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ABSTRACT

This work concentrated on three nanophotonic applications based on printed and coated func-
tionality on natural fibre based substrates. Hence, the thesis deals with three emerging fields:
nanotechnology, nanophotonics, and sustainable materials. Nanotechnology tools have been
developed over the past few decades increasing tremendously our abilities to control matter in
nanoscale. This has resulted in the growth of nanophotonics, i.e. how light can be controlled by
nanoscale structures and particles. This work concentrates on TiO; and silver nanoparticles, and
their applications on paperboard substrate. Demands for sustainability have grown significantly
in recent years with growing population and emerging environmental issues. Nanotechnology
is an ideal tool for promoting sustainability: with less material and energy consumption one
can generate the same or even enhanced properties. Combining such nanoscale structures with
renewable materials provides a double advantage compared to the traditional solutions.

First, photocatalytic activity of liquid flame spray (LFS) deposited TiO, nanoparticles on pa-
perboard was utilized for controlled wettability. It has been shown earlier that it is possible
to convert an initially superhydrophobic surface into a highly hydrophilic one by ultraviolet A
(UVA) irradiation. However, this process is reversible and the initial superhydrophobicity is
returned within 60 days in storage. In this work a protocol was developed for making the wet-
tability conversion permanent by first stage wetting, i.e. by exposing the UVA irradiated TiO,
nanoparticles to water that removed the nanoparticles from the irradiated area permanently. Ad-
ditionally, durability of such nanoparticle coated paperboard under compression was studied.

Surface-enhanced Raman scattering (SERS) activity was demonstrated by LES deposited silver
nanoparticles on glass substrate, thereafter expanded to paperboard surfaces. A problem with
paperboard for SERS analysis is background luminescence, which is typically orders of magni-
tude larger than the Raman signal, and which thereby easily dominates the measured spectrum.
Two different solutions for SERS active paperboard substrates were developed. First, inkjet
printing with commercial silver nanoparticle ink was found suitable for SERS activity but only
with a full silver coverage on paperboard blocking the luminescence from the base paperboard.
A more cost-effective solution was developed by using a simple carbon coating by flexography
that allowed even individual LFS deposited silver nanoparticles for SERS measurements on
paperboard with significantly reduced silver amount and consequently, cost.

Finally, commercial TiO, nanoparticles were used together with methylene blue (MB) organic
dye. MB has a distinct blue color in the oxidized form that can be converted to the trans-
parent leucomethylene blue form by UVA activation together with TiO, nanoparticles. There-
fore, functional ink combining MB with TiO, nanoparticles was shown to be suitable for cost-
efficient oxygen indicators. Both reverse gravure coated and flexographic printed indicator la-
bels were demonstrated that are suitable for simple oxygen indicators, for example, in modified
atmosphere packages.

The use of metal and metal oxide nanostructures as functional light-activated materials enables
creation of both cost-efficient and environmentally sound products, which can be widely used in
society enabling a break-through in transformation from the current fossil fuel based economy
to a solar driven economy. Therefore, as a summary, it is believed that the results of the thesis
can lay ground for the development of new large-scale, nanostructured light-activated materials
on natural fibre based substrates providing sustainable solutions for future generations.



Vi Svensk Sammanfatning

SVENSK SAMMANFATNING

Detta arbete koncentrerade sig pa tre nanofotoniskakatigiher som baserar sig pa tryckt
och bestruken funktionalitet pa naturfiberbaserade sbsfivhandlingen behandlar tre nya
omraden: nanoteknologi, nanofotonik och hallbara niatelanotekniska verktyg har utveck-
lats under de senaste decennierna och okat enormt vaadr att kontrollera materia i nano-
skala. Detta har resulterat i tillvaxt av nanofotonik, dvsur ljus kan styras av strukturer
och partiklar i nanoskala. Detta arbete koncentrerar aigifh- och silvernanopartiklar och
deras applikationer pa kartongunderlag. Kraven pabhéflet har vuxit betydligt under de
senaste aren samtidigt med okande befolkning och vaxaritioproblem. Nanoteknologi ar
ett idealt verktyg for framjande av hallbarhet: med nmschaterial- och energiforbrukning kan
man generera samma eller till och med forbattrade egpesk&enom att kombinera sadana
strukturer i nanoskala med fornybara material fordusltiimdelen jamfort med de traditionella
ldsningarna.

Fotokatalytisk aktivitet av Ti@-nanopartiklar som utfallts med flytande flamspray (LF8) p°
kartong anvandes for kontrollerad vatningsform&get har tidigare visats att det ar mojligt att
konvertera en initialt superhydrofob yta till i en hdg giadirofil yta via ultraviolett A (UVA)-
aktivering. Denna process ar dock reversibel och deralaiiuperhydrofobiciteten aterkommer
inom 60 dagars lagring. | detta arbete utvecklades en métadtfgora vatningsformagans kon-
vertering permanent genom vatning av forsta steget, gesom att utsatta de UVA-aktiverade
TiO,-nanopartiklarna for vatten som permanent avlagsnadepatiklarna fran det stralade
ytan. Dessutom undersoktes hallbarheten for en natikglelagd kartong under kompres-
sion. Aktiviteten av ytforstarkt Raman-spridning (SERE&monstrerades med hjalp av LFS-
deposition av silverpartiklar pa glassubstrat och sepatertongytor. Ett problem med kartong
for SERS-analys ar bakgrundsluminescensen som ar ttanérgra storleksordningar storre an
Raman-signalen och darfor enkelt dominerar det matéktspmet. Tva olika losningar for
SERS-aktiva kartong utvecklades. Den forsta var blaaletryckning med en kommersiell
nanopartikular silvertryckfarg som var lamplig for BG-aktivitet men endast da kartongy-
tan var totalt tackt sa att luminescensen fran kartorigjenkerades. En mer kostnadseffek-
tiv [6sning utvecklades genom att anvanda en enkel kaffggiing med hjalp av flexografi
som mojliggjorde aven SERS-analys av individuella LFE®aherade silverpartiklar pa kar-
tong vilket reducerade silvermangden och kostnaderndligi#n anvandes kommersiella THO
nanopartiklar tillsammans med ett organiskt fargamretyfenbla (MB). MB har en distinkt bla
farg i oxiderad form som kan omvandlas till den genomsgimlieukometylenbla genom UVA-
aktivering tillsammans med TiO2-nanopartiklar. Darnfisade sig det funktionella blacket som
kombinerar MB med Ti@-nanopartiklar vara lampligt for kostnadseffektiva eindikatorer.
Bade omvand gravyrbelagda och flexografitryckta inditettketter, som ar lampliga for t.ex.
enkla syreindikatorer i forpackningar med modifierad atfang demonstrerades.

Anvandning av metall- och metalloxidnanostrukturer samktionella ljusaktiverade material
mojliggor skapande av bade kostnadseffektiva ochoailjjassade produkter som kan i stor
utstrackning anvandas i samhallet, och som mojliggbgenombrott i omvandlingen fran en
ekonomi baserad pa fossilt bransle till en solstyrd ekoinoSammanfattningsvis, resultaten
frn denna avhandling kan antas ge en bas for utvecklimyawstorskaliga, nanostrukturerade
ljusaktiverade material pa naturfiberbaserade subsmager hallbara losningar for kommande
generationer.
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Introduction 1

Chapter 1

Introduction

Nanophotonics is an emerging field that has a wide range of applications from solar energy
conversion and optical sensing to optical telecommunications and computing. Many of our
everyday life objects depend on nanotechnology and nanophotonics: for example, modern cell
phones are powered by integrated circuits containing billions of transistors packed on roughly
one square centimeter area, and internet connections heavily rely on optical fibres. Many sum-
mer cottages in Finland make their electricity using solar cells based on nanophotonic integra-
tion.

Within the past few decades our abilities to manufacture nanoscale structures has expanded
tremendously. In his famous keynote talk at the Caltech in December 1959, late Nobel laureate
Richard Feynman considered possibilities for nanoscale engineering [1]. His thought experi-
ment summarized it well: “The principles of physics, as far as I can see, do not speak against
the possibility of maneuvering things atom by atom. It is not an attempt to violate any laws; it
is something, in principle, that can be done; but, in practice, it has not been done because we
are too big.” In the following six decades since Feynman’s talk, both nanoscale measurement
and manufacturing tools have been developed, and nowadays abilities to modify matter down
to an individual atom level are available.

Nature has mastered nanoscale engineering for billions of years. We all are based on extremely
well designed nanoscale structures that are made using a bottom-up route in aqueous solution
i.e. nature starts with individual molecules that are assembled into larger functional units, or-
gans, and organisms guided by the genetic information encoded into the DNA. This is contrary
to the typical man-made nanoscale structures that use a top-down approach in which one starts
with large macroscopic particles and then by removing material at desired locations one ends
up with nanoscale features. For example, the integrated chips in our cell phones use such an
approach in which a large silicon substrate is covered with multiple thin films before exposure
to lithographic processes for making the sources, drains, and gates for the billions of field-effect
transistors in today’s mobile phone processors.

In particular, natural processes are sustainable: all natural processes are widely distributed and
function in a zero-waste protocol in which the waste from one or more organisms is the source
material for another. On the contrary, man-made processes are typically heavily concentrated in
industrial plants resulting in a large amount of waste. This has been realized within the past few
decades as mankind is running out both renewable and especially non-renewable raw materials.



2 Introduction

In recent years circular economy, mimicking the natural approach, has generated large interest
to improve sustainability with increasing population and demand, and in Finland the world’s
first roadmap for circular economy was released in 2016 [2] .

One consequence of following unsustainable action is global warming. The Intergovernmental
Panel on Climate Change (IPCC) released a report in 2018 [3] indicating the changes required
to limit the temperature increase to 1.5°C. The IPCC also reported earlier [4] that 65% of the
carbon dioxide (CO,) emissions result from fossil fuels and industrial processes. During the
past hundred years the annual global carbon emissions have increased 10-fold up to 10 billion
metric tonnes [5], and the CO, level in the atmosphere has increased from pre-industrial 280
ppm to more than 400 ppm due to wide use of fossil fuels such as coal, oil, and natural gas.
There has been several studies indicating the outcomes of uncontrolled temperature increase:
the first signs are the deadly heatwaves throughout the world [6,7], especially in Australia in the
Antipodean summer of 2019, early 2020, with bush fires on a land area comparable to Finland.

This highlights the urgent need for a sustainable transformation from fossil fuel based economy
to carbon neutral solutions. Solar economy offers a tremendous opportunity for achieving this
goal. The average solar energy intensity reaching the Earth is approximately 1 360 W/m? [8].
To harvest this energy, solar cells have been intensely investigated since the 1950s, and the best
available solar power conversion efficiencies of multi-junction crystalline cells is approach-
ing 50% [9]. To reduce the cost of solar cells, a dye-sensitized solar cell (DSSC) structure
based on a colloidal titanium dioxide (TiO;) solution was proposed by O’Regan and Gritzel
in 1991 [10]. There has been extensive research on DSSC cells [11] within the past 25 years
but, unfortunately, the limitations in the available photosensitizer dyes have kept the power
conversion efficiency around 10%.

Alternatively, solar energy can be used to drive heterogeneous catalytic chemical reactions on
surfaces via photocatalytic activation. Photocatalysis on TiO, surfaces is a well-known phe-
nomenon since the seminal work in the early 1970s [12, 13]. TiO; is nowadays a widely used
material due to its nontoxicity, chemical and biological inertness, sufficient photostability, and
strong oxidizing potential to catalyze various redox reactions while at the same time having a
sufficiently large bandgap (3.2 eV for anatase crystalline form corresponding to 387 nm in the
ultraviolet A (UVA) range) [14]. This is a significant bottleneck since only 3—5% of sunlight is
in the UV range [15] for excitation of the electron-hole pairs in TiO, responsible for reduction
and oxidation reactions on the surface, respectively.

To overcome the large bandgap in TiO,, several approaches have recently been taken including
doping, surface modification, formation of black TiO,, ion implantation, or composite semi-
conductors [16, 17]. Unfortunately, the benefits of the lower bandgap are often diminished by a
higher recombination rates of the generated electron-hole pairs limiting the achievable overall
efficiency.

Metal nanoparticles, which exhibit localized surface plasmon resonance (LSPR), are effective
in concentrating electromagnetic radiation, i.e. inducing strong local electric fields in small vol-
umes. LSPR in metallic nanoparticles has been utilized for decades, e.g. in surface-enhanced
Raman scattering (SERS) [18]. More recently, plasmonic nanoparticles have found applications
for enhanced photocatalytic activity as they can be a source of hot carriers (electrons and holes)
that can transfer from the plasmonic nanostructure into the neighboring metal oxide. Designs
for extracting both hot electrons [19,20] and hot holes [21] for photocatalytic activity at visible
wavelengths have been under intense research during the past few years. Such indirect photo-
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catalysis can take advantage of both metallic and semiconducting structures, and recently also
bimetallic (Ag/Pt) particles were investigated combining plasmonic and catalytic functions into
a single nanostructure [22]. It has also been shown that a direct photocatalysis can take place
on top of plasmonic nanostructures [23,24]. To fully exploit the possibilities of metal and metal
oxide nanomaterials, a more detailed understanding of key physico-chemical properties is re-
quired. Understanding the structure-property connection requires information about the driving
forces of the nanophotonic response.

