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PREFACE

ABSTRACT

Porous materials play an important role in numerous environmental applications
including energy storage, energy conversion and environmental remediation systems.
Reducing structural features down to the nanoscale drastically alters materials
properties and leads to the enhancement of materials performance. The successful
fabrication of efficient functional materials requires a high degree of control over their

morphology addressing the needs of target applications.

The goal of this work was to develop a versatile general approach towards the synthesis
of nanoporous metal oxides by using biogenic cellulose nanocrystals. Nanocrystalline
cellulose (NCC) is an abundant biological nanomaterial that can be extracted from
natural bulk celluloses. The present thesis demonstrates that the unique properties of
NCC enable the efficient synthesis of porous titania and a-Fe;03 (hematite) thin films by
using sacrificial templating with cellulose nanocrystals. In particular, this study reveals
the mechanism of metal oxide formation in the presence of cellulose, as well as the
effect of NCC-templated porous scaffolds on titania performance in photocatalysis and

dye sensitized solar cells.

Chapter 1 provides general information about properties, application areas and
common synthesis methods of nanoporous metal oxides, with an emphasis put on
titanium oxide materials and biotemplating approaches. Chapter 2 discusses the basic
principles of analytical methods employed to characterize porous nanomaterials.
Chapters 3-6 reveal the experimental procedures towards NCC-templated porous

titania and hematite thin films, their characterization and their applications.

First, the extraction of cellulose crystals from bulk celluloses is discussed. Different
cellulose sources, as well as variable hydrolysis parameters have been employed to
define the optimal procedure for the NCC preparation. Cotton fibers have provided the
best results regarding the crystallinity, purity and shape of extracted cellulose crystals.
Furthermore, repeated washings have been shown to narrow down the size distribution

and to improve the crystallinity of cotton NCC.
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Chapter 4 focuses on the synthesis of porous titania thin films assisted by
nanocrystalline cellulose. The tunable porosity of titania thin films is a key factor for
successful applications in photovoltaics, sensing and photocatalysis. To synthesize NCC-
templated titania, the cellulose nanocrystals are introduced to a titania precursor
solution. The colloidal mixtures can be directly spin- or dip- coated on glass, silicon and
transparent conducting oxide (TCO) substrates and then calcined to remove the
template and to crystallize the titania porous network. The obtained structures are

highly porous anatase morphologies having well-defined, narrow pore size distribution.

We show that by varying the titania-to-template ratio it is possible to tune the surface
area, pore size, pore anisotropy and dimensions of titania crystallites in the films. Post-
treatment at high humidity and subsequent slow template removal promote pore
widening; this treatment is also beneficial for the multilayer deposition of thick films.
The NCC-templated mesoporous titania films show very high activity in the
photocatalytic NO (nitrogen(Il) oxide) conversion and in the degradation of 4-
chlorophenol. Furthermore, the films are successfully applied as anodes in dye-

sensitized solar cells.

Chapter 5 presents a strategy toward enhancement of the photocatalytic activity of
NCC-templated titania thin films by introducing solvothermally synthesized preformed
anatase nanoparticles into a sol-gel based biotemplated titania scaffold. The synthesis is
based on the self-assembly of two types of precursors, namely crystalline and sol-gel
titania, directed by the biogenic NCC template. Due to the shape persistence of the
template, the NCC-templated titania scaffolds can accommodate large amounts of

preformed titania without a significant reduction of the film porosity.

The resulting dual source titania thin films containing different amounts of preformed
crystalline species were investigated with time resolved microwave conductivity
(TRMC) measurements and tested in the photocatalytic conversion of 4-chlorophenol.
The gradual addition of preformed nanoparticles leads to a consistent increase of the
mean size of titania crystalline domains, whereas the porosity of the composite is well-
preserved due to the rigid nature of the NCC template. The microwave conductivity
studies establish increased photoconductivity of the films containing preformed anatase

nanoparticles, in comparison to that of films made without the nanoparticles.
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The synergistic features of the dual source titania, namely the improved crystalline
properties brought by the preformed nanocrystals in combination with the high surface
area provided by the NCC-templated sol-gel titania, result in a very high photocatalytic
activity of the films in the photocatalytic decomposition of 4-chlorophenol. In
quantitative terms, the dual source titania films prepared with 75% nanoparticles
exhibit a first order degradation rate constant of 0.53 h-1, strongly outperforming the
activity of commercial P90 nanopowder showing a rate constant of 0.17 h-1 under the

same conditions.

We have also adapted the NCC templating protocol for the fabrication of porous a-Fe;03
(hematite) thin films. Chapter 6 discusses the formation of porous iron oxide
nanostructures via sol-gel transformations of molecular precursors in the confined
space of self-organized cellulose nanocrystals used as a shape-persistent template. The
obtained structures are highly porous hematite morphologies featuring pronounced
anisotropic porosity. The character of the porous nanostructure depends on the iron
salt used as precursor and on the heat treatment, respectively. Moreover, a post-
synthetic hydrothermal treatment of the NCC/iron salt composites strongly affects the
crystal growth, as well as the porous nanomorphology of the obtained hematite
scaffolds. We demonstrate that the hydrothermal treatment alters the crystallization
mechanism of the molecular iron precursors, which proceeds via the formation of

anisotropic iron oxyhydroxide species.

The present study reveals that the nanocellulose templating technique enables a
straightforward fabrication of a variety of porous crystalline scaffolds with well-defined
mesoporous structure. For the first time the NCC has been used for the fabrication of
homogeneous porous metal oxide films on different substrates, in contrast to the
previously reported powders or free-standing membranes. The versatility and flexibility
of the NCC templating approach offers broad perspectives towards the generalization of

this method for the fabrication of different types of nanoporous metal oxides.
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CHAPTER 1

1 Introduction

1.1 Porous Metal Oxides for Environmental Applications

A hole is nothing at all,

but you can break your neck in it.

Austin O'Malley

Dramatically increasing worldwide demand for energy and the negative impact of
human-caused environmental pollution on Earth’s climate are some of the greatest
challenges humankind has to address in the near future. The way towards a sustainable
future requires the development of inexpensive alternative energy sources based on

environmentally-friendly materials and methods.!

Metal oxides, and particularly transition metal oxides such as titania and iron oxide play
an important role in the development of novel sustainable technologies. Suitable
semiconducting properties, abundance and chemical stability make them key
components in numerous applications such as photocatalysis, photovoltaics,
electrochemical energy storage and photoelectrochemistry. The efficiency of those
applications critically depends on the charge transfer and charge transport processes at
the interface and in the bulk of the active materials. Therefore, optimization of
nanomorphology?3 can greatly enhance the materials performance via the effects

brought about by the increasing surface area and the diminishing bulk size.

One of the most straightforward ways to enlarge the specific surface area of a metal
oxide is to introduce empty voids, i.e. pores, into the bulk. Porous morphologies feature
high accessible surface areas in combination with an interconnected network of the
metal oxide phase. The porous materials are classified according to the International
Union of Pure and Applied Chemistry (IUPAC) into micro-, meso- and macroporous,

with corresponding pore sizes of <2 nm, 2-50 nm and >50 nm, respectively.
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Mesoporous metal oxide films are used in numerous applications such as dye-sensitized
solar cells, electrochromic devices, antifogging, antibacterial, self-cleaning coatings,
water splitting systems and many others. The fabrication of efficient porous films
requires thorough control over their morphology, as well as additional adjustment of
the specific film parameters, such as film thickness, homogeneity, mechanical stability

and adhesion to the substrate.

Furthermore, control over the charge transport properties in the films is extremely
important for the fabrication of semiconducting devices. Their efficiency depends on the
crystallinity of the metal oxide porous framework and the connectivity between the
crystalline domains. Thus, the synthesis strategy and the film processability are critical

factors affecting the properties of functional thin films of porous metal oxides.

The next chapters give a brief introduction into the operation principles of important
environmental applications based on mesoporous semiconducting metal oxides,
followed by an overview of common strategies for the synthesis of inorganic oxides
with defined porosity. Finally, the biotemplating approaches to nanostructured porous
materials are introduced. A particular emphasis is put on the nanocrystalline cellulose
(NCC) acting as a natural sacrificial template. The following chapters discuss in detail
the NCC assisted synthetic routes towards porous titania and hematite scaffolds, as well

as their performance in devices designed for environmental purposes.

1.1.1 Photocatalysis

Titanium dioxide is an n-type wide band gap semiconductor* with a band gap of about
3.2 eV.56 There are three main allotropic forms of titania, namely a thermodynamically
stable rutile phase (tetragonal) and metastable phases of anatase (tetragonal) and
brookite (orthorhombic). Anatase is the most common phase of nanosized titania

obtained by different nanofabrication methods.

Due to its large band gap, titania absorbs in the ultra-violet (UV) range of the
electromagnetic spectrum. Under UV-light illumination titania can act as a
photocatalysts, which finds practical applications in the field of water and air

purification, disinfection, as well as in the fabrication of self-cleaning surfaces.
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The photocatalytic decomposition of a pollutant proceeds via surface reactions at the
interphase between titanium dioxide and the medium to be purified.”82 Absorption of
UV-light causes an electron transfer from the valence band (VB) to the conduction band
(CB) creating a hole in the VB of the bulk oxide (Figure 1.1). The photogenerated
electrons migrate to the surface and react there with molecular oxygen to produce
superoxide anions Oz and radicals *02, whereas the photogenerated holes react with
water to produce hydroxyl radicals, *OH. The species formed during redox reactions at
the surface of the photocatalyst are highly reactive and can be used to decompose

undesired organic compounds, e.g., pollutants, or bacteria.

A=<400 nm

\ TiO,

Adsorption @ cv
Reducon | e —
Ox; + ne 2> Red, e- !
i
8 :
Re! e ! Eg=3.2eV
= 1 (anatase)
n :
:
|
Adsorption 4 :
adsorpton] = -
Oxidation @ VB
Red, 2 Ox, + ne-

Figure 1.1. Schematic illustration of possible electron-transfer processes in and on titanium
dioxide under UV light illumination. Adapted from Ref.8

Pelizzett et al.? suggested that the mechanism of photocatalytic reactions on titania
surface involves the following reaction steps: charge generation (1.1), electron-hole
recombination (1.2), electron transfer by adsorbed acceptors (1.3, 1.4) and electron

transfer by donors (1.5, 1.6):
TiO2 + hv > e + h* (1.1)

e +h*—> heat (1.2)
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e + OX1(ads) 2 Red1(ads) (1.3)
e+ 02(ads) 2 *02 (ads) (1.4)
h* + Redz(ads) 2 OX2(ads) (1.5)
h* + H20aas) = “OH + H* (1.6)

Ideally, an environmental photocatalyst (i) demonstrates high photoactivity, (ii)
absorbs in the ultraviolet or visible range; is (iii) chemically inert, (iv) is stable to
photocorrosion, and is (v) cheap and (vi) non-toxic.l® Titania fullfills all these
requirements. Furthermore, its photocatalytic activity can be adjusted by tailoring its
morphology. Nanostructured porous titania shows improved performance compared to
flat bulk materials. First, the porosity increases the surface able to accommodate large
amounts of pollutant molecules. Second, the diffusion distances of charge-carriers in
nano-sized particles are much shorter than in the corresponding macroscopic materials.
Therefore, the charge carriers photogenerated in nanostructured semiconductors can

be scavenged without significant recombination losses.!!

Hydrogen production from water is another promising concept supporting clean energy
systems.1214 The mechanisms of water splitting to hydrogen and oxygen using
semiconducting oxides acting as photocatalysts is similar to that demonstrated in
Figure 1.1. Photogenerated electrons and holes reduce water to form H; and oxidize it
to form O2. The width of the band gap and the relative positions of the conduction and
valence bands compared to the relevant redox levels of water are important criteria for
the suitability of a semiconductor for the water splitting reaction. Iron oxide has a
suitable band position for the oxygen evolution reaction. Its stable modification,
hematite, has a narrow band gap of 2.1 eV that permits the absorption of visible light.10
Therefore, hematite has been intensively investigated as a visible light photocatalyst for
the photocatalytic water splitting. Hematite nanoarchitectures were shown to play an

important role in enhancing its photocatalytic performance.!>
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1.1.2 Dye Sensitized Solar Cells

Sun provides Earth with as much energy every hour as human civilization uses every
year. Therefore even a small amount of sun light captured and converted to electricity
would be already sufficient to stop emissions of greenhouse gases from conventional

power plants.16

Solar cells are photovoltaic (PV) devices designed to convert energy of the sun to
electrical energy. The commercial solar cell market is dominated by silicon solar cells
that deliver relatively high conversion efficiencies of up to about 27%,! however their
drawbacks are high fabrication costs and non-compatibility with flexible substrates.
Alternative solar cell systems, for example dye-sensitized solar cells (DSC)1117-19 or
perovskite solar cells2? are capable to lower the production costs and to overcome

some other limitations of crystalline silicon photovoltaics.

Figure 1.2 demonstrates the working principle of a DSC.11
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Figure 1.2. Schematic layout of a dye-sensitized solar cell showing its principle of operation.
Adapted from Ref.11

The key component of the cell is a mesoscopic film of titanium oxide in contact with a

redox electrolyte or an organic hole conductor. The TiO; surface is covered by a
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monolayer of dye acting as a photosensitizer. Upon photoexitation the dye injects
electrons into the conduction band of the titanium dioxide. Then the dye molecules are
regenerated by electron donation from the electrolyte iodide/triiodide redox couple,

which itself is regenerated at the counter electrode.

The operation principle of the DSC suggests that the maximization of the titania
electrode surface is desirable, since the amount of injected electrons directly depends
on the amount of dye/TiO; interactions. Mesostructured titania films are able to
accumulate large amounts of dye molecules, so that the film thickness can be
minimized to prevent long diffusion paths of the electrons to a current collector.
Therefore, the porous morphology of the titania film is a key requirement for the

successful operation of the DSC system.

The next chapter covers the common synthetic methods for the fabrication of
nanostructured mesoporous thin films that can be employed in photocatalysis and as

anodes for the fabrication of DSCs.

1.1.3 Synthesis Strategies towards Porous Metal Oxides

Porous materials can be obtained by a broad range of chemical and physical methods,

which can be broadly divided into template-free and templated approaches.?!

Sintering of nanoparticles is a common way to obtain porous metal oxide in a template-
free approach. For instance, titania nanoparticles can be synthesized in a separate
reaction and then deposited as a film on a substrate. Sintering of such film provides
connectivity between titania nanoparticles and generates porosity arising from the
interstitial voids. The disadvantage of this method is a poor control over porous
morphology, as the porosity is defined solely by the initial shape and packing of the

preformed nanoparticles.

Nanostructuring by using sacrificial templates offers a much greater control over the
obtained porous structure. This method is based on the formation of metal oxides via

wet chemistry, i.e. sol-gel routes, in the presence of structure directing additives.

In a sol-gel process22-28 a molecular metal oxide precursor is converted to a metal oxide

via hydrolysis and polycondensation reactions followed by calcination. Metal salts, such
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as chlorides, sulfates, etc., as well as metal alkoxides (M(OR)s, where M = Ti and R =
C2Hs in the case of titanium(IV) ethoxide (TEOT)) are common metal precursors

employed in wet synthesis.

The chemistry involved in the sol-gel process is often based on inorganic
polymerization reactions occurring in aqueous systems. For example, addition of water
to titanium alkoxide causes hydrolysis and the replacement of alkyl groups (R) by

hydroxyl groups (OH) (1.7):2°
Ti(OR)4 + nH20 - (HO)nTi(OR)4-n + nROH (1.7)

After the hydrolysis the condensation occurs, leading to the formation of titanium

oxopolymers (1.8 and 1.9):

(RO)4nTi(OH)n + (HO)nTi(OR)4-n = (OH)n-1(RO)4nTi-O-Ti(OR)4-n(OH)n-1 + H20 (1.8)
Ti(OR)4 + (HO)1Ti(OR)4-n = (RO)3Ti-O-Ti(OR)4-n(OH)n-1+ HOR (1.9)
where n<4 and R is an ethyl group, in the case of TEOT.

Complete polymerization of metal oxide precursor and solvent evaporation leads to the
transition from the liquid sol into a gel phase. In the final step, the wet gels are dried by
evaporation, providing so-called xerogels, or by using other techniques (e.g.
supercritical or freeze drying) that provide aerogels. Subsequent heat treatment

consolidates the gel and ultimately can convert it into a dense metal oxide. 21

The exact mechanism of sol-gel reactions depends on many parameters, such as the
nature of metal oxide precursor, type of the solvent, pH and the solution temperature. A
careful control of all these parameters enables fine-tuning the structure and the size of

the resulting sols and, subsequently, the morphology of the final metal oxides.

For the fabrication of porous thin films by templating, the metal oxide precursor sols
are combined with structure directing molecules or other templates. Then the colloidal
mixture is deposited on substrates using suitable coating techniques such as spin-
coating, dip-coating or drop-casting. Finally, the film is calcined to remove the template

and to crystallize the metal oxide.

First successful attempts of the templated fabrication of periodic porous metal oxides

NANOPOROUS METAL OXIDES TEMPLATED BY NANOCRYSTALLINE CELLULOSE | Alesja Ivanova



INTRODUCTION

have been demonstrated for silica by using surfactants as templates.3%31 Surfactants are
amphiphilic molecules containing hydrophobic and hydrophilic parts. At a certain
critical concentration they self-organize into micelles owing to electrostatic, van der
Waals and hydrogen bonding interactions. Metal oxide precursors dissolved in such
suspension can take part in co-assembly and organize around the micelles. Later the
organic part of the hybrid system can be removed by heat treatment or by CO:

extraction, such that pores are formed in place of the micelles (Figure 1.3).32:33
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Figure 1.3. Synthetic approaches to mesostructured materials templated by surfactants. The
mesostructure can be previously formed (a), or a cooperative process can take place (b).
Adapted from Ref.32

The dimensions of the resulting pores typically correlate with the size of the micelles,
which in turn depends on the dimensions of the templating polymer, its concentration,
type of the solvent and the presence of additives.34 The “soft” surfactant templates such
as CTABr (cetyltrimethylammonium bromide) and block-copolymers generally provide

pores of meso dimensions, namely with a mean diameter of around 3 to 50 nm.

The crucial parameters affecting the morphology of micelle aggregates are defined by
the micellar packing parameter g described in Equation 1.10, where Vj is the volume of
the hydrophobic core, Ay is the area of the head group and L is the alkyl chain length of a
surfactant.3> The g value predicts the geometries of surfactant self-assemblies in

solution.
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%4
g= AOLXL (1.10)
During the film deposition, the mesostructural arrangement can also be achieved via a
so-called evaporation-induced self-assembly (EISA)36 with an additional more volatile
solvent such as ethanol, as shown schematically in Figure 1.4. First, the disordered sol
separates to into micellar and inorganic phases. Then, upon solvent evaporation, the
position in the micellar phase diagram shifts, and the inorganic network condenses to
form a stable hybrid mesostructure. Finally, the film is heated to decompose the

template and to crystallize the inorganic scaffold, if so desired.

Final film

“

Treatment

Evaporation

Inorganic precursor
& Solvent

Initial sol

T Y

Figure 1.4. Formation of mesostructured thin film initiated by evaporation-induced self-
assembly (EISA) during dip-coating. Adapted from Ref.36

EISA routes are often applied to fabricate non-siliceous transition metal oxides, such as
titania thin films.3” However, the hydrolysis of transition metal compounds is
significantly faster compared to silicon oxide precursors. Therefore the sol-gel
synthesis of transition metal oxides requires more careful adjustment of synthesis

parameters than in the case of silica.

One of important and challenging issues in the soft templating processing of the
mesoporous films is the control of crystallinity of the metal oxide scaffold.

Crystallization often hampers the cooperative self-organization and co-assembly and
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therefore hinders formation of well-ordered porosity. Furthermore, thermal treatment
required to enhance the film crystallinity often leads to a partial or a complete collapse

of the periodic porous structure derived by the soft templates.

In contrast to the soft templates, hard templates can sustain more stress during the
solution synthesis and subsequent heat treatment. Materials with well-defined rigid
shapes such as mesoporous silica, silica beads etc. have been successfully employed in
the synthesis of porous crystalline titanium dioxides.2l However, high thermal and
chemical stability of the majority of conventional hard templates makes their removal
rather difficult and is not always compatible with the processing conditions. For
example, silica hard template is typically removed via chemical etching with diluted
hydrofluoric acid or concentrated alkali metal hydroxide, which can damage the metal

oxide scaffold and/or the underlying substrate.

Therefore, one attractive approach to fabricate crystalline metal oxides with a periodic
mesoporous nanostructure is to use shape-persistent organic templates. Additionally,
replacing expensive synthetic polymers by natural biopolymers would lead to more
cost-effective fabrication of functional metal oxides. In the current study we employ
natural cellulose crystals to fabricate thin films of porous titania and hematite. The next
chapter introduces the general approaches to biotemplating and describes common

properties of cellulosic materials.
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1.2 Nanostructuring with Biogenic Materials

What nature delivers to us is never stale.

Because what nature creates has eternity in it.

Isaac Bashevis Singer

The way how nature creates materials has long fascinated scientists with chemical,
physical or biological backgrounds. Nature-derived materials exhibit not only
topological variability and diversity, but also sophisticated multifunctionality.38
Hierarchically constructed biological objects such as butterfly wings, lotus leaves, silk,
nacre, or bone tissue demonstrate astonishing functionalities resulting from the
arrangement of extremely small features. The hierarchical structuring is a unique
natural phenomenon, which deserves to be understood and imitated in various bio-

inspired or bio-mimicking approaches to create novel functional materials.

There are several ways to implement the natural approaches to design novel functional
materials. One possibility is to imitate natural processes performed by biogenic
materials; as for instance the replication of photosynthetic reactions for photocatalytic
water splitting and reduction of carbon dioxide by using synthetic inorganic materials.
Another possibility is to employ biomaterials directly in the synthesis. This method
takes advantage of the diversity and sustainability of natural materials thus offering
new opportunities in tuning morphological, chemical and physical characteristics of
target products. To date materials synthesis assisted by biological materials is a very

fast-growing research area in the field of nanotechnology.39-42

The biotemplate-assisted fabrication of nanomaterials involves two main processing
steps (Figure 1.5): i) the disintegration of bulk biomaterials by bottom-down
approaches to isolate the desired nanoscale units, and ii) the bottom-up co-assembly of

biogenic species with target materials or their precursors.
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Figure 1.5. Schematic representation of a general approach towards the biotemplate-assisted
synthesis of nanomaterials.

Depending on the desired nanomaterial, the general scheme in Figure 1.5 can be further
extended by defining the type of biotemplate, the conditions of top-down and bottom up
routes, as well as post-synthetic treatments required to prepare target materials. In the
following the focus is put on the fabrication of porous metal oxides assisted by naturally

occurring materials.

There are many different ways to obtain nanostructured metal oxides by using
biotemplates. Boury et al.4? have classified the strategies to associate metal oxides and

biotemplates in the following main groups:

(i) addition of soluble biotemplates to the metal oxide precursors in order to control

the growth of metal oxide nanoparticles;

(ii) preparation of hollow or porous structures by using insoluble biotemplates acting

as moulds for replication;

(iii) reaction of biotemplates with a metal-containing reagent leading to mineralized

composites;

(iv) combination of inorganics, i. e. metal oxide nanoparticles, and a biological material

to form nanocomposites, where the latter acts as a filler.

The diverse possibilities of integrating biological materials into artificial synthesis
routes has stimulated the development of a great variety of novel bio-based materials,
namely aerogels,*3 hybrid nanocomposites,** composite hydrogels,*> porous oxides,*¢

chiral materials*7-50 and photonic materials,>! applicable in fields such as medicine,>2-54
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catalysis,>>>¢ energy storage and conversion,#657-62 chemical sensors,?® thermal

materials,®* etc..

Currently, bio-based inorganic-organic composite materials and biotemplated porous
materials are the two most common types of metal oxides prepared by bio-assisted
nanostructuring. In the first case the green template acts as a filler to support or to
reinforce the nanoscale metal oxides, while in the latter one the template is removed to
introduce the porosity into metal oxide. The most common “green” materials employed

to assist nanostructuring are described in the next chapter.

1.2.1 Biotemplates

The great advantages of the natural materials assisting the synthesis of novel
nanomaterials are their availability and the unique hierarchical constitution. Cellulose is
the most abundant polymeric raw material in the world, present primarily in wood

biomass (Figure 1.6).6>

Cellulose Cellulose Cellulose  Cellulose

Wood fibers fiber fibrils microfibrils molecule
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Figure 1.6. Hierarchical structure of wood. Adapted from Ref.66.67

NANOPOROUS METAL OXIDES TEMPLATED BY NANOCRYSTALLINE CELLULOSE | Alesja Ivanova



INTRODUCTION

Wood demonstrates a fascinating hierarchical morphology with distinct structural units
of variable dimensions: starting from a large plant trunk of several meters in size, down

to a cellulose molecule of only several angstroms in width (Figure 1.6).

Due to their complex hierarchical structure, plants can be disintegrated to provide
different secondary materials with dimensions defined by the degree of decomposition.
Thus, it is possible to extract separate cellulose fibers, fibrils and microfibrils from
wood with dimensions decreasing from several micrometers down to only a few

nanometers, respectively.

Microfibrils can be further decomposed into cellulose molecules, whose chemical

structure is shown in Figure 1.7.
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Figure 1.7. Chemical formula of cellulose revealing the non-reducing (a) and reducing (e) chain
ends, the cellobiose unit (b) with the glycosidic link (c), as well as the anhydroglycose unit
including atom numbering (d).¢8

Cellulose is a trivial name for (1—4)-B-D-glucopyranan, ie, a linear
homopolysaccharide composed of B-D-anhydroglucopyranose (also referred to as
anhydroglucose and glucopyranose) and connected by ((1—4) ether bonds called
glycosidic links. [-D-anhydroglucopyranose is a six-membered heterocycle with an
anomeric carbon (labelled as C1 in Figure 1.7), and it is usually found in the chair

conformation.68

The cellulose units are positioned such that their adjacent rings form intramolecular
hydrogen bonds between oxygen in the ring and the hydrogen atom of C3 hydroxyl of a
neighboring ring. Additionally, intermolecular hydrogen bonds form between the
hydrogen atom of C6 hydroxyl and oxygen in a ring of an adjacent molecule. Intra- and
intermolecular hydrogen bonding results in a stiffening of the cellulose chain and

directs crystalline packing of the cellulose macromolecules.68
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The two ends of a cellulose chain are chemically different due to their different relative
orientation. The one end has a free alcohol function on C4 and is non-reducing, the other
end has a free anomeric atom providing reducing properties. This imparts some degree

of polarity into native cellulose.®?

Furthermore, each cellulose monomer has three hydroxyl groups available for different
kinds of reactions. This specific property of cellulose has been successfully used to
modify the surface of nanounits extracted from the bulk celluloses. The grafting of
carboxylated or sulphuric groups increases the dispersibility of the cellulose and
changes its reactivity towards other chemical substances, thus expanding the practical

applications of the cellulosic nanomaterials.

Cellulose is not the only example of a natural polysaccharide gaining broad attention for
their application as a template in bio-inspired synthesis. Other important
representatives of polysaccharides are, for instance, starch, glycogen, dextran, agarose,
carrageenan, chitin, chitosan and alginate.”%-72 Although the polymeric structure of these
substances is similar to cellulose, they differ either in the type of linkage between

glucose monomers or by the functional groups attached to the monomers (Figure 1.8).
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Figure 1.8. Chemical structures of natural polysaccharides: amylose found in starch (a),
alginate (b) and chitin (c).

Apart from cellulose, several other polysaccharides assemble into multi-scale
hierarchical structures. For example, starch appears in nature in the form of 2-100 um
granules.®® Starch granules consist of rings of blocklets with amorphous and crystalline

lamellae made of amylopectin and amylose chains. Different starch substructures such
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as microscaled granules or nanoscaled platelet-like crystals’374 have been employed in
the synthesis of novel nanocomposites,’>7¢ as well as in the nanostructuring of porous
oxides.”’-7° However, the extraction of starch nanoparticles of well-defined shapes is
challenging due to starch gelation at elevated temperatures, causing irreversible
swelling of starch. Dextran also lacks crystallinity, furthermore, unlike cellulose and
starch it is water soluble and therefore it can be used only as a sacrificial soft

template.80.81

In contrast to dextran and starch, chitin demonstrates rigidity and morphological
properties very similar to cellulose. This biopolymer is widely found in nature, for
instance, in the exoskeleton of crustaceans, insects and as well as in mushroom cellular
walls.6? Chitin has the same chemical structure as cellulose, with the only difference

that one hydroxyl group in a monomer is replaced by an acetylamino group (Figure 1.8).

