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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 (CO2) 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 (scCO2) 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 (ZnCO3) 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 
ZnO 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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1 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 (CO2) 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, façades, 
roofs and car panels. Due to its noticeable outdoor end-uses, aesthetics and 
corrosion 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 CO2 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 
CO2 and water.   

Carbon dioxide (CO2) 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. CO2 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 CO2 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 react in a corrosive 
environment [1].  

 

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]. 

 

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, façades and ductwork. [1, 16].  

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.  

 

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 (ZnOH2) [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 (DSSC), mechanical energy harvesting, sensor technologies 
and photocatalysis [6, 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 [6, 33, 34]. 

 

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 nanowires 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].  

 

Figure 8. Hydrothermal procedure with spin coated seed layer on a ITO glass substrate [47]. 
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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. NO2, CO, NH3), 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]. 

ZnO 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]. 

 

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 (TiO2), 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 [66].  

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, i.e. 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, 66].  

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. Electrons 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 → Znଶା + 2eି (1) 

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]. 

 2Hା + 2eି → Hଶ (2) 

 Oଶ + 2HଶO + 4eି → 4OHି (3) 
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After the anodic dissolution of zinc, the liberated Zn2+ 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)2 typically form simultaneously 
[27, 69, 70] although some studies have shown the formation of Zn(OH)2 before 
ZnO 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)2 is even more predominant 
under higher pH [72].  

 Znଶା(aq) + 2OHି(aq) → Zn(OH)ଶ(aq) (4) 

 Znଶା(aq) + 2OHି(aq) → ZnO (s) + HଶO(l) (5) 
 
Zn(OH)2 can also be converted to ZnO through the reaction in Eq. 6 [72]. Zn(OH)2 
can also redissolve, depending on pH, forming zincate ions (Zn(OH)42-,  Eq. 7), or 
other zinc hydroxide-based ions, e.g. ZnOH+ [73]. More complex reaction 
sequences, leading to Zn(OH)2, ZnO and the subsequent corrosion products, are 
also possible [73, 74]. 

 Zn(OH)ଶ(aq) → ZnO(s) + HଶO(l) (6) 

 Zn(OH)ଶ (s) + 2OHି(aq) → Zn(OH)ସଶି (aq) (7) 
 
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).  

 COଶ(g) + HଶO(l) → HଶCOଷ(aq) (8) 

 HଶCOଷ(aq) → HCOଷି (aq) + Hା(aq) (9) 

 HCOଷି (aq) → COଷଶି(aq) + Hା (aq) (10) 
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These carbonate ions react further with the dissolved Zn-species to form smithsonite 
(ZnCO3, 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].  Znଶା(aq) + COଷଶି(aq) → ZnCOଷ(s) (11) 

Znଶା(aq)܉ + COଷଶି(aq)܊ + OHି(aq)܋ → Zn܉(COଷ)܊(OH)܋(s) (12) 

Znଶା(aq)܉ + COଷଶି(aq)܊ + OHି(aq)܋ + → HଶO(l)܌ Zn܉(COଷ)܊(OH)܋ ∙  HଶO(s)܌
(13) 

Zn(OH)ା(aq) + HCOଷି (aq) → ZnCOଷ(s) + HଶO(l) (14) 

Zinc hydroxy carbonates occur as various compounds with the most common being 
hydrozincite (Zn5(CO3)2(OH)6), and others with varied stoichiometry [77, 78]. The 
zinc hydroxy carbonates contain varying amounts of each of the ions (Zn2+, OH-, 
CO32-) 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 earlier, the initial steps of zinc corrosion involve the formation of 
ZnO and Zn(OH)2, which occurs in a relatively short time — from seconds to hours 
[80]. This is followed by subsequent reactions with CO2 dissolved in water. In case 
the atmosphere does not contain pollutants, the reaction with CO2 results in the 
formation of the most abundant zinc corrosion product hydrozincite in only a few 
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days. The atmosphere typically contains both NaCl and SO2. 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. 