Sustainability can be improved by combining solar energy driven systems into substrates based
on renewable raw materials and energy sources. Forests have traditionally been a source for
well-being in Finland, and cellulose is the most abundant biopolymer on Earth. Annually more
than 100 million cubic meters of fresh wood biomass is grown in Finland alone from which ap-
proximately 80% is harvested. A large transformation of the forest-products industry sector has
taken place within the past two decades as the growth of electronic media has resulted in a rapid
decline in demand of traditional printing paper grades. This has resulted in closures of several
paper mills but also generated new product portfolios ranging from micro- and nanofibrillated
cellulose and cross-laminated timber products to wood-based chemicals and biofuels.

This thesis deals with nanophotonic applications on paperboard concentrating on TiO, and sil-
ver nanoparticles. Three different applications will be considered: first, photocatalytically con-
trolled wettability of TiO, nanoparticle coated paperboard followed by SERS active substrates
by silver nanoparticles. Finally, TiO;, nanoparticles together with methylene blue organic dye
can be used as a simple oxygen indicator, for example, in modified atmosphere packages. Com-
bining nanophotonic applications in renewable and recyclable substrates can provide significant
added value and show avenues towards a both economically and ecologically sustainable future.

The aims of this study are as follows:
1. Develop light-activated metal and metal oxide nanoparticle coatings on paperboard

2. Identify the key structure-property mechanisms that control the photonic response in such
nanostructured media

3. Demonstrate controlled wetting and Raman sensing on such nanoparticle functionalized
paperboard
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Chapter 2

Review of Literature

2.1 Basics of nanotechnology

Nanotechnology has gained widespread interest within the past few decades due to the new
properties that can be achieved via nanoscale engineering and structures. There are two main
pathways why matter behaves differently in nanoscale compared to macroscale. First, the ratio
of surface to bulk atoms grows as the dimensions of structures are minituarized. For example,
MgO and CaO nanocrystals were studied in different sizes and the ratio of surface atoms was
decreased from more than 90% to less than 10% as the particle diameter was increased from 1
nm to 15 nm [25]. Secondly, quantum phenomena, which are typically observed only in atomic
scale, can manifest themselves through into resulting macroscale properties.

Gold is a well-known soft metal with distinct yellowish color. However, the melting point
of gold was significantly reduced from the bulk value of 1 064°C to less than 500°C as the
diameter of gold nanoparticles was reduced to less than 5 nm [26]. Additionally the color of
gold surface can be altered by nanoscale structures: engraving nanodiscs with various diameters
around 100 nm can be used for plasmonic control of the reflected color and various colored
surfaces can be generated [27]. In a similar fashion the diameter of silver nanoparticles can
be used to control Rayleigh scattering that resulted in different colors [28]. These colors in
metallic nanostructures are caused by the disturbances induced into the electron mean free path
by the physical boundaries, i.e. the electron oscillations caused by the coupled electromagnetic
radiation is affected by collisions with the grain boundaries. In silver and gold the electron
mean free paths in bulk metals were calculated to be 53.3 nm and 37.7 nm, respectively [29].

2.1.1 Top-down vs. bottom-up manufacturing routes

Nanoscale structures can be achieved by two different manufacturing routes. The top-down
approach starts with a macroscopic unit that is reduced down to nanoscale. There are several
ways to achieve this, such as applying mechanical, high energy, chemical, and lithographical
processes. Electron beam lithography is widely used in manufacturing integrated circuits [30]
whereas mechanical treatment with enzymes is typically used for making cellulose nanofib-
rils [31]. The bottom-up route, by contrast, starts with individual atoms or molecules that are
assembled into a larger functional unit. Man-made structures by this route can be achieved
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by dip-pen lithography (DPL), chemical / physical vapor deposition (CVD/PVD), atomic layer
deposition (ALD), molecular beam epitaxy (MBE), or self-assembly.

Nature has mastered bottom-up manufacturing in aqueous solution for billions of years, and
mimicking natural structures, i.e. biomimetics has been a focus of intense interest in recent
years [32]. Hierarchical structures combining both micro- and nanoscale structures are typically
found in nature that result in extraordinary properties such as the extreme water repellency of
the lotus leaf [33], structural color in morpho butterflies and pollia fruit [34], brilliant whiteness
in beetles [35], and even in camouflage [36].

Nanoparticles can be synthesized in various ways, ranging from wet chemical sol-gel synthesis
and laser ablation to epitaxy and powder technologies.

2.1.2 Liquid flame spray (LFS) deposition of hanoparticles

Spray pyrolysis (SP) techniques have been developed intensively since the 1980s. In SP, a
heated laminar flow carries the precursor aerosol into the furnace. Aerosol, which can be
formed, e.g. using ultrasonic, pneumatic or electrostatic assistance, is rapidly heated forming
solid nanoparticles [37,38]. SP offers high versatility with easily controllable particle size dis-
tribution and composition range of various metal and metal oxide nanoparticles. Typically the
furnaces operate within a temperature range of 100-500°C [39] allowing nanoparticle deposi-
tion on relatively heat-sensitive materials. The SP technique allows also deposition of tailorable
and multicompound structures including core-shell, nanowires, and thin film deposition; for
details, see a recent review [40].

Flame spray pyrolysis (FSP) differs from the conventional SP, in that, instead of an oven, the
heat is generated by the flame followed by the thermomechanical reactions leading to nanoparti-
cle deposition. Seminal work using a flame was carried out by Ulrich in 1971 [41] for preparing
silica (Si0;) particles from silicon tetrachloride (SiCly). Flame based methods for deposition
of nanoparticles provide a cost-effective, large-scale means for production of nanomaterials up
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Figure 2.1: a) Schematic of LFS nanoparticle deposition in a roll-to-roll process flow, with a matrix
of suitable elements for nanoparticle deposition by the LES process b). The most typical Raman
active metals are displayed by red whereas more recently explored metals for Raman activity are
displayed by blue. The oxides used for controlled wettability are displayed by green.
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to millions of tonnes annually [42,43]. In FSP, a metal salt precursor is sprayed as a fine mist
into a high temperature flame for nanoparticle formation. Thermophoretic deposition of porous
functional films was demonstrated as a one-step fabrication of Au/TiO, microreactors [44].

Liquid flame spray (LFS) deposition of nanoparticles has been developed at the Tampere Uni-
versity of Technology, Finland since the 1990s. LFS is a subgroup of FSP techniques with the
main difference compared to conventional FSP being in the aerosol generation: in LFS, one
of the combustion gases is also the atomizing gas of pneumatically sprayed precursor solution,
whereas in FSP an additional atomizer is typically used. Figure 2.1a) shows a schematic figure
of the LFS deposition system. A precursor is fed into the high temperature and high velocity
flame in which evaporation and nucleation takes place. Thermal decomposition of precursor so-
lution is followed by formation of solid nanoparticles given by the following overall reactions
of titanium(tetra)isopropoxide (TTIP) precursor and silver nitrate (AgNO3) for TiO; and silver
nanoparticles, respectively:

Ti(OC3H7)4 — TiO, +4C3Hg + 2H,0 2.1
AgNO3 — Ag+NO, +0, 2.2)
AgNO3 +H; - Ag+NO;,; +H,O 2.3)

Compared to the hydrolysis of TiCly based precursors, TTIP has an advantage of significantly
lower thermal decomposition temperature down to 100°C [45]. For silver, pure, densely packed
and non-agglomerated particles were produced at and above 900°C when using air as carrier
gas with sufficiently low residence times in the furnace [46]. However, presence of hydrogen
reduced the equilibrium of thermal decomposition of silver nitrate from 400°C to room temper-
ature [47]. The morphology of the LFS deposited TiO, and silver nanoparticles is shown by
the scanning electron microscope (SEM) image in Fig. 2.2. A clear difference in the particle
morphology can be seen as TiO; nanoparticles form a highly porous network, whereas silver
nanoparticles deposit as individual or aggregated (fused) nanoparticles.

The highest temperatures in the flame reach close to 3 000 K approximately 5 cm distance from
the burner [48]. However, flame temperature decays quickly to 1 000 K as distance is increased
to 20 cm. Hence, even heat-sensitive materials such as paper or plastic film can be function-

Figure 2.2: SEM images of LFS deposited a) highly porous TiO, nanoparticle network and b)
individual and aggregated silver nanoparticles.
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Figure 2.3: Cross-sectional image of LFS deposited TiO layer on top of pigment coated paperboard
(image courtesy of PhD Milena Stepien [57]).

alized with LFS deposited nanoparticles as long as the distance from the burner and exposure
time to the flame, in turn, are kept sufficiently long and short, respectively. In addition, high
purity samples can be achieved with no organic residues [49] by the flame based methods. A re-
cent X-ray photoelectron spectroscopy (XPS) study of LFS deposited silver nanoparticles [50]
showed that more than 90% of the deposited particles were metallic silver with approximately
7% in AgO, state and less than 1% in AgO state.

The benefits of the LFS process include rapid deposition, scalability, versatility, and possibil-
ity for generating multicompound structures [51-53]. The versatility of the LFS method is
displayed in Fig. 2.1 b) with a matrix of suitable metal and metal oxide particles for Raman
activity and controlled wettability, respectively. The particle size can easily be controlled from
2 to 200 nm by process parameters such as precursor concentration and feeding rate, burner
distance to the deposition substrate, and gas flow rates. The size distribution of particles can
be single- or multiple peaked depending on the burner temperature and vapour pressures of the
source materials [54]. For example, a single-peaked distribution of silver nanoparticles by LFS
has been demonstrated [55]. From the LFS generated nanoparticles, a typical yield onto the
surface is commonly in the range of 5-20% [56]. The LFS deposition of nanoparticles can be
carried out either in a batch-type process using a rotating carousel or in a continuous roll-to-roll
application. In both cases the deposited nanoparticle amount can easily be controlled by the
track/substrate speed and the number of passes through the flame.

A cross-sectional SEM image of highly porous LFS deposited TiO, nanoparticles is displayed
in Fig. 2.3. It is noteworthy that the SEM image here is taken without sputtering by carbon
or gold. The LFS deposited TiO; layers had a thickness of approximately 600 nm [Paper I].
This information can be combined with inductively coupled plasma (ICP) analysis indicating
100 mg/m? coating amount: assuming anatase crystalline form with density of 3.89 g/cm?
resulted in the average porosity of 96%. This is in good agreement with previous experiments
of the FSP deposited Pt/SnO; gas sensors having a high porosity up to 98% [58]. High porosity
was also observed in simulation of nanoparticle deposition with Brownian motion dynamics
that showed a packing density (= 1 - porosity) between 2—15% [59].

The adhesion of nanoparticles onto the solid substrate is mainly due to van der Waals forces
that are weak compared to chemical bonds. Therefore, several strategies have been utilized to
improve LFS nanoparticle adhesion ranging from partial heat-induced embedding into a soft
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polymer matrix during the deposition [60] to ALD [50] and plasma [61] coatings. High tem-
perature deposition of TiO; nanoparticles at 400°C reduced the porosity from 98% to 95%
compared to 100°C deposition [62] while a partial sintering of the particles improved the me-
chanical stability of the deposited layer for DSSC application. Alternatively, a secondary flame
can be used to anneal the deposited nanoparticle layer [63]. A secondary flame was also used
in combination with a shadowing mask for generating micropatterned nanoparticle depositions
on Si-wafer [64].

LFS deposited nanoparticles have found various applications in recent years ranging from glass
coloring [65] and erbium-doped fiber amplifiers [54] to functional coatings with controlled wet-
tability from superhydrophobic to highly hydrophilic surfaces on paperboard [66,67], controlled
printability [68], and antibacterial applications [55]. For a summary of LFS applications, see a
recent review [69].

2.2 Light: Optics and photonics

2.2.1 Light fundamentals

Light is a form of electromagnetic radiation whose behavior is governed by the four Maxwell
equations: two divergence equations complemented with two curl equations coupling the vec-
torial electric and magnetic fields. Unfortunately, these four equations, albeit simple in their
analytic form, are difficult to solve, and only few closed form solutions are available in specific
circumstances. Therefore, heavy numerical investigations are often required for detailed optics
and photonics modeling taking into account the sufficient boundary conditions, i.e. along the
interface continuity of the tangential component of the electric field and magnetic field for a
dielectric interface.

