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ABSTRACT

Material processing technologies are required to be increasingly cleaner and safer for
the globe to prevent excessive exposure to toxins and pollutants. This work presents
a solution for two processes that currently use such harmful chemicals. The method
uses pressurized carbon dioxide (COy) to produce an artificial patina on metallic zinc.
The artificial patina shows promise in enhancing corrosion protection and
promoting adhesion of organic coatings applied on hot-dip galvanized steels that are
currently treated with other chemicals for the same effect. Additionally, the artificial
patina can be converted into distinct zinc oxide (ZnO) nanostructures that could
have applications in, e.g. antibacterial surfaces, gas sensors or solar cells.

The thesis details a holistic description of the treatment method by exploring the
fundamental interactions and formation mechanisms of the artificial patina. The
artificial patina could be formed uniformly throughout a substrate surface using a
supercritical carbon dioxide (scCO») treatment together with only water or with the
addition of catalysts. The supercritical treatment was able to form a homogeneous
layer of the artificial patina on the substrate surfaces. The formed artificial patina was
composed of zinc carbonate (ZnCOs) as well as a new kind of zinc hydroxy
carbonate compound with a nanowire morphology.

The chemistry and structure of the carbonates were advantageous for applying
organic coatings onto the hot-dip galvanized surfaces, and they created a dense
barrier layer that could help prevent corrosion. The artificial patina could be
converted to ZnO with a simple heat-treatment which produced semiconducting
Zn0O nanostructures. Therefore, this method could help by reducing the usage of
harmful chemicals significantly, achieving a comparable outcome only CO2 and

water in a facile and environmentally-friendly process.
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17 INTRODUCTION

Sustainable and clean technologies have never been more sought-after than in the
current state of the world. Often, in materials processing, harmful chemicals or
energy-intensive methods are used to obtain the wanted material properties which
result in pollution of the earth’s soil, water and atmosphere. Therefore, it is necessary
to develop safer material processing methods. The purpose of this thesis is to
introduce such a method which has direct applications in two industries where it can
help to reduce the use of harmful chemicals and create more sustainable processes.
The method uses pressurized carbon dioxide (COz) and water to produce a
functionalized zinc surface that we call an artificial patina.

Zinc and zinc oxide (ZnO) materials are used everywhere from common
applications like house roofs to more specialized applications such as gas sensors.
The versatility of the materials’ end-applications has been made possible by the
development of many processing techniques.

The most common use of zinc is in galvanized steel, in which a thin zinc coating
provides steel with enhanced corrosion prevention due to its sacrificial role. Hot-dip
galvanizing is the prevailing galvanizing technique, in which steel is immersed in
molten zinc. Hot-dip galvanized steel is used to construct e.g. light poles, facades,
roofs and car panels. Due to its noticeable outdoor end-uses, aesthetics and
cotrrosion resistance play vital roles in the functionality of the material. Therefore, it
is often favourable to paint hot-dip galvanized steel, but the poor adherence of paint
to the zinc surface necessitates an additional process step [1, 2] that is often
performed using harmful chemicals [3]. Alternatively, hot-dip galvanized steel can
be installed at the end location and its surface left to be weathered in the surrounding
atmospheric conditions. After reacting with water, oxygen and CO; from the air, the
zinc surface will be covered with a natural patina layer consisting of zinc corrosion
products. The patina layer promotes adhesion with the paints that can then be
applied on the hot-dip galvanized surface. However, the natural patina can take years
to develop and its composition and stability are difficult to control. Consequently,
natural patina is less used for adhesion promotion due to its drawbacks [4, 5]. The

artificial patination method, in contrast, does not need harmful chemicals nor long
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formation times. Furthermore, the method exhibits high reproducibility and control
over the composition of the artificial patina structures.

The oxidized form of zinc is ZnO which is most commonly used in cosmetic
products. However, its semiconductor properties have found use also in high-end
technology applications such as solar cells, gas sensors, antibacterial surfaces and
piezoelectric devices. Most of these applications require nanostructured ZnO with
highly tailored morphologies, such as nanowires. Synthesizing such nanomaterials of
ZnO is usually done by using expensive and often harmful chemicals as well as
energy-intensive and time-consuming techniques [6, 7]. The artificial patination
method, in contrast, can be used to produce ZnO films and nanowires using only
CO; and water.

Carbon dioxide (COy) is a side product of many harmful and energy-intensive
processes, and it is posed as the leading cause of current global environmental
problems. Almost paradoxically, however, CO2 can be used directly in many
processes as an extremely safe and clean processing gas. COz is non-toxic and non-
flammable, which makes it easy for workers to handle and for the environment. It is
also inexpensive, and easily and abundantly available, which makes it economically
viable for many applications [8—10]. The economic case for using CO; are
increasingly alluring due to changes in the political climate and governmental
incentives [8, 11].

The aim of this thesis is first to introduce the method for producing the artificial
patina. A holistic description of the principles, interactions and reactions relevant for
the technique are presented to outline the possibilities of the method. Furthermore,
the two industrial applications are presented as case studies to evaluate the artificial
patination method’s feasibility in the applications while comparing it to the
industries’ established and currently used techniques. Although this thesis will
provide a comprehensive description of the technique, it is not intended to present
a finished product for immediate use: further process engineering would be

necessary.
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2 ZINC AND ZINC OXIDE COATINGS

This chapter provides a general background survey about zinc and zinc oxide (ZnO)
coatings. Their most common applications as well as production and processing
methods are described. Moreover, the reactivity and electrochemistry of zinc are
presented from the aspects that are relevant to this thesis.

2.1 Zinc coatings

Zinc’s main application is galvanizing, which involves coating steel structures with
metallic zinc to protect the steel surface from corrosion. Zinc protects the steel due
to their difference in electrochemical properties. Fig. 1 shows the electrochemical
series that describes the ability of some elements to accept (reduce) or donate
(oxidize) electrons by their standard potential; this measure is also called
reduction/oxidation potential. In addition to the standard potential, also other
factors (i.e. electrolyte composition) affect the overall electrochemical potential that
determines the corrosion behaviour of the system. The higher the electrochemical
potential is, the less likely the element reacts with surrounding materials. Iron (Fe)
has a higher reduction potential than zinc, so zinc is more likely to reactin a corrosive
environment [1].

Substance Standard Potentials at 25°C (NHE)

Au > Au* +3e +1.498

Pt = Pt?* + 2e- +1.2

Ag > Agt+e +0.799

cu > cw e +0.337 Metal reactivity
2H* + 2e 2> H, 0.00 (Reference)

Fe - Fe?* + 2e -0.440

Zn 2> Zn?* + 2e -0.763 v

Figure 1. Standard potentials of some metals measured at 25°C relative to normal hydrogen
electrode (NHE). Data from [12].
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When zinc and steel are in electrical contact with each other, they form a galvanic
pair. In a galvanic pair, the metal with higher electrochemical potential becomes a
cathode (iron) and the metal with lower electrochemical potential becomes an anode
(zinc). When a galvanic pair is in contact with a corroding species, i.e. water, the
metals undergo galvanic corrosion in which the anode metal dissolves into the water
(electrolyte), leaving the cathode unchanged (Fig. 2). Corrosion is an electrochemical
process in which an electrical current flow causes the dissolution of metals [12, 13].
In galvanized steel, the metallic zinc (anode) dissolves in the electrolyte as ions,
producing free electrons in the process. These electrons are consumed at the
cathode, e.g. with dissolved oxygen, forming cathodic products (Fig. 2). The
dissolved metals and cathodic products can further react with other substances
present into more stable substances such as oxides and carbonates. The nature of
the corrosion products also determines the overall corrosion resistance of the metal.
Flaky and brittle corrosion product layers can lead to more corrosion, whereas tightly
packed layers inhibit corrosion. Consequently, zinc has better corrosion resistance

than some steels due to the formation of a compact carbonate layer called patina [1].

Water (Electrolyte) Anodic reaction

Zn2+
Zinc (Anode) (  0;+2H,0»40H
Steel (Cathode) \ET/ Cathodic reaction

Figure 2. Galvanic corrosion of galvanized steel in the presence of water.

The production of galvanized steel starts with manufacturing the steel part. The steel
can be then galvanized by various methods depending on the properties required for
the end application. After galvanizing, the surface usually undergoes a surface
treatment. This treatment provides corrosion resistance for the zinc surface. The
treatment may also provide an adhesion layer for organic coatings applied for even
better corrosion protection or for an aesthetic surface finish [1].

2.1.1  Galvanizing process

The galvanizing process includes several steps throughout the production line. First,
the steel surface must be prepared. The unrolled steel sheet is first degreased with
an alkaline solution and subsequent rinsing. The next step, called pickling, removes
mill scale and rust off of the steel. Just before the application of the zinc coating, the
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surface oxides are removed by a process called fluxing that uses reducing gases.
Fluxing is done especially to prepare hot-dip galvanized parts [1].

The galvanizing itself can be done in various ways. The most common techniques
include electroplating, sherardizing, thermal spraying and hot-dipping.

Electroplating is used for applications requiring a uniform coating thickness as
well as excellent surface quality suitable for painting, e.g. in the automotive industry.
The process involves two electrodes, of which one is the material to be coated. While
electroplating provides an excellent surface quality, and a thin and uniform coating,
it is expensive [1].

Sherardizing bonds powdered zinc onto the steel substrate in a heated diffusion
process. Its advantage is that the part maintains its geometry and provides good
corrosion resistance. Sherardizing is widely used for nuts, bolts, nails and other small
articles [1, 14].

Hot-dip galvanizing involves submerging steel parts into a zinc bath. Hot-dip
galvanizing provides very good bonding with the steel surface, is rapid, and is
inexpensive. Batch hot-dip galvanizing involves dipping individual parts (batch hot-
dip), useful for parts with complex shapes.

Continuous hot-dipping is used for coating sheets, wires and other simple-shaped
articles, such as in the Sendzimir process, shown in Fig. 3 [15]. The Sendzimir
process is a so-called ‘roll-to-roll’ process, in which a roll of steel is unwound at the
start, passes through the production line, and is re-wound at the end. The production
line includes multiple surface preparation steps, and immersion in a molten zinc bath
containing 0.1-0.2% aluminium that prevents the formation of brittle Fe—Zn
intermetallic phases and reduces zinc bath oxidation. Air knives control the thickness
of the zinc coating as it exits the bath. Continuous hot-dip galvanizing is used to
produce e.g. metal roofing, fagades and ductwork. (1, 106].

Hot-dip is the most prevalent galvanizing method due to its economics and
properties. Therefore, the rest of this thesis focusses primarily on the context of
continuous hot-dip galvanized steel as a case study towards application to other
methods of galvanizing as well.
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Figure 3. Continuous hot-dip galvanizing line. 1. Strip unwinding, 2. Welding, 3. Levelling loop, 4.
Degreasing, 5. Pickling, 6. Full annealing, 7. Surface activation in a reducing atmosphere, 8. Zinc
bath, 9. Air wiping knives, 10. Levelling, 11. Shearing, 12. Winding the galvanized strip in a coil
[15].

2.1.2  Surface pretreatments of zinc coatings

After hot-dip galvanizing, the galvanized surface is treated to increase corrosion
resistance and adhesiveness for the later-applied organic coatings. Organic coatings
are generally not applied without surface preparation due to poor adhesion. Most
commonly, chemical pretreatments are used to produce a conversion coating on the
zinc surface. Conversion coatings can also be useful merely for their corrosion
resistance even without a subsequent organic coatings. The most commonly applied
chemical pretreatments are chromate, phosphate, zirconium-based and titanium-
based coatings. The conversion coating process is easy and rapid [1, 17-19].

Chromate conversion coating treatments were among the most used. The
chromate conversion layer is produced using chromic and hydrofluoric acids which
are applied on the zinc surfaces. The acids react with the zinc surface, to form a thin
chromium hydroxide layer on the order of 15 nm thick [17]. The layer adheres well
to organic coatings. It provides good protection from corrosion even by itself, so
can also be used without a subsequent organic coating. Chromium conversion
coatings can be performed using either hexavalent or trivalent chromium solutions.
Using hexavalent chromium produces a conversion coating with excellent
properties, but hexavalent chromium is considered highly toxic, and therefore its use
is heavily regulated [20]. Trivalent chromium conversion coatings were developed to
replace hexavalent chromium due to its being less harmful while producing similar
results [2].
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Another conversion method uses phosphates. Phosphate conversion uses
phosphoric acid together with zinc and nickel phosphates. Phosphate conversion is
mainly used to enhance organic coating adhesion and corrosion resistance [17, 21].

Other conversion methods such as zirconium-based or titanium-based
conversion coatings are also used. Zirconium-based conversion coatings use
hexafluoro zirconic acid. The zirconium conversion coatings offer properties similar
to those of the other conversion coatings, though the coating layer is thicker,
approximately 50 nm [17]. Titanium conversion coatings are performed with
titanium hexafluoride, manganese salts and phosphoric acid [22].

The zinc surface can alternatively be prepared for organic coatings by waiting for
a sufficient natural patina layer to develop: the hot-dip galvanized article is installed
in its destination and left to react with the environment. In approximately two years’
time, the surface has patinated through atmospheric corrosion (detailed description
in chapter 2.3) [4, 23]. Although the overall formation time and composition of
patina is highly dependent on the prevailing exposure conditions, the patina layer
mostly comprises of hydrozincite, a type of zinc hydroxy carbonate. Hydrozincite
increases the adhesion of organic coatings and provides a barrier layer that inhibits
further corrosion. The process is very inexpensive but requires a long waiting time,
and the patination is highly dependent on weather conditions which makes the
process uncontrollable [5, 23].

The modern galvanizing industry still primarily uses the conversion coatings for
its adhesion promotion and anti-corrosive properties. The main disadvantages are
the use of extremely harmful chemicals like strong acids, although much progress
has been made lately by developing more environmentally-friendly conversion
coatings. Continuing to use harmful chemicals creates operating risks for the
environment and workers [3]. Natural patination, on the other hand, takes a very
long time to develop, which is undesirable for both the manufacturer and the end-
user. Therefore, more environmentally friendly, sustainable and rapid techniques

could be of use to replace these treatments in part.

2.1.3  Organic coatings on zinc

Zinc surfaces are often coated with organic paints to provide extra corrosion
protection as well as for aesthetic purposes. The corrosion resistance of organically
coated hot-dip galvanized steel (Fig. 4) improves significantly as a result of both the

zinc coating and the organic coating. Organic coatings are non-polar polymers that
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seal the substrate surface and greatly inhibit the transport of corroding species such

as water or atmospheric gases [5, 24].

Figure 4. Painted hot-dip galvanized steel. From [25].

Organic coatings can be applied on the hot-dip galvanized surface in a coil coating
line (Fig.5) that follows the continuous galvanizing line. The hot-dip galvanized sheet
is first washed and rinsed after which it is passivated or pretreated with the to form
conversion coatings as described before. Subsequently, two different paints a primer

coating and a top coat are applied on the surface.
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Figure 5. Coil coating of hot-dip galvanized steel sheet. From [26].

2.2 Zinc oxide nanostructures

>

When zinc is exposed to humid air, ZnO can easily form as so-called ‘white rust
which comprises ZnO and zinc hydroxide (ZnOHy) [27,28]. ZnO formed in this
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manner is usually non-adherent, irregularly shaped and partly amorphous [29, 30].
However, with proper synthesis techniques producing a controlled structural
morphology, stoichiometry and crystallinity, ZnO has versatile properties and wide
application areas. Traditionally, ZnO has been used as a filler in the rubber, food,
pharmaceutical and cosmetics industries. Furthermore, the recent development of
nanotechnology and nanomaterials has led to high-technology applications for ZnO
because of its semiconductor nature. These include a range of optical applications,
dye-sensitized solar cells (IDSSC), mechanical energy harvesting, sensor technologies
and photocatalysis [0, 31].

Nanoscale ZnO has aroused great interest because of the large number of feasible
synthesis techniques available for tailoring a range of morphologies [6]. ZnO has
been synthesized into a variety of nanoscale structures, e.g. thin films, nanospheres,
nanorods and nanowires (Fig. 6) [6, 32]. The nanowires can be formed in many
different sizes, aspect ratios and crystallinities. The different material characteristics

of various ZnO nanostructures provide properties useful for various specific
applications [0, 33, 34].

Sphere Nanowires Nanorod Thin film

Figure 6. ZnO nanostructures. Edited from references [35] and [36].

2.2.1  Synthesis of nanosized ZnO coatings

ZnO thin films and nanowires are the most commonly produced ZnO
nanostructures. These nanostructures have been of interest due to their easy
synthesis and a wide range of uses. ZnO thin films are uniform coatings on
substrates, whereas ZnO nanowites are needle-like 1D structures. The focus on ZnO
nanowires originates from the higher surface area that they provide by protruding
above surface [34, 37, 38].

ZnO thin films can be produced with chemical vapour deposition (CVD),
physical vapour deposition techniques (PVD), sol-gel methods, among other
methods [39]. Similarly, ZnO nanowires can be synthesized by a variety of

techniques, e.g. the hydrothermal method, vapour—liquid—solid (VLS) and
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aluminium oxide templating [6, 33, 40]. Due to the wide variety of existing
techniques, only the most commonly used techniques are described in this chapter.

Sputtering is a PVD technique that is used to form thin films of many materials.
A ZnO target is bombarded by ions, generated by exposing a gas (e.g. argon) to an
electromagnetic field inside the sputter chamber. The high-energy ions detach atoms
from the target surface, which then travel towards and land on a substrate, usually
located opposite the target. The substrate is consequently covered with the target
material in the wanted thickness. The main benefits of sputtering are great uniformity
and control over the film thickness as well the possibility of using a variety of coating
materials. However, the sputtering process requires the use of high vacuum, large
potential generation, and it is typically a batch process [41].

The sol-gel method is another ZnO thin film technique where the coating is
applied by using liquid precursors. The method typically uses metal alkoxides and
water as the main precursors, together with a solvent. The metal alkoxide and water
react together by hydrolysis and condensation reactions, eventually forming a metal-
oxygen bond network that results in the solid ZnO structure. The solvent provides
a sufficient surrounding volume for the reaction. As soon as the precursors are
mixed, the solution needs to be deposited on the substrate surface. The depositing
can be done in various ways, e.g. by dip coating or, more commonly, by spin coating
(Fig. 7). In spin coating, the mixed precursor solution is placed on a substrate which
is then rotated so that the solution spreads into a uniform layer. Heat treatment
takes the coating into its final form. The sol-gel method, together with spin coating,
produces thin ZnO films with fairly good uniformity and easy processing. The
downside is that metal alkoxides are expensive [33].
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Figure 7. The principles of producing coatings or nanopowder with sol-gel method [42].

ZnO nanowires are most commonly synthesized through hydrothermal growth.
Variable surface topographies can be obtained through careful control of the
treatment parameters [6, 43]. Typically, the method is used for producing a nanowire
structure on a substrate surface [6]. Fig. 8 shows, schematically, a typical
hydrothermal process. The hydrothermal method starts by producing a ZnO thin
film called a seed layer. The seed layer is usually formed using sol—gel or sputtering
techniques. The substrate and seed layer are then immersed in a heated solution
containing specific solvents and zinc compounds. The reaction time can be from
hours to days. The advantages are the use of low temperatures, low cost, ease of
synthesis and high crystallinity [6, 44]. The main disadvantages are the long, multi-
stepped process, as well as the use of potentially harmful chemicals [45,46].

-

Spin coating
| —  —
e
v inss Precursor
TOglass  coqution 600C 200°C/air
30min
300°C/anr
30min
Z%O — (— leO
.11 Inumersion in seed laver
nanowire array s bath golution ’ 7

Figure 8. Hydrothermal procedure with spin coated seed layer on a ITO glass substrate [47].



VLS is a nanowire growth technique used for many semiconductor materials
including ZnO [40, 48, 49]. The method involves a metal catalyst (e.g. Cu, Au) as the
initiation point for the nanowire growth. The precursor material, e.g. ZnO powder,
is vaporized and transported in the gaseous phase into the metal catalyst droplet with
which it merges, forming an alloy droplet consisting of the metal and ZnO. The
droplet is supersaturated with the ZnO, and a nanowire starts to grow between the
metal droplet and substrate [40]. The growth stops when the temperature falls below
the eutectic temperature of the alloy, or when the supply of the precursor vapour
stops [34]. Materials used for the VLS technique are fairly simple and the result is
crystalline nanowires, but the process requires high temperatures of approximately
800-900°C and the nanowire growth can be difficult to control [48, 49].

2.2.2  Properties and applications

Nanostructured ZnO has variety of applications. The most common of these are gas
sensors, solar cells and piezoelectric applications.

ZnO nanowires have been researched as a gas sensor material for several gases
(i.e. NOg, CO, NHj3), humidity, pressure, biomolecules and glucose molecules. The
sensing mechanism can be based on either mechanical or chemical interaction [37,
50-52]. ZnO nanowires are optimal for sensor applications due to their high surface
area, chemical stability, low-cost synthesis and optical properties [50]. The sensing is
based on the adsorption of molecules on the ZnO surface changing the resistivity of
the material, resulting in measurable response.

Piezo- and pyroelectricity are material properties where electric current is
produced by mechanical movement or heating, respectively. Applications include
energy harvesting and sensor applications [53, 54]. ZnO has been studied a lot as
both a piezo- and pyroelectric material [34, 37, 55, 56]. ZnO has been found to have
a very high piezoelectric coefficient and high elasticity; both of which properties are
valued for piezoelectric use. Compared to other piezoelectric materials, i.e. barium
titanate, ZnO is more durable and easier to synthesise, which makes it better for
piezoelectric applications [57].

ZnO nanowires can be used also in two different types of solar cells: Dye-
Sensitized Solar Cells (DSSC) and Quantum Dot Sensitized Solar Cells (QDSSC)
[58, 59]. Both types operate on the same working principle with the main difference
being the different photosensitive dye used. ZnO functions as the charge transport

material within the solar cells due to its wide band-gap and electron transport
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capabilities [58]. The solar cell consists of two electrodes, one of them transparent.
The ZnO nanowires are deposited on top of the transparent electrode. The
nanowires are then coated with a photosensitive dye compound on their surface, and
an electrolyte is applied on this nanowire array. Finally, the counter-electrode is
applied on top of the nanowire array to finalize the circuit and ensure charge
transport [58].

ZnQ is also a photocatalytic material, i.e. incident photons can excite its electrons
from the valence band to the conduction band (Fig. 9). The excited electron and
hole produced on the material surface can then react with water or gases in the
immediate environment to produce radicals. These radicals can then react further
with the environment, converting nearby molecules into others [60]. Photocatalytic
material surfaces are antibacterial as the radicals are able to puncture bacteria
membranes, killing them [45, 61]. Furthermore, the radicals can react with
environmental pollutants and toxic substances by converting them into less harmful
substances [60)].
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Figure 9. Schematic of basic principle of ZnO photocatalysis.

The advantages of ZnO nanowires for photocatalytic applications lies in the easy
nanostructure synthesis and high photocatalytic activity [45, 62]. There are some
studies showing that the photocatalytic activity of ZnO is higher than that of
titanium dioxide (TiOz), the most common photocatalytic material [63, 64].
However, there are contradictory results regarding ZnO’s photocatalytic activities.
A major disadvantage of ZnO nanowires in photocatalysis is the high band-gap
energy which inhibits their activity in sunlight. Additionally, ZnO exhibits
photocorrosion which leads to deterioration of the material [65].
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2.3 Corrosion of zinc and electrochemical reactions

Metal corrosion entails the electrochemical dissolution of the metal surface into an
electrolyte. The dissolving metals tend to either wash away or react with
environmental species to form other compounds such as oxides, carbonates or other
corrosion products. The formation of corrosion products can protect the metal from
further corrosion by different means, such as reducing the aggressiveness of
corrosive species, inhibiting electron transfer and especially by creating a barrier layer
between the metal and environment. A barrier layer inhibits transport of water or
other reactants to the underlying metal surface [1, 12]. However, if the corrosion
products are non-adherent and detach easily, they do not create such a barrier layer
enabling corrosion to occur when they are continuously removed from the surface
like in the case of iron [60].

As was previously mentioned, zinc is low on the electrochemical series. This
means that it is fairly reactive, constantly interacting with the environmental species.
However, the zinc’s reactivity protects the material through the formation of a
compact corrosion product layer that prevents further corrosion and material loss.
Consequently, the corrosion rate of zinc is 10 to 100 times slower than certain steels
due to its corrosion product layer [1].

The corrosion product layer, ie. the patina, typically consists of multiple
compounds. The final composition depends highly on environmental conditions
such as temperature, humidity, surrounding gases and impurities. The main
contributors to atmospheric corrosion of zinc are carbon dioxide (CO2) and water
from humidity or rain. The initial corrosion products on zinc are most typically ZnO
and Zn(OH)2, which convert in subsequent reactions towards different zinc hydroxy
carbonates [1, 27, 60].

Even though the patina significantly inhibits corrosion, it can also wear over time
through runoff. Runoff occurs typically when the zinc surface is exposed to weather;
the patina itself dissolves into rainwater, contributing to material loss and exposing
fresh surface to further corrosion (Fig. 10).
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Figure 10. Zinc patina runoff. From [27].

2.3.1 Corrosion reactions

Corrosion is driven by the electrochemistry that occurs when an anode, cathode, and
an electrolyte that are in electrical contact as was shown in Fig. 2. Flectrons from the
anode travel through the metal to the cathode where they participate in further
reactions such as oxidation. Consequently, there is always reaction occurring on the
anode and cathode. Water, the most common electrolyte, acts as a medium of
transport for the species, i.e. dissolved ions [1]. In galvanic corrosion, the anode and
cathode are defined by the difference in their standard potential. When the system
comprises only one metal, minute differences on the metal surface create localised

anodic and cathodic areas [12]. The anodic reaction for zinc is

Zn - 7Zn?* + 2e” M)
Conversely, the cathodic reactions are hydrogen gas evolution or oxygen reduction
shown in Eq. 2 and 3. Oxygen reduction is a more prevalent cathodic reaction for
zinc rather than hydrogen evolution, due to the high overpotential of hydrogen
compared to zinc. Hydrogen gas evolution can, however, occur in certain
environments, especially under highly acidic conditions [1].

2H* + 2e™ - H, )

0, + 2H,0 + 4e™ — 40H"~ 3)
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After the anodic dissolution of zinc, the liberated Zn?" ions react with hydroxyl ions
(OH) forming ZnO and Zn(OH):2 as the initial corrosion products (Eq. 4 and 5).
The formation of these species depends on the environmental conditions, especially
pH and temperature [29, 67, 68]. ZnO and Zn(OH); typically form simultaneously
[27, 69, 70] although some studies have shown the formation of Zn(OH)> before
Zn0O under aqueous NaCl solution [67]. Zn(OH)2 formation is more prevalent at
lower temperatures and ZnO formation at higher temperatures [69]. Both species
form under alkaline conditions [29] although Zn(OH): is even more predominant
under higher pH [72].

Zn?**(aq) + 20H (aq) - Zn(OH),(aq) 4)

Zn?**(aq) + 20H (aq) — ZnO (s) + H,0() (5)
Zn(OH)> can also be converted to ZnO through the reaction in Eq. 6 [72]. Zn(OH)
can also redissolve, depending on pH, forming zincate ions (Zn(OH)4%, Eq. 7), or
other zinc hydroxide-based ions, e.g. ZnOH* [73]. More complex reaction

sequences, leading to Zn(OH)z, ZnO and the subsequent corrosion products, are

also possible [73, 74].
Zn(OH),(aq) = Zn0O(s) + H,0(D) (6)
Zn(OH), (s) + 20H™(aq) — Zn(OH)%™ (aq) @)

Carbon dioxide is a critical constituent in zinc patination. It contributes by first
dissolving into water to form carbonic acid shown in Eq. 8. The carbonic acid then
dissociates into bicarbonate and carbonate ions (Eq. 9 and 10).

