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Abstract
Research on nanoparticles extracted from renewable and highly available sources is motivated by both the development of
functional nanomaterials and the drive to replace widely used materials based on fossil resources. In particular, cellulose,
in the form of cellulose nanomaterials (CNM), has attracted increased attention for the development of sustainable and
high performance products, thanks to properties that include high specific mechanical strength, chemical versatility and
anisotropic thermal conductivity. Ice-templated CNM foams display super-insulating properties across the direction of the
aligned particles (radially) and could potentially compete with fossil-based insulation materials. This thesis investigates
the alignment and co-assembly of widely available inorganic nanomaterials with CNM in aqueous dispersions, and the
relative importance of phonon scattering in anisotropic thermally insulating composite foams.

Time resolved small-angle X-ray scattering (SAXS) experiments have been conducted to study assembly and alignment
in composite aqueous dispersions containing cellulose nanocrystals (CNC) and montmorillonite (MNT) clay nanoplatelets.
The co-assembly of CNC and MNT in slowly evaporating levitating droplets was dominated by the interactions between
the dispersed CNC particles but MNT promoted gelation and assembly at lower total volume fractions than in CNC-only
droplets. Combining SAXS with rotational rheology showed that shear induced a high degree of orientation of CNC in
both the CNC-only and mixed CNC:MNT dispersions. The shear-induced CNC orientation relaxed quickly in the CNC-
only dispersion but relaxation was strongly retarded and partially inhibited in the mixed CNC:MNT dispersions.

Analysis of previous works suggests that anisotropic and multiscale CNM-based foams with a high number of interfaces
can favour heat dissipation by phonon scattering within the foam walls. Measurements and theoretical estimates of the
thermal conductivities of CNC-only ice-templated foams over a wide range of densities confirmed the importance of
phonon scattering to achieve super-insulating radial thermal conductivity values.

Ice-templated CNC:MNT composite foams displayed a lower radial thermal conductivity compared to CNC-only foams,
which suggests that the introduction of heterogeneous interfaces between the biopolymer and the clay enhanced the
dissipation of heat through phonon scattering. Composite ice-templated foams of colloidal silica and TEMPO-oxidised
cellulose nanofibrils (TCNF) were significantly stronger under mechanical compression and less sensitive to moisture
uptake than TCNF-only foams, and maintained radial thermal conductivities that are comparable with widely used
thermally insulating materials. These examples could pave the way towards the development of super-insulating, strong
and moisture-resilient CNM-based composite foams.
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Abstract 

 Research on nanoparticles extracted from renewable and highly available 
sources is motivated by both the development of functional nanomaterials and 
the drive to replace widely used materials based on fossil resources. In partic-
ular, cellulose, in the form of cellulose nanomaterials (CNM), has attracted 
increased attention for the development of sustainable and high performance 
products, thanks to properties that include high specific mechanical strength, 
chemical versatility and anisotropic thermal conductivity. Ice-templated CNM 
foams display super-insulating properties across the direction of the aligned 
particles (radially) and could potentially compete with fossil-based insulation 
materials. This thesis investigates the alignment and co-assembly of widely 
available inorganic nanomaterials with CNM in aqueous dispersions, and the 
relative importance of phonon scattering in anisotropic thermally insulating 
composite foams. 

Time resolved small-angle X-ray scattering (SAXS) experiments have been 
conducted to study assembly and alignment in composite aqueous dispersions 
containing cellulose nanocrystals (CNC) and montmorillonite (MNT) clay na-
noplatelets. The co-assembly of CNC and MNT in slowly evaporating levitat-
ing droplets was dominated by the interactions between the dispersed CNC 
particles but MNT promoted gelation and assembly at lower total volume frac-
tions than in CNC-only droplets. Combining SAXS with rotational rheology 
showed that shear induced a high degree of orientation of CNC in both the 
CNC-only and mixed CNC:MNT dispersions. The shear-induced CNC orien-
tation relaxed quickly in the CNC-only dispersion but relaxation was strongly 
retarded and partially inhibited in the mixed CNC:MNT dispersions. 

Analysis of previous works suggests that anisotropic and multiscale CNM-
based foams with a high number of interfaces can favour heat dissipation by 
phonon scattering within the foam walls. Measurements and theoretical esti-
mates of the thermal conductivities of CNC-only ice-templated foams over a 
wide range of densities confirmed the importance of phonon scattering to 
achieve super-insulating radial thermal conductivity values.  



Ice-templated CNC:MNT composite foams displayed a lower radial ther-
mal conductivity compared to CNC-only foams, which suggests that the in-
troduction of heterogeneous interfaces between the biopolymer and the clay 
enhanced the dissipation of heat through phonon scattering. Composite ice-
templated foams of colloidal silica and TEMPO-oxidised cellulose nanofibrils 
(TCNF) were significantly stronger under mechanical compression and less 
sensitive to moisture uptake than TCNF-only foams, and maintained radial 
thermal conductivities that are comparable with widely used thermally insu-
lating materials. These examples could pave the way towards the development 
of super-insulating, strong and moisture-resilient CNM-based composite 
foams. 
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1. Introduction 

1.1. Cellulose nanomaterials in materials science 

 
The term “cellulose nanomaterials” or “nanocellulose” commonly refers to 

a category of nanoscale (at least one characteristic dimension in the 1100 nm 
range) cellulosic compounds with the ability to form colloidal dispersions, 
which were first isolated in the late 1940s1,2 and alternatively in the early 
1980s.3,4 The very large interest in cellulose nanoparticles has substantially 
affected cellulose-related industries (textile, construction, paper and food sec-
tors), as the biomass they usually processed suddenly became a potential 
source of compounds of interest to nanomaterials and nanotechnologies5,6 (in 
particular biobased). The extraction of nanoparticles from renewable sources 
is now a hot research topic and a myriad of advanced nanomaterials with di-
verse applications have been proposed and/or developed.7–10  

 

1.1.1. Mitigating oil depletion, replacing plastics 
 

Some of the first plastics in history directly originated from cellulose after 
the discovery of nitrocellulose in the 1840s, followed by the invention of col-
lodion and celluloid, and later rayon and cellophane. These materials played 
a crucial role in the development of photography and cinematography and in 
the textile industry.11 However, cellulose-based materials soon lost market 
share when the extraction and refinement of oil and the development of novel 
synthesis and polymerization routes yielded a wide variety of fossil-based 
plastics with more attractive properties that dominated the 20th century. Over 
the past decades, however, the quest for sustainability, the feared depletion of 
fossil resources, and the drive to reduce carbon emissions and environmental 
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pollution have incited efforts to replace oil-based plastics with renewable al-
ternatives whenever possible. In terms of life cycle analysis, oil-based plastics 
are indeed problematic at both ends, in that they originate from finite re-
sources, take decades to degrade if disposed of in Nature, and result in the 
release of carbon dioxide to the atmosphere if they are burned. To address 
these challenges, biopolymers, that is to say, macromolecules synthesised by 
living organisms,12 have become prime candidates of choice to replace oil-
based plastics. Biopolymers, of which the most abundant is cellulose, combine 
vast availability from renewable sources and, in most cases, biodegradability, 
and have been incorporated into a multitude of plastic replacement initia-
tives.13,14    

 

1.1.2. The emergence of cellulose nanomaterials 
 

Biopolymers can be divided into three main categories: polysaccharides, 
polypeptides (proteins) and nucleic acids (in particular DNA). Polysaccha-
rides, composed of monosaccharides linked by glycosidic bonds, are them-
selves subdivided into storage polysaccharides and structural polysaccharides. 
The latter play a crucial role in the formation of natural architectures, in par-
ticular plant cell walls, and are therefore highly promising for the development 
of mechanically robust materials. Among polysaccharides, cellulose, consist-
ing of a chain of glucose molecules linked by β 1-4 glycosidic bonds (Figure 
1.1), probably has the highest availability and the longest history of being ex-
ploited by humans for the fabrication of materials.15 Extracted from e.g. wood, 
plants, bacteria or sea organisms (algae, tunicates),16 cellulosic fibers can be 
treated to yield small and colloidally stable particles that consist of a small 
number of cellulose chains (18 to 24, according to broadly used models)17 
bundled together to form elongated nanoparticles that are labelled as nanocel-
lulose or cellulose nanomaterials (CNM).  

Excluding bacterial cellulose, which is produced by microorganisms, two 
main types of CNM are commonly obtained (Figure 1.1).18 Acid hydrolysis, 
mainly involving sulfuric acid, yields cellulose nanocrystals (CNC), rigid and 
highly crystalline rod-like particles with negatively charged surface groups 
(sulfate half esters if sulfuric acid was used).1,2 Cellulose nanofibrils (CNF) 
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are longer flexible fiber-like particles obtained by mechanical fibrillation,3,4 
often assisted by enzymatic or chemical pretreatments, for example 2,2,6,6-
tetramethylpiperidin-1-oxyl radical (TEMPO)-mediated oxidation,19 which 
also produces negatively charged surface groups (carboxylate groups in that 
case). While the variety of sources for CNF and CNC is evolving and being 
expanded to include agricultural and industrial waste,20 both types of CNM 
have been industrially produced in the past decade. The main characteristics 
of CNM that make them attractive in a wide variety of applications include 
high aspect ratio and surface area, low density and thermal expansion coeffi-
cient, low electrical conductivity, impressive mechanical properties (Young’s 

modulus, tensile strength, stiffness), easily tunable surface chemistry, biocom-
patibility, optical activity (transparency, birefringence in the presence of chiral 
nematic CNC arrangements), rheological properties (shear thinning, gelation, 
thixotropy) and biodegradability.16,18,21 

Figure 1.1: Chain of glucose units linked by β 1-4 glycosidic bonds, which 
builds up cellulose (top), and summary of the extraction routes and character-
istics of TEMPO-oxidised cellulose nanofibrils (TCNF, bottom left) and cel-
lulose nanocrystals (CNC, bottom right). The particle dimensions are adapted 
from Isogai et al.22 for TCNF and Moon et al.16 for CNC. 
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1.1.3. Assembly and alignment of cellulose nanomaterials 
 

The properties of CNM-based materials depend on the intrinsic properties 
of their constituents and the materials’ structure at all length scales, from the 
atomic level to the macroscale. The structure in the final material is strongly 
related to the processing and CNM-based materials can thus be highly influ-
enced by the behaviour of the nanoparticles in aqueous colloidal dispersions.  
Many processes indeed involve CNM dispersions and controlling their char-
acteristics is essential to tune the properties of the produced materials. In par-
ticular, utilising and controlling the self-assembly of CNM in dispersions is of 
paramount importance for targeting certain architectures in the resulting ma-
terials, and this can be achieved by controlling e.g. the pH, ionic strength, 
concentration of the dispersions or the dimensions and surface chemistry of 
the particles.21 All these parameters directly influence the ability of CNM to 
form assemblies, be it entangled gel networks of CNF or liquid crystalline 
arrangements of CNC, which both find interest in various applications (for 
instance, the development of porous scaffolds for the former,23 and of optically 
active films for the latter,24 among many others). The rod-like shape of CNM 
and the intrinsic anisotropic properties mean that processing also can align the 
fibrils or rods in a specific direction, usually thanks to shear forces but also 
using e.g. electric or magnetic fields, resulting in specific arrangements with 
anisotropic properties, in particular enhanced mechanical strength or thermal 
conductivity in a specific direction.25–28  

There are a variety of techniques that can assess the assembly and align-
ment in CNM dispersions. Diffraction and scattering of light, neutron or X-
ray radiation are e.g. used to obtain information on CNM dimensions, spacing, 
assemblies and alignment in dispersions.29,30 Depending on the type of radia-
tion and the intensity and brilliance, length scales ranging from a few Ång-
ströms to microns can be probed, providing information on crystal lattices, 
interparticle distances, characteristic pore sizes in gels or long-range assem-
blies. The flow properties of CNM dispersions can be determined using rhe-
ology, i.e. by studying the steady-shear and viscoelastic properties of the dis-
persions. Besides learning about the rheological behaviour of CNM disper-
sions per se31 (viscosity, shear-thinning, yield stress, relaxation dynamics, 
etc.), which is of high importance in the optimisation of a multitude of pro-
cesses, these properties can provide important microscopic information.32,33 
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Furthermore, the combination of aforementioned techniques, for instance the 
combination of X-ray scattering and rotational rheology, offers the oppor-
tunity to link rheological properties to the degree of shear-induced alignment 
of nanoparticles during a single experiment.34 Overall, probing dispersions at 
different length scales paves the way for a global understanding of the pro-
cessing behaviour of complex, multicomponent systems.35,36  

 

1.1.4. Cellulose nanomaterials in composites 
 

The flexible surface chemistry and intrinsic strength of cellulose allow for 
the processing of a broad variety of materials (films, membranes, coatings, 
scaffolds, foams, hydrogels, aerogels, sponges, monoliths, etc.) in which 
CNM play a major shape-defining and load-bearing role.27 While CNM have 
very attractive intrinsic properties, CNM are often also coupled or mixed with 
other nanoparticles to form composites or hybrids with complementary func-
tionalities. Hybrid materials consisting of organic and inorganic molecules or 
nanoparticles are found in Nature,37 such as shells, bones, teeth, diatoms, mag-
netosomes, which human know-how is struggling to replicate. CNM have 
been combined with many inorganic compounds, including silica,38–41 
clays,42–45 nanocarbons,46–48 metal and metal oxide nanoparticles,49,50 and zeo-
lites, as well as with metal organic frameworks.51–53 The resulting composite 
or hybrid CNM-based materials displayed useful barrier properties, hydropho-
bicity, and/or flame retardancy, and have been used in applications including 
optics, electronics, energy, biomedical scaffolds, sensing, separation or catal-
ysis.54 In some cases, CNM are used as structural templates within materials 
from which they are later eliminated (often by pyrolysis) to leave biomineral-
ised architectures.55,56 However, materials produced using this approach do 
not take advantage of the bulk properties of CNM, including their potential in 
thermal insulation materials. 
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1.2. Cellulose nanomaterials for thermal insulation 

 
Ensuring proper thermal insulation in the built environment poses a mas-

sive challenge, which will grow in the next decades as the world’s population 

and the number of urban dwellers increase. Maintaining an acceptable interior 
environment in buildings is estimated to account for 10% of global energy 
consumption (30% of the energy consumption in buildings alone), while 28% 
of global CO2 emissions are attributed to the building sector.57–60 Therefore, 
there is a pressing need for more efficient materials for large-scale thermal 
insulation that can also combine a low carbon footprint and a high availability.  