The optical interfaces are defined by the difference in the refractive index. As a photon hits such
an interface, it can transmit through the interface, be reflected back to the incoming medium,
or be absorbed into the medium. Light behavior in complex media, such as nanostructured or
turbid media, results from multiple reflections at different interfaces. This is called scattering
that can be either elastic or inelastic in nature. Elastic scattering covers Rayleigh scattering from
molecules that explains, for example, why sky is blue or snow is white. Rayleigh scattering is
inversely proportional to the fourth power of the wavelength, and thus far away from the sun,
the blue components (short wavelength) experience a higher scattering probability and result
in the blue color of the sky. Another example of the importance of air voids is snow: being
highly porous there is a large number of scattering centers available and for a white light the
appearance is bright white. On the contrary, once the air voids are removed by compression
into solid ice, the scattering centers are lost and the appearance becomes transparent. Similar
behavior was also observed in cellulose films: once the dimensions of the cellulose fibrils are
brought down to nanoscale, transparent paper can be generated [70] or the optical properties
(haze / transparency) of paper can be controlled for, e.g. solar cell applications [71].

Optical properties of traditional paper grades can be described in terms of opacity and white-
ness in papermaking. Opacity measures the print visibility through the paper whereas white-
ness measures the reflection at 457 nm. Kubelka-Munk parameters are phenomenological co-
efficients that relate the specific light scattering S and absorption coefficient K into reflection
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Figure 2.4: Generation of Raman scattering.

quantities Ry and R.. that can be measured easily from a single paper sheet on top of a perfect
absorber and a stack of paper sheets, respectively [72]. However, these parameters do not tell
anything about the paper microstructure. For a more accurate numerical modeling, the discrete
dipole approximation (DDA) was developed by Purcell and Pennypacker in 1973 [73]. The dif-
ficulty in DDA is the millions of individual dipoles that interact with each other requiring heavy
numerical computations. This technique was originally developed for analyzing interstellar dust
grains but it was recently extended to analyzing the optical properties of paper pigments and
particles [74]. Scattering from nano- and microscale particles is typically called Mie scatter-
ing, and the scattering properties of an individual pigment particle can be calculated using Mie
theory [75]. However, the significance of an individual scatterer analysis is of limited use for
estimating the optical properties of pigment coated papers.

In addition to elastic scattering, inelastic scattering of photons was observed by C. V. Raman
and K. S. Krishnan in 1928 [76] by photon energy up-conversion i.e. anti-Stokes shift in the
energy that distinguished the new type of radiation from luminescence. The benefit of inelastic
Raman scattering is that there is an interaction with molecules that scatter the light, typically
with their vibrational energy states as shown in Fig. 2.4. Therefore, the Raman spectrum
provides a unique fingerprint for each molecule allowing accurate and reliable identification of
different substances. Compared to the traditional IR absorption spectroscopy that is based on
detecting the change in the dipole moment caused by the IR radiation, Raman spectroscopy is
based on the detection of induced dipole, i.e. the change of the polarizability of the molecule.
This provides a significant benefit in analyzing aqueous solutions in which IR peaks of the
molecules are blocked by the strong IR absorption of the water molecules whereas the Raman
signal is significantly less sensitive to the presence of water molecules, and the Raman spectrum
from aqueous solutions can easily be measured [77].

The most significant drawback of the Raman scattering is the very weak signal strength: elastic
scattering is dominant with approximately only one photon in a million to ten million photons
experiencing inelastic Raman scattering [77]. Therefore, Raman scattering is inherently weak
by its nature, and the signal is easily lost, for example, in luminescence background. This would
mean that very high concentration of the detected molecules would be required for reliable
detection. Or alternatively one has to find ways to enhance the Raman signal intensity.
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2.2.2 Surface-enhanced Raman scattering (SERS)

To enhance the Raman signal intensity several approaches have been taken. The first obser-
vation of extraordinary strong Raman scattering on a roughened metal surface was observed
by Fleischmann et al. [78], related to the enhanced surface area of the rough surface. A few
years later two groups independently observed anomalously large Raman intensities [79, 80]
on roughened silver electrodes that displayed signal enhancement factors up to 10°>—10° far
above the amount of increase in the surface area. However, the actual mechanisms of the signal
enhancement in the surface-enhanced Raman scattering (SERS) was not fully understood. In
principle, there are two possibilities for the signal enhancement: chemical or electromagnetic
enhancement. The chemical enhancement is based on the metal-molecule charge transfer ef-
fects, and it has been confirmed that only an order of magnitude enhancement can be observed
from these [81]. Hence, the electromagnetic enhancement plays the key role in the signal en-
hancement.

Typically electromagnetic enhancement is observed in metallic nanostructures, which support
localized surface plasmon resonance (LSPR). The LSPR is a collective oscillation of electrons
that induce a strong light localization in the vicinity of the metal nanostructures. This means
that the metallic nanostructures act in a lens like manner, i.e. they concentrate the incoming
light within a few nanometers of the nanostructure surface resulting in highly enhanced local
electric field strengths. However, the local electric fields decay rapidly, and for small metal
spheres the decay rate is 7~ !° [82]. Thus SERS only occurs when molecules are brought in the
vicinity of the surface of such a SERS active substrate: SERS signal intensity depends on the
fourth power of the local electric field strength and signal enhancement factors up to 1010 — 10!
have been reported [83].

Various nanostructures ranging from colloidal solutions to structures made by expensive elec-
tron beam lithography have been reported during the last decades [84]. Typically, the LSPR
is observed in metal nanoparticles such as gold, silver, and copper that all have their plasmon
resonance at visible wavelengths and are resistant to corrosion [82]. An additional benefit of the
nanoparticles is that the optical response can easily be tailored from near-UV to mid-IR simply
by changing the size and shape of the nanoparticles [85].

Theoretically a self-similar chain of silver nanoparticles was suggested to improve the enhance-
ment, with electric enhancement factor up to 10'3, by a symmetric nanolens of six particles [86].
The idea was simple and elegant: by combining larger nanoparticles in the vicinity of smaller
nanoparticles the electric field can effectively couple and cascade from a larger sphere into the
smaller one. After cascading the electric field will also be squeezed into a smaller volume fol-
lowed by an enlarged local electric field. Such a self-similar chain also avoided typical problems
with small nanoparticles having a small optical cross-section that prevents effective excitation
of the incident light. By cascading twice in a three particle (45 nm-15 nm-5 nm) self-similar
chain, the electric field volume was effectively reduced. The theoretical proposal was verified
a few years later by laser ablation of gold nanoparticles with SERS enhancement factors up to
10° [87]. For SERS hot spot generation both top-down and bottom-up approaches have been
taken, see review [88]. These studies suggest that a random LFS deposition of silver nanoparti-
cles could also be used for generating such hot spots on the surface [Paper II, Paper IV].

As a summary, SERS is a powerful, surface-sensitive, non-destructive, and in-situ vibrational
spectroscopic technique that is suitable for detection of extremely low concentration molecules
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[89]. Compared to fluorescence spectroscopy, Raman scattering is sensitive to different vibra-
tional modes of the molecules and hence, provides a molecular fingerprint allowing detection
down to a single molecule level [90,91] via enhancement of local electromagnetic fields. Since
2000 [92], tip-enhanced Raman spectroscopy (TERS) has been developed in which a sharp
metal tip is used to excite local electric fields. This approach can result in simultaneous ul-
trahigh topographical imaging combined with quantitative Raman data. Several TERS set-ups
have been developed from atomic force microscopy (AFM) to scanning tunneling microscope
(STM) with various tip designs from antenna-structured tips to nanoparticle functionalized and
etched metal tips [93].

SERS provides an accurate tool for detection of, for example, Escherichia coli (E. coli) bacteria
[94], which is a major cause of foodborne illnesses. Increased threat of bioterrorism drives
the interest in rapid and accurate detection of small amounts of pathogens down to single cell
levels [95]. A handheld Raman spectrometer was recently demonstrated for identification of
pathogens from human serum [96] that was incubated 3 h on commercially available silver
nanorod substrates. Such an approach may provide quick diagnosis in remote locations with no
microbiological laboratory access.

A typical problem with SERS active substrates is that the sample stains the used substrate.
Hence, the SERS active material can only be used once. To avoid this problem, a combination of
silver nanoparticles deposited on top of photocatalytically active TiO, nanorods was suggested
[97,98]. The surface can be cleaned after the SERS analysis by exposure to UVA light that will
photocatalytically degrade organic material from the substrate. Another possibility is to utilize
SERS based sensoring on sustainable large-scale substrates that creates a need for low-cost
disposable or recyclable SERS active substrates.

2.2.3 Developments of SERS on paper-based substrates

Over the past decade functional natural fibre based substrates have also found applications as
disposable sensors. For example, bioactive paper is a promising candidate for inexpensive sen-
soring without any need for instrumentation [99] whereas printed planar reaction arrays can
provide substantial cost savings in point-of-care diagnostics [100]. However, they are not suit-
able for detecting small amounts of pollutants, and hence, more accurate detection approaches
are needed.

Several different approaches for low-cost substrates such as cellulose films and paper for SERS
activation have been taken recently. For example, paper has been functionalized with plasmonic
metal nanoparticles for SERS activity. Typically filter paper such as Whatman or chromatogra-
phy paper has been used for the nanoparticle functionalization. As an example, gold nanorods
were deposited by immersing paper substrate into the nanorod solution providing a rather uni-
form distribution of gold nanorods into paper [101]. An additional benefit of such nanorod func-
tionalized paper is the possibility to swipe various surfaces for detection of trace elements such
as explosives, narcotics, and pathogens. Alternatively, one can do the nanoparticle deposition
directly on the cellulose fibers by reducing gold or silver from salt form into nanoparticles. For
example, hydrogen tetrachloroaurate (HAuCl, - 3H,0) was used for gold nanoparticles [102]
and silver nitrate (AgNO3) was reduced to silver nanoparticles [103].

SERS active substrates were used for detection of antibodies with aptamer-functionalized gold
nanoparticles and tyrosine in aqueous solution with silver nanoparticles, respectively. These
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aptamer-functionalized gold nanoparticles can also be used for detection of cancer markers
down nM level in the whole blood by SERS analysis on paper surface [104]. The sensivity can
be enhanced by applying magnetic enrichment with novel principal component analysis (PCA)
[105] for a more reliable separation of healthy and cancerous cell lines utilizing a cost-effective
plasmonic paper. Sensitivity of SERS systems on paper of test molecules such as Rhodamine B
(RhB) and crystal violet (CV) were shown to reach down to 10~'! M and 1071° M, respectively
[106]. Inkjet printed silver nanoparticles on cellulose were also shown to be suitable for SERS
enhancement [107]. However, these results were obtained on a highly purified cellulose paper
with specifically designed ink requiring several prints.

For inkjet printing, hydrophilic cellulose substrate is typically functionalized into a hydropho-
bically patterned and/or barrier surface. This prevents the deposited droplet from spreading and
penetrating deep into the porous fibre network. Hence, for the surface to become functionalized
with nanoparticles, significantly less noble metal nanoparticles are needed [108]. Furthermore,
a hydrophobic surface provides a higher probability of forming a hot-spot of nanoparticles such
as dimer, trimer, or quadrupole system of nanoparticles that can lead to a significantly higher
SERS signal enhancement compared to an individual nanoparticle [109].

The interest in developing large-scale SERS active sensor platforms on paper-based substrates
is based on several benefits: these substrates are renewable, recyclable, biodegradable, cost-
efficient, and suitable for mass-production. In addition, SERS active structures can be printed
on demand on the measurement site with no need for storage having sufficient accuracy and
reproducibility for commercial use. The ultimate goal with such sensoring would be a combi-
nation of a handheld device, having the size of a smartphone without any need for laboratory
environment.

Reproducibility of SERS active substrates and quantitative analysis remains a challenge for Ra-
man spectroscopy. This is especially problematic in paper-based structures that are random,
porous, and uneven. Several approaches have been taken to overcome this issue from surface
sizing [110, 111] and using cellulose nanofibril for increased smoothness [112] to inverse opal
carboxymethyl cellulose films [113]. A review article [114] summarizes the recent develop-
ments of cellulose-based substrates for SERS activity.

2.2.4 Photocatalytic activity of TiO,

The word photocatalysis was introduced by M. Landau in 1912—-1913 [115] covering the basic
principle of heterogenous photocatalysis. The first observation of photocatalytic activity in
TiO, was observed by Keidel in 1929 [116] as sunlight induced flaking of TiO, based paints
with the photocatalytic degradation of the organic binder surrounding the pigment particles.
Additionally TiO, was known to bleach the color of paints [117].

The work by Fujishima and Honda [12, 13] demonstrated that TiO; structures can be used with
UVA light to break water molecules into hydrogen and oxygen. TiO; exists in three different
crystalline forms: anatase, rutile, and brookite. There also exists an ultrahigh pressure crys-
talline form akaogiite [118]. The photocatalytical activity of different TiO; crystalline forms
has been studied intensively, and it is still unclear which one has the highest activity [119-121].