Because of strong hydrogen bonding, chitin macromolecules organize into stiff
microfibrils, i.e, rod-like crystalline nanodomains resembling cellulose nanocrystals.
Chitin nanowhiskers have been applied to prepare silica nanocomposites,*+82 porous
silica and organosilica,®® and have served as additive to control the crystallization of

superconducting nanowires.84

Apart from the polysaccharides, other biological materials have demonstrated their
potential for being employed as templates for metal oxides such as for example
bacteria,#185 viruses,8¢ proteins,3788 silk fibroins,8? egg white,°® or diatoms.?1
Furthermore, macroscale hierarchical materials such as green leaves,?293 pollen
particles, 249 flagellar filaments®! and butterfly wings®¢ have been shown to direct the

formation of nanostructured materials.

To sum up, the common feature of biotemplates is their natural origin and organic
composition, which makes them unique candidates for assisting nanofabrication
approaches. The simple chemical composition assures straightforward handling and
direct template removal. In addition, physical and chemical properties of biopolymers
can be tuned by modifying their surface groups, which expands the variety of methods
employing biotemplates. Nanodimensions, high crystallinity and anisotropy of
nanocrystalline cellulose facilitate the straightforward application of the crystals for the

wet chemical synthesis of sacrificially templated porous metal oxides.
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1.2.2 Nanocrystalline Cellulose

Nanocrystalline cellulose (NCC), also referred in the literature as cellulose nanocrystals,
nanowhiskers or nanocrystallites, as well as crystalline nanocellulose (CNC)®° is a
crystalline part of native cellulose synthesized by plants and bacteria.?7.?8 The biological
role of rigid cellulose crystals is to provide stiffness to different parts of plants.
Microorganisms synthesize cellulose as a protective barrier layer around their cells.
Therefore, the main features of crystalline cellulose are nanoscale dimensions,

elongated rod-like shape and a very high crystallinity.

Cellulose nanocrystals are hierarchically assembled cellulose macromolecules
connected via intra- and intermolecular hydrogen bonding. The diverse possibilities of
hydrogen bonding result in the different types of arrangements of polysaccharide
chains, i.e., various cellulose polymorphs defined as I Ig, II, III;, Illy, IVi and Vi
celluloses.?799 Native celluloses consist of cellulose I polymorphs. The submodification
I« prevails in bacterial cellulose, whereas the Ig cellulose is more common for green

plants.

Figure 1.9 demonstrates the schematic representation of a cross-section of a Ig cellulose

nanocrystal, that has been shown to be square or rectangular. 6899

(110)
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Figure 1.9. Schematic representation of a cross-section of a Ig cellulose nanocrystal showing the
cellulose chain ends (grey spots), the unit cell and the directions of crystal planes.68
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The Ig crystal unit cell consists of two cellulose chains in monoclinic P2; arrangement
with cell parameters: a = 7.784 A, b = 8.201 A, ¢ (chain direction and unique axis) =
10.38 A and y = 96.5 °10 The geometry of a cross-section and overall crystal
dimensions depend on the cellulose origin.101102 Generally the width of the cellulose
crystals is in the range of 5-50 nm and the length is of about 100-1000 nm, where the

larger longitudinal dimensions are characteristic for bacterial celluloses.?7.103

The first attempts to isolate rigid crystalline species from bulk celluloses were made in
the late forties and early fifties of the last century by Ranby and Mukherjee et al.104-106
They performed an acid hydrolysis of native celluloses and obtained colloidal
suspensions of rod-shaped particles. The properties of extracted cellulose were further
investigated by Marchessault et al., who were the first to report the birefringence

caused by self-assembly of cellulose species in aqueous suspensions.107

The early studies on extraction of crystalline cellulose via hydrolysis have led to the
development of a commercial product, microcrystalline cellulose (MCC) launched on the
market in the early sixties.198 The MCC is a powder of crystalline cellulose with particle
dimensions in the range of several micrometres. The new material immediately found
plenty of applications in various fields such as pharmaceutics, medicine and food

industry.

For the second time, crystalline cellulose has attracted intensive attention in the
nineties. Owing to a significant progress in analytical and especially in imaging tools, it

became possible to reveal the specific properties of the cellulose on the nanoscale.

Revol et al. have studied the self-organization of nanosized cellulose in aqueous
solutions and reported the formation of stable chiral nematic (cholesteric) phases.109-111
Cellulose nanocrystals extracted by sulphuric acid are well-dispersed in water and form
stable suspensions. At a certain critical concentration randomLy oriented species self-
organize into chiral-nematic patterns as shown in Figure 1.10. The ordered
arrangement is characterized by a half pitch value, namely the distance over which a

180 °C rotation of the chiral nematic director is observed.
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Figure 1.10. The schematic representation of the self-organization of cellulose nanocrystals in a
suspension. (a) RandomLy orientated cellulose nanocrystals. (b) Aligned cellulose nanocrystals.
The arrow indicates the direction of the chiral nematic axis, and P stays for the chiral nematic
pitch. The dotted lines are the guiding lines for the schematic visualization of nematic planes.11!

A similar phenomenon of helicoidal organization has been observed for other elongated
species, for instance for viruses and DNA fragments®’ and for natural materials such as

plant cell walls, chitin in arthropod cuticle and collagen in skeletal tissues.109.112

The driving force for the self-alignment is presumably the initial screw symmetry of the
polyglucose superstructures!13 and their helical arrangement in cellulose microfibrils.
The nanoscale chirality induces a spontaneous formation of a chiral nematic phase on a
large scale. 109112114 The critical concentration of the spontaneous phase separation into
isotropic and anisotropic phases depends on the geometry of the crystals, their aspect

ratio, surface charge, as well as on the ionic strength of the solution.109.110

Marchessault et al. have observed the birefringence of a cellulose suspension at a
concentration of 13 wt %.107 In contrast, Revol et al.110 reported the critical volume
fraction of 0.03, which corresponds to a cellulose concentration of about 4 wt %. The
latter study reveals the dimensions of the chiral pitch in the range of 12-70 um.
Additionally, the authors demonstrate the sensitivity of the crystal self-organization in

solution to external magnetic fields.

Upon complete water removal, dense cellulose films retain the self-organization of

cellulose species. Typically, the chiral nematic pitch is about 10-20 pum and the free
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standing films appear transparent. However, if the pitch size (P) matches the visible
range of the electromagnetic spectrum, the films reflect light of selective wavelength

Amax and appear iridescent or colored:

where ngqy is the average refractive index.115116

The dimensions of the chiral nematic pitch, and hence the optical properties of the NCC
assemblies, can be tuned via adjusting the ionic strength of the suspensions, for example
by introducing inorganic salts to the suspensions and via controlling the evaporation

conditions.111,117

Another attractive property of the cellulose nanocrystals is the presence of hydroxyl
groups on their surface, which can be replaced by other functional groups to modify the

physical and chemical properties of the crystals.8299

Over the past few decades, significant progress has been made in expanding the

application areas of nanocrystalline cellulose.

The main motivation for the rapid popularization of the NCC is the abundancy and eco-
friendly nature of the bulk celluloses. Moreover, nanoscale crystalline cellulose
demonstrates some unique properties required in many applications. High mechanical
strength of the cellulose crystals, i.e., a crystal modulus of 100-160 GPall8 assures
excellent reinforcing properties of NCC in the manufacturing of composite materials. In
addition, the nano-dimensions of the NCC enable their homogeneous distribution in a
polymer matrix. The nanocellulose-based composites can be used, for example, in the

production of eco-friendly plastic automotive body panels.11?

Another intriguing application of the NCC is the fabrication of mechanically stable and
optically transparent NCC paper sheets.120 Cast NCC films can also serve as membranes
for blocking water vapors and oxygen.121 Electrically conductive NCC nanopapers and
aerogels are obtained in the form of nanocomposites through addition of carbon

nanotubes,122123 and conductive polymers.124

NCC composite films incorporating metal nanoparticles or metal oxides are applied as

antimicrobial filters, as catalytic remedies for air and water purification and as
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biosensors.120 Freeze drying of cellulose nanocrystals leads to the formation of highly

porous sponges, which can act as oil-spill absorbers (Figure 1.11).125

Figure 1.11. Digital photos demonstrating the diversity of NCC applications. (a) Porous
silylated nanocellulose sponge acting as an oil-absorber (red drop) and a water-repellent (blue
drop),125 (b) transparent and conductive nanocellulose paper as a substrate for printed solar
cells,126 (c) free-standing lithium titanate/carbon nanotube/nanocellulose nanofiber hybrid
used in lithium-ion batteres!2? (d) a tube of bacterial nanocellulose aimed to substitute a blood-
vessel.%8

Biodegradability and biocompatibility of the NCC are especially beneficial for various
medical applications aimed at wound healing, tissue engineering and implant
fabrication.66.98128-130 The utilization of the nanocellulose in energy conversion devices
is another highly promising application field. NCC has already been demonstrated to
assist in the fabrication of electrode materials for solar and fuel cells, as well as for

lithium-ion batteries.120.126,131

High demand for nanocelluloses aiding in the fabrication of novel functional materials
for environmental and medical applications has stimulated the development of their
industrial production. There are several companies aimed at launching the large-scale
manufacture of nanocelluloses. Among them are FPInnovations (Canada), Innventia
(Sweden) and Melodea (Israel). Additionally, the opening of industrial facilities by

Borregaard in Norway and Sappi in South Africa has been recently reported.132.133

To sum up, nanocrystalline cellulose is currently gaining extensive attention due to its
advanced properties enabling the assistance in the development of advanced functional
materials. The next chapter focuses explicitly on the role of cellulose nanocrystals in the

synthesis of porous metal oxides.
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1.2.3 Metal Oxides Templated with Nanocrystalline Cellulose

Sacrificial biotemplating of porous metal oxides can be achieved by using natural
materials such as cellulose nanocrystals as molds or templates. The function of the
biotemplates is similar to that of the soft templates, i.e., block-copolymers that are
employed in the sol-gel template-assisted synthesis (see Chapter 1.1.3). Analogous to
the soft templates, the cellulose nanocrystals first direct the formation of metal oxides,

and then introduce the porosity after being decomposed.

The first biomimetic replication of silica by nematically organized -cellulose
nanocrystalls has been demonstrated by Dujardin et al.114 They reported birefringent
mesoporous silica demonstrating high surface area and organized channel-like pores.
Antonietti et al.134 have prepared silica morphologies nanostructured by using self-

aligned cholesteric cellulose derivatives, such as hydroxypropyl cellulose.

Shopsowitz et al. have employed NCC-assisted nanocasting to obtain free-standing films
of chiral porous silica revealing unique optical properties.11¢ The cast NCC silica hybrids
demonstrate various colors before and after the template removal. The color is adjusted
by changing the fraction of silica precursor relative to the NCC. Furthermore, the light
reflectance can be modified by adding different metal ions to NCC/silica precursor

suspensions.135

The recent progress in templating with NCC has stimulated the discovery of a whole
family of new chiral functional materials.*? NCC-aided nanocasting has been successfully
employed for the fabrication of materials other than silica chiral, such as chiral
mesoporous carbon,13¢ flexible iridescent organosilicas,!37 chiral mesoporous silicon
carbide,!38 silver nanoparticles supported by a chiral silica matrix!3° and flexible

photonic resins.140

We note that the most successful examples of cholesteric sacrificial templating are
related to the fabrication of amorphous materials that do not undergo crystallization
during the thermal template removal. However, the majority of technologically
important semiconducting metal oxides (such as for instance titanium dioxide and
hematite) needs to be crystalline for efficient performance. Obviously, the fabrication of
crystalline metal oxides featuring both high crystallinity and high porosity requires the

development of special synthesis methods.
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Although titania has been successfully templated by natural materials of macroscopic
dimensions, such as green leaves,141 corn stalks,42 natural cellulose fibers,29:46.143 filter
paper,144147 nanocellulose aerogels,148149 starch gel, 150 bacterial cellulosel>1.152 etc., the
studies on titania nanostructured by nanoscale colloidal cellulose crystals are rather

scarce.

Zhou et al.133 have applied cellulose nanocrystals in the synthesis of titania nanocubes.
Chen et al.l5% prepared hierarchically nanostructured titania powders via one-pot
hydrolysis of a titania precursor in the presence of cellulose nanocrystals.
Nanocrystalline cellulose sponges obtained by freeze-drying were employed as
scaffolds to obtain porous titania monoliths. Nanocellulose aerogels have been used as a

template for porous titania nanoparticles.15>

Carbonization of titania has been realized by vacuum heating of composites containing
cellulose nano-whiskers.15¢ Composites of titania and cotton-nanofibers have been
studied for applications in drug delivery.1>” Shopsowitz et al. have translated the chiral
nematic organization of the cellulose nanocrystals to porous titania by a two-step
sacrificial templating approach.158 Here, NCC derived chiral silica was employed as a

hard template to replicate chiral titania.

The fabrication of different nanoporous metal oxides by combining the cellulosic
templates>? and polysaccharide nanoparticles*? with metal precursors became a very
popular technique due to the straightforward synthesis and availability of the
templates. The as-prepared powders and free-standing films are mostly employed in
photocatalysis,29.147.151154 however more elaborated devices such as solar cells#6.160 and

Li-ion batteries have been reported as well.

Besides titania, other porous metal oxides or composite materials such as alumina, tin
dioxide and iron oxide have been prepared using cellulosic materials and biological
nanocrystals. Mesoporous alumina featuring elongated mesopores has been obtained
using chitin nanocrystals as a sacrificial template.1®1 Porous tin dioxide has been
achieved by templating with hydroxypropyl cellulose (HPC),162 while flexible
nanocomposites of iron oxides and bacterial nanocellulose reveal pronounced magnetic

properties.163
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In the present thesis the nanocrystalline cellulose was employed as a supramolecular
template for the fabrication of mesoporous titania and hematite thin films. It is the first
time that the NCC has been used for the direct fabrication of homogeneous porous
inorganic oxide thin films on different substrates. The goal of this thesis was to reveal
the benefits of colloidal cellulose nanocrystals in the fabrication of porous titania and
hematite thin films and thereby to extend the scope of templating methods based on

sustainable, green materials.
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2 Characterization

This chapter explains the physical principles of the analytical methods employed to
characterize nanomaterials. Porous materials templated by cellulose nanocrystals
were analyzed to reveal their chemical composition and morphological properties.
Additionally, cellulose and titania nanoparticles were investigated to determine their
dimensions, as well as their colloidal and thermal stabilities. Finally, the
photocatalytic and photovoltaic activities of NCC-templated titania thin films were
tested by performing photocatalytic degradation measurements and by measuring

the current-voltage characteristics of dye sensitized solar cells.

2.1 Sorption

Gas sorption measurements are widely used for determining the surface area and pore
size distribution of porous solids.1-3 To examine mesoporous metal oxide materials,
nitrogen sorption at the boiling point of nitrogen, 77 K, is commonly performed. The
analysis is based on monitoring the physisorption of gas molecules on the surface of a

porous metal oxide at constant temperature.

In a sorption experiment, a known quantity of gas is admitted to a confined volume
containing the adsorbent. As adsorption takes place, the pressure falls until equilibrium
is established. By gradual admission (adsorption) and withdrawal (desorption) of
known amounts of gas a sorption isotherm is constructed. The isotherm reveals the
amounts of adsorbed/desorbed gas as a function of the relative pressure. The relative
pressure is defined as the p/po ratio, where p is the equilibrium pressure and py is the

saturation vapor pressure.3

The shape of the sorption isotherm varies depending on the intrinsic properties of
porous materials. According to the IUPAC classification, there are six main types of

sorption isotherms as shown in Figure 2.1.3
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B

\

Relative pressure —

Amount adsorbed

Figure 2.1. Different types of physisorption isotherms.3

The type I isotherm is characteristic for microporous (<2 nm) solids having relatively
small external surfaces, for example in the case of activated carbons or molecular sieve
zeolites. The type Il isotherm represents unrestricted monolayer-multilayer adsorption
and it is commonly obtained with nonporous or macroporous (>50 nm) adsorbents.
Point B designates the stage at which monolayer coverage is complete and multilayer
adsorption begins. Type IIl and type V curves indicate weak adsorbent-adsorbate
interactions. Type Il isotherm is convex over the complete p/po range, whereas the type
V isotherm shows a hysteresis loop and saturates at high relative pressures. The type VI
isotherm represents a stepwise multilayer adsorption on a uniform non-porous surface.

Isotherms of type III, V and VI are relatively rare.

Mesoporous materials (2-50 nm) provide type IV isotherms. The initial part of the
curve is attributed to the monolayer-multilayer adsorption similar to the type II
isotherm provided by non-porous materials. At higher relative pressures the capillary
condensation in mesopores occurs, which is often accompanied by a hysteresis. The

shape of a hysteresis loop reveals the specific structure of the mesopores.
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Amount adsorbed

Relative pressure ——83

Figure 2.2. Different types of hysteresis loops.3

The narrow hysteresis loop of type H1 in Figure 2.2 is characteristic for materials with
narrow pore size distributions, whereas the H2 shape reveals porous networks with
less defined pore shapes, for instance in the case of ink-bottle pores (Figure 2.3). Type
H3 and H4 are obtained for slit-shaped pores of aggregated plate-like particles and for

narrow slit-pores of microporous materials, respectively.

Figure 2.3. A schematic cross-section of a porous solid with different pores: (a) close, (b) open
at one end (blind), ink-bottle shaped, (c) open cylindrical, (d) open funnel shaped, (e) through
pores, (f) blind cylindrical pores. The roughness of the external surface is shown as (g).!

Furthermore, the detailed analysis of sorption isotherms provides the porosity
parameters, such as (i) the specific surface area, (ii) the total pore volume and (iii) the

pore size distribution within the porous sample.

The specific surface area is commonly calculated by using the Brunauer-Emmett-Teller
(BET) method. In this method, the surface area is estimated by multiplying the number
of adsorbed molecules in the first monolayer by a cross-sectional area of the gas

molecule:
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_ npNa-am

a = ' (2.1)

mg

where as is the specific surface area, ng, is the monolayer capacity, N, is the Avagadro
constant, a,, is the area occupied by a single gas molecule in the first monolayer (the

molecular cross-sectional area) and mg is the sample mass.
The monolayer capacity n$, is defined by using the BET equation:

D __1 (c-1) p
n%-(po-p) nHC  nHC o’

(2.2)

where n® is the amount adsorbed at the relative pressure p/p,, n% is the monolayer
capacity and C is the BET constant related to the adsorbent-adsorbate interactions. In
practice, the value of monolayer capacity ng, is calculated by constructing the BET plot,

which is a linear relation of p/n%(p, — p) versus p/p,.

Assuming that the pores are completely filled with adsorptive at high relative pressure,
it is possible to derive the total pore volume from the amounts of gas adsorbed at

relative pressure close to unity.

The calculations of pore sizes in mesoporous materials are based on analysing the
capillary condensation in mesopores, since the curvature of the liquid meniscus and the

surface tension of the liquid condensate strongly depend on the pore geometry.

To evaluate the pore size distribution, the DFT (Density Functional Theory) methods, in
particular NLDFT (Non-local DFT) are commonly applied. Although the latter method
requires some knowledge of pore and surface structures, i.e., a proper choice of kernel,
this approach provides good fits between theoretical and experimental data and, hence

reliable values of pore sizes.*

The nitrogen sorption experiments with titania and hematite samples templated by NCC
were performed on a Quantachrome Autosorb-1 at 77 K. The powders were degassed
for 12 h at 150 °C. The surface area, mesopores volume and total pore volume were
evaluated by using Quantachrome Instruments’ Autosorb-1 software. The pore size
distributions were obtained by the DFT method by using silica cylindrical pore and

slit/cylindrical pore NLDFT equilibrium models.
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Thin films of NCC-templated titania were also investigated by using Kr sorption. Kr has
a low saturated vapor pressure at 77 K, therefore it can be used to assess the structural
properties of very small amounts of porous materials, such as thin films.> Kr sorption
measurements were performed and evaluated by Dr. Jiri Rathousky at the ]. Heyrovsky
Institute of Physical Chemistry in Prague. The analysis of Kr adsorption isotherms at the
boiling point of liquid nitrogen (approx. 77 K) was carried out by using an ASAP 2010
apparatus (Micromeritics). Prior to the adsorption experiments, the sample was

outgassed overnight at 200 °C.

2.2 X-Ray Diffraction

Today, 120 years after the discovery of X-rays by Rontgen, the devices based on X-ray
radiation are of great importance in many application fields including analytical

chemistry, medicine, microscopy and astronomy.®

Bragg and von Laue were the first to demonstrate that X-rays can be used to solve the
crystal structure of chemical substances.” They showed that the analysis of X-ray
diffraction (XRD) induced by crystalline compounds can provide information about the

atom arrangements in crystal lattices.

Crystalline materials consist of periodically arranged atoms with interatomic distances
of the same order of magnitude as the wavelength of the X-rays, which is typically on
the order of 1 A.8 Therefore, when probing crystalline materials with X-rays, the atomic

planes interact with X-ray radiation and affect the propagation of the radiation.8-10

In particular, when an X-ray beam of wavelength A impinges on the crystal at an angle 6,
it is scattered in different directions by the atoms of lattice planes. In some directions
an increased intensity of reflected waves is observed due to the constructive

interference. Figure 2.4 reveals the conditions for the constructive interference.10
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Figure 2.4. The schematic representation of X-rays impinging on the crystal planes revealing
the conditions for the constructive interference (a, b).10

The parallel monochromatic X-rays I and II are reflected as A; and B. Their path

difference 4 is equal to:
A=BA;-A1B'=BA3 - BC =CAs3, (2.3)
where BA; = BA3 und B’A; = BC.

Therefore,
. A
sin® = 2a (2.4)

The interference maximum is observed only if:

A=n-2, (2.5)
where n is an integer.

Therefore, the conditions for constructive interference can be expressed as following:
n-A=2d-sinf (2.6)

The Equation 2.6 is a Bragg’s law telling that the constructive interference is observed
for X-rays that are reflected from the lattice planes at the angle 6, if the path length
difference between X-rays scattered from different crystals planes is an integer times n

the wavelength A.

Thus, by scanning crystalline samples with X-rays at different specular angles, one can

obtain information about the interplanar atomic distance d:
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d =22 (2.7)

" 2sine@’

where 4 is the wavelength of the X-rays, 0 is the Bragg angle and n is an integer.

Furthermore, the crystallite size of crystalline metal oxides can be estimated from their
diffraction pattern by using the Scherrer equation:11-13

k-7

Bhri1-cosO ’ (28)

Dpjy =

where Dy, is the crystallite size in the direction perpendicular to the lattice planes, hkl
are the Miller indices of the planes being analyzed, k is a numerical crystallite-shape
factor generally approximated to 0.9, A4 is the wavelength of the X-rays, Bny is a
diffraction broadening, i.e., full width at half maximum of the X-ray diffraction signal in

radians, 0 is the Bragg angle.

The experimental setups for XRD analysis can be divided into different types of devices,
namely working in reflection and transmission modes. Additionally, the information
obtained from the diffraction patterns depends on the range of scanning angles probed
during the measurements. The WAXS (Wide Angle X-ray Scattering) technique analyzes
the samples in the range of about 5-80 ° 20, whereas the SAXS (Small Angle X-ray
Scattering) methods are based on screening samples at low angles of about 0-5 ° 20.
The latter method is usually employed to investigate the periodic arrangement in

mesopores thin films.14

XRD measurements of nanocrystalline cellulose and NCC-templated titania thin films
were performed on a Bruker diffractometer (D8 Discover, Cu-Kal radiation) operating
in reflection mode equipped with a VANTEC-1 detector. Additionally, the powder
samples of NCC-templated titania and hematite were analyzed by using a STOE powder
diffractometer in transmission geometry (Cu-Kal) equipped with a position-sensitive
Mythen-1K detector. To define the crystal structure of the samples, the diffraction
patterns were compared with the patterns from the data base provided by the

International Centre for Diffraction Data (ICDD).
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2.3 Electron Microscopy

Electron microscopy is a one of the basic analytical tools that is capable of revealing the

structure of materials on an atomistic scale.%15-18

In electron microscopy the sample is probed by a beam of accelerated electrons. The
interaction of the electrons with the specimen generates different types of radiation
(Figure 2.5) that can be detected and then analysed to obtain the specific information

about the sample.

Incident

high-kV  Secondary
Backscattered beam electrons

electrons Characteristic
X-rays
Auger .
electrons Visible
/ light
Absorbed — Electron-
electrons ; pocian > hole pairs
Elastically / Bremsstrahlung
scattered X-rays
electrons Inelastically
Direct scattered
beam electrons

Figure 2.5. Signals generated when a high-energy beam of electrons interacts with a specimen.
Most of these signals can be detected with different types of electron microscopy.15

The working principle of electron microscopy is analogous to light microscopy.
However, the imaging with electrons provides resolution up to a sub-Angstrom level,

which is significantly higher than in the case of light microscopy.

Depending on the operation mode, there are two different types of electron
microscopes. A transmission electron microscope (TEM) operates in the transmission
mode and detects the signals transmitted through the specimen, therefore it is
employed to study the structure of very thin specimens. In contrast, a scanning electron

microscope (SEM) detects the signals from the sample surface, hence it is capable of
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imaging the topography of thicker samples. The next chapters describe the working

principles of the microscopy techniques.

2.3.1 Transmission Electron Microscopy

In a transmission electron microscope (TEM) the beam of accelerated electrons
penetrates the ultra-thin sample, interacts with it and then the transmitted electrons
are collected to construct the image in real space or to record an electron diffraction
pattern in reciprocal space. Thus, TEM analysis can reveal the sample morphology and

the phase composition at high magnifications.

High resolution imaging is achieved due to the wave-particle character of the electrons.
According to the Louis de Broglie relationship the wavelengths of electrons depend on

their velocity:®
A=—, (2.9)

where A is the wavelength, h is the Plank's constant, m is the mass and v is the velocity

of the electron.

Therefore, by applying high accelerating voltages it is possible to reduce the wavelength
of electrons down to the dimensions of the interatomic distances. For example, the
energy of an electron beam of 50 kV corresponds to the wavelength of about 0.005
nm.!8 Accelerating voltages of modern TEM devices are in the range of 100-300 kV?°

assuring high resolution and deep penetration depth.

Figure 2.6 shows the principle of the image formation in TEM. First, the high energy
electrons are generated in the electron gun placed at the top of the microscope column
kept under vacuum. The common electron source is a field emission gun equipped with
a tungsten tip. This source provides a coherent electron beam with small effective size

of less than 0.01 pm.?

The electromagnetic condenser lens system controlled through the lens currents
focuses the electrons on the specimen. Then the elastically scattered electrons that

escape the specimen are focused by the objective lens system, also controlled by lens
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currents. Afterwards, a series of additional imaging lenses including the projector lens

enlarge the image to the final magnification.

The image contrast in TEM is associated with the differences in the mass-thickness of a
sample, coherent diffraction or with the phase contrast resulting from the interference

between diffracted beams.

sfizfs Specimen tjzzfy

Objective lens

>< Objective aperture mmer—{—— ==

SAD aperture Image 1

Intermediate

lens
fee — \ Image2
Projector
lens
Screen N
Diffraction pattern Final Image

Figure 2.6. Ray-diagram of the TEM imaging system showing the projection of a diffraction
pattern (left) and the image (right) onto the screen. In each case the intermediate lens selects
either the back focal plane or the image plane of the objective lens as its object, respectively.
SAD stands for the selected-area diffraction.!5

In STEM (Scanning Transmission Electron Microscopy) the image contrast can be
controlled by choosing the appropriate position of the detectors. The high-angle annular
dark-field (HAADF) detector analyses the inelastically scattered electrons. The STEM-
HAADF imaging provides images with enhanced mass contrast, which is especially

important for the analysis of the porous morphology of nanostructured materials.?
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In this study cellulose nanocrystals, hematite and titania porous powders and thin films
have been analysed by using TEM. For the imaging of cellulose nanocrystals, a water
suspension of NCC was dropped on holey-carbon coated copper grid and dried
overnight. Then the samples were investigated by using a FEI Titan 80-300
transmission electron microscope equipped with a field emission gun operating at 80

kV.

For the imaging of thin films of NCC-templated titania and hematite, the coatings were
removed from substrates and then placed on a holey-carbon coated copper grid.
Powders of porous titania and hematite were carefully ground and dispersed in ethanol.
Then suspensions were dropped on a holey-carbon coated copper grid. The imaging
was performed on a FEI Titan 80-300 transmission electron microscope equipped with
a field emission gun operating at 300 kV. High-resolution transmission electron
microscopy (HRTEM) of the thin film cross-sections was performed at 300 kV by using
STEM-HAADF mode.

