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energy material from atmosphere [P5]. Consequently, the superhydrophobic properties of the 
coating are slowly restored in ambient conditions. For example, during 30 min of UV-
illumination (365 nm, 50 mW/cm2) the relative amount of carbon on the TiO2 coated board 
(parameter set 3) decreased from ~44% to ~30% and water CA on the surface decreased from 
163° to 7°. After 1 month of storage in the dark in ambient conditions at room temperature and 
relative humidity of 50%, the relative amount of carbon on the coating surface had increased 
from ~30% to ~35%, the C/Ti ratio had increased from 1.5 to 1.9, and water CA had increased 
from 7° to 146° as a result of the self-healing process. 
 
The healing process of the TiO2 coating can be significantly speeded up by heat treatment in an 
oven, as shown in Figure 36. At room temperature the self-healing and hydrophobicity recovery 
takes several days, but in an oven at temperatures above 100°C the healing process occurs 
within minutes. The self-healing effect after UV-illumination is a common and well-
documented phenomenon on various types of TiO2 surfaces. However, a collective 
understanding for the fundamental mechanisms of the self-healing process has been missing 
[P5].  Our  experiments  revealed  that  on  the  TiO2 coated board, accumulation of the 
carbonaceous material on the coating surface is one of the most important factors explaining 
both the self-healing process at room temperature and the accelerated healing process at higher 
temperatures in the oven [P5]. 
 

 
Figure 36. The self-healing effect and hydrophobicity recovery on illuminated (7 days of 
artificial daylight illumination) TiO2 coated board (parameter set 3) in different conditions. (a) 
In the dark room in ambient conditions at 23°C the self-healing and hydrophobicity recovery 
occurs in several days, (b) in the oven at 50°C in hours, and (c) at 100°C and (d) at 150°C in 
minutes [P5]. 
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Because of the self-healing effect, surface wetting of the TiO2 coating adjusted by UV-
illumination is not a permanent state. However, as it was discussed, wetting of the LFS-made 
TiO2 coating can be adjusted by several other methods suitable for roll-to-roll processing of 
materials. Therefore, wettability of the coating can be adjusted in-situ on-line for, for example, 
printing and coating purposes. In addition, there are several heat treatment and other methods 
which are suitable for on-line healing of the TiO2 coating [139], e.g. IR-dryers and atmospheric 
plasma deposition. 
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5. Conclusions 
 
In this thesis work, feasibility of the LFS nanoparticle synthetization method in roll-to-roll 
coating of cellulose-based materials such as paper, pigment coated board, and extrusion-coated 
paper was studied. In addition to the examination of suitable processing parameters in coating of 
various cellulose-based substrates, properties and functionalities of the novel nanoparticle 
coatings were studied with focus on surface wettability, especially on superhydrophobicity. LFS 
proved itself simple, versatile, and straightforward one-step method to fabricate multifunctional 
nanoparticle coatings on various types of cellulose-based substrates in roll-to-roll coating 
procedure. LFS is among the most potential methods for large-scale fabrication of 
superhydrophobic coatings on affordable cellulose-based materials such as paper and board, 
because any type of additional chemical modification, drying, or curing steps are not needed. 
 
Various metal and oxide nanoparticle coatings with hierarchical surface structure can be 
fabricated by LFS to introduce functionality to a material surface such as permanent 
superhydrophilicity and superhydrophobicity, self-cleaning, and self-healing ability. By altering 
the  hierarchical  coating  structure,  it  is  possible  to  affect  water  hysteresis  and  adhesion  to  
fabricate both high- and low-adhesive superhydrophobic surfaces familiar from natural surfaces 
of rose petals and lotus leaves, respectively. Hierarchical structure of the coating determines 
many properties of the surface. For example, it was shown that the nanoscale structures on the 
coating reside in the Wenzel wetting state and thus increase water droplet adhesion and 
hysteresis on the surface. Also, the hierarchical structure of the coating has an important role in 
determining to what extent the surface is capable of repelling liquids of lower surface tension 
than water. The experiments with water ethanol solution revealed that the small submicrometer 
scale air gaps at the liquid solid air composite interface were relatively stable with ethanol 
increment in the probe liquid, while the large micrometer scale air gaps collapsed at the early 
stage  with  the  ethanol  increment  resulting  to  a  wetting  transition  to  so  called  Cassie  
impregnating wetting state. The experiments revealed high photocatalytic activity of the 
superhydrophobic TiO2 coating, on which a stepless and reversible wettability conversion 
related to the self-cleaning effect and accumulation of carbonaceous material on the surface can 
be executed. The wettability conversion enables fabrication of local surface energy/wettability 
patterns on the coating surface, for example, by illuminating the sample through a photomask. 
 
Overall, the pioneering studies on application of LFS method in roll-to-roll coating of cellulose-
based substrates executed in this work produced novel information on the technological aspect 
of the LFS coating process. On the general aspect, the work provided relevant information on 
the wetting phenomena on superhydrophilic and superhydrophobic nanoparticle coatings. 
Particularly, the work provided new information and insights related to wetting phenomena 
around nanoscale structures on superhydrophobic surfaces and photo-induced wettability 
changes on TiO2. 
 
While this work was mainly focused on fabrication of SiO2 and TiO2 nanoparticle coatings on 
various substrates and on exploring and understanding the coating properties and the related 
phenomena, future work will increasingly focus on finding the most suitable practical 
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applications for the LFS-coated materials. In terms of wettability, which was the focus of this 
work, potential applications for the LFS coatings include tailored wetting properties for, for 
example, improved printability and adhesion of inks and coatings. In addition, other potential 
applications for LFS-coated cellulose-based materials include filters for oil/water separation and 
cheap and disposable products designed for short-term use, for example, water-repellent and gas 
permeable packaging materials. Especially, one emerging and globally important field of 
applications for cellulose-based materials is low-cost point-of-care diagnostic devices, where 
utilization potential of superhydrophobic coatings is yet largely unexplored. 
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Abstract 
 
This paper introduces a new method for generating nanoscale coatings in continuous roll-to-roll 
process at normal pressure. Nanostructured and transparent coating, based on titanium dioxide 
nanoparticles, was successfully deposited on-line at atmospheric conditions on pigment coated 
paperboard using a thermal spray method called the Liquid Flame Spray (LFS). The LFS coating 
process is described and the influences of process parameters on coating quality are discussed. 
Nanocoating was investigated by field emission gun scanning electron microscope (FEG-SEM), 
atomic force microscope (AFM), X-ray photoelectron spectroscopy (XPS) and water contact 
angle measurement. 
 
The highest measured water contact angles on the nanocoated paperboard surface were over 
160°. Falling water droplets were able to bounce off the surface, which is illustrated by high 
speed video system images. Regardless of the high hydrophobicity, the coating showed sticky 
nature, creating a high adhesion to water droplets immediately as the motion of the droplets 
stopped. Nanocoating with full coverage of the substrate was produced at line speeds up to 150 
m/min. Therefore, the LFS coating has scale up potential to industrial level as an affordable and 
efficient method for coating large volumes at high line speeds. 
 
Keywords: superhydrophobic, paperboard coating, on-line process, titanium dioxide 
nanoparticle, Liquid Flame Spray 
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1. Introduction 
 
Paperboard is a highly versatile material with various favourable properties, e.g. biodegradability, 
renewability, mechanical flexibility and affordability. The complete utilisation of the versatility 
of paperboard requires the ability to control its surface properties. Comprehensive control of 
surface properties of paperboard, e.g. hydrophilicity and hydrophobicity, can benefit in the 
various converting processes of paperboard, including printing, extrusion coating, lamination, etc. 
[1]. The wettability (hydrophilicity) of paperboard surface can be increased with several 
industrial (roll-to-roll) surface modification techniques, like flame, corona discharge or 
atmospheric plasma treatments. These well-established surface modification techniques improve 
printability properties of paper [2] and enhance adhesion between polymers and paperboard or 
paper [3,4]. Generation of hydrophobic surface on cellulose based materials, e.g. on paperboard 
or paper, is more complicated, although several plasma and wet chemical techniques have been 
reported. Superhydrophobic surfaces have been created by fluorinating the paper using grafting 
and post-functionalisation [5] or by silane coating the paper through solution immersion process 
[6]. Plasma-assisted deposition of thin fluorocarbon [7 9], organosilicon [9] and hydrocarbon 
coatings [9] has also resulted in hydrophobic paper surfaces. Balu et al. [10] obtained 
superhydrophobic paper surface by combining plasma etching with PECVD (plasma enhanced 
chemical vapour deposition) of fluorocarbon film. However, for the paper or paperboard 
substrate, the plasma techniques are not yet utilised in large scale in packaging industry. The 
main limitation for the utilisation of plasma techniques in packaging industry is often the 
operating costs, because plasma deposition at vacuum or low pressure requires expensive vacuum 
chambers and pumps in order to create and contain the plasma process. Another drawback for 
vacuum or low-pressure systems and most of the wet chemical processes is that they are usually 
batch operations, which is not favoured in paper coating and lamination due to high-volume 
continuous roll-to-roll processes. Furthermore, fluoropolymers are widely used in 
superhydrophobic surfaces, but because of health issues they cannot be applied for example in 
food packaging. 
 
Liquid Flame Spraying (LFS) is a thermal spraying method for generating and depositing nano-
sized (less than 100 nanometres) metal and metal oxide particles. Initially the LFS was developed 
as a method for glass colouring [11]. Nowadays the LFS is also utilised in fibre doping [12] and 
for coating various substrates, for example ceramic tiles [13] or metal surfaces [14]. The 
continuous nature of the LFS process and the operating conditions at normal atmospheric 
pressure enable on-line roll-to-roll coating procedure to be used. 
 
In the LFS process the precursors are in liquid form, diluted in water or alcohol, and are fed 
together with the combustion gases into a special designed spray gun. Instantly after exiting the 
burner nozzle the precursor solution is atomised to micron-sized droplets by the high-velocity gas 
flow. Liquid droplets evaporate in a hot and turbulent flame and subsequent reactions of the 
precursor vapour lead to formation of nanoparticles of desired material [15]. Afterwards 
nanoparticles grow larger in the flame by condensation, coagulation, coalescence and 
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agglomeration [16 18]. The final particle size can be controlled, e.g. via total mass flow rate of 
the precursor (product of the precursor solution feed rate and its concentration) or by adjusting 
the collecting or depositing distance [19 22]. The main exhaust gases formed as by-products in 
the LFS process are normally water vapour and carbon dioxide. Low waste flows combined with 
relatively simple and inexpensive equipment make the LFS process comparatively cheap and 
environmentally friendly. 
 
LFS coatings consisting of nanoparticles have large fraction of surface molecules and hence high 
reactivity [16,23,24]. Added to this, the nanoscale roughness of the surface creates unique 
topography for the nanocoating and enlarges its effective surface area. The properties of the LFS-
made coatings may therefore vary remarkably from the properties of homogeneous coatings 
made of bulk materials. LFS coatings have potential to improve properties traditionally 
demanded for example from packaging materials, such as barrier and adhesion, but these coatings 
may also introduce totally new functional properties for the materials, including antibacterial, 
self-cleaning, non-sticking, non-wetting, superwetting, light protection, heat and wear resistance 
and electrical properties for example. 
 
The range of suitable LFS precursors, i.e., metal salts and alkoxides in water or alcohol solution, 
is wide. Thus a large number of various coatings with unique properties can be produced using 
the LFS. Iron and manganese oxide, alumina, silica, titania, silver and palladium nanoparticles 
have been successfully produced in laboratory scale using the LFS [13 15,19 22]. Multi-
component materials can also be produced by mixing different precursors together [25 28]. 
 
The LFS coating parameters (i.e. concentration and feed rate of the precursor solution, gas flows, 
burner distance and line speed) must be carefully adjusted in order to obtain the desired coating 
quality. For instance, the properties of nanoparticles are strongly related to particle size 
[16,23,24], thus incorrect coating parameters may change the coating composition and properties 
dramatically. It is widely known that both the chemistry and the topography of a surface affect 
water contact angle (CA) [29 34]. By adjusting the surface roughness in micro- or nanoscale the 
hydrophobicity of the surface can be enhanced. Furthermore, the combination of micro- and 
nanoroughness (hierarchical roughness) is an effective way to increase surface hydrophobicity. 
On flat surfaces the highest CAs achieved are normally around 120°, but proper roughness of the 
surface can raise the CA close to 180°. Even materials which are inherently hydrophilic (CA < 
90°) on a flat surface may show CAs of over 150°, if the surface is appropriately patterned 
[35,36]. Surfaces which have extraordinary high CA are often called superhydrophobic, and the 
widely accepted criterion for superhydrophobicity is the CA value of over 150°. 
 
Superhydrophobic surfaces have raised much interest during the last decade, and many research 
groups have dedicated themselves to the development and manufacturing of such surfaces 
[33 43]. Quite often, guidance and inspiration for producing superhydrophobic surfaces can be 
found from the nature, for example leaves of lotus plant [44]. There are numerous ways to 
prepare superhydrophobic surfaces, e.g. plasma, laser and chemical etching, sol-gel methods, 
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lithographical means, replicate templates, electrochemical methods and various spraying methods 
[33,45 47]. Usually superhydrophobic surfaces are prepared by patterning low-surface-energy 
material or by inducing low-surface-energy layer on patterned surface afterwards. Almost any 
substance can be used as a substrate for superhydrophobic surfaces, including fluorocarbons, 
silicones, hydrocarbons and metal oxides [33]. In recent years even fibre-based materials, such as 
paper, have been successfully modified to produce superhydrophobic surfaces [5,6,10,48], as 
mentioned above. Most of the artificially made superhydrophobic surfaces exhibit the lotus-
effect, i.e., water droplets roll off easily from the surface. However, studying and manufacturing 
of sticky superhydrophobic surfaces has recently attracted increasing interest [10,45,48 51]. 
 
The main purpose of this work is to demonstrate the creation of superhydrophobic surface on 
paperboard using a LFS on-line coating process. In addition, a goal is to understand the 
influences of various process parameters on the coating quality. Wettability of the nanocoated 
surface was studied by CA measurement and the behaviour of water droplets on the nanocoating 
was observed using high speed video system. The structure of the coating was investigated by 
field emission gun scanning electron microscope (FEG-SEM) and atomic force microscope 
(AFM). Chemical composition of paperboard and nanocoated surfaces was investigated by X-ray 
photoelectron spectroscopy (XPS). The nanocoating wear resistance and adhesion to paperboard 
surface were evaluated using simple abrasion and tape tests. 
 
2. Materials and Methods 
 
Titanium dioxide (TiO2) nanoparticles were generated and deposited directly on the pigment 
coated paperboard (200 g/m2, Natura, Stora Enso, Skoghall mill Sweden) surface using the LFS. 
TiO2 was selected as a coating material because it is well known from earlier studies [21,27], but 
also because of its non-toxicity. Precursor for the nanocoating was titanium tetraisopropoxide 
(TTIP, 97 % pure, Aldrich). TTIP was diluted in isopropyl alcohol (IPA), so that two precursor 
solutions of separate concentrations (low concentration, LC  11.5 mg of pure Ti/ml and high 
concentration, HC  50 mg of pure Ti/ml) were obtained. The combustion gases used in this 
study were hydrogen (H2) and oxygen (O2). Reaction product of hydrogen-oxygen combustion is 
pure water, and the temperature in the flame is high enough to evaporate most of the precursor 
materials. 
 
The LFS coating procedure was performed at Tampere University of Technology (TUT) on the 
Paper Converting and Packaging Technology (PCPT) pilot line. At this stage of examinations 
only one burner was used, and hence the width of the highly hydrophobic coating was relatively 
narrow, ca. 50 mm. The LFS burner was installed inside a hood which was equipped with an air 
exhaust duct for purging unattached particles. The flame was pointed downwards and the web 
was running below the burner. A schematic picture of the experimental set-up is presented in Fig. 
1. 
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Fig. 1. The LFS coating process (on-line) and the parameters. 
 
The coating parameters which were varied were the concentration and the feed rate of the 
precursor solution, the burner distance and the line speed (Fig. 1). All the parameters affect the 
characteristics of the nanocoating, thus the desired end-use properties of the final coating must be 
taken into consideration when adjusting the coating parameters. Simultaneously, the type of the 
substrate and its limitations must also be taken into account. Furthermore, the volume and the 
ratio of the gas flows (H2 and O2) must be correctly chosen to obtain proper quality of the 
nanocoating. 
 
The precursor solution was fed into a capillary needle in the middle of the burner by an infusion 
pump at a constant feed rate. Hydrogen was used as a combustion gas and an atomising gas, and 
it was fed into the flame through a circular channel immediately next to the precursor needle (Fig. 
1). The other combustion gas, oxygen, was fed through the outer ducts, which form a circular 
ring around the precursor needle and the hydrogen flow channel. The volume flows for hydrogen 
and oxygen were 50 and 15 l/min respectively. The flow rates of the gases were controlled by 
Alicat Scientific mass flowmeters. 
 
The nanocoating was examined by FEG-SEM (Zeiss ULTRAplus), AFM (NT-MDT NTEGRA 
Prima), XPS (PHI Quantum 2000) and CA measurement (KSV CAM200 and Pocket goniometer 
PG3). Due to resistive nature of paperboard the samples were sputter coated twice by thin carbon 
film prior to the FEG-SEM imaging. XPS instrument was equipped with a monochromatic Al K 

 X-ray source and operated at 25 W, where the charge compensation was enhanced by a 
combination of electron flood and ion bombarding. High resolution spectra were recorded with 
pass energy of 29.35 eV of oxygen O1s peak and titanium Ti2p peak. The CA measurement was 
done by distilled water and the CA value was taken approximately 3 seconds after the droplet 
placement (volume of 2 µl), unless mentioned otherwise. In 3 seconds the vibration of the droplet 
has settled down, but water evaporation and penetration to the substrate have not dramatically 
decreased the droplet volume and the CA yet. At least 3 parallel droplets were used in all the CA 
measurements. If additional information has not been given, the CA announced represents the 
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centre line of the coating stripe. A falling water droplet dynamics on the nanocoated surface was 
investigated by Memrecam fx K5 high speed video system (1000 frames per second). 
 
Abrasion and tape tests were performed in order to evaluate the wear resistance and adhesion of 
the nanocoating. The tape test was carried out by gluing and releasing the tape (Scotch Crystal) 1, 
10 and 20 times on the nanocoating surface. The abrasion test was carried out by wiping the 
nanocoated surface 1, 10 and 20 times with dry microfibre tissue. Metal cylinder (1.0 kg, contact 
area of 50 cm2) was kept as a weight on the tissue to ensure constant wiping pressure. After the 
wear tests, the CA measurement was used for evaluating the stability of the nanocoating on the 
paperboard surface. 

 
3. Results and Discussion 
 
3.1. The Process Parameters 
 
3.1.1. The Feed Rate of the Precursor Solution 

 
The LFS coating procedure has always dual effect on the substrate: the formation of the 
nanocoating and the effect of the flame. Traditional flame treatment is relatively simple and well 
established method for increasing the surface energy (CA decreases) of various substrates. 
However, the LFS flame differs significantly from the traditional surface treatment flame, e.g. the 
oxygen content of traditional flame is much higher and the burner distance is much shorter [1,3]. 
 
When the burner distance is short (15 cm) and the line speed is slow (30 m/min), the pure LFS 
flame treatment (only IPA without any actual precursor) increases the CA on paperboard surface 
from the initial level of 54° (Fig. 2). This might be caused by various occurrences on the surface, 
like reduction of hydrophilic material from the surface, deposition of carbon containing 
hydrophobic material to the surface and changes in surface roughness for instance. Similar, but 
stronger effect can be observed when actual precursors are used, thus highly hydrophobic 
nanocoating with CAs of ~ 140° can be produced on paperboard surface. The higher the feed rate 
of the precursor solution, the higher the hydrophobicity of the final coating. The increase in 
hydrophobicity can be related to chemical and structural changes of the surface, which will be 
discussed in detail later on in this chapter (3.1). Furthermore, the nanocoating becomes wider 
when higher concentration of the precursor solution is used, i.e., the coating strip widens when 
more nanoparticles are produced. 
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Fig. 2. The effect of the precursor solution feed rate and concentration on the CA of the 
nanocoated paperboard (left) and on the width of the nanocoating (right). Error bars indicate 
standard deviation. Feed rates for TiO2 LC and HC were 30 and 32 ml/min respectively (burner 
distance 15 cm, line speed 30 m/min). 
 