CO,(g) + H,0(1) - H,CO3(aq) ®)
H,C03(aq) —» HCO3(aq) + H* (aq) ©)
HCO3 (aq) — CO3~(aq) + H* (aq) (10)
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These carbonate ions react further with the dissolved Zn-species to form smithsonite
(ZnCOs, Eq. 12) and zinc hydroxy carbonates (Eq. 13, 14). Since the actual
carbonate ion concentration is typically low [76], the more abundant bicarbonate
ions likely participate in the reactions as well. The bicarbonate ions could react to

form zinc carbonates as shown in Eq. 15, for example [77].
Zn?**(aq) + CO3~(aq) — ZnCO;(s) (11)
aZn?*(aq) + bCO3~ (aq) + cOH™(aq) - Zn,(CO53),(0H)(s) (12)

aZn?*(aq) + bCO3 (aq) + cOH™(aq) + dH,0(1)
(13)
- Zn,(CO3), (OH) - dH,0(s)

Zn(OH)*(aq) + HCO3 (aq) = ZnCO4(s) + H,0(1) (14)

Zinc hydroxy carbonates occur as various compounds with the most common being
hydrozincite (Zn5(CO3)2(OH)g), and others with varied stoichiometry [77, 78]. The
zinc hydroxy carbonates contain varying amounts of each of the ions (Zn2*, OH,
COs3%) and can also exist with water of crystallization. These species have been found
in nature and as products of several synthesis methods [71, 74, 78].

The carbonates can further react in complex reaction sequences with impurities
from the air and other environmental substances, e.g. sulfur dioxide (SO2) and
sodium chloride (NaCl). The final reaction products vary greatly, resulting in a variety
of different zinc compounds. The compounds include different hydrated zinc
sodium sulfates and chlorides [80].

2.3.2  Atmospheric corrosion

Zinc corrosion in the atmosphere is affected by prevailing weather conditions as well
as the surrounding environmental factors such as nearby marine or industrial areas
[27]. As discussed eatlier, the initial steps of zinc corrosion involve the formation of
Zn0O and Zn(OH)2, which occurs in a relatively short time — from seconds to hours
[80]. This is followed by subsequent reactions with COz dissolved in water. In case
the atmosphere does not contain pollutants, the reaction with COz results in the

formation of the most abundant zinc corrosion product hydrozincite in only a few

29



days. The atmosphere typically contains both NaCl and SO.. These species will
eventually convert into a more developed patina layer in numerous reaction
sequences by forming a variety of zinc hydroxy chlorides and sulfates [27,80].
Examples of some possible atmospheric corrosion reaction sequences are shown in
Fig. 11.

| Zn,50,(0H)s:nH,0 |ﬂ| Zn,Cla(OH),50, 5H,0 |

’ 57534 soyso
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Figure 11. Zinc patina compounds and their formation times [27].

The zinc patination process is affected by prevailing environmental conditions as
well as the pattern of alternating wet and dry cycles. The type and duration of wetting
affects the final patina formation significantly. The process starts when the zinc
surface is contacted with water, whether by rain or humidity, dissolving zinc from
the surface. Drying of the water layer results in initial precipitation of ZnO,
Zn(OH)>, and finally hydrozincite as well as other zinc-based compounds depending
on the air pollutants and gases [1, 27, 80].

The patina layer changes constantly throughout its lifetime. The patina is affected
by continuous dissolution resulting in further corrosion, product precipitation, and
runoff [27]. However, the layer is sufficiently developed after one or two years that
organic coatings can be applied [4].
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3 PROCESSING WITH CARBON DIOXIDE AND
CARBONATION

This chapter discusses aspects of carbon dioxide use, and the interactions between

carbon dioxide and water.

3.1 Utilization of carbon dioxide

The air in the atmosphere comprises 0.04% CO., makes it the fourth most abundant
atmospheric gas after nitrogen (N2), oxygen (O2) and argon (Ar) [82]. COsz is a
greenhouse gas which means it absorbs heat radiation that would otherwise escape
the atmosphere, resulting in a temperature rise of the earth. The exponential increase
in CO; levels during modern times has created great concern about global warming
and its effects on the earth. Therefore, developing technologies to gather CO» from
the atmosphere and transform it into other forms has become a matter of global
urgency. There are two main options currently discussed within the research
community: carbon capture and storage (CCS) and carbon capture and utilization
(CCU), as shown in Fig. 12. The main difference between them is that CCU aims to
convert COz into products, whereas CCS tries to find storage options for the COx.
Both CCS and CCU will likely be needed for urgent disposal of COz in the current
state of the world. The primary example of CCS technologies is sequestering CO2
into the ground to form mineral carbonates buried deep in the earth’s crust. CCU
technologies include a variety of possible applications, ranging from the carbonation
of mineral by-products of the concrete industry, to synthesizing polymers or fuels

[83].
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Figure 12. Carbon capture technologies and subsequent utilization or sequestration applications [84].

Currently, the motivation for COz utilization is to reduce its levels in the atmosphere.
However, CO2 provides many advantages in processing. Processing with COs is
non-toxic and it’s non-flammable, which facilitates its use [9]. Furthermore, COz is
inexpensive and easily available [83]. Incentivization policies implemented by
governments also implicate good financial prospects for CO» utilization processes
[11].

In atmospheric conditions, CO2 exists in gaseous form (Fig. 13). CCU
technologies usually aim to use CO2 in gas or liquid state so that only little
pressurizing and no excessive cooling or heating is required, in order to keep
processing economical. When pressurized and heated, COz turns into a supercritical

fluid.

32



1000

Supercritical

Solid
“Dry ice” Liquid
100 + 9
=
@©
] \
[ Critical Point
=1 (31.1°C, 73.8 bar)
@
2 10 4
o

Gas

1 t t t t - - f f f
-100 -80 -60 -40 -20 O 20 40 60 80 100
Temperature (°C)
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and edited.

3.2 Supercritical carbon dioxide (scCO)

Supercritical fluid is a state of matter with properties between those of liquids and
solids. The main characteristics of supercritical fluids are high density and solvability,
low surface tension, low viscosity, as well as gas-like flow and diffusivity. These
properties make the supercritical state particularly optimal for solvent applications
where high solvability and fluid flow control are essential process parameters.
Moreover, the solvation power and selectivity properties of supercritical fluids can
be controlled by changing the process pressure and temperature. Supercritical CO»
(scCO») has a low supercritical point (73.8 bar, 31°C), which makes its use more
energy-efficient, safer and more economical than other supercritical fluids [85].
Consequently, scCOz is the most used supercritical fluid, and it is used in many
applications such as power generation, and in the food and chemical industries [9,
10, 85].

ScCOz is especially useful as a solvent due to its environmentally friendly
processing and high solvability. The excellent solvent properties of supercritical
fluids are due to their high density resulting in so-called ‘solute—solvent clustering’ in
which a higher number of solvent molecules surround the solute molecule compared

with the lower number in lower-density gases. The density of supercritical CO2
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correlates well with an increase in solvent solvability [10]. As seen from Fig. 14, the
density significantly increases when gas is compressed over the critical point, which
results in higher solvation capability as well. Even though COz is non-polar, it has a
significant quadrupole moment that allows minor solvability of polar substances as
well, e.g. water, in certain conditions [10, 86].
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Figure 14. The density of CO2 at 31°C. Data acquired from [85].

The liquid-like dissolving capability of scCO is of great advantage in many
applications. Supercritical extraction is currently the main application for scCOg,
separating specific compounds from the original raw material, useful in the food and
pharmaceutical industries [10, 85]. The best-known example is caffeine extraction
from coffee beans or tea leaves to produce decaffeinated coffee or tea, along with a
highly concentrated caffeine extract [86]. Another example is the production of
highly porous aerogels, in which scCOz removes solvent from the pores of a highly
porous material; these gels have uses in the space and construction industries [88].
Furthermore, the solvent properties of scCOz can be adjusted by changing the
pressure and temperature. This control of solvability enables the dissolving of
multiple substances at high pressures and subsequently releasing them in different
pressure ranges, resulting in a fractional separation of the individual substances
without need for further post-processing [86].

Like gas, scCO2 occupies the whole reaction volume and easily infiltrates into
small pores and structures due to its high diffusivity. Furthermore, zero surface
tension ensures that the structure is left undamaged by removing the scCO». These

properties are used both for depositing new substances into structures, and also for
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removing unwanted substances from within the structures such as in the
aforementioned case of aerogels [9].

The unique properties of supercritical fluids. and especially of scCO2, have found
use in many application possibilities within various industries. The problems with
scCOz2 processing are mainly to do with the requirement of high-pressure:
equipment is needed to handle the high pressure, and high-pressure operations incur
high operational costs. Furthermore, supercritical fluid processes are often limited
to batch or semi-batch processing. These factors have limited the utilization of
scCOz processing [86].

3.3  Carbon dioxide in aqueous environment

The pH of water falls as the CO; dissolves into it (Eq. 9-11). The acidity and the
dissolved ionic species within the water can cause the formation of corrosion
products. Corrosion due to pressurized carbon dioxide has been widely studied in
steel pipelines used in the oil and gas industry [88, 89]. The role of CO; is essential
also in the corrosion behaviour of zinc surfaces in atmospheric corrosion [91].
Generally, the corrosivity of COz can be attributed to the increasing
concentration of hydrogen ions (H*) in water as CO2 concentration increases,
leading to the dissolution of the metal ions. Consequently, the hydrogen ions will
reduce, forming hydrogen gas (Hz) [92]. Thus, CO2 concentration influences the
corrosion of metals in aqueous solutions. In water, dissolved CO; exists in different

components:
1. Dissolved carbon dioxide (CO2)
2. Carbonic acid (H2CO3)
3. Bicarbonate ion (HCO3)
4. Carbonate ion (CO32)

These species of COz are in equilibrium with each other, and their concentrations
are determined by pH, as shown in Fig. 15.
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Figure 15. The equilibrium fractions of dissolved CO2 in water at 1 atm and 25°C [93].

The acidic environment induces metal dissolution from the surface, increasing
corrosion according to the total COz in the solution. However, once the bicarbonate
and carbonate species have formed, they combine with the dissolved metal ions
forming carbonates. The deposition of the carbonate species on the metal surface
can affect the corrosion behaviour depending on the barrier properties of the
carbonate [94-96].

The total amount of carbon dioxide species within solutions depends on the
partial pressure of carbon dioxide in the atmosphere as well as temperature (Fig. 16).
The amount of COz in water increases rapidly with pressure until the vicinity of the

critical point, and is higher at lower temperatures.
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Figure 16. CO:2 solubility in water at 40, 50 60°C as a function of pressure. Data from [87].
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The concentration values in Fig. 16 are reached when the CO; has had sufficient
time to dissolve in the water and attain equilibrium. However, the diffusion rate of
COz in water is slow and also affects the rates of corrosion and corrosion product
formation [97]. Water layer thickness has also been found important for the overall
corrosion rate, for example, for steel [98].

At low pressures, the gas diffusion and the concentration of COz in water are the
main factors influencing CO2’s reactivity. When the pressure rises close to the
supercritical region and above, water dissolves in COz as well. This wet supercritical
carbon dioxide has been shown to cause corrosion on steels [75, 98, 99].
Furthermorte, it has been shown to cause carbonation reactions on mineral surfaces
[101-103]. In contrast, pure CO2 — ie. without water — on metal or mineral
surfaces does not result in any surface reactivity [99, 101]. Fig. 17 shows how the
dissolution of water in CO» in different temperatures where it can be seen that the
dissolved water amount increases significantly when pressure increases above the
critical point.
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Figure 17. Water solubility in CO2. Data from [87].

The mechanism of corrosion in wet scCO2 phase is not well known. However, the
corrosivity of wet scCOz is likely a result of the formation of a very thin, liquid-like
water film on the reaction surfaces. It has been suggested that the water film is caused
by small pressure variations near the reaction surfaces, which results in precipitation
of water at specific areas or, alternatively, from water adsorption on the surfaces [75,
101]. Furthermore, precipitation of water during depressurization of the wet scCO2

phase induces corrosion, e.g. on steel surfaces [95, 103].



4 THE PURPOSE OF THE STUDY

The aim of this thesis was to develop a carbon dioxide-based treatment method for
functionalizing zinc surfaces. The potential of the method in different application
areas was evaluated. The research aimed to answer the following questions:

I. Can a pressurized carbon dioxide-based treatment be used to
functionalize zinc surfaces with artificial patina?

a. What aspects of the treatment influence the final surface
properties of the artificial patina?

b. Can the treatment be optimized for efficient processing?
II.  How do the functionalized surfaces befit particular applications?

a.  What is the treatment’s viability as an environmentally-friendly
pretreatment method for preparing hot-dip galvanized surfaces
for organic coatings?

b. Can the treatment be used as a method for synthesizing ZnO
nanostructures for semiconductor applications?

The study investigated several aspects of the treatment to develop a comprehensive
overview of how zinc reacts with pressurized carbon dioxide and water to form the
artificial patina. The experiments showed the formation of different zinc carbonate
structures which have not been detected in atmospheric conditions. The treatment
method required no chemical catalysts, and was investigated for its prospects for
efficient processing.
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The main scientific contributions of the thesis are as follows:

e The study provides a comprehensive understanding of zinc surface
behaviour under wet pressurized COz conditions and the formation of

unprecedented carbonate structures in pressurized CO2

e A method for investigating corrosion behaviour in wet carbon dioxide

environments

e The development of a novel surface modification treatment method for zinc
surfaces as a potential, environmentally-friendly pretreatment for the

galvanizing industry
e Easy synthesis of ZnO nanostructures.

The scientific contribution of publication I is to show the synthesis of zinc
hydroxycarbonate structures on hot-dip galvanized steel with a novel technique
based on supercritical COa. In publication II, it is shown that these needle-like
carbonate structures could be converted into ZnO and could therefore be utilized in
semiconductor applications as well as presents a Cu-based catalyst for the method.
Publication III evaluates the synthesis technique of the zinc hydroxy carbonate and
ZnCOs; structures (Artificial patina) as a pretreatment method for subsequently
organically coated hot-dip galvanized substrates. Furthermore, the preliminary
suitability of the artificial patina compared to natural patina and fresh is evaluated.
Publication IV expands on the results of publication III about the suitability as a pre-
treatment and provides a more in-depth characterization of the individual zinc
hydroxy carbonate and ZnCOj structures, as well as their combination structure, on
hot-dip galvanized steel. Publication V focuses on the in-situ investigation of the
artificial patination method. The publication shows and discusses the interactions
between pure zinc surface and wet-scCOy, zinc surface and lower pressure CO2 and
the effect of Oz on the reaction. The results provide essential information about the
method’s different treatment phases and fundamental knowledge about the
corrosion processes of zinc under pressurized COz. Finally, publication VI shows
how different species contribute to the growth of the zinc hydroxy carbonate and

ZnCO;s structure by investigations with isotope waters.
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5 MATERIALS AND METHODS

This chapter describes the materials and sample preparation procedures used in the
studies. Furthermore, detailed information about the treatment equipment and

characterization techniques are presented.

5.1 Materials

The main substrate materials used for experiments were either pure zinc or hot-dip
galvanized steel. The pure zinc sheet substrates had a thickness of 0.62 mm and 99,9
m-% purity and supplied by Alfa Aesar (USA). The zinc substrates were ground and
polished using silicon carbide sandpaper with ethanol (99 v-%) to a mirror finish.
Hot-dip galvanized (HDG) steel sheets had a thickness of 0.5 mm and were supplied
by SSAB Europe (Finland). The HDG sheets had zinc coating weight of 275 g/m?
with approximately 0.2 wt-% of aluminium as an alloying element. The hot-dip
galvanized substrates were cleaned in an alkaline bath with Gardoclean 338
(Chemetall, Germany) to remove residual aluminium and aluminium oxide from the
surface. All substrates were cleaned by using deionized water and ethanol before the
tests.

Carbon dioxide was supplied by Linde (=99%, Finland) or Air Liquide (=99.95%,
France). Oxygen was supplied by Air Liquide (299.99%). Deionized water was used
in all tests and had a conductivity of 2 — 10 uS. The catalyst copper (II) hexafluoro
acetyl acetonate hydrate (Cu(hfac)z) was supplied by Merck.

Organic coatings that were used in publication IV were polyester melamine
primer supplied by Becker Industrial Coatings (Sweden) and topcoat supplied by
Valspar Finland Corporation (Finland) were used. The coatings were applied by Top
Analytica by bar coating in the laboratory and cured in an oven (H12-850AA,
Aalborg Company, USA). The peak metal temperature for the primer was 228°C and
for topcoat 230°C. The dry film thicknesses were 6 pm and 20 um for the primer

and topcoat, respectively.
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The isotopes waters used in Publication VI were deuterium oxide (D20, 99.9 at-
%, Sigma Aldrich, Canada) and 8O water (=299 at-%, Taiyo Nippon Sanso
Corporation, Japan).

5.2 Supercritical carbon dioxide (scCO.) treatment

The equipment and procedure for the scCOz-treatments are described here. The
treatment procedure for publications I — IV is described first in chapter 5.2.1. The
in-situ procedure for publication V and VI are described separately in chapters 5.2.2
and 5.2.3, respectively.

5.21  ScCO,-treatment procedure (Publications | — V)

The scCOs-tests were performed in Tampere University by the author mostly with
a PC-controlled Thar Technologies INC. (Pittsburgh, PA, USA) RESS 250 system,
which is shown in Fig. 18 together with the schematic description of the apparatus.
The system includes a high-pressure pump that pumps the liquid CO,. A preheater
heats the pumped COz into the desired temperature before entering the reaction
chamber. A co-solvent pump, which allows for the introduction of catalyst solution,
is adjoined into the flow of COx. The heating elements inside the reaction chamber
walls further heat the pressurized CO: into the supercritical state. The reaction
chamber is 256 cm? and made from 316L stainless steel. An automatic back pressure
regulator (APBR) is connected in the outlet after the chamber, which is used to
control the depressurization rate. Needle valves (V1 and V2) are used to obtain a

closed system during the treatment.
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Figure 18. Image of the Thar RESS 250 system in the left picture and schematic view of components
in the right picture (Publication ).

The treatment procedure used to prepare samples in publications I — IV is performed
as follows. The hot-dip galvanized (HDG) substrate with typical dimensions of 25
mm width, 50 mm height and 0.5 mm thickness, is first placed diagonally into the
reaction chamber. The chamber is then pressurized and heated into the reaction
conditions. After stabilization, the co-solvent pump was used to introduce a co-
solvent. The treatment time used was 60 minutes after which the depressurization
was performed using the APBR with an integrated heater to minimize ice formation.
The depressurization time was approximately 10 minutes and was performed in an
identical way in all tests.

The reaction conditions used in publications I — III were the pressure of 300 bar
and 50°C temperature. In publication 11, also a one-hour post-heat treatment with a
temperature of 400°C was performed for the scCOz-treated sample. Three different
reaction conditions were used in publication IV: 80 bar 40°C, 80bar 60°C and 65 bar
22°C (liquid COz conditions). The co-solvent in publications I and II was 5 mL of
deionized water. In publications III and IV, also a catalyst solution was used
consisting of 0.5 m-% Cu(hfac): dissolved in 5 mL of HxO/EtOH (40/60 vol-%)

solution.
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5.2.2  In-situ scCO> and droplet test procedure (Publication V)

The in-situ FTIR and Raman tests were performed with the same reaction chamber
setup in University of Bordeaux by the author. The in-situ Raman setup is shown in
Fig. 19. The FTIR setup was identical to the Raman with the only difference being

the characterizing spectrometer. The FTIR and Raman spectrometers are described

in detail in the characterization techniques.

Figure 19. The in-situ Raman setup.

The reaction chamber had a volume of 5.4 mL with retractable heating elements
embedded into the chamber walls. The CO2 was introduced to the chamber using a
manual pump. The chamber had a window used for the in-situ investigations. A
sapphire window was used for the Raman experiments and Calcium Fluoride (Cal)
for the FTIR measurements. A mechanical moving table was used to focus the
microscopes and spectroscopes on the sample surface. The zinc samples were first
cut into 12 mm diameter circular samples with two holes of 1 mm diameter drilled
to enable transport of the reaction gases on the measurement surface.

In the Raman and FTIR scCO; experiments, a stirrer and 0.2 mL of water were
placed inside the chamber before the scCOx tests. A magnetic stirrer plate was placed
under the chamber as seen from Fig. 19. The samples were placed near the
measurement window, as shown in Fig. 20. Depressurization was performed
manually using a sensitive needle valve and a heating system. The optical images as
well as Raman and FTIR measurements were taken from the middle of the sample.
The reaction pressure for all tests were 100 bar with temperatures of 40°C and 60°C.

The sessile droplet tests were performed by placing a 3 pl. water droplet (D =
2.19£0.06 mm) on the zinc surface. The sample was placed on an appropriate
distance from the window to ensure no contact of the droplet with the window.
The optical images and Raman measurements were taken from the middle of the
droplet. The reaction conditions were pressure of 5 bar at 22°C and 40°C

temperatures.
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Figure 20. The schematic description of in-situ scCO: (left) and droplet test (right) sample setups
(Publication V).

5.2.3  Isotope water droplet tests (Publication VI)

The tests were conducted in the same apparatus as described in chapter 5.2.1 in
Tampere University. The experiments were conducted identically by first placing a
droplet of the isotope water on a pure zinc substrate and exposing it to 300 bar of
CO2in 50°C to form the ZnCOs structure. In a separate exposure, a new droplet of
the isotope water was placed on the same substrate and exposed to liquid COz in 65
bar and 22°C. The aforementioned procedure was performed separately with D2O

water and 180 water.

5.3  Characterization techniques

Various scanning electron microscopes (SEM) from Top Analytica and Tampere
University were used in the publications. In publications I — II: Zeiss ultra plus
(FEG-SEM, Zeiss, Germany) with INCA Energy 350 energy dispersive
spectrometer (EDS, Oxford Instruments, UK), In publications I — IV: JSM-6335F
(SEM, JEOL, Japan) and JSM-IT100 (SEM, JEOL, Japan). In publication V: JSM-
IT500 (SEM, JEOL, Japan) with silicon drift detector (JEOL, Japan). In publication
VI: Zeiss Gemini (SEM, Zeiss, Germany) with a QUANTAX FlatQUAD (EDS,
Bruker, Germany). Sample preparation for the SEM characterizations did not require
any coatings.

In publication III, also an electron probe microanalyzer (EPMA) with a
wavelength-dispersive X-ray spectrometer (WDS, JEOL, Japan) was used for
elemental mapping. Furthermore, an Ilion + Advantage Precision Cross-Section

System (Gatan Inc., USA) was used to prepare cross-section samples.
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Transmission electron microscope (TEM) JEM 2010 (JEOL, Japan) with EDS
(Thermo Scientific Noran Vantage) was used to characterize the needle-structure in
publication II. The sample was prepared by using a surgical blade to carefully scrape
the surface structure on a nickel TEM grid with a holey carbon film.

The crystal structures were examined with x-ray diffraction (XRD, Panalytical
Empyrean) with monochromatized Cuk, radiation. In some cases, a grazing
incidence x-ray diffraction x-ray measurements (GIXRD) for thin film
characterization was used.

Fourier transform infrared spectroscopy (FTIR, Bruker tensor 27, Germany) with
attenuated total reflectance (ATR) sample holder with a DLaTGS detector was used
in publications I — II. In publication IV, a FTIR (Bruker Vertex 70 ) with the same
sample holder and detector as in publication I — II was used.

The in-situ measurements performed in publication V were done in a
transflection mode using a Nicolet infrared microscope (Thermo Scientific, France)
with a Thermo Optek interferometer using a globar source and a KBr/Ge
beamsplitter. The detector was Mercury Cadmium Telluride (MCT) capable of
investigating a spectral range of 400 to 7500 cm! and a 2 cm! resolution.

The Raman measurements in publication IV were performed with Renishaw
inVia Qontor confocal microscope with a 100x objective. The measurements were
done with A = 532 excitation and a grating of 1800 1/mm. The resolution of the
spectra was 4 cm™ with multiple spectral accumulations to reduce signal-to-noise
ratio.

The experiments in publication V were performed with a Jobin-Yvon Horiba
XploRA confocal Raman microscope with a 50x objective. Excitation of A = 532
excitation and rating of 1800 1/mm were used for the measurements. The measured
spectral range was 200 — 1900 cm ! with 4 cm! resolution.

The optical band-gap of the ZnO structure in publication II was performed with
a spectrophotometer (Shimadzu UV 3600) equipped with an integrating sphere
coated with barium sulphate. The absorption spectra were recorded from 800 to 220
nm with 2 nm intervals in a reflectance mode. Barium sulphate was used as a
reflectance reference. The band-gap was determined using the Tauc plot [105].

In publications I and III, X-ray Photoelectron Spectroscopy (XPS, PHI Quantum
2000) was used for elemental analysis. The XPS used monochromatic Al Ka beam
(50W, 14 kV) with a 100 um spot size. The carbon peak at 284.9 eV was used for
charge-shift correction.

CAM 200 Optical Contact Angle Meter (KSV Instruments) was used for the
water contact angle measurements of HDG substrates. Surface free energy (SFE)
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was calculated using the Wu method based on measurements were performed with
three liquids: water, ethylene glycol and diiodomethane.

Phi Thrift II Time-of-flight secondary ion mass spectrometer (ToF-SIMS,
Physical Electronics, USA) was used for mapping of ions. The measurements were
performed with 25 kV with a 50 um raster size with a total time for mapping of 1 h.
Ga* ion mild sputtering was carried out prior to the measurements.
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6 ARTIFICIAL PATINA FORMATION

This chapter describes the CO; treatment that is used to functionalize the zinc
surface by forming the artificial patina layer. The stages of the treatment and how
they affect the final patina layer are described. Finally, the carbonate structures in the

artificial patina layer are characterized.

6.1 The carbon dioxide treatment

The carbon dioxide treatment produces a carbonate structure layer on zinc, also-
called the artificial patina layer. The artificial patina forms on the zinc surface in
pressurized COz conditions and in the presence of water. The treatment can be
controlled by changing the pressure, temperature, depressurization conditions and
addition of catalysts. The catalysts provide means for accelerated growth of reaction
products but do not directly participate in the carbonate reactions that form the
artificial patina structures. The treatment has been shown to be applicable for most
zinc coatings, whether pure or alloyed.

The artificial patina is composed of two components: zinc carbonate (ZnCO3)
and needle carbonate. The zinc carbonate structure is an anhydrous carbonate
species with chemical formula of ZnCOs. The needle carbonate is a mixed zinc
hydroxy carbonate species which is termed simply as needle carbonate for the
remainder of the thesis. The needle carbonate has a complex but consistent structure
which is described more in-depth later in the characterization section (6.2.2).

