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Abstract 

 

The increasing need to replace fossil fuels as a source of energy and raw material is 
resulting in extensive research efforts towards identifying and developing high 
performance materials and devices based on renewable sources. Cellulose being the 
most versatile and abundant biopolymer in nature is one of the obvious choices. 
Cellulose, due to its properties that arise from the hierarchical structure, has been used 
for millennia by mankind although it is currently used, in the form of microfibers, 
mainly in the paper and pulp industry. However, many efforts are being directed 
towards retrieving even smaller cellulose constituents such as nanofibers and 
nanocrystals (i.e., nanocellulose), which can actually be used in high performance 
materials. In order to do so, a better understanding of the behavior and interactions 
between these novel nanomaterials are required. Moreover, the combination of 
nanocellulose with inorganic nanoparticles bears a great potential that can open the 
door to multifunctional materials based on a renewable component.  

In this work, the anisotropic behavior, i.e., the formation of a chiral nematic 
phase, of cellulose nanocrystals (CNC) initially dispersed in aqueous media spanning 
a wide volume fraction range has been studied by small angle X-ray scattering 
(SAXS) and laser diffraction. The analysis shows that the twist angle between 
neighboring CNCs increased from ~1° up to ~4° as the CNC volume fraction 
increased from 2.5 to 6.5 vol%.  

Also, the drying of an aqueous CNC droplet immersed in a binary 
toluene/ethanol mixture was studied and monitored in-situ by polarized video 
microscopy, where the influence of the water dissolution rate on the morphology of 
the resulting microbeads was investigated by scanning electron microscopy. The 
morphology of the microbeads depends not only on the drying speed but also on the 
initial starting CNC volume fraction. In this regard, the influence of the degrees of 
liquid crystallinity on the formation of a chiral nematic phase on films has also been 
studied.  
Lastly, the fabrication and various properties of hybrids and composites prepared 
from cellulose nanofibers (CNF) and inorganic constituents are presented. The 
structure and chemistry of a museum sample of a traditional African textile (Bogolan) 
is analyzed and the chemical foundation of the dyeing method is outlined. This 
Bogolan dyeing method was used to pattern CNF films, and to study the details of 
how the surface-bound iron-tannin complexes are formed on the cellulose surface. 
Also, the formation of transparent, hard and flexible films based on CNF-titania 
(anatase) nanoparticle hybrids was studied, where the influence of the composition of 
the hybrids on the optical and mechanical properties is discussed on the basis of 
results from electron microscopy, spectrophotometry and nanoindentation. 
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Introduction 
Novel nanomaterials based on renewable resources are attracting a rapidly growing 
interest for many structural and functional applications. The utilization of the intrinsic 
properties of nanosized materials requires the development of robust and versatile 
isolation methods with a high yield and minimal structural damage, and processing 
routes to control structures on several size scales to meet the needs of bio-based raw 
materials.1 Cellulose, one of the most versatile and richly available biopolymers in 
nature, has been utilized by mankind for millennia. Wood and plant fibers serve as 
energy sources, as building materials and as clothing. The oldest known archeological 
fragments of a direct precursor to modern paper were found in China and date back to 
the 2nd century BC. These first usages of cellulose took advantage of the flexibility 
and high mechanical strength per weight performance and utilized specific 
functionalities, e.g. its hygroscopic properties.2 Cellulose was also an important raw 
material in the early days of industrialization. Gun-cotton, a low order explosive, was 
e.g. produced already in 1845 by the reaction of cotton with nitric acid to produced a 
fully nitrated product. Eastman Kodak utilized a partially nitrated form of cellulose 
together with camphor as a plasticizer to produce the first flexible photographic films. 
For about 150 years, cellulose has been used as a raw material to produce e.g. 
cellulose esters and ethers as well as cellulose regenerates.3 Regenerated cellulose can 
be spun in the viscose process resulting in rayon fibers that can be used as a substitute 
for cotton fibers. Cellulose esters and ethers are utilized in films, coatings and 
membranes, as building materials, pharmaceuticals and texturizers in food. However, 
the properties of cellulose have to be modified and improved, if they are to be utilized 
in novel high performance applications. The recently developed ability to isolate the 
nanosized constituents of cellulose on a relatively large scale has opened up new 
possibilities for the fabrication of novel cellulose-based high performance  
materials.2–5 Properties such as a high surface area and reactive surface hydroxyl 
groups, as well as the low density, low thermal expansion coefficient and excellent 
mechanical performance of nanocellulose offers an extensive toolbox for materials 
design.2 Methods to isolate nanocellulose from plants and bacteria range from bottom-
up methods where bacteria are used to produce glucose cellulose nanofibrils, to top-
down methods including chemical/physical and enzymatic methodologies for the 
isolation of nanocellulose from green plants and algae.6 

Cellulose consists of repeating cellobiose units of two anhydroglucose rings 
connected via a  β-1,4-glycosidic bond that form a linear polysaccharide. In its native 
form, cellulose is typically called cellulose I, where the chains are oriented parallel to 
each other. In cellulose II, which can be found in regenerated cellulose, the chains are 
oriented in an antiparallel fashion. Cellulose I encompasses two polymorphs7, 
cellulose Iα with a triclinic and Iβ with a monoclinic structure. Different plants 
contain both polymorphs in ratios that are specific for the plant species8. Cellulose Iα 
is dominant in most algae9 and bacteria10, while Iβ is dominant in higher plant cell 
wall structures and in tunicate11. The Iα polymorph is metastable and can be partially 
converted to Iβ in organic solvents and helium at high temperatures12, as well as by 
hydrothermal treatment in alkaline solutions9.  
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Table 1. Cellulose nanocrystal (CNC) dimensions. 
Source Length (nm) Width (nm) Height (nm) Reference 

Wood 50–500 3–5 3–5 Elazzouzi-H. et al.13;   
Beck-Candanedo et al. 14 

Cotton 50–350 6 6 Elazzouzi-H. et al.13 

Bacteria >1000 ~30–50  ~6–10 Tokoh et al.15 

Tunicate 100–3500 12 10 Elazzouzi-H. et al.13 

 

The numerous hydroxyl groups are of pivotal importance for the surface chemistry, 
and for subsequent surface modifications, and they may also result in omnipresent 
hydrogen bonds between the cellulose chains, which it has been suggested are the 
cause to the high stability and mechanical strength of cellulose.16 The intrachain 
hydrogen bonds within Iα and Iβ are considered to be responsible for the high axial 
chain stiffness.17 

The basic building block in plants and bacteria typically consists of 20–40 cellulose 
polymer chains structured into highly ordered crystalline and disordered regions, 
which form a cellulose nanofiber (CNF). The smallest extractable constituents are 
called cellulose nanocrystals (CNC), also referred to as whiskers or nanocellulose 
crystals (NCC). Depending on the source of the cellulose, their dimensions vary 
significantly, as shown in table 1. All CNCs, regardless of the preparation method, 
exhibit a high polydispersity in both length and width (40 to 50 %). The morphology 
of the cross section of the CNC varies with the source of the material. CNCs from 
wood and cotton show a more or less square cross section13,14, whereas nanocrystals 
from tunicate display a more complex hexagonal cross section.13 In general the size 
distributions vary considerable depending on the source, and this leads to CNCs with 
very different properties.  

 

 

Figure 1. Hierarchical structure of wood. Scheme adapted from Moon et al.2 © 2011, 
Royal Society of Chemistry. 
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Figure 2. Morphological appearance by atomic force microscopy of (a) cellulose 
nanocrystals (CNC) obtained by sulphuric acid hydrolysis and (b) TEMPO-oxidized 
cellulose nanofibers (CNF) [kindly provided by K. Gordeyeva].  

 

Two main steps are required to extract nanocellulose (NC) from its source: the first 
step is the purification and homogenization and the second the separation of the 
cellulosic constituents into the nanofibers, (Figure 1). Cellulose is extracted from 
wood by removing the other two main components; lignin and hemicellulose. The 
cellulose can be homogenized and separated by simple mechanical treatment. The 
energy required for the disintegration process can be reduced by a pretreatment such 
as chemical modification18 or enzymatic hydrolysis19. The nanofibers (CNF) can be 
further processed by mineral acids in order to obtain the almost pure crystalline 
cellulose nanocrystals (CNC). Representative atomic force microscopy images of 
CNF and CNC illustrating the significant difference in their morphologies are shown 
in Figure 2.  

The surface functionalization of NC20,21 can involve covalently bonded or physically 
adsorbed molecules. The extraction process itself can introduce functional groups 
onto NC. Depending on the acid used, the CNC may be functionalized with sulphate 
half esters or carboxylic or acetyl groups. Hydrochloric acid hydrolysis results in 
CNCs with unmodified hydroxyl groups that carry no surface charge. However, a post 
treatment by chlorosilanes, halogenated acetic acids, isocyanates or epoxides 
introduces silylated, carboxymethylated, urethane linkages or ethers respectively onto 
the surface of the CNCs.  

The electrostatic adsorption of surfactants or macromolecules can also be used to tune 
the functionality of the CNC surface. The two main routes for obtaining CNC used in 
the work described in this thesis are shown in Figure 3. The carboxylic groups on the 
CNC can be introduced either by pre-22 or by post-23 treatment using e.g. TEMPO 
(2,2,6,6-tetramethylpiperidine-1-oxyl)-mediated oxidation to hydrochloric acid 
hydrolysis. The advantage of the TEMPO-mediated oxidation is the selective 
chemical modification of the primary hydroxyl group at the C6 position into a 
carboxylate group, left-hand side of Figure 3.  
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Figure 3. Schematic representation of a CNC with the chemical structure and the two 
routes mainly used in the present work to produce anionic charged CNC. Inset shows 
the nomenclature within the glucose unit of cellulose. Adapted from paper VI1. 

 

Nanocellulose (NC) has outstanding mechanical properties. The low density of        
1.6 g/cm3 cellulose wood fibers2 have a tensile strength of 0.3–1.4 GPa. The elastic 
modulus in axial direction ranges from 110 to 220 GPa in cellulose, whereas the 
transverse elastic modulus for cellulose Iβ24 is about 15 GPa. It should be noted that 
the reported values depend on the source, the crystal structure (Iα, Iβ, II), the degree 
of crystallinity and the anisotropy of the particle itself, and also on the measurement 
techniques. Nanocellulose has a reasonable thermal stability and decomposes between 
200 and 300°C depending on its purity, crystal structure and surface modification.25,26 
Depending on the composition and size range, films cast from CNF dispersions can be 
both strong and transparent as the nanosized particles do not scatter light to any 
significant degree.26,27 CNC dispersions can also form a chiral nematic liquid 
crystalline phase resulting in a birefringent optical response.1,28,29 The chiral nematic 
order of CNC can be utilized as a template to create chiral inorganic, polymer or 
carbon materials with specific mechanical and optical properties.30–34 

