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Abstract

Nanotechnology has become a very important branch of research and industry es-
pecially during this millenium, and it keeps growing constantly. Simultaneously,
demand for large volumes of quality nanomaterial is increasing. Flame spray py-
rolysis (FSP) is one of the most promising fabrication methods for inexpensive and
simple large-scale production. However, the details of the synthesis process still re-
main reasonably poorly understood. Liquid flame spray (LFS), a certain type FSP
method, was chosen as the focal point of this dissertation. Because both the knowl-
edge on the synthesis process and utilization of LFS in applications are essential for
capitalizing on its the strengths in the long term, half of this dissertation was dedi-
cated to improving the understanding of the process, and the other half for exploring
its potential in two distinct applications.

In the first part, factors determining the crystallographic phase composition of
iron oxide particles in LFS synthesis was studied. The synthesis yielded maghemite
(y-Fe,O;) and hematite (o-Fe,O3), and the equivalence ratio was found as the best
measure for predicting their ratio. However, the correlation between the phase ratio
and the equivalence ratio was observed to differ between different experimental se-
tups. Modifying the precursor solution through mixed solvents or additives also had
a clear effect on the phase composition, which indicates that the solution chemistry
likely has unknown effects on the process.

The first of the two applications was bidisperse magnetorheological (MR) fluids,
where LFS-made nanoparticles were added to a more traditional MR fluid to coun-
teract sedimentation. The addition reduced the sedimentation rate considerably
without impairing its performance. The second application was a liquid-repellent
nanocoating consisting of a nanoparticle layer produced with LFS, an ALD mid
layer, and a topmost silane layer. The ultrathin final coating repelled several test

liquids effectively, but possessed lower stability than initially hoped.

111



v




Preface

Most of the research in this thesis was conducted during 2016-2021 in the Aerosol
Physics Laboratory at Tampere University (Tampere University of Technology until
2019), with some preliminary work was performed earlier. The primary funding
came from TUT graduate school, but also Tekes, Academy of Finland, the Jenny
and Antti Wihuri Foundation, and the companies that participated in the DIMECC
HYBRIDS program are acknowledged for financial support.

First, I want to thank my supervisor, Prof. Jyrki Mikeld, who took me into the
synthesis group as a young summer student. He has helped me in various aspects of
research work and given me lots of freedom to find my own way. The pre-examiners
Prof. Knut Deppert and Prof. Esko Kauppinen I wish to thank for valuable com-
ments. I am also grateful to Prof. Jorma Keskinen for guiding me in teaching that
offered a great counterbalance for research. I thank Mr. Janne Haapanen for teach-
ing me the basics of lab work. Dr. Mari Honkanen and Mr. Leo Hyvirinen deserve
my gratitude for characterizing samples for most of my publications. Special thanks
go to Dr. Paxton Juuti, with whom I worked together and shared an office for a long
time, and who was always ready to discuss any topic and offer assistance. Help of
every other co-author was also invaluable for compiling this thesis. Co-workers who
haven’t directly contributed to my research also deserve recognition for making the
atmosphere as uplifting and motivating as I have experienced it. It’s been a pleasure.

I want to thank my parents for giving me all the tools in life and the boundless
support for whatever I wanted to do. To all of my friends and relatives, I want to
express my gratitude for bringing loads of meaningful things in my life. Lastly, I
thank my girlfriend Roosa, who has made the latter part of my doctoral studies very

joyful and the future look especially bright.

Tampere, August 2021

Mt Forvakd






Contents

Abstract
Preface
Symbols and abbreviations

List of publications

Author’s contributions
1 INtroduction ....c.ceeveviniiiininiiiiiiiiiiiiiiiiieiiieieieeaeeeeeaeaaes
1.1 Research goals and the scope of the thesis ....................c..
2 Nanomaterials and their applications.........cocvevviiiiiuiiiiniinininninnnn.
2.1 Tronoxide......oooiiiiiiiiiiiiii
2.2 Magnetorheological fluids.........ccocoviiiiiiiiiiiiiii
2.3 Liquid-repelling surfaces...........ccooooviiiiiiiiiiiiiiiii
3 Flame spray synthesis and additional coating methods ....................
3.1 Liquid flame Spray process ............ccoeouiiiuiiiiiiiiiiiiiiiiiinieannes
3.2 Particle formation process .........c.oeeuviunieuiiiniiiiiiiiiiiinceenns
3.2.1 Atomization & combustion mode ...,
3.2.2  Flame temperature ... ..c.oeuueueneuneunenenieneieieineneeneenean
3.2.3 Equivalence ratio..........ccoooviiiiiiiiiiiiiii
3.2.4  Residence time.......ocueuiuiiiiiniiiiiiiiiiiiiiie e
3.2.5 Gaseous end product concentration.............ceeveuiueennnn.n.
3.2.6  Chemical Processes ........cuveuviniuiuniiniiiiiiiiinine e,
3.3 Atomic layer deposition ............coiiiiiiiiiiiiii
3.4 SHlaniZation .......c.oceeiiinii i

vii

1ii

viii
x1

Xiv



viil Contents

4 Characterization methods ........cccooviiviiiiiiiiiiiiiiiiii, 25
4.1 Structural and surface characterization..................coooiiiii. 25
4.2 MR fluid characterization ............cooeviiiiiiiiiiiiiiiiii, 28
4.3 Surface properties analysis ..........ocuveuveuiiniiiiiiiiiii 29

5 Results and discussion .......cccevvuiiiiiiiiiiiiiiiiiii 31
5.1 Controlling the particle formation process in LFS synthesis ............ 31

5.1.1 Pure alcohols assolvents ............coeeiiiiiiiiiiiiinini. 32
5.1.2  Modifying the composition of the precursor solution .......... 40
5.2 MRAUIS ..ooviiiiiic 45
5.2.1 Nanoparticle synthesis and characterization...................... 45
5.2.2  Sedimentation behaviour and MR performance ................. 46
5.3  Omniphobic Nanocoating.........ccueuueiuiiineiiiiiniiiiiiineieinennes 48
5.3.1 Characterization of the coating ................cooooiiiin. 50
5.3.2  Assessment of omniphobicity and stability....................... 52

6 Concluding remarks .....ocovvvuiiiiiiiiiiiiiiiiiiiiiiiiiiina 55

References cuouuiuieiniiiiiiiiiiiiiiiiiiiiiiiin e 59

Publication L.....ccoeiiiiiiiiiiiiiiiiiiiiiiin e 69

Publication II ....vuiviininiuiininiininiiiiiiiiiniininri e eeeaeaes 83

Publication TII .....cuvuniniiiininiiiiiiiiiiiiiiiicnci e ceeaeaes 95

| RT3 T 15 103 s N Y 107
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Ap, The area a droplet projects on a surface

Ags The actual contact area between a droplet and a surface
G Group combustion number

G’ Storage modulus
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R, Droplet cloud radius
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Uy Relative velocity between gas and liquid
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Tfyel

noxygen
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BET
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CA
CI
CitA
CVD
DIM
EDS
EELS
EG

Wavelength

Viscosity of liquid

Density of liquid

Surface tension

Droplet number density

Dynamic yield stress

Stress response

Yield stress

Apparent contact angle defined by Wenzel equation
Intrinsic contact angle defined by Young’s equation
Apparent contact angle defined by Cassie-Baxter equation
Diameter of the liquid channel

Average droplet diameter

The fraction of the solid-liquid interface from the whole inter-

face underneath the droplet in a heterogeneous wetting state
The amount of substance of combustible molecules
The amount of substance of oxygen molecules
Atomic layer deposition

Brunauer-Emmett-Teller

Butanoic acid

Contact angle

Carbonyl iron

Citric acid

Chemical vapor deposition

Diiodomethane

Energy-dispersive x-ray spectroscopy

Electron energy loss spectroscopy

Ethylene glycol
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PropA
SA
SEM
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2-ethylhexanoic acid

Electrostatic precipitator

Ethanol

Focused ion beam

Flame spray pyrolysis
(heptadecafluoro-1,1,2,2-tetrahydrodecyl) trichlorosilane
Heat of combustion

Isopropyl alcohol

Liquid flame spray
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Olive oil
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Primary particle
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Sliding angle

Scanning electron microscope
Standard liters per minute (used as a synonym for 1/min)
Sauter mean diameter

Specific surface area
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X-ray photoelectron spectroscope

X-ray diffraction
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1 Introduction

Nanotechnology has been one of the most rapidly growing research and industrial
branches during the last few decades. It has spread to almost every industrial field and
shows no signs of slowing down. It exceeded a market value of one trillion dollars in
2014, according to international reports (Emashova et al. 2016; Roco 2011). Already
in 2001, volumes in the order of 100 metric tons per day were produced worldwide
(Kammler et al. 2001). A large advantage arising with nanomaterials is obtaining
new properties from familiar base materials by decreasing their physical size, thus
simultaneously lowering the material volumes needed.

Due to the continuously increasing demand for high-quality nanomaterials, the
production volume and costs are becoming more and more important. Since dif-
ferent fabrication methods offer their own advantages, it can often be difficult to
find the best alternative for a specific purpose. If a precisely controlled material is
required, but only in small amounts, one from the plethora of chemical methods
might prove to be the optimal choice. (Makhlouf and Tiginyanu 2011) However, if
large volumes are needed, flame synthesis is one of the more promising alternatives,
since it can provide fast and simple production in large scale, and exploit relatively
abundant and cheap source materials (Mueller et al. 2003; Teoh et al. 2010). It also
produces no liquid waste on the side that is challenging to dispose of, which tends to
be problematic for especially wet chemical methods.

Flame spray pyrolysis (FSP) is one of the most interesting flame methods, be-
cause it can utilize a wide range of inexpensive precursors and solvents in liquid form
(Strobel and Pratsinis 2011). Vapor-fed flame burners are efficient in producing some
homogeneous nanomaterials, but precursor gases are usually expensive and offer a
very limited selection. They are also not well-suited for producing homogeneous
multicomponent materials due to differences in vapor pressures and reaction rates
of the reactant gases. (Mueller et al. 2003) FSP, on the other hand, enables simple syn-

thesis by mixing precursors and solvents conveniently into a single solution. With

1



2 Chapter 1. Introduction

adequate knowledge of the process, even complex materials can be produced. Liquid
flame spray (LFS) is a specific type of FSP reactor developed at Tampere University
of Technology, and was chosen as the central synthesis method for this dissertation.

Due to the complexity of the particle formation process and the difficulty of per-
forming precise mid-process measurements, the understanding of the whole picture
in FSP synthesis is still far from complete. This can make it less appealing for nano-
material producers to choose flame synthesis, if relatively strict control of material
properties is demanded. As long as there are significant gaps in understanding and
computers are unable to perform extensive simulations, experimental research is es-
sential. Half of this dissertation was dedicated to expanding the knowledge on the
factors that govern the synthesis process in a specific case. The current state of re-
search on the topic along with a more in-depth analysis of the synthesis process will
be discussed in Chapter 3.

Along with research that strives for theoretical understanding, applications uti-
lizing FSP-generated nanomaterials should be studied, because therein lies the final
goal. For this dissertation, two distinct applications were chosen: magnetorheolog-
ical (MR) fluids and liquid-repellent coatings, both utilizing LFS in the fabrication
process. Plenty of research has already been conducted on these topics, but a lot to
develop still remains. The existing literature will be explored, and it will be assessed

how our studies relate to it.

1.1 Research goals and the scope of the thesis

The aim of this thesis is to improve the understanding of the flame synthesis process
and the factors that impact the resulting material. It also strives to explore the possi-
bilities of utilizing LFS in nanomaterial-based applications by studying two distinct

topics. The objectives for this thesis are:

e Enhancing understanding on the factors determining the crystallographic phase

of iron oxide particles in flame synthesis

e Studying other variables that are connected to the phase formation, and other

particle properties

e Exploring the use of LFS-generated magnetic nanoparticles in magnetorheo-

logical fluids
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e Producing a liquid-repellent nanocoating on stainless steel utilizing LFS

In Publication I, iron oxide nanoparticles were produced from iron nitrate with
LFS. The effect of varying either gas flows or the composition of precursor solution
on the crystallographic phase was studied. In Publication II, the analysis was taken
turther by modifying the experimental setup to allow a more flexible gas flow con-
figuration and experimenting with two different additives in the precursor solution.
Other particle properties and factors associated with changes in phase composition
were also studied.

In Publication III, magnetic nanoparticles were produced with LFS and used in
bidisperse MR fluids. The effect of the particle properties on the MR fluid perfor-
mance was assessed by measuring sedimentation rate, magnetic response and viscos-
ity. A multilayered omniphobic coating was produced on a steel surface in Publi-
cation IV. It consisted of three layers: a nanoparticle layer produced with LFS, a
stabilizing middle layer produced with atomic layer deposition, and a top layer of
silane molecules to lower the surface energy. The coating was characterized and its

liquid-repellency and stability were analyzed.
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2 Nanomaterials and their

applications

The whole range of nanoparticle applications is extremely broad, so only a few will
be mentioned. In this chapter, two application areas that are most relevant to this
dissertation will be covered. Because the process control part of the dissertation
concentrates on synthesis of iron oxide, it will first be discussed separately as a nano-

material.

2.1 Iron oxide

Iron oxide is an interesting material due to its nontoxicity and versatility. There are
four main crystallographic phases in which it mostly occurs: wiistite (FeO), hematite
(a-Fe,O5), maghemite (y-Fe,O;) and magnetite (Fe;O,). (Teja and Koh 2009; W.
Wu, He et al. 2008) Also some rarer ones have been discovered, but their potential
has only been studied to a limited extent (Brazda et al. 2018; Sakurai et al. 2009).
Hematite, maghemite and magnetite are the three most relevant phases regarding
applications, so the focus will fall on them.

Hematite is an n-type semiconductor with a rhombohedral crystal structure (W.
Wu, Z. Wu et al. 2015). It is also the most stable phase of the three, as magnetite
and maghemite will go through a phase transformation into hematite when treated
at an adequately high temperature (Haneda and Morrish 1977; Khan et al. 2015).
However, the other two phases can also be obtained from hematite by a reducing
treatment (Gao et al. 2020). Hematite particles are commonly used in red pigments,
gas sensors (Dutt et al. 2020; Wei et al. 2020) and catalytic applications (S. Li, Hu et
al. 2017; Tamirat et al. 2016), among other fields (W. Wu, Z. Wu et al. 2015). One of

the most interesting uses where hematite has lately been linked to is photocatalytic
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6 Chapter 2. Nanomaterials and their applications

water-splitting by visible light (Katz et al. 2012; Rohilla and Ingole 2021; Tamirat
et al. 2016).

Magnetite and maghemite are quite similar in their properties. They both have
a cubic unit cell, but at least for maghemite, there seems to be some variation in the
exact structure, as multiple structure models have been reported (Jorgensen et al.
2007; Pecharroman et al. 1995; Solano et al. 2014). Both phases are also ferrimagnetic,
but magnetite is usually regarded as magnetically a little stronger. On the other
hand, magnetite is the less stable of the two, and can relatively easily transform into
maghemite (Haneda and Morrish 1977; Hanesh 2009). Maghemite can be considered
an oxidized form of magnetite, since magnetite contains both divalent and trivalent
ferric ions, and maghemite only trivalent ones.

Much of the application potential of these two phases lies with their magnetic
properties, which will be elaborated in the next section, although they have also
been used in, e.g., lithtum-ion batteries and gas sensors (Wang et al. 2018). Magnetic
properties of particles offer potential uses for various applications, medical research
being one of the fields taking advantage of magnetic nanoparticles. They can be
used for targeted drug delivery by loading the particles with specific molecules, and
magnetically guiding them to the intended location (Cao et al. 2008; Ong et al. 2020).
This could, for example, help reduce the adverse effects of chemotherapy in cancer
patients. Other medical applications include magnetic resonance imaging (Nosrati
et al. 2019) and hyperthermia (Usov 2019). Magnetic nanoparticles have also been
used in microfluidic systems (Gijs et al. 2010; Hsu et al. 2018), but the most relevant
application branch for this dissertation is magnetorheological fluids, so a closer look

will be taken at them.

2.2 Magnetorheological fluids

Magnetorheological (MR) fluids are usually liquid suspensions composed of a non-
magnetizable liquid and magnetizable particles. When an external magnetic field
is applied on the fluid, the particles magnetize and their induced magnetic dipole
moments align, forming chains that resist liquid flow, as described in Figure 2.1.
This causes a sudden rise in viscosity. (Bossis et al. 2002; Vicente et al. 2011) Vehicle
industry is an example of a field that could benefit from using these types of fluids

in brakes.
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Figure 2.1 The working principle of an MR fluid. w refers to the viscosity of the fluid.

Traditionally the particles are in the micron range in size, because larger parti-
cles provide stronger magnetization compared to nanoparticles, and therefore an
enhanced response (Chaudhuri et al. 2005). However, a common problem with par-
ticles in the micron range is their fast sedimentation due to gravitational settling.
If the particles form a rigid enough sediment, they cannot detach and form chains
after reintroduction of the magnetic field. One possible solution to this problem is
substituting the micron-sized particles with nanoparticles that do not settle on the

bottom. This would, however, result in a much weaker MR response.

A compromise between these two instances can be met with so-called bidisperse
MR fluids, where only a small portion of the larger particles is substituted with
nanoparticles. This counteracts the sedimentation, simultaneously preserving most
of the MR response or even improving it. (Chin et al. 2001; Ngatu and Wereley 2007;
Wereley et al. 2006)

2.3 Liquid-repelling surfaces

Nanocoatings is one of the large branches of nanotechnology, encompassing thin
films up to 100 nm in thickness, but also thicker layers with embedded nanostruc-
tures (Aliofkhazraei 2011). Some nanocoatings are applied just for decoration, but
often some functionality that emerges from the nanoscale structures is pursued. This

can supply an object with new properties without modifying its bulk material.
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Typical functionalities provided by nanocoatings are, for example, wear resis-
tance (Gemici et al. 2008), corrosion resistance (Hamdy 2006), antibacterial activity
(Seddiki et al. 2014), catalytic activity (X. Zhang et al. 2014) and controllable wet-
ting (Sun et al. 2005). Depending on the working mechanisms, some coatings can
even be built into multilayered structures that create multiple functions (H.-G. Shi
et al. 2021; Zeng et al. 2021). For this dissertation, liquid-repelling coatings will be
focused on.

Liquid-repelling surfaces prevent liquid droplets from sticking and spreading onto
them. Different terminologies are used based on the types of liquids that are re-
pelled: hydrophobic surfaces repel water, oleophobic surfaces repel oils. Omni-
phobic (sometimes referred to as amphiphobic) surfaces repel all liquids. However,
the term omniphobic is usually used with a less strict definition, since surfaces that
would repel every single liquid are extremely difficult to manufacture. Only one
coating that can be regarded truly superomniphobic has been reported in the litera-
ture so far (T. Liu and Kim 2014).

Surfaces are often categorized under different terms based on their degree of wet-
ting. These categories are presented in Figure 2.2. If the contact angle (CA), meaning
the angle between the liquid-air interface and the surface, is greater than 90°, the sur-
face is considered phobic, and otherwise philic. Extreme cases of these are usually
defined as superphobic (CA > 150°) and superphilic (CA < 10°), the former often in-
cluding an additional requirement for the sliding angle (SA) to be less than 5°(Parvate
et al. 2020). SA refers to the maximum angle the surface can be inclined to before

the liquid droplet placed onto it rolls off.

‘ “ >90° : LN
Superphilic Philic Phobic Superphobic

Figure 2.2 Terminology for different degrees of wetting.

Superhydrophobic surfaces have gained the largest interest regarding wettability.
The complete repellency of water droplets can, for example, provide self-cleaning,
anti-corrosion and anti-icing properties. However, superphilic coatings have their

own uses as well, such as windshields that form an ultrathin layer of water on their
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surfaces, thereby not impairing visibility.

Wetting is governed by the surface structure of the solid surface and the interfacial
tensions of different interfaces: solid-liquid (y;), liquid-vapor (y;y,) and solid-vapor
(ysy)- Typically, three equations are used to describe the wetting behaviour:

¢ Young’s equation defines the so-called intrinsic CA (0y) that neglects the sur-
face structure, so it only applies to an ideally smooth surface (Bhushan and
Jung 2011):

cosly = YsvTrsi 2.1)

Vv
e Wenzel equation defines the apparent CA (0y,) in a homogeneous wetting
state (the whole solid surface underneath the droplet is in liquid contact) by

implementing the effect of surface structure (Wenzel 1936):

A
cosOy = A—SLcos Oy, 2.2)

Pr
where Ag; is the actual contact area between the droplet and the surface, and

Ap, 1s the area the droplet projects onto the surface.

e Cassie-Baxter equation defines a heterogeneous wetting state, where the pores
in the surface structure are not wetted, so that the droplet partly rests on the

solid surface and partly on air pockets (Cassie and Baxter 1944):

A
cosOcp ==L fo cosly —1+ £, (2.3)
APr
where f; is the fraction of the SL interface from the whole interface under-

neath the droplet.

These equations are still used, but recent studies have raised up the problems
arising from unideality or structural complexity of surfaces (Parvate et al. 2020). For
example, if the surface is chemically heterogeneous, no single values can be found
for the interfacial tensions that would apply. Also, the applicability of the equations
have been linked to the size of the liquid droplet in relation to the size scale of the

surface structure (Marmur and Bittoun 2009).
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For superphobic surfaces, the Cassie-Baxter wetting state is usually formed. Su-
perphobicity is easiest to reach by minimizing both the liquid-solid contact area and
the surface energy. For minimizing the contact area, a hierarchical surface structure
is often used, which means forming a nanostructure on top of a microstructure (El-
linas et al. 2011; H. Li and Yu 2016). The surface energy issue is usually tackled by
coating the surface with a low surface energy material, because not many intrinsi-
cally strongly hydrophobic materials that could be used to build the whole struc-
ture are known. In theory, perfect omniphobicity can be reached without paying
attention to the surface chemistry, but this would require a perfect doubly reentrant
structure that is difficult to manufacture, especially cost-effectively and in large scale
(T. Liu and Kim 2014).

The last thing to consider is the substrate. Surfaces of some less resilient materials
and softer metals than steel can be quite easily surface-shaped by etching, for example
(T. Shi et al. 2016). This facilitates forming the desired surface structure. However,
the low plasticity and resiliency of hard metals makes it difficult to imprint or etch a
fine surface structure on them (Jiang et al. 2016). In cases like these, a coating can be
applied for this purpose. The challenge of producing well-adherent durable coatings

is still somewhat unsolved though.



3 Flame spray synthesis and

additional coating methods

Because this dissertation is built around flame synthesis, it is essential to explore the
whole process in more detail. There are many lower-level classifications that divide
variations of flame synthesis methods into different categories (Teoh et al. 2010).
One crude division can be made based on the precursor type: vapor-fed versus liquid-
fed reactors (S. Li, Ren et al. 2016). The discussion here will be limited to liquid-fed
reactors, since LFS belongs in this class. There are additional categories that have
been defined at least based on atomization mechanisms and precursor combustion
enthalpy (Teoh et al. 2010), but they will not delved into.

The structures of synthesis setups used around the world usually differ from each
other in various ways. Therefore, adjusting certain parameters will not have an iden-
tical impact in every case. Nevertheless, the basic principles governing the process
should be relevant to all of them. Different parts of the synthesis process that mostly
apply for all typical setups will be dicussed.

Two other coating methods, atomic layer deposition (ALD) and silanization, that
were used in Publication IV will also be described at the end of this chapter. These
methods can be used by themselves or combined with others, like we did here with

LFS. Let us begin by exploring the LFS process.

3.1 Liquid flame spray process

Liquid flame spray, or LFS, that was used in this dissertation, falls into the liquid-fed
reactor group, and can be categorized as a specific FSP method (Tikkanen et al. 1997).
We should start by describing the structure of the two burners used. Figure 3.1 shows

the principal structures, even though not in completely realistic dimensions.

11
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(a) (b)

[
Gas channels
| Liquid channel |

Figure 3.1 The structure of the LFS burners used in the dissertation: (a) the LR burner and (b) the KP
burner.

The same names will be used for the burners as Aromaa et al. 2007. The burner
in Figure 3.1a will be referred to as the LR burner and the one in Figure 3.1b as the
KP burner. The LR burner has a wider liquid channel for facilitating larger possible
production rates compared to the KP burner. The KP burner, on the other hand,
provides two additional gas channels, which offers more possibilities for modifying
the process. There is also a structural difference in the outer gas channel of the LR
burner compared to other gas channels. The gas emerges from multiple holes divided
evenly on an annular ring, whereas for the KP burner, all the channel outlets are
annular.

The main gases used in LFS are hydrogen (H,) and oxygen (O,), and they can
be switched between the channels. An extra nitrogen flow has also been added in
between the main flows in some studies to push the base of the flame further from
the burner. This should promote the cleanliness of the burner head during synthesis.
(Aromaa et al. 2007; Juuti et al. 2019)

In short, the synthesis process encompasses feeding a liquid precursor solution
into a flame formed by the O, and H, flows, where the inner gas flow atomizes the
liquid jet. The droplets burn in the flame and either form the end product from
gaseous materials through nucleation (gas-to-particle route) or in liquid droplets in
case of incomplete evaporation (droplet-to-particle route). However, the whole pic-

ture is much more complicated than that and will be discussed in more detail. The
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individual spherical particles that nucleate in the flame are referred to as primary
particles (PPs), and the final material is formed through their aggregation and ag-
glomeration.

In this dissertation, the forming nanoparticles were either guided directly to a sub-
strate from the flame (Publication IV) or collected with a custom-built electrostatic
precipitator (ESP) (Publications I, IT and III). The ESP consisted of two parallel
metal plates, one of which had thin metal wires attached to it and was connected
to a high voltage source (25-40 kV), while the other plate was grounded. The high
voltage creates corona discharges in the wire tips, charging particles around them.
The particle flow was directed through the plates and the material ended up onto
the grounded plate due to the electric field formed between the plates. The nanoma-
terial was then scraped off the collection plate.

The main parameters that can be adjusted in the LFS process are the composition
of the precursor solution, the liquid feed rate, and the gas flows. From the pro-
ducer’s standpoint, it is relevant to assess how different parameter choices affect the
profitability versus the end product properties. Figure 3.2 shows schematically how
different parameters could affect the interests of the producer. The lower portion of
the graph will be elaborated in the next section.

Production efficiency, material costs, and the environmental impact and possible
by-product handling were chosen as the three main factors guiding the choices of the

producer. Obviously, there are always also other factors, like existing facilities, at

Material costs

Production
efficiency

Environmental impact and
possible by-product handling

Liquid Gas Mixin .
! . g Additives Precursor/-s Solvent/-s
feed rate flows ratio
Process parameters Material parameters

Affects directly ——»
Can affect ~  ----------- >
Synthesis processes »

Figure 3.2 A scheme of the parameter choices affecting the resources and the output of a nanomaterial
producer.