2.3.2 Scanning Electron Microscopy

The operation of a scanning electron microscope (SEM) is related to that of a
transmission electron microscope. However, the principal difference lies in the
mechanism of image formation. The SEM image is formed by detecting electrons

released from the specimen, whereas in TEM the transmitted electrons are analyzed.

In SEM the primary electrons are focused into a small-diameter electron probe that is
scanned across the specimen. By scanning simultaneously in two perpendicular

directions, a rectangular area of specimen is covered and a raster image is formed.

The main components of the scanning microscope are shown in Figure 2.7. The device
consists of the microscope column, the signal detector system, the computer hardware

and software responsible for the data processing, and the display.?18
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Figure 2.7. Schematic diagram showing the main components of a scanning electron
microscope.16

Analogous to TEM devices, an SEM column has a source of high energy electrons and a
condenser system. However, in an SEM the objective lens responsible for the ultimate
resolution is above the specimen. The function of this lens is to focus the electron probe,
rather than to collect the image signal like it is in a TEM. Then the focused electron

beam hits the specimen and induces the radiation that is analysed by the detector.

The energy of the SEM electron beam is typically in the range of 3-30 keV.? This power
is sufficient to generate different types of signals in the specimen. The ability of the
signals to escape the sample and to be collected depends on the sample nature and the

energy of the primary electrons.

Figure 2.8 shows the schematic representation of the beam-specimen interaction
volume. The inelastically scattered secondary electrons have low energy, therefore they
can be detected close to the impact point of the incident beam. This is the most common
signal detected in SEM. It provides information about the surface morphology of the

sample.
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Figure 2.8. The interaction volume and the regions from which different radiation types can be
detected.1¢

Backscattered electrons are able to escape from deeper regions of the specimen. The
probability of elastic scattering of these electrons strongly depends on the sample
density. Therefore, it is possible to resolve variations in mass density and atomic

number by employing the backscattered electron detector.

X-rays are commonly used for the chemical analysis. The X-ray spectrum emitted by the
sample can be analysed to determine the qualitative and quantitative composition of the

sample.

In this study the imaging of mesoporous titania and hematite coated on conductive glass
or silicon was performed on a JEOL JSM-6500F scanning electron microscope equipped

with a field emission gun operating at 5 kV.

Cellulose powders were deposited on a carbon pad and sputtered with carbon in a BAL-
TEC MCS 010 sputter coater prior to the analysis. The imaging was carried on a JEOL
JSM-6500F scanning electron microscope equipped with a field emission gun operating

at 2 kV.

The SEM analysis of cellulose nanocrystals deposited on a silicon wafer from NCC
aqueous dispersions was performed on a Verios XHR 460L microscope operating at 0.5

kV.

NANOPOROUS METAL OXIDES TEMPLATED BY NANOCRYSTALLINE CELLULOSE | Alesja Ivanova



CHARACTERIZATION

2.4 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive emission spectroscopy
employed to analyze the elemental composition and electronic states of the elements

within the sample.?1°

In an XPS experiment (Figure 2.9) the X-rays hit the sample surface, the energy is
absorbed by atoms, and the secondary electrons are released with the kinetic energy E;

equal to:
E;=hv—(E, + ¢), (2.10)

where hv is the energy of the incident photon, E}, is the binding energy required to bring
the excited electron to the Fermi level and ¢ is the workfunction required to move the

electron from the Fermi level to the vacuum level.

X-rays

Sample

Figure 2.9. Schematic representation of the working principle of X-ray photoelectron
spectroscopy.

The energies of the released electrons are measured by using an X-ray photoelectron
spectrometer. Generally, prior to the actual analysis the sample surface is cleaned by
argon-ion sputterring. During the measurement the photoelectron signal is generated
by incident X-rays with wavelength at the order of 0.1-1 nm.? The emitted electrons are
analysed electrostatically with a hemispherical energy analyser and then counted by a

detector.

The output of the XPS experiment is a photoemission spectrum revealing the number of
counted electrons as a function of the kinetic energy. The spectrum can be used as a
fingerprint of the sample. The intensive peaks in the spectrum correspond to the

emission of electrons from the energy levels in the inner electron shells of sample
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atoms. The background signal arises from scattered secondary electrons generated in

deep layers of the sample.

The photoemission of the same atoms but in different oxidation states generates
multiple peaks that can be detected and assigned, hence XPS analysis can provide

information about the chemical state of the atom.

The XPS analysis was carried out in order to study the composition of NCC/iron oxide
sol nanocomposites. The analysis was performed with a VSW TA10 X-ray source,
providing non-monochromated Mg K. radiation, and a VSW HA100 hemispherical
analyzer. The samples were cleaned before measurement by 15 min Ar* sputtering
(VSW AS10 ion source, 1 kV, ~7 pA). The recorded elemental peaks were fitted with a
Doniach-Sunjic line shape convoluted with a Gaussian and linear background

subtraction.2

2.5 Ultraviolet-Visible Spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopic analysis is based on the ability of the
substances to absorb light with wavelengths in the ultraviolet and visible spectral
range.1921 The absorption occurs due to electronic transitions in the materials promoted

by the incident UV-Vis radiation.

The nature of the transitions depends on the molecular/atomic structure of the sample,
hence each kind of electron transition corresponds to a particular amount of energy
absorbed. c—oc* transitions are transparent in the visible region, they occur below 200
nm. m—T* and n(non-bonding)—m* absorptions are characteristic for colored
substances such as chromophores and take place in the near ultraviolet and visible
region.?1 Coloring of some inorganic substances is often due to d electron transitions
d—d*. Another type of transitions is due to charge transfer, for example in organo-
metallic compounds, when an electron from an orbital of the ligand is transferred to an

unfilled orbital of a metal and vice-versa.

UV-Vis spectra can reveal the structure of molecules in a compound and provide

qualitative and quantitative information about the sample composition.
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The UV-Vis spectrometer measures the light intensity I after passing through a sample,
and compares it to the light intensity I, before it passes through the sample. The

detected signal is the transmittance T in percent:

T =— (2.11)
Io

The transmittance can be converted into absorbance A:

A=—log— (2.12)

100

The UV-Vis active molecules or materials can be quantified by using the Beer-Lambert

Law. The law reveals that the intensity of adsorbed light or absorbance A, depends on

the path length /, the concentration c of the absorbing species and the absorptivity &:
A=¢€-c-l (2.13)

Optical properties of semiconducting metal oxides are important characterization
criteria, since light-induced photocatalytic reactions are governed by the ability of the
catalyst to absorb light. Semiconductors absorb light below a threshold wavelength
A4 depending on the band gap energy E;:22

Ay = 1240/E, (2.14)
Furthermore, within the semiconductor the extinction of light changes exponentially:

I=1,"exp(—a-l), (2.15)
where is [ the penetration distance of the light and « is the reciprocal absorption length.

The absorbance of thin films coated on transparent substrates has to be corrected to
exclude the absorption of the substrate.23 For that purpose, the supported films are
measured both in transmission and reflection modes. Then the absorption is calculated

as follows:
A=100—R-T, (2.16)

where 4, R, T is the amount of absorbed, reflected and transmitted light in percent (%),

respectively.
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In the present work UV Vis spectroscopy was performed to measure the transmittance
of NCC free-standing and NCC-titania-sol composites. Additionally, thin films of NCC-
templated porous titania were studied to reveal their transmittance in the UV-Vis
region. The measurements were performed on a Hitachi U-3501 spectrophotometer and
on a Perkin Elmer Lambda 1050 UV/Visible/NIR spectrophotometer equipped with an

integrating sphere.

2.6 Nuclear Magnetic Resonance

Nuclear magnetic resonance spectroscopy (NMR) probes the magnetic properties of
NMR active atomic nuclei and can reveal the quantitative and qualitative composition of

a sample.19.24.25

In an NMR experiment, NMR active nuclei are exposed to a magnetic field, an
electromagnetic pulse is applied and the energy from the pulse is absorbed by the
nuclei. The induced signal is detected and amplified to record a free-induction decay
(FID). Then a computer program converts the time domain of the FID to the frequency

domain and constructs an NMR spectrum.

The NMR spectrum shows the intensity of the detected signals depending on the
chemical shift values. The chemical shift value is the resonance frequency expressed as
the difference between the resonance frequency of the analyzed nucleus and that of a
reference standard. NMR signals occur at specific resonance frequencies that depend on

the magnetic properties of an atomic nucleus, hence enabling a qualitative analysis.

The magic angle spinning (MAS) NMR method is commonly employed to analyze solid
samples.2* A sample is rotated at a frequency of up to about 50 kHz at the magic angle
Om = 54.74° with respect to the direction of the magnetic field. The rotation modulates
anisotropic spin interactions and provides a much better resolution of the powder
spectra. The signal can be further enhanced by integrating crosspolarization (CP)

between different nuclei in the pulse sequence.

CP-MAS 13C-solid-state NMR spectroscopy was carried out in order to evaluate the

crystallinity of NCC powders. 13C is an NMR-active carbon isotope, thus enabling the
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characterization of organic compounds. The NMR measurements were performed on a
Bruker Avance 500 spectrometer equipped with a 11.75 T magnet. The spectra were

recorded in the range from -250 to 450 ppm.

2.7 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) belongs to the group of thermal methods that
measure changes in physico-chemical properties of samples as a function of
temperature.26-28 A thermal analysis provides information about different physical and
chemical phenomena, such as crystalline and second-order transitions, fusion,

sublimation, sorption, degradation, decomposition, solid-state reactions, etc..

The set-up for the thermal analysis consists of (i) the sample container, (ii) sensors to
measure the temperature and the particular sample property (iii) the enclosure within
which the conditions such as temperature, gas atmosphere etc. can be controlled, (iv)
and the computer for controlling the experimental parameters and for collecting the

data from the sensors (Figure 2.10)

Sensors

Computer
T |
Enclosure § § i Kt :
Sample § e § E Controller E
. | i
Sensors § § i — i
&\\\\\\\\&\\\\\\\\\% i_ processor E

Figure 2.10. Schematic of general thermal analysis or calorimetry apparatus.2¢

In a TGA experiment, the mass of a sample in a controlled atmosphere is recorded as a
function of temperature or time while heating a sample. The measurement data are
plotted as a thermogravimatric (TG) curve that shows mass or mass percentage as a

function of time or temperature.

Instruments for TGA measurements are equipped with a furnace and a sensitive

microbalance, referred to as a thermobalance. The balances are thermally isolated from
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the oven and are able to detect changes in mass as small as 0.1 pg.2” The temperature in
the system is measured by thermocouples located close to the sample container.
Modern devices use electronic routines of temperature control by comparing the output

data of the thermocouple to the electronically stored reference.

Differential scanning calorimetry (DSC) is often used as a complementary analysis to
TGA measurements. In DSC a sample and a reference are heated at a given temperature
ramp, simultaneously the instrument detects the difference in heat flow between the
sample and the reference. The output is the differential thermogram revealing the rate

of energy change versus temperature.

DSC is a quantitative technique and provides additional information that is not
accessible by TGA, for example in the case of processes occurring without a change in

weight, e.g., crystalline transitions, solid-state reactions, etc..

Thermogravimetric measurements of cellulose powders and nanocellulose-iron oxide
precursor composites were carried out on a Netzsch STA 440 C TG/DSC instrument
with heating rates of 2 °C min! or 10 °C min! in a stream of synthetic air of about

25 mL/min.

2.8 Dynamic Light Scattering

Dynamic light scattering (DLS) is an analytical technique for measuring the size of
colloidal particles in solutions by probing the solution dynamics.2?” The working
principle of DLS is based on monitoring the changes in Raylight-scattering of light

induced by the Brownian motion of the particles.

A DLS device consists of a laser source, a sample cell, a photodetector and a computer.
In the experiment the laser beam is focused into a cuvette containing a dispersion of
particles. With the help of the photodetector, the time-dependent light intensity
fluctuations are monitored. The intensity of light fluctuations depends on particle size
and particle motions, which are in turn affected by particle dimensions. Hence, the

detected DLS signal can be correlated to define the translational diffusion coefficient of
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the particles Dy, which provides the value of the hydrodynamic particle diameter d,, as

follows:

kgT
d, = ——— 2.17

n 37T'T]m'DT ’ ( )
where kj is the Bolzmann’s constant, T is the temperature and 7,, the viscosity of the

medium.

The DLS measurements were performed to estimate the size of titania nanoparticles
and cellulose nanocrystallites in aqueous suspensions by using a Malvern Zetasizer-
Nano instrument equipped with a 4 mW He-Ne laser (633 nm) and an avalanche

photodiode.

2.9 Photocatalytic Activity

The working principle of titania acting as a photacatalyst is described in Chapter 1.1.1.
In general, the photocatalytic degradation tests are based on monitoring the decreasing

concentration of a specific compound in the presence of a photocatalyst activated by

light.29-32

NCC-templated porous titania thin films were employed as photocatalysts to degrade
nitrogen(II) oxide and 4-chlorophenol in gaseous and liquid phases, respectively. The
photocatalytic tests were performed and analyzed by Dr. Jiri Rathousky at the ]J.
Heyrovsky Institute of Physical Chemistry in Prague.

The experimental set-up for the NO photocatalytic decomposition consisted of a gas
supply part, the photoreactor, and a chemiluminiscent NO-NOx gas analyzer (Horiba
ambient monitor APNA-360). The gaseous reaction mixture was prepared by mixing
streams of dry air, wet air and 50 ppm NO in nitrogen, in order to obtain a final NO
concentration of 1 ppm at 50% relative humidity. Prior to the photocatalytic tests, the
photoreactor was purged with the NO/water vapor/air mixture without illumination
until a steady NO concentration was achieved at the outlet. Then the photoreactor was
illuminated by four 8 W black lights providing the UV light with 1 mW/cm? intensity,

and the concentration of NO gas was monitored.

Alesja Ivanova | NANOPOROUS METAL OXIDES TEMPLATED BY NANOCRYSTALLINE CELLULOSE



CHAPTER 2

4-chlorophenol was photocatalytically degraded in a vessel 55 mL in volume, its initial
concentration being 1x10-* mol/L. A Sylvania Lynx-S 11 W BLB lamp irradiated the
films with a UV light power achieving 1 mW cm- at the film surface. Then the aliquots of
the solution in the reaction vessel were taken at regular time intervals and analyzed by

high-performance liquid chromatography (HPLC).

2.10 Photovoltaic Characterization

NCC-templated titania thin films coated on conductive glass substrates were employed
as active electrodes in dye-sensitized solar cells (DSC). Chapter 1.1.2 introduces the
basic operation principle of a DSC, whereas the following two chapters explain in detail
the fabrication and characterization procedures of DCS devices assembled from porous

NCC-templated titania anodes.

2.10.1 DSC Assembly

Dye-sensitized solar cells (DSCs)33 of a sandwich-type configuration were assembled

according to the procedure developed by Ito et al..34

A DSC device consisted of the following key components: (i) the active electrode made
of a porous titania film coated on conductive glass and loaded with dye molecules (ii)
the liquid iodine-based electrolyte and (iii) the counter electrode with a Pt layer coated
on a conductive glass. These components were brought into contact by sealing the cell

with polymer spacers (Figure 2.11).
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Figure 2.11. (a) Digital photo of a dye-sensitized solar cell (DSC). (b) Sandwich-type layout of a
DSC.34 (c) Titania electrode at different stages of preparation. From left to right: FTO substrate,
porous titania coated on FTO, reduced area of titania film, dye-loaded titania film, counter Pt-
electrode.

To prepare active electrodes, the precursor solution of NCC-templated titania was
coated on a conductive FTO (fluorine-doped tin dioxide) glass substrate (Pilkington,
TEC7) with a titania blocking layer of about 60 nm pre-deposited from the mixture of
tetraethyl orthotitanate in tetrahydrofuran and hydrochloric acid (for details see
description in Chapter 4.4.1). The film was heated at 500 °C to remove the templating
cellulose nanocrystals and to calcine titania. Afterwards the area of porous titania was

reduced to form a square with dimensions of 0.55 x 0.55 cm?.

The substrate was heated at 70 °C on a hot plate and then it was immersed into a dye
solution. The sensitizer was prepared by dissolving the N719 dye powder
(JRuL,(NCS),]:2TBA, where L = 2,2'-bipyridyl-4,4'-dicarboxylic acid and TBA = tetra-n-
butylammonium) in a mixture of acetonitrile and tert-butyl alcohol. The porous titania
film was kept overnight in the dye solution. Then the substrate was washed with

acetonitrile to remove the dye residues weakly attached to the titania surface.

Counter Pt-electrodes were prepared by chemical deposition of hexachloroplatinic acid
on an FTO substrate. The acid was diluted with ethanol and deposited on an FTO
substrate with subsequent heating at 450 °C.
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The titania and Pt electrodes were sealed on a hot plate set to 100 °C by using a 25 pm
thick Surlyn spacer. Then the “sandwich” was vacuum back filled with the electrolyte
through the pre-drilled hole. The electrolyte contained butylmethylimidazolium iodide,
iodine, guanidinium thiocyanate and 4-tert-butylpyridine dissolved in a mixture of

acetonitrile and valeronitrile with ratios described elsewhere.34

Finally, the hole was sealed by Surlyn foil with a glass slide on top. Subsequently, the
cell was analyzed to determine its current-voltage characteristics, as described in the

next chapter.

2.10.2 I-V Characteristics

The performance of a DSC device can be estimated by measuring its current-voltage
characteristics recorded in a solar simulator.3> The data obtained during the
measurement are displayed in an I-V curve showing the dependency of current I (or

current density) of the applied external voltage V. (Figure 2.12).

I-V curve

P-V curve

Vier Voc V

Figure 2.12. A schematic representation of I-V-characteristics of a solar cell under illumination,
showing the maximum power point MPP and the corresponding current Iypr and voltage Vupp.
The fill factor is estimated by calculating the ratio of the dashed area defined by Iupp and Vupp to
the dashed area with the short circuit current Isc and the open circuit voltage Voc,

The analysis of the curve provides the critical parameters of solar cell performance,
such as a short circuit current Isc, the open circuit voltage Vo, the fill factor FF and the

power conversion efficiency 7.

The short circuit current Isc and the open circuit voltage Voc are defined by the

intercepts of the I-V curve at V=0 and I = 0, respectively (Figure 2.12).
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The fill factor describes the deviation of the solar cell power achieved at maximum
power point Pupp from the ideal power obtained with I, and Vo The FF is calculated as

follows:

P 1 Vi
FF — MPP — MPP VMPP ) (218)
IscVoc IscVoc

where Inpp and Vipp are the current density and the voltage at the maximum power

point, respectively.

The key value describing solar cell performance is the power conversion efficiency 5:

Pout Pypp IscVoc FF

p = ot = — , (2.19)

in Pin Pin

where Py, is the maximum power delivered by a solar cell and P, is the incident light

power.

Solar cells assembled from NCC-templated titania anodes were measured on an AM 1.5
G solar simulator (Solar Light Model 16S) equipped with a 150 W xenon lamp under
100 mW/cm? white light illumination. The light intensity was adjusted by using a

Fraunhofer ISE certified silicon reference cell.
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3 Extraction of Cellulose Nanocrystals

This chapter describes the extraction of cellulose nanocrystals employed as
sacrificial templates in the synthesis of mesoporous materials presented in the

following chapters.

3.1 Introduction

Cellulose nanocrystals have been known since the late 40ies of the last century, when
Ranby reported for the first time the aqueous colloids of crystalline “micelles” isolated
from native cellulose.! The stable colloidal dispersions were achieved by boiling wood
and cotton in sulfuric acid, leading to a partial destruction of pristine cellulose. The
straightforward acid hydrolysis of hierarchically organized plant celluloses (Figure 3.1)

was successfully employed to extract cellulose crystals in several further studies.2-13

Cotton plant Fibers Fibrils Microfibrils ~ Molecule
T—

(o}

0
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Figure 3.1. The hierarchical structure of cotton. Adapted from Ref. 14
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The success of this method is based on the fact that cellulose fibers initially consist of
low-ordered (amorphous) regions and highly ordered domains of cellulose
nanocrystals. The latter ones are stable and they can sustain the hydrolysis, whereas the
amorphous regions are less resistant and therefore they are easily decomposed by

strong acids (Figure 3.2).1516

(a) Cellulose Chains Disordered Region

Crystalline Regions

(b) Cellulose Nanocrystals
-~ ~a
= =
—_— e -
Figure 3.2. (a) Schematic representation of a cellulose microfibril showing the alternation of
crystalline and amorphous domains. (b) Cellulose nanocrystals after dissolving the disordered
regions by acid hydrolysis.1é

The properties of the crystalline material obtained via hydrolysis depend on hydrolysis
conditions and to a large extent on the nature of the initial cellulose. The key
parameters here are the phase composition and crystallinine quality, namely content,
distribution and dimensions of crystalline nanodomains in pristine cellulose. Wood
pulps, plants, bacterial cellulose, marine animals, algae and microcrystalline celluloses
have been demonstrated to be suitable starting materials for the NCC isolation.17.18 As
the degree of crystallinity, crystallite sizes and distribution of crystalline regions vary
for these different celluloses, the dimensions of the isolated nanocrystals depend
directly on the source material.16.18 Cotton, wood and microcrystalline cellulose provide
crystals with nanometer-scale lengths, whereas celluloses derived from tunicin, bacteria
and algae typically have a higher degree of polymerization and longer crystalline

regions, hence providing cellulose whiskers up to several pm in length.1820

Although many different types of acids can be used for cellulose hydrolysis,
hydrochloric and sulfuric acids are among the most effective ones. The acid penetrates
into cellulose fibers and breaks down the glycosidic bonds, so that the length of the
cellulosic polymer chains decreases. The hydrolysis route involves the protonation of
glucosidic oxygen (reaction 1 in Figure 3.3) or cyclic oxygen (reaction 2 in Figure 3.3),

followed by splitting of glucosidic bonds induced by the addition of water.2122 In
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contrast to hydrochloric acid, sulfuric acid additionally results in sulfonation of
cellulose.l5 Sulfate ester groups (-0SO3’) grafted on the surface induce negative
charging of cellulose nanocrystals, hence promoting their colloidal stability. Due to this
effect, the hydrolysis with sulfuric acid remains the most popular method for the

preparation of nanocrystalline cellulose easily dispersible in water.
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Figure 3.3. (a) Schematic illustration of the mechanism of cellulose disintegration during acid
hydrolysis. (b) Esterification of cellulose due to the hydrolysis with sulfuric acid.2!

The hydrolysis conditions, namely reaction time, temperature, type and concentration
of the acid, as well as the acid-to cellulose ratio affect the properties of the released
nanocrystals2423-27 and define the reaction yield.282° Dong et al.” have investigated

hydrolysis of filter paper Whatman No. 1 in 64% sulfuric acid and established that the
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optimal hydrolysis temperature and time correspond to about 45 °C and 60 min,
respectively. They found that at lower temperatures the reaction yield decreases, while
longer hydrolysis times reduced the dimensions of the released crystals. Since every
type of cellulose requires thorough optimization of the hydrolysis conditions, we have
modified the procedure suggested by Dong et al. and adapted it for available cellulose

sources.

This chapter focuses on the preparation of cellulose nanocrystals by hydrolysis of
different cellulose materials with sulfuric acid. First, different bulk celluloses are
characterized and explored for their use as an NCC (nanocrystalline cellulose) source.
Then the detailed investigation of cotton hydrolysis in sulfuric acid is discussed. Finally,
we demonstrate the effect of post-hydrolysis fractionation on the crystallinity and mean

dimensions of the cellulose nanocrystals.

3.2 Results and Discussion

3.2.1 Cellulose Sources

We have explored different bulk celluloses for their use as a staring cellulose source for
the isolation of nanocrystalline cellulose (NCC). In particular, we have employed
celluloses originating from wood, cotton and commercial microcrystalline cellulose.
Hardwood (Lwarcel) and softwood (Domsjo and ASPA) Kraft pulp sheets, cotton linters
and microcrystalline cellulose (Avicel® PH-101) are commercial products commonly
applied in paper, textile and pharmaceutical industries, respectively. These celluloses

have been purified by various chemical pretreatments of pristine biomasses.

Wood pulp is fabricated by the Kraft process and bleaching to remove non-cellulosic
impurities, for example lignin. Avicel® is a pure depolymerized microcrystalline
cellulose manufactured from wood pulp by deep hydrolysis with mineral acids. Cotton
is a natural fiber that grows around the seeds of cotton plants and consists mainly of

pure cellulose.

SEM images in Figures 3.4 and A3.1 in the Appendix show the morphology of different

types of cellulose materials. Cotton linters and Avicel® feature fibrous morphology with
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fibers of several micrometers in size (Figure A3.1 in the Appendix). SEM images at
higher magnification reveal that the surface of cotton fibers is composed of very fine
elongated features of about 20 nm in diameter (Figure 3.4 a). In contrast, the fibers of
Avicel® at similar magnification appear more dense, being composed of large fibers of
about 500 nm in width (Figure 3.4 b). The surface of wood pulp sheets indicates the
presence of some fine elongated substructures (Figure 3.4 c), however they are much

less pronounced than in the SEM images of the cotton linters.

Figure 3.4. SEM images of bulk celluloses: (a) cotton linters, (b) microcrystalline cellulose
Avicel®, (c) dried soft wood pulp (Domsjo). The scale bars correspond to 100 nm.

The XRD analysis shown in Figure 3.5 reveals the presence of Ig cellulose for all the
cellulose sources. However, the shapes of the patterns vary for different cellulose types,
which points to the different contents and dimensions of crystalline domains in the
samples. The proportion of crystalline and amorphous cellulose in the bulk celluloses
can be estimated by using the peak-height method suggested by Segal et al..3031 In this
method, the crystallinity defined as the crystallinity index yxrp is determined from the
ratio of the minimum signal intensity at ca. 18 ° 20 arising from amorphous cellulose
(I;g) to the intensity of the most intensive cellulose XRD reflection at ca. 22.7 © 20 (I5,.,)
corresponding to the crystalline cellulose (Equation 3.1).

Virp = (’2"’17—"18) x 100% (3.1)

22.7
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Figure 3.5. X-ray diffraction patterns (a) and TGA curves (b) of microcrystalline cellulose, wood
pulps and cotton. The assigned reflections correspond to the Ig cellulose (ICDD pattern 00-060-
1502). The background-subtracted diffraction patterns were normalized to the most intense
reflections (the original patterns are shown in Figure A3.2 in the Appendix).

The crystallinity derived from XRD patterns in Figure 3.5 is of about 35%, 56% and 87%
for wood pulps, cotton and microcrystalline cellulose, respectively. The microcrystalline
cellulose shows the highest crystallinity compared to the other cellulose sources,
whereas the wood pulps are the least crystalline. The cotton linters have a moderate
crystallinity, which can be advantageous for the NCC extraction, because amorphous
regions decompose in acid and facilitate the release of crystals, whereas a high content

of crystalline domains is necessary to achieve high reaction yields.

The difference in the morphology and crystallinity of the above bulk celluloses indicates
that the disintegration of these celluloses results in nanocrystalline celluloses of
different quality. Next we compare the nanocrystalline cellulose (NCC) extracted from

different cellulose sources by acid hydrolysis at similar conditions.

3.2.2 Acid Hydrolysis

Typically the isolation of nanocellulose from bulk cellulose consists of three main steps:
(i) purification of pristine cellulose (ii) dissolution of amorphous regions by hydrolysis
and (iii) washing of the remaining crystalline phase.l” We have performed the acid
hydrolysis based on a modified procedure developed by Dong at al..® We mixed different
bulk celluloses with 64% H2SO4 at constant ratios of 1:8.75 g/mL and heated the

mixtures under reflux at similar conditions (Table 3.1).

Alesja Ivanova | NANOPOROUS METAL OXIDES TEMPLATED BY NANOCRYSTALLINE CELLULOSE



cuaprers (IR

Table 3.1 Hydrolysis conditions, reaction yields and properties of the final dispersions of the
nanocellulose extracted from wood and cotton. The hydrolysis was performed with 64%
sulfuric acid and 1:8.75 g/mL cellulose-to acid ratio

Cellulose source Hydrolysis NCC dispersion
T1@RT, hea T,°C 72@T, min® pH c,wt%c Yield, %1
Cotton 1 58 20 2.5 2.0 19
Wood (Domsjo) 1 45 25 2.4 2.6 10
Wood (ASPA) 1 45 25 2.3 4.7 14
astirring time
bhydrolysis time

¢NCC concentration in wt % after washing
dyield with respect to the initial amount of bulk cellulose

We found that when hydrolysed the cellulose-acid mixture changes its color from white

to yellow-brownish or ivory, as shown in Figure 3.6-a.

Figure 3.6. Digital images showing the extraction of cellulose nanocrystals from cotton linters.
(a) A cellulose suspension after the hydrolysis with 64% sulfuric acid for 45 min at 55 °C. (b) A
ten-fold diluted cellulose suspension in water. (c) Phase separation of the suspension after ca.
15 h.