In the LFS nanoparticle deposition of TiO, nanoparticles the main crystalline phase of the
particles is anatase [122]. In another study, X-ray diffraction analysis showed that 86 wt.%
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Figure 2.5: Photocatalytic activity of TiO, nanoparticles under UVA light exposure, leading to
RedOx activity.

of the deposited nanoparticles had anatase crystalline form with an average crystallite size of
9.5 nm [63]. Anatase has a bandgap of 3.2 eV that corresponds to the UVA range at 387 nm.
This means that UVA photons with higher energy (shorter wavelength) than the bandgap energy
can excite electrons from the valence band into the conduction band of TiO,, as illustrated in
Figure 2.5. The electrons and holes can diffuse onto the surface of TiO,, especially in nanos-
tructures, on which they facilitate various reduction and oxidation (RedOx) reactions. These
reactions can be used, for example, for photocatalytically induced superhydrophilicity and anti-
fogging [123], antimicrobial activity [124, 125], and water splitting [126]. TiO, pigments are
widely used in paints and photocatalytic activity can cause paint degradation upon UV expo-
sure, for example, in art paintings [127]

A photocatalytically induced wettability change of TiO, surface was demonstrated around
20 years ago [128—130]. It has been shown that while deposited TiO, films are almost purely
hydrophilic with water contact angle (WCA) close to 0°, the surface gets contaminated from
the surrounding air increasing the WCA values up to 80° within a month [131]. Exposure to the
UVA irradiation resulted in an increase of the OH groups on the surface lowering the contact
angle close to zero. However, some organic compounds such as carboxyl groups can have a
higher affinity onto the surface than water molecules [132]. Therefore, UVA irradiation can not
completely remove all organic contaminants from the TiO, surface.

Controlled wettability of paperboard was demonstrated by using LFS deposited TiO, nanopar-
ticles that can be converted from the superhydrophobic to highly hydrophilic state upon 30 min
UVA irradiation [133]. The observed superhydrophobic nature of TiO, nanoparticles on paper-
board is a unique feature as on other substrates such as aluminium, similar LFS deposition of
TiO; resulted only in 83° WCA value [134]. Additionally, the observed superhydrophobicity on
TiO, was contrary to the highly hydrophilic state of SiO, nanoparticle deposition [133]. Both
TiO; and SiO; nanoparticles had a similar surface morphology but a different chemical com-
position was revealed by the XPS analysis, with the SiO; coating having a significantly higher
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oxygen to carbon (O/C) ratio [67]. This was also in good agreement with the changes observed
in the UVA activated wettability conversion of TiO, nanoparticles on paperboard [135] as UVA
activation increases and heat treatment decreases the O/C ratio. Alternatively to external stim-
uli, controlled wettability from 10° to 160° can also be achieved by multicompound TiO,-SiO;
LFS deposited nanoparticles simply by controlling the ratio of elements in the precursor solu-
tion [53].

With TiO; nanoparticle coating, the UVA converted hydrophilic state is not permanent and the
initial superhydrophobic state was recovered after 60 days storage in the dark. The recovery
can be enhanced from months to minutes by heat treatment in an oven at 150°C [136]. The
wettability conversion of LFS deposited TiO; nanoparticle coated paperboard with roll-to-roll
stimulation methods showed that both corona and argon plasma treatment can be used to con-
vert the surface to hydrophilic at up to 20 m/min web speed [137]. However, both corona and
argon plasma induced hydrophilicity reverts to hydrophobicity within months similar to UVA
conversion [138]. In addition, online hydrophobicity recovery was achieved with IR and UV il-
lumination. The contradiction in the wetting behaviour by UV online exposure can be explained
by the induced heat as surface temperature reached up to 140°C with the slowest web speeds,
i.e. the heat treatment was dominant during the short exposure to the UV light.

In a recent paper [139] the role of surface adsorbates on a clean TiO, surface was studied
using STM. It was shown that formic acid forms a monolayer on top of TiO; surface at ambient
conditions, i.e. the formic acid effectively occupies the binding sites on the surface even at parts-
per-billion concentration preventing adsorption of other species. This finding also explains the
hydrophobicity recovery in dark conditions.

2.3 Paper

Paper is a random, porous, and continuous web of cellulose fibres that are bound together by hy-
drogen bonding between the cellulose molecules. Cellulose is the most abundant biopolymer on
Earth, and typically the fibres for paper production are extracted from trees by chemical and/or
mechanical treatment. The applications of paper products cover a wide range from graphic pa-
pers and technical papers to packaging of products with paperboard. The properties of a paper
product can be adjusted upon the demands of the application, for example, by selection of the
used fibre material and the extraction process, fillers, binders, additives, and end processing
(coating, calendering, surface sizing) of the final product.

The history of papermaking dates back to ancient China, Ts’ai Lun being recorded as the inven-
tor of paper at 105 AD [140]. For centuries individual sheets of paper were made in a similar
fashion manually. In the early 19th century, the Fourdrinier brothers invented a papermachine
with a flat, permeable wire (mesh) section that allowed for continuous roll-to-roll process flow.
The first commercial Fourdrinier machine-made paper was manufactured already in 1812 [141].
The Fourdrinier machines have been the cornerstone in the growth of the paper and board indus-
try: certainly significant developments have taken place in machine efficiency with increasing
web speeds up to 2 000 m/min, web widths over 10 m, and novel automation. However, the
basic principle of papermaking has changed little within the past 200 years.

Forest based products have been essential for the Finnish economy and society as forestry is
one of the few natural resource generator available in Finland. Tar for wooden ships and ropes
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was the first product for export, and Finland became a large exporter into the international
tar market in the 16th and 17th century [142]. In the 1970s the Finnish paper manufacturers
concentrated strongly on developing high-quality printing paper grades, and Finland became
the world leading high-quality paper volume manufacturer in the 1980s. This resulted in a
significant added-value to local economy. However, the paper companies were slow to react
to the growth of electronic media and the challenges of the new millennium. The US market
started the decline in the early 21st century, and in Finland 2006 marked the start of change
with closures of several paper mills. Overcapacity in production, decline in the market demand,
and increasing raw material and energy costs resulted in a market with low or no profitability,
especially in certain light-weight coated (LWC) magazine paper grades. Now, 15 years later, the
pulp and paper companies are in a much better financial shape, and even the paper production
is profitable after significant restructuring of the industry. In 2019, 9.5 million tonnes of paper
and board products were produced in Finland, and the forest products industry covers more than
20% of the export value from Finland [143].

2.3.1 Coating, calendering, and printing

Cellulose molecules have a high number of hydroxyl groups that makes the cellulose fibers
inherently hydrophilic. In graphical arts applications, coated or uncoated paper is typically
printed by offset lithography, rotogravure, flexography or inkjet printing. For improved print
quality, several technologies have been developed during the past century ranging from coating
concepts to surface sizing and calendering. The print quality is evaluated with parameters such
as color gamut and print density, evenness (free of mottling), opacity, gloss and image sharpness
[144].

In dispersion coating a slurry of pigments such as kaolin, talc, or calcium carbonate is applied
on top of cellulose fibers as a suspension containing binder, for example, styrene-acrylic (SA) or
styrene-butadiene (SB) latex or starch [145]. The mineral pigment particles can be used either
as fillers in base paper or in coatings to improve both surface smoothness and optical properties
of papers by increasing the number of scattering centers. Optimizing the size and number of
scattering units allows thinner coatings to have sufficient optical properties for reduced cost,
and inspiration from natural white pigments found in a beetle Cyphochilus spp. have been
utilized [35, 146]. Additives such as optical brightening agents (OBAs) or high refractive index
TiO; pigments can be added to the sizing and coating formulations to improve the brightness,
whiteness and opacity of the paper.

Surface sizing is typically carried out using starch, carboxy methyl cellulose, polyvinyl alcohol
or a synthetic polymer to increase the strength and to reduce liquid absorption and permeation
into paper [145]. Typically, surface sizing is applied to uncoated papers such as copy papers for
improved print quality in inkjet and laser printing. Closing of the surface with surface sizing is
especially important in paper-based SERS substrates as metallic nanoparticles would otherwise
penetrate deep into the paper substrate whereas they should be on the surface to provide the
best possible enhancement [110]. In addition, surface sizing prevents the tested molecules
from penetrating into the base paper as the SERS enhancement requires a close vicinity of the
molecules to metal nanoparticles [107].

Several concepts for paper coating exist from traditional blade coating to recently developed
curtain coating technologies. A wet coating layer applied on top of base paper consolidates and
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forms a porous dry pigment coating layer. Surface smoothness can be improved by soft-nip
or hard-nip calendering of the base paper as well as the coated paper. All these tools have a
significant effect on porosity, printability, and ink setting properties of the final paper product.
Additionally, both interparticle and intraparticle porosity can be tuned by choice of pigments.
Porous CaCO3 pigments [147] have also found applications in the food industry [148].

Since 2000 printed electronics and functionality such as flexible displays, radio-frequency iden-
tification (RFID) labels, and anti-counterfeiting on banknotes [149] have been subjects of in-
tensive research. The first demonstration of solar cells on paper was carried out in 2011 by two
different approaches: a perfect contour coating by oxidative chemical vapor deposition pre-
vented formation of electronic shorts [150], whereas an all-printed solution was based on the
use of smooth transfer foil that reduced paper roughness [151]. A recent review [152] summa-
rizes the developments of the past decade with printed solar cells on paper.

The possibility for all roll-to-roll process flow can yield significant reduction in the produc-
tion cost [153]. Traditionally, functional applications have been realized on plastic substrates
but demands for sustainability have made renewable, cellulose based solutions desirable [154].
However, paper is rough, porous, and hydrophilic in nature, and specific coatings are needed
for functional applications. A multilayer coated paper for printed electronics combined a seal-
ing layer with porous top layer that allowed tailorable ink setting properties [155]. In addition
to sustainability and tailorability, cellulose-based substrates are also significantly more cost-
effective than plastic or glass substrates [156].

2.3.2 Wetting

The behaviour of liquids on solid surfaces is a well known phenomenon for all of us. During
rain, umbrellas are used, and wipers for the windscreens in cars, and coffee spilled on a surface
leaves a round-like stain [157]. On smooth, solid surface liquid forms a sessile drop having a
contact angle with the surface. Water is typically applied on the surface to characterize whether
the surface is hydrophilic or hydrophobic. For hydrophilic surfaces the contact angles are less
than 90° and water wets the surface. For hydrophobic surfaces water forms discrete droplets.

Nature has found many ways to utilize the peculiar properties of water. A beetle species Ste-
canora sp. collects its drinking water from morning fog in the Namib desert by tilting its body
towards the wind [158]. A microstructure on the back of the beetle extracts large droplets of wa-
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Figure 2.6: A liquid drop on a solid flat surface: in practice, the vapor may often be replaced by
another liquid.
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ter from fog that are collected. Certain fishing spider species utilize hydrophobicity for aquatic
motion: the contact angles up to 150° in the hairs of their body allow moving on the surfaces of
ponds and streams [159]. Similar superhydrophobicity is found at the surface of Lotus leaves
having contact angles up to 160°, i.e. water droplets are repelled by the structure and slide out
from the leaves. This effect has been characterized in detail using SEM [160, 161]. Superhy-
drophobicity is caused by both chemical and physical effects of the surface. For flat surfaces
the highest contact angles have been observed with regularly aligned and hexagonal packed flu-
orinated -CF3 groups displaying an angle of 119° [162]. Thus the surface morphology plays an
essential role in superhydrophobicity.

The theoretical investigation of liquid behaviour on a solid surface dates back to the start of the
19th century and to the works of Thomas Young. The macroscopic concept of contact angle
was introduced by Young as he considered the forces acting on a droplet on a smooth, solid
surface [163]. Within the past two centuries the concepts of wetting have been developed: the
macroscopic hydrodynamic calculations and molecular dynamic simulations are finally con-
verging [164]. Here various models used in describing wetting phenomena are reviewed.

For a liquid spreading on a flat surface shown in Fig. 2.6, the surface energies (for an infinitesi-
mal unit length dz of the contact line) are modified by the amount dE as follows:

dE = (%1 — Y%v)dz + Yy cos 0dz. 2.4)

Here 7%, %v, and 7}, are the surface tensions between solid-vapor, solid-liquid, and liquid-
vapor interfaces, and 6 is the contact angle at the three-phase line. In Eq. (2.4) the first term
corresponds to the dry solid replaced by a wet one. The second term is caused by the creation of
liquid-vapor interface as the drop spreads. In equilibrium, the Young’s equation for the contact
angle is
cosf = M. 2.5)
v

From the Young’s equation the following conditions can be observed:

1. The surface is hydrophobic when 7% > ¥y and cos 6 < 0.

2. Wetting is observed when %y — %51 > Yiv and 0 < cos 6 < 1. Silicone oil with low surface
tension satisfies this condition on many substrates such as glass, steel or plastics [165].

3. A non-wetting situation is observed when ¥ — %y > ¥y and —1 < cos6 < 0. Fully
superhydrophobic surface with 8 = 180° was realized by using organosilanes on a rough
microstructured surface [166] .