Nanomaterial performance
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play, but they are irrelevant to this examination. The adjustable parameters were di-
vided into material and process parameters. The first group comprises the choice of
precursors, solvents and possible additives, and the mixing ratio of the chosen ingre-
dients. The second group represents the parameters that can be adjusted during the
process, although the gas flows cannot be swapped, when the synthesis is running.

Let us start from the left in Figure 3.2. The liquid feed rate clearly affects produc-
tion efficiency by directly raising or lowering the production rate, and it also has an
impact on the material costs, as less gas is consumed per gram of obtained nanoma-
terial at higher feed rates. The gas flows only impact the material costs through gas
consumption, if we assume fixed choices of gases. If a carbon-containing combus-
tion gas was chosen, an environmental effect could also be argued for in large-scale
production.

Of the material parameters, all the material choices obviously contribute to the
material costs, but so does the mixing ratio, as high concentrations reduce the con-
sumption of other components per gram of nanomaterial. The mixing ratio defines
the production efficiency together with the liquid feed rate, but one has to keep in
mind that adjusting these parameters has an impact on the process. Therefore, the
production efficiency of a certain type of nanomaterial cannot be simply raised by
increasing them. The environmental impact is mostly defined by the by-products
that are produced. If precursors that generate toxic by-products are used, some after-
treatment could be required. All in all, LFS can be considered quite eco-friendly as
the burning gases themselves only produce water vapor, and no problematic liquid
waste is left behind if the whole precursor solution burns or evaporates. This is a

huge advantage of flame synthesis compared to, e.g., wet chemical methods.

3.2 Particle formation process

In this section, the effect of different parameters on the process will be examined ac-
cording to the existing literature. However, it is impossible to give any descriptions
of how a certain change modifies the behavior of the process in every experimen-
tal setup. In addition to basically every setup being somehow different from each
other, the parameters work together, meaning the effect of an adjusted parameter

can depend on the value of another parameter, which adds to the complexity.

Figure 3.3 aims to provide a big picture of the whole flame synthesis process.
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Here, the material parameters were divided a little differently than before, as it is
convenient to link certain properties of the precursor solution to certain intermedi-
ate processes in the flame. All considered properties are sums of the material choices

and their mixing ratios, so adjusting them completely separately is impossible.
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Figure 3.3 A scheme of the effect of different parameters to intermediate processes and eventually the

end product in flame spray pyrolysis.
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Let us start by defining what is meant by each box on the left side in Figure 3.3:

e Heat of combustion (HOC): The total energy per volume that can be re-

leased from the precursor solution during pyrolysis (often expressed in k] /ml)

e Mechanical properties: Viscosity and surface tension as the main factors, but

density can also have a slight effect

e Chemical composition: The concentrations of all compounds present in the

solution

o Elemental concentration: The concentration of the base element or elements

in the precursor solution

e Burner design & gas flows: The choices and volumetric flow rates of process

gases, and the resulting flow fields with the chosen burner design

e Liquid feed rate: The volume per time unit of the precursor solution injected

into the flame (often expressed in ml/min)

The nanomaterial properties on the right side of the graph, determining the final
product performance, were divided in three pairs. Firstly, the chemical composition
and the crystal structure are tightly bound together, so they are handled as a single
package. Secondly, primary particle size and the degree of agglomeration can be
controlled separately, but they are often determined by same factors, so they were
clumped together. Lastly, morphology and possible residual particles often go hand
in hand. Specific crystal shapes of some compounds are not accounted for here.

As "intermediate processes", six factors were chosen that can be somehow dis-
tinguished from each other, two of which ("Chemical processes" and "Gaseous end
product concentration") were also considered to depend on some of the others. These
factors will be discussed separately in a hopetully logical order along with possible

ways to influence them, and how they may affect the final particle properties.

3.2.1 Atomization & combustion mode

Atomization can be regarded as the first step in the synthesis process. Because the size
of the droplets is important for their evaporation rate, efficient atomization helps in

producing homogeneous material. The main factors determining the droplet size
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distribution are: the mechanical properties of the precursor solution (mainly vis-
cosity and surface tension), the liquid feed rate, the choice of the atomizing gas and
its flow rate, and the burner design. The burner design combined with the atom-
izing gas flow determines the pressure drop across the nozzle, which several studies
have used as the measure that ensures proper atomization (Heine and Pratsinis 2005;
Midler, Kammler et al. 2002; Meierhofer et al. 2017).

Droplet burning is a surface process, so the best droplet size measure is the Sauter
mean diameter (SMD) that has been defined for external-mixing nozzles by Lefebvre
and McDonell 2017 as:

SMD = 51d,Re 03 We18(Z2Ly0.29, (3.1)

Mg
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where Re is the Reynolds number, We = % is the Weber number,

dy is the diameter of the liquid channel, 777; and 72, are the mass flow rates for the
liquid and the atomizing gas, p; is the liquid density, Uy, is the relative velocity of
the gas and the liquid at the nozzle end (= the gas velocity at high gas flow rates), and
u; and o are the viscosity and the surface tension of the liquid. The actual value of
Ui might be challenging to determine due to differences in burner geometries and
possibly strong turbulence. The droplet sizes typically vary between ca. 5-60 um
(Heine and Pratsinis 2005; Keskinen et al. 2008; Stodt et al. 2019; Tikkanen et al.

1997), strongly depending on the parameters.

Combustion mode is a measure that is sometimes used to describe how the burn-
ing of the droplet cloud occurs as a whole (Madler, Kammler et al. 2002; Stodt et al.
2019). It can not really be measured directly, but a dimensionless group combustion
number G can be calculated to predict it. Since the exact conditions are still difficult
to quantify, approximations must always be made. (Stodt et al. 2019) There are not
very many studies that inspect the combustion mode in an FSP setting, but probably
the most used form for G is defined as: (Chen and Gomez 1997)

G =2np(n)d,R2, (3.2)

where p(n) is the droplet number density, d; is the average droplet diameter and
R, is the droplet cloud radius. Generally, three distinct modes have been defined
based on the value of G: (Midler, Kammler et al. 2002; Stodt et al. 2019)
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e 1 < G < 100: External group combustion, where a core of non-evaporating

droplets are surrounded by vaporizing droplets

e 0.01 £ G < 1: Internal group combustion with individually burning and

vaporizing droplets

e G < 0.01: Isolated single droplet combustion, where the individually burning

droplets do not interfere with each other

According to Stodt et al. 2019, the combustion mode changes along the flame
zone, depending on the chosen parameters. The optimal situation for producing
homogeneous nanomaterial would be maximizing the time in single droplet and in-
ternal group combustion modes, as they are the most efficient for complete evapo-
ration. However, G does not take into account some relevant factors for burning,
like flame temperature, so it can not be used on its own to predict the quality of the
end product. Even though G will not be used as an observed measure in this thesis,
it was mentioned here due to its relation to the atomization and the relevance to the

combustion process.

3.2.2 Flame temperature

Because flame synthesis is fundamentally a heat-driven process, the flame tempera-
ture is a very essential factor. In LFS, the gas flows usually provide the largest contri-
bution to the heat overall due to the often high hydrogen flow compared to the liquid
feed rate. Therefore, raising the hydrogen flow is the simplest way to increase the
flame temperature. This will likely, however, have other effects and impact the end
product properties. Increasing the hydrogen flow renders the flame more reducing,
which can effect the redox chemistry of the precursor.

The precursor solution and its feed rate also play a role in determining the tem-
perature field, especially by providing higher local temperatures for burning solution
droplets with high energy contents. The main property of the precursor solution
affecting the flame temperature is its HOC. In addition to HOC, the chemical com-
position can have a significant effect on the temperature field. Chiarello, Rossetti,
Forni et al. 2007 measured clearly varying temperatures when using two solutions
with identical HOC values. One of the solutions contained octanoic acid that has

a linear carbon chain, while the other contained 2-ethylhexanoic acid (EHA) with a
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branched chain instead.

The flame temperature is especially important when using poorly volatile pre-
cursors, or producing materials with relatively low melting and boiling tempera-
tures. If a once formed solid material can evaporate again in the flame zone, homo-
geneous nanomaterial is easier to produce through nucleation (Rosebrock, Wriedt et
al. 2016). Raising the flame temperature can also activate certain chemical reactions
that facilitate the synthesis. However, if the precursor is very volatile, it vaporizes
completely already in lower temperature. In these instances, raising the flame tem-
perature mostly impacts the size of PPs and the shape of the final particles. Higher
temperatures enhance coagulation and increase the interaction between formed PPs,
resulting in a higher degree of agglomeration and aggregation. In the LFS process,
maximum temperatures of up to 2600°C have been measured (Pitkinen et al. 2005;
Tikkanen et al. 1997).

3.2.3 Equivalence ratio

When anything is burning, the amount of oxygen plays an important role in deter-
mining how fast and intensely this occurs. It can also affect the chemical composi-
tion of the material, since certain structures are preferred when an excess or a deficit
of oxygen is present. For example, in flame synthesis of titanium oxide, oxygen
availability has been observed to be one of the key factors in determining the crys-
tallographic phase composition of the end product (C. Liu et al. 2018; Manuputty
et al. 2019).

Equivalence ratio is sometimes used to quantify how much oxygen is present dur-
ing the synthesis process (Aromaa et al. 2007; Midler, Kammler et al. 2002; Stro-
bel and Pratsinis 2009). It describes the actual amount of oxygen in relation to the
amount that would be required to burn all volatile material present, and is defined

as:

nfuel
_ Moxygen
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(3.3)

where n Fuel and n are the amounts of substance for combustible material

oxygen

and oxygen molecules, respectively. The subscripts act. and stoich. refer to the actual

ratio and the ratio in stoichiometric conditions. Therefore, values below 1 signal oxic
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conditions and values greater than 1 anoxic conditions.

Usually in LFS, the gas flows is the main factor determining ®, but if a high liquid
feed rate is picked, that can also make a significant contribution (not marked in Fig-
ure 3.3 with an arrow). The real accurate ® value is, however, difficult to define in an
open flame setup, since the entrainment air coming from the surroundings changes
it. In addition, temperature often goes hand in hand with ® in LFS synthesis, since
raising oxygen flow lowers the flame temperature in conjunction with @ due to the
extra gas that has to be heated up (Midler, Kammler et al. 2002). However, equiva-

lence ratio can still be a useful measure in monitoring the flame conditions.

3.2.4 Residence time

In addition to the temperature field, the time the droplets spend in the hot zone
affects whether they burn completely or not. After nucleation, the particles can
also still spend time in the high temperature zone, which determines how much the
PPs grow and agglomerate. Residence time can be considered the total time spent in
the flame zone, and is mostly determined by two variables: gas velocity (mainly the
atomizing gas) and the flame length. It is quite tightly linked to equivalence ratio,
since a linear dependence between @ and the length of the flame has been observed
(Madler, Stark et al. 2002). However, this relationship does not always apply to
complex flow setups, as was discovered in Publication II.

In theory, the gas velocity can be adjusted through the atomization flow without
changing the flame length, if the rest of the experimental setup is modified accord-
ingly. One has to keep in mind, however, that changing the atomization gas flow
affects the droplet distribution, which in turn has an impact on the combustion be-

havior. Also, turbulence becomes a significant factor with high velocities.

3.2.5 Gaseous end product concentration

If we presume that all of the particles homogeneously nucleate from the gas phase,
the concentration of the gaseous end product provides the third staple for defining
the PP size and the degree of agglomeration, beside flame temperature and residence
time. The amount of available material (concentration), the interaction intensity

(temperature) and the interaction time (residence time) will mostly determine the
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size and the shape of the final material. The end product concentration depends on
the elemental concentration in the precursor solution, the liquid feed rate and the
gas flow mechanics. Also, incomplete precursor evaporation leads to a lower end
product concentration, because residual particles can consume a comparatively large
fraction of the material volume. Therefore, the concentration can only be directly

raised by increasing liquid feed rate, if it does not impair the evaporation process.

3.2.6 Chemical processes

"Chemical processes" is definitely the least understood box in Figure 3.3 due to the
complexity of all the variables involved. This tends to be the part in the FSP sim-
ulations that is usually grossly oversimplified. The models normally assume a very
simple route of precursor combustion leading to gaseous end product which then
nucleates into solid particles, and this is basically a necessity, because as Schulz et al.
2019 stated: "Only little is known about the initial steps between precursor decom-
position and formation of first, stable nuclei and their precise chemical composition
is mostly unknown." What makes untangling all the details tricky, is the high tem-
peratures, extremely short time scales and the difficulty to experimentally study the
process without interfering with it. Also, the complete synthesis process is too com-
plex to be simulated at a molecular level, which would be required for reliable and

detailed results.

If reliable sampling cannot be performed during the process, changes in the end
product must be used to deduce the effects of parameter adjustments. Certain prop-
erties of the precursor solution have been linked to the combustion processes. Jossen,
Stark et al. 2003 and Jossen, Pratsinis et al. 2005 studied how the ratio between the
solvent boiling point (7}, ,) and the precursor melting/decomposition temperature

(T4 ) atfect the particle homogeneity and morphology as a function of combus-
Td/mp
tained enough energy, solid and homogeneous particles could be produced. How-

tion enthalpy. They observed that if

was adequately high or the flame con-

ever, based on other literature, this result can not be deemed always applicable, but
only being a part of the puzzle. A link between the specific volumes of the end prod-
uct and the precursor regarding the particle morphology has also been suggested
(Midler and Pratsinis 2002).

Changing and mixing solvents has been studied for influencing resulting nanoma-
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terial. Poorly soluble precursors, such as nitrates and acetates, have been observed to
produce residual particles, when using pure alcohols as solvents (Chiarello, Rossetti
and Forni 2005; Chiarello, Rossetti, Forni et al. 2007; Midler and Pratsinis 2002).
However, when the alcohols were substituted with carboxylic acids or mixed sol-
vents, the residual particles could be erased. This was attributed to the formation
of possibly more volatile intermediate species, indicating that the in-flame chemical
processes can be influenced by changing the precursor solution composition.
Meierhofer et al. 2017 studied different precursor-solvent combinations for pro-
ducing Li,Ti;0,, particles. They also discovered that the connection between the
precursor solution chemistry and the synthesis process is very complex. Carboxylic
acids were observed to transform a low-volatile lithium nitrate into a more volatile
organometallic lithium complex, but also the HOC played a role in obtaining ho-
mogeneous material. Another factor they pointed out was the requirement of stable
solutions in the long term, if unwanted chemical reactions are to be prevented. These
kinds of properties are difficult to find out without case-by-case experimentation.
Single droplet experiments offer another possible explanation for this homoge-
nizing effect of solvent mixing. Rosebrock, Riefler et al. 2013 observed that a conve-
nient tuning of the precursor solution composition led to droplet explosions during
burning. The larger droplets exploded into very fine droplets that would efficiently
evaporate, resulting in homogeneous nanomaterial. Two suggested pathways lead-
ing to the explosions were a pressure buildup inside the droplet due to formation of
a viscous shell, and the nucleation of vapor bubbles due to concentration gradients
caused by uneven evaporation of different chemical species inside the droplets. Al-
though some ideas have been developed on how the chemical composition affects
the burning process, it is still quite unclear how the manipulation of the precursor
solution can be used to adjust the composition and the structure of the end product

in general.

3.3 Atomic layer deposition

Atomic layer deposition (ALD) is used to produce thin coatings and can be catego-
rized under chemical vapor deposition (CVD) methods (Miikkulainen et al. 2013).
In working principle, ALD differs from traditional CVD processes in the way the

gaseous reactants are handled. They are introduced to the substrate surface as iso-
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lated pulses in a cyclic manner, as shown in Figure 3.4. The surface is first saturated
with one reactant, followed by purging the nonadhering molecules and possible by-
products. The second reactant is then added, resulting in chemical reactions on the
surface, and again followed by purging. This provides a precisely controlled process,

inhibiting most unwanted reactions in the gas phase.

(1) (2) (3) (4)
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Figure 3.4 A scheme of the four-step ALD process: (1) The adsorption of the first reactant on the sub-
strate, (2) Purging of nonadhering reactant molecules and possible by-products, (3) Introduc-
tion of the second reactant on the surface, (4) Purging of unreacted molecules and possible
by-products.

One coating cycle typically lasts around 0.5 seconds and produces a layer thick-
ness of 0.1to 3 A (Leskeli and Ritala 2003; Puurunen 2005). The precise thickness is
determined by the precursor molecules and the process parameters. In some cases,
even average layer thicknesses of 0.04 A have been measured (Lim et al. 2003). These
sort of extremely low values usually correspond to an incomplete monolayer, which
means the whole surface is not completely covered by the molecules in a single cycle.
The final layer thickness can then be very accurately controlled by the number of

coating cycles.

The ALD process usually requires some pretreatment, because the purity of the
substrate before coating is crucial for high-quality layers. In Publication IV, the
substrates were first treated in a nitrogen-oxygen atmosphere, which ensured the
complete oxidation of any organic contaminants. Both the pretreatment and the
coating were performed in a Picosun P-1000 ALD system at 300°C. Some promising
results have been found in the literature in using ALD for nanoparticle layer rein-
forcement, which is relevant to Publication IV (Dafinone et al. 2011; D. Zhang, Xu
et al. 2015; D. Zhang, L. Zhang et al. 2015).
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3.4 Silanization

Silanization refers to coating a surface with silane molecules. The amount of impu-
rities on the surface has a significant effect on the adherence of the molecules, so a
pretreatment is usually also used prior to silanization (Vuori, Leppiniemi et al. 2014).
When the process is conducted carefully, the silane molecules bond strongly to the
surface, forming an organized array.

Silanization can be used for many different purposes. For example, fluorosilanes
are often utilized for lowering the surface energy, as was the case in Publication IV.
A so-called liquid phase deposition process was used, which basically means adsorb-
ing the silane molecules onto the surface from a liquid solution. A detailed descrip-
tion of the process used can be found in the literature (Vuori, Hannula et al. 2014;

Vuori, Leppiniemi et al. 2014).



4 Characterization methods

In this chapter, all the characterization methods used in this dissertation will be de-
scribed. The first section contains methods that more or less encompass all of the
publications, whereas the the second section is only relevant to Publication III, and

the third section to Publication IV.

4.1 Structural and surface characterization

If one wants to thoroughly study the material they have produced, several offline
characterization methods are required. Let us imagine a situation similar to the one
created in Publication IV. Nanomaterial is synthesized with LFS, deposited onto a
surface, and coated with another substance. This scenario is depicted in Figure 4.1
with appropriate characterization methods prior to and after deposition onto the

substrate.

After the nanomaterial is generated with LFS, many of its properties are easi-
est to analyze from a powder. The most precise way of inspecting the size and the
shape of ultrafine nanoparticles is transmission electron microscopy (TEM). The
method is based on imaging with electrons transmitting through the sample, which
usually limits the maximum thickness of the imaged object to around 100 nm. Even
resolutions revealing the atomic planes of a crystal can be reached with advanced
equipment. TEM systems can also be equipped with additional detectors, like an
energy-dispersive x-ray spectroscopy (EDS) detector that enables elemental analysis,
and electron energy loss spectroscopy (EELS) detector that offers more specific and
detailed analysis of the elemental composition and chemical bonding.

Because TEM imaging can only inspect a tiny portion of the whole powder, it
is not a reliable way to investigate whether a small number of large particles are in-

cluded in the sample or how prevalent they are. Especially with flame synthesis,
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Figure 4.1 A scheme of different characterization methods used for studying properties of a nanocoating.

larger residual particles are often encountered, so Brunauer-Emmett-Teller (BET)
analysis is a valuable tool for their detection. It can measure the specific surface area
(SSA) (the total surface area of a powder sample per unit mass) by using gas molecule
adsorption. BET theory can be used to determine the amount of gas molecules
adsorbed on the sample, which allows calculation of the surface area a monolayer
would cover. Even a low number of significantly larger solid particles will drasti-
cally lower the SSA of a nanopowder sample. Another factor having a large impact
on the SSA value besides the size distribution is particle morphology. For example,
hollow particles yield considerably higher SSA values compared to solid particles
due to their low effective density, which has to be kept in mind when interpreting
the results.

Also the crystal structure of the nanomaterial is easier to study from a powder
than a coating, especially in case of ultrathin coatings. The most common method
for structural analysis is x-ray diffraction (XRD) that can distinguish different crys-
tal structures from each other. When analyzing a powder, basically every crystal

orientation is present simultaneously, so strong interference maxima form at certain
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diffraction angles, revealing the crystal structure. XRD can be combined with Ri-
etveld analysis to gain more detailed information. If all the existing elements and
the possible crystallographic phases have been identified, it can be used to calculate
the phase composition of the sample from the XRD pattern. Among some other fac-
tors, instrumental parameters, cell dimensions, particle size and possible microstrain
determine the intensities and the shapes of the diffraction peaks. Rietveld analysis
works by refining these parameters, so that the computational diffraction pattern
matches the measured pattern as well as possible. There are numerous programs that
can be used to perform Rietveld analysis. We chose BRASS 2 program (Birkenstock
et al. 2003) for this dissertation.

Even though XRD can tell apart different crystal structures, it cannot reliably
distinguish isomorphous compounds. For example, two of the iron oxide phases,
maghemite and magnetite, have very similar cubic structures, so they can produce
almost identical XRD patterns. In a situation like this, an additional method is re-
quired to detect the specific phase. Raman spectroscopy is one alternative for this.
It uses inelastic Raman scattering of monochromatic laser light to detect vibrational
and rotational (only vibrational for solid samples) modes in the sample. Since these
modes are specific to a certain chemical environment, each compound has its own
"fingerprint” that can be measured and used to identify the phase. However, when
studying compounds sensitive to heat, the laser power has to be very carefully se-

lected to avoid measurement errors due to structural changes in the sample.

There are many different mechanisms at play, when particles deposit onto a sub-
strate. To see how the particles are organized on the surface, a scanning electron
microscope (SEM) can be used. SEM imaging is based on rastering the sample sur-
face with a focused electron beam and detecting the low-energy secondary electrons
emerging from the top layer. This produces a topographical image of the surface.
When a focused ion beam (FIB) is added to the device setup, ions (Ga™ ions in Pub-
lication IV) can be used to mill a hole that reveals the cross-section of the coating,
which can then be imaged. This is of great interest when studying thin films, since
the film thickness is usually regarded as an important parameter. SEM systems also
often include an EDS detector that can be used for elemental mapping across the

surface or the cross-section.

Since the performance of functional coatings is tightly linked to their surface

properties, it is often essential to have knowledge on the chemistry of the topmost
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layer. X-ray photoelectron spectroscopy (XPS) is an excellent method for this pur-
pose. The XPS system uses x-rays to release electrons from the surface atoms and
ions. Since electrons of each element have specific binding energies, the chemical
composition can be calculated from the measured kinetic energies of ejected photo-
electrons. When the x-ray energy is chosen carefully, all of the measurable electrons

come from the outermost 1-10 nm, which makes the method very surface sensitive.

4.2 MR fluid characterization

For characterizing MR fluids, magnetization of the nanoparticles, rheological prop-
erties with (on-state) and without (off-state) an external magnetic field, and the sed-
imentation behavior are the most relevant factors. In Publication III, the on- and
off-state rheology measurements were performed with two different geometries that

are presented in Figure 4.2.

Bl MR fluid

(a) (b)

Figure 4.2 Measurement geometries for (a) off-state and (b) on-state rheology measurements. (Adapted
from Publication IlI)

The distinct geometries were used, because the concentric cylinder geometry
(Figure 4.2a) provided better sensitivity for low-viscosity liquids, therefore being
more suitable for the off-state measurements. For the on-state measurements, the
geometry had to be changed to produce a uniform magnetic field. Shear rate was log-

arithmically increased from 0.01 to 1000 %, and dynamic yield stress was determined
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from the measured data by fitting to the Bingham model, which can be written as:

TR="Ty+7,7R> (4.1)

where 7, is the yield stress, 7 is the plastic viscosity and yy is the shear rate. In
addition, oscillatory measurements were performed to assess what happens in the
microstructure of the MR fluid, when the strain amplitude is changed. For this,

storage modulus G’ and loss modulus G” were calculated. These two measures are

defined as:

G' =2 cosd
Yo (4.2)
G" = ;— sind,

where y, is the strain amplitude, 7, is the stress response, and & is the phase shift
between them.

The magnetization measurements were performed with a magnetometer in vary-
ing temperatures and magnetic field strengths. The magnetometer can be used to
draw hysteresis curves for the powder samples and to obtain their coercivities and
saturation magnetizations. The sedimentation behavior was assessed by photograph-
ing the MR fluid in a test tube every 60 minutes. The sedimentation rate was then

calculated from the images by tracking the interface of the particles and the carrier

fluid.

4.3 Surface properties analysis

Since the goal in Publication IV was to achieve a very liquid-repelling coating, wetta-
bility analysis was used to measure the performance. CA and SA can be determined
with various equipment. In our CA measurements, small droplets of different test
liquids were placed on the sample surfaces and filmed. A computer program then cal-
culated the CA from the video using a suitable droplet shape fit. SA measurements
were conducted by placing test liquid droplets on an inclined plane and observing
whether they rolled off it or not. The equipment allowed a very careful adjustment
of the inclination angle.

The adhesion of the coating to the substrate was evaluated by a microscratch

test that is often used to measure adhesion and cohesion of coatings and thin films
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(Kilpi et al. 2016). A Rockwell diamond stylus was dragged along the surface with
an increasing load. Three parallel scratches were made and imaged. Penetration
depth, friction force and acoustic emission were measured simultaneously during

the scratching.



5 Results and discussion

The results will be presented in three parts, since Publications I+II, III, and IV
represent three a bit thematically separate areas. The first part (Publications I+1I)
mainly focuses on controlling the crystallographic phase composition of iron oxide
particles when using iron nitrate as the precursor. It will also cover other particle
properties associated with phase formation. The last two parts exhibit the applica-
tion studies: bidisperse MR fluids (Publication III) and a multilayered omniphobic
nanocoating (Publication IV). These two sections encompass the nanomaterial syn-

thesis and the application-relevant results.

5.1 Controlling the particle formation process in
LFS synthesis

This section entails the results from Publications I and II that mostly focus on fac-
tors determining the phase composition of iron oxide particles in LFS synthesis from
iron nitrate as the precursor. In Publication II, we will also examine other proper-
ties that are affected simultaneously. In these two papers, the two different burner
designs introduced in Chapter 3 were utilized: the LR burner (Figure 3.1a) in Pub-
lication I and the KP burner (Figure 3.1b) in Publication II. Both studies also have
two distinct aspects for studying the phase formation process: (1) using pure alcohols
as the solvents while modifying the process by adjusting other parameters, and (2)
modifying the precursor solution while keeping other parameters fixed. The results
regarding the first aspect will be presented first for each burner, followed with the

results regarding the second one.