To stop the hydrolysis the suspension is diluted with a tenfold amount of deionized
water and left overnight to sediment the NCC-containing fraction (Figure 3.6-b, c,
respectively). Later, the upper liquid phase is decanted and the NCC-rich lower phase is

washed with water via successive centrifugation.
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We have observed that after each subsequent washing by repeated centrifugation, the

supernatants appear more and more turbid (Figure 3.7 a).

¥. - o %0 100 1000
wi Va iz
w0 ¢ / / Particle size / nm

Figure 3.7. (a) Digital photo and normalized DLS data (b) of the supernatants obtained after the
first centrifugation (w0) and after subsequent washing for 1-8 times (w1-w8) applied to
aqueous dispersion of cellulose nanocrystals.

Moreover, the DLS signal shifts right (Figure 3.7-b), indicating the enlargement of
particle dimensions in the solutions. The size of the particles after eight washing steps is
in the range of several hundreds of nanometers, which largely exceeds the size of the
single cellulose nanocrystals. These observations suggest the high sensitivity of NCC
colloidal stability to ionic strength and to pH of the solution. However, we note that the
common DLS analysis can only provide a rough estimate of the NCC size due to the non-

spherical shape of the crystals.

We have applied only two washing cycles for all subsequent experiments, since
continuous washing of nanocrystals results in significant losses of the product. NCC
dispersions described in Table 3.1 were concentrated via rotary evaporation to achieve
concentration of about 10 wt %. Afterwards, we cast the dispersions to dry at room
temperature, in order to form about 80 pm thick NCC free-standing films that were then

pulverized for the XRD analysis.

The XRD patterns of NCCs in Figure 3.8-a show distinct and sharp reflections and only a
minor presence of broad amorphous background characteristic for disordered cellulose.
The shapes of the NCC patterns indicate a significant improvement of crystallinity of
hydrolyzed samples compared to the pristine celluloses (Figure 3.8-a vs. Figure 3.5-a).
The main cellulose XRD reflection at about 22.7 ° 26 in Figure 3.8-a becomes more

prominent, whereas the amorphous background at 18 ° 20 diminishes. Therefore, the
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isolated crystals show a higher crystallinity index than bulk celluloses. In quantitative
terms the achieved crystallinity values are 53%, 70% and 87% for the hydrolysed wood
pulps ASPA, Domsjo and cotton, respectively.

. —— NCC (Domsjo)
a —— NCC (Domsjo) b -
—— NCC (ASPA) 100- T NGG o
—— NCC (Cotton)
754
P X
g =
) -
8= 3 501
=
254
. 01
10 15 20 25 30 35 200 400 600 800
20/° T/°C

Figure 3.8. X-ray diffraction patterns (a) and TGA curves (b) of nanocrystalline cellulose
obtained from soft wood pulps and cotton. The assigned reflections correspond to the Ig
cellulose (ICDD pattern 00-060-1502). The background-subtracted diffraction patterns were
normalized to the maximum reflections (the original patterns are shown in Figure A3.3 in the
Appendix).

The change of the shape of the TGA curve also confirms the successful extraction of
crystalline material from pristine celluloses (Figure 3.8-b). The crystalline cellulose is
more resistant to thermal degradation, therefore it demonstrates a more gradual mass
loss than pristine celluloses (Figure 3.5-b). The degradation curves of NCCs in
Figure 3.8-b are consistent with the previously recorded TGA of nanocrystalline

cellulose.21.32

To sum up, the above initial results show that cotton and wood pulp sheets are suitable
sources for the NCC preparation. Avicel® has initially a high crystallinity (based on XRD,
TGA and SEM analysis), hence extraction of distinct crystalline nano-species from this
material is rather challenging. Therefore, in the following section we will focus on the

optimization of nanocellulose isolation from wood pulps and cotton linters.

3.2.3 Reaction Yield and Crystallinity

To study the effect of hydrolysis in more detail, we have hydrolysed cotton and wood

pulps at different temperatures and reaction times, while keeping the acid
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concentration, cellulose to-acid ratio and washing protocol identical for all the samples

(Table 3.2).

Table 3.2. Reaction yields and crystallinity yxzp of nanocrystalline cellulose depending on the
cellulose source, reaction time t and temperature T. The hydrolysis was performed with 64%
sulfuric acid and 1:8.75 g/mL cellulose-to acid ratio

Sample T1@RT,h T,°C 1:@T, min Yield, %% yxrp, %
NCC cotton-1 - 45 25 7 77
NCC cotton-2 17 45 15 10 80
NCC cotton-3 - 45 40 13 81
NCC cotton-4 1 58 20 19 84
NCC cotton-5 - 45 60 6 86
NCC cotton-6 1 60 60 13 86
NCC cotton-7 1 55 25 14 90
NCC cotton-8 - 55 30 nd? nd
NCC cotton-9 - 60 60 nd nd
NCC wood Domsjo-1 1 45 25 10 70
NCC wood Domsjo-2 1 55 15 4 80
NCC wood ASPA-1 1 45 25 14 80
NCC wood ASPA-2 1 55 25 4 85

ayield with respect to the initial amount of bulk cellulose.
bnot determined; starting suspensions for fractionation (see Chapter 3.2.4)

Figure 3.9 shows XRD patterns of the nanocrystalline cellulose extracted by using

different hydrolysis parameters.
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Figure 3.9. XRD patterns of NCC prepared from cotton (a) and dry soft wood pulps (b) at
different hydrolysis conditions described in Table 3.2. The arrows point to the decreasing signal
at ca. 18 ° 20 corresponding to amorphous cellulose.

The variation of the shapes of the patterns indicates the change in the crystalline quality
of the resulting celluloses. We found that temperature increase and longer hydrolysis
times favor better disintegration of the amorphous cellulose. The most significant
crystallinity increase, namely the noticeable reduction of amorphous background at ca.
18 ° 20 has been observed for the sample NCC cotton-7 that was hydrolysed at 55 °C for
25 min (Figure 3.9, Table 3.2).

The XRD data imply that more drastic hydrolysis conditions, i.e. higher temperatures
and longer reaction times in the ranges examined, are more effective for the extraction
of crystalline cellulose. However, a further increase of hydrolysis time and temperature

can negatively affect the yield of the reaction or the crystallinity.

As an example, Figure 3.10 shows the dependence of the yield on the reaction time,
revealing that both short and long hydrolysis times result in rather low yields. Thus,
there is an optimum hydrolysis time for the isolation of nanocellulose species assuring

high hydrolysis yields.
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Figure 3.10. Reaction yields of the hydrolysis of dry hard wood pulp (Lwarcel) with 64%
sulphuric acid and cellulose-to-acid ratio 1:8.75 g/mL depending on hydrolysis time and
reaction temperature.

We note that the reaction yields are calculated as a ratio of cellulose after hydrolysis
and washing procedure with respect to the amount of pristine cellulose, without
considering the cellulose crystallinity. Although the hard wood pulp demonstrates very
high reaction yields of up to 75% (Figure 3.10), the quality of the crystals extracted
from this type of wood is lower compared to cotton. The hardwood cellulose is
generally a less popular source for isolation of nanocrystalline cellulose than softwoods,
since it is more complex and heterogeneous in structure and it has shorter fibers and a

more rigid constitution.32

To sum up, the conditions of the hydrolysis reaction play an important role in NCC
extraction, since they affect the NCC quality and the reaction yield. The best results
regarding the NCC crystallinity and the reaction yield were obtained for cotton NCC
hydrolysed at RT for 1 h followed by heating at temperatures of 45-55 °C for about 25
min. We note that if the stirring time prior the hydrolysis is reduced to 20 min, the
hydrolysis at elevated temperatures can be prolonged up to 45 min. Typically the
hydrolysis should be stopped as soon as large cellulose aggregates dissolve and the

color of the reaction mixture changes to ivory white, as shown in Figure 3.6-a.

3.2.4 Fractionation

Fractionation by differential centrifugation is a well-known approach to obtain colloidal

dispersions of increased uniformity. We have performed differential centrifugation3# of
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NCC aqueous dispersions prepared by different hydrolysis routes, in order to decrease
the contents of aggregates and narrow the size distribution of the cellulose crystals.

Figure 3.11 shows the fractionation procedures employed for the NCC dispersions.

D
f—

disperse

pellet

8_1K
disperse

supernatant
20000 rpm pellet

8_20K O
N b 20000 rpm 9_20K

1000 rpm

disperse

NCC cotton-8 NCC cotton-9

pellet discard

supernatant

8 5K N~

supernatant
5000 rpm 10000 rpm
8_10K

Figure 3.11. Schematic representation of the differential centrifugation of hydrolysed and
washed cotton dispersions: NCC cotton-8 (a) and NCC cotton-9 (b). The sample notation
indicates the NCC batch and the final centrifugation speed, e.g., 8_1K stands for the NCC cotton-8
dispersion and 1000 rpm centrifugation speed, respectively.

The NCC batch assigned as NCC cotton-8 was extracted at relatively mild hydrolysis
conditions, namely at lower temperature and shorter times compared to the batch
assigned as NCC cotton-9 (Table 3.2). After the hydrolysis, both dispersions were

diluted and washed as previously described.

The fractionated NCC solutions were analysed by using electron microscopy to evaluate
the size of the crystals in each fraction. XRD, NMR, IR and TGA analysis revealed the

crystallinity and thermal stability of the as-fractionated nanocellulose.

Table 3.3 shows average dimensions of the nanocrystalline cellulose calculated from
TEM images. Cellulose crystals appear in the TEM images in Figure 3.12 as elongated
bundled species of around 8 to 12 nm in width and of about 100-170 nm in length,
depending on the NCC fraction.
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Table 3.3. Effect of fractionation on the mean dimensions (width D and length L) of cellulose
nanocrystals revealed by TEM analysis. The crystals were extracted from cotton and
fractionated at centrifugation speeds 1000, 5000 and 2000 rpm for 8_1K, 8_5K and 9_20K,
respectively. The NCC dimensions were estimated by measuring the lengths and widths of about
40 whiskers for each sample

Sample D,nm L,nm Lmin, NM Lmax, nNM
8_1K 12+2 173+x60 97 280
8_5K 10+£2 123 +40 62 209
9_20K 8+2 101+35 36 193

Figure 3.12. TEM images of cellulose nanocrystals extracted from cotton and fractionated by
differential centrifugation at (a) 1000 rpm (8_1K) and (b) 20000 rpm (9_20K). The scale bars
correspond to 200 nm.

The nanocellulose 8_1K separated at 1000 rpm shows rather long and thick bundled
structures of about 200 x 12 nm in size (Figure 3.12). In contrast, the 9_20K dispersion
exposed to stronger hydrolysis and fractionated at higher speed of 20000 rpm is more
homogeneous and has the smallest crystallites of about 100 x 8 nm. The intermediate
centrifugation speed 5000 rpm provides the average crystal dimensions of 150 x 10 nm.
Hence there is a tendency of decreasing cellulose dimensions and reduced aggregation

due to the fractionation.

Next, we studied the effect of fractionation on the cellulose crystallinity by using NMR

and XRD techniques (Figure 3.13).
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Figure 3.13. 13C CP-MAS NMR spectra (a) and XRD patterns (b) of bulk cotton and
nanocrystalline cellulose depending on hydrolysis conditions and fractionation speed. Sample
9_20K was hydrolyzed at 60 °C for 60 min and fractionated at 20000 rpm. The samples from the
NCC cotton-8 batch were hydrolyzed for 30 min at 55 °C and fractionated at centrifugation
speeds of 1000 (8_1K), 5000 (8_5K), 10000 (8_10K) and 20000 (8_20K) rpm, respectively.

In solid state 13C-NMR spectroscopy, the amorphous cellulose can be distinguished from
the crystalline one by comparing the shape of the signals. The ordered crystalline
materials give sharp NMR peaks, whereas for the disordered domains broad signals are
characteristic.3> Furthermore, a cellulose 13C CP-MAS NMR spectrum can be analyzed to
estimate the crystallinity index of a cellulose powder. We note that due to the
crosspolariaztion conditions the NMR peak areas are not necessarily quantitative with
respect to the amount of carbon. However, due to the similarity of the materials relative

trends can be obtained.

The degree of crystallinity ynur is determined by dividing the integrated area of the
NMR signal in the range of 86-92 ppm corresponding to the crystalline cellulose (Ca
region in Figure 3.13 a) by the total area of the signal at 72-92 ppm arising from both

crystalline and amorphous cellulose:35:36

__ (1(86ppm —92ppm) 0
Ynmr = (I(79ppm—92 ppm)) X 100% (3-2)

Table 3.4 summarizes the calculated crystallinities for each NCC fraction estimated from

the spectra shown in Figure 3.13 a.
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Table 3.4. Effect of fractionation on crystallinity of hydrolyzed cellulose revealed by NMR ynumr
and XRD yxrp analysis. The crystals were extracted from cotton (Table 3.2) and fractionated at
centrifugation speeds of 1000, 5000, 10000 and 20000 rpm for samples 8_1K, 8_5K, 8_10K,
8_20K and 9_20K, respectively

Sample  ywmr, %  Yxrp, %

Cotton 37 56
8_1K 71 87
8_5K 72 91
8_10K 72 90
8_20K 72 90
9_20K 77 92

The NMR results imply that, whereas substantial increase in crystallinity is achieved by
the implemented acid hydrolysis, the crystallinity ynur of most fractionated phases is
rather similar, of about 70%. However, the 9_20K sample demonstrates the highest
crystallinity according to the ynmr calculations (and to the XRD data, see below), which
may be explained by the fact that this sample was exposed to longer hydrolysis times at
higher temperature than batch 8. In contrast, 8_1K possesses the lowest crystallinity, as

a consequence of the mild hydrolysis and low-speed fractionation.

Crystallinity indexes calculated by the XRD peak-height method (Table 3.4, Equation
3.1) confirm the general trend established by the NMR analysis. The strongly
hydrolyzed sample 9_20K contains the lowest amorphous cellulose amounts, whereas
the lowest crystallinity is observed for the NCC low-speed fraction 8_1K. The fractions

separated at intermediate speeds show rather similar crystallinities.

We note that the crystallinity values calculated by using NMR and XRD based methods
differ noticeably. This phenomenon has been previously discussed in several
studies.3137 The XRD-peak-height approach usually gives a slightly higher percentage of
crystallinity compared to the NMR analysis. This could be caused by quantification
issues related to the use of cross-polarization techniques in the NMR. On the other hand,
the XRD method is rather sensitive to the measurement and analysis conditions, namely
the background subtraction. Nevertheless, the XRD peak-height method remains the
most popular and straightforward approach, which shows the same quantitative trends

as the NMR analysis.

Alesja Ivanova | NANOPOROUS METAL OXIDES TEMPLATED BY NANOCRYSTALLINE CELLULOSE



CHAPTER 3

To sum up, the NMR and XRD investigations clearly confirm that acid hydrolysis of bulk
cotton leads to an increase in cellulose crystallinity, which can be further improved by
differential centrifugation due to removal of amorphous and aggregated cellulose. We
found that the fractionation at lower speeds such as < 1000 rpm is more effective than

centrifugations at higher speeds, namely at 5000 and 10000 rpm.

3.2.5 Nanocrystals Isolated from Cotton

The experiments described before revealed the optimal conditions for the isolation of
cellulose nanocrystals. We found that the best NCC in terms of the purity, crystallinity
and size homogeneity is obtained by hydrolysing cotton linters in 64% sulfuric acid for
1 hour at RT and then for 30 min at 55 °C, followed by washing and fractionation at 500
rpm. Figures 3.14, 3.15, 3.16 reveal the properties of cellulose nanocrystals extracted by

the latter method.

Figure 3.14. (a) Digital image of a free-standing film cast from a water dispersion of cellulose
nanocrystals extracted from cotton. (b) SEM cross-section of NCC free-standing film.
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Figure 3.15. TEM image of cellulose nanocrystals extracted from cotton by 64% sulfuric
acid hydrolysis at 55 °C for 30 min. The scale bar corresponds to 500 nm.
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Figure 3.16. (a) XRD pattern of cellulose nanocrystals extracted from cotton by 64%
sulfuric acid hydrolysis at 55 °C for 30 min. The assigned reflections correspond to the
Ig cellulose (ICDD pattern 00-060-1502). (b) Mass loss and DSC data of the
nanocrystalline cellulose extracted from cotton at 55 °C for 30 min.

The TEM analysis (Figure 3.15) reveals the distinct rod-shaped crystals with mean
dimensions of 10 * 2 nm in width and 117 * 34 nm in length (average values obtained

by measuring width and length of 75 and 50 crystals, respectively).

The as-prepared nanocrystals decompose up to about 500 °C under the conditions of

the thermal analysis (10 °C/min heating rate of in a stream of synthetic air of about 25
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mL/min) (Figure 3.16). The decomposition of nanocellulose is a step-wise process with
several successive degradation steps involving evaporation of adsorbed water,
depolymerization, dehydration, and decomposition of glycosyl units followed by the
formation of a charred residue. The mass loss above 460 °C is attributed to the
oxidation and breakdown of the charred residue to lower molecular weight gaseous

products.32

Aqueous dispersions of the cellulose nanocrystals demonstrate a unique ability to form
nematic liquid crystalline phases at certain concentrations. Above the critical
concentration, upon solvent removal, the suspensions dry out and form free-standing
films with domains aligned parallel to the substrate (Figure 3.14). The free-standing
film in Figure 3.14 shows some iridescence, which indicates that the material consists of

successive layers at the nanoscale level.38

3.3 Conclusions

In this chapter we have explored different bulk celluloses as starting sources for the
isolation of cellulose nanocrystals. Among various bulk celluloses, namely cotton, wood
pulp and commercial microcrystalline cellulose, we found cotton to be the most suitable
for the release of nanocrystalline domains via sulphuric acid hydrolysis. Cotton initially
consists of pure cellulose, hence it requires less chemical pre-treatments compared to
wood celluloses. Moreover, cotton has average relative contents of amorphous and
crystalline domains assuring the effective release of crystalline cellulose and good

reaction yields.

We found that nanocrystalline cellulose can be is successfully extracted from cotton
with 64% sulfuric acid hydrolysis and 1:8.75 g/mL cotton-to acid ratio within the
temperature ranges from 45 to 55 °C and reaction times of 20-40 min. The hydrolysis
time and temperature affect the reaction yield and the crystallinity of the released
crystals. Furthermore, we suggest performing a differential centrifugation on freshly
hydrolysed and washed NCC dispersions. We have demonstrated that fractionation at
low centrifugation speeds, i.e. < 1000 rpm, effectively removes large cellulose

aggregates containing undesirable non-crystalline cellulose.
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3.4 Experimental

3.4.1 Synthesis

Bulk celluloses. Four different types of bulk celluloses have been employed for the
preparation of nanocrystalline cellulose, namely soft- and hardwood pulps, cotton and
microcrystalline cellulose. ASPA (Monksjo Aspa Bruck AB, Sweden) is an elemental
chlorine free (ECF) bleached softwood kraft dry pulp, produced from pine (Picea abies)
and spruce (Pinus silvestris) wood fibers. Lwarcel (Lwarcel Cellulose, Brasil) is an ECF
bleached kraft dry pulp originating from Eucalyptus wood. Domsjo (Domsjo Fabriker
AB, Sweden) is a softwood cellulose manufactured by two-stage sodium based cooking
followed by alkali and hydrogen peroxide closed-loop bleaching. The cotton linters were
supplied by Peter Temming AG (Germany). Microcrystalline cellulose Avicel® PH-101

was purchased from Fluka.

Hydrolysis of cellulose. The wood pulp sheets were cut to small pieces and then milled to
powder by using a Fritsch Planetary Pulverisette 6 ball mill at a rotation speed of 250
rpm for about 50 min. Cotton linters were washed with dionized water and dried in an
oven at 60 °C. To perform the hydrolysis, the cellulose was gradually introduced into a
round bottom flask containing 64% (w/w) sulfuric acid (at room temperature, RT) at a
cellulose-to acid ratio of 1:8.75 g/mL. The mixture was stirred at RT for 20-60 min and
then heated in an oil bath under reflux at 20-58 °C for 20-60 min, depending on the
sample batch (see Tables 3.1 and 3.2). After the desired time had passed, the mixture
was ten-fold diluted with deionized water to stop the hydrolysis. As-diluted cellulose
dispersion was stored overnight to reach the phase separation, i.e. a segregated
nanocrystal-rich bottom phase and a transparent upper phase. The upper phase was
decanted and the bottom one washed by repeated centrifugation with deionized water.
The NCC suspension was washed twice in 40 mL tubes by centrifugation at 20000 rpm
(47808 g relative centrifugal force (RFC)) for 20 min in a Thermo Scientific High-Speed
centrifuge equipped with a Thermo Scientific SS-34 rotor. Finally, the suspensions were

concentrated by rotary evaporation at 55 mbar and 40 °C.

Differential centrifugation. A freshly washed NCC suspension was centrifuged in several

successive times at rotation speeds in the range from 1000 rpm (120 g RCF) to 20000
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(47808 g RCF) as shown in Figure 3.11. After each centrifugation step the upper phase
was isolated from the pellet. Later, the as-separated NCC dispersions were concentrated
in a rotating evaporator at 55 mbar and 40 °C until the concentration and pH-values
reached about 7 wt % and pH 2, respectively. The concentrated suspensions were dried

at room temperature and pulverized in a mortar for the further analysis.

3.4.2 Characterization

Scanning electron microscopy (SEM) of bulk and nanocrystalline celluloses was
performed by using a JEOL JSM-6500F microscope equipped with a field emission gun
operated at 5 kV. The cellulose powders were deposited on a carbon pad and then

sputtered with carbon in a BAL-TEC MCS 010 sputter coater.

Wide angle X-ray diffraction (XRD) of NCC powders was carried out in the reflection
mode using a Bruker D8 Discover diffractometer with Ni-filtered Cu-Ka-radiation (A =
1.5406 A), equipped with a Vantec-1 position sensitive detector. The powders were
deposited on silicon wafer. The recorded XRD signals were assigned by using the
database of The International Centre for Diffraction Data® (ICDD). To evaluate the
crystallinity, the XRD patterns were baseline-corrected in Bruker DIFFRAC.SUITE EVA
software by using a linear function with anchor points at about 9° and 32° 26. The
baseline-corrected patterns were analyzed according to Equation 3.1. The Scherrer

equation was used to estimate the crystallite dimensions.

Thermogravimetric analysis was performed on a Netzsch STA 440 C TG/DSC

instrument (heating rate of 10 °C/min in a stream of synthetic air of about 25 mL/min).

CP-MAS 13C-NMR Spectroscopy of NCC powders was carried out by using a Bruker
Avance 500 spectrometer equipped with a 11.75 T magnet. The measurements were
performed at room temperature in a 4 mm 1H/BB MAS probe at 10 kHz rotation
frequency and the following acquisition parameters: 20.5 ms acquisition time, 5 ms
crosspolarization (CP) contact time and 2 s scan delay. The spectra were recorded in the
range from -250 to 450 ppm relative to tetramethylsilane. The crystallinity of the
cellulose was estimated by applying Equation 3.2. The integrated signal areas
corresponding to amorphous and crystalline celluloses were calculated with the

software OriginLab.
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Dynamic light scattering (DLS) was performed on a Malvern Zetasizer-Nano instrument
equipped with a 4 mW He-Ne laser (633 nm) and an avalanche photodiode. The particle
size calculations are based on the Stokes-Einstein equation assuming spherical shape of
nanoparticles. Due to the rod-like shape of the NCC the DLS data can only indicate
trends. To estimate the length of the crystals, DLS measured translational diffusion
coefficients have to be further analysed by using particle diameter data obtained from

TEM analysis.3°

Transmission electron microscopy (TEM) was performed using an FEI Titan 80-300
electron microscope equipped with a field emission gun operated at 80 kV. The samples
were prepared by diluting the concentrated NCC suspensions to 0.15 wt % with ethanol
followed by 5 minutes of ultrasonication. The TEM images were analyzed with Image]
software. The mean dimensions of the crystals were calculated by assigning the lengths

and widths of about 40 individual whiskers.
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3.6 Appendix

Figure A3.1. SEM images of (a) cotton linters, (b) microcrystalline cellulose Avicel®, (c) dried
soft wood pulp (Domsjo). The scale bars correspond to 500 nm.
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Figure A3.2. X-ray diffraction patterns of microcrystalline cellulose, wood pulps and cotton. The

cellulose powders were measured on silicon wafer in reflection mode. The diffraction patterns
were normalized to the most intense reflections.
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Figure A3.3. X-ray diffraction patterns of nanocrystalline cellulose obtained from soft wood
pulps and cotton. The cellulose powders were measured on silicon wafer in reflection mode.

The diffraction patterns were normalized to the most intense reflections.
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4 Tailoring the Morphology of Mesoporous
Titania Thin Films through Biotemplating

with Nanocrystalline Cellulose

This chapter is based on the following publication:

Alesja Ivanova, Dina Fattakhova-Rohlfing, Bugra Eymer Kayaalp, Jiri Rathousky,
Thomas Bein. Tailoring the morphology of mesoporous titania thin films through

biotemplating with nanocrystalline cellulose. ]. Am. Chem. Soc. 2014, 136, 5930.

4.1 Introduction

Titania is a very important semiconductor material for photovoltaics, photocatalysis
and electrochemistry. The efficient performance of titania-based devices often requires
deposition of porous titania thin films possessing high surface area.l Generally, a
successful device operation requires not only a high surface area, but also an
optimization of the morphology of the titania films, including the crystallinity of the

pore walls,? as well as the shape, orientation and size of the pores.

Evaporation-induced self-assembly? is one of the most popular approaches for the
formation of thin films with controlled mesoporosity. The method is based on the self-
assembly of titania precursors and structure-directing micelles of amphiphilic
molecules.# The procedure relies on the formation of micellar aggregates, which is

sensitive to the template-to-inorganic precursor ratio, the concentration of amphiphilic
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molecules and the nature of the solvents. Considering these factors, the use of shape-
persistent templates can be advantageous over molecular template aggregates. As the
former templates>® have a defined shape that is maintained throughout the entire
synthesis route, it is not influenced by the reaction conditions. Silica and alumina are
among the most frequently used hard templates enabling shape persistent replication of
various morphologies. However, removal of the solid inorganic templates without
attacking the target material is usually challenging. In this respect, biomaterials are very
attractive as shape persistent pore generators since they can provide a wide variety of
shapes and sizes and generally they can be easily removed. Several examples of
naturally grown biotemplates such as cell”® and peptide assemblies,® egg-white,10
algae,11-14 butterfly wings,!> weevil scales,¢ chitin!7 and calcium alginate!® have already

demonstrated their potential for the synthesis of diverse porous titania morphologies.

Polysaccharides, in particular celluloses, attract special attention as versatile and
abundant ‘green’ templates.19-22 Natural cellulose, either plant or bacterial, has a
hierarchical structure covering a broad range of dimensions. The original fibers of
several micrometer thickness can be disintegrated stepwise, first into fibril bundles,
then into separate microfibrils and finally into the smallest nano-sized crystals
composed of cellulose molecules.2324 Microbial cellulose has a ribbon-like morphology
with large longitudinal and small lateral dimensions. The plant cellulose fibers, in
contrast, are much thicker but the aspect ratios of their crystals are lower than that of

bacterial cellulose.

The dried nanocrystalline cellulose (NCC) extracted from wood pulp, cotton and algae
has a rod-like shape being 5-70 nm in width and 100 nm to several micrometers in
length.2> The whiskers suspended in water show an remarkable ability to self-organize
and to form chiral nematic liquid crystalline phases.2¢ Dujardin?? and Antonietti et al.28
employed chiral cellulose suspensions in porous silica synthesis. This approach was
further developed in the recent studies of Shopsowitz et al. showing a broad variety of
NCC-templated chiral materials: coloured free-standing silica films,2° carbon3? and
flexible organosilica.3! In a recent study?3? the resulting chiral silica was used as a hard
template for the structuring of titania via replication. Direct cellulose templating of
titania has been done with nanocellulose aerogels,33 microfibrillated cellulose,34

bacterial cellulose,?> nanocrystalline cellulose3®, filter paper3’” and green leaves.38
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However, in all these cases the final products were sponge-like titania monoliths, free-
standing films or powders. Titania powders biotemplated with cotton fibers3? and
viruses*9 were further processed to a paste that was afterwards coated on conducting
substrates and applied in solar cell assembly. The direct formation of cellulose-

templated titania thin films on substrates has not been reported yet.