The artificial patina treatment can produce surfaces with only one of the
carbonates (ZnCOj; and needle carbonate) present on the surface, or both, by
adjusting the treatment parameters. However, in general, some applications benefit
from a dual carbonate structure, i.e. containing both of the structures, covering the
substrate’s entire surface. Fig. 21 shows the plain hot-dip galvanized surface before
treatment (left) and after two different treatments producing an only-ZnCOj;
structure (middle) and a dual-carbonate structure (right). The SEM images show the
morphologies of the spherical ZnCO3 and the nanowire needle carbonate structures.
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The close-up SEM image of the dual carbonate structure is shown in Fig. 22, which
shows that the spherical ZnCOj3 is composed of very fine cubic structures.

Artificial Patina structures

Untreated HDG ZnCO, Needle carbonate

Figure 21. Effect of the carbon dioxide treatment on hot-dip galvanized substrates. Treatments
performed with Cu(hfac)z-catalyst.

Figure 22. SEM images of the dual carbonate structure with close-up of the ZnCOs carbonate
surface.

The carbon dioxide treatment is typically performed in scCOo, but these structures
can also form under significantly lower pressures, down to 5 bar. However, the
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scCOxz treatment enables better treatment control as well as an exceptional surface
coverage. The treatment procedures differ between critical and subcritical
conditions, but the same reactions and principles of the carbonate formation apply
in both cases.

The wet scCO; treatment is diagrammed in Fig. 23. The treatment starts by
enclosing the substrate in a chamber, which is then filled with CO, and heated and
pressurized into the treatment conditions. Subsequently, distilled water or catalyst
solution is added into the chamber. After the liquid reactants are added, the holding
phase begins in which the conditions are held static, and the zinc surface starts to
react with CO2 and with water dissolved in the CO,. The holding phase is followed
by a dynamic depressurization phase in which the scCOz is evacuated from the
reaction chamber, causing the dissolved water to precipitate as fine droplets inside
the reaction volume. Both the holding phase and the depressurization phase affect
the formation of the carbonate structures. The final artificial patina layer results
when the depressurization phase is complete. Publication V studied in-situ the
behaviour of the zinc surface during the holding and depressurization phases.

Holding phase Depressurization phase

= — — —

= ~7
Dissolved water Precipitated water
droplets

Figure 23. Schematic of the wet-scCO2 treatment stages.

6.1.1  Reactions and phenomena during the isostatic holding phase of the
scCO; treatment

During the isostatic holding phase, water or the catalyst solution first dissolves into
the scCOz and starts to react with the zinc surface. The reaction products are visible
as dark deposits on the surface (Fig. 24, shown at 100 bar and at 40°C and 60°C).
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The products are ZnO and ZnCOs3, as shown by in-situ Raman measurements (Fig.
25) with peaks at 570 cm™ for ZnO, and at 1093 cm™», 300 cm™, and 730 cm’!
corresponding to the », symmetric stretching mode, lattice mode, and
antisymmetric bending mode of ZnCO:s.

ZnO is the initial reaction product due to the corrosion due to the water, CO2
and trace amounts of Oz remaining in the reaction chamber from air. Although no
water was detected on the zinc surface, it is expected that a thin film of water is
adsorbing on the surface allowing the ZnO and ZnCOs3 reactions to occur. The
formation of the thin water film has been reported in other studies performed on
mineral surfaces in similar conditions [100, 101]. The ex-situ Raman spectra also
show the presence of unreacted residual ZnO on the surface after treatment. The in-
situ and ex-situ results in Fig. 25 are representative of the scCO» treatment with
negligible effect from the following depressurization phase as a result of the minute
volume between the window and sample in the tests (see Fig. 20 for description of
the experiment setup).

Needle carbonate formation has not been observed in the experiments. It is
possible that small amounts of needle carbonate form during tests but the Raman
and FTIR are too insensitive for their characterization (see Publication V), or that
needle carbonate does not form during the holding period. As the needle structure
protrudes significantly from the surface, it requires a large enough reaction medium
to grow which is lacking in the supercritical medium due to small water amount and
could, therefore, explain absence of needle structure during holding phase.

0 min 30 min 60 min 90 min 120 min

- h----
" -----

Figure 24. The zinc surface during the holding phase at 100 bar, at both 40°C and 60°C. The white
circle shows the location of the in-situ Raman spectra shown in Fig. 25 (Publication V).
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Figure 25. In-situ and ex-situ Raman spectra of ZnO and ZnCQOs formation in scCOz treatment at 100
bar 40°C (left) and 60°C (right). Peaks in the area denoted as “Sapphire” are due to the sapphire
window and not representative of the zinc surface (Publication V).

Pressure and temperature affect the carbonate formation in different ways during
the holding period, notably because pressure and temperature greatly influence the
amount of dissolved water, as mentioned in chapter 3. The absolute amount of
dissolved water! in the chamber is shown in Fig. 26. The in-situ images (Fig. 24)
show that, during a holding period of 120 minutes, the occurrence of the dark
deposits is much more prevalent at 40°C, with more dissolved water than at 60°C.
The effect of dissolved water was confirmed using in-situ FTIR measurements in
Publication V. Therefore, the higher amount of ZnCOj3 formation at 40°C compared
to 60°C is most likely due to the higher dissolved water amount resulting in greater
reactivity at the zinc surface. In addition to affecting water solvability, temperature
affects also the thermodynamical aspects of carbonate formation; this relationship
will be discussed further in the depressurization chapter below.

As seen in Fig. 24, the amount of ZnCOj3 increases as the reaction time proceeds.
If the supercritical treatment is performed in a large-volume vessel, the amount of
dense ZnCO3 formed could influence the formation processes during the following
depressurization phase. Greater ZnCOs3 coverage over the surface could then inhibit
the availability of the dissolving Zn?* ions because less metallic zinc is exposed to
the environment.

In-situ Raman measurements showed that the ZnCOs3 formation correlates with

the dissolved water amounts (Fig. 20). The treatment pressure has not been shown

'Two different sized chambers, 255 mL and 5.4 ml, were used throughout the thesis. The
amounts in the y-axis shown in Fig. 27 are for the 5.4 mL. chamber. Although the amounts are
different for each chamber, the relative trend is still identical.
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to affect outcomes by any means other than through the amount of dissolved water
during the holding phase. All of the in-situ measurements (performed with FTIR
and Raman spectroscopy) have identified only ZnCOj3 without the presence of the
needle carbonate species. However, since the characterization techniques have
certain sensitivity limits as shown in Publication V, the possibility of minor needle
carbonate formation cannot be excluded.

—40°C
60°C

Dissolved water (103 mL)

T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100 110
Pressure (bar)

Figure 26. Dissolution of water in scCO2 (Publication V).

The amount of water added to the reaction chamber does not affect the treatment,
assuming saturated conditions in scCOp, as is the case in the CO» treatment. It was
found in experiments that the scCO2 has no effect when no water is present. This
agrees well with other studies done by other authors [101, 105].

Although water is a sufficient reactant to form the carbonate structures, the
addition of a Cu(hfac)z-ethanol catalyst solution has a significant effect on the zinc
surface. The catalyst solution has two main effects on the treatment. First, it increases
the amount of dissolved water due to the co-solvent effect of ethanol [107].
Secondly, the copper forms visible deposits on the zinc surface, as evidenced by the
colour changes shown in Fig. 27. This is further confirmed by electron-probe
microanalysis of a sample treated in similar conditions; metallic copper precipitated
on the original zinc surface, and was subsequently surrounded by ZnCOs3 (Fig. 28).
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Effect of Cu(hfac), precursor

0 min 30 min 60 min

Figure 27. Optical in-situ image of the colour change on zinc surface from reducing copper derived
from Cu(hfac): catalyst during the holding phase of the wet scCO2 treatment. Treatment
conditions were 85 bar 40°C with the catalyst dissolved in 50-50 v-% water ethanol solution
(unpublished data).
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Figure 28. EPMA element maps of Zn and Cu measured from a cross-section of a coated artificial
patina sample 80 bar 60°C (Publication IV).

The formation of corrosion products can be limited by the anodic reaction rate
(dissolution of Zn?* ions), by the cathodic reaction rate (equations 2, 3) and by the
availability of other reaction constituents (carbonate species) [12]. Insufficient
carbonate is unlikely in pressurized CO2 conditions so the rate of carbonate
formation is limited mostly by the dissolution of Zn2* ions. Slow dissolution of Zn?*
ions could result from insufficient anodic ot cathodic action. Nonetheless, the

catalyzing effect of the copper can be explained by copper deposition on the surface
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which can accelerate the reactions by many means. First, it can increase the anodic
dissolution of Zn?* ions as follows:

Zn + Cu?* - Zn?* + Cu (15)

The result, in addition to the deposition of metallic copper, is a greater supply of the
Zn?* ions needed for the carbonate reactions (equations 12—14). Furthermore, the
galvanic coupling at the Zn-Cu surface accelerates the cathodic reactions (oxygen
dissolving and hydrogen evolution) resulting in overall catalysing effect on the
dissolution and carbonate forming reactions [1].

In conclusion, the main interactions in the holding phase are twofold. First, the
water and catalyst solution dissolve into the reaction phase. Second, the water
adsorbs on the substrate surface and initiates reactions between zinc, CO2 and O3 to
form ZnO and ZnCO; on the zinc surface.

6.1.2  Reactions and phenomena during the dynamic depressurization
phase of the scCO; treatment

The holding phase is followed by the depressurization phase in which the COx is
vented out of the reaction chamber, with the flow rate under careful control. The
temperature decreases along with the pressure, and the chamber heating is turned
off to allow further cooling during depressurization. Consequently, as the pressure
and temperature decrease, solvability decreases, and the dissolved species precipitate
in the scCOz phase. Fig. 29 shows water precipitation from the in-situ FTIR spectra
as the chamber is vented after a 120-minute holding time. It can be seen that, once
the COz is flowing out (intensity of COz peaks decrease), there is emergence of a
wide hydroxyl (OH") peak at 3200 cm-! indicating liquid water. Furthermore, the
peak at 1607 cm'!, indicating dissolved water (D), shifts towards 1650 cm! which
indicates precipitated water (C).
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Figure 29. FTIR spectra of depressurization phase of 100 bar, 40°C sample. “P” refers to precipitated
water and “D” to dissolved water (Publication V).

The precipitation of water inside a scCO2 chamber during depressurization is shown
in Fig. 30. The image shows, through a sapphire window, a horizontally oriented
HDG sheet that has been exposed to wet-scCO» for 60 minutes at 300 bar and 50°C,
and subsequently depressurized. The scCO2 medium is clear when saturated with
dissolved water. As the solvability of scCO2 decreases with decreasing pressure and
temperature, a fine mist can be seen precipitating inside the chamber. After the mist
has descended, the substrate surface is covered with a water film as the
depressurization completes. As the water droplets start to contact the substrate

surface, they initiate new reaction dynamics as will be described below.

Before depressurization During depressurization End of depressurization

Dry conditions Precipitation of fine water mist Water layer on the surface

Figure 30. Precipitation of water during the depressurization phase in treatment at 300 bar and 50°C
shown through snapshots of a video recording (unpublished data).
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The depressurization phase, being highly dynamic in terms of changing conditions,
poses many issues for direct investigations of the carbonate formation. Therefore, a
series of tests were performed on water droplets on zinc under static CO2 conditions,
specifically at 5 bar and 22°C. Furthermore, the effect of O, addition was studied
for a more in-depth understanding of its role in the cathodic reactivity. The test setup
can be seen in Fig. 20.

The tests revealed formation of the needle carbonate and ZnCOs3 as shown in the
post-treatment SEM pictures in Fig. 31. Adding O increased the coverage and
amount of needle carbonate structure over the entire droplet area. Conversely, the
sample without added Oz showed increased needle carbonate on the droplet edge
and less coverage in the middle of the droplet.

MIDDLE

Sample A
22°C CO,

Sample B
22°C CO,/0,

Figure 31. SEM images of droplets treated for 60 minutes in 5 bar CO2 (sample A) and added 2 bar
of Oz to reach total pressure of 7 bar (Sample B) at 22°C (Publication V).

Fig. 32 shows in-situ observations during the treatment. Both samples exhibit
dark deposits after 60 minutes, but they appear much eatlier on the sample with
added Os. Fig. 33 reveals that the initial dark deposits in sample B are ZnO which
later converts into the needle carbonate structure. Furthermore, formation of
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ZnCOs was also observed during the in-situ measurements. The carbonate structure
formed only after 30 minutes into the experiment, most likely due to the slow
diffusion of COz to supply enough bicarbonate and carbonate ions inside the
droplet. However, gas diffusion in the depressurization phase of the scCO»
experiments is not a limiting factor as in the droplet tests. In the depressurization
phase, the water precipitates as small droplets and the droplets grow larger
subsequently. It can be assumed that the precipitated water is always saturated with
COa. Therefore, the needle carbonate is able to form even during the 10—15 minutes
of depressurization as documented in Publications I-IV. As seen from Fig. 24, the
amount of the ZnCOj; formation increases as the reaction time increases, resulting

in greater coverage of the surface with the structure.

Sample A

22°C CO7

Sample B
22°C CO,/0,

1 min 5 min 10 min

Figure 32. In-situ images of droplet tests (Publication V).
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Figure 33. In-situ Raman spectrum from the middle of the sample B with 5 bar CO2 and 2 bar O
(Publication V).
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The reactions occurring inside the precipitating droplet are illustrated schematically
in Fig. 34. The main limiting reactions are the diffusion of CO. and diffusion and
reduction of Oz as well as Zn?" dissolution. The dissolving oxygen will supply
sufficient cathodic action for the anodic zinc dissolution to occur. The main cathodic
reaction for zinc has been shown to be oxygen reduction, which is expected to be
the predominant cathodic reaction taking place as well [1, 107-109]. However,
hydrogen may also form due to the acidic conditions. Oxygen dissolving in water
will produce hydroxyl ions (OH-) that can react with zinc forming ZnO, and
subsequently forming the needle carbonate structure. As was established earlier, the
first corrosion product that forms is ZnO which is followed by formation of the
carbonate structures, though, carbonates could also form without ZnO by reacting
directly with the free Zn2* ions. Other studies have also shown that zinc hydroxide
(Zn(OH)2) forms together with ZnO as an initial corrosion product [67]. However,
Zn(OH)2 was not observed in our in-situ studies, which may be explained by the low
pH under the higher COz partial pressures used here.

The COz dissociates into bicarbonate and carbonate ions that can then react with
already-formed ZnO or free Zn?" and OH- ions inside the droplet to form the needle
and zinc carbonates. The needle carbonate formed readily at room temperature but
its presence decreased as the temperature increased, in line with the greater stability
of zinc hydroxy carbonates at lower temperatures [110, 111]. ZnCOs3 formed in all
temperatures but was much more pervasive than needle carbonate at temperatures

above 60°C.

cO
2 Carbonic acid

0,

Cathodic

. ®
Anodic ZnCO; Zn,(CO;),(OH

Figure 34. Schematic of reaction sequences of carbonate formation inside a water droplet in
pressurized CO2 conditions (Publication V).

58



In order to confirm the proposed reaction sequences (Fig. 34) as well as to investigate
the origins of the reaction constituents forming the structures, a series of isotopic
water droplet experiments combined with ToF-SIMS investigations were conducted.
Fig. 35 shows formation of both carbonate structures when zinc surface was reacted
with a droplet of 180 water that was then exposed to pressurized COz. The 180>
ions were found in both the ZnCOj and needle carbonate structures, demonstrating
that the oxygen from the water was transported into both structures. This confirms
the carbonic acid formation (Eq. 8) and its subsequent dissociation to bicarbonate-
(Eq. 9) or carbonate ions (Eq. 10) that then react with the Zn?" ions.

An identical test, but utilizing deuterium water (D2O) instead of '8O-water, is
shown in Fig. 36. The deuterium was found specifically in the needle carbonate and
was absent from the ZnCOj structures. The OH- ions must therefore have formed
through the oxygen dissolution process or other OH- forming processes originating
from water. These OH- ions participated in the needle carbonate formation reaction
by attaching as water of crystallization or OH-groups to the carbonate structure. The
ZnCO:s structures did not contain the deuterium and therefore did not, as expected,
contain OH-groups. The O-and OH- ions shown in the figures are from adventitious

species so could not be used for evaluations.

Totalton

-

Figure 35. Zinc surface reacted with a 180-water droplet that was exposed to pressurized CO2 to
form both carbonate structures of which ion distributions were characterized with ToF-SIMS
(Publication VI).
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Figure 36. Zinc surface reacted with a D20-water droplet that was exposed to pressurized CO2 to
form both carbonate structures of which ion distributions were characterized with ToF-SIMS
(Publication VI).

6.2 Characterization of the carbonate structures

The carbon dioxide treatment results in two functional carbonate structures: zinc
carbonate and needle carbonate. The structures can be produced individually or as a
mixed layer consisting of both carbonates. This chapter discusses the characteristics

and chemical structures of the carbonates.

6.2.1  Zinc carbonate (ZnCQOs) structure

The zinc carbonate structure is shown in Fig. 37. The structure is composed of fine
cubic structures that are arranged in spherical clusters on the zinc surface. The
immediate substrate surface is fully covered with the zinc carbonate, which isolates

the zinc surface by inhibiting transport of external species that could cause corrosion.
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Figure 37. SEM of zinc carbonate structure (Publication 1V).

The larger spherical clusters of the initial cubic structures (Fig. 37) could be formed
in the depressurization phase of the treatment when water droplets precipitate on
the surface. Sun et al. showed almost identical behaviour in steel corrosion product
formation as a result of water droplet precipitation [113]. The SEM images of the
samples exposed only to scCOz (Fig. 38) show a morphology distinctly different
from a surface that has undergone the depressurization phase as well.

The zinc carbonate has been characterized with XRD (Fig. 39). The XRD, Raman
and FTIR characterizations documented in the publications confirm that the
structure is identical to smithsonite, a naturally occurring mineral form of ZnCOs.

Figure 38. SEM images of sample surfaces with ZnCOs3 exposed to water-saturated scCO2 in 40°C
(a) and 60°C (b) (Publication V).
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Figure 39. GIXRD of zinc carbonate structure (Publication V).

The zinc carbonate tends to form at higher temperatures than the needle carbonate,
most likely due to its anhydrous nature. Hydrozincite is the most common product
in atmospheric corrosion. However, ZnCOs is rarely seen during natural patination
[80]. This could be a consequence of low COz pressures in the atmosphere that result
in low concentration of carbonic acid. This explanation is supported by the
occurrence of ZnCOs in environments with a higher CO2 concentration as opposed
to hydrozincite, based on the calculations of Preis et al. [114]. Studies using CO»> as
a reactant for ZnCOs synthesis report similar results [115].

6.2.2  Needle carbonate structure

The needle structure is shown in Fig. 40 as an individual structure and in Fig. 41 as
a dual carbonate structure together with the ZnCOjs. The needle structure protrudes
from the zinc surface in many directions. The structures can cover the surface
uniformly as shown in Fig. 40 or can grow from distinct spots on the surface,
forming a flower-like clusters. The structure has a high surface area, providing
multiple benefits for applications discussed in the next chapter. This needle-like
morphology is not typically formed in atmospheric corrosion.
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Figure 41. SEM of dual structure containing both needle carbonate and zinc carbonate (Publication
V).

The chemical structure of the needle carbonate was characterized with Raman and
FTIR spectroscopy (Fig. 42). The FTIR spectrum shows CO32 groups from the
peaks at 1383 cm! and 1520 cm! which indicate the antisymmetric »4 stretching
modes of carbonate [113, 114]. The double peak is typical for zinc hydroxy carbonate
containing hydroxyl groups, i.e. hydrozincite [79]. However, the spectrum has also
another peak at 1435 cm! which does not occur for hydrozincite. Furthermore, the
Raman spectrum includes a peak at 1098 cm! that corresponds to the »1 symmetric
stretching mode of COs%, with a shoulder at lower wavenumbers, related to
overlapping » symmetric C—O stretching bands [101]. The peak at 1076 cm! is not
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active in IR-measurements for hydrozincite [78, 113]. However, this peak could
appear due to symmetry reduction caused by the structure’s distortion [115]. The
needle carbonate has a broad absorption peak around 3200 cm-! which is attributed
to OH stretching vibrations. Finally, the 1610 cm! peak is typical for structures with
H>O bending which derives from structural water within the structure [117]. TEM
studies in publication II confirm that no other species, e.g. Fe or Al, are present in
the structure. Consequently, the needle carbonate is a zinc hydroxy carbonate species
although with clear differences from many of the various similar structures shown
in the literature [77, 78, 116]. The needle carbonate is of the form
Z,(CO3)p(OH)*dH20 although its exact stoichiometry remains unclear.
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Figure 42. FTIR and Raman of needle carbonate structure (Publication 1V).

The XPS measurements (Fig. 43) show the presence of Zn, C and O. The results
also present the evidence of C=0O bonding (289.9 eV) within the needle structure,
indicating carbonate species. The EDS measurements discussed in Publication IV
show the difference between the atomic ratios of the needle carbonate and reference
hydrozincite. The atomic ratio of Zn:C:O is 1:0.4:2.5 in the needle carbonate whereas
for hydrozincite, it is 1:0.4:2.4, i.e. the needle carbonate contains more oxygen than
hydrozincite. This could be because of the crystalline water present in the structure,
or the presence of more OH- groups. The oxygen content calculated from the XPS
measurements (Fig. 43) was 55.3 at%, in line with the previous notion.
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Figure 43. XPS of needle carbonate structure (Publication I).

The XRD results shown in Fig. 44 confirm that the needle carbonate is not
hydrozincite. There are variety of XRD spectra of different zinc hydroxy carbonates
in the literature which shows the ability of these species to arrange their structure
differently depending on the synthesis conditions [74, 77, 78, 116]. The XRD of
needle carbonate does not match exactly to the spectra shown in the aforementioned
studies but presents strong resemblance to some of them.

Needle structure
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Figure 44. GIXRD of needle carbonate structure with reference spectra of hydrozincite (Publication
V).
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7 APPLICATIONS OF ARTIFICIAL PATINA

This chapter presents applications for the carbon dioxide treatment. The main
applications are pretreatment of hot-dip galvanized substrate before applying organic
coatings. Furthermore, the method can be used for easy ZnO nanowire synthesis.

7.1 Pretreatment for hot-dip galvanized substrates

It was mentioned in chapter 2 that newly hot-dipped galvanized surfaces have poor
adhesion to organic coatings. Coated hot-dip galvanized steel is essential for
applications where aesthetics and long-term corrosion prevention are important.
Currently, the hot-dip galvanized surfaces are pretreated with various different
conversion coatings which typically use strong acids or other environmentally
harmful and toxic chemicals. The CO» treatment, using mainly CO> and water, is an
environmentally friendly technique that can be applied to provide better adhesion to
later organic coatings. Furthermore, the compact artificial patina would provide an
extra barrier layer between the undetlying zinc surface and the surrounding air. This
would further limit the transport of corrosive species on the substrate and therefore
enhance corrosion inhibition.

Organic coatings include organic solvents which are nonpolar substances that are
attracted to the nonpolar surface with low surface energy. The applicability of
organic coatings on a surface can be evaluated by considering the chemical nature of
the surface and the area of contact between the surface and coating [5, 117].

Chemical compatibility can be tested by measuring contact angles to evaluate the
surface energy and interaction between polar and nonpolar substances. Fig. 45
shows a comparison of water contact angle measurements for a fresh hot-dip
galvanized substrate (HDG), a substrate with a dual-carbonate structure (Sample 1)
and a sample with only ZnCOj; (Sample 2). The contact angles for the dual-carbonate
structure and plain ZnCOj are significantly higher than for the untreated HDG
substrate. This indicates better chemical compatibility of the surfaces with organic
coatings compared to the original HDG surface. A more detailed investigation of

the total surface free energy of surfaces is shown in Fig. 46, comparing the artificial
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patina, HDG and a natural patina (Outdoor exposure 6 years). Natural patination
has been used as a low-cost pretreatment before organic coatings [4, 5]. The results
show a considerable reduction in the surface energy due to the CO> treatment
between the fresh HDG and artificial patina. Furthermore, the artificial patina has
an even lower surface energy than the natural patina. The chemical features of the

artificial patina surfaces are advantageous for applying organic coatings.

Static contact Dynamic contact
angle angle
76°
155°
Sample 1
Mixed phase zinc carbonate 116° 161°
148°
Sample 2

Zinc carbonate

Figure 45. Static and dynamic water contact angles on untreated HDG and patina surfaces
(Publication 1V).
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Figure 46. Total surface free energy (according to Wu) measurement for HDG, artificial patina and
outdoor exposed HDG surfaces (Publication Ill).
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The needle carbonate structure protrudes from the surface creating a porous layer
which increases the overall surface area of the surface. This enables the organic
coatings to obtain more mechanical interlocking area with the surface. Fig. 47 and
48 present the cross-section images of melamine-polyester—coated dual-carbonate
structures. The images show excellent surface wetting without any pore formation
in the coating or the patina. Furthermore, chemical changes within the patina
structure that could occur in the heated curing phase were not observed according
to the Raman measurement shown in Fig. 48. All in all, the artificial patina structures
had excellent paintability and have potential mechanical and chemical features for
application of organic coatings.

The chemical and physical properties of the artificial patina structures predict
advantageous organic coating adhesion promotion capabilities as well as corrosion
inhibiting barrier properties. The artificial patina resembles natural patina structures
which are known to promote adhesion for organic coatings [5, 23]. Furthermore, the
good paintability of the surfaces also predicts adhesion promotion properties. The
compactness and high surface coverage of the ZnCOj structure is good indication
of enhanced barrier properties. However, comprehensive testing is still required to
be performed outside of this thesis to provide conclusive evidence about the
adhesion and corrosion inhibition properties of the artificial patina.

~Pigment particles

Organic coating

Needle carbonate

Zinc

Figure 47. Cross-section SEM image of organic coating on needle carbonate structure. Edited from
Publication III.
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Figure 48. SEM image of an low-angle cross section from the coated dual-patina structure. Raman
spectrum of the patina is shown in the inset (Publication 1V).

In conclusion, the artificial patina shows promise for the application of organic
coatings in increasing adhesion promotion and inhibiting corrosion as a result of the
COz»-based treatment. Achieving supercritical conditions, however, can pose
practical problems when implementing the treatment in a continuous production
line. As shown in the previous chapter, the COz treatment can also be performed in
relatively low pressures of 5 bar which could facilitate the treatment’s use in a
production line. The lower pressure would also lower energy usage by reducing the
need for pumping, heating and cooling. This would, naturally, lead to lower operating

costs as well.

7.2 Conversion to ZnO structures

The needle carbonate grows outwards from the substrate surface into long structures
which provide a large surface area for the overall structure. Such structures can also
be termed as nanowires which is typical within the field of nanotechnology.
Nanowires are a desirable morphology in many nanotechnologies for this reason
because, the more surface area the structure has, the more area there is to react with
the outside environment. When zinc carbonate structures are heated, they can be
converted into ZnO [120-122]. ZnO is a semiconductor material whereas

carbonates function as insulators. ZnO nanowires are researched for use in e.g. gas
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sensors, mechanical energy harvesting, solar cells and photocatalytic applications [0,
54, 61, 74, 121].

The conversion of zinc hydroxy carbonate structures to ZnO under heating
follows the following Eq. 16 (the equation is left unbalanced for clarity):

Zn4(C0O3)p(OH) - dH,0(s) — ZnO(s) + CO,(g) + H,0(g) 16)
(unbalanced)

The conversion of the needle carbonate (nanowire) structure can be seen from the
FTIR spectra in Fig. 49. Before heat treatment, the spectrum shows distinct
carbonate and OH peaks formed by CO; treatment of the zinc surface as presented
in earlier chapters. After heat treatment at 400°C for 1 hour, most of those peaks
have disappeared, leaving behind only one steep peak around 400 cm that
corresponds to ZnO. This conversion was confirmed in our other study as well,
where the ZnCOs structure also converted into ZnO with the same heat treatment

[124].