31
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5.1.1 Pure alcohols as solvents

Because the synthesis process is very dependent on the experimental setup, this sec-
tion will be divided into two parts, each dedicated for one of the burner designs and

specific setups. The results from the two cases will then be compared to each other.
The LR burner

In Publication I, samples with different parameters were produced with the LR
burner to study possible factors affecting the crystallographic phase composition of

iron oxide particles. The following parameters were fixed (excluding a few samples):

Iron(III) nitrate nonahydrate (Fe(NOs);-9H,O) was used as the precursor.

Pure alcohols (methanol (MeOH), ethanol (EtOH) and isopropyl alcohol (IPA))

were used as solvents.

e Fe atom concentration was fixed at 40 mg/ml.

Precursor liquid feed rate was kept at 2 ml/min, excluding a few samples.

The gas flows were the main parameters that were adjusted to control the phase
composition. The atomizing oxygen flow was varied between 15 and 35 1/min, and
the hydrogen flow between 20 and 60 I/min. Because the liquid feed rate was very
small compared to the gas flow rates, the O,/H, flow ratio primarily defined &,
which was concluded as the best factor determining the phase composition. The
three chemically fairly similar alcohols with varying HOC values were chosen to
explore if the phase formation process is sensitive to the energy content of the sol-
vent.

Hematite is easily distinguished from the other iron oxide phases with XRD,
but maghemite and magnetite are difficult to tell apart due to their isomorphism.
Therefore, we used Raman microscopy in addition to XRD to tell the two phases
apart. Figure 5.1a displays the weight fraction of maghemite calculated with Rietveld
analysis as a function of @, and Figure 5.1b shows two Raman patterns recorded from
the sample marked in Figure 5.1a. These patterns are very typical for hematite and
maghemite, and the characteristic peaks are marked in the graph. Optical images

pointing out the measurement locations are also presented.
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(a) The weight percentage of maghemite as a function of equivalence ratio in the samples
synthesized using different alcohols as solvents, and (b) two Raman spectra recorded from
the indicated locations in the optical microscope images. The two spectra are typical for
hematite and maghemite, and their characteristic peaks are marked. (Adapted from Publi-
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In the low end of the curve, the maghemite fraction seemed to follow ® quite
linearly, but it saturated somewhere between 0.5 and 1. This could be due to oxygen
diffusion from the surrounding atmosphere, which would be assumed to increase,
when the amount of oxygen fed to the flame decreases. This would also mean that

the actual equivalence ratio would stray further from the theoretical value.

The choice of the solvent did not seem to have a huge effect on the phase ra-
tio, even though samples produced with IPA (higher HOC compared to EtOH and
MeOH) mostly contained the largest maghemite fraction. However, even the slight
impact of HOC is difficult to conclude based on these results, since EtOH with
higher HOC than MeOH falls lower on the curve. The chemical differences be-
tween the solvents possibly have a more pronounced effect here. A few extra IPA
and EtOH samples were produced with differing liquid feed rates: 4 ml/min with
the highest ® (corresponding to the rightmost circle and triangle in Figure 5.1a) and
1 ml/min with the lowest ® (corresponding to the leftmost circle and triangle in Fig-
ure 5.1a). Because no drastic differences were observed, the phase composition does

not seem to be very sensitive to the liquid feed rate either.

The Raman measurements confirmed that the non-hematite part of the samples
consisted primarily of maghemite. However, the one clear peak in magnetite’s Ra-
man spectrum overlaps with the strongest peak of maghemite at around 700 cm™,
so the possibility of a small amount of magnetite can not be ruled out. An interest-
ing phenomenon was observed with the measurement, as it seemed that the phases
could be somewhat distinguished in the optical micrographs. Bright yellow areas
gave a hematite pattern and brown/green areas a maghemite pattern, while colours
somewhere in between gave a mixture of the two patterns. In samples with lower
amounts of hematite, the yellow areas seemed quite large and very localized, which
indicates that the hematite particles accumulated together for some reason, and pos-
sibly included larger particles. When the hematite fraction increased, the colours

more or less blended together, forming a more uniform appearance.

TEM imaging was performed to study the particle size distributions of the sam-
ples. Not every sample was imaged, but the whole equivalence ratio range was cov-
ered. The images were used to estimate average PP sizes by choosing random areas
and measuring all discernible particles (not counting clearly larger residual particles).
Figure 5.2a shows TEM micrographs that represent most of the imaged area for all

samples, and Figure 5.2b the calculated average PP sizes for a few different imaged
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samples with varying ® values. Figure 5.2c shows some collections of larger particles

that were found.

dyyg (nm)
I Y-

Figure 5.2 (a) TEM images representing most of the sample area, (b) the average PP size calculated
from the images as a function of ®, and (c) some larger residual particles found in the TEM
samples. (Adapted from Publication I)

The fine particle mode shown in Figure 5.2a was clearly dominant across all TEM
samples, and the PP sizes increased quite linearly with growing ®, which is depicted
in Figure 5.2b. There are supposedly two main factors affecting the PP size in this
case: the residence time and the total residual particle volume. A larger @ lengthened
the flame, thereby increasing residence time. If less residuals form, more material is
available for nucleation and particle growth. Since more large particles were found

in the samples with lower ® values, a combination of these two effects is probable.
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However, since TEM images always represent a very small portion of the whole

powder sample, so we can not tell to which extent these two factors contribute.
The KP burner

The starting point of Publication II was overcoming the restriction in the amount
of oxygen that could be fed into the flame with the LR burner. With a single atom-
izing oxygen flow, the flow rate could not be raised beyond a certain point while
maintaining stable burning, so we switched to the KP burner that allows a more
flexible gas flow setup. The total oxygen flow rate was then increased by adding a
secondary oxygen flow. Figure 5.3 shows the specific gas flow setup chosen for the
KP burner in Publication II.

Liquid feed (D Atomizing O, flow
(@ Empty channel
(3 Secondary O, flow

T | @M T@T @ @ H, fuel flow

Figure 5.3 The gas flow setup chosen for the KP burner. (Publication II)

The different gas flows can obviously be arranged in several ways, but every con-
figuration does not work equally well. Some experimentation was conducted before
choosing this specific setup. If the secondary oxygen flow was placed in channel 2,
or the hydrogen flow between the two oxygen flows, a significant amount of solid
material accumulated on the burner head. This was assigned to swirling flows di-
rected towards the liquid channel. The chosen setup offered the most stable synthe-
sis. The hydrogen flow could also be used for atomization, like in most published
LFS studies, but it is less efficient for atomizing compared to oxygen. Therefore,
larger H, flow rates would be required for efficient atomization. This would in turn
increase the equivalence ratio, which would be counterproductive regarding the goal
of reaching lower @ values.

The atomizing oxygen flow rate Q,, was varied between 5 and 15 1/min, and the
secondary flow so that the total oxygen flow Q,,, settled between 20 and 65 1/min.
This resulted in a @ range of 0.10-0.33, whereas for the LR burner in Publication I,
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a range of around 0.32-1.76 was covered. The hydrogen flow was fixed at 10 1/min,
so ® was only adjusted through Q,,,. The liquid feed rate was also here maintained
at 2 ml/min as in Publication I, but the Fe atom concentration was lowered from
40 to 30 mg/ml to ensure that the additives used in the second part of the results
completely dissolved in the precursor solution.

Figure 5.4 shows the maghemite fraction as a function of @ obtained from the
XRD data with Rietveld analysis. The results for the LR burner from Publication
I are plotted in the same graph for reference. Because the total oxygen flow can be
divided in several ways between the two channels, samples with equal equivalence
ratios but differing flow setups were produced. These samples are marked with the

total flow rates in grey boxes.
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Figure 5.4 The maghemite fraction as a function of equivalence ratio. Three different total oxygen flows
with differing atomization flows are marked, and the results obtained for the LR burner in
Publication | are plotted for reference. (Publication II)

The maghemite fraction correlated again strongly with ®, but the curve was a
little different from the one measured for the LR burner. The relationship was quite
linear through the whole range, whereas saturation was observed earlier. This could
result from the structural difference between the two burners. The flame zone is

probably more shielded from the surroundings with KP burner, as the liquid jet is
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surrounded by two annular gas flows, whereas LR burner has fine discrete H, chan-
nels as described in Section 3.1. This could help entrainment air enter the flame
zone earlier compared to the KP burner. Another discrepancy between the curves is
a clear shift towards lower equivalence ratios. Consequently, even pure maghemite
was observed with ® & 0.33 that resulted in about 1:1 phase ratio with the LR burner.
It is difficult to tell the cause for this shift, but the structural difference in the gas
channels could also here be a part of the explanation. If the entrainment is stronger
already in the lower part of the flame for the LR burner, this could lower the actual
equivalence ratio there. It would also make sense that the difference to the KP burner
grows with @, as the entrainment air has a larger effect. However, extensive flow sim-
ulations would be required to confirm the details. There was some variation among
the samples where the same total oxygen flow was divided differently between the
two gas channels, but none of the data points deviated considerably from the linear

fit. Higher atomization flow rates promoted a slightly greater hematite fraction.

We also wanted to see how the SSA correlates with the phase composition, since
it reflects the particle size distribution and particle morphology. To examine these,
BET measurements were performed alongside TEM imaging. Figure 5.5 shows the
SSA as a function of total oxygen flow and TEM images of some residual particles
from certain samples indicated in the graph. Most of the imaged particles could
be categorized either as primary or residual particles. The PP mode consisted of a
reasonably narrow size distribution below 10 nm, but the residual mode comprised
a much wider range of considerably larger sizes. Both particle modes contributed
to the SSA values. The highest SSA value of 87 m?/g refers to a calculated average
particle size of about 13 nm, which implies that all the samples included at least some

residual particles.

The drop in SSA from 20 to 35 1/min was assumed to mainly arise from an in-
crease in residual particle volume. After this, the situation gets more difficult to
interpret. When the secondary flow was raised from 25 to 35 and 45 I/min with the
atomization flow being 10 1/min, the SSA still slightly decreased, but then clearly
rose for the highest oxygen flow in all cases. Since the TEM samples with 65 [/min
total oxygen flow were dominated by residual particles, the increase in SSA unlikely
reflects a decrease in residual volume. The reason behind this could be the increase in
the number of hollow particles that seemed to get more prevalent with the growing

oxygen flow. Hollow particles raise the SSA due to their low effective density. That
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Figure 5.5 The specific surface area as a function of the total oxygen flow, and TEM images of some
residual particles from the marked samples. (Adapted from Publication II)

would also indicate a possible correlation between hollow particles and the hematite

fraction.

Discrepancies were observed in SSA among samples with varying atomization
flow rates, higher values generally promoting larger SSA. This was assumed to origi-
nate mainly from differences in PP size. For the 20 1/min total oxygen flow samples,
where the average PP sizes could be calculated from TEM images, the average size
decreased with increasing atomization flow, which translates to a larger SSA. One of
the main factors causing this was most likely flame contraction that occured, when
more of the total oxygen flow was placed in the atomization channel. Especially for
lower total oxygen flows, the difference between the flame lengths was quite large.
Also, the Rietveld results showed a correlation between atomization flow rate and

hematite fraction, which could imply more hollow particles.
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Our results indicate that even though ® is a good base measure for predicting the
phase ratio, the actual relationship is dependent on the burner design and the gas
flow setup. There also seems to be a difference between the two burners in the com-
position range that is attainable. @ is only a single number to describe the whole
synthesis process, and it does not take into account the local conditions that most
likely depend on the experimental setup. As was hypothesized earlier, the differ-
ence in the structure and dimensions of the gas channels could have an impact on
the equivalence ratio in different parts of the flame zone. They also likely affect the
local gas velocities and temperatures, which are assumed to strongly influence the
reaction kinetics in the flame. A thorough measurement of the temperature fields in
each case would help assess the role of temperature. For the local gas velocities, simu-
lations could prove to be a great asset. Another possible factor besides the gas channel
structure is the diameter of the liquid channel. When the diameter is increased (KP
vs LR burner), a larger fraction of the precursor solution in the core of the liquid jet
comes in contact with the atomizing oxygen gas later compared to a smaller liquid
channel. This could definitely have an impact on the oxidation kinetics. Other al-
terations to the burner and gas flow setup would also be interesting to study, as that

would give more insight into the fundamental processes of the synthesis.

5.1.2 Modifying the composition of the precursor solution

Another perspective for controlling the phase composition was modifying the com-
position of the precursor solution. In Publication I, the LR burner was used, and
part of the alcoholic solvent was substituted with different carboxylic acids, resulting
in a mixed solvent. In Publication II, citric acid (CitA) and oxalic acid (OxA) were
dissolved in the precursor solution as additives, while using the KP burner. The car-
boxylic acids used were liquids, so they worked as solvents, whereas CitA and OxA
are solid compounds that need to be dissolved in a solvent themselves, which gives a

certain distinction between the two compound groups.
Carboxylic acids

The gas flows for studying the effect of carboxylic acids were chosen as 35 1/min
of O, for atomization and 20 I/min of H, for the LR burner. These parameters
resulted in around 50 % of hematite with pure MeOH as the solvent, so the shift
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towards either phase would be easily detected. Butanoic acid (ButA) and propanoic
acid (PropA) were mixed with MeOH in a 1:1 volumetric ratio. 2-ethylhexanoic acid
(EHA) was mixed in a few different amounts (5, 15, 30 and 50 vol-%) to see if the
solvent mixing ratio has a significant effect on the particles. EHA has earlier been
used for getting rid of residual particles in flame synthesis and causing disruptive
droplet burning in single droplet experiments (Harra et al. 2017; Rosebrock, Riefler
et al. 2013; Strobel and Pratsinis 2011).

All of the samples with a carboxylic acid addition showed exclusively maghemite
peaks in the XRD measurements, so even the smallest addition of 5 vol-% of EHA
resulted in the elimination of the hematite phase. However, there were clear discrep-
ancies in the XRD peak shapes and widths between samples, which indicates differ-
ences in particle properties. Therefore, the EHA samples were also characterized
with TEM imaging, which is illustrated in Figure 5.6. The top row shows primary
particles and the bottom row the largest collections of residual particles found in all
of the different EHA samples.
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Figure 5.6 TEM images of samples with various EHA fractions in the solvent mixture. (Publication I)

The amount and the size of the residual particles seemed to decrease with the
growing EHA fraction in the precursor solution. This was also supported by the in-
spection of the PP sizes, which increased simultaneously. Since the gas flows, which
for the most part determine the flame length, the residence time and ® were fixed

for all samples, the only apparent reason for the PP growth is the reduction in resid-
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ual particle volume. As the precursor evaporates more efficiently, the end product
concentration increases, thereby enhancing PP growth through condensation. The
explanation for the reduction is not certain, but it could be connected to the HOC
of the precursor solution. Figure 5.7 shows the PP sizes calculated from TEM im-
ages for all the EHA samples and the PropA sample as a function of the HOC of the

precursor solution.

N
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Figure 5.7 The PP sizes calculated from TEM images for different EHA samples (blue) and the PropA
sample as a function of the precursor solution HOC. (Adapted from Publication I)

The PP sizes increased quite linearly for the EHA samples, when they were plot-
ted against the HOC of the precursor solution. However, the PropA sample strays
from the curve a bit more. One possible cause for this could be the difference in
boiling point of PropA compared to EHA. Jossen, Pratsinis et al. 2005 claimed that
a large ratio of solvent boiling point to the precursor melting/decomposition point
would promote the formation of homogeneous nanomaterial. Since the boiling
points for PropA, ButA and EHA are 141.5, 163.8 and 288.1°C, respectively, the
results would follow this logic.

There are a few possible explanations for the carboxylic acids erasing the hematite
phase. It has been suggested that elevated temperatures would lead to the formation
of metal complexes when using nitrate precursors (Chiarello, Rossetti, Forni et al.
2007). When adding carboxylic acids, metal carboxylates could form, which might
not have a reaction pathway to hematite. Another possibility could be hematite for-

mation through hydrolysis in the liquid droplets. If the hematite forms due to water
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condensation on the droplets for pure alcohol samples, the carboxylic acids could
prevent this by inhibiting water condensation. Inhibition of hydrolysis/condensa-
tion reactions by EHA has been observed for titanium isopropoxide (Meierhofer
et al. 2017). The simultaneous decrease in residual volume could be the result of
microexplosions in the precursor solution droplets that have been observed for in-
stances where EHA has been added to the precursor solution (Rosebrock, Riefler
et al. 2013; Rosebrock, Wriedt et al. 2016).

Citric acid and oxalic acid

We chose 10 1/min atomization flow, 25 1/min secondary oxygen flow and 10 1/min
hydrogen flow for the KP burner to study the effect of citric acid and oxalic acid in
the precursor solution. Even though we used another burner and a lower equiva-
lence ratio than for carboxylic acids, these parameters give a good reference point
against those results due to the very similar phase compositions obtained for the
corresponding pure alcohol samples (42-45 % of hematite in both cases).

Samples with a few different amounts of the additives were fabricated in order
to inspect possible mixing-ratio-dependent effects. Two OxA samples were mixed
with the additive-to-precursor mass ratio of 0.12 and 0.46, and three CitA samples
with the mass ratio ranging from 0.15 to 1. Figure 5.8 presents the measured XRD
patterns for all samples with the corresponding hematite fractions and SSA values.

Both of these additives brought about a similar effect than a small partial sub-
stitution of EHA. They basically eliminated the hematite phase, but for especially
OxA, the effect was clearly dependent on the amount of the additive, a smaller
amount resulting in a higher hematite fraction. CitA erased the hematite phase
more efficiently, since a smaller addition was adequate for producing practically pure
maghemite.

No notable dissimilarities were observed in the PP sizes between the samples.
However, the SSA values draw a very interesting discrepancy between the two addi-
tives. CitA slightly raised the SSA, but OxA lowered it to almost half compared to
the pure methanol sample. Since the PP mode seemed very unlikely to have caused
this difference, the effect probably emerged from the residual mode. The only sug-
gestion for the cause from the results was found from TEM images. The oxalic acid
samples, and especially OxA 2, seemed to contain a third particle mode that con-

sisted of solid particles in the size range of about 10-50 nm. These particles could
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Figure 5.8 The XRD patterns of oxalic acid and citric acid samples with the corresponding hematite
fractions and specific surface areas. The growing number refers to an increasing amount of
the additive in the precursor solution. The most important reflections for maghemite (y) and
hematite () are marked in the bottom. (Adapted from Publication II)

be found quite evenly spread throughout the TEM sample area. The cause for emer-
gence of this sort of a mid-sized particle mode is unknown, but it could be the main

factor explaining the drop in the SSA.

Since no studies were found in the literature using similar additives in flame syn-
thesis, the outcome was difficult to predict beforehand. Some iron oxide studies
exist, however, that have utilized citric acid and oxalic acid in different synthesis
methods. Based on this literature, maghemite would have been the more expected
phase to be obtained with citric acid (Kotsyubynsky et al. 2015; Mou et al. 2010),
but most of the syntheses mixing oxalic acid with the precursor resulted in hematite
particles (Ba-Abbad et al. 2017; Muruganandham et al. 2011; Pant et al. 2009; Yat-
senko et al. 2012). Therefore, the results for oxalic acid were somewhat surprising,

and the effect of additives seem to depend on the type of synthesis.
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5.2 MR fluids

Three MR fluids were prepared in Publication III by adding micron-sized carbonyl
iron (CI) particles and iron oxide nanoparticles to a silicone oil that acted as the
carrier fluid. One of the MR fluids was monodisperse, only containing micron-sized
CI particles, and for the other two, 5 % of the CI particle volume was substituted
with LFS-made maghemite nanoparticles to counteract sedimentation. The total
volume of the particles was 15 % percent of the whole MR fluid volume for all fluids.
Lecithin was added as a surfactant to prevent nanoparticle agglomeration. It was also

added to the sample with only CI particles in order to account for its possible effects.

5.2.1 Nanoparticle synthesis and characterization

Two sets of iron oxide nanopowder were produced from ferrocene (Fe (CsHs),) dis-
solved in xylene with the LR burner, hydrogen being the atomization gas. The dif-
fering parameter for the two batches was the feed rate of the precursor solution. This
resulted in a size difference for the primary particles, the sample with the lower feed
rate (Nano1) having a smaller average PP size than the one with the higher feed rate

(Nano2). Both powders were confirmed to consist of maghemite with XRD and

Raman analyses. Figure 5.9 shows TEM images of the two nanopowders.

l Nano1 . Nano2

Figure 5.9 TEM images of the two nanopowder samples. (Publication i)
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The particles were mostly spherical and contained a spectrum of different sizes
up to about 50 nm. A manual calculation of random particles in the TEM images
resulted in arithmetic mean particle sizes of 7.9 and 16.6 nm for Nano1 and Nano2,
respectively. The particles were significantly aggregated and agglomerated, and this

was observed to be slightly stronger in Nano2.

Both powder samples showed saturation magnetizations clearly lower (22 and
43 Ak—zz) compared to bulk maghemite (74 Ak—rgz), which was expected for nanosized
particles. At room temperature, the virgin magnetization curves for both samples
agreed well with the Langevin function, and the measured coercivities were zero,

which indicates superparamagnetic behaviour.

5.2.2 Sedimentation behaviour and MR performance

When the magnetic particles started to sediment, an interface formed between the
clear carrier fluid and the particle suspension. The sedimentation behaviour was as-
sessed by tracking this interface from photographs taken once per hour of a 5 ml
MR fluid sample. Since the inhibition of sedimentation without impairing the mag-
netic response of the MR fluid was the main goal of the nanoparticle addition, it
is sensible to observe the sedimentation rate in conjunction with the magnetic re-
sponse. Figure 5.10 shows the sedimentation rate and the dynamic yield stress as a
function of magnetic flux density for the different MR fluids. The sedimentation
curve labelled "Micro" was added from a previous study by Jonkkiri, Matti et al.
2015. It refers to a sample without the addition of nanoparticles or lecithin, and
shows that lecithin has an impact on the gravitational settling on its own. The "Mi-
cro + lecithin" curve refers to the monodisperse MR fluid prepared for Publication
ITI. The dynamic yield stress refers to the stress needed to break the particle chains

and make the material flow freely.

The addition of nanoparticles lowered the sedimentation rates significantly, the
average rate for the first 100 h decreasing from 42 nm/s for the monodisperse fluid
to 9 and 12 nm/s for Nano1 and Nano2, respectively. Simultaneously, the magnetic
response remained almost intact. Low magnetic flux density resulted in a slightly
higher dynamic yield stress for the monodisperse fluid, but the difference tilted in
the other direction for higher flux density values. Most of the differences between

the samples fall inside the standard error, so the effect of nanoparticles on the dy-
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Figure 5.10 (a) The interface position as a function of time and (b) the dynamic yield stress as a function
of magnetic flux density for the different MR fluids. The curve labelled "Micro" was taken from
Jonkkari, Matti et al. 2015, and it applies to an MR fluid without nanoparticles or lecithin.
(Adapted from Publication Ill)

namic yield stress can be deemed negligible. However, a change in the deformation
behaviour was observed. According to the oscillatory measurements, the elastic part
of the deformation decreased, while the viscous part increased with the addition of

nanoparticles.

Sedimentation rates have been earlier tested with a similar addition of commercial
iron nanoparticles with an average particle size of 50 nm, but only a minor improve-
ment was observed (Jonkkiri, Matti et al. 2015). Therefore, the lower particle size
seems to be a key factor in hindering sedimentation. One possible explanation is that
the larger total surface area of the particles increase the drag between the particles

and the carrier fluid.

Another notable phenomenon arising with the nanoparticle addition was that
the bidisperse MR fluids seemed to settle to considerably lower packing densities
than the monodisperse MR fluid, if we assume the settling final at 600 h. This could
facilitate resuspension of the particles after a long storage period. A dense concretion
of particles in the bottom is far more challenging to resuspend effectively. The flip
side of the nanoparticle substitution was the effect on the off-state viscosity, which

is presented in Figure 5.11.

The values were 29-84 % higher for Nano1 and 23-52 % higher for Nano2 when

comparing to the monodisperse fluid, with the highest discrepancies occurring at
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Figure 5.11 The off-state viscosity as a function of shear rate for the different MR fluids. (Publication
1)}

lowest shear rates. Depending on the application the MR fluid is to be used in, this
can be undesirable. The increase in viscosity is understandable considering that ac-
cording to Rudyak and Krasnolutskii 2014, nanofluids are well established to have
higher viscosities than conventional suspensions. Therefore, a partial nanoparticle
substitution should induce a similar effect. Also, they claim that viscosity should in-
crease with decreasing particle size, which is also consistent with these results. The

produced MR fluids show great promise for applications.

5.3 Omniphobic nanocoating

The initial goal in Publication IV was to produce a nanocoating on a stainless steel
surface that would optimally repel all liquids, be as thin as possible, and have ac-
ceptable stability. A multilayered coating was designed for this purpose, and the
fabrication process is described in Figure 5.12 in four distinct steps.

The first step was cleaning the substrate carefully with various solvents. LFS was
then used to deposit TiO, particles on the surface to produce a nanostructure that
would enable efficient omniphobicity. The particle material and the process param-
eters were chosen so that a well predictable structure could be achieved. Hydrogen

was used as the atomizing gas with the LR burner, as in Publication III. The form-
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Figure 5.12 The stepwise fabrication process of the multilayered omniphobic coating. (Adapted from
Publication IV)

ing nanomaterial was directed through a so-called residence tube before reaching the
substrate. The main purpose of the residence tube was to even out the particle flux
on the whole surface area to be coated, scavenge possible large residual particles, and

lower the temperature, so that the substrate would not be affected by the heat.

The third step was coating the LFS-treated surface with a thin Al,O; layer us-
ing ALD. In an ALD process, a conformal coating accumulates one atomic layer at
a time, so it was able to penetrate the porous nanoparticle layer, ultimately cover-
ing the whole surface area. The idea was that the alumina would enter the contact
areas between the substrate and the particles, reinforcing their adhesion along with
strengthening the cohesion of the particle layer. However, the thickness of the ALD
layer had to be low enough, so that the nanostructure would not be buried under-
neath. The samples were oxidized in mixtures of oxygen and nitrogen at 300°C to

remove all organic impurities before introducing the reactants onto the surface.

The final step was covering the surface with fluorosilane (heptadecafluoro-1,1,2,2-
tetrahydrodecyl trichlorosilane specifically) molecules in a liquid phase deposition
process in order to lower the surface energy of the final coating. Before silanization,
the ALD-coated samples were irradiated with UV-C light (peak wavelength at 254
nm) to remove possible contaminants, since it was observed to decompose organic

material even in the absence of a photocatalyst.
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5.3.1 Characterization of the coating

Since the process proceeded in a stepwise manner, mid-process characterization was
performed in addition to analyzing the final coating. The samples were imaged with
SEM after each step from the top to see how the topography evolved during the
process. Figure 5.13 shows SEM images of the coating after fabrication steps 2, 3 and
4.