Functional hybrids based on biogenic nanofibrils and inorganic nanomaterials have 
attracted a lot of interest due to their applications as e.g. biomedical scaffolds, barrier 
coatings and adsorbents.5 Bacterial nanocellulose provides a strong, chemically and 
morphologically controllable scaffold that is of particular interest for biomedical 
applications.35 Hybrids based on gelatine in combination with hydroxyapatite 
immobilized in a bacterial nanocellulose network have been investigated for 
biomedical applications, since the composites shows a greater bioactivity than pure 
bacterial cellulose.36 The specific surface chemistry of nanocellulose has also been 
utilized to tailor cellulose networks for selective binding of proteins onto the CNF 
surface.37 The tunable porosity of CNF networks has been used in the fabrication of 
bioactive and permselective films spin-coated on silicon substrates. The gas and vapor 
barrier functions have been improved by filling composites with vermiculite38 and 
montmorillonite39. The porosity of surface-fluorinated CNF has also been adapted to 
immobilize an omniphobic liquid trapped within the pores, which yields a super-
slippery liquid-infused porous surface (SLIPS), that is self-cleaning and self-repairing 
as well as optically transparent [paper X]. Chemical vapour deposition of titania on 
CNF aerogels has provided a photoswitchable material which can be tuned to be 
superahydrophilic or water repellent.40 Olsson et al.41 used a bacterial nanocellulose 
scaffold to form magnetic nanoparticles in-situ in the highly porous network. This 
nanocellulose-based hybrid material can be actuated by a household magnet due to its 
ferromagnetic CoFe2O4 nanoparticles. There are several examples of batteries based 
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on nanocellulose which utilize the large surface area and low weight of NC. Hu et 
al.42 prepared CNF-carbon nanotube conductive aerogels with a thin layer of silicon 
as a lithium ion battery anode. Wang et al.43 pyrolyzed freeze-dried bacterial 
nanocellulose to utilize the open-pore, high-surface-area network as an anode material 
for lithium ion batteries43. The resulting large surface area of the carbon network 
provides a superior capacity retention and superior rate performance than other 
carbon-based materials. Other systems were established using nanocellulose coated 
with polypyrrole, which resulted in a very compact energy storage device with good 
cycling stability.44 In a recent study, Wicklein et al.45 freeze-cast CNF dispersions 
with graphene oxide and sepiolite nanorods to produce super-insulating, fire-retardant 
and strongly anisotropic foams, having a superior performance in comparison to 
conventional polystyrene foams.  

The chiral nematic order of CNC can be utilized as a template in order to create chiral 
inorganic or carbon materials with specific mechanical and optical properties.30–33 
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Scope of this thesis 
 

This study was motivated by the increasing demand for innovative materials based on 
sustainable raw materials and processes. Cellulose, the most abundant biopolymer on 
Earth, provides a widely exploitable platform for novel functional materials. The 
work has focussed on nanocellulose in the form of cellulose nanocrystals (CNC) and 
cellulose nanofibers (CNF) with different surface modifications. The scientific 
objectives of the thesis are two-fold: to contribute to the basic understanding of the 
colloidal phase behavior, specifically the liquid crystalline phase, of the cellulose 
nanocrystals in aqueous dispersions; and to develop novel colloidal processing routes 
to hybrid and composite materials based on nanocellulose with useful optical and 
mechanical properties.  

The thesis is divided into four parts. The introduction provides the reader with a 
general knowledge of the properties and characteristics of nanocellulose and of how 
nanocellulose is extracted from wood sources, and it also gives examples of 
nanocellulose-based materials and hybrids. The characterization methods as well as 
the preparation of the materials discussed in this thesis are described in chapter two. 

The third chapter introduces the reader to the liquid crystalline phase behavior of 
cellulose nanocrystals in aqueous dispersions. The ensuing discussion describes the 
studies on the phase behavior and structural features of cellulose nanocrystal 
dispersions in solution, in a shrinking droplet and in a drying film. The separation 
distance between the rod-like CNC particles in aqueous dispersions as a function of 
the volume fraction by small angle X-ray scattering were studied, and the helical pitch 
in the chiral nematic phase by laser diffraction was determined. Based on these 
results, the number of particles required to form a helical pitch as well as the twist 
angle between neighboring CNCs was calculated. Furthermore, the drying of an 
aqueous CNC droplet immersed in a binary toluene/ethanol mixture was studied and 
monitored in-situ by polarized video microscopy, where the influence of the water 
dissolution rate on the morphology of the resulting microbeads was investigated by 
scanning electron microscopy. In addition, the influence of the initial starting volume 
fraction in relation to the degree of liquid crystallinity on the optical properties of 
CNC films, which has been studied by polarized light microscopy and scanning 
electron microscopy, is discussed.  

The fourth part of the thesis deals with the properties and preparation of inorganic–
organic hybrids of cellulose with titania and iron-tannate complexes. The historical 
background of tannin-iron complexes and their use as writing inks and dyes is briefly 
presented and the chemistry and structure of the Bogolan dyeing method, on the basis 
of an over a century old textile from West Africa, is presented in detail. How this 
technique inspired by this ancient but extensively used dyeing technique can yield 
distinct patterns of metal-gallic acid complexes on nanocellulose films with a 
resolution below 10 micrometers, is shown. Possible functionalities introduced by 
other metal ions than iron are also demonstrated. Finally the influence of the 
composition of CNF-TiO2 (anatase) nanoparticle hybrids on the optical and 
mechanical properties, studied by electron microscopy, spectrophotometry and 
nanoindentation are discussed. The mechanism of formation of the hybrids is 
investigated and explained by infrared spectroscopy.  
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Preparation of materials and characterization 

Materials 
 

Cellulose nanofibers (CNF) from TEMPO-mediated oxidation 

The TEMPO-mediated oxidation of wood pulp was carried out according to Saito et 
al.46. The wood pulp (1 g) was suspended at 60°C phosphate buffer and pH 6.8. The 
desired amounts of sodium chlorite (10.0 mmol), TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl) (0.1 mmol) and sodium hypochloride (1.0 mmol) with 
respect to the amount of wood pulp were added and stirred for 2 h and 20 min, after 
which the pulp was washed with deionized water by vacuum filtration. Defibrillation 
was achieved by applying homogenization to the redispersed fibers with a 
Microfluidizer M-110 EH (Microfluidics Ind., USA), 4 times through a 400 to         
200 µm chamber at a pressure of 900 bar and 4 times through a 200 to 100 µm 
chamber at 1500 bar. The resulting dispersion was sonicated for 10 min with an 
output of 70% (Vibra-Cell VC 750, Sonics, USA), using a 13 mm wide titanium 
probe. The titanium particles introduced were removed by centrifugation at 6000 rpm 
with a Hettich EBA 21 centrifuge for 10 min. The resulting supernatant contained 
well-dispersed colloidally stable CNF.  
The resulting fibers had the following characteristics: a surface charge density of 
approximately 0.6 mmol/g and dimensions of ~2–3 nm in width and ~100–1000 nm 
in length.  

 

Cellulose nanocrystals (CNC) from TEMPO-mediated oxidized CNF 

Cellulose nanocrystals (CNC) were prepared by hydrochloric acid hydrolysis of 
TEMPO-mediated oxidized cellulose nanofibers (CNF) according to Salajkova et al.22 
100 g of CNF gel (1 g dry weight of cellulose) was dispersed in 316 mL deionized 
water and stirred overnight. Hydrochloric acid was added to a final concentration of 
2.5 M and the mixture was heated at 130°C for 6 h. The reaction was quenched by 
dilution with 5-fold amount of deionized water. The resulting dispersion was washed 
twice with deionized water followed by centrifugation (6000 rpm for 10 min with 
Hettich EBA 21). The precipitant was collected and dialyzed against deionized water 
using Sigma Aldrich dialysis membranes with a molecular weight cut off of ~14000 
for 5 days. After the dialysis, the suspension was sonicated for 10 min with an output 
of 70% (Vibra-Cell VC 750, Sonics, USA), using a 13 mm wide titanium probe. The 
titanium particles introduced were removed by centrifugation at 6000 rpm with a 
Hettich EBA 21 centrifuge for 10 min. The resulting supernatant contained the well-
dispersed colloidally stable TEMPO-mediated oxidized CNC.  

In paper III, TEMPO-mediated oxidized CNC was used. The dimensions of the 
carboxylic CNC were between 2.9 ± 1.3 nm in width and 264 ± 118 nm in length, 
determined from AFM tapping mode images. The surface charge density was           
0.3 mmol/g, determined by polyelectrolyte titration.  

 



Preparation of materials and characterization 

8 

Cellulose nanocrystals from sulfuric acid hydrolysis 

Cellulose nanocrystals (CNC) were prepared by sulfuric acid hydrolysis of Domsjö 
dissolving wood pulp (60/40 spruce/pine, 95% cellulose, 4.5% hemicellulose and 
0.3% lignin). 20 g of cellulose nanofibers were dispersed in 175 mL of 64 % sulfuric 
acid and the mixture was heated at 45°C for 40 min. The reaction was quenched by 
dilution with a 10-fold amount of deionized water. The resulting dispersion was 
washed by centrifugation (6000 rpm for 10 min with Hettich EBA 21) twice. The 
precipitant was collected and dialyzed with deionized water using Sigma Aldrich 
dialysis membranes with a molecular weight cut off of ~14000 for 5 days. 
Subsequently the dispersion was sonicated for 10 min with an output of 70% (Sonics 
Vibracell VC-750, USA) and centrifuged to remove the titanium nanoparticles 
introduced. The result was a CNC dispersion electrostatically stabilized via sulfonic 
groups. 

CNC derived by sulfuric acid hydrolysis were mainly used in this work. These CNC 
had dimensions of 5.2 ± 2.0 nm in width and 178 ± 76 nm in length, determined from 
AFM tapping mode images. The surface charge density was 0.2 mmol/g, determined 
by polyelectrolyte titration.  

 

Preparation of CNF-TiO2 hybrids 

The CNF-TiO2 hybrids were prepared in aqueous dispersions from CNF                
(0.75 mg/cm3) and TiO2 (30 mg/cm3) in different ratios as indicated in table 2. The 
dispersions were shaken for two hours.  

The films were prepared by placing 0.2 ml of the hybrid dispersion on a glass slide 
(diameter ∅ = 1.2 cm) or a silicon substrate (1 × 1 cm2) and drying under controlled 
conditions of 30°C and 50 %rh in a humidity chamber (Binder GmbH, Germany).  

Table 2. Composition of CNF-TiO2 hybrids. 
TiO2 (µl) CNF (ml) H2O (ml) φvol (vol% TiO2) 

0 1.25 5.6 0 

1.9 1.25 5.6 2 

3.8 1.25 5.6 4 

7.5 1.25 5.6 9 

15 1.25 5.6 16 

25 1.25 5.6 24 

35 1.25 5.6 30 

62.5 1.25 5.6 44 
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Preparation of CNF-gallic acid-metal ion hybrids 

CNF (0.3 mmol) was mixed vigorously with gallic acid (1×10–4 mmol) and an 
aqueous solution of (5×10–4 mmol) FeCl3·6H2O, FeCl2·4H2O, CuSO4, 
Co(NO3)2⋅6H2O, Cr(NO3)3⋅9H2O, VCl3 and Eu-PS particles, respectively. The 
solutions were then transferred to a petri dish with a Teflon surface and dried in a 
humidity chamber (Binder GmbH, Germany) at 30oC and 50%rh for 24 h.  

 

Characterization methods 
 

Polyelectrolyte titration 

The polyelectrolyte titration was carried using a Stabino Particle Charge Mapping 
system (Microtrac Europe GmbH, Germany). The CNC dispersions were diluted in 
MilliQ water and the pH adjusted to 10 in the case of the carboxylic CNC. The diluted 
dispersions were titrated with a 0.001 N polydiallyl dimethyl ammonium chloride 
solution. An average charge density was obtained from three or more measurements.  

 

Microscopy 
 

Scanning electron microscopy 

The morphology of the samples was characterized using scanning electron 
microscopy (SEM). The basic principle is a focused beam of electrons interacting 
with the atoms of the material resulting in various scattering and emission events. 
Depending on the required information, either secondary or back-scattered electrons 
can be detected to provide information about the morphology and composition of the 
specimen.  