 

1.2.1. Commonly used thermal insulators in buildings 
 

Cellulosic materials have actually been widely used as thermal insulators 
for a long time, in the form of fillers or mats based on e.g. recycled paper, 
wood chips or cork.61 With thermal conductivities usually ranging from 40 to 
50 mW∙m−1∙K−1, not to mention their hygroscopic nature, these materials can-
not compete with more advanced and widespread materials.61 Other common 
materials with similarly underwhelming properties include mineral wool, 
whereas the most efficient highly available thermal insulators are probably 
oil-based foams based on polystyrene62 and polyurethane.63 Polystyrene insu-
lation materials are mostly found in two forms, namely expanded and extruded 
polystyrene, which both usually display thermal conductivities between 30 
and 40 mW∙m−1∙K−1, while polyurethane foams can boast values as low as 20 
to 30 mW∙m−1∙K−1. Additionally, polystyrene- and polyurethane-based mate-
rials are mechanically robust and somewhat hydrophobic, which reduces var-
iations in their performance under humid conditions. Still, some concerns can 
arise around these materials, in particular the fact that, in case of a fire, poly-
urethane releases highly hazardous gases, adding to the oil-depletion- and 
CO2-emission-related motivations to find replacements for these currently 
dominant materials. 
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1.2.2. The rise of aerogels 
 

The term “aerogel” commonly refers to mesoporous materials (with 250 
nm pore diameters) with porosities generally over 90%,64 which constitute one 
of the emerging alternative categories of thermal insulators with the highest 
potential. Silica or silicon-based aerogels65 in particular attract a lot of atten-
tion, thanks to commercially available thermal conductivities as low as 13 
mW∙m−1∙K−1,61,66 and their extremely low densities that arise from their poros-
ity have led them to be regularly considered for use in the aerospace sector,67 
and even as far as planet Mars.68 Other examples of components used for the 
fabrication of aerogels include carbon nanotubes, graphene, ceramics and 
metal oxides,69 not to mention cellulose nanomaterials, which we will discuss 
in section 1.2.4. The fact that aerogels consist largely of air is crucial for their 
low thermal conductivity; however it does not explain how they reach super-
insulating thermal conductivities, i.e. values lower than those for air (usually 
estimated around 25 mW∙m−1∙K−1), which we will expand on in section 1.2.3. 
Additionally, the low thermal conductivity needs to be combined with a high 
strength and fracture toughness and low fabrication cost, which currently is 
the main disadvantage of aerogels (together with their brittleness), mostly be-
cause of the need for elaborate and costly drying methods, e.g. supercritical 
drying and freeze-drying. 

 

1.2.3. Heat transfer and phonon scattering in aerogels 
 

In aerogels, conduction, which is a more important mode of heat transfer 
than convection and radiation,70,71 is usually divided into gas and solid con-
duction. Heat transfer in the gas phase mostly occurs via collisions between 
the gas (generally air) molecules, whereas, in materials with low electrical 
conductivity, heat in the solid phase is mainly propagated by phonons.72 A 
phonon can be defined as an energy quantum associated to vibrations in an 
atomic lattice, and travels more efficiently through strong bonds, such as co-
valent bonds, than through weak bonds, such as hydrogen bonds.73  

The thermal conductivity of aerogels can be lower than that of air due to 
the so-called Knudsen effect and phonon scattering (Figure 1.2). In the gas 
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phase, the presence of pores smaller than the mean free path of air (which 
corresponds to the average distance between two collisions for an air mole-
cule), reduces the gas conduction due to dissipation of heat at the gassolid 
interfaces at the pore walls. This phenomenon, called the Knudsen effect, typ-
ically occurs in pores smaller than 50 nm,74 and is thus common in aerogels.75  

In the solid phase, the presence of nanostructures with numerous interfaces 
can greatly enhance heat dissipation. Indeed, each solidsolid or solidgas 
interface can potentially become a phonon scattering site, as a phonon is either 
transmitted or scattered from a medium to the other. Two types of phonon 
scattering can occur (Figure 1.2): specular scattering, which is a reflection 
where in the ideal case no energy is lost, and diffuse scattering, which is ac-
companied by heat dissipation.76 If specular phonon scattering dominates, the 
solid conduction is comparable to that of a bulk material. In nanomaterials 
with a high density of interfaces, however, diffuse phonon scattering can sig-
nificantly reduce heat transfer.77 To quantify heat dissipation by phonon scat-
tering at solidsolid interfaces, it is common to introduce a parameter called 
interfacial thermal resistance, also referred to as Kapitza resistance,78 which 
can be evaluated by e.g. time-domain Thermoreflectance (TDTR).79,80 The in-
terfacial thermal resistance can be very large when the two solid phases sepa-
rated by the interface have substantial differences in phonon velocity and den-
sity.77 Maximisation of diffuse phonon scattering in nanostructured materials 
can result in super-insulating materials, as illustrated in a recent study on gra-
phene aerogels where very low thermal conductivity values (5 mW∙m−1∙K−1 

under vacuum conditions) were reached.81 
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Figure 1.2: Schematic illustration of the main gas-phase (left) and solid-phase 
(right) mechanisms that make aerogels super-insulating. Adapted from Paper 
III. 

 

 

1.2.4. Cellulose nanomaterials: the most promising biopolymers 
for thermal insulation? 

 
Silica aerogels can display very low thermal conductivities but their intrin-

sic brittleness needs to be mitigated.82–84 To this end, there is a growing inter-
est in utilising alternative starting materials to develop high performance aer-
ogels. Biopolymers in general,85,86 and more specifically polysaccharides, 
whose abundance, renewability and ability to form structural networks and 
scaffolds could mitigate most of the weaknesses of silica aerogels. It is worth 
noting that, for the building sector, construction materials based on renewable 
sources are of particular interest, as they could potentially act as carbon sinks 
and compensate the carbon emissions related to the construction.87 Although 
pectin,88–90 starch91 or alginate92 have been used to produce light-weight insu-
lating foams, cellulose (and in particular cellulose nanomaterials) is the bi-
opolymer from which by far the highest number of thermally insulating foams 
and aerogels have been made.64 Note that we will follow the definitions of 
aerogel and foam proposed by Lavoine and Bergström,64 meaning that we will 
refer to materials as foams when pores bigger than mesopores are largely 
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found and the porosity is higher than 50% (which will be the case for all the 
materials produced in this thesis).  

By applying advanced drying techniques, such as supercritical drying and 
freeze-drying, water can be removed from a dispersion without passing 
through the liquid state, and thus the strong capillary forces that could collapse 
the foams can be avoided. Porosities as high as 99.7% can be reached after 
freeze-drying and supercritical drying, and several of the resulting foams and 
aerogels have been reported to be super-insulating.93–97 Anisotropic foams 
with columnar pores can be prepared by ice-templating (Paper VI). The ther-
mal conductivity of ice-templated CNM-based foams is highly anisotropic 
(Paper VIII), with a very low thermal conductivity perpendicular to the direc-
tion of the columnar pores. The anisotropic heat transfer properties of ice-
templated CNM-based foams will be discussed further in this thesis (see sec-
tion 4.1). The insulating performance and mechanically stable CNM-based 
foams and aerogels, could very well place CNM-based foams and aerogels 
among the top contenders for sustainable and high performance thermal insu-
lation. 

 

1.2.5. CNM-based composite foams and aerogels 
 

Despite having shown very promising results at the laboratory scale, CNM 
foams and aerogels possess several shortcomings that need to be addressed. 
In particular, the very pronounced hygroscopic nature of cellulosic materi-
als98–101 can be very detrimental to both the insulating performance and the 
mechanical resilience of these foams and aerogels at high humidity. Moreo-
ver, CNM foams and aerogels could also benefit from being reinforced and 
strengthened, e.g. by cross-linking or by addition of strong and stiff nanopar-
ticles. CNM-based or cellulose-based composite and hybrid insulating 
foams102–106 have e.g. been produced using silica,107–112 clays,113–115 nanocar-
bons116–119 or metal-organic frameworks.120,121 Interestingly, the inclusion of 
inorganics not only improved the mechanical properties but sometimes also 
resulted in a reduced thermal conductivity,102–104,106 possibly due to the for-
mation of heterogeneous interfaces. The reduced thermal conductivity in com-
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posite foams will be further detailed in section 4.1 and, coupled with aniso-
tropic ice-templated structures, constitutes one of the main targets of this the-
sis. 

 

1.3. Scope of the thesis 

 
The work presented in this thesis is motivated by both a desire to improve 

the fundamental understanding of the assembly and alignment in CNM-con-
taining composite dispersions, and to explore structureproperty relationships 
in ice-templated CNM-based foams, with a focus on the heat-transport prop-
erties.  

Time-resolved SAXS was used to probe the assembly of aqueous disper-
sions containing cellulose nanocrystals (CNC), a CNM with attractive prop-
erties and the ability to form cholesteric phases,122–125 and montmorillonite 
(MNT) clay nanoplatelets, which are highly available inorganic nanoparticles 
that are often associated with CNM in composites. One study (Paper I) inves-
tigated the composite dispersions in an environment that resembles bulk con-
ditions, i.e. acoustically levitating aqueous droplets. The second study (Paper 
II) probed the dynamic orientation and assembly of CNC during shearing and 
the relaxation of the shear-induced orientation after shearing. By using com-
plex mixtures of raw materials within specific sample environments, the idea 
was to bridge fundamental characterisation and potential real-life systems and 
conditions. 

The relative importance of phonon scattering and other contributions to the 
low thermal conductivity of CNM-based foams was assessed by combining 
an analysis of meta-data on a variety of foams and their potential as thermal 
insulators (Paper III) with an extensive study on the thermal conductivity of 
ice-templated CNC foams that spanned a wide density range (Paper IV). 

CNM-based composite dispersions were processed into freeze-cast and 
freeze-dried foams with the aim of improving the mechanical properties in 
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moist air and investigating whether super-insulation can be reached. Besides 
foams based on mixtures of CNC and MNT, foams based on TCNF and in-
dustrially produced colloidal silica were also explored (Paper V). The poten-
tial combination of enhanced mechanical and insulating properties in the com-
posite foams could exemplify how fundamental considerations and under-
standing can be used for the processing of performant materials based on 
widely abundant nanoparticles, which constitutes the logical thread of this the-
sis. 
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2. Preparation and characterisation of 
materials 

2.1. Preparation of materials 

2.1.1. Preparation of CNC by sulfuric acid hydrolysis 
 

The preparation of cellulose nanocrystals (CNC) in the laboratory was 
achieved via sulfuric acid hydrolysis, by far the most well-established method 
for the task.126,127 Dry sheets of sulfite softwood cellulose, kindly provided by 
Aditya Birla Domsjö, were used as starting material. 100 g of dry cellulose 
sheets were dispersed in 1 L of a 64% sulfuric acid solution by strong mechan-
ical stirring at 45°C. After 45 minutes, 10 L of deionised water were added in 
order to quench the reaction and the dispersion was allowed to sit for approx-
imately three hours.  

The CNC were recovered in the form of a sediment after two centrifugation 
cycles (6 000 G, ten minutes per cycle) and dialysed in tubing cellulose mem-
branes (Sigma-Aldrich) with a molecular weight cut-off of 14 000 Da, im-
mersed in deionised water for seven days. The resulting dispersion was soni-
cated with a 13-mm titanium ultrasonic probe (Qsonica Q500), using a 60% 
energy output for 30 minutes. After filtration through a glass filter, the ob-
tained CNC dispersion was stored at a concentration of approximately 2 wt%. 
Before use, an additional purification step was performed, consisting in the 
dilution of the dispersion to a concentration of 0.2 wt%, followed by two cen-
trifugation steps of ten minutes each, at 450 G and 2 500 G respectively, in-
spired by previously reported fractionation protocols.128 
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2.1.2. Preparation of TCNF by TEMPO-mediated oxidation 
 

TEMPO-oxidised cellulose nanofibrils (TCNF) were prepared by oxidising 
never-dried sulfite softwood cellulose pulp, kindly provided by Aditya Birla 
Domsjö, following a similar protocol to the one established by Saito and 
Isogai.19 The never-dried pulp was preliminarily washed using hydrochloric 
acid (pH = 2) in order to remove impurities from the pulping process. 40 g of 
never-dried pulp was oxidised with a ratio of 10 mmol of sodium hypochlorite 
(NaClO, Merck) per gram of pulp over 200 minutes at pH = 10, in the presence 
of TEMPO (0.64 g, Sigma-Aldrich) and sodium bromide (4 g, NaBr, Sigma-
Aldrich).19 The oxidised pulp was then washed multiple times with deionised 
water until the conductivity of the filtrate fell below 5 μS.cm1. 