 
Fig. 3. FEG-SEM images of the pigment coated paperboard surface before (above) and after 
(below) the nanocoating (HC, feed rate 32 ml/min, burner distance 15 cm, line speed 30 m/min). 
 
The LFS coated paperboard surface seems to be fully covered with highly sintered nanoparticles, 
which form a porous coating structure (Fig. 3). For human eye the nanocoating looks transparent. 
The size range for synthesised nanoparticles varies between ~ 20 80 nanometres depending on 
the coating parameters, thus the nanoparticles themselves and the interfacial gaps between the 
particles provide the nanoscale roughness for the surface. The larger scale roughness arises from 
the agglomerates of nanoparticles and microroughness of the substrate. The specific structure and 
roughness of the surface increases the hydrophobicity of the nanocoating. 
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Mäkelä et al. [52] made chemical analysis in order to quantify the mass of deposited 
nanoparticles. According these analyses, the deposited TiO2 mass on the paperboard substrate 
should be in order of tens mg/m2 at the maximum. The accurate thickness of the coating is very 
challenging to measure, but on the basis of the chemical analysis and FEG-SEM images, it can be 
estimated that the coating thickness should be less than one micrometre. 

 
3.1.2. The Burner Distance 
 
The number of attached nanoparticles on the paperboard surface reduces significantly as the 
distance between the burner face and the substrate is increased, leading to a drastic decrease in 
the CA on the surface. An increased burner distance (from 15 to 20 cm) can still be used to 
produce a hydrophobic surface, but it requires high concentration of the precursor solution. (Fig. 
4) 

 
Fig. 4. CAs and FEG-SEM images of the nanocoating produced by variable burner distances 
(feed rate 23 ml/min, line speed 30 m/min). Error bars indicate standard deviation. 
 
There are several reasons for weak nanocoating deposition on the paperboard surface as a result 
of the long burner distance usage (Fig. 4). First of all, the number density of nanoparticles in the 
aerosol decreases, i.e., the aerosol dilutes as the distance from the burner face increases. This is 
due to enlargement of the aerosol in horizontal direction, which occurs because of particle 
transportation by gas flows, diffusion and thermophoresis (particle transport from hot to cold 
temperature) [16 18]. Furthermore, before reaching the substrate, nanoparticles must migrate 
through a thin boundary layer of air which moves with the paperboard, immediately above its 
surface. The most important particle transportation mechanisms through the layer of air are 
diffusion and thermophoresis. The effect of both mechanisms is reduced when the burner 
distance is increased because the gradients in particle content and temperature decrease, and 
hence the number of particles passing the boundary layer of air decreases. The attachment 
efficiency of nanoparticles to the paperboard surface may also weaken as a result of increased 
burner distance. This could happen due to changed conditions, e.g. temperature and pressure, on 
the paperboard surface. Mäkelä et al. [52] carried out temperature measurements in the flame (at 
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distance of 10–25 cm from the burner face) and on the paperboard surface with various IPA 
feeding rates. They measured temperatures ranging from 450 ºC to over 2000 ºC in the flame and 
temperatures between 72–115 ºC on the paperboard surface and discussed the boundary layer 
issue in detail. 
 
3.1.3. The Line Speed 
 
As a result of the increased line speed, both the amount of the nanocoating and the CA on the 
surface decrease (Fig. 5). Higher concentration of the precursor solution allows faster line speeds, 
still ensuring enough nanocoating on the surface to maintain its hydrophobicity. Shortening the 
burner distance to less than 15 cm also enables faster line speeds and improves the efficiency of 
the coating process significantly. Usage of low concentration at 10 cm burner distance results 
almost similar CAs as the usage of high concentration at 15 cm distance, pointing out that 
shortening of the burner distance leads to much more efficient particle deposition onto the 
substrate. This important fact was also observed in Fig. 4. Hence, the usage of short burner 
distances is reasonable for minimising precursor consumption and thus making the process more 
economical. Furthermore, short burner distance together with small mass flow rate of the 
precursor result in smaller particle size, which is often favourable. However, if the total mass 
flow rate of the precursor is very high, the liquid evaporation and the particle formation take 
more time. As a consequence, some of the precursor may deposit on the substrate as liquid or 
vapour if too short burner distances are used. This may naturally change the coating structure and 
properties significantly. 
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Fig. 5. CAs on the nanocoated paperboard surface as a function of line speed and FEG-SEM 
images of nanocoatings produced with various sets of parameters. Error bars indicate standard 
deviation. 
  
CA on the nanocoated paperboard surface decreases with increasing line speed, even if the 
substrate was still fully covered with nanoparticles (Fig. 5). The main reason for the CA decrease 
on the surface seems to be the structural changes of the nanocoating. Although the nanosized 
roughness still exists on the surface, on the grounds of several FEG-SEM images, the larger scale 
roughness seems to have remarkably reduced so that the micron or submicron structure of the 
surface has rounded and the height differences between the highest and the lowest points of the 
surface have reduced. One reason for the decrement of larger scale structure is the reduced 
amount of deposited nanoparticles, which is a natural consequence of increased line speed, and 
leads to smaller aggregates of particles on the substrate. However, there are also several other 
factors that are involved with transportation and deposition of nanosized particles, which were 
discussed earlier in section 3.1.2. 
 
At low line speeds the paperboard surface is exposed to the flame for relatively long time, and 
hence the particle growth and sintering may still continue on the surface or immediately above it 
[52]. However, considering the high hydrophobicity of the nanocoating, the existence of micron 
or submicron sized roughness on the surface seems to be much more important than the actual 
particle size, because hierarchically structured nanocoating surface which composes of small 
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particles of ~ 40 nanometres in diameter (studied by FEG-SEM) also possesses high 
hydrophobicity (Fig. 5 bottom left, LC, 30 ml/min, 10 cm, 50 m/min). 
 
3.1.4. XPS Analysis of the Deposited Nanoparticles  
 
The surface chemical analysis of the LFS nanocoated surface is performed using XPS. From the 
binding energy of a photoelectron peak the elemental identity, chemical state, and semiquantity 
of an element are determined and presented in Fig. 6. The low-resolution survey spectra show the 
chemical composition of the reference surface in Fig. 6 a) and nanocoated surface in Fig. 6 b). 
The presence of calcium (Ca), silicon (Si), and aluminium (Al) peaks indicate that both calcium 
carbonate (Ca) and kaolin (Si, Al) pigments were used in coating colour of the paperboard. For 
nanocoated sample titanium (Ti) peak with much higher intensity than in the reference sample is 
found. From high resolution Ti2p spectra it is possible to determine the types of titanium-oxygen 
bonding formed during nanoparticle deposition, and the results are presented in Fig. 6 c). The 
binding energies of Ti2p at 458.2 eV and 464.0 eV may be identified as titanium-oxygen bonds 
corresponding to TiO2 [53]. XPS analysis gives chemical information approximately from 10 nm 
depths of the substrate, while fabricated nanocoatings with present parameters according to the 
deposition model described by Mäkelä et al. [52] leads to the deposition mass of 12.7 mg/m2 and 
a coverage of 16% for titanium dioxide. Here, we are aware that more surface sensitive 
techniques would be desirable in order to reach an analysis only on the level of nanoparticle 
deposition despite a complex background resulting from the paperboard substrate. 
 

 
Fig. 6. Comparison of XPS survey of reference paperboard a) to TiO2 nanocoated sample b), and 
a comparison of high resolution Ti2p spectra c) to the reference sample. 
 
It is known that hydroxyl groups play important role in the surface properties of metal oxides, for 
example in the adsorption efficiency of organic substances [54,55]. In addition to the 
topographical changes, variation in the LFS coating process parameters may also cause changes 
in the surface chemistry of the nanocoating. Therefore, the variation in the CA of the nanocoating 
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cannot be strictly related only to the topographical changes of the surface. A more detailed 
chemical analysis of the nanocoating will be carried out in future examinations. 
 
The FEG-SEM images show that full coating coverage of the paperboard combined with 
relatively smooth microstructural topography of the coating was obtained even at line speed of 
150 m/min (Fig. 5 bottom right, HC, 32 ml/min, 15 cm). Therefore, it can be concluded that 
particle deposition onto the substrate occurs effectively also with high line speeds, which is 
obviously a positive observation considering the ambition for higher line speeds and larger 
coating volumes used in industrial processes. 
 
3.2. Water Droplet Behaviour on the Nanocoating Surface 
 
3.2.1. Spreading of the Droplet 
 
Normally water droplets spread on the surface of pigment coated paperboard. As a result, the 
surface wets more efficiently as time passes and the CA of the droplet decreases. The decrease in 
the CA is rapid at first but slows down afterwards (Fig. 7). 
 

 
Fig. 7. The water droplet spreading as a function of time on the paperboard (left) and on the 
nanocoated paperboard (right). Feed rates for TiO2 LC and HC were 30 and 32 ml/min 
respectively (burner distance 15 cm, line speed 30 m/min). 
 
Although the initial CA on both nanocoating surfaces (LC and HC) is very high, a clear 
difference on the droplet spreading can be observed. The higher concentration of the precursor 
solution leads to a stable state on the nanocoating surface, on which the water droplet remains 
spherical showing a CA of over 150°, whereas on the surface created by the lower precursor 
concentration the CA starts to decrease slowly (Fig. 7). Differences in the thickness and the 
structure (e.g. depth of the pores) of the nanocoating could explain the droplet spreading on 
thinner (LC) coating layer. Some of the water is absorbed into the paperboard and may promote 
the droplet spreading in the case of the thin nanocoating. 
 
3.2.2. Adhesion Between the Surface and the Droplet 
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Despite the high hydrophobicity of the nanocoating, the droplets placed on the surface adhered to 
it strongly. Due to high adhesion, water droplets remained easily on the surface without rolling 
off, even though the surface was tilted upside down. A set of images from the CA measurement 
clearly illustrates how strong the adhesive force actually is (Fig. 8). As the water droplet gets in 
contact with the nanocoating, it adheres to the surface very strongly. When the needle tip is 
pulled up the droplet starts to stretch between the needle tip and the nanocoating. After detaching 
from the needle tip the droplet heavily shakes on the surface for a while. Due to rough droplet 
placement the maximum CA that can be measured usually varies between ~ 140 155°. Thus, the 
highest CAs presented in this paper would be even higher if the droplet placement was done more 
gently, e.g. by using a thinner needle. By setting larger droplets (~ 11 µl) manually by using a 
thin needle, the CA on nanocoating (Fig. 3, HC, 32 ml/min, 15 cm, 30 m/min) was measured as 
high as 166.6 ± 1.7°. 
 

 
Fig. 8. A set of images from the CA measurement illustrates the high adhesion between the water 
droplet and the nanocoating surface (left). 5 µl droplet is able to remain on the flipped surface 
(right). (HC, feed rate 32 ml/min, burner distance 15 cm, line speed 30 m/min). 
 
Similar surfaces, exhibiting extremely high CA and high adhesive force, occurs on rose petals 
[45] and gecko feet [56] for example, which Feng et al. [45] and Jin et al. [51] have mimicked 
respectively, preparing similarly structured polystyrene surfaces. Some other researchers have 
also reported of artificially made highly hydrophobic sticky surfaces [10,48 50]. The high 
adhesive force is usually explained by the capillary effect and van der Waals forces. The 
roughness of the LFS nanocoated surface provides a large amount of grooves and gaps which 
water may penetrate and thus the droplet adheres strongly to the surface. 
 
Stepien and co-workers [57] applied an AFM for the surface topography studies of the LFS 
nanocoating. The AFM images clearly illustrate the increased nanoscale roughness of the 
nanocoated paperboard surface (Fig. 9), which was also observed from the FEG-SEM images 
(Fig. 3). The AFM imaging of LFS-coated paperboard is very challenging because of its complex 
surface structure. Therefore, for detailed AFM imaging of nanoparticles Stepien et al. also 
studied LFS nanocoated aluminium foil. These images show that coating process parameters and 
actual nanocoating material have effect on the sintering rate of nanoparticles in the final coating. 
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In addition, because of variation in thermal conductivities of different materials, also the substrate 
may have a role in the sintering of nanoparticles [52]. 
 

 
Fig. 9. The AFM images of paperboard surface (left) and TiO2 nanoparticle coated (LC, feed rate 
30 ml/min, burner distance 15 cm, line speed 30 m/min) paperboard surface (right). The z-scales 
of the paperboard and the TiO2 nanocoating images are 813 and 491 nm respectively. AFM 
images (1024 × 1024 pixels, pixel size ~ 5 nm) were captured in ambient conditions (RT 24ºC ± 
1ºC and RH 38 ± 5 %) using the tapping mode [57]. 
 
The definition of hydrophobic surface (CA > 90°) is clear, but the widely used criterion for 
superhydrophobicity (CA > 150°) needs specification due to large variation in the adhesion of 
droplets on different surfaces. Balu et al. [10] listed a large variety of descriptions that has been 
used for surfaces having high CA but variation in the adhesion level. They categorised highly 
hydrophobic (CA > 150°) low-adhesive surfaces as “roll-off” superhydrophobic surfaces and the 
highly hydrophobic high-adhesive ones as “sticky” superhydrophobic surfaces. According to this 
categorisation, the LFS nanocoating surface could be called “sticky” superhydrophobic surface. 
Still, many scientists [58 61] have the opinion that in addition to CA of over 150°, truly 
superhydrophobic surfaces should always have extremely low adhesion to water droplets. 
Therefore, if the term “superhydrophobic” should be avoided in the case of this highly adhesive 
LFS nanocoating surface, it could alternatively be called highly hydrophobic adhesive surface. 
 
3.2.3. Dynamics of Falling Droplet on the Nanocoating Surface 
 
Despite the sticky nature of the LFS nanocoating, water droplets can slide, roll or even jump on 
the surface. Fig. 10 illustrates the dynamics of falling droplets on the surfaces. Due to kinetic 
energy the falling droplet flattens as it collides with both the paperboard and the nanocoated 
paperboard. However, on the highly hydrophobic nanocoating the surface tension of water is able 
to gather the droplet up again, and hence the droplet is able to bounce off the surface, whereas on 
the paperboard surface the droplet remains flat. 
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Fig. 10. Dynamics of the falling water droplet on the paperboard (a and c) and on the nanocoated 
paperboard (b and d). The droplet is able to bounce off the nanocoated surface (HC, feed rate 32 
ml/min, burner distance 15 cm, line speed 30 m/min). 
 
When the surface is not tilted (Fig. 10, b), the water droplet does not slide while being flattened, 
and adheres to the nanocoating within a few milliseconds during which the droplet is in contact 
with the surface. The pinning occurs in the middle point of the droplet (the point that first touches 
the surface) where the flow of the water is the lowest, and the local pressure caused by the impact 
highest. Despite of the rapid pinning, the main part of the droplet is able to bounce off the 
nanocoated surface. If the surface is tilted (Fig. 10, d) the water droplet slides while being in 
contact with the nanocoating, thus the forward motion of the droplet remains continuous 
preventing the droplet from adhering to the surface. In conclusion, as long as the droplet moves it 
will not attach to the nanocoating surface, but as soon as the motion of the droplet stops the 
highly adhesive forces take effect. It is also noteworthy that the highly hydrophobic state of the 
nanocoating will not collapse, even though the impact of the falling droplet creates additional 
pressure and causes forced wetting of the surface. 

 
3.3. Adhesion of the Nanocoating to the Paperboard Surface 
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Adhesion of the nanocoating, or more precisely stability of the specific structure of the coating, 
that highly determines the CA on the surface, was studied by rough wear tests and the CA 
measurement. The results of the tape and the abrasion tests are presented in Fig. 11. The CA on 
the nanocoated surface remains significantly higher compared to the CA on the paperboard 
surface, thus the wear tests indicate that the nanocoating adhesion to the paperboard surface is 
relatively good. 
 

 
Fig. 11. CA on the nanocoating (HC, feed rate 32 ml/min, burner distance 15 cm, line speed 30 
m/min) as a function of taping/releasing sets (left) and after the abrasion test (right). Error bars 
indicate standard deviation. 
 
The wear tests roughly indicate the adhesion of the nanocoating to the paperboard surface, but in 
great extent the CA lowering as a result of the wear tests is likely due to destruction or blocking 
of the specific roughness of the nanocoating surface. Especially the glue of the tape remaining on 
the surface may block the porous nanocoating or change the surface chemistry (Fig. 11). 
 
The ability to resist wear and contamination is a universal problem among artificial 
superhydrophobic surfaces. This is because of the fragility of the micro- or nanoscale structure 
that is needed to increase the hydrophobicity [61,62]. In nature the superhydrophobicity of plants 
and insects remains under wearing and contaminating conditions because of their ability to renew 
and maintain the surfaces. 
 
4. Conclusions 

 
A new method for generating nanoscale coatings on-line at atmospheric conditions was 
introduced. Nanostructured coating based on titanium dioxide nanoparticles was successfully 
deposited directly on pigment coated paperboard surface in a roll-to-roll process up to 150 m/min 
by utilising the Liquid Flame Spray. The main parameters of the coating process, besides the type 
of precursor, are the precursor solution feed rate and concentration, the burner distance and the 
line speed. The parameters do not affect only the thickness of the nanocoating, but also the 
topography of it. 
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Nanoparticles synthesised in this work had a size range of ca. 20 80 nanometres in diameter. The 
LFS coated surface is hierarchically rough, possessing both micro- and nanoscale roughness. 
Individual nanoparticles create the nanoscale roughness for the coating, whereas the larger scale 
roughness arises from the agglomerated nanoparticles and microroughness of the substrate. 
Prepared nanocoating is transparent and shows hydrophobic nature. The highest measured water 
contact angle on the nanocoated paperboard surface was 166.6 ± 1.7°. It seems that relatively 
smooth layer of nanoparticles is not enough to make the surface very hydrophobic, but larger 
scale roughness is needed in order to obtain the extreme hydrophobicity. A falling water droplet 
was able to bounce off the nanocoated surface, which indicates that the highly hydrophobic state 
of the surface did not collapse despite the external pressure and forced wetting. Regardless of the 
extremely high hydrophobicity of the nanocoating, the water droplets adhered strongly to the 
surface as soon as their motion stopped. The grooves and gaps of the rough nanocoating surface, 
which water can penetrate, were deduced to cause the strong adhesion of water droplets. Wear 
tests indicated that the nanocoating stability on the paperboard surface was relatively good. 
 
The benefits of the LFS coating are affordability and continuous nature of the process. The LFS 
equipment is relatively simple, inexpensive and reliable, and the coating is carried out roll-to-roll 
at normal pressure. Therefore, it is likely that the LFS coating can be scaled up to industrial level 
for coating large volumes at high line speeds. 
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ABSTRACT: Hierarchical roughness is known to effectively reduce the liquid−solid
contact area and water droplet adhesion on superhydrophobic surfaces, which can be
seen for example in the combination of submicrometer and micrometer scale
structures on the lotus leaf. The submicrometer scale fine structures, which are often
referred to as nanostructures in the literature, have an important role in the
phenomenon of superhydrophobicity and low water droplet adhesion. Although the
fine structures are generally termed as nanostructures, their actual dimensions are
often at the submicrometer scale of hundreds of nanometers. Here we demonstrate
that small nanometric structures can have very different effect on surface wetting
compared to the large submicrometer scale structures. Hierarchically rough superhydrophobic TiO2 nanoparticle surfaces
generated by the liquid flame spray (LFS) on board and paper substrates revealed that the nanoscale surface structures have the
opposite effect on the droplet adhesion compared to the larger submicrometer and micrometer scale structures. Variation in the
hierarchical structure of the nanoparticle surfaces contributed to varying droplet adhesion between the high- and low-adhesive
superhydrophobic states. Nanoscale structures did not contribute to superhydrophobicity, and there was no evidence of the
formation of the liquid−solid−air composite interface around the nanostructures. Therefore, larger submicrometer and
micrometer scale structures were needed to decrease the liquid−solid contact area and to cause the superhydrophobicity. Our
study suggests that a drastic wetting transition occurs on superhydrophobic surfaces at the nanometre scale; i.e., the transition
between the Cassie−Baxter and Wenzel wetting states will occur as the liquid−solid−air composite interface collapses around
nanoscale structures. Consequently, water adheres tightly to the surface by penetrating into the nanostructure. The droplet
adhesion mechanism presented in this paper gives valuable insight into a phenomenon of simultaneous superhydrophobicity and
high water droplet adhesion and contributes to a more detailed comprehension of superhydrophobicity overall.