Alternative derivations for the Young’s equation can be done, for example, by using simple
geometry for balancing the forces or by applying Lagrangian mechanics. The surface forces
normal to the surface are balanced by the resistance of the solid [167].

The Young’s theory is only valid for flat, smooth surfaces. For rough surfaces several different
approaches have been developed. Wenzel [168] considered a wetting rough surface with a
geometrical roughness parameter that changes the Young’s case as follows:

dE = r(7%) — Y%v)dz + My cos Owdz, (2.6)
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Figure 2.7: Schematic figure of Wenzel and Cassie-Baxter states wéthdairesponding curvatures.

where the roughness parameter 1 is the ratio of the actual surface area to the projected one.
In equilibrium one ends up with the Wenzel model for a wettioggh surface:

cosBy = r cosByat, (2.7)

where 6y is termed the Wenzel contact angle, representing the effegbserved value, and
6qat the contact angle that would be made upon contact with agibrfitat surface of the same
material.

For a hydrophobic rough surface Cassie-Baxter [169] madsipically used. In this case, a
water drop rests on a surface formed by solid with air pockéésice, the energy equation (2.4)
can be written in the form [170]:

dE = @(Ysl — Yev)dz+ (1 — @) ¥y dz+ iy COSBcpdZ, (2.8)

where ¢ is the solid fraction of the surface. At equilibrium, a CasBiaxter equation is ob-
served:
€0SOcp = @5(C0SBhat+ 1) — 1, (2.9)

where8cg here refers to the Cassie-Baxter contact angle, represgethie effective observed
value, and, once agaify; the contact angle that would be made upon contact with agibrfe
flat surface of the same material.

Figure 2.7 summarizes the differences in Wenzel and C&ssiter states. Experimental study
with fractal surfaces confirmed these observations frorordteeal models [171, 172]. Super-
hydrophobic surfaces are typically observed in hieraahstructures combining micro- and
nanoscale features. It is noteworthy that under forcedinggti.e. by applying external pres-
sure dynamic wetting can take place even on a hydrophobiacsuf1 73, 174]. Forced wetting
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typically occurs in engineering applications such as in offset printing. Nanostructured surfaces
have found a large number of applications in recent years ranging from slippery liquid infused
porous surfaces (SLIPS) [175] and superamphiphobic surfaces [176,177] to icephobic superhy-
drophobic [178] and SLIPS surfaces [179].

Hierarchical structures are typically weak in their nature. For example, both wear [180] and
compression [Paper I] were studied on LFS deposited TiO, nanoparticle surface: the super-
hydrophobicity was lost in both cases. On a rough surface with small contact area the lo-
cal mechanical stresses can be high. Various designs for protecting the sensitive micro- and
nanoscale textured surface have been developed from micropillars [181] to microstructure ar-
mour on metal, glass, and ceramic surfaces [182].

Superhydrophobic surfaces can also display a petal effect when a surface has both high con-
tact angle and high adhesion of water. High adhesion is observed with a large contact angle
hysteresis, i.e. a large difference between the advancing and receding contact angles [183]. In
addition to static contact angle, dynamic contact angle describes the velocity dependent contact
angles that may differ significantly from the static one even at low droplet velocities [184]. The
dynamics of contact angle are especially important in microfluidic applications.

2.3.3 Microfluidics on paper

The seminal work in microfluidics was carried out by Terry et al. in 1979 [185] who reduced the
size of conventional gas chromatography by three orders of magnitude by etching microstruc-
tures on a silicon wafer. Nowadays microfluidic devices are used routinely, for example, from
DNA sequencing and genotyping [186] to microfluidic enzyme-linked immunosorbent assays
(ELISA) [187,188]. Typically lab-on-chip type microfluidic devices are realized on silicon,
glass, or polydimethylsiloxane (PDMS) substrates having complex nano- and microscale de-
signs [189], but a more cost-efficient alternative to such substrates has remained an important
goal.

The first fluidic channel on paper was demonstrated already in 1949 [190] by patterning a filter
paper by paraffin wax barrier for liquid chromatography purposes. Microfluidic designs were
expanded to paper-based substrates in 2007 by Whitesides’ group [191, 192] that was based on
a three-dimensional hydrophilic paper structure patterned with a hydrophobic wax or PDMS
polymer. A high potential for paper based microfluidic devices is expected in developing coun-
tries with simple detection, for example, by colorimetry. Colorimetric change can easily be
evaluated by visual or mobile phone technology [193] that can have a significant contribution
to public health. Microfluidic devices on paper platform have also found applications as cell
culture platforms [194].

Liquid flow in paper based systems is governed by capillary wicking into the porous fibre net-
work. A typical problem with commercial coated and surface sized papers is inadequate and
slow wicking due to the pore structure. Recently functionalized porous CaCOs3 based coating
concepts have been developed [195,196] that allow a rapid wicking with controllable intra- and
interparticle porosity.

Alternatively, microfluidics can be performed on top of a hydrophobic paper. A paperboard
surface functionalized with LFS deposited TiO; nanoparticles was demonstrated for planar mi-
crofluidics [197] in which a photomask was used for generating UVA activated wettable chan-
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nels onto an otherwise superhydrophobic surface. It was also shown that liquid flow velocity
can simply be controlled by the exposed channel width [198]. However, the reversion of the
UVA activated areas within 60 days after the illumination limits the shelf lifetime of the fabri-
cated structures. Mechanical durability of plasma etched hierarchical structures on polymethyl-
methacrylate (PMMA) substrates was studied under successive wetting- drying cycles [199]. It
was shown that the nanostructured surface coalesced under wetting with a significant and per-
manent change in the surface morphology. A similar approach was taken in this thesis [Paper
III] by exposing the UVA illuminated area to water that converted the channel area to being
permanently hydrophilic.

2.3.4 Modified atmosphere packages (MAPs)

Modified atmosphere packages (MAPs) were developed to extend the packaged product shelf
lifetime by replacing the regular atmosphere by nitrogen, carbon dioxide, oxygen, or a con-
trolled mixture of these gases according to the demands of the packaged product. CO, is known
for reducing growth of bacteria and fungi, and reduced oxygen content decreases the growth of
aerobic bacteria [200]. It is estimated that up to one third of the food produced today is wasted
with a direct economic cost of up to 705 billion USD annually [201]. Food-borne pathogens are
also severe issue and in the United States alone they contribute to more than 300 000 hospital-
izations annually [202].

Modified atmosphere was used for the first time in the 1920s in the storage of apples that re-
mained fresh for a longer time in an increased CO, atmosphere. The first MAPs were brought
to the market in 1979 by Marks and Spencer [203], whereas in North America the first applica-
tion of MAPs for fresh-cut products was in lettuce packages by McDonald’s [204]. Today the
market value of MAPs is estimated to be around 13 billion USD in 2019 [205].

Functional printing for intelligent MAPs is undergoing growing interest as it can yield informa-
tion about the product quality during handling, transportation, and storage. Several approaches
have been taken for the development of oxygen indicators from luminescence [206] and elec-
trochemical [207] to colorimetric detection by intelligent inks for oxygen [208,209]. Typically
the intelligent oxygen inks are based on methylene blue (MB) that is a heterocyclic aromatic
chemical compound being a cationic dye with maximum light absorption around 670 nm in
an oxidized form [210]. In the reduced leuco form (LMB) the absorption peak vanishes and
the dye is transparent. The photoreduction can be carried out by UVA excitation of the TiO;
component that can be on the surface or mixed as particles in the solution. The color conver-
sion is reversible as LMB quickly regains the initial MB blue shade once exposed to oxygen.
Inkjet printed oxygen indicators with solvent-based MB formulation have been realized [211].
However, large scale utilization of a roll-to-roll process flow would be beneficial for reduced
cost that could be realized with flexographic printing. In addition, a surface fully coated with
functional inks can be combined with a patterned photomask, and so, when selectively exposed
to chosen light wavelength(s), could thus enable various designs to be made for applications,
such as labels and safety features, as discussed in this thesis [Paper V].
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Chapter 3

Materials and Methods

The materials and methods summarizes the main aspects of the used substrates and nanoparti-
cles for the three applications studied in this thesis complemented with the used characterization
techniques. More details of the experiments are given in attached Papers [-V.

3.1 Substrates

A commercial double pigment coated paperboard (200 g/m?, Natura, Stora Enso, Skoghall,
Sweden) was used in Papers I, III , and IV. A cross-sectional image of the paperboard is pre-
sented in Fig. 3.1. The thickness of the paperboard is approximately 300 um. The top 20 um is
formed by a double pigment coating that reduces surface roughness and porosity for improved
print quality.

3.0kV 6.2mm SE 300um

Figure 3.1: Cross-sectional image of double pigment coated paperboard
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Commercial microscope glass (Menzel Gliser, DE) was used as a substrate for AgNP deposition
for SERS active substrates in Paper II.

A specifically designed multilayer paper for printed electronics [155] was used in Paper V for
flexographic printing of oxygen indicator ink. Additionally commercial poly(ethylene tereph-
talate) (PET) plastic film (Mylar A, Dupont, US) was used as a reference.

3.2 Nanoparticles

3.2.1 Silver nanoparticles deposited by liquid flame spray (LFS)

Two different sized silver nanoparticles (AgNPs) were deposited both on glass and paperboard
substrates by LFS. Silver nitrate (AgNO3, > 99.9% purity, Alfa Aesar) dissolved in water was
used as a precursor for AgNPs in Papers II and IV. For 50 nm diameter AgNPs the precursor was
fed with a rate of 4 ml/min and concentration of 750 mg/ml into the flame that was formed with
hydrogen and oxygen flow of 55 I/min and 5 1/min, respectively. For 90 nm diameter AgNPs
the corresponding parameters were 2 ml/min and 500 mg/ml with 40 1/min (O,) and 20 I/min
(Hp).

AgNPs were deposited using both direct and indirect deposition methods. Direct deposition was
carried out using a rotating carousel in which the deposited nanoparticle amount was controlled
simply by the number of times the substrate passes through the flame (sweeps). The indirect
method was performed with the aid of a deposition tube, i.e. the AgNPs were transferred along
the tube onto the adjacent substrate, and the coating amount was controlled by the deposition
time that the substrate resided at the end of the tube.

3.2.2 TiO, nanoparticles by LFS

TiO, nanoparticles (TiO,NPs) in Papers I and III were deposited using titanium tetraisopropox-
ide (TTIP, 97% purity, Sigma Aldrich) precursor dissolved in isopropanol (IPA) with a metal ion
concentration of 50 mg/ml. 12 ml/min of precursor was fed into the flame with gas flow rates
of 15 1/min (O3) and 50 I/min (Hy). TiO,NPs were deposited on a paperboard in roll-to-roll
deposition using the converting pilot line at the Tampere University of Technology (Finland).
Paperboard web speed was set to 50 m/min and the burner distance to the paperboard surface
was set to 6 cm.

3.2.3 Commercial TiO, nanoparticles for colorimetric ink

Commercial TiO,NPs in anatase crystalline form (E171, Sigma Aldrich) were utilized together
with methylene blue (MB, Sigma Aldrich) dye for colorimetric ink in Paper V. MB, TiO,NPs,
and glycerol (Sigma Aldrich) in water or ethanol were mixed with a magnetic stirrer. The
colorimetric ink was used both in reverse gravure (RG) coating and flexographic printing. For
coating, the ink was diluted to 2 wt% with a ratio of 1:6:2 for MB:TiO,NPs:glycerol dissolved
in ethanol. For flexography, the viscosity of the ink was increased by increasing concentration
to 5 wt% with a ratio of 1:10:4 for MB:TiO,NPs:glycerol and adding ethylene glycol (Sigma
Aldrich).



Materials and Methods 23

3.3 Coating, calendering, and printing

3.3.1 Reverse gravure (RG) coating

RG coating in Paper V was carried out using a MiniLabo test coater (Yasui Seiki, US). In
RG, a microgravure (anilox) roll rotating against the web in the counter (reverse) direction is
utilized to transfer coating from the coating pan. A doctor blade is utilized to remove the excess
coating from the microgravure roll. A trihelical gravure roll having a diameter of 2 cm with
80 lines/inch (31.5 lines/cm) was used for uniform coating. The web speed was set to 1.0-1.6
m/min and roll surface speed to 1.9 m/min. These settings resulted in a 15 um wet film thickness
that corresponds to a dry film thickness of 100 nm with 0.7 vol%.

3.3.2 Calendering

Calendering is a mechanical compressive surface treatment and finishing technology to improve
smoothness and optical properties of papers, textiles, and polymers. Several different technolo-
gies exist with multiple rolls and roll materials forming the compression nip through which the
web is fed. In Paper I a DT Laboratory Calender with soft/hard roll (DT Paper Science, FI) was
used to study the compressibility and smoothness of LFS TiO,NP coated paperboard. A roll
temperature of 60°C with a line load of 104 kN/m was utilized. The LFS deposited TiO,NP
functionalized paperboard surface was always facing the hard steel roll to prevent NP transfer
onto the soft polymer roll. The same parameters were used in successive calendering runs.