The TEMPO-mediated oxidation was followed by a mechanical grinding 
treatment using a supermass colloider (Model MKZA10-15 J, Masuko Sangyo 
Co., Ltd.). The oxidised pulp, diluted to a concentration of 0.5 wt%, was fed 
four to five times through the grinder’s non-porous silicon carbide grinding 
stones (Disk model MKE), which were rotating at a speed of 25 Hz and sepa-
rated by a gap clearance of 50 μm, resulting in a homogeneous TCNF gel-
like dispersion. 

 

2.1.3. Preparation of aqueous dispersions 
 

The CNC and TCNF prepared according to the two previous subsections 
were already obtained as aqueous dispersions, which only needed to be diluted 
by adding more deionised water, or up-concentrated by rotary evaporation in 
order to reach the desired concentrations before use. 

Except for the CNC used in Paper I, prepared according to the protocol 
described in 2.1.1, we used commercially available CNC purchased from Cel-
luForce™. The CelluForce™ CNC comes in the form of a freeze-dried powder 
and was used as received. It was dispersed in deionised water using mechani-
cal stirring for several hours, giving initial concentrations between 4 and 6 
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wt%. Other concentrations were obtained by dilution or rotary evaporation of 
the original dispersion. 

Montmorillonite (MNT, Cloisite Na+™, BYK Additives) was dispersed in 
deionised water at a concentration of approximately 1 wt% using an Ultra-
Turrax™ homogeniser, then placed in dialysis membranes (see 2.1.1) and im-
mersed in ultrapure water for seven days. Rotary evaporation was used when 
higher concentrations were needed. 

Isotropic and anisotropic Levasil™ colloidal silica was kindly provided by 
Nouryon Performance Chemicals in the form of aqueous dispersions and was 
diluted with deionised water before use. 

The various types of nanoparticles used throughout the thesis, as well as 
their main characteristics, are summarised in Table 2.1. More details can be 
found in the sections corresponding to the respective papers, listed in the sec-
ond column of the table. 

 

Name Papers Shape Primary  
dimension 
[nm] 

Secondary 
dimension 
[nm] 

Surface 
group 

Zeta potential 
at used pH 
[mV] 

CNC I Rod (stiff) 154 4.3 OSO3
 60 

CelluForce™ CNC II, IV Rod (stiff) 173 4.3 OSO3
 60 

TCNF V Rod (flexible) not reported 2.1 COO 45 
MNT I, II Platelet 122 1.0 Cation sub-

stitution 
35 

Isotropic silica V Sphere 16 - Si-O 53 
Anisotropic silica V Necklace-like not reported not reported Si-O 59 

 

Table 2.1: List of used nanoparticles and their main features (the only reported 
dimensions are the ones that were measured by AFM and TEM). 
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CNC:MNT and silica:TCNF composite dispersions were obtained from the 
single-component dispersions described in sections 2.1.12.1.3 at sufficiently 
low concentrations to allow for an effortless mixing and homogenisation using 
magnetic or vortex stirring, as well as mild sonication (USC500TH, VWR 
International) when necessary. 

 

2.1.4. Preparation of ice-templated foams 
 

Anisotropic CNM-based foams were prepared by the unidirectional ice-
templating (also known as freeze-casting) of the aforementioned CNC, TCNF, 
CNC:MNT and silica:TCNF aqueous dispersions (see 2.1.12.1.3). The 
freeze-casting moulds consisted of a Teflon cylinder mounted on a copper 
bottom plate.129 Depending on the intended use of the foam, 5 or 30 g of dis-
persion were poured into a 2- or 4-cm mould, respectively. The dispersion-
containing moulds were placed with the bottom plates directly on dry ice 
blocks, allowing vertical columnar ice crystals to form in the dispersion (Fig-
ure 2.1). The typical freezing rate was estimated around 3 K∙min-1. Once en-
tirely frozen, the dispersions were hammered out of the moulds and placed in 
a freeze-dryer (Christ Alpha 1-2LDplus). The samples were freeze-dried for 
three to five days at a pressure usually stabilising between 0.02 and 0.03 mbar 
and at room temperature, allowing for the gradual sublimation of the ice 
within the samples. The resulting FC and FD foams were collected and stored 
under ambient conditions. 
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Figure 2.1: Schematic illustration of the freeze-casting of a CNM aqueous dis-
persion. Taken from Paper V. 

 

2.2. Characterisation of dispersions 

2.2.1. Assessment of nanoparticle dimensions 
 

CNC and TCNF particles were routinely imaged using tapping mode AFM 
(Dimension 3100, Bruker), as shown in Figure 2.2. Typically, very dilute 
aqueous dispersions (0.0010.005 wt%) were drop-cast onto mica disks and 
dried at room temperature. The average diameter and length of CNC particles 
and the average diameter of TCNF particles was evaluated using the Nano-
scope Analysis software, based on the assessment of 50100 particles. 
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Figure 2.2: AFM micrographs of prepared CNC (left), CelluForce™ CNC 
(center) and TCNF (right) dispersions. Adapted from Papers I, IV and V. 

 

MNT and colloidal silica particles were observed via TEM (JEM-2100F, 
JEOL) with a 200 kV accelerating voltage (Figure 2.3). The aqueous disper-
sions were deposited onto carbon-coated copper grids. The images were pro-
cessed with the Gatan Inc. software and the particle dimensions were evalu-
ated with ImageJ.130 

 

Figure 2.3: TEM images of MNT platelets (left), isotropic silica (center) and 
anisotropic silica (right). Adapted from Papers I and V. 

 

Alternatively, silica:TCNF dispersions were analysed with DLS using a 
Zetasizer Nano ZS (Malvern Instruments Ltd.) equipped with a 633 nm he-
lium-neon laser and a backscatter detector at an angle of 173°. The dispersions 
were diluted to 0.005 wt% and their pH was adjusted to 7 or 10 by adding 
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sodium hydroxide and hydrochloric acid when necessary. The data was ob-
tained from the averaging of three measurements of 150 to 200 runs each. 

 

2.2.2. Surface charge density determination 
 

The density of charged surface groups, namely sulfate half-esters (OSO3
) 

for CNC and carboxyl groups (COO) for TCNF, was estimated by conduc-
tometric titration. In Paper I, the titrations were carried out using an automatic 
titrator from Metrohm (888 Titrando module combined with 856 conductivity 
module and 800 Dosino dosing device); in the other papers, the titrations were 
conducted manually with a SevenExcellence™ instrument equipped with an 
InLab 731 ISM conductivity electrode and an InLab Expert Pro-ISM pH elec-
trode (Mettler Toledo). 

The titration of prepared CNC and CelluForce™ CNC followed the same 
protocol.131 For the CelluForce™ CNC, a pre-treatment was required to remove 
ionic impurities from the industrial process132 and to ensure that all sulfate 
half-esters were in acid (OSO3H) rather than sodium (OSO3Na) form, 
which was achieved by passing a dialysed CNC dispersion through a strong 
acid ion exchange resin (Dowex Marathon C, H+ form, Alfa Aesar). The pre-
pared CNC (see 2.1.1), having undergone extensive dialysis, was already con-
sidered to be rid of free acid from the hydrolysis and fully protonated, and was 
not further treated. A slight underestimation of its surface charge density could 
thus be expected, although reasonable results were obtained (see 3.1).133  

For the titration, 3 mL of CNC dispersion were added to 120 g of a 1 mM 
sodium chloride solution and were titrated with sodium hydroxide (1.23 mM). 
The added OH ions neutralise the protons that act as counterions for the 
charged groups, inducing a decrease in conductivity, until the equivalent vol-
ume is reached and all the protons are consumed, after which the conductivity 
increases again as more ions are added. Various parameters can be extracted 
from the obtained equivalent volume, including the sulfate half-ester content 
in mmol OSO3

 per gram of cellulose (Equation 2.1)134 or the sulfur content 
%S (Equation 2.2):131 
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𝑋 =
𝐶𝑂𝐻 .𝑉𝑒𝑞

m
                      (2.1) 

%𝑆 =
𝐶𝑂𝐻 .𝑉𝑒𝑞.𝑀𝑊(𝑆)

m .C
                   (2.2) 

where X is the acid content (sulfuric or carboxylic), m and C are the dry mass 
and concentration of the titrated suspension, 𝐶𝑂𝐻 is the titrant concentration, 
𝑉𝑒𝑞 is the equivalent volume of titrant and 𝑀𝑊(𝑆) is the molar mass of sulfur.   

The carboxylic content of the TCNF was titrated following an analogous 
principle.19 The protonation of the carboxyl groups is much easier than for 
CNC; the pH was simply brought below 2.5 using hydrochloric acid, which is 
sufficient since the carboxylic acids are weak acids with a pKa between 3 and 
4. The titration was again conducted with sodium hydroxide as a titrant until 
the pH was higher than 11. The equivalent volume gave access to the carboxyl 
content in mmol COO per gram of cellulose.134   

Additionally, zeta potential measurements were performed with the same 
instrument and protocol as the DLS measurements (see 2.2.1). Each measure-
ment consisted of 150 to 200 runs for TCNF and colloidal silica, and 60 to 
100 runs for CNC and MNT, after an equilibration time of 60 seconds. 

 

2.2.3. Time-resolved SAXS measurements on levitating droplets 
 

In Paper I, SAXS experiments were conducted at the ID02 beamline at the 
European Synchrotron Radiation Facility (ESRF, France). Aqueous droplets 
of 23 μL containing CNC and/or MNT were allowed to levitate in the acous-
tic field of a levitator (TECS, model 13K11, f0 = 100 kHz) while irradiated by 
a rectangular X-ray beam with a spot size of 60  250 μm2 and a wavelength 
of 1 Å, which corresponds to an energy of 12.4 keV (Figure 2.4). The SAXS 
data was collected for scattering vectors (q) between 0.0035 and 0.374 Å1 on 
a Rayonix MX-170HS CCD detector acquiring frames with an exposure time 
of 30 ms, which gives the data a resolution of 2 s. Simultaneously, images of 
the levitating droplets were recorded with a USB camera (1.3 Mpixels, 200 
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magnification) in order to couple the SAXS data to a certain droplet size and 
therefore to a certain volume fraction in the system (see 3.1). 

 

Figure 2.4: Schematic representation of the acoustic levitation setup used for 
the SAXS experiments of Paper I. Taken from Paper I. 

 

 

2.2.4. Combination of rheology and SAXS measurements (Rheo-
SAXS) 

 
In Paper II, Rheo-SAXS experiments were carried out at the SWING beam-

line of Synchrotron Soleil (France). 1.2 mL of aqueous dispersions were 
loaded in an Anton Paar MCR 501 rheometer, in a concentric cylinder rheo-
logical geometry consisting of a polycarbonate bob and cup with a diameter 
of 10 mm and a gap of 0.5 mm in which the dispersions were subjected to 
rotational shear (Figure 2.5). During rotational rheological measurements, the 
sheared dispersions were irradiated at an energy of 12 keV by a 388  8.1 μm2 
X-ray source. The SAXS data was recorded for scattering vectors (q) between 
0.00154 and 0.31702 Å1 using an EigerX4M detector with a 75  75 μm2 
pixel size, operating in vacuum at a distance of 3.5 m from the samples and 
collecting one frame per second. 
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Figure 2.5: Photograph of the Rheo-SAXS setup used at Synchrotron Soleil in 
Paper II. Taken from Paper II. 

 

 

2.2.5. Rheological measurements 
 

Other rheological measurements presented herein were conducted with an 
Anton Paar Physica MCR 301 rheometer. 19 mL of dispersion was loaded in 
a smooth metallic concentric cylinder geometry with a diameter of 27 mm and 
a gap of 1.13 mm at 25°C. 
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2.3. Characterisation of foams  

 
The produced ice-templated foams (see 2.1.4) display anisotropic morphol-

ogies consisting of columnar macropores and foam walls containing na-
nopores. Two main directions will be defined: the axial direction is parallel to 
the axes of the macropores, while the radial direction is perpendicular to these 
axes (Figure 2.6). 

Figure 2.6: Schematic representation of the axial and radial directions in FC 
foams, as well as the two types of porosity they display. Adapted from Paper 
IV. 

 

 

2.3.1. Scanning Electron Microscopy (SEM) 
 

SEM was first and foremost used for observing the global morphology of 
the foams, from two different angles: the cross-sectional view (perpendicular 
to the columnar macropores’ axes) provides information on the macropore 
shape and diameter, as well as a rough estimate of the foam wall thickness, 
while the axial view (parallel to the macropores’ axes) can be used for the 

assessment of the orientation of the macropores. As high magnifications are 
not required for such considerations, a tabletop microscope was routinely used 
(Hitachi TM-3000) with accelerating voltages of 5 or 15 kV and magnifica-
tions of 100250. The average macropore diameter was manually estimated 
from cross-sectional images using ImageJ, while the degree of orientation of 
the columnar macropores was calculated from axial images via an ImageJ 
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plugin called OrientationJ, based on the computational determination of an 
orientation index from the local orientation at each pixel (see Paper VII). For 
silica:TCNF foams, the same tabletop microscope was used to perform EDS 
and confirm the homogeneous dispersion of colloidal silica in the TCNF ma-
trix. 