 

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)2, 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% CO2, makes it the fourth most abundant 
atmospheric gas after nitrogen (N2), oxygen (O2) and argon (Ar) [82]. CO2 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 CO2 levels during modern times has created great concern about global warming 
and its effects on the earth. Therefore, developing technologies to gather CO2 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 CO2 into products, whereas CCS tries to find storage options for the CO2. 
Both CCS and CCU will likely be needed for urgent disposal of CO2 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 CO2 utilization is to reduce its levels in the atmosphere. 
However, CO2 provides many advantages in processing. Processing with CO2 is 
non-toxic and it’s non-flammable, which facilitates its use [9]. Furthermore, CO2 is 
inexpensive and easily available [83]. Incentivization policies implemented by 
governments also implicate good financial prospects for CO2 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, CO2 turns into a supercritical 
fluid.  
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Figure 13. Phase diagram of CO2. Drawn with CO2 tab v.1.0 (© 1999 ChemicaLogic Corporation) 
and edited. 

3.2 Supercritical carbon dioxide (scCO2) 

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 CO2 
(scCO2) 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, scCO2 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].  

ScCO2 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 CO2 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].  

 

Figure 14. The density of CO2 at 31°C. Data acquired from [85]. 

The liquid-like dissolving capability of scCO2 is of great advantage in many 
applications. Supercritical extraction is currently the main application for scCO2, 
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 scCO2 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 scCO2 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 scCO2. 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 
scCO2 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 
scCO2 processing [86]. 

3.3 Carbon dioxide in aqueous environment 

The pH of water falls as the CO2 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 CO2 is essential 
also in the corrosion behaviour of zinc surfaces in atmospheric corrosion [91].  

Generally, the corrosivity of CO2 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 (H2) [92]. Thus, CO2 concentration influences the 
corrosion of metals in aqueous solutions. In water, dissolved CO2 exists in different 
components: 

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

These species of CO2 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 CO2 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 CO2 in water increases rapidly with pressure until the vicinity of the 
critical point, and is higher at lower temperatures. 

 

Figure 16. CO2 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 CO2 has had sufficient 
time to dissolve in the water and attain equilibrium. However, the diffusion rate of 
CO2 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 CO2 in water are the 
main factors influencing CO2’s reactivity. When the pressure rises close to the 
supercritical region and above, water dissolves in CO2 as well. This wet supercritical 
carbon dioxide has been shown to cause corrosion on steels [75, 98, 99]. 
Furthermore, it has been shown to cause carbonation reactions on mineral surfaces 
[101–103]. In contrast, pure CO2 — i.e. 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 CO2 in different temperatures where it can be seen that the 
dissolved water amount increases significantly when pressure increases above the 
critical point. 

  

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 scCO2 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].  
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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: 

The study provides a comprehensive understanding of zinc surface 
behaviour under wet pressurized CO2 conditions and the formation of 
unprecedented carbonate structures in pressurized CO2 

A method for investigating corrosion behaviour in wet carbon dioxide 
environments 

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

 
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 CO2. 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 
ZnCO3 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 ZnCO3 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-scCO2, zinc surface and lower pressure CO2 and 
the effect of O2 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 CO2. Finally, publication VI shows 
how different species contribute to the growth of the zinc hydroxy carbonate and 
ZnCO3 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/m2 
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 (≥99.99%). Deionized water was used 
in all tests and had a conductivity of 2 – 10 S. The catalyst copper (II) hexafluoro 
acetyl acetonate hydrate (Cu(hfac)2) 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 μm and 20 μm for the primer 
and topcoat, respectively. 
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The isotopes waters used in Publication VI were deuterium oxide (D2O, 99.9 at-
%, Sigma Aldrich, Canada) and 18O water (≥99 at-%, Taiyo Nippon Sanso 
Corporation, Japan). 

5.2 Supercritical carbon dioxide (scCO2) treatment 

The equipment and procedure for the scCO2-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.  

5.2.1 ScCO2-treatment procedure (Publications I – IV) 

The scCO2-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 CO2. A preheater 
heats the pumped CO2 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 CO2. The heating elements inside the reaction chamber 
walls further heat the pressurized CO2 into the supercritical state. The reaction 
chamber is 256 cm3 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 I).  