3.3.3 Flexography

Flexographic printing was utilized in Papers IV and V. In Paper 1V, the protective carbon coating
by graphite ink on paperboard for the SERS measurements was carried using a laboratory scale
flexography printer (IGT GST 2 printability tester, IGT Testing Systems, NL) with a graphite
ink (110-04, Creative Materials, US). The anilox had 40 lines/cm with a 45° cell angle and 20
ml/m? cell volume. A printing speed of 1.0 m/s was used for the successive graphite ink print
runs. The pressure between the anilox cylinder and the printing plate, and between the printing
plate and substrate, were set to 50 N and 100 N, respectively.

A custom-built, roll-to-roll mini pilot scale hybrid printer (Abo Akademi FunPrinter) was used
in Paper V with functional methylene blue-TiO,NP ink. Several different designs for oxygen
indicators were printed on both commercial plastic film (Mylar® A) and multilayer coated
paper [155]. A web width of 10-12 cm was used with printing speed of 10 m/min with two
infrared drying units (500 W, HQE 500, Ceramics) that were placed 15 cm after the printing
nip with a distance of 3 cm from the substrate. The used ceramic anilox roll (Cheshire Anilox
Technology, UK) had a cell angle of 60° with cell volume and line density of 17.2 cm?®/m? and
118.7 lines/cm, respectively.

3.3.4 Inkjet printing

A laboratory scale piezoelectric inkjet printer Dimatix DMP-2800 (Fujifilm Dimatix, US) was
used in Papers II and IV for printing silver ink on glass and paperboard substrates. Commercial
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silver ink U5603 (Sun Chemicals, US) with AgNPs in the size range from 20 to 50 nm dispersed
in ethanol, ethylene glycol, and glycerol was used. Drop volume of 10 pl was utilized with drop
spacing (DS) values of 45, 60, and 85 um. A 45 um DS value resulted in a rather uniform silver
coverage on the substrate. The inkjet printed samples were cured in an oven at 120°C for 30
min to guarantee ink setting on the substrate. Additionally a 200°C curing temperature was also
tested but the higher curing temperature resulted in a SERS non-active substrate.

3.4 Ultraviolet A (UVA) activation

Ultraviolet A (UVA, 315-380 nm) radiation was used in Papers I, III, and V. The high intensity
UVA source used was a Bluepoint 4 (Honle UV Technology, DE) with a 150 W mercury lamp
(365 nm central wavelength). The UVA emission was ensured using a bandpass filter of 320-
390 nm. For controlled wettability studies with TiO,NPs on paperboard (Papers I and III), a
constant intensity of 50 mW/cm? was applied for 30 min. A low intensity UVA source LV202-
E (Mega Electronics, US) with two 8 W fluorescent bulbs was used in Paper V that resulted
in approximately 2 mW/cm? intensity. The power spectrum and total intensity were recorded
using an Ocean Optics USB2000+ miniature optic fiber spectrometer and a FieldMaster GC
laser power and energy meter (Coherent, US), respectively.

3.5 Physico-chemical characterization

Several different tools were used to study the physico-chemical properties of the nanoparticle
functionalized surfaces. Figure 3.2 summarizes the schematics of the three main techniques
used in this thesis.

3.5.1 Scanning electron microscopy (SEM)

SEM utilizes a high intensity electron beam that is scanned pixel-by-pixel over the sample
surface. For a high quality and narrow beam, ultrahigh vacuum (UHV) is required as molecules
and dust particles would interfere with the electron beam. Traditionally, tungsten filaments have
been used as electron sources, but, more recently, field emission SEMs (FESEMs) have replaced
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Figure 3.2: Schematics of SEM, XPS, and ToF-SIMS characterization techniques.
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the traditional ones with significantly improved beam quality, and thus better image resolution.
Nowadays the best FESEMs have spatial resolution down to a few nm with accelerating voltages
up to 300 kV.

The incident electrons interact with the atoms of the sample, and experience either elastic or
inelastic scattering. Secondary electron (SE) imaging is the most used analysis mode in SEM
that is based on inelastic scattering, and the image contrast is formed by the intensity of the
emitted SE. In contrast, back-scattered electrons (BSE) experience elastic scattering. There-
fore, SE yield the highest topographical imaging and the BSE signal can be used to distinguish
different elements on the surface as heavier elements have a larger interaction with the incident
beam.

Typically SEM imaging requires conductive samples to prevent charging of the surface caused
by the incident electron flux. Traditionally, non-conductive samples are sputtered by a few nm
thick layer of gold or platinum for conductivity.

Several different FESEM devices were used during this study. In Paper I, an SU 6600 (Hitachi,
JP), and, in Paper III, a Leo Gemini 1530 (Zeiss, DE) were used with an in-lens detector. The
TiO,NP samples were carbon coated before imaging for conductivity, and magnification from
5 kX to 50 kX was used. The accelerating voltage was set to 27 kV with a working distance
of 4-5 mm. In Papers II and IV, a Carl Zeiss Ultra-55 FESEM (Carl Zeiss, DE) was used
with both SE detector and energy and angle selective backscattered electron (ESB) detector.
ESB provides accurate compositional information about the sample surface. With the Ultra-55,
the accelerating voltage and magnifation were set to 1.0 kV and 10 kX, respectively. An energy
window of 482 eV was set to perform ESB analysis to prevent SE detection in the BSE detector,
thus improving the compositional contrast.

3.5.2 X-ray photoelectron spectroscopy (XPS)

The theoretical background of XPS lies in the Nobel prize work by Albert Einstein on the
photoelectric effect. In XPS, high energy photons hit the sample surface and emit electrons.
XPS utilizes X-rays to excite electrons which become emitted from the investigated material.
The used X-rays can penetrate deep into the sample but the photoemitted electrons are quickly
dissipated by the neighboring atoms. This guarantees the high surface sensitivity of XPS devices
down to 10 nm.

Different elements have different binding energies for the emitted electrons. Hence, simply by
measuring the kinetic energy (KE) of the emitted photoelectrons one can easily calculate the
corresponding binding energy (BE) with a known energy for the used radiation. This is given
by

BE = hv — KE — @gpec, 3.1

where £ is the Planck’s constant, v the frequency of the used X-ray source, and @spec the spec-
trometer work function. The observed energies and peak shapes can be compared to manu-
als [212], which contain XPS peak values for different elements measured from pure com-
pounds.

XPS measurements in Papers II, III, and IV were performed using a PHI Quantum 2000 device
(Physical Electronics, US). A monochromatic Al Kow X-ray source, operating at 25 W, was
used to emit the surface electrons with a take-off angle of 45° relative to the sample surface.
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Ultrahigh vacuum of 2 x 1077 Torr was used. Two different pass energies were employed: for
AgNPs in Papers II and IV, 184 eV was used for survey analysis, whereas, for TiO,NPs in
Paper 111, 29.35 eV was used for high resolution spectra acquisition. Three different spots were
measured, each approximately 100 um in diameter. A mixed Gaussian-Lorentzian curve fitting
was carried out together with Shirley background reduction [213].

3.5.3 Time-of-flight secondary ion mass spectroscopy (ToF-SIMS)

ToF-SIMS is a highly surface sensitive characterization tool down to a few nm from the sample
surface. The sample surface is bombarded with a primary ion beam, and the extracted secondary
ions are separated using the difference in their time-of-flight. The primary ion beam source is
typically a liquid metal ion gun with three possible ion sources: Ga, Au, and Bi. In Paper III
the TiO,NP coated paperboard was measured using PHI Trift IT (Physical Electronics, US) with
a Ga ion source. A mass range from 2 to 2 000 Da was measured over a 10 min acquisition
time with a raster size of 100 x 100 um?, 15 kV applied voltage, and 600 pA aperture current.
Non-interlaced mode was used with sputtering and analysis performed during different ToF
cycles.

3.5.4 Raman spectroscopy

Raman spectra AgNPs functionalized with a crystal violet (CV) sample analyte were recorded
in Papers II and IV using a Shamrock 303 spectrometer (Andor Technology, UK) with a Newton
940P CCD camera (Andor Technology, UK). The Raman excitation was carried out by a diode
pumped solid state laser (Cobolt Samba, Hiibner Photonics, DE) with 532 nm wavelength. The
collimated laser beam was guided to the sample surface at an angle of 30° whereas the scattered
light was collected through a microscope objective along the normal of the sample surface.
Rayleigh scattering was excluded from the signal by RazorEdge filter (Semrock, US). The used
spot size was approximately 700 um in diameter on the sample surface.

3.5.5 Surface wettability

Water contact angles (WCAs) were measured in Papers I and III using a KSV CAM 200 contact
angle goniometer (Biolin Scientific, FI) with an automatic dispenser on a motorized stage. Two
water droplet volumes were used: in Paper I a 2 ul was placed on the sample surface whereas
in Paper III approximately 6 pl volume was used. The formed droplets were recorded by a
digital camera with a 55 mm zoom microscope lens. The results were analyzed using the KSV
CAM software with a Laplacian fit to the droplet curvature, and the standard deviation for the
measured WCA was approximately £3°. At least three parallel measurements were carried out
for each sample.
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Chapter 4

Results

The results section is divided into three parts. First, controlled wettability and formation of
permanent planar fluidic channels were demonstrated in Papers I and III. Secondly, SERS active
substrates on renewable cellulose based substrates were developed in Papers II and IV. Finally,
coatable and printable oxygen indicators were studied in Paper V for modified atmosphere
packages.

4.1 Controlled wettability

4.1.1 Controlled wettability by UVA activation and controlled rough-
ness

In Paper I the effect of surface roughness and UVA activation were studied on TiO,NP coated
paperboard. TiO,NPs deposited by LFS on a paperboard surface have been demonstrated to
induce a superhydrophobic surface (WCA up to 161°) [56, 66, 133]. This was contrary to the
findings with TiO,NP depositions on Al foil [67] on which TiO,NP induced a WCA of 83°.
Since the pure TiO, surfaces are completely hydrophilic (WCA close to 0°) [131], it is pre-
sumed that the heat from the flame during the LFS deposition can evaporate volatile organic
compounds from the paperboard that are then covering the deposited nanoparticles.

Figure 4.1 shows the cross-sectional SEM imaging of the calendered TiO,NP coated paper-
board samples, and summarizes the effect of calendering on surface roughness as a function of
successive passes through the calendering nip. It is evident that even a single pass significantly
reduces surface roughness. Superhydrophobic surfaces require both hydrophobic chemistry and
suitable roughness to increase the WCA values over 150°. The findings with a highly porous
network of TiO,NPs are in agreement with literature, where LFS NPs have been found to form
a highly porous network on the substrate surface with porosity up to 98% [58].

The roughness values of the corresponding samples were also measured using an AFM in tap-
ping mode from 100 x 100 um? and 20 x 20 um? areas. The greatest decrease was observed
for the TiO,NP coated paperboard after the first pass through calender nip as roughness values
were reduced by more than 50%.

The corresponding WCA values for the reference paperboard and for TiO,NP coated paper-
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Figure 4.1: Cross-sectional SEM images of TiO,NP coated paperboard as a function of successive
calendering passes: A) Uncalendered, B) 1 pass, C) 2 passes, and D) 15 passes. [Paper I]
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Figure 4.2: WCA values of the reference paperboard and TiO,NP coated paperboard as a function
of successive calendering passes. [Paper I]

board are presented in Fig. 4.2. The reference paperboard had an initial WCA value of ap-
proximately 80° that remained almost constant independent of calendering. Similarly, the UVA
treatment did not have a significant effect on the wettability of the reference paperboard. On
the contrary, the TiO,NP coated paperboard displayed initial contact angle values greater than



Results 29

160° that were reduced to 130° level as the number of successive calendering passes was in-
creased to 15. Additionally TiO,NP coated paperboard was transformed to a hydrophilic state
by UVA irradiation, as was demonstrated earlier with cyclic wettability conversion by UVA and
heat treatments [134, 135]. Both superhydrophobic and highly hydrophilic states after the UVA
irradiation confirm that the TiO,NPs remain on the surface even after calendering. The WCA
values of TiO,NP coated paperboard would have reached the level of the reference paperboard
had all NPs been removed in the calendering nip. Therefore, the pressure caused by the nip
compressed the NPs onto the paperboard surface reducing porosity and roughness that was fol-
lowed by lowering and increasing of the WCA values for hydrophobic and hydrophilic surface,
respectively.