To further elucidate the features of foam walls, HRSEM was carried out 
using two different microscopes (JEOL JSM-7000 and JSM-7401F). For CNC 
foams, an accelerating voltage of 15 kV was used at magnifications of 
50750. For silica:TCNF foams, an accelerating voltage of 1 kV and a work-
ing distance of 6 mm were used at magnifications of 5 00045 000. To im-
prove the quality of the images, mild gold sputtering was sometimes used on 
the foam pieces. 

 

2.3.2. Quantification of particle orientation  
 

The extent to which CNM particles were aligned in FC and FD foams was 
evaluated by XRD on foam slices, cut along the direction of the macropores’ 

axes. A Bruker D8 Venture single-crystal diffractometer with a shutter-less 
Photon 100 CMOS detector was used, as foam pieces could not be conven-
iently accommodated in the available powder diffractometers. In Paper IV, the 
CNC-based foams were exposed to copper Kα radiation for 180 s. In Paper V, 

the TCNF-based foams were exposed to molybdenum Kα radiation for 150 s. 
In both cases, the sample-to-detector distance was set to 100 mm. 

The collected 2D diffraction patterns displayed powder-like rings, the most 
intense one corresponding to the (200) lattice plane of the monoclinic structure 
of Iβ cellulose (θ = 11.4°) and being the only one considered for the following 
analysis (Figure 2.7). Unlike for powder samples, variations in intensity along 
the (200) ring can be observed, caused by the inhomogeneous distribution of 
crystal unit orientations. Indeed, each position on the ring can be associated to 
an azimuthal angle φ, which can itself be assimilated to the angle between the 
main axis of the crystal unit and a reference axis (in our case, the columnar 
macropores’ axes).135 Usually, two diametrically opposed regions display a 
higher intensity on the sides of the ring, indicating that a majority of crystal 
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units are oriented along the macropores’ axes direction (Figure 2.7). The 
breadth of the brighter regions gives access to the degree of orientation of the 
crystal units and therefore of the CNM particles along the macropores’ axes, 

that is to say along the freezing direction. Image processing of the 2D patterns 
using ImageJ allows for the azimuthal integration of the intensity along the 
ring: plotting the intensity versus the azimuthal angle thus reveals two peaks 
corresponding to the two brighter regions seen on the 2D pattern. 

 

Figure 2.7: Information obtained from 2D XRD patterns of CNM foams. 
(Top) Radial integration is shown to highlight the main peak corresponding to 
the (200) reflection and confirm the crystal structure of cellulose. (Bottom) 
Azimuthal integration leads to the assessment of particle orientation by inte-
grating or fitting the obtained azimuthal profiles. Adapted from Paper IV and 
with permission.136 Copyright 2014, IOP Publishing. 

 

In our first effort to quantify particle orientation in FC and FD TCNF foams 
(Paper VI), the azimuthal peaks were fit with Gaussian functions of which the 
FWHM was directly linked to the degree of orientation f, following Equation 
2.3: 
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𝑓 =
180 − FWHM

180
                    (2.3) 

Although this method is a relatively simple and widely used one, providing 
straightforward values comprised between 0 and 1,135,137 Burger et al. state that 
the use of “traditional peak profiles like Lorentzians and Gaussians”  is “usu-

ally not a valid approach” for angular distributions such as the azimuthal inte-

grations studied here.138 Another rather common approach was thus preferred 
in Paper V, relying on the determination of Hermans’ orientation parameter 

(fH) from Equations 2.4 and 2.5: 

𝑓𝐻 =
3〈cos2𝜑〉−1

2
                      (2.4) 

〈𝑐𝑜𝑠2𝜑〉 =
∑ 𝐼(𝜑) sin 𝜑cos2𝜑

𝜋/2
0

∑ 𝐼(𝜑) sin 𝜑
𝜋/2
0

                (2.5) 

where φ and I(φ) are the azimuthal angle and the corresponding intensity, re-
spectively.139 fH typically ranges between 0.5 and 1, with a value of 1 indi-
cating an ideal alignment along the studied direction, a value of 0 indicating 
complete disorder and a value of 0.5 indicating ideal alignment perpendicu-
larly to the studied direction. Finally, in Paper IV, an alternative method for 
calculating Hermans’ orientation parameter (𝑃̅2) was used in an attempt to re-
duce instabilities in the results due to peak asymmetry and noisy signal, via 
Equations 2.6 and 2.7: 

𝐼(𝜙) ≅ ∑ 𝑎𝑛𝑃2𝑛(cos 𝜙)2
𝑛=0                  (2.6) 

𝑃̅2 =
𝑎1

5
                        (2.7) 

Equation 2.6 consists in a Legendre series expansion used to fit I(φ), where 

𝑃2𝑛 are even Legendre polynomials and 𝑎𝑛  their corresponding fitting coeffi-
cients. Equation 2.7 provides a value for Hermans’ orientation parameter after 

the fitting coefficients have been normalised to 𝑎0 = 1. The Legendre series-
based method was similarly used in Paper II with SAXS data and a higher 
polynomial degree (n = 5 instead of 2) (see 3.2). 
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2.3.3. Assessment of macroporosity and nanoporosity 
 

The total porosity (Π) of the foams was calculated from their apparent den-
sity (𝜌𝑎𝑝𝑝, mass divided by manually measured volume, using a calliper) and 
their skeletal density (𝜌𝑠𝑘𝑒𝑙), obtained from the literature and usually chosen 
as 1500 kg∙m3 for cellulose,64 according to Equation 2.8: 

Π = 1 − 
𝜌𝑎𝑝𝑝

𝜌𝑠𝑘𝑒𝑙
                     (2.8) 

The nanoporosity of the foams was determined by nitrogen sorption meas-
urements (ASAP 2020, Micromeritics Instrument Corporation). The adsorp-
tion and desorption phases were preceded by a degas phase of at least ten hours 
at 80°C. The BET model140  was used to estimate the surface area of the foams  
and the average nanopore diameter and cumulative volume of nanopores (for 
diameters between 17 and 3000 Å) was estimated using the BJH model.141 For 
the average nanopore diameter and cumulative volume of nanopores, the pre-
sented results are the average of the values corresponding to the adsorption 
and desorption cycles. The volume of macropores can finally be deduced by 
subtracting the cumulative volume of nanopores from the total porosity of the 
foams. 

 

2.3.4. Mechanical compression experiments 
 

The foams’ response to axial mechanical compression was characterised 
with an Instron 5966 universal testing machine, using a 100-N load cell. The 
specimens were conditioned for at least 24 h at 23°C and 50% RH and the 
measurements took place under the same conditions, with a compression rate 
of 2 mm.min1 or 10%.min1, which is practically the same given that the sam-
ples’ height was always close to 2 cm. The stressstrain curves typically dis-
played three deformation regimes (Figure 2.8), namely a linear-elastic defor-
mation regime, a plateau corresponding to buckling and a final increase due 
to the densification of the compressed foam.142 The toughness of a specimen 
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was defined as the area under the stressstrain curve up to 60 or 70% strain, 
depending on whether some foams in the tested ranges were too dense to be 
compressed over 60%.143 The compressive Young’s modulus was automati-

cally determined by the BlueHill Universal software from the slope of the in-
itial linear-elastic deformation region of the stressstrain curves. For each 
composition, a minimum of five specimens was tested. 

 

 

Figure 2.8: Typical stressstrain curve for a FC and FD foam, with schematic 
illustrations of the deformations undergone by the columnar structures across 
the various regimes. Taken from Paper V. 
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2.3.5. Moisture uptake measurements 
 

The moisture uptake of the foams was estimated by assessing their water 
vapour sorption isotherm through mass variations under controlled RH and 
temperature in a humidity chamber (Climacell Evo, MMM group).144 After a 
first drying cycle at 40°C and 20% RH, the foams were conditioned for 6 h 
each at 22°C and successively 20, 35, 50, 65 and 80% RH, with their masses 
and therefore their water content measured every five minutes. 

 

2.3.6. Thermal conductivity measurements 
 

The thermal conductivity of the foams was measured using a transient 
plane source (TPS) hot disk device (TPS 2500 S Hot Disk Thermal Constants 
Analyzer), operated in anisotropic mode in order to access two different ther-
mal conductivity values, one in the radial direction and one in the axial direc-
tion (Figure 2.9).145 

 

Figure 2.9: Simplified schematic illustrating the principle of the hot disk tech-
nique to measure thermal conductivity under controlled atmospheric condi-
tions. Adapted from Apostolopoulou-Kalkavoura et al.146 Copyright 2020, 
Elsevier.  
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To access the thermal conductivity values, the 𝐶𝑃 of the foam at a given 
RH (𝐶𝑃𝑤𝑒𝑡

) must be known; this can be calculated using the rule of mixtures, 
giving Equation 2.9: 

𝐶𝑃𝑤𝑒𝑡
= (1 − 𝑤𝐻2𝑂) ∙ 𝐶𝑃𝑑𝑟𝑦

+ 𝐶𝑃𝐻2𝑂
∙ 𝑤𝐻2𝑂           (2.9) 

where 𝑤𝐻2𝑂 is the water content (in mass fraction) measured in section 2.3.5, 
𝐶𝑃𝐻2𝑂

 is the 𝐶𝑃 of water, obtained from the literature, and 𝐶𝑃𝑑𝑟𝑦
 is the 𝐶𝑃 of 

the foam in dry conditions. The latter was determined, after drying overnight 
at 105°C, by DSC (Mettler Toledo 820 in Paper IV, Mettler Toledo DSC1 
STARe System in Paper V) under nitrogen atmosphere for temperatures be-
tween 20 and 50°C, scanned at a rate of 10 K∙min1. The rule of mixtures 
was again used in the case of composite foams, combining the DSC measure-
ments of the single components. 

Various transient plane sensors were used based on the foam density (3.2 
mm radius for CNC foams, 6.4 mm radius for TCNF foams) and were inserted 
between two identical foam specimens of approximately 4 cm diameter and 2 
cm height, with a small weight placed on top of the resulting sandwich to en-
sure proper thermal contact. The system was then placed in a customised 
cell144 that allowed the RH to be controlled, from 2 to 80%, via a P2 Cellkraft 
humidifier.147 The heating power and measurement time were set to 10 mW 
and 5 s for low-density CNC and CNC:MNT foams, 10 mW and 10 s for high-
density CNC foams, and 20 mW and 10 s for silica:TCNF foams. For each 
pair of foams and each RH value, five measurements were carried out at 22°C, 
spaced at 15 min intervals. The most fragile foams shrank slightly during the 
measurements, affecting their density, which was corrected for by measuring 
the specimens’ dimensions after the experiments as well as during the cycles 
described in section 2.3.5. It is worth noting that the directly measured param-
eter is the radial thermal diffusivity148, from which the radial and axial thermal 
conductivities and the axial thermal diffusivity are calculated by the instru-
ment using all the previously mentioned input parameters (see Paper VIII). 
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3. Assembly and alignment of CNC and 
clay nanoplatelets (Papers III) 

The two synchrotron-based studies presented in this section aimed to apply 
to composite dispersions a set of techniques previously used to describe the 
self-assembly of CNC. The goal was to expand the knowledge they can bring 
to multi-component complex systems, which is essential in order to elucidate 
the co-assembly behaviours that could be at play during the processing of 
composites. The studies involved specific sample environments such as 
acoustically levitating droplets (Paper I),149,150 and X-ray-transparent concen-
tric cylinder rheological cells (Paper II).34,151 The ability of CNC to form struc-
tures that can be easily visualised with scattering techniques makes them suit-
able for SAXS studies of colloidal self-assembly. The CNC were paired with 
MNT in an attempt to gain fundamental insights about the assembly and pro-
cessing of this promising material combination. 

 

3.1. Assembly in levitating droplets probed by time-
resolved SAXS (Paper I) 

 
Assessing colloidal self-assembly in levitating droplets152 offers multiple 

advantages compared to more traditional experimental environments such as 
capillaries or sessile and pendant drops, as it is a substrate-free method and 
does not require any added surfactants to stabilise the air-water interface. A 
particularly attractive feature of levitating droplets is the possibility to follow 
the size of the droplet and thus track a system over a broad concentration range 
as the droplet slowly evaporates. The acoustic levitator setup in use here had 
already led to published results,149,150 in particular for the study of CNC dis-
persions. We aimed to use the ID02 beamline at the ESRF (see 2.2.3) to probe 



34 

the assembly of CNC with high accuracy and time-resolution and investigate 
the co-assembly of CNC and MNT over a broad concentration range. 