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 II, also a one-hour post-heat treatment with a 
temperature of 400°C was performed for the scCO2-treated sample. Three different 
reaction conditions were used in publication IV: 80 bar 40°C, 80bar 60°C and 65 bar 
22°C (liquid CO2 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)2 dissolved in 5 mL of H2O/EtOH (40/60 vol-%) 
solution. 
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5.2.2 In-situ scCO2 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 (CaF2) 
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 scCO2 experiments, a stirrer and 0.2 mL of water were 
placed inside the chamber before the scCO2 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 μL 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 scCO2 (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 
CO2 in 50°C to form the ZnCO3 structure. In a separate exposure, a new droplet of 
the isotope water was placed on the same substrate and exposed to liquid CO2 in 65 
bar and 22°C. The aforementioned procedure was performed separately with D2O 
water and 18O 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 III – 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. 



45 

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 CuKα 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-1 and a 2 cm-1 resolution. 

The Raman measurements in publication IV were performed with Renishaw 
inVia Qontor confocal microscope with a 100x objective. The measurements were 
done with λ = 532 excitation and a grating of 1800 1/mm. The resolution of the 
spectra was 4 cm-1 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 λ = 532 
excitation and rating of 1800 1/mm were used for the measurements. The measured 
spectral range was 200 – 1900 cm-1 with 4 cm-1 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 Kα beam 
(50W, 14 kV) with a 100 μm 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 μm 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 CO2 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 CO2 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 ZnCO3. 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 (ZnCO3 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-ZnCO3 
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 ZnCO3 is composed of very fine cubic structures.  

 

Figure 21. Effect of the carbon dioxide treatment on hot-dip galvanized substrates. Treatments 
performed with Cu(hfac)2-catalyst.  

 

Figure 22. SEM images of the dual carbonate structure with close-up of the ZnCO3 carbonate 
surface. 

The carbon dioxide treatment is typically performed in scCO2, but these structures 
can also form under significantly lower pressures, down to 5 bar. However, the 
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scCO2 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 scCO2 treatment is diagrammed in Fig. 23. The treatment starts by 
enclosing the substrate in a chamber, which is then filled with CO2, 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 CO2. The holding phase is followed 
by a dynamic depressurization phase in which the scCO2 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. 

 

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

6.1.1 Reactions and phenomena during the isostatic holding phase of the 
scCO2 treatment 

During the isostatic holding phase, water or the catalyst solution first dissolves into 
the scCO2 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 ZnCO3, as shown by in-situ Raman measurements (Fig. 
25) with peaks at 570 cm-1 for ZnO, and at 1093 cm-1ν, 300 cm-1, and 730 cm-1 
corresponding to the ν1 symmetric stretching mode, lattice mode, and ν4 
antisymmetric bending mode of ZnCO3. 

ZnO is the initial reaction product due to the corrosion due to the water, CO2 
and trace amounts of O2 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 ZnCO3 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 scCO2 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. 

 

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). 

 



 

1Two 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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Figure 25. In-situ and ex-situ Raman spectra of ZnO and ZnCO3 formation in scCO2 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 water1 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 ZnCO3 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 ZnCO3 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 ZnCO3 coverage over the surface could then inhibit 
the availability of the dissolving Zn2+ ions because less metallic zinc is exposed to 
the environment. 

In-situ Raman measurements showed that the ZnCO3 formation correlates with 
the dissolved water amounts (Fig. 26). The treatment pressure has not been shown 
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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 ZnCO3 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.  

 

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 scCO2, as is the case in the CO2 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)2-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 ZnCO3 (Fig. 28).  
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Figure 27. Optical in-situ image of the colour change on zinc surface from reducing copper derived 
from Cu(hfac)2 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). 

 

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 Zn2+ 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 Zn2+ 
ions could result from insufficient anodic or 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 Zn2+ ions as follows: 

 Zn + Cuଶା → Znଶା + Cu  (15) 

The result, in addition to the deposition of metallic copper, is a greater supply of the 
Zn2+ 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 O2 to 
form ZnO and ZnCO3 on the zinc surface. 

6.1.2 Reactions and phenomena during the dynamic depressurization 
phase of the scCO2 treatment 

The holding phase is followed by the depressurization phase in which the CO2 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 scCO2 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 CO2 is flowing out (intensity of CO2 peaks decrease), there is emergence of a 
wide hydroxyl (OH-) peak at 3200 cm-1 indicating liquid water. Furthermore, the 
peak at 1607 cm-1, indicating dissolved water (D), shifts towards 1650 cm-1 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-scCO2 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. 