Here we present for the first time the formation of titania porous films on substrates
using a direct NCC templating approach. The straightforward one-pot synthesis
provides mesoporous TiO; thin films with anisotropic porosity deposited on different
substrates, which can be used directly as electrodes in photovoltaic devices. The pore
anisotropy, surface area and pore size of the NCC-templated titania can be easily tuned
through processing conditions using the same template and without additional swelling
agents. The porous morphology can be tailored by the variation of the precursor
composition and post-treatment of the film at high humidity. We show a striking effect
of the humidity on the templating cellulose crystals. NCC incorporated in the sol matrix

swells and expands, which provides a straightforward tool for pore tuning.

Finally, we demonstrate the promising application potential of the cellulose-templated
thin films in photovoltaic devices and in photocatalysis, namely in the NO (nitrogen(II)
oxide) oxidation and 4-chlorophenol degradation in gaseous and liquid phases,

respectively.

4.2 Results and Discussion

4.2.1 Morphology Tuning

For the fabrication of the NCC-templated titania films we added an aqueous suspension
of nanocrystalline cellulose (NCC) containing rod-shaped cellulose species (Figure A4.1a
in the Appendix) to pre-hydrolysed titanium(IV) ethoxide (TEOT). After stirring, the
opaque colloidal dispersion was coated onto the substrate and the composite film was

calcined at 450 °C to combust the template and to crystallize titania (Scheme 4.1).
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Scheme 4.1. Synthesis approach for the NCC-templated mesoporous TiO; film.

The resulting porous structure (Figure 4.1b) exhibits slit-shaped mesopores and
elongated thread-like pore walls consisting of anatase crystallites sized about 9 nm. The
pore pattern replicates the parent NCC crystals (Figures 4.1 and A4.1 in the Appendix)
that tend to aggregate in short-range bundle-like domains. A similar tendency towards
the formation of oriented pore domains is observed in the titania network after
template removal. The cross section of the film demonstrates that the domains are
preferentially aligned parallel to the substrate, although some random orientation
appears as well (Figure A4.2a in the Appendix). The variation of the template
distribution in three dimensions enables the formation of a highly interconnected

porous network.

Figure 4.1. (a) SEM image of nanocrystalline cellulose film prepared by drop-casting a 2.5 wt %
NCC aqueous dispersion on a silicon wafer. (b) SEM top view of NCC-templated porous titania
thin film spincoated on a silicon wafer. The precursor solution was prepared by adjusting the
TiO2/NCC mass ratio at 1.5 with 2.5 wt % NCC.

We found that the film morphology strongly depends on the titania precursor

concentration in the solution. Accordingly, we studied the films coated from different
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solutions containing the same NCC concentration but different amounts of the TEOT

precursor (recalculated as TiO2/NCC mass ratio, see the Experimental).

X-ray diffraction analysis reveals that the increase in the TiO2/NCC mass ratio leads to a
gradual growth of the average anatase crystallite size after calcination. At the same
time, the morphology of the films also changes, as follows from the SEM images

(Figures 4.2 and A4.3 in the Appendix).

TEOT / mol/
016 031 047 063 078  1.09

N
[6,]

TiO, anatase crystallite size / nm

: T T 1 = 1 T 1 T
05 10 15 20 25 3.0 .35
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™

Figure 4.2. Morphology variation of cast (a) and spin-coated (b-d) NCC-templated titania films
depending on TEOT amounts in 25 mg/mL NCC precursor solutions. (a) Development of the
mean anatase crystallite size depending on the TiO2/NCC mass ratio. Scanning electron
microscopy top views of porous titania films prepared from the solutions with (b) TiO2/NCC =
0.25 g/g, (c) 0.75 g/g and (d) 2.5 g/g corresponding to the regions I, II, Il in the graph (a),
respectively.

Depending on the TiO2/NCC mass ratio in the precursor solution, one can differentiate
three major types of porous structures that are formed after calcination. At the
TiO2/NCC ratio < 0.25, highly porous sponge-like titania is formed that consists of fine
6-7 nm anatase crystallites (region I in the Figure 4.2). Region II corresponds to the
intermediate TiO2/NCC ratios of 0.5-1.5. The titania films formed at these ratios feature
pronounced pore anisotropy and high pore volume. When the relative TEOT

concentration increases further (TiO2/NCC ratio = 2.0), the films become more dense
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with large slit-like pores surrounded by closely packed large anatase crystallites (range

111).

The best results regarding film processability, pore anisotropy and pore volume were
obtained for the TiO2/NCC ratios of 0.5-1.75 corresponding to the region II. The SEM
top-views of these titania films show morphologies that closely resemble the shape of
the NCC template. The confined space between the cellulose template crystals restricts
the growth of titania crystals in composite materials during calcination. The anatase
crystallites are 7-12 nm in size and are homogeneously integrated into the NCC rod
pattern. A decrease in the relative NCC amount below this optimum ratio (region III)
enables unrestricted growth of the titania crystallites reaching 23 nm after calcination.
The NCC-templated titania networks show a BET surface area of 61 m?/g and 171 m?/g
for the ratios 2.5 and 0.5, respectively. The reason of the marked decrease in the surface
area with the increasing TiO2/NCC weight ratio is the formation of non-porous bulk

titania due to the insufficient content of NCC.

In order to investigate in more detail the effect of the NCC concentration on the
morphology of the resulting titania films, we have kept the TEOT concentration at
0.27 mol/L and prepared solutions with different TiO2/NCC weight ratios by varying the
NCC contents. Nitrogen sorption isotherms of the samples prepared with 0.5-2.0 ratios

correspond to the type IV characteristic for mesoporous materials (Figure 4.33, c).

We found that the surface area and the pore volume of the porous titania gradually
grow with increasing relative template content (Figures 4.3e and A4.4 in the Appendix).
The observed upward trend clearly confirms the suppression of the formation of non-
porous material with the increasing percentage of the templating NCC. A related
porosity evolution with increasing amount of biogenic template has been observed for
chitin-templated porous silica microparticles.#142 The templated samples prepared with
equal 0.27 mol/L TEOT concentration consisted of titania crystalline domains with
dimensions of 7-10 nm (TEM images and XRD patterns in Figures A4.5 and A4.6b in the
Appendix, respectively).
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Figure 4.3. Nitrogen sorption isotherms (a) and corresponding pore size distributions (b) of
NCC-templated titania prepared from 0.27 mol/L TEOT solutions with TiO,/NCC g/g ratios of
0.5, 1.0 and 2.0. Effect of hydrothermal treatment (DHT) applied to NCC/titania-sol composite
(TiO2/NCC = 1.0 g/g) prior to calcination (c, d, e). Nitrogen sorption isotherms (c) and pore size
distributions (d) of porous titania after calcination. The sample marked with solid squares (m)
was kept for 4 days at 70 °C in 80% relative humidity before calcination and the open square (O)
sample was prepared without the post-synthetic humidity treatment. Variation of the BET
surface area of porous titania prepared from precursor solutions with different TiO,/NCC mass
ratios with (solid squares) and without (open squares) DHT treatment (e).

To elucidate the role of NCC in the structure formation we have prepared titania from a
similar sol-gel titania solution but without NCC. The powders obtained at the otherwise
identical conditions are practically nonporous, being composed of densely packed
anatase crystalline domains with an average size of 17 nm obtained from XRD line
broadening (Figure A4.6 in the Appendix). In contrast, titania derived from the NCC-
containing solution is highly porous and consists of small (7-10 nm) anatase crystals

(TEM images in Figures A4.2c, A4.5, A4.7b, A4.8 in the Appendix).

NCC fulfills a multiple function in the formation of the porous scaffold and in the crystal
growth. The NCC significantly increases the viscosity of the precursor solution.
Moreover, NCC rods may also provide an additional surface for the heterogeneous
nucleation of titania. We propose that the nucleation of titania on the NCC surface in

combination with the confinement effect of the shape-persistent NCC template control
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the crystallization of the titania scaffold, leading to the formation of polycrystalline

scaffolds consisting of extremely small titania crystallites.

As shown above, the variation of the concentration and the relative amount of titania
and the NCC template leads to significant changes in the surface area and the crystallite
size of the mesoporous titania formed after calcination, but only to a slight change in the
pore size distribution (Figure 4.3b). The pore size is significantly influenced by
controlling the NCC degradation during calcination and by applying a humidity
treatment to the dried composites prior to their calcination (Figures 4.3c-e and A4.9 in

the Appendix).

The humidity treatment (usually referred to as delayed humidity treatment (DHT) in
the literature) has already been applied successfully for the synthesis of highly ordered
tin oxide films*3 and silica.#* It has been reported that the control over humidity
improves the optical quality of films and affects the micelle organization,*> however it
does not significantly change the dimensions of the resulting pores.#647 If pore swelling
is of interest when using soft templates, more drastic intervention like addition of

swelling agents such as alkylamines or triisopropylbenzene can be necessary.4849

Cellulose has a unique ability to hydrate and swell when exposed to humidity.>0 In
addition, cellulose crystals withstand higher temperatures than the majority of
amphiphilic molecular templates. Indeed, NCC in the presence of titania precursor and
water degrades over a broad temperature range from 120 °C to 450 °C (Figure A4.10c in
the Appendix). When the TiO2/NCC composite is heated, the gradual NCC combustion
proceeds simultaneously with the nucleation and growth of the titania crystallites. The

control over these two parallel processes is an effective tool for pore size tuning.

When a larger pore size is desired, the NCC integrity in the composite should be
preserved as long as possible during calcination. At the same time, the titania crystal
growth should be slowed down. We found that these requirements can be fulfilled when
the dried titania/NCC composite films are additionally treated at higher humidity and at
elevated temperatures. Such a procedure can be considered as a hydrothermal
treatment of the solid amorphous titania matrix in the confined space of the pre-

arranged NCC template rods.
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According to our observations, degradation of NCC in hydrothermal conditions is
suppressed compared to combustion in dry air (Figure A4.10 in the Appendix). This
implies that the NCC template is present during nucleation and crystallization of the
titania phase, hence constraining the titania crystal growth in favour of smaller
crystallites. Additionally, the NCC crystals remain in the swollen state under the

hydrothermal conditions, which is advantageous for the formation of the larger pores.

The validity of this concept for enlarging the average pore diameter in the NCC-
templated titania is confirmed by nitrogen sorption measurements. The data
demonstrate an increase in the mean pore size and specific surface area (Figures 4.3c-e)
for the samples treated hydrothermally before calcination. The effect of DHT becomes
even more obvious when comparing the total pore volumes of 0.243 cm3/g and
0.446 cm3/g for the non-treated and humidity-treated samples, respectively. Despite
the pore expansion, the surface area of the porous networks does not drop, but it
increases. It appears that the pores mostly expand while they do not coalesce
significantly. Also, the titania crystallites in the hydrothermally modified samples tend

to be smaller than in the non-treated samples (Figure A4.6c in the Appendix).

The titania films based on the NCC-containing solutions are very smooth, transparent,
have a very good adhesion to the substrate and good mechanical stability. Importantly,
it is possible to obtain thick (up to about 700 nm) smooth films in a single coating step
without adding any thickeners (Figure A4.2a in the Appendix). The absence of
additional thickening agents assures the smoothness of the films on the nanometer
scale (Figure A4.11 in the Appendix). The thickness of the NCC-templated titania films
can be further increased by successive coating of several layers. The deposition of the
following layers does not require any intermediate high temperature calcination, which
is often the case for surfactant-templated films.5152 For example, for the fabrication of
anodes for dye-sensitized solar cells we have dip-coated four layers. Every subsequent
layer was DHT-treated by keeping the films for 1 h in an oven (70 °C/30 min and 100
°C/30 min) in a desiccator with a saturated KCI solution. During the hydrothermal
treatment the titania scaffold already starts to crystallize. At the same time the NCC
does not dry out such that the film volume remains preserved. After the intermediate
humidity treatment, the partially crystalline titania films sustained the final calcination

at 500 °C/30 min and turned into a highly porous titania network. It is possible to tune
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the final film thickness by controlling the drying conditions of each deposited layer, as

well as by adjusting the NCC concentration in the precursor solution (not shown).

We note that the deposition protocol for the mesoporous films based on the NCC
containing solutions is much more straightforward and less time-consuming than in the
case of films templated by more traditional molecular surfactants. For example, the
thickness of the titania films obtained by a sol-gel route from the solutions containing
amphiphilic polymers is usually limited to about 300 nm. The main reason for this
limitation is a drastic change in volume upon combustion of the polymer and
crystallization of an initially amorphous mesostructured framework upon calcination,

leading to cracking and even peeling off the substrate for the thicker titania coatings.

4.2.2 Film Performance in Photocatalysis

Mesoporous titania is important from the environmental point of view, as it can be used
for the photocatalytic degradation of a number of pollutants. In the following we
present two examples of the photocatalytic performance of the NCC-templated titania,
namely in the oxidation of nitrogen oxide and in the degradation of 4-chlorophenol in
aqueous media, serving as models for the purification of air and water, respectively. To
assess the efficiency of the NCC-templated titania as a photocatalyst, its performance

was compared with recently published data on mesoporous layers of TiOx.

For the photocatalytic experiments the film was spin-coated on a glass substrate from a
precursor solution with a TiO2/NCC weight ratio of 0.75 and calcined at 500 °C. The film
shows excellent transparency (Figure 4.4b) and high porosity according to the sorption
measurements. The adsorption isotherm of Kr at the boiling point of liquid nitrogen (ca.
77 K) exhibits a broad hysteresis loop ranging from the relative pressure of ca. 0.5 to 1
(Figure 4.4a), which indicates the presence of some proportion of mesopores narrower
than ca. 10 nm. As the adsorption isotherm does not reach a plateau at a relative
pressure approaching 1 and keeps rising, the film must additionally contain a
substantial proportion of pores wider than about 10 nm. This conclusion follows from
the peculiar properties of krypton in narrow pores at ca. 77 K, which behaves as a

supercooled liquid.
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Figure 4.4. Transparent NCC-templated titania porous film of 850 nm in thickness coated on a
2.5 x 2.5 cm? glass substrate; (a) adsorption isotherm of Kr at 77 K and (b) a photo.

The specific surface area of the film derived from Kr sorption measurements and
related to substrate area, film total volume or film mass equals 112 cm?/cm?,
132 cm?/cm3 and 115 * 8 m?/g, respectively. The estimated film porosity is 68% as
calculated from the total volume of the film, its mass and anatase density. Using the pore
volume calculated from the adsorption isotherm of Kr, the fraction of pores narrower

than about 10 nm is 17%.

The nitrogen sorption data of the free-standing film prepared from the same precursor
solution showed a BET surface area of 123 m?/g. The similarity of the BET surface area
of the powder determined by N2 adsorption and that measured on the thin film by Kr
sorption shows (i) that the films are homogeneous and (ii) that their porosity does not

significantly change with the thickness and the deposition method.

Owing to the high porosity, high crystallinity and anatase phase present, the NCC-
templated porous titania films deliver a high steady-state conversion efficiency of 16%
in the photocatalytic oxidation of nitrogen(Il) oxide. Its performance compares
favourably with that of the “brick and mortar” mesoporous films templated by
amphiphilic Pluronic polymer, which at the same conditions achieved a conversion of

10%.2

The reaction mechanism of the photocatalytic degradation of 4-chlorophenol is
complicated but the overall decrease in the concentration of 4-chlorophenol can be
described by a first-order reaction>? (Figure A4.12 in the Appendix). The calculated first

order rate constant for the photocatalytic decomposition of 4-chlorophenol on the NCC-
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templated titania film equals 0.18 h-1, which is 50% higher than the highest reported
rate constant of 0.12 h-1 obtained at exactly the same conditions (especially the intensity
of illumination and the illuminated area were identical) for a 1.5 pm and 456 cm2/cm?

roughness factor mesoporous sol-gel titania film prepared using Pluronic P123 block-
copolymer.>3

4.2.3 Film Performance in Dye Sensitized Solar Cells

In addition to their high photocatalytic activity, the NCC-templated mesoporous titania

films show excellent performance as thin anodes in dye-sensitized solar cells (DSCs)

(Figure 4.5 and Table 4.1).
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Figure 4.5. [-V curves of DSSCs prepared with (a) 1.8 um NCC-templated mesoporous titania
film acting as an active electrode (solid squares) compared to the performance of (b) a 2.5 uym
thick anode made of sintered 20 nm titania nanoparticles (open squares). The anodes were
sensitized with N719 dye and assembled in a sandwich-type cell with volatile I /I3 electrolyte

and Pt-counter electrode. The photovoltaic performance was measured at AM 1.5 G at
100 mW/cm? full sunlight illumination. The active cell area was 0.159 cm?.

Table 4.1. Photovoltaic parameters of the dye-sensitized solar cells made with different titania

anodes, N719 dye and [ /I3 electrolyte. The cells were measured under AM 1.5 G at
100 mW/cm? full sun irradiation

o Film thickness, Js, Voc, FF, n,
Titania anode um mA/cm? mv % o%
(a) NCC-templated 1.8 6.02 731 70.9 3.12
(b) Sintered NPs 2.5 5.24 715 72.2 2.70
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A film of only 1.8 um thickness obtained by the subsequent coating of 4 layers (see
Experimental section for detailed description of the synthesis) delivers a short circuit
current density Js of 6.02 mA/cm? at full sunlight (AM 1.5 G). A reference cell based on a
2.5 um titania film made of 20 nm sintered titania nanoparticles tested at the same
conditions showed a lower performance, which is due to the significantly lower surface

area of the titania layer prepared by the sintering approach.

4.3 Conclusions

In this study we have demonstrated that novel porous titania thin film morphologies
can be obtained by biotemplating with nanocrystalline cellulose (NCC). The main
advantages of the NCC template compared to the traditionally used ‘soft templates’ such
as surfactant micelles include shape persistence, higher temperature stability and
tunable dimensions. The combination of these features permits tailoring the film
morphology by varying the composition of the precursor mixture, the processing

conditions, and post deposition treatments.

At a given NCC concentration, the concentration of the titania precursor is decisive for
the resulting titania crystal size in the pore walls. To achieve the formation of a highly-
porous structure, the crystal size should be smaller than 12 nm. The surface area can be
varied in the range from 61 to 175 m?/g by adjusting the template content. In addition,
considerable pore expansion is achieved with a hydrothermal post-synthetic treatment,
leading to a two-fold increase in the total pore volume and an increase in the mean pore

size from 9 to 13.5 nm.

To sum up, considerable changes in the surface area, pore size and total pore volume
can be realized with the same template by a moderate variation of the deposition
conditions. We suggest that the pore formation in the NCC-templated titania is mainly
influenced by (i) the initial dimensions of cellulose rods, (ii) titania crystallization rate
around the NCC rods, (iii) the NCC arrangement in the precursor solution and during

the film coating and (iv) the NCC thermal decomposition.

NCC templating offers the potential to supersede conventional approaches towards

porous titania for diverse applications. The sustainable starting materials are widely
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available, and NCC-templated titania networks can be easily modified according to the
requirements for the resulting materials or devices. Moreover, recent work in our
laboratories shows that due to the unique properties cellulose nanocrystals this
approach can also be extended to the fabrication of crystalline mesoporous thin films of

other oxides.

4.4 Experimental

4.4.1 Synthesis

NCC preparation. The cellulose crystals were extracted from cotton linters CP20 (Peter
Temming AG) by sulfuric acid hydrolysis according to a modified procedure mentioned
elsewhere.295% 300 mL 64% H2SO4 was added to 34 g cotton. After 1 h the mixture was
heated to 55 °C for 30 min. The linters dissolved completely and the solution became
slightly yellow. Then the suspension was tenfold diluted with deionized water.
Afterwards it was left overnight to sediment the NCC-containing fraction. The upper
liquid phase was decanted and the NCC-rich lower phase was washed three times with
water via repeated centrifugation. The last centrifugation step was performed at 500
rpm in order to remove large cellulose aggregates. Finally, the suspension was

concentrated up to 9-11 wt % at pH 1.7-2.3.

Precursor preparation. Concentrated HCl was added to titanium(IV) ethoxide (TEOT)
and the mixture was stirred approximately 10 min. After the full dissolution of TEOT the
required amounts of NCC suspension were introduced, and then water was added. The
mixture was stirred for 2 h before the film deposition. The composition of precursor
solutions is defined by the following parameters: titania to NCC mass ratio, Ti**
concentration in mol/L and NCC wt % concentration. TiO2/NCC ratio 1.0 means that the
NCC amount in grams was equal to the titania amount in grams calculated from the
titanium ethoxide content in a precursor solution. Ti** concentration in mol/L was
calculated taking into account volumes of all liquid components of a precursor solution.
NCC wt % concentration indicates the percentage of the NCC amount relative to the
total precursor mass. For example, the precursor solution with a TiO2/NCC ratio 0.75,

2.5 wt % NCC and 0.23 mol/L Ti* was prepared according to the following recipe:
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0.2143 g (0.9395 mmol) titanium(IV) ethoxide, 153 mg (1.846 mmol) 37% HCl, 1.155 g
of 8.70 wt % NCC water suspension and 2.49 mL H;0.

Film fabrication. The thin films for the SEM analysis were deposited on a 1.5 x 2.0 cm?
silicon wafer by spin-coating 80 pl precursor solution at 2000 rpm for 40 s. X-ray
diffraction, nitrogen sorption and thermogravimetric analysis was performed on
pulverized free-standing films. For their fabrication the precursor solution was cast into
a plastic Petri dish and dried at RT. Then the films were exposed to humidity or calcined
directly. For the delayed humidity treatment (DHT), the free-standing films were placed
into a 2 L desiccator containing 80 mL KCI saturated solution and kept in oven at 70 °C
or 100 °C for 0.5-48 h. The films were calcined by using a stepwise 2 °C/min ramp with
2 h-steps of continuous heating at 100 °C, 360 °C and a final step 450 °C/30 min.

For the photocatalytic measurements and krypton sorption analysis, the 250 pl of
precursor (TiO2 g/NCC g = 0.75, 2.5 wt % NCC, 0.23 mol/L Ti**) was spin-coated on 2.5
x 2.5 cm? optical glass at 1500 rpm for 30 s followed by 1 min film drying with a heat
gun and N; flow. The spin-coating and drying were repeated 5 times. Then the film was
calcined by using 2 °C/min ramp with 2 h-steps of continuous heating at 100 °C, 360 °C
and final calcination at 500 °C/30 min. After the calcination additional 5 layers were
deposited in a similar way and calcined at 500 °C/30 min. The weight of the 10-layered
film coated on 2.5 x 2.5 cm? substrate was equal to 0.630 * 0.05 mg measured by using

Mettler Toledo analytical balances (0.01mg/0.1mg readability).

For the photovoltaic measurements, the NCC-templated titania films were fabricated on
1.5 x 2.0 cm? FTO TEC-7 glass substrates coated with a dense titania blocking layers
(100 pl solution of tetraethyl orthotitanate (0.525 mL), hydrochloric acid (37%,
0.375mL) and tetrahydrofuran (7 mL) spin-coated at 4000 rpm for 40s). NCC
containing precursor (TiOz/NCC = 1.0 g/g, 2 wt % NCC, 0.28 mol/L Ti**) was dip-coated
with 6 mm/s speed on top of the blocking layers. Then the films were placed ina 2 L
desiccator containing 50 mL saturated KCl solution and kept in an oven at 70 °C/30 min
with subsequent heating at 100 °C/30 min. The dip-coating and hydrothermal
treatment steps were repeated four times. After the second and fourth layer the films
were calcined at 500 °C/30 min by using 2 °C/min ramp with 2 h continuous heating

steps at 100 °C and 360 °C, respectively. The anodes for the reference solar cells were
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obtained by diluting with ethanol and spin-coating Dyesol 18 NRT paste on a FTO glass
with a blocking layer. The films were calcined at 500 °C for 30 min with a 11 h-ramp.

Solar cell assembly. Solar cells were prepared by using a liquid iodine-based electrolyte,
Pt-counter electrodes and N719 dye according to the recipes and cell assemblage
mentioned elsewhere.55 The titania films were reduced (by removal from the surface) to
an area of 0.55 x 0.55 cm?, heated at 70 °C and then immersed into a 0.5 mM solution of
N719 dye in a mixture of acetonitrile and tert-butyl alcohol (1:1). After 16 h, the dye-
coated electrodes were placed in acetonitrile for 1 h. Counter Pt-electrodes were
prepared by chemical deposition from 10 mM H;PtCls ethanol solution and heated at
450 °C for 15 min. The anode and the counter electrode were sealed on a hot plate by
using 25 pum Surlyn spacer. Then the “sandwich” was vacuum back filled with the
electrolyte through the pre-drilled hole in the Pt-electrode. The electrolyte solution
contained 0.6 M butylmethylimidazolium iodide (BMII), 0.03 M iodine, 0.10 M
guanidinium thiocyanate and 0.50 M 4-tertbutylpyridine in a mixture of acetonitrile and
valeronitrile (85:15). Finally, the hole was sealed by 1.5 x 1.5 cm? Surlyn foil and a glass

slide on top.

4.4.2 Characterization

Film top view imaging was performed on a JEOL JSM-6500F scanning electron
microscope (SEM) equipped with a field emission gun, at 5KkV. High-resolution
transmission electron microscopy (HRTEM) and scanning transmission electron
microscopy in high-angle annual dark field mode (STEM-HAADF) was performed using
a FEI Titan 80-300 equipped with a field emission gun operated at 80 kV and 300 kV.

For the cellulose rod imaging, a water suspension of NCCs was dropped on holey-carbon
coated copper grid and dried overnight. The TEM analysis was carried out at 80 kV.
HRTEM of the film cross-sections was performed at 300 kV by using STEM-HAADF
mode. For the imaging of porous titania we scratched a thin film from a substrate or
ground a free-standing film. Then the sample was dispersed in ethanol and the solution
was dropped on a holey-carbon coated copper grid. The imaging was performed at 300

kV.
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X-ray diffraction analysis was carried out in reflection mode by using a Bruker
D8 diffractometer with 1.5406 A Ni-filtered Cu Ka radiation, operating at 40 kV and
40 mA. The mean crystallite size was calculated from broadening of the (101) anatase

reflection by using the Scherrer equation.

The nitrogen sorption isotherms were obtained at -196 °C using a Quantachrome
Autosorb-1. For the measurements 27 + 3 mg of the sample was outgassed at 150 °C
overnight. The specific surface area was determined with the Brunauer-Emmett-Teller
method at p/po = 0.05-0.2. The pore size distribution was determined with a
DFT/Monte-Carlo method and a NLDFT equilibrium model by using the Quantachrome

Instruments Autosorb-1 software.

The krypton sorption isotherms at the boiling point of liquid nitrogen were obtained
using an ASAP2010 (Micromeritics) apparatus. Three 2.5 x 2.5 cm? glass slides coated
with porous titania film were measured simultaneously. Prior to the adsorption
experiments, the sample was outgassed overnight at 200 °C. The saturation pressure of
solid krypton of ca. 1.6 torr and the cross-section of the krypton molecule of 0.21 nm?

(as recommended by the producer of the equipment) were used.

Thermogravimetric measurements were performed on a Netzsch STA 440 C TG/DSC
with a heating rate of 1 K/min in a stream of synthetic air of about 25 mL/min. UV-VIS

spectra were recorded with a Hitachi U-3501 spectrophotometer.

The experimental set-up for the photocatalytic tests consisted of a gas supply part, the
photoreactor, and a chemiluminiscent NO-NOx gas analyzer (Horiba ambient monitor
APNA-360). The gaseous reaction mixture was prepared by mixing streams of dry air
(1500 mL/min), wet air (1500 mL/min, relative humidity of 100%) and 50 ppm NO/N:
(approx. 60 mL/min), in order to obtain a final concentration of NO of 1 ppm at a
relative humidity of 50%. The photoreactor was illuminated by four 8 W black lights,
the UV light intensity achieving 1 mW/cm2. The size of the photocatalytic layer was 5 x
10 cm2. Prior to the photocatalytic tests, the photoreactor was purged with the
NO/water vapor/air mixture without illumination until a steady NO concentration was
achieved at the outlet. It is readily calculated that 100% NO conversion would be
equivalent to a photonic efficiency of §=0.14%, assuming a mean irradiation

wavelength of 350 nm.
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4-Chlorophenol was photocatalytically degraded in a vessel 55 mL in volume, its initial
concentration being 1x10-# mol/L. The solution in the vessel was kept at 25 °C.
Photocatalytic experiments were carried out without bubbling. The level of the liquid in
the photoreactors was open to air under magnetic stirring, i.e., the concentration of
dissolved oxygen was constant during the experiment owing to its equilibration with
oxygen in the ambient air. A Sylvania Lynx-S 11 W BLB lamp irradiated the films with a
UV light power achieving 1 mW cm at the film surface. The irradiated area of the TiO>
film was 12.5 cm?. In each experiment, eight 0.5 mL aliquots were taken from the

solution in the reaction vessel at regular time intervals and analyzed by HPLC.