LFS LFS +ALD LFS +ALD + Sil.
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Figure 5.13 SEM images after fabrication steps 2, 3 and 4. (Publication IV)

The nanoparticles mostly occurred on the surface as agglomerates or aggregates
with an average PP size of around 50 nm, surface coverage being far from complete.
Graphical analysis with Image] program calculated the coverage as ca. 30 % with au-
tomatic thresholding. The produced 10 nm ALD layer had no noticeable impact on
the appearance of the coating in microscale. The growth of the particles could, how-
ever, be clearly observed from the SEM images with higher magnifications. Also,
the silanization had very little effect on the surface topography, as suspected.

The thickness of the coating could not be determined from the top view SEM
images, so FIB-SEM was used to study it cross-sectionally. A gold layer was sputtered
onto the coating to enhance conductivity and a platinum layer was deposited on top
of that to protect the coating during the milling process with Ga* ions. Figure 5.14

shows a cross-sectional SEM image of the coating along with an Al Ka1 signal from
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an EDS scan.
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Figure 5.14 (a)(b) SEM images of the cross-section with different magnifications, and (c) the EDS signal
of Al Kau1 across the line marked in (b). (Adapted from Publication IV)

The coating is visible through the whole cross-section in Figure 5.14a. The higher
magnification image in Figure 5.14b reveals the actual coating in more detail. In the
SEM images, the gold layer appears as bright spots, and the platinum as a thick layer
on top. The nanostructure undulates between 10-15 nm (areas with only ALD)
and 160-200 nm in thickness. If we imagine a flat and even coating with the cross-
sectional area calculated from the SEM images, this results to an average coating
thickness of ~70 nm. Both the estimated maximum thickness and the calculated
average thickness are lower than any reported values for omniphobic coatings in the
literature so far. The EDS curve indicates a good penetration of the ALD layer. Since
there is an Al Kol signal emanating even from the very bottom of the coating, the
alumina can be presumed to have covered the titania particles very efficiently.

XPS analysis performed after each step reinforced the assumption that the ALD
coating was even and conformal. Since the thickness of the ALD layer was in the
same order of magnitude as the information depth of XPS (~10 nm), an uneven layer
would most likely have caused a signal from underneath the alumina layer. However,
the measurement of the ALD-coated sample only revealed peaks originating from Al,
O and C transitions, in addition to carbon, silicon and fluorine peaks originating

from organic impurities and the silane molecules.
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5.3.2 Assessment of omniphobicity and stability

The liquid-repellency and the coating stability seemed to go hand in hand. A very
short LFS coating time or a large ALD thickness led to a reasonably durable but
poorly repellent coating. Conversely, a long coating time or a thin ALD layer re-
sulted in good repellency but very poor stability. The final values for both variables

were picked to compromise between the two properties.

The performance in liquid-repellency was assessed with two different measures:
CA and SA. Test liquids were chosen to represent various surface tension values,
since repelling liquids with low surface tension generally requires higher sophistica-
tion. Figure 5.15 shows the measured CA values for the chosen 6 s LES coating time
as a function of ALD coating thickness for water (H,), diiodomethane (DIM), ethy-
lene glycol (EG), olive oil (OO) and hexadecane (HDEC) with four different ALD
thicknesses. The SA values represent the final coating with the 10 nm ALD layer

discussed so far.
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Figure 5.15 The measured CA values as a function of ALD thickness. The SA values correspond to
an ALD thickness of 10 nm. The photo of test liquid droplets refers to the circled data
points. HDEC is missing an SA value, because it could not be determined. (Adapted from
Publication IV)
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The 3 nm ALD thickness presented the strongest repellency, while 30 nm thick-
ness already impaired the performance by covering some of the nanostructure. The
10 nm offered the best compromise between repellency and stability, resulting in
CA values of over 160° for H,O, DIM and EG. However, if repellency against only
liquids with higher surface tension was adequate, a thicker ALD coating would prob-
ably be optimal.

Another interesting observation from Figure 5.15 is the significant increase in
CA values (excluding DIM) from no ALD coating to 3 nm. This indicates that the
thin alumina layer provides a superior substrate for silanization compared to the
uncoated, LFS-treated surface. Allin all, the final coating fulfilled the superphobicity
requirements for water, DIM and EG, and can be considered superomniphobic to a
certain extent.

The adhesion of the coating to the substrate and its durability was studied with a
microscratch test. A small diamond tip was dragged along the surface with varying
loads. Unfortunately for the performance of the coating in realistic conditions, al-
ready the lowest loads used caused the coating to lose the surface structure and the
omniphobicity with it. This indicates poor resistance against abrasion and mechan-
ical pressure. However, the adhesion of the particles to the substrate could not be
deemed poor, because the SEM images of the scratch marks implied that the coating
mostly just flattened under the pressure rather than detached from the steel substrate.

As was suspected, achieving good stability was the biggest challenge, and it could
not be sufficiently fulfilled. The ALD layer improved the stability, but not to point
where abrasive wear could be endured. However, the coating could work in condi-
tions where the surface does not confront significant wear. More research is needed

to discover ways of improving the endurance.
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6 Concluding remarks

As the need for large volumes of nanomaterials will continuously be increasing, the
methods suitable for that require more research and development. Liquid flame
spray, and flame synthesis in general, offers lots of potential for simple fabrication
of nanoparticles from cheap precursor, but the process is not adequately well un-
derstood yet. This dissertation focused partly on expanding the knowledge on the
processes happening in the flame, and partly on exploring its utilization in specific
applications.

One of the unclear parts in LFS synthesis is the processes through which the
crystallographic phase of the resulting nanoparticles is determined. Since the whole
assortment of factors playing their part in this is unclear, a specific case was chosen:
studying factors that determine the phase composition of iron oxide particles from
iron nitrate. Iron oxide is considered a very important nanomaterial and also very
interesting from our point of view, because it occurs in numerous different phases.
Two different perspectives were picked for influencing the phase composition: (1)
adjusting the gas flow setup in LFS while keeping other parameters constant, and (2)
modifying the composition of the precursor solution prior to feeding it to the flame.
Two different burner designs were used in the studies.

When the gas flow setup acted as the variable, pure alcohols were used as sol-
vents. All of the samples were observed to consist of two common iron oxide phases:
maghemite (y-Fe,O3) or a mixture of maghemite and hematite (o-Fe,O3). The ratio
of these two phases was observed to strongly correlate with a measure called equiv-
alence ratio ® that is sometimes used in monitoring the flame synthesis. ® describes
the amount of oxygen in the flame compared to stoichiometric burning, values under
1 referring to oxic conditions and values over 1 referring to anoxic conditions. Even
though the correlation between the phase ratio and ® was clear with both burners,
the relationship was unique to each case, indicating it to be dependent on the burner

and the gas flow setup. The phase ratio was not observed to correlate with any other

55



56 Chapter 6. Concluding remarks

measure in a simple way, but a possible link between the hematite fraction and hol-
low particles was inferred. Discovering the fundamental causes for the differences
between the burners and the properties linked to the phase ratio require plenty more

research.

The effect of precursor solution composition was explored through mixing alco-
hols and carboxylic acids, and by dissolving citric acid and oxalic acid in the solution
as additives. All of these modifications led to a decrease in the hematite fraction,
even to its practically complete elimination in most samples. However, the resid-
ual particle mode was observed to mostly vanish only in the case larger additions
of EHA, but not for other additives or small amounts of EHA. This effect was hy-
pothesized to be connected to the increase in heat of combustion and the differences
between solvent boiling points. Disruptive burning of the droplets could also play

a part here.

Allin all, these results are believed to help understand better the governing factors
behind phase formation for iron oxide in flame synthesis. They also suggest that the
chemistry connected to the precursor solution might be having currently unknown
effects on the FSP process. There is a large research consortium in Germany studying
the FSP process at the moment with a standardized burner (Schulz et al. 2019), which
will most likely be paramount for understanding the synthesis process in detail in
the future. However, experimenting with different types of setups will also play
an important role in confirming if the future results apply in general or if they are

specific for their experimental setup.

The second part of the dissertation explored the utilization of LFS in two differ-
ent applications. The first of them was magnetorheological fluids that experience
a sudden increase in viscosity after introduction of a magnetic field, and a relax-
ation when it is turned off. A bidisperse MR fluid was produced by mixing mi-
croscale carbonyl iron particles and LFS-generated iron oxide nanoparticles in a non-
magnetizable carrier fluid. The function of the nanoparticles was counteracting the
particle sedimentation that is a common problem with MR fluids. The nanoparti-
cle addition significantly reduced the sedimentation rate without impairing the MR
response. A downside caused by the nanoparticles was an increase in the off-state

viscosity. However, the results are promising for further development.

In the other application study, an omniphobic nanocoating was fabricated. The

goal was to produce a very thin and somewhat durable coating on stainless steel that
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would repel all liquids as well as possible. The coating consisted of a nanoparticle
layer deposited onto a cleaned steel substrate with LFS, a stabilizing mid layer pro-
duced with ALD, and a top layer of silane molecules to lower the surface energy.
This resulted in a very thin coating of under 200 nm, and it repelled efficiently wa-
ter, diiodomethane, ethylene glycol and olive oil. Therefore, it could be regarded
superomniphobic to a certain extent. Unfortunately, scratch testing revealed the
surface structure to be fairly fragile against abrasion, as it quite easily flattened out
under pressure, which led to losing its omniphobicity. This kind of a coating could
be applicable for conditions with low wear. A little thicker ALD layer (10 nm — 30
nm) weakened the repellency, but increased the stability. Solving the problem of low
stability is probably very difficult with the used methodology alone. The research
community working on these topics are continuously exploring ways of producing
durable omniphobic coatings that are easy to manufacture.

The application results show that LFS can be used for these types of applications.
They also give promise to further development in the future. As the understand-
ing in the formation process deepens, the convenience for different applications also

improves.
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Abstract

Iron oxide nanoparticles were synthesized in a liquid flame spray process from
iron(III) nitrate. The choice of chemicals and all other process parameters affects the
crystallographic phase composition and the quality of the material. Adjustment of the
solvent composition and the gas flow rates was used to control the phase composition
of the produced particles. All samples consisted of pure maghemite (y-Fe,05) or a
mixture of maghemite and hematite (a-Fe,O;). When using pure alcohols as sol-
vents, the maghemite/hematite phase ratio could be adjusted by changing the equiva-
lence ratio that describes the oxidation conditions in the flame zone. A large residual
particle mode formed in the size range of ~20-700 nm along with a dominant very
fine particle mode (2-8 nm). Both phases seemed to contain large particles. A partial
substitution of methanol with carboxylic acids turned the hematite phase into magh-
emite completely, even though some of particles were possibly not fully crystallized.
Residual particles were still present, but their size and number could be decreased
by raising the heat of combustion of the precursor solution. 30 vol-% substitution of

methanol with 2-ethylhexanoic acid was adequate to mostly erase the large particles.

KEYWORDS

iron/iron compounds, liquid flame spray, nanoparticles, synthesis

. . . 910 . .
biomedicine, > while hematite has been used, for example,

e L1112 13 . 1415
for lithium-ion batteries, " gas sensors, ~ and catalysis.

Iron oxide particles generally occur in one of the four main
crystallographic phases depending on the Fe oxidation state:
magnetite (Fe;0,4), maghemite (y-Fe,05), hematite (a-Fe,0;),
or wiistite (FeO), of which the first three are technologically
the most relevant."? The majority of the applicable potential
of magnetite and maghemite lies with their exceptional mag-
netic properties, whereas hematite possesses, among other
things, promising catalytic properties. Applications utilizing
magnetic particles include magnetic resonance imaging.;,‘%’4
microfluidic systems,s'6 magnetorheological fluids,”® and

Magnetite is magnetically the strongest phase, but also
maghemite possesses good magnetic properties and is more
stable. In addition to the crystallographic phase, the particle
size has a strong influence on both magnetic and catalytic
properties. The unique magnetic properties stem from su-
perparamagnetism that emerges in the nanoscale, when an
adequately small particle size is achieved. As the particle
diameter reaches a critical limit of around 20 nm for mag-
netite,'®!” only one magnetic domain remains in each par-
ticle. A strong magnetization can then be rapidly switched

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original

work is properly cited.
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on and off with an external magnetic field. This fast mag-
netization switch is utilized, for instance, in magnetorheo-
logical fluids.”® For hematite, the small size of the particles
mainly promotes their catalytic activity through an increase
in surface area-to-volume ratio. Also, many other properties,
such as particle shape, conductivity, and charge injection ef-
ficiency, affect the catalytic performance of different cata-
lysts.' Therefore, it is important to discover more efficient,
economic and environmental friendly ways of producing ul-
trafine iron oxide nanoparticles of different phases.

Iron oxide powders have been produced with a myriad
of fabrication methods and they often consist of a mixture
of phases. Chemical methods, such as co—precipitation]8
and hydrothermal synthesis,19 generally provide good
control over the particle properties but usually a noncon-
tinuous, batch-type process, which complicates fast and
large-scale production. Gaseous precursors have been used
in chemical vapor synthesis of controlled oxidation of iron
nanoparticles.20 Physical methods like spray pyrolysis
and especially flame symhesiSZI_23 enable much higher
production rates, but usually at the expense of process
control. As large volumes are often required in industry,
the physical methods provide a better basis for upscaling
and often an adequate control over the end product. With
high volumes, also the price of the precursor becomes ex-
tremely important. Therefore, fast and upscalable fabrica-
tion methods that can utilize inexpensive liquid precursors
are economically excellent alternatives. One flame syn-
thesis method that checks many of these boxes and can be
used for producing metal and metal oxide nanoparticles is
liquid flame spray (LFS).24%

Iron nitrate is an inexpensive and abundant precursor
that easily dissolves in cheap and common solvents, which
makes it an extremely good alternative for large-scale pro-
duction.”® However, as for most nitrate precursors, effective
and complete combustion is quite difficult to achieve, which
often leads to a residual mode consisting of large particles.
Strobel and Pratsinis' produced maghemite, magnetite,
and wiistite by Flame Spray Pyrolysis (FSP). The latter two
were only produced in an enclosed chamber by restricting
the amount of oxygen in the flame zone, and an open flame
only led to maghemite phase. However, hematite has proven
to be challenging to produce with flame synthesis methods.
Buyukhatipoglu and Clyne27 were able to produce a mixture
of maghemite and hematite in a flame synthesis by using
an argon stream to deliver iron pentacarbonyl vapor into
the flame zone. Finding new solutions to push the complete
phase composition toward a single phase would be beneficial.

In this study, we investigated how the phase composition
of LFS-made iron oxide nanoparticles can be controlled by
adjusting the gas flows and changing the solvent composi-
tion. A lot of literature is available on how different param-
eters, like dispersing gas flow, precursor concentration and

Ceramic Engineerin
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feed rate, and the solvent properties, affect the synthesis
conditions.®>2 Due to the plethora of parameters affecting
the end product, we focused specifically on iron nitrate as
the precursor. We found no similar earlier studies that aim
to control the hematite/maghemite ratio of flame-synthesized
iron oxide particles. Better tunability of the phase increases
the versatility of the flame process in utilizing cost-effetive
nitrate-based precursors. Because the detailed physical and
chemical processes happening in the flame are still relatively
unclear, studies like these can help achieve understanding of
the fundamental processes.

The chemistry of the precursor solution and the flame
conditions can be tuned to achieve a more oxidizing or a
more reducing environment for particle production, leading
to varying phase compositions.zh22 One measure that takes
into consideration the interplay between many different pa-
rameters, and has been used in earlier studies to evaluate the
oxidation conditions during FSP synthesis, is the so-called
equivalence ratio.”'**** It considers the amount of oxygen
that is necessary for burning all the fuel present in the process
(stoichiometric amounts) relative to the actual amount of ox-
ygen present and is defined as:

()

n”‘,‘&"‘” actual
(=,
Moxygen / stoich.
where n,,; is the combined amount of substance from the
hydrogen flow and the solvent of the precursor solution per

unit time, and n,,,,,, is the amount of substance of oxygen
molecules coming from the oxygen flow per unit time.

D= )]

2 | EXPERIMENTAL

2.1 | Materials

The precursor used for all samples was iron(II) nitrate no-
nahydrate (Fe(NO3);-9H,0, 984+% (metals basis), Alfa Aesar).
The solvents used were methanol (MeOH) (EMSURE® ACS,
Reag. Ph Eur, Merck), ethanol (EtOH) (99.5+%, Altia Oyj),
isopropanol (IPA) (99.84+%, VWR International), 2-ethyl-
hexanoic acid (EHA) (99%, Acros Organics), butanoic acid
(ButA) (99%, Merck), and propanoic acid (PropA) (99.5+%,
Honeywell Fluka).

Different alcohols were chosen to test the effect of com-
bustion enthalpy on the final product, as the solvents are
chemically fairly similar. The three solvents have notable dif-
ferences in their heat of combustion (HOC): 726 kJ/mol for
MeOH, 1367 kJ/mol for EtOH, and 2005 kJ/mol for IPA. If
we consider the HOC per unit volume, the percentual differ-
ences between the alcohols narrow down: 17.92 kJ/mL for
MeOH, 23.45 kJ/mL for EtOH, and 26.2 kJ/mL for IPA, but
still clearly differ from each other.
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H, flow
rate (L/ 0O, flow rate
Sample Solvent composition min) (L/min)
11 IPA 60 20
12 IPA 60 20
13 IPA 30 30
14 IPA 20 35
15 IPA 20 35
El EtOH 60 20
E2 EtOH 60 20
E3 EtOH 30 30
E4 EtOH 20 35
E5 EtOH 20 35
Ml MeOH 33 15
M2 MeOH 20 35
MEI MeOH + EHA (95/5 vol-%) 20 35
ME2 MeOH + EHA (85/15 vol-%) 20 35
ME3 MeOH + EHA (70/30 vol-%) 20 35
ME4 MeOH + EHA (50/50 vol-%) 20 35
MB MeOH + ButA (50/50 vol-%) 20 35
MP MeOH + PropA (50/50 vol-%) 20 35
2.2 | Nanoparticle synthesis

Iron oxide powders were synthesized by LFS, described in
more detail elsewhere.?® In short, an oxygen or a hydro-
gen gas flow is used to atomize a liquid precursor solution
feed into a turbulent H,/O, flame, where the droplets con-
sequently burn. In contrast to the majority of earlier LFS
studies describing nanoparticle synthesis, we used the oxy-
gen flow for atomization in this study, as oxygen seemed
to be more effective. The two gas flows emerge from two
concentric annular orifices, so they can be easily switched,
if desired. The H, and O, gas flow rates were varied be-
tween 20-60 L/minutes and 12-35 L/minutes, respec-
tively. The precursor concentration was kept constant for
all cases, so that all precursor solutions contained 40 mg/
mL of Fe atoms, which translates to a molar concentration
of 0.72 mol/L. Also, the liquid feed rate was mostly kept
constant at 2 mL/minutes, which results in Fe atom flow
of 80 mg/minutes through the flame, but a few exceptions
were chosen in order to see if the liquid feed rate has a pro-
found effect on the phase ratio. All different samples are
presented in Table 1 along with their equivalence ratios.
The powder samples were collected with an electro-
static precipitator that consisted of two nearly parallel metal
plates, one of which had thin metal wires attached to it. The
metal wires worked as corona needles when a high voltage
(20-35 kV) was applied to the plate. The other plate was

Liquid feed TABLE 1 The parameters of diff?rént
rate (mL/ samples. Oxygen was used as the atomizing
min) @ gas in all cases
4 1.76

2 1.63

2 0.39

2 0.36

1 0.32

4 1.73

2 1.61

2 0.58

2 0.35

1 0.32

2 1.21

2 0.33

2 0.33

2 0.34

2 0.34

2 0.35

2 0.34

2 0.34

grounded, creating a strong electric field between them. The
flame was directed between the plates, so that the nanopar-
ticle flux moved through the electric field. The particles
experienced electrical charging from the corona discharges
present around the tip of the metal wires and a consequent
deposition onto the grounded plate. The deposited particles
were carefully scraped off the metal plate and collected in a
container for analysis.

2.3 | Characterization and sample
preparation

The crystal structure of the powders was characterized with
X-ray powder diffraction (XRD) (Panalytical Empyrean,
monochromatized CuK, radiation 15° < 20 < 70°). The re-
corded XRD patterns were analyzed by Rietveld refinement,
using BRASS 2 program.36 The structure models used for
the refinement were acquired from American Mineralogist
Crystal Structure Database (AMCSD) with the codes
0020585 for maghemite (space group Fd-3m) and 0000143
for hematite (space group R-3c). Since several models with
different space groups were available for maghemite, the
model used was chosen based on which gave the best fit
for pure maghemite samples. Further structural information
was obtained with a Raman microscope (Renishaw invia™
Qontor®) that enabled simultaneous optical microscopy and
the recording of Raman spectra from specifically chosen
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locations. The wavelength used for excitation was 532 nm.
The Raman samples were prepared by attaching a piece
of double-sided tape on a microscope slide and spreading
a small amount of a collected powder onto it. The powder
samples were thick enough to eliminate any signal emanat-
ing from the substrate. With iron oxide nanoparticles, one
must be very careful with the laser power, because magnet-
ite and maghemite are easily turned into other phases, if the
intensity of the laser beam is too high.37'38 Therefore, a very
low laser power (~0.3 mW) was chosen to prevent phase
changes during the measurements.

The sizes and shapes of the particles were analyzed with a
transmission electron microscope (TEM) (JEOL JEM-F200).
The TEM samples were prepared by dispersing powders in eth-
anol, followed by 15-minutes ultrasonic bath to break large ag-
glomerates, and finally dipping a TEM grid with a carbon film in
the dispersion. As the ethanol evaporated, the particles attached
to the TEM grid sufficiently well. TEM imaging is a reliable
way to analyze the precise size of the primary particles, but a
TEM sample is always a very small representation of the whole
powder, so we used the XRD results to interpret the whole pic-
ture. Due to various error sources and possible polydispersity,
the XRD results cannot be directly translated into the actual size
of the particles, but rather to indicate the presence of large parti-
cles, when combined with TEM studies. The average crystallite
sizes can be obtained from Rietveld analyses.

3 | RESULTS AND DISCUSSION

31 |

XRD works well in distinguishing hematite from maghemite
and magnetite, since there are several significant peaks with-
out overlap. Two of these distinct reflections are at 20 angles
of a little above 30° for maghemite/magnetite and 33° for
hematite. Figure 1 shows these two peaks for three samples
produced with EtOH as the solvent with varying gas flows.
All of the patterns were scaled based on the 30° peak to dem-
onstrate the change in the ratio between the peak areas as the
ratio of the gas flows shifts.

When there is more oxygen available in the flame zone, a
larger portion of the produced particles formed in the more
oxidized hematite phase. Li et al'® has stated that flame-made
iron oxide generally crystallizes as maghemite, and we did
not come across any studies where hematite powder would
have been fabricated directly in liquid-fed FSP.

We used Rietveld refinement to quantify the weight per-
centages of each phase in each sample from the XRD results.
The Rietveld plots for all samples and some chosen param-
eters are presented in Figures S1-S6 and Table S1. As the
hematite phase was difficult to fully refine in samples with
low hematite fractions, there is more uncertainty for these.
Because the following Raman results indicated that the

Pure alcohols as solvents
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FIGURE 1
produced with ethanol as the solvent and varying gas flows. All

Patterns of two XRD reflections for samples

intensities were normalized based on the 30° peak

samples consisted of only maghemite and hematite, we will
not be mentioning magnetite from now on. By trying to figure
out the correlation of different parameters to the phase com-
position, it turned out that the equivalence ratio (®) could
be used to describe the phase behavior quite well. The iron
nitrate precursor is not considered in the calculations, since
it is assumed go through an endothermic decomposition re-
action.” Because we used an atmospheric synthesis process,
the theoretical amount of oxygen is most likely not the actual
amount present due to possible oxygen diffusion from the
surrounding air. Figure 2 depicts the calculated maghemite
fraction as a function of equivalence ratio.

All of the samples with an alcohol as the solvent fall quite
nicely on a curve, but there seems to be some effect, possibly
originating from the differing chemistry of the solvents, that
places most IPA samples above the EtOH samples. The effect
of chain branching and carbon chain length could be stud-
ied by experimenting with different alcohols. In general, the
HOC values do not seem to have a significant effect on the
phase behavior. It looks like the maghemite fraction saturates
at around ® = 1, which could be a result of oxygen diffu-
sion from the surrounding atmosphere. As the oxygen flow in
the flame decreases, the amount of diffused oxygen from the
surroundings increases. Therefore, the real equivalence ratio
probably cannot be raised much above 1 in an open flame
setup. In contrast, the low end of the curve seems very sen-
sitive to changes in the equivalence ratio. With the synthesis
setup used, it was difficult to obtain a stable flame with lower
@ values, so we did not go any lower. However, experiment-
ing with even lower equivalence ratios offers an interesting
path for future work with experimental setup modification.
It would be interesting to see how far down this curve can
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FIGURE 2 The weight percentage of maghemite as a function
of equivalence ratio in samples synthesized using different alcohols as
the solvent. The rest of the samples consisted of hematite phase

predict the phase composition. Based on these results, EtOH
might be the best of these three alternatives for a solvent,
when trying to reach higher hematite fractions.

Even though preceding literature indicates that open
flame samples should contain maghemite but no magnetite,
we wanted to confirm this with Raman microscopy. Figure 3
shows the optical microscope images along with the recorded
Raman spectra from the indicated locations for three samples
with different gas flows. The calculated weight percentages
from Rietveld refinement for each phase are presented above
the micrographs for the corresponding samples. Also, typical
spectra for hematite and maghemite along with characteristic
features are marked.