4.1.2 Permanent planar fluidic channels

As discussed in the Materials and Methods, a typical issue with UVA activated wettability is re-
versibility, i.e. reversion to the initial superhydrophobicity of TiO,NP coated paperboard within
60 days [136]. This would be a limiting factor as the shelf lifetime of such UVA activated prod-
ucts would be a significant disadvantage, leading to a product storage bottleneck. Therefore,
in Paper III a procedure was developed to convert these functionalized channels permanently
with a two-stage wetting procedure. The designed channel area is exposed to UVA light that
converts it to hydrophilic. Then the channel is wetted, during which the LFS deposited TiO»
nanoparticles are removed from the wetted area either to the edges or deeper into the pores of
the base paperboard. The hydrophilic surface without first stage wetting can be returned to the
initial superhydrophobic state by heat treatment in an oven. The schematics of the procedure

1. Channel exposure to the UVA

Mask Mask

Paperboard

2. Surface chemistry conversion

TiO, NPs converted to hydrophilic

m m 3a. First stage wetting
L | H,0
Paperboard = m

Paperboard

Hydrophilic TiO, NPs removed from
channel by water

Paperboard

4. Exposure to the oven heat treatment and second stage wetting

No second stage wetting as Second stage wetting only in the first
superhydrophobicity is recovered stage wetted channel area
H,0O
Paperboard

Figure 4.3: Formation of permanent channels on TiO, nanoparticle coated paperboard [Paper I1I]
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are presented in Fig. 4.3.

Figure 4.4 shows an SEM image of the different areas. The area outside the UVA activation
shows a typical pattern of LFS deposited TiO, nanoparticles having a highly porous structure
with large surface area. The channel is clearly visible in Fig. 4.4b) as the first stage wetting
effectively removed nanoparticles from the exposed channel area. Additionally, the pigment
coating of the base paperboard is clearly visible in the channel area that is very similar the
surface of the reference paperboard without NP coating. It can be concluded from the SEM
images that the first stage wetting permanently removes the nanoparticles from the channel area.
There is no coffee stain effect at the edges of the channel, i.e. no accumulation or aggregation
of TiO,NPs were observed.

To confirm the SEM results, a complementary study was carried out by using ToF-SIMS to
measure the chemical properties of the UVA exposed area. Figure 4.5 summarizes the SEM and
ToF-SIMS results of UVA exposed and oven treated samples from which the left side has been
exposed to first stage wetting and the right hand side not. The difference is clear: no significant
changes in the surface morphology or chemical map was observable without first stage wetting.
This also supports the previous findings with switchable superhydrophobic surfaces [67, 134].
On the contrary, the channel area is clearly visible both in SEM and ToF-SIMS images after the
first stage wetting. The correlation between the SEM and ToF-SIMS results agrees well with
the used mask with a width of 1 mm for the channel exposure.

Finally, the mass/charge ratios of the secondary ions from the ToF-SIMS measurements are
displayed in Fig. 4.6. Significant changes were observed in the spectra. For example, the peak
at m/z = 39.96 corresponding to calcium was only observable in the first stage wetted sample.
ToF-SIMS is a highly surface sensitive method with sample analyzing depth around 2 nm. In
the non-wetted sample the whole sample surface is covered by the LFS deposited TiO,NPs.
Therefore, the ejected fragments originate from the LFS deposited NPs, whereas the first stage
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Figure 4.4: SEM images of the channel area [Paper III]
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Figure 4.5: SEM images and ToF-SIMS mapping of the channel area with (a,c) and without (b,d)
first stage wetting of the TiO,NP coated paperboard [Paper I1I]

012 = First stage wetted channel
= Non-wetted channel

Normalized relative intensities

Figure 4.6: Tof-SIMS spectrum of the channel area [Paper I11I]

wetted sample displays the pigment coating of the base paperboard containing kaolin clay and
calcium carbonate. Clearly, the calcium peak originated from these base paperboard pigment
particles. Removal of TiO,NPs is also supported by the reduction of Ti based peaks that are
located at m/z = 45.95 (Ti), 47.95 (Ti), 63.94 (TiO), and 81.07 (TiOy).

The results with first stage wetted samples show that the water exposed areas remain perma-
nently in the hydrophilic state that resembles wettability of the used paperboard substrate, and
the developed protocol avoids all issues related to reversible wetting conversion.
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4.2 SERS on paper-based structures

SERS analysis, as it has typically been designed to date, has two common drawbacks: first,
the used analytes typically stain the used substrate, and the SERS substrates can only be used
once. Secondly, the SERS substrates are typically made on glass that prevents a roll-to-roll type
manufacturing process, which could significantly reduce the cost of the SERS active substrates.

In this work two different approaches for making SERS active substrates were used in Papers 11
and IV. Paper II demonstrated the proof-of-concept type approach with LFS deposited Ag NPs
on glass substrate that was expanded to paperboard substrate in Paper IV. Additionally, inkjet
printing with AgNP ink was used in both papers as a well-established reference.

Figure 4.7: SEM images of silver nanoparticle deposited surfaces: (a) LFS 60 s 90 nm + 10x30
nm, (b) LFS 100x90 nm + 1x30 nm, (c) inkjet printed surface with DS 45 um, and (d-f) the
corresponding high magnification images. [Paper II]



Results 33

Figure 4.7 shows low and high magnification images of LFS deposited (with two different
deposition parameters) and inkjet printed AgNPs. In Fig. 4.7a) both indirect LFS deposition
with a tube and direct deposition with a rotating carousel was used: first, a 60 s deposition time
was used with flame for 90 nm average particle diameter followed by 10 passes through the
flame for 30 nm particles (sample 60 s 90 nm + 10x30nm). The long deposition time induces
aggregation of the deposited AgNPs into larger clusters as clearly seen in Fig. 4.7d). Figures
4.7b) and e) show the corresponding images for direct deposition in which 100 sweeps of the
flame with 90 nm particle diameter were followed by a single sweep of the flame with 30 nm
particle diameter (sample 100x90 nm + 1x30 nm). The sample surface was covered with
smaller particles and less clustering was observed compared to the indirect deposition in Figs.
4.7a) and d). Finally, Figs. 4.7¢c) and f) show the inkjet printed AgNPs. A full coverage of the
SEM image area is seen in both images as the images were captured from the center of the 10
pL printed dot. The typical diameter of the inkjet printed AgNPs was within 20 to 50 nm range
in agreement with the specifications given by the ink manufacturer (Sun Chemicals, US).

Figure 4.8 presents the corresponding SERS spectra of crystal violet (CV) sample solution for
the three different substrates with three different analyte concentrations from 10 nM to 1 uM.
In all samples all concentrations displayed a typical fingerprint of CV molecules. Two different
peaks were used for evaluating the sensitivity of the substrates: 1 586 cm™! and 1 618 cm™!.
The sensitivity was calculated by comparing the peak signal intensity to the background inten-
sity, i.e. a peak contrast was calculated. For the lowest 10 nM concentration the observed peak
contrast values were 1.85, 1.16, and 1.57 at 1 586 cm™~! and 2.00, 1.29, and 2.33 for 1 618 cm™!.
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Figure 4.8: Measured SERS spectra of LFS deposited a) 60 s 90 nm + 10x30 nm and b) 100x90 nm
+ 1x30 nm AgNPs, and c) inkjet printed sample with DS 45 um on glass substrate [Paper II]

Table 4.1: High resolution XPS data with relative carbon amounts (%), constituted in C-C, C-O and
C=0 configurations, respectively, at different curing temperatures [Paper II].

C eV Cc-C SD eV C-O SD eV C=0 SD
DS45 (120°C) | 284.55 54.51 1.36 | 285.69 29.06 2.22 | 287.35 16.44 0.89
DS45 (200°C) | 284.68 61.04 1.31 | 28591 22.63 198 | 287.76 16.33 1.23
DS60 (120°C) | 284.57 49.01 1.91 | 285.78 31.07 1.97 | 287.47 19.92 0.49
DS60 (200°C) | 284.80 64.06 1.28 | 286.17 21.20 1.26 | 288.05 14.74 1.47
DS85 (120°C) | 284.70 55.65 2.28 | 286.14 31.09 1.83 | 287.93 13.26 0.72
DS85 (200°C) | 284.79 68.44 1.19 | 286.25 16.92 0.80 | 288.16 14.65 1.18




34 Results

This indicates that both the LFS sample with long deposition time and the inkjet printed sample
were suitable for detecting down to 10 nM CV concentration whereas for the LFS sample with
direct deposition 100 nM CV concentration was required for a peak contrast of 1.37 and 1.86,
respectively.

Thermal curing was needed to guarantee ink setting on the used glass substrate. Two different
curing temperatures were utilized at 120°C and 200°C, and the samples were kept in an oven for
30 min for both temperatures. It was unexpected that the higher curing temperature of 200°C
completely removed the SERS activity. An XPS study was carried out to study the observed
surface passivation. The high resolution XPS data for carbon is in Table 4.1.

From Table 4.1 it can be concluded that the higher curing temperature significantly changed
the C-O and C-C relative amounts. Higher curing temperature increased C-C amount whereas
C-O amount was reduced. Ethylene glycol (EG) is typically used as a component in the ink
formulations for inkjet printing. The boiling point of EG is 197.8°C. The observed changes
in the XPS relative carbon amounts can be linked to the EG boiling, i.e. the EG component
was boiled and burned away from the inkjet solutions at the higher curing temperature. This
can lead to a carbonaceous covering of the AgNPs. It is well-known that the SERS signal is
extremely surface sensitive with signal decaying to r~ ' for spherical particles [84]. Therefore,
even a thin layer on top of the AgNPs can passivate the SERS signal generation as the analytes
can not reach the silver surface with the highest local electric field.

Paperboard functionalized with AgNPs would be a cost-effective alternative for traditional glass
substrates. Combination with roll-to-roll production flow would provide large-scale production.
However, the inherent luminescence both from cellulose fibres and from pigment coating com-
ponents can overcrowd the rather weak Raman signal.
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Figure 4.9: Measured Raman intensities and SEM images of inkjet printed AgNPs on paperboard.
The dotted line shows the used laser spot size for the Raman signal excitation. [Paper IV]
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As a starting point in Paper IV, inkjet printing with controlled surface coverage was studied. The
surface coverage can easily be controlled simply by changing the drop spacing on the sample
surface. Figure 4.9 shows the measured Raman intensities with corresponding low magnifi-
cation SEM images printed with varied drop spacing (DS) values. With 45 um spacing, the
paperboard surface was fully covered by silver nanoparticles whereas 85 um spacing resulted
in less than 50% coverage exposing the base paperboard for a laser light excitation.

Typical CV Raman peaks are clearly visible in Fig. 4.9a) with 45 ym DS value. The number
of counts is an order of magnitude larger for DS value 60 pm, and an additional order of mag-
nitude was observed for DS value 85 um. This highlights the importance of luminescence: the
laser light used for the Raman signal generation also excited the base paper for 60 and 85 um
spacing. For 45 um spacing the full coverage completely blocks the luminescence generation
and thus allow reliable detection of the Raman signal. In Fig. 4.9c), the Raman peaks are almost
indistinguishable from the elevated background due to the strong luminescence.

There are several ways to solve the problem with inherent luminescence. It is well-known
in literature [214,215] that Raman signal has lifetime less than a picosecond that is in con-
trary to luminescence with signal lifetime in thousands of picoseconds. Nowadays commercial
time-gated Raman spectrometers are available [216]. However, for simple point-of-care type
diagnostic applications such sophisticated time-gated instruments may be challenging and too
expensive. Hence, it would be beneficial to have a cost-efficient, disposable SERS active sub-
strates suitable for a typical SERS measurement.

In Paper IV a cost-efficient printable graphite coating was developed that can block the back-
ground luminescence. The approach here was the same as presented in Fig. 4.9a) but the
expensive silver was replaced by simple carbon coating. A flexography test printer was used
with carbon ink to print the luminescence suppressive layer as presented in Fig. 4.10. Several
successive prints were examined that increased print density and the carbon coating thickness.
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Figure 4.10: Measured luminescence (excitation at 490 nm) from flexographic printed carbon coated
paperboards with successive prints compared to a PET plastic film. [Paper IV]
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Figure 4.11: Raman intensities of LFS deposited AgNPs with a) 50x90 nm + 10x50 nm, b) 25x90
nm + 10x50 nm, and c) a) 10x90 nm + 10x50 nm with three different CV analyte concentrations
[Paper IV]

It was observed that even a single print reduced the luminescence by an order of magnitude, and
two prints were able to reduce the luminescence almost completely. It is noteworthy that the
used anilox roll was not optimized for the used ink, and it is presumable that with an optimized
design even a single print can suppress the luminescence sufficiently for practical applications.

The carbon coated paperboards were functionalized with direct LES deposited AgNPs with
three different amounts: first, 10 sweeps with 90 nm particles followed by 10 sweeps of 50 nm
particles, secondly 25 sweeps with 90 nm particles followed by 10 sweeps of 50 nm particles,
and finally, 50 sweeps with 90 nm particles followed by 10 sweeps of 50 nm particles. The
corresponding Raman spectra are presented in Fig. 4.11. Comparing the measured spectra
between the glass presented in Fig. 4.8 and carbon coated paperboard surface presented in Fig.
4.11, the carbon G-band around 1 582 cm™! can be observed in the carbon coated paperboard
case. This is especially visible at low CV concentrations, with the negative result that the CV
peak contrast at 1 618 cm™! is significantly reduced. Therefore, two additional peaks were
analyzed outside the carbon Raman G-band.