1. INTRODUCTION
Extremely water-repellent surfaces, on which water droplets sit
in a spherical shape with contact angles higher than 150°, are
often called superhydrophobic. These surfaces have attracted
considerable scientific interest in the past decade, which
becomes evident in the huge number of research papers
published on superhydrophobicity. The phenomenon of
superhydrophobicity and related mechanisms are attractive
scientifically, but also from the industrial point of view, because
extreme water repellency is desired in several applications.
Superhydrophobicity can potentially be exploited for example
in nonwetting, nonfogging, nonicing, and self-cleaning surfaces
or in droplet transportation and in micro- and macrofluidic
devices.1−6 Recent development in the field of super-
hydrophobicity has contributed to significant advances also in
other areas, for example in oleophobicity.7,8

The highest water contact angles reported on smooth low-
energetic surfaces, such as fluoropolymers, are usually around
120°.3−5 Surface roughness can further increase the hydro-
phobicity significantly, and therefore, it is essential for

superhydrophobicity. Nature has guided us to understand the
mechanisms of superhydrophobicity by introducing a wide
range of topography variations that exist on superhydrophobic
surfaces of plants4,9−11 and insects.4,5,12 The waxy surface of
superhydrophobic plants composes mainly of hydrocarbon
derivatives, and contains predominantly CH2 groups.1,11,13,14

Therefore, extremely low surface energy is not necessary for
superhydrophobicity. Even today, after the extensive study of
superhydrophobic surfaces, the pioneering work of Wenzel15

(complete wetting state) and Cassie and Baxter16 (partial
wetting state) provide the basis for understanding the wetting
phenomena on rough surfaces.
The most well-known example of superhydrophobicity is the

leaf of lotus plant,9 which has hierarchically rough dual-scale
surface structure. The micrometric nubs on the lotus surface
(epidermal cells) are decorated with the submicrometer tubular

Received: August 12, 2011
Revised: December 29, 2011
Published: January 20, 2012

Article

pubs.acs.org/Langmuir

© 2012 American Chemical Society 3138 dx.doi.org/10.1021/la203155d | Langmuir 2012, 28, 3138−3145

pubs.acs.org/Langmuir


fine structure (epicuticular waxes). Spherical water droplets sit
on the lotus surface, leaving air trapped between the liquid and
rough solid. Because of the small liquid−solid contact area, the
droplet adhesion to the surface is minimal and the droplets roll
off easily.
Contact angle hysteresis is commonly used to evaluate water

droplet adhesion to superhydrophobic surfaces.5,6,14,17 The
hysteresis is determined as a difference between advancing and
receding contact angle of a droplet. However, because there is
no single way to measure the hysteresis, the reported results
always depend, for example, on the method used or the droplet
volume. The hysteresis describes the ability of a surface to resist
the movement of a droplet. Both chemical and physical
heterogeneities of the surface can increase the hysteresis.
Particularly, when the liquid penetrates into a rough surface, the

receding contact angle may become very low, and thus the
hysteresis can rise significantly high. High hysteresis therefore
indicates large liquid−solid contact area and high adhesion of
water droplets to the surface. On the other hand, low hysteresis
on a superhydrophobic surface means that the liquid does not
penetrate into the surface structure at large extent, but water
droplets sit on the asperities of the surface with a small liquid−
solid contact area and low adhesion. In such case, droplets are
able to roll off the surface very easily (e.g., the lotus surface).
Generally, superhydrophobic surfaces possessing purely

submicrometer scale structures or a combination of submi-
crometer and micrometer scale structures (hierarchical rough-
ness) have smaller water droplet adhesion compared to surfaces
possessing purely micrometric structures.1,4,5,10,11,14 This is easy
to comprehend because for the low water droplet adhesion the

Figure 1. Illustration of phase interfaces on superhydrophobic surfaces. Entrapped air between water and rough surface causes the formation of the
liquid−solid−air composite interface (a). Liquid−solid contact area and droplet adhesion can be reduced by decreasing the structural dimensions of
the surface (b) or by increasing the air gaps between the structures (c).

Figure 2. FEG-SEM images of hierarchically rough superhydrophobic TiO2 nanoparticle surfaces. The low-resolution images (a−c) were captured at
the angle of 45°. The high-resolution image (d) was taken from above. The high-adhesive surface on the pigment-coated board substrate (a, d) is
hierarchically rough predominantly at two scales: the particles create the nano- and their aggregates the submicrometer scale structures to the surface.
In addition to the nanometric and submicrometer structures, the medium-adhesive surface on the pigment-coated board substrate (b) possesses
micrometric structures, which originate from large aggregates of particles (see processing details in Methods section). On the low-adhesive surface
(c) the fibrous structure of the paper substrate adds one more level to the hierarchical roughness.
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liquid−solid contact area must be minimized, and usually, it
decreases with the decreasing structural dimensions of the
surface (Figure 1a,b). It is not unusual that the fine structure of
a superhydrophobic surface, for example the lotus leaf, is
referred to as nanostructure. However, the dimensions of the
fine structures on low-adhesive superhydrophobic surfaces,
whether artificial or natural, are often at the scale of hundreds
of nanometers. Therefore, the structural dimensions on those
surfaces can be considered to be rather in a submicrometer size
range than in a nanometric range. This also applies to the lotus
surface, on which the outer diameter of the tubular fine
structure is typically around 100 nm, and the gaps between the
randomly distributed tubules are often in the range of hundreds
of nanometers.10,11,13,14

Another way to reduce the liquid−solid contact area is to
increase the gaps between the structures on the surface (Figure
1a,c). However, this may lead to a metastable super-
hydrophobicity,5,6,11,18−20 where the droplet initially sitting on
the asperities of the surface can collapse into the structure. The
collapse of superhydrophobicity can be caused for example by
increased internal Laplace pressure of the droplet or by some
external pressure, such as impaction. As a consequence of the
collapse, the liquid−solid contact area and droplet adhesion to
the surface increase drastically.
Water droplet adhesion to superhydrophobic surfaces is

usually at least moderately low because the surface structures
tend to decrease the liquid−solid contact area, as was already
discussed. Nevertheless, this does not apply to all super-
hydrophobic surfaces because there are several examples of
surfaces on which spherical water droplets are able to remain
even when the surface is tilted upside down.21−25 It is known
that high water droplet adhesion on superhydrophobic surfaces
is related to large liquid−solid contact area,5,11,14,21−23,26,27 but
the exact wetting mechanisms and the role of hierarchical
roughness in the phenomenon are not yet completely
understood.
Here we present one of the water droplet adhesion

mechanisms on superhydrophobic surfaces. Our studies on
hierarchically rough superhydrophobic nanoparticle surfaces on
board and paper substrates demonstrate that the nanoscale
surface structure has the opposite effect on the droplet
adhesion in comparison with the submicrometer and micro-
meter scale structures. That is, water adheres tightly to the
surface by penetrating into the nanostructure of the solid. The
nanostructure by itself does not cause superhydrophobicity.

2. RESULTS AND DISCUSSION
Nanoparticle surfaces are suitable for studying the effect of
hierarchical roughness on superhydrophobicity and droplet
adhesion because they can possess hierarchical structures at
multiple scales. We generated three differently structured
superhydrophobic titanium dioxide (TiO2) nanoparticle
surfaces (Figure 2) on pigment-coated board and paper
substrates by the liquid flame spray (LFS). Water droplet
adhesion to the surfaces varied between a sticky behavior
observed on the high-adhesive surface and an easy roll-off effect
observed on the low-adhesive surface. The generation of the
superhydrophobic TiO2 nanoparticle surfaces by the LFS is
discussed in detail in our previous studies.23,28,29

The nanosized particles (typically smaller than 50 nm in
diameter) create the nanoscale structure for the surfaces. The
particle structure is highly porous, and the effective surface area
is therefore significantly large, as is shown by the high-

resolution SEM image in Figure 2. The larger structures at
submicrometer and micrometer scale originate from aggregates
of the particles and from roughness of the substrates. Size of the
particle aggregates and the gaps between them typically vary
from hundreds of nanometers up to some micrometers. In
addition, roughness of a substrate can significantly increase the
structural dimension on the nanoparticle-coated surface. This
becomes apparent when the high- and medium-adhesive
surfaces on the pigment-coated board substrate (Figure 2a,b)
are compared with the low-adhesive surface on the paper
substrate (Figure 2c), where the fibrous structure is still clearly
visible below the nanoparticle coating. Because of the fibrous
substrate structure, the low-adhesive surface is highly irregular,
possessing large-scale structures and gaps up to tens of
micrometers. Detailed information on the substrate materials
(e.g., SEM, AFM, and XPS analyses) can be found in earlier
works.29−32 The particle growth and aggregate formation in
aerosol processes is discussed in detail by e.g. Gurav et al.33 and
Pratsinis.34 Because of nature of the substrate materials and
aggregate formation in the LFS process, the nanoparticle
surfaces are highly irregular at several different scales. However,
the dominating structural dimensions on the surfaces can be
characterized as follows: the high-adhesive surface possesses
structures predominantly at two scales: nano- and submi-
crometer scale (Figure 2a,d); the medium-adhesive surface at
three scales: nanometer, submicrometer, and micrometer scale
(Figure 2b); and the low-adhesive surface at four scales:
nanometer, submicrometer, micrometer, and tens of micro-
meters scale (Figure 2c).
The advancing and receding water contact angles for the

surfaces were measured using the increment−decrement
method (Table 1), but to get a wider perspective, the hysteresis

was also measured from moving droplets (Table 2). With both
methods the trend is clear: the more levels of hierarchical
roughness on the surface, the lower the hysteresis. The
advancing contact angle is almost the same for all the surfaces
(Tables 1 and 2) because on each of the surfaces the advancing
edge of the droplet must jump over the air gaps existing on the
rough solid. The variation in the contact angle hysteresis is
therefore mainly due to the different receding contact angles.
The receding contact angle decreased continuously close to

nil on the high-adhesive surface (Figures 3 and 4), and the real

Table 1. Contact Angles and Hysteresis (in deg) of the
Superhydrophobic Surfaces Measured by the Increment−
Decrement Method

surface static angle adv angle rec angle hysteresis

high-adhesive surface 159 ± 2 169 ± 1 <60 >100
medium-adhesive surface 169 ± 1 169 ± 1 114 ± 2 55
low-adhesive surface 168 ± 1 169 ± 1 138 ± 3 31

Table 2. Contact Angles and Hysteresis (in deg) of the
Superhydrophobic Surfaces Measured from the Moving
Droplets

surface adv angle rec angle hysteresis

high-adhesive surface 161 ± 2 124 ± 7 37
medium-adhesive surface 164 ± 4 156 ± 3 8
low-adhesive surface 160 ± 2 154 ± 2 6
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hysteresis measured by the increment−decrement method
could therefore be even higher than 150°. Nevertheless, we
only declare the receding contact angle to be less than 60° and
the hysteresis over 100° because at the late stage of the
evaporation the receding contact angle cannot be determined
reliably. The remarkably low receding contact angle on the

high-adhesive surface indicates water penetration between the
nanoparticles in a large extent and thus formation of
significantly large liquid−solid contact area and high water
droplet adhesion.
When the contact angle hysteresis results from the moving

droplets (Table 2) are compared with the results from the
increment−decrement method (Table 1), it can be seen that
the hysteresis values are lower and the differences between the
surfaces are therefore smaller. From the moving droplets the
extremely low hysteresis of 8° and 6° were measured for the
medium- and low-adhesive surfaces, respectively. The droplets
were able to move even on the high-adhesive surface, which we
observed already in our previous study.23 We conclude the
liquid−solid contact time of the moving droplets was too short
for proper water penetration into the nanostructure of the
surfaces.
Tilt angles where 10 μL water droplets rolled off the

superhydrophobic surfaces and contact angle hysteresis in a
static state right before the roll-off are shown in Table 3. The

Figure 3. Shape and contact diameter of evaporating water droplets on
the high- (above) and low-adhesive (below) superhydrophobic
surfaces. The droplet is tightly pinned to the high-adhesive surface,
and therefore the contact diameter remains constant at 1.5 mm.
Consequently, at the end of the evaporation the droplet is clearly in a
hydrophilic state possessing a very low contact angle. On the low-
adhesive surface the contact diameter decreases with the decreasing
droplet volume, and thus the droplet maintains its spherical shape and
high contact angle.

Figure 4. Contact angle and contact diameter of evaporating water droplets on the high-, medium-, and low-adhesive superhydrophobic surfaces.
When the contact diameter decreases with the decreasing droplet volume, the contact angle remains high, and conversely, pinning of the contact
diameter causes a rapid decrease in the contact angle (a). The contact diameter remains almost unchanged throughout the evaporation on the high-
adhesive surface but starts to decrease around the droplet volumes of 2 and 3.7 μL on the medium- and low-adhesive surfaces, respectively (b).
Consequently, the contact angle decreases continuously on the high-adhesive surface but remains high on the medium-, and especially, on the low-
adhesive surface. Variation in the receding contact angle at the steady states can be attributed to water pinning at the liquid−solid contact sites and to
sudden jumps over the air gaps (c). Complete evaporation of the 10 μL droplets took approximately 60 min on the high-adhesive surface and 65 min
on the medium- and low-adhesive surfaces.

Table 3. Tilt Angles Where Water Droplets Rolled off the
Superhydrophobic Surfaces and the Contact Angles and
Hysteresis in a Static State Right before the Roll-Off (All
Values in deg)

surface tilt angle adv angle rec angle hysteresis

high-adhesive surface
medium-adhesive surface 28 ± 7 168 ± 2 117 ± 4 51
low-adhesive surface 10 ± 2 168 ± 2 134 ± 4 34
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droplets did not roll off the high-adhesive surface even when
tilted upside down. In contrast, on the low-adhesive surface the
roll-off occurred already at the tilt angle of 10°. The hysteresis
values measured right before the roll-off are quite similar to the
values measured by the increment−decrement method (Table
1). In both cases, the droplets were practically in a static state,
which explains the similarity of the results.
We followed the contact angle and contact diameter of

evaporating water droplets in order to obtain more detailed
information on the liquid−solid contact line pinning and
droplet shape on the surfaces (Figures 3 and 4). On the high-
adhesive surface the droplet contact diameter remained pinned
and almost unchanged during the evaporation, and therefore,
the contact angle decreased constantly close to nil. An opposite
phenomenon was observed on the low-adhesive surface, where
the contact diameter decreased quite freely with the decreasing
droplet volume. Consequently, the contact angle remained high
and the droplet maintained its spherical shape (Figure 3).
Although there was a steady state in the contact angle
(determined as the receding contact angle in Table 1) on the
medium- and low-adhesive surfaces, at the end of the
evaporation the contact angle decreased rapidly (Figure 4).
Internal Laplace pressure of the droplet increases constantly
with the decreasing droplet volume, which may disturb the
equilibrium state of the evaporating droplets at the end of the
evaporation. In addition, e.g. concentration of impurities in the
droplet could affect the receding contact angle at the late stage
of the evaporation.
In order to approach the hydrophobicity and droplet

adhesion from another perspective, we studied nanoparticle-
coated low-density polyethylene (LDPE) surface (Figure 5),
which did not practically possess any hierarchical roughness.
Contact angle hysteresis of the nanocoated surface was
measured to be as high as 83° (Table 4). The high hysteresis

does not occur because of high advancing contact angle that
would indicate the formation of the liquid−solid−air composite
interface but because of the low receding contact angle (18°)
that indicates the liquid penetration into the nanostructure of
the surface. For comparison, because the uncoated LDPE
surface has relatively homogeneous physical and chemical
structure, its contact angle hysteresis is only 22°.

A detailed observation of the evaporating droplets (Figure 6)
shows that there was only a weak pinning on the liquid−solid
contact line on the uncoated LDPE surface, and thus the
contact diameter decreased comparatively freely with the
decreasing droplet volume. Consequently, the receding contact
angle remained in a steady state close to the static contact angle
for a long period of time, until it rapidly decreased at the end of
the evaporation in the similar manner as it did with the
superhydrophobic surfaces. The nanostructure does not cause
superhydrophobicity because the static contact angle on the
nanocoated surface is only 91°. Instead, the nanostructure is
responsible for the droplet pinning to the surface.
In conclusion, our study demonstrates that the nanoscale

structure of the LFS-generated surfaces does not cause
superhydrophobicity. Instead, water can adhere tightly to the
surface by penetrating into the nanostructure, where inter-
molecular forces, such as van der Waals interactions, cause the
liquid−solid adhesion. Structures at submicrometer and
micrometer scale are required to entrap air below water
droplets and thus reduce the liquid−solid contact and cause
superhydrophobicity. Therefore, after the nanoscale structure,
each level in the hierarchical roughness of the surfaces
decreases the liquid−solid contact area and water droplet
adhesion. The results indicate that wetting transition between
the Cassie−Baxter and Wenzel states will occur when the
surface structures get small enough at nanometer scale; that is,
water will penetrate into the nanostructure either partially or
fully.
Usually, the liquid−solid contact area and water droplet

adhesion on superhydrophobic surfaces decrease with the
decreasing structural dimensions of the surface, as was
discussed in the Introduction. However, this is not always the
case because for example on the superhydrophobic rose petal
surface the submicrometer cuticular folding on the micrometer
scale epidermal cells causes the high water droplet adhesion.21

As we have shown here, also nanoscale structures can increase
water droplet adhesion on superhydrophobic surfaces. With the
decreasing structural dimensions, at certain point, air pockets
no longer form onto the liquid−solid interface and super-
hydrophobicity will be lost. Smooth solids for example, which
can never be superhydrophobic regardless of their chemistry,
practically always possess at least atomic scale roughness. The
critical point where the liquid−solid−air composite interface
will collapse depends on the shape and chemistry of the surface
structures. After the collapse the roughness of the solid no
longer reduces the liquid−solid contact area. Instead, when the
liquid penetrates into the structure, the real contact area and
droplet adhesion may become much larger compared to a
smooth surface. This observation, on the other hand, gives us a
tool to create high-adhesive superhydrophobic surfaces by

Figure 5. FEG-SEM images of the LDPE surface before (a) and after the nanocoating (b, c).

Table 4. Contact Angles and Hysteresis (in deg) of the
Uncoated and Nanocoated LDPE Surfaces Measured by the
Increment−Decrement Method

surface static angle adv angle rec angle hysteresis

uncoated surface 99 ± 0 108 ± 1 86 ± 0 22
nanocoated surface 91 ± 2 101 ± 1 18 ± 1 83
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combining the nanoscale structure with a larger, air-entrapping
structure, as we have done in this study. That is, the large-scale
structure causes superhydrophobicity, and the overlaying
nanoscale structure causes water adhesion.
It is typical that surface phenomena and characteristics of

micro- and nanometric materials may vary significantly from
bulk materials. Quite often drastic changes in material
properties, even a turn over, occur when the particle or grain
size decreases to nanometer scale, below 10−20 nm.35,36 From
that point of view, it is not surprising that the above-discussed
superhydrophobicity and adhesion phenomena occur on
surfaces decorated with micro- and nanometric structures, but
not on smooth surfaces. Detailed discussion of water
interactions around nanometric structures can be found from
the literature, but so far this discussion has been generally
ignored in practical superhydrophobicity studies. For example,
several research groups have suggested that so-called drying
transition of water occurs around small scale hydrophobic
objects.37−40 That is, water molecules recede from hydrophobic
surfaces, and thus the density of water decreases close to the
hydrophobic objects, leading to a formation of thin vapor layer
between the liquid and solid. If two or more hydrophobic
objects are close enough to each other, the vapor layers unite to
form one larger bubble covering the interfacial area of the
structures. This is in good agreement with the well-documented
observations on superhydrophobic surfaces: submicrometer
and micrometer scale surface structures can entrap air and
create the liquid−solid−air composite interface. However, Lum
et al.38 carried out theoretical calculations suggesting that

density fluctuations in the liquid−vapor interface may lead to
vanishing of the metastable vapor bubble if the interfacial
distances between the hydrophobic structures decrease small
enough at nanometer scale. Later studies39−41 have confirmed
that water really can fill hydrophobic nanometric pores, and
Hummer et al.40 even simulated a density fluctuations driven
conduction of water molecules through a hydrophobic carbon
nanotube channel of less than 1 nm (10 Å) in diameter. The
above discussion is in strong consensus with the observations of
our study. That is, although the decreasing structural
dimensions on superhydrophobic surfaces can reduce the
liquid−solid contact area and increase hydrophobicity to a
certain point, indeed, there will be a critical turn over limit, after
which the liquid will collapse into the nanostructure. If the turn
over takes place, it will have a drastic effect on the
hydrophobicity, liquid−solid contact area, and droplet adhesion
of the surface.
In recent years, a number of practical studies on super-

hydrophobic paper surfaces have been published. Cellulose
fibers of paper are inherently highly irregular, possessing a
variety of structures at several scales. There are lots of pinning
sites for water, for example grooves21 or nanoscale structures,
and thus e.g. deposition of a thin fluorocarbon film typically
results in a highly hydrophobic and high-adhesive surface.42,43

Balu et al.,42,43 among others,44,45 have done thorough study
with superhydrophobic paper surfaces. They successfully
modified the hierarchical structure of paper surface by plasma
etching, which shifted the surface wetting from the high-
adhesive state to the low-adhesive state. More precisely, after

Figure 6. Contact angle and contact diameter of evaporating water droplets on the uncoated and nanocoated LDPE surfaces. Contact angle of the
evaporating droplet remains high on the uncoated surface because the contact diameter decreases quite freely with the decreasing droplet volume. In
contrast, contact angle decreases rapidly on the nanocoated surface due to water pinning to the solid (a). On the uncoated surface the contact
diameter decrement begins already at the droplet volume of 8 μL, whereas on the nanocoated surface the decrement does not begin until the droplet
volume is less than 3 μL (b). In consequence, on the uncoated surface the receding contact angle stays in a steady state close to the static contact
angle for a long period of time, but on the nanocoated surface the contact angle decreases almost linearly, and only a short steady state can be
observed at the end of the evaporation (c). Complete evaporation of the 10 μL droplets took approximately 55 min on the uncoated surface and 40
min on the nanocoated surface.
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the plasma etching the initially highly irregular fiber surface
appeared with rather well-defined submicrometer scale
structures. Although our approach is quite different from
many other superhydrophobicity studies on paper substrates,
i.e., instead of a film-type coating we generate hierarchically
structured particle coatings, the results of the earlier studies on
paper substrates are in consensus with the conclusions of this
study.
An overview of superhydrophobicity in general, based on the

findings of our study, shows that although the materials,
fabrication methods, and chemical and physical structure of the
high-adhesive superhydrophobic surfaces can vary significantly,
a combining factor for several of them17,23−25,42,43,46−49 is the
hierarchical roughness where the smallest structures, for
example pores or gaps, are at the nanometre scale. On the
basis of that observation and the discussion in this paper, there
is a reason to presume that the droplet adhesion mechanism
demonstrated in this study applies not only to the LFS-
generated surfaces, but is relevant to different types of surfaces
in general, and has therefore a great scientific impact in the field
of wetting and superhydrophobicity.