The measurements of all samples basically only gave two
kinds of spectra, or some combination of these, that can be
identified as maghemite and hematite, based on the litera-
ture.¥”*%4% None of the measurements gave a pattern that
would clearly resemble that of magnetite, so we concluded
that the powders comprise only maghemite and hematite.
The hematite patterns show clearly the typical two A, modes
(226 and 500 cm_l) and the five E, modes (245, 293, 298,
413 and 612 cm™).*' The peaks at 293 and 298 cm™! are
overlapping a bit, but they can be distinguished based on the
shape of the peak. In addition to these, there is a residual
peak at around 660 cm’l, which is often seen in hematite
samples.37 According to Zoppi et al,* it might originate from
the lack of long-range order or an impurity phase. The intense
peak at 1320 cm™" comes from a two-magnon scattering aris-
ing from hematite's antiferromagnetic nature.*®

Maghemite can be identified by four broad bands at around
350, 500, 700, and 1440 cm™!' 388 However, for maghemite the
locations of the peaks are not as well determined as for hema-
tite. This might be due to the seeming uncertainty considering
the exact structure of maghemite, as multiple possible structure
models have been reported in the literature,**¢ Nevertheless,
the recorded patterns fit many reported patterns well. The three

main peaks used for the identification refer to Raman active pho-
non modes T, (365 cm™"), E, (511 cm™"), and A, (700cm™).¥

The optical micrographs of samples with low hematite
fractions gave mostly brown/green background with small
yellowish dots here and there. If the spectrum from anywhere
in the dominant background was recorded, it indicated the
maghemite phase, and if the laser was pointed to a yellow
spot, either a hematite pattern or a sum of hematite and ma-
ghemite was recorded. This phenomenon was observed for
all samples, and some additional images and patterns are pre-
sented in Figure S7. For some samples with fairly low hema-
tite fractions, the hematite particles seemed to agglomerate
together, forming large yellow areas. This could be due to dif-
ferences in magnetic or electric properties between the par-
ticles of different phases. When the hematite fraction grew,
the amount of the yellow area in the images increased and the
phases blended together more, leading to more mixed phase
Raman patterns. The Rietveld refinement and the Raman
microscopy results support each other very well. The ratio
of the yellow area with respect to brown/green gives a good
indication of the actual phase composition. Since Raman mi-
croscopy requires very little sample preparation and the mea-
surements are fast to perform, it could possibly be used as a
quick, qualitative technique to give an idea of the phase com-
position of iron oxide samples. We did not come across any
literature referring to similar optical phase characterization.

In addition to the phase composition, we were interested
in the size distribution of the particles, since the primary par-
ticle size is an important factor considering the functionality
of various applications. Figure 4 shows TEM images of some
samples with different parameters and the primary particle
size as a function of equivalence ratio.

The top row in Figure 4A represents the overwhelming
majority of the TEM sample areas. Mostly the powders were
composed of a very fine particle mode in the size range of
2-8 nm, depending on the process parameters. The estimated
mean primary particle size, dyyy,, for the dominant fine mode
was calculated from TEM images for those samples that were
imaged. The size distributions for this dominant mode looked
very narrow for all samples, most of the particles falling in-
side + 1-2 nm from the average. If we consider the size of
primary particles in different flame conditions, one of the most
important factors is the residence time of the particles in the
flame. One of the best single indicators for the residence time
is the length of the flame, which determines the size of the
high-temperature zone. Midler et al*' showed a linear depen-
dence between the equivalence ratio and the flame height. This
effect can be seen in Figure 4B. Even though the equivalence
ratio is not the only factor affecting the residence time, the es-
timated average size of the dominant mode seems to follow it
rather linearly. This indicates that the amount of evaporated
precursor, and therefore residual particles, is probably rea-
sonably similar in all samples. A significant decrease in the
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residual mode would most likely tilt the correlation. Based on
the average crystallite sizes, simply raising the equivalence
ratio has little effect on the formation of the residual mode, but
it rather mostly affects the size of the fine mode and the phase
composition. We tried to briefly with four samples, 11, I5, E1,
and ES5, see if halving or doubling the liquid feed rate has a
large impact on the phase ratio and residual particles. Since no
clear differences were visible in the XRD data, liquid-to-gas
ratio is most likely not a very important factor in this regard.

The bottom row in Figure 4A represents the very few
areas present on the TEM samples that revealed collections
of significantly larger particles that had a very wide size dis-
tribution ranging from tens of nanometers to several hundred
nanometers. This mode is presumed to be a so-called residual
mode that has formed from precursor solution droplets that
did not evaporate after atomization, whereas the fine mode
has most likely nucleated from gas phase after complete evap-
oration.”*?> We could not find these large particles in every
sample, so we used the average crystallite sizes obtained from
Rietveld refinement to indicate the presence of residual par-
ticles. Since some of these particles are two orders of mag-
nitude larger than most, even a small amount of them gives a
significant contribution to the measured XRD patterns. These
particles seemed to be mostly single crystals, but the TEM
images were not adequate to tell for certain. The average crys-
tallite sizes obtained from Rietveld refinement ranged a lot
between 27.3 and 515.0 nm (Table S1), varying between the
two phases. It does not give a reliable measure for the particle
size, but strongly indicates the presence of residual particles in
all samples. Also, the phases do not seem to have large enough
difference in total for the residual mode to only consist of ma-
ghemite or hematite. Most likely, both phases have a mixed
composition. This indicates that the phase of a particle is not
directly dependent on the formation path, when considering
gas-to-particle versus droplet-to-particle routes.

One of the possible ways for the formation of residual par-
ticles is hydrolysis in the liquid phase.37 The precursor itself
contains crystal water, but much more water vapor forms in
the H,/O, flame. Since alcohols are generally soluble with
water, this could allow condensation of water vapor and dis-
solution to the droplets. However, hydrolysis of iron nitrate
should lead to hematite.>”*® Because it seems that hematite is
present in both phases, this is likely not the only mechanism
involved. Condensating water can also hinder the combustion
of the solution droplets, leading to incomplete combustion.*
A challenge for future studies is removing the residual mode
while maintaining the phase control.

3.2 | Mixtures of alcohols and
carboxylic acids

We wanted to study the effect of carboxylic acids in the
solvent on the phase composition of the produced powder.

Ceramic Engineerin
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It was hypothesized earlier that the hematite portion of the
particles could come from the residual mode. The results
presented above, however, contradict this assumption.
EHA has been used before to eliminate residual particles
in flame synthesis.26’50 Rosebrock et al**>! found in sin-
gle droplet experiments that in some cases the addition of
EHA to the precursor solution led to strong droplet explo-
sions, which led to smaller particles. We wanted to see
the effects of three carboxylic acids with differing chain
lengths. 50% of the MeOH volume in the precursor so-
lution was substituted with an equal volume of PropA,
ButA, and EHA. Also, the effect of the amount of EHA
was studied by making 5, 15, and 30% substitutions in ad-
dition to the 50% samples. For most of the samples, only
one set of gas flows, namely 20 L/minutes of H, and 35 L/
minutes of O,, was chosen to emphasize the role of the
solvent, because a shift in the direction of either phase
would become most visible. Surprisingly, the addition of
carboxylic acids erased the hematite phase completely in
all cases, even though the equivalence ratios were very
low (0.33-0.35). Figure 5A compares the XRD patterns of
three samples with identical gas flows, but different sol-
vent compositions. The pattern of M2 was slightly scaled
down to fit the intensities of the other samples better.
Therefore, Figure 5SA does not represent the amounts of
phases between the samples.

The powders that had 5 vol-% of EHA and 50 vol-% of
PropA gave almost identical XRD patterns with strong re-
flections, and all of the hematite peaks vanished compared
with the pure MeOH sample. When at least 15 vol-% of
EHA was added to the solution, the XRD peaks got broader
and weaker (Figures S5 and S6). Also, a larger background
was measured for these samples. This refers to smaller par-
ticle sizes, but also to the possible presence of amorphous
material and carbonaceous residua. The low intensities
with a high background made Rietveld refinement quite
difficult, and the average crystal sizes cannot be regarded
very reliable. This, however, indicates a lower amount of
large particles.

The purity of the phase was also characterized by Raman
microscopy, and the results from the alcohol samples can
be used to analyze the acquired data. Figure 5B presents
two Raman micrographs and the recorded spectra from the
marked locations. All of the recorded patterns from car-
boxylic acid samples gave only maghemite patterns and
all microscope images showed the absence of the yellow
areas indicating hematite. At some spots, very weak spectra
without clear peaks were recorded, which in part indicates
incomplete crystallization (Figure S8). Since our emphasis
was on phase control, we did not try different gas flows, but
increasing the equivalence ratio could lead to a higher de-
gree of crystallization through longer residence times and
higher temperatures.
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Just like for the alcohol samples, TEM imaging was
used to characterize the primary particle size. Figure 6
shows TEM images of various samples produced with

FIGURE 3 Optical micrographs of three different alcohol
samples (E4, E3 and 12) and the recorded Raman spectra from the
indicated locations. The corresponding phase compositions obtained
by Rietveld analysis are presented above the micrographs. Typical
hematite and maghemite patterns and the characterictic peaks are also
marked

0.3 0.6 0.9 1.2 1.5
P

FIGURE 4 A, TEM images of some samples (E2, E3, E4 and
M2) produced with pure alcohols as solvents and B, the average

primary particle size as a function of equivalence ratio. The standard
deviations are marked with error bars. In (A), the top row represents
the majority of the sample areas and the bottom row the very few areas
with larger particles

different amounts of EHA in the precursor solution. In
accordance to Figure 4, the top row shows the dominant
phase of the TEM sample areas, whereas the bottom row
represents the very few areas with larger particles. These
are the largest collections of residual particles that were
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FIGURE 5 A, Patterns of three XRD reflections of a MeOH

sample (M2) and two samples with identical gas flows, but carboxylic
acids added to the solvent mixture (MP and ME1), and B, optical
micrographs with recorded Raman spectra from the sample with
butanoic acid. The pattern of M2 was slightly scaled down to fit the
intensities of the other samples to better emphasize the disappearance
of the hematite peaks

found in the samples in question. As the amount of EHA
in the precursor solution increased, the primary particle
size in the fine mode also increased. Simultaneously, the
amount and the size of the residual particles decreased.
These two processes counteracting each other makes sense,
because the elimination of the residual mode increases the
amount of evaporated precursor in the flame, which then
leads to enhanced condensation and growing particle size.
Figure 7 shows the dgy values calculated from the TEM
images values as a function of HOC of the corresponding
precursor solution, which turned out to be a better indicator
than @ in this case.

The blue dots in Figure 7, referring to EHA samples, fall
quite well on a straight line, but the one data point with pro-
panoic acid seems to be an outlier. This is presumably caused
by the different chemistry between the two carboxylic acids.
Now, the equivalence ratio does not change much and the in-
crease in the primary particle size stems from the elimination

&Science

of residual particles. Based on TEM images, the 50 vol-%
substitution with the two shorter-chained carboxylic acids
still led to formation of a significant amount of larger parti-
cles, as with alcohol samples. The same thing also happened
with 5 vol-% substitution with EHA, but as the fraction of
EHA in the solvent mixture was raised, less residual parti-
cles were found, and at 30 vol-% they seemed to be mostly
gone. As was mentioned before, the average crystallite sizes
are not reliable due to poor refinement, but the significantly
lower values for the samples with 15, 30, and 50 vol-% of
EHA in the precursor solution compared to others (12.7, 8.6,
and 11.5 nm, respectively) indicate a lower amount of large
particles. The mechanism of residual reduction behind the in-
creasing addition of EHA could be studied by testing if the
same effect can be achieved by adjusting the gas flows for
solutions with lower EHA content.

Strobel and Pratsinis®® produced homogeneous nanopar-
ticles from metal nitrates by adding carboxylic acids to the
solution, but our results indicate that this does not always lead
to the elimination of the residual mode, but it rather turns the
hematite phase into maghemite. The reason for this is still
uncertain. They suggested that nitrates could be converted
into carboxylates at elevated temperatures in the presence of
carboxylic acids. Also, Chiarello et al®? stated that fast heat-
ing would lead to the formation of metal complexes when
using metal nitrates. It is possible that carboxylic acids turn
the iron nitrate into a metal complex that has no formation
route to hematite in flame conditions, even with high oxygen
concentrations. We did not find studies that would confirm
this in FSP synthesis, though. There is research regarding
chemical synthesis of iron oxide nanoparticles that introduce
various chemicals to turn iron nitrate into other intermedi-
ate precursors. Habibi and Kiani®* turned iron nitrate into
iron(III) citrate by reacting it with citric acid, iron(III) acetate
by reacting it with ammonium acetate and iron(IIl) oxalate
by reacting it with oxalic acid. This kind of reactions, if fast
enough, could happen in the flame, and lead to various reac-
tion routes into the final product.

Meierhofer et al®* produced Li,TisO;, particles from
different precursor/solvent combinations. The highest qual-
ity particles were obtained from solutions containing EHA.
They stated that for titanium isopropoxide, EHA could pre-
vent hydrolysis/condensation reactions. If hydrolysis is the
reason for the presence of hematite phase, similar effect with
iron nitrate could explain this. They also observed in single
droplet experiments that addition of EHA led to earlier mi-
croexplosions of precursor solution droplets promoted the
release of the precursors into the gas phase. These two effect
could at least in part be responsible for the decrease in resid-
ual particle size and number.

Grigorie et al® produced hematite and maghemite from
iron(Ill) nitrate by thermal decomposition. They mixed
the precursor with various amounts of polyethylene glycol
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FIGURE 6 TEM images of samples with different volume fractions of MeOH substituted with EHA. The top row represents the majority of
the sample areas, whereas the bottom row shows the largest collection of residual particles found on the samples
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FIGURE 7 The average primary particle sizes calculated from
TEM images for carboxylic acid-containing samples as a function

of the heat of combustion for the precursor solution. The blue dots
refer to samples containing increasing amount of EHA and the red
square contained 50 vol-% propanoic acid. The standard deviations are
marked with error bars

(PEG), which worked as a reducing agent. With low PEG
concentration, mostly hematite was formed, but as the con-
centration was raised adequately, it turned into maghemite.
Perhaps carboxylic acids provide a similar reducing environ-
ment in the flame. The conclusions from chemical syntheses
in much lower temperatures and longer times are not directly
applicable to LFS conditions, but they could give a hint of the
actual mechanisms. This should be tested by adding other re-
ducing agents to the precursor solution instead of carboxylic

acids. If this is the reason for the elimination of the hematite
phase, addition of oxidizing agents to the solution could po-
tentially increases the hematite fraction. The incompatibility
of strong oxidizers with flammable solvents presents a chal-
lenge, however.

These results support further the claim that the residual
mode and the hematite phase are not directly linked to each
other, as clearly bimodal particle size distributions were
found for MP, MB, ME1, ME2, and all of the alcohol sam-
ples. It would be interesting to see if using an alcohol with
higher heat of combustion mixed with carboxylic acids
could be used for eliminating the residual mode with a
lower carboxylic acid content. According to Jossen et al®2,
a large ratio of solvent boiling point to precursor melting
point would also promote the production of homogeneous
particles. This would partly explain the differences be-
tween PropA, ButA, and EHA, as their boiling points are
141.5, 163.8, and 288.1°C, respectively, compared with
that of MeOH (64.7°C).

4 | CONCLUSIONS

Iron oxide particles can form in various different crystallo-
graphic phases. We investigated how the phase of iron oxide
nanopatrticles can be controlled in liquid flame spray synthesis
when using iron(III) nitrate as the precursor. We succeeded in
finding process parameters to intentionally adjust the hematite/
maghemite ratio of flame-synthesized iron oxide nanoparticles



SORVALI ET AL.

Intesnational Journal of

Ceramic Engineerin 203

in a systematic way. We are not aware of earlier studies where
the hematite/maghemite ratio has been tuned in a flame-based
method. Therefore, we believe that these results will increase
the potential of cost-effective nitrate precursors for generating
highly dispersed iron oxide nanomaterials.

The solvent composition and the oxygen and hydrogen gas
flow rates were the main parameters studied. All collected
powder samples were found to consist of either maghemite
or a mixture of maghemite and hematite phases, along with
possible amorphous material. In nanoparticle synthesis from
a liquid precursor, unwanted larger residual particles can
form as a result of incomplete evaporation. We were also
interested in the influence of residual particles in the phase
composition.

When different pure alcohols (methanol, ethanol, or iso-
propanol) were used as solvents, equivalence ratio that de-
scribes the amount of oxygen in the flame zone was found to
have a strong correlation with the phase ratio. Oxygen-rich
conditions pushed the ratio toward hematite, whereas ox-
ygen-lean conditions promoted maghemite formation, but
always having both phases present. Even though most of the
particles were very small (2-8 nm), all alcohol samples con-
tained a residual mode that consisted of significantly larger
particles (up to several hundred nanometers). Both particle
modes seemed to consist of a mixture of the two phases. The
equivalence ratio affected the primary particle size of the
dominant fine mode in addition to the phase composition.

Mixing carboxylic acids (propionic acid, butanoic acid,
or 2-ethylhexanoic acid) with methanol in the solvent mix-
ture led to the complete elimination of the hematite phase,
which indicates that the effect of equivalence ratio to the
phase composition is tightly linked to the chemical compo-
sition of the precursor solution. This happened possibly due
to a carboxylic acid-induced conversion of iron nitrate to
an intermediate metal complex that has no formation path
into hematite in the flame conditions, but this could not be
confirmed. When using the two shorter-chained carboxylic
acids with low heat of combustion or a small amount of
2-ethylhexanoic acid, a significant amount of residual par-
ticles formed. The size and the number of residual particles
could, however, be changed by adjusting the mixing ratio
of methanol and 2-ethylhexanoic acid, but simultaneously
leaving possibly amorphous material. As the amount of 2-
ethylhexanoic acid increased in the solvent mixture, simul-
taneously raising its heat of combustion, the residual mode
shrunk. The more complete evaporation of the precursor
solution led to an increase in the primary particle size.

The interplay of all different parameters and the pre-
cursor solution chemistry is not yet fully understood. More
research is needed to understand the impact of different
parameters in controlling the phase of iron oxide parti-
cles in FSP synthesis, while simultaneously ensuring their
homogeneity.
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1 | INTRODUCTION

Abstract

We fabricated iron oxide particles from iron(III) nitrate in a liquid flame spray
synthesis. Unlike in most liquid flame spray studies, we implemented a secondary
oxygen flow. The effect of the gas flow setup and two additives to the precursor
solution, oxalic acid and citric acid, on the resulting particles was studied, with
the focus on crystallographic phase composition. The synthesis yielded either
pure maghemite or maghemite/hematite mixed phase powders. For solutions
without additives, the maghemite fraction was almost linearly dependent on the
equivalence ratio. The specific surface area was highest for the smallest equiva-
lence ratios, then decreased, and increased again for the highest values. Some
variation was observed between samples with equal equivalence ratios but the
total oxygen flow divided differently between the two oxygen channels, a higher
atomization flow promoting larger hematite fraction, and higher specific surface
area. Both additives reduced the amount of hematite in the powder samples, cit-
ric acid being the more efficient one. Citric acid slightly raised the specific surface
area, whereas oxalic acid dropped it in half.

KEYWORDS

iron oxide, liquid flame spray, nanoparticles, synthesis

9,10

and in gas sensors,”® catalysts,” and lithium-ion batter-
jes!12

in the antiferromagnetic hematite (a-Fe,05) phase.

Iron oxide is among the most relevant nanomaterials now-
adays. It is special in the sense that it occurs in different
crystallographic phases that manifest their own proper-
ties. Iron oxide particles are utilized in applications like
biomedicine,"* magnetorheological fluids,>* and mag-
netic resonance imaging>® in the two strongly magnetic
phases, magnetite (Fe;O,) and maghemite (y-Fe,O;),

Other phases, whose potential has been less studied, also
exist.'*'* Because different phases, or even phase mix-
tures, provide varying functionalities, there is interest to
develop methods that offer efficient synthesis with control
over the phase composition.

Different synthesis methods offer their own advan-
tages. Several chemical methods can provide careful

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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control of the particle properties, whereas simplicity, pro-
duction speed, and upscalability are generally regarded
as perks of flame methods. However, the fine tuning and
the controllability of the end product is often challenging
in a flame, where temperatures are high and time scales
extremely short. Liquid flame spray (LFS), a specific type
of flame spray pyrolysis (FSP) method, is in the focus of
this article. Due to the difficulty of studying the very early
stages of particle formation in flame synthesis, more ex-
perimental research is required to discover all the contrib-
uting factors. One of the still unclear parts of the process
is the formation mechanisms of different phases and the
factors that determine the eventual phase composition.
Our goal is to shed a little more light into these processes
through a specific experimental setup.

This study aims to build on the previous paper by
Sorvali et al*® that focused on factors affecting the phase
of iron oxide nanoparticles produced in an LFS synthesis
from iron(III) nitrate. The two main factors studied in the
previous study were as follows: (a) the equivalence ratio
(¢), controlled through adjusting O, and H, gas flows,
when using pure alcohols as solvents, and (b) substituting
part of the alcohol with a carboxylic acid in the precursor
solution. The material primarily consisted of maghemite
and hematite. ¢, meaning the amount of substance ratio
between the oxygen fed to the flame compared to stoi-
chiometric combustion conditions, was observed to have
a strong correlation with the maghemite/hematite ratio.
However, when part of the alcoholic solvent was replaced
with carboxylic acid, the hematite phase disappeared,
and the amount added had an impact on the particle size
distribution.

Here, we switched the burner to another design that
allowed more flexible adjustment of the gas flows, thereby
reaching lower equivalence ratios by enabling higher
amounts of oxygen to be fed into the flame zone. Since the
burner offered more complex flow mechanics, the effect
of varying the flow setup was also inspected. In addition,
we explored the effect of dissolving citric acid (CitA) or
oxalic acid (OxA) as an additive to the precursor solution.
The hypothesis was that these additives could cause the
formation of citrate and oxalate complexes in the flame as
intermediate species, changing the reaction pathways and
possibly impacting the phase composition analogously to
the assumed effect for carboxylic acid.

Liquid feed

t 1t ol o1 @}

@}

2 | EXPERIMENTAL

2.1 | Materials

The precursor used was iron(III) nitrate nonahydrate
(FeN) (Fe(NO5);-9H,0, 98+% (metals basis), Alfa Aesar).
The solvents and the additives used were methanol
(MeOH; EMSURE® ACS, Reag. Ph Eur, Merck), etha-
nol (EtOH) (99.5+%, Altia Oyj), citric acid monohydrate
(99.54+%, Tamro Oyj), and oxalic acid (98%, Alfa Aesar).

2.2 | Nanoparticle synthesis

All samples were produced with LFS, whose basic prin-
ciples are described in the literature."*'® Traditionally
in LFS, a single hydrogen flow and a single oxygen flow
are used to produce a turbulent H,/O, flame, whereinto a
liquid precursor solution is atomized with one of the two
gas flows. Most of the published research utilizing LFS has
been conducted in this sort of a setup and a burner with
only two gas channels. However, we chose another burner
design (earlier referred to as KP burner by Aromaa et al'®)
that has been used in a few recent studies.'** With this
burner, a small additional nitrogen flow is often added
between the other flows to push the flame further from
the burner head, thus keeping it clean.'® We substituted
this nitrogen flow with a secondary oxygen flow.

The burner has four gas channels as depicted in Figure 1,
which makes adjusting the process more flexible compared
to the other burner design with only two channels. With a
single flow, there came a point when the pressure drop grew
too large to increase the flow further, so the only way to raise
the amount of oxygen in the flame zone (in an atmospheric
synthesis process) was through an addition of a secondary
oxygen flow. The choice of the specific gas flow setup will be
addressed in the Results and discussion section.

The atomizing O, flow rate was varied between 5 and
15 slpm, and the secondary O, flow was between 5 and
60 slpm. The H, flow was fixed at 10 slpm, so we will be
referring to the atomizing oxygen flow rate and the total
oxygen flow rate simply by atomization flow (Q,;) and total
flow (Qy)- The iron nitrate precursor concentration was
0.54 M, which translates to 30 mg of Fe atoms per ml of
precursor solution. The concentration was slightly lowered

@ Atomizing O, flow
(@ Empty channel

(® Secondary O, flow
@ H, fuel flow

FIGURE 1
head and the gas flow setup used in the
synthesis

A schematic of the burner
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from the previous study to ensure complete solubility of all
species in every precursor solution. The precursor solution
feed rate was fixed at 2 ml/min, so Q,,; was the variable that
practically defined the equivalence ratio in each case. For
CitA and OxA samples, the additive was dissolved in the
precursor solution after the dissolution of iron nitrate in
methanol. The samples were collected as a powder with an
electrostatic precipitator described by Sorvali et al.’®

2.3 | Atomization measurements

The atomization measurements were performed with a
HiWatch HR2 instrument from Oseir Ltd. The instrument
utilizes localized extinction of a multi-pulse laser beam for
particle detection. Extremely rapid stroboscopic backlight
illumination is used to record spray cross-section images
that are processed in order to calculate droplet diameter and
velocity distributions, among other measures. The working
principle is described in more detail by Koivuluoto et al.**
The measurements were performed with an ethanol feed of
1, 2, and 4 ml/min into a single oxygen flow that was varied
between 3 and 15 slpm. The lower cut size of diameter meas-
urement was between 4 and 5 pm, because the instrument
could not distinguish droplets smaller than that. Ethanol
was chosen instead of methanol for safety reasons.

2.4 | Characterization and sample
preparation

X-ray powder diffraction (XRD; Panalytical Empyrean,
monochromatized CoK, radiation) was used to charac-
terize the crystal structures present in the samples. The
phase compositions were calculated from the XRD data
with Rietveld refinement by BRASS 2 program.** The
crystal structure models used for iron oxide were obtained
from American Mineralogist Crystal Structure Database
(AMCSD) with the codes 0020585 for maghemite (space
group Fd-3m) and 0000143 for hematite (space group R-
3¢), as in the previous study.'

Transmission electron microscope (TEM; JEOL JEM-
F200) was utilized to image particles. The TEM samples
were prepared by dispersing sample powders ultrasonically
in ethanol and dipping a grid in the suspension. Braun-
Emmett-Teller (BET) measurements were performed with
Micromeritics FlowSorb III 2035/2310 in a single-point
mode to assess the specific surface areas (SSA) of the sam-
ple powders. SSA describes the total surface area per mass
unit (m?/g). The values were calculated as averages of
measurements from two distinct samples of each powder,
which together amounted to around 10%-30% of the total

Ceramic EngimeeringJ;3
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powder volume. The measured samples were degassed in
200°C for 2 h.

3 | RESULTS AND DISCUSSION

3.1 | Iron nitrate in pure methanol

In the previous study,15 methanol, ethanol, and isopro-
panol were used as solvents. Since the choice between the
three had a relatively small effect on the phase compo-
sition, we chose methanol for this study, because it was
observed to be the most effective in dissolving additives
and provided the most stable solutions in the long term.

Determining a suitable gas flow setup required some
experimentation. Since the burner has three gas channels
in addition to the atomization channel, the secondary
O, flow and the H, flow could be positioned in several
ways (Figure 1). The secondary O, flow was placed in
the third channel, since using channel 2 led to signifi-
cant accumulation of material onto the burner head. This
was most likely due to swirling flows directed toward the
liquid channel. When it was placed further from the lig-
uid channel, the swirls weakened, greatly decreasing the
accumulation. Placing the hydrogen flow between the two
oxygen flows also had a similar fouling effect than using
channel 2 for oxygen. The burning would initiate earlier,
again leading to material accumulation, so it was put in
the outermost channel.