  

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 O2 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 ZnCO3 as shown in the 
post-treatment SEM pictures in Fig. 31. Adding O2 increased the coverage and 
amount of needle carbonate structure over the entire droplet area. Conversely, the 
sample without added O2 showed increased needle carbonate on the droplet edge 
and less coverage in the middle of the droplet.  

 

Figure 31. SEM images of droplets treated for 60 minutes in 5 bar CO2 (sample A) and added 2 bar 
of O2 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 earlier on the sample with 
added O2. 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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ZnCO3 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 CO2 to supply enough bicarbonate and carbonate ions inside the 
droplet. However, gas diffusion in the depressurization phase of the scCO2 
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 
CO2. 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 ZnCO3 formation increases as the reaction time increases, resulting 
in greater coverage of the surface with the structure.  

 

Figure 32. In-situ images of droplet tests (Publication V). 

 

Figure 33. In-situ Raman spectrum from the middle of the sample B with 5 bar CO2 and 2 bar O2 
(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 CO2 and diffusion and 
reduction of O2 as well as Zn2+ 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 CO2 partial pressures used here. 

The CO2 dissociates into bicarbonate and carbonate ions that can then react with 
already-formed ZnO or free Zn2+ 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]. ZnCO3 formed in all 
temperatures but was much more pervasive than needle carbonate at temperatures 
above 60°C. 

 

Figure 34. Schematic of reaction sequences of carbonate formation inside a water droplet in 
pressurized CO2 conditions (Publication V). 
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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 18O water that was then exposed to pressurized CO2. The 18O2- 
ions were found in both the ZnCO3 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 Zn2+ ions.  

An identical test, but utilizing deuterium water (D2O) instead of 18O-water, is 
shown in Fig. 36. The deuterium was found specifically in the needle carbonate and 
was absent from the ZnCO3 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 
ZnCO3 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.  

 

Figure 35. Zinc surface reacted with a 18O-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 D2O-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 (ZnCO3) 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 IV). 

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 scCO2 (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 ZnCO3. 

 

Figure 38. SEM images of sample surfaces with ZnCO3 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, ZnCO3 is rarely seen during natural patination 
[80]. This could be a consequence of low CO2 pressures in the atmosphere that result 
in low concentration of carbonic acid. This explanation is supported by the 
occurrence of ZnCO3 in environments with a higher CO2 concentration as opposed 
to hydrozincite, based on the calculations of Preis et al. [114]. Studies using CO2 as 
a reactant for ZnCO3 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 ZnCO3. 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 40. SEM image of only needle carbonate structure (Publication IV). 

 

Figure 41. SEM of dual structure containing both needle carbonate and zinc carbonate (Publication 
IV). 

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-1 and 1520 cm-1 which indicate the antisymmetric ν4 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-1 which does not occur for hydrozincite. Furthermore, the 
Raman spectrum includes a peak at 1098 cm-1 that corresponds to the ν1 symmetric 
stretching mode of CO32-, with a shoulder at lower wavenumbers, related to 
overlapping ν1 symmetric C–O stretching bands [101]. The peak at 1076 cm-1 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-1 which is attributed 
to OH stretching vibrations. Finally, the 1610 cm-1 peak is typical for structures with 
H2O 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 
Za(CO3)b(OH)c dH2O although its exact stoichiometry remains unclear.  

 

Figure 42. FTIR and Raman of needle carbonate structure (Publication IV). 

The XPS measurements (Fig. 43) show the presence of Zn, C and O. The results 
also present the evidence of C=O 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.  

 

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 CO2 treatment, using mainly CO2 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 underlying 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 ZnCO3 (Sample 2). The contact angles for the dual-carbonate 
structure and plain ZnCO3 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 CO2 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. 

 

Figure 45. Static and dynamic water contact angles on untreated HDG and patina surfaces 
(Publication IV). 

 

Figure 46. Total surface free energy (according to Wu) measurement for HDG, artificial patina and 
outdoor exposed HDG surfaces (Publication III). 
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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 ZnCO3 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. 