3. CONCLUSIONS

We have shown that hierarchically rough superhydrophobic
TiO2 nanoparticle surfaces with varying water droplet adhesion
can be generated onto board and paper substrates by the LFS.
Spherical water droplets were not able to roll off the high-
adhesive surface, and the contact angle hysteresis on the surface
was even higher than 100°. In contrast, on the low-adhesive
surface the droplet roll-off occurred at the tilt angle of 10°, and
the contact angle hysteresis was as low as 6°. The
submicrometer and micrometer scale structures on the
hierarchically rough surfaces entrap air below water droplets
and thus create the liquid−solid−air composite interface that is
required for superhydrophobicity. The nanoscale structure of
the surfaces does not contribute to superhydrophobicity.
Instead, water droplets can adhere tightly to the surface by
penetrating into the nanostructure. Droplet adhesion is
therefore dependent on the hierarchical structure of the
surfaces.
Our results suggest that a drastic wetting transition occurs on

superhydrophobic surfaces at the nanometer scale. At certain
point with the decreasing structural dimensions, which is
determined by the physical and chemical structure of the
surface, the transition between the Cassie−Baxter and Wenzel
wetting states will occur as the liquid−solid−air composite
interface collapses. Consequently, water adheres tightly to the
surface by penetrating into the nanoscale structure. The water
droplet adhesion mechanism presented in this paper gives
valuable insight into a phenomenon of simultaneous super-
hydrophobicity and high water droplet adhesion and
contributes to a more detailed comprehension of super-
hydrophobicity overall.

4. METHODS
Hierarchically rough superhydrophobic titanium dioxide (TiO2)
nanoparticle surfaces were generated onto pigment coated (PC)
board and machine glossed (MG) paper in a continuous roll-to-roll
process by the liquid flame spray (LFS). A detailed description of the
LFS coating process and materials are given in our previous
publications.23,28,29 Hierarchical structure of the superhydrophobic
surfaces was controlled by the processing parameters and substrate
material. Three superhydrophobic surfaces with varying water droplet

adhesion (high, medium, and low) were generated using the
processing parameters shown in Table 5. In addition, low-density
polyethylene (LDPE) surface was TiO2 nanocoated in order to obtain
nanostructured surface without hierarchical roughness. Uncoated
LDPE was studied as a “smooth” reference surface.

A field emission gun scanning electron microscope (FEG-SEM),
Zeiss ULTRAplus, was used for imaging the nanoparticle surfaces.
Because of resistive nature of the surfaces, they were sputter-coated
with thin gold (board and paper substrates) or carbon (LDPE
substrates) films prior to the FEG-SEM imaging.

All the contact angle measurements were performed at ambient
conditions of 23 °C/50% relative humidity using distilled water and
KSV CAM200 equipment. Three parallel droplets were used for each
measurement, and standard deviation was used to evaluate the error.
Advancing and receding contact angles were measured by increasing
and decreasing the droplet volume (increment−decrement method),
respectively, and from moving droplets.

In the increment−decrement method droplet volume was increased
up to 10 μL with 0.2 μL increments. The droplet was imaged after
each increment to determine the advancing contact angle. The
receding contact angle was studied by imaging an evaporating droplet
(initially 10 μL) every 60 s. An average value was calculated from the
points where the droplet was in a steady state where the contact angle
decrement had stopped (see Figures 4 and 6). Droplet volumes under
0.5 μL were not considered for the receding contact angle because the
experiments did show that the receding contact angle cannot be
determined reliably with small droplet volumes.

Contact angle hysteresis from moving droplets was measured by
setting a substrate to the tilt angle of 9°, after which 10 μL droplets
were gently deposited onto the surface from which they instantly
rolled off. The rolling droplets were then imaged to determine the
advancing and receding contact angles from the front and rear of the
droplets, respectively. Tilt angles where 10 μL droplets rolled off the
surfaces were obtained by tilting the substrate slowly until the droplet
started to move. Contact angle hysteresis “in a static state” was
measured right before the droplet started to move.
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Table 5. Substrate Materials and LFS Processing Parameters
Used in the Surface Preparation

surface
description substrate

concn (mg
atomic Ti/

mL)
feed rate
(mL/min)

burner
distance
(cm)

line
speed

(m/min)

high-adhesive
surface

PC
board

50 32 15 50

medium-
adhesive
surface

PC
board

50 12 6 50

low-adhesive
surface

MG
paper

50 12 6 50

nanocoated
surface

LDPE 50 12 15 50
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Abstract 

 
Surface wetting is an important and relevant phenomenon in several different fields. Scientists have 
introduced a large number of applications where special surface wetting could be exploited. Here 
we study wetting phenomena on high- and low-adhesive superhydrophobic Liquid Flame Spray 
(LFS) generated TiO2 coatings on paper and pigment coated board substrates using water-ethanol 
solution as a probe liquid. Submicrometer scale air gaps, which exist on superhydrophobic surfaces 
below the liquid droplets, were more stable with the ethanol increment than the larger scale 
micrometric air gaps. With the droplet ethanol concentration of 15 wt%, static contact angle as high 
as 155 ± 2° was measured on the LFS-TiO2 coated board. Transition from the low-adhesive wetting 
state to the high-adhesive state was demonstrated on the LFS-TiO2 coated paper. The LFS method 
enables efficient roll-to-roll production of surfaces with special wetting properties on economically 
viable board and paper substrate materials. 
 
Keywords: superhydrophobic, wetting, hierarchical roughness, contact angle hysteresis, paper, roll-
to-roll process 
 
1. Introduction 
 
Spreading of a liquid on a solid surface, i.e. surface wetting, is a phenomenon that is strongly 
related to our daily life. Consider, for example, washing the dishes: detergents are needed to lower 
the surface tension of water and thus to enable its penetration below the dirt. Or imagine a rainy 
day, when water droplets on a window may hinder the view. Nature has resolved wetting problems 
by creating an impressive and broad range of surfaces with special wettability [1 3]. Water-
repellent leaves of lotus plant [4], wings of butterflies [5, 6] or legs of water striders [7], as well as 
high-adhesive water repellency of rose petals [8, 9], are just few examples. Surface wetting is a very 
interesting topic from industrial point of view, because it is often related to manufacturing or 
functioning of materials and products. For example, special wettability is exploited in offset 
printing [10], self-cleaning [4, 11, 12], anti-fogging surfaces [12, 13] and microfluidic devices [14, 
15], among others. 
 
One simple and widely used method to evaluate surface wettability is the contact angle 
measurement. That is, a liquid droplet is placed on a solid surface and the angle between the liquid 
and solid is measured in a static state. Water-repellent surfaces, where droplets stay in a spherical 
shape, result in high contact angles, whereas on hydrophilic surfaces droplet spreading results in 
low contact angles. Surface wetting is fundamentally governed by two factors: chemistry and 
physical structure of the surface. Extremely water-repellent surfaces, where contact angle is higher 
than 150°, are usually called superhydrophobic. These surfaces always possess special physical 
structure or roughness at the scale from tens of micrometers to a few nanometers [16 18]. Wetting 
of rough surfaces has attracted appreciable attention of scientists ever since Wenzel [19] and Cassie 
and Baxter [20] introduced their wetting theories for rough surfaces. These two idealistic theories 
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describe opposite wetting states, i.e., the state where a surface is completely wetted by a liquid 
(Wenzel state) and the state where only top areas of a surface are wetted (Cassie-Baxter state). 
Although wetting of real surfaces is often a combination of the Wenzel and Cassie-Baxter states, 
these two theories are still useful and help us perceive the wetting phenomenon on rough surfaces. 
 
More detailed information on surface wetting properties can be obtained by measuring dynamic 
contact angles in addition to the static contact angle. Advancing contact angle in front of the 
moving liquid phase is always higher than the receding one in the rear. The difference between the 
advancing and receding contact angles is called contact angle hysteresis. Hysteresis gives 
information on the chemical heterogeneity of a surface. For example, in the case of water, 
hydrophobic surface areas increase the advancing contact angle, whereas hydrophilic areas decrease 
the receding contact angle, and thus the hysteresis increases. Hysteresis can also provide valuable 
information on wetting of rough surfaces, because liquid penetration into the solid affects 
particularly the receding contact angle by decreasing it [21 23]. On superhydrophobic surfaces, the 
advancing contact angle is always very high (> 150°). Even though all superhydrophobic surfaces 
have the high static and high advancing contact angles in common, there can be large variation in 
the receding contact angles on the differently structured surfaces. Therefore, contact angle 
hysteresis and droplet adhesion on superhydrophobic surfaces can vary significantly. When the 
receding contact angle on a superhydrophobic surface is close to the advancing contact angle, i.e. 
the hysteresis is low, the droplet is in Cassie-Baxter state sitting on top of the surface asperities. On 
this type of surfaces, e.g. on lotus leaf, the droplet adhesion is very low because of the small contact 
area between the liquid and solid substrate. In contrast, when the receding contact angle is 
considerably low in comparison with the advancing one, i.e. the hysteresis is high, the droplet is 
typically at least partially in the Wenzel state. That is, the liquid partially penetrates into the surface 
texture, and thus the real liquid-solid contact area can be significantly larger than the projected 
contact area. Therefore, high hysteresis indicates high droplet adhesion on a surface. 
 
Paper and board are economically viable and cheap substrate materials made of renewable, 
recyclable and biodegradable cellulose fibers. The ability to control wetting properties of paper and 
board, for example by creating a superhydrophobic surface, can be an advantage in various 
converting processes of the materials, e.g. in printing, coating and lamination. Moreover, controlled 
surface wetting of paper and board can broaden their exploitation potential in other fields as well. 
As an example, superhydrophobic paper or board could potentially be utilized as a cheap and 
disposable substrate for microfluidic devices or as a lab-on-paper (LOP) platform as was 
demonstrated by Balu et al. [24]. In the past few years researchers have introduced a variety of 
methods to generate superhydrophobic paper surfaces with varying liquid adhesion properties 
[25 32]. Typically, the fibrous surface of paper is utilized as a base for the hierarchical structure 
that can provide superhydrophobicity after chemical modification, e.g. by plasma coating. This was 
the approach e.g. in the earlier work of Balu et al. [29], where fluorocarbon coated paper surface did 
show superhydrophobicity with high droplet adhesion and high contact angle hysteresis. In the same 
study, it was demonstrated how plasma etching of the paper surface generated submicrometer 
structures on the cellulose fibers, which effectively reduced the water droplet adhesion and 
hysteresis. 
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In this study we have investigated wetting and hysteresis phenomena on superhydrophobic Liquid 
Flame Spray (LFS) [33, 34] generated TiO2 nanoparticle coatings on paper and pigment coated 
board substrates. In particular, surface wetting by water-ethanol solution and ethanol effect on the 
contact angle hysteresis are studied. Our approach is quite different from many other 
superhydrophobicity studies on paper materials because of the atmospheric and continuous nature 
of the roll-to-roll LFS coating procedure. Another distinctive feature of the present study is that the 
pigment coating on the board substrate eliminates the micrometric roughness of the cellulose fibers. 
In the case of the pigment coated substrate the surface roughness needed for superhydrophobicity is 
mainly caused by the submicrometric nanoparticle aggregates of the LFS coating. As we will 
demonstrate, the smoothening effect caused by the pigment layer can be a benefit when generating 
superhydrophobic paper and board surfaces, which are repellent to liquids other than just pure 
water. 
 
2. Materials and methods 
 
Hierarchically rough superhydrophobic TiO2 nanoparticle coatings were generated onto commercial 
pigment coated board (Natura 200 g/m2, Stora Enso, Skoghall mill, Sweden) and machine glossed 
paper (SwanWhite 83 g/m2, UPM Kymmene, Valkeakoski mill, Finland) in a continuous roll-to-roll 
process by the LFS method. Titanium tetraisopropoxide (97 % pure, Aldrich) dissolved in 
isopropanol with a concentration of 50 mg (atomic metal)/ml was used as a precursor liquid for the 
nanoparticle synthesis. The pigment coated board substrate was LFS coated with the following 
parameters: precursor feed rate 32 ml/min, burner distance 15 cm and line speed 50 m/min. The 
paper substrate was coated with the following parameters: precursor feed rate 12 ml/min, burner 
distance 6 cm and line speed 50 m/min. 
 
In the LFS process the liquid precursor is fed together with the combustion gases (hydrogen and 
oxygen) into a special designed spray gun. Instantly after exiting the burner nozzle, the precursor 
solution is atomized to micrometer-sized droplets by the high-velocity gas flow. Liquid droplets 
evaporate in a hot and turbulent flame and subsequent reactions of the precursor vapor lead to 
formation of nanoparticles. Afterwards nanoparticles grow larger in the flame by condensation, 
coagulation, coalescence and agglomeration, and deposit onto a moving substrate to form a highly 
porous nanoparticle coating. A detailed description of the LFS coating process, equipment and 
materials are given in our previous publications [23, 35 38]. 
 
All the contact angle measurements were performed in a conditioned room at 23ºC / 50% relative 
humidity using distilled water and ethanol (Altia Oyj, Rajamäki, Finland). Water-ethanol solutions 
were prepared by weight (ethanol concentration is given in wt%) using Precisa 240A scale (Oy 
Teo-Pal Ab, Espoo, Finland). Liquid proportions (10 g in total) were measured into a glass vessel 
with an accuracy of ± 0.02 g. Instantly after preparation and stirring of the water-ethanol solution it 
was sucked into microsyringe to avoid ethanol evaporation. The droplets were carefully placed onto 
the substrates with the microsyringe and the droplet imaging was done with KSV CAM200 
equipment (KSV Instruments Oy, Helsinki, Finland) three seconds after the droplet placement. The 
droplet volume of 10 µl was used in the study and the given static contact angles are average values 
measured from three to five droplets. 
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Advancing and receding contact angles for the contact angle hysteresis were obtained by moving 
the substrate below the liquid droplets that were attached to the microsyringe needle tip (see Fig. 5). 
The microsyringe was mounted to the dispenser system of the CAM200 equipment so that the 
needle tip was fixed at 0.8 mm above the substrate. A motorised stage and constant speed of 2 mm/s 
were used to move the substrate, and droplet imaging was done every 0.2 s. Droplet size of 25 µl 
was used in the hysteresis measurements. Despite the gentle droplet placement onto the moving 
substrate, in some cases the droplet always detached from the needle tip and thus the advancing and 
receding contact angles/hysteresis could not be measured (see Table 1). The receding contact angle 
and liquid-solid contact diameter of evaporating droplets were studied by imaging the droplet every 
60 seconds. 
 
3. Results and discussion 
 
3.1. Surface wetting by water 
 
In our previous study [23] we generated high- and low-adhesive superhydrophobic TiO2 
nanoparticle coatings on board and paper substrates using the LFS method. Hierarchical structure of 
the LFS-TiO2 surfaces, shown in Fig. 1, governs the superhydrophobicity, but in addition, it 
establishes the droplet adhesion and contact angle hysteresis on the surfaces. Nanoscale structures 
on the surfaces increase water droplet adhesion since water can penetrate between the nanoparticles. 
In contrast, submicrometer and micrometer scale structures entrap air below water droplets and thus 
decrease the liquid-solid contact area and droplet adhesion. On the high-adhesive LFS-TiO2 coated 
board (Fig. 1a) there is not much micrometric structure because the pigment layer on the board 
levels the substrate irregularity significantly [36, 39]. The surface is still highly irregular due to the 
submicrometer scale structure caused by the particle aggregates, which can entrap air and produce 
superhydrophobicity. However, despite the air-entrapping submicrometer structure, the liquid-solid 
contact area on the surface is large due to the surface nanostructures. On the LFS-TiO2 coated paper 
(Fig. 1b) the fibrous structure of the substrate makes the surface highly irregular also at micrometer 
scale, which reduces the liquid-solid contact area and thus governs the low-adhesive behavior of the 
surface. 
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Fig. 1 Scanning electron microscope images of high- and low-adhesive superhydrophobic LFS-
TiO2 coated surfaces. The high-adhesive surface on pigment coated board (a) is significantly 
smoother at the micrometric scale compared to the low-adhesive surface on paper (b). The high-
resolution image (c) reveals the hierarchical structure of the high-adhesive surface at the 
submicrometer and nanoscale. Reprinted (adapted) with permission from [23] Teisala et al. (2012) 
Langmuir 28:3138 3145. Copyright 2012 American Chemical Society 
 
In our previous study [23] the contact angle hysteresis on the superhydrophobic surfaces was 
measured in two ways: from the rolling droplets and by the increment-decrement method. In the 
latter one, the receding contact angle was evaluated from evaporating droplets. The hysteresis 
measured from rolling droplets was relatively low on both surfaces: 37° on the high-adhesive 
surface and 6° on the low-adhesive surface. However, when water droplets evaporated freely from 
the surfaces, the liquid was able to penetrate into the nanostructure and the difference between the 
surfaces became more evident. On the high-adhesive surface water was tightly pinned to the 
surface, i.e. contact diameter of the droplet did not shrink with the decreasing droplet volume, and 
thus the receding contact angle decreased constantly close to zero, which indicates a hysteresis of 
over 150°. In contrast, on the low-adhesive surface the contact diameter decreased with the 
decreasing droplet volume. Thus, the droplet maintained its spherical shape during the evaporation 
and the receding contact angle remained comparatively high, around 140° (Fig. 2). 
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Fig. 2 Contact angle, contact diameter and shape of evaporating water droplets on the high- and 
low-adhesive superhydrophobic LFS-TiO2 surfaces. The droplet is tightly pinned to the 
nanostructures of the high-adhesive surface and therefore the contact diameter remains constant at 
1.5 mm. Consequently, at the end of the evaporation the droplet is clearly in a hydrophilic state 
possessing a very low contact angle. On the low-adhesive surface the contact diameter decreases 
with the decreasing droplet volume, and thus the droplet maintains its spherical shape and high 
contact angle. Reprinted (adapted) with permission from [23] Teisala et al. (2012) Langmuir 
28:3138 3145. Copyright 2012 American Chemical Society 
 
3.2. Surface wetting by water-ethanol solution 
 
Water is a special liquid because of its high surface tension, which is caused by the hydrogen bonds 
between H2O molecules. For this reason it is comparatively easy to prevent water spreading on a 
surface, for example in the case of superhydrophobic surfaces. Many other liquids, e.g. alcohols, 
possess much lower surface tension than water, and thus they spread more easily on a solid surface. 
For example, surface tensions for water and ethanol at 20°C have been reported to be 72.8 and 22.3 
mN/m, respectively [40]. Here we study wettability of the high- and low-adhesive 
superhydrophobic LFS-TiO2 surfaces using water-ethanol solution as a probe liquid. Fig. 3 shows 
contact angles on both superhydrophobic surfaces as a function of increasing ethanol concentration 
in the liquid. The high-adhesive surface can resist spreading of water-ethanol solution clearly better 
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than the low-adhesive surface. The contact angle as high as 155 ± 2° was measured on the high-
adhesive surface when the ethanol concentration in the probe liquid was 15 wt%. On the low-
adhesive surface the contact angle had decreased already below 150° at the ethanol concentration of 
10 wt%, and at the concentration of 15 wt% it was no higher than 87 ± 1°. According to Vázquez et 
al. [40], who provide extensive information on different water-alcohol solutions, surface tensions 
for the 10 and 15 wt% water-ethanol solutions at 20°C are 48.1 and 42.7 mN/m, respectively. 
 