The aqueous droplets were allowed to slowly evaporate, typically drying 
out after 20 to 40 minutes. In fact, it is not clear whether a completely dry state 
was reached, as complex phenomena such as crust formation can occur in dis-
persions. However, the analysis of the camera images depicting the droplets 
throughout the experiments revealed that the evaporation process always fol-
lowed two commonly observed regimes:152 the droplet volume first shrank, 
then remained constant, reaching either a dry state or a more complex semi-
dry state (Figure 3.1). In all cases, the estimation of the droplets’ volume frac-

tions could only be achieved during the shrinking phase, provided that the 
initial volume fraction (and droplet volume) was known. Considering that the 
stationary acoustic field slightly compresses the droplets in the vertical direc-
tion, the size of the droplets was estimated by elliptical fitting, with two dif-
ferent radii (α and β). Assuming the vertical symmetry of the droplets, their 
fitting to an ellipsoid, with α as the vertical radius and β as the two horizontal 

radii, can be obtained, of which the surface area and equivalent square diam-
eter (δ2) could be extracted. The latter is defined as the square diameter of a 
sphere possessing the same surface area as the ellipsoid under study and is a 
frequently used parameter when describing levitating droplets,153 which is ob-
tained via Equation 3.1:  

𝛿2  =  4 (
(𝛼2)

1.6
+2 (𝛼𝛽)1.6

3
)

1

1.6

                  (3.1) 

During the shrinking regime, the temporal evolution of δ2 followed a parabolic 
decrease that could be fit, thus associating an equivalent square diameter to 
each timestamp of the experiment, and by extension a droplet volume (V) and 
volume fraction (𝜑) via Equations 3.2 and 3.3:149 

𝑉 =
4

3
 𝜋 (

𝛿2

4
)

1.5

                   (3.2) 

𝜑 =
C0 𝑉0

𝜌 𝑉
                      (3.3) 
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where C0 is the initial mass concentration of the dispersion from which the 
droplet was produced, V0 is the initial volume of the droplet and ρ is the den-

sity of the dispersed nanoparticles (Figure 3.1). The error on the volume frac-
tion estimation was propagated from the images’ pixel size and also took into 

account possible errors on the initial mass concentration and droplet stabilisa-
tion time in the acoustic field. 

 

Figure 3.1: Time-dependent monitoring of the equivalent square diameter (𝛿2) 
and estimated volume fraction of a levitating droplet of aqueous CNC suspen-
sion. The schematics on the right side summarise the extraction of the equiv-
alent square diameter from the camera images of the droplets. Adapted from 
Paper I. 

 
The volume fractions that could be studied in a CNC droplet approximately 

ranged from 1 to 60 vol%, after which the droplet volume became constant. 
The CNC were prepared in the lab (see 2.1.1) with dimensions, determined by 
AFM, of a thickness of 43 ± 13 Å and a length of 1540 ± 440 Å. The fact that 
the intensity in the low-q range displayed power-law scalings without any vis-
ible plateau (Figure 3.2) indicates that the main dimension of the CNC parti-
cles, i.e. their length, falls outside of the studied q-range, which was expected 
from the AFM estimates. The exponent of the power-law scalings gradually 
increased with increasing volume fraction, from q−1 to approximately q−4, 
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which suggests that the CNC particles interacted and formed assemblies that 
eventually became too large to be probed in the available q-range with increas-
ing particle concentration.154  

 The CNC particle dimensions could also be obtained from the SAXS data, 
by fitting the curves corresponding to low volume fractions using a parallele-
piped form factor155 and a hard sphere structure factor (Figure 3.2). The best 
fit corresponded to a thickness of 34 Å and a length of 181 Å, in rather good 
agreement with the values obtained by AFM, although the thickness obtained 
from the SAXS curves is slightly lower. It is worth noting that, whereas AFM 
and other imaging techniques inevitably characterise a limited number of par-
ticles, SAXS data probes a relatively large volume and could therefore be con-
sidered more legitimate when it comes to providing averaged characteristics. 

 

Figure 3.2: SAXS curves corresponding to aqueous CNC droplets and black 
lines corresponding to a parallelepiped form factor and a hard sphere structure 
factor at lower concentrations (left) and to the broad-peak model at higher 
concentrations (right). Adapted from Paper I. 

 

The curves corresponding to higher volume fractions displayed a broad 
shoulder towards high q values and were thus fitted using a function called 
”broad-peak” (Figure 3.2), composed of a power-law or Porod term and a Lo-
rentzian term, as shown in Equation 3.4:156 
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𝐼(𝑞) =  
𝐴

𝑞𝑛 +  
𝐵

1+(𝜁|𝑞−𝑞𝑚𝑎𝑥|)𝑚 + 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑          (3.4) 

where A and n are the low-q power-law scale factor and exponent, respec-
tively, B and m are the (high-q) Lorentzian scale factor and exponent, respec-
tively, qmax is the peak position and ξ is a characteristic dimension called the 

Lorentzian screening length. The obtained Porod exponents (n) approached 
values around 2.02.2, which are characteristic of gel-like behaviours.156,157 In 
a gel-like system, while the Lorentzian screening length (ξ) can be associated 
to a mesh size relative to the particle network; 158 here, the value decreased 
from 29 Å at 24 vol% to 20 Å at 57 vol%. Finally, SAXS curves corresponding 
to the supposedly dry state displayed signs of a long-range assemblies (n close 
to 4) and short-range ordering into mass fractal structures (m = 2.3), indicating 
that the evaporation-based assembly in levitating aqueous droplets containing 
CNC can lead to ordered assemblies up to very high volume fractions, as it 
has been observed by SEM.150 

The center-to-center separation distance, or d-spacing (d), was retrieved 
from the position of the structural peak that dominates in the available q range, 
i.e. the peak maximum (qmax) and Equation 3.5:  

𝑑 =
2 𝜋

𝑞𝑚𝑎𝑥
                      (3.5) 

In a previous study from our group,150 a levitating droplet of an aqueous CNC 
dispersion was followed from 1 to about 40 vol% and a succession of power-
law scalings could be observed between d and the volume fraction 𝜑 (Figure 
3.3). The gradually increasing scaling exponents were interpreted as an indi-
cator of various assembly regimes, from the early isotropic contraction of a 
system of freely rotating isolated nanoparticles (d ∝ φ1/3) to the unidimen-
sional compression of close-packed nematic assemblies (d ∝ φ1), above 23 
vol%. We observed a d ∝ φ1/2 scaling from 1 vol% to approximately 35 vol%, 
and a d ∝ φ1 scaling only at the highest investigated volume fractions (Figure 
3.3). It is commonly accepted that a competition exists in CNC aqueous dis-
persions between gelation and the formation of chiral nematic liquid crystal-
line phases.159 The d ∝ φ1/2 scaling, characteristic of nematic phases of col-
loidal rods,160 indicates that gelation locked the system’s evolution into a 
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glassy state at relatively low volume fractions, and unidimensional compres-
sion occurred at much higher volume fractions than in the previous study. It 
should be noted that the comparison is based on the assumption that possible 
errors on volume fraction estimation or differences in SAXS data quality be-
tween the two studies are small. Additionally, the d values at the highest vol-
ume fractions in both studies were very similar, around 5060 Å, indicating 
that the rod-like particles pack very closely. 

 

Figure 3.3: Power-law scalings between the center-to-center CNC particle dis-
tances (d) and the volume fraction, for the study presented in this section (left, 
Paper I) and a previous study (right, adapted from Liu et al.150, published by 
The Royal Society of Chemistry). 

 

Focusing on the highest volume fractions, it is worth noting that a linear 
relationship was found between the d-spacings and the corresponding inverse 
volume fractions, which allowed us to get another estimate of the CNC aver-
age particle thickness. Indeed, assuming that this method, usually used for la-
mellar clay systems,161–163 could be transposed to a CNC close-packed assem-
bly, the average thickness obtained from the slope of the linear fit, 31 Å, was 
very close to that obtained from the low-φ SAXS curves (34 Å). 

Before moving on to CNC:MNT mixtures, a few observations on MNT-
only levitating droplets should be made, most of them corroborating previous 
findings. The low-φ SAXS curves were fitted to a parallelepiped model, yield-
ing a thickness of 9.6 Å and an average platelet size of 1319  985 Å2. The 
obtained thickness is in good agreement with previous estimates of the platelet 
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thickness of MNT.163,164 The platelet size also correlated well with TEM im-
ages, from which the average platelet diameter was found to be 1220 ± 650 Å. 
Low-q power-law scalings started from q−2 at low φ, as expected for well-
dispersed bidimensional platelets,165 and progressively increased up to q−3.2, 
which does not relate to well-known structures but could indicate the coexist-
ence of solvent-rich and solvent-poor regions due to heterogeneous drying, as 
observed in other clay systems.166,167 The evaporation of the MNT aqueous 
droplet was accompanied by two main features in the SAXS curves (Figure 
3.4). At intermediate φ, a diffuse peak appeared, which could relate to the 
formation of ”liquid-like” structures.162 At higher φ, the diffuse peak gradually 

disappeared while a correlation peak, characteristic of the stacking of MNT 
platelets, appeared at q = 0.33 Å−1 and became increasingly intense. The cor-
responding d-spacing decreased to 19 Å (Figure 3.4), which is a commonly 
found value for stacked MNT platelets separated by water layers of about 10 
Å,165,168 The average number of platelets per stack (or per tactoid), < N >, was 
estimated by Gaussian fitting of the structural peak and using the resulting 
FWHM and the Scherrer relation (Equation 3.6), displaying values above 7 at 
the highest observed volume fractions (Figure 3.4). 

< 𝑁 > =
𝑞𝑚𝑎𝑥

𝐹𝑊𝐻𝑀
                    (3.6) 

 

Figure 3.4: (Left) Kratky visualisation of SAXS curves corresponding to a 
MNT droplet at various volume fractions indicated in the legend. (Right) D-
spacings between MNT platelets (black) and average number of MNT plate-
lets per tactoid (< N >, red) as a function of volume fraction. Inset: Gaussian 
fit for a high volume fraction correlation peak. Adapted from Paper I. 
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The CNC:MNT mixtures were studied at two different weight ratios, from 
here on called CNC:MNT 5:1 and CNC:MNT 2:1, respectively, and with an 
identical amount of MNT in both mixtures. The total volume fractions at the 
start of the recording were 1.8 and 1.6 vol%, respectively. In general, the 
SAXS curves for both mixtures looked similar to the SAXS curves collected 
from the CNC-only droplet (Figure 3.5). The structural peak characteristic of 
CNC ordering is evident and more intense in the CNC:MNT 5:1 than in the 
CNC:MNT 2:1 dispersions, which indicates that the packing of CNC domi-
nate the structural features of the mixed dispersions.  

 

 

Figure 3.5: SAXS curves corresponding to the CNC:MNT 5:1 mixture and 
black lines corresponding to a parallelepiped form factor and a hard sphere 
structure factor at lower concentrations (left) and to the broad-peak model at 
higher concentrations (right). Adapted from Paper I. 

 

The structural peak measured for the CNC:MNT mixtures progressively 
shifted to higher q values as the volume shrank, but the main difference be-
tween the mixtures and the CNC-only system lies in the φ at which the SAXS 
curves could be fitted with the broad-peak model, that is to say when close-
packing could be observed. Indeed, the lowest φ at which broad-peak fitting 
could be performed was 24 vol% for the CNC-only system, but the high-q 
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shoulder appeared earlier in the mixed dispersions and broad-peak fitting 
could already be achieved at total volume fractions lower than 16 vol%. This 
suggests that MNT facilitate the close-packing of CNC. The mesh sizes were 
found to depend on the composition and concentration of the dispersions: at 
32.4 vol%, the mesh size was equal to 35 Å for the CNC:MNT 2:1 mixture 
(which contains 33% MNT) and 29 Å for the CNC:MNT 5:1 mixture (which 
contains 17% MNT), while the fit of the curve corresponding to the 32.0 vol% 
CNC-only dispersion gave a mesh size of 26 Å (Table 3.1). It therefore ap-
pears that, although MNT promoted the close-packing of CNC, its presence 
could inhibit close-packing. At very high volume fractions, particularly above 
48 vol%, the structural peak became broader, which indicates that the degree 
of disorder increased. 

Dispersion  
mixture 

Volume 
Fraction 
(vol%) 

Porod  
exponent, n 

Lorentzian  
exponent, m 

Mesh size, 
ζ (Å) 

CNC:MNT = 5:1 15.7 2.1 2.4 47 
32.4 2.2 2.8 29 
48.4 2.3 2.3 25 

CNC:MNT = 2:1 15.7 2.5 2.2 39 
32.4 1.8 2.3 35 
48.0 2.1 2.3 30 

 

Table 3.1: Fitting parameters obtained from the broad-peak model applied to 
the high volume fraction CNC:MNT SAXS curves. Adapted from Paper I. 
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3.2. Assembly and orientation under rotational shear 
probed by Rheo-SAXS (Paper II) 

 
While levitating droplets are mainly used to probe assembly phenomena in 

bulk in a substrate-free environment, studying the behaviour of CNC disper-
sions in environments simulating in operando conditions is necessary to un-
derstand orientation and assembly during processing. In particular, the na-
noscale behaviour under shearing conditions and while relaxing after shear 
has stopped could help in understanding and optimising many processes.27 
Rheo-SAXS setups have been used to shed light on the flow behaviour of 
CNC rods.34,36,151,169,170 In experiments at Synchrotron Soleil (see 2.2.4), we 
have used this approach to investigate the influence of MNT on the orientation 
and relaxation of CNC. 