The sample preparation is however crucial for obtaining the desired information about 
the sample. In this work, various preparation techniques were used. Fractured surfaces 
of films (paper III) and the final microbeads after the dissolution of water into an 
ethanol-toluene mixture (paper II) were investigated after coating with gold. In other 
studies were dispersions freeze-dried (paper V: CNF-TiO2 hybrids) and the samples 
were mounted on carbon tape on an aluminum stub. To ensure conductivity a thin 
layer of carbon was applied (paper V). In paper IV, single fibers were extracted from 
a patterned cotton cloth and investigated after coating with carbon. All the samples 
were coated with either carbon or gold and imaged using low acceleration voltages in 
a JEOL JSM-7401F field-emission gun microscope (between 1 and 3 kV). The 
working distance was thus reduced to 3 to 6 mm (in paper IV, 8 mm was used) to 
preserve a good resolution. For clarity, the contrast and brightness of the micrographs 
were digitally enhanced.  
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Scanning transmission electron microscopy (STEM) was used study a dispersion of 
CNC, deposited on a copper grid (paper I). The specimens were prepared by 
depositing a 6.3×10-5 vol% dispersion on a carbon grid (01824 AC-U on Holey, 400 
Mesh Cu, Ted Pella). After 2 min, the residual dispersion was removed with filter 
paper and the grid was dried at room temperature for one hour. STEM micrographs 
were obtained using a JSM-7401F microscope in the STEM mode. An accelerating 
voltage of 20 kV and a working distance of 6 mm was used. The particle length was 
manually measured on 200 nanoparticles and the mean length and standard deviation 
were determined.  

 

Atomic force microscopy 

To investigate the size distributions of CNC, atomic force microscopy (AFM) was 
used. The AFM consists of a cantilever with a sharp tip that is used to scan the 
specimen surface. When the tip is brought into close contact with the sample surface, 
forces between the tip and the sample lead to a deflection of the cantilever, which can 
be measured and represented as e.g. a height profile.  

Poly-L-lysine or (3-Aminopropyl)triethoxysilane (APTES) solution was deposited on 
a freshly cleaved mica for 3 minutes, rinsed with Millipore water and dried with a 
stream of nitrogen. The diluted dispersions (6.3×10-5 vol%) were then deposited for   
3 minutes on the mica with a substequent rinsing with Millipore water and drying 
with nitrogen to leave individual NC particles on the surface. The AFM images were 
acquired in the tapping mode using Dimension 3100 SPM with a NS-IV controller, 
Veeco, USA instrument. The force was kept to a minimum during scanning by 
routinely decreasing it until the tip detached from the surface and subsequently 
increasing it slightly to restore contact. The scan size was adjusted according to the 
information required between 1 and 10 µm and the scan rate was set between 0.5 and 
2 lines per second. The 512 × 512 px2 images were analyzed with the non-commercial 
software WSxM 5.0 Develop 1.347. The particle lengths were determined of 200 
nanoparticles and the mean length and standard deviation were calculated. The width 
was determined using Matlab and the toolbox DIPimage. Several thousand particle 
height values were collected per sample, including several data points per particle. 
Regions close to particle-particle overlaps were discarded. 

 

Polarized light microscopy 

To investigate the optical properties of films or dispersions, a light microscope 
equipped with two adjustable crossed polarizers was used. The basic principle of the 
crossed polarizers is that only polarized light bent through interaction with optically 
anisotropic materials can exit the analyzer and result in interference colors. In other 
words, isotropic parts of the sample appear in black and anisotropic parts in color.  

The dispersions were drawn by capillary forces into 3.3 cm long capillaries 
Vitrotubes™ 0.20 × 4.0 mm2. The capillaries were sealed with epoxy resin and stored 
at room temperature for at least one week before imaging, but after several weeks it 
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was found that interactions between the resin and the dispersions had taken place, 
making it necessary to find a more reliable method, i.e. laser diffraction. 

The polarized optical images were taken in the reflection mode on a Nikon Eclipse 
FN1 light microscope (Nikon, Japan) equipped with a 10× eyepiece and a 10× 
objective (WD 17.5 mm, NA 0.30) between crossed polarizers. The photos were 
recorded using an inline camera with a 2 megapixel CCD sensor (Kappa Zelos-
02150C GV, Kappa Optronics GmbH, Germany). The camera parameters were 
adjusted manually to obtain the optimum image. The pitch values were extracted by 
analyzing Fourier transforms (FFT) of the polarized light microscopy images using 
ImageJ48. 

 

Real-time polarized microscopy  

Real-time polarized microscopy of the liquid crystal formation was carried out using a 
Nikon Eclipse FN1 light microscope (Japan). The CNC droplet (between 0.3 and    
0.8 vol%) was placed on a silicon substrate hydrophobized with octadecyl-
trichlorosilane in a custom-made, air-tight aluminium cell that allowed the shrinking 
droplet immersed in a toluene/ethanol mixture to be observed in the reflection mode - 
the set-up is shown in Figure 4. 

 

 

Figure 4. Schematic set-up of the polarized light microscopy using a custom-made 
cell to monitor the in-situ shrinking of a droplet of CNC in a toluene/ethanol mixture. 
Taken from paper II. 
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The cell was placed between cross-polarizers and the videos were recorded using an 
inline camera with 2 megapixel CCD sensor (Kappa Zelos-02150C GV, Kappa 
Optronics GmbH, Germany). The frame rate was adjusted to suit to the rate of 
shrinkage of the droplets. 

 

Scattering 
 

Small angle X-ray scattering 

Small-angle X-ray scattering (SAXS) is used to characterize materials on a length 
scale between ~2 and ~100 nm (valid for beamline I911-4 in MAX IV Laboratory49, 
Lund, Sweden). As the X-ray source a multi-pole wiggler and the Si(111) 
monochromator provides a photon flux of 5×1010/s in 0.2 × 0.3 mm2 at a wavelength 
of 0.91 Å. The sample–detector distance was 2341.5 mm (0.07 ≤ q ≤ 3.5 nm-1) where 
q = (4π/λ sin(θ) and 2θ the scattering angle) and typical exposure times ranged from 
100 to 600 seconds. 2D SAXS data were taken with a hybrid pixel X-ray detector 
(Pilatus 1M, Dectris). The dispersions were measured in 2mm borosilicate capillaries 
(Hilgenberg GmbH, Germany) in a time frame between 10 and 30 h after dilution 
from a concentrated dispersion (6.5 vol%). The background scatter of pure water and 
the capillary was subtracted prior to radial integration with the beamline’s inhouse 
software bli9114 (version 4.71)49, and subsequent analysis with Origin 8.5 and 
SasView 3.050. The observed intensities were Lorentz-corrected and the goodness of 
fit expressed in terms of the adjusted R2-value of the Gaussian function was better 
than 0.999. 

The scattering intensity I(q) in SAXS is the product of two contributions: the form 
factor P(q), and the structure factor S(q). The form factor was determined in a diluted 
suspension (6.3×10-3 vol%) in order to avoid rod-rod interactions. Wood-derived CNC 
has according to the literature2, a rectangular cross section, but it was decided that the 
cylindrical model was a sufficient approximation. The SAXS pattern above a certain 
CNC content shows a preferred orientation.  

After Lorentz-correction and Gaussian peak fitting, an average center-to-center 
distance was obtained, which corresponds to CNC rod spacing. 

A lamellar para-crystalline model51 was also used to fit the SAXS curves and this 
gave approximately the same separation distances.  

 

Laser diffraction 

Laser diffraction is a method where a beam of light interacts with the helically aligned 
CNCs and gives a diffraction pattern, which can be used to determine the pitch of the 
helically arranged CNC in bulk. 
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Figure 5. Schematic illustration of the experimental set-up for the laser diffraction 
measurements of CNC dispersions. The diffraction pattern shown is that of the 
reference, i.e. the calibration ruler for optical microscopy. Taken from SI of paper I. 

 

The CNC dispersions were equilibrated in glass vials (2 ml) for between 38 and 66 h. 
The measurement setup (Figure 5) included a white screen, an ordinary laser (λ = 
522-542 nm, beam diameter 1.2 mm) and a camera (Fujifilm Finepix F200 EXR, f = 
6.4 mm, F3.3, ISO-100, 1-5 sec exposure time). The distances of the components to 
the screen were at 395 mm (sample), 542 mm (Laser) and 550 mm (camera). With 
this set-up, it was possible to study average extending from about 1 to ~18 µm. The 
diffraction patterns obtained were analyzed by radial integration using ImageJ 1.48 
(plugin radial profile extended by Philippe Carl). The resulting curves were analyzed 
using Origin 8.5, by subtracting a polynomial background and fitting a Gaussian 
function to the peaks.  

 

Spectroscopy 
 

Extended X-ray absorption fine structure 

The Extended X-ray absorption fine structure (EXAFS) and X-ray absorption near 
edge structure (XANES) are a part of X-ray absorption spectroscopy (XAS), and the 
X-ray absorption coefficient µ(E) is measured as a function of energy. The EXAFS 
function is:  

χ (k) = nx ⋅S0
2 ⋅ fx (k) ⋅e

−2k2σ 2

k ⋅ r2j
∑ sin(2kr +αMX (k))       (1) 

 

where k is the wavenumber of the EXAFS function χ(k), S0
2 the amplitude reduction 

factor, ƒx(k) the amplitude function, the Debye-Waller term, r the interatomic 
distance and αMX(k) the phase function. The absorbed energy gives exact information 

e−2k
2σ 2



Preparation of materials and characterization 

14 

about the oxidation state of the absorbing atom, also called XANES. After the 
absorption event the ejected electrons interact with their nearest neighbors. These 
events can be detected and used to extract information about the surrounding of the 
excited atom and this is called EXAFS. The K-edge of iron was used and studied at 
the synchrotron facility at the MAX IV Laboratory in Lund, Sweden (paper IV). The 
beamline I811 used a multi-pole wiggler providing an energy range between 2.4 and 
21 keV with a wavelength resolution of E/dE=104. The station was equipped with a Si 
[111] double crystal monochromator, and harmonics of higher order were discarded 
by detuning the second monochromator crystal. The samples of the Bogolan textile 
were deposited on sticky tape and placed on a Teflon sample holder allowing a spot 
size on the sample of 0.5 × 0.5 mm2.  

The EXAFS oscillations were obtained following standard procedures for pre-edge 
subtraction, normalization and spline removal using the Athena software52. k was 
varied between 0 and 12 Å–1.  

 

Fourier transformed infrared spectroscopy 

Fourier transformed infrared spectroscopy (FT-IR) was used to investigate specific 
functional groups using an attenuated total reflection (ATR) detection device 
(Goldengate by Specac) with a single-reflection diamond ATR element. In order to 
study specific interactions (paper V) of the carboxylic group with titania 
nanoparticles, the aqueous dispersions were adjusted to pH 3 prior to freeze-drying 
and the following measurement.  

The study of single fibers (paper IV) was possible using a diamond anvil cell. The 
extracted single fibers were placed between diamonds and pressed together. It was 
possible to obtain a spectrum of a specific region with a suitable aperature. 

 

Ultraviolet-visible spectroscopy 

Absorption was measured in the ultraviolet to visible spectral region. Components 
containing free or π-electrons adsorb energy to higher anti-bonding π*-molecular 
orbitals. A spectrum represents the difference between the incoming intensity (I0) and 
the outgoing intensity (I), and the transmittance, T = I/I0, is plotted as a function of the 
wavelength. 