The solar cells were illuminated at 100 mW/cm? with white light from an AM 1.5 G solar
simulator (Solar Light Model 16S) equipped with a 150 W xenon lamp. The light

intensity was adjusted by using a Fraunhofer ISE certified silicon reference cell.

Alesja Ivanova | NANOPOROUS METAL OXIDES TEMPLATED BY NANOCRYSTALLINE CELLULOSE



CHAPTER 4

4.5 References

(1) O'Regan, B.; Gratzel, M. Nature 1991, 353, 737-740.

(2) Szeifert, ]. M.; Fattakhova-Rohlfing, D.; Georgiadou, D.; Kalousek, V.; Rathousky, J.;
Kuang, D.; Wenger, S.; Zakeeruddin, S. M.; Gratzel, M.; Bein, T. Chem. Mater. 2009, 21,
1260-1265.

3) Brinker, C. ].; Lu, Y.; Sellinger, A.; Fan, H. Adv. Mater. 1999, 11, 579-585.

(4) Soler-Illia, G.]. d. A. A,; Crepaldi, E. L.; Grosso, D.; Sanchez, C. Curr. Opin. Colloid Interface
Sci. 2003, 8, 109-126.

(5) Lu, A. H.; Schiith, F. Adv. Mater. 2006, 18, 1793-1805.
(6) Lee, K.-R.; Kwon, Y.-U. Nano 2010, 05, 75-87.

(7) Sun, X.; Zheng, C.; Qiao, M,; Yan, ].; Wang, X.; Guan, N. Chem. Commun. 2009, 31, 4750-
4752,

(8) He, W,; Cui, J.; Yue, Y.; Zhang, X,; Xia, X.; Liu, H.; Lui, S. J. Colloid Interface Sci. 2011, 354,
109-115.

(9 Han, T. H.; Oh, J. K;; Park, ]. S.; Kwon, S.-H.; Kim, S.-W.; Kim, S. O. J. Mater. Chem. 2009,
19,3512-3516.

(10) Yang, F.; Ma, Y.; Zhou, Y.; Pei, C; Luo, Q.; Zeng, M.; Dai, B. Curr. Nanosci. 2011, 7, 1004—
1008.

(11) Jeffryes, C.; Campbell, |.; Li, H.; Jiao, ].; Rorrer, G. Energy Environ. Sci. 2011, 4, 3930-
3941.

(12) Shi, N.; Li, X;; Fan, T.; Zhou, H.; Ding, |J.; Zhang, D.; Zhu, H. Energy Environ. Sci. 2011, 4,
172-180.

(13) Jia, Y.; Han, W,; Xiong, G.; Yang, W. J. Colloid Interface Sci. 2008, 323, 326-331.

(14) Losic, D.; Triani, G.; Evans, P. ].; Atanacio, A.; Mitchell, . G.; Voelcker, N. H. J. Mater.
Chem. 2006, 16, 4029-4034.

(15) Chen, J.; Su, H.; Song, F.; Moon, W.—].; Kim, Y.-S.; Zhang, D. J. Colloid Interface Sci. 2012,
370,117-123.

(16) Galusha, ]. W.; Jorgensen, M. R.; Bartl, M. H. Adv. Mater. 2010, 22, 107-110.

(17) Sachse, A.; Hulea, V.; Kostov, K. L.; Marcotte, N.; Boltoeva, M. Y.; Belamie, E.; Alonso, B,,
Chem. Commun. 2012, 48, 10648-10650.

(18) KimLing, M. C.; Caruso, R. A. J. Mater. Chem. 2012, 22, 4073-4082.

(19) Zollfrank, C.; Cromme, P.; Rauch, M.; Scheel, H.; Kostova, M. H.; Gutbrod, K.; Gruber, S.;
Van Opdenbosch, D. Bioinspired, Biomimetic Nanobiomater. 2012, 1, 13-25.

(20) Lin, N.; Huang, J.; Dufresne, A. Nanoscale 2012, 4, 3274-3294.
(21) Tingaut, P.; Zimmermann, T.; Sebe, G. J. Mater. Chem. 2012, 22,20105-20111.
(22) Gu, Y.; Huang, J. J. Mater. Chem. 2009, 19, 3764-3770.

NANOPOROUS METAL OXIDES TEMPLATED BY NANOCRYSTALLINE CELLULOSE | Alesja Ivanova



TAILORING THE MORPHOLOGY OF MESOPOROUS TITANIA THIN FILMS THROUGH BIOTEMPLATING
WITH NANOCRYSTALLINE CELLULOSE

(23)

(24)
(25)

(26)

(27)
(28)
(29)
(30)

(31)

(32)

(33)

(34)

(35)
(36)
(37)
(38)

(39)

(40)

(41)
(42)

(43)
(44)

(45)

Paikko, M.; Ankerfors, M.; Kosonen, H.; Nykanen, A.; Ahola, S.; Osterberg, M.;
Ruokolainen, |.; Laine, ].; Larsson, P. T.; Ikkala, O.; Lindstrom, T. Biomacromolecules
2007, 8,1934-1941.

Isogai, A.; Saito, T.; Fukuzumi, H. Nanoscale 2011, 3, 71-85.

Klemm, D.; Kramer, F.; Moritz, S.; Lindstrém, T.; Ankerfors, M.; Gray, D.; Dorris, A.
Angew. Chem. Int. Ed. 2011, 50, 5438-5466.

Revol, ]. F.; Bradford, H.; Giasson, ].; Marchessault, R. H.; Gray, D. G. Int. J. Biol.
Macromol. 1992, 14,170-172.

Dujardin, E.; Blaseby, M.; Mann, S. J. Mater. Chem. 2003, 13, 696-699.
Thomas, A.; Antonietti, M. Adv. Funct. Mater. 2003, 13, 763-766.
Shopsowitz, K. E.; Qi, H.; Hamad, W. Y.; MacLachlan, M. ]. Nature 2010, 468, 422-425.

Shopsowitz, K. E.; Hamad, W. Y.; MacLachlan, M. ]. Angew. Chem. Int. Ed. 2011, 50,
10991-10995.

Shopsowitz, K. E.; Hamad, W. Y.; MacLachlan, M. ]. J. Am. Chem. Soc. 2011, 134, 867-
870.

Shopsowitz, K. E.; Stahl, A.; Hamad, W. Y.; MacLachlan, M. J. Angew. Chem. Int. Ed. 2012,
51,6886-6890.

Kettunen, M.; Silvennoinen, R. J.; Houbenov, N.; Nykanen, A.; Ruokolainen, J.; Sainio, J.;
Pore, V.; Kemell, M.; Ankerfors, M.; Lindstrom, T.; Ritala, M.; Ras, R. H. A.; Ikkala, O. Adv.
Funct. Mater. 2011, 21, 510-517.

Korhonen, . T.; Hiekkataipale, P.; Malm, J.; Karppinen, M.; Ikkala, O.; Ras, R. H. A. ACS
Nano 2011, 5,1967-1974.

Zhang, D.; Qi, L. Chem. Commun. 2005, 2735-2737.
Chen, X.-Y; Chen X,; Hong, S.-W.; Chen, X.; Huang, B. Chin. J. Catal. 2011, 32,1762-1767.
Liu, X,; Gu, Y.; Huang, J. Chem. Eur. J. 2010, 16, 7730-7740.

Li, X;; Fan, T.; Zhou, H.; Chow, S.-K.; Zhang, W.; Zhang, D.; Guo, Q.; Ogawa, H. Adv. Funct.
Mater. 2009, 19, 45-56.

Ghadiri, E.; Taghavinia, N.; Zakeeruddin, S. M.; Gratzel, M.; Moser, ].-E. Nano Lett. 2010,
10,1632-1638.

Lee, Y. M.; Kim, Y. H; Lee, ]. H.; Park, J. H.; Park, N.-G.; Choe, W.-S.; Ko, M. ].; Yoo, P.]. Adv.
Funct. Mater. 2011, 21, 1160-1167.

Alonso, B.; Belamie, E., Angew. Chem. Int. Ed. 2010, 49, 8201-8204.

Belamie, E.; Boltoeva, M. Y.; Yang, K,; Cacciaguerra, T.; Alonso, B., J. Mater. Chem. 2011,
21,16997-17006.

Shao, S.; Dimitrov, M.; Guan, N.; Kohn, R. J. Mater. Chem. 2009, 19, 8411-8417.

Li, X.; Birnbaum, J. C.; Williford, R. E.; Fryxell, G. E.; Coyle, C. A.; Dunham, G. C.; Baskaran,
S. Chem. Commun. 2003, 20, 2054-2055.

Crepaldi, E. L.; Soler-Illia, G. ]. d. A. A,; Grosso, D.; Cagnol, F.; Ribot, F.; Sanchez, C. J. Am.
Chem. Soc. 2003, 125,9770-9786.

Alesja Ivanova | NANOPOROUS METAL OXIDES TEMPLATED BY NANOCRYSTALLINE CELLULOSE



CHAPTER 4

(46) Fulvio, P. F.; Grabicka, B. E.; Grudzien, R. M.; Jaroniec, M. Adsorpt. Sci. Technol. 2007, 25,
439-449.

(47 Morishige, K.; Tateishi, M.; Hirose, F.; Aramaki, K. Langmuir 2006, 22, 9220-9224.
(48) Cao, L.; Man, T.; Kruk, M. Chem. Mater. 2009, 21, 1144-1153.
(49) Sayari, A.; Kruk, M.; Jaroniec, M.; Moudrakovski, I. L. Adv. Mater. 1998, 10, 1376-1379.

(50) Aulin, C.; Ahola, S.; Josefsson, P.; Nishino, T.; Hirose, Y.; Osterberg, M.; Wagberg, L.
Langmuir 2009, 25, 7675-7685.

(51) Szeifert, ]. M.; Fattakhova-Rohlfing, D.; Rathousky, ].; Bein, T. Chem. Mater. 2012, 24,
659-663.

(52) Prochazka, |.; Kavan, L.; Shklover, V.; Zukalov3, M. t.; Frank, O.; Kalbac, M.; Zukal, A. t.;
Pelouchova, H.; Janda, P.; Mocek, K.; Klementova, M.; Carbone, D. Chem. Mater. 2008,
20, 2985-2993.

(53) Rathousky, J.; Kalousek, V.; Kolar, M.; Jirkovsky, J. Photochem. Photobiol. Sci. 2011, 10,
419-424.

(54) Dong, X. M,; Kimura, T.; Revol, ].-F.; Gray, D. G. Langmuir 1996, 12, 2076-2082.

(55) Ito, S.; Murakami, T. N.; Comte, P.; Liska, P.; Gratzel, C.; Nazeeruddin, M. K.; Gratzel, M.
Thin Solid Films 2008, 516, 4613-4619.

NANOPOROUS METAL OXIDES TEMPLATED BY NANOCRYSTALLINE CELLULOSE | Alesja Ivanova



106 TAILORING THE MORPHOLOGY OF MESOPOROUS TITANIA THIN FILMS THROUGH BIOTEMPLATING
WITH NANOCRYSTALLINE CELLULOSE

4.6 Appendix
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Figure A4.1. (a) TEM image of cellulose nanocrystals extracted from cotton. The image analysis
reveals the mean crystal dimensions of 10 *# 2 nm in width and 117 * 34 nm in length by
measuring 75 and 50 nanocrystals, respectively. (b) XRD pattern of the nanocrystalline
cellulose extracted from cotton. The diffraction pattern corresponds to the Ig cellulose with a
domain size in [200] direction of about 7 nm.

)

Figure A4.2. A HAADF-STEM cross section images at different magnifications (a-c) of the
porous titania film dip-coated on a Si-wafer from a solution with a ratio TiO,/NCC = 0.5 g/g, 4
wt % NCC and 0.27 mol/L Ti**. Highlighted areas represent domains of aligned titania “threads”
(bright areas) and elongated pores in between (dark areas) (a).
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Figure A4.3. Low (left) and high (right) magnification top view SEM images showing the
morphology changes of NCC-templated titania thin films depending on the TEOT concentration
in the precursor solution: Ti0,/NCC mass ratios of 0.25 (a), 0.5 (b), 1.0 (c), 1.5 (d), 2.0 (e), 2.5

(f) and NCC concentration 2.5 wt %. The scale bar corresponds to 100 nm.
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Figure A4.4. (a) Total pore volume of NCC-templated titania prepared from 0.27 mol/L TEOT
solutions with different TiO,/NCC weight ratios. The pore volume was calculated from N
sorption isotherms at p/po = 0.93. (b) Variations of the pore volume fraction in titania Fvpor) as
a function of the estimated initial nanocellulose volume fraction Fyncc) in the composite prior to
calcination. Fypor) was calculated from the adsorbed N; volume at p/ps = 0.93 and the anatase
density of 3.89 cm3/g. Fynee) was estimated by using the weight ratio of the titania to template in
the precursor and a cellulose crystal density of 1.63 cm3/g.

Figure A4.5. TEM images of free-standing films prepared from solutions with 0.25 (a), 0.75 (b)
and 2.0 (c) g/g oxide/template ratio. The scale bars correspond to 5 nm.
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Figure A4.6. X-ray diffractograms of non-templated and NCC-templated TiO; after calcination.
(a) X-ray diffraction patterns of titania prepared from precursor solutions with different TEOT
contents and TiO2/NCC mass ratios from 0.25 to 3.5. The TEOT concentration increase leads to
the narrowing of the anatase signal. (b) X-ray diffraction patterns of non-templated samples
and samples prepared from the 0.27 mol/L TEOT precursor solutions with different NCC
contents and TiO,/NCC mass ratios from 0.5 to 2.0. The NCC-templated samples show a broad
anatase signal which shape does not significantly change upon increase in NCC concentration.
(c) XRD patterns of biotemplated titania prepared with and without delayed humidity
treatment (DHT and no DHT, respectively) prior to calcination. The greater line broading of the
DHT sample indicates smaller dimensions of the titania crystallites, compared to the non-
treated sample. The mean crystallite sizes calculated from the anatase main reflections are 6.5

nm and 8 nm, respectively.

Figure A4.7. Low (a) and (b) high magnification top view TEM images of porous titania film
templated by cellulose nanocrystals (TiO2/NCC = 1.5 g/g, 2.5 wt % NCC, 0.47 mol/L Ti**) spin-
coated on a Si-wafer and isolated from the substrate for the TEM analysis.
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Figure A4.8. TEM images of TiO; cast film prepared without (a) and with (b) NCC template, the
Ti02/NCC mass ratio in the precursor solution equalling 0.75 g/g.

350
a b

o 300
mE 0.010

250 o
2 :
Q. 200 o
b= £
(2] (&}
g = 0.005
o =
€ 100 s
=2 e
O
S 50

0.000 oM
8001020304050607 080910 0 2 4 6 8 10 12 14 16 18 20

Relative pressure (P/P ) Pore width / nm

Figure A4.9. N, sorption isotherms (a) and pore size distributions (b) of porous titania calcined
at 450 °C for 30 min by using 3 °C/min fast ramp (0) and 2 °C/min slow ramp with 2 h heating at
100 °C and 360 °C (m).
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Figure A4.10. Digital photograph (a), UV/VIS spectra (b) and TGA curves (c) of the NCC free-
standing films (figures a, b) and NCC/TiO, composite (figure c) before (A) and after (B, C)
postsynthetic treatment. Sample C was heated at 70 °C/30 min (figuresa, b) or 100°C/48 h
(figure c) in ambient air; Sample B was identically thermally treated as C but in extra humid
atmosphere. The brownish colouring and transparency loss indicates the NCC degradation
(sample C), which is noticeably retarded when the sample is heated in humidity (sample B)
(a,b). In addition, the weight loss TGA data reveal larger NCC content in the composite B
postreated in humidity then in the sample C heated in ambient air (c).
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Figure A4.11. (a) SEM images of a 1.2 pm thick NCC-templated titania on FTO glass at different
magnifications. (b) The surface profile revealing the film thickness. The film profile was
measured over a thin scratch made in the middle of the film. The film was prepared by repeated
dip-coating of a precursor solution (TiO2/NCC = 1.0 g/g, 2 wt % NCC, 0.28 mol/L Ti**) followed
by DHT and calcination at 450 °C.
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Figure A4.12. Photocatalytic degradation of 4-chlorophenol on NCC-templated titania porous
film of 850 nm thickness coated on a 2.5 x 2.5 cm? glass substrate.
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5 Nanocellulose-Templated Porous Titania
Scaffolds Incorporating Presynthesized

Titania Nanocrystals
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This chapter is based on the following publication:

Alesja Ivanova, Maria Fravventura, Dina Fattakhova-Rohlfing, Jiri Rathousky, Liana
Movsesyan, Pirmin Ganter, and Thomas Bein. Nanocellulose-templated porous
titania scaffolds incorporating presynthesized titania nanocrystals.

Chem. Mater. 2015, DOI:0.1021/acs.chemmater.5b00770.

5.1 Introduction

Nanostructured titania films on solid supports offer significant benefits for
photocatalytic applications!? compared to the commonly used powder morphologies. In
contrast to powders, the immobilized titania can be easily separated from reaction
mixtures. Furthermore, due to high mechanical stability and transparency, titania thin
films are attractive for self-cleaning and antibacterial surface applications, where the
optical appearance is important for practical use. However, a major challenge for the
design of efficient photocatalytic coatings compared to powders is the low amount of
photoactive material that can be deposited as a stable film. In order to achieve
competitive conversion efficiencies, titania thin coatings require a high surface area,

which is typically introduced by porosity. At the same time, a high crystallinity of the
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titania scaffold is required for efficient charge separation and minimized recombination
losses. Owing to the great practical importance of nanostructured crystalline titania
films, numerous synthetic routes have already been developed.3-10 Various templating
approaches including evaporation-induced self-assembly (EISA)! offer a high degree of
control over the porous morphology. The latter method is based on a co-assembly of
titania precursors (typically colloidal titania oligomers) and species acting as porosity
template (such as supramolecular aggregates of amphiphilic molecules). EISA became a
very popular technique for the fabrication of mesoporous titania films due to an
unprecedented degree of control over the size, shape and spatial arrangement of the
pores with very high specific surface areas, which is advantageous for photocatalytic
applications. Nonetheless, the charge transport properties of the resulting titania
scaffolds are usually inferior.12 This can be attributed to limited control over the
crystallization of the titania phase under the conditions of self-assembly, which

additionally results in a partial loss of porosity.

More flexibility in obtaining the desirable high porosity crystalline scaffolds can be
achieved by decoupling the process of crystallization from that of porous structure
formation, hence enabling independent optimization of the crystallinity and porosity
parameters, respectively. This can be realized by using preformed crystalline titania
precursors for assembling the porous structure, or by a synergistic combination of
different titania sources. One example of the latter strategy is the so called titania “brick
and mortar” process introduced by our group, which combines the favorable features of
crystalline and amorphous precursors.1314 Here the formation of the fully crystalline
interconnected porous titania is achieved by the fusion of preformed nanocrystalline

“bricks” with a structure-directing matrix of surfactant-templated sol-gel titania.

The synergistic effect of both titania sources during calcination dramatically enhances
the performance of the material, in particular the crystallinity and the photocatalytic
activity of the films containing preformed nanoparticles. Nevertheless, further
optimization of the properties of the titania scaffolds is restricted by the use of the soft
surfactant templates, which limit the size range of the crystalline “bricks”, the
processing parameters and calcination temperatures.l> As we show here, these
limitations can be overcome by the use of rigid nanoscale templates, whose self-

assembly is much less dependent on the film fabrication conditions.
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Nanocrystalline cellulose (NCC) extracted from natural cellulose sourcesl®-18 is a
promising biogenic template for the generation of porosity in inorganic oxides.19.20.21,22
Cellulose nanocrystals act simultaneously as a thickener and as a porogen, thus enabling
a straightforward deposition of mesoporous films on different substrates.23 Owing to
the rigidity and the thermal stability of the cellulose nanocrystals, the titania-cellulose
composites can be calcined at high temperatures and produce fully crystalline titania

networks with well-defined mesostructure.

Here we demonstrate the versatility and flexibility of the NCC templating approach for
the formation of crystalline titania films with a highly porous structure. In particular we
expand the synthesis route suggested in our previous work23 by introducing pre-
synthesized crystalline anatase particles into the NCC replicated titania scaffold. For the
synthesis of the anatase nanocrystals we chose the hydrothermal procedure commonly

used for the fabrication of high quality titania for photovoltaic purposes.24

Our nanostructing approach is based on the self-assembly of two types of precursors,
namely crystalline and sol-gel titania, directed by the biogenic NCC template. We show
that due to the shape persistence of the template, the NCC-templated titania scaffolds
can accommodate large amounts of preformed titania without a significant reduction of
the film porosity. This opens the possibility to tune the crystalline properties of the

porous scaffold by using different types of preformed nanoparticles.

5.2 Experimental

5.2.1 Synthesis

Extraction of cellulose nanocrystals. The nanocrystalline cellulose (NCC) was extracted
from Peter Temming AG cotton linters CP20 by hydrolysis with sulphuric acid.2> The
cotton fibers were washed with water and dried at 60 °C. 64% H2SO4 was added to
cotton fibers at the ratio of 1 mL acid to 8.75 g cellulose. The mixture was kept at room
temperature for 1 h. Then it was heated to 55 °C for 30 min under vigorous stirring until
large cellulose aggregates dissolved. Afterwards the suspension was tenfold diluted

with de-ionized water and stored overnight. The upper liquid phase was decanted and
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the NCC-rich lower phase was washed three times with water via repeated
centrifugation at 47808 g relative centrifugal force (RFC) for 15 min. The last
centrifugation step was performed at 70 g RFC for 10 min in order to sediment cellulose
aggregates and to collect the suspension of finely dispersed NCC. Finally, the suspension

was concentrated in a rotary evaporator up to 6-10 wt % at pH 2.6-2.8.

Synthesis of preformed titania nanoparticles. Titania nanoparticles (NPs) were prepared
according to a modified procedure mentioned elsewhere.2* Acetic acid (1.00 g, 0.0167
mol) was added to titanium(IV) iso-propoxide (4.737 g, 0.0167 mol) under stirring and
the solution was stirred for 15 min at room temperature. Then 24.2 mL water was
quickly added. A white precipitate was formed. The hydrolysis continued while stirring
the mixture for 1 h at room temperature. Following this step, 0.33 mL concentrated
nitric acid was added. The mixture was then heated from room temperature to 80 °C
within 40 minutes and peptized for 1h 15 min. An additional 0.57 mL water was
introduced. Afterwards the mixture was placed in an autoclave and heated at 200 °C for
16 h 30 min. After the hydrothermal treatment, 0.2 mL of 65% nitric acid was added
and the solution was sonicated for 10 min. Then the colloidal solution was washed three
times with water via multiple centrifugation. At last, the dispersion was rotary

evaporated to contain 11-14 wt % titania.

Preparation of precursor solutions for the NCC-templated dual source titania films. The
films were prepared from precursors with a total Ti** concentration of 0.3 mol/L, 1.0
g/g titania to NCC weight ratio, 1.65 mol/mol 37% hydrochloric acid to titanium(IV)
ethoxide (TEOT) and different contents of preformed titania nanoparticles (NPs). NPs
amounts were varied from 5 to 100% relative to the total amount of Ti** in the form of

NPs and TEOT.

For the preparation of 75% NP precursor, 0.074 g (0.751 mmol) 37% hydrochloric acid
was added to 0.1074 g (0.471 mmol) titanium(IV) ethoxide in a 5 mL vial under stirring.
After the solution became clear, 0.9951 g of 11.3 wt % nanoparticle and 2.4431 g of 6.15
wt % nanocrystalline cellulose solutions were subsequently introduced. Finally, 3.25 g
(0.181 mol) water was added. The 50% NP precursor solution contained 0.155 g (1.573
mmol) 37% hydrochloric acid, 0.2158 g (0.946 mmol) titanium(IV) ethoxide, 0.6668 g
of 11.3 wt % NP solution, 2.4389 g of 6.15 wt % nanocrystalline cellulose solution and
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3.62 g (0.201 mol) water. The 25% NP precursor solution contained 0.2280 g (2.314
mmol) 37% hydrochloric acid, 0.3213 g (1.409 mmol) titanium(IV) ethoxide, 0.3345 g
of 11.3 wt % NP solution, 2.4483 g of 6.15 wt % nanocrystalline cellulose solution, and
3.63 g (0.202 mol) of extra-added water. The 0% NP thin films were deposited by using
the precursor with 0.4293 g (1.882 mmol) titanium(IV) ethoxide, 0.306 g (3.105 mmol)
37% hydrochloric acid, 3.2555 g of 6.15 wt % NCC solution and 4.42 g (0.246 mol) of
extra-added water. The 100% NP thin films were deposited by using the precursor with
1.3263 g of 11.3 wt % NP solution, 2.444 g of 6.15 wt % NCC solution and 1.75 g (0.097
mol) g of extra-added water. The precursor solutions were stirred for about 3 h prior

the film deposition.

Film fabrication. For the morphological investigations the titania thin films were
deposited on 1.5 x 2.0 cm? silicon wafers by spin-coating a 100 pL precursor solution at
1500 rpm for 30 s. The rest of the solution was cast on a 6 x 6 cm? Teflon surface. The
films were calcined at 500 °C/30 min by using 2 °C/min ramp with 2 h continuous
heating steps at 100 °C and 360 °C, respectively. Pulverized cast films were analyzed by

using X-ray diffraction and nitrogen sorption measurements.

For the photocatalytic and microwave conductivity measurements 200 pL of precursor
solution was spin-coated on 2.5 x 2.5 cm? optical glass or quartz at 1500 rpm for 30 s
followed by 1 min film drying with a heat gun and N flow. The spin-coating and drying
steps were repeated 4, 3, 2 and 2 times for 25, 50, 75 and 100% NP films respectively, to
achieve about 1 pm thickness of the resulting film after calcination. The 0% NP film was
prepared by spin-coating 10 layers at 1500 rpm for 30 s followed by 1 min film drying
with a heat gun and N flow with additional full calcination after coating the first 5
layers. To deposit a 100% NP non-templated film, 11 wt % aqueous dispersion of
preformed nanoparticles was deposited and spin-coated 6 times. As a last step, the films

were calcined at 500 °C with the stepwise ramp mentioned above.

5.2.2 Characterization

Film top view imaging was performed on a JEOL JSM-6500F scanning electron
microscope (SEM) equipped with a field emission gun, at 5 kV. Transmission electron

microscopy (TEM) was performed using a FEI Titan 80-300 equipped with a field
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emission gun operated at 300 kV. An aqueous suspension of titania nanocrystallites was
dropped on holey-carbon coated copper grid and dried overnight prior to TEM analysis.
For the imaging of porous titania we removed the thin films from the substrate and
dispersed them in ethanol. Then the dispersion was dropped on a holey-carbon coated

copper grid. The imaging was performed at 300 kV.

X-ray diffraction (XRD) analysis was carried out in reflection mode by using a Bruker
D8 diffractometer with 1.5406 A Ni-filtered Cu Ko radiation, operating at 40 kV and
40 mA. The mean crystallite size was calculated from the broadening of the (101)

anatase reflection by using the Scherrer equation.

The nitrogen sorption isotherms were obtained at -196 °C using a Quantachrome
Autosorb-1. The specific surface area was determined with the Brunauer-Emmett-Teller
method at p/po = 0.05-0.2. The pore size distribution was determined with a
DFT/Monte-Carlo method and a cylindrical pore NLDFT equilibrium model for silica by

using the Quantachrome Instruments Autosorb-1 software.

In photocatalytic activity tests the NCC-templated titania films on 2.5 x 2.5 cm? glass
slides were employed to degrade 4-chlorophenol in a vessel 55 mL in volume with the
initial concentration being 1x10-4 mol/L. The solution in the vessel was kept at 25 °C.
Three glass substrates with coated titania films were simultaneously measured, which
corresponds to a total titania film mass of about 1.5 mg for each type of sample.
Photocatalytic experiments were carried out without bubbling. The level of the liquid in
the photoreactors was open to air under magnetic stirring, i.e., the concentration of
dissolved oxygen was constant during the experiment owing to its equilibration with
oxygen in the ambient air. A Sylvania Lynx-S 11 W BLB lamp irradiated the films with a
UV light power achieving 1 mW cm- at the film surface. The irradiated area of the TiO>
film was 12.5 cm?. In each experiment, eight 0.5 mL aliquots were taken from the

solution in the reaction vessel at regular time intervals and analyzed by HPLC.