On the high-adhesive surface the contact angle decrement as a function of increasing ethanol 
concentration has clearly three stages (Fig. 3). At the first stage, which lasts approximately until 15 
wt% of ethanol concentration, the contact angle decrement is quite linear. At the second stage 
between the ethanol concentrations of 15 and 20 wt%, there is a rapid decrement in the contact 
angle. We assume that during the second stage most of the entrapped air is replaced by the liquid. 
That is, the air pockets below the liquid droplets collapse, which decreases the contact angle 
rapidly. After the collapse, at the third stage, the contact angle decrement continues again rather 
linearly. On the low-adhesive surface the contact angle decrement occurs rather in a similar manner 
as with the high-adhesive surface. However, the three stages are not as clear as on the high-adhesive 
surface, the contact angle decrement is steeper already at the first stage, and the rapid decrement 
occurs earlier. On the reference substrates, i.e. pigment coated board and paper without the LFS-
TiO2 coating, the contact angle decrement always appears to be linear. 
 

 
Fig. 3 Contact angles on the high- and low-adhesive superhydrophobic LFS-TiO2 surfaces as a 
function of increasing ethanol concentration in the probe liquid. Reference substrates number 1 and 
2 refer to pigment coated board and paper without the LFS coating, respectively. The error bars 
represent standard deviation 
 
With the increasing ethanol concentration the non-wetting state on the superhydrophobic LFS-TiO2 
surfaces converted to complete wetting state, where all the air pockets were considered to be filled 
by the liquid (Fig. 3). In general, it is typical for superhydrophobic surfaces that pure water can also 
be forced to penetrate into the surface structure by internal Laplace pressure of the droplet or some 
external pressure, such as impaction [11, 21, 41, 42]. It is also well known that the smaller the 
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structures on a superhydrophobic surface, the higher the surface resistance against the water 
collapse, until a specific limit at the nanoscale is reached where the collapse will occur [23, 43]. 
 
The different wetting behaviors by water-ethanol solution on the high- and low-adhesive LFS-TiO2 
surfaces observed in Fig. 3 can be attributed to the structural differences between the surfaces. Fig. 
4 shows a schematic illustration of water wetting states on the hierarchically structured high- and 
low-adhesive LFS-TiO2 surfaces. According to the findings in our previous study [23], water 
penetrates into the nanostructure of the surfaces, but entrapped air remains in the submicrometer 
and micrometer scale structures. The high-adhesive surface is predominantly composed of nano- 
and submicrometer scale structure, and thus the liquid-solid contact area on the surface is large. In 
contrast, the low-adhesive surface possesses much microstructure, even at the scale of tens of 
micrometers, which contributes to a small liquid-solid contact area. The wetting results shown in 
Fig. 3 indicate that the submicrometer scale surface structure prevents the liquid collapse more 
effectively than the micrometer scale structure when the surface tension of the probe liquid is 
decreased by adding ethanol. In other words, with the ethanol addition the collapse will occur first 
at the largest air entrapping gaps, i.e. at the gaps at the scale of tens of micrometers, and only after 
that at the smaller micrometer and submicrometer scale gaps (Figs. 1 & 4). Recent study by 
Boreyko et al. [44] on silicon micropillar surface decorated by carbon nanotubes showed similar 
wetting results as our present study on nanoparticle coated paper and board surfaces. Their 
superhydrophobic two-tier surface exhibited a two-stage wetting transition when ethanol 
concentration of the solution was increased. That is, at the first stage there was a collapse in the 
contact angle as the liquid filled the micrometric structure of the surface, and after that, at the 
second stage there was another collapse when the liquid penetrated into the submicrometer 
structure. In fact, the same type of two-stage wetting transition can be distinguished also on the low-
adhesive LFS-TiO2 surface: the first collapse occurs between the ethanol concentrations of 12.5 and 
15 wt% and the second one between the concentrations of 20 and 22.5 wt%. 
 

 
Fig. 4 Schematic illustration of water wetting states on the high- (a) and low-adhesive (b) 
superhydrophobic LFS-TiO2 surfaces. The nanoscale structures increase the liquid-solid contact 
area, whereas the submicrometer and micrometer scale structures entrap air and reduce the liquid-
solid contact. On the high-adhesive surface the liquid-solid contact area is larger and the amount of 
entrapped air is smaller than on the low-adhesive surface 
 
The wettability results shown in Fig. 3 are well in agreement with the physical structure of the 
surfaces. Because of the submicrometric scale and narrow size distribution of the air gaps, the high-
adhesive surface (Figs. 1 & 4) can resist the spreading of water-ethanol solution well until a rapid 
collapse occurs when majority of the air gaps presumably get replaced by the liquid. On the low-
adhesive surface the largest air gaps are much larger than the average size of the air gaps. 



10 
 

Considering this and the results shown in Fig. 3, i.e. the contact angle decreases comparatively fast 
already at the first linear stage, it seems that although most of the entrapped air still remains on the 
surface with the small ethanol concentrations of 5 and 10 wt%, the largest air gaps already start to 
collapse. Moreover, because of the larger average size of the air gaps on the low-adhesive surface 
compared to the high-adhesive surface, majority of the entrapped air will vanish at lower ethanol 
concentration, and thus the rapid collapse in the contact angle occurs earlier. 
 
The altered wetting state on the low-adhesive surface as a result of the ethanol increment, i.e. partial 
liquid penetration into the microstructure, affects not only the static contact angle but also the 
droplet adhesion and contact angle hysteresis. As shown in Table 1, there was an increment of 34° 
in the hysteresis already when the ethanol concentration in the droplet was increased from 0 to 5 
wt%. The hysteresis values were determined by moving the substrate below the liquid droplets 
which were attached to the microsyringe needle tip. With 10 wt% of ethanol the hysteresis could 
not be measured, because the increased liquid adhesion to the surface caused droplet detachment 
from the needle tip, as illustrated in Fig. 5. Because the high-adhesive superhydrophobic surface on 
the pigment coated board substrate is more regular and does not possess as large micrometric 
structures as the low-adhesive surface on the fibrous paper substrate, the effect of ethanol addition 
on the contact angle hysteresis is not as drastic (Table 1). With the droplet ethanol concentration of 
10 wt% the contact angle hysteresis on the high-adhesive surface was still close to that of pure 
water. When the ethanol concentration of the droplet was increased to 15 wt%, the liquid adhesion 
reached the level where the droplet detachment from the needle tip occurred also on the high-
adhesive surface. 
 
Table 1 The effect of ethanol concentration on the contact angle hysteresis on the superhydrophobic 
LFS-TiO2 surfaces 

  0 wt% 5 wt% 10 wt% 15 wt% 
high-adhesive surface 44 ± 5° 39 ± 5° 54 ± 6° n/a 
low-adhesive surface 28 ± 6° 62 ± 7° n/a n/a 

 

 
Fig. 5 Droplet images during contact angle hysteresis measurement on the low-adhesive LFS-TiO2 
surface with ethanol concentrations of 0, 5 and 10 wt%. With 10 wt% ethanol, the droplet attached 
to the surface, and thus the hysteresis could not be determined. The corresponding image was 
captured right before the droplet detached from the needle tip 
 
To study the wetting behavior of the low-adhesive superhydrophobic LFS-TiO2 surface further, we 
followed contact angle and contact diameter of evaporating water-ethanol droplets as a function of 
decreasing droplet volume. The static contact angle of the droplets remained comparatively high 
when the ethanol concentrations were 5 and 10 wt%, but the partial replacement of the entrapped air 
by the liquid started to decrease the receding contact angle more significantly, as shown in Fig. 6. In 
other words, a shift from the low-adhesive state to the high-adhesive state occurred with the 
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increasing ethanol concentration. The high-adhesive state was caused by the liquid collapse into the 
largest air gaps, whereas the smallest gaps still remained below the liquid and prevented the droplet 
from spreading effectively. This can be seen well in Fig. 6: even with ethanol concentration of 10 
wt% contact diameter of the droplet did not increase with time. 
 
Because the evaporation rate of ethanol is much faster than that of water the ethanol concentration 
decreases during the evaporation experiment, and thus in the end the liquid composition will be 
close to that of pure water. Still, the droplets with the initial ethanol concentration of 5 and 10 wt% 
did not start to behave like pure water droplet. This was an expected result, because it is unlikely 
that the liquid could rise up from the microstructure of the surface where it once penetrated at the 
initial wetting state after the droplet placement. 
 

 
Fig. 6 Contact angle and contact diameter of evaporating water-ethanol droplets on the low-
adhesive superhydrophobic LFS-TiO2 surface (a). Increment in the ethanol concentration in the 
probe liquid shifts the droplet from the low-adhesive state towards the high-adhesive state, which is 
indicated by the contact diameter pinning (b) and by the receding contact angle decrement (c) 
 
Comparing artificial and natural superhydrophobic surfaces is always interesting. We compared the 
water-ethanol wettability of the superhydrophobic LFS-TiO2 surfaces with the high-adhesive 
superhydrophobic rose petal surface, which we studied recently [9]. On the petal surface, the 
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superhydrophobic structure is based on the epidermal cells at the scale of several micrometers, 
whereas the droplet adhesion on a fresh petal is caused by the cuticular folding on top of the 
epidermal cells. Because the superhydrophobicity on the petal is based on the air gaps at the scale of 
several micrometers, the contact angle on the surface decreased quite rapidly even with a small 
ethanol concentration. This phenomenon occurred both with the fresh, high-adhesive petal and 
dried, low-adhesive petal. With the ethanol concentration of 10 wt%, the contact angle on the fresh 
petal decreased from 151 to 125° and on the dried petal from 163 to 149°. Fang et al. [6] observed 
similar wetting behavior on hierarchically structured superhydrophobic butterfly wings, i.e., already 
a small alcohol portion of 5 % decreased the contact angle below 150°. 
 
Surface wetting is an important and relevant phenomenon in several different fields. Thus, there are 
a large number of applications where for example superhydrophobicity can be exploited [11, 
14 18]. Advantage of the LFS method is its continuous nature. Single-step roll-to-roll LFS coating 
procedure enables efficient mass production of superhydrophobic surfaces at high line speeds. In 
addition, the LFS coating itself, i.e. the particle aggregates, can form a suitable structure for 
superhydrophobicity. Thus, the complex fiber structure of paper surface can be smoothened by 
pigment layer prior to application of superhydrophobic LFS coating. As we have demonstrated in 
this study, more well-defined surface structure at submicrometer scale can stabilize liquid behavior 
on a surface, which can be an advantage in preparation of inexpensive paper surfaces with special 
wetting properties for, for example, printed electronics and microfluidic devices. A drawback of the 
superhydrophobic LFS coating is its relatively poor stability against physical wear [35]. However, 
this is an issue with superhydrophobic surfaces in general because of the fragile micrometer or 
submicrometer scale structure that is needed to build up superhydrophobicity. 
 
 
 
 
 
4. Conclusions 
 
Wetting of the superhydrophobic LFS-TiO2 nanoparticle coated board and paper surfaces was 
studied using water-ethanol solution as a probe liquid. It was found that the submicrometer scale air 
gaps on the surfaces were more stable with the ethanol increment than the larger air gaps at the 
scale of several micrometers. Because of the smoothening pigment layer below the nanoparticle 
coating, the LFS-TiO2 coated board had the air entrapping surface structure predominantly at the 
submicrometer scale, and thus the surface had high resistance against wetting by water-ethanol 
solution. Contact angle of 155 ± 2° was measured on the LFS-TiO2 coated board with the ethanol 
concentration of 15 wt%. The LFS-TiO2 coated paper experienced partial replacement of the 
entrapped air by the liquid when the ethanol concentration was increased. As a consequence, 
wetting of the surface shifted from the low-adhesive state to the high-adhesive state. 
 
 
 
 



13 
 

Acknowledgements 
 
Tekes (Finnish Funding Agency for Technology and Innovation) is acknowledged for the financial 
support of this study. The work was carried out in the Functional Materials 2007 2013 programme, 
under the project called Liquid Flame Spray nanocoating for flexible roll-to-roll web materials. 
 
References 
 
1. Koch K, Bhushan B, Barthlott W (2009) Multifunctional surface structures of plants: an 
inspiration for biomimetics. Prog Mater Sci 54:137 178 
 
2. Liu M, Zheng Y, Zhai J, Jiang L (2010) Bioinspired Super-antiwetting Interfaces with Special 
Liquid Solid Adhesion. Acc Chem Res 43:368 377 
 
3. Byun D, Hong J, Saputra, Ko JH, Lee YJ, Park HC, Byun B-K, Lukes JR (2009) Wetting 
Characteristics of Insect Wing Surfaces. J Bionic Eng 6:63 70 
 
4. Barthlott W, Neinhuis C (1997) Purity of the sacred lotus, or escape from contamination in 
biological surfaces. Planta 202:1 8 
 
5. Zheng Y, Gao X, Jiang L (2007) Directional adhesion of superhydrophobic butterfly wings. Soft 
Matter 3:178 182 
 
6. Fang Y, Sun G, Cong Q, Chen G-h, Ren L-q (2008) Effects of Methanol on Wettability of the 
Non-Smooth Surface on Butterfly Wing. J Bionic Eng 5:127 133 
 
7. Gao X, Jiang L (2004) Water-repellent legs of water striders. Nature 432:36 

 
 8. Feng L, Zhang Y, Xi J, Zhu Y, Wang N, Xia F, Jiang L (2008) Petal effect: a superhydrophobic 

state with high adhesive force. Langmuir 24:4114 4119 
 
9. Teisala H, Tuominen M, Kuusipalo J (2011) Adhesion mechanism of water droplets on 
hierarchically rough superhydrophobic rose petal surface. J Nanomaterials. 
doi:10.1155/2011/818707 
 
10. Kuusipalo J (2008) Paper and Paperboard Converting, 2nd ed. Paperi ja Puu Oy, Jyväskylä 
 
11. Bhushan B, Jung YC, Koch K (2009) Self-cleaning efficiency of artificial superhydrophobic 
surfaces. Langmuir 25:3240 3248 
 
12. Fujishima A, Rao TN, Tryk DA (2000) Titanium dioxide photocatalysis. J Photochem Photobiol 
C: Photochem Rev 1:1 21 
 



14 
 

13. Schmidt H (1994) Multifunctional inorganic organic composite sol gel coatings for glass 
surfaces. J Non-Cryst Solids 178:302 312 
 
14. Ahn CH, Choi J-W, Beaucage G, Nevin JH, Lee J-B, Puntambekar A, Lee JY (2004) 
Disposable Smart Lab on a Chip for Point-of-Care Clinical Diagnostics. In: Proceedings of the 
IEEE 92:154 173 
 
15. Londe G, Chunder A, Wesser A, Zhai L, Cho HJ (2008) Microfluidic valves based on 
superhydrophobic nanostructures and switchable thermosensitive surface for lab-on-a-chip (LOC) 
systems. Sensors Actuators, B 132:431 438 
 
16. Ma M, Hill RM (2006) Superhydrophobic surfaces. Curr Opin Colloid Interface Sci 
11:193 202 
 
17. Roach P, Shirtcliffe NJ, Newton MI (2008) Progress in superhydrophobic surface development. 
Soft Matter 4:224 240 
 
18. Carré A, Mittal KL (2009) Superhydrophobic Surfaces. VSP/Brill, Leiden 
 
19. Wenzel RN (1936) Resistance of solid surfaces to wetting by water. Ind Eng Chem 28:988 994 
 
20. Cassie ABD, Baxter S (1944) Wettability of porous surfaces. Trans Faraday Soc 40:546 551 
 
21. Quéré D (2008) Wetting and Roughness. Annu Rev Mater Res 38:71 99 
 
22. Kulinich SA, Farzaneh M (2009) Effect of contact angle hysteresis on water droplet evaporation 
from super-hydrophobic surfaces. Appl Surf Sci 255:4056 4060 
 
23. Teisala H, Tuominen M, Aromaa M, Stepien M, Mäkelä JM, Saarinen JJ, Toivakka M, 
Kuusipalo J (2012) Nanostructures increase water droplet adhesion on hierarchically rough 
superhydrophobic surfaces. Langmuir 28:3138 3145. doi:10.1021/la203155d 
 
24. Balu B, Berry AD, Hess DW, Breedveld V (2009) Patterning of superhydrophobic paper to 
control the mobility of micro-liter drops for two-dimensional lab-on-paper applications. Lab 
Chip 9:3066 3075 
 
25. Nyström D, Lindqvist J, Östmark E, Hult A, Malmström E (2006) Superhydrophobic bio-fibre 
surfaces via tailored grafting architecture. Chem Commun 3594 3596 
 
26. Li S, Zhang S, Wang X (2008) Fabrication of Superhydrophobic Cellulose-Based Materials 
through a Solution-Immersion Process. Langmuir 24:5585 5590 
 
27. Balu B, Breedveld V, Hess DW (2008) Fabrication of “Roll-off” and “Sticky” 
Superhydrophobic Cellulose Surfaces via Plasma Processing. Langmuir 24:4785 4790 



15 
 

 
28. Yang H, Deng Y (2008) Preparation and physical properties of superhydrophobic papers. J 
Colloid Interface Sci 325:588 593 
 
29. Balu B, Kim JS, Breedveld V, Hess DW (2009) Tunability of the Adhesion of Water Drops on a 
Superhydrophobic Paper Surface via Selective Plasma Etching. J Adhesion Sci Technol 
23:361 380 
 
30. Quan C, Werner O, Wågberg L, Turner C (2009) Generation of superhydrophobic paper 
surfaces by a rapidly expanding supercritical carbon dioxide-alkyl ketene dimer solution. J 
Supercrit Fluids 49:117 124 
 
31. Werner O, Quan C, Turner C, Pettersson B, Wågberg L (2010) Properties of superhydrophobic 
paper treated with rapid expansion of supercritical CO2 containing a crystallizing wax. Cellulose 
17:187 198 
 
32. Wang S, Li M, Lu Q (2010) Filter paper with selective absorption and separation of liquids that 
differ in surface tension. ACS Appl Mater Interfaces 2:677 683 
 
33. Tikkanen J, Gross KA, Berndt CC, Pitkänen V, Keskinen J, Raghu S, Rajala M, Karthikeyan J 
(1997) Characteristics of the liquid flame spray process. Surf Coat Technol 90:210 216 
 
34. Aromaa M, Keskinen H, Mäkelä JM (2007) The effect of process parameters on the Liquid 
Flame Spray generated titania nanoparticles. Biomol Eng 24:543 548 
 
35. Teisala H, Tuominen M, Aromaa M, Mäkelä JM, Stepien M, Saarinen JJ, Toivakka M, 
Kuusipalo J (2010) Development of superhydrophobic coating on paperboard surface using the 
liquid flame spray. Surf Coat Technol 205:436 445 
 
36. Teisala H, Tuominen M, Aromaa M, Stepien M, Mäkelä JM, Saarinen JJ, Toivakka M, 
Kuusipalo J (2012) Nanoparticle Deposition on Packaging Materials by Liquid Flame Spray  
Generation of Superhydrophilic and Superhydrophobic Coatings. In: Proceedings of the Special 
Symposium on Recent Advances in Adhesion Science and Technology, 240th ACS National 
Meeting, August 22  26, 2010, Boston, Accepted. 
 