The measurements were performed using a Perkin Elmer Lamda 19 UV/VIS/NIR 
spectrometer. Either a glass slide or a semi-micro rectangular quartz cuvette filled 
with Millipore water was used as a background for the measurements.  
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Fluorescence spectroscopy 

The basic principle is that the relaxation of an excited molecule or compound after 
absorption of a photon is measured. A Varian Cary Eclipse fluorescence spectrometer 
was used. 

 

Other 
 

Nanoindentation 

Jordi Sort and Eva Pellicer at the department de Fsica, Universitat Autònoma de 
Barcelona, Bellaterra, Spain, performed the nanoindentation measurements and for 
more details see paper V53. 

The mechanical properties of the CNF-TiO2 hybrids were evaluated using a Fischer-
Cripps Laboratories Ultra-Micro-Indenter system (UMIS) equipped with a Berkovich 
pyramidal-shaped diamond tip. The hardness, H, and effective reduced Young’s 
modulus, Er, values were derived from the load-displacement curves at the beginning 
of the unloading segment using the method of Oliver and Pharr.54 From the initial 
unloading slope, the contact stiffness, S, was determined as S = dP/dh where P and h 
denote, respectively, the applied load and the penetration depth during 
nanoindentation. The effective reduced Young’s modulus was evaluated based on the 
relationship between the contact stiffness, S, and the contact area A: 

S = β 2
π
ER A           (2) 

where β is a constant that depends on the geometry of the indenter and Er is defined55: 

 

          (3) 

The reduced Ei modulus takes into account the elastic displacements that occur in 
both the specimen, with an effective Young’s modulus E and Poisson’s ratio ν, and 
the diamond indenter, with elastic constants Ei and νi. The hardness was calculated as: 

H =
Pmax
A

           (4) 

where Pmax is the maximum load applied during nanoindentation. The results are in 
the most cases average of 50 indentations per sample. Up to 200 indentations were 
carried out on the samples with low inorganic content (<16vol%).  

 

  

1
Er

=
1−ν 2

E
+
1−ν 2

Ei



Liquid crystalline phase behavior of cellulose nanocrystals 

16 

Liquid crystalline phase behavior of cellulose nanocrystals 
Liquid crystals (LCs) are a state of matter that is neither a conventional liquid nor a 
solid crystal. A characteristic of LCs is the tendency of molecules or particles to align 
along a common axis, called the director n. The degree of order defines the liquid 
crystalline phase, which the system establishes.  

Dispersions of cellulose nanocrystals (CNC) have been found to form a liquid 
crystalline (LC) phase.28 Above a critical volume fraction , the dispersion 
separates into an upper isotropic and a lower anisotropic phase, Figure 6, and the 
volume fraction of the LC phase φLC increases with increasing volume fraction, φ  of 
CNC. The anisotropic phase is more precisely described as a nematic order, which is 
characterized by a long-range orientational order. The rods in a nematic phase align 
preferentially with their long axis along a common director (Figure 7a).  

By orienting themselves, the rods gain translational entropy and lose rotational 
entropy. This was formalized by Onsager56 on the basis of the phase behavior of 
tobacco mosaic virus (TMV), which have a high and well-defined aspect ratio. 
Onsager’s theory predicts the onset of the LC phase at a lower critical volume 
fraction:  

φLC
l = 3.3d

l
           (5) 

where d is the diameter and l the length of the rod. This equation indicates that the 
higher the aspect ratio, the lower is the onset volume fraction for the liquid crystalline 
phase. The volume fraction of the liquid crystalline phase rises with increasing 
concentration until the dispersion is fully liquid crystalline at an upper critical volume 
fraction, defined as:  

φLC
u = 4.5 d

l
           (6) 

Between  and  the isotropic and nematic phases coexist, see Figure 6. 

 

 

Figure 6. Photographs obtained between crossed polarizers of CNC dispersions at 
different volume fractions equilibrated after 6 months. 

 

φLC
l

φLC
l φLC

u
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Figure 7. Schematic representation of (a) nematic, (b) smectic and (c) columnar 
liquid crystalline phases. Taken from SI of paper VI1. 

 

 

 

Figure 8. Liquid crystalline phase diagram of CNC of different origins as a function 
of the volume fraction of CNC. The line connecting the points is a guide for the eye. 
Adapted from paper VI1. 
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Table 3. Aspect ratio, surface charge of CNC from varying sources, accompanying Figure 8. 
Source Aspect ratio Surface charge 

e/nm2 
Reference 

Bacteria      50–100 0.02 Araki et al., Langmuir 2001.57 

Bacteria 29–60 0.05 Hirai et al., Langmuir 2009.58 

Filter paper 10–24 0.16 Dong et al., Langmuir 1996.59 

Wood 18–58 0.27 Park et al., Chem. Phys. Chem. 
2014.60 

Wood 14–80 0.28 Schütz et al., paper I 

 

Due to the long-range orientational order, the anisotropic physical properties of the 
CNC are amplified to a macroscopic level, meaning on the measuring direction that 
the refractive index, viscosity, thermal conductivity etc. are dependent. The optical 
anisotropy, being the difference between the refractive indices of the material 
measured along different directions, leads to birefringence, which is most easily 
observed using crossed polarizers and leading to a set of colors that depends, among 
other things on this refractive index difference. Both the onset of the critical volume 
fraction (equation 5) and the saturation volume fraction of the chiral nematic phase 
(equation 6) were about an order of magnitude higher than that predicted by the 
Onsager model56. The dependence of the LC onset concentration on the aspect ratio is 
nevertheless followed, table 3. The deviations from linear behavior with increasing φ 
predicted by the Onsager theory56 were observed and this has been related to effects 
of the surface charges on the concentration range dependence of the electrostatic 
repulsion between the CNC rods (table 3) as well as the intrinsic polydispersity of the 
rods.59,61,62 

The liquid crystalline behavior of CNC dispersions at volume fraction above 10 vol% 
is basically unexplored, see Figure 8. The gel-like glassy state is a non-equilibrium 
state where the increase in viscosity with increasing concentration hinders the CNC 
rods from aligning. For this reason, there is a lack of studies at high (more than        
10 vol%) CNC concentrations and possible phase transitions into other ordered phases 
have not been studied. Computer simulations63 suggest that higher order phases can 
be expected, depending on the degree of polydispersity. For extremely uniform length 
distribution systems, a direct transition to a crystalline state is expected. At very low 
polydispersity, a smectic phase should occur (Figure 7b), distinguished by a layered 
structure with a positional alignment in one direction. If the polydispersity is greater 
than 10 %, columnar phases are expected to form (Figure 7c). For CNC to undergo a 
phase transition to a higher ordered phase, an increase in the pitch with increasing 
CNC content should be observed, as in the case of filamentous bacteriophage fd 
viruses64, since the helical arrangement of the chiral nematic phase is not compatible 
with the positional order of a smectic phase. This means that p must increase and the 
helix must be unwound.  
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Packing of cellulose nanocrystals into a chiral nematic phase 
 

CNC displays a specific form of the nematic phase, which has a continuous rotation 
of the director in a left-handed helical fashion, i.e. chiral nematic. This phase is often 
called “cholesteric” because it was first observed in cholesterol derivatives. The axis 
of the helix in a cholesteric phase is at all positions perpendicular to n and the 
periodicity is called pitch (p). The physical property repetition is however over p/2. 
The pitch is normally determined by polarized light microscopy58,59,65,66 and appears as 
extinction lines at distances of p/2 when the helix is observed perpendicular to its 
main axis, Figure 9. 

If the length p is of the order of the wavelength of visible light (300–500 nm) and the 
light is incident along the helix axis, Bragg reflections arise and the respective colors 
can be seen with the naked eye. Pitch values for CNC systems vary between 60 and   
1 µm in dispersions58,59,67–69 and films66, but p has been observed to be in the range of 
visible light only in dried films70–73. The pitch depends on the volume fraction of 
CNC14, the aspect ratio14,68, the surface chemistry of the CNC rods74, the ionic 
strength 58,59,69 and even the temperature66,73. However, a complete study of the pitch 
with respect to the rod spacing as a function of CNC volume fraction is lacking.  

In this study, the CNC dispersions derived by sulfuric acid hydrolysis form an 
anisotropic phase at a concentration above approximately 1.9 vol%, shown in the 
photograph (Figure 6) obtained between crossed polarizers. Figure 10 shows that the 
relative volume of the lower anisotropic phase increases as the total CNC 
concentration increases and the dispersion is fully anisotropic at a volume fraction of 
φ  > 4.5 vol% after 91 hours and of about 5.2 vol% after 6 months. 

 

 

Figure 9. Schematic representation of the general principle for studying helical 
arranged CNC rods. The macroscopic helical pitch p/2 is indicated by the two arrows 
in the polarized light microscopy image. The scale bar represents 10 µm.  
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Figure 10. Phase diagram of the volume fraction of the liquid crystalline phase φLC as 
a function of the total volume fraction of the CNC φ at different times after 
preparation. Dashed lines indicate the estimated phase transitions after 6 months 
equilibration time. Taken from paper I. 

 

The isotropic–anisotropic phase separation is time-dependent. Furthermore, as shown 
in Figure 10, full liquid crystallinity, represented by φLC = 1, is reached at 
approximately 4.2 vol% after 40 hours, but this shifts to 5.2 vol% after 6 months.  

 

 

Figure 11. Lorentz-corrected intensities (I × q2) plotted against the scattering vector q 
of CNC dispersions with volume fractions φ ranging from 1.3 to 6.5 vol%. Taken 
from paper I. 

 



Liquid crystalline phase behavior of cellulose nanocrystals 

21 

Small angle X-ray scattering (SAXS) was used to determine the separation distances 
between the CNC particles within the ordered phase. The results are shown in Figure 
11 and display the SAXS curves, in their Lorentz representation, I × q2 vs q, for the 
CNC dispersions as a function of volume fraction φ.  

All the curves exhibit a structural peak at low scattering vector q, corresponding to an 
average correlation distance d between neighboring CNC rods given by q = 2π/d. This 
peak moves to higher q values (shorter distances d) with increasing CNC content. The 
average correlation distances were estimated and are shown in Figure 12. With 
increasing volume fraction of CNC, d decreases from 51 nm at φ = 1.3 vol% to      
24.5 nm at φ = 6.5 vol%.  

CNC dispersions at volume fractions within the biphasic region clearly contain 
domains with distinct and regularly spaced extinction lines (insets in Figure 14). The 
fast Fourier transform (FFT) of the polarized light microscopy images reveals that the 
distance between the extinction lines, and thus the pitch, decreases with increasing φ. 

 

 

 

Figure 12. Average center-to-center separation distance (d) as a function of volume 
fraction φ. The error bars represent the standard deviations from the fitted Gaussian 
peaks. The inset shows a schematic representation of the helical arrangement of the 
CNC rods, indicating the separation distance between two neighbouring rods. Taken 
from paper I. 
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Figure 13. The radial integrates of the laser diffraction images against the inverse p/2 
with volume fractions (φ) ranging from 2.5 to 6.2 vol%. 

 

Since polarized light microscopy provides useful information only on a local level and 
only when the director lies parallel to the glass slide, laser diffraction (see Figure 5 for 
an illustration of the set-up) was used to obtain information over a much larger 
volume. The diffraction pattern was determined using a simple set-up with a 
commercial pencil-shaped green laser pointer that illuminated the dispersion and 
projected the diffraction pattern onto a screen. Above a concentration of 2.5 vol%, 
laser diffraction patterns were obtained showing that the dispersion contained a 
significant amount of the chiral nematic phase. The results of the radial integration are 
shown in Figure 13, which shows a shift and a broadening of the peak towards higher 
pixels with increasing φ. 