Before heat treatment

After heat treatment

Transmittance (a.u.)

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™!)

Figure 49. FTIR before and after heat treatment of needle carbonate (Publication II).

SEM images in Fig. 50 show the needle structure before and after heat treatment
from the same area on the surface. The needle structure has maintained its overall
morphology with only minor distortion. The green-highlighted area shows that the
needles have experienced slight bending due to the escaping gases during the heat
treatment. Furthermore, other studies have shown changes in similar zinc hydroxy
carbonate structures during conversion to ZnO [75]. TEM measurements found the
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ZnO needles to be polycrystalline, and approximately 50 nm thick, as detailed in
Publication II.

Figure 50. Conversion of needle carbonate to ZnO. The green area highlights a dinstinct
transformation of the structure (Publication II).

The band gaps of the needle carbonate and the transformed ZnO needle structure
were measured using a UV-vis spectrophotometer and determined using a Tauc plot
as shown in Fig. 51. The needle carbonate surface (before heat treatment) did not
show any band gap, whereas the ZnO structure (after heat treatment) shows a steep
cut-off around 380 nm. This cut-off indicates a distinct band-gap value which was
determined to be 3.23 eV from the (¢h#»)? vs. energy plot. This value is slightly lower
than the typical band gap value for ZnO (3.37 V) [6]. The dependence of band gap
on the size of nanostructures, and especially on the diameter of the nanowires, has
been shown in the literature, and may explain the lower band gap measured.
Additionally, the ratio of Zn to O might vary within the structures and could result
in variation in band gap values [125-127]. The reduction in the band gap is helpful
for many semiconductors uses, e.g. in photocatalytic applications, because excitation
can be achieved at lower energies [128—130].
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Figure 51. Band-gap measurements of ZnO needle structure (Publication II).

The transformed needle carbonate was determined to be suitable for semiconductor
applications because of its distinct band gap and its advantageous nanowire
morphology. Moreover, according to our preliminary studies, both carbonate
structures (ZnCO3 and needle carbonate) were, when converted into ZnO,
photocatalytically active. The transformed needle carbonate was much more active,
likely due to the higher specific surface area of the nanowire morphology [131].
However, more studies of their suitability for photocatalytic applications are needed.
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8 CONCLUDING REMARKS

This work presented a novel technique for functionalizing zinc surfaces with carbon
dioxide, which we call “the artificial patina method”. The method is environmentally
friendly and can help reduce the use of harmful chemicals in certain industrial
applications. In particular, the artificial patina could provide benefits to painted
galvanized steel and ZnO semiconductors. The core findings of this thesis can be

summarized as follows:

e Presented novel data on eatly-stage corrosion of zinc in wet supercritical
and non-supercritical CO2 conditions and developed the artificial
patination treatment method based on these findings

o The artificial patina formation in scCO. conditions was influenced
by reaction temperature, pressure, catalysts and reaction time in the
holding and depressurization phases (Answer to research
question I.a.)

o It was also shown that the artificial patina structures could be
formed also in lower CO2 pressure indicating possibility for more

efficient processing routes (Answer to research question I.b.)

e Demonstrated an environmentally-friendly formation process of artificial
zinc patina that

o Improved certain chemical and physical properties that indicate
advantageous adhesion for organic coatings and barrier properties
on hot-dip galvanized steel surfaces (Answer to research
question II.a.)

o Converted into semiconducting ZnO nanostructures when heat-
treated (Answer to research question IL.b.).

The artificial patina could be formed on pure zinc or on zinc-containing surfaces, i.e.
hot-dip galvanized steel, by reacting the substrate under pressurized or supercritical
COz atmospheres containing water. Treatments in the supercritical atmosphere fully
covered the substrate with the artificial patina structures. In contrast, the formation
of the artificial patina under much lower CO» pressures (a few bars) showed the
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possibility for more efficient processing avenues, an important consideration for
sustainable industrial implementation. However, the lower-pressure treatments
resulted in a lesser surface covering of the substrate by the artificial patina than was
achieved by the supercritical treatments leaving room for process improvements.

The artificial patination process was affected by reaction pressure, temperature,
reaction time in the holding and depressurization phases as well as by the
introduction of catalysts. Water and CO2 were fundamental precursors for the
artificial patina. Temperature and pressure were critical parameters in the
supercritical treatments as they determined the dissolved water amount in the
supercritical phase. Lower temperatures and higher pressures increased the amount
of dissolved water, resulting in a greater amount of ZnCOs in the holding phase as
well as greater wetting of substrate during the depressurization phase, enabling better
needle carbonate growth. When zinc was exposed to a liquid water layer under a
pressurized CO2 atmosphere, lower temperatures resulted in a prevalence of the
needle carbonate structure. As the temperature increased, the prevalence shifted
towards the ZnCOj formation. The reaction time of the holding phase increased the
amount of ZnCOs3 but decreased needle carbonate formation in the depressurization
due to the reduced exposure of the zinc surface. Greater reaction time in the
depressurization phase, or when exposed to water film, increased the amount of both
structures. Catalysts like Cu(hfac)2 solution or Oz increased the reaction kinetics but
had no apparent direct influence on the carbonate structure formation mechanisms.

As already mentioned, the artificial patina comprised two zinc carbonates: ZnCOs
and needle carbonate. The ZnCOs has a cubic or spherical morphology that adheres
densely on the substrate surface. It was concluded that the ZnCOj5 structure could
improve the corrosion resistance of the artificial patina due to the compact barrier
layer it formed. The needle carbonate was found to be a previously unknown type
of mixed zinc hydroxy carbonate with a nanowire morphology protruding from the
substrate surfaces. The needle carbonate increased the surface area of the artificial
patina as well as the overall substrate surface and therefore indicates increased
mechanical interlocking with applied organic coatings. Additionally, the higher
surface area of the needle carbonate could provide enhanced reactivity for possible
semiconducting applications. Both carbonates also showed favourable chemical
characteristics for application of non-polar organic coatings.

The research questions presented in Chapter 4 have been answered. It was
concluded that pressurized CO2 could be used to functionalize zinc surfaces, and the
mechanisms of the technique and possibilities for more efficient processing have

been thoroughly explained. It was also shown that the functionalized zinc surfaces
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are suitable for the intended applications. The artificial patina improved the
corrosion resistance and organic coating adherence on HDG substrates. Moreover,
the artificial patina carbonate structures could be converted into semiconducting

Z/nO nanostructures.

8.1 Future research suggestions

This thesis focused on explaining the prevailing phenomena and mechanisms of the
formation of the artificial patina. Furthermore, the thesis concluded that this method
could successfully be used in two applications providing beneficial aspects in these
implementations. Nonetheless, there were some features left unanswered that, when
investigated further, could reveal for example more efficient processing and new
application areas.

The author suggests that, to improve the efficiency of the artificial patina
formation process in industrial setting, the low CO: pressure route should be
researched further. This would eliminate the use of high pressures which would
present more economic route for the artificial patination. Furthermore, the use of
environmentally-friendly catalysts such as Oz or other oxidising species should be
researched as well. More environmentally-friendly catalysts would result in even
lower environmental effect of the method and easier processing.

As the thesis presented largely fundamental data on the artificial patina treatment
and the patina, more studies about the applicability of this method as a pretreatment
for HDG surfaces needs to be conducted. Although preliminary testing was
performed during the writing of this thesis which supported the other results, more
comprehensive studies are needed to evaluate the adhesion promotion and corrosion
prevention capabilities of the patina structures in organic coating application for
conclusive results on the viability of the method.

In terms of new applications, the semiconducting capabilities of the converted
ZnO nanostructures should be evaluated in more detail. For example, the
photocatalytic activities of the structures were preliminary evaluated (not included in
this thesis) but need further investigations for in-detail determination of the
photocatalytic activities of the structures. In addition to the photocatalytic
applications, the nanostructures could be suitable for other ZnO applications, e.g.
gas sensors. A more thorough investigation of the applicability of the artificial patina
derived ZnO structures would help confirm how well the properties could be utilized

in semiconducting application.
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Abstract: In this study, we demonstrate a rapid treatment method for producing a needle-like
nanowire structure on a hot-dip galvanized sheet at a temperature of 50 °C. The processing method
involved only supercritical carbon dioxide and water to induce a reaction on the zinc surface, which
resulted in growth of zinc hydroxycarbonate nanowires into flower-like shapes. This artificial
patina nanostructure predicts high surface area and offers interesting opportunities for its use in
industrial high-end applications. The nanowires can significantly improve paint adhesion and
promote electrochemical stability for organic coatings, or be converted to ZnO nanostructures by
calcining to be used in various semiconductor applications.

Keywords: zinc hydroxycarbonate; nanowire; supercritical carbon dioxide

1. Introduction

Hot-dip galvanized (HDG) coatings are widely used in automotive and construction industries.
These zinc coatings are most often the outermost material surfaces, which is why they require sufficient
corrosion protection and good aesthetics [1]. Painting is the most common method for improving
the aforementioned properties. However, the galvanized surface usually needs additional surface
modification before painting, e.g., chemical pretreatment, to provide satisfactory adhesion to the
substrate [2]. Weathering of a HDG surface means deliberately corroding the surface to produce
a patina layer that contains dissolution products of zinc. This patina layer hinders the corrosion
rate of the material and enhances paint adhesion [3-5]. In atmospheric corrosion, formation of the
patina layer on HDG coating starts by zinc reacting with oxygen from air producing zinc oxide
(Zn0O). Another initial corrosion product is zinc hydroxide (Zn(OH),), which forms when moisture is
present. Subsequently, ZnO and Zn(OH), then react over time with carbon dioxide (CO,) forming zinc
hydroxycarbonates. After several years of exposure to the atmosphere when no other contaminants
are present, the patina layer consists mostly of a type of zinc hydroxycarbonate called hydrozincite
(Zn5(CO3)2(OH)g) [1,6,7]. The formed patina enhances paint adhesion by promoting chemical bonding
and increasing the roughness of the HDG surface, thus creating anchorage points [5,8]. Waiting for the
natural patina to form on HDG is used as a pretreatment before coating the surface to provide better
adhesion properties [4]. A disadvantage of the traditional weathering process is that the formation
of a fully developed patina layer can take from eight months to two years’ time for it to be ready for
painting [4]. Consequently, there may be a great interest in industry for the possibility to produce an
artificial patina of zinc using a fast and versatile method described in our study.

Nanomaterials 2017, 7, 181; d0i:10.3390 /nano7070181 www.mdpi.com/journal/nanomaterials
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According to the literature, zinc hydroxycarbonates with similar composition to those corrosion
products found in naturally forming patinas are possible to be transformed into ZnO nanostructures
simply by calcination [9,10]. This opens other interesting applications for our method to alter zinc
surfaces using supercritical carbon dioxide (scCOy), i.e., the possibility to produce photocatalytic
nanostructured ZnO. The scCO, treatment is fast and uses no harmful chemicals compared to
conventional hydrothermal synthesis techniques commonly used for ZnO nanowire synthesis [11].
These nanostructures of zinc oxide have been used in high-end technological applications such as
dye-sensitized solar cells [12-14], piezoelectrics [15] and different types of sensors [16,17]. Furthermore,
similar nanowire structures might be used in flexible energy storage systems, supercapacitors, solar
and hybrid devices [18-23].

Processing with scCO, has been of great interest in materials research because of its green
processing properties and wide range of applicability to various processes. It is used to produce
many nanostructures, including nanowires, using different kinds of approaches for the nanostructure
synthesis [24-27]. The corrosive behaviour of scCO, on metals has been studied previously. When scCO,
and water (H,O) are in contact with steel, they react together by forming a compact and protective
iron carbonate layer on the steel surface [28,29].

This study presents a rapid and an environmentally friendly method utilizing scCO, for producing
an artificial patina layer on a HDG surface. This scCO, treatment utilizes only two simple reactants:
C02 and Hzo

2. Results and Discussion

2.1. SEM Imaging and EDS Analysis

We can see a significant change in the surface structure between an untreated HDG surface
(Figure 1a) and the scCO,-treated sample (Figure 1b). The scCO; treatment produced thin and long
nanowires. The nanowires grow mostly straight from the surface but a few seem to have curved
towards the tip of the nanowire. Minor branching of the nanowires can be seen as well. The nanowires
seem to grow in many angles from single nucleation points. These nucleation points may be caused by
pitting type corrosion. In these conditions, the local zinc corrosion around the pits create favourable
conditions for nanowire growth as previously suggested in a study by Miles and Mattia [9]. The growth
angle from the nucleation points vary from more perpendicular to almost parallel to the surface.
Consequently, the overall nanowire growth results in formation of flower-like shapes. Structures with
similar morphology and composition have been formed on zinc in previous studies where zinc surface
was anodized in the presence of carbonate-containing electrolytes [9,10]. The underlying substrate
surface can be seen through the nanowires, which indicates that the surface is not completely covered
by the structure.

Figure 1. SEM images of rolled hot-dip galvanized (HDG) surface (a) and scCO»-treated surface (b).

The energy dispersive spectrometer (EDS) results show that on the reference surface (without the
5cCO; treatment), the elemental composition was: 8.0 at % oxygen, 2.2 at % aluminum and 89.8 at %
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zinc. The nanowire structure contained 15.9 at % carbon, 62.9 at % oxygen, 0.1 at % aluminum and
21.1 at % zinc. The amounts of carbon and oxygen present in the nanowire structure could indicate
the presence of zinc hydroxycarbonate. The EDS analysis also shows that both the reference zinc
surface and the scCOs-treated surface contain trace amounts of aluminum. The aluminum from
the galvanizing bath reacts with oxygen in air to form aluminum oxide (Al,O3) on the surface of
the HDG sheet [30]. Residual aluminum can also be detected after alkaline cleaning treatment [31].
The presence of aluminum in the scCO; treated sample confirms the uneven surface coverage by the
nanowire structure.

2.2. FTIR Measurements

The Fourier transform infrared spectroscopy (FTIR) spectrum of the zinc surface is presented in
Figure 2. A broad absorption peak can be seen at 3260 cm ! which refers to OH stretching vibration,
indicating the presence of hydroxyl groups in the structure [32,33]. The presence of hydroxyl groups is
supported by a small band at 1614 cm ™! which is attributed to interlayer H,O bending [34]. Intense
double peak at 1516 cm ! and 1380 cm ! is an indication of antisymmetric v3 stretching modes of
carbonates [6,33]. This double peak is typical for zinc hydroxycarbonates containing both carbonate
and hydroxyl groups, e.g., hydrozincite [35]. Peak at 1076 cm~! is attributed to v4 stretching of
carbonates and is usually inactive in IR-measurements [33,35,36]. However, due to distortion-caused
reduction in symmetry of the carbonate this band can become IR-active [33]. Further indication
of carbonate presence is due to peaks 865 cm1, 835 cm ! and 740 cm ™!, which are attributed to
carbonate bending modes of v, out-of-plane v, and vy, respectively [32,33,36]. Hales et al. stated
that the presence of multiple v, modes is also an indication of symmetry reduction of the carbonate
anion, which coheres well with presence of the 1076 cm~! peak. Finally, a small absorption peak at
465 cm ™! can be seen as well, which is an indication of some presence of zinc oxide [37,38]. Moreover,
in a study where hydrozincite was synthesized from ZnO, water and CO,, a similar peak can be found
which was attributed to zinc oxide [39]. Since the nanowire structure does not cover the whole surface
according to Figure 1b, it is likely that the presence of ZnO is measured from the sample surface rather
than the nanowire structure.

1
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Figure 2. FTIR spectrum measured directly from the sample surface containing the nanowire structure.

2.3. XPS Measurements

The XPS survey spectrum of the nanowire-containing surface can be seen from Figure 3. Zinc
presence can be seen from Zn 2p; /5, Zn 2p3,5, Zn 3s and Zn LMM peaks. Clear indication of oxygen
presence can be concluded from peaks O 1s, O KLL and carbon presence from peak C 1s. In addition,
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the surface contains also aluminum due to peaks Al 2s and Al 2p. These results are in good agreement
with the EDS results.

The oxygen content was calculated from the X-ray photoelectron spectroscopy (XPS) data from
three different points and it was on average 55.3 at %. A minor ZnO presence can be concluded from
the FTIR results as well as Al,O3 presence from the XPS results. However, it can be said that these
alone cannot explain the high amount of oxygen on the surface. Therefore, it is expected that the origin
of the measured oxygen is derived from the nanowire structure in a form of a zinc hydroxycarbonate.

c=0
C-C/C-H

Zn2p,,

In2py;,

Counts/s

295 293 291 289 287 285 283 281
Binding energy (eV)

Counts/s

1100 1000 900 800 700 600 500 400 300 200 100 0
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Figure 3. XPS survey spectrum of the scCO,-treated sample surface. The spectrum of the C 1s peak is
presented in the insert after the sample had gone through mild sputtering.

The insert in Figure 3 shows the C 1s peak. The surface had gone through mild sputtering prior
to the analysis in order to confirm that the detected carbon was not present solely as an impurity.
We can see two separate peaks at 289.9 eV and 285.0 eV. The latter peak is assigned to C-H and
C-C bonding originating from adventitious carbon and, therefore, it is not part of the nanowire
structure [31,40,41]. However, the peak at 289.9 eV indicates the presence of carbonate groups in the
structure. [31,41]. The peak position is typical for zinc hydroxycarbonates, which is in accordance with
the FTIR results [9].

The FTIR and XPS results are in agreement that the nanowire structure contains both hydroxyl and
carbonate groups, which agrees with zinc hydroxycarbonate substance. This is supported also by the
EDS results. The FTIR spectrum fits well with hydrozincite, a type of zinc hydroxycarbonate, according
to earlier studies [33,39]. However, Jambor et al. has stated that the FTIR spectrum is near identical
for different zinc hydroxycarbonates exhibiting slightly different stoichiometric compositions [35].
Therefore, a more detailed analysis of the exact composition will be carried out in forthcoming studies.

All in all, the reaction in the scCO, treatment involves HDG surface, H,O and scCO,. Zinc surface
forms ZnO already in atmosphere by reacting with oxygen [42]. It is commonly known that ZnO
acts as an intermediate reaction product for the formation of zinc hydroxycarbonates in atmospheric
corrosion [1,33]. Moreover, ZnO has also been used as a starting material in hydrozincite powder
synthesis together with H,O and pressurized CO; [39]. HyO can react directly with zinc [1] or with
ZnO [42] to produce Zn(OH),. Zn(OH); is easily dissolved into H,O and so it can further react with
CO; to produce zinc hydroxycarbonates [42]. However, it has also been proposed that Zn(OH), can
dehydrate back into ZnO and then react with H,O and CO; to produce zinc hydroxycarbonates [1].
When CO, dissolves into H,O it produces carbonic acid (HyCO3) that dissociates into HCO3; ™~ and
CO3%~ ions. The concentration of HCO; ™ is far greater than CO32~ in the treatment conditions used,
which is why HCO3 ™ is more likely to be involved in the formation of the zinc hydroxycarbonate [28].
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This is because HCO3 ™~ is unlikely to dissociate in acidic conditions due to its high pK, of over 10 [43].
Moreover, in earlier studies it has been concluded that the HCO3 ™~ ions are responsible for the zinc
hydroxycarbonate formation [9,44]. To the best of our knowledge, formation of similar nanowire
structures in atmospheric corrosion of zinc has not been reported in literature. Factors influencing the
formation of the seemingly crystalline structure can be affected by much higher treatment pressure and
CO; concentration compared to atmospheric conditions. This is supported by earlier studies where
partial pressure has been noticed to affect the formation of zinc corrosion products [33,45].

3. Materials and Methods

3.1. Materials

A rolled HDG steel sheet with a coating mass of 275 g Zn/m? provided by SSAB Europe Oy was
used as a substrate material. The zinc layer was >99% pure with small amounts of alloying elements,
e.g., aluminum. The sample dimensions were 25 mm width, 50 mm height and 0.5 mm thickness.
The sample was cleaned using an alkaline treatment (Gardoclean 338, Chemetall, Frankfurt, Germany)
to remove aluminum oxide layer from the outer surface. Only deionized water, with a conductivity of
2-10 pS, and carbon dioxide (>97%, AGA, Espoo, Finland) were used for the scCO, treatment.

3.2. 5¢CO; Apparatus and Sample Preparation

The scCO; treatments were performed using a Thar Technologies Inc. (Pittsburgh, PA, USA)
RESS 250 system. The schematic of the system is presented in Figure 4. The CO, flows initially
from a siphon-tubed bottle. The CO, is then cooled by a circulating cooling system to keep it in a
liquid state so that it can be pumped into the reaction chamber by a PC-controlled high-pressure
piston pump. Before the CO; enters the reaction chamber, it is preheated to gaseous or supercritical
state. The reaction chamber is made of 316SS steel and it has an internal heating system built into
the walls. The co-solvent pump is used to pump co-solvents during experiments in high-pressures.
The PC-controlled automatic back-pressure regulator (ABPR) controls the depressurization rate of the
CO; before it flows out from the top of the reaction chamber. Needle valves (V1 and V2) are used to
control the pressure inside the system.

Reaction chamber
%

%{ ABPR

v2 . S

11,2cm

Co-solvent pump \
A

Preheaterl

o

N

Cooler

High-pressure pump
CO, Bottle

Figure 4. Schematic presentation of the scCO, apparatus.
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The sample was prepared in the following manner. The HDG sheet was placed into the reaction
chamber on a sample holder and the valve V2 was closed to ensure that no pressure drop occurred
during the treatment. Then the chamber was closed and filled with CO; after which it was heated to
50 °C and pressurized to 300 bar pressure. Valve V1 was then closed and 5 mL of deionized water
was introduced to the chamber using the co-solvent pump. The duration of the treatment was 60 min.
When the treatment had finished, the valve V2 was opened and the reaction chamber was carefully
depressurized of CO, during 10 min using the ABPR.

3.3. Characterization Tehcniques

The sample surface was characterized with a field emission scanning electron microscope (FE-SEM,
ZEISS ultra plus, Jena, Germany) with energy dispersive spectrometer (EDS, Oxford Instruments
INCA Energy 350, Abingdon, UK) using a 15.0 kV acceleration voltage. The EDS results were
taken as average values from three separate points on the sample surfaces. FTIR (Bruker Tensor 27,
Billerica, MA, USA) with attenuated total reflection (ATR) diamond sample holder and DLaTGS
detector was used to analyse the composition of the nanowires in the spectral range of 3950-400 cm~!.
The FTIR measurements were done directly from the sample surface. X-ray photoelectron spectroscope
(XPS) (PHI Quantum 2000, Chanhassen, MN, USA) was used for the surface elemental analysis.
A monochromated Al Ko beam (50 W, 15 kV) with a 200 pm spot size was used to obtain the C 1s
spectrum. Mild sputtering of the sample surface was performed with Ar* ions. The C 1s peak at
285.0 eV was used for the charge-shift correction.

4. Conclusions

A rapid formation of a nanowire structure was obtained on a HDG sheet using only supercritical
carbon dioxide and water. The SEM imaging showed that the nanowires had a needle-like shape and
they grew from distinct nucleation points on the surface into flower-like structures. The formation of
the nanowires was due to a reaction between the zinc surface, water and carbon dioxide. According
to the FTIR and XPS analysis, the nanowire structure consisted of hydroxyl and carbonate groups,
which is also supported by the EDS results. Therefore, the nanowires are most likely a type of zinc
hydroxycarbonate with a proposed stoichiometric formula of Zn,(COg3),(OH).. Determination of the
exact composition as well as the reaction path remains a task for subsequent studies. The method
presented in this study shows a great potential for its use as a pretreatment before coating to enhance the
paint adhesion and electrochemical properties of the zinc/coating interface. Additionally, the nanowire
structure may be used as starting material to produce a ZnO structure that could be used in high-end
technological applications, e.g., sensors and dye-sensitized solar cells.
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Abstract

Zn0O nanowires are used in applications such as gas sensors and solar cells. This work
presents a novel synthesis route for ZnO nanowires using supercritical carbon dioxide and
post heat treatment. The method used supercritical carbon dioxide and a precursor solution as
reactants to form nanowires on a galvanized surface. After the supercritical carbon dioxide
treatment, the substrate was heat treated. The surfaces were characterized with SEM, TEM,
EDS, FTIR, XRD and optical spectroscopy. The FTIR results showed that the surface
structure had changed from zinc hydroxycarbonate to ZnO during the heat treatment. The
nanowires were slightly bent due to the heat treatment according to the SEM images. The
presence of ZnO was further confirmed with XRD. The bandgap of the structure was
determined by reflectance measurements and showed a value of 3.23 eV. The synthesis
method presented in this study offers a unique approach into the formation of ZnO nanowires

in a facile, rapid and environmentally friendly process.

Keywords: scCO,, zinc oxide, zinc hydroxy carbonate, flower-like, nanoflower, hot-dip galvanized, corrosion

1. Introduction

Zinc oxide (ZnO) is a n-type semiconductor material which
has various properties including intrinsic antibacteriality,
photocatalytic activity as well as piezo- and pyroelectricity
[1,2]. ZnO has also a relatively wide bandgap (3.37 eV) and a
large exciton binding energy (60 mV) which makes it an
attractive material in electronic and optoelectronic
applications [1,3]. Furthermore, ZnO nanowires are used in
gas sensors, dye-sensitized solar cells and mechanical energy
harvesting applications [1].

The use of nanomaterials has been shown to contribute to
the emergence of unique electrical, mechanical, chemical and

XXXX-XXXX/ XX/ XXXXXX

optical material properties [3]. Therefore, synthesis of
nanostructured materials has been a widely discussed topic
among researchers [2,4-7]. Synthesis of nanostructured ZnO
in particular has shown a great interest because they can be
prepared with multiple methods and in varying morphologies
[8]. Nanostructures of ZnO e.g., nanowires, nanoparticles and
nanoflowers, have been synthesized with spray pyrolysis [9],
thermal evaporation [10], chemical vapour deposition [11] or
hydrothermal synthesis [12]. However, most of these methods
require a variety of chemicals, multiple processing steps and
long synthesis times [1].

Synthesis of ZnO nanostructures often starts with forming
zinc hydroxycarbonate nanostructures as an intermediate step,

© xxxx IOP Publishing Ltd
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after which they are converted into ZnO by post heat treatment
[13-16]. Zinc hydroxycarbonates substances are also formed
in nature due to atmospheric corrosion process of zinc. In this
corrosion process, the zinc surface reacts gradually with
carbon dioxide (CO) and water (H20O) that originate from air
and humidity [17]. Our previous work showed that arranged
nanowires of zinc hydroxycarbonate can be synthesized
through the same corrosion process in high CO; pressure and
slightly elevated temperature. This method used supercritical
carbon dioxide (scCO>) and water as the only reactants [18].
Moreover, we presented that the process could be enhanced by
the addition of a catalyst to increase the surface coverage of
the nanowires on zinc. We also proposed that this method
could be used as a pretreatment for galvanized surfaces to
promote adhesion before coating [19,20].

