2b
shows the splashing particles collected in the absence of magnets. By statistic
counting of the splashing particles on many SEM images, it is shown that the
splashing particles are supressed by about a factor of five at 1 kHz when using

magnets in the system.

g (
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Figure 6.3 TEM images of the Au splashing particles and agglomerates.

Interestingly, the gravimetric measurements of the electrodes did not show the
difference between the case of using magnets and without using magnets. Based on
Figure 6.2b, assuming that all the splashing particles were deposited on the
impaction plate, their number presented in the observation area, which is based on
many SEM images, is estimated to be on the order of 105 particles/mm2 during 10
min impaction. The total mass of splashing particles can be estimated to the order of
104 mg for 200 nm (102 mg for particles of 500 nm). The mass production rate of Au
NPs reported in Chapter 4 (cf. Figure 4.1) is ca. 8 mg for 10 min. As a result,
gravimetric measurements can hardly identifies such a small mass fraction, from 0.01
wt.% (e.g., 200 nm) to 0.1 wt.% (e.g., 500 nm). Although the mass fraction of

splashing particles remains low, the higher frequency is expected to form more
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splashing particles. Therefore, to supress the splashing is essentially necessary to
improve the NP uniformity and to enhance the converting efficiency of starting

electrodes to sub-10 nm NPs .
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Figure 6.4 SAXS/WAXS measurements of Au particles. SAXS curves of Au particles
collected upstream and downstream of the impactor (a). WAXS curves of Au particles
collected on the impaction plate, downstream and upstream of the impactor,

respectively (b).

By analysing the SEM images, the concentration of splashing particles is ca. 103
particles/cm3, which is in line with the estimation from the TEM images shown in
Figure 6.3. Comparing the number concentration of splashing particles observed by
SEM with the total number concentration measured by SMPS (107 particles/cms3, see
Figure 5.2 in Chapter 5), it indicates that the number fraction of the splashing
particles produced by the spark is approximately 0.01 % (number based). This small
fraction justifies the conclusion that the splashing particles are also hard to be

measured by the SMPS.

Figure 6.4 shows detailed SAXS/WAXS data of the Au particles collected at different
locations, namely upstream, downstream of the impactor and on the impaction plate.
The SAXS curves (cf. Figure 6.4a) show that the scattering intensity follows the power
law in the large g region, i.e., the intensity is proportional to g4, which implies that
the Au particles have smooth surfaces with ds of 2.0. As displayed in the inset of
Figure 6.4a, the ‘shoulder’ in the SAXS curve of the particles collected upstream of
the impactor without using the magnetic field is shifted to the left, as compared to the

particles collected at the same location while employing the magnets. For the
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particles collected upstream of the impactor, in the case of not using the magnets, the

mean size of 32 nm is larger that of 20 nm using the magnets. This comparison
suggests that more splashing particles were produced in the absence of magnets, as

also confirmed by SEM images (cf. Figure 6.3b).

For the particles collected downstream of the impactor, the two samples (with and
without using the magnetic field) were analysed by SAXS/WAXS (cf. the lower two
curves shown in Figure 6.4a). The almost overlapping SAXS curves exhibit similar
structural information. These Au NPs have a mass fractal dimension of 2.02, a mean
size of 11 nm, and a surface fractal dimension of 2.0. At wide angles, some peaks
corresponding to gold crystal phases (111), (200), (220), (311) and (222) are visible (cf.
Figure 6.4b), as compared to the background measurement (the Au peak at (220)
probably results from the sample substrate and the camera system itself). The peaks
of these Au NPs are relatively weaker and broader than those samples collected
upstream of the impactor, implying that these particles are smaller or have smaller
crystals. The comparison of the samples placed downstream and upstream of
impactor validates the assumption that all of the splashing particles are collected on

the impaction plate.

For the particles deposited on the impaction plate, due to their relatively large sizes,
the main peaks Au (111) in WAXS curves are narrower than those collected
downstream of the impactor (cf. Figure 6.4b). Therefore, the SAXS/WAXS analysis
allows qualitatively distinguishing the difference of splashing particles produced with
and without using the magnets, in good consistency with the observation by electron

microscope (cf. Figure 6.2).
6.4 Conclusion and future applications

The central results here are to show that the splashing particles have been
successfully suppressed by employing permanent magnets around the electrodes.
This chapter used a fixed spark repetition frequency at 1 kHz, showing that splashing
particles can be supressed by a factor of five. The associated magnetic deflection of
the continuous glowing current allows positioning the superimposed sparks. As a

result, the probability of striking the same spot on the inter-electrode surface is
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decreased in the HFS. These results can therefore serve as a basic guideline for
improving the uniformity of the resulting NPs and enhancing the converting
efficiency of starting electrodes to sub-10 nm NPs. In relation to creating 3D
nanostructures by focused aerosol deposition7—20, the technique described here can
be implemented to avoid the splashing particles to block the open structure of a

patterned ‘mask’, which allows depositing aerosol NPs.
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7. Scalable and Environmentally Benign

Process for Smart Textile

Nanofinishing

A major challenge in nanotechnology is that of determining how to introduce green
and sustainable principles when assembling individual nanoscale elements to create
working devices. For instance, textile nanofinishing is restricted by many constraints
of traditional pad-dry-cure processes, such as the use of costly chemical precursors to
produce nanoparticles (NPs), the high liquid and energy consumption, the
production of harmful liquid wastes, and multi-step batch operations. By integrating
low-cost, scalable, and environmentally benign aerosol processes of the type
proposed here into textile nanofinishing, these constraints can be circumvented while
leading to a new class of fabrics. This one-step textile nanofinishing relies on the
diffusional deposition of aerosol NPs onto textile fibres. As proof of this concept, Ag
NPs are deposited onto a range of textiles and their antimicrobial properties are
assessed in relation to two strains of bacteria (i.e., Staphylococcus Aureus, Klebsiella
Pneumoniae). The antimicrobial activity (AA) reaches as high as ca. 5.5 when the
loading is one order of magnitude less (10 ppm; i.e., 10 mg Ag NPs per kg textile)
than textiles treated by wet-routes. The AA does not increase in proportion to the Ag
content above 10 ppm as a consequence of a ‘saturation’ effect. Such low NP loading
on antimicrobial textiles minimizes the risk to human health and ecosystem, as well
as it reduces potential changes in colour and texture of the resulting textiles. After
three washes, the release of Ag lies in the order of 1wt.%, comparable to textiles
nanofinished with wet-routes. Interestingly, the washed textiles exhibit almost no
reduction in AA, much as those of as-deposited samples. Considering that a realm of
functional textiles can be nanofinished by aerosol deposition, this chapter
demonstrates that the proposed approach, which is universal and sustainable, can

lead to a wide number of textile-based applications.

This chapter is based on the publication:

Feng, J., Hontanon, E., Blanes, M., Meyer, J., Guo, X., Santos, L., Paltrinieri, L.,
Ramlawi, N., Smet, d. L., Nirschl, E., Kruis, E., Schmidt-Ott, A., Biskos, G., ACS
Appl. Mater. Interfaces, 8, 14756-14765 (2016).
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<.1 Introduction

I i‘undamental studies and scaling up of spark ablation have been
demonstrated in Parts A and B. From this chapter onwards, the focus is
shifted to the application of NPs. Chapter 7 proposes a new process for smart

textile nanofinishing, showing antimicrobial activities of the textiles.

Implementing nanotechnology to make “smart textiles” is evinced growing
interest'3, which together with bioinspired fibres and coatings represent
cutting-edge advancement in the field of textile-based products. For instance,
the aesthetic appreciation of fashion will acquire new dimensions, if the optical
appearance of fabrics can be manipulated by utilizing the surface plasmons of
coated nanoparticles (NPs)4. In combination with sensor technologies, colour-
changing fabrics will enable adaptation to surroundings thereby advancing
camouflage techniques3. What is more, integrating NPs into textiles can also
introduce antimicrobial5-7, flame retardant8.9, self-cleaning3, and UV protective
propertiesto, while simultaneously helping in the development of wearable
devices (e-Textiles)''-13, and exerting chemical softening effects to textile fibres.
Despite this tremendous range of applications, the dispersion, impregnation,
distribution, and immobilization of low NP loads onto textile fibres in a
controlled environment remain major challenges, especially when considering

the increasing demands for green and sustainable techniques.

Producing functional textiles is currently based on conventional pad-dry-cure
processes, which have many shortcomings. Such wet-finishing processes rely
on chemical reactions in a liquid medium and the use of surfactants. This, in
turn, requires reducing agents or templates for the synthesis of colloidal
nanomaterials, inevitably resulting in surface contamination on the final
nanomaterials4. Squeezing out the excess solution from the padded fabric

produces liquid waste products, some of which are detrimental to the
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environment. In addition, if uncontrolled evaporation of the solvent occurs
during the drying process, it can cause inhomogeneous distribution of NPs on
the fibres due to migration phenomena?s. This drying procedure also limits the
roll-to-roll speed of the textile finishing line. Another drawback of the wet-
finishing process is that the reproducibility and controllability of nanomaterial
deposition are frequently inhibited by the batch-type operationt¢. The
nanofinished textiles, for instance, can receive high nanomaterial loading in an
uncontrolled fashion with respect to their concentration profile within the
textiles. In combination with polymeric binding, which exacerbates fabric
texture and comfort, these high loadings raise many concerns in relation to

nanomaterial release during washing and disposal7:18,

(a) (b) Carrier gas flow

Aerosol flow

Textile fiber

) i l i i ! .
o ! Multiple sparks
: o Nanoparticles —_— P ‘_ a— _»_
e Conveyor textile.:‘ o’ 3 o9 oo
— = K\ Brownian motion y % AL oy R0 RO
L
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Figure 7.1 Illustration of the nanofinishing process. (a) An aerosol flow is

passed through the textile, where the NPs collide and stick to the fibres by van
der Waals forces. The NP-fibre collisions are caused by the Brownian motion of
the NPs. (b) Conceptual design of a simple, scalable and green route for textile
nanofinishing achieved by integrating electrical discharges for the synthesis of

NPs into roll-to-roll textile production.

The advancement of textile nanofinishing not only requires the implementation of a
sustainable technology producing complex nanomaterials for enhancing performance
and extending the functions of the final product?, but also it needs to guarantee
financial and environmental viability. This chapter proposes a sustainable and
universal approach to textile nanofinishing that relies on a single-step NP
synthesis and deposition process. Among the aerosol processes, electrical

discharges allow the high-yield synthesis and direct deposition of a wide range of
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well-defined NPs9-24 (with respect to NP concentration, size252¢, crystallinity27, and

chemical composition28.29) that can be directly deposited onto textile fibres by

diffusion (cf. Section 7.2), in a green and universal manner.

The uniqueness of the proposed process lies in that diffusional deposition can be
easily integrated into textile nanofinishing while providing a controlled loading
profile within the textiles. In addition to these unique features, the proposed NP
synthesis method yields sub-5 nm singlet particles26.30.31, whose size can be tuned
even down to that of atomic clusters (i.e., of the order of a few A). Particles in this size
range not only provide an extremely large surface area for sufficiently high mass
specific activity and diffusional deposition efficiency, but they also guarantee strong
adhesion to fibers (given that agglomeration is avoided), thus minimizing their
release. Since the NP synthesis method is fully compatible with commercial roll-to-
roll textile production as illustrated in Figure 7.1, the nanofinishing process proposed
here is amenable to upscaling (cf. Figure S7.6 in the SI). Although the applications of
the proposed method can be numerous, as a proof of the concept, this chapter uses it
here to fabricate antimicrobial textiles and test their activity and washing durability.
Antibacterial textiles have been commercialized by using the wet-finishing
processes32. Therefore, this dry approach, which is simple, green and scalable, is
expected to draw considerable attention from these industrial partners. With some
adaptations and modifications, the process proposed here can be directly deployed in

these sectors.
7.2 Results

7.2.1 Particle size distributions in the gas phase

A scanning mobility particle sizer (SMPS)33 was used to determine the size
distributions of the Ag NPs generated by spark ablation. A tube (with a length
of 32 cm and an inner diameter of 4 mm) transfers the aerosol NPs from the
depositing point (i.e., the textile sample) to the measuring point (i.e., the
SMPS). To account for the particle coagulational growth in the sampling tube,

theoretical calculations were used to estimate their size distributions of the
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particles when they arrive at the surface of the textile (cf. Supplementary

Section S7.1).

Figure 7.2a and b show lognormal particle size distributions (PSDs) measured
by the SMPS (black curves) at two different quenching gas flow rates (Qq = 20
and 50 standard litres per minute (slm)). The geometric mean diameter (dp)
and the geometric standard deviation (oy) of the PSDs of the generated NPs are
summarized in Table 7.1. The size of the particles produced by spark ablation
can be easily controlled by varying Qq 26. When Qg increases from 20 to 50 slm,
d, decreases from ca. 3.6 to ca. 1.5 nm, which is corroborated by model
predictionsso. Interestingly, an increase in Qq does not diminish the deposition

efficiency of the NPs significantly (cf. Supplementary Section S7.2).

As the NP mass production rate is unaffected by the gas flow rate, increasing Qq
only decreases the particle size (i.e., resulting in an increase of the total particle
surface area) and therewith the mass specific activity. This observation
simplifies the scalability of the proposed textile nanofinishing methodology
with respect to NP synthesis. The size distribution (with d, = 3.6 nm; cf. Figure
7.2c) derived from analysing the TEM image is similar to the estimation based
on the SMPS measurements (dp = 3.9 nm; cf. red curve in Figure 7.2a,). Most of
the deposited particles shown in the TEM image (inset in Figure 7.2c) are non-
agglomerated singlet particles. This is highly desirable as singlets have stronger
adherence to the fibres than agglomerates, which also simplifies the modelling

of NP deposition onto the textile fibres.

Table 7.1 Mean size d, and geometric standard deviation og of Ag NPs

generated by spark ablation in Ar (purity 99.999%).

Qq dp (nm) Og
(slm)
SMPS Deposition on SMPS Deposition on
measurements textile26:30 measurements textile26:30
20 9.7 3.6 1.53 1.35
50 7.6 1.5 1.48 1.35
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Figure 7.2 Particle size distributions at quenching gas flow rates of (a) Qq =
20 slm; (b) Qq = 50 slm. The black symbols and curves correspond to the
particle size distributions measured directly by the SMPS and to the fitted
lognormal distributions, respectively, while the red curves correspond to the
particle size distribution at the location of the textiles as estimated by
considering the growth of the particles along the sampling line to the SMPS. (c¢)
the particle size distribution is based on the TEM image (Qq = 20 slm).

7.2.2 Particle deposition on textiles

The deposition efficiency of the particles onto the textile fibres depends on the
particle size, the textile characteristics, and the flow rate through the fabric.
Figure 7.3 shows all the predicted and measured size-dependent deposition
efficiencies of the particles onto different textiles (namely Acrylic-Polyester-Cotton-
Polyamide (APCP), Polyester (PES), and Cotton; cf. Supplementary Table S7.1 for
more details) as a function of particle diameter. Diffusional deposition is the

dominant mechanism for NPs smaller than 5 nm (cf. Figure 7.2 and Supplementary
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Section S7.2)34. The deposition efficiency Eqep for any given textile with an averaged

solidity as, thickness L, and fibre diameter dr can therefore be estimated as34:

2
—10.8a,LD3

Eqep =1 —exp

— (7.1)
(1 — ay)d3U3

where U = Qq/A (A is the deposition area); U is a face velocity, and D is the diffusion
coefficient of the particles, which can be determined by equation (S7.8) given in the

SI. For a fixed U, Eqep solely depends on the particle size.
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Figure 7.3 Filtration performance of the textiles. (a) deposition efficiency as a
function of particle diameter for a face velocity of 0.02 m s*. The curves
represent predictions using equation (77.1), whereas the symbols correspond to
the deposition measurements. (b) flow pressure drop across the textiles as a

function of face velocity.