The starting point of this study was reaching for lower
@ values than previously by modifying the setup to allow
feeding higher amounts of oxygen into the flame zone.
Due to the complex flow mechanics resulting from the
additional O, flow, we also wanted to study how the
division of the total flow between the two channels affects
the process and the end product. In theory, adjusting the
flow division should impact the local flame temperatures,
turbulence, and the residence time of the particles in the
flame.

We initially chose three different atomization flows
(Qy = 5, 10, 15 slpm) and total flows (Q,,; = 20, 35,
65 slpm). A total of 11 samples were produced: three sam-
ples per each total flow and atomization flow (3 X 3 sam-
ples), plus two extra samples (Q,,; = 45, 55 slpm) for the
10 slpm atomization flow. With this setup, a ¢ range of
0.10-0.33 was achieved, and therefore, we continued down
from where we left off in the previous study (0.32-1.76).
Figure 2 shows the calculated weight fraction of ma-
ghemite (the rest was hematite) as a function of ¢, along-
side the results from the previous study," obtained with
another burner design. The Rietveld plots and refinement
parameters are presented in Figures S1-S4 and Table S1.
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FIGURE 2 The maghemite fraction of the sample powders as a
function of equivalence ratio. The results obtained in the previous
study for another burner are plotted in grey for comparison. The
total oxygen flows (Q,,,) are marked for the three ¢ values (0.10,
0.19 and 0.33), where Q, was varied, but Q,,, kept constant

Just like before, the equivalence ratio had a strong
correlation with the maghemite/hematite weight ratio.
However, there are two clear differences to the previous
results: the shape of the curve for higher equivalence ratios
and the position of the curve on the ¢ axis. With the other
burner, we covered a wide ¢ range. In the low end, the
relationship seemed quite linear, but as we moved to an
equivalence ratio of roughly 0.5, the curve started to flatten
out, and eventually saturated at around 90% maghemite
fraction. This saturation was hypothesized to be caused
by oxygen diffusion from the surrounding air as the flame
conditions became very anoxic. Now that we only moved
in very low equivalence ratios, the relationship remained
fairly linear for the whole range, and no saturation was ob-
served. Maybe the additional oxygen flow helped keep the
flame zone atmosphere better controlled.

Switching the burner and the flow setup surprisingly
shifted the curve toward lower ¢ values. The same equiv-
alence ratio of 0.32-0.33 that earlier produced around
50/50 phase ratio resulted in even pure maghemite (for
Q,¢ = 5 slpm), which could not be reached at all with the
other burner. This shift made a wider range of phase com-
positions available in both directions. If we assume that
the 25% reduction in precursor concentration did not play
a significant role here, the differing flow setup should be
the reason for the discrepancy. The change in the experi-
mental setup could lead to differences in the temperature
field, which might be one of the key factors explaining the
shift of the curve. Temperatures, in any case, are expected
to decrease with ¢, as the oxygen flow increases. Another
difference separating this study from the previous one is
the way ¢ was varied. The low ¢ range allowed it to be

controlled simply by adjusting the oxygen flows, whereas
the hydrogen flow needed to be changed in order to reach
higher equivalence ratios. It would be interesting to exper-
iment if the curve remained identical, if the equivalence
ratio was controlled by adjusting the hydrogen flow also
with this burner.

Even though the phase composition does not seem to
be very sensitive to how the total flow is divided between
the two oxygen channels, some differences in the phase
composition among the three atomization flows are
observable. For the 65 slpm total flow, the phase ratio
was roughly the same for all three atomization flows, but
the difference grew as the total flow was lowered. For the
35 and 20 slpm total flows, the highest atomization flow
resulted in the highest amount of hematite. If a linear
fit was made separately for each atomization flow, the
slope would decrease with a growing atomization flow.
Therefore, the correlation between ¢ and the phase ratio
was slightly stronger for lower atomization flows.

We were also interested in other properties of the pro-
duced particles, so let us next take a look at how the SSA
correlates with the phase composition. Figure 3 presents
the BET results from two perspectives. Figure 3A portrays
SSA as a function of Q,, for different atomization flows
and Figure 3B as a function of Q,, for different total flows.

The BET results are not straightforward to interpret
against the Rietveld results. The SSA values varied between
29 and 87 m*/g, which correspond to calculated average par-
ticle sizes of around 39 and 13 nm, respectively. The highest
average SSA values were attained with the lowest total flow
of 20 slpm. When Q,,; was increased to 35 slpm, the SSA
dropped for every Q,,. We assume this to principally signal
an increase in the residual particle volume. Simultaneously,
a significant increase in the hematite fraction occurred. For
the 10 slpm atomization flow, the SSA slightly decreases
further with the raising of the secondary oxygen flow by
10 and 20 slpm, but much less dramatically compared to
the first increment. However, for the highest total flow of
65 slpm, the SSA jumped up for all atomization flows. Since
the hematite fraction grew continuously with increasing ¢,
SSA does not unequivocally correlate with it.

As Figure 3B exhibits, SSA values increased on aver-
age, when a larger portion of the total flow was shifted to
the atomization channel. However, the 65 slpm total flow
seems to be a special case also in this sense, since similarly
to the hematite fraction, the SSA was practically indepen-
dent of Q,,. For the two lower total flows, the higher he-
matite fraction correlated with a higher SSA.

Because the SSA strongly depends on particle mor-
phology in addition to the size distribution, the BET
results should be inspected in conjunction with TEM
images. The particles could generally be divided into two
modes: ultrafine primary particles (PP) and larger residual
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particles (RP). The PP mode consisted of quite a narrow
distribution of particles below 10 nm that covered most
of the TEM sample areas, excluding the 65 slpm samples.
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Figure 4 shows TEM images of PPs from 20 slpm samples
as a function of atomization flow. The average particle
sizes were calculated by picking random areas dominated
by the PP mode and measuring all discernible particles,
amounting to a few hundred particles per sample. The
average PP sizes were not calculated for other samples,
since the individual particles became too difficult to dis-
tinguish, especially for higher total flows. Some examples
of these are presented in Figure S5.

The PP size for 20 slpm samples ranged mostly from 3
to 7 nm. As the atomization flow increased, the particle
size decreased. A somewhat similar trend was observed
for 35 slpm samples, which implies that a higher atomi-
zation flow promotes a smaller PP size. This variation in
the average PP size is probably one of the main factors ex-
plaining the differences in SSA between the different at-
omization flows, depicted in Figure 3B. However, all the
calculated BET particle sizes are clearly greater than those
calculated for the PP mode, so all samples most likely con-
tain residual particles.

The RP mode should have a more pronounced effect on
the SSA compared to the PP mode, since large particles raise
it even in relatively small numbers. We assume increasing
the total flow from 20 to 35 slpm caused an increase in
the RP mode volume, thus lowering the SSA values, but
for the higher total flows, the situation becomes trickier.
As total flow increased to 45 and 55 slpm, the SSA values
still decreased slightly, but with 65 slpm, they jumped up.
The relatively high SSA of around 60 m*/g, which applied
to every 65 slpm sample, implies that most of the powder
would consist of primary particles. However, all the TEM
images point to a different direction, as the sample areas
were dominated by residual particles. Figure 5 shows
some TEM images of samples with 10 slpm atomization
flow. More TEM images of 65 slpm samples are shown in
Figure Se.

FIGURE 4 TEM images of primary & g
particles from samples with total o0 R
= O F
oxygen flow of 20 slpm. The average o N
primary particles sizes were calculated << : L
Q“ 1

arithmetically from a random area in the
micrographs, and the error bars refer to
standard deviations

10
Qu (slpm)
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FIGURE 5 Transmission electron microscope images of
residual particles in samples with 10 slpm atomization flow

It seems that as the total flow was raised, the num-
ber of irregularly shaped and hollow particles increased.
Since hollow particles are often formed due to uneven
evaporation, the temperature drop resulting from larger
oxygen flow would understandably increase their num-
ber. For the 65 slpm samples, the PP mode seemed very
scarce and hollow RPs dominated. We did not find many
residual particles in the original 20 slpm TEM samples,
but test samples heat-treated in 200 and 400°C revealed
a RP mode with solid particles dominating (Figure S7).
Presumably, the heat treatment should not have a great
impact on the residual particle morphology. In other
words, hollow particles remain hollow. We assume this
increase of hollow particles to raise the SSA values, since
hollow particles have a low effective density compared
to solid particles. TEM imaging only covers a very small
portion of the total sample volume, so this hypothesis
cannot be completely verified. However, if this con-
clusion is correct, the hematite fraction could be more
tightly linked to the number of hollow particles rather
than residual particles, the PP mode consisting of pri-
marily maghemite. This would also explain why no clear
differences are observed between the widths of the XRD
peaks corresponding to maghemite and hematite, be-
cause the shell of hollow particles could only contain rel-
atively small crystallites.

To try to understand where the differences between the
samples arise, we should examine the atomization and the
flame structure. One of the main reasons for the discrep-
ancies between the samples with the same total flow but

110 - - - -
100} Qq (slpm):| |
——s
~ =w=10
g 90f —a—15 | ]
= sof 1
£ 70t ]
=2
Q 3 4
= 60
<
= 50} 4
40} ]
20 30 40 50 60
Qo (slpm)

FIGURE 6 Flame length as a function of total flow for
different atomization flows

differing atomization flows could emerge from the vary-
ing flame lengths. Even though the theoretical ¢ was con-
stant, the flame length did not correlate with it linearly, as
has been stated for FSP by Mzdler et al.>® This relationship
seems to be very dependent on the experimental setup.
Figure 6 shows the measured flame lengths for the three
total flow combinations.

For the highest total flow, the flames were very short
for all cases, which was expected in very oxic conditions.
However, at lower total flows, the flame length became
strongly dependent on the flow division. Growing atomi-
zation flow presumably increases turbulence in the flame
zone, leading to flame contraction. The differences in
average PP size observed between the different atomiza-
tion flows probably stem from this phenomenon, since a
shorter flame promotes a shorter residence time, and thus
a lower PP size. Flame contraction also causes steeper
temperature gradients compared to long flames. Short res-
idence times and rapid quenching have been observed to
be some of the governing factors in the phase formation of
titanium oxide in FSP,***’ so they could promote hematite
formation.

When estimating the residence time, the particle veloc-
ity also needs to be taken into account. We can use the
atomization measurements to help examine the situation.
Figure 7 shows the measured mean droplet velocities and
diameters as a function of atomization flow for three dif-
ferent ethanol feed rates. The data point referring to drop-
let velocity at 1 ml/min feed rate and 3 slpm atomization
flow was assumed to be a measurement error.

The droplet velocity behaved quite interestingly.
With low atomization flows, the velocity increased as
the flow was raised, but at around 6-7 slpm the velocity
peaked, and the turbulence presumably started to take



SORVALI ET AL.

International i Journal of

Ceramic Engineerinng

L
o0

Liquid feed rate (ml/min):
e ] v 2 =4

n
v

"
—_
(=)}

=

on

211

"
—
N9

]
(=]

20

Mean droplet diameter (um)

Mean droplet velocity (m/s)
o

18} e . e
| §
Y v
| el
17 : ; -
3 6 9 12 15
Q, (slpm)

FIGURE 7 Measured mean droplet diameter and velocity as a
function of Q,, for three different feed rates of ethanol. The graph is
divided into two parts referring to different y-axes

over. From there on, the velocity decreased quite lin-
early until 12-13 slpm. This means that even though the
velocity of the gas emerging from the burner head the-
oretically grows when the atomization flow increases,
the residence time of the particles in the flame does not
necessarily drop as dramatically. This might allow most
of the precursor still to evaporate and form nanoparti-
cles with 15 slpm atomization flow, although the flame
is very short.

As expected, the mean droplet size decreased with the
increasing atomization flow. The data points for the high-
est atomization flows are most likely a bit overestimated
due to the 4-5 pm lower cut point of the instrument, since
more sub-5 um particles are generated. The decrease in
average droplet size also means that the residual particles
with 15 slpm atomization flow are likely smaller on aver-
age compared to the lower flow rates, which should also
contribute to their highest SSA values.

TABLE 1 The additive-to-precursor
ratios for mass (R,,) and amount of

substance (R,), the weight fractions of Sample
each phase, and SSA values for different Only MeOH
samples with oxalic acid or citric acid as OxA 1
an additive. OxA 2

CitA 1

CitA 2

CitA 3

&Science

3.2 | Addition of citric acid and
oxalic acid

The effect of citric acid and oxalic acid as additives was
studied by dissolving various amounts of them in the pre-
cursor solution, while keeping other parameters fixed.
The “middle point” parameters of 10 slpm atomizing flow
and 35 slpm total flow were chosen for all the samples.
The additive-to-precursor ratios with respect to mass
(R,) and amount of substance (R,) for different sam-
ples are presented in Table 1 with the calculated phase
compositions and measured SSA values. Figure 8 shows
the XRD patterns of the different samples with the most
important peaks referring to maghemite (y) and hematite
() marked. The Rietveld plots and refinement parameters
are presented in Figures S8 and S9 and Table S2.

Both additives dramatically decreased the amount of
hematite that was otherwise formed. CitA was clearly the
more efficient of the two additives in this respect, since
30% of the mass (around 60% of the amount of substance)
of iron nitrate was adequate to eliminate basically the
whole hematite phase, and already half of that amount
erased most of it. Since no samples with lower amounts
of CitA were prepared, we do not know how very small
additions would behave. Much more OxA was required
to eliminate the hematite phase, and even double the
amount of substance compared to iron nitrate still left
a noticeable (although barely) fraction in the sample.
However, we are not aware whether a further increase in
the amount of OxA would yield the same result as a lower
amount of CitA. This difference could maybe be explained
by inspecting the two molecules. CitA, having three car-
boxyl groups instead of two, and an additional OH group,
would be assumed to have increased steric hindrance and
be more prone to forming complexes than OxA. Therefore,
a lower amount could provide the same effect.

The SSA results make an interesting distinction
between the two additives. While the CitA addition, with
all tested amounts, slightly increased the SSA, OxA addi-
tion dropped it to almost half of the additive-free precur-
sor solution. There were no clearly observable differences
in the PP size (shown in Figure S10), so the difference

Maghemite Hematite SSA

R, R, fraction (%) fraction (%) (m?/g)

0 57.7 42.3 48
0.12 0.55 76.2 23.8 29
0.46 2.05 95.5 4.5 25
0.15 0.30 93.5 6.5 51
0.30 0.58 99.3 0.7 55
1.00 1.92 99.5 0.5 55
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FIGURE 8 The XRD patterns of samples with the added oxalic
acid or citric acid in the precursor solution. The growing number in
the sample names refer to increasing amount of the additive. The
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most likely comes from larger particles. One possibility is
that there are more hollow residual particles in the sam-
ple without additives, and the OxA addition reduces their
number, simultaneously increasing the number of solid re-
sidual particles. Another possibility could be an additional
mid-sized particle mode that seemed to be especially prev-
alent in the OxA 2 sample (Figure S11). The TEM sample
showed an evenly spread collection of nanoparticles in the
size range of about 10-50 nm. The origin of these particles
is unknown, but they could explain the drop in SSA. The
different types of intermediate complexes formed by the
two additives could also have an effect here.

The results for CitA and OxA cannot be directly com-
pared to the results for carboxylic acid addition in the
previous study,' because the experimental setup was dif-
ferent, and the precursor concentration a little bit higher.
What makes the two situations somewhat comparable,
though, is that the chosen parameters with pure methanol
as the solvent produced very similar phase compositions
in both cases (42.3% vs 44.6% of hematite). Already the
lowest amount (5 vol-% of the solvent mixture) of added
2-ethyl hexanoic acid (EHA), which translates to R, and
R, values of 0.13 and 0.36, caused a complete elimination

of hematite. A further EHA addition seemed to reduce
the RP mode, possibly due to the raised heat of combus-
tion (HOC) of the precursor solution. EHA, as a solvent
that has a significantly higher HOC than methanol, is a
different type of additive compared to CitA and OxA that
need to be dissolved and have lower HOC values per vol-
ume than methanol. The EHA substitution changed the
particle distribution when increased in volume, while
increasing the amount of CitA seemed to only have a very
slight effect. Also, CitA can only be dissolved in limited
amounts. On the positive side, it is quite a safe and readily
accessible chemical, so it could be useful, if another way
to eliminate residual particles would be discovered.

We are not aware of other flame synthesis studies per-
formed with similar precursor solutions to ours, but there
are some studies conducted with different synthesis meth-
ods from iron citrate, and also with CitA and OxA added to
an iron precursor. In a reasonably low temperature (max
250°C) sol-gel synthesis, pure maghemite was obtained,
when FeN-CitA mixture was used as the precursor.® A
heat treatment of iron citrate at 500°C also resulted in
pure maghemite.29 The two studies that reported synthe-
sis of pure hematite from FeN-CitA mixture, both had a
calcination period of 4-6 h at 600°C in the end.***! Since
they performed no analyses before the calcination, we
cannot be certain what kind of a phase composition was
formed before it. Maghemite has been observed to trans-
form into hematite at around 600°C.*? Based on this litera-
ture, maghemite would likely be the more expected phase
to be obtained with CitA, since LFS synthesis happens in
a very short time period. However, chemical processes at
high temperatures and short times are difficult to predict.

The results with OxA were more unexpected, because
the literature we found on syntheses utilizing it resulted
in hematite particles. Sol-gel and thermal decomposition
syntheses from FeN-OxA mixtures have been performed at
400°C, resulting in pure hematite.**** A chemical synthesis
at 250-450°C from a FeN-OxA mixtures,”® and thermolysis
at 155°C,> both also resulted in pure hematite. These stud-
ies did not involve a calcination period at a high tempera-
ture, so a transformation from maghemite to hematite was
very unlikely. Considering this literature, hematite would
have been the more expected phase. The short times at high
temperatures in flame synthesis, however, seem to change
the process to yield mostly maghemite.

4 | CONCLUSIONS

We studied the underlying factors that determine the
phase formation of iron oxide particles produced from
iron nitrate in LFS synthesis. We continued from our
previous paper'® where another burner was used. The
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previously used burner with a single oxygen flow and a
single hydrogen flow was replaced with another burner
that enabled adding a secondary oxygen flow between
the atomizing flow and the hydrogen flow. This allowed
us to explore how the process behaves in extremely low
equivalence ratios (0.10-0.33), compared to what we
studied before (0.32-1.76). We also studied how divid-
ing the total oxygen flow differently between the two
gas channels affected the iron oxide particles, when the
equivalence ratio remained constant. The second part
of the study focused on the effect of adding citric acid
or oxalic acid to the precursor solution, while other pa-
rameters were kept constant. Phase control of iron oxide
has previously been studied for at least atmospheric
chemical vapor synthesis,”” and FSP synthesis in a con-
trolled atmosphere,*®**® where the burner is in a some-
how enclosed space, but not in an open flame synthesis
process. The effect of using different precursor-solvent
combinations on the phase composition of Li,Ti;O,, in
FSP synthesis has been studied.*® Also, EHA has earlier
been added to iron nitrate solution,** but not from the
perspective of the phase composition.

All sample powders consisted of maghemite or a mix-
ture of maghemite and hematite. The maghemite frac-
tion correlated quite linearly with the equivalence ratio
through the whole range, varying from around 14% to
100%. In the previous study, the maghemite fraction sat-
urated at around 90% when ¢ was raised. The curve was
also clearly shifted toward lower ¢ values compared to
the results with the other burner. The equivalence ratio
of ca. 0.32 that earlier resulted in roughly 50/50 phase
ratio produced even pure maghemite. This indicates
that the correlation between ¢ and the maghemite frac-
tion is strongly dependent on the experimental setup.
The specific surface area did not correlate with ¢ in a
simple manner. The highest SSA values were obtained
with the lowest ¢, then decreasing, but jumping up for
the highest ¢. This phenomenon might have been con-
nected to the residual particle morphology. The number
of hollow particles seemed to increase with ¢, which
would explain relatively high SSA values for the largest
total oxygen flow.

Some variation was observed between the samples
with a constant equivalence ratio but differing oxygen
flow division. A larger atomization flow promoted a
higher hematite fraction and SSA. The higher SSA was
likely connected to the decreasing primary particle size
and the higher hematite fraction possibly to flame con-
traction. However, ¢ was still the main factor determining
the phase composition.

Adding both oxalic acid and citric acid lowered the he-
matite fraction in the samples. Citric acid was more effi-
cient than the two, requiring a smaller amount to produce

&Science

pure maghemite. Oxalic acid addition significantly low-
ered the SSA compared to a pure methanol sample,
whereas citric acid slightly increased it. The lowering of
the SSA for oxalic acid was possibly due to the formation
of a mid-sized particle mode in the size range of 10-50 nm.

We believe that this study provided valuable knowl-
edge on the factors that govern phase formation of iron
oxide particles in FSP synthesis, but a lot more research
is needed to fully grasp the whole process. Especially, the
nucleation mechanisms of different phases and the way
the precursor chemistry affects the process remain far
from complete understanding.
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Abstract

In this study we have used liquid flame spray (LFS) process to synthetize y-Fe,O3 nanoparticles
of two different average sizes. Different sized nanoparticles were generated with two different
liquid precursor feed rates in the spray process, higher feed rate resulting in larger nanoparticles
with higher saturation magnetization. The nanoparticles were used in bidisperse
magnetorheological fluids to substitute 5% of the micron sized carbonyl iron particles. To our
knowledge this is the first time particles synthetized by the LFS method have been used in
magnetorheological fluids. The bidisperse fluids showed significantly improved sedimentation
stability compared to a monodisperse suspension with the same solid concentration. The tradeoff
was an increased viscosity without magnetic field. The effect of the nanoparticles on the
rheological properties under external magnetic field was modest. Finally, the dynamic oscillatory
testing was used to evaluate the structural changes in the fluids under magnetic field. The
addition of nanoparticles decreased the elastic portion of the deformation and increased the
viscous portion.

Keywords: magnetorheology, maghemite, bidisperse, flame spray pyrolysis, nanoparticle,
sedimentation

(Some figures may appear in colour only in the online journal)

1. Introduction When the MR fluid is exposed to an external magnetic field,
the particles form columnar structures in the direction of the
field lines that resist the flow [1-3]. Since the carrier fluid and

the particles have a large density mismatch, the particles tend

Magnetorheological (MR) fluids are so-called smart materials
that change their properties by external stimuli. With MR

fluids the stimulus is an external magnetic field that induces a
reversible transition from liquid- to solid-like behavior. The
MR fluids are generally composed of spherical magnetic
particles that are suspended in non-magnetic carrier fluid.

0964-1726/17/095004+10$33.00

to descend in the fluid over time. This sedimentation is pro-
blematic, since it can reduce the MR response, that is the
change in rheological properties by magnetic field, or even
prevent it completely. The redispersion of the particles may

© 2017 IOP Publishing Ltd  Printed in the UK
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also be difficult after sedimentation if they form a hard cake at
the bottom. There are several ways how the sedimentation
may be hindered. A conventional way is the usage of sur-
factants and thixotropic agents. Thixotropic agents function
by forming structures in the carrier fluid at small shear rates
that increase fluids viscosity and slow down the sedimenta-
tion. The structures break down when the shear rate increases.
The surfactants function by steric repulsion. They are typi-
cally short molecule chains that can adhere on the particle
surface from one end while the other is stretching out and
preventing a direct contact with neighboring particles [4]. A
more recent approach to reduce sedimentation is the usage of
nanoparticles.

Suspensions that contain only well dispersed nano-
particles do not settle at all; thermal convection in the fluid
creates thermodynamic forces that counteract gravitational
forces causing the sedimentation. Ferrofluids that contain
magnetic nanoparticles, surfactant and carrier fluid are stable
against agglomeration and sedimentation, but have sig-
nificantly lower MR response than conventional MR fluids
with micron-sized particles [2, 5]. It has been shown in
number of studies that addition of a low amount of nano-
particles with larger particles may reduce the sedimentation
rate of the whole suspension without sacrificing the MR
response [5—13]. When the nanoparticle concentration is kept
small, the MR response remains at a satisfactory level or may
even improve [6-9]. The nanoparticles in these so-called
bidisperse fluids have most often been magnetite (Fe;O,4) due
to its availability, well known synthetization and magnetic
properties [5, 10—13]. Another magnetic iron oxide is the
maghemite (y-Fe,O3;) which has quite similar magnetic
properties to Fe;O,. Both have an inverse spinel structure, but
~v-Fe,05 has only Fe3" iron cations whereas Fe;0,4 has both
Fe®" and Fe?". Also, 4-Fe,Oj3 has a better chemical stability
than Fe;0, and is more versatile as the particle morphologies
may vary from spheres to ellipsoids over a wide size range
from 2 to 1000 nm depending on how the particle is synthe-
tized [14].

In the literature several synthetization routes both in
liquid and gas phase have been presented. Thermal aerosol
techniques offer a potential to generate spherical nano-
particles via a dry industrial process [15] and especially flame
methods are considered optional for up-scaling [16]. The
particles synthetized with these techniques tend to form
aggregates, which are primary particles fused together with
strong chemical or sintering forces [17]. In flame spray pyr-
olysis (FSP) liquid precursors are sprayed into the flame. In a
specific FSP-method, liquid flame spray (LFS), hydrogen and
oxygen act as atomizing and combustion gases [18]. Major
advantage of the LFS process is the broad spectrum of metal
or metal oxide nanoparticles, which can be created using
different liquid precursors. The method is suitable for one- or
multi-component nanoparticle synthesis [19]. Injected metal
salt or organometallic precursor evaporates in the flame: the
evaporated precursor molecules can react chemically or
decompose thermally, then nucleate and re-condense in
nanoparticle form of the final material [20].

In the present study we use 7-Fe,O3 nanoparticles, syn-
thetized by LFS process, together with micron-sized carbonyl
iron (CI) particles to prepare bidisperse MR fluids with
improved sedimentation stability. The nanoparticles were
characterized by transmission electron microscopy (TEM),
x-ray diffraction (XRD), Raman spectroscopy and SQUID
magnetometry. The sedimentation stability of the MR fluids
was studied by optical tracking of the interface between the
clear carrier fluid and the particle suspension that formed in
the fluids over time. The rheological characteristics of the
fluids were examined with (on-state) and without magnetic
field (off-state) via rotational rheometer.