The CNC:MNT system studied here is analogous to the one mentioned in 
section 3.1, with the same MNT source, although we replaced the CNC pre-
pared in the lab by commercial CelluForce™ CNC (see 2.1.3). Analysis of 
AFM images of CNC yielded average lengths and thicknesses of 173 ± 41 nm 
and 4.3 ± 0.8 nm (giving an average aspect ratio of 40), which compared well 
to the prepared CNC (see 3.1), as did the average zeta potentials (see Table 
2.1). Chiral nematic domains usually begin to be observed in CelluForce™ 

CNC at a concentration around 3.5 wt%,132 which is the main reason why we 
chose a working concentration of 3.6 wt% for CNC in the dispersions; that is, 
we wanted to assess whether the formation of such domains would somehow 
hinder the orientation of CNC particles under shear. Visual assessment be-
tween cross polarisers showed that the dispersions consisted of a single bire-
fringent anisotropic phase, which can be described as a colloidal glass,171 and 
no phase separation took place even after long waiting times. This is supported 
by a theoretical estimate of the onset of formation of colloidal glass phases, 
which is assumed to be inversely proportional to the particle aspect ratio,33 
and yielded a concentration around 2.8 wt% based on the measured AFM di-
mensions.  

The rheological test performed during the Rheo-SAXS measurements was 
chosen in order to simulate basic shear conditions that can be encountered in 
a number of processes, such as extrusion, spinning or 3D printing, in which 
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strong shear periods are followed by a resting phase once the material acquires 
its final shape. We therefore opted for a sequence similar to creep-and-recov-
ery tests, in which one-minute shearing regimes were alternated with five-mi-
nute low-shear relaxation regimes (Figure 3.6). At each new shearing step, the 
shear rate was increased by an order of magnitude. SAXS patterns were col-
lected radially to the flow direction and the orientation of the CNC along the 
flow direction was assessed by azimuthal integration of the 2D patterns and 
fitting of the resulting profiles using a Legendre series expansion that gives 
access to Hermans’ orientation parameter, 𝑃̅2 (see 2.3.2). 𝑃̅2 values provide a 
quantification of the shear-induced orientation of CNC particles, with higher 
values corresponding to greater orientation. 

The reference dispersions, which contained only CNC at a concentration of 
3.6 wt%, were readily oriented by the shear flow at all investigated shear rates, 
with 𝑃̅2 values close to 0.3 already at a shear rate of 1 s1, and increasing to 
0.43 at 1000 s1 (Figure 3.6). However, after the 1000 s1 shearing regime, the 
orientation was rapidly lost when the high shearing was stopped (lowered to 
0.1 s1 during the relaxation regimes) (Figure 3.7). A plateau below 𝑃̅2 = 0.1 
was indeed reached after only ten seconds for the CNC-only dispersion, which 
suggested that most of the shear-induced orientation relaxed relatively 
quickly. Interestingly, the relaxation of the shear-induced order in CNC:MNT 
composite dispersions was more complex, slower and incomplete compared 
to the CNC only dispersions. A dispersion containing 3.6 wt% CNC and 0.5 
wt% MNT displayed a small decrease in 𝑃̅2, from 0.48 to reach a plateau at 
around 0.37 after five minutes relaxation. The mixed dispersion containing 
3.6 wt% CNC and 2.5 wt% MNT showed no loss in orientation at all during 
the low-shear period, with all 𝑃̅2 values slightly fluctuating around 0.47 
throughout the relaxation period. It is also worth noting that, under a shear rate 
of 1000 s1, the 𝑃̅2 values for the CNC:MNT mixtures were comparable to and 
in fact slightly higher than for the CNC-only dispersion, suggesting that the 
MNT platelets did not prevent the CNC rods to align in the flow direction. 
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Figure 3.6: Rheo-SAXS experiments and orientation assessment. (Top) 
Visual description of the succession of shearing (red) and relaxation (green) 
regimes during Rheo-SAXS experiments, superimposed with a typical viscos-
ity versus time curve. (Bottom left) Radial profile of a SAXS pattern obtained 
for a 3.6 wt% CNC dispersion, highlighting the position of the structural peak 
and its position on a 2D pattern. (Bottom right) Azimuthal profiles of CNC 
structural peaks during shearing regimes of various shear rates, accompanied 
by the corresponding 𝑃̅2 values in insets. Adapted from Paper II. 
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Figure 3.7: Relaxation and viscosity of CNC-only and CNC:MNT disper-
sions. (Left) Evolution of 𝑃̅2 during the relaxation regime. (Right) Viscosity 
against shear rate. Adapted from Paper II. 

 

The addition of increasing amounts of MNT thus appeared to increasingly 
inhibit the relaxation of the shear-induced CNC orientation. Both the CNC-
only and the mixed dispersions were shear-thinning, with viscosities at 1000 
s1 being two to four orders of magnitude lower than at rest, usually between 
0.01 and 0.1 Pas. The CNC 3.6 wt%/MNT 2.5 wt% dispersion displayed a 
low-shear viscosity that was almost 50 times higher than the CNC-only dis-
persion (489 Pas against 10 Pas), however the CNC 3.6 wt%/MNT 0.5 wt% 
dispersion was actually the least viscous (5 Pas), while the relaxation process 
was slower than in the more viscous CNC-only dispersions. The partial preser-
vation of orientation in the mixed dispersions is probably related to a combi-
nation of rheological considerations and the fact that co-assembly between 
CNC and MNT could lock the shear-induced aligned arrangements. 
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4. Anisotropic CNM-based foams for 
thermal insulation (Papers IIIIV) 

4.1. Thermal conductivity and heat transfer in cellulose 
and multiscale CNM-based composite foams 
(Paper III) 

 
The potential of CNM for thermal insulation has been demonstrated for 

isotropic foams and aerogels, sometimes reaching super-insulating perfor-
mance (see 1.2.4).93,94,96,172 Cellulose, however, is an anisotropic molecule and 
CNM is a nanoparticle that consist of bundles of parallel cellulose chains. The 
anisotropic properties of CNM mainly stem from the difference in direction 
and strength of the molecular bonding, with strong covalent bonds and intra-
molecular hydrogen bonds present along the chain axis (axial direction), while 
intermolecular hydrogen bonds and weaker van der Waals interactions domi-
nate perpendicular to the chains (radial direction).173,174 Solid conduction is 
therefore much larger in the axial direction than in the radial direction, as ex-
plained in 1.2.3. As a result, CNM are anisotropic nanoparticles with aniso-
tropic intrinsic properties, including thermal conductivity. The modelling of 
heat transfer properties for cellulose Iβ crystals, a monoclinic structure that 
predominates in plant sources,16 yielded thermal conductivity values of 900 
mW∙m−1∙K−1 along the chain axis, and 240 and 520 mW∙m−1∙K−1 perpendicu-
larly.136 For a single CNC particle (i.e. a bundle of cellulose chains), the esti-
mated anisotropy in thermal conductivity, i.e. the ratio of the axial to the radial 
thermal conductivity, attained a value of almost 8.175 By aligning CNM parti-
cles as much as possible via various processes, the anisotropic thermal prop-
erties of cellulose can be extended to the macroscopic scale; for example, 
Uetani et al.176 achieved an anisotropy ratio of 8.5 in nanopapers made from 
shear-aligned tunicate nanowhiskers.  
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We have used unidirectional ice-templating, also known as freeze-casting 
(FC), to prepare foams with aligned CNMs (see 2.1.5). This technique, which 
was introduced in the field of ceramics but has recently been applied to the 
fabrication of various biomaterials,177,178 generates porous assemblies or ar-
chitectures179 where TCNF and CNC particles are preferentially aligned in the 
freezing direction (see Paper VI). After a drying phase, generally performed 
by supercritical drying or freeze-drying (FD), the resulting foams usually dis-
play columnar macropores separated by walls that consist of densely packed 
particles. The two main directions, along the freezing direction and the 
macropores’ axes, and perpendicularly to them, will be from here on referred 
to as the axial and radial directions of the foams, respectively (see Figure 2.7). 

Alternatively, multi-component and/or multiscale foams can be used to 
control the heat transfer properties (Figure 4.1).97,102,104 Isotropic materials 
containing multiple components (including at least one cellulosic component) 
were more thermally insulating than analogous materials that only contained 
the cellulosic component. This enhancement can be attributed to the hierar-
chical porous structures as well as enhanced heat dissipation by phonon scat-
tering at heterogeneous solidsolid interfaces. By combining such phenomena 
with anisotropic structures obtained by ice-templating, Wicklein et al.106 at-
tained some of the lowest radial thermal conductivity values ever reported for 
CNM-based foams (15 mW∙m−1∙K−1), with foams consisting of TCNF, gra-
phene oxide, boric acid and sepiolite clay. The outstanding values reported for 
these complex CNM-based composites support the idea that low thermal con-
ductivities in a specific direction can be achieved via the elaboration of mul-
tiscale architectures featuring several components and alignment of CNM par-
ticles. 
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Figure 4.1: Comparison between multiscale cellulose or CNM-based compo-
site foams and aerogels, and the corresponding single-component cellulosic 
materials. Adapted from Paper III. 

 

4.2. Thermal conductivity of anisotropic CNC foams 
(Paper IV) 

 

Freeze-cast (FC) and freeze-dried (FD) TCNF foams can be stable at low 
densities (typically 56 kg∙m3) and display very low thermal conductivity 
values (see Paper VI and VIII); however, they still fail to meet some essential 
criteria for applicability as thermal insulators, in particular due to their rela-
tively low mechanical strength. Their strength can be improved by reinforcing 
the cellulosic backbone, which can be accomplished by either increasing the 
density or adding other compounds, e.g. inorganic nanoparticles. Unfortu-
nately, the preparation of FC TCNF-based foams is limited by the high vis-
cosity of the corresponding dispersions, due to their very low gelation thresh-
old, which makes it difficult to handle and process dispersions above 1.52 
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wt%. CNC dispersions can be handled and processed at much higher concen-
trations, which allows for the fabrication of dense and strong CNM-based 
foams. 

CNC foams107,180,181 have been far less studied than their TCNF counter-
parts, in particular when it comes to heat transfer mechanisms. The commer-
cial availability of CNC enables and simplifies studies that require larger 
amounts of material, and we have used CelluForce™ CNC to investigate FC 
and FD foams of varying densities, with a focus on thermal conductivity. 

CelluForce™ CNC (see section 3.2 for details on the particle characteristics) 
were used to prepare dispersions with concentrations ranging from 2.0 to 10.5 
wt% (Figure 4.2); higher concentrations were too viscous to be easily handled. 
The resulting FC and FD foams displayed densities ranging from 25 to 129 
kg∙m3. From here on, the foams with a density of 25 kg∙m3 will be referred 
to as CNC25, and idem for foams with other densities. These foams, like re-
ported FC CNC foams (Paper VI), had largely columnar macropores along the 
freezing direction, with elongated and locally lamellar cross-sections, in con-
trast to TCNF foams, which usually display more honeycomb-like cross-sec-
tions (Figure 4.2). SEM images of the foam cross-sections showed that the 
average foam wall thickness increased with increasing density, from a few 
hundreds of nm to 4 μm. The anisotropy of the foams’ morphology, estimated 
from the macroporous columnar alignment from axial SEM images (see 
2.3.1), was high and decreased only slightly with increasing density, from 87 
to 78% (Figure 4.2). Within the foam walls, the particle orientation was eval-
uated by Hermans’ orientation parameter 𝑃̅2, obtained via XRD measurements 
(see 2.3.2). The 𝑃̅2 values remained in a rather narrow interval, between 0.33 
and 0.49 (Figure 4.2), suggesting a rather good CNC alignment at all densities 
with a slight decrease with increasing density. The CNC25 foams displayed the 
lowest orientation, possibly due to a slight damaging of these most fragile 
foams during handling prior to the XRD measurements. In summary, all the 
CNC foams tested in this study showcased a very good macroporous align-
ment and a rather good particle orientation, which allows us to reasonably rule 
out structural differences to explain thermal conductivity variations with den-
sity, except maybe for the foams with the lowest and highest densities due to 
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the fragility of the CNC25 foams, and loss of orientation in CNC88 to CNC129 
foams. 

 

Figure 4.2: (Top) CNC dispersion concentration range used in Paper IV and 
resulting foam density range, with SEM cross-sectional images of the 
macroporous structure. (Bottom) Assessment of the structural order in CNC 
foams, as macroporous columnar alignment (left) and Hermans’ orientation 

parameter, referring to particle orientation in foam walls (right). Adapted from 
Paper IV. 
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The gravimetrically determined total porosity of the foams naturally de-
creased with increasing density, from 98.3 to 91.3% in dry conditions, while 
the macroporous morphologies remained similar. 

The nanopore volume first increased from 4.3 mm3∙g1 (CNC25 foams) to 
7.5 mm3∙g1 (CNC34 foams), then decreased with increasing density to a min-
imum value of 1.6 mm3∙g1 (CNC88 and CNC129 foams) (Figure 4.3). The max-
imum nanopore volume was reached for foams obtained from 3 wt% CNC 
dispersions. Denser foams that were produced from dispersions with concen-
trations above 3.5 wt%, are expected to be influenced by anisotropic chiral 
nematic domains,132 as seen in section 3.2.33An increase in the dispersion con-
centration up to 3 wt% is expected to inhibit the rotation and alignment of the 
CNC along the freezing direction, creating more defects in the alignment and 
therefore more interstices, contributing to a higher nanopore volume in the 
foams. From 3.5 wt% on, however, the chiral nematic arrangements and the 
densification of these arrangements as the ice grows is expected to result in 
dense packed walls. The average diameter of the nanopores ranged between 7 
and 10 nm for all the investigated foam densities.  