A typical spectral fingerprint of CV was clearly observed for all the samples. However, the sen-
sitivity of the paperboard structures was lower compared to the glass substrates [Paper II]. The
Raman peak contrast to background was analyzed at three locations: 445,918, and 1 618 cm™!.
The highest peak contrast values were observed for peak at 918 cm~!. For comparison to
glass substrates, the observed peak contrast values for 1 uM CV solution at 1 618 cm™! were
1.31 (50x90 nm + 10x50 nm) and 1.30 (50x90 nm + 10x50 nm). These values show that the
sensitivity of LFS deposited AgNPs on carbon coated paperboard is approximately two orders
of magnitude lower than for glass substrates. However, it is worth emphasizing that without the

carbon coating no Raman signal would be observable from paperboard.

4.3 Roll-to-roll coated and printed oxygen indicators
for MAPs

Oxygen indicators were developed in Paper V. Methylene blue (MB) is a well-known hetero-
cyclic aromatic compound that has a distinctive blue colour in the oxidized form that can be
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Figure 4.12: Dynamics of a) the cyan (C) density of RG coated indicator film under two different
UVA intensities, and b) the cyan (C), magenta (M), yellow (Y) and black (’Karbon” K) components
under high UVA intensity. [Paper V]

converted by reduction to the transparent leucomethylene blue form [210]. MB based func-
tional inks can be printed or coated on paperboard or plastic for use as simple, cost-effective
indicators, for example, in modified atmosphere packages.

Two different approaches were utilized. First, reverse gravure (RG) coating of MB-TiO,NP ink
on plastic film resulted in a uniform coating that can be patterned using a photomask with an
UVA source. Alternatively, flexographic printing can be used with a pre-designed pattern to
print the designed label that allows for a significant reduction of the used ink amount.

Both RG coated and flexographically printed labels are bleached by UVA exposure before seal-
ing into oxygen free atmosphere. Subsequent exposure to oxygen is observed by the contrast
increase, which converts reduced LMB into the oxidized MB form. Figure 4.12a) shows the
dynamics of the cyan (C) component development in the indicator ink under two different UVA
intensities. The dynamics of the oxidized form recovery can be adjusted by the used UVA inten-
sity. The dynamics of the cyan (C), magenta (M), yellow (Y) and black (K) components under
high intensity UVA illumination are presented in Fig. 4.12b) clearly show that cyan induced the
largest contrast between the bleached and oxidized state.

In the flexographically printed labels the printed label becomes visible whereas, the RG coated
and UVA patterned labels lose their contrast as the UVA bleached parts revert to the original
density of the blue background. With anti-counterfeiting there is one clear benefit with the RG
coated and UVA patterned labels: the exposed flexographically printed labels can be bleached
by an external UVA source whereas the original pattern of the RG coated labels would lose the
pattern as the whole surface would be bleached to transparent. The only way to regain the initial
pattern would be to use a similar photomask as during the initial patterning.

Figure 4.13 shows several different photomask designs that have been used for UVA patterning
of the RG coated plastic film. Both traditional 1D barcodes and 2D QR codes presented in
Fig. 4.13a) can be masked on the coated functional ink. In addition, UVA patterning allows
various designs: as an example, a fish package design with a warning text was tested both
in positive and negative layouts, as shown in Fig. 4.13b). The exposure to air resulted in
contrast loss of the UVA patterned designs within a few hours of exposure due to oxidation.
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Figure 4.13: Reverse gravure coated and UVA patterned a) 1D barcodes and 2D QR codes and b)
safety labels on plastic film after exposure to air [Paper V]

Such response time is sufficient for the designed applications, e.g. as oxygen indicators for the
modified atmosphere packages. A similar approach has also been suggested for visible light
using a riboflavin-ethylenediaminetetraacetic acid (EDTA) based solutions [217,218].

The flexographically printed labels are presented in Fig. 4.14. Ink setting in flexography was
tested for several different substrates ranging from commercial plastic film to multilayer coated
paper [155] designed for printed electronics. A significant improvement can be achieved in
print quality by controlling the porosity of the top coating that allows a quick and controlled
ink setting. Additionally, paper provides a white background for high print contrast compared
to transparent plastic films.

Figure 4.14 has a clear contrast for the MB-TiO; ink before exposure to UVA light that almost
completely bleaches the printed pattern. A partial remaining contrast may be induced by the
surface porosity as the UVA source may not reach the TiO,NPs that have penetrated deeper in
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Before UVA exposure After UVA exposure  Exposure in air for 10 min Exposure in air for 2.5 h

Figure 4.14: Flexographically printed labels on paperboard after exposure to air [Paper V]

the pores. This issue can probably be solved by fine tuning of the pore size distribution and the
used anilox rolls for the flexographic printing to optimize the ink setting on the sample surface.
The initial contrast values are obtained after 2.5 h exposure to air.

As a summary, both RG coated and flexographic printed UVA activated labels can be used
as oxygen indicators for modified atmosphere packages. Flexography uses significantly less
functional ink but the RG coated structures have a clear benefit in applications with strong
demand for anti-counterfeiting.
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Chapter 5

Summary

This thesis deals with nanophotonic constructs on natural fibre based substrates with three
main applications: controlled wettability, surface-enhanced Raman scattering (SERS) active
substrates, and printed and coated oxygen sensors for modified atmosphere packages.

Controlled wettability plays a significant role in various industries ranging from paints and
printing to non-wetting surfaces and microfluidics. Liquid flame spray (LFS) deposition of
TiO; nanoparticles has been used for the past ten years to create a superhydrophobic surface
on paperboard. The photocatalytic activity of TiO, under UVA light can be used to convert the
initially superhydrophobic surface into a highly hydrophilic one, and the initial superhydropho-
bic state can be retrieved by heat treatment in an oven. A problem with TiO, UVA activated
wettability is reversion: the surface loses the wetting properties without further activation by the
UVA light within 60 days. A solution for this issue was developed using a first-stage wetting im-
mediately after the UVA exposure that removes the converted, hydrophilic TiO, nanoparticles
from the exposed areas. Hence, the designed exposed area can be converted to a permanently
hydrophilic state. Additionally, durability of the LFS deposited nanoparticles was examined
under compression in calendering, and it was observed that compression suppresses the high
porosity of the deposited nanoparticle layer. However, the changes in wettability confirmed that
the LFS deposited nanoparticles were not completely removed by compression. One possible
application for these results is permanent planar fluidic channels that can be used, for example,
in point-of-care (POC) diagnostic applications.

Silver nanoparticles have been used for decades to enhance inherently weak Raman scattering.
The free electrons in metal nanoparticles are coupled with the incident light by plasmonic cou-
pling inducing strong local electric fields in the vicinity of the nanoparticle surface. These local
near-fields can be used to enhance a Raman signal (SERS) by several orders of magnitude via
electromagnetic enhancement. The near-fields decay rapidly, and the analyte molecules need to
be on the surface of metal nanostructures for high enhancement factors. Typically SERS active
structures are manufactured on glass substrates. However, these structures can only be used
for a single Raman measurement as the sample typically stains the used substrate. Therefore,
it would be beneficial to have SERS active substrates that are cost-effective and can easily be
discarded.

SERS active substrates were developed on paperboard using a simple flexographic carbon coat-
ing combined with LFS deposited silver nanoparticles. It was demonstrated that LFS is a suit-
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able tool for silver nanoparticle deposition for SERS active structures on glass. However, on
paperboard the luminescence from the background substrate is a problem as the SERS signal
is lost in the stronger luminescence background. Two ways to overcome this problem were
proposed: first, one can use inkjet printing with commercial silver ink to block the background
luminescence. Unfortunately, a full silver coverage of the substrate surface was required that
would be expensive. A better way to reduce luminescence is to use a simple carbon coating that
can be printed by flexography. On top of the carbon coating even individual silver nanoparti-
cles deposited by the LFS can be used to excite and enhance SERS. This allowed a significant
reduction of the used silver amount.

Finally, commercial TiO, nanoparticles were applied together with methylene blue dye as an
oxygen indicator ink. Methylene blue has a distinct blue color in an oxidized form that can be
converted to the transparent leucomethylene blue form by UVA light excitation. Two different
approaches were utilized: reverse gravure coated films and flexographically printed labels. Both
structures were UVA bleached before sealing into an oxygen free environment. The reverse
gravure printed films can be patterned by UVA light with a photomask, which design one can
change freely. For example, 1D barcodes and 2D QR codes were demonstrated that change
color upon exposure to oxygen resulting in a lost contrast of the patterned image. The developed
simple indicator structures can be used as oxygen sensors, for example, in modified atmosphere
packages.

One example, in which renewable sensors are expected to be of key importance, is the internet
of things (IoT), seen today as a rapidly emerging field. A prerequisite for IoT to happen on a
global scale is it must be cost-effective, presumably roll-to-roll processable for efficient man-
ufacture, incorporating smart structures and sensors that can be integrated, say, into packages.
For this development to be sustainable, there is a great demand for green and biodegradable
electronics. There is a large potential for significant cost-savings, for example, with smart re-
frigerators combined with integrated biosensors in packages. Currently, in the western countries
approximately 100 kg of food/capita is lost annually [201], whereas famine is a problem in other
parts of the world. Better control of food shelf-life, and longevity in storage, could, therefore,
contribute enormously to relieving waste.

Such applications highlight the potential for the forest industry to contribute to the improved
sustainable life quality for future. There are already now in the market the first examples of
printed intelligence, such as the Stora Enso developed package with an RFID circuitry for moni-
toring medical drug dosage regimes for elderly people. Additionally, POC analytics can provide
better access for diagnostics in developing countries. One possibility could be the combination
of recyclable POC sensors with smart phones. Such quick remote health care could offer large
potential for cost savings with quick diagnostics, for example preventing unnecessary antibiotic
use for virus infections. Remote health monitoring could also have significant epidemiologic
implications, for example, in monitoring of influenza, ebola, or current corona outbreak.

These examples above reflect a larger change taking place in human society. Futurological stud-
ies [219] have indicated that the world is now entering into the sixth long wave of innovation
that is driven by a twin need: new innovations need to improve productivity similar to the previ-
ous waves but also reduce the environmental burden at the same time. The need for sustainable
solutions becomes evident by, for example, the sixth rapid extinction wave of species and loss
of biodiversity, lack of both renewable and non-renewable raw materials, and climate change.
Planetary boundaries, which set the limit for Earth ecosystems functioning unaltered, are start-
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ing to become reached or already exceeded in some areas according to a recent report [220].
Exceeding planetary boundaries can result in dramatic, unfavorable changes in the environment.
Therefore, the demand for sustainability is changing business models throughout industries.

Contributing to the need for a new wave of sustainable innovation, this work also needed to
address certain problems arising in the design of functional surfaces. This was exemplified by
two cases. In the first case, controlled wettability was achieved using a photocatalytic wettabil-
ity conversion of initially hydrophobic TiO,NPs, and the wettability conversion was converted
to permanent by the developed first stage wetting protocol. In the second case, AgNPs were
deposited on glass and paperboard for SERS activity. However, the problem of luminescence
from the base paperboard is a strong handicap for Raman analysis that is orders of magnitude
weaker in strength. This problem was solved by a full coverage of the paperboard surface by
either silver or graphite carbon coating that prevented the excitation of the luminescence from
the base paperboard. It was observed that Raman signal level from carbon coated paperboard
substrates was weaker compared to glass substrate. For improved SERS results on paperboard
it would be beneficial to have simultaneous characterization of surface morphology and local
Raman activity that could be achieved, for example, by using TERS analysis. Unfortunately, no
access to such detailed characterization was available during this thesis work.

For future work, understanding the local photonic response would yield detailed insight about
the generation of Raman hot spots, which dominate the measured SERS spectra. This infor-
mation can be used to optimize the LFS process parameters for improved SERS activity on
paperboard and glass substrates.

Natural fibre based substrates are expected to have an increasing importance in the future as the
demands for sustainability are growing in all industrial sectors. Cellulose is abundant, renew-
able, recyclable, and widely available raw material. With new functionalities the forest products
industry can move up the value chain ladder, promoting both economically and ecologically sus-
tainable development. I believe that developments in the field of functional materials applied to
cellulose compounds, networks and substrates can place the forest products sector in a position
to meet the future demands of the rapidly changing world.
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Jarkko |. Saarinen

Nanophotonics on Paper Platform

Nanotechnology and nanophotonics were combined in this work with
sustainable materials. Three nanophotonic applications based on printed
and coated functionality were developed on natural fibre based substrates.
Demands for sustainability have grown significantly in recent years with
growing population and emerging environmental issues. Nanotechnology
is an ideal tool for promoting sustainability: with less material and energy
consumption one can generate the same or even enhanced properties.
Combining such nanoscale structures with renewable materials provides a
double advantage compared to the traditional solutions.
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