The decrease in p from about 16 µm down to 2 µm when φ increased from 2.5 to     
6.5 vol% is shown in Figure 14. From about 2.5 vol% to 5.2 vol%, the decrease in p is 
more or less linear, but the curve seems to level off at a higher CNC contents. This 
observed behavior is in accordance with the theoretical calculations by Wensink and 
Jackson.75 
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Figure 14. Helical pitch (p) of CNC rods as a function of CNC volume fraction (φ) 
determined by laser diffraction. The symbols show the mean values and the error bars 
the standard deviation of the Gaussian fits. The top-right inset is a schematic 
representation of the helically arranged CNC rods where the helical half-pitch (p/2) is 
indicated by the two arrows. Other insets show the polarized light microscopy images 
at 2.9 and 3.8 vol%, where the scale bar represents 20 µm. Taken from paper I. 

 

In general the decrease in p with increasing CNC concentration was already reported 
by Beck-Candanedo et al.14. They studied CNC dispersions derived from black 
spruce, and reported a pitch which decreased from ~20 to ~10 µm as the CNC content 
increased from ~ 4.5 to ~ 8.5 vol%. At a volume fraction of 4.5 vol%, we observed a 
pitch of almost half the size (13.7 µm). In order to compare our results with these very 
different results, we looked at the dimensions and surface charge. Our CNCs were 
longer and wider (178 vs. 147 nm and 5.2 vs. 4.8 nm respectively), whereas the 
surface charge density was almost the same (0.29 e/nm2). Studies on suspensions of 
rod-like filamentous bacteriophage fd virus systems76 revealed that the pitch was 
proportional to the inverse of the aspect ratio, p ∝ D/L, 77. This relation seems to 
explain to some extent the difference between our results and these of Beck-
Candanedo et al.14 (aspect ratios 34 and 30, respectively), but the difference in p is too 
large to be explained only by the difference in aspect ratio. 
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Figure 15. Estimated number of particles m required for a full helical rotation as a 
function of the volume fraction of CNC φ. The error bars are standard deviations 
derived from Gaussian error propagation estimates based on the errors of the pitch 
and separation distances. The inset is a schematic representation of the helically 
arranged CNC rods where the number of particles forming half-pitch is indicated by 
the bracket. 

 

 

Figure 16. Estimated twist angle (θ) as a function of CNC volume fraction (φ). The 
error bars are standard deviations derived from Gaussian error propagation estimated 
based on the errors of the pitch and separation distances. The inset is a schematic 
representation of the helically arranged CNC rods, where, in the right-hand image, the 
twist angle is illustrated by a simulated top view of the helical arrangement. Taken 
from paper I. 
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The SAXS and laser diffraction measurements yield information about the 
dependence of the separation distance and pitch on the CNC content and it is thus 
possible to estimate how many CNC rods, m, are necessary to carry out a full helical 
rotation as: m(φ) = p/d. Figure 15 shows that the number of particles required to form 
one helical pitch decreased from 400 to 100 particles with increasing φ . 

It was also possible to extract a twist angle from the data following θ(φ) = 360° d/p. 
Figure 16 shows that θ increased from about 0.9 ° to about 3.7 ° as φ increased from 
2.5 to 6.5 vol%. The enthalpic contributions are important at short separation 
distances between the rodlike CNCs, where the attractive van der Waals interactions 
that promote a parallel orientation78 compete against the repulsive Coulomb 
interactions that promote an orthogonal orientation79,80. The increase in the twist angle 
indicates the increasing importance of electrostatic repulsions.  

The information acquired in this study regarding the chiral nematic order of CNC on 
different length scales over a wide concentration range contributes to an 
understanding of the phase behavior of CNCs. This information was used to estimate 
the twist angle between neighbouring CNCs and shows, that the twist angle increases 
from about 1 ° to 4 ° as the CNC volume fraction increases. Moreover, measuring the 
helix pitch by laser diffraction made it possible to determine the equilibrium pitch 
with much greater accuracy than in previous studies and with a substantially higher 
data density. In general, our pitch values are by a factor of 2 to 5 smaller than 
previously reported values. 

 

Confined assembly of CNC in a shrinking droplet 
 

The phase behavior at low and moderate CNC volume fractions is to a certain extent 
understood, but the assembly at higher concentrations and the assembling process 
itself have rarely been investigated. The most common method to form spherical 
colloidal arrays is based on evaporation induced self-assembly of drops of colloidal 
dispersions.81,82,83,84 To control the drying rate Zhang an coworkers85,86 have shown 
that the dissolution of an isolated droplet dispersion immersed in a binary liquid phase 
results in a assembled microsphere. This method allows the control of the dissolution 
rate by the composition of the surrounding binary liquid phase. 

In this study, a droplet of a dispersion of TEMPO-mediated oxidized CNC immersed 
in a toluene-ethanol mixture and the formation of the liquid crystalline phase was 
followed by real-time polarized microscopy. The droplet shrinks at a rate that is 
strongly dependent on the ethanol content of the toluene-ethanol mixture.  
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Figure 17. Tactoids in the interfacial region of a shrinking CNC (0.3vol%) droplet in 
a toluene/ 5vol% ethanol mixture observed with polarized light microscopy. The 
image was taken 82 min after immersion of the droplet. Adapted from Paper II. 

 

We have studied the assembly process with ethanol content ranging from 0.5 to        
15 vol%. A hydrophobized silicon surface was used to keep the deposited droplet in a 
spherical shape (contact angle of about 155°). The shrinkage rate was determined by 
monitoring the droplet size and it was found to vary from 20 µm/h for 0.5 vol% 
ethanol to 621 µm/h for 10 vol% ethanol.  

The Stoke–Einstein relation yielded a value for the diffusion coefficient for freely 
rotating CNC with a length of 264 nm at infinite dilution of D = 8.1×10–13 m2 s–1, 
which is approximately in agreement with values reported in the literature87, 
considering the difference in concentration (D = 5×10–12 m2 s–1 for 0.03 vol%). The 
shrinkage rate, which relates to the movement of the liquid-liquid interface, has been 
compared to the diffusion rate of CNC in a dilute dispersion which was calculated 
based on (2Dt)1/2

 88, resulting in a value of 1.3×10–3 µm s–1. These results suggest that 
the diffusion of CNC is of the same order of magnitude as the shrinkage rate (up to 
8.3×10–3 µm s–1 for 1 vol% ethanol) but that it is generally speaking always slower.  
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Figure 18. The evolution with time of the liquid crystalline phase in a shrinking 
droplet. Reflection polarized microscopy images of a CNC droplet (0.3 vol%) in (a) 
toluene/ 5vol% ethanol and (b) toluene/ 15vol% ethanol mixture, taken at different 
times during the shrinkage process. The scale bar represents 100 µm. Adapted from 
paper II. 

 

The calculations based on the Stoke–Einstein relation confirm the observation of 
tactoid formation close to the liquid–liquid interface, Figure 17. Figure 18a shows that 
the tactoids first appear 1 to 2 hours after immersion of the droplet in a 5 vol% 
ethanol in toluene mixture. These gradually increase in number and coalesce to an 
entirely birefringent microbead with 5 vol% ethanol, whereas in a 15 vol% ethanol in 
toluene mixture a different behavior was observed, Figure 18b. With 15 vol% ethanol, 
a very rapid shrinking and erratic movement of the droplet was observed. At the 
interface, a birefringent skin84,89 was formed, consisting of CNC pressed towards the 
interface. However, this skin subsequently disolved, suggesting that convection inside 
the droplet may reduce the local CNC concentration below the isotropic–anisotropic 
phase boundary. After this initial phase large tactoids formed close to the interface 
and as in the 5 vol% ethanol the tactoids merged and formed the final fully 
birefringent microbead. The total shrinkage time in 15 vol% ethanol was less than      
3 hours whereas the time in 5 vol% ethanol was about 15 hours. Note that the initial 
droplet size was not exactly the same. If the CNC droplet size in the 5 vol% ethanol 
mixture had been the same as that in the 15 vol% ethanol, the time of consolidation 
would have been even longer. However, the CNC did not form a helical arrangement 
within the chiral nematic phase, which would have been observed as black extinctions 
lines in the polarized light microscopy images. 
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Figure 19. Scanning electron microscopy images of a CNC droplet dried in (a) 
toluene/ 0.5 vol% ethanol mixture and (b) in a toluene/ 10 vol% ethanol mixture. (c) 
Higher magnified micrograph of a droplet dried in a toluene/ 5 vol% ethanol mixture. 
Adapted from paper II. 

 

SEM images (Figure 19) show that the CNC microbeads formed in 5 vol% ethanol or 
less had an ellipsoid shape (Figure 19a) while the microbeads formed at higher 
ethanol concentrations had a collapsed, discoid shape (Figure 19b). The average 
diameter of the dry microbeads was about 400 µm. The surface exhibited an open, 
crumpled structure with multiple sheets displaying the chiral nematic arrangement, as 
shown in Figure 20. These textures were seen regardless of the droplet shrinkage rate, 
but they were more pronounced with slower drop shrinkage, i.e. the lower the ethanol 
volume fraction.  

 

 

 

Figure 20. High resolution scanning electron microscopy image of a CNC microbead 
formed in a toluene/ 5 vol% ethanol mixture. The scale bar represents 100 nm and is 
also valid for the inset. Taken from paper II. 
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Figure 21. Schematic presentation of the assembling process of CNC in toluene with 
different ethanol volume fractions. a) Slow water dissolution rates at < 5 vol% ethanol 
lead to a gradual CNC concentration increase until Can where small domains of 
anisotropic phase (tactoids) are formed. Over time, these tacoids merge to a solid 
spheroid. b) High water dissolution rates at >10 vol% ethanol causes a rapid increase 
of the CNC concentration to Cs > Can where a birefringent metastable “skin” is formed 
at the interface. This layer undergoes tactoid transformation and subsequent formation 
of a hollow microbead. Taken from paper II. 

 

Figure 21 summarizes the mechanisms for confined CNC assembly at high and low 
shrinkage rates. In slow shrinkage, with an ethanol concentration in the surrounding 
solvent of 5 vol% or lower (Figure 21a), the shrinkage rate and the diffusion rate are 
of similar magnitudes resulting in a radial CNC volume fraction gradient. During the 
shrinking in ethanol volume fractions below 10 vol%, tactoids form at the interface, 
and they then merge and form an omnipresent chiral nematic phase, but in ethanol 
volume fractions higher than 10 vol% (Figure 21b), an additional phase appears at the 
beginning. During this phase, a metastable, birefringent layer forms at the interface. 
This is because of the rapid shrinkage of the droplet leading to a rapid increase in 
concentration and the immediate formation of a birefringent layer. After the 
disappearance of this surface layer, the drying process continues as in the lower 
ethanol volume fractions, but the microbead formed is less compact eventually 
collapses upon drying. 