37. Stepien M, Saarinen JJ, Teisala H, Tuominen M, Aromaa M, Kuusipalo J, Mäkelä JM, 
Toivakka M (2011) Adjustable wettability of paperboard by liquid flame spray nanoparticle 
deposition. Appl Surf Sci 257:1911 1917 
 
38. Mäkelä JM, Aromaa M, Teisala H, Tuominen M, Stepien M, Saarinen JJ, Toivakka M, 
Kuusipalo J (2011) Nanoparticle deposition from liquid flame spray onto moving roll-to-roll 
paperboard material. Aerosol Sci Technol 45:827 837 
 



16 
 

39. Tuominen M, Teisala H, Aromaa M, Stepien M, Mäkelä JM, Saarinen JJ, Toivakka M, 
Kuusipalo J (2012) Creation of superhydrophilic surfaces of paper and board. J Adhesion Sci 
Technol. doi:10.1080/01694243.2012.697744 
 
40. Vázquez G, Alvarez E, Navaza JM (1995) Surface Tension of Alcohol + Water from 20 to 50 
ºC. J Chem Eng Data 40:611 614 
 
41. Jung YC, Bhushan B (2007) Wetting transition of water droplets on superhydrophobic patterned 
surfaces. Scripta Materialia 57:1057 1060 
 
42. Varanasi KK, Deng T, Hsu MF, Bhate N (2009) Wetting hysteresis, metastability, and droplet 
impact on superhydrophobic surfaces. In: Proceedings of IPACK2009, InterPACK´09, 2009, San 
Francisco, California, USA 
 
43. Callies M, Quéré D (2005) On water repellency. Soft Matter 1:55 61 
 
44. Boreyko JB, Baker CH, Poley CR, Chen C-H (2011) Wetting and Dewetting Transitions on 
Hierarchical Superhydrophobic Surfaces. Langmuir 27:7502 7509 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Publication 5 
 

Teisala, H.; Tuominen, M.; Stepien, M.; Haapanen, J.; Mäkelä, J. M.; Saarinen, J. J.; Toivakka, 
M.; Kuusipalo, J. 

 
Wettability conversion on the liquid flame spray generated superhydrophobic TiO2 

nanoparticle coating on paper and board by photocatalytic decomposition of 
spontaneously accumulated carbonaceous overlayer 

 
Cellulose 2013, 20, 391 408, DOI: 10.1007/s10570-012-9825-y 



1 
 
Wettability Conversion on the Liquid Flame Spray Generated 1 
Superhydrophobic TiO2 Nanoparticle Coating on Paper and Board by 2 
Photocatalytic Decomposition of Spontaneously Accumulated Carbonaceous 3 
Overlayer 4 
 5 
Hannu Teisala,a,* Mikko Tuominen,a Milena Stepien,c Janne Haapanen,b Jyrki M. 6 
Mäkelä,b Jarkko J. Saarinen,c Martti Toivakka,c and Jurkka Kuusipaloa 7 

 8 
aPaper Converting and Packaging Technology, Department of Energy and Process 9 
Engineering, Tampere University of Technology, P.O. Box 589, FI-33101 Tampere, 10 
Finland 11 
 12 
bAerosol Physics Laboratory, Department of Physics, Tampere University of 13 
Technology, P.O. Box 692, FI-33101 Tampere, Finland 14 
 15 
cLaboratory of Paper Coating and Converting, Center for Functional Materials, Abo 16 
Akademi University, Porthansgatan 3, FI-20500 Abo / Turku, Finland 17 
 18 
*Corresponding author: hannu.teisala@tut.fi, tel. +358414461662 19 
 20 
Abstract 21 
 22 
Titanium dioxide (TiO2) is a photoactive material with various interesting and useful 23 
properties. One of those is the perfect wettability of TiO2 surface after ultraviolet 24 
(UV) illumination. Wettability of a solid surface plays an important role in the field 25 
of printing, coating, and adhesion among others. Here we report on a 26 
superhydrophobic and photoactive liquid flame spray (LFS) generated TiO2 27 
nanoparticle coating that can be applied on web-like materials such as paper and 28 
board in one-step roll-to-roll process. The LFS TiO2 nanoparticle coated paper and 29 
board were superhydrophobic instantly after the coating procedure because of 30 
spontaneously accumulated carbonaceous overlayer on TiO2, and thus there was no 31 
need for any type of separate hydrophobization treatment. The highly photoactive 32 
LFS TiO2 nanoparticle coating could be converted steplessly from 33 
superhydrophobic to superhydrophilic by UV-illumination, and the coating gave 34 
strong response to natural daylight illumination even in the shade. The 35 
superhydrophobic LFS TiO2 coated surface can be used as an intelligent substrate, 36 
where photo-generated hydrophilic patterns guide the fluid setting and figure 37 
formation. Our study reveals that the wettability changes on the LFS TiO2 surface 38 
were primarily caused by the photocatalytic removal of the carbonaceous material 39 
from TiO2 during the UV-illumination and spontaneous accumulation of the 40 
carbonaceous material on the surface of the metal oxide during storage in the dark. 41 
The latter mechanism was found to be a temperature activated process which could 42 
be significantly speeded up by heat treatment. If other mechanisms such as surface 43 
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oxidization, increment of hydroxyl groups, or charge separation played a role in the 44 
wetting phenomena on TiO2, their effect was rather secondary as the removal and 45 
accumulation of the carbonaceous material dominated the wettability changes on the 46 
surface. Our study gives valuable information on the complex issue of photo-47 
induced wettability changes on TiO2. 48 
 49 
Keywords: interface wetting, patterning, titanium, photocatalysis, cellulose, roll-to-50 
roll 51 
 52 
1. Introduction 53 
 54 
In recent years various techniques based on plasma deposition (Ostrikov 2005), 55 
chemical vapor deposition (CVD) (Choy 2003), atomic layer deposition (ALD) 56 
(Kemell et al. 2005), nanoparticle deposition (Rao et al. 1998; Teisala et al. 2010), 57 
and sol-gels (Brinker and Harrington 1981; Lu et al. 1997) among others, have been 58 
introduced to create nanoscale coatings that can improve material properties and 59 
bring functionality for the surfaces. One of the important material properties is 60 
wettability of a solid surface by a liquid. Surface wetting is a relevant characteristic 61 
for various cellulose-based substrates as it plays an important role in the field of 62 
printing, coating, and adhesion among others. Chemistry of a solid surface 63 
determines whether the surface has a tendency to repel or get wetted by the liquid. 64 
In addition, surface roughness can have a significant effect on wettability (Wenzel 65 
1936; Cassie and Baxter 1944) and liquid adhesion (Teisala et al. 2012a), as natural 66 
water repellent surfaces such as lotus leaves (Barthlott and Neinhuis 1997) and rose 67 
petals (Teisala et al. 2011) have shown. 68 
 69 
One of the most studied materials worldwide in different fields is titanium dioxide 70 
(TiO2). It is a photoactive semiconductor, which makes it highly attractive for 71 
several applications. TiO2 also has many other advantageous properties such as non-72 
toxicity and high refractive index, and thus it is used in a wide range of different 73 
applications including toothpastes, variety of coatings, and highly developed solar 74 
cell applications. One of the fascinating properties of TiO2 is its self-cleaning 75 
ability, that is, TiO2 has a strong photo-induced oxidizing capability to decompose 76 
organic substances from its surface. The self-cleaning phenomenon is based on the 77 
low band gap energy of TiO2 around 3.0  3.2 eV, which enables generation of 78 
photo-induced electron-hole pairs in TiO2. The photo-generated electrons and holes 79 
can react directly with organic substances, or alternatively, they can create highly 80 
reactive species such as superoxides (O2

• ), hydroxyl radicals (•OH), and hydrogen 81 
peroxides (H2O2), which then react with the organic substances on TiO2 to form for 82 
example water (H2O) and carbon dioxide (CO2) (Fujishima et al. 2000; Diebold 83 
2003; Carp et al. 2004; Fujishima et al. 2008). 84 
 85 
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It is well-documented by several studies that photoactive TiO2 surface can 86 
experience a hydrophilicity conversion under ultraviolet (UV) illumination. 87 
However, there has been a debate of the fundamental mechanism of the photo-88 
induced hydrophilicity conversion on TiO2. One theory suggests that the wetting 89 
conversion is entirely related to removal of contaminating hydrocarbon layer from 90 
TiO2, that is, clean TiO2 surface is always superhydrophilic (water contact angle < 91 
10°). A strong argument for this theory is that the amount of carbonaceous 92 
substances on TiO2 has been shown to correlate well with surface wetting (Takeda 93 
et al. 1999; Wang et al. 2003; White et al. 2003; Kanta et al. 2005; Stepien et al. 94 
2012a). The other theory suggests that UV-illumination generates oxygen vacancies 95 
on TiO2, and that dissociative water adsorption at the vacancy sites contributes to 96 
increased number of hydroxyl groups (OH) on TiO2, which then promote water 97 
spreading on the surface making it superhydrophilic (Wang et al. 1997; Fujishima et 98 
al. 2000; Miyauchi et al. 2002; Fujishima et al. 2008). In this theory TiO2 surface is 99 
considered to be free from contaminants. It is well known that after illumination the 100 
superhydrophilicity of TiO2 surface will be lost during storage in the dark. The 101 
former theory explains the hydrophilicity decay by adsorption of hydrocarbons from 102 
atmosphere, which leads to re-formation of the thin organic layer on TiO2. 103 
According to the latter theory, the photo-induced hydroxyl groups get replaced by 104 
oxygen in the dark, and thus the surface wettability reverts back to its initial state. 105 
 106 
Fabrication of extremely water-repellent surfaces on cellulose-based substrates has 107 
recently gathered considerable attention because of the broad range of potential 108 
applications (Ma and Hill 2006; Carré and Mittal 2009). Both chemical and physical 109 
structure of a surface affect its wettability, and thus so-called superhydrophobic 110 
surfaces, where water contact angle is greater than 150°, must fulfill certain criteria 111 
from both aspects. That is, in addition to the appropriate low-energy surface 112 
chemistry, a superhydrophobic surface needs to have physical roughness at 113 
micrometer and submicrometer scale. Although cellulose fibers on paper surface 114 
create hierarchical roughness at micrometer scale and below, which is a good basis 115 
for the structure needed for superhydrophobicity, it is typical that even fluorinated 116 
papers are not superhydrophobic without additional roughening of the surface 117 
(Mukhopadhyay et al. 2002; Balu et al. 2008; Thorvaldsson et al. 2012). If a 118 
superhydrophobic coating is made of TiO2, after creating a suitable structure for the 119 
surface, further treatment is needed to obtain the hydrophobic chemistry because 120 
TiO2 itself is a hydrophilic material (Takeda et al. 1999; Kanta et al. 2005; Zhang et 121 
al. 2007; Kim et al. 2011). All together, fabrication of superhydrophobic surface on 122 
a cellulose-based material is often a multi-step and time-consuming procedure 123 
which requires vacuum equipment if plasma processing is used and drying steps if 124 
wet-chemical methods are used. 125 
 126 
In our earlier studies we have shown that a nanoparticle deposition method called 127 
the liquid flame spray (LFS) can be used to generate superhydrophobic TiO2 coating 128 
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on cellulose-based flexible materials such as paper and board in one-step roll-to-roll 129 
process (Teisala et al. 2010; Mäkelä et al. 2011; Stepien et al. 2011; Teisala et al. 130 
2012a; Teisala et al. 2012b). The earlier studies (Teisala et al. 2010; Stepien et al. 131 
2012a; Teisala et al. 2012b; Stepien et al. 2012b; Aromaa et al. 2012) revealed that 132 
LFS synthesized TiO2 particles deposited on board substrate were covered by 133 
carbonaceous material. Most likely, the carbonaceous material on TiO2 contains a 134 
variety of compounds such as hydrocarbons, soot, and elemental carbon. Because of 135 
the carbonaceous overlayer, which spontaneously accumulates on hierarchically 136 
structured TiO2 coating during the atmospheric and high-temperature coating 137 
process, the LFS TiO2 coated paper and board are superhydrophobic instantly after 138 
the coating procedure. Paper and board as substrate materials play a role in the 139 
hydrophobicity of the LFS TiO2 coating. For example, some carbonaceous 140 
substances can evaporate from those materials when exposed to high temperatures 141 
(Aromaa et al. 2012). 142 
 143 
In this study we show that photocatalytic decomposition of the carbonaceous 144 
overlayer on TiO2 converts the surface from superhydrophobic to superhydrophilic. 145 
Our study indicates that the accumulation of the carbonaceous overlayer on the LFS 146 
TiO2 coated board and the related hydrophobicity conversion are activated 147 
processes, and thus their speed is dependent on the surrounding temperature. 148 
Stimuli-responsive, intelligent TiO2 coating can broaden exploitation potential of 149 
economically viable cellulose-based materials in different fields. 150 
 151 
2. Experimental Section 152 
 153 
LFS Coating Procedure 154 
Machine glossed paper (83 g/m2, UPM) and pigment coated board (200 g/m2, Stora 155 
Enso) were coated with TiO2 nanoparticles using the LFS method. The coating 156 
procedure was carried out on-line at the Tampere University of Technology (TUT) 157 
on the Paper Converting and Packaging Technology (PCPT) pilot line at ambient 158 
conditions using the line speed of 50 m/min, precursor feed rate of 12 ml/min, and 159 
burner-to-substrate distance of 6 cm. Titanium tetraisopropoxide (TTIP, 97 % pure, 160 
Aldrich) was used as a precursor for the LFS TiO2 coating. The precursor was 161 
diluted in isopropanol with the Ti concentration of 50 mg (atomic metal)/ml. 162 
Hydrogen and oxygen with the ratio of 50/15 l/min were used as combustion gases 163 
in the process. The aerosol synthesized TiO2 nanoparticles made by the LFS are 164 
mainly of anatase crystal structure (Keskinen et al. 2007; Aromaa et al. 2012), 165 
aggregated, and they form a highly porous coating layer. With the current 166 
processing parameters, the mean particle size is smaller than 20 nm in diameter, as 167 
shown in Fig. 1. Detailed description and more information of the LFS on-line 168 
coating procedure can be found from our previous studies (Teisala et al. 2010; 169 
Mäkelä et al. 2011; Stepien et al. 2011; Teisala et al. 2012a; Teisala et al. 2012b). 170 
 171 
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 172 
Fig. 1 TEM micrographs of the LFS TiO2 nanoparticles collected during the on-line 173 
coating procedure 174 
 175 
Water Contact Angle 176 
Water contact angle measurements were performed in a conditioned room at 177 
ambient conditions of 23 ºC / 50 % relative humidity (RH) using distilled water and 178 
KSV CAM200 equipment (KSV Instruments Oy, Finland). Contact angle was 179 
always determined 3 seconds after the droplet placement on the sample. However, 180 
any rapid changes did not occur in the contact angle after the droplets were placed 181 
on the samples, because droplets did not start to spread even during a long-term 182 
follow-up period of 60 min, as was demonstrated in our previous study (Teisala et 183 
al. 2012a). The droplet volume of 2 µl was used in this study, and the given contact 184 
angles are average values measured from 5 droplets. The given error margins 185 
indicate standard deviation. During ageing the samples were stored in the dark in the 186 
conditioned room at 23 ºC / 50 % RH. 187 
 188 
UV-illumination 189 
UV-illumination was carried out with a lamp (Bluepoint 4 ecocure, Hönle UV 190 
Technology, Germany) providing the central wavelength of 365 nm with the filter of 191 
320  390 nm. Illumination intensity was 50 mW/cm2. The artificial daylight 192 
illumination was accomplished by GTI MiniMatcher illumination system (model 193 
MM-1UV/65, GTI Graphic Technology Inc., USA). Both illuminations were carried 194 
out at ambient conditions. The subsequent XPS and contact angle experiments were 195 
performed instantly after removing the samples from the illumination to minimize 196 
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the surface contamination and other possible changes occurring after the 197 
illumination. 198 
 199 
Photopatterning 200 
Hydrophilic pattern on the superhydrophobic LFS TiO2 coating was made by 201 
illuminating the surface through a photomask. The photomask was made of pigment 202 
coated board, on which the pattern was fabricated by knife. After the 203 
photopatterning, the sample was rod coated with methylene blue colored water using 204 
a smooth rod made of stainless steel. The superhydrophobic coating rejected the 205 
liquid, while the hydrophilic pattern got wetted by the liquid and became visible. 206 
The colored sample was set between laboratory glass plates and the pattern was 207 
imaged using Zeiss Axioskop 40 optical microscope. 208 
 209 
XPS 210 
X-ray photoelectron spectroscopy (XPS) experiments were performed by PHI 211 
Quantum 2000 instrument (Physical Electronics Instruments, USA) equipped with a 212 
monochromatic Al K  X-ray source and operated at 25 W. The charge 213 
compensation was enhanced by combination of electron flood and ion bombarding. 214 
The take-off angle was 45º in relation to the sample surface. The survey spectra 215 
were recorded with the pass energy of 184 eV from 3 different points with diameter 216 
of approximately 100 µm. The high-resolution spectra for the C 1s, O 1s, and Ti 2p 217 
photopeaks were recorded with the pass energy of 29.35 eV from 3 different points. 218 
The given error margins indicate standard deviation. Mixed Gaussian-Lorentzian 219 
character and Shirley background were used for curve fitting. The pressure in the 220 
main chamber was maintained at 2 x 10-7 Torr during spectra acquisition. The 221 
carbon photopeak with the binding energy of 285.0 eV was associated with the 222 
bindings labeled as group C1 (C-C, C-H), and the relative chemical shifts were 223 
associated as follows: 1.7 ± 0.2 eV with group C2 (C-O, C-OH, C-O-C); 3.1 ± 0.3 224 
eV with group C3 (C=O, O-C-O); 4.6 ± 0.3 eV with group C4 (O-C=O); and 5.0 eV 225 
with group C5 (CO3

2-). The oxygen photopeak with the binding energy of 530.0 eV 226 
was associated with the bindings labeled as group O1 (O2-), and the relative 227 
chemical shifts of 1.4 ± 0.2 eV and 3.1 ± 0.2 eV were associated with groups O2 (-228 
OH, C-O) and O3 (O-C=O, H2O), respectively (Moulder et al. 1992; Beamson and 229 
Briggs 1992; Ström and Carlsson 1993; NIST 2003). 230 
 231 
TEM 232 
Transmission electron microscopy (TEM) of TiO2 nanoparticles was performed with 233 
JEOL JEM-2010 instrument. TEM grid (lacey carbon film on copper grid, Agar) 234 
was attached on the board substrate with a staple aligned with the moving direction 235 
of the web, and the TiO2 particles were collected on the grid during the normal on-236 
line coating procedure of the board substrate. 237 
 238 
FEG-SEM 239 
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Zeiss ULTRAplus field emission gun scanning electron microscope (FEG-SEM) 240 
was used for imaging the LFS coatings. The samples were sputter coated with thin 241 
gold film prior to the FEG-SEM imaging to obtain conductivity. 242 
 243 
Heat Treatment 244 
Heat treatment of the samples (Fig. 5 and Table 1) was carried out in Firlabo Air 245 
Concept oven equipped with fan circulation. After placing the samples in the oven 246 
the real temperature in the oven decreased momentarily below the set value, but was 247 
rapidly restored within approximately 1 min. The contact angle measurements on 248 
the heat treated samples were carried out as soon as the sample had cooled down to 249 
the room temperature. 250 
 251 
Surface Roughness 252 
Parker Print-Surf (PPS) roughness measurements were carried out from 5 different 253 
points of each sample using H.E. Messmer Ltd., model MK 2, equipment. The 254 
measurements were carried out according to ISO 8791-4:1992 and SCAN-P 21:67 255 
standards. 256 