 

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 IV). 

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 
CO2-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 CO2 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 [6, 
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): Znࢇ(COଷ)࢈(OH)ࢉ ∙ HଶO(s)ࢊ → ZnO(s) + COଶ(g) + HଶO(g) 

(unbalanced) 
(16) 

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 CO2 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-1 that 
corresponds to ZnO. This conversion was confirmed in our other study as well, 
where the ZnCO3 structure also converted into ZnO with the same heat treatment 
[124]. 

 

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 (αhν)2 vs. energy plot. This value is slightly lower 
than the typical band gap value for ZnO (3.37 eV) [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: 

Presented novel data on early-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 scCO2 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.) 

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 II.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 
CO2 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 CO2 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 ZnCO3 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 ZnCO3 formation. The reaction time of the holding phase increased the 
amount of ZnCO3 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 O2 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: ZnCO3 
and needle carbonate. The ZnCO3 has a cubic or spherical morphology that adheres 
densely on the substrate surface. It was concluded that the ZnCO3 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 
ZnO 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 CO2 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 O2 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 

ZnO 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: scCO2, 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 

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, 
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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 (CO2) and water (H2O) 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 CO2 pressure and 

slightly elevated temperature. This method used supercritical 

carbon dioxide (scCO2) 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, scCO2 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 scCO2 as a solvent 

because of its high density that leads to good dissolving 

capabilities. Moreover, the density of scCO2 can be altered by 

changing the pressure that modifies the dissolving properties 

as well. Processing with scCO2 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]. ScCO2 is rarely used as a reactant itself but some 

corrosion and carbon sequestration studies have also 

investigated the effect of scCO2 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 scCO2 [23–25].  

In this research, we demonstrate a unique method for 

synthesizing ZnO nanowires. The method utilizes a two-step 

process where scCO2 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 CO2 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/m2. 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 scCO2-treatment. The precursor 

solution was composed of 0.5 mass-% copper (II) 

hexafluoroacetylacetonate hydrate (Cu(hfac)2∙xH2O, Sigma-

Aldrich) catalyst dissolved in 5 ml deionized water/ethanol 

(40/60 vol-%) solution.  

The scCO2-treatment was performed in a cylindrical 

reaction chamber. The substrate was first placed inside the 

chamber which was then heated and pressurized with CO2 (≥ 

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 CO2 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 scCO2 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 CuKα radiation over a range of 20° < 2θ < 

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 scCO2-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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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 CO2, water and Zn2+ ions derived from the zinc surface. 

First, the CO2 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 CO2 atmosphere due to elevated solvation 

power of scCO2 which allows the water to come in contact 

with the zinc surface [28]. Consequently, the CO2 saturated 

water then reacts with the zinc surface gradually forming zinc 

hydroxide (Zn(OH)2) and eventually zinc hydroxycarbonate 

due to the reaction with hydroxyl and bicarbonate ions. This 

process is similar to the atmospheric corrosion of zinc that 

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. 
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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 scCO2 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)2 which was 

chosen due to its high solubility to scCO2 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 scCO2 process and that they are not involved 

in the growth of the actual nanowire structure.  

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. 
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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-

1 and small peak at 1614 cm-1 [30–32]. Double peak at 1516 

cm-1 and 1380 cm-1 is an indication of antisymmetric ν3 

stretching modes of carbonates which is typical for zinc 

hydroxycarbonates i.e., hydrozincite [31,33,34]. Peaks at 865 

cm-1, 835 cm-1 and 740 cm-1 are assigned to carbonate bending 

[30,31,35]. Moreover, a peak at 1076 cm-1 is present and it 

could be representative of carbonate ν1 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 

scCO2 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-1 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 CO2 and H2O 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]. 

 

Zn5(CO3)2(OH)6 → 5ZnO + 2CO2 + 3H2O (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 

(h)2 was drawn as a function of energy. In the calculation, 

 is absorbance, h is the Planck constant, and  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 

Figure 3. FTIR spectra of the surface before and after heat 

treatment. 
Figure 4. GIXRD spectrum of the heat treated surface. 
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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 Cu2+ 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 scCO2 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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