The study by polarized light microscopy of the shrinking of a CNC droplet immersed 
in a binary ethanol/toluene mixture shows that the dissolution rate of water, which 
depends on the ethanol concentration, controls the radial shrinkage rate, which is 
always faster than the rate of diffusion of the CNCs. The first ordered domains, 
tactoids, appear close to the droplet interface indicating that there is a radial CNC 
concentration gradient within the droplet. In general, fast shrinkage results in 
collapsed discoidal beads, whereas slow shrinkage leads to dense spheroid 
microbeads. Control of the assembly of CNC in a confined space offers precisely 
tuned nanostructures that can be used for nanotechnological or photonic applications. 
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The influence on the properties of a CNC film of the initial 
dispersion concentration  
 

In most applications of CNC films, a uniform helix as well as a uniform pitch are 
necessary. Drying conditions, starting concentration, solvents and additives determine 
the resulting properties of the films. This study has investigated the influence of the 
initial concentration on the optical behavior of the resulting films.  

Films cast from CNC dispersions are widely reported in the literature, but most, if not 
all, of these films have been cast from relatively dilute CNC dispersions characterized 
by an isotropic phase66,90,91 or by the coexistence of an isotropic and a chiral nematic 
phase70,73,92. Figure 22 gives an example of the non-uniformity of a film cast from a 
dilute CNC dispersion dominated by the isotropic phase. The film displays a mosaic-
like polydomain texture, where the chiral nematic pitch varies over a wide range. The 
texture originates in the formation of tactoids within the biphasic region. When these 
tactoids meet during drying they do not necessarily merge and form a uniform 
helix.65,93 The different helix orientations would need a long time to reorient into a 
uniform helix, but this is hindered since the continuous evaporation of water will lock 
the system in a glassy gel state1,73.  

 

 

Figure 22. Polarized light microscopy image of a CNC film dried under ambient 
conditions starting from an isotropic dispersion at an initial CNC concentration of   
1.9 vol%. The scale bar represents 20 µm. 
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Figure 23. Polarized light microscopy image close to the center of a film, starting 
from a fully liquid crystalline dispersion (3.1 vol%) dried under ambient conditions. 
The scale bar represents 50 µm. The inset shows the macroscopic appearance of the 
film. Adapted from paper III72 with permission from © 2014 WILEY-VCH) 

 

Figure 23 shows the resulting film (inset) when a fully liquid crystalline dispersion is 
used. The green center has a slightly longer pitch than the blue ring around it. 
Towards the outside, the pitch becomes longer, which results in a distinct red 
reflection along the perimeter. The reason for this radial pitch variation could be that 
the red shift towards the outside is due to the more rapid evaporation of water close to 
the edge, which leads to an earlier arrest into a glassy state along the perimeter, 
although the equilibrium pitch is still rather long compared to that in the central parts 
of the film. The polarized light microscopy image in Figure 23 taken close to the 
center shows uniform domains about 50 µm in diameter. This can be explained by the 
fact that the LC phase is bound by two interfaces (air and glass), which promote a 
vertical helical orientation. Only a few areas display widely spread parallel lines with 
few remaining tactoids, suggesting a helix lying in plane of the sample. This implies 
that the initial dispersion may not have been completely liquid crystalline, especially 
considering that the degree of liquid crystallinity was declared after only one week. 
As shown in paper I, the time for the system to completely equilibrate is a matter of 
months. If this equilibration time is not provided, the boundaries of the biphasic 
region can be off as much as 1 vol%.  
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Figure 24. Scanning electron microscopy images of films fractured and imaged along 
the fractured surface as described in the figure. The scale bar represents 5 mm in the 
photograph on top and 500 nm in the SEM micrographs. Adapted from Paper III72 
with permission from © 2014 WILEY-VCH.  

 

The SEM images in Figure 24 confirm the internal helical arrangement, with a helix 
mainly oriented along the film normal. The helical pitch p is clearly larger in the red-
reflecting perimeter than in the blue-reflecting center of the film, but an exact 
determination of p from the SEM images is not possible because the fracture plane is 
not clean cut and all the rods that are not oriented along the fracture plane tend to be 
pulled out of the plane and, as a consequence, produce holes and protrusions.  
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When the initial concentration was increased even further, an even more uniform film 
was obtained. Another possibility is to apply a circular shear flow by an orbital mixer. 
The study72 showed, that a mild shear flow is most effective for initially isotropic 
dispersions, but this method does not prevent a separation into domains and 
consequently a variation in the helix. Nevertheless, the shear flow orients the helices 
vertically and results in an improvement in more uniform optical properties. If the 
initial CNC dispersion is mainly liquid crystalline and if the shear flow is strong 
enough, the helix can be distorted. This results in the disappearance of the Bragg 
reflections, leading to a birefringent film where the crystals are oriented preferentially 
tangentially to the shear flow.  

 

The study of the influence of the starting concentration upon the helix orientation of 
CNCs in films showed that a fully liquid crystalline dispersion is necessary to give a 
homogeneous film. This very simple and effective way of influencing the uniformity 
of the helix orientation can be utilized to produce mechanically reinforced composites 
or to optimize desired optical properties.  
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Nanocellulose-based hybrid and composite materials 
 

Modern society’s expectations regarding materials, their properties and assets beyond 
their original uses have continued to increase over the past couple of years. At this 
point, hybrids and composites come into play. Due to their multi-components they 
combine a multiplicity of properties that are introduced by their single components. 
To improve the performance of a hybrid or composite, better homogeneity is required 
where the size of the structural unit is decreased to the level of the matrix material. 

The difference between a composite and a hybrid is not obvious. According to the 
International Union of Pure and Applied Chemistry (IUPAC), a composite has at least 
one of the components as a continuous phase, whereas hybrids are intimate mixtures 
of inorganic components, organic components, or both. The components usually 
interpenetrate on a scale of less than 1 µm. 

Nature serves as an important inspiration in the design of nanocomposites and hybrid 
materials. The inorganic components often contribute to the mechanical strength 
while the organic materials connects them, as in nacre or bone.94 The importance of 
building blocks within the structure itself is the key to the extraordinary performance 
of biomaterials.95 Hybrid materials have been used and fabricated by mankind for 
centuries. Doping the silica melt with a specific metal oxide produced colored glass, 
used for instance in church windows. Another example of a hybrid is iron gall ink, 
consisting of iron salts and tannic acid from vegetable sources, which were already 
used by the Romans and became widely used after the late Middle Ages. Manuscripts 
such as Goethe’s “Faust” and music compositions by Bach have been written with 
iron gall inks.  

With the introduction of nanotechnology and so-called bottom-up strategies, we are 
now starting to manipulate and control the composition of hybrid materials down to 
the molecular level.  

 

Historical Bogolan textile  
 

Bogolan, also known as Bogolanfini, is an African textile whose distinctive technique 
and iconography have been adapted to diverse markets and materials. The textile is 
indigenous to West Africa, where it has been worn for generations. The name 
originates from “bogo” meaning mud, “lan” meaning with, and “fini” meaning cloth 
in Bambara. This is a very stable and strong colored cloth, and this raised the question 
of the origin of its stability.  

In this study, we investigated a Bogolan textile, Figure 25, which was collected by 
Leo Frobenius´s (1873-1938) second expedition to the Sahel during 1907-1912. The 
exhibit first came to Berlin, but in 1915 it was donated to the Völkerkunde Museum in 
Munich, where it still remains.96  
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Figure 25. Photograph of the Bogolan textile with a RAL color reference chart. 
Adapted from paper IV. 

 

The historical region of Beledougou, which belonged to the pre-colonial Bamara 
Empire, is situated in Mali today. The task of the cloth manufacturing was clearly 
separated in the Bamana or Bambara tribe. The seven stripes of cotton were woven 
and sewn together by men whereas the decoration was done by women. This 
particular piece (Figure 25) is a basiae meaning red kind, which was used for the 
initiation and circumcision of girls. The circumcision meant a belief in the Bamana as 
a transforming power from the impurity of childhood to the ordered purity of adult 
life. Due to the shedding of blood, a lot of supernatural power nyama is released 
which means a potential danger for the freshly circumcised girls. For this reason, they 
were wrapped in the basiae cloth, which was believed to protect them due to its 
yellow color and circular ornaments. The basiae cloth was also later worn by women 
during special life situations like marriage, childbirth or after death.97  

 



Nanocellulose-based hybrid and composite materials 

36 

 

Figure 26. Schematic representation of the original Bogolan dyeing technique.  

 

The Bogolan dyeing technique (Figure 26) has been used for several hundreds of 
years to create specific religious patterns on cotton cloth utilizing naturally occurring 
raw materials such as leaves and clay.98 The cloths are first soaked in a decoction of 
crushed and boiled leaves of the n’gallama tree (Anogeissus leicarpa), which is rich 
in tannins. The impregnated cloth is dried under the sun and iron-rich clays, 
originating from the riverbeds of Niger and collected and fermented, are then applied 
onto the impregnated cloth in a decorative pattern. This process is repeated several 
times. The final step is the removal of the yellow n’gallama residues from the 
unpainted areas by bleaching. Even after washing, the stained areas remain dark 
brown-black and result in a color-fast fabric. 

In the present study, the adsorption of the hydrolysable tannins onto the cotton cloth 
and the chemistry of the iron-tannin cluster formation have been investigated with a 
combination of microscopic and spectroscopic techniques. Figure 27 shows SEM 
images of cotton fibers from both the dark and the light regions. The thickness of the 
fibers was around 10 µm and the length varied due to the sampling, but was in most 
cases in the mm to cm range. Fibers from dark regions showed a significantly higher 
surface roughness than those in the light region due to the preparation process itself 
and the subsequent bleaching. Energy-dispersive X-ray spectroscopy (EDS) analysis 
did not show any discernable iron content, but Fe K-edge XANES showed the 
presence of Fe3+ (Figure 28a). The Fe K-edge XANES shows a pre-edge feature at     
~7113 eV (1s→3d transition) and an edge was observed at ~7131 eV (1s→4p 
transition). 
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Figure 27. Scanning electron micrograph of fiber from (a) a dark and (b) a light part 
of the historical cloth. Taken from paper IV. 

 

The Fourier transformation of the EXAFS data is shown in Figure 28b and reveals the 
nearest neighbors of the excited iron. The Fe K-edge EXAFS spectra show main FT 
features at ~ 1.8 Å, 2.8 Å and 3.3 Å, which correspond respectively to the nearest-
neighbor Fe–O, next-neighbor-neighbor Feoct–Feoct and Fetet–Fetet bond distances in 
the samples respectively. The subscripts “oct” and “tet” refers to the Fe3+ present at 
the octahedral sites and tetrahedral sites respectively. Since the EXAFS spectra of the 
dark and the light regions are very similar, it appears that the iron oxygen complexes 
are present in both regions of the cloth.  

 

 

Figure 28. XAS analysis of fibers extracted from the dark and light regions of the 
historical Bogolan cloth. (a) shows the XANES spectrum and (b) the Fourier 
transformed k3-weighted Fe kα-edge EXAFS of the dark and light parts of the 
historical  cloth. Adapted from paper IV. 
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Figure 29. Transmission infrared spectra of single fibers extracted from the dark and 
light parts of the historical Bogolan cloth. Adapted from paper IV. 

 

The transmission IR spectra (Figure 29) show the typical cellulose bands above    
1000 cm–1 and the OH region between 2500 and 3500 cm–1 attributed to H-bonding. 
In the dark region of the sample, C–H stretching vibrations at 2930 cm–1 are 
characteristic of long-chain hydrocarbons. A C=O band at 1730 cm–1 and C=C 
aromatic stretching vibrations at 1640 cm–1 were also identified, and these are 
characteristic of the presence of tannins extracted from the n´gallama leaves. These 
bands are absent in the light regions, confirming that the tannins were removed by 
bleaching. 