 257 
3. Results 258 
 259 
3.1. Superhydrophobicity of the LFS TiO2 Coating 260 
 261 
Water contact angles as high as 163.6 ± 1.4º and 162.5 ± 1.0º were measured on the 262 
LFS TiO2 coated paper and board, respectively. Any additional hydrophobization 263 
treatment is not required to obtain superhydrophobicity on the LFS TiO2 coating. 264 
Hydrophobicity of the coating is a permanent characteristic: any decrement in the 265 
hydrophobicity of the LFS TiO2 coated paper or board was not observed during a 266 
storage period of 6 months in the dark room. Water contact angles of 162.4 ± 1.8º 267 
and 162.0 ± 1.2º were measured on the LFS TiO2 coated paper and board after the 268 
ageing in the dark, respectively. 269 
 270 
3.2. Superhydrophilicity Conversion by UV-illumination 271 
 272 
The LFS TiO2 surface is not an exception to other TiO2 surfaces: it possesses the 273 
self-cleaning ability and experiences the related hydrophilicity conversion under 274 
UV-illumination. Because of the surface chemical changes caused by the 275 
illumination, the initially superhydrophobic LFS TiO2 coating turns to 276 
superhydrophilic. The wettability conversion enables creation of hydrophilic 277 
patterns on hydrophobic surface, which allow the control of printability and line 278 
widths when aqueous inks or dyes are used. Thus, for example the dye can be 279 
applied with a very robust and simple method such as rod coating as shown on the 280 
LFS TiO2 coated paper in Fig. 2. 281 
 282 
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 283 
 284 
Fig. 2 Spherical water drops on transparent superhydrophobic LFS TiO2 coating on 285 
printed paper (a) and FEG-SEM micrograph of the corresponding surface (b). A 286 
figure formed on the photo-patterned LFS TiO2 coated paper after rod coating with 287 
methylene blue colored water (c). The hydrophilic areas guide the fluid setting and 288 
figure formation on the intelligent substrate. An optical microscope image of the 289 
photo-patterned figure shows the line width to be approximately 300 µm (d) 290 
 291 
The chemical changes related to the UV-induced hydrophilicity conversion were 292 
studied on the LFS TiO2 coated board. After 30 min of UV-illumination (365 nm, 50 293 
mW/cm2), water contact angle on the surface was measured to be 7°. As shown in 294 
Fig. 3, during the illumination the relative number of carbon atoms (C) on the 295 
surface decreased from 43.9 ± 0.6 % to 29.6 ± 0.9 % as a result of the 296 
photodegradation of the carbonaceous overlayer on TiO2. Prior to the illumination 297 
the C/Ti ratio was 2.6 while after the illumination it was 1.5, which indicate the 298 
changes in the coverage of TiO2 by the carbonaceous material. Most of the carbon 299 
decrement occurred from carbon-to-hydrogen or carbon-to-carbon bindings (group 300 
C1). In addition, small decrement in the number of carbon-to-oxygen bindings 301 
(groups C2  C5) can be observed after the UV-illumination. As a result of the 302 
photodegradation of the carbonaceous overlayer, the larger number of titanium (Ti) 303 
and oxygen (O) atoms originating from the underlaying TiO2 structure became 304 
detectable by XPS (information depth is ~ 10 nm in vertical direction). However, 305 
after the UV-illumination, the total increment of oxygen in relation to the total 306 
increment of titanium was greater than is characteristic for TiO2, which means that 307 
all the oxygen increment did not arise from TiO2 structure. 308 
 309 
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 310 
Fig. 3 Atomic concentrations and the corresponding bindings for carbon (C), 311 
oxygen (O), and titanium (Ti) on the LFS TiO2 coated board before and after UV-312 
illumination (365 nm, 50 mW/cm2), and after the illuminated sample was stored in 313 
the dark (at 23 °C and 50 % RH) for 1 month. Groups C1  C5 and O1  O3 314 
correspond to the bindings of carbon and oxygen as follows: C1 (C-C, C-H); C2 (C-315 
O, C-OH, C-O-C); C3 (C=O, O-C-O); C4 (O-C=O); C5 (CO3

2-); O1 (O2-); O2 (-OH, 316 
C-O), and O3 (O-C=O, H2O). All the titanium bindings correspond to TiO2 317 
 318 
The UV-illumination was not extended any longer than it was necessary to obtain 319 
the superhydrophilicity. Thus, the self-cleaning process on the UV-illuminated 320 
superhydrophilic LFS TiO2 surface was not complete, which is indicated by the 321 
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relatively high total amount of carbon observed on the surface after the illumination 322 
(~ 30 %). In connection with our earlier study on photo-induced hydrophilicity on 323 
LFS TiO2 coating (Stepien et al. 2012a), we verified that even though 324 
superhydrophilicity on the LFS TiO2 coated board was obtained already after 30 min 325 
of UV-illumination (365 nm, 50 mW/cm2), after which water contact angle on the 326 
surface no longer substantially decreased with the extended UV-exposure, the self-327 
cleaning process and related decrement of carbon still continued. 328 
 329 
3.3. Hydrophobicity Recovery in the Dark 330 
 331 
After placing the UV-illuminated superhydrophilic LFS TiO2 surface in the dark, its 332 
wettability started to return back to the initial superhydrophobic state. After storage 333 
of 1 month in the dark the water contact angle on the UV-illuminated LFS TiO2 334 
surface had increased from 7° to 146°. There is no evidence that the wettability 335 
change on TiO2 would have been caused by the surface hydroxyl group replacement 336 
by oxygen in the dark, but the results are rather opposite: there was not any 337 
indication that the number of surface hydroxyls would have decreased (group O2: 338 
after illumination 11.2 ± 0.4 % and after subsequent storage 12.2 ± 1.7 %), instead, 339 
the number of oxide species (group O1) decreased from 37.1 % to 31.2 % during the 340 
storage in the dark (Fig. 3). In the dark the relative amount of total carbon increased 341 
from 29.6 % to 35.3 %. Correspondingly, the relative amount of total oxygen 342 
decreased from 50.0 % to 45.6 % and the relative amount of titanium decreased 343 
from 20.4 % to 18.2 %. The decrement of oxygen in relation to the decrement of 344 
titanium was characteristic for TiO2 structure, which indicates that most of the 345 
oxygen decrement was related to masking of TiO2 by the spontaneously 346 
accumulated carbonaceous overlayer. After the storage of 1 month in the dark, the 347 
C/Ti ratio on the surface had increased to 1.9 while it was 1.5 instantly after the UV-348 
illumination. In conclusion, the result strongly indicates that the hydrophilicity  349 
hydrophobicity conversion on the UV-illuminated LFS TiO2 coated board occurs 350 
because organic atmospheric substances, such as hydrocarbons, spontaneously 351 
accumulate on TiO2 during the storage in the dark. 352 
 353 
3.4. Superhydrophilicity Conversion by Daylight Illumination 354 
 355 
As was recently shown by Stepien et al. (2012a), the UV-induced hydrophilicity 356 
conversion on LFS TiO2 coated board is not an on-off type switchable reaction with 357 
instant response. The self-cleaning phenomenon and related hydrophilicity 358 
conversion are time-consuming processes, where the reaction rate is dependent for 359 
example on the illumination intensity and wavelength, but also on the nature and 360 
thickness of the carbonaceous layer to be decomposed. Consequently, wettability of 361 
the LFS TiO2 coating can be steplessly adjusted to any level between 362 
superhydrophobicity and superhydrophilicity for example by controlling the time 363 
and intensity of illumination. In this study, the superhydrophilicity conversion 364 
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before the XPS experiment was accomplished by illuminating the LFS TiO2 surface 365 
for 30 min with light intensity of 50 mW/cm2 and wavelength of 365 nm. With 366 
short-wave UV-irradiation of 245 nm (43 mW/cm2) the hydrophilicity conversion 367 
on the LFS TiO2 coated board could be accomplished already in few minutes: water 368 
contact angle of 15° was measured on initially superhydrophobic LFS TiO2 coated 369 
board after 5 min of illumination, and the relative number of carbon atoms detected 370 
on the surface by XPS decreased from 47.6 % to 41.6 %. Alternatively, the 371 
wettability conversion can occur very slowly within several days when weak 372 
illumination is used. As shown in Fig. 4, when the illumination corresponding to 373 
natural daylight was used, the superhydrophobicity  superhydrophilicity 374 
conversion on the LFS TiO2 coated board took approximately 7 days. On the board 375 
substrate without the LFS coating (reference) the surface wettability did not 376 
substantially change during the 7 days of illumination. 377 
 378 

 379 
Fig. 4 Wettability conversion on the LFS TiO2 coated board induced by artificial 380 
daylight illumination 381 
 382 
Reactivity of the LFS TiO2 surface was also verified under natural daylight 383 
illumination. The LFS TiO2 coated board samples were placed outside on a sunny 384 
day (Tampere, Finland, May 23th, clear sky, 18 °C in the afternoon): one sample was 385 
placed in direct sunlight, while the other sample was placed in the shade. After 6 h 386 
of exposure (9 a.m.  3 p.m.), water contact angle of 9.7 ± 1.0º was measured on the 387 
sample placed in direct sunlight. Even in the shade the contact angle on the LFS 388 
TiO2 coated board had decreased to 94.2 ± 5.7º, which further evidences the high 389 
photocatalytic activity of the surface. 390 

 391 
3.5. Long-Lasting Hydrophilicity and Temperature Dependent Hydrophobicity 392 
Conversion 393 
 394 
Time scale for the hydrophilicity  hydrophobicity conversion on the illuminated 395 
LFS TiO2 surface (artificial daylight, Fig. 4) stored in the dark at ambient conditions 396 
(23 °C and 50 % RH) is shown in Fig. 5a. After 1 day of storage, water contact 397 
angle on the surface had increased from 6 ± 1° to 14 ± 1°, after 1 week to 46 ± 5°, 398 
and after 2 months the contact angle was as high as 154 ± 2°. It is noteworthy that 399 
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after the illumination, the wettability recovery close to the natural level takes much 400 
longer on the nanostructured LFS TiO2 surface than is typically reported on smooth 401 
TiO2 surfaces (Takeda et al. 1999; Kanta et al. 2005). 402 
 403 

 404 
Fig. 5 Hydrophobicity recovery on artificial daylight illuminated LFS TiO2 coated 405 
board at different conditions. In the dark room at 23 °C the hydrophobicity recovery 406 
occurs in several days (a), in the oven at 50 °C in hours (b), and at 100 °C (c) and at 407 
150 °C (d) in minutes 408 
 409 
In the dark, exposed to ambient conditions at the temperature of 23 °C, the 410 
hydrophobicity recovery on the illuminated LFS TiO2 surface is relatively slow and 411 
takes several days, as was already discussed. However, recovery of the 412 
hydrophobicity can be significantly speeded up by heat treatment in the oven. As 413 
shown in Fig. 5, the recovery rate is strongly dependent on the surrounding 414 
temperature. In the oven at 50 °C the hydrophobicity recovery of the surface occurs 415 
in hours, and at higher temperatures of 100 °C and 150 °C it takes only few minutes. 416 

 417 
3.6. Extended Hydrophilicity Conversion Time Caused by the Heat Treatment 418 
 419 
As a natural outcome of the high-temperature LFS coating process, the freshly 420 
prepared LFS TiO2 surface already has the spontaneously accumulated 421 
carbonaceous overlayer that fundamentally governs the surface hydrophobicity. Due 422 
to the high photoactivity of the LFS TiO2 nanoparticles, the superhydrophobic 423 
surface can be easily converted to superhydrophilic using weak illumination 424 
corresponding to natural daylight, as was shown in Fig. 4. However, the surface 425 
resistance to hydrophilicity conversion can be increased when heat treatment in the 426 
oven is applied prior to the illumination. As shown in Table 1, after 7 days of 427 
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artificial daylight illumination most of the pre-heat treated samples (5  60 min at 428 
150 °C) were still clearly hydrophobic. On the sample without any pre-heat 429 
treatment the water contact angle decrement during the 7 days of illumination was 430 
significant, more than 150º. In contrast, the samples which were kept in the oven (at 431 
150 °C) for 30 and 60 min prior to the illumination suffered only minor contact 432 
angle decrement of less than 20º. The longer the heat treatment time, the slower the 433 
hydrophilicity conversion, although there is a saturation point between 15 min and 434 
30 min, after which the extended heat treatment does no longer significantly affect 435 
the rate of the hydrophilicity conversion. Even after 16 days of illumination the 436 
samples kept in the oven for 30 min and 60 min were rather hydrophobic with water 437 
contact angles of 87 ± 4° and 91 ± 4°, respectively. 438 
 439 
Table 1 Water Contact Angle (in deg) on LFS TiO2 Coated Board After Heat 440 
Treatment of Varying Periods in the Oven at 150 °C and After Subsequent 441 
Illumination of 7 Days With Light Corresponding to Natural Daylight 442 

 
0 min 5 min 10 min 15 min 30 min 60 min 

Before illumination 163 ± 1 162 ± 0 159 ± 2 158 ± 2 154 ± 1 152 ± 1 
After illumination 6 ± 1 27 ± 1 91 ± 2 127 ± 4 138 ± 2 134 ± 2 

 443 
The pre-heat treatment at 150 ºC has a significant effect on the speed of the 444 
hydrophilicity conversion on the LFS TiO2 surface as shown in Table 1. The heat 445 
treatment also increases the amount of carbonaceous material on the surface 446 
(Stepien et al. 2012a). However, after the heat treatment of 30 min the relative 447 
amount of carbon on the LFS TiO2 surface was still the same, 57  58 %, which 448 
was observed already after 3 min of heat treatment. Therefore, the higher amount of 449 
carbonaceous material to be decomposed on TiO2 is not the main factor explaining 450 
the extended time required for the hydrophilicity conversion on the heat treated 451 
surfaces. Because the temperature of 150 ºC is far too low to induce any phase 452 
transformations or other changes in TiO2 that might affect its reactivity (Li et al. 453 
2003; Yang et al. 2005; Koparde and Cummings 2008; Naceur et al. 2012), the 454 
changes occurring on the surface due to the heat treatment seem to take place in the 455 
spontaneously accumulated carbonaceous overlayer on TiO2. That is, during the heat 456 
treatment the carbonaceous overlayer on TiO2 experiences chemical transformations 457 
and thus becomes more difficult to decompose photocatalytically. 458 
 459 
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 460 
Fig. 6 FEG-SEM micrographs of board (a, b) and LFS TiO2 nanoparticle coated 461 
board (c, d) before (a, c) and after (b, d) the heat treatment in the oven (60 min at 462 
150 ºC) 463 
 464 
In addition to the extended hydrophilicity conversion time, another outcome of the 465 
heat treatment is that the hydrophobicity of the LFS TiO2 surface slightly decreases 466 
as shown in Table 1. During the heat treatment of 60 min the water contact angle on 467 
the surface decreased from 163° to 152°. We conclude that the decrement in the 468 
contact angle is mostly due to the chemical changes occurring in the carbonaceous 469 
overlayer on TiO2 during the heat treatment. In addition, structural changes in the 470 
substrate material, which then affect the overlaying LFS TiO2 nanoparticle coating, 471 
could be related to the contact angle decrement. For example, moisture content of 472 
the board decreases during the high-temperature heat treatment, and cellulose fibers, 473 
kaolin plates, and the binders in the pigment layer experience reorientation. Any 474 
structural changes on the pigment coated board substrate or on the LFS TiO2 coating 475 
could not be detected from the FEG-SEM micrographs (Fig. 6), but PPS roughness 476 
measurements revealed increment in the micrometric roughness of the surfaces. The 477 
PPS roughness values measured from the pigment coated board substrate before and 478 
after the heat treatment of 60 min at 150 ºC were 2.1 µm and 2.4 µm, respectively, 479 
whereas the corresponding values for the LFS TiO2 coated surface were 1.3 µm and 480 
1.7 µm, respectively. 481 
 482 
4. Discussion 483 
 484 
As it was discussed in the introduction, the photo-induced hydrophilicity conversion 485 
on TiO2 surfaces is a well-known and intensively studied phenomenon. However, 486 
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the mechanisms that actually cause the wettability conversion are not completely 487 
resolved even today. Our recent study (Tuominen et al. 2012) concerning 488 
superhydrophilic surfaces revealed that wettability of the corresponding LFS SiO2 489 
surfaces was completely different from the LFS TiO2 surfaces. Water contact angles 490 
measured on the LFS SiO2 coated paper and board were as low as 3.4 ± 2.3º and 491 
10.6 ± 1.4º, respectively. Moreover, the LFS SiO2 surfaces were able to maintain 492 
their superior wettability throughout a storage period of 6 months, which is not 493 
typical for TiO2 surfaces converted to superhydrophilic by UV-illumination. The 494 
different wettability of the LFS-generated SiO2 and TiO2 coatings originates from 495 
the differences in their surface chemistry. For example, the studies of Takeda et al. 496 
(1999) and Kanta et al. (2005) have shown that TiO2 is more prone to gather low-497 
energetic organic substances onto its surface than SiO2, when exposed to ambient 498 
conditions. Those studies also revealed that on SiO2 and TiO2 the level of surface 499 
contamination by carbonaceous material from atmosphere correlates well with the 500 
surface wettability. Similar tendency have been shown to occur also with the 501 
atmospheric and high-temperature LFS coating process (Stepien et al. 2012b; 502 
Teisala et al. 2012b). That is, neither of the LFS SiO2 or TiO2 coatings are entirely 503 
clean metal oxides. There is a certain amount of carbonaceous material on both 504 
surfaces. However, the amount of the carbonaceous material is lower on the 505 
hydrophilic LFS SiO2 coating than on the hydrophobic LFS TiO2 coating. Most 506 
likely, the carbonaceous layer on TiO2 originates from variety of sources such as 507 
precursor materials, evaporating compounds from the substrate material, and 508 
atmospheric compounds. Because of the different surface chemistry between the 509 
LFS SiO2 and TiO2 coatings, the hierarchical roughness of the surface (Teisala et al. 510 
2010; Teisala et al. 2012a; Teisala et al. 2012c) promotes hydrophilicity on the LFS 511 
SiO2 coating and hydrophobicity on the LFS TiO2 coating. After altering the surface 512 
chemistry of LFS TiO2 coating by UV-illumination, the coating roughness changes 513 
to promote hydrophilicity. Hydrophilic patterns on superhydrophobic surface, e.g. 514 
on LFS TiO2 coated paper and board, enable new-type of applications, where 515 
intelligent substrate guides the fluid setting and figure formation. Sirringhaus et al. 516 
(2000) demonstrated that the use of substrate surface energy patterning to direct the 517 
flow of water-based conducting polymer inkjet droplets enabled fabrication of 518 
integrated circuits with the practical channel lengths of 5 µm on glass substrate. 519 
More recently, surface energy patterning on cellulose-based substrates such as paper 520 
and fabrics has attracted considerable attention (Ballerini et al. 2012). 521 
 522 
It is typical that after UV-illumination both the decrement of organic substances and 523 
increment of hydroxyl groups on TiO2 are detected. Our XPS measurements show 524 
similar results (Fig. 3): the decrement of carbon and increment of oxygen in group 525 
O2 indicate removal of carbonaceous overlayer from TiO2 and increment of surface 526 
hydroxyls, respectively. There is still some carbonaceous material left on the LFS 527 
TiO2 surface after the UV-illumination, and thus we cannot distinguish in what 528 
extent the increment of hydroxyls occurs on the carbonaceous overlayer and in what 529 
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extent it occurs on bare TiO2. From wettability point of view, the question is not 530 
whether there occur structural changes such as increment of hydroxyl groups on 531 
TiO2. The question is how much these possible changes affect wettability of TiO2 532 
surface. 533 
 534 
In general, the exact role of surface hydroxyl groups in the hydrophilicity 535 
conversion on TiO2 is challenging to evaluate, but the effect of organic 536 
contaminants on the surface wetting is indisputable and can never be ignored, 537 
because at molecular level there are always some surface contaminants. It is well 538 
known that a number of organic species exist in the atmosphere (Seinfeld and 539 
Pandis 2006). Many of the atmospheric organic compounds are released from 540 
natural sources, for example from vegetation. Atmospheric chemistry includes, 541 
among others, a variety of hydrocarbons, oxygenated hydrocarbons, and alcohols. 542 
Therefore, it is obvious that perfectly clean surfaces do not exist at atmospheric 543 
conditions. In fact, Kanta et al. (2005) did show that even in vacuum chamber UV-544 
cleaned TiO2 surface suffered a noticeable contamination by hydrocarbons. Their 545 
ToF-SIMS study on UV-treated TiO2 samples revealed a strong correlation between 546 
hydrocarbon contamination and surface hydroxyl groups. They concluded that the 547 
observed increment in the hydroxyl groups was due to removal of the contaminating 548 
hydrocarbon layer that masked the hydroxyls on TiO2, and that the UV-induced 549 
wettability changes on TiO2 are entirely related to the amount of surface 550 
contaminants: the cleaner the surface, the closer the water contact angle to the 551 
intrinsic value of 0°. The results of Kanta et al. (2005) give strong support to the 552 
earlier conclusion of Takeda et al. (1999), according which surface hydroxyl groups 553 
act as adsorptive sites for organic substances. It is well-documented, and also shown 554 
in the present study, that the photo-induced hydrophilicity on TiO2 is not a 555 
permanent state. As soon as TiO2 surface is removed from illumination, adsorption 556 
of organic substances from atmosphere contributes to formation of hydrophobic 557 
hydrocarbon overlayer on TiO2. Kanta et al. (2005) observed a significant 558 
hydrocarbon contamination on UV-illuminated TiO2 surface already after storage of 559 
1 h at laboratory atmosphere, no matter whether the sample was kept in the dark or 560 
exposed to visible light (  = 450 nm). Consequently, water contact angle on both 561 
samples increased from 0º to above 60º. Wang et al. (2003) stated that hydrocarbon 562 
layer responsible for the hydrophobicity of TiO2 is regenerated upon exposure of the 563 
surface for ambient conditions for about a day. Small amount of organic 564 
contaminants on TiO2, for example one molecule layer of hydrocarbons, is 565 
challenging to detect by XPS or other surface sensitive methods. However, the 566 
contaminant layer is the topmost layer on the surface and is therefore in direct 567 
contact with a liquid applied on the surface. Therefore, even one molecule layer of 568 
contaminants on the surface does have a drastic effect on the surface wettability. In 569 
that sense, simple contact angle measurement is the most surface sensitive 570 
experiment available. 571 
 572 
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It has been shown that after re-contamination of the UV-cleaned TiO2 surface the 573 
amount of organic substances detected on the surface can be higher than it was 574 
initially prior to the illumination (Wang et al. 2003; Kanta et al. 2005). Wang et al. 575 
(2003) concluded that the high amount of hydrocarbon contamination on the UV 576 
pre-treated surface was due to the UV-induced structural changes on TiO2, namely 577 
formation of oxygen vacancies and increment of hydroxyl groups, which facilitate 578 
chemisorption of organic compounds on the surface. Nowadays it is well-known 579 
that surface hydroxyls play a central role in the adsorption phenomena on TiO2 and 580 
are favorable sites for example chemisorption of organic compounds. This 581 
information further supports the conclusion made by Takeda et al. (1999), that the 582 
number of surface hydroxyl groups determines the adsorption rate of atmospheric 583 
organic substances on different metal oxides, and thus it also determines surface 584 
wettability of the oxides. Indeed, as we concluded in our earlier study (Teisala et al. 585 
2012b), it seems reasonable that also with the LFS surfaces the tendency of SiO2 to 586 
be hydrophilic, and on the other hand, the tendency of TiO2 to be hydrophobic, is 587 
fundamentally because of the different number of hydroxyls on the metal oxide 588 
surfaces. 589 
 590 
As was shown in Fig. 5, the hydrophobicity recovery on the LFS TiO2 surface after 591 
photo-induced hydrophilicity conversion takes several days and is thus much slower 592 
than is typically reported on TiO2. Similar long-lasting hydrophilicity was also 593 
reported by Spagnol et al. (2009) on nanostructured TiO2 surface. It is obvious that 594 
the storage conditions affect the recovery rate of the wettability on illuminated TiO2, 595 
but there are also several other factors which are related to the phenomenon, for 596 
example nature of the illumination and surface topography, crystal structure, particle 597 
size, or film thickness of TiO2 (Koparde and Cummings 2008; Spagnol et al. 2009). 598 
Therefore, direct comparison between different studies and different surfaces is 599 
difficult, but it seems plausible that after the illumination, nanostructured TiO2 600 
surfaces can maintain the photo-induced activity and the related self-cleaning 601 
process for a longer period than smooth TiO2 surfaces. 602 
 603 
In a theoretical situation where TiO2 surface is entirely clean from organic 604 
contaminants after purification by UV-illumination, there are still hydroxyl groups 605 
on the surface which are formed as a result of dissociative adsorption of water 606 
molecules on TiO2. In addition, more weakly bound molecular water typically exists 607 
on TiO2. Similar to water, adsorption of organic substances can occur both 608 
molecularly (physisorption) and dissociatively (chemisorption) on TiO2 (Tanner et 609 
al. 2002; Diebold 2003; Wang et al. 2003; Tilocca and Selloni 2004; Gong and 610 
Selloni 2005). For example, adsorption of methanol (CH3OH), which is a common 611 
compound in the atmosphere, has been extensively studied on TiO2 surfaces. As a 612 
result of dissociative chemisorption of methanol at hydroxylated regions on TiO2, 613 
stable methoxy groups (OCH3) replace surface hydroxyl groups as illustrated in 614 
Scheme 1 (Wang et al. 2003; Tilocca and Selloni 2004; Wang et al. 2004). 615 
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Computational experiments carried out by Tilocca and Selloni (2004) revealed that 616 
dissociative adsorption of methanol is favorable also at oxygen vacancies present on 617 
defective TiO2 surface. According to Gong and Selloni (2005), dissociative 618 
adsorption energy of methanol on TiO2(001) surface is always larger than that of 619 
water, which implies that water replacement by methanol is energetically favored. 620 
Their conclusion based on computational simulations was later on supported by 621 
experimental study on competitive adsorption between methanol and water on 622 
anatase TiO2 nanoparticles carried out by Wang et al. (2005). 623 
 624 
Scheme 1 Proposed Mechanisms of Decomposition and Dissociative Adsorption of 625 
Organic Compounds on TiO2 Based on Discussion and Experimental Observations 626 
Reported in the Present Study 627 
 628 