Generally, scCO; has many attractive properties that make
it a good solvent or reaction medium for variety of processes
e.g., powder synthesis, coating and drug encapsulation
[21,22]. These processes often utilize scCO. as a solvent
because of its high density that leads to good dissolving
capabilities. Moreover, the density of scCO; can be altered by
changing the pressure that modifies the dissolving properties
as well. Processing with scCO, is considered a green
technique because it is non-flammable, non-toxic, inexpensive
and has a great availability as a by-product of the industry
[22]. ScCO, is rarely used as a reactant itself but some
corrosion and carbon sequestration studies have also
investigated the effect of scCO; on different mineral and metal
surfaces. These studies show the formation of carbonates on
the surfaces of different minerals and metals in the presence
of water and scCO; [23-25].

In this research, we demonstrate a unique method for
synthesizing ZnO nanowires. The method utilizes a two-step
process where scCO- treatment is combined with subsequent
heat treatment. This method is rapid, environmentally friendly
and requires only simple processing routes compared to
commonly used ZnO synthesis techniques. Moreover, the
utilization of CO, in the manufacture of the material can offer
additional benefits such as cleaner environment and
sustainability.

2. Materials and methods

A rolled hot-dip galvanized steel was used as a substrate
material. SSAB Europe Oy provided the galvanized substrate
which had a zinc coating weight of 275 g/m?. The purity of the
zinc coating was > 99% with aluminium as an alloying
element. The residual aluminium oxide on the surface was
removed with an alkaline treatment (Gardoclean 338,
Chemetall) before the scCO,-treatment. The precursor
solution was composed of 0.5 mass-% copper (1)
hexafluoroacetylacetonate hydrate (Cu(hfac),xH20, Sigma-
Aldrich) catalyst dissolved in 5 ml deionized water/ethanol
(40/60 vol-%) solution.

The scCO:-treatment was performed in a cylindrical
reaction chamber. The substrate was first placed inside the
chamber which was then heated and pressurized with CO, (>
97%, AGA) to 50 °C and 300 bar, respectively. Consequently,
the precursor solution was then introduced to the system after
which the synthesis was carried out for 60 minutes. Finally,
the CO was vented out of the system and the substrate was
cleaned with ethanol and pressurized air. A more detailed
depiction of the treatment procedure and the scCO, apparatus
is described in our previous study with the exception of the
catalyst [18]. The post heat treatment was performed at 400
°C for one hour in a furnace in ambient atmosphere.

The sample surfaces were examined with field emission
scanning electron microscope (FE-SEM, ZEISS ultra plus)
and energy dispersive spectrometer (EDS, Oxford Instruments
INCA Energy 350). Sample prepared from the heat-treated
structure was imaged also with transmission electron
microscope (TEM, JEOL JEM 2010) with EDS (Thermo
Scientific Noran Vantage). The sample for TEM studies was
prepared by scraping the surface of the heat-treated sample
with a surgical blade and applied into a nickel TEM grid with
a holey carbon film. The chemical structure of the samples
was characterized with FTIR (Bruker Tensor 27) before and
after heat treatment. The crystal structure of the heat-treated
surface was examined with XRD (Panalytical Empyrean,
monochromatized CuK, radiation over a range of 20° <26 <
60°) using grazing incidence x-ray diffraction measurement
(GIXRD) that is specifically intended for thin film
characterization.

To determine the optical bandgap for the prepared samples,
the absorption spectra were recorded in reflectance mode with
a spectrophotometer (Shimadzu UV 3600) equipped with an
integrating sphere coated with barium sulphate. Barium
sulphate was also used as a reference for reflectance. The
spectra were recorded from 800 nm to 220 nm with a 2 nm
interval.

3. Results and discussion

3.1. Microscopy characterizations

SEM pictures (Fig. 1) show the nanowire structure from the
exact same area on the zinc surface before and after heat
treatment. The scCO,-treated surface was composed of
nanowires that had grown from individual initiation points
into flower-like shapes during the synthesis. This suggests that
the nanowire growth was initiated from local zinc dissolution
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Figure 1. SEM pictures of the zinc surface after scCO2 treatment (a and b) and after post heat treatment (c and d).
The highlighted green areas represent the same area on the surface before and after heat treatment.

as a result of pitting corrosion. These pits would serve as
initiation points for the structures that eventually grow into
full-sized nanoflowers. This is supported by previous studies
where a similar dissolution process was used for zinc
hydroxycarbonate nanowire synthesis by anodization of pure
zinc in carbonate-containing solution [13,26]. In the study by
Mah et al., it is shown step-by-step how zinc is first dissolved
from distinct areas forming pits on the surface which is then
followed by subsequent nanoflower growth [26]. Over time,
the amount of pits increase and the nanowires grow in length.
These processes eventually lead to excellent surface coverage
by the nanowires as can be seen from the SEM pictures.
Figure 1 (c—d) shows the same sample surface before and
after the heat treatment. The SEM pictures were taken from
the exact same area on the surface to accurately determine the
morphology change induced by the heat treatment. Overall,
the as-grown nanowires are mostly straight with some of the
nanowires exhibiting only slight curving. After the heat
treatment, it is evident that the nanowires were bent towards
the tips. The green highlighted areas in Figures 1 (b) and 1 (c)
were added to further illustrate the differences in two distinct

nanowires that clearly show the bending behavior due to the
heat treatment. However, the lower magnification pictures
(Fig. 1 (a) and (c)) show that the flower-like pattern of the
nanowires has been well preserved. Changes in ZnO nanowire
morphology due to heat treatment has also been shown in
other studies, although similar bending was not observed
[13,26]. The bending can be attributed to the change in the
chemical structure of the nanowires from zinc
hydroxycarbonate to ZnO.

The reactants that form the nanowires on to the substrate
are CO,, water and Zn?* ions derived from the zinc surface.
First, the CO- is dissolved in water forming carbonic acid and
thus bicarbonate ions (HCO3) which creates a corrosive
atmosphere for the zinc [27]. Simultaneously, water is
dissolved into the CO, atmosphere due to elevated solvation
power of scCO, which allows the water to come in contact
with the zinc surface [28]. Consequently, the CO; saturated
water then reacts with the zinc surface gradually forming zinc
hydroxide (Zn(OH),) and eventually zinc hydroxycarbonate
due to the reaction with hydroxyl and bicarbonate ions. This
process is similar to the atmospheric corrosion of zinc that
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Figure 2. TEM image of an individual nanowire from heat-treated surface. Higher
magnification picture and the SAED pattern can be seen from the inset.

occurs in nature [27]. This is supported by previous studies
which describe a similar reaction sequence in the formation of
zinc hydroxycarbonate structures [13,26]. Furthermore, an
analogous carbonation reaction in water saturated scCO- has
been shown by Loring et al. in a study where carbonates were
formed on mineral surfaces [25].

The FESEM-EDS measurements (not shown) showed that
copper was present on the surface before and after heat
treatment. The amount of copper on both surfaces was 1-2 at-
%. Copper originated from the catalyst Cu(hfac), which was
chosen due to its high solubility to scCO, as well as the
presence of copper ions [29]. It is assumed that during the
synthesis, copper ions from the solution are reduced on the
surface of zinc as metallic copper due to oxidation of the less-
noble zinc. Consequently, more zinc ions dissolve and are
readily available for the formation of zinc hydroxycarbonate
nanowires. Thus, it is likely that most of the copper is located
on the zinc surface below the nanowire structure. This anodic
dissolution process increases the surface coverage of the
nanowires due to higher amount of free zinc ions compared to
reaction without a copper catalyst.

TEM picture (Fig. 2) was taken from the nanowire structure
that had been scraped off the heat-treated sample surface. The
picture shows an individual needle with a higher
magnification of the structure presented in the inset together
with a selected area electron diffraction (SAED) pattern taken
from the same area. The SAED pattern shows that the needles
are ZnO, which agrees well with XRD and FTIR results shown
later. Moreover, the SAED pattern and the presence of lattice
fringes in the TEM image indicate that the needles are
nanocrystalline. In many ZnO nanowire synthesis methods,
i.e. hydrothermal synthesis, the nanowires are typically single
crystalline, smooth walled and hexagonal shaped rods [16]. In
this study, the nanowires were polycrystalline with more
needle-like morphology and the surface was rougher as can be
seen from the TEM picture. Polycrystalline ZnO nanowires
have been obtained by other methods as well without any
noticeable difference in material properties compared to
single-crystalline nanowires [13-15]. The TEM-EDS of
individual nanowires showed no presence of copper. This
further confirms the notion that the copper ions merely act as
a catalyst in the scCO- process and that they are not involved
in the growth of the actual nanowire structure.
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Figure 3. FTIR spectra of the surface before and after heat
treatment.

3.2. Chemical structure determination

The FTIR measurements were taken from the sample
surfaces before and after the heat treatment (Fig. 3). In the
sample before heat treatment, the presence of hydroxyl-groups
are shown by a broad absorption peak between 3200-3300 cm-
! and small peak at 1614 cm™ [30-32]. Double peak at 1516
cm? and 1380 cm? is an indication of antisymmetric vs
stretching modes of carbonates which is typical for zinc
hydroxycarbonates i.e., hydrozincite [31,33,34]. Peaks at 865
cm?, 835 cm™ and 740 cm are assigned to carbonate bending
[30,31,35]. Moreover, a peak at 1076 cm™ is present and it
could be representative of carbonate vi Stretching which
usually is IR inactive [31,34,35]. However, Hales et al. stated
that distortion can induce reduction of symmetry that makes
the IR peak visible [31]. This observation would be consistent
with the fact that the zinc hydroxycarbonate structure
synthesized here is not identical, although similar, to
hydrozincite found in literature [31,34,35]. Zinc
hydroxycarbonates can occur with different ratios of zinc,
carbonate and hydroxyl groups which causes distortion in the
lattice structure when compared with hydrozincite [17,34,36].
Consequently, it is likely that the nanowires formed in the
scCO; treatment are composed of a zinc hydroxycarbonate
that is not specifically hydrozincite.

The spectrum after the heat treatment shows mostly a
straight line with one peak below 400 cm! that goes out of the
measuring range. This can be attributed to ZnO [37,38]. This
dramatic change in the surface chemical structure during the
heat treatment is due to the release of CO, and H,O from the
zinc hydroxycarbonate structure. The nanowires are gradually
converted into ZnO due to the elevated temperature [13]. The
decomposition process of zinc hydroxycarbonates follows the
decomposition of hydrozincite which is presented in equation

(1) [39].
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Figure 4. GIXRD spectrum of the heat treated surface.

Zns(C03)2(OH)e - 5Zn0 + 2C0O; + 3H,0 (1)

The presence of ZnO on the heat-treated surface was
confirmed by GIXRD measurement. The spectrum of the heat-
treated nanowire surface is presented in Fig. 4. Most of the
peaks correspond well with JCPDS (Joint Committee on
Powder Diffraction Standard) card number 36-1451 for
wurtzite ZnO. The remaining three peaks at 39, 43 and 54 are
due to metallic zinc (JCPDS 01-078-9363) originating from
the substrate below the nanowires. This is because the x-rays
can still penetrate through the topmost layer in GIXRD
measurements as has been shown by other studies as well
[40,41].

3.3. Bandgap measurements

The measurements for bandgap determination of the
surfaces are presented in Fig. 5. The absorption spectra show
rather high background absorption with a value of
approximately 0.8. This arises from the relative difference of
reflectance of the sample and the barium sulphate reference.
The heat-treated film has steep cut-off at approximately 380
nm, while, the film before heat treatment does not show any
cut-off in absorption.

The optical bandgap was determined by using the Tauc plot
[42]. In ZnO the transition from valence band to the
conduction band is direct and allowed. Thus, in the Tauc plot
(ehv)? was drawn as a function of energy. In the calculation,
a is absorbance, h is the Planck constant, and v is frequency.
Linear fit was applied to the part, which corresponds the rise
in the absorption spectrum at the optical cut-off. Due to high
background absorption, the bandgap was determined from the
crossing point of the linear fit at the optical cut-off and the
linearly fitted baseline, as shown in the inset of Fig. 5. This
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Figure 5. The absorption spectra for the samples measured in
reflectance mode. The Tauc plot for the heat-treated film is
shown in the inset.

will give the value of 3.23 eV for the optical bandgap which
was lower than normally reported for ZnO [43]. No bandgap
was observed for the sample before heat-treatment within the
measuring range.

Compared to other ZnO structures the bandgap had been
slightly lowered from 3.37 eV to 3.23 eV [1,3]. The TEM
investigations showed no presence of copper within the
nanowires which indicates that the narrowed bandgap is not a
consequence of doping atoms from the precursor. It is more
likely that the narrowing is due to structural changes and
specifically size-dependance of nanowires in relation to
bandgap. Several studies indicate that the bandgap in
nanowire structures can change as the diameter of the
nanowire changes [44-46]. Narrowing of the ZnO bandgap is
beneficial especially in photocatalytic applications or tuning
the emitting properties of light emitting diodes [47-49].

4. Conclusions

ZnO nanowires were synthesized on a zinc surface with the
use of supercritical carbon dioxide and a precursor solution
consisting of water and a Cu®* based catalyst. The synthesis
method was rapid, environmentally friendly and facile
compared to common ZnO synthesis techniques. A
dissolution-induced reaction between the reactants resulted in
the growth of zinc hydroxycarbonate nanowires that could be
then heat-treated into nanocrystalline ZnO nanowires. The
nanowires were arranged into nanoflowers and had excellent
coverage of the galvanized surface. Copper was found on the
sample surfaces but not from individual nanowires which
suggests that the sole purpose of the copper ions is to catalyze
the reaction. The heat treatment resulted in slight bending
towards the tips of the nanowires due to material loss from the
nanowires. The bandgap of the ZnO surface was slightly
narrowed (3.23 eV) compared to bulk ZnO (3.37 eV). This
research showed initial results for producing functional ZnO

nanowires with scCO; treatment and post heat treatment.
However, further research is required regarding the influence
of processing parameters on the morphology and functional
properties of the ZnO nanowires.
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ARTICLE INFO ABSTRACT

Keywords: Supercritical carbon dioxide (scCO,) treatment was employed for rapid formation of a zinc patina layer on hot
Hot dip galvanized steel dip galvanized (HDG) steel. In the presence of H,O and a Cu precursor, an artificial patina consisting of two
Zinc distinctive phases was formed: a dense ~1 um layer of anhydrous ZnCOj3 adjacent to native zinc coating, and a
Patina

Superecritical carbon dioxide
Coatings

Corrosion resistance

Basic zinc carbonate

needle-like porous structure showing resemblance to hydrozincite (Zns(CO3)>(OH)e). The artificial patina layer
significantly decreased the surface free energy of HDG, which was evidenced also by good wettability by a
polyester melamine coating. Furthermore, the needle-like patina surface structure stayed intact through the
coating process, indicating improved coating adhesion. ScCO, treatment facilitates rapid and impurity-free

surface treatment of hot dip galvanized steel, and could be used to tailor novel adhesion and corrosion pro-

moting surface morphologies.

1. Introduction

Hot dip galvanized (HDG) steel is a widely used raw material in
facades, roofings and other construction elements. Corrosion resistance
and aesthetical properties of HDG steel elements are typically improved
by organic coatings [1]. Coating can take place in a continuous color
coating line, by post-painting the material in a machine workshop or at
the end use site after installation. It is known that a certain degree of
weathering is required for outdoor elements prior to coating in order to
bring about good adhesion between the paint and the metal surface
[1-3]. For example, coating of HDG roofings may take place a couple of
years after the installation. Atmospheric corrosion is an aqueous pro-
cess driven by electrochemical mechanisms [4]. A fresh hot dip gal-
vanized zinc surface is very prone to react with the surrounding en-
vironment. Zinc oxide and hydroxide are the first corrosion products to
appear on a galvanized surface [1,2,5]. In the presence of CO, and H,0,
these initial corrosion products are slowly converted to stable basic zinc
carbonates [1,5]. The formed patina layer electrochemically stabilizes
the zinc surface, forming a compact passivation layer that inhibits Zn**
dissolution [6]. Hydrozincite, Zns(CO3)>(OH)e, is the main corrosion
product formed in long-term outdoor exposure when little con-
taminants are present [7-11]. Hydrozincite is generally considered to
be responsible of the improved adhesion and corrosion protection

* Corresponding author.
E-mail address: ville.saarimaa@topanalytica.com (V. Saarimaa).
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properties for coated galvanized material [1-3]. In outdoor exposure,
however, the formed patina layer is often composed of a mixture of zinc
corrosion products, depending on the ions (such as Cl1~ and SO, 7) that
are present [12-14]. Due to impurities, weathered galvanized surfaces
also require cleaning prior to coating [15]. The cleaning process re-
moves some of the zinc coating [16]. Furthermore, most of the corroded
Zn is removed from the patina layer by runoff water, decreasing the
functional life of the product [13]. In a recent study, average annual
runoff rate for a hot dip galvanized zinc coating in rural atmosphere
was about 0.29 um, while the average corrosion rate was 0.46 pm [17].
The runoff rates vary a lot depending on the local conditions [18].

Treatments of Zn in supercritical CO, (scCO,) in the presence of
H,0 have recently been reported, mainly since the formation of ZnO
nanoparticles is of great interest because of the photoelectric properties
of nanodimensional ZnO material [19,20]. In such conditions, forma-
tion of basic zinc carbonates has been reported [19]. The partial pres-
sure of CO, readily affects the formation of zinc corrosion products
[21-23], and the presence of H,O enhances the mobility of ions and has
a corrosion promoting effect [14,24]. Partial dissolution of CO, in H,O
also decreases the pH [20]. Also, atmospheric corrosion is enhanced by
the presence of CO, due to acidification of the surface electrolyte
[21,22].

Synthesization of a patina layer, composed of reaction products of
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zinc in the presence of H,O and scCO, on HDG steel, was recently re-
ported by Kaleva et al. [25]. In that study, the patina was characterized
as zinc hydroxy carbonate nanowires. In this study, a more uniform
patina growth was aspired by using a Cu(hfac), (copper (II) hexa-
fluoroacetylacetonate hydrate) precursor solution in H,O/EtOH (40/
60 vol%). The precursor was used to enhance the reaction by increasing
the amount of zinc ions to be available for the formation of patina
structures through anodic dissolution. Cu(hfac), was used for its good
solubility to scCO,, and EtOH was used to dissolve the precursor and
further increase solubility of water to scCO, [26,27]. The main goal of
this study was to investigate scCO, treatment of HDG sheets as a surface
treatment before coating. The layer of Zn corrosion products formed by
scCO, treatment was named artificial patina in order to distinguish it
from weathered HDG samples (naturally forming patina). The artificial
patina was characterized by SEM imaging, and FTIR and XPS mea-
surements. The surface properties (H,O contact angle and surface free
energy (Sfe) measurements) were evaluated and some samples were
coated in order to study the paintability.

2. Materials and methods

Hot dip galvanized material (~0.2% Al in the zinc bath) with a total
coating mass of 275 g Zn/m? from SSAB Europe Oy was used. A mild
alkaline cleaning of the HDG samples was performed according to the
guidelines of the cleaning chemical provider (Gardoclean 338,
Chemetall) before the scCO, treatment. The outdoor exposed HDG
sheets had the same Zn coating weight and composition as the fresh
HDG material. The outdoor exposure was carried out in Southern
Finland in unsheltered inland conditions for 6 years. The polyester
melamine primer (Becker Industrial Coatings Ltd.) and top coat (The
Valspar Finland Corporation Oy) were applied in the laboratory by bar
coating. The applied coatings were cured in a laboratory oven (model
H12-850AA, Aalborg Company). The PMT (peak metal temperature)
values were 228 °C for the primer and 230 °C for the top coat, and the
dry film thicknesses were 6 pm for the primer and 20 um for the top
coat.

The scCO2 treatment was performed in a cylindrical vessel (height
11 cm, diameter 5.4 cm, volume 256 cm®). A HDG sample (5 x 10 cm)
was placed in the vessel, and the vessel was pressurized to 300 bar with
CO, (=97%, AGA). A co-solvent pump was utilized to introduce a
precursor solution consisting of 0.5 mass% Cu(hfac), (copper (II) hex-
afluoroacetylacetonate hydrate, Sigma-Aldrich) in 5ml of deionized
H,0/EtOH (40/60 vol%) to enhance the dissolution of zinc from the
surface of HDG sample. The reaction was carried out for 60 min at
50 °C.

Contact angle (CA) measurements were performed using a CAM 200
Optical Contact Angle Meter (KSV Instruments Ltd). Three liquids
(water, ethylene glycol and diiodomethane) were used and the Sfe
(surface free energy) was calculated according to the Wu method.
Scanning electron microscopy (SEM) characterization was performed
using a JEOL JSM-6335F instrument. Preparation of cross sections was
carried out at with an Ilion + Advantage Precision Cross-Section
System (Model 693, Gatan Inc., USA). Element analysis was performed
using X-ray photoelectron spectroscopy (XPS) (PHI Quantum 2000).
The spectra were obtained using monochromated Al Ka beam (50 W,
15 kV) with a 200 um spot size. The survey spectra were measured at
117.4 eV pass energy and 1.0 eV step size, while the Cls spectra were
measured at 46.95 eV pass energy and 0.2 eV step size. Sputtering was
performed with Ar*-ions, and the sputtering depth was calculated
using a SiO, reference sample. The Cl1s peak at 285.0 eV was used for
charge-shift correction. Several spectra on different spots on the sample
were recorded to confirm the findings. The FTIR measurements were
performed with Bruker Vertex 70 instrument at the Materials Chemistry
Group at the University of Turku. The sample holder was Harrick
Diamond ATR, and the spectra were recorded with a RT-LaTGS detector
yielding a 4 cm ™~ ! resolution. The number of scans for each spectrum
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SEI 50kVY  X2,000 10um WD 3.9mm

Fig. 1. Top view of the artificial patina on a HDG sample.

was 64, and the wavelength area was 4500-450 cm ™ '. The samples for
FTIR measurements were collected by gently scraping off material from
the patina surface with a stainless steel surgical blade (Paragon).

3. Results
3.1. SEM imaging of artificial patina

Two distinctive structures could be observed on the HDG surface
after scCO,, treatment (Fig. 1). Firstly, flowers composed of needle-like
structures were seen. Secondly, a granular surface structure was pre-
sent. Cross section imaging confirmed the presence of the two struc-
tures (Fig. 2). The dense patina layer seemed to cover the whole surface
and occupied a thickness of about 1 pm, while the needle-formed
structures (or flowers) stretched out from the surface forming a several
um thick porous surface on top of the dense patina layer. In the cross
section image, a somewhat nodular structure was observed (Fig. 2).
Growth of the patina initiates from distinct points on the surface, and
through further growth it spreads across the surface sealing the metal
surface. The structures continue growing in multiple directions while
spreading, which leads to thickening of the structure at the initiation
points. As a consequence, the layer thickness may not be homogeneous.

SEI X 1um_ WD 45mm

Fig. 2. Cross section of a HDG sample after scCO, treatment.
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Fig. 3. FTIR spectrum of the dense patina layer.

Also in atmospheric conditions, zinc patina has been reported to
have a compact inner layer and a porous outer layer [28]. However,
similar extensively protruding outer layer structures that were obtained
in the scCO, treatment have not been reported for outdoor exposure
samples. Thin needle-shaped mineral crystals occur rarely in natural
zinc deposits [8]. Needle-like structures (or nanotubes) have been ob-
tained by supercritical CO, fluid treatment of zinc sputtered on glass
substrate [29]. In the presence of H,O, nanotubes with a diameter of
30-50 nm were grown from the surface at 60 °C. Similarly, Miles et al.
[30] obtained nanoflowers as a results of anodization of zinc in the
presence of KHCO3.

3.2. FTIR and XPS measurements

FTIR measurements showed that the visually different forms of ar-
tificial patina were also chemically different (Figs. 3 and 4). The both
patina forms had a double peak at ~2360 cm ™~ !, which is attributed to
adsorbed CO,. The dense patina layer showed stretching bands re-
presentative of carbonate vibrations: 1390 cm™ ' (v; CO3>" antisym-
metric stretching vibration), and sharp bands at ~862 cm ™! (v, mode
of CO3>7) and ~743cm™ ' (v, in phase bending mode) (Fig. 3)
[13,31]. The dense patina layer was composed of an anhydrous zinc
carbonate because of the single strong absorption band at about
1400 cm~ ! and absence of OH bands [9]. The result is interesting, since
anhydrous ZnCOj is difficult to prepare and it is not present in naturally
forming patina of outdoor exposure samples [10,11].

For the needle-like structure, the band at ~3230 cm ™~ ! is typical for
hydrozincite (Fig. 4). Basic zinc carbonates always contain some ad-
sorbed water, and the stretching band at 3230 cm ™! is related to OH
stretching of molecular water [8,14,17]. The band at 1618 cm ™! is
representative of the OH bending [32]. The weak band at 1078 cm ™ ! is

100
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1520
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50 T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400
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Fig. 4. FTIR spectrum of the needle-like patina layer.
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attributed to the (CO3)? ~ v; band, which should not be infrared active
but has proposed to become activated because of distortion caused re-
duction in the symmetry of the carbonate [23]. The band at 1078 cm ™ *
was present in both patina structures. In hydrozincite, a weak peak at
~953cm™ ! is typically present, indicating the metal-hydroxide de-
formation [11,33]. In the needle-formed patina spectrum, however, this
deformation was missing. Two bands at 1520 and 1383 cm™ 1 (vs
modes of carbonate) were observed for the needle-like structure. For
basic zinc carbonates, twin maxima appear near 1400 cm~ ! that are
attributed to CO5>~ groups [9,33,34]. In some studies, the splitting of
the v; into two bands has been shown to depend on the synthesis of
Zns(OH)6(CO3), [35]. The presence of a bending mode at 835 cm ™ (v,
mode of CO5%7) showed resemblance to basic zinc hydrocarbonate
structures [35]. Two typical internal vibration assignments for carbo-
nate at 707 and 743 cm ™~ ! (v4 antisymmetric OCO bending mode) were
present to a very low extent [13,35,36]. The spectrum of needle-like
patina showed more resemblance to synthetic hydrozincites than hy-
drozincites formed in outdoor exposure [17,37]. Many forms of syn-
thetic zinc hydrocarbonates have been reported, the reaction routes are
complex and the proportions of adsorbed and structurally bound water
or hydroxyl are difficult to determine [8-10,23,30,38]. Zincite (ZnO) is
typically present in exposed HDG sheets [7,13]. ZnO (~450 cm ™~ ') was
not detected in the FTIR spectra of the dense patina or needle-like pa-
tina (Figs. 3 and 4).

Zinc, oxygen and carbon were identified on the patina surface by
XPS (Fig. 5). Aluminum oxide is typically found in trace amounts on the
surface of hot dip galvanized coatings [39]. Contrary to our previous
study, aluminum was not observed here, which is an indication that a
better surface coverage was obtained with the use of a precursor [25].
Furthermore, the patina surface was free of impurities (other than
carbon contamination), and elements present in the precursor solution
(Cu and F) were not found. The carbon signal in the Cls spectra was
divided into two peaks (Fig. 6). The peak at lower binding energy
(285.0 eV) disappeared after mild sputtering, which is typical for
carbon contamination. The peak at higher binding energy, 290.0 eV,
remained after sputtering. The binding energy shift of this magnitude
between the CC/CH and COO™ has been observed, when the carboxyl
component is involved in hydrogen bonding [40]. The result confirms
the formation of carbonates during the scCO, treatment [30,41-43].