The radial (λr) and axial (λa) thermal conductivities of the CNC foams were 
measured at various RH but the trends with respect to density remained similar 
and we will thus focus on the 50% RH data (Figure 4.3). The lowest value for, 
λr was attained for CNC34 foams (25.5 mW∙m−1∙K−1 at 50% RH and 24 
mW∙m−1∙K−1 at 20% RH, the lowest obtained value), which happened to be 
the foams with the highest nanopore volume. At intermediate densities, λr 

slightly increased and stagnated at a plateau around 27-28 mW∙m−1∙K−1, and 
increased for foams denser than CNC52 foams up to 51 mW∙m−1∙K−1 for 
CNC129 foams. The inverse correlation between radial thermal conductivity 
and nanopore volume is striking and identifies CNC34 foams as both the most 
nanoporous and the most thermally insulating in the radial direction, attaining 
lower-than-air values at 20% RH. 
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Figure 4.3: (Left) Cumulative volume of nanopores for CNC foams, measured 
by nitrogen sorption. (Right) Radial thermal conductivity of CNC foams as a 
function of their density at 50% RH. Adapted from Paper IV. 

 

Theoretical calculations were performed in order to better elucidate the mech-
anisms affecting the radial thermal conductivity of the CNC foams. The esti-
mates were carried out as a succession of volume fraction-weighted summa-
tions of increasing complexity, each step featuring a new contribution added 
to the previous ones, summarised in Figure 4.4. We found that the Knudsen 
effect, which is related to the nanoporosity, was of minor importance but pho-
non scattering at solidsolid interfaces was identified as the main phenome-
non that is responsible for the very low observed radial thermal conductivities.  
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Figure 4.4: Summary of the successive volume fraction-weighted theoretical 
estimates for the radial thermal conductivity of CNC34 foams, compared to the 
experimentally measured value. Adapted from Paper IV. 

 

 

It is possible that the presence of nanopores has implications beyond the 
Knudsen effect, e.g. by promoting phonon scattering at solidgas inter-
faces175,182,183 which is expected to be linked to the surface area of the foams 
and therefore to the amount of nanopores.  
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5. Mechanical and heat transport properties 
of anisotropic composite CNM-based 
foams (Paper V) 

Two examples of CNM-based composite foams containing widely availa-
ble inorganic materials are presented: the first example is based on the 
CNC:MNT combination that was the focus of section 3, and the second ex-
ample focuses on composite foams based on commercially available colloidal 
silica and TCNF. 

5.1. Anisotropic CNC:MNT foams 

 
FC and FD composite foams were prepared by mixing dispersions of Cel-

luForce™ CNC (Papers II and IV) and MNT (Papers I and II). The CNC dis-
persion concentration, 2.5 wt%, was chosen before all the results from section 
4.2 were collected, however it is close to the 3 wt% concentration that yielded 
the foams with the highest nanoporosity and the lowest thermal conductivity 
in Paper IV. Two CNC:MNT ratios were tested, with MNT concentrations of 
0.63 wt% (4:1 ratio, yielding foams with an average density of 32 kg∙m3) and 
1.25 wt% (2:1 ratio, yielding foams with an average density of 38 kg∙m3), and 
both were compared to foams from an equivalent CNC-only dispersion.  

SEM images showed that, while retaining their elongated cross-section 
shapes, the macropores in CNC:MNT foams appeared more ordered than 
CNC-only foams, with larger long-range lamellar arrangements and a substan-
tial number of 90° angles between adjacent foam walls, creating maze-like 
macroporous structures (Figure 5.1). The average macropore width (the 
shorter edge of the cross-sections) was significantly shorter in the composite 
foams (21 and 25 μm for the CNC:MNT 4:1 and 2:1 foams, respectively) than 
in the CNC-only foams (48 μm). The macroporous structure of the composite 



56 

foams thus appeared as more ordered and with a higher density of foam walls. 
At the particle level, a minor loss of orientation was detected by XRD, with 
Hermans’ orientation parameters decreasing from 0.3 for the CNC-only foams 
to 0.21 and 0.18 for CNC:MNT 4:1 and 2:1 foams, respectively, indicating 
that the presence of MNT partially hindered the alignment of CNC along the 
freezing direction.  

The addition of MNT lowered the cumulative volume of nanopores, which 
was 5.9 mm3∙g−1 for the CNC:MNT 4:1 foams (containing 20% MNT) and 4.6 
mm3∙g−1 for the CNC:MNT 2:1 foams (containing 33% MNT). In comparison, 
the CNC28 foams from Paper IV, which possessed the same CNC content, had 
a nanopore volume of 6.5 mm3∙g−1 and an average nanopore diameter of 10.6 
nm, while both composite foams displayed slightly smaller nanopores of 8.1 
nm. Despite displaying densities of 32 and 38 kg∙m3, CNC:MNT 4:1 and 2:1 
foams possessed nanopore volumes comparable to CNC50 and CNC52 foams, 
respectively. 

 

Figure 5.1: (Left) SEM cross-section showing the maze-like macroporous 
structure of CNC:MNT foams. (Right) Mechanical toughness of CNC:MNT 
foams compared to that of reference CNC-only foams. 

 

The mechanical toughness of the foams was greatly improved by the addi-
tion of MNT, with CNC:MNT 4:1 foams (19.3 kJ∙m−3) and CNC:MNT 2:1 
foams (25.6 kJ∙m−3) being twice and three times as tough as CNC-only foams 
(8.0 kJ∙m−3), as shown in Figure 5.1. The performance of the CNC:MNT 2:1 
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foams was again comparable to that of the CNC52 foams from Paper IV, de-
spite being about 25% less dense. The specific toughness, i.e. the toughness 
normalised to the density, increased from 0.31 J∙g−1 for CNC-only foams to 
0.61 J∙g−1 and 0.67 J∙g−1 for CNC:MNT 2:1 and CNC:MNT 4:1 foams, respec-
tively. It should be noted that CNC52 foams (Paper IV), while showcasing al-
most the same toughness as CNC:MNT 2:1 foams, had a 30% lower specific 
toughness, which highlights a substantial strengthening of the foams upon ad-
dition of MNT. 

The radial thermal conductivity of the CNC:MNT foams showed similar 
RH-dependent behaviours for all the investigated foams, and the minimal ther-
mal conductivities were attained at 35% RH (Figure 5.2). The λr values were 
lower for the composite foams than for the CNC-only foams, and the 
CNC:MNT 4:1 foams displayed lower λr than CNC:MNT 2:1 foams. In fact, 
the CNC:MNT 4:1 foams were super-insulating with a minimum λr of 20.6 
mW∙m−1∙K−1 at 35% RH. The very low λr of CNC:MNT foams is not corre-
lated to the nanoporosity, which suggests that phonon scattering is enhanced  
in the composite foams, probably as an effect of more solidsolid heterogene-
ous interfaces where heat dissipation could be more pronounced (Figure 5.2).  
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Figure 5.2: (Left) Radial thermal conductivity of CNC:MNT foams, compared 
to the CNC-only reference foams, as a function of RH. (Right) Illustration of 
the potentially enhanced heat dissipation by solid-solid phonon scattering at 
heterogeneous CNC/MNT interfaces. 

 

 

5.2. Anisotropic Silica:TCNF foams (Paper V) 

 
Composite foams prepared from 0.4 wt% TCNF dispersions containing two 

types of colloidal silica, both produced industrially from waterglass (sodium 
silicate), have been investigated. The Levasil® CS30-236 is an aqueous dis-
persion containing spherical silica particles with an average diameter of 16 
nm, and will be referred to as ”isotropic silica”. The Levasil® CS15-175 con-
sists of particles that were obtained by fusing several spherical particles, re-
sulting in anisotropic necklace-like particles with minor branching, and will 
be referred to as ”anisotropic silica”. Simple mixing by mechanical stirring of 
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TCNF and isotropic or anisotropic silica dispersions was sufficient to ensure 
good colloidal stability of the composite mixtures, as shown by zeta potential 
and DLS measurements: the zeta potentials of the dispersions ranged between 
−59 and −45 mV, which is sufficient to ensure electrostatic stability at mod-
erate ionic strengths,184 and DLS yielded similar particles size distributions for 
sonicated and non-sonicated dispersions, confirming that the mixtures are 
well-dispersed. 

Foams containing isotropic silica and TCNF were produced with five dif-
ferent silica:TCNF ratios, which we will label as IX:1 with X indicating the 
weight parts of isotropic silica for one part of TCNF. These foams were com-
pared with anisotropic silica:TCNF foams with a 2:1 ratio (labelled as A2:1) 
and reference TCNF-only foams (labelled T). The average densities ranged 
from 5.7 kg∙m−3 for the T foams to 33.9 kg∙m−3 for the I5:1 foams. SEM cross-
sections of the macroporous anisotropic TCNF foams were very similar to 
those observed in other studies and the addition of silica had a neglible influ-
ence on the structure (Figure 5.3; cf. Papers VI and VIII). The average wall 
thicknesses are probably around a few hundreds of nanometers (Figure 5.3). 
EDS showed that the silica particles were homogeneously distributed in the 
foam walls. The TCNF orientation in the foam walls was estimated with XRD 
and the extracted Hermans’ orientation parameters that varied between 0.19 
and 0.26 showed that only a minor loss of orientation is associated with the 
addition of silica.  
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Figure 5.3: Photograph of a silica:TCNF foam with associated SEM pictures 
showing cross-sectional (top-right) and axial (bottom-left) views, as well as a 
close-up on the thickness of a foam wall visualised by HRSEM (bottom-right). 
Adapted from Paper V. 

 

Assessing the nanoporosity of the foams via nitrogen sorption revealed that 
the T foams displayed a relatively small cumulative nanopore volume of 24 
mm3∙g−1, which already almost tripled in I1:1 foams (63 mm3∙g−1) and in-
creased with increasing silica content, peaking at 170 mm3∙g−1 in I5:1 foams. 
In parallel, the average nanopore diameter decreased from 10 nm for T foams 
to around 4 nm for all silica:TCNF foams. The causes of the substantial in-
crease in nanoporosity probably stems from two main phenomena, namely the 
increase in spacing between TCNF particles by the co-dispersion with silica,  
and the formation of nanoporous silica particle assemblies (note that the silica 
particles were not porous themselves). Interestingly, an equal amount of iso-
tropic and anisotropic silica particles led to quite different nanopore volumes, 
with values of 102 mm3.g-1 obtained for I2:1 foams and 166 mm3.g-1 obtained 
for A2:1 foams, which is almost as high as for I5:1 foams. The aspect ratio 
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and the higher excluded volume of the anisotropic silica particles appears to 
result in composite foam walls with significantly more interstices compared 
to foams prepared with equal amounts of isotropic silica. 

The compressive stressstrain curves of the silica:TCNF foams displayed 
three domains, typical for honeycomb structures:142 a linear-elastic defor-
mation domain, from which the Young’s modulus is extracted, a plateau do-

main where the foam walls start buckling and a densification domain. The 
toughness and Young’s modulus were calculated for all tested foams and plot-
ted against foam density (Figure 5.4). The foams containing isotropic silica 
displayed a linear increase in toughness with increasing density, while the in-
crease in Young’s modulus with increasing density was quadratic. The tough-
ness increased by about 250% while the Young’s modulus increased by about 

800% comparing T foams with I5:1 foams. These two trends shows that load-
ing the TCNF matrix with silica results in a tougher structure, that also be-
comes more brittle (higher Young’s modulus). The brittleness of the densest 
foams was obvious during the mechanical tests, as I4:1 and I5:1 foams tended 
to shatter into small fragments after compression, while the other foams could 
be retrieved in one (compressed) piece. Indeed, I5:1 was chosen as the upper 
limit because foams with higher silica content fragmented upon basic han-
dling.  

The strengthening of the composite foams can be assessed by considering 
their specific toughness (toughness divided by density). The specific tough-
ness of foams containing isotropic silica was always lower than for T foams, 
which shows that the isotropic silica contributed less than TCNF to the load-
bearing properties of the network. The A2:1 foams, however, turned out to 
display outstanding mechanical properties. Indeed, the toughness of A2:1 
foams was comparable to that of I5:1 foams and their Young’s modulus was 

comparable to that of I4:1 foams, despite obviously showcasing almost the 
same density as I2:1 foams. The specific toughness turned out to be identical 
to that of T foams (0.68 J∙g−1 and 0.69 J∙g−1 for T and A2:1 foams, respec-
tively), which indicates that the strengthening of the foams by addition of an-
isotropic silica was as effective as TCNF to mechanically support the foam 
structure. 
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Figure 5.4: Mechanical toughness (left) and compressive Young’s modulus 

(right) of silica:TCNF foams, as well as of reference TCNF-only foams (T), 
as a function of their density. Adapted from Paper V. 

 

The moisture uptake between 20 and 80% RH was overall lower for both 
I2:1 and A2:1 foams compared to T foams. In, particular, at 20% RH, the 
moisture uptake was only 4% for I2:1 and A2:1 foams versus 11% for T 
foams. At 80% RH, the moisture uptake was substantially lower for the I2:1 
foams (11%) than for the A2:1 foams (16%), which was almost equal to that 
of T foams (17%).  