For the reference measurements 2.5 mg of powder AEROXIDE TiO2 P90 (surface area of
90 m2/g, average primary particle size of approx. 14 nm, Evonik) was used to degrade
4-chlorophenol in a vessel 55 mL in volume, the initial chlorophenol concentration
being 1x10-4 mol/L. The solution in the vessel was kept at 25 °C. Photocatalytic

experiments were carried out without bubbling. The level of the liquid in the
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photoreactors was open to air under magnetic stirring, i.e.,, the concentration of
dissolved oxygen was constant during the experiment owing to its equilibration with
oxygen in the ambient air. The irradiation was exactly the same as in the experiments
with films. In each experiment, eight 0.5 mL aliquots were taken from the solution in the

reaction vessel at regular time intervals and analyzed by HPLC.

The microwave conductivity measurements were performed using the experimental

setup fully described elsewhere.26-28

5.3 Results and Discussion

5.3.1 Effect of Preformed Anatase on Morphology

For the fabrication of the NCC-templated dual source titania we added an aqueous
suspension of nanocrystalline cellulose (NCC) to a mixed titania precursor system
containing amorphous and crystalline titania at different ratios. The amorphous titania
was prepared by the hydrolysis of titanium ethoxide (TEOT), while titania nanoparticles

(NP) synthesized by hydrothermal reaction were used as the crystalline counterpart.24

The hydrothermal synthesis route provides nearly spherical crystalline anatase
nanoparticles with a mean size of around 11 nm and only a minor fraction of
anisotropic and rhombic species (Figure A5.1 in the Appendix). The amount of
preformed nanoparticles in the mixed titania precursor was varied from 0 to 100%,
where the percentage is related to the total titania content (of both nanoparticles and
TEOT) in the precursor solution. The precursor solutions were stirred for about 3 h at
room temperature (RT), then spin-coated or drop-cast on substrates and subsequently
calcined at 500 °C. After calcination the template was completely removed from the
composite films leaving behind the porous scaffolds of crystalline titania (TGA curves

are shown in Figure A5.2 in the Appendix).

The SEM images in Figure 5.1 and Figure A5.4 in the Appendix demonstrate that the
titania films after calcination feature two distinct types of morphology depending on the

percentage of the preformed nanoparticles in the precursor solution.
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Figure 5.1. SEM images of porous dual source titania films showing the evolution of
morphology depending on the content of preformed titania nanoparticles: 0% (a), 5% (b), 10%
(c), 30% (d), and 50% (e). Scale bars correspond to 100 nm.

In Figure 5.1a the film prepared from amorphous precursor without the crystalline
nanoparticles reveals a uniform mesoporous morphology composed of slit-shaped
mesopores. The pore walls are formed by small intergrown anatase crystallites, which
in fact replicate the shape of the NCC template rods. In contrast, the porosity of the films
containing more than 50 wt % nanoparticles is disordered, featuring rather undefined
pore shapes and higher roughness (Figure 5.1e and Figures A5.3, A5.4 in the Appendix).
Hence, with high nanoparticle contents the effect of the NCC on the mesostructure
becomes much less pronounced than in the case of a high fraction of amorphous titania
precursor. Moderate amounts of nanoparticles (up to 30 wt %) gradually modify the
character of the NCC-assisted porosity. Figures 5.1b-d reveal that in this case the
nanoparticles are homogeneously distributed in the mesoporous network, although

they tend to form clusters of a few nanometers in size.

The corresponding nitrogen sorption isotherms in Figure 5.2 show that the nature of
the mesoporosity of the samples strongly depends on the content of nanoparticles. The
films containing up to 10% nanoparticles feature type IV isotherms with the hysteresis
between adsorption and desorption branches typical for mesoporous materials with

relatively narrow pores.

The mean pore size obtained from the isotherms corresponds to about 10 nm. With
increasing particle content above 10% the inflection points of the adsorption and
desorption branches gradually shift towards higher relative pressures due to an
increase in the pore size. The shapes of these isotherms correspond to a material with
non-uniform pores with broad pore size distributions. The addition of nanoparticles

slightly reduces the BET surface area from 156 to 113 m?2/g for 0% and 100%
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nanoparticle samples, respectively (Table 5.1). These textural changes can be attributed

to the increasing pore wall thickness because of the incorporated nanoparticles.
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Figure 5.2. Nitrogen sorption isotherms with corresponding pore size distributions (left) and X-
ray diffraction patterns (right) of calcined NCC-templated titania prepared by casting the
precursor solutions with different amounts of preformed titania nanoparticles: (a) 0%, (b) 5%,
(c) 10%, (d) 30%, (e) 50%, (f) 100%. The indexed reflections correspond to the anatase phase.

Table 5.1. Porosity data and average sizes of titania crystallites in NCC-templated titania after
calcination depending on the content of preformed titania particles: 0%, 5%, 10%, 30%, 50%
and 100%

NP Surface area @ Total pore volume  Pore Mean crystallite size ?
content, Seer(N2), atp/po=0.95¢ widthe  d; £ 0.5, nm

% m?/g V,cm3/g di, nm

0 156 0.288 9.1 8.1

5 148 0.291 9.8 8.4

10 147 0.277 9.1 9.5

30 130 0.327 19.9 10.2

50 117 0.385 19.9 10.5

100 113 0.352 35.0 14.6

acalculated from N; sorption isotherms shown in Figure 5.2.
bcalculated from the broadening of the (101) anatase reflection by using the Scherrer equation.

As indicated by the narrowing of the XRD signals shown in Figure 5.2, the addition of

preformed nanoparticles leads to a gradual increase in the mean size of crystalline
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titania domains after calcination. The size of the crystalline domains increases from ca.
9 nm to about 15 nm for the films containing 0% and 100% nanoparticles, respectively
(Table 5.1). TEM images in Figures 5.3 and A5.3b in the Appendix demonstrate that the
films are completely crystalline after calcination, however the crystalline domains of the
75% nanoparticle sample are larger than in the pristine sol-gel templated titania (0%

NP) with the mean dimensions of about 13 and 8 nm, respectively.

Figure 5.3. TEM images revealing the morphology and crystallinity of the NCC-templated titania
thin films prepared from the titania sol-gel precursor (a, 0% nanoparticles) and from the
precursor containing crystalline titania (b, 75% nanoparticles). The scale bars are 10 nm. The
insets show the selected area electron diffraction (SAED) patterns of the corresponding images
(the scale bars are 2.5 1/nm).

Although the calcination was performed at a high temperature of 500 °C, the titania
crystals formed in the NCC-templated composite remain rather small. The average size
of the crystalline domains in the films containing 0-10% nanoparticles is around 8.9 *
0.5 nm, which is smaller than the initial mean size of the preformed nanocrystals
prepared by hydrothermal synthesis at 200 °C. We attribute this effect to low mobility
of the titania species in the dried NCC/sol-gel titania composite and to a restricted
crystal growth due to the surrounding rigid cellulose matrix. Under the conditions of the
hydrothermal reaction, titania crystals are formed in a solvent-rich environment and at
high temperatures facilitating the efficient crystal feeding and the formation of defect-

poor species.

Composites containing 30-50% nanoparticles exhibit an average particle size of about
10.4 * 0.5 nm, which is larger than in the case of the sol-gel titania precursor. A
substantially increased content of added crystalline nanoparticles facilitates the
crystallization and crystal growth in the dual source titania films. We note that the

growth of titania crystallites in the films prepared via particle sintering as well as in the
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films nanostructured by soft templates (e.g. amphiphilic polymers) can be achieved by
changing the calcination protocol, i. e. its temperature and duration, however only at the
expense of drastically decreasing surface area.?? In the dual source titania system we
achieve an increase of the mean size of titania crystallites without changing the
calcination temperature, while preserving the porosity generated by NCC to a large

extent.

5.3.2 Microwave Conductivity

Intrinsic properties of semiconductors, namely the ability to generate and transfer
charge carriers upon photoexcitation, play an important role in the Kkinetics of
photocatalytic reactions. To elucidate the electronic properties of the porous dual
source titania films, we performed time resolved microwave conductivity (TRMC)
measurements. TRMC is a reliable contactless technique for the characterization of

charge-carriers in low-conductivity media such as polycrystalline titania.

In TRMC analysis the sample is excited by a 3 ns laser pulse at a wavelength of 300 nm
and probed by continuous X-band microwaves (~8.5 GHz). The charge carriers
photogenerated in these conditions absorb a fraction AP(t)/P of the microwave power

proportional to the photoconductance AG(t) induced in the sample, according to:

20 = K- AG(Y) (5.1)
The sensitivity factor K has a value of 40x103 S-1 in our experimental conditions. AG(t) is
directly proportional to the product of the yield of mobile charge carriers per incident
photon, n and the sum of mobilities 2y of light-induced charge carriers according to:

AGmax
nip=—p " (5.2)

Here, e is the elementary charge, f is the ratio between the broad and narrow inner
dimensions of the microwave waveguide and Iy is the incident photon fluence. It was
previously reported that in anatase TiO> the electron mobility is more than one order of
magnitude larger than the hole mobility, hence electron motion dominates the TRMC
signal.30 Owing to the weak electric field of the microwave probe (~100 V/cm), the

measured mobilities refer to small displacements of the charge carriers (few nm),
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describing mostly intra-particle rather than inter-particle electron mobility (especially

if the TiO2 nanocrystals are larger than 20 nm and not sintered together).

For the TRMC investigations the transparent anatase films were coated on quartz slides
from precursor solutions with different fractions of preformed nanoparticles (Figures
A5.5 and A5.6 in the Appendix). Since the films absorb more than 90% light at the
photoexcitation wavelength of 300 nm, the presented data have not been normalized to

the fraction of absorbed photons.

The transients recorded at 1014 photons/cm?2 in Figure 5.4a indicate that the films
containing presynthesized titania species give a much higher photoconductance signal
compared to the 0% NP sample. The signal intensities obtained from the 75% and 100%

NP dual source titania are about four times larger compared to the 0% NP sample.
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Figure 5.4. TRMC data measured upon 300 nm excitation of NCC-templated titania films
prepared without (black lines) and with (colored lines) addition of preformed titania species
(25-100%). (a) Decay kinetics and corresponding normalized decay kinetics (b) of TRMC traces
recorded at about 104 photons/cm? fluence. (c) Fluence dependence of the maxima of the
TRMC traces.

The decays of the normalized photoconductance signals in Figures 5.4b reveal a rather
similar behavior for the dual source titania films (colored lines), while the 0% NP titania
sample exhibits significantly faster decay kinetics (black line). The decay profile of
photoconductance is strongly determined by the time-dependent decrease in the
population of charge carriers due to electron-hole recombination and electron diffusion
towards deep traps. A high decay rate in titania photocatalysts has been previously
attributed to the trapping of electrons.31 Therefore the decay profile exhibited by the
pristine (sol-gel) NCC-templated scaffold points to a higher recombination and electron
trapping compared to the NP containing samples. The overlap between the decay

dynamics of the latter samples confirms that, as discussed above, we are probing the
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motion of the same type of charge carriers (mainly conduction band electrons)

experiencing the same relaxation paths.

For a more detailed analysis we investigated the evolution of the photoconductance
response depending on the incident photon fluence for the most and least conductive
samples, which are 75% and 0% NP films, respectively. The data in Figure 5.4c clearly
show a strongly enhanced photoconductance of 75% NP titania film compared to the
0% NP sample in the whole range of measured photon fluences. The distinct bell-shape
of the TRMC signals shown by the 75% NP film is typical for the nanocrystalline titania.
The signal maximum is related to the presence of deep electron traps in the material.
After reaching the maximum, the magnitude of the signal decreases; this behavior was

previously assigned to higher order electron-hole recombination processes.30:32

To sum up, the measured photoconductance responses differ significantly for the pure
sol-gel and the nanoparticle-containing titania. The increase of the photoconductance
and the reduced decay rates observed for the films containing preformed anatase
nanoparticles indicate higher charge mobilities and slower recombination than in the

unmodified NCC-templated titania.

We attribute the positive effect of nanoparticles on conductivity to the beneficial
combination of titania of different origin and improved crystal quality of the resulting
titania scaffolds. It is well known that the optoelectronic properties of titania strongly
depend on the way of its fabrication and especially on the quality of the crystalline
titania phase.3334% Hydrothermally synthesized and commercially available titania
species tend to outperform the sol-gel derived titania in numerous applications.3> In
addition to the crystal quality, the increasing size of titania crystalline domains in the
mesoporous scaffold reduces the number of grain boundaries and enlarges the
interparticle contact area, providing faster transport in the film.3436¢ Thus, by modifying
the NCC-templated films with preformed anatase particles we were able to prolong the

lifetime of photogenerated charges and to reduce their recombination rate.

5.3.3 Photocatalytic Performance

In a next step, we investigated the effect of nanoparticle addition on photocatalytic

performance of the titania films structured with NCC. The films coated on glass were
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employed for the photodegradation of 4-chlorophenol in aqueous solutions. The
decomposition of 4-chlorophenol on the surface of titania may depend on many factors,
although the titania crystallinity and the amount of surface area accessible for the
reactant are usually considered key factors. The effect of porosity induced by the NCC is
evident from the comparison of the performance of the films prepared from
nanoparticles with and without template (samples 100% NP (A) and 100% NP n-t (e)
in Figure 5.5 and Table 5.2, respectively).
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Figure 5.5. (a) The effect of the percentage of incorporated preformed anatase nanoparticles on
the photocatalytic performance of the dual source NCC-templated titania films in the
photodegradation of 4-chlorophenol. (b) Variation of the 1st order rate constant with the
percentage of preformed anatase nanoparticles.

Table 5.2. Overview of the photocatalytic performance of dual source titania films templated by
NCC with different contents of preformed anatase nanoparticles

NP Mean film  1st order rate constant of the Half life time of the
content, thickness,  photocatalytic degradation = photocatalytic degradation
% um of 4-chlorophenol, h-1 of 4-chlorophenol, min

0 1.0 0.19 221

25 0.7 0.30 129

50 1.5 0.46 90

75 1.0 0.53 78

100 1.7 0.46 90

100 n-ta 0.9 0.17 241

an-t = non-templated
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The non-templated sample (n-t in Table 5.2) shows significantly slower
photodegradation of 4-chlorophenol than the NCC replicated sample, although the
crystallinity of the films is comparable in this case. This drastic change is due to the
beneficial porosity induced by biogenic templating. The generated pores provide high
accessibility of the surface and high local, intrapore concentration of the reactant, and

thus accelerate the photocatalytic reactions.

Interestingly, the NCC-templated films prepared from amorphous titania (0% NP) show
the lowest 1st order rate constant in 4-chlorophenol degradation compared to the other
cellulose-replicated films, although this sample possesses the highest porosity (Table
5.1). On the other hand, less porous films prepared from nanoparticles only (100% NP)
exhibit much higher photocatalytic activity than the purely sol-gel derived one. This
indicates that high surface area is not the only decisive factor determining the

performance of the NCC-templated dual source titania.

Figure 5.5b reveals that the preformed anatase nanoparticles significantly enhance the
photocatalytic performance of the NCC-templated titania. Although all the films are
crystalline after the calcination at 500 °C, the size of the crystalline domains and the
quality of the titania phase differ depending on the titania source employed in the
synthesis. According to the photoconductivity measurements, the preformed
nanoparticles strongly enhance the photoconductivity, which can be due to the larger
particle size and also due to the lower amount of bulk defects in the particles obtained
in the hydrothermal synthesis compared to the sol-gel derived material. As shown
before, the enhancement of crystallinity suppresses the surface recombination and
assures more efficient charge separation. Moreover, it has been demonstrated that for
titania particles smaller than 30 nm in size, the photoactivity strongly scales with the

particle size.3”

We found that the highest rate constant of the photocatalytic degradation of 4-
chlorophenol was obtained for the films containing 75% of preformed anatase species.
The average size of the crystalline domains and the porosity of these films is neither the
largest nor the smallest among the samples studied. According to our previous study,

the addition of sol-gel titania improves the connectivity and crystallinity of the
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preformed anatase in “brick and mortar” films.13 A similar phenomenon is evidently

valid for the NCC-templated dual source titania films discussed here.

Importantly, the photocatalytic activity of the NCC-templated porous films is
significantly higher than that of the films templated with amphiphilic polymers. Owing
to the thermal stability of cellulose nanocrystals, we could apply higher calcination
temperatures than in the block-copolymer based “brick and mortar” approach without
losing the porous texture. Therefore even the films prepared by only NCC templating
(0% NP) already show higher activity compared to the “brick and mortar” mesoporous

titania films templated with amphiphilic block copolymers.1323

The photocatalytic performance of thin titania layers is commonly compared to that of
commercially available self-cleaning glasses, which feature a crystalline titania film of
about 15 nm thickness.38 However, due to the different intended application, the self-
cleaning glasses are not sufficiently active in water purification, which requires an
efficient degradation of rather stable compounds such as chlorophenols. Another option
for a reliable reference is to prepare thin films from commercially available titania
powders such as P25 and P90 titanium dioxide, which show high photocatalytic activity
and are commonly taken as standard materials for various photocatalytic processes.
The major issue with the use of powders for thin film applications is the difficulty in
processing, as the films deposited without binders are not mechanically stable and

consequently not sufficiently reproducible.

We have compared the performance of the NCC titanium dioxide films with that of the
powder P90 in a well-stirred solution at exactly the same experimental conditions
(concentration, reactor volume, temperature, stirring, illumination). The 1st order rate
constants of the photocatalytic degradation of 4-chlorophenol of about 0.5 h-1 for the
most active NCC-templated samples (total film mass of about 1.5 mg) compares
favorably with that obtained for a 2.5 mg dispersion of P90 (0.17 h-1). Even if these data
are not completely comparable (the activity of the dispersed powders is expected to be
higher due to the absence of mass transport limitations), they clearly show that the NCC
replicated titanium dioxide layers exhibit a very high photocatalytic activity in the

degradation of 4-chlorophenol.
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5.4 Conclusions

Different amounts of preformed anatase nanocrystals have been introduced into porous
titania scaffolds replicated by nanocrystalline cellulose. By using this strategy we are
able to tune the crystallinity of the films without changing the calcination temperature.
Simultaneously, the dual source films demonstrate high surface areas and high
porosities. We show that the gradual increase in the relative nanoparticle amounts
significantly affects film morphology and its performance, namely conductivity and

photocatalytic activity.

Time resolved microwave conductivity measurements demonstrate an enhanced
photoconductivity of biotemplated titania containing preformed anatase nanoparticles.
Furthermore, the photocatalytic performance of NCC-derived porous films drastically
increases owing to the incorporation of preformed titania species. The dual source
titania films show a more than two-fold enhancement in 4-chlorophenol degradation

rate compared to the film prepared by simple sintering of nanoparticles.

The highest degradation rate of 0.53 h'l among the studied samples was obtained for
the NCC-templated titania containing 75% presynthesized nanoparticles. Hence by
combining titania of different origins together with the efficient cellulose templating
method we achieve a significant enhancement in the performance of the titania thin
films. We anticipate that the network templated by nanocrystalline cellulose is a perfect
matrix for the incorporation of species with target functionality due to its rigidity,
defined porosity and straightforward synthesis. We conclude that NCC templating is a
powerful and versatile approach for introducing photocatalytically active species into

semiconducting oxides.
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5.6 Appendix
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Figure A5.1. (a) TEM image, selected area electron diffraction (SAED) pattern (b) and XRD
pattern (c) of hydrothermally synthesized titanium dioxide nanoparticles. The particles were
used as crystalline titania source in the nanocellulose assisted synthesis of porous titania thin
films.
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Figure A5.2. TGA curves revealing the mass loss of an NCC/TiOz-sol composite (a) compared to
a mass loss of a pristine NCC (b). The samples were cast from an NCC water dispersion and an
NCC/titania precursor solution, respectively and dried overnight at RT. The analysis was
performed at 10 K/min heating rate. The arrows indicate the approximate temperature of a
complete NCC degradation. Thermogravimetric analysis was performed on a Netzsch STA 440 C
TG/DSC instrument with heating rate of 10K/min in a stream of synthetic air of about 25
mL/min.

Figure A5.3. SEM and TEM images of the NCC-templated dual source titania thin film prepared
from a precursor solution containing 75% preformed titania nanoparticles. (a) SEM top-view of
NCC-templated dual source titania thin film coated on silicon wafer. (b) TEM image of the NCC-
templated dual source titania thin film coated on silicon and isolated from the substrate for the
TEM analysis. The scale bar is 5 nm.
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Figure A5.4. SEM images of the dual source titania thin films templated by nanocrystalline
cellulose showing the morphology development depending on the titania nanoparticle content:
(@) 5%, (b) 10% (c) 30% (d) 50% (e) 100%. The images taken at low and high (*)
maghnifications show scale bars of 500 and 100 nm, respectively.
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Figure A5.5. XRD patterns of the porous titania films containing different amounts of
preformed anatase species (given in the figures) coated on glass (a) and quartz (b) slides.
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Figure A5.6. UV-Vis spectra revealing the transmittance of NCC templated porous titania
films deposited on glass from precursor solutions with different contents of preformed titania
nanoparticles (0-100%). The measurements were performed on a Perkin Elmer Lambda
1050 UV /Visible/NIR spectrophotometer equipped with an integrating sphere.
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6 Nanocellulose-Assisted Formation of Porous

Hematite Morphologies

templated
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This chapter is based on the following publication:

Alesja Ivanovat, Ksenia Fominykht, Dina Fattakhova-Rohlfing, Patrick Zeller, Markus
Déblinger and Thomas Bein. Nanocellulose-assisted formation of porous hematite

morphologies. Inorg. Chem., 2015, 54, 1129.

tThese authors contributed equally

6.1 Introduction

The combination of semiconducting properties with low cost, abundance and chemical
stability makes iron oxides attractive materials for various energy conversion and
storage applications. Among numerous iron oxide compounds, a-Fe;03 (hematite) is the
most studied material whose applications span from electrochemical energy storage
and photoelectrochemical water splitting to photocatalytic degradation of air and water
pollutants and gas sensing.l-3 The performance of hematite in these applications
critically depends upon mass transfer to the active surface sites, charge transfer at the
interface, and charge and/or ion transport in the bulk. These processes are controlled to
a large degree by the nanomorphology of the iron oxide, due to the role of interface-
related processes caused by the large surface area, as well as the impact of the

diminishing dimensions on its charge carrier and ion transport behavior.
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NANOCELLULOSE-ASSISTED FORMATION OF POROUS HEMATITE MORPHOLOGIES

Due to the interest in nanostructured hematite, several strategies have already been
developed for the fabrication of nanostructured hematite morphologies with optimized
properties.#¢ Still, a major synthetic challenge is control over the structure on different
length scales, from the organization of atoms in the crystalline structure to the
macroscopic morphology, which strongly influence the performance of hematite in

different applications.

Templated approaches based on sol-gel transformations of molecular precursors can
provide a high level of control over the porous nanostructure by using objects with a
well-defined shape and 3D organization to guide the evolution of structure and
morphology. Mesoporous nanocrystalline iron oxide thin films with high surface area
have been prepared by so called soft templating methods using supramolecular

aggregates (micelles) of amphiphilic molecules. 78

The practical benefits of soft templating include the straightforward formation of
periodic porous structures based on the self-assembly processes, and the facile
subsequent removal of the organic templates by thermal decomposition. However, the
critical step in these transformations is the crystallization of the inorganic scaffold,
which often leads to the collapse of the porous morphology due to uncontrolled crystal
growth at elevated temperatures and requires a careful selection of the amphiphilic
molecules and/or the processing conditions. Alternatively, hard-templating routes are
advantageous regarding the formation of highly crystalline transition-metal oxide
morphologies with well-defined porosity.°-11 Thermally stable and robust templates
such as porous silica or alumina have been demonstrated to sustain the crystallization
of porous transition-metal oxides, but these methods are less suitable for the processing
of porous coatings on different substrates due to the difficulties associated with the

removal of the template under demanding conditions.

Nanocrystalline cellulose (NCC) extracted from natural cellulose sources?13 is a
promising biogenic template for the generation of porosity in inorganic oxides. The
cellulose nanocrystals having an anisotropic rod-like shape show a remarkable ability to
self-organize and to form chiral nematic liquid crystalline phases.1#15> Owing to the
rigidity and the thermal stability of the cellulose nanocrystals, the NCC-based

composites can sustain relatively high temperatures and provide fully crystalline metal
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oxide scaffolds with well-defined mesostructure, therefore combining the advantages of

soft templating and the shape-persistent hard templates.

Recent studies on the preparation of nanoscale iron oxide aided by cellulose have
focused mainly on composite materials.16-24 In these publications cellulose of different
origins acts as a supporting matrix for the formation of iron oxide and as a filler for the
homogeneous distribution of pre-synthesised crystalline nanospecies. Other
biomaterials have been shown to assist in the nanofabrication of iron oxide, such as
silk,2> chitosan,26-28 chitin,2? proteins,3? yeast cells31 and butterfly wings.32 A few
publications describing the fabrication of porous hematite morphologies aided by
sacrificial cellulose templating33-3> deal only with macroscopic cellulose-based objects
such as wood, filter paper or fibers fabricated from regenerated cellulose. On the
contrary, in our study we employ distinct nanosized cellulose species for the synthesis

of porous hematite nanostructures.

Recently we have established the high potential of cellulose nanocrystals in the
fabrication of porous titania thin films.3¢ Herein we explore the suitability of this
promising approach for the synthesis of iron oxide films. We show for the first time the
direct formation of porous hematite thin films on different substrates by a
nanocellulose-assisted templating method. We demonstrate several strategies to alter
the scaffold morphology. In particular, we investigate the effect of iron oxide precursors
and calcination temperature on the film porosity and crystallinity. Furtheremore, we
reveal a striking effect of post-synthetic treatments on the crystallization of iron oxide

in the nanocellulose matrix.

6.2 Results and Discussion

6.2.1 Effect of Precursor Salt and Calcination Procedure

For the fabrication of mesoporous iron oxide, aqueous dispersions of nanocrystalline
cellulose (NCC) were mixed with different iron salts acting as iron oxide precursors in
the sol-gel process. As such, we used hydrates of iron(III) nitrate [Fe(NO3)3-9H20], iron
(ITI) chloride (FeCl3-6H20), and iron(II) chloride (FeCl2:4H20), which are perfectly
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soluble in the NCC dispersions without changing their colloidal stability. Fe(III) salts
color the opaque cellulose suspensions yellow, whereas the Fe(II) chloride solution
remains white. After dissolution, the precursor mixtures were processed to powders or
films by drop casting on Teflon surfaces or spin-coating on different substrates
(typically silicon wafers or fluorine-doped tin oxide, FTO), respectively. After drying, the
composites were calcined in air at temperatures ranging from 300 °C to 600 °C to

remove the cellulose under formation of mesoporous iron oxide scaffolds.

Thermogravimetric analysis of the pure NCC reveals that it dehydrates in several
subsequent steps in the temperature range from 200 °C to 500 °C37:38 and that it is
completely decomposed at 500 °C. Addition of iron salts leads to a decrease in the

decomposition temperature, which depends on the type of precursor as demonstrated

in Figure 6.1 (al-a3).

Weight / %
Weight / %
Weight / %

160 260 360 460 560 660 7[|)0 860 900 160 260 360 460 560 660 760 B(IJO 900 160 20‘30 360 460 560 660 760 860 900

T/°C T/°C T/°C

Figure 6.1. Degradation of nanocrystalline cellulose/iron-oxide-precursor composites
containing different iron salts: FeClz:6H;0 (a1, b1), FeCl,-4H:0 (a2, b2) and Fe(NO3)3-9H0 (a3,
b3). Top row: thermogravimetric analysis revealing mass loss of iron oxide precursor/NCC
composites (black lines) compared to pristine NCC (dashed lines) (al, a2, a3). The composites
were dried at 35 °C prior to the analysis and heated with a ramp of 2 °C/min. Bottom row: in-
situ X-ray diffraction patterns obtained upon gradual heating of 1 pm iron oxide precursor/NCC

composite films coated on silicon wafers (b1, b2, b3).
According to the TGA measurements, the lowest decomposition temperature of ca. 290
°C was observed for the NCC-[Fe(NO3)3-9H20] composite, which could be attributed to

the oxidative character of the nitrate ions. The addition of Fe(Ill) chloride leads to a
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rather small decrease in decomposition temperature to ca. 450 °C, while in the Fe(Il)

chloride-containing composites the NCC is combusted at about 400 °C.

In order to investigate the degradation behavior of the nanocellulose in thin films, we
performed in-situ X-ray diffraction (XRD) heating experiments on 1 um thick composite
films coated on silicon wafers. Parts b1-b3 in Figure 6.1 show a gradual reduction of the
signals characteristic for native cellulose upon temperature increase (the NCC signal
assignment is shown in Figure A6.1 in the Appendix). Although the XRD results indicate
the complete degradation of crystalline cellulose at 250 °C, the optical appearance of the
films calcined at this temperature implies the presence of template residues, as follows
from the black coloring of the film (Figure A6.2-d in the Appendix), which is consistent
with the thermogravimetric analysis revealing an incomplete decomposition of cellulose

at 250 °C (Figure 6.1).