3.3. Reaction routes to artificial patina formation

For formation of basic zinc carbonates on a galvanized surface,
presence of zinc ions is required. Zinc ions could be released by (i)
electrochemical anodization of zinc, (ii) introducing metal ions that are
more noble than zinc, e.g. copper used in this study (reduction-oxida-
tion reaction), (iii) chemically dissolving zinc or (iv) by adding a zinc
precursor such as zinc acetate [20,30].
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Fig. 5. XPS survey spectrum of the scCO, treated HDG surface.
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Fig. 6. Cls spectra recorded on a scCO, treated HDG surface.

In the scCO, treatment, no reaction products were obtained in the
absence of H,O. The presence of water in a supercritical CO, system
facilitated the extraction of zinc metal ions. This is probably due to
dissociation of carbonic acid (HCO3 ) and acidification of water [44].
The formed zinc ions reacted with carbonate (and hydroxide) ions. Zinc
carbonates could also be formed after release of zinc ions by introdu-
cing a carbonate source (such as KHCO3) [30]. In the absence of CO,
(the closed vessel was heated up in the presence of H,O in O, atmo-
sphere, resulting in increased pressure because of vaporization of H,0),
the only corrosion product was ZnO, which is in accordance with earlier
findings [5]. Treatment of ZnO crystals in the presence of H,O and CO,
atmosphere has been reported to result in formation of hydrozincite
(Zns(CO3)2(0OH)g) or smithsonite (ZnCO3) [5,11]. It is noteworthy that
no traces of ZnO were observed in the FTIR spectra, which could in-
dicate that the patina formation reaction did not proceed via ZnO for-
mation. Formation of the artificial patina in the pressurized vessel re-
quired thus the presence of both CO, and H,0 [45,46].

In the presence of CO, and H,O, temperature and pressure have
been reported to have an important role on the corrosion rate [47].
Moreover, it is obvious that the presence of copper enhances the cor-
rosion rate of zinc due to its noble character. However, the optimization
of the treatment time, pressure or concentration of Cu was not yet
carried out here but will be made in our future studies.

3.4. H,0 contact angle and Sfe measurements

The changes in the surface chemistry of a scCO, treated sample and
an unprotected outdoor exposure sample were evaluated by H,O con-
tact angle and surface energy measurements (Figs. 7 and 8). The water
contact angle on a fresh zinc surface was about 60°, which implies
moderate wetting. The both patina surfaces had H,O contact angles
way above 100°. Hydrozincite has been shown to increase hydro-
phobicity [43]. Although the zinc (hydroxy)carbonates clearly in-
creased the hydrophobicity of a zinc coating, their protective role de-
pends on many parameters [43]. The artificial patina sample had even
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higher water contact angle than the outdoor exposed sample, which
could be due to a more homogeneous and even patina barrier. In out-
door exposure, the zinc surface of hot dip galvanized steel samples is
known to undergo various corrosion processes depending on the at-
mosphere. The patina on outdoor exposed samples varies a lot in terms
of thickness, composition and presence of impurities [12,14,33]. The
surface free energy was much lower on both patina samples than on the
fresh HDG. The results indicate good paintability of the artificial patina
surface, since outdoor exposed samples typically provide better wett-
ability and paint adhesion than fresh HDG samples [1-3]. Based on the
results of our study, formation of a paintability promoting zinc patina
layer, i.e. the process that during weathering takes up to several years,
can be accomplished within 1 h.

3.5. SEM imaging of coated samples

HDG samples were coated with polyester melamine primer and
topcoat after the scCO, treatment. No further surface conditioning was
performed prior to coating. Excellent wettability was observed. SEM
cross section images showed clearly that the needle-like patina stayed
intact through the bar coating and oven curing of the sample at a peak
metal temperature of 230 °C (Fig. 9). This is of great importance, since
the forces applied during the coating might have destroyed the delicate
patina structure. Carbonates also undergo thermal decomposition, in
the end producing ZnO, CO, and H,O [48]. For instance, a basic zinc
carbonate ZnzCO3(OH)42H,0 has been shown to start to decompose at
220-250 °C, producing an endothermic weight loss, with the termina-
tion at 340 °C [11,49,50]. However, the coating surface after double
oven curing at 230 °C showed no degradation, and the different coating
layers in the cross section images were intact (Fig. 9).

4. Conclusions

Formation and properties of a scCO»-induced artificial patina layer
on hot dip galvanized steel were investigated with an emphasis on the
utilization of the layer as a surface treatment before coating. The
formed patina was composed of two distinctive layers; a uniformly
covering dense, anhydrous ZnCOj3 layer adjacent to the metallic Zn
coating, and a needle-like structure on the outermost surface. The
composition of the needle-like structure resembled that of basic zinc
carbonates, which are typical corrosion products in outdoor exposed
HDG. Artificial patina formation increased the hydrophobicity of the
HDG surface remarkably, thus stabilizing the zinc surface. Good wett-
ability of the patina surface by an organic melamine polyester coating
was obtained. The needle-like patina structure remained intact within
the cured coating, indicating improved adhesion properties.

In outdoor exposure, the formation of an adhesion-promoting hy-
drozincite (Zns(CO3)>(OH)e) patina layer on a zinc surface is a long
process characterized by strong dependency on the prevailing condi-
tions (humidity and ions), presence of impurities (pollutants) and zinc
runoff. By scCO, treatment, a dense patina barrier with adhesion pro-
moting needle-like roughness on the outer surface was produced with
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Fig. 9. SEM cross section images of a coated HDG sample, showing intact needle-like patina structure under the coating.

several advantages. The process of patina formation by the scCO,
treatment is well controlled, rapid, free of impurities, and no Zn runoff
takes place. The work will be continued by careful determination of the
artificial patina composition, optimization of the application para-
meters and testing of coated artificial patina samples in terms of ad-
hesion and corrosion resistance.
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ABSTRACT: Zinc carbonate and a mixed-phase zinc carbonate
were precipitated selectively on hot dip galvanized steel in the
presence of CO, and water. The zinc carbonate was precipitated as
a uniform layer with cubic superficial appearance, while the mixed-
phase zinc carbonate was precipitated as nanowires. The distinct
structures could be formed separately or as a dual structure with
nanowires on the outermost surface. The barrier properties were
improved by the both patina forms; a significant increase in surface
hydrophobicity was obtained. The dual patina structure was
successfully coated with an organic coating, and the intact wet
CO,-induced patina with both structures was confirmed within the
coating. The formed carbonates can be further converted to zinc
oxide by calcination, preserving the delicate structures, which
opens a wide range of potential applications for the nanostructured
ZnO in a variety of future electronic and optoelectronic devices.
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1. INTRODUCTION

Hierarchical metal oxide nanostructures have in the recent
years gained interest as attractive building blocks for new
electronic and optoelectronic devices and gas sensors and can
have improved performance in catalysis, fuel cells, and tissue
engineering.' > Such semiconducting materials are typically
formed via carbonation and oxidation reactions. For instance,
formation of ZnO nanowires can be accomplished by thermal
treatment after anodic oxidation, metallorganic chemical vapor
deposition, or electrochemical deposition.”*® However, the
established reaction routes often require high temperature,
expensive and complex experimental setup, multiple reaction
steps, and long reaction time. Wet supercritical carbon dioxide
(scCO,) treatment has been proposed as a medium for zinc
carbonate (or oxide) nanowire synthesis.”* CO, is abundantly
available and cost efficient, and the synthesis can be carried out
in a single process step.” Furthermore, the zinc carbonation
products can be converted to zinc oxide by thermal treatment,
which opens a wide range of future applications for materials
produced via scCO, synthesis.”'°

The reactions of different metals and minerals in wet scCO,
are not yet thoroughly understood, but tentative reaction
sequences can be constructed with the available studies. First,
although CO, is a corrosive gas, synthesis of Zn nanostructures

7 ACS Publications  © 2018 American Chemical Society 21730

is very limited in dry scCO,."""* In a supercritical carbon

dioxide environment, in the presence of water, formation of
carbonic acid (CO, + H,0 = H,CO;) takes place.''*
Carbonic acid is dissociated into HCO5*~ at a pH range of
3.7-10.3 (at 25 °C)."* The zinc dissolution is initiated by
acidification of the metal surface by the carbonate ions, which
increase the surface conductivitgf and enhance dissolution of
outermost surface layers."”'*™"® The initial zinc dissolution
can be further accelerated by addition of ions of metals more
noble than Zn, thus introducing reduction—oxidation reactions
on the surface. In aqueous solutions, Zn>* exists as stable
hydrated ions, which can form complexes in the presence of
different ions (OH~, HCO,;>").>"? The very first corrosion
products of zinc appear in the form of hydrated Zn**
compounds as a very thin film on the metal surface.'*'?7>
The liquid water functions as an effective solvent, but also as a
reservoir for the anionic and cationic species (Zn**, OH",
HCO;~, CO;>7).*"®**** This thin reactive interface separates
the solid material from the wet CO, interface.'> The formed
complexes can in acidic conditions further undergo con-
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densation via the olation mechanism, resulting in various zinc
carbonates.”*"*® For instance, the growth of microscopic Zn-
containing nanowires is initiated from so-called nanoplatforms
and proceeds to larger nanoflowers or bundles of nanowires
that are increased in length by whisker growth mechanism.>”*
The predominant phases are strongly influenced by temper-
ature, pressure, and reaction time."" The question whether the
corrosion process proceeds via a CO,-saturated water film on a
Zn surface or through direct diffusion from the water-saturated
CO, gas or both is still under debate.""

Raman spectroscopy has recently gained interest in
characterization of coatings, their degradation, and corrosion
products.'***™** The lateral resolution of Raman is much
higher than that of FTIR and the molecular water that is
present in most zinc corrosion products does not disturb the
measurements, since the water sensitivity is very low. Raman
spectroscopy is a scattering technique, where molecular
vibrations result in a shift in the wavelength of the incident
light beam, while in FTIR the molecular vibrations induced by
the incident beam shift the molecule to a higher vibrational
energy state and thus absorb energy. The molecular
information obtained by these two methods is complementary,
and as a thumb rule the functional groups that cause stron;
Raman scattering result in weak IR absorption and vice versa.’
For instance, Raman scattering is typically strong for
symmetric, nonpolar molecules, while IR absorption is strong
for asymmetric and polar molecules. In this work, Raman and
FTIR spectroscopy, in addition to X-ray photoelectron
spectroscopy (XPS), were applied for identification of the
compounds precipitated on hot dip galvanized steel in a wet
CO, medium.

Corrosion protection and self-healing properties of zinc
corrosion products have been intensively investigated during
the past years.””*> These properties have been attributed to
formation of a passive layer that inhibits further oxidation of
zinc.>> The inhibitive layer can be a result of interactions
between a fresh metal surface and the prevailing environment,
or it can be intentionally formed as a synthesis or post-
treatment product. The protective properties are derived from
hinderin§ of transport of electroactive species to the metal
surface.”” Most of the research has focused on naturally
forming zinc patina, and the barrier protection properties of
synthesized zinc patina have been scarcely investigated.
Hydrophobicity of the formed patina layers was investigated
in this study.

In our previous studies, a wet scCO,-induced dual patina
structure was formed at a pressure of 300 bar.”** However,
selective precipitation of different patina compounds was not
achieved. In this study, the patina structures were precipitated
at lower pressures (65 and 80 bar), allowing selective growth of
different patina morphologies on separate samples. This study
comprises characterization of the different carbonate structures
formed in a wet CO, medium at well-defined and repeatable
experimental setups. Furthermore, the barrier properties were
evaluated by static and dynamic contact angle measurements,
and the properties as a substrate for coating are discussed.

2. MATERIALS AND METHODS

2.1. Materials and Samples. Unpassivated hot dip galvanized
steel (~0.2% Al in the zinc bath) with a total zinc coating mass of 275
g/mz from SSAB Europe Oy was used. Alkaline cleaning of the
samples was performed with Gardoclean 338 (Chemetall) before the
scCO, treatment according to the supplier’s instructions for the

21731

chemical. The wet CO, treatments were performed as described by
Kaleva et al.” An HDG sample (5 X 10 cm) was placed in the vessel,
and the vessel was pressurized with CO, (>97%, AGA). A precursor
solution consisting of 0.5 m-% Cu(hfac), (copper(Il) hexafluor-
oacetylacetonate hydrate, Sigma-Aldrich) in S mL of deionized H,0/
EtOH (40/60 vol %) was introduced in selected samples using a
cosolvent pump. The reactions were carried out for 60 min. Sample 3
was prepared in subsupercritical conditions, adding liquid CO, and
H,0 in the reaction vessel without the precursor.

Samples prepared in the following conditions were examined in this
study: (1) 80 bar (scCO,), 40 °C, 5§ mL of Cu(hfac), solution “dual
patina with dense and nanowire layers”; (2) 80 bar (scCO,), 60 °C, 5
mL of Cu(hfac), solution “dense patina layer”; and (3) 65 bar
(<scC0O,), 25 °C, 0.5 mL of H,0 “nanowire patina layer”.

Samples for electron probe microanalysis and cross-sectional
RAMAN measurement were coated with a polyester melamine
coating (Beckers Industrial Coatings Ltd.) and cured to a peak metal
temperature of 228 °C. The degree of curing was evaluated by solvent
resistance rub test (ASTM D4752) using methyl ethyl ketone as the
solvent.

2.2. Surface Characterization. Scanning electron microscopy
(SEM) characterization was performed using JEOL JSM-633SF and
JEOL JSM-IT100 instruments. Cross sections for SEM character-
ization were prepared using an Ilion+ Advantage Precision Cross-
section System (Model 693, Gatan Inc., USA). Element mapping was
carried out using an electron probe microanalyzer (EPMA) with
wavelength-dispersive X-ray spectrometers (JEOL JXA-8600). The
signals were collected at 15 kV and 50 nA.

Element analysis was performed with X-ray photoelectron spec-
troscopy (XPS, PHI Quantum 2000) using monochromated Al Ka
beam (S0W, 15 kV) with a 100 ym spot size. The carbon peak (C 1s)
at 284.9 eV was used for charge-shift correction. Samples for copper
oxidation stage measurements were prepared by immersing the
substrates in a precursor solution for 25 s, followed by air drying.

Vibrational spectroscopy was performed by FTIR and Raman. The
FTIR measurements were performed with a Bruker Vertex 70
instrument on a Harrick Diamond ATR sample holder with a RT-
LaTGS detector, yielding a 4 cm™ resolution. Raman measurements
were performed with a Renishaw inVia Qontor confocal Raman
microscope. The spectra were recorded at 532 nm excitation using a
grating of 1800 1/mm. The resolution was 4 cm~!. The data were
collected using a 100X objective, and the signal-to-noise ratio was
improved by spectral accumulation.

Water contact angle measurements were performed with an OCA
50 instrument (DataPhysics Instruments GmbH). Deionized water
was used, and the droplet volume was 10 xL. The untreated HDG
sample was wiped with H,O and isopropanol prior to measurement.
Static contact angles were reported after 15 s of surface contact. The
dynamic contact angles were obtained with a tilting base unit that was
operated at 0.50 deg/s. The step size was 0.10°, and 2 frames per
second were collected. The tilting angle for the advancing (6,) and
receding (0) contact angles was determined using the drop base
diameter (BD).

3. RESULTS AND DISCUSSION

3.1. Use of Cu Precursor to Catalyze Carbonate
Precipitation. 3.1.1. Oxidative Effect of the Cu Precursor. In
our previous studies, addition of an inorganic precursor to the
scCO, treatment enhanced precipitation of carbonates on a
HDG surface.”** To investigate the effect of the copper(Il)
hexafluoroacetylacetonate hydrate precursor, droplets of that
reagent were applied separately on a glass slide and on a hot
dip galvanized steel sample. The droplets were air-dried and
the oxidation state of copper was analyzed by XPS (Figures 1
and 2). Shake-up lines occur when outgoing photoelectrons
interact with valence electrons and excite them to a higher
energy level.”>*® Shake-up satellites are present in Cu(Il)
containing samples but absent in Cu(O) and Cu(I) containing
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Figure 1. XPS spectrum of Cu 2p,), and Cu 2p;, peaks, measured
from dried precursor solution on a glass slide.
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Figure 2. XPS spectrum of Cu 2p,/, and Cu 2p;,, peaks, measured
from dried precursor solution on a HDG sample.

samples and can thus be used for identification of chemical
states.>>* Cu (0) and Cu (I) species have statistically rather
similar binding energy values.>® According to the literature, the
Cu 2p;, photoelectron line is centered at 932.7 eV for Cu(0)
and at 933.6 eV for Cu(Il), which is in accordance with our
measurements (Figures 1 and 2).%° Tt was observed that the
shakeup peaks were absent in a precursor solution droplet
dried on an HDG sample, while they were present in the
similarly prepared sample on a glass slide (Figures 1 and 2).
This experiment confirms the oxidative effect of the precursor
solution on the HDG surface, and thus supports the
augmented patina formation in the presence of the precursor.

3.1.2. Mapping of Cu within the scCO,-Induced Patina
Layer. A cross section of a coated sample was prepared for
electron probe microanalysis. A dense patina sample (sample
2) with a polyester melamine coating was studied to avoid
excessive emission of electrons from the edge of the specimen
(so-called edge effect). The patina layer was easily
distinguished from the metallic Zn, since the Zn intensity
within the patina layer was lower than on the metallic zinc
(Figure 3). The amount of Cu within the analyzed area was
small, which can be concluded from the heavy background
signal even in the metallic zinc area. The detected trace
amounts of Cu were located within the patina layer. The Cu
residues were located at a sharp line, which resembles the
initial native metallic zinc coating layer. Because of the high
interaction volume of electrons within the sample, a more
specific location is difficult to obtain.*” Dissolution of metallic
zinc during the scCO, treatment most probably caused the
patina layer to grow deeper into the metallic zinc coating,

Overlay +

Organic coating

Patina

Zinc coating

10 pm
—_

Figure 3. EPMA element maps of Zn and Cu measured from a cross
section of a coated patina sample (sample 2).

encapsulating the initially reduced Cu within the forming
patina layer. It is noteworthy that no Cu was observed at the
final patina/Zn(0) interface, which indicates that the precursor
was mostly active in the early stages of the patina formation. A
slightly nodular occurrence of Cu supports the previously
proposed patina growth mechanism, where the zinc corrosion
is initiated at distinct spots on the surface, and gradually
spreads in multiple directions.”*

3.2. Characterization of the Patina Surfaces.
3.2.1. SEM Imaging. SEM cross section images of samples
1-3 are shown in Figures 4—6. Sample 1 shows a dual
structure with a dense patina layer adjacent to metallic zinc and
a rod-like structure on top of the dense patina layer, similar to
what was reported earlier.”® However, in this study the
synthesis was carried out at a significantly lower pressure. The
rods were grouped into larger nanoflowers that were seemingly
grown from a common initiation point (Figure 4). Similar
nanowire structures have been observed as a result of
anodization and scCO, fluid treatments.***® The rod-like
nanowires in this study had a nonuniform size distribution and
nontapered ends (Figure 4). When the synthesis was
performed at the same pressure (80 bar), with elevated
temperature (40 — 60 °C), the rod-like structure did not
appear on the surface (Figure S). The top view of the sample 2
showed a nodular surface structure, which, however, in the
cross-cut image fully covered the metallic zinc substrate
(Figure 5). At a higher magnification, a cubical surface of the
nodules was revealed with flat facets that had a size of a few
hundred nanometers. Although various CO,-assisted hierarch-
ical structures have been reported for metal oxides and
carbonates, the cubic surface morphology that was observed in
the absence of rod-like morphology has not been reported
earlier.

Temperature and pressure have been reported to strongly
affect formation of different carbonate structures.'' For
example, pure hydrozincite has previously been synthesized
from ZnO by a mechanochemical process at ambient

DOI: 10.1021/acsami.8b05034
ACS Appl. Mater. Interfaces 2018, 10, 21730-21739



ACS Applied Materials & Interfaces

Research Article

100 nm

—

Figure 4. SEM images of sample 1 prepared at 80 bar (scCO,), 40 °C, and with the addition of S mL of Cu(hfac), solution: 1 = nanowire patina

layer, 2 = dense patina layer, 3 = zinc substrate.
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Figure 5. SEM images of sample 2 prepared at 80 bar (scCO,), 60 °C, and with the addition of S mL of Cu(hfac), solution.

temperature and pressure in the presence of gaseous CO, and
liquid H,O, while zinc carbonate was not formed.* In our
study, decreasing the reaction pressure to 65 bar and the
temperature to 25 °C (ambient temperature), caused the
patina layer to be composed solely of the rod-like morphology
(Figure 6). The rod-like morphology was similar to that
synthesized at a higher pressure, but the flowers were less
pronounced. In the cross-cut image, the rod-like elements did
not have singular growth points, and the growth of the rods
was more evenly distributed across the zinc substrate than in
sample 1.

Crystal growth and morphology are influenced by available
constituents and applied atmosphere and are derived from the
need of the constituents to precipitate as energetically lowest
stable crystals.*”*' Regular crystalline structures are typically
an indication of pure constituents. Given the different
morphologies of the two obtained patina forms, and the fact
that the nanowires prevail on the surface, it is logical that the
growth of the two different structures is promoted by different
atmospheres in the vessel, which affect the supply of carbonate
and hydroxide ions via changes in the CO, solubility."* The
needle-like patina has a similar form with previously reported
rod-like precipitated carbonate whiskers.">** The nontapered

DOI: 10.1021/acsami.8b05034
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Figure 6. SEM images sample 3 prepared at 65 bar (<scCO,), 25 °C, and with the addition of 0.5 mL of H,O.

edges of the rods indicate a dynamic whisker growth
mechanism with stepwise deposition as the principal synthesis
mechanism.*”*" It has been observed that the whisker growth
is favored when the acidity of the medium increases, since it
increases the zinc ion concentration.*

3.2.2. Chemical Characterization of Patina Structures.
3.2.2.1. XPS Measurements. The main components on the
surfaces of the different patina structures were zinc, oxygen and
carbon (Figure 7). Minor amounts of fluorine were also

Zn2p
| zn3d
\

Mixed phase zinc carbonate
(sample 1)

Normalized counts/s

Zinc carbonate (sample 2)
T T T T T T T T T T

1100 1000 900 800 700 600 500 400 300 200 100 o]
Binding energy, eV

Figure 7. XPS spectra recorded from the top of both patina
structures. The spectra were offset for clarity.

detected, which were considered as residues from the
precursor solution. Copper was not detected on the surface.
Atomic-% concentrations of C, O, and Zn are presented in
Table 1. Adventitious carbon was separated from the C Is
pertaining to carbonate groups. The presence of carbonates
was evident for both morphologies. No sputtering was
performed, since the intensities of the different peaks were
strong even without sputtering (very low amount of carbon as
impurity). Furthermore, extended X-ray exposure can affect
the oxidation stages of elements and cause uncontrolled
variations in the atomic ratios of different elements.” The
standard deviations of the element concentrations were very
small, which indicates homogeneous structures. The dense
patina structure has previously been assigned to ZnCO; by
FTIR.** The atomic ratios for ZnCO, are 1:1:3 (Zn:C:0). In
this study, the XPS data shows somewhat higher contribution
of oxygen, which could be due to adsorption of humidity on
the sample surface from the air (Table 1).*® In the nanowire
patina, the ratios of carbon and oxygen differ from the dense

Table 1. Atomic-percent of Zn, O, and C on the Patina
Surfaces (Three Parallel Spots Were Measured)

nanowire

dense patina patina
binding energy
(eV) average Stdev average Stdev
C Is hydrozincite 290.2 14.0 0.2 7.9 0.3
C 1s adventitious 284.9 23.4 12 15.3 0.0
O 1s 532.2 48.5 0.8 55.1 0.2
Zn 2p3 1022.4 14.1 0.3 21.6 0.3

atomic ratios

dense patina nanowire patina

average Stdev average Stdev
Zn 1.0 0.0 1.0 0.0
C 1.0 0.0 0.4 0.0
(6] 3.5 0.0 2.5 0.0

patina. Similar results were obtained for the both nanowire
samples (samples 1 and 3), and they are not shown separately
in the results. For each Zn atom, there was less C and O than
in the dense patina. The atomic ratios of different elements in
hydrozincite, Zns(CO;),(OH)s, are 1.0:0.4:2.4 (Zn:C:0),
which is very close to the obtained 1.0:0.4:2.5 ratio (Table
1). However, XPS measurements alone are insufficient to
identify Zn corrosion products.*’

3.2.2.2. Raman and IR Measurements. Raman and IR
techniques can be utilized to distinguish polymorphs with the
same chemical composition and to identify elements
incorporated into mineral lattices.*® The infrared and Raman
spectra provide complementary information regarding the
chemical structure.”” Bands due to the stretching vibrations of
symmetrical molecules (i.e., infrared inactive bands) can be
observed by Raman. Polar groups yield strong infrared bands,
but are very weak in Raman.*”*" The free CO5>~ ion has four
normal vibrational modes: symmetric stretching vibration (v,),
symmetric bending mode (v,), asymmetric stretching vibration
(v3), and asymmetric bending mode (v,). These modes occur
around 1100 (v,), 800 (v,), 1400 (v5), and 700 cm™" (v,).>' %3
The exact band positions are characteristic for different
carbonate species, since the degeneracies and IR and Raman
activities are affected by distortion of the symmetry of the
carbonate anion.'"'>**

Dense Patina. The Raman spectrum of the dense patina
was clear in terms of peak separation from the background and
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Figure 8. Raman and FTIR spectra of the patina sample 2 (dense patina).
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Figure 9. Raman and FTIR spectra of the carbonate nanowires (sample 1). Identical spectrum was obtained for sample 3.

peak sharpness, which implies a well-ordered crystalline
structure (Figure 8). Four main carbonate vibrations were
observed. The most intense band in Raman spectra at 1091
em™ is due to v; symmetric stretching mode.’* In the IR
spectrum, the v; mode (at 1078 cm™") should be inactive but
becomes active because of symmetry reduction of the
carbonation anion through distortion.”*™*® The v, antisym-
metric stretching mode was observed at 1408 (Raman) and
1390 cm™ (IR). A band related to v, symmetric bending mode
was observed only in the IR spectrum (at 862 cm™"), which is
in accordance with the literature.>* The v, antisymmetric
bending mode was observed with both methods, at 730 cm™
in the Raman spectrum and at 743 cm ™" in the IR spectrum.**
In the Raman spectrum, two prominent peaks were observed at
303 and 195 cm™'. These bands are assigned to lattice
modes.* Zincite (ZnO) is a typical corrosion product of zinc
in atmospheric conditions."”” However, ZnO is unstable in
the conditions applied in this study, and was not
detected.>>***” On the basis of the vibrational spectroscopic
measurement the composition of the dense patina corresponds
to that of ZnCO;.>"

Nanowire Patina. The Raman spectrum of the nanowire
patina showed a sharp band at 1098 cm™ and several broad

21735

low intensity bands, which suggests a more amorphous nature
than for the dense patina (Figure 9). The both nanowire patina
samples (samples 1 and 3) yielded similar spectra, and thus
only the spectrum for sample 1 is shown. The sharp band at
1098 cm™" is assigned to the v; symmetric stretching mode.”*
This band had a shoulder at lower wavenumbers, which has
been attributed to overlapping v, symmetric C—O stretching
bands."" The v, mode was observed also in the IR spectrum at
1078 cm™". An OH bending was observed in the IR spectrum
at 1618 cm™!, which arises from structural water.'’ In our
previous study we also observed a broad IR absorption peak at
~3230 cm™!, which arises from OH™ stretching modes from
OH groups that are hydrogen bonded to the oxygen atom
within the carbonate group that is not coordinatively bonded
to metal ions.***”®" The IR spectrum also contains v,
symmetric stretching modes at 1520 and 1383 cm™. Splitting
of the v; stretching mode means lower symmetry of the
carbonate and is typical for hydrozincite.**** However, an
additional unidentified band was observed at 1435 cm™". The
difference between the patina forms in the number of bands in
this region is ascribed to the symmetry reduction of the OH-
group-containing form of patina.”*

DOI: 10.1021/acsami.8b05034
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Two sharp medium-intensity v; bands should be present in
the Raman spectrum of hydrozincite at 1545 and 1380 cm™,
but they were not present in the nanowire patina, which
confirms that the structure of the nanowire patina deviates
from that of hydrozincite.”* A very low intensity v, symmetric
bending mode band was present in the IR spectrum at 864
cm™'. A very weak v, antisymmetric bending mode was
observed in the IR spectrum at 733 cm™'. The numerous IR
bands in the low wavelength region may be attributed to
structural distortion. Broad Raman bands were observed at
around 390 and 230 cm™". Similar bands have been observed
for hydrozincite, but they have not been defined yet.”***%

The symmetric stretching mode (v;) was composed of
several individual bands (Figure 10). The results suggest that

70000
60000
50000 1101.6
40000 ‘ 109.4

30000

Intensity, cps

1084.3

20000

10000

[}
1130 1120 1110 1100 1090 1080 1070 1060 1050 1040 1030
Wavenumber, cm-1

Figure 10. Curve fitting of the v, symmetric bending mode for the
nanowire patina.

photo-oxidation.”® However, in our measurements the multi-
modal v; band occurred in same band ratios in several
measurements from different nanowire samples and sample
locations. Bands for ZnO were not observed for the samples
even at long accumulation times, which shows that degradation
did not take place during the Raman measurements.'” 658 The
spectrum of nanowire patina does not either match those of
hydroxy carbonates containing Cu’*, which fortifies the
conclusion that the nanowire patina is a mixed phase
composed of carbonates with multimodal coordination to
Zn* and OH™ groups.”®*"% 1t is clear from the cross-cut
images that the nanowires were formed on top of the dense
patina structure. The nanowire formation may follow a model
where zinc surface is covered with a porous film with a reactive
inner phase.’ As the surface is not yet sealed by the ZnCO,
nodules at the early stages of scCO, synthesis, the inner layer
beneath the nodules is still reactive and functions as a source
for Zn?*. The intermediates (Zn(OH)*) formed at that layer
escape from the pores by diffusion, and precipitate with
HCO;™ ions at the tips of the whiskers. The synthesis of the
nanowires thus proceeds via whisker growth mechanism with
formation of polynuclear coordination complexes by means of
hydroxyl groups as bridges.