For any given mass production rate and deposition time, equation (7.1) can be used to
estimate the NP loading on the textiles2¢. Predictions by equation (7.1) are validated
with inductively coupled plasma mass spectrometry (ICP-MS) (cf. Table S7.2). The
agreement between measurements and predictions has a practical value, especially
when it comes to scaling up the process and building an online system to monitor the
NP loading of the treated textile. Another interesting feature is that the NP loading
decays exponentially as a function of the depth of the textile (L4)35, determined by
face velocity during deposition. As a result, the concentration/loading profile can be

tuned (cf. equation (77.1)) depending on the applications.
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Observed discrepancies between predictions made by equation (7.1) and the

measurements can be caused by the inhomogeneity of the textiles, which strongly
influence the collection efficiency of a filter mediums®. This is especially true for the
Cotton and PES textiles that have impermeable multi-filamentary fibres (i.e., only few
fibres extend into the permeable pore structure). APCP textile mainly consists of a
“hairy” tuft of individual fibres (oriented along the upstream side during filtration)

which more closely resemble a conventional depth filter structure.

A pressure drop is caused by the combined effect of each fibre resisting the gas
flow. Figure 7.3b shows that the measured pressure drop is linearly dependent
on the flow face velocity (cf. Supplementary Equation (S7.15))34. Since the NP
loading does not introduce additional resistance (at least regarding the loading
range intended here), the pressure drop for the raw (without aerosol deposition)
and nanofinished textiles (with aerosol deposition) collapses into one single

curve as shown in Figure 7.3b (cf. Supplementary Table S7.2).
7.2.3 Surface chemistry and morphology of Ag NPs on textile fibres

The primary particle size, the surface property, and the crystal phase of the Ag
NPs are determined by small- and wide-angle X-ray scattering (SAXS/WAXS).
The scattering intensity [; of the raw and nanofinished Cotton textile was recorded as
a function of the scattering angle 26 or the scattering vector q = (4s1-sinf)/A (using X-

ray (Cu K, radiation) wavelength A = 0.154 nm).

Figure 7.4 shows the SAXS/WAXS data for the nanofinished Cotton textile.
The scattering intensity follows a power law (I; < g4) when g ranges from 0.5 to
2 nm, which implies that the Ag NPs have a smooth surface with a surface
fractal dimension ds of 2.0. In the range of g smaller than 0.5 nm, their radius
of gyration Rg; was found to be 5.4 nm, which corresponds to a mean diameter
dp of 13.9 nms37. This diameter is significantly larger than that estimated by the
SMPS measurements (i.e., the red curve in Figure 7.2b). Such a discrepancy
can be attributed to the strong coalescence of high-purity singlets on fibres
during deposition3s?. The coalescence ceases when the NPs reach a critical size
beyond which agglomerates become dominant2¢. Another reason for this

discrepancy lies in the fact that the low loading of Ag NPs in the textile leads to
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large scattering in SAXS measurements, causing large deviations in data fitting.

Comparing the peaks of the WAXS curves corresponding to the raw fabric with
those of the nanofinished fabric, an additional peak at 20 = 37.1° is related to
crystalline phase Ag (111). The acquired signals are relatively weak due to the

low NP loading on the fabric (cf. Supplementary Table S7.3).

(a) <. - = ~Guinier law: d = 13.9 nm (b) 12 nanofinished Cotton textile

10° 4% - Power law: d = 2.0 raw Cotton textile
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Figure 7.4 SAXS/WAXS data for Cotton textile. (a) SAXS data for Cotton
textiles treated with Ag NPs. (b) the WAXS patterns seen in raw and

nanofinished Cotton.

XPS confirms the existence and chemical state of the surface of the three
nanofinished textiles. These textiles were examined with XPS on the front side:
which was directly facing the aerosol flow during deposition, and the backside,
which was in close contact with the textile sample holder. The absence of any
additional peaks in the XPS measurements performed on the backside of the
nanofinised textiles, as compared to those on the raw textiles indicates the
absence of silver on this side. This is in line with the predictions of equation
(7.1) and the deposition measurements shown in Figure 7.3a, which indicate
that the majority of the particles (depending on their size) are being deposited
at the front side of the textiles as the aerosol flows from one side to the other.
Consequently, the concentration of the deposited particles decreases with
increasing fabric depth. Sub-10 nm particles have 100% deposition efficiency,
implying that no Ag particles are present at the backside of the fabric (i.e., all of
them are deposited before the flow reaches the backside), as confirmed by the

XPS measurements (cf. red curve in Figure 7.5a).
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Figure 7.5 Compositional characterization of Ag NPs deposited on textiles. (a)
High-resolution Ag 3d (3ds/2 and 3ds/2) XPS region spectra of APCP, Cotton,
and PES textiles, including the front side surface (black curves) and the back
side surface (red line) of the nanofinished fabrics, as well as the surface of the
raw textiles (blue line). As all the three raw textiles and their backsides have
flat lines, the red and blue lines are valid for all these three textiles. The total
intensity of the two peaks reflects the different contents of Ag on the
nanofinished textiles, in line with the ICP-MS measurements (Supplementary
Information Table S7.3). (b) the deconvolution of the Ag 3d peaks for the
nanofinished APCP textile.

On the front side, the peaks at 369.7 and 375.7 eV are assigned to the binding
energies of Ag 3ds/2and Ag 3ds/. of metallic Age. The 367.8 and 373.8 eV peaks
correspond to the binding energies of Ag 3ds/- and Ag 3ds/» of Ag+ (Ag.0O) or to
the surface charges of the NPs. A number of studies have reported on the shift of
XPS core levels to higher binding energies for sub-10 nm Ag NPs3940. Considering
also the (small) difference in the internal standard, the binding energy identified in
the measurements suggests that the NPs are smaller than 20 nm in diameter, which
is in line with the SMPS results. The chemical state ratio of Ag+/Age, estimated by
the deconvolution of the Ag 3d peaks (cf. Figure 7.5b), is ca. 3.9 (which is
similar to that reported Prieto et al.39). This is understandable because the
surface of Ag NPs undergoes oxidation (also confirmed by the presence of Ag

MNN peak in the Auger region4!) when exposed to the atmosphere.
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The low amount of NPs deposited in the textiles (cf. Table S7.3) is responsible
for the invisible peak of silver oxides in the WAXS curve (cf. Figure 7.4b). Note
that the positive charges of the Ag NPs could also contribute to Ag*: they
electrostatically attract the negatively charged bacterial cell membranes

thereby promoting antibacterial activity7-42.
7.2.4 General macroscopic properties of the nanofinished textiles

The colour of the nanofinished textiles depends on the types of fabrics (cf.
Figures 7.6 a, e and i) and on the NP loading (Figures 7.6b, f and j). SEM
images with two different magnifications for each textile sample are presented
in the last two columns of Figure 7.6 (c, d, g, h, k, and 1). Magnified images
show the singlet and agglomerated Ag NPs attached to the surface of the fibres.
As shown in Figure 7.2, the NPs suspended in the gas phase remain non-
agglomerated singlets. Particles agglomerate at a later stage after coalescence
via collisions with arriving aerosol NPs. Moreover, NP depositions of low
loading did not change the woven structure of the fabrics, which indicates that

the air-breathing properties that are so vital to textile comfort are preserved.
7.2.5 Antimicrobial properties of the nanofinished textiles

Ag NPs have been widely shown to exhibit antimicrobial activity?7:43. Although
the exact mechanisms of their antimicrobial action is still subject to debate44, it
is believed that Ag ions released by the NPs interfere with bacterial cell
functions upon contact4345-49. The Ag ions penetrate the bacterial cell wall, and
subsequently bind with DNA molecules, leading to a loss of the ability to
replicate. At the same time, Ag NPs inactivate and denaturate proteins because
they tend to have a greater capacity to react with sulphur-containing proteins
and phosphorous-containing DNA. These phenomena lead to the degradation
or death of the microorganisms4647. Electrostatic attraction between bacterial
cells and particles can also have an impact on antibacterial activity (AA)47-49,
whereas reactive oxygen species can damage lipids, proteins, and the DNA of

microorganisms4s.
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Raw fabrics x11000

Jeanorinished fabncs

Figure 7.6 Visual change of the fabrics before and after the dGPOSIthI”‘;IOf Ag
NPs (first two columns) and SEM images of the nanofinished textiles (last two
columns). (a-d) Images of raw and nanofinished Cotton fabrics, together with
two sets of SEM images with magnifications of x550 (acceleration voltage: 5 kV)
and x11000 (acceleration voltage: 3 kV). (e-h) Images of raw and nanofinished
PES fabrics, together with two sets of SEM images with magnification of x250
(acceleration voltage: 5 kV) and x3000 (acceleration voltage: 3 kV). (i-D)
Images of raw and nanofinished APCP fabrics, together with two sets of SEM
images with magnifications of x250 (acceleration voltage: 5 kV) and x150000

(acceleration voltage: 3 kV).
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Figure 7.7 Antibacterial activity (AA) of the textiles treated with Ag NPs
against Staphylococcus aureus (SA), and Klebsiella pneumonia (KP),
represented, respectively, by the left and right rectangular columns of the same
textile. (a) Antibacterial activity of nonwashed textiles versus Ag content; (b)
antibacterial activity of washed textiles (three cycles for Cotton, PES, LYS, and
LYZ, and five cycles for APCP) versus Ag content.
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Figure 7.8 Ag NP release from the nanofinished textiles as a function of (a)
washing cycles and (b) Ag content.

The AA of the nanofinished textiles was assessed in accordance with the
International Standard 1SO20743 (quantitative method). All the nanofinished
textiles assessed in this work exhibit strong AA (=3). An AA of ca. 5 is
equivalent to a colony forming unit (CFU) reduction efficiency of 99.96% (see

Methods). The high AA values shown in Figure 7.7a can be attributed to the
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large specific surface area and to the associated fast ion release rate of the NPs

that were synthesized and used here43. In contrast to traditional wet-finishing
processes'7:50:51 the textiles with such low Ag NP loading (in the order of 10
ppm) still have high antimicrobial efficiency (against Staphylococcus Aureus (SA)
and Klebsiella Pneumoniae (KP), as shown respectively by the left and right bars
corresponding to each experiment). Minor differences in AA against SA and KP
can be explained by the dissimilar defence systems of the two species against
Ag ions46. Viability assays show no statistically significant change in the AA of
the textiles with concentrations above ca. 15 ppm. Changes above this limit
cannot be determined by standard method employed to test the AA (cf.
Methods), due to ‘saturation’ of the method44. This means that by exceeding a
NP loading level, the CFU reduction efficiency remains roughly 100% (more

specifically, 99.96% for AA of 5).

The AA values of the different nanofinished textiles after washing are
presented in Figure 7.7b. Interestingly, the AA remains as high as 5.5 after
three washing cycles. The decreased AA of nanofinished LYS (from 5.6 to 4.2;
Lyocell Safari in Supplementary Table S7.1) is attributed to its lower Ag content
(12 ppm) which is not sufficient to achieve the saturation point. Though this Ag
content is ca. 50 times lower than that reported in previous works°, a high AA
is still retaineds2. The comparatively low Ag content required to achieve high
AA values when dry deposition is used, may be attributed to the homogenous
NP coverage, the size of NPs which is in the sub-10 nm range, and the faster
ion release. In contrast to the results reported by Hebeish et al.53, the AA of
LYZ (Lyocell Zen; cf. Supplementary Table S7.1) textile is higher in the washed
rather than the in the unwashed samples. A possible reason for this is that the
pH of the detergent used for washing considerably promotes Ag ion release43.
On the other hand, compounds (e.g., starch, protein derivatives, fats and oils)
typically used on the textiles that serve as nutrients for the bacteria are easily

washed away, thereby resulting in an increased AA after washing.
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7.2.6 Washing durability of the nanofinished textiles

In connection with the release of Ag NPs from textiles, the laundering
durability is of paramount importance for their reuse. To determine that, this
chapter carried out a mechanical washing test following the standard method
ISO 105-C06:2010. A high NP release was observed for the first washing cycle
(ca. 5-33%). Less Ag was released in the second wash (< 5 %) gradually
decreased to ca. 1 wt.% after three washing cycles (one order of magnitude
lower than that seen in commercial fabrics5!), indicating good washing
durability. The higher release of Ag in the first wash is ascribed to the
agglomerates formed in the very first layers of the fabric facing the aerosol flow
(cf. Supplementary Figure S7.4). Such agglomerates easily become detached
from the fibres during washing5i. Even after three washing cycles, virtually no
reduction is observed in the AA of the nanofinished textiles, implying that a
lower amount of Ag NPs (ca. 10 ppm) would be sufficient to achieve an AA
value of ca. 5. To reduce the release of Ag while still retaining high AA, the

nanofinished textiles can be appropriately washed before use.

Lower NP loading can prevent the formation of agglomerates on the fibres
while maintaining high AA, as demonstrated by Lok et al.54. Particle size
distribution measurements (cf. Figure 7.2) confirm that the NPs remain non-
agglomerated singlets when suspended in the gas26. Depositing such singlets
should decrease particle release in conjunction with strong particle adhesion to
the fibres when compared to larger particles or agglomerates. Both enhanced
adhesion and a large exposed surface can thus be achieved by making the
particles small54. Deposition of NPs deeper within the textiles, which should
also reduce their release during mechanical washing, can be achieved by simply
increasing the quenching gas flow rate Qq as indicated by equation (7.1) (cf.
Figure S7.5). The size of the resulting Ag NPs also reduces to the sub-5 nm,
which helps in realizing a minimum deposition level. Ultimately, this low NP
loading can reduce the potential environmental and human health impacts
while guaranteeing the comfort of textiles as their texture will remain
unchangedss. Apart from the influence of particle size on the release, the type

of textiles also plays a role as indicated by the leaching test shown in Figure
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7.8a. In addition, the formation of agglomerates on the front layers of the fabric,

due to the longer deposition as discussed above, contributes substantially not
only to the high Ag content but also to the imminent release in the mechanical

washing process (cf. Figure 7.8b).
~.3 Discussion

This chapter has combined, for the first time, NP synthesis in the gas phase with
diffusional deposition to realize a novel pathway for the next generation of
multifunctional textiles. Put briefly: sub-10 nm NPs carried by a gas flow are passed
through the fabric, where they rapidly diffuse and attach to the textile fibers. This
approach does not require any stabilization steps or reducing agents, does not
produce any effluents, and has low energy consumption, thereby gaining financial
and environmental benefits. In addition, the fast kinetics of NP formation in the gas
phase represents a dramatic increase in the process throughput, which addresses one

of the bottlenecks seen in large-scale textile nanofinishing.

As proof of this concept, among the numerous potential applications of the
functionalized textiles, this chapter shows that the antimicrobial activity of a number
of textiles nanofinished with Ag NPs is high. Although the NP loads used here were
one order of magnitude lower than those used in traditional wet-finishing routes,
they were shown to be sufficient for achieving high antibacterial activity even after
three washing cycles. The antimicrobial textiles outperform those reported in the
literature due to the particle size which lies in the sub-10 nm range, the good
mechanical durability, the absence of liquid precursors, the desired finishing surface,

the easy scalability, and the virtually unlimited mixing combinations of NPs.

Investigating the size-effect of the NPs can also provide an opportunity to improve
fundamental understanding of particle-cell interactions, which have been impossible
to investigate up until now. Despite the small NP loadings (even in the order of 10
ppm), compared to those used in other studies, the plateau (“saturation effect”) in the
antimicrobial activity of the nanofinished fabrics reported here can be attributed to
the size and the composition of the particles employed. To reveal the NP size-

dependent effects in future work, one will have to use even smaller loadings and also
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avoid the formation of agglomerates on the fibers, thus minimizing their release due
to the strong adhesion of the singlets to the fibers. The low loading of NPs on textiles

can also maintain conformal contact with the human body in a non-invasive way.