2. Experimental

2.1. Materials

Three MR fluids were prepared with a total particle volume
concentration ¢ of 0.15. One MR fluid was monodisperse
containing only micron-sized CI particles (BASF, HQ) while
in the others 5% of the total particle concentration was sub-
stituted with ~-Fe,O3 particles. The fraction of the nano-
particles was kept low since the fluids became too thick with
higher concentrations. The substitution was done based on the
volume fractions since the magnitude of the magnetorheolo-
gical effect depends on the volume concentration of the
magnetic particles [21]. Rhodorsil 47 v 50 silicone oil was
used in all MR fluids as the carrier fluid. It has a viscosity of
48 + 2.4mPas and a density of O.96gcm’3. Two weight
percent of lecithin was added to all MR fluids, since the
magnetic nanoparticles need stabilization against agglomera-
tion, as they possess a permanent magnetic moment. The
lecithin has been used as a surfactant to improve dispersion
stability of similar type of magnetic nanoparticles in silicone
oil before [7]. The lecithin was added also into the MR fluid
without nanoparticles to make sure that it is not causing the
differences in sedimentation behavior and rheological prop-
erties between mono- and bidisperse fluids.

2.2. Synthetization of v-Fe,O3 nanoparticles

The ~-Fe,O3 nanoparticles were synthesized by LFS-method
where hydrogen and oxygen act as atomizing and combustion
gases. Gas flow rates in the flame for hydrogen and oxygen
were 40 1min~' and 201 min~", respectively. The precursor
for the Fe,O5; was ferrocene (Fe(CsHs),, Alfa Aesar 99%)
dissolved in xylene (VWR, technical grade), with metallic
concentration of 29 mg(Fe)/ml. Ferrocene was chosen as the
precursor compound since it has relatively high volatility and
therefore it is not expected to produce undesired hematite
residual particles, which would decrease the magnetic prop-
erties of the iron oxide nanopowder. Precursor feed rates were
3.0 and 8.3 ml min~" for samples Nanol and Nano2 respec-
tively. The aerosol nanoparticles were collected from the gas
flow by a simple planar electrostatic precipitator (ESP) placed
downstream of the flame. In the ESP, there are two steel
plates with a distance of approximately 60 mm and the
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Figure 1. The LFS-process with ESP aerosol nanoparticle collector.

voltage between the plates is 20-30 kV. Distance between the
burner and the plates was 380 mm. On the negative plate,
there are corona needles to charge the particles. The collection
plate is grounded. The LFS-process with ESP aerosol nano-
particle collector is illustrated in figure 1. The powder was
finally gathered from the ESP collection plate using a special
peeling tool, suitable for the nanoparticle collection. LFS-
synthesized iron oxide nanoparticles are mainly in y-Fe,O3
form [22].

2.3. Characterization of nanoparticles

TEM images of the nanoparticle were obtained to study the
size, shape and agglomeration of the particles. The samples
were prepared by mixing small fractions of nanoparticles with
ethyl alcohol, pouring mixture on the TEM grid and letting
the alcohol evaporate. The images were acquired using a
JEOL JEM 2010 operating at accelerating voltage of 200 kV.
The x-ray powder diffraction and Raman spectroscopy were
used to study the composition of the iron oxides. The XRD
measurements were done with Panalytical Empyrean Multi-
purpose  Diffractometer using Cu Ka  radiation
() = 1.5405 A) and 45kV and 40 mA cathode voltage and
current, respectively. Raman spectra were measured with a
Andor Shamrock 303 spectrometer and Andor Newton 940P
cooled CCD detector. The wavelength of the excitation laser
was 532 nm. Low laser power level was used to study iron
oxides to avoid the heating of the sample that may cause
structural phase conversions [23]. The magnetic measure-
ments were made with a Quantum Design MPMS XL SQUID
magnetometer. The virgin magnetizations as functions of the
external magnetic field B and magnetic hysteresis curves at
—25T < B < 25T were recorded at temperatures of 10
and 300 K.

21mm

o]
a) b)

Figure 2. The concentric cylinder (a) and the plate—plate geometry
(b) used to measure the off- and on-state properties, respectively.

2.4. Preparation of MR fluids

The MR fluids were prepared with a combination of sonica-
tion and mechanical mixing. Sonication was used since it has
been proven to be an effective way to break down nano-
particle agglomerates, which are formed from the primary
particles and aggregates by weak physical forces [24]. The
aggregates generally have such strong bonds that they are not
fragmented during sonication. Nanoparticles were first mixed
with silicone oil and lecithin by the sonicator (Qsonica,
Q700). The sonication was done in cycles where the sus-
pension was sonicated for 10 s at 75% amplitude and then let
rest for 30s to avoid overheating. The total sonication time
was 30 min. The mixing pot was cooled from outside with
3 °C liquid circulation. After sonication, the CI particles were
added to the suspension and mechanical mixing was main-
tained at 2000 rpm for 30 min.

2.5. Characterization of MR fluids

The rheological properties of the MR fluids were studied with
Anton Paar MCR301 rotational rheometer. MR fluids are
desired to have a low viscosity without magnetic field (off-
state) and strong increase in rheological properties with the
magnetic field (on-state) causing high relative change in the
properties or high MR response. Therefore, the measurements
were done in both the on- and the off-state.

The CC17 concentric cylinder geometry illustrated in
figure 2(a) was used for the off-state measurements since it
offers a good sensitivity when measuring low-viscosity fluids.
The geometry consists of a rotating inner cylinder and a
stationary outer cylinder leaving 0.71 mm wide annular gap
between them where the sample is confined. The viscosity
curves were measured with constant shear rate tests that had
two phases: the shear rate was first increased logarithmically
from 0.01 to 1000 1 s~} (up curve) and then decreased back to
0.01 15! (down curve).

The on-state rheological properties were measured with
MRD180/1T magneto-cell illustrated in figure 2(b). It applies
21 mm plate—plate geometry with a stationary bottom plate
and a rotating top plate. Both plates were custom made from
aluminum and had roughened surfaces to avoid wall slip
which can cause error to the measured values [25]. The
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Figure 3. (a) A digital image of the test tubes where the scanned area is marked by a red box and the detected interface by a green dashed line.

(b) The gradient in the grayscale values at the interface.

sample was confined in a 0.5 mm wide gap between the
plates. The magneto-cell generates vertical and fairly uniform
magnetic field that passes through the gap [25, 26]. The
magnetic field strength was estimated by measuring the
magnetic flux density from the channel underneath the bottom
plate with a Hall probe. The temperature of the cell was held
at 30 °C during the measurements with a circulating water
bath. Two classes of on-state tests were done for the fluids:
constant shear rate tests to determine the flow curves and
oscillatory tests to study the viscoelastic characteristics and to
evaluate the microstructure of the fluids. The flow curves
were measured by increasing the shear rate logarithmically
from 0.01 to 1000 1s~'. The dynamic yield stress was then
evaluated from the flow curve by the Bingham model that was
fitted to the data. The Bingham model is written as follows:

™=y + iR M

Here, 7, is the yield stress and 7, the plastic viscosity.

In the oscillatory tests the samples were subjected to
sinusoidal oscillatory shear strain with a strain amplitude ~,
increasing from 0.01% to 100% at an angular frequency w of
1rads™'. In the linear viscoelastic regime, the resulting stress
is also sinusoidal with amplitude 7, and phase shift ¢. The in-
phase and out-of-phase components of the response are the
storage modulus G’ and the loss modulus G”:

G'=2coss, G'=sins. @)
’YU 70
The moduli can be used to evaluate the microstructure of the
MR fluid.

The sedimentation rate of the fluids was studied by
optical tracking of the interface between the clear carrier fluid
and the concentrated particle suspension that formed in the
fluids over time after the mixing. The interface was tracked by
using a house-built MATLAB® script to analyze digital
images that were taken from the test tubes containing 5 ml of
MR fluids every 60 min. The digital images were first con-
verted to grayscale where each pixel gets a value from O to

255 depending on its intensity. The interface is seen
numerically as a steep gradient in the grayscale values when
the tube is scanned in vertical direction. The red box in the
figure 3(a) shows the preselected area that was scanned by the
Matlab script and the green dashed line the interface that was
detected based on the gradient in the grayscale values shown
in the figure 3(b). The interface position, which means the
distance the interface has traveled from the top in millimeters,
was then calculated based on the pixel numbers and known
dimensions of the test tube.

3. Results and discussion

3.1. Properties of the nanoparticles

The characterization was done for the nanoparticles after the
synthetization without sonication or surface treatment. The
size distribution and shape of the nanoparticles were studied
from TEM images. The TEM images are shown in figure 4.
The particle geometries were mostly spherical. The arithmetic
average diameters for the Nanol and Nano2 particles were
7.9 and 16.6 nm, respectively. The averages were determined
by randomly measuring 200 particles from the images. The
distribution of the particle diameters is shown in figure 5. The
particle size distribution is located systematically at smaller
diameters for Nanol. The images show that in both cases
there are also particle aggregates, which is typical for nano-
particles produced by FSP methods [15].

The composition of the particles was studied with XRD
and Raman spectroscopy. The XRD patterns of the particles
are shown in figure 6. The diffraction peaks are wide as
expected for nanoscale particles. The peak positions can be
indexed with (111), (220), (311), (400), (422), (511) and
(440) planes of the inverse spinel structure of v-Fe,O5. The
peak positions do not fit with crystallographic structure of the
hematite («-Fe,O3). The structures of the v-Fe,O3 and Fe;04
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Figure 4. TEM images of Nanol and 2 particles.
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Figure 5. Distribution of the particle diameters of Nanol and 2
particles.
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Figure 6. XRD patterns for the Nanol and Nano2 particles. The peak
positions for y-Fe,O; (M) and a-Fe,O; (H) are shown below the
spectrum.
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Figure 7. Raman spectrum for the Nanol and Nano2 particles and
the reference spectra for +-Fe,O5; and Fe;O,4 obtained from the
research by Molchan et al [27].

are so similar to that they cannot be reliably distinguished
based on the XRD data. Therefore, the composition of the
particles was studied further by Raman spectroscopy. The
Raman spectra of the Nanol and Nano2 particles together
with reference spectrum of the Fe;O, and 7-Fe,O; obtained
from the research by Molchan et al [27] (reproduced by
permission of The Royal Society of Chemistry) are shown in
figure 7. Both samples gave low level of signal, meaning that
the materials were poor Raman scatterers, and the signal-to-
noise ratio was therefore low. The measured spectra have a
slightly better fit on the spectrum of the ¥-Fe,Os, especially
around 700 cm™! where the strongest peaks exist. Based on
the XRD patterns and Raman spectrum both nanoparticles
samples are considered to be composed mainly of the
’Y—F6203.

The magnetic hysteresis curves and virgin magnetiza-
tions at 10 and 300 K are shown in figures 8 and 9, respec-
tively. At 10 K, the both Nanol and Nano2 samples show a
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Figure 8. The magnetic hysteresis loops of Nanol and Nano2
samples measured at 10 K (main panel) and at 300 K (inset).
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Figure 9. The magnetic virgin curves of Nanol and Nano2 samples
measured at 300 K. The blue solid curves in the main panel
correspond to a fit to the Langevin function. The inset shows a closer
look to the small magnetic field range up to 50 mT.

hysteretic behavior with relatively symmetric coercivity of
54mT and 41 mT, respectively. At room temperature, the
coercivity is zero, the remanent magnetization is lacking and
the fit to the data of both samples is in good agreement with
the Langevin function (main panel of figure 9), indicating a
superparamagnetic behavior. The saturation magnetizations,
Mg, at 300K for the Nanol and Nano2 are 22 and
43 Am?kg ", respectively, being clearly lower than for bulk
v-Fe,05 of 74 Am? kg" [14]. Similar results have been
reported for iron nanoparticles earlier, e.g. Nurdin et al syn-
thesized +-Fe,O3 nanoparticles by chemical co-precipitation
method with saturation magnetization of 32 Am*kg™' at
room temperature [28].

The size and the shape of ta single particle should mainly
effect the coercivity and remanent magnetization which are
extrinsic magnetic properties [14]. Mg is an intrinsic magnetic
property, which depends mainly on the particles’ composition
and crystalline structure, but with nanoparticles it is also
sensitive to the size. The surfaces of the nanoparticles have a
thin layer where the electron spins and hence the magnetic
moments are disordered, reducing the total Mg. The effect
becomes stronger as the particle size decreases and the
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Figure 10. The sedimentation curves for the MR fluids. The curve
for micro particles without lecithin is from our previous
research [30].

portion of the disorder surface layer increases [29]. Since
impurities was not detected in the compositional analysis of
the particles it seems more plausible that the differences in
magnetic properties of the Nanol and Nano2 samples are
mainly caused by the size related issues.

If the particle size distribution is assumed to be very
narrow, the M(B,/T) curves of superparamagnetic particles
can be well fitted using a Langevin function:

M(B,/T) = Mg * [coth (uB, /kT) — kT/uB,], 3)

where Mg is the saturation magnetization at 300K, k is
Boltzmann constant, u is the average magnetic moment of the
particle, T is the temperature and B, is applied magnetic field.
From the magnetization data and the fit to the Langevin
function, we can now calculate an average value for particle
size and compare it with the TEM results. When using the Mg
values given above, the mass of the samples and the fitting
parameters u/k as 102 and 159 KT ! for Nanol and Nano2,
respectively, we can get the number of particles N = Ms/u as
4.45 x 10" and 5.68 x 10'°, respectively. When using the
density of pure 7-Fe,05 as p = 4900 kg m > and assuming
that the samples are impurity free, we can write the volume of
the single particles as 1.30 x 1072 and 1.04 x 1072 m? for
Nanol and Nano2, respectively. These values give the esti-
mation for the radii (in spherical particle case) as
INanot = 1.5nm and ryano2 = 1.4 nm, respectively. These
values are clearly smaller than the ones determined from the
TEM images.

3.2. Properties of the MR fluids

The sedimentation stability of the MR fluids was studied by
tracking the interface between the clear carrier fluid and
suspension that formed in all fluids over time. The interface
level as a function of time is shown in figure 10. The average
sedimentation rate during first 100 h of the measurement for
the fluid containing micron sized CI particles and lecithin was
0.042 ums™', which is slightly less than in our previous
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Figure 11. The off-state viscosity curves for the MR fluids.

research (0.055 ym s~ ') for the similar type of fluid [30]. The
likely explanation for the difference is the lecithin that was
here added also in the monodisperse MR fluid, but was not
used in the previous research. The lecithin generates steric
repulsion between the particles by molecular chains crafted
on the surfaces, which increases the distance between the
adjacent particles and reduce their velocity during sedi-
mentation. Lépez-Lopez et al reported improved sedimenta-
tion stability of mineral oil based MR fluids when oleic acid
was used as a surfactant for CI particles at concentrations
above 1 vol% [31]. The addition of the nanoparticles reduces
the sedimentation rate significantly. The sedimentation rates
for MR fluids with Nanol and Nano2 particles were 0.009
and 0.012 yms~', respectively. Results are quite well in line
with previous researches. For example, Ngatu and Wereley
(2007) reported a sedimentation rate of 0.0058 mm s7! for
their MR fluid, having total iron particle loading of 70 wt%
from which 10% were magnetite nanoparticles [7]. In our
previous research we reported only modest improvements in
sedimentation stability when the nanoparticle concentration
was 5% [30]. The reason might be that the average particle
diameters in here were 7.9 and 16.6 nm, which are about three
to six times smaller than in our previous research (50 nm).
The decrease in particle diameter increases the total surface
area which increases the overall friction between the particles
and the carrier fluid. What is also evident from the figure 10,
is that the interface travel at the end of the measurement is
smaller for the MR fluids with nanoparticles compared to
the fluid with only larger CI particles. This means that also
the packing density is smaller which is in contradiction
to the theory, since the nanoparticles should be able to occupy
the empty spaces between larger particles, thus increasing the
packing density. It is known that the nanoparticles produced
by FSP methods tend to form aggregates. The existence of
aggregates is the likely explanation for the reduced packing
density, since the arbitrary aggregates are not able to pack as
tightly as individual particles. The low packing density may
make the re-dispersing of the particles easier after long
storage.
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Figure 12. The averages and standard deviations of the dynamic
yield stresses of MR fluids as function of magnetic flux density.

The off state viscosity curves for the MR fluids are
shown in figure 11. The curves are from down phase of the
measurement; the shear rate decreases from 1000 to 0.01
1s™ in logarithmical increments. It is obvious from the
curves that all MR fluids show non-Newtonian behavior as
the fluids are strongly shear thinning. This is likely due to
hydrodynamic interactions between particles at moderate
shear rates. It seems that the viscosities are about to reach a
Newtonian plateau at 1000 1 s~!, where the preferred flow
structures of the suspensions are reached. Here the viscosities
for the MR fluids containing nanoparticles are always higher
than for the monodisperse MR fluid. The viscosity of the MR
fluid with Nanol particles is about 84% higher at small shear
rates and the difference decreases to about 29% as the shear
rate increases to 1000 1s~'. The corresponding values were
52% and 23% for the Nano2. Theoretically the viscosity of
the bidisperse system should be smaller than that of the
monodisperse system with the same particle concentration as
there is a relationship between viscosity of the suspension and
maximum packing density of the particles ¢,, as described in
a model by Krieger and Dougherty [32]:

—[nl¢,
s ¢ "
S=l-= )
7]{‘ [ ¢m)

where 7); is the viscosity of the carrier fluid and [7] is the
intrinsic viscosity which is equal to 2.5 for spheres. The
particles in bidisperse system should reach higher maximum
packing density than in the monodisperse system which
would lead to smaller viscosity of the suspension. However,
the sedimentation measurements revealed that the packing
density in our bidisperse MR fluids were in fact smaller than
in the monodisperse MR fluid at least in free settling. It can
explain the unexpected viscosities as well.

The on-state dynamic yield stresses obtained from steady
state measurements by a Bingham model fit are shown in
figure 12. The figure shows the averages of two measure-
ments and the standard error of the results. The measurements
were done with 0.5, 1, 2, 3, 4 and 5 A coil currents that
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Figure 13. Amplitude sweeps for MR fluids at 427 mT flux density
containing only micron sized particles and 5% and 15% of magnetite
nanoparticles.

resulted to 70, 144, 288, 427, 550 and 642 mT flux densities,
respectively. The dynamic yield stress represents the stress
needed to continuously break the particle structures in presence
of the magnetic field. The yield stresses have a strong depend-
ence on the magnetic flux density as expected for MR fluids.
The relationship follows the power-law. At moderately small
flux densities (B < 300 mT) the relationship is about 7 ~ B>*?2
and at intermediate field strengths (400 mT < B < 600 mT) the
power index decreases to about 1.75 because of partial magnetic
saturation of the particles. These are quite well in line with the
values 2 and 1.5 given by the literature for monodisperse MR
fluids [33]. The dynamic yield stresses of the bidisperse fluids
are slightly lower at low flux densities and slightly higher at
intermediate flux densities compared to the monodisperse fluid.
The yield stress is —12...4-7% with Nanol particles and —4...
+9% with Nano2. The Nano2 particles have higher saturation
magnetization which can explain the slightly better values. The
difference, however, is generally within the standard error of the
results. The increase of the yield stress is believed to be caused
by the smaller particles filling the voids between microparticles
locally enhancing the magnetic field [7, 8]. Leong ez al [34] used
¥-Fe,O3 nanoparticles to prepare bidisperse MR fluids. They
used higher total solid concentration than in our research (80.89
wt%) and the saturation magnetization of their nanoparticles was
also higher (73.8 Am? kg™ "). In their research, the dynamic yield
stress was higher for a bidisperse MR fluid with 5% nanoparticle
concentration compared to a completely monodisperse fluid over
the whole flux density range. The increase was about 8% with
the highest flux density of 710 mT, which is well in line with our
result of 7%—9% increase in dynamic yield stress at 642 mT.
The amplitude sweeps for the MR fluids at 427 mT flux
density are shown in figure 13. The nanoparticles have
similar effect at all flux densities and therefore we have
chosen only the 427 mT flux density to discuss the results.
The storage G’ and loss moduli G” have a linear region at
low amplitudes. Here the G’ is considerably higher than the
G” meaning that the deformation is mainly elastic and the

MR fluid behaves in a solid like manner. The deformation
happens by stretching and tilting of the particle chain
structures. Beyond the linear region the G’ shows a steady
decrease while the G” first passes through a distinct max-
imum and then a decrease. The change in loss modulus
begins at lower strain amplitudes than the storage modulus.
This means that the loss modulus is more sensitive to the
deformation or the structural changes of the fluid. The end
of the linear region is related to the yield stress; as the stress
amplitude rises above the yield stress of the MR fluid, the
chain structures begin to break and the deformation changes
from mainly solid to more viscous. The peaking of the G” is
called strain overshooting and it has been observed with
electrorheological (ER) and MR fluids before [35, 36]. Sim
et al explained that the overshooting is caused by the
reformation process of the particle structures. Reformation
comprises both destruction of the old structures and for-
mation of new ones that dissipates energy and is seen as
increase of G”. At higher shear rates (amplitudes) the for-
mation of the new structures is reduced and the structures
break into smaller clusters or individual particles [36].

The elastic portion of the deformation decreases and
viscous portion increases as part of the micron-sized particles
is replaced with nanoparticles. This shows as a decrease in the
storage modulus G’ and an increase in the loss modulus G”.
The observations are surprising, since the dynamic yield
stresses were higher for the bidisperse MR fluids at high flux
densities. Wereley et al [8] observed similar effects as the
elastic limit yield stress, determined from the storage mod-
ulus, decreased with increasing iron nanoparticle concentra-
tion even though the dynamic yield stress increased.

4. Conclusions

In this paper we have experimentally studied the properties of
two ~-Fe,O3 nanoparticles, synthetized by LFS-method, and
the properties of bidisperse MR fluids utilizing these nano-
particles. To our knowledge this is the first research where the
nanoparticles in the MR fluid have been synthetized by the
LFS-method. The synthetization of the nanoparticles was
done with precursor feed rates of 3.0 and 8.3 ml min~!, which
led to average particles sizes of 7.9 and 16.6 nm, respectively.
The compositions of both samples were verified to be
~v-Fe,0; by XRD and Raman spectroscopy. The saturation
magnetization of the smaller particles was 22 Am*kg ',
which was lower than 43 Am®kg ™' measured for the larger
particles and considerably lower than that of the pure 7-Fe,O3
(74 Am® kg~ !). The difference is likely caused by the particle
sizes as no substantial amount of impurities was detected.
The substitution of 5% of micronsized particles with
nanoparticles in MR fluids offered significant reduction in
sedimentation rate; the sedimentation rates of bidisperse fluids
with 7.9nm and 16.6nm nanoparticles were 0.009 and
0.012 um s~ respectively which is a significant improvement
to the 0.042 um s~! of monodisperse fluid. However, the off-
state viscosity of these bidisperse fluids increased 52%—84%
at low shear rates and 23%—29% at high shear rates compared to
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the monodisperse fluid. The higher viscosity at low shear rates is
probably contributing to the improved sedimentation rate. The
dynamic yield stress of the bidisperse MR fluids decreased at the
lowest flux densities and increased at the highest flux densities
compared to the monodisperse MR fluid. The MR fluid with
larger nanoparticles had slightly higher yield stresses, which can
be explained by the higher saturation magnetization of particles.
The oscillatory testing revealed that the nanoparticles made the
response of the MR fluid more viscous.

It was shown, that y-Fe,O5; nanoparticles synthetized by
LFS-method can be used to prepare a bidisperse MR fluids with
improved sedimentation stability while still maintaining good
MR properties. The drawback was increased off-field viscosity
which was likely caused by nanoparticle aggregates character-
istic for the particles synthetized with flame spray processes.
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Abstract
Superomniphobic, i.e. liquid-repellent, surfaces have been an interesting area of research during
recent years due to their various potential applications. However, producing such surfaces,
especially on hard and resilient substrates like stainless steel, still remains challenging. We
present a stepwise fabrication process of a multilayered nanocoating on a stainless steel
substrate, consisting of a nanoparticle layer, a nanofilm, and a layer of silane molecules. Liquid
flame spray was used to deposit a TiO, nanoparticle layer as the bottom layer for producing a
suitable surface structure. The interstitial Al,O; nanofilm, fabricated by atomic layer deposition
(ALD), stabilized the nanoparticle layer, and the topmost fluorosilane layer lowered the surface
energy of the coating for enhanced omniphobicity. The coating was characterized with field
emission scanning electron microscopy, focused ion beam scanning electron microscopy, x-ray
photoelectron spectroscopy, contact angle (CA) and sliding angle (SA) measurements, and
microscratch testing. The widely recognized requirements for superrepellency, i.e. CA > 150°
and SA < 10° were achieved for deioinized water, diiodomethane, and ethylene glycol. The
mechanical stability of the coating could be varied by tuning the thickness of the ALD layer at
the expense of repellency. To our knowledge, this is the thinnest superomniphobic coating
reported so far, with the average thickness of about 70 nm.

Keywords: nanocoating, liquid flame spray, atomic layer deposition, superomniphobic,
silanization, aerosol synthesis, multilayered
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Introduction

Since surfaces are often in contact with water or other liquids,
controlling their wettability has already been an interesting
research area for several decades. A surface is considered
hydrophobic if it forms with a water droplet at a contact angle
(CA) greater than 90° and superhydrophobic when this angle
exceeds 150°. If this water-repellency is extended to also
cover other liquids, the terms superomniphobic and super-
amphiphobic are introduced. We will use the former in this
paper, but the two are basically equivalent in meaning. True
superrepellency also requires either CA hysteresis, i.e. the
difference between the advancing and receding CAs, or the
smallest inclination angle of the surface that makes the droplet
roll off, the sliding angle (SA), to be lower than 10° [1-3].
These two requirements are often considered analogous to
each other and therefore both not studied. Interest in super-
repellent surfaces has been growing continuously during the
last decade [4-6]. This is mainly due to the tremendous
potential that superomniphobic surfaces hold for i.e. micro-
fluidic [7], antifouling [8, 9], self-cleaning [1, 9], filtration
[10, 11], drag reduction [1, 12], chemical shielding [13],
droplet manipulation [14], and corrosion protection [15]
applications.

The basic principles, used today, governing the spreading
of a liquid droplet on a surface were discovered by Wenzel
[16], and Cassie and Baxter [17]. They found two possible
wetting states exist for the droplet: the Wenzel state and the
Cassie—Baxter state. The latter of the two describes a super-
repellent surface, and the equation governing the degree of
wetting is called the Cassie—Baxter equation, written as
follows:

cos 0% = fy cos 0 + fy — 1, (D)

where 0 is the apparent CA, 6 is the equilibrium CA, and fs;.
is the area fraction of the solid—liquid interface compared to
the whole surface area shadowed by the droplet. The rough-
ness of the surface affects the area fraction term, and 6 con-
tains the effect of the surface material. Equation (1) can often
be used in explaining changes in wettability [13, 18, 19].

Superrepellency is most often achieved with a so-called
hierarchical surface structure that consists of a nanostructure
on top of a microstructure and is combined with a surface
modification that lowers the surface energy. With careful
enough manipulation of the surface asperities, it is possible to
reach even extremely strong superomniphobicity without
paying too much attention to the surface chemistry [6], but
practical reasons usually limit the extent to which this can be
accomplished.