 629 
 630 
The excess increment of oxygen that we observed on the LFS TiO2 coated board 631 
after the UV-illumination (Fig. 3) is likely related to oxidization of the topmost 632 
molecular layers of the surface during the self-cleaning process on TiO2. That is, the 633 
additional oxygen arises from reactive compounds such as superoxides (group O1) 634 
and hydroxyl radicals (group O2) that have attached to the surface to decompose the 635 
carbonaceous overlayer on TiO2 (Scheme 1). It is possible that the increased signal 636 
from group O2, which contains hydroxyl groups, originates partially from the UV-637 
induced structural changes on bare TiO2 (Wang et al. 1997). That is, dissociative 638 
water adsorption at the UV-generated oxygen vacancies contributes to increment in 639 
hydroxyl groups on TiO2. Overall, the chemical changes observed on the LFS TiO2 640 
surface after the UV-illumination and after the subsequent storage in the dark (Fig. 641 
3) well support the reactions presented in Scheme 1. The relative increment in the 642 
amount of oxygen in the top surface layer can be explained by the photodegradation 643 
process of the carbonaceous overlayer on TiO2: (i) higher amount of oxygen 644 
originating from TiO2 structure became detectable because of the removal of the 645 
carbonaceous overlayer, and (ii) the self-cleaning process on the surface was still 646 
unfinished, and thus there were oxygen containing species attached to the surface to 647 
decompose the carbonaceous overlayer on TiO2. Although the total amount of 648 
oxygen in the top surface layer increased as a result of the UV-illumination, the 649 
number of carbon-to-oxygen bindings (groups C2  C5) decreased. The decrement 650 
in the carbon-to-oxygen bindings can be associated with removal of chemisorbed 651 
organic species such as methyl groups (CH3) from TiO2. Because of the atmospheric 652 
and high-temperature nature of the LFS coating process, the carbonaceous overlayer 653 
rendering the hydrophobicity of the LFS TiO2 coating contains most likely a variety 654 
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of carbonaceous compounds, and may contain some oxygen as well. Therefore, all 655 
the decrement in the carbon-to-oxygen bindings during the UV-illumination cannot 656 
be directly linked to removal of chemisorbed species from the LFS TiO2 surface. 657 
During the storage period of 1 month in the dark, the UV-illuminated LFS TiO2 658 
coating gathered a considerable amount of low-energetic organic material on its 659 
surface, and thus the hydrophobicity of the surface was restored. Although the 660 
overall number of carbon atoms detected on the surface after the storage was not as 661 
high as it was before the UV-illumination, it is noticeable that the number of carbon-662 
to-oxygen bindings (groups C2  C5) had increased to higher level than it was 663 
before the UV-treatment. The increment in the carbon-to-oxygen bindings may be 664 
related to the possible UV-induced structural changes on TiO2, and can be 665 
associated, among others, with dissociative chemisorption of organic substances, 666 
and thus to formation of, for example, methyl groups on TiO2 as shown in Scheme 667 
1. 668 
 669 
From the results shown in the present study and in the earlier study by Stepien et al. 670 
(2012a), it is obvious that the LFS TiO2 surface does not need to be entirely clean 671 
from low-energetic carbonaceous material to reach the superhydrophilicity. Similar 672 
observations have been made in other studies on smooth TiO2 surfaces (Takeda et 673 
al. 1999; Kanta et al. 2005). It is well known that both chemistry and roughness 674 
affect wettability of a surface. In the case of a rough hydrophilic surface, for 675 
example the UV-illuminated LFS TiO2 nanoparticle coating, surface roughness can 676 
promote hydrophilicity. This means that a rough surface can reach 677 
superhydrophilicity with a less hydrophilic chemistry than a smooth surface. In 678 
other words, a rough surface can withstand more contamination than a smooth 679 
surface without losing its superhydrophilicity. Moreover, in the case of a rough 680 
surface, if the carbonaceous material is concentrated for example on the bottom of 681 
the grooves, pores, or gaps, its effect on the surface wettability is likely not as 682 
significant as it is with the material located on top of the surface asperities, because 683 
the topmost areas of the surface dominate the wetting phenomenon. 684 
 685 
In our previous study (Stepien et al. 2012a), it was confirmed that the rapid 686 
hydrophilicity  hydrophobicity conversion on LFS TiO2 surface caused by the heat 687 
treatment in the oven is based on the spontaneous accumulation of carbonaceous 688 
overlayer on TiO2 in a similar way to the slow-rate conversion at ambient conditions 689 
in the dark (Figs. 3 and 5). Already 3 min at 150 ºC in the oven increased the 690 
relative number of carbon atoms on the UV-illuminated LFS TiO2 surface up to ~ 57 691 
%, while it was only ~ 44 % on the freshly prepared surface without any treatments. 692 
In that study the wettability conversion was performed repeatedly using 30 min 693 
illumination periods and 3 min oven periods. Each time the hydrophilicity 694 
conversion was related to decrement of carbonaceous substances on the surface, 695 
while the hydrophobicity conversion was related to increment of carbonaceous 696 
substances on the surface. 697 
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 698 
The temperature dependency of the hydrophobicity recovery on the illuminated LFS 699 
TiO2 surface (Fig. 5) and the observed increment in the carbonaceous material on 700 
the photocatalyst surface after the heat treatment indicate that the accumulation of 701 
the carbonaceous overlayer on TiO2 is an activated process. Typically, for example 702 
dissociative chemisorption of organic compounds on catalyst surfaces is temperature 703 
dependent (Walker and King 1999; Hirsimäki et al. 2001; Egeberg et al. 2002; Nuhu 704 
et al. 2007). Increased surface temperature, or even more important, increased 705 
energy of incident molecules (translational, vibrational, and rotational energy) can 706 
easily thousandfold the initial sticking probability of a molecule to a surface, as was 707 
demonstrated by Hirsimäki et al. (2001) with methane (CH4) adsorption on Pd(110) 708 
surface. In addition to the increased energy of incident molecules, also removal of 709 
molecular water from TiO2 (Gong and Selloni 2005) during the heat treatment can 710 
facilitate the adsorption of organic substances and thus accelerate the 711 
hydrophobicity recovery on TiO2. When a high-temperature heat treatment is used 712 
with the LFS TiO2 coated board to return its hydrophobicity after the illumination, it 713 
is likely that all the carbonaceous material adsorbing on TiO2 does not originate 714 
from atmospheric compounds, but some low-energetic substances such as latex can 715 
evaporate from the substrate and condense onto TiO2 surface to further accelerate 716 
the hydrophobicity conversion. We will continue studies to find out to what extent 717 
the carbonaceous material on TiO2 originates from the substrate materials, and what 718 
type of compounds it contains. The temperature dependency of the hydrophobicity 719 
recovery on TiO2 which we report here, however, is not specific only for the LFS 720 
TiO2 coating or is not a special feature related to the board substrate used in this 721 
study. Miyauchi et al. (2002) used strontium titanate and Borras et al. (2008) used 722 
silver as a substrate for TiO2 coating, and in both studies the hydrophobicity 723 
recovery on the UV-illuminated TiO2 could be drastically accelerated by heat 724 
treatment using visible light or hot plate at ~ 100 ºC. In those studies the authors did 725 
not discuss possible contamination of TiO2 by organic compounds from atmosphere, 726 
but the observed wettability changes were explained by replacement of surface 727 
hydroxyls by oxygen. 728 
 729 
Several studies have demonstrated the high photoactivity of TiO2. Photo-induced 730 
phenomena on TiO2 has been proven or suggested to include: (i) self-cleaning from 731 
organic contaminants, (ii) charge separation, and (iii) structural changes such as 732 
oxygen replacement by hydroxyl groups. Theoretically, all the above mentioned 733 
phenomena might contribute to the photo-induced hydrophilicity on TiO2. It has 734 
been shown in this study and in many other studies, that TiO2 is very prone to gather 735 
organic substances on its surface. When the organic substances are removed from 736 
TiO2 by UV-illumination, the surface chemistry experiences a drastic change. 737 
Therefore, it is obvious that the removal of organic substances from TiO2 has a 738 
major effect on the surface wettability. Moreover, the effect of photo-induced 739 
charge separation on TiO2 (the photo-generated holes migrate to the surface and the 740 
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electrons to the bulk of TiO2) cannot be ruled out when considering the phenomena 741 
responsible for the wettability conversion. In the case that the charge separation on 742 
TiO2 is strong enough and has a detectable effect on the surface wettability, it might 743 
be relevant even in the presence of a thin organic overlayer on TiO2. In such case 744 
the wettability changes on TiO2 are related to both the amount of organic substances 745 
and the magnitude of the charge separation on the surface. As far as the effect of the 746 
possible structural changes on the wettability of TiO2 is considered, the surface 747 
needs to remain entirely clean from organic contaminants. As soon as the organic 748 
substances adsorb on TiO2, they will dominate the surface wettability over any 749 
structural changes occurring on the underlying TiO2. Moreover, it has been shown 750 
that the number of hydroxyls groups or oxygen vacancies on clean TiO2 does not 751 
detectably affect the surface wettability (White et al. 2003; Kanta et al. 2005). In the 752 
case that UV-illumination induces structural changes on TiO2 as several studies 753 
suggest (Wang et al. 1997; Wang et al. 2003; White et al. 2003), it is plausible that 754 
their effect on surface wettability is rather indirect. That is, structural changes on 755 
TiO2 can facilitate adsorption of organic substances on the surface, and therefore 756 
accelerate the hydrophobicity recovery after the UV-illumination. In addition to the 757 
above mentioned three mechanisms, the fourth mechanism that might play a role in 758 
the TiO2 hydrophilicity conversion is the surface oxidization by reactive compounds 759 
which have attached to the surface to decompose the organic substances on TiO2 760 
(see Scheme 1). 761 
 762 
Our study confirms that the photo-induced hydrophilicity on the LFS TiO2 surface 763 
and the surface tendency to recover back to hydrophobic in the dark are strongly 764 
related to removal and spontaneous accumulation of carbonaceous overlayer on 765 
TiO2, respectively. During the self-cleaning process, oxygen-containing species 766 
such as hydroxyl radicals attach to TiO2 surface to decompose organic compounds, 767 
and therefore the overall amount of oxygen on the surface increases during 768 
illumination. The surface oxidization is a rapid phenomenon compared to the time 769 
required to complete the self-cleaning process. As we have shown, the photo-770 
induced hydrophilicity conversion on the LFS TiO2 surface can be a very slow 771 
process, and the time required for the conversion can be extended by modifying the 772 
chemical structure of the carbonaceous overlayer on TiO2 by heat treatment in the 773 
oven. Therefore, in the case of the slow-rate hydrophilicity conversion on the LFS 774 
TiO2 surface, it seems that the surface oxidization does not play a central role, but 775 
the wettability conversion is much more dependent on the removal of the 776 
carbonaceous overlayer from TiO2. In addition, the result indicates that the photo-777 
induced charge separation or possible structural changes on TiO2, which are rather 778 
rapid phenomena as well, do not have any significant role in the wettability changes 779 
on the LFS TiO2 surface, but the removal and spontaneous accumulation of 780 
carbonaceous substances on the surface dominate the wettability changes over any 781 
other mechanisms. In different case, for example when high-energy UV-782 
illumination is used, the mechanisms of wettability conversion can be different. For 783 
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example, surface oxidization can become increasingly important, because other 784 
high-energy treatments such as corona and other plasmas (Kuusipalo 2008; 785 
Tuominen et al. 2012) can improve wettability of variety of materials by oxidizing 786 
the topmost surface layer. 787 
 788 
In general, the wettability changes on TiO2 cannot be explained simply by photo-789 
induced increment in surface hydroxyl groups and their replacement by atmospheric 790 
oxygen in the dark, as some earlier studies have suggested. Even though the above 791 
mechanism has suffered a harsh criticism (Kanta et al. 2005) and several studies 792 
have reported the existence of hydrocarbon layer on TiO2 (Takeda et al. 1999; Wang 793 
et al. 2003; White et al. 2003; Kanta et al. 2005), Spagnol et al. (2009) and Denison 794 
and Boxall (2007) stated that it is well-admitted and accepted mechanism to explain 795 
the wettability changes on TiO2. In those studies the authors did not discuss the 796 
possibility of organic contaminants on TiO2 and their possible effect on the 797 
wettability changes during UV-illumination and storage in the dark. The fact is that 798 
typically studies attempting to explain the photo-induced wettability changes on 799 
TiO2 by the structural changes ignore the possibility of surface contamination, and 800 
do not show any results that reveal the changes in the amount of organic substances 801 
on TiO2. This is a serious concern. We are not aware of any studies where TiO2 802 
surface would not be extremely hydrophilic if it has been convincingly proven to be 803 
free from organic contaminants. As we have discussed in this study, several 804 
different phenomena may play a role in the photo-induced hydrophilicity conversion 805 
on TiO2. When considering the most important single factor explaining the 806 
wettability conversion on TiO2, surface contamination by low-energetic organic 807 
substances cannot be ignored, as in many cases, including the present study, it is the 808 
most significant factor explaining the wettability changes on TiO2. 809 
 810 
Wettability switching techniques of LFS TiO2 coating are not limited to illumination 811 
and heat treatment in the oven. There are several surface stimulation methods, for 812 
example flame, corona, and other plasma treatments, which are also suitable for on-813 
line processing of materials and are commonly used in industrial-scale paper 814 
converting processes (Kuusipalo 2008; Tuominen et al. 2012). We will return to the 815 
on-line wettability switching of LFS TiO2 coating in detail in our future 816 
contributions. 817 
 818 
5. Conclusions 819 
 820 
Paper and pigment coated board were coated with photo-active TiO2 nanoparticles 821 
using the LFS on-line coating procedure. Because of the spontaneously accumulated 822 
carbonaceous overlayer on TiO2 which ensured the suitable chemistry, and the 823 
hierarchical roughness which further enhanced the hydrophobicity of the surface, 824 
the LFS TiO2 coating was superhydrophobic instantly after the coating procedure. 825 
There was no need to apply any subsequent hydrophobization treatment on the LFS 826 
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TiO2 coating to obtain the superhydrophobicity. The highly photoactive LFS TiO2 827 
nanoparticle coating can be converted steplessly from superhydrophobic to 828 
superhydrophilic by UV-illumination, low-intensity artificial daylight illumination, 829 
and natural daylight illumination. The photo-patterned superhydrophobic LFS TiO2 830 
coated paper and board can be used as an intelligent substrate, where 831 
superhydrophilic patterns on the superhydrophobic surface guide fluid setting and 832 
figure formation. Thus, dye can be applied with very robust and simple methods 833 
such as rod coating. 834 
 835 
The LFS TiO2 coating has a natural tendency to be superhydrophobic. In the dark 836 
the coating easily maintains its superhydrophobicity. Moreover, the illuminated 837 
superhydrophilic LFS TiO2 surface starts to recover back to its natural 838 
superhydrophobic state in the dark. The hydrophobicity recovery is a relatively slow 839 
process, which indicates that the nanostructured LFS TiO2 coating can maintain its 840 
photo-induced activity for a long period after the illumination. The hydrophobicity 841 
recovery on the illuminated LFS TiO2 coated board is an activated process, and thus 842 
it can be significantly speeded up by heat treatment in the oven. Several different 843 
phenomena may be involved in the photo-induced wettability changes on the LFS 844 
TiO2 surface. However, the wettability changes are mainly caused by the removal 845 
and spontaneous accumulation of the carbonaceous overlayer on TiO2, while the 846 
other possible mechanisms seem to play only a minor role in the phenomenon. 847 
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