Apart from the aforementioned advantages of depositing singlets on textile fibers,
their deeper deposition within textiles can improve the washing durability. This can
be achieved by increasing the face velocity of aerosol flow, associated with increased
pressure drop (cf. Figure 7.3b). The pressure drop can be estimated theoretically,
thereby providing the basis for designing a system that bears with such high pressure
when scaling up the nanofisnihing process. In order to allow the high pressure,
which forces the aerosol flow passing through the fabrics, the whole system (roll-to-
roll) must be sealed, which can be realized by employing standard vacuum
components and flanges. Therefore, one has to design an enclosure for the fabric rolls
and seals for the slits that are the interfaces with the aerosol deposition environment

and the ambient air.

When agglomerates cannot be avoided, to improve the washing durability of
the nanofinished fabrics, one can bind them to the textile fibers by introducing
covalent linkage (e.g., thiol group) to textile fibers45:56. Surface area of the
agglomerates is approximately equal to the sum of individual particles, thus
providing comparable antimicrobial properties. The reason for not fabricating
NP surface is to maintain the simplicity of the NP production method. Another
reason is that the non-fabricated NPs tend to further agglomerate when
released in an aquatic environment. These large agglomerates are no longer
able to cross biological barriers, such as the blood-brain or placenta barrierss.
The risks are consequently eradicated as compared to those linked to using

surfactants to prevent further agglomerationss.

Nanofinished textiles can release a fraction of the deposited NPs upon washing,
thereby reducing their antimicrobial activity and having an impact on the
environments’. Because the NP release mechanism can vary depending on the
temperature and the pH of the detergents8-61, this chapter used the standard
ISO 105-C06:2010 washing method at the most harsh conditions®2, which fixed

the pH within the range 6.5-7.0 and temperature at 9o °C. Doing so facilitates
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comparison with other studies5! and maintains textile properties (e.g., color,

comfort, and texture) for long-term use. Despite the tremendous global market
of smart textiles®2, the major concern lies in their potential release of the NPs
to the environment57. Ag NPs, or ions released from their surfaces, that end up
to the wastewater can inhibit the growth of bacteria in treatment plants and/or
become toxic to aquatic life®3. Future life cycle evaluations should also take into

account the type of nanomaterials, their solubility, and oxidizing capacity.
~7.4 Conclusions

This chapter has presented a universal and sustainable way for one-step textile
nanofinishing by incorporating aerosol NP production and deposition onto fibres.
This enables the proposed approach to stand out from all the multi-step finishing
processes employed so far. As proof of the concept, this work has studied the
antibacterial activity of a number of textiles loaded with Ag NPs at concentrations in
the order of 10 ppm. These textiles exhibited AA of ca. 5.5 (logarithmic reduction in
bacterial count) which corresponds to a CFU reduction efficiency of ca. 99.96%. This
high AA is maintained even after three washing cycles. Although Ag release by
mechanical washing is one order of magnitude lower than that of commercial
nanofinished textiles, the washing durability can still be enhanced by introducing
covalent linkage between Ag NPs and thiol-modified cellulose fibres. The proposed
approach also allows tuning the depth profile and the size of the NPs deposited in
textiles, which lies beyond the capabilities of pad-dry-cure processes and can be used
to further improve the washing durability. Although this study demonstrates the
antimicrobial properties of the nanofinished textiles with Ag NPs, the concept can be
extended to diverse material combinations for the preparation of multifunctional
textiles. Since the performance of nanofinished textiles still needs to be further
investigated and improved, concerted effort is still required to understand the impact

that released nanomaterials can have on humans and ecosystems.
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~7.5 Methods

7.5.1 Nanoparticle synthesis

Electrical discharges were used to produce Ag NPs¢4.65. In spark ablation, a
spark discharge is initiated by a self-pulsed circuit operating in parallel with a
capacitor bank and with two electrodes (two identical 99.99% pure Ag rods
with a diameter of 3 mm and a length of 30 mm; MaTecK GmbH, Germany)
placed next to each other forming a gap through which the carrier gas (Ar
purity 99.999%) flushes through. In the arc discharge, one is made of tungsten
(with a diameter of 1.6 mm, purity 99.95%, Goodfellow Cambridge Ltd., UK),
and the other is made of Ag (with a diameter of 9.5 mm, purity 99.9%,
Goodfellow GmbH, Germany). In a similar manner with spark ablation, a
carrier gas of N. (purity 99.999%). In these methods, the Ag electrode
evaporates due to the energy delivered by the discharge. The vapors are
quenched by the carrier gas, leading to the formation of NPs through

homogeneous nucleation, and subsequent condensation.
7.5.2 Particle size distributions measurements

A scanning mobility particle sizer (SMPS) was used to measure the size
distribution of the particles33. The system consists of a differential mobility
analyzer (DMA), and a Faraday cup aerosol electrometer (AEM). The DMA
selects particles based on their electrical mobility, whereas the AEM counts the

charged monodisperse particles downstream of the DMA.
7.5.3 Textile Nanofinishing by aerosol deposition

The textile performance was evaluated by measuring the filtration efficiency
and the pressure drop. When the aerosol flow passed through the textile, the
latter acts as a filter. The textiles (Cotton, PES, and APCP) consisted of a mat of
fine fibres arranged perpendicularly to the aerosol flow direction and all had a
fibre diameter of ca. 20 um. The face velocity ranged from 0.5 to 4 cm s.
Because the aerosol NPs were very small, their Brownian motion guarantees

the collision with the fibre while flowing around in a non-intercepting
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streamline, whereas upon collision van der Waals forces ensure that NPs stick

to the fibres.

7.5.4 Filtration properties of the textiles

To investigate the filtration efficiency of NPs (sintered, size-classified Ag
spheres) for different textiles, their concentrations at the inlet and outlet of the
textile holder were measured using two condensation particle counters (CPC
Model 3775, TSI). The filtration efficiency results were calibrated for particle
losses in the tubing and textile holder as well as for differences in the counting
efficiencies of the each CPC, based on reference measurements with no textile
samples in the holder. The filter pressure drop Ap at various face velocities (0.5,
1, 2, 4 cm s') was measured using a sensitive handheld differential pressure
transducer (Testo Model 521-3) connected to the upstream and downstream
ports of the textile holder. Ap across the filter was obtained by subtracting the
measured pressure drop across the empty textile holder from that using the
entire holder and textile assembly. Details of the setup are shown in

Supplementary Figure S7.3.
7.5.5 Analysis of the fabric Ag content by means of ICP-MS

Three replicates of 0.2 £ 0.04 g from each textile were digested with 3 ml HNO,
(65%, Fluka) and 1.5 ml HCl (95%, Sigma—Aldrich), and were attained in a
microwave digestion system (ULTRAWAY of MILESTONES). The Ag content of the
digests was quantified by means of inductively coupled plasma mass spectroscopy
(ICP-MS Perkin-Elmer OPTIMA 7700), which was calibrated with a silver standard
solution (AgNOs in 5 M HNOs, 1000 mg L2, Merck).

7.5.6 Antimicrobial activity of the nanofinished textiles

The antibacterial activity of the fabrics was tested according to a standard
method (ISO 20743: 2013) using the Gram-negative bacterium Klebsiella
pneumonia ATCC 4352 (LMG 3128) and the Gram-positive bacterium
Staphylococcus Aureus ATCC 6538 (CECT 239). All textiles used in this work
were placed into 0.2 mL of inoculum (1~3x105 CFU mL!) and 20 mL of

neutralizing agent per 0.4 g of fabric. This standard always made use of a
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reference fabric (C values). The antimicrobial activity (AA) was determined by
counting the number of bacterial colonies and was calculated according to the

logarithm reduction of CFU given by:
C
¢ /60\
AA = log (7.2)

where C, and C; are the CFU of control/untreated samples at times 0 and 18 h;

To and T: are the CFU of test/treated (or nanofinished) samples at times 0 h
and 18 h. In the standard method to determine AA, the CFU was always below
2000, and thus changes exceeding this limit cannot be determined. In order to
obtain an averaged AA, the tests were repeated three times. Each measurement
used two control samples (raw fabric) for reference purposes and two test
samples (treated fabrics). According to Annex F of ISO 20743: 2013, the
antibacterial property of the test fabric can be considered as “significant” when

2 < AA < 3 and “strong” when AA > 3.
7.5.7 Washing durability of the nanofinished textiles

The washing procedure was conducted according to a standard method (ISO 105-
C06:2010). A washing machine (ATLAS Linitest) equipped with steel vessels that had
a capacity of 550 ml and a motor speed of 40 + 2 rpm was used for all the tests. Ten
steel balls previously cleaned in HNOj; (65%) were used to exert mechanical stress. It
was ensured that the detergent/container volume ratio (0.279) was the same as that
in the steel vessel. The detergent was prepared by dispersing 4g L-* ECE 98-standard
washing powder in distilled water (composition: 9.7% LAS, 5.2% non-ionic
surfactant, 3.6% soap, 4.5% antifoam, 32.5% zeolite, 11.8% carbonate, 5.2% acrylic
acid, 3.4% Na-silicate, 1.3% CMC, 0.8% phosphonate, 9.8% sulphate, 12.2%
others/water)%°. The textiles (2 samples; area of 40x100 mm?2) were washed for 55
min at 90 °C. Acid-cleaned polyethylene bottles (100 ml) were used to recover the
detergent from the washing machine. The detergent was analysed by means of ICP-
MS to determine the Ag content embedded in the textiles (mg/kg). This study
performed three cycles for Cotton, PES, LYS, and LYZ nanofinished textiles, while the

APCP nanofinished textile was washed five cycles.
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7.5.8 Surface chemistry and morphology of the nanofinished textiles

A transmission electron microscopy (TEM, Philips CM30T and Philips CM12)
and a scanning electron microscopy (SEM, Hitachi S-3400N and Hitachi S-
4500) were used to image the particles in order to determine their size,
structure and morphology. For the TEM measurement, a mini-particle sampler
was used to collect the particles on the TEM grids (Van Loenen Instruments,

S143-3 Q'foil 1.2/1.3 400 Cu) by filtration®e.

Detailed information on the structure of the particles found on the fibres was
obtained by small- and wide-angle X-ray scattering (SAXS/WAXS). Non-
invasive measurements were performed using a custom-made laboratory
SAXS/WAXS camera with Cu-Ka radiation (A = 1.54 A), as described
elsewhere®’. To obtain sufficiently accurate statistical results, each sample,
having an area of ca. 0.5 x 1.5 cm?2 was positioned inside the SAXS/WAXS
measuring chamber and illuminated by an X-ray beam. The scattering signals

were simultaneously recorded within a detection angle of 90°.

X-ray Photoelectron Spectrometer (XPS; Thermo Fisher Scientific Ka model)
examination was carried out for the elemental analysis of the nanofinished
textiles. A monochromatic Al Ka X-ray source having a spot size of 200 pm at a
pressure of 10-8 mbar and a constant pass energy of 10 eV was used; the flood
gun was turned on during the measurements in order to compensate the
potential charging of the surface. The peak positions in the narrow scan spectra
were adjusted according to the internal standard Ci1s peak at 284.5 eV, with an

accuracy of + 0.05 eV.
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Supplementary Information in Chapter 7

The SI of this chapter contains the following contents: the calculation of particle size
distribution at the location of textiles, modelling NP deposition onto textile fibres,
the characteristics of some textiles, the filtration properties of a number of textiles,
the estimation of NP loading on textiles, the visual layout of the particle deposition

on one single fibre, the layout and a photograph of experimental setup.
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S7.1 Particle size distribution at the position of textiles

The size distributions of NPs at the position of the textiles (Figure 7.2a and 7.2b in
the main manuscript) take into account the particle growth between the fabric holder
and the DMA. The mean particle size can be calculated by extrapolating the size
distributions measured by the SMPS measurements to those at the position of the
fabric in the holder.

The total particle number concentration can be estimated by:

N (tm)

2
T[dtube X

N(te) =
exp <_de4—Qa> 1+w)—-w

(S7.1)

where w = % is a dimensionless quantity,  the coagulation coefficient, Kar the
df

diffusional deposition rate, Q. the aerosol flow rate, diue the inner diameter (4 mm)
and x is the length of the tube connected to textile holder and the DMA (x = 32 cm; cf.
Figure S7.1); N(tu) and N (t;) are the total number concentration measured by SMPS

and the location where NPs are deposited onto the textiles.

°. Particle growth i

[ S "\ 0000
° )
Fabric holder X
A
Quenching gas L ‘
. <t SMPS
Y SDG
X
Equation S3 Equation S2
Ql QZ
Exhaust NP deposition SMPS measurements

Figure S7.1 Schematic illustration of the setup for nanoparticle (NP) deposition and

measurements.
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The mean particle size at the location of textile is given by:

dp(te) = % () i (572)

( | §

)
I—
kkexp (de ndeque > / /

where dp(tm) is the mean particle sizes measured by SMPS measurements and

and dp(tr) are calculated on the basis of work shown before26.30,

The mean size determined by equation (S7.2) is not the one corresponding to the
fabric deposition. This is because an aerosol flow rate of 8.5 slm (i.e., face velocity
ca. 2 cm st at a circular textile with a diameter of 8 cm) was used for textile

nanofinishing, while the aerosol flow rate for SMPS measurements was 1.1 slm.

To account for the different flow conditions, different particle growth has to be
considered. The particle size depends on mass production rate and Qq for a

given particle generator as follows:

3L Verrm
prQqy”

d, = ( —)1/3 (57.3)
where f is the coagulation coefficient, Vet the volume of fabric holder, m the mass
production rate through the fabric holder. Note that for the mass production rate
through the fabric holder the exhaust flow needs to be excluded. The difference
between conditions during the fabric deposition process and the SMPS
measurements are reflected through the flow rate (SMPS: Q. = 1.1 slm; Fabric
deposition: Q; = 8.5 slm) and m (e.g., for the quenching gas flow rate of Qq = 20 slm,

the mass production rate in the fabric holder for SMPS: Q./Qq m; fabric deposition:

Q./Qqm) of equation S7.3.
The mean size dpr at the position of the fabrics is thus calculated as:
Qz) 73
dos = (—) d (t7) (S7.4)
Q1
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S7.2 Modelling of NP deposition onto textiles

In the particle generation process, a higher flow rate leads to smaller particles. In the
subsequent deposition step, decreased particle sizes lead to higher deposition
efficiency, while an increased flow velocity reduces the deposition efficiency. The
combined effect of these opposing trends still results in enhanced collection, as can

be concluded from the considerations that follow:

Increasing the volume flow Qg decreases the particle size dp according to 2¢:

2
d, x Q473 (S7.5)

As shown in the main manuscript, the resulting NPs deposited on the textiles are
smaller than 5 nm, and thus have extremely high diffusion coefficient (cf. equation
(S7.7)). The Brownian motion of small NPs is sufficient to greatly enhance the
probability of their hitting a fibre while travelling past a fibre while travelling passed
it on a non-interception streamline. A simple filtration model accounting only for
diffusional deposition of the particles can be applicable to estimate the deposition
efficiency in our case. According to that, the aerosol flow passes through the pores

between the fibers. The diffusion deposition efficiency Eqep is given by®8:

2
—10.8a,LD3

Egep =1 —exp (§7.6)

5 2
(1 — as)d3U3

where as is the volume fraction of fibres, which is also called solidity; where L is the
thickness of the fabrics; dr is the effective fibre diameter; D is the diffusion coefficient;
U is the face velocity. Most of the parameters used in equation (S7.6) can be
determined experimentally. The face velocity is given by:

Qq

=2 (S7.7)

where A is deposition area of the fabrics.
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D is given by

kTC,
D = ¢ (57.8)
émud,

where k is Boltzmann’s constant, T the absolute temperature, u the viscosity of the

gas medium. C. is the slip correction factor given by

A d,
C,=1+-2(234+1.05exp(—039-L (S7.9)
d, A

The flow velocity U used in the model is 2 cm s, corresponding to an aerosol flow

rate of 8.5 slm passing through a circular fabric with a diameter of 8 cm.