These results indicate that the dark color is attributed not to clay or iron alone, but to a 
combination of these with the tannins, which give rise to the strong and also very 
stable, dark color.  

This is a very good example of how knowledge of old civilizations can be utilized to 
create new functional and sustainable materials, which we used in the following 
study.  

 

Nanocellulose-iron gallate hybrids 
 

In the mimicked Bogolan process (Figure 30), CNF was used instead of cotton and 
the single components identified as the active agents, i.e. gallic acid (GA) and iron 
(II/III)-salts, were used instead of the leaves and clay.  
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Figure 30. Schematic representation of the mimicked Bogolan dyeing technique with 
the isolated single components.  

 

The dark, self-supporting mimicked Bogolan films were prepared by mixing 
nanocellulose with GA and iron salts depositing the resulting materials and drying it 
under controlled conditions (Figure 30). The amount of GA was carefully adjusted to 
minimize the amount of free tannins in solution and thus ensure that the reaction with 
the iron ions occurred on the CNF surface. 

 

 

Figure 31. Morphology of composites. Height images acquired in tapping mode by 
atomic force microscopy (AFM) of (a) pristine CNF, (b) CNF+GA and (c) 
CNF+GA+Fe(II) salt. Scale bar of height on the right-hand side represents 50 nm. 
Adapted from paper IV. 
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Figure 32. Absorbance spectra of dispersions of CNF with gallic acid and iron (III) 
chloride at different pHs. The images are the respective photographs of the 
dispersions.  

 

AFM images of the CNF film before Figure 31a and after treatment with gallic acid 
(Figure 31b) show that GA forms clusters of ~ 100 – 150 nm in size on the CNF 
surface, which was confirmed by molecular dynamic simulations Figure 31c shows 
that the subsequent reaction with Fe(II) salt solution preserves the uneven surface 
structure, indicated by small clusters (~ 50 nm ) of Fe(II) and GA complexes on the 
CNF surface.  

The UV-vis spectra of CNF-GA-iron(II) composites shows clearly a dependence on 
the pH with respective photographs (Figure 32). In the visible region for low pHs, 
almost no absorption was observed, whereas around neutral pH and higher a broad 
absorption was detected.  

The adsorption of hydrolysable tannins onto the cellulose surfaces and the chemistry 
of the iron-tannin cluster formation have also been investigated by FT-IR (Figure 33). 
In CNF a broad band is shown at 1600 cm-1, which can be assigned to the C=O 
stretching vibration of sodium carboxylate groups. GA impregnated CNF shows a 
band at 1600 cm-1 along with two shoulders at 1697 and 1542 cm-1. These two 
shoulders are the characteristic bands in GA due to C=O and CC, vibrations99. The 
spectrum of CNF impregnated with GA and Fe(III) salt solution showed a very broad 
band in the 1530 to 1780 cm-1 region. The shift of the C=O band at 1697 cm-1 to 
higher wavenumber at 1707 cm-1 after addition of Fe(III) is an indication that 
carboxylate groups are involved in the complexation of Fe(III). 

No change in the IR spectra was observed after washing the films several times with 
water, suggesting that the iron-tannin complex is strongly bound to the cellulose 
surface. 

 



Nanocellulose-based hybrid and composite materials 

41 

 

Figure 33. Fourier-transformed infrared spectra of films of pristine gallic acid (GA), 
cellulose nanofibers (CNF), CNF impregnated with GA, and CNF + GA + Fe(III) 
chloride.  

 

Tannins can form strong complexes with different metal ions100, and they can for 
example be utilized for water purification101. Attempting to introduce new 
functionalities to NC-based hybrids, we have prepared CNF-based films with 
complexes of GA and different di- and trivalent ions, i.e. Co(II), Cu(II), Cr(III) and 
Eu(III). To probe other possible properties, UV-vis absorption and fluorescence 
spectroscopy were utilized to study the optical behavior of the films and dispersions 
prepared. 
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Figure 34. UV-vis spectra of dispersions of gallic acid and CNF together with Cr3+, 
Co2+ and Cu2+ and the respective photographs as insets.  

 

 

 

Figure 35. Fluorescence spectra of dispersions of Eu3+-gallic acid complexes at 
different pHs with an excitation wavelength of 310 nm. The inset shows a CNF film 
impregnated with Eu-polystyrene nanoparticles under UV radiation at a wavelength of 
366 nm. 
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CNF shows absorption at ~252 nm and pure GA shows two absorption peaks at ~228 
and 260 nm. Figure 34 displays that CNF treated with Cu2+ or Co2+ cations exhibits an 
absorption peak at ~266 nm. However, the appearance of the spectrum for the 
trivalent Cr3+ with a band at ~273 nm and a shoulder ~342 nm is different, probably 
because a different complex mechanism is involved. Impregnation with Cu2+, Co2+ 
and Cr3+ cations gives rise to yellowish, brown and green colored self-standing CNF 
films respectively, due to the complexation of cations with gallic acid. 

 

Figure 35 shows the pH-dependent behavior of Eu3+ in the presence of GA. The 
strongest intensity was observed at pH 5.3 where Eu2+ or Eu3+ form different 
complexes with the carboxylic group of GA. Above approximately pH 6, europium is 
present in the form of its hydroxide, Eu(OH)3 and at low pH it exists in its ionic form. 
The quantum yield is relatively low due to quenching by the tannins in GA. The inset 
in Figure 35 shows a film of CNF, GA and europium nanoparticles under UV 
radiation with a wavelength of 366 nm.  

 

Titania-nanocellulose hybrids 
 

The investigation of nanocellulose-nanoparticle hybrids has recently been explored 
and pioneering work on multifunctional magnetic nanoparticle hybrids has been 
reported.41 Since this time, the number of publications per year has increased 
tremendously.  

 

 

Figure 36. Schematic representation of the formation mechanism for CNF-TiO2 
hybrids.  
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Figure 37. Morphological characterization of CNF-TiO2 hybrids. SEM micrographs 
of freeze-dried materials (a) pristine CNF and (b) the hybrid with 9 vol% and (c)      
30 vol% TiO2. The scale bar corresponds to 50 nm. Image a and b are taken from     
paper V53. 

 

Nanocrystalline-cellulose-amorphous-calcium-carbonate hybrid films102 have 
mechanical properties similar to those of dentine. Aerogels based on NC coated with 
titania show photoswitchable adsorption103 and hydrophobic40 properties. Generally, 
titania-based materials are very attractive due to the high refractive index and UV 
absorption properties of TiO2.  

We prepared the CNF-TiO2 hybrids illustrated in Figure 36. The surface of the         
3–5 nm wide CNF-fibers is modified by TEMPO-mediated oxidation introducing 
carboxylic groups onto the fiber surface. A pristine fiber is shown in Figure 37a. The 
titania (anatase) nanoparticle are positively charged, and the CNFs are negatively 
charged and the electrostatic interaction was utilized to form CNF decorated with 
TiO2 nanoparticles. 

During the adsorption of TiO2 nanoparticles, the fibers tend to agglomerate and form 
bundles with a thickness of about 10–20 nm, shown in Figure 37b. The TiO2 particles 
coat the surface of the fibers more or less homogeneously, until the critical amount is 
reached where the particle start to aggregate (Figure 37c).  
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Figure 38. Infrared spectra of hybrids with different TiO2 contents. (a) The position 
of some of the bands is indicated in the figure. (b) Difference spectrum of the 
composite material with 16 vol% TiO2 and of pure cellulose using the C–O band of 
the cellulose at 1050 cm–1 as internal reference. The band at 1260 cm–1 is used to 
normalize the TiO2 spectrum and reveal the differences. Taken from paper V53. 

 

The formation mechanism was explored utilizing FT-IR at pH 3, assuming that the 
majority of the carboxylate groups are protonated. We studied the C=O stretching 
vibration of the protonated carboxylic groups on the surface of the fibre in relation to 
the amount of positively charged titania nanoparticles. Figure 38 shows the decrease 
in intensity of the carbonyl band corresponding to the protonated C=O (1725 cm–1) 
with increasing amount of TiO2 nanoparticles. The formation of an ester was 
excluded, since no C=O band was detected at higher frequencies. The band at          
800 cm–1 corresponds to the anatase. The different bands in the spectra were 
normalized using the intense C–O band region of the cellulose at around 1050 cm–1. 
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Figure 39. Optical characterization of the CNF-TiO2 hybrids. (a) Photograph of films 
deposited on glass slides (∅ 1.2 cm) with the department name in the background. (b) 
Transmittance, T, of CNF and hybrid films with increasing TiO2 content as a function 
of the wavelength. Taken from paper V53. 

 

The difference spectrum, e.g. 16 vol% CNF-TiO2 after subtraction of the pristine CNF 
spectrum, shows that bands that are related to the TiO2-CNF interaction, see Figure 
38b. The negative band at 1725 cm–1 clearly shows the decrease in the amount of 
carboxyl groups whereas the positive band at 1595 cm–1 suggests an increase in the 
amount of carboxylate groups. The bands at 1260 and 1405 cm–1 in the TiO2 spectrum 
are due to nitrate and nitrite ions, which were introduced by the pH adjustment with 
ammonia and subsequent photooxidation.104 The bands at 1460 and 1410 cm–1 could 
arise from the symmetric stretching of carboxylate ions, although the presence of 
artefacts during spectral subtraction cannot be ruled out. Based on these results, it is 
suggested that there is an electrostatic interaction, in the form of −COO−!+TiO− , 
between the positively charged TiO2 nanoparticles and the carboxylic groups located 
on the CNF surface.  

Figure 39a shows a photograph of the hybrids deposited on a glass slide. The films are 
transparent at low TiO2 content but with increasing amount of nanoparticles light 
scattering increases due to the increase of aggregates, and the films appear 
increasingly opaque. The behavior is quantified by determining the transmittance, T, 
in the visible region between 400 and 800 nm and the results are shown in Figure 39b.  
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Figure 40. Mechanical properties of CNF-TiO2 hybrids as a function of TiO2 content. 
(a) Effective reduced Young’s modulus, Er. (b) Hardness, H. The symbols show the 
mean values and the error bars the standard deviation. Adapted from paper V53. 

 

The mechanical properties of the films were tested using nanoindentation. Figure 40 
shows the effective Young’s modulus, Er, and the hardness, H, of the films as a 
function of the TiO2, φvol. Values of Er for pristine CNF are in close agreement with 
values for the transverse Young’s modulus in CNCs reported in the literature105. The 
addition of TiO2 nanoparticles at first results in a slight increase in Er, which can be 
described using a simple rule of mixing: 

        (7) 

The linear increase of Er (hatched area Figure 40a) suggests that the anatase 
nanoparticles are homogeneously distributed and interact with the CNF network. This 
results in an increase in the modulus as well as in the hardness due to the addition of 
stiff and hard TiO2 nanoparticles. The remarkably high Er values of hybrids with TiO2 
contents up to 24 vol% are similar to those of high-performance lightweight 
materials106, such as magnesium107 and concrete108. As the amount of nanoparticle 
increase further the Er values decrease abruptly, suggesting that the composition of 
the hybrid changes significantly. A similar trend is observed for H, but the decrease is 
more gradual. The hardness of CNF and the hybrids with φvol ≤ 9vol% (hatched area 
Figure 40b) is approximately constant around 3.4 GPa, which is slightly below that of 
the enamel of a homo sapiens tooth109. These results show that the performance of 
hybrid materials depends not only on the capabilities of the single components but 
even more on their composition.  