3.3. Barrier Effect of Patina. The water contact angle for
untreated HDG is typically <90° (Figure 11).** Static contact

Static contact Dynamic contact

the nanowire patina was a mixed phase of different zinc
carbonates, and only the ZnCO; (dense patina) was
synthesized as a single phase.® Smithsonite (ZnCO;) and
hydrozincite are the known natural secondary minerals of
zinc.”” In nature, basic zinc carbonates are often associated
with smithsonite and other minerals.>* The v, band position
for pure hydrozincite is at about 1060—1070 cm™', which is
somewhat higher than the lowest band for the nanowire patina
(1054.8 cm™") (Figure 10).'>**3%39%% Also, none of the bands
show an exact match to ZnCO;. Differences in coordination
between carbonate ions and zinc ions (change in lattice
structure) strongly affect the vibration frequencies and their
intensities.” >

Some minerals have been observed to occur in different
morphologies despite the same chemical composition.'!
However, the measurements of this study do not support
that conclusion. The closest analogy to the formation of the
detected patina morphologies in the literature at the moment
can be found in the work by Loring et al.'' They observed that
in wet scCO,, Mg(HCO,;)(OH)-2H,0 was the main
carbonation product at 35 °C, while MgCO; dominated at
75 °C. The behavior was proposed to be caused by the
reluctance of hydrated, metastable magnesium to exchange its
OH-groups for carbonate. At higher temperature the energy
barrier for ligand exchange is exceeded and the dehydration is
completed.

Exposure to high-power laser beam may alter sample
composition and cause dehydration by photoabsorption or

angle angle
76°
155°
Sample 1
Mixed phase zinc carbonate 116° 161°
148°
Sample 2

i 1 115‘55°

Figure 11. Static and dynamic water contact angles on an untreated
HDG sample and patina samples.

angle measurements showed a significant increase in hydro-
phobicity for the scCO,-induced patina samples compared to
untreated HDG (Figure 11). Furthermore, the contact angle
hysteresis (6,—0g) was much higher for the patina surface than
for the untreated HDG, which is an indication of higher
roughness. Hierarchically structured films can show surface
energy properties that significantly deviate from those of the
bulk material. Significantly improved corrosion resistance of
various metals has been reported after application of
superhydrophobic surface films by direct synthesis or post-
treatment.®* Such surfaces range from thin films to hierarchi-
cally arranged nanostructures, and the application methods
include wet chemical reaction, etching, hydrothermal treat-
ment, anodization, electrodeposition, and sol—gel method.**
All superhydrophobic surfaces are in principle to some extent
able to withstand chemical attacks in aqueous solutions, but
the corrosion protection effect of hierarchically delicate
structures may be strongly affected by mechanical damage,
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Figure 12. SEM image of a low-angle cross cut of a polyester-coated patina sample. A Raman measurement from surface of metallic zinc is shown in

the upper right corner.

UV irradiation, and extended exposure to a specific environ-
ment.** The investigations on the robustness and stability of
the scCO,-induced patina coatings are thus necessary to clarify
the suitability of such coatings for different applications and
will be carried out in our next evaluations.

3.4. Patina as a Substrate for Organic Coatings. Good
spreading of a polyester melamine coating was achieved on the
patina surface, as reported earlier.** The solvent resistance rub
test confirmed full curing of the coating. In cross section
imaging, no air pockets were detected within the porous
nanowire structure, indicating that the wetting of the nanowire
patina surface follows the Wenzel model (Figure 12).°* The
thermal stability of some synthetic carbonates is limited to
temperatures <200 °C.%° A sharp v, symmetric bending mode
at 1091 cm™' was observed at the metallic zinc/coating
interface by Raman (insert in Figure 12). That mode pertains
to ZnCOj;. The organic coating did not contain any
carbonates. A good spectrum for this mode was obtained
only in the proximity of the metallic zinc, which is because the
metal enhances the scattering of the compounds adjacent to it.
Measurements further away from the metal caused poor peak
to background ratio, and degradation of the coating occurred
when the laser power was increased substantially. The
measurement parameters are still under optimization, but at
this point it can be concluded that no heat-induced
decomposition was observed at least for the ZnCO, patina.*®
Outdoor exposure of the coated samples is ongoing, but these
preliminary findings indicate that the patina layer improves
barrier properties of zinc, and the nanowires show good
compatibility with organic coatings. Enhanced paint adhesion
may also be achieved, since whiskers have been reported to
have high strength, and that their stren§th approaches that of
theoretical value for perfect crystals.*"®

4. CONCLUSIONS

Accelerated precipitation of zinc oxidation and carbonation
products on zinc substrate was studied in the presence of wet

CO,. Two distinct morphologies were obtained on hot dip
galvanized steel: nodular zinc carbonate with cubic fine
structure on the surface, and nanowires composed of a
mixed phase basic zinc carbonate. The pure zinc carbonate
layer was grown at 80 bar and 60 °C from numerous individual
initiation points until the surface was sealed with nodules that
had a diameter of <10 gm. The cross sectional thickness of the
nodular, dense patina layer was about 1—2 pm. At decreased
temperature (60 — 40 °C), in addition to the nodular ZnCO,
layer, a nanowire morphology appeared on the outermost
surface. The nodular layer had similar thickness, while the
nanowires were grouped into flowers that stretched some 3—5
pum from the surface. The nontapered ends of the wires and
their visual appearance indicated that the growth of the
nanowires proceeded by whisker growth mechanism. Addi-
tionally, since the nanowires appeared on top of the nodular
structure, their growth was presumably facilitated by diffusion
of hydrated zinc ions during the synthesis from the reactive
inner phase beneath the nodules that had not yet sealed the
surface. At lower pressure and temperature (65 bar, 25 °C),
the nodular patina layer was not formed, but the surface was
composed of pure nanowires with more evenly distributed
growth initiation points and less pronounced grouping to
flower structures. The Cu precursor that was used to enhance
the growth initiation did not participate in the patina growth,
as it was not detected as a structural element in any of the
precipitated structures but remained reduced at the initial
metallic zinc surface beneath the patina. The wet CO, reaction
route opens new opportunities to manufacture tailored
nanostructure films for various applications. As such, the
patina precipitated in wet scCO, environment significantly
increases the hydrophobicity of the HDG coating. Long-term
corrosion protection can be achieved by applying organic
coatings on the scCO,-treated HDG. The patina showed full
compatibility with a polyester melamine coating, and the
delicate patina morphology was preserved within the coating.
The morphologies synthesized in wet CO, can thus find end
applications as such, or as seed materials for more developed
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applications. The obtained morphologies can be easily
converted to ZnO by thermal treatment without losing the
fine structure. These materials have potential for utilization in
electronic and optoelectronic devices, and sensors.
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ARTICLE INFO ABSTRACT

Keywords:

Formation of corrosion products on zinc was investigated with in-situ Raman and FTIR when exposed to wet

Zinc supercritical carbon dioxide (scCO,) and subsequent depressurization. Zinc oxide (ZnO) and smithsonite

Raman spectroscopy
IR spectroscopy
SEM

Oxidation

Acid corrosion

(ZnCO3) formed on zinc in scCO,. The dissolved water precipitated as liquid water in the reaction cell during
depressurization. Formation of ZnO, ZnCO3 and a needle-like zinc hydroxy carbonate species on zinc was ob-
served inside a sessile water droplet during conditions simulating the depressurization phase. Addition of oxygen
accelerated the formation of the carbonate species due to higher cathodic activity that increased zinc dissolution.

1. Introduction

Zinc is widely used for corrosion protection in galvanized steels by
providing sacrificial protection. The surface of galvanized steel typi-
cally has poor adhesion to organic coatings and requires an adhesion
layer that is currently obtained by chemical surface treatments of zinc
within the industry [1,2]. However, the chemicals used in the treat-
ments are harmful for the environment, which has led to the search of
alternative methods [3,4]. Carbonates formed on zinc surfaces due to
atmospheric corrosion have shown exceptional improvement in corro-
sion resistance of zinc, as well as better adhesion for organic coatings
that are later applied [5-9]. Therefore, artificially grown carbonate
layer produced with a scCO,-treatment method would provide ad-
vantageous surface properties as shown in our previous studies [10,11].
The present study aims to investigate in detail the interactions of zinc,
CO, and water that occur in the wet supercritical and subcritical CO,
conditions during the treatment.

Zinc carbonates are insoluble corrosion products that form when
metallic zinc is exposed to atmospheric CO, and humidity. Examples of
these carbonates are, e.g. hydrozincite (Zns(CO3)>(OH)e), other zinc
hydroxy carbonates and smithsonite (ZnCO3) [12,13]. The formation of
the naturally grown carbonates starts by reactions between zinc,
oxygen and water that form initial corrosion products such as zinc oxide
(ZnO) and zinc hydroxide (Zn(OH),) [14]. As atmospheric CO, dis-
solves into rainwater and air humidity, it reacts with water to form
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E-mail address: aaretti.kaleva@tuni.fi (A. Kaleva).
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carbonic acid (H,COs3). Carbonic acid further dissociates into bicarbo-
nate (HCO5; ™) and carbonate (CO;%) ions that react with the initial
corrosion products to form zinc carbonates when the water is in contact
with the zinc surface [7,14]. The water layer will then dry in air and
subsequently wet again in a repeating cyclical process and results in
better coverage of the carbonate layer on zinc [7,15]. However, this
process could take up to two years for a fully-developed carbonate layer
to form before the application of organic coatings is viable [5]. Con-
sequently, an accelerated carbonate formation process would be effec-
tive.

The concentration of CO, is one of the limiting factors in zinc car-
bonate formation [16]. When CO, is heated and pressurized, it becomes
supercritical with a vastly higher concentration of CO, compared to the
atmosphere [17]. Supercritical CO, (scCOs,) is also capable of dissolving
water which allows water to react with substances in the entire volume
of the reaction cell. Furthermore, carbonates are shown to form on
mineral surfaces, i.e. magnesium silicates, as well as steel surfaces when
exposed to scCO, saturated with water [18-20].

We previously observed the formation of carbonate structures on
galvanized steel in a wet scCO,, treatment and showed its viability as a
pretreatment method before organic coating application [10,11]. While
the applicability of this treatment has already been demonstrated, more
information on the formation process needs to be obtained for a fun-
damental understanding of the treatment process. This study in-
vestigated the interactions between zinc, water and pressurized CO, in
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the wet scCO, phase as well as in the presence of a liquid water layer
under subcritical CO, conditions. The formation of zinc carbonates on
the zinc surface was measured during the wet scCO, treatment by in-
situ Raman and FTIR methods. The interactions of a liquid water layer
on zinc was studied with sessile droplet tests with in-situ Raman. Fur-
thermore, the effect of oxygen on corrosion product formation was
investigated.

2. Materials and methods

The substrate material used was zinc sheet (99,9 m-%. Alfa Aesar)
that was cut into circular specimens (d =12mm). Two holes
(d = 1 mm) were drilled into the specimens to allow CO, to enter be-
tween the sample and window in the cell setup. The specimen surfaces
were ground and polished with silicon carbide paper to a mirror finish
and ultrasonically cleaned in ethanol to prevent oxidation. CO5 (99.95
%) and O3 (99.99 %) were obtained from Air Liquide. All experiments
were conducted in a stainless-steel cell with a volume of 5.4 mL [21].

2.1. Wet scCO, tests (in-situ Raman and FTIR)

Raman and FTIR are distinguished methods for in-situ investigation
of carbonate formation [22,23]. The schematic of the sample setup of
the scCO, experiments can be seen from Fig. 1. The samples were fixed
into the cell parallel to the measurement window. In-situ Raman and
FTIR measurements were done for the scCO, experiments. Signals were
recorded through the window, as presented in Fig. 1. Water and a
magnetic stirrer were placed in a container at the bottom of the cell.
The amount of water (0.2 mL) used in the experiments was in excess of
what scCO, can dissolve at the chosen treatment conditions [24]. The
water in the scCO,, tests was placed in a distant container inside the cell
to ensure no liquid water emulsion droplets could contact the sample
surface. The setup of the cell was the same for measurements in both
Raman and FTIR except for different window material. Sapphire was
used for the Raman experiments and Calcium fluoride (CaF,) for the
FTIR measurements because of sapphire’s high absorption of infrared
radiation in the measurement range.

The treatments were conducted under a CO, pressure of 100 bar
with two different sample temperatures of 40 °C and 60 °C. Specimens
were kept in static conditions for 120 min after which the reaction cell
was slowly depressurized for 15 min. Separate samples were exposed
for in-situ Raman and in-situ FTIR measurements. The total amount of
samples was four, as seen in Table 1.

The in-situ spectra for the FTIR measurements in Fig. 8 were pro-
cessed due to multiple overlapping peaks between reaction species.
Consequently, the influence of CO, and dissolved water was mitigated

Frontview

12 mm

Raman =

Sample
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Table 1
Sample conditions for the scCO, tests.
100 bar CO,
40°C Raman FTIR
60°C Raman FTIR

by subtracting the 10-minute spectrum from the subsequent measure-
ment spectra. The subtraction helps to detect the time-dependent
structural changes on the zinc surface without the influence of the
surrounding scCO, phase.

2.2. Sessile droplet tests (in-situ Raman)

The sample schematic for the sessile droplet experiments can be
seen in Fig. 2. In-situ Raman measurements and optical imaging were
conducted for the droplet experiments. The sample was fixed to the cell
similarly to scCO, experiments except for a longer distance between the
sample and window to eliminate contact between droplet and window.
The experiments were conducted by placing the droplet on the sample
surface before transferring it to the cell setup. The sample with the
droplet was quickly moved to the experimental setup to start the ex-
periment to prevent oxidation before introducing the gases. The surface
of the zinc under the droplet was measured with Raman prior to the
experiment to ensure no oxidation had occurred. The droplet size used
in all experiments was 3 UL (D = 2.19 + 0.06 mm). The optical images
were taken from the middle of the droplet for each test. Sapphire
window was used for the experiments.

The experiment conditions of the droplet tests was temperature of
22°C (room temperature) in 5bar CO, pressure. The tests were per-
formed without extra oxygen (Sample A) and with additional 2 bar of
O, (Sample B) as shown in Table 2.

2.3. Characterization

Scanning electron microscopy (SEM) characterization was per-
formed with JEOL JSM-IT500 together with integrated EDS detector
(JEOL, silicon drift detector). The samples were also characterized with
XRD (Panalytical Empyrean, monochromatized CuKa radiation,
5 < 20 < 80) by using grazing incidence measurement (GIXRD) to
focus the analysis on the topmost layer of the samples.

The Raman experiments were done using Jobin-Yvon Horiba
XploRA confocal Raman microscope equipped with a 50X objective and
alaser diode with a maximum power of 45 mW [21]. The spectral range
of 200 — 1900 cm ™" was recorded with a grating of 18001/mm and
resolution of 4 cm ™', The measurements used A. =532 nm wavelength

Sideview
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Fig. 1. Schematic of the sample setup in the wet scCO, tests.
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Fig. 2. Schematic of the sample setup in the droplet tests.

Table 2
Sample conditions for the sessile droplet tests.
5bar CO, 5 bar CO,
2 bar O,
22°C Sample A Sample B

and 100 % laser power. Two 60 s spectra acquisitions were taken for
each measurement to improve the signal-to-noise ratio.

The infrared experiments were performed using an FTIR microscope
working in transflection mode coupled with a high-pressure cell [25].
The FTIR microscope consists in a ThermoOptek interferometer (type
6700) with a globar source and KBr/Ge beamsplitters coupled to an
infrared microscope (NicPlan, Nicolet) equipped with a 15X cassegrain
objective and an MCT (Mercury Cadmium Telluride) detector to in-
vestigate the spectral range from 400 to 7500 cm™'. Single beam
spectra recorded with a 2cm™! resolution were obtained after the
Fourier transformation of 32 accumulated interferograms.

3. Results and discussion
3.1. In-situ wet scCO, tests (Raman and FTIR)

The optical images that were taken during the in-situ Raman tests in
wet scCO, (Fig. 3) show the appearance of dark spatters on the Zn-
surface due to the wet scCO, treatment at both treatments performed in
40 °C and 60 °C. The zinc surface is rapidly covered with the spatters at
40°C in the first 30 min, and continue to significantly increase in

30 min

0 min

40°C

60°C

quantity by the end of the treatment. The 60 °C sample showed a similar
behaviour as the 40 °C sample but with considerably less change on the
surface. The dark spatters indicate the early stages of corrosion on the
zinc surface, which is initiated by the dissolved water in the scCO,
phase as no free water is present.

The Raman spectra taken from designated spots shown in the optical
images (white circles) can be seen in Fig. 4. The weak peaks observed
between 400 — 500 cm ™' and at 730 cm ™! that are present in all in-situ
spectra (5-120 minutes) are due to the sapphire window used in the
experiments. There is no noticeable Raman signal during the first
90 min in either sample even though there was an apparent visual
change on the surfaces as seen from Fig. 3. At 120 min, the Raman
spectrum of the 40 °C sample indicates the presence of ZnCO3 due to v;
symmetric stretching mode at 1093 cm™ and lattice mode at 300 cm ™!
[26]. In the 60 °C sample, no carbonate peaks could be detected in the
in-situ spectra, but a broad and small intensity peak at 570 cm ™' ap-
pears at 120 min. Earlier studies suggest that this peak corresponds to
nanosized zinc oxide (ZnO) [14,27,28]. ZnO is generally considered to
be an intermediate reaction step before the formation of carbonate
species or other zinc corrosion products [7,17]. The ZnO formation in
these experiments could be due to the reaction between zinc and dis-
solved oxygen that forms ZnCOs in subsequent reactions with CO5 and
HCOs3- ions. The oxygen could derive from the remaining dissolved
oxygen in the water or the air confined inside the cell.

The ex-situ spectra were taken after the experiments from the
sample surfaces without the measurement window. Both samples show
peaks at 1093 cm ™!, 300 cm ™! and a new peak at 730 cm ™! which is
the v, antisymmetric bending mode of ZnCO3 [26]. The samples also
show a broad peak at around 570 cm ™! with an intensity that varied

60 min 90 min 120 min

Fig. 3. In-situ optical images of Zn samples in wet scCO, at 100 bar pressure and treatment temperatures of 40 °C and 60 °C. The circles indicate the area where the

Raman signal was measured (2 um Raman spot size).
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Fig. 4. In-situ and ex-situ Raman spectra of Zn samples in wet scCO, at 100 bar pressure and treatment temperatures of 40 °C and 60 °C.

independently compared to other peaks when measured from multiple
places. The presence of the peak is likely due to residues of the initial
corrosion product, ZnO, that did not react further to form carbonates.

The dark spatters that initially grew on the surface (Fig. 3) could be
corrosion pits where initial zinc corrosion products formed. It is un-
ambiguous from the 40 °C sample that ZnCO3; does eventually form in
the dark spatters either directly or through intermediate species, e.g.
ZnO, as a result of corrosion in wet scCO,. The growth of the carbonate
is also supported by the carbonate seen in the 60 °C sample even though
no signal was detected during the in-situ experiment. The amount of the
reaction products could likely be negligible for Raman to detect the
carbonate species until a sufficient amount formed.

The SEM images in Fig. 5 show the morphology of the carbonate
structures after the treatments in 40 °C (a) and 60 °C (b). Irregularly
shaped carbonate structures formed on the 40 °C sample similar to the
spherical structures with fine cubic features that we reported in our
earlier studies [11]. The 60 °C sample shows dark spatters on the sur-
face, which could indicate the initial stages of corrosion product for-
mation. Both the structures seen in 40 °C and darker areas in 60 °C were
identified with ex-situ Raman measurements as ZnCO5; with traces of
ZnO (Fig. 4). The EDS measurements showed the presence of only zinc,
carbon and oxygen in the structures in both samples (not shown).

Based on the SEM and optical images as well as the in-situ Raman
data, it is evident that the amount of reaction products is higher in the
40 °C sample compared to the 60 °C sample, which could be due to the
differences in the amount of dissolved water at different temperatures.
The absolute amounts of dissolved water in scCO, (Fig. 6) in our
treatment conditions were calculated by implementing EOS-equations
derived by Spycher et al. [24].

The increased amount of dissolved water in the scCO, phase will

—40°C
~———60°C

Dissolved water (10 mL)

0

0 10 20 30 40 50 60 70 80 90 100 110
Pressure (bar)

Fig. 6. The absolute amount of dissolved water in the scCO, according to the
EOS-calculations using equations derived by Spycher et al. [24].

likely enhance the formation of reaction products on zinc, which is
shown to be the case for steel in wet scCO, atmosphere [29,30]. The
reaction dynamics of the carbonate formation could be affected by
thermodynamic considerations as well due to the temperature differ-
ence. However, corrosion studies of zinc at atmospheric conditions
show more corrosion in higher rather than lower temperatures, oppo-
sitely as observed in the scCO, tests [7,31]. Therefore, the effect of
dissolved water amount is likely a more significant factor for the car-
bonate formation, although temperature itself might still have an

b)

Fig. 5. SEM images of the Raman samples a) 40 °C and b) 60 °C.
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Fig. 7. In-situ FTIR spectra at 10-minute holding time of Zn samples in wet
scCO, at 100 bar pressure and treatment temperatures of 40 °C and 60 °C.

impact on the reactions.

The in-situ FTIR experiments were performed with the same treat-
ment parameters and in the same pressure cell as the in-situ Raman
experiments. The goal of the FTIR measurements was to measure a
larger representative area (100pm X 100pm) of the sample surfaces in
contrast to the single point measurements (2um X 2um) done in the
Raman studies. Furthermore, the presence of dissolved water and liquid
water could be determined much more accurately. The FTIR spectra
were recorded in the range of 1150 — 2150 cm ! for the treatments in
both temperatures. The measurement spectra after 10 min can be seen
from Fig. 7. The peaks of CO, shown in the spectra at 2000 — 2150 cm™
are assigned to a combination mode of the OCO bend (v5), and the
symmetric stretch (v7) and the Fermi resonance peaks at 1387 em ™!
and mode 1281 cm™! are respectively assigned to the symmetric
stretching mode (v;) and the overtone of the OCO bending mode (2v5).
The peak at 1607 cm ™' is from HOH bending mode of dissolved water
in the scCO, phase [32]. At 10 min treatment time, only CO, and dis-
solved water were detected in the FTIR spectra.

The intensity of the dissolved water peak correlates directly with the
amount of dissolved water in CO, [32]. It can be seen that the amount
of water is more significant at 40 °C compared to 60 °C, as discussed
earlier in the Raman results. By the same token, the intensity of the CO,
peaks put in evidence the lower density of CO, at 60 °C (p(CO,, 60 °C)
=290 kg/m>) compared to 40 °C (p(CO,, 40°C) =630kg/m>) at the
same pressure. The 10-minute measurements were chosen as references

40°C
CO,>

120 min
[
3]
g W
o
S
o
7]
o
<

60 min

30 min

WA NN AAAP N roor 0

2150 1900 1650 1400 1150
Wavenumber (cm-1)
Fig. 8. In-situ FTIR spectra at 30, 60, 90 and 120 min holding times of Zn

samples in wet scCO, at 100 bar pressure and treatment temperature of 40 °C.
The spectra have been processed by subtracting the 10-minute spectrum.
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for the rest of the in-situ spectra since no other species were detected at
this point in the treatment. It was also a sufficient time to ensure
homogeneous mixing of the water into the scCO,. The final processed
spectra for the in-situ measurements at 40 °C and treatment times of 30,
60, 90 and 120 min are shown in Fig. 8.

The 40 °C sample shows the emergence of a peak at 1390 cm ~ ! that
is typical for v antisymmetric stretching of CO3* for ZnCOs; [26]. The
measurements show that the carbonate formation started between 60-
and 90-minutes holding times. Although FTIR or Raman signal of the
corrosion products was not detected in the early stages of the treatment,
the formation likely started earlier as visually observed from the in-situ
images (Fig. 3). Liquid water was not detected on the surface during the
treatment period. However, it is likely that a small water layer is pre-
sent on the zinc surface to enable carbonate growth. Due to prior ob-
servation about the insensitivity of Raman and FTIR to small amounts
of carbonates, the signal from a minute liquid water film on the zinc
surface could also be challenging to detect. The 60 °C sample did not
show any significant formation of carbonates in the FTIR spectra si-
milarly as in Raman tests (Fig. S1, supporting information). The FTIR
results are in good agreement with the earlier Raman measurements
and confirm that the carbonate forms similarly even on a larger scale on
the zinc surface.

In-situ FTIR spectra were also recorded during the depressurization
after the 120-minute treatment (Fig. 9). The influence of CO, or dis-
solved water was not eliminated in these spectra so that the total be-
haviour of depressurization could be observed. Along with the wave-
number range 1150 — 2150 cm ™! also the OH-region between 3000 —
3500 cm ! is presented.