Equation (S7.6) can be rewritten as34:

2
Egep = 1 tal 27(1))§ =1 (=f - 1p) $7.10
aep = L—exp| —om—ng 27\ gy) | TP f o (57.10)
f 1D

where f* combines all specific parameters of filter media (here is the textile), and np
is the single fiber collection efficiency for diffusional collection, which includes,
besides others, all process variables relevant for the deposition; in the diffusional
regime, this included velocity U and diffusion coefficient D. Thus, the deposition

efficiency E increases with increasing single fiber collection efficiency np.

The single fiber collection efficiency can be related to D and U as:

2

np (2)3 (S7.11)

In the free molecule range, D can be related to d,, as:
Doud,™ (57.12)

Given that U scales with Qg, we finally arrive at

2
Np X Qg° (§7.13)
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which means, np increases with higher flow rates, and thus, an increase of Qq

improves the NP deposition on the fabrics.

Equation S7.13 implies that an increase of Qq does not diminish the NP deposition on
the fabrics. The positive consequence of increasing Qqlies in that the particle size is
accordingly decreased (cf. equation S7.5), while the mass production rate of NPs is
unaffected.2¢ This unique feature enables the deposition of sub-5 nm NPs, thereby
maximizing the surface area and minimizing the NP loading on textiles. It is
worthwhile pointing out that this advantageous capability also facilitates a fast and
efficient deposition of even smaller particles (going down to the atomic cluster

regime) on the fibers of the textiles only with the implementation of a single step.

mum TL S.8 kV x1.00K 30.0rsm

Figure S7.2 SEM images for the determination of the fibre diameter of different
textiles. (a) Cotton; (b) PES; (c) APCP.

This chapter only considers the diffusional deposition. Other deposition mechanisms
(e.g., inertial impaction, interception and gravitational settling), which are not
captured by equation (1), become influential when particles get larger. However, even
for the largest NPs investigated here, the other effects contribute negligible to

deposition as indicated by the associated Stokes number St and interception
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parameter R (for the 50 nm Ag NPs at 2 cm s, St is in the order of 0.0001, and R is

below 0.005)%.

Table S7.1 Characteristics of some textiles used in Chapter 7

Textile Composition Weight SEMd; Thickness L  Solidity
(wt.%) (gm=2) (um) (mm) as
Cotton 100 Cotton 140- 25 0.35 0.10
150
PES 100 Polyester 200 20.6 0.55 0.17
APCP 40Acrylic20 400- 23 0.90 0.19
Polyester20cotton1opolyamide 500
LYS 100 Lyocell rayon (Safari) 225 - - -
LYZ 100 Lyocell rayon (Zen) 130 - - -

Table S7.1 shows the characteristics of the textiles shown in the model. dr is
estimated from the SEM measurements, while L is an averaged value among the
measurements using a calliper at different positions of a specific textile. os can be
calculated and compared to values obtained by fitting predictions from equation S7.6
to deposition efficiency experimentally obtained (Figure 7.3a). The fitted values are
in line with the reported solidity for these textiles?0, and as also fulfils the

requirement:

My

= 7.14
Ip (87.14)

as

where My is the mass per unit area of the textile (kg m==; supplied by the
manufacturer), and p is the density of the fibres (kg m-3).

The pressure drop represents the total drag force of all the fibres given by34:

L (64a.5(1 + 56a.3
Ap:M (64as>( S))U

S7.15

Pressure drop is thus directly proportional to L, U and inversely proportional to ds.
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S7.3 Measuring deposition efficiency Edep and pressure

drop Ap for the textile samples

Figure S7.3 shows the setup used to determine Eqep and Ap for different particle sizes

at various face velocities. This setup includes a section for particle generation, size

selection and sintering, for independent flow rate adjustment, and for the actual

deposition process including the measurement equipment for particle concentration

and pressure drop, respectively. Table S7.2 shows pressure drop of the raw and

nanofinished textiles, respectively.

Table S77.2 The pressure drops of the raw and nanofinished textiles with Ag NPs

Face velocity (cm/s) Cotton (Ap, pa) PES (Ap, pa)
raw nanofinished raw nanofinished
0.5 0.7 0.8 9.9 10
1.0 1.5 1.5 20.1 19.9
2.0 3.0 3.0 40.1 40.4
4.0 6.2 6.2 82.2 81.9
filter housing
— (Poi
\_/
carrier gas __ _, residence o —|_~_. . ﬂn off-gas
(nitrogen) SDG volume ‘ 4L & treatment
tube  ®Kr DMA 85K
furnace
(650 °C) CPC 1 CPC 2
|

dilution gas —» g—»

rotameter

.

pump with
critical orifice

Figure S7.3 Schematic layout of the setup used for the determination of Eqep and Ap.
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S7.4 Estimation of Ag NP loading on the textiles

Inductively coupled plasma mass spectrometry (ICP-MS) was used to determine the
NP loading on the textiles. In addition, we also employ the deposition model to
estimate the NP loading, which shows good consistency with those of determined by
ICP-MS. The results are summarized in Table S7.3. The unit of ppm here means 1 mg
of Ag NPs is deposited on 1 kg of textile. The model predictions are higher than that
determined by ICP-MS. This is attributed to the loss of a certain amount of NPs on
the walls of the containers used during ICP-MS measurements. Another possible
reason is that the model predictions neglect the diffusional losses to the walls of the
ducts in the production line. Although Figure 7.3a shows that the deposition
efficiency of NPs on Cotton textile is low, the collection time was varied in order to
demonstrate the influence of the NP loading on the antibacterial activity. This is

verified by the determinations of NP loads using ICP-MS and XPS.

Table S77.3 Comparison of the NP loading determined by ICP-MS and deposition

model.
Textiles Qq (slm) ICP-MS (ppm) Deposition model (ppm)
Cotton 50 108 121
20 120 162
402 186 -
PES 50 92 121
20 65 162
40? 65 -
APCP 50 76 121
20 79 162
LYS 402 15 -
LYZ 4072 51 -

a the particles were produced by arc discharge (current 15 A) and used N as carrier
gas. The other samples were prepared by means of spark ablation and Ar as carrier

gas.

Table S7.4 shows the atomic composition of C, O, N and Ag for the textile samples
determined by XPS. Due to the inhomogeneities of the three textiles, some deviations
exist in the XPS measurements from textile to textile. In order to qualitatively
compare the Ag loading of these three textiles, we use C 1s as a reference signal. We
obtain that the order of textiles with increasing Ag contents is as follows: Cotton >

APCP > PES (cf. Table S7.4). This qualitative comparison is in correspondence with
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the ICP-MS measurements and the estimation from the deposition model (cf. Table

S7.3).

x 5000

Figure S7.4 Agglomerated NPs on the textile fibre at extended deposition

time. When the deposition time increases, agglomerated NPs are observed by

low resolution SEM.

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

values are presented with a standard deviation averaged on three spots for each

textile sample. Nanofinished and raw textiles were measured. The nanofinished

textiles were measured on both sides, namely the front surface (facing aerosol) and

back surface side.

Sides ¢ 15 (%) 0 15 (%) N 15 (%) Ag 3d (%)
Nanofinished Cotton 1f: ot 637409 34.1£06 ) #2203
ack  641+07 359%07 - -
Raw Cotton - 86.6 + 0.3 13.4 £ 0.3 - -
Nanofinished PES front 674410 248103 - 0.8+0.2
back 71.4 + 0.8 22.1+ 0.6 - -
Raw PES - 68.7 £ 1.0 28.4 £ 0.6 - -
Nanofinished APCP front ;95413  151+11  35:03 2.0 0.2
back 72.0 + 1.4 27.2 £ 0.9 1.0 £ 1.0 -
Raw APCP - 70.7 £ 1.2 27.4+ 0.4 1.8 £ 0.01 -
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Figure S7.4 shows that the agglomerated particles are formed due to extending

the deposition time. These agglomerates are easily to be detached during
washing, explaining the high release rate for the first washing cycle. In order to
reduce their release, we can bind them to the textile fibers by introducing

covalent linkers (e.g., thiol groups) to the fibers4s:56,

In order to probe the depth profile of NP deposition within the textiles, we employ
XPS-etching for the textile samples. Figure S7.5 show shat the Ag content gradually

decreases as the etching time (i.e., depth) increases.

20000
Counts/s

380 375 370 365 360 &
Binding energy (eV)
Figure S7.5 The depth profile trend of Ag for APCP obtained with a sequence of

four etching levels (220 etching-time s!; beam energy 1000 eV).
S7.5 Particle production and measurements

Electrical discharges (i.e., spark discharges and arcs) were applied as particle sources
for textile nanofinishing. The experimental setup consists of components for
generation (particle generator), collection (a mini-particle sampler, MPS; textile
holder), and online measurements (a scanning mobility particle sizer; SMPS). More
details on the experimental setup can be found elsewhere26.7t. The layout and a
photograph of these systems are shown in Figure S7.6. Four parallel particle
generators were used to produce NPs, which can be deposited onto textiles. This
process, in principle, can be integrated in a closed loop system using recycling gas
flow (cf. Figure S4.3 in the SI of Chapter 4). In order to integrate the conveyor textile

mode into the recycling systems, one has to design an enclosure for the fabric rolls
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and seals for the slits that are the interfaces with the aerosol deposition environment

and the ambient air.

AEM
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Figure S7.6. Schematic illustration (a) and the photograph (b)
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experimental setups for textile nanofinishing using four spark ablation systems

for producing the NPs. Key: MPS: mini-particle sampler; DMA: differential

mobility analyzer; AEM: aerosol electrometer.
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8. Conclusions and Recommendations

8. 1 Concluding remarks

In view of the new aspects explored in this thesis, this section sets out to
summarize the striking findings as follows. These findings extend the knowledge

of spark produced NPs associated with their applications.

v" A new ‘singlet’ concept has been introduced to challenge the paradigm of ‘NP
synthesized in the gas phase leads to agglomerates’ in Chapter 2. Atomic
clusters and smallest NPs formed at the early stages of spark ablation are
liquid-like even at room temperature, and therefore fully coalesce into singlets
when colliding with each other. Growth of the singlets to a critical size above
which coalescence only partly occurs or ceases, signals the onset of
agglomeration, which leads to non-spherical/agglomerated particles. This
concept can be generally applied to synthesize non-agglomerated singlets
ranging from single atoms to particles in the nanometre range.

v A simple yet versatile semi-empirical model has been developed for predicting
the size distribution of singlet particles as a function of the process conditions
in Chapter 3. The model provides a simple and practical tool that can be
generally used to design and control point vapour source reactors for the
synthesis of singlets with tunable sizes starting from that of a single atom.

v Chapter 4 have demonstrated that a newly developed HFSs (see more details
about its electrical circuit?), quenched by a high purity carrier gas, yields large
quantities of various monometallic and mixed bimetallic NPs with sub-10 nm
primary particle size and well-defined chemical composition (mixed on an
atomic or nanoscale). Carbon black, silica and titania particles have been
produced on an industrial scale by using aerosol technologies2-8. Besides their
large volume production, one bottleneck lies in that elemental compositions
have limited controllability, such as unavoidable oxides. This work likely
breaks the inherent limitations of low production rate of very small NPs with

high purity and easy-to-control compositions.The HFSs therefore provides a
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green, sustainable, and versatile platform for manufacturing a number of
different key building blocks.

v Chapter 5, for the first time, theoretically explains the concept of spark mixing
using a pair of electrodes consisting of different materials. The ablation ratio of
two electrodes can be tuned by adjusting the oscillatory behaviour of a single
spark discharge. In connection with this oscillatory behaviour, a simple model
has been developed to estimate the ablation ratio of two electrodes. This way
of mixing NPs enables the possibility of manufacturing complex
nanocomposites using incompatible starting electrodes.

v" Chapter 6 pioneers a way of suppressing splashing particles in the HFSs. Put
briefly: the low-power and continuous glowing current are deflected by the
Lorentz force, so that the superimposed sparks onto the continuous current
can also be positioned desirably. This reduces the probability of striking the
same spot on the electrode surface by the high frequency sparks, thereby
inhibiting the formation of splashing particles.

v' Chapter 7, for the first time, integrates a scalable and environmentally benign
aerosol process into textile nanofinishing. The unique feature of the proposed
method lies in that a loading profile of NPs within textiles can be controlled.
Antimicrobial properties of the nanofinished textiles with Ag NPs were
assessed in relation to two strains of bacteria, showing high antibacterial
activity despite one order of magnitude lower amount of Ag content than that
of undergone traditional wet-routes. The new textile nanofinishing process can
be expanded to other types of smart textiles, such as colour-changing clothes,

and self-cleaning upholsteries.
8.2 Recommendations

This dissertation has thrown up much potential in need of further investigation,

which can be undertaken in the following bullet points:

* The singlets have been successfully deposited at the substrate on a low
coverage. To achieve a thicker coverage while maintaining these separated
singlets, one should immobilize them at surface. The roughness of a substrate

may play a role for immobilization of the NPs that are deposited. Another
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option is to introducing chemical bonds between the singlets and substrates.

This, however, may contaminate or change the chemical state of the singlets,
as they possess the large number of high-reactivity surface atoms. In addition,
the coalescence depends on the temperature. Therefore, ‘freezing’ these
singlets is a good alternative to prevent further coalescence upon collisions.
Continued efforts are needed to make these recommendations more accessible
to deposit separated singlets on substrates with high coverage.

* Without any additional treatment, avoiding the formation of agglomerates on
substrate can be directly achieved by depositing a low coverage of singlets on
the surface of substrates. This should be quantified by providing NP coverage
density as well as associated properties in applications. Especially, Chapter 4
has demonstrated that non-agglomerated particles are initially formed in gas
phase, which is in line with the singlet concept proposed in Chapter 1.

* Future research should be carried out to establish a numerical solution for
monitoring the self-organization of small particles at surfaces (cf. Figure 8.1).
Apparently, the material of the substrate is also a major determinant of the
particle self-organization at surface%1. Further studies regarding the
dependence of substrate materials would be worthwhile. It is also strongly
recommended to extend further investigation and experimentation into the
dependence of annealing conditions (e.g., time and temperature) on particle
morphologies!!, since very small singlets can be mobilized by using high
temperature. The associated graphical abstract is shown in Figure 8.1. The
preliminary experimental results are presented in Figure 8.2.

+ Difficulties of avoiding agglomeration arise, when the system achieves high
mass production rates. A strong dilution can, however, be imposed to prevent
such agglomeration, as shown in Chapter 2. In the case of forming
agglomerates, aerosol deposition is emerged as powerful platforms for creating
3D patterned nanostructures. Recent developments in 3D nanostructures have
led to renewed applications in many fieldst2-19.

* Model predictions show that one can control the ablation ratio of two
electrodes consisting of different materials by changing the electrical
parameters in HFS. The evaporated species are rapidly mixed in the explosive

vapour expansion process before condensation, thereby facilitating internal

| Conclusions & Recommendations
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mixing. As a result, this model can also predict the mean composition of the
resulting NPs. Further investigation and experimentation into nanocomposite
analyse is thus strongly recommended. Applications of these unique mixed

nanoparticles should also be explored.
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Figure 8.1 Self-organization of NPs on substrates described in three scenarios.
Rapid diffusion of the NPs in the gas phase guarantees their efficient
deposition onto substrates, followed by their transport at surface, which is
based on a 2D random walk. After deposition, the collision of sub-1-nm
particles leads to forming their big counterparts, which do move laterally. This
is the Scenario 1 described at room temperature. Proceeding collisions
contributes to further particle growth accompanied by instantaneous
coalescence, depending on the temperature, the roughness and the material of
the substrate. When the complete coalescence ceases after collisions, it triggers
the formation of agglomerates. With the help of annealing in Scenarios 2 and 3,
these agglomerates reconstruct to spherical-like particles. Meanwhile, the
deposited sub-10-nm singlets also execute a 2D random walk on substrates at
high temperature, acting similarly to the sub-1 nm particles at room
temperature. The final size of the NPs on substrates depends on the mass

loading per unit area, which can be controlled by varying the deposition time,
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and the annealing conditions (e.g., time and temperature). The scenarios
proposed here can be constructed to deposit aerosol NPs on substrates having
desirable sizes and/or diverse nanostructures at surface, fulfilling the

requirements of potential end-users (e.g., nano-catalysis).