Hybrids prepared by the adsorption of ex-situ prepared titania (anatase) nanoparticles 
and cellulose nanofibers have been studied. Infrared spectroscopy proves that the 
formation of the hybrids is based on electrostatic interactions. Electron microscopy 
reveals that the homogeneity of the hybrids decreases with increase titania content. 
The reduced homogeneity is also reflected in the reduced transparency and 
mechanical properties.  

Er,hyb ≈ φvolETiO2
+ (1−φvol )ECNF



Conclusions 

48 

Conclusions 
 

This thesis aims at contributing to the fundamental understanding of the formation of 
the liquid crystalline phase of cellulose nanocrystals both in aqueous media and in the 
dried form, and to explore and demonstrate how cellulose nanofibers in combination 
with inorganic nanoparticles can be utilized in functional hybrid materials.  

The packing of cellulose nanocrystals (CNC) into an anisotropic chiral nematic phase 
has been investigated over a wide concentration range by small angle X-ray scattering 
(SAXS) and laser diffraction. The separation distances between CNCs and the pitch 
of the chiral nematic phase have been determined over the entire isotropic-anisotropic 
biphasic region, from the onset of the anisotropic phase formation to the high 
concentration range above 6 vol% where the dispersion is fully liquid crystalline. It 
was shown that the twist angle between neighboring CNCs increases from about 1 ° 
up to 4 ° as the CNC volume fraction increases. Moreover, measuring the helical pitch 
with laser diffraction made it possible to establish the equilibrium pitch with much 
greater accuracy than previous studies. The analysis of our data that is supported by a 
substantially higher data density allowed identifying that our pitch values are by a 
factor of 2 to 5 smaller than previously reported values. 

The assembly of CNC confined in a shrinking droplet was monitored in situ by 
polarized light microscopy. By controlling the rate of dissolution of water through the 
ethanol concentration in the surrounding ethanol/toluene solution, it was possible to 
control the radial shrinkage rate from about 5 to 200 nm/s, which is always faster than 
the diffusion rate of the CNCs. Small ordered CNC domains, so-called tactoids, 
appear close to the droplet interface indicating a radial CNC concentration gradient 
within the droplet. Slow shrinkage rates result in dense spheroidal microbeads 
whereas fast shrinkage rates lead to collapsed discoidal beads.  

Films prepared by drying CNC dispersions from an initially isotropic or partially 
liquid crystalline dispersion results in a mosaic-like multidomain textures. Increasing 
the initial CNC concentration above the biphasic region, to ensure that the dispersion 
is in the liquid crystalline state, results in a much more homogeneous film with a 
uniform helix orientation.  

The chemistry of a historical Bogolan textile has been characterized in detail using a 
combination of electron microscopy and spectroscopic techniques. It was found that 
the dark color in the textile arises from the strong interaction between cellulose and 
iron gallates. The understanding of the ancient Bogolan dyeing technique was utilized 
in the patterning of flexible nanocellulose films with surface-bound, black gallic acid-
iron complexes with a resolution below 10 micrometers. The Bogolan-inspired 
surface patterning method was also used to produce other colors using transition metal 
ions other than iron.  

It was shown that optimizing the composition and tailoring the colloidal interactions 
yield hybrids of cellulose nanofibers and ex-situ synthesized titania (anatase) 
nanoparticles with a high transmittance in the visible region and high effective 
Young’s modulus and hardness. Inhomogeneities of a material with high inorganic 
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content result in a reduced hardness and reduced optical transparency. Analysis of the 
infrared absorption spectra suggests that the nanocellulose and nanoparticles are 
bound through electrostatic interactions rather than by the formation of covalent 
bonds.  

In summary, this thesis contributes to the understanding of the liquid crystalline phase 
behavior of cellulose nanocrystals in aqueous dispersions and show the organization 
in microdroplets and films is affected by drying. Another aspect introduced and 
presented in this thesis is the rationalization and utilization of a historical patterning 
technique based on the surface interaction of iron gallates with cellulose. Lastly, the 
fabrication of nanocellulose-titania hybrids shows how crucially the composition and 
fabrication process influence the mechanical and optical properties of the materials. In 
this regard, this thesis dealing with inorganic-nanocellulose hybrids is one of the first 
in this new exciting topic. 
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Outlook 
 

The fundamental understanding of cellulose nanocrystal phase formation needs to be 
widened especially towards higher concentrations. A more detailed study of the very 
sensitive balance between gelation/glass formation and liquid crystal formation is 
necessary to control the helical order for potential utilization as e.g., a photonic 
device. Higher CNC volume fractions are of special interest since higher ordered 
phases like columnar and smectic phases are to be expected, providing that the 
polydispersity of the CNC can be minimized. The polydispersity is related to the 
natural variations in the source of the nanocellulose (e.g. wood or cotton) but it is also 
related to the purification and separation methods. Novel and innovative isolation 
methods, e.g. column chromatography, need to be developed in order to significantly 
reduce the polydispersity of CNC. 

A study, that has been partially realized but not analyzed with enough detail (and 
therefore not presented in this thesis), is the time-dependent small angle X-ray 
scattering during drying of a levitating droplet of an aqueous CNC dispersion. The 
preliminary results indicate that structural order remains at volume fractions of ca.      
∼20 vol%. The possibility of regaining the structural order is an interesting follow-up 
study. 

The multi-component character of the hybrids and composites allows specific tuning 
to achieve the desired properties of multifunctional materials, which can be expanded 
so that other new functionalities can be exploited. The pioneering work on hybrid 
materials underwent an enormous progress whereas multi-scale structuring such as 3D 
printing, robo-printing, ice-templating and programmed self-assembly have been 
identified as challenges, which need to be overcome for the creation of hierarchical 
multifunctional materials.  

  



Popular scientific summaries 

51 

Popular scientific summaries 

Sammanfattning 
 

Det ökande allmänna intresset för hållbara alternativ till dagens polymera material, 
som i stor utsträckning är baserade på fossila bränslen, är en stark drivkraft för 
forskning kring förnybara biopolymerer. En av de mest mångsidiga biopolymerna är 
den rikligt förekommande cellulosan. Cellulosa har använts i årtusenden av 
mänskligheten, exempelvis som byggnadsmaterial, som kläder och till skrivpapper. 
Cellulosabaserade material används fortfarande flitigt och dess användningsområden 
har expanderats genom introduktionen av industriella processer att frigöra cellulosa 
från ved. Detta har lett till dagens stora användning av cellulosa som tryckpapper, 
förpackningar och i hygienprodukter. Omställningen till digital kommunikation samt 
att ökat intresse att använda ved råvaran som bränsle har inspirerat till att utveckla 
nya, högpresterande cellulosabaserade material. Processer har nyligen utvecklats som 
kan bryta ner cellulosa till de minsta kristallina enheterna, så kallade cellulosa 
nanofibrer och cellulosa nanokristaller, som går under den gemensamma 
benämningen "nanocellulosa". Den snabbt ökande forskningen om nanocellulosa har 
t.ex. visat hur starka och transparenta filmer kan produceras samt hur termiskt 
isolerande skummer kan framställas En fundamental förståelse för nanocellulosa och 
hur den kan processas är viktig för att på ett effektivt och flexibelt sätt kunna 
framställa avancerade nanocellulosabaserade material. Kombinationen av 
nanocellulosa med oorganiska nanopartiklar är också av stort intresse, då denna 
kombination av biobaserade flexibla nanofibrer med nanopartiklar med specifika 
optiska, magnetiska eller elektroniska egenskaper kan öppna nya dörrar för 
framtagning av multifunktionella material, som till stor del består av förnyelsebar 
råvara. 

Denna avhandling är tänkt att öka den grundläggande förståelsen av nanocellulosans 
egenskaper och framställningen av funktionella hybridmaterial. Synktrotronbaserad 
lågvinkelröntgenspridning och laserdiffraktion har använts för att i detalj studera 
cellulosananokristallernas fasbeteende i det våta stadiet (vattendispersioner) samt hur 
den bildade helixstrukturen i det torra stadiet (filmer) förändras när vattnet avlägsnas 
genom torkning.  

En antik färgningsteknik av bomullstyger (som består av cellulosa) med sitt ursprung i 
Mali i Västafrika har studerats i detalj. Genom ett samarbete med etnologiska museet i 
München har en av världens äldsta Bogolan-färgade textilier analyserats kemiskt och 
strukturellt. Vi fann att den mörka färgen skapats av små järngallatkluster på 
cellulosaytan som hade bildats genom att adsorberad garvsyra hade reagerat med 
järnjoner. Bogolantekniken möjligheter studerades genom att belägga nanocellulosa-
filmer med ett mönster av järngallat med en upplösning om endast 0,01 mm.  

Organiska-oorganiska hybrider (cellulose-titandioxid) framställdes från 
vattenbaserade dispersioner genom att titandioxidnanopartiklar bands in till 
nanocellulosafibrer genom elektrostatiska interaktioner. Genom styrning av 
tillverkningsprocessen samt variation av den relativa mängden av nanocellulosa och 
titandioxid kunde hybrider med mycket intressanta mekaniska och optiska egenskaper 
tas fram.  
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Zusammenfassung 
 

Die treibende Kraft für die Entwicklung immer neuer Materialen ist die Suche nach 
Alternativen zu synthetischen Kunststoffen, die sowohl nachwachsend als auch 
biologisch abbaubar sind. In den Mittelpunkt der heutigen Forschung rückt dabei, ein 
seit Menschen Gedenken benutztes natürliches Biopolymer, die Cellulose. 

Gegenwärtig findet man Cellulose hauptsächlich in Form von Mikrofasern in der 
Papier- und Zellstoffindustrie. Immer mehr gewinnt die Anwendung noch kleinerer 
Cellulosebestandteile, das heißt Nanofasern und Nanokristalle, an Bedeutung, um 
noch leistungsfähigere Materialien zu schaffen. Die Grundlage dafür ist ein besseres 
Verständnis dieser neuartigen Nanomaterialien sowie deren Wechselwirkungen 
untereinander. Darüber hinaus ergeben sich vollkommen neue Anwendungs-
möglichkeiten, indem zusätzliche Funktionalitäten durch anorganische Nanopartikel 
hinzugefügt werden. 

Im Mittelpunkt dieser Arbeit stand zunächst die Untersuchung des flüssigkristallinen 
Phasenverhaltens von Cellulose-Nanokristallen in wässrigen Lösungen und Filmen. 

Anschließend erfolgte die Herstellung von anorganischen Nanocellulose- 
Hybridmaterialien in wässrigen Medien – eine der ersten Arbeiten auf diesem Gebiet. 
Zum Verständnis dieser Bildungsmechanismen wurde auch eine historische 
Drucktechnik von Textilgeweben namens Bogolan untersucht, welche auf der 
Oberflächenwechselwirkung von Eisengallat mit Cellulose beruht. Hierzu konnte 
eines der ältesten, noch existierenden Textilien durch eine Zusammenarbeit mit dem 
Völkerkundemuseum München untersucht werden. Des Weiteren wurde die 
Herstellung von Nanocellulose-Titan(IV)oxid-Hybriden betrachtet. Ein besonderes 
Augenmerk galt dabei der Zusammensetzung der Hybride, welche die mechanischen 
und optischen Eigenschaften der Materialien bestimmen.  

Die in dieser Arbeit gewonnenen Erkenntnisse liefern einen bedeutenden Beitrag zum 
Grundverständnis des flüssigkristallinen Phasenverhaltens von Cellulose-
Nanokristallen, sowie der Bildung von nanocellulose-basierten Hybridmaterialien und 
deren Eigenschaften. 
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