The 40 °C spectrum shows a decrease in CO, pressure as the peaks
2070 cm ™! and 1300 cm ™! reduce in intensity. The overlapping peak of
CO, and ZnCO5 at 1390 cm ™! decreases in intensity when CO, pressure
decreases. However, the peak remains after CO, removal showing
ZnCO3 presence. The intensity of the dissolved water peak at
1607 cm ™" is decreasing accordingly, and a slight peak at 1650 cm ™"
can be seen during 5—15min of depressurization. This peak corre-
sponds to the presence of liquid water which is further confirmed by the
emergence of a broad peak at 3200 cm ~ ! which is the vibration of OH-
groups in water [23]. Liquid water appears when the dissolved water in
the scCO,, phase starts to precipitate as water [33]. The precipitation of
water is a result of the decreasing solubility of water in scCO, as the
pressure and temperature drop, especially below the supercritical point
(74 bar, 31 °C). As the saturation level of the dissolved water drops, it
starts to precipitate inside the pressure cell. Towards the end of de-
pressurization, the liquid water peak and OH-vibration have

40°C

A:/(/”\u

Absorbance

co
Hold o, §

120 min

3500 3250 3000 2150 1900 1650 1400 1150
Wavenumber (cm-')

Fig. 9. In-situ spectra of FTIR 40 °C sample during depressurization. Letter “D”
denotes dissolved water, and “P” precipitated water.
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Fig. 10. XRD spectra of in-situ Raman samples. The unmarked peaks are
characteristic of metallic zinc.

disappeared. Water could not be detected after all CO, had been re-
moved, and therefore no significant amount of the precipitated water
came in contact with the zinc surface. Consequently, the majority of the
precipitated water likely stayed in between the window and the sample
and had a negligible effect on the zinc surface. However, a thicker water
layer that forms with higher amounts of precipitation might affect the
zinc surface more significantly, which is studied in the following
chapter.

The XRD results of the Raman samples are shown in Fig. 10. The
XRD peaks indicate the presence of ZnCO3 and metallic zinc from the
substrate in all samples, which confirms the earlier Raman and FTIR
results. XRD measurements of the FTIR samples showed identical re-
sults. Since no other carbonate species was observed, the formation of
anhydrous ZnCO3 on zinc is the prevalent reaction in wet scCO, phase.

3.2. In-situ sessile droplet tests (Raman)

We previously observed a needle-like zinc hydroxy carbonate spe-
cies in similar treatment conditions which did not form in the scCO,
tests performed here [10,11,34-36]. Higher amounts of water pre-
cipitation compared to this study have shown to impact the corrosion of
the sample surface in other studies during depressurization of scCO,
[29,37,38]. Therefore, the effect of a water layer on zinc in pressurized
CO, was investigated further with sessile droplet tests. As dissolved
oxygen in water has been shown to affect the corrosion of zinc con-
siderably due to its significant role in cathodic action [7,39], the effect
of O, gas addition was investigated as well.

The SEM images of the in-situ tests performed at 5bar of CO, and
22°C (room temperature) are shown in Fig. 11. Sample A is without
extra oxygen and sample B with the addition of 2bar of O,. Ad-
ditionally, the same tests were performed at 40 °C temperature. The
reaction conditions simulated the end of the depressurization phase of
the scCO, treatments. A needle-like structure arranged in flower shapes
is observed in both samples. The needle-structure covers the entire
droplet area in sample B with oxygen, whereas some areas of the sur-
face of sample A remain exposed. The partial pressure of oxygen in the
reaction for sample B is ten times higher than for sample A that is only
exposed to one atmospheric pressure of air that remained in the cell
after CO, addition. Consequently, the availability of the dissolving
oxygen in sample A diminishes, resulting in decreased reactivity due to
insufficient cathodic action. Sample A also shows the presence of
spherical structures on the zinc surface which might be hidden under
the needle structure in sample B. The needle structure was much more
prevalent compared to the spherical structure. The main difference in
the 40 °C samples (Fig. S3, supporting information) compared to the
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22 °C samples was more presence of the spherical structure instead of
the needle structure. The morphology of the structures observed here in
this study is identical to species shown in our previous studies, where
the structures formed under scCO, conditions [10,11,34-36]. Corrosion
products are not observed outside the droplet area without the presence
of water in the CO, phase. As discussed earlier, the water dissolved in
scCO, induced growth of ZnCOj3 in the immediate proximity of the zinc
surface. Conversely, CO, dissolved in a thick water layer resulted in the
growth of the needle-like structure. The needle-like structure protrudes
significantly from the surface [11] but not outside the droplet. There-
fore, a thick water film is required for the needle-like structure to grow,
which further explains its absence in the scCO, phase.

Fig. 12 shows the in-situ optical images for samples A and B taken
from the middle of the droplet. Dark deposits appear rapidly on sample
B during the first 10 min. In contrast, only small changes occurred in
sample A at the same time. Raman spectrum taken at 5min from the
middle of the image of sample B corresponds to ZnO (Fig. 13). Conse-
quently, the oxygen addition accelerated the corrosion process con-
siderably in the early stages of the test. However, both samples showed
considerable reactivity at 60 min based on visual appearance.

The in-situ spectra of sample B are presented in Fig. 13. ZnO has not
formed without the presence of CO, or O, as seen from the first spec-
trum (No CO) which is taken just before the introduction of the gases.
However, ZnO forms rapidly within the first 5min of the experiment.
The presence of ZnO continues until 45 min into the treatment without
the presence of other species. Subsequently, a peak at 1099 cm ™!
emerges that was identified as the needle structure. The in-situ tests
confirmed that the formation of ZnCO3 also occurred in the later stages
of the experiment (Fig. S4, supporting information). The delayed for-
mation of the carbonates is consistent in all samples, which is likely due
to insufficient CO, concentration early in the experiment. The diffusion
of CO, is relatively slow in water [40] and limits the reaction for the
carbonate formation. The ZnO peak diminishes as the reaction pro-
gresses and disappears when the needle structure starts to grow. The
conversion of ZnO to carbonate indicates that ZnO acts as an inter-
mediate corrosion product, as was discussed earlier in the scCO, sec-
tion.

The ex-situ Raman spectra of the structures in sample A are pre-
sented in Fig. 14. The results show the presence of peaks 300 cm ™!,
730cm ™! and 1093 cm ™! which correspond to ZnCO; and a peak at
570 cm ! previously identified as nanosized ZnO. The needle structure
had a different spectrum as the spherical structure with only a single
distinct peak at 1099 cm ™! that had a shoulder peak at 1049 cm ! as
well as lower intensity peaks at 235 cm ™! and 390 cm ~*. The spectra of
both structures were well in accordance with our earlier study on the
same structures [11].

The XRD of the needle structure and hydrozincite reference are
shown in Fig. 15. The spectrum does not match to any common zinc
hydroxy carbonates, i.e. hydrozincite. However, the spectrum closely
resembles structures zinc hydroxy carbonates synthesized by various
techniques in other studies [41-44]. These studies, as well as our earlier
characterizations, expect the chemical structure of the needles to be
hydrated zinc hydroxy carbonate of form Zn,(CO3),(OH)-dH,0. How-
ever, the exact stoichiometric composition remains unknown.

Tllustration of the reactions occurring inside the droplet is presented
in Fig. 16. Three main reactions take place in the formation of the re-
action products.

1 Zn?" dissolution (Anodic reaction)
2 0, dissolution (Cathodic reaction)
3 CO,, dissolution resulting in the formation of carbonic acid

Zinc dissolution is required for any zinc corrosion product forma-
tion. This anodic activity must be balanced by a cathodic reaction that
could be either hydrogen gas evolution or dissolution of oxygen from
the surroundings. The common cathodic reaction for corrosion of zinc is
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Fig. 11. SEM images of the droplet experiment of sample A and sample B. The upper droplet image (Sample A) shows where the middle and edge droplet images were
taken. The left and right images show the higher magnification images of the middle and edge of the droplet, respectively.

Sample A
22°C COy

Sample B
22°C CO,/0,

1 min

5 min

60 min

10 min

Fig. 12. In-situ optical images of sample A and sample B from the middle of the water droplet.

typically oxygen dissolution according to earlier studies [7,8,45,46]. As
the oxygen dissolves, it reacts with water and produces hydroxyl-ions
(OH ™). The drastic effect of oxygen seen in sample B supports the ac-
celerative effect on the reactions as a result of increased cathodic action
that leads to Zn?* ion dissolution. Some hydrogen evolution could also
be possible due to acidic conditions and much lower availability of
oxygen in sample A. The oxygen dissolution in the droplets occurs at the
outer edge which usually results in higher cathodic activity and

alkalinity at the edge of the droplet. Conversely, oxygen depletion and
its insufficient diffusion rate to replace the oxygen causes higher anodic
activity in the middle region of the droplet [45-47]. As was seen from
the SEM images (Fig. 11), more needle structure concentrated at the
edge areas rather than the middle of the droplet. As the oxygen content
in sample A is limited, the reaction is likely to occur at the edges where
is better availability of all reaction constituents, CO, and O,.

As the Zn?" ion concentration increases inside the droplet, they
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Fig. 13. In-situ Raman measurements of sample B from the middle of the water
droplet (centre of Fig. 12).

start to react together to form ZnO. It is commonly known that also zinc
hydroxide (Zn(OH).) is one of the main corrosion products of zinc that
could form either before, after or simultaneously with ZnO [7,48,49]. In
a study by Ohtsuka et al., they detected the formation of both ZnO and
Zn(OH), by in-situ Raman investigations in atmospheric conditions
[14]. However, the measurements in our study did not detect Zn(OH),.
Since high CO, concentration leads to acidic conditions with approx-
imate water pH of 3-4 [50], the absence of Zn(OH), precipitates could
be due to high CO, concentration as it is more stable at alkaline con-
ditions [51,52]. After the formation of ZnO, it likely reacts with the
dissociated carbonic acid to form ZnCOs; and Zn,(CO3),(OH) dHO.
The conversion of ZnO to carbonates is further supported by a study
where ZnO powder was converted into zinc hydroxy carbonate under
humid CO, atmosphere [53]. The reaction could proceed by either re-
dissolution and precipitation, or directly with the HCO;~ and CO5*
ions [54].

The needle structure was the prevalent reaction product compared
to ZnCO3 in room temperature. Similar zinc hydroxy carbonate struc-
tures have been shown to be more stable compounds in lower tem-
peratures [42]. Furthermore, Hu et al. showed the formation of similar
needle structures in lower temperatures but resulted in spherical
structures, similar to ZnCOs, in higher temperatures when anodizing
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Fig. 15. XRD spectrum of the needle structure (with residual metallic zinc)
separated from the surface. The spectrum of hydrozincite is presented as a re-
ference.

zinc foils [55].

Diffusion of the gaseous species, CO, and O,, crucially affects the
supply of the ionic species required for the formation of the corrosion
products in the droplet experiments. The initial reactivity of the surface
was significantly accelerated when O, was added due to increased
cathodic activity that facilitated Zn?* dissolution. Nevertheless, mainly
ZnO was present in the early stages of the experiments with only little
carbonates formed. The diffusion of CO, limits the carbonate formation
and only in the latter part of the experiment, the carbonates started to
fully develop. Although diffusion is an essential factor in the droplet
experiments, it has less effect in the depressurization phase of the scCO,
treatments where the precipitation of water could result in carbonate
formation as well. During depressurization, the droplets forming from
the precipitated water are immediately saturated by the surrounding
gases because of their small size [56]. Consequently, more rapid for-
mation of the carbonates as seen in our previous studies is possible
during the depressurization phase of the scCO, treatment compared to
the droplet experiments shown in this study [11,34-36].

@ ZnCO,
X ZnO
= Needle

Sample A Ex-sit

Counts (a.u.)

200

400

600 800
Raman shift (cm-1)

1000 1200

Fig. 14. Ex-situ Raman spectra of sample A (22 °C with CO5).
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Fig. 16. Reactions involved in the droplet for carbonate formation.

4. Conclusions

The effect of wet scCO, treatments on zinc surfaces was investigated
with in-situ optical imaging, Raman and FTIR. The study aimed to
obtain an overview of the reactions involved in the formation of cor-
rosion products in scCO, phase and the following depressurization in
the pretreatment. It was also shown that Raman and FTIR suited well
for the in-situ characterization of the corrosion products and reaction
kinetics.

The tests in wet scCO, showed the growth of ZnCOj3 and a presence
of ZnO on the zinc surface during the treatments. According to the
optical images, distinct dark spatters appeared on the zinc surface as
initiation points for the corrosion products and gradually increased in
quantity as the treatment progressed. ZnCO3 eventually formed on
these areas. This behaviour was homogeneous throughout the surface,
which was confirmed by the FTIR results and SEM observations. The
ZnCO; formation was more prevalent in 40 °C compared to 60 °C due to
the higher amount of dissolved water in the scCO,.

The dissolved water in the scCO, phase precipitated as a liquid
water layer during the depressurization of the cell. Thus, in order to
simulate the depressurization phase in the scCO, treatment, the effect
of liquid water on the zinc surface was investigated further by sessile
droplet tests at lower temperatures and pressures. ZnO formed in the
initial stages of the experiments. As the experiment progressed, the
droplet tests showed the growth of ZnCO3 and a needle-like structure
that was not observed in scCO,. Initial ZnO formation followed by
carbonate formation could indicate the conversion of the ZnO to the
carbonate structures. The role of oxygen was important for the reaction
as it significantly increased the rate of zinc ion dissolution by enhancing
cathodic action. The carbonate species formed only in the later stages of
the experiments, which was likely due to a limited rate of CO, diffusion.
However, the diffusion rate is not expected to be a limiting factor in the
depressurization phase of scCO, treatment due to much shorter diffu-
sion lengths and continuously increasing droplet size.

The presence of a water layer is paramount for the formation of both
carbonate structures. Although the role of scCO, phase is less pro-
nounced for the actual carbonate formation, it enables the growth of the
carbonates as well as the contact of the precipitated water to reach all
surfaces throughout the cell volume during the depressurization.
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1. Introduction

Metallic zinc is easily oxidized in a humid atmosphere, which results
in rapid formation of various simple zinc oxides and hydroxides [1].
These initial zinc corrosion products are in the presence of CO, slowly
converted into more complex compounds, with basic zinc carbonates
(Zny(CO3)y(OH),) accounting for most of the species in atmospheres free
of contaminants [2]. Compared to salt-induced corrosion processes,
carbonation is a slow process [3]. In outdoor exposure, an unprotected
zinc substrate receives a carbonated outer layer within some months or
years, depending on the local atmosphere, while in laboratory experi-
ments with abundant CO supply the same end products can be formed
even in some days or weeks [4,5]. The time required for the formation of
stable zinc compounds is further decreased to minutes or hours when a
zinc substrate is exposed to humid supercritical carbon dioxide (scCO2)
[6]. Contrary to outdoor exposure, scCO»-assisted precipitation of zinc
compounds in laboratory produces zinc compounds with a well-defined
morphology. The formed precipitates are free of impurities, and such
layers are thus suitable for many advanced application areas either as
such or as a seed layer for synthetization of functional materials [7-11].

Most of the research related to reactions of metals in humid carbon
dioxide-rich environments has been conducted in the area of CO, cap-
ture plants [12-18], but some similarities can be found in carbonation of
minerals [19-23]. It is well known that carbonic acid is formed when
water is present in a scCOy medium (CO2 + Hy0 = HyCO3) [24,25].
Release of ions from a zinc substrate is locally induced by the carbonic
acid, and the presence of carbonate ions promotes precipitation of zinc
(hydroxy) carbonates that proceeds until the supply of zinc ions and
carbonate ions is depleted [6,26-29]. Zinc carbonate and zinc hydroxy
carbonate are some of the main reaction products in humid CO»-assisted
zinc carbonation [30]. The reaction steps were recently investigated by
ex-situ and in-situ FTIR and Raman measurements [31,32]. In humid
scCO3 systems, a thin layer of liquid water is proposed to be present on
the corroding surface, allowing interaction of the different ions (Zn**,
OH™, HCO3, CO%’) [21,33]. The early corrosion products, that is
nanoscale ZnO platforms, serve as initiation points for the carbonate
growth [34]. The growth of individual structures is governed by the
reaction temperature and pressure. Hydrated metal species are more
prone to exchange their OH-groups for carbonate at higher temperature,
which favors formation of zinc carbonate (cubic structures) [20,32]. On
the contrary, lower temperatures increase retention of OH-groups,
which favors formation of zinc hydroxy carbonate (nanowires). Water
is required for formation of both structures. The cubic structures
(anhydrous carbonates) are primarily formed at elevated pressure at
supercritical state (high amount of dissolved water), while the growth of
nanowires (OH-group containing carbonates) is fastest at lower pressure
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where the capacity of CO; to dissolve water is decreased and water is
precipitated on the metal surface [34].

However, the presence of hydroxyl groups in the formed precipitates
cannot always be completely resolved by molecular spectroscopy [21,
35]. Furthermore, the exact reaction routes in various carbonation
processes are not yet fully understood. The purpose of this study was to
clarify the role of hydroxyl groups in humid scCOs-assisted carbonation
of zinc.

Time-of-flight secondary ion spectroscopy is an important surface
sensitive analytical technique capable of distinguishing different ions
based on their mass [36-38]. ToF-SIMS has proven efficient in analyzing
the chemical composition of corroded surfaces [39-41], and ‘®0-water
and D,O tracers have been utilized to corrode specimens for specific
investigations [42,43]. Although the quantitative accuracy of ToF-SIMS
is delimited, the lateral resolution is optimal for mapping of ion frag-
ments in corrosion products [37,43,44]. In addition to corrosion product
characterization, ToF-SIMS has been proven efficient in determination
of structure and morphology of other nanomaterials [45], and recently
in analysis of spatial distribution of components in photoelectrodes [46]
and battery materials [47].

In this study, deuterium (®H) and oxygen-18 (*®0) -marked waters
were used in scCOpassisted synthesis of zinc carbonate species on zinc
foil, and the presence of these isotopes was mapped in the formed
nanostructures.

2. Materials and methods
2.1. Substrate

Zinc foil (0.62 mm thick, 99.9% zinc, Alfa Aesar) was used in all the
experiments. The zinc foils were polished in ethanol using SiC paper
with grit sizes of 800, 1200, 2000 and 4000. Finally, the samples were
cleaned with ethanol and dried.

2.2. H,0O-assisted carbonation

The following isotopes were used: deuterium oxide (D20, 99.9 atom-
% D, Sigma Aldrich, Canada) and 180 water (>99 atom-% 18O, Taiyo
Nippon Sanso Corporation, Japan). The exposures were carried out by
first applying a droplet of water (approx. Volume 5 pL) on zinc foil,
followed by scCO; treatment in a batch reactor at 300 bar and 50 °C.
Then a new droplet of the same water was applied on the same area of
zine, followed by submersion in liquid CO2, and carbonation at 65 bar
and 22 °C. In both cases, the treatment was carried out until the water
droplets were depleted. The dual exposure was performed to produce
two different nanostructures on the same zinc foils [32].

Carbonation

Fig. 1. SEM images and EDS element maps of humid carbonation products on a zinc surface.
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Total ion
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Fig. 3. Ion distributions of a zinc foil exposed to scCO, in the absence of water.

2.3. Surface characterizations

A Zeiss Gemini instrument was employed for SEM imaging of the
precipitates. A Bruker QUANTAX FlatQUAD energy dispersive spec-
trometry (EDS) system was used for element mapping. The signals were
collected using a 3 kV accelerating voltage, a 1.2 nA current and a 0.5
pm Mylar window. Time-of-flight secondary ion mass spectroscopy
(ToF-SIMS, Phi Trift II) was employed for mapping of ions. The mea-
surements were carried out at 25 kV and 50 pm raster size for a total
mapping time of about 1 h. Mild sputtering (30 nC) with Ga®' ions
preceded the measurements. Fourier transform infrared spectroscopy
was performed with a Bruker Alpha instrument at 2 em™! resolution.
The measurements were performed in the region 375-4000 cm ™! with a
single reflection diamond ATR.

3. Results and discussion
3.1. SEM imaging of a carbonated zinc foil

After humid carbonation, two different morphologies were observed
on the surface: long nanowires and cubic structures (Fig. 1). The original
smooth zinc foil was also visible in the background. The presence of
carbon and oxygen was confirmed in both structures by EDS mapping,
indicating the presence of carbonate compounds. The close-up images
confirm that the zinc carbonate crystals can grow in size in cubic or
hexagonal forms that in the literature have been proposed to initiate
from small nano-polycrystalline regions on the surface (Fig. 2) [14,17,
33,48]. Furthermore, also hollow nanowires were observed, which have
not been reported earlier (Fig. 2a).

Totalion

Fig. 4. Ton distributions on ScCO, treated zinc foil after carbonation in the presence of '®0-water.
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Fig. 5. Ion distributions on ScCO, treated zinc foil after carbonation in the presence of D,0.

3.2. ToF-SIMS mapping of carbonated zinc foils

3.2.1. Dry carbonation

SEM image of a zinc foil exposed to dry carbonation, and the ToF-
SIMS ion maps from the same area, are shown in Fig. 3. The sample
featured a flat, polished surface without visible corrosion products, but
with contributions from oxygen and hydroxyl groups evenly scattered
across the surface. Adsorption of adventitious atmospheric hydrocar-
bons and humidity-induced hydroxyl groups onto sample surfaces can
result in an increase of apparent surface contamination layer of up to few
tens of atom-% [49,50]. No deuterium or '0-ions were detected. OD™
and '80%" ions have overlapping masses, but neither fragment was
detected, which means that their natural occurrence is very small and
that they do not interfere with the experiments with isotope marked
waters.

3.2.2. Carbonation in the presence of %0-water

The presence of 80-water triggered precipitation of various com-
pounds on the surface (Fig. 4). Zinc carbonate formation has previously
been verified in a humid scCO; atmosphere [6]. In the ToF-SIMS element
maps, H*, 0> and OH™ ions were observed in both morphologies.
Within the structures, some local intensity variations were observed that
originate in the orientation of the structures related to the incoming ion
beam and the detector (shadowing effect). Adsorption of adventitious
surface contamination can be assumed to occur for this sample similarly
as for the reference sample (Fig. 3) and the distribution of 0%~ or OH™
ions can be smeared by the potential adsorbed contaminations and were
not further examined. No deuterium was detected. **0?~ was observed
in the precipitates. Formation of carbonic acid is the initial step in zinc
carbonation [13,14,51]:

CO, 4+ H,0 = HyCO3 = HT + HCO3 = H' + C03~ (¢}

The presence of carbonic acid triggers zinc dissolution that finally

" counts

leads to the formation of various zinc carbonate species in conjunction
with dissolved zinc and carbonate and hydroxyl groups [14,52-54]:

Zn>* 4+ CO}~ = ZnCO; 2
5Zn’" + 60H™ + 2C03~ = Zns(OH)4(CO3), 3)

The occurrence of 20 in the formed precipitates confirms carry-over
of 180 species from the water droplet to carbonic acid and ultimately to
zinc carbonate precipitates (Fig. 4).

3.2.3. Carbonation in the presence of D20

Utilization of deuterium-labeled water in the zinc carbonation
enabled detection of hydroxyl groups within the formed corrosion
products. In parallel to previous exposures, adventitious O~ and OH™
ions were widely observed, rendering their use in reaction route deter-
mination useless (Fig. 5). Importantly, D™ and OD™ ions showed selec-
tive occurrence in the nanowires and were not at all present in the
background or the cubic structures. Firstly, this confirms that adsorption
of water did not take place during the experiment (adsorbed deuterium-
labeled water would be found all over the sample surface). The reactions
were continued until the water droplet was depleted, and the introduced
water was structurally bonded to the structure. Secondly, the result
confirms that the cubic structures did not contain any structural water,
but, on the contrary, the nanowires were rich in hydroxyl groups,
implying zinc hydroxy carbonate-type precipitates. The obtained lateral
resolution (0.6 pm, calculated using the width from 16% to 84% in the
line scan [55]) is in line with what has previously obtained for mineral
samples with organic phases [43] (Fig. 6).

3.3. Molecular spectroscopy of the precipitates

Composition of zinc carbonate precipitates similar to the ones pre-
sented in this study has been previously characterized in the literature.

— W'—'

0.00

i B o e L e

1.00 2.00 3.00
Distance, um

Fig. 6. Determination of instrument resolution from an individual nanowire (marked with an arrow). The ToF-SIMS element maps is an overlay map of OD~ and total

ion signals.
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Fig. 7. FTIR spectra of the precipitates formed in humid carbonation of zinc.

Due to the complexity and the similarity of the precipitates, the
compositional data in most reports is tentative [28,48,56,57]. FTIR
spectra of the nanowires and the cubic structures are shown in Fig. 7.
According to the literature [20,58], the bands at 1380 and 1520 em !
(nanowires) and the band at 1390 cm ™! (cubic structures) arise from the
v3 symmetric stretching mode of CO%". The v, bending modes of CO%~
are present at 835 and 860 cm ! (nanowires and cubic structures,
respectively) [4,59]. In the nanowire structure, a broad band arising
from the stretching vibration of O-H was seen at 2800-3600 cm .
Hydrogen bonded OH groups that are not coordinately bonded to metal
ions cause these stretching modes [50,57]. Furthermore, the absorbance
of 1620 cm ™! is assigned to the deformation vibration of O-H [20,60].
Associative hydroxyl groups (exhibiting hydrogen bonding) have
decreased vibrational energy in comparison with free hydroxyl groups,
and the wavenumber shifts to lower frequency [60]. The presence of OH
groups in the nanowire structure, in addition to splitting of the vs
stretching mode, indicates a hydrozincite-type compound with alter-
nating Zn(OH), and ZnCOj3 layers, which supports the findings of earlier
studies [28,56,61]. A general structure for zinc hydroxy carbonate has
been presented as two layers of ZnCOs fitting between three layers of Zn
(OH); [62]. The structure is linking through two hydroxyl bridges be-
tween zinc bound by bidentate of carbonate [60]. Therefore, the coor-
dination number of zinc is four [50]. Water can also be stored between
the layers, linked to the complex by hydrogen bonding, the water mol-
ecules being located parallel to the carbonate groups that hold the
complex zinc-containing sheets together [50,60,62,63]. The OH:CO3
ratio may be variable, resulting in COs-deficient, stacking-disordered
phases [50]. The results in our earlier studies, obtained with X-ray
diffraction (XRD), Raman spectroscopy and X-ray photoelectron spec-
troscopy (XPS) [32,34], support these findings.

4. Conclusions

Zinc carbonate nanostructures were precipitated on zinc foils by
humid carbonation using stable isotope-marked waters (D20 and H%SO)
as tracers. The nanostructures grew in hexagonal or cubic forms from
singular initiation points until the source of water was depleted. The
distribution of the isotopes was successfully mapped by ToF-SIMS,
which enabled assessment of reaction routes in the nanostructure syn-
thesis. Growth of nanostructures was not observed in the absence of
water. Presence of '®0%-ions in the zinc precipitates confirmed the

proposed reaction route: **0%-ions were carried over from the '®0-

water droplet to carbonic acid (CO, + H20 = HCO3) and finally to zinc
carbonate precipitate (Zn*" + CO%’ = ZnCO3). Further, the use of D;O
revealed that the cubic structures were anhydrous, while the nanowires
contained hydroxyl groups. Molecular spectroscopy confirmed the
presence of structural hydroxyl groups. Use of isotope-marked water in
exposures, combined with ToF-SIMS mapping, is a powerful tool to
establish reaction routes and clarify compositions in carbonation of
metals and minerals.
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