Figure 8.2 HRSEM images of Ni NPs deposited on ceramic discs. Images
assembled in the first row (a-c) are as-deposited samples with various
deposition durations of 10, 100, 1000 min, corresponding to the first, the
second, and the third column. The images assembled in the second row show
that the samples were annealed at 700 °C for 1 h, while 900 °C for 100 h was

set to anneal the samples presented in the third row.

Figure 8.2 reveals that the resulting particle size after annealing essentially
depends on the deposited mass per unit area and the annealing conditions
(e.g., temperature and time). This serves a basic guide for investigating the size
dependence on an optimum catalytic activity. Annealing to required reaction

temperatures for methane reforming at 700 °C for 1 h (cf. the second row in

| Conclusions & Recommendations
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Figure 8.2) and at 9oo °C for 100 h (cf. the third row in Figure 8.2) in
Ar/H2(96/4%) atmosphere results in coalescing the primary particles to form

larger round units.

* A single spark event is complicated multi-scale processes, which take place
simultaneously. One of the BOUNAPAR-E project partners has proposed main
physical mechanisms involved in one spark, streamer propagation, electrical
current oscillations, Joule heating, ion bombardment, electrode evaporation,
the associated vapour expansion. Notably, the fraction of spark energy used for
electrode evaporation has not been understood theoretically.  Therefore,
profound knowledge of this point should be acquired.

* To improve the washing durability of nanofinished textiles, a deeper
deposition of NPs within textiles can be facilitated through adjusting the
operating conditions of gas phase NP syntheses (cf. increasing flow rate). In
addition, preventing agglomeration or depositing very small singlets can also
strengthen the sticking of NPs on textile fibres.

* When the agglomerates are difficult to avoid, covalent linkage between the
NPs and textile fibres should be introduced. For instance, the thiol group can
be added to textile fibres during its production, so that Ag NPs are firmly
bound to textile fibres, reducing NP release during washing. Other types of
functional textiles of using different NPs can also selectively choose the
associated chemical bonds between particles and fibres.

*  Some gaseous chemicals can be mixed with the carrier gas to form a protective
layer on particle surface. This layer, on one hand, can be easily ‘digested’ in the
applications. On the other hand, it also plays a role of preventing further
agglomeration upon collisions.

* Aerosol NP production should be integrated into the existing fabrication lines.
For instance, the aerosol NPs used as nanocatalysis can be directed to a fluidic
reactor to promote gaseous chemical reactions due to their high diffusivity and
large ratio of surface atoms.

* Besides the high-yield synthesis of engineered NPs, great efforts are needed to

ensure an efficient collection method and/or a compatible processing line.
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Figure 8.3 Chinese Four Gentlemen are blooming on the nano-agglomerates.

Chinese art uses four plants: the plum blossom, the orchid, the bamboo, and
the chrysanthemum to represent four gentlemen, which are in line with

Confucianist gentlemen.

Another possible area of future research would be to combine nanoscience
with arts. For example, beautiful agglomerates can be painting base to create
new depictions with the help of Chinese calligraphy (cf. Figure 8.3), which
belongs to the ink and wash painting. The dissertation cover is designed in
accordance with this notion. Figure 8.3 shows some other example paintings
on the basis of deposited NPs on TEM grids.

Figure 8.3 belongs to the type of Chinese Ink and Washing Painting, which was
developed in the most prosperous era of Tang Dynasty. Chinese painting can
be classified on the basis of topics into Chinese Figure Painting, Chinese

Landscape Painting, and Chinese Flower-and-Bird Painting.

Magnetic alloy NPs have enabled stronger, lighter and more efficient materials

for energy or biomedical related applications. However, the formation of alloy
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NPs in traditional wet-chemistry commonly encounters impurities due to the

use of precursors, thereby degrading the magnetic response. In addition, the
size and composition of resulting NPs are difficult to control in a reproducible
manner. Spark ablation was nominated to be capable of converting a bulk alloy
electrode into NPs, retaining the composition and crystal lattice structure of
the starting alloy. Both experimental evidence and theoretical understanding
of the formation of nanoalloys should be provided, especially in connection
with their applications, such as drug delivery, magnetic refrigerants. This work

has been undertaken to complete a scientific publication.
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Summary

Commercial production of high-performing nanomaterial-based applications
such as smart textiles, nanocatlysis, and drug delivery and therapy requires
scalable fabrication processes that are simple and do not use expensive and toxic
chemicals. Employing green techniques that avoid the use of poisonous and
expensive chemicals has been realized as a necessity for the production of NPs on an
industrial scale. Making products/business by going green will be the mainstream in

the future. This dissertation strives to contribute to demonstrate this practicability.

The applied NP synthesis method is spark ablation, which has been greatly advanced
in this dissertation. The spark ablation, which is operated at ambient pressure, is
rapidly quenched by a high purity gas. It provides great versatility in the synthesis of
inorganic NPs consisting of a wide variety of conducting or semiconducting materials
including rare earths (that are difficult to produce with traditional wet-chemistry
methods), thermodynamically unstable materials!, and alloys (e.g., steel) with
virtually unlimited mixing possibilities2-¢. In addition, the method offers good control
over particle size which can range from that of atomic clusters to that of singlets or
agglomerates consisting of primary particles a few nm in diameter (cf. Chapters 2 and
3)37:8. This technique can produce oxide and non-oxide NPs, when appropriate gases
and electrodes are available. As a result, recent research efforts have focused on
fabricating NPs using spark ablation for a number of new applications (Table S4.1

presented in Chapter 4)2-3.5:8-23,

This dissertation was divided into three main parts, namely fundamental studies
(Part A; cf. Chapters 2 and 3), scaling-up (Part B; cf. Chapters 4~6), and some
applications (Part C; cf. Chapter 7). The fundamental studies endeavour to provide

future users a versatile tool for the design of a particle generator and a process line,
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which are compatible with existing fabrication processes. Subsequently, Part B

demonstrates the scalability of this method, including internal NP mixing and
inhibition of ‘splashing’. To show the applications of the generated NPs, Part C

proposes a new process for smart textile nanofinishing.

Chapter 2 introduces a new and scalable concept of “singlet” particle production.
Vapours are produced by localized material ablation using lasers or electric
discharges. The vapours are strongly quenched by an inert gas flow of variable
temperature, thereby producing particles by condensation. As the supersaturations
reached in the rapidly quenched vapour cloud are extremely high, the critical nucleus
size is pushed down to the atomic scale. As a result, the growth governed by particle-
particle collisions can be considered to start from the atomic scale, and therefore
particle-particle collisional growth represents a valid model for the description of the
size distribution evolution. The atomic clusters and smallest nanoparticles that are
formed at the early stages of the process are liquid-like even at room temperature,
and therefore fully coalesce into singlets when colliding with each other. Growth of
singlets to a critical size above which coalescence only partly occurs or ceases for the
selected operating temperature, signals the onset of agglomeration which leads to
non-spherical/agglomerated particles. For drastically quenched processes, the
temperature in the particle growth phase can be decoupled from the localized
vaporization, and can be set to a value guaranteeing complete coalescence. This

feature provides great flexibility in controlling the size of the resulting nanoparticles.

Chapter 3 presents a simple, yet versatile approach that can generally be used to
describe the evolution of particle size and concentration from rapidly-quenched point
vapor sources such as spark discharges. The mean size of singlet NPs can be easily
controlled by adjusting the operating conditions. The experiment shows that the size
distributions can all be fitted to log-normal functions and that the self-preserving
geometric standard deviation of ca. 1.35 is reached at a size of ca. 6 nm, which can be
regarded as a general feature. The approach described in this work is versatile and
applicable to the singlet NPs of any material; it is also compatible with existing
fabrication processes, thereby enabling a non-disruptive methodology for the

generation of functional materials.




After the fundamental studies have been described in Part A, the scaling-up of NP
production is studied in a greater depth as compared to the previous work224. A
newly developed HFS allows the preparation of an extensive variety of inorganic NPs
of well-defined primary particles size and composition at yields of up to 130x103 g h-!
(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 as extrapolated from the results
presented in Chapter 4. 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 addition, the fast quenching
makes this method feasible to produce thermodynamically metastable materials and
to achieve efficient mixing on the atomic or nanometer scale. In contrast to chemical
routes, the system avoids using any precursor solutions, thereby allowing single-step
synthesis of complex multicomponent nanomaterials with high purity in a predictable
and green manner. These findings pave the way of upscaling an extensive variety of
nanomaterial syntheses, providing a green and versatile approach to nanofabrication.
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.

In addition to scaling-up, Chapter 5 theoretically explains the concept of spark
mixing using a pair of electrodes consisting of different materials. The ablation ratio
of two electrodes, which is equal to the mean composition of resulting NPs, can be
tuned by adjusting the oscillatory behaviour of a single spark discharge. In
connection with such an oscillatory behavior, a simple model is developed to estimate
the ablation ratio of two electrodes. This way of mixing NPs enables the possibility of

manufacturing complex nanocomposites using incompatible starting electrodes.

Chapter 6 explores the feasibility of using permanent magnets in the HFS to inhibit
the formation of splashing particles. High repetition frequencies increase probability
of striking the same hot-spots of the electrode surface, where molten pools are

formed. Droplets are momentarily ejected from the microscopic pools and they are
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subsequently solidified by cooling, thereby forming ‘splashing’ particles that are

larger than 100 nm. To suppress the splashing while maintaining a high NP mass
production rate, a permanent magnetic field is employed to deflect the a continuous

glowing current, onto which sparks are superimposed.

After presenting the fundamentals and scaling-up in Parts A and B, the applications
of the generated NPs are also investigated (cf. Chapter 7). Integrating low-cost,
scalable, and environmentally benign aerosol processes into textile nanofinishing, the
constraints encountered in wet finishing processes can be circumvented while leading
to a new class of fabrics. As proof of this concept, Ag NPs are deposited onto a range
of textiles and their antimicrobial properties are assessed in relation to two strains of
bacteria, exhibiting high antibacterial activity even when the Ag loading is one order
of magnitude less than in the textiles treated by traditional wet-routes. Such low
loading for antimicrobial textiles minimizes the risk to human health (during textile
use) and to the ecosystem (after textile disposal), as well as it reduces the changes in
colour and texture of textile products. Interestingly, the washed textiles exhibit
almost no reduction in antimicrobial activity, much as those of as-deposited samples.
Considering that a realm of functional textiles can be nanofinished with the help of
aerosol deposition, the proposed universal and sustainable approach can potentially

lead to a wide number of applications.




Samenvatting

Commerciéle productie van nanomaterialen gebaseerd op toepassingen met een
hoog rendement, zoals intelligent textiel, nanokatalyse en medicijnafgifte en
drugstherapie, vereisen schaalbare productieprocessen die simpel zijn en geen
kostbare en toxische chemicalién gebruiken. Het toepassen van groene technieken die
giftige en dure chemicalién vermijden zijn erkent als een noodzaak in de productie
van nanodeeltjes op industriéle schaal. Groene productieprocessen zullen in de
toekomst alledaags zijn en deze thesis streeft bij te dragen aan de uitvoerbaarheid en

deze te demonstreren.

De toegepaste synthesemethode van nanodeeltjes is vonkablatie, een methode waarin
veel vooruitgang is geboekt in deze thesis. Deze methode omvat het snelle koelen met
zeer zuiver gas en vind plaats bij atmosferische druk. Het verschaft veel veelzijdigheid
bij de synthese van anorganische nanodeeltjes bestaande uit brede selectie geleidende
en halfgeleidende materialen waaronder zeldzame aardmetalen (hetgeen moeilijk is
te verwerken met gebruikelijke methodes), thermodynamisch onstabiele materialen,
en legeringen (e.g. staal) met praktisch onbeperkte mengmogelijkheden. Bovendien,
de methode biedt goede controle over de deeltjesgrootte van deeltjes met groottes van
atomaire clusters tot singlets en agglomeraten, bestaande uit primaire deeltjes met
diameters van enkele nanometers. Deze techniek kan oxide en non-oxide
nanodeeltjes produceren zolang geschikte gassen en elektrodes beschikbaar zijn. Als
gevolg wordt vonkablatie recentelijk onderzocht voor verscheidene nieuwe

toepassing.

Deze thesis bestaat uit drie delen, fundamental studies (deel A; cf. hoofdstuk 2 en 3),
scaling-up (deel C; cf. hoofdstuk 4~6) en some applications (deel C; cf. hoofdstuk 7).
Het fundamentele onderzoek streeft er naar om toekomstige gebruikers te voorzien
van een veelzijdig gereedschap voor het ontwerpen van een deeltjesgenerator en

proceslijn die compatibel zijn met bestaande fabricageprocessen.
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Hoofdstuk 2 introduceert een nieuw, het schaalbare concept van singlet

deeltjesproductie. =~ Dampen  worden  geproduceerd door  gelokaliseerde
materiaalablatie met behulp van lasers of elektrische ontladingen. De dampen
worden afgeschrikt door een inert draaggas met bepaalde temperatuur en deeltjes
resulteren via condensatie. De oververzadiging die tijdens het koelen wordt bereikt is
zeer hoog en de kritieke deeltjesgrootte bereikt de atomaire schaal. Vanuit dit
oogpunt kan de groei van deeltjes via botsingen tussen deeltjes beschouwd worden
als iets dat begint vanaf de atomaire schaal. Het model voor groei via botsingen
tussen deeltjes is om deze reden gangbaar voor het beschrijven van de evolutie van de
grootteverdeling. De atomaire clusters en kleinste nanodeeltjes die vormen tijdens de
vroege stadia van het proces zijn zelfs bij kamertemperatuur vloeistofachtig en
smelten samen wanneer ze met elkaar botsen. Groei van singlets naar een kritische
grootte waarboven samensmelting tussen botsende deeltjes maar gedeeltelijk gebeurt
of volledig stopt bij een gegeven temperatuur, kondigt het begin van agglomeratie aan
die zal leiden tot niet-sferische deeltjes/agglomeraten. Voor processen die zeer snel
gekoeld zijn kan de temperatuur tijdens de groei van de deeltjes worden ontkoppeld
van de gelokaliseerde verdamping en worden ingesteld op een waarde die volledige
samensmelting garandeert. Dit kenmerk verschaft flexibiliteit bij de controle over de

grootte van de resulterende nanodeeltjes.

Hoofdstuk 3 stelt een eenvoudige, maar veelzijdige benadering voor, die over het
algemeen gebruikt kan worden om de evolutie van deeltjesgrootte en concentratie
vanaf snel gekoelde damp puntbronnen zoals vonkverdamping. De gemiddelde
grootte van singlet nanodeeltjes kan eenvoudig worden beinvloed door operationele
parameters te wijzigen. Het experiment laat zien dat alle grootteverdelingen met een
lognormale functie kunnen worden benaderen en dat de zelfbehoudende
geometrische standaarddeviatie van ong. 1.35 wordt bereikt bij een grootte van ong. 6
nm. Dit kan worden beschouwd als een algemeen kenmerk. De benadering die is hier
beschreven is veelzijdig en toepasbaar voor singlet nanodeeltjes van elk materiaal; het
is ook toepasbaar bij bestaande fabricageprocessen, dit staat een onverstoord proces

methodologie toe bij het genereren van functionele materialen.