The degradation studies demonstrate that calcination of composite films at 300 °C to
600 °C should be sufficient to remove the NCC with the associated liberation of open
pores. This is confirmed with scanning electron microscopy (SEM) images of the NCC-
templated films, which demonstrate the formation of elongated slit-like pores
characteristic for the NCC-derived porous scaffolds, closely replicating the shape of the

initial NCC (Figure 6.2).

Figure 6.2. SEM top view images revealing the effect of calcination temperature on the

morphology of NCC-templated a-Fe;03 thin films. The films were coated on silicon wafers from
solutions containing NCC and FeCl3-6H,0 and calcined at 300 °C (a), 400 °C (b), 500 °C (c), and
600 °C (d). The scale bars correspond to 100 nm.

The mesoporous morphology obtained after calcination of the dried coatings is
practically not influenced by the choice of iron precursors (SEM images in Figure 6.2
and Figure A6.3 in the Appendix). The porous texture only slightly changes with the

increasing calcination temperature from 300 °C to 500 °C, corresponding to the stability
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range of NCC. However, calcination at 600 °C leads to a significant crystal growth with
formation of worm-like disordered porous layers typically observed for different

solution-processed hematite films (Figure 6.2d).

Analysis by transmission electron microscopy (TEM) confirms the increase of the
feature sizes for the NCC-templated film calcined at 600 °C compared to the one heated
at 500 °C. The samples exhibit a highly porous structure and a crystalline morphology
as can be seen in the high resolution and selected area electron diffraction (SAED)
images (Figure 6.3 and Figure A6.4 in the Appendix). The determined d-spacing values

are typical of hematite and agree very well with previous studies.3?

Figure 6.3. TEM images (al, a3, b1, b3) and SAED patterns (a2, b2) of NCC-templated iron oxide
thin films prepared from FeCl,-4H,0 precursor solutions and calcined at 500 °C (a) and 600 °C

(b).

In order to study the temperature-induced formation of crystalline iron oxide in the
presence of nanocellulose, we performed XRD measurements on cast free-standing
composites. Figure 6.4 and Figure A6.5a in the Appendix reveal the formation of a-Fe;03

phase for all precursors at temperatures higher than 300 °C.
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Figure 6.4. XRD patterns of NCC-templated iron oxide free-standing films cast from FeCls;-6H,0
(a) and FeCl-4H20 (b) precursor solutions. The composites were dried overnight (assigned as
RT) and then heated either at 100 °C overnight or calcined at 300-600 °C for 30 min. The
assigned signals correspond to a native cellulose (ICDD pattern C00-003-0289) (o), iron(II)
chloride tetrahydrate (ICDD pattern 00-016-0123) (e) and hematite (ICDD pattern 00-003-
0289) (*).

Surprisingly, the heating of the iron(III) chloride-NCC composite at 300 °C initially leads
to the formation of hematite and iron(II) chloride, which could be due to a reaction of

iron(III) chloride with NCC degradation products.

6.2.2 Effect of Post-Synthetic Delayed Humidity Treatment

To modify the crystallization of hematite, the dried composite films were post-treated at
100 °C in high humidity, also known as delayed humidity treatment (DHT). This
procedure can be considered as a hydrothermal treatment of the iron salts in the
confined space of the pre-arranged NCC template rods. The XRD analysis reveals the
formation of a crystalline inorganic phase corresponding to crystalline iron

oxyhydroxide (5-FeOOH, akaganeite) after the DHT treatment (Figure 6.5).
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Figure 6.5. XRD patterns of NCC-templated iron oxide free-standing films cast from FeCls;-6H,0
(a) and FeCl2-4H;0 (b) precursor solutions. The dried composites (assigned as RT) were post-
synthetically treated overnight at 100 °C in high humidity (set to 85% relative humidity at RT)
and then calcined at 300-600 °C for 30 min. The assigned signals correspond to native cellulose
(ICDD pattern 00-003-0289) (1), iron (II) chloride tetrahydrate (ICDD pattern 00-016-0123)
(®), akaganeite (ICDD pattern 00-034-1266) ('¥) and hematite (ICDD pattern 00-033-0664) (*).

We note that heating at 100 °C without the hydrothermal treatment does not lead to the
formation of a crystalline phase (Figure 6.4). Our results imply that without the post-
synthetic humidity treatment the amorphous iron oxide either directly transforms to
the crystalline hematite or the intermediate phase is not stable and rapidly converts to
the hematite. Moreover, we found that the DHT facilitates the crystallization of the
oxyhydroxide species in the composite based on both Fe(II) and Fe(IIl) chlorides,
though it is not the case for the nitrate hydrate precursor treated at the same conditions
(Figure A6.5b in the Appendix). It has been previously shown that at certain conditions
the hydrolysis of iron chlorides proceeds through the formation of «,-FeOOH

oxyhydroxide phases prior to a full conversion to a-Fe;03 40414243

To elucidate the effect of the post-synthetic treatment, the iron chloride-NCC
composites were dried at different conditions and studied by X-ray photoelectron
spectroscopy (XPS). Figure 6.6 and Figure A6.6 in the Appendix show the evolution of
the peaks arising from oxygen, chlorine, iron and carbon depending on the film drying

conditions.
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Figure 6.6. XPS spectra of O 1s (al, bl) and Cl 2p (a2, b2) measured on iron chloride-NCC
composite films coated on silicon wafers, resulting from FeCl3-6H:0 (al, a2) and FeCl;-4H0 (b1,
b2) precursors and dried at different conditions: at room temperature (RT), at 100°C in humid
air (assigned as 100 °C DHT) and at 100 °C and 300 °C in ambient humidity conditions.

The most significant changes were observed for oxygen and chlorine peaks shown in
Figure 6.6. The oxygen peak shifts towards lower binding energies (Figure 6.6-al) with
increasing temperature from RT to 300 °C, indicating the release of H20, degradation of
cellulose and the formation of iron species containing OH- and 02- (the fitting is shown
in Figure A6.6-a3 in the Appendix).*445 In addition, chloride completely degrades at 300
°C (Figure 6.6-a2).

The heating at 100 °C under hydrothermal conditions (DHT) leads to a significant
decrease in the chloride contents, whereas after the heating in air at the same
temperature the chloride is well-preserved (the black and red lines in Figure 6.6-a2,
respectively). This behavior indicates a higher degree of hydrolysis of iron chlorides due
to the presence of water vapor, which is also consistent with the shape of the oxygen
spectra recorded for the DHT samples. The black spectra in Figure 6.6-al,bl

demonstrate a doublet with pronounced signal corresponding to water and cellulose at
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532.5 eV, and the less intense peak at lower binding energies (530.1 eV) related to 02-

in iron oxide.

The spectra point to hydration of cellulose and formation of oxygen bridges in the
inorganic part of the composites. We found that the iron(II) chloride composite loses
some chlorine already after ambient heating at 100 °C and contains iron oxide 02-
species, which was not the case for the iron(IIl) chloride sample (red spectra in Figure
6.6-b2,a2, respectively). To conclude, the XPS analysis points to the accelerated
hydrolysis and nucleation of crystalline phase due to the DHT. Additionally, the increase
of the signal at about 533 eV implies high contents of water in the samples, which may

reduce the shrinkage of the cellulose species due to swelling at high relative humidity.4¢

Notably, we found that the induced crystallization of iron oxyhydroxide during the post-
synthetic treatment significantly affects the film morphologies after calcination as

demonstrated in Figures 6.7 and A6.7 in the Appendix.

Figure 6.7. SEM top view images revealing the effect of calcination temperature on the
morphology of the NCC-templated a-Fe;03 thin films post-synthetically treated in humid air at
100 °C prior to calcination at 300 °C (a), 400 °C (b), 500 °C (c), and 600 °C (d). The films were
coated on silicon wafers from solutions containing NCC and FeCl,:6H;0. The scale bars
correspond to 100 nm.

The DHT treatment results in an anisotropic geometry of iron oxide species, which is
especially pronounced for the films calcined at low temperatures of 300-400 °C (Figure
6.7a,b). However, the thermal treatment at higher temperatures leads to
recrystallization of the nanorods to form intergrown roundly shaped species (Figure
6.7d). A more detailed investigation of the DHT effect on crystal formation is shown in

Figure 6.8.
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Figure 6.8. TEM images at low and high magnifications of iron oxide thin films prepared from
iron chloride/NCC solutions coated on silicon wafer, obtained from FeCl;:6H,0 (a) and
FeCl;-4H;0 (b) precursors. The composites were exposed to humidity treatment at 100 °C and
subsequently calcined at 400 °C (a1, b1), 500 °C (a2, b2), and 600 °C (a3, b3).

TEM analysis in Figure 6.8 reveals a similar trend in the crystallization pathway for both
FeCl3-6H20 and FeClz-4H:0 precursors. Calcination at the moderate temperature of 400
°C leads to the formation of crystalline species showing a pronounced anisotropic shape,
with a length of around 55 nm and a width of around 5 nm (Figure 6.8al-1).
Additionally, the crystals obtained with FeCl2-4H>0 (Figure 6.8b1-1) show a porous
structure, which can be attributed to the dehydration during the thermal conversion
from -FeOOH to a-Fe;0347 At 500 °C the elongated shape of the features is still present,
although it is clearly visible that the particles start to recrystallize forming a
polycrystalline network with the formation of additional more spherically-shaped
species. The length of the rods is around 30 nm while the rod width remains
approximately 5 nm. The preferred growth orientation of the crystals is the (104)
direction, as can be seen in the HRTEM images in Figure 6.8. At 600 °C the
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recrystallization step is more pronounced and the species have a nearly spherical
geometry with a size of ca. 25 nm in length and 20 nm in width. Accordingly, the aspect

ratio of the rods decreases with increasing calcination temperature from 12.3 to 1.3.

Fe(III) nitrate does not undergo the oxyhydroxide-to-hematite transformation,
therefore the DHT treatment does not have a pronounced effect on the NCC-templated
hematite morphology (Figure A6.7 in the Appendix). We note that all obtained NCC-
templated hematite scaffolds exhibit a rather similar specific surface area of about

65 m?/g (Figure A6.8 in the Appendix).

6.3 Conclusions

We have established a facile method for the synthesis of crystalline porous iron oxide
thin films with various nano-morphologies by employing the biogenic template
nanocellulose. Different iron salts, namely FeClz-6H>0, FeCl2:4H20 and Fe(NO3)3-9H20
can be successfully employed for the NCC-assisted synthesis. The nature of the
calcination procedure of the NCC/iron-oxide-precursor composites has a strong

influence on the morphology of the porous hematite films.

Furthermore, we show that a post-synthetic humidity treatment at elevated
temperature drastically affects the morphology of porous scaffolds prepared from
FeCl3-6H20 and FeClz:4H20. Upon exposure to the humidity treatment at 100 °C, the
crystallization of hematite proceeds through the formation of iron oxyhydroxide (f-

FeOOH) species of highly anisotropic shape.

Due to the shape-persistence of cellulose nanocrystals, the film homogeneity and
porosity is well preserved despite the complex behavior of hematite crystallization. We
show that a great variety of iron oxide networks can be achieved and the morphology of
the films can be tuned by facile nanocellulose templating. The above synthesis approach
is particularly advantageous for the fabrication of homogeneous porous coatings of iron

oxide on different types of substrates.
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6.4 Experimental

6.4.1 Synthesis

Extraction of Extraction of cellulose nanocrystals. The nanocrystalline cellulose (NCC)
was extracted from cotton linters CP20 (Peter Temming AG) by hydrolysis in sulfuric
acid.*8 The cotton fibers were washed with water and dried at 60 °C. Then 64% H2S04
was added to cotton fibers at the ratio of 1 mL acid to 8.75 g cellulose. The mixture was
kept at room temperature for 25 min. Then it was heated at 55 °C for 45 min under
vigorous stirring until large cellulose aggregates dissolved. Afterwards the suspension
was tenfold diluted with de-ionized water and stored overnight. The upper liquid phase
was decanted and the NCC-rich lower phase was washed three times with water via
repeated centrifugation at 47808 g relative centrifugal force (RFC) for 15 min. The last
centrifugation step was performed at 70 g RFC for 10 min in order to sediment cellulose
aggregates and to collect the suspension of finely dispersed NCC. Finally, the suspension

was concentrated in a rotary evaporator to 8.15 wt % at pH 2.55.

Preparation of precursor solutions. 1.229 g of the above 8.15 wt % dispersion of cellulose
crystals was added to 0.37 mmol iron salt corresponding to 0.100 g, 0.0736 g and
0.1495 g of FeCl3-6H20, FeCl;-4H20 and Fe(NO3)3-9H:0 salts, respectively. The viscous
mixture was vigorously stirred for about 2 min. Then 3.6 g of water was added in order
to dilute the cellulose suspension and to dissolve the iron precursor. The precursor
solutions contained concentrations of 0.076 M iron and 2 wt % NCC. The solutions were

stirred for 2 hours prior to film coating.

Film fabrication. Free-standing films were cast from precursor solutions on a Teflon
surface (5 g precursor solution on 6 x 6 cm? area) and dried at 35 °C overnight prior to
calcination. After calcination, pulverized cast films were analyzed by using X-ray

diffraction, nitrogen sorption measurements and thermogravimetric analysis.

Thin films were deposited on a 1.5 x 2.0 cm? silicon wafer or on 1.5 x 2.5 cm? FTO glass
by spin-coating a 100 pL precursor solution at 1500 rpm for 25 s followed by drying
with a heat gun set at 100 °C for 10 s. The spin-coating and drying cycles were repeated

seven times to achieve ca. 1 um film thickness of the composites for the XRD
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degradation experiments and for the XPS analysis. For SEM imaging, two layers were

coated on silicon wafers.

For the delayed humidity treatment (DHT), the free-standing films or films coated on
substrates were placed into a 2 L desiccator containing 80 mL KCl saturated aqueous
solution resulting in 85% relative humidity at RT and kept in an oven at 100 °C

overnight prior to calcination.

The free-standing films and thin films were heat-treated at 100 °C/overnight, at 300
°C/30 min, 400 °C/30min and 600 °C/30 min with a heating ramp of 3 °C/min. The
calcination at 500 °C was performed by using a 2 °C/min ramp with 2 h continuous

heating steps at 100 °C and 360 °C and a final step at 500 °C/30 min.

6.4.2 Characterization

Thermogravimetric analysis of the samples was performed on a Netzsch STA 440 C
TG/DSC instrument (heating rate of 2 °Cmin! in a stream of synthetic air of about

25 mL min1).

XRD analysis of the free-standing films was performed on a STOE powder
diffractometer in transmission geometry (Cu-Kwa, A = 1.5406 A) equipped with a
position-sensitive Mythen-1K detector. XRD patterns were collected in a 26 range from
5°to 70 ° with a step of 1 ° and fixed counting time of 45 s per step. In-situ XRD heating
measurements of the films on Si substrates were carried out in reflection mode (Bragg-
Brentano) using a Bruker D8 Discover with Ni-filtered CuKq-radiation and a position-
sensitive detector (LynxEye). The instrument was equipped with a heating stage
operated by an Anton Paar TCU 200 temperature control unit. The films were heated

with the ramp of 1 °C/s and 10 min continuous heating at the set temperatures.

SEM images were obtained with a Jeol JSM-6500F scanning electron microscope
equipped with a field emission gun operated at 5 kV. The films were prepared on silicon

substrates and glued onto a sample holder with silver lacquer.

TEM analysis was performed with thin films removed from the substrate and deposited
on a carbon-coated copper grid. The analysis was carried out on a FEI Titan 80-300

(S)TEM equipped with a field emission gun operated at 300 kV.
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X-ray photoelectron spectroscopy (XPS) analysis was performed with a VSW TA10 X-
ray source, providing non-monochromated Mg K, radiation, and a VSW HA100
hemispherical analyzer. The samples were cleaned before measurement by 15 min Ar*
sputtering (1 kV, ~7 pA). Peak shifts due to charging of the sample were corrected by
setting the Cl 2p3,2 peak to 198.4 eV. The recorded elemental peaks were fitted with a
Doniach-Sunjic line shape convoluted with a Gaussian and linear background

subtraction.*®

The nitrogen sorption isotherms were obtained at -196 °C using a Quantachrome
Autosorb-1. The specific surface area was determined with the Brunauer-Emmett-Teller

method at p/p0 = 0.05-0.2.
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6.6 Appendix
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Figure A6.1. XRD pattern of an NCC free-standing film. The assigned signals correspond to
native cellulose (ICDD pattern 00-003-0289).

0.°C. SOV

Figure A6.2. Photograph of free-standing nanocellulose-precursor composites prepared with
(a) FeClz-6H;0, (b) FeCl;-4H,0, and Fe(NO3)3-9H,0 (c) dried at 35 °C. (d, e) NCC/iron oxide
precursor thin films coated on FTO glass from precursor solutions based on FeCls-6H,0 (d), and

Fe(NO3)3-9H;0 (e) and calcined at different temperatures.
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Figure A6.3. SEM top view images revealing the effect of the iron precursor and calcination
temperature on the morphology of NCC-templated a-Fe,0s3 thin films. The films were prepared
from precursor solutions containing FeCl;4H,0 (top row: al, bl, c1, d1) or Fe(NO3)3-9H,0
(bottom row: a2, b2, c2, d2) and calcined at 300 °C (al, a2), 400 °C (b1, b2), 500 °C (c1, c2), and
600 °C (d1, d2). The scale bars correspond to 100 nm.

e

Figure A6.4. TEM images al, b1 (scale bars correspond to 10 nm), a3, b3 and SAED patterns a2,
b2 (scale bars correspond to 2.5 1/nm) of NCC-templated iron oxide thin films prepared from
precursor solutions containing FeCl3-:6H20 and calcined at 500 °C (al, a2, a3) and 600 °C (b1,
b2, b3).
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Figure A6.5. XRD patterns revealing the temperature-dependent development of phase
composition of NCC/Fe(NO3)3-9H20 composites calcined at different temperatures after drying
at 35 °C (assigned as RT) (a) and after DHT treatment (b). The assigned signals correspond to
native cellulose (ICDD pattern 00-003-0289) (o) and hematite (ICDD pattern 00-033-0664) (*).
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Figure A6.6. X-ray photoelectron spectra of iron chloride/NCC composite films coated from
FeClz-6H,0 (al, a2, a3) and FeCl;-4H,0 (b1, b2) precursors and dried at different conditions: at
room temperature (RT), at 100 °C at high humidity (100 °C DHT) and at 100 °C and 300 °C in
ambient humidity conditions. The spectra reveal the development of Fe 2p (al, b1), C 1s (a2, b2)
and O 1s (a3) peaks. The points in figure a3 show the recorded oxygen spectra fitted with a
Doniach-Sunjic line shape convoluted with a Gaussian and linear background subtraction. The
three peaks with maxima at 530.1 eV, 531.3 eV and 532.5 eV correspond to oxygen in iron oxide,
iron hydroxide and water/cellulose, respectively. Spectra were taken using a Mg K, source.
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Figure A6.7. Top view SEM images of NCC-templated a-Fe,03 thin films calcined at 300 °C (al,
a2), 400 °C (b1, b2), 500 °C (c1, c2), and 600 °C (d1,d2) after humidity treatment at 100 °C. The
films were spin-coated on silicon wafers from aqueous precursor solutions containing NCC and
FeCl3:6H:0 (a1, b1, c1, d1) or Fe(N03)3:9H20 (a2, b2, c2, d2). The scale bars correspond to 100
nm.
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Figure A6.8. Nitrogen sorption isotherms measured on NCC-templated a-Fe;03 powders after
calcination at 500 °C. The samples were prepared from precursors containing NCC and
FeClz-6H,0 (a), FeCl2-4H20 (b) and Fe(NO03)3-9H20 (c) without delayed humidity treatment.
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7 Conclusion and Outlook

The aim of this thesis was the development of a straightforward method for the
synthesis of metal oxide thin films with various porous nano-morphologies by

employing the biogenic template, nanocrystalline cellulose (NCC).

The present study reveals the novel synthetic strategies toward highly porous
mesoporous titania and hematite supported coatings. Furthermore, we demonstrate
that the NCC-templated titania films can be successfully applied in energy conversion
and photocatalytic applications, namely as a photocatalyst for the degradation of water

and air pollutants, as well as an active anode material in a dye sensitized solar cell.

Chapter 3 discusses the extraction of cellulose nanocrystals from pristine bulk
celluloses. Our studies show that cotton is the most suitable cellulose source for the
release of nanocrystalline domains via sulphuric acid hydrolysis, compared to other
celluloses, such as dry wood pulps and microcrystalline cellulose. Hydrolysis of cotton
linters provides NCC of high crystallinity, purity, defined shape and assures high
reaction yields. Furthermore, we demonstrate that differential centrifugation improves
the homogeneity of NCC suspensions and narrows down the size distribution of

cellulose nanocrystals.

A typical optimized suspension of cotton NCC consists of elongated cellulose
nanocrytsals with dimensions of about 10 + 2 nm in width and 117 * 34 nm in length.
The NCC derived from cotton shows a crystallinity of about 90%, as estimated with the

XRD peak-height method, and high thermal stability.

Nanostructuring of titanium dioxide was achieved by aqueous hydrolysis of titanium
alkoxide precursor in the presence of cotton-based cellulose nanocrystals (Chapter 4).
The obtained NCC-templated titania networks feature well-defined, narrow pore size

distributions with mean mesopore dimensions of about 8-13 nm.

The present study showed that the adjustment of precursor composition, i.e., variation
of component concentrations, enabled morphology tuning of NCC-templated titania.

Thus, the NCC-templated titania showed specific surface areas in the range from 85 to
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175 m?/g, depending on the amount of template in the precursor solutions.
Additionally, the concentration of titania precursor affected the growth of anatase
crystallites, providing mean crystallite dimensions in the range of 9-13 nm after
calcination at 500 °C. Furthermore, a pronounced pore widening was achieved by
applying post-treatments at high humidity to NCC/titania-sol composites prior to their
calcination. This treatment also promoted the formation of porous titania with
significantly higher pore volume, larger specific surface area and slightly smaller titania

crystallites, as compared to the untreated samples.

NCC-templated titania with tailored properties was deposited by spin- or dip-coating on
glass, silicon and transparent conducting oxide substrates as transparent, homogeneous
and mechanically stable thin films. Such coatings demonstrated profound activity in the
photocatalytic NO (nitrogen(Il) oxide) conversion and in the degradation of 4-
chlorophenol, serving as model reactions for the purification of air and water,
respectively. Furthermore, the high surface area of NCC-templated films enabled high
dye loadings in thin films and consequently provided better performance in dye-
sensitized solar cells compared to reference anodes of similar thickness made of

commercial titania nanoparticles.

In Chapter 5 we describe an extension of the NCC templating approach. In particular,
the photocatalytic properties of NCC-templated titania films were significantly
improved by introducing hydrothermally presynthesized crystalline anatase to the

titania-NCC sol-gel precursors.

The experimental data showed that the addition of preformed crystalline anatase
nanoparticles promoted the enlargement of the mean dimensions of crystalline domains
from 8 to 15 nm, depending on the fraction of added nanoparticles. Owning to the rigid
and shape-persistent nature of the template, the crystalline anatase did not distort the
porous morphology of the NCC replicated scaffolds. Pore volumes and surface areas
remained almost intact, providing values in the ranges of 0.28-0.40 cm3/g and 113-

157 m?/g, respectively.

The synergy of high crystallinity and high porosity increased the photocatalytic
performance of NCC-templated titania films incorporating preformed nanocyrstals.

Quantitavely, the rate constant of the 4-chlorophenol degradation reaction was
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improved from 0.19 h't to 0.53 h'! for films without and with 75% preformed titania,

respectively.

Nanostructuring of iron oxide (hematite) was also developed, following an approach
that was analogous to the synthesis of NCC-templated titania. Chapter 6 describes in
detail the preparation pathway towards NCC replicated porous hematite nanostructures
and reveals the impact of iron oxide precursor salt and calcination temperature on the

final morphology of the NCC-templated hematite.

Highly porous homogeneous hematite morphologies were achieved at calcination
temperatures < 500 °C. However, a further increase of calcination temperatures to
600 °C promoted the uncontrolled recrystallization of hematite resulting in poorly

porous scaffolds made of large fused hematite crystallites.

Furthermore, we found that a post-synthetic hydrothermal treatment affected the
formation of hematite in the confined matrix of NCC. The hydrothermal treatment of
NCC-iron chloride composites promoted the growth of anisotropic iron oxyhydroxide
species already at low temperatures. Consequently, after calcination the porous
nanomorphology of post-treated samples drastically differed from the non-treated ones.
Thus, in the case of hematite, it was demonstrated that by adapting the synthesis
conditions to the specific properties of the target metal oxide, it was possible to achieve

novel NCC-derived nanomorphologies.

To summarize, we have developed a highly effective templating strategy by
incorporating natural cellulose nanocrystals in the synthesis of porous titania and
hematite thin films. The findings of this study demonstrate that the sacrificial
replication with nanocrystalline cellulose offers many intriguing possibilities to tailor

the morphology of various crystalline oxides, thereby improving their functionality.

Sacrificial nanostructuring with nanocellulose permits tailoring the morphology of
metal oxide thin films by adjusting the composition of the precursor mixture, the
processing conditions, and post-deposition treatments. The main advantages of the NCC
compared to conventional structure directors include shape persistence, suitable
thermal stability, natural origin and anisotropic nanodimensions. The synergy of these
features enables the straightforward integration of NCC into the wet-chemical synthesis

of porous metal oxides.
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Future developments could aim at the detailed characterization of NCC and metal
precursor interactions on a molecular level, in order to establish the mechanism of
oxide formation in the presence of nanocellulose. Additionally, suitable surface
modification of cellulose nanocrystals could extend their application, for example in the
non-aqueous templating synthesis of metal oxides. We anticipate that future
investigations will significantly expand the scope of the NCC-assisted sacrificial
nanostructuring and broaden the application areas of NCC-derived functional

nanomaterials.
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CHAPTER 8

Appendix

List of Abbreviations

NCC nanocrystalline cellulose

DSC dye-sensitized solar cell

TCO transparent conducting oxide

IUPAC International Union of Pure and Applied Chemistry
uv ultraviolet

VB valence band

CB conduction band

TEOT titanium(IV) ethoxide

CTABr cetyltrimethylammoniumbromide

EISA evaporation-induced self-assembly

MCC microcrystalline cellulose

HPC hydroxypropyl cellulose

BET Brunauer-Emmett-Teller

DFT density functional theory

NLDFT non-local density functional theory

XRD x-ray diffraction

WAXS wide angle x-ray scattering

SAXS small angle x-ray scattering

ICDD International Centre for Diffraction Data
TEM transmission electron microscopy

SEM scanning electron microscopy

SAED selected-area electron diffraction

STEM scanning transmission electron microscopy
HAADF high-angle annular dark field

HRTEM high resolution transmission electron microscopy

XPS X-ray photoelectron spectroscopy
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UV-Vis
NMR
FID
MAS
CP
TGA
TG
DSC
DLS
FTO
ECF
DHT
RFC
TRMC

ultraviolet-visible

nuclear magnetic resonance
free-induction decay

magic angle spinning
cross-polarization
thermogravimetric analysis
thermogravimetric
differential scanning calorimetry
dynamic light scattering
fluorine-doped tin dioxide
elemental chlorine free
delayed humidity treatment
relative centrifugal force

time resolved microwave conductivity



8.2 List of Symbols

Nayg

p/Po

S

thl

ﬁhkl

packing parameter

volume of a hydrophobic core
area of a head group

chain length

pitch size

wavelength

average refractive index
relative pressure
equilibrium pressure
saturation vapor pressure
specific surface area
monolayer capacity
Avogadro constant
molecular cross-sectional area
sample mass

amount of adsorbed gas
BET constant

Bragg angle

interplanar atomic distance
path difference

integer

crystallite size

numerical shape factor
diffraction broadening
Plank's constant

mass

velocity

kinetic energy

CHAPTER 8



APPENDIX

hv photon energy
E, binding energy
¢ workfunction
I light intensity
Iy incident light intensity
transmittance
absorbance
l path length
€ absorptivity
E, band gap energy
a reciprocal absorption length
Dy translational diffusion coefficient
dy hydrodynamic diameter
ks Bolzmann'’s constant
T temperature
Nm viscosity
|4 voltage
Isc short-circuit current
Jsc short-circuit current density
Voc open circuit voltage
FF fill factor
n power conversion efficiency
MPP maximum power point
Pupp power at maximum power point
Impp current density at the maximum power point
Vinpp voltage at the maximum power point
Pin incident power

Pout output power
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