A multitude of different techniques have been utilized in
fabricating hierarchical surface structures [20-24], but the
materials used always limit the possible fabrication methods.
For hard and resistant substrate materials, like stainless steel,
modification of the surface structure is often very difficult or
even impossible, in which case a coating might be required
[25]. The vast number of applications, containing stainless
steel surfaces, that could benefit from superomniphobicity,

7/
B4
1. Cleaning of the substrate
—
2. Deposition of TiO,
] o wi
nanoparticles with LFS
R e 3. Deposition of an Al,O;

layer with ALD

4. Silanization of the surface

Figure 1. The entire fabrication process of the coating presented
schematically in steps.

makes studying the matter meaningful. Some papers have
been published presenting superomniphobic coatings on steel
surface, but the coatings were mainly quite thick and had
plenty of room for improvement in performance and dur-
ability. Also, only a few of them used stainless steel as a
substrate [26-28]. Slippery liquid-infused porous surfaces
have also been used to achieve strongly omniphobic coatings
on steel [29].

A common problem with nanocoatings is their poor
mechanical stability, and finding new solutions to reinforce
them is a challenging task. One possibility to tackle this
problem is by using layered structures that have not been very
extensively studied regarding superomniphobic coatings. The
main challenge is to strengthen the nanoparticle layer without
suppressing the functionality it produces. Atomic layer
deposition (ALD) has earlier been shown to enhance the
mechanical durability of nanoparticle films and nanocolloidal
crystals [30-32]. It was therefore chosen for this study as the
method for nanoparticle layer reinforcement.

The goal of this study was to produce a new kind of
superomniphobic coating on stainless steel, exploiting a
layered nanostructure. Superoleophobic surfaces have been
made using nanoparticles synthesized by flame spray pyr-
olysis, and combined with a top layer of a fluorosilane [33].
However, the herein used combination of the three chosen
fabrication methods has not been studied before, to the best of
our knowledge. We were striving for a very thin coating with
strong repellency against various liquids. Even though the
coating method is applied to stainless steel in this study, a
variety of substrate materials could be chosen. In general,
liquid flame spray (LFS) offers an economically efficient,
well scalable, and flexible way to fabricate nanomaterials.
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Figure 1 describes schematically the stepwise fabrication
process of the coating.

The process can be divided into four distinct steps. First,
the steel substrate was cleaned with various solvents. Sec-
ondly, TiO, nanoparticles were deposited on the substrate via
LFS to provide a suitable surface topography. Thirdly, the
nanoparticle layer was coated with a thin Al,O3 layer using
ALD in order to reinforce the deposited nanoparticle layer,
and lastly the surface was covered with fluorosilane mole-
cules for lowering the surface energy. The coating materials
used were mainly chosen due to experimental experience,
assisting in controlling their synthesis processes and the end
product properties. All the steps along with the characteriza-
tion methods are described in more detail in the following
section.

Experimental section

Materials

Austenitic stainless steel plates (¢ 17 cm, thickness of
0.6 mm) were acquired from Fiskars Finland Oy Ab and
cleaned with acetone (99.5+%, VWR International), iso-
propanol (IPA, 99.8%, VWR International) and deionized
(DI) water prior to the actual coating process. The samples
were dried with a lint-free cloth and pressurized air. TiO,
nanoparticles were synthesized from titanium(IV) isoprop-
oxide (TTIP, 97+%, Alfa Aesar) dissolved in IPA. The pre-
cursors for the ALD process were trimethylaluminum (TMA,
Volatec Oy) and water. (heptadecafluoro-1,1,2,2-tetra-
hydrodecyl) trichlorosilane (HDF, 97+%, Gelest) dissolved
in hexane (95%, Sigma-Aldrich) was used for silanization.
Test liquids for CA and SA measurements were DI water,
diiodomethane (DIM, 99%, Sigma-Aldrich), ethylene glycol
(EG, 99.8%, Sigma-Aldrich), commercial olive oil (OO), and
hexadecane (HDEC, 99%, Sigma-Aldrich). The set of test
liquids were selected primarily on the basis of their surface
tension. The surface tension values in 20 °C for the DI water,
DIM, EG, OO, and HDEC are 71.99 (25°C) [34], 50.88
(20°C) [35], 47.99 (25 °C) [34], 32.0 (20 °C) [36], and 27.49
(20 °C) [35] mN/m, respectively.

LFS

LFS is an aerosol synthesis method for producing a variety of
metal and metal oxide nanoparticles and coatings. It can be
classified as a specific type of flame spray pyrolysis method,
and several publications have been written describing the
synthesis process in detail [37-42]. However, there are no
earlier publications with the experimental setup used in this
paper. The setup consisted of a burner, a so-called residence
tube and the substrate to be coated, as presented in figure 2.

In LFS synthesis, a liquid precursor solution is fed to a
burner along with hydrogen and oxygen flows. The hydrogen
flow atomizes the liquid jet and also acts as a combustion gas.
The atomized droplets go through a complex combination of
mechanisms in the flame, including precursor decomposition

Particle deposition

Residence tube

- Decreases temperature
- Increases agglomeration

- Evens out the spatial
distribution

- Scavenges large particles
- Lowers concentration

Precursor
solution

H,
0,

Figure 2. A schematic representation of the LFS coating setup with
the description of the effect of the residence tube.

and particle nucleation, resulting in nanoparticle formation. In
this study, a precursor solution with metallic Ti concentration
of 50mgml~" was fed to the flame at a feed rate of
12 mlmin~"', and the hydrogen and oxygen flows used were
set to 50 and 15 I min~', respectively.

What distinguishes the rest of the process in this study
from a more conventional LFS synthesis is the addition of a
residence tube between the burner and the substrate. It
modifies the particle flow emerging from the flame and lowers
the temperature on the substrate. Maximum temperatures of
about 2600 °C have been measured close to the burner [38],
whereas the temperatures measured after the residence tube
have ranged from around 200 to 500 °C. The residence tube
promotes agglomeration and leads to some particle losses to
the walls, but also scavenges large particles and evens out the
spatial distribution, which should help in producing a uniform
coating across the substrate area [43, 44]. In the particle
deposition, the substrate was placed on the end of the resi-
dence tube for a specific coating time, chosen to be 6 s for the
final coating.

ALD

ALD is a specific type of chemical vapor deposition method,
where the substrate is exposed to isolated gas pulses in a
cyclic manner [45]. ALD can be used to coat objects of
practically all geometries, and the resulting layer is extremely
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even and conformal. One of the most common industrial
branches utilizing the method nowadays is electronics, but the
method has also proven to be suitable for producing different
kinds of passivation and protective layers [46, 47].

Here, the LFS-coated samples were first oxidized with
mixtures of oxygen (grade 5) and nitrogen flows at 300 °C.
First, a mixture with approximately 12% oxygen was used for
15 min, after which the oxygen fraction was raised to 36% for
1 min. The specific parameter values were arbitrarily selected,
ensuring sufficient oxidation of all organic contaminants on
the surface. An Al,O3 layer with a thickness of 10 nm was
then deposited on top of the nanoparticle layer, also at 300 °C.
The whole process was performed with a Picosun P-1000
ALD system.

Silanization

Liquid phase deposition (LPD) of the HDF silane was per-
formed on the ALD-coated samples. Freshly prepared sam-
ples were silanized in the as-received state. For samples that
had to be stored for an extended time period, a UV light
treatment of 30 min was applied before the silanization pro-
cess. This was done in order to decrease the amount of
organic impurities that readily accumulate on surfaces during
storage in atmospheric conditions, thereby promoting the
adherence of silane molecules on the topmost Al,O; layer.
UV-C lamps with the peak intensity at 254 nm wavelength
were chosen, because they have been observed to decompose
organic material without the presence of an additional
photocatalyst.

HDF was dispersed into hexane at a ratio of 1:1000 and
stirred for 10 min, after which the samples were immersed in
the solution for 10 min. Subsequently, they were rinsed with
hexane and DI water, followed by drying with a nitrogen
flow. The details of a successful silanization process are
described elsewhere [47, 48].

Surface properties analysis

The wettability of the surface was studied using CA mea-
surements and SA testing. Test liquids in the amount of
4-6 pl droplets were placed on the surface and filmed at the
same time. The static CAs were determined, when the shape
of the droplet had stabilized, and the accuracy of the mea-
surement was estimated to be around +1°. SAs were tested on
a tilted surface by adjusting the inclination angle to a certain
value, placing a liquid droplet on the surface and observing if
it rolls off or sticks to it.

Microscratch testing was performed mainly to assess the
adhesion of the coating to the substrate. The method is typi-
cally used for evaluating cohesion and adhesion of thin films
and coatings [49]. The testing was based on a Rockwell
diamond stylus (diameter of 20 um and cone angle of 120°)
sliding on the coated surface with a continuously increasing
load (0.03—1 N). The reported load values (or pressure values
derived from them) were averaged over three scratches.
Friction force, penetration depth, and acoustic emission were
also measured during the scratching procedure.

Surface characterization

A Zeiss UltraPlus field emission scanning electron micro-
scope (FESEM) was used for imaging the surface after every
fabrication step and after microscratch testing. Cross-sectional
milling with Ga™ ions and SEM imaging was performed with
a Zeiss Crossbeam 540 focused ion beam scanning electron
microscope (FIB-SEM). In this study, a gold layer was
sputtered on the surface for improving electrical conductivity,
and a Pt layer on top of that to ensure the protection of the
coating during the milling process. The FIB-SEM used was
equipped with an energy-dispersive x-ray spectroscopy (EDS)
detector, so elemental mapping was also conducted across the
produced coating layer alongside cross-sectional imaging.
X-ray photoelectron spectroscopy (XPS) was utilized for
analyzing the elemental composition of the surface between
the coating steps. The XPS measurements were conducted
with non-monochromatic Al K« radiation (hv = 1486.6 eV),
and the spectra were recorded in a fixed analyzer transmission
mode at normal emission and 20.0eV pass energy. The
binding energy was calibrated to 285.0 eV for aliphatic car-
bon, and the photoelectron peaks were fitted with a combi-
nation of Gaussian and Lorentzian line shapes and Shirley
background, using CasaXPS software version 2.3.16 [50].

Results and discussion

Determination of parameters and superomniphobicity

The amount of LFS-generated TiO, nanoparticles and the
thickness of the ALD coating were iterated on the basis of
crude mechanical stability testing (observing the effect of the
insertion and subsequent removal of a scotch tape with
FESEM) and CA measurements. Common problems with
porous nanoparticle layers are the weak cohesion between the
particles and their poor adhesion to the substrate. The goal of
the iteration was to find a balance between liquid repellency
and particle layer stability, having an emphasis on the
repellency. Too short an LFS coating time led to a fairly
robust coating, but to an inadequate surface roughness for
producing effective repellency. With a long coating time,
good repellency could be achieved, but the resulting coating
was very fragile and unstable, meaning most of the material
came off in the scotch tape test. A coating time of 6 was
determined suitable. In addition to these problems, too short a
coating time led to a net-like microscale structure with a
larger aggregate/agglomerate size, and thus lowered the
number concentration of secondary particles on the surface.
This possibly resulted from some surface treatment done to
the steel substrate during its manufacturing process. Once the
coating time was increased, the net-like structure got buried
under the additional particles, thus increasing the surface
coverage of the bare steel significantly.

The role of the ALD layer was to attach the particles
more strongly to the substrate and to each other, but without
covering the favorable topography and porosity produced by
them. A similar effect has earlier been observed in the case of
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Figure 3. CA as a function of ALD coating thickness for different
test liquids. SA values are presented in the legend for each liquid,
corresponding the ALD thickness of 10 nm. The photo above,
presenting droplets of three liquids lying on the surface, was not
taken from a CA measurement.

solar cells, where the ALD coating increased the mechanical
stability of the nanoparticle layer, but lowered its porosity
[51]. The first priority in determining the ALD coating
thickness was achieving strong omniphobicity. The effect of
the ALD coating thickness to the CA was studied for the
chosen LFS coating time (6 s), and figure 3 describes the CA
as a function of the thickness along with the measured SA
values for the 10nm ALD samples. The SA value for the
HDEC was not measured, since OO with a higher surface
tension did not fulfill the SA requirement for superrepellency.
All of the measured samples were silanized.

The 3nm Al,O5; layer raised the CA in most cases
compared to the samples with no ALD coating. This behavior
implies that Al,O3; might be a more favorable substrate for
LPD of HDF silane than stainless steel or TiO,, which led to a
higher-quality silane layer, indicated by the greater CA
values. Since a large part of the surface was not covered with
nanoparticles after only LFS coating, most of the silane
molecules probably adsorbed on the steel surface. Stainless
steel is generally a difficult substrate material to silanize
without pretreatment [52]. Another possible explanation for
this difference could be the stabilizing effect of the ALD
layer. If the LFS particle layer without ALD was too unstable,
the silanization process might have rendered the surface
structure more unfavorable for omniphobicity by raising the
fraction of the solid-liquid interface. Based on equation (1),
this would reduce the CAs. The one measurement point (0 nm
for DIM) that deviates from the trend can be considered a
measurement error or an anomaly.

As the ALD coating thickness was increased from 3 nm,
the CA values began to decrease continuously. This was
presumably caused by the Al,O; covering the surface
nanostructures that were formed by the nanoparticles. When

additional material was deposited on top of the very porous
structure, the pores started to fill up, lowering the porosity and
the specific surface area. According to the theoretical for-
mulations, this should reduce the apparent CAs by increasing
the solid-liquid area fraction. Simultaneously, the mechanical
durability increased (observed earlier with the scotch tape
tests), so some kind of a compromise between liquid repel-
lency and durability has to be made, when optimizing the
parameters with a certain application in mind. This study does
not cover the fine tuning of the parameters from the per-
spective of mechanical stability, nor are we trying to find
optimal parameters for a specific application.

The difference in repellency between the 3 and 10 nm
samples was not too great, so 10 nm was chosen over 3 nm as
the more optimal thickness in complete performance of the
coating. On the other hand, a 30 nm ALD layer already had a
reasonably large negative impact on the repellency, at least on
the liquids with lower surface tension, so it was discarded as
the final coating thickness. If repellency towards high-surface
tension liquids would suffice, a thicker ALD layer would
likely be a better option.

As already was stated in the introduction section, perfect
superomniphobicity is practically impossible to reach. How-
ever, our coating fared quite well amongst other reported
superomniphobic coatings. Reaching CAs of over 150° for
the DI water, DIM, EG, and OO, and with significantly lower
SA values than 10° for the first three, we can regard our final
coating superomniphobic to a certain extent.

Surface topography after different steps

Imaging of the surface after each coating step provides insight
into the actual role of the different layers. The LFS nano-
particle layer was supposed to be responsible for producing a
surface structure that is essential for effective omniphobicity.
The ALD layer should work as a stabilizing layer on top of
the particle layer without covering the topography. The
function of silanization was to lower the surface energy, and it
was assumed not to affect the surface structure to a large
degree. Figure 4 shows FESEM images after each fabrication
step with the chosen parameters. Samples were cut from
random locations of the sample plates.

The deposited nanoparticles were dispersed very uni-
formly across the whole imaged area of the samples, and
everything from single primary particles to about micron-
sized agglomerates in length are observed. Quite a significant
portion of the steel surface still remained uncovered. The
surface coverage can be estimated, based on graphical ana-
lysis (Imagel) from different FESEM images using automatic
thresholding, to be around 30%. Manual thresholding led to a
bit higher percentage of surface coverage, but the user bias is
also difficult to quantify in this case. In this sense, automatic
thresholding can be seen as the more reliable approximation.
This value applies approximately for the samples representing
all different steps.

An accurate value is, however, difficult to obtain due to
differences in contrast between the FESEM images. Also, a
little bit of an oxide particle (probably mostly iron oxide)
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LFS +ALD

LFS +ALD + Sil

Figure 4. FESEM images of the sample surfaces after every step in the fabrication process. The LFS coating time was 6 s and the ALD

coating thickness 10 nm.

structure was observed forming on top of the steel surface
during the oxidation process before the ALD coating. The
oxide particles were of roughly similar size as the titanium
dioxide primary particles, which makes distinguishing the real
background from the actual coating material more challen-
ging. The precise effect of the oxide structure to the coating
properties is unknown, but for example, in case of depositing
a similar ALD layer on top of MoS,, oxidizing the surface in
advance was observed to improve the quality of the forming
ALD layer [53].

The visual difference that the thin ALD coating caused to
the LFS-coated surface is reasonably small. The primary
particle size seems to be roughly 50 nm (considering some
nanometers from sample carbonization) and the Al,O3 coat-
ing increased it slightly. Otherwise, the ALD process did not
significantly affect the surface topography, as was expected.
Also, the silanization process did not drastically modify the
surface structure of the coating. Even though slight dis-
crepancies can be seen between the images representing dif-
ferent steps (figure 4), it has to be accounted for that they are
not images of the same sample after each fabrication step, but
rather just representing a set of parameters. Some larger dif-
ferences were observed in the case of certain samples (pos-
sibly damaged), but figure 3 can be considered to represent
the process fairly well.

Surface elemental analysis by XPS

Based on the FESEM images, the surface structure does not
undergo drastic changes during the hierarchical sample fab-
rication process, but the XPS results reveal that each coating
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Figure 5. XPS survey spectra and the relative elemental surface
concentrations of the samples after each fabrication step.

step alters the surface chemistry significantly. The survey
spectra and the relative elemental surface concentrations,
calculated from the high-resolution spectra, are presented in
figure 5.

The survey spectrum of the LFS sample (after the first
coating step) shows that the outermost surface (up to ~10 nm
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information depth) consisted of both TiO, nanoparticles and
stainless steel. XPS measurements from small areas at dif-
ferent locations reveal that there are local differences in the Fe
concentration. This is in good accordance with the FESEM
images (figure 4) that display only a partial surface coverage
of the steel surface. Apart from a typical amount of organic
contamination and a trace amount of fluorine, the surface was
free of impurities. This implies that no additional con-
tamination was produced in the flame, which is usually the
case in a normal high-velocity and high-temperature LFS
process. The organic contaminants originated from the
exposure to atmospheric conditions and consist mostly of
C—C, C-0, and C=0 bonds observed in both the C 1 s and O
s spectra. The relatively high Fe/Ti atomic ratio (even
regarding the low surface coverage) can be attributed to the
different information depths of Ti 2p and Fe 2p transitions
(~6 and 4.5 nm, respectively). For Ti, this discrepancy leads
to a larger information volume with a lower relative atomic
fraction than for Fe.

The assumption that was made earlier about the evenness
and the conformity of the ALD coating, are strongly sup-
ported by the XPS measurements after the second fabrication
step. The only observed signals came from the Al,O5 layer
and surface impurities, and no Fe or Ti could be detected.
Since the ALD layer thickness (10 nm) was very close to the
XPS information depth, the coating material had to be very
uniform to attenuate the signal from the nanoparticles com-
pletely. The contaminants originated again from the atmo-
spheric exposure during the time between the ALD coating
and the XPS measurement.

The survey spectrum of the final multilayered coating
(LFS + ALD + Sil) shows the nanomolecular nature of the
HDF silanization process. Signals were observed from both
the silane molecules (CF, and CF; bonds observed in the
C 1ls and F s spectra, and Si as a new element on the
surface) and the underlying Al,O; layer. The presence of
strong Al signal verifies that the HDF (molecular length of
1-2 nm) overlayer is of nanomolecular nature. As there was
no Cl visible in the XPS spectrum, it can be assumed that the
hydrolysis of the silane molecules proceeded sufficiently to
form a network of covalent bonds with the Al,O3 substrate.
The presence of chlorine would have implied that some of the
molecules were completely, or at least partially, unhy-
drolyzed, which typically leads to a chemically less robust
topmost layer. The uniform coverage of silane molecules
throughout the sample was confirmed by inspecting high-
resolution F 1 s spectra from several small (~10 ym) detec-
tion areas. The analysis of the high-resolution C 1 s spectrum
reveals a contribution from the organic impurities, in addition
to the CF, chain, to the C 1 s intensity. A trace amount of Zn
was also observed, probably caused by the coating cycles of
ZnO that were done with the ALD system before the coating
of the measured samples. This is, nevertheless, insignificant
considering the final coating.

Cross-sectional imaging

Cross-sectional imaging was performed to study the thickness
and the topographical features in more detail, and with the EDS
analysis we wanted to study the distribution of the Al,Oj3 in the
coating. A gold layer was sputtered on top of the sample to
enhance electrical conductivity. Also, a layer of platinum had
to be deposited on top of the coating to ensure that the true
structure was being imaged. Both of these pretreatments are
visible in figure 6 that presents cross-sectional SEM images
with two different magnifications.

The small bright dots, visible in figure 6(b), are Au parti-
cles originating from the sputtering, and the Pt layer, well
visible in figure 6(a), has a thickness of about 1-2 yum. From a
larger perspective, the coating seems quite even across the
sample area, but the higher magnification reveals the undulating
surface topography produced by the nanoparticle agglomerates.
The thickness of the coating varies generally between the
minimum value of ca. 10—15nm, probably corresponding to
areas with only ALD and silane layers, and the maximum value
of about 160-200 nm (a wide estimation due to uncertainties),
based on the SEM images. If we approximate the area of the
coating in the images graphically, and calculate the thickness of
a hypothetical, completely even layer with the same cross-
sectional area, we get an average value of around 70 nm. This is
in no sense an accurate measure and it varies roughly +10 nm
between different images, but it gives an idea of the size scale.

Since the resolution of the SEM images is not adequate to
make accurate approximations, the EDS results can be used to
support the observed thickness values. They showed an Al
Ka signal coming from the entire length of the cross section
that has been interpreted as the coating thickness from the
SEM images. This also supports the hypothesis that the ALD
layer covers the titania agglomerates across the whole particle
layer, and penetrates deep into the porous layer. This transport
inside the layer is probably essential for the reinforcing
function of the ALD coating. Considering both the calculated
average value and the estimated maximum thickness of
around 180 nm, the produced coating is the thinnest reported
superomniphobic coating, as far as we know. However, the
deposition of the platinum layer might densify some of the
larger agglomerates, thus compressing the layer a little.

Microscratch testing

The microscratch testing was performed to assess the adhe-
sion of the coating to the substrate and its performance under
load. Figure 7 presents optical and FESEM images of one of
the scratches produced on the surface. The discrepancies
between different scratches were quite minor, so one scratch
represents all of them very well. The pressure values were
calculated by dividing the normal force pushing down the
diamond tip by half of the area of the circle (20 um in dia-
meter) projected by the tip on the sample surface. Therefore,
in every case the pressure values are approximations based on
averaging over the entire scratch width, as they are presented
to give an impression of the order of magnitude. Only about a
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Figure 6. SEM images of (a) the hole milled with FIB using Ga™ ions and (b) the coating cross section. Different parts of the sample are

labeled with text.
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Figure 7. Optical and FESEM images of the scratch made in microscratch testing. The pressure values were calculated by dividing the normal
force with the projected area of the diamond tip. The contact pressures refer to normal loads of 0.1, 0.5, and 1 N.

half of the circle area contributes to the real pressure values,
since the rear half of the moving tip does not come in contact
with the surface. The lowest reported pressure value is defi-
nitely lower than the actual average value, because the whole
tip area has not come in contact with the surface due to low
penetration, thus underestimating the average pressure.
Already with the lowest pressures, a clear scratch groove
formed. In the groove, the surface smoothened and the
roughness was lost, which is generally detrimental for effec-
tive omniphobicity. This implies that the coating is not
especially durable against mechanical pressing or abrasion.

However, it seems that the coating material is not really
detaching from the substrate, but rather just flattening under
pressure. The FESEM images with the highest magnifications
show the squashed nanoparticle agglomerates on the track
of the diamond tip. Based on this observation, the adhesion
of the particles to the substrate can be considered fairly
good. The mechanical stability could possibly be enhanced by
promoting the interparticle cohesion or by choosing a harder
nanoparticle material. However, the latter option could further
weaken the layer, if the cohesion between the particles in the
agglomerates is lowered.
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As the normal force was increased, the bottom of the
scratch smoothed down further and the substrate material
started piling up on the edges. Deducing from the lower
pressure parts of the scratch, the particles formed a very thin
layer on the bottom of the scratch. The pile-up did not seem to
affect the coating topography on the edges significantly, but
mostly just shape the underlying substrate. Since the coating
is extremely thin, no cracking or delamination occurred,
which can also be a sign of the particle agglomerates not
being very strongly interconnected to each other, but rather
just attached to the substrate. In a way, this fulfills the goal,
because we were attempting to minimize the amount of
material used in producing the favorable surface structure and
chemistry. All in all, the surface topography that is necessary
for an efficient omniphobicity is lost too easily for the coating
to be suitable for applications experiencing moderate to high
wear. If weaker repellency would be adequate, the thicker
ALD layer could help with this problem.

The measurements performed during the scratching did
not reveal anything very surprising. There was no acoustic
emission throughout the scratching process, and the coating
had no notable effect on the penetration depth of 5 um into
the stainless steel substrate. The measured friction coefficient,
reaching the end value of 0.35, seemed to oscillate a little in
the beginning, possibly due to the coating topography and
reorganizing of its surface structure, but this should have no
significant effect on any properties we were interested in
regarding this study.

Conclusions

We fabricated a new type of a superomniphobic coating on
stainless steel, consisting of three nanolayers. First, a TiO,
nanoparticle layer was deposited on a cleaned steel substrate by
LFS with a residence tube added to the experimental setup. The
nanoparticle layer was then reinforced with a thin layer of
Al O3 produced with ALD, and the surface was lastly covered
with fluorosilane molecules in a liquid phase deposition pro-
cess. The topographical and chemical structures were char-
acterized with SEM and XPS methods. The analyses showed
that underlying nanoparticles determined the physical surface
structure, whereas the silanization dominated the surface
chemistry. The ALD process produced an extremely uniform
and conformal 10 nm thick middle layer, thus having no sig-
nificant impact on the surface structure. Based on the literature
we found on the subject, the multilayered coating was thinner
than any superomniphobic coating reported so far, with a cal-
culated average thickness of about 70 nm. The final coating
expressed strong omniphobicity, forming CAs greater than 150°
for DI water, DIM, EG, and OO, with SAs below 5° for the first
three of the mentioned test liquids. The adhesion between the
coating material and the substrate seemed reasonably good
based on microsratch testing, but the surface structure could not
stand much pressure without losing the roughness that is
essential for an effective omniphobicity.

If this combination of methods were to be used for a
practical application, the parameters would have to be tuned
for the specific application, while making a compromise
between the repellency and the mechanical stability. This is
caused by the effect of ALD thickness on both of these
properties. Producing a thicker layer of Al,O3 enhances the
durability of the coating, simultaneously weakening the
repellency. In the future, combinations of other materials
utilizing a similar structure could be also studied.
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