Na de fundamentele onderzoeken, beschreven in deel A, wordt de scaling-up van de

productie van nanodeeltjes wordt diepgaander onderzocht vergeleken met
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voorafgaand werk. Een recent ontwikkelde HFS (high frequency spark) maakt de

bereiding van een uitgebreid assortiment anorganische nanodeeltjes met goed
gedefinieerde grootte en samenstelling van primary nanodeeltjes mogelijk met
obrengsten tot 130 X 1073 g h-t (bij 3 kHz). Dergelijke opbrengsten van Kkleine
nanodeeltjes bij vonkontladingen in de gasfase zijn nooit bereikt. De massaproductie
snelheid voor nanodeeltjes bestaande uit verschillende materialen neemt lineair toe
met vonkfrequentie. Hieruit volgt dat HFS productiesnelheden kan bereiken in de
orde van 1 g h!, geéxtrapoleerde met resultaten uit hoofdstuk 4. Het generische
proces kan is eenvoudig geschaald worden door verschillende HFS’s parallel te
koppelen. Ergo, de HFS’s kunnen voldoen aan de industri€le eisen. Behalve de
productiecapaciteit, houdt de methode ook productkwaliteit in stand, iets wat wordt
toegeschreven aan de goede kinetische controle. Bovendien zorgt het afschrikken
ervoor dat deze methode ook fungeert voor thermodynamisch instabiele materialen
en efficiént mixen op atomaire of nanoschaal behaald. Contrasterend met de
chemische routes vermijdt het systeem precursor oplossingen, waardoor single-step
synthese van complexe multicomponent nanomaterialen met hoge zuiverheid
mogelijke zijn op een voorspelbare en groene manier. Deze bevindingen maken de
weg vrij voor opschalen van een uitgebreid assortiment nanomateriaal syntheses en
verstrekken een groene een veelzijdige benadering voor nanofabricage. De
geproduceerde nanodeeltjes (vele types, gewenste samenstelling) zijn interessant
voor diverse disciplines zoals materiaalwetenschappen, scheikunde en natuurkunde

evenals toepassingen voor industri€le partners.

Naast opschalen, richt hoofdstuk 5 zich op het optimaliseren van de HFS’s, waarbij
het theoretische onderzoek van nanomixen door het afstellen van het oscillerende
gedrag van een enkele vonkontlading en het verhinderen van splash deeltjes zijn
geincludeerd. Het eerste blijft theoretisch, terwijl het tweede succesvol bereikt wordt

met behulp van een permanent magnetisch veld in de vonkbrug.

Na de fundamenten en het opschalen in delen A en B te hebben voorgelegd worden
de toepassingen van de gegenereerde nanodeeltjes ook onderzocht. Door goedkope,
opschaalbare en milieuvriendelijke aerosol processen te integreren in textiel
nanoafwerking kunnen beperkingen, ondervonden in natte afwerking processen,

worden omzeild en een nieuwe soort textiel ontwikkeld. Als proof of concept worden
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zilver nanodeeltjes afgezet op verschillende textielsoorten en de antibacteri€le

eigenschappen voor twee bacteriestammen worden vastgesteld. Hoge antibacteri€le
activiteit is aanwezig zelfs als de zilver dekking een orde van grootte minder is dan in
textiel behandeld via traditionele natte routes. Dergelijke lage bedekkingen voor
antibacterieel textiel minimaliseren risico’s voor de menselijke gezondheid (tijdens
gebruik van het textiel) en het ecosysteem (na het weggooien) en reduceert ook
mogelijke veranderingen in kleur en textuur van textielproducten. Het wassen van
het textiel resulteert in minimale afname in antibacteri€le activiteit, vergelijkbaar met
de referentie stalen. Gezien dat een significant aantal functionele textielsoorten
nanoafgewerkt kunnen worden met behulp van aerosol depositie, demonsteren onze
resultaten dat de voorgestelde universele en duurzame benadering potentieel kan

leiden tot vele toepassingen.

(Translated by Sander Boeree)
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1. Particle Evolution Code used in Chapter 3

Main Script

1 tic

2clc

3 clear

4 %% Input Parameters

5 4=6.0; % Quenching flow rate [ Ipm ] ;

6 E=15.74; % Spark Energy [mJ/ spark ]

7 sigmag=1; %Particle size distribution factor

8 %% Model Code
9
10 for i =1:3

11 tspan1=2.4/q ; % Residence time in Stage 1 and it is strongly depends on the geometry
dimensions of the generators. Here Veff=40 cm3 is used.

12 tspan2 =0.181; % Residence time in Stage 2

13 dp0=135e-12; % Diameter of Gold atom

14 if E>2 % Spark energy should reach a certain value,

otherwise there is no particle generation
15

16 delta_m_Electrode =8.33046153846154e-13*E-1.64123076923078e-12; % Mass loss of
electrode per spark

17 N0=3.41554153928098e23*power (delta_m_Electrode, 0.25) ;

% Particle (atom) concentration at t=0

18 % This is the optimized power relation

19
20 % due to two fitting variables in V_0=deta /M*power ( deta_m

, 0.25)

21 % N0=3.41554153928098e23*power (deta_m_ Electrode, 0.25 )=
N_A/M/V_0*power (detam , x )

22 % solve the above equations when detam=1.1488 e-11 kg . x

=0.337
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24
25 % ODE solver for Stage 1, initial condition is dpO

and NO , para is the parameter

26 YO1=[NO dp0 ] ;

27options = optimset ('Display ', ' off ") ;

28[T1 Y1]=0del5s (@dpNfunl, [ eps tspanl ], yOl, options, q,
sigmag ) ;

29

30 % ODE solver for Stage 2, initial condition is the
the termination condition in Stage 1

31 y02=[Y1( length (Y1), 1) Y1(length (Y1),2)];

2dp=Y1(:,2);
33 [T2 Y2]=0del5s (@dpNfun2 , [ tspanl tspanl+t span2 ], y02,
options) ;

34

35 % Generated Result

36

37 T=[T1;T2]; % Total residence time
3sN=[Y1(:,1);Y2(:,1)]; % Particle concentration evolution
39D=[Y1(:,2);Y2(:,2)].*1e9; % Particle diameter evolution

40
41
42

a3 else
44
45 ' Spark Energy Too Low!"

46 T=0;
47 N=0;

48 D=0;
49
50 end

51 end
52 %% Output
53 Dfinal=D( end )% Dfinal is the mobility diameter at the end of the evolution for the three

chosen flow rates: 2.1, 25 and 40
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Functions

Diffusion

1 % This function is used for calculating the diffusion coefficient in Stage 2.
2 % k_diff is the desired variable to be solved in function "dpNfun2" by

3% fsolve. Time (t), diffusion coefficient (D) and diameter of the tube in
4% stage 2 ( dtube ) is the parameter in the equation .

s function y=Diffusion ( k_diff, para)

et=para(1);% Time,[s]

7 D=para ( 2) ; % diffusion coefficient of aerosol particles , [m

"21s]

g dtube=para ( 3) ; % Diameter of the tube in Stage 2, [m]
9
10 y=4* sqrt (D/( pi* t) ) /dtube*exp ( t* k_diff)-k_diff;

11 end

dpNfunl

1 % This function is used for modeling the particle evolution in Stage 1. Itis a

2 % time dependent ODE and is solved by ODE15s in the main function .

3 function dy=dpNfunl (t,y, q, sigmag)

4N=y (1) ; % Particle concentration , [#/m”" 3 ]

5 dp=y (2) ; % Particle size, [m]

6 % k_tot =0.12*(g-8) ; % Total influence factor of dilution and turbulent diffusion in stage 1,
[s"-1]

7k _tot=0.1089*q ;

sdy=2zeros (2,1); % Initialization of the output

9

10 T=293; % Ambient Temperature, [K]

11

12 kb=1.3806488e-23; % Boltzmann constant, [m2 kg s-2 K-1]

13 eta=1.75e-5; % Viscosity, [ kg m-1 s-1]
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14
15 % Cunningham correction factor

16 lambda=0.066e-6; % mean free path, [m]

17 if dp<=0.1e-6

18 cc=1+lambda/dp *(2.34+1.05 * exp (-0.39 * dp/lambda ) ) ;
19 else

20 CC=1;

21 end

22 D=kb*T*cc /(3 * pi * eta * dp) ; % Diffusion coefficient, [m2 s -1]
23

24 tho_p=19.32 e3 ; % Density of gold particles, [ kg/m” 3 ]
25

26 % Coagulation coefficient beta

27c=sqrt ( (48 * kb * T) /( pi 2* rho_p*dp”3) ) ;

28rc=dp/2;

290 1=8 * D/( pi *C) ;

30 g=(2/(6* rc * 1)) * ((2*r c+l )"3-power ( (4* rc "2+1"2), 3/2) ) - dp ;

s1epsilon =2.2;

32 b=(( sigmag-1) /(1.5-1) )*(0.7663-0.7071) +0.7071;

3 phi=3*sqrt (3) *b* (((eta”2*2*rc)/( rho_p*kb*T) ) ~(1/2) )* (exp ( (25 * log
('sigmag) "2) /18)+2 * exp ((5/8) * log ( sigmag) ~2)+exp ((1/8)* log (sigmag) "2) ) ;
34 beta=8*pi * epsilon*phi*D*dp/(dp/(dp+g )+8 * D/(c * dp) ) ;

35

36 dy (1 )=-1/2*beta*N"2-k_tot*N; % dN/dt

37 dy (2 )=1/6*beta*N*dp ; % d(dp) /dt

38 end
dpNfun2

1 % This function is used for modeling the particle evolution in Stage 2. I tis a
2 % time dependent ODE and is solved by ODE15s in the main function.

3 function dy=dpNfun2 (t,y)

4N=y (1) ; % Particle concentration, [#/m” 3 ]

sdp=y (2) ; % Particle size, [m]
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6 dy = zeros (2, 1) ; % Initialization of the output
7
8 % Cunningham correction factor

9 lambda=0.066 e-6; % mean free path, [m]

10 if dp<=0.1e-6

11 cc=1+lambda/dp*(2.34+1.05*exp (-0.39*dp/lambda ) ) ;
12 else

13 cc=1,

14 end

15
16 kb=1.3806488 e-23; % Boltzmann constant , [m2 kg s-2 K-1]

17 eta=1.75 e-5; % Dynamic viscosity, [kg m-1 s-1]
% http :/ /Iwww. Imnoeng.com/Flow/GasViscosity.php
18 T=293; % Temperature, [K]

19

20 D=kb*T*cc /(3*pi* eta*dp) ;% Diffusion coefficient, [m2 s -1]
21

22 dtube2=4e-3; % Diameter of the tube in Stage 2, [m]

23

24 tho_p=19.32 €3 ; % Density of gold particles, [

kg/m” 3] % http : / /www. chemicool.com/elements/gold.html
25
26 % Coagulation coefficient beta

27 c=sqrt ( (48*kb*T) /( pi *2* rho_p*dp”3) ) ;

28rc=dp/2 ;

29 |=8*D/( pi*c) ;

30 g=(1/(6*rc*l ) )*( (2*rc+l )*3-power ( (4*rc "2+l ~2) ,3/2) )-dp; %

31 beta=8*pi*D*dp/(dp/(dp+g )+8*D/( c*dp) ) ;
32
33 % k_diffusion in Stage 2

34 para0=[ t ,D, dtube2 ] ;

35 options = optimset (' Display ', "off ') ;

36 k_diff = fsolve ( @Diffusion, 1, options, para0 ) ;
37

3sdy (1)=-1/2*beta*N"2-k _diff*N; % dN/dt

39 dy (2 )=1/6*beta*N*dp ; % d(dp) /dt
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s0end

Testing

1 %lnputl

% this testing is strongly dependent on the geometrical dimensions of the spark discharge
generator. One should adapt these parameters accordingly in order to use the model.

2 0=6.0; % Quenching f low rate [ Ipm ] ;

3E=15.74; % Spark Energy [mJ/ spark ]

4 sigmag=1; % Particle Size Distribution Factor

5 %0utputl

6 Dfinal =6.3; % nm

7
8

9 %lnput2

100=25; % Quenching flowrate[lpm];

11 E=15.74; % Spark Energy [mJ/ spark ]
12sigmag=1; % Particle Size Distribution Factor
13 %O0utput2

14 Dfinal= 3.5; % nm

15
16

17 %lnput3

18 q=40; % Quenching f low rate [ Ipm ] ;

19 E=15.74; % Spark Energy [mJ/ spark ]

20 sigmag=1; % Particle Size Distribution Factor
21 %0utput3

22 Dfinal =3.0; % nm
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2. Current Oscillation Fitting Code used in Chapter 5

Main Script

1 format long
%%%% Input Parameters%%%

3n=60; %number of Data Points to use

4 file=" SampleDataFile.csv ' ; % Choose Current Data file name

5 C=44*10"-9; % the value of capacitance in the high frequency spark circuit

6 V0=-1200; % Interval to search for the correct voltage in
7 R=0.1:0.01:6 ; % Interval to search for the resistance in

8 L=2.9;: % Interval to search for the correct inductance in
9
10 %%%%% Fitting Script %%%%%%

11 M=importdata ( file ) ;

12

13tI=M.data(:,1);

141=-M.data (:,2);

15 1=1 +1.816*ones (length (1) ,1);
16 startTime=5.4*10"-8;

17 endTime=4.54*10"-6;

18 i=find ((t I>s tar tTime) 1, ' first');
19 j=find (t I>endTime , 1, "first") ;
2otl=t1(i:]);

al=-1(i:j);

22

23 tl=takein (tl, n) ;

24 I=takein (1, n);

25 1=1*10;

26

27 L=L*10"-6;

28 temp=1000000; % dummy variable
20y=[1;

30 for i =1: length (Vo)
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a1 forj=1:length (L)

32 for k=1: length (R)

33 if (R(k)"2-4*L(j)/C)<0

34% E=costl (tl, I, [Vo(i),L(j),R(k)],C)+costV (tv,V
,[Vo(i),L(J) R(k)].C);

35 E=costl (t1,1,[Vo(i),L(j),R(k)],C);% choosingthec
36 %

37 if E<temp

38 temp=E;
39 y (1)=Vo(i);
40 y(2)=L(});
a1 y (3)=R(k);
42 end

43 end

44 end

45 end

46 end

47 [ €2 ]= checkfit (y, tI, I ,C) ;% show the current fit plot and calculate the relative error
48 % Solution is stored in variable y in the formy (1)is
Voltage/y (2)is

49 % Inductance /y ( 3) is Resistance
50
51 [ e, rCathode ]=energy (y, tl ,C) ;% Finding rCathode from the

oscillations. e is the relative error of the fits

Functions

Costl

1 % calculate the error between the model and current data points
2 function e=costl (t, 1,y ,C)

3t=t-t (1 )*ones (length (t),1);

ax(1)=y(1);

5X(2)=2*y (2) /Iy (3);% R:Y(3) /LY (2)
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6 X (3)=(1/ sart (y (2)*C) )* sart (1-C*(y (3) "2) /(4*y (2))) ;

7X (4)=atan (1/(x(2)*x(3)));

sE=(I-C* X(1)*x (3) . *(1+(L/((x (2)*2) * (x(3)72)))) . *exp(-t./

X(2)).*sin(x(3)*t));%./1I;

9 e=0;

10 fori=1:length (t)
1 e=E(i)"2+e;
12 end

13e=e/length (t);

14 end

CheckFit

1% Plot the experimental data next to the model and calculate the relative

2% error of the fits

3 function [ e2 ]= checkfit (y ,t1,1,C)% tv ,V,tl,1,C)
4 % figure

5% plot (tv,V,'ro");

6 % hold on
7%plot(tv,voltage(y,tv,C));
gfigure (2)

9

wplot (tl,1,'ro");

11 hold on

12 plot (tl, current (t1,y,C));

13 hold off

14 Xlabel ("time (s)")

1sylabel (" current (A) ")

16 % el=costV (tv,V,y,C);

17 e2=costl (t1,1,y,C);

18 % e=el+e2;

19 end
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Energy

1
2 % Caculate r_cathode based on the model parameters during oscillations

sfunction [E , rc ]=energy (y, tv,C)

4 E=0;

5 E1=0;

6 E2=0;

7Cmc=1,;

g8 Cma=1;

9 P=current (tv,y,C)."2*y (3);

10 C=current (tv,y,C);

11 fori=1:length (tv)-1

2 E=E+P(i)*(tv(i+l)-tv(i));
13 end

14

15 for i =1: length (tv )-1

16

17if C(1)>=0

18

19 E1=E1+P(i) * (tv (i+1)-tv (i));
20 else

210 E2=E2+P(i)* (tv (i +1)-tv(i));
22 end

23
24 end

25 E1=E1* (Cmc/Cma) ;

26 Ic=E2/(E1+E2) ;

27
28

29end
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Current

1% Calculate the current based on parameters in the oscillation model

2 function I=current (t,y,C)
at=t-t(1)*ones(length(t),1);
4x(1)=y(1);

sX(2)=2*y (2) 1y (3);%R:Y(3) /I L:Y(2)

6x (3)=(U/sart (y(2)*C))*sqrt (1-C*(y(3)"2)/(4*y(2)));

7X (4)=atan (1/(x(2) *x(3)));

s1=C* x (1) *x(3) * (L+L((x(2)"2) . * (x(3)72))) *exp(-t./x(2))

C*sin(x(3)*t);

gend

Takeln

1

2 % Take a certain number of data points from the full current trace measured by the

oscilloscope

3 function V=take in (v, n)
aV=ones(n,1);
5V(1:8)=v(1:8);

6 io=ceil (8 * n/length (Vv));
7 fori=3:n

8

9 V(i)=v(ceil (io*length (v)/n));

10 io=io +1;
11 end

12end
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3. Fabrics Code used in Chapter 7

Main Script

1 format long
2s0l=[];

3 clearall

4 %%%Input%%%
5 P="... % Penetration matrix (column vector for each velocity
o[

70.518116305

8 0.589007697

9 0.644686649

10 0.74743302

11 0.80204612

12 0.865895106

13 0.894514192

14 0.911414944
150.933706281

16 0.96640386

17

18] ;

19 dp=. . . % Particle diameters vector corresponding to each of the penetration values above
20 [

21 10

2215

23 20

24 30

25 40

26 60

2780

28100

29 125
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30 150

at];
32alpha=0.05:0.001:0.3; % Choose alpha range
33dens=1.1:0.0001: 3; % Choose the Fiber Density Range

34 dw=10 * 10" - 6:0.01 * 10" - 6:2.5 * 10" - 5; % Choose fiber diameter range
35
36 for s=3 % Choose for which velocity from the U vector or set of velocities one wants to fit

(provide index or index vector)
37
38 U=. . .% Provide velocity vector

39 [

40 0.5

411

42 2

4341];

a4 U=U * 10" - 2;
45 deltaP =. . . % Provide deltaP vector (only relevant if the two equations are fitted)
46 [

47 0.7

48 1.5

49 3

50 6.2
51
52];
53

54
55

56 dp=dp * 10" - 9;

57 T=298; % Temperature (K)

58 =S ; % choose velocity value (123 4)

59 VisC =22.6 * 10" - 6; % viscosity (pa.s)

60 mfp=68.33 * 10" - 9; % Mean Free Path (m)

61 k=1.3806488e10" - 23; % Boltzmann Constant

62 Cc= 1+dp.~(-1) . * (0.234e1+0.105el. *exp (1) .~((-0.39E0) . * dp

. mipA(-1))) . * mfp;
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63D=(k*T.*Cc)./(3* pi*visc *dp) ;

64 X0=[0.055, 2.5*10" - 4 1.5 * 10" - 5] ; % Initial Guess
65 C=1;

66 temp=100;

67 for i =1: length (‘alpha)

68 forj=1:length (dens)

69 for k=1: length (dw)

70 L=(0.13*10"-3)./(alpha(i)*dens(j));
71 E= costP (D,P, alpha (i) ,L,dw(k),U(q));
72

73 if E<temp

74 temp=E;

75 x (1)=alpha (i);

76 x(2)=(0.13*10"-3)./(alpha(i)*dens(j));
77 X (3)=dw(k);

78 end

79 end

go end

g1 end

82
83

safigure (1)
85 hold off
g6 plot (dp*1079, ones (length (P) ,1)-P,"'ro")

87
88

89 dpl=transpose (1:1:200) *10"-09;

90 hold on

91 k=1.3806488 e 10"- 23;

92Ccl=1+dpl A(-1).*(0.234E1+0.105E1. *exp (1) .~( (- 0.39EQ) . *
dpl.*mfp~(-1))) . *mfp;

93 D1=(k*T.*Ccl)./(3*pi*visc*dpl);
94
95 plot (dpl *10"9, ones ( length (D1), 1) — penetration (x ,D1,U(q)));

96axis ([0200011])
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97 end

98 %%%0Output Solution

99 solution =x ;

Functions

Penetration

1% Calculate the penetration from the fabric parameters

2 function P= penetration (x ,D,U)

3P=exp ((-10.8* x(1).*x(2).*D.~(2/3))./(pi.*(1-x(1))*(x(3)
A(513) * UN2/3))) )

send

costP

1 % Calculate the error between the experimental data and the results from the model
simulations

2 function E= costP (D, P, alpha , L, dw, U)

3af=(P+(-1).*exp (1) .~ (-0.343775E1) .* (1+(- 1) . * alpha) .~(-1)
.*alpha.*D.~A(2/3).*dwA(-5/3) . * L. *UA(-2/3))) . /P;

4

5 E=0;

6 for i =1: length (D)

TE=E+f(i)"2;

g end

9 E=E/ length (D) ;

10 end
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4. Particle Size Distribution Codes used in Chapters 2, 3, 4,7

Functions

PSDn

1 function [DISTR]=PSDn(V, neutr , gasneut r , DMA, PS , gasdma , qpoly , gsheath ,
AEMCPC)

2 % calculate DN/ddp for a given combination of DMA and AEM or CPC
3 % voltages . if a neutralizer is specified, this file also calculates the

4 % charge distribution and applies that to DN/ddp .

5%

6 %

7 % function [DISTR]=PSDn(V, neutr , gasneut r , DMA, PS , gasdma, qpoly ,
8 % gsheath , AEMCPC)

9%

10 %

11 % V=[Vdma (1 array ) Vaemcpc ( x arrays) ]

12 % Vdma: dma set voltage (V)

13 % Vaemcpc : measured voltage for aerosol electrometer or CPC (V)

14 %

15 % neutr : indicate whether or not a neutralizer is used

16 % 1=neutralizer ( any other # means no neutr . )

17 % gasneut r : gas used in neutralizer

18% 1=He

19 % 2=Ar

20 % 3=N2

21 % 4=Air

22 %

23 % DMA: DMA used

24 % 1=TSI 3071

25 % 2=Long French
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26 % 3=Short French
27 % PS: DMA Power supply type (-1 f o r negative , +1 for positive )

28 % gasdma : gas used in dma

29

30 % gas=[M( kg/mol ) m+(kg/mol ) m - (kg/mol )

31 % Z+(m2/V *s) Z- (m2/V *s) eta (Pa*s) sigma (m2) ]
32 % 1=He

33 % 2=Ar

34 % 3=N2

35 % 4=Air

36
37

38 % gpoly : DMA sample f lowrate (SLM) assumes that

39 % polydisperse=monodisperse and monodisperse= aem flow
40 % gsheath : DMA sheath air flow rate (SLM)

41 %

42 % AEMCPC: indicate whether AEM or CPC is used

43% 1=CPC TSI

44 % 2=CPC Grimm (any other # means AEM)

45
46
47
48

49 [ n,m]=size (V) ;

50 NN=n - 1;

51 % nn=n; % in orde r to match other docs
s52Vdma=V(1:nn,1);

53 Vaemcpc=V(1:nn,2:m);
54
55 %Vdma to dp conversion

56 DP=dma(Vdma, gasdma , DMA, gsheath , gpoly ) ;
57dp=DP(:,1);% innm

58 ddp=DP(:,4) *ones (1 ,ml);

59 dpupper=DP(:, 3);

60 dplower=DP(:,2);
61
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62 % particle concentration

63 Vaem=Vaemcpc ;

64 el =1.6021765 e-19;

65 Raem=1e11,;

66 Y0Raem=1.3 e12 ; depends on the resistance of the AEM

67 Qaem=qgpoly * 1000/60; % aem f low in ccm/ s

68 I=abs (Vaem) /(Raem * e | * Qaem) ; % measured particle concentration

( part /ccm)
69
70 if AEMCPC==1

71Vecpc=Vaemcpc ;

72% 1 =10.~(Vcpc - 3) ; % measured particle concentration ( part /ccm)

73 1=1e6 * VVcpe

7aend

75 If AEMCPC==2

76 I=Vaemcpc * 1 €6 ; % Grimm measured particle concentration ( part /ccm)

77end

78
79

8o DN=2* | ; % actual particle concentration in ddp ( part /ccm)
81
82 %charge distribution

83 if neutr = =

84 % Q=3;

85 =3;

86 Fn=charge (dp , 3) ;

87 FN=Fn (1:nn, g+1- PS) *ones (1,m-1) ;

88 % DN=2 * | . /FN; % actual particle concentration in ddp ,

89 DN=1.5*2* | . /FN; % corrected for charge distribution ( part /ccm)
90 end

91 DNddp=DN. / ddp ; % deltaN/ de Itadp ( part /ccm*nm)

92

93 % interval

94 Int=zeros (nn, 1) ;
s N=[2:nn-1]";
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96 Int (N)=ddp (N) +0.5 * ( dplower (N)-dpupper (N-1) ) +0.5*( dplower (
N+1)-dpupper (N) ) ;

97 Int (1 )=ddp (1) +0.5*( dplower ( 2 )-dpupper (1)) ;

98 Int (nn)=ddp (nn) +0.5*( dplower (nn)-dpupper (nn-1) ) ;

99

100 Intm=Int * ones (1 ,m-1) ;

101

102 DNtot=DNddp. * Intm ; % total particle concentration per interval ( part /ccm)

103 Ntot=sum(DNTtot ) ; % total particle concentration ( part /ccm)
104

105 dpm=dp * ones (1, m-1) ;

106

107 dpNmean=exp ( sum( log (dpm) . * DNtot ) . / Ntot) ; %
number mean particle count (nm)

108 %

109 % dpNmean=sum(dpm. *DNtot ) . / Ntot ;

110

111 dpNmeanm=ones (nn, 1) * dpNmean ;

112

113 % VarN=sum( ( (dpm-dpNmeanm) .~ 2) . * DNtot ) . / Ntot ; % number

variance (nm2)

114 % StDevN=VarN. * 0 . 5 ; % standard deviation (nm)

115 StDevN=exp ( (sum( ( ( log (dpm)-log (dpNmeanm)).”~2).* DNtot) ./
Ntot).”0.5); % number variance (nm2)

116 % standard deviation (nm)

117

nsdistr=[dpddp (1:nn,1)DNddp];

119 [ 0, p]=size (distr) ;

120 S t=[Ntot ; dpNmean ; StDevN ] ;

121 ST=[ zeros (3, p-(m-1) ) st];

122 DISTR=[ distr ; ST ] ;

123

124 plot (DP(1:nn,1),distr(1:nn,3:m+1))

125 hold on
126
127X label (" mean mobility size (nm) ")
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128y label ('nDeltaN/nDeltadp ( part/( ccm*nm) ) ")

129 %

130%Ilegend ('2.1slm"',"6slIm",'9.9sIm","'13.8slm","17.7
sim',"'21.5slm",'25.4slm",'29.3sIm",'33.2slIm",'37.1

sim',"41slm',"44.9slm")
131
132 grid on

Ztodp

1 function [ J]=Ztodp (Zdma , gas)

2 % this function is used to calculate particle size from electrical mobilities .
3
4% ZDMA: ( vertical ) vector containing the electrical mobilities

5% (M2/V*s)

6

7 % gas=[M( kg/mol ) m+(kg/mol ) m-(kg/mol )

8 % Z+(m2/V* s ) Z-(m2/V* s ) eta (Pa* s ) sigma (m2) ]
9%1=He

10 %2=Ar

11 %3=N2

12 %4=Air

13
14

15 % gsheath : DMA sheath flowrate (SLM) (=excess flow rate )

16 % gpoly : DMA sample flowrate (SLM) (=monodisperse flow rate )
17
18% [ 1] Atkins, P.W., (1998) , Physical chemistry (6thed.),

OxfordUniversity
19% Press , Oxford , p . 30
20 % [ 2] TSI 3080 DMA manual , www. TSI . com

21 % [ 3] Hoppel , W.A., (1978) ,J . Aerosol Sci ., vol . 9, 41
22
23 % gas properties

24 G=gasprop (gas) ;
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25 e ta=G( 6 ) ; % gas viscosity (Pa*s)

26 sSigma=G( 7 ) ; % collision cross section (m2 ) [ 1]

27
28
29

30 % constants

31P=1.013E5 ; % gas pressure (Pa)

32 T=293; % temperature (K)

33 R=8.3145; % gas constant ( J/molK)

34 Na=6.02214 €23 ; % Avogrado ' s constant (1/mol )
ss5e 1 =1.6021765 e-19; % elementary charge (C)

36 K=R/Na ; % Boltzmann ' s constant ( J/K)

37

38 % mean free path gas

39 I=k*T/ ((270.5) *P*sigma) % gas mean free path (m) [ 1]
40

41 % particle size singly charged particles

42

43% slip correction (Cc ) factor parameters

44% Cc=1+2* | Ix * (atb *exp(-c * x/2*1) )% [ 2]
45a=1.142;

46 b=0.558;

47 ¢=0.999;

48 D=3 * pi * eta ;

49

50 n=length (Zdma) ;

s1for N=1:n

52
s3dest=e | /(D* Zdma(N) ) ; % first estimate of the

54 % particle size ,
55 % disregarding the slip
56 % correction factor (m)

57
58 % solver for particle size

s9B=@( x ) e | * (1+2* | x * (a+b*exp(- ¢ * x /(2 * 1)) ) ) /(D * x )-Zdma(

N) ;
| Simulation Codes m




Appendices

60 d=fzero (B, dest*10) ;

61 dp(N)=d/1e-9;
62

63
64

65 end
66

67J=[dp"'];
Gasprop

1 function [ gas ]=gasprop (N)

2 %N:

3%1=He

4 %2=Ar

5%3=N2

6 %04=Air

7

8 %gas=[M( kg/mol ) m+(kg/mol ) m-(kg/mol ) Z+(m2/V* s ) Z-(m2/V*
s)eta (Pa*s)sigma(m2) ]

9 % M: molecular mass of the gas ( kg/mol )

10 % m+: molecular mass of positive ion ( kg/mol )
11 % m-: molecular mass of negative ion ( kg/mol )
12 % Z+: positive ion mobility (m2/V*s)

13 % Z-: negative ion mobility (m2/V* s)

14 % eta : viscosity (Pa*s)

15 % sigma: collision cross section (m2) [ 1]
16
17 % The ion data on is not reliable , mainly an extrapolation based on

18 % Romay and Pui (1992) and the approach of Wiedensohler and Fissan (1991) .
19 % No experimental data on the BIPOLAR charging in Helium is available. Use
20 % the argon bipolar charge distributions instead.

21 % lon properties for argon, nitrogen and air are based on Wiedensohler and

22 % Fissan (1991)
23
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24 % [ 1] Wiedensohler , A. and Fissan, H., (1991) , Aerosol Sci . Technol ., vol .
25 % 14 , 358
26% [ 2] Romay, F.J.and Pui, D.Y.H., (1992) , Ae rosol Sci . Technol ., vol . 17,

27% 134

28
29

30 GASPROP=[ 4.00 e-3 0.008 0.0043 17.2 e-4 20. 9e-4 1.863e-5 2.1e-19;
31 39.95e-3 0.110 0.060 1.4e-4 1.7 e-4 2.217e-5 3.6e-19;

32 28.02e-3 0.110 0.060 2.0 e-4 2.15e-4 1.77e-5 4.3e-19;

3329.56e-3 0.1400.101 1.4 e-4 1.6 e-4 1.73e-5 4.3e -19] ;

34

35 [ n,m]=size (GASPROP) ;
36 gas=GASPROP(N, 1 :m) ;

Dmaprop

1function [DMA]=dmaprop (N)
2% DMA=[L(cm) r1 (cm) r2 (cm) ]
3% 1=TSI 3071

4% 2=French (long)

5 % 3=French (' short)
6
7 DMAPROP=[44.369 0.937 1 .961 ;

837.50.9351.96 ;

910.5850.9351.96 ] ;

10

11 [ n,m]= size (DMAPROP) ;
12

13 DMA=DMAPROP(N, 1:m) ;

Cma

1 function [ J ,K]=dma(VDMA, gas , dma, gsheath , gqpoly )

2 % this function is used to calculate particle size from DMA voltage and DMA properties

3%
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4%

5% [ J ,K]=dma(VDMA, gas , dma, gsheath , gpoly )

6 %

7%

8% VDMA: ( vertical) vector containing the DMA voltage setpoints
9%

10 % gas=[M( kg/mol ) m+(kg/mol ) m-(kg/mol )

11% Z+(m2/V*s ) Z-(m2/V* s ) eta (Pa* s ) sigma (m2) ]
12 %1=He

13 %2=Ar

14 %3=N2

15 %04=Alr

16

17 % DMA=[L(cm) r1 (cm) r2 (cm) ]

18 % 1=TSI 3071

19 % 2=French ( long)

20 % 3=French ( short)
21
22 % gsheath : DMA sheath flow rate (SLM) (=excess flow rate)

23% qgpoly : DMA sample flow rate (SLM) (=monodisperse flow rate)
24

25 % [ 1] Atkins , P.W., (1998) , Physical chemistry (6thed.),
Oxford University

26 % Press , Oxford , p . 30

27% [ 2] TSI 3080 DMA manual , www. TSI . com

28% [ 3 ] Hoppel , W.A., (1978) ,J . Aerosol Sci ., vol . 9,41
29

30 % gas properties

31 G=gasprop (gas) ;

32eta=G(6) ; % viscosity (Pa*s)

33sigma=G( 7 ) ; % collisional cross section (m2 ) [ 1]

34

35 Vdma=abs (VDMA) ; % DMA voltage

36

37 % constants
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38 P=1.013E5 ; % gas pressure (Pa)

39 T=293; % temperature (K)

40 R=8.3145; % gas constant ( J/molK)

41 Na=6.02214e23 ; % Avogrado ' s constant (1/mol )
42 e 1=1.6021765 e-19; % elementary charge (C)

43 k=R/Na ; % Boltzmann ' s constant ( J/K)
44
45 % DMA properties

46 H=dmaprop (dma) ; % properties of the DMA ( from DMAprop.m)
47 L=H('1)/100; % DMA length (m)

48 r1=H( 2 ) /100; % inner radius DMA (m)

49r2=H( 3 /100; % outer radius DMA (m)

50 Qsheath=qgsheath /(60*1000) ; % sheath flow rate (m3/s)

51 Qpoly=qgpoly /(60*1000) ; % polydisperse aerosol flow rate (m3/s)
52

53 % mean free path

s4|=k*T/ ((270.5) *P*sigma) ; % gas mean free path (m) [ 1]

55

56 % singly charged particles

57

58 % slip correction (Cc ) factor parameters

59 % Cc=1+2*| /Ix *( a+b*exp(-c*x /(2 *1))[ 2]
60 a=1.142;

61 b=0.558;

62 ¢=0.999;

63

64 D=3* pi * eta ;

65 n=length (VDMA) ;

66 dp=ones (n,1); % [m]

67 dppl=ones (n, 1) ; % [m]

68 dpmi=ones (n, 1) ; % [m]

69 LAM=L/log (r2/rl) ; %Shape factor DMA

70 Zdma=Qsheath . / ( 2 * pi *Vdma*LAM) ; % mobility that is set in DMA (m2/V*s) [ 2]
71
72 RelTol=1e-10;
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73Cc=ones (n,1);
74
75 %Solve for dp (and Cc ) by iteration

76 dpold=zeros (n, 1) ;

77while max( abs (dp-dpold ) . / abs (dp) )>RelTol
78 dpold=dp ;

79dp=e | *Cc/3/ pi/ eta . /Zdma;

go Cc=1+2*|./dp.* (atb*exp(-c * dp/2/1));
81 end

82
83 % DMA resolution

84 DZdma=Qpoly/Qsheath*Zdma ; % Ful |
Width Hal f Mean o f
85 % the DMA transfer function

86 % (Mm2/V*s)[ 3]
87
88 Zpl=Zdma+DZdma; % maximum mobility

89 % particles coming out o f
90 % DMA for given voltage
91 % (M2/V *s)

92
93 Zmi=Zdma - DZdma; % minimum mobility of

94 % particles coming out of
95 % DMA for given voltage
96 % (M2/V *s)

97
98

99 %Solve for upper and lower limits of dp ' s

100 dpold=zeros (n, 1) ;

101 while max( abs ( dppl-dpold ) . / abs (dppl ) )>RelTol
102 dpold=dppl ;

103dppl=e | * Cc/3/ pi/eta./ Zpl;

104Cc=1+2 * 1./ dppl . * (a+b*exp(-c * dppl /2/1) ) ;

105 end
106
107 dpold=zeros (n, 1) ;
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108 While max( abs (dpmi-dpold ) . / abs ( dpmi ) )>RelTol
109 dpold=dpmi ;

110 dpmi=e | * Cc/3/ pi/eta./ Zmi ;

111 Cc=1+2* | . / dpmi . * (a+b*exp(-c *dpmi/2/ 1)) ;
112 end

113

114 ddp=dpmi-dppl ;

115

116 J=[dp dppl dpmi ddp ] ;

117J=J . *1e9; % convert to [nm]

118 K=[Zdma Zpl Zmi DZdma ] ;

Charge

1 function [ ch]=charge (dp, gas )

2% this function is used to calculate the steady state bipolar charge distribution for
3% a given particle size dp (n by 1 vector ) and a given gas-type , based on

4 % the Fuchs theory as described in :

5 %

6% [ 1] Fuchs, N.A., (1963), J. Pure and Appl . Geophys ., vol . 56 , 185

7% [ 2] Adachi,M.et.al., (1985),J. Aerosol . Sci ., vol . 16, 109

8% [ 3] Reischl,G.et.al..(1996),J. Aerosol Sci ., vol .27, 931

9% [ 4 ] Wiedensohler , A. and Fissan , H., (1991) , Aerosol Sci . Technol ., vol .
10 % 14 , 358

11%[5]Romay, F.J.and Pui, D.Y.H., (1992) , Aerosol Sci . Technol ., vol . 17,
12 % 134

13 %

14 % gas=[M( kg/mol ) m+(kg/mol ) m-(kg/mol ) Z+(m2/V*s) Z-(m2/V*s) ]
15% 1=He

16 % 2=Ar

17 % 3=N2

18 % 4=Air

19 %

20 % The ion data on helium is NOT reliable , mainly an
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extrapolation based on

21 % Romay and Pui (1992) and the approach of Wiedensohler

and Fissan (1991) .

22 % No experimental data on the BIPOLAR charging in Helium is available. Use
23 % the argon bipolar charge distributions instead.

24 % lon properties for argon, nitrogen and air are based on Wiedensohler and

25 % Fissan (1991)

26 %

27 % indexes: pl for positive ions , mi for negative ones

28
29

30 a=(dp*1e-9) / 2 ; % particle radius (m)

31

32 4=3; % maximum particle charge

33

34 % charge of the particle, p is considered positive if ion and particle

35 % charge are of the same sign.

s6ppl=[-q:q]; % for positive ions

37 pmi=-1*ppl ; % for negative ions

39 %gas properties

40 G=gasprop (gas) ;

41 M=G( 1) ; % molecular mass of the gas ( kg/mol )

42 mpl=G( 2) ; % molecular mass of the positive ion( kg/mol )
43mmi=G( 3) ; % molecular mass of the negative ion ( kg/mol)
44 Zpl=G( 4) ; % positive ion mobility (m2/V * s )

45 ZMi=G(5) ; % negative ion mobility (m2/\V * s)
46
47 % constants

48 P=1.013e5 ; % gas pressure (Pa)

49 T=293; % temperature (K)

50 R=8.3145; % gas constant ( J/molK)

51 Na=6.02214e23 ; % Avogrado 's constant (1/mol )
52 el =1.6021765e-19; % elementary charge (C)

53 k=R/Na ; % Boltzmann ' s constant ( J/K)

54 0=8.855e-12; % dielectric constant (F/m)
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55

56 % mean ion thermal speed (m/s)

57 cpl=(8 * k * T/(pi * (mpl/Na) ) )"~ 0.5;

ss cMi=(8 * k * T/(pi * (mmi/Na) ) )~ 0.5;

59

60 % diffusion coefficient of ion (m2/s)

61 Dpl=k*T*Zpl / el ;

62 Dmi=k*T*Zmi/ el ;

63

64 % ion mean free path (m) as given by Reischlet.al. ,equation (4)
65 Ipl =16*2°0.5/(3* pi ) * Dpl/ cpl * (M/(M+mpl ) )" 0.5;

66 Imi =16*2°0.5/(3* pi ) *Dmi/cmi * (M/(M+mmi) )~ 0.5;

67

68 % alternatively mean free path as given by Adachiet.al.

69 %lpl =1.329* Zpl / el * ( kK*T*mpl*M/ ( (M+mpl ) * Na) ) *0. 5
70 % IMi=1.329*Zmi/ el * ( K*T*mmi*M/ ( (M+mmi) * Na) ) ~0. 5

71
72

73 % Knudsen number for ions (-)

74 Knpl=lpl ./ a;

75 Knmi=Imi ./ a;

76

77 % delta : limiting sphere (m)

78 Ap=1+Knpl ;

79 Bp=1+Knpl . * 2;;

8o Am=1+Knmi ;

81 Bm=1+Knmi . " 2 ;

82

ssdelpl=(a.~3)./(Ilpl.~2).*(1/5*Ap."5-1/3*Bp. * Ap. *3+2/15*Bp .~ 2.5);
gadelmi=(a.”~3)./(Imi.~2).*(1/5*Am.~5-1/3* Bm. *Am. * 3 +2/15* Bm. " 2.5) ;
85

86 % ion potential at delta

87 [A,PPL]=ndgrid (a, ppl) ;

g8 [A,PMI]=ndgrid (a, pmi);

g9 [DELPL,PPL]=ndgrid ( delpl, ppl) ;
90 [DELMI,PMI]=ndgrid ( delmi, pmi ) ;
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91

92 phidelpl=(PPL* el ~2) . / (4 * pi * e0 *DELPL)- e | *2/(8* pi *e0) *(A
."3)./(DELPL."2.* (DELPL"2-A."2));

93 phidelmi=(PMI* el ~2) . / (4 * pi * e0 *DELMI) -e 1 *2/(8 * pi *e0 ) * (A
.73)./(DELMI . "2 .* (DELMI"2-A."2));

94

95 % the integral of exp ( phi (a/x ) /kT) from x=0 to x=a/ delta
96 n=length (dp) ;

97 m=length (ppl) ;

98

99 Ipl=zeros (n, m) ;

100 Imi=zeros (n ,m) ;

101

102 D=(el "2) /(4 * pi *e0) ;

103 E=1/(k*T) ;

104

105 for N=1:n ;

106 an=a(N);

107 delpln=delpl (N) ;

108 delmin=delmi (N) ;

109

110 for M=1:m;

111 pmpl=ppl (M) ;

112 pmmi=pmi (M) ;

113

114 Fpl=@( x ) exp ( pmpl*D*E/an*x-D/2*E/an*x.M/(1-x . " 2)) ;
115 Fmi=@( x ) exp (pmmi*D*E/an*x-D/2*E/an*x.M/(1[0x . " 2)) ;
116

117 Gpl=an/ delpln ;

118 Gmi=an/ delmin ;

119
120% quad is the bounded MATLAB integration algorithm

121 ipl=quad ( Fpl, 0, Gpl);
122 Ipl (N,M)=ipl ;

123

124 imi=quad (Fmi, 0, Gmi) ;
125 Imi (N,M)=imi ;
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126

127 end

128 end

129

130 % alpha : striking coefficient ([ 1] ), or the fraction of

131 % ions entering the limiting sphere that actually reach the particle
132

133 % €gs units

134 elcgs= 4.80E-10;
135 kegs= 1.38E-16;

136

137 H=2/(3* kegs * T) ;
138 J=elcgs " 2 ;

139

140 ALPHAPL=zeros (n,m) ;

141 ALPHAMI=zeros (n ,m) ;
142

143n=length (dp) ;
144 m=length (ppl ) ;

145
146 for N=1:n;

147 acgsn=a (N) * 100; % in cm
148 delplcgsn=delpl (N) *100; %in cm
149 delmicgsn=delmi (N) *100; %in cm

150

151 for M=1:m;

152 pmpl=ppl (M) ;

153 pmmi=pmi (M) ;

154

155 c=[0.005:0.005:11";

156 rpl=(delplcgsn-acgsn ) * c+acgsn ;

157 rmi=(delmicgsn-acgsn ) * c+acgsn ;
158

159 %
160 %
161 %

162 %
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163 b2pl=rpl A2+H*( pmpl*J/ de Iplcgsn-J/2* acgsn ~3/(delplcgsn ~2*( deplcgsn ~2-acgsn
72))) . * rpl A2-H*pmpl*J . * rpl+(H*J/2* acgsn *3) . / ( rpl .~2-acgsn "2) ;
164 b2minpl=min ( b2pl ) ;

165

166 alphapl=b2minpl /( delplcgsn "2) ;

167

168 %0

169 %0

170 if alphapl <0;

171 alphapl=0;

172 end

173

174 % if the calculated alpha is larger than zero, all ions entering the

175 % limiting sphere reach the particle, and the actual alpha should be 1

176

177 if alphapl >1;

178 alphapl=1;

179 end

180

181 ALPHAPL(N,M)=alphapl ;

182

183 % same approach for negative ions

184 b2mi=rmi 2+H*(pmmi*J/ delmicgsn-J/2* acgsn "3/( delmicgsn ~2*( delmicgsn”2-acgsn
A2))) . * rmi A2-H*pmmi*J . * rmi+(H*J/2* acgsn ~3) . / ( rmi .~2-acgsn "2) ;
185 b2minmi=min ( b2mi ) ;

186

187 alphami=b2minmi /( delmicgsn *2) ;

188

189 if alphami <0;

190 alphami=0;

191 end

192

193 if alphami >1,

194 alphami=1;

195 end

196

197 ALPHAMI(N,M)=alphami ;
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198

199 end

200 end

201

202 % combination probability [ 2 ]

203

204 exppl=exp(-phidelpl/( k*T) ) ;

205 expmi=exp(-phidelmi /( k*T) ) ;

206

207 etapl=pi *cpl *ALPHAPL.*DELPL. "2 . * exppl ./(1+ exppl * cpl . *
ALPHAPL.*DELPL.~2./(4*Dpl.*A).*Ipl);

208 etami=pi *cmi*ALPHAMI. *DELMI . ~ 2 . * expmi ./(1+expmi*cmi . *
ALPHAMI. *DELMI .~ 2./ (4 *Dmi.*A).*Imi);

209

210 % Finally, the calculation of the bipolar charging steady state. This is

211 % based on balance equations over Np, with p the particle charge, and
212 % taking positive ion concentration to be equal to negative ion

213 % concentration, and set Ng+1, N_g-1 to zero .
214

asopl=[1:q]";

216 N=[1:n]";

217

218 etaplpo s (N, opl )=etapl (N, g+opl ) ;
219 etamipos (N, opl )=etami (N, g+opl+1) ;
220

221 etaratiopos=etaplpos . / etamipos ;

222

2230mi=-1*[-q:-1]";

224 etaplne g (N, opl )=etapl (N, omi ) ;

225 etamineg (N, opl )=etami (N, omi+1) ;
226

227 etarationeg=etamineg . / etaplneg ;

228

229 Npos=cumprod ( etaratiopos , 2) ;

230 Nneg=cumprod ( etarationeg , 2 ) ;

231

232 Npart=ones (n ,m) ;
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233

234 Npart (N, g+1+opl )=Npos (N, opl ) ;
235 Npart (N, opl )=Nneg (N, omi ) ;

236

237 Ntot=sum(Npart, 2 ) * ones (1 ,m) ;
238

239 ch=[Npart . / Ntot ] ;
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