The radial thermal conductivity (λr) of T foams displayed a parabolic de-
pendency on RH, similar to Paper VIII (Figure 5.5). Briefly, the λr at dry con-
ditions of T foams was 29.7 mW∙m−1∙K−1, above the value for air (λair = 25.6 
mW∙m−1∙K−1). At lower RH, the swelling-induced increase in the interparticle 
distance dominated, causing λr to reduce to values as low as 19.2 mW∙m−1∙K−1 
at 65% RH, while the replacement of air with water at high RH caused λr  to 
increase to 25.0 mW∙m−1∙K−1 at 80% RH. For the composite foams, however, 
this bimodal behaviour was suppressed and λr attained its lower values at low 
RH (24.0 mW∙m−1∙K−1 at dry conditions for I2:1 foams and 24.4 mW∙m−1∙K−1 
at 20% RH for A2:1 foams). The composite foams remained more insulating 
than air up to 20% RH, after which the λr values generally increased, although 
they never rose above 34.3 mW∙m−1∙K−1. Both composite foams had similar 
axial conductivities. Thus while the anisotropy ratio (λa/λr) of TCNF foams 
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dramatically increased with increasing RH, from 2.4 at dry conditions up to 
8.5 at 65% RH, the variations were much narrower for the composites foams, 
only increasing from around 3 at dry conditions to less than 4.5 at 80% RH 
(Figure 5.5). Hence, the addition of silica to a TCNF-based foams both re-
sulted in a reduction of the moisture uptake and a swelling-induced increase 
in phonon scattering.  

 

Figure 5.5: Radial thermal conductivity (left) and anisotropy ratio (right) of 
silica:TCNF and TCNF-only foams, as a function of RH. The dashed blue line 
represents the thermal conductivity of air. Adapted from Paper V. 

 

The low λr of composite foams at dry conditions (24.0 and 25.0 
mW∙m−1∙K−1), which was significantly lower than the T foams, suggests that 
the large nanoporosity of the composite foams could play an important role, 
e.g. through the Knudsen effect. A2:1 foams displayed an impressive 22.8% 
nanopores in the foam walls, against 15.5% for I2:1 foams and only 3.9% for 
T foams (the CNC34 foams from Paper IV, the most nanoporous foams in that 
study, are much less nanoporous than TCNF-based foams, with a nanopore 
fraction of 1.3% in the walls).  
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6. Summary and Conclusions 

The co-assembly of CNC and MNT that was studied in acoustically levi-
tating aqueous droplets (Paper I) was dominated by the assembly and packing 
of CNC. The low-q power-law exponent that had a value around 2.1 indicated 
a gel-like system, while the scaling of the center-to-center particle distances 
with volume fraction displayed a constant power-law exponent of −1/2 up to 

35 vol%, characteristic of nematic arrangements. These parameters indicated 
a competition, in CNC-only aqueous dispersions, between gelation and as-
sembly in chiral nematic phases. The average mesh size, extracted from the 
high-q SAXS data and observed at volume fractions above 24 vol%, decreased 
with increasing volume fraction, which suggests that the close-packed net-
works contracted. The addition of MNT promoted the formation of CNC 
close-packed networks at lower total volume fractions in the composite 
CNC:MNT dispersions, and also reduced the mesh size at a given total volume 
fraction, compared to CNC-only dispersions. At very high volume fractions, 
the composite CNC:MNT dispersions displayed a scattering behaviour char-
acteristic of disordered assemblies. 

Rheo-SAXS measurements (Paper II) showed that the shear-induced align-
ment of CNC parallel to the flow field occurred for both CNC-only and com-
posite CNC:MNT dispersions. The particle orientation was quickly lost during 
relaxation in CNC-only dispersions but the mixed CNC:MNT dispersions dis-
played a complex, slow and incomplete relaxation process after five minutes. 
The hindered orientation relaxation in the composite dispersions could be 
partly explained by rheological considerations but also seemed to be related 
to the locking of shear-induced assemblies due to co-assembly between CNC 
and MNT. 

  Freeze-cast and freeze-dried anisotropic CNM-based foams are examples 
of hierarchical materials in which CNM particles were oriented in a specific 
direction (Paper VI), which results in anisotropic heat transfer properties. A 
number of CNM-based systems of super-insulating foams and aerogels were 
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identified and analysed (Paper III), with a focus on ice-templated structures 
that exploit the intrinsic anisotropy of heat transfer in cellulose chains and 
between aligned CNM particles. We presented a systematic study of ice-tem-
plated CNC foams to assess the nanoporosity and thermal conductivity over a 
wide range of foam densities (25129 kg∙m−3; Paper IV). Neither the nanopore 
volume nor the radial thermal conductivity varied monotonically with density, 
and the lowest thermal conductivity was obtained for a foam with a density of 
34 kg∙m3, reaching 24 mW∙m−1∙K−1 at 20% RH. Theoretical estimates sug-
gested that the effect of nanoporosity on thermal conductivity is small and 
super-insulation could only be reached when phonon scattering at interfaces 
was large. 

Several promising CNM-based foams and aerogels with high strength and 
low thermal conductivities display multiscale architectures characterised by a 
high number of interfaces, in particular heterogeneous interfaces within com-
posites. We investigated two CNM-based composite foams; CNC:MNT and 
silica:TCNF foams. The radial thermal conductivity of CNC:MNT foams  de-
creased below the super-insulating level with addition of 20% MNT, even 
though the foams were denser and mechanically stronger than the correspond-
ing CNC-only foams. The silica:TCNF foams (Paper V) displayed only a 
moderate increase in radial thermal conductivity (always below 35 
mW∙m−1∙K−1) compared to TCNF-only foams, but an increasing mechanical 
toughness and nanoporosity, and reduced moisture uptake.  This thesis shows 
that composite foams can display a low thermal conductivity while reducing 
some inherent weaknesses of CNM-only ice-templated foams. 
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7. Outlook 

The two examples of anisotropic composite foams presented in this thesis 
both introduce promising features but also call for a multitude of future opti-
misations and considerations, if one wants to reach viable and competitive 
thermal insulators. 

 
The presented SAXS studies highlighted the possibility of uncovering in-

sights about co-assembly in composite dispersions, including under specific 
conditions that can be met during materials processing, thanks to advanced 
sample environments. Future improvements should mainly focus on the sam-
ple environment itself, in order to mimic real processing conditions even fur-
ther, combine characterisation techniques to gain knowledge about multiple 
length scales, and possibly collect materials that could be later characterised. 
A particularly interesting example could consist in X-ray transparent 3D-
printing nozzles to verify if orientation preservation could also be achieved in 
composite dispersions under extensional flow. 

 
When it comes to morphological features in ice-templated foams and their 

influence on heat transfer, modelling and simulations could offer a better un-
derstanding of the relative importance of various phenomena than the pro-
posed theoretical estimates. Even more importantly, tools for characterising 
heterogeneous interfaces in composites must be developed to optimise the 
choice of materials for efficient phonon scattering. The experimental determi-
nation of interfacial thermal resistances at heterogeneous interfaces in model 
systems is definitely a good place to start, using for instance Time-domain 
Thermoreflectance (TDTR).79,80 
 

In terms of formulation, it was shown that highly available inorganic nano-
particles such as clay and silica were good candidates for the strengthening of 
CNM-based foams. However, other structural components, or simply addi-
tives, could also be added to the mix to address a few other issues that are 
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often met with CNM foams, for example by increasing fire retardancy or hy-
drophobicity. Of course, these additional components should be as available, 
renewable and green as possible. 

 
Finally, if scaling up was to be considered, it would be inevitable to address 

alternatives to freeze-drying, which is limited in terms of cost, energy, time 
and scale. Several studies were successful in proposing self-standing foams 
that could be obtained by simple oven or ambient drying,144,185,186 including 
Paper IX; however they often rely on cross-linking and therefore the creation 
of covalent bonds, which most certainly contributes to increasing heat trans-
fer. Scalable and facile processes leading to super-insulating CNM-based are 
still to be found and put on the market. 
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Populärvetenskaplig sammanfattning 

Forskning om nanopartiklar extraherade från förnyelsebara och tillgängliga 
källor motiveras av både utvecklingen av funktionella nanomaterial samt 
strävan efter att ersätta vanliga fossilbaserade material. Cellulosa, särskilt i 
form av cellulosananomaterial (CNM), har väckt ökad uppmärksamhet för 
utvecklingen av hållbara och högpresterande produkter med egenskaper som 
inkluderar hög styrka, kemisk flexibilitet och anisotrop 
värmeledningsförmåga. CNM-skum framställda med s.k. istemplering eller 
frysgjutning har uppvisat superisolerande egenskaper vinkelrätt mot 
partikelriktningen (radiellt) och dessa CNM-baserade material kan potentiellt 
konkurrera med fossilbaserade isoleringsmaterial. Denna avhandling 
undersöker orienterigen och samorganiseringen av vitt tillgängliga oorganiska 
nanomaterial med CNM i vattendispersioner, samt den relativa betydelsen av 
fononspridning i värmeisolerande anisotropa kompositskum.  

Tidsupplösta metoder med småvinkelröntgenspridning (SAXS) har 
genomförts för att studera organiseringen och orienteringen i komposit 
vattenbaserade dispersioner innehållande cellulosananokristaller (CNC) och 
montmorillonit (MNT) ler-nanoplattor. Samorganiseringen av CNC och MNT 
i långsamt evaporerande svävande droppar, dominerades av interaktionerna 
mellan de dispergerade CNC-partiklarna. MNT främjade gelering och 
organisering vid lägre totala volymfraktioner än i droppar med enbart CNC. 
SAXS visade tillsammans med rotationsreologi att skjuvning inducerar en hög 
grad av orientering av CNC, i både enbart CNC- och blandade CNC:MNT-
dispersioner. Den skjuvinducerade CNC-orienteringen slappnade snabbt av i 
CNC-dispersionen men var fördröjd och delvis inhiberad i de blandade 
CNC:MNT-dispersionerna.  

Tidigare forskning tyder på att anisotropa och flerskaliga CNM-baserade 
skum med ett stort antal gränsytor kan gynna värmeavledning genom 
fononspridning i skumväggarna. Mätningar och teoretisk modellering av 
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värmeledningsförmågan hos CNC frysgjutna skum, som utfördes över ett brett 
spektrum av densiteter, bekräftade vikten av fononspridning för att uppnå 
superisolerande värmeledningsförmåga radiellt.  

Frysgjutna CNC:MNT-kompositskum uppvisade en lägre radiell 
värmeledningsförmåga jämfört med CNC-skum, vilket tyder på att införandet 
av heterogena gränsytor mellan biopolymeren och leran förbättrade 
värmeavledningen genom fononspridning. Frysgjutna kompositskum av 
kolloidal kiseldioxid och TEMPO-oxiderad cellulosananofibriller (TCNF) var 
signifikant starkare under mekanisk kompression och mindre känsliga för 
fuktupptag än endast TCNF-skum. De upprätthöll också en radiell 
värmeledningsförmåga som är jämförbar med allmänt använda 
värmeisolerande material. Dessa exempel kan bidra till utvecklingen av 
superisolerande, starka och fuktbeständiga CNM-baserade kompositskum. 



71 

Résumé 

La recherche sur les nanoparticules extraites de sources renouvelables et 
abondantes est à la fois motivée par le développement de nanomatériaux fonc-
tionnels et par le désir de remplacer des matériaux hautement utilisés issus de 
ressources fossiles. En particulier, la cellulose, sous forme de nanomatériaux 
de cellulose (CNM), attire une attention croissante pour le développement de 
produits durables et à haute performance, grâce à des propriétés comprenant 
une force mécanique spécifique élevée, une versatilité au niveau chimique et 
une conductivité thermique anisotrope. Des mousses de CNM texturées à la 
glace ont présenté des propriétés super-isolantes perpendiculairement aux par-
ticules alignées (radialement) et pourraient potentiellement concurrencer les 
matériaux isolants produits à partir de ressources fossiles. Cette thèse explore 
l’alignement et le co-assemblage de nanomatériaux inorganiques abondants 
avec des CNM en dispersion aqueuse, ainsi que l’importance relative de la 

diffusion de phonons dans des mousses composites, anisotropes et thermique-
ment isolantes. 

 Des expériences de diffusion des rayons X aux petits angles (SAXS) ré-
solue en temps ont été conduites afin d’étudier l’assemblage et l’alignement 

dans des dispersions aqueuses composites contenant des nanocrystaux de cel-
lulose (CNC) et des nanofeuillets d’argile de montmorillonite (MNT). Le co-
assemblage de CNC et de MNT dans des goutelettes en lévitation s’évaporant 

lentement s’est trouvé dominé par les interactions entre les CNC dispersés, 

mais la MNT a promu la gélation et l’assemblage à des fractions volumiques 

totales plus faibles que dans des goutelettes ne contenant que des CNC. La 
combinaison de SAXS avec la rhéologie rotationnelle a montré que le cisail-
lement entraîne un haut degré d’orientation des CNC, à la fois dans des dis-

persions ne contenant que des CNC et dans des mélanges CNC:MNT. L’ori-

entation des CNC induite par le cisaillement relaxe rapidement dans les dis-
persions ne contenant que des CNC mais la relaxation a été fortement retardée 
et partiellement inhibée dans les mélanges CNC:MNT. 
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L’analyse de travaux antérieurs indique que des mousses anisotropes et 
multi-échelles à base de CNM, possédant un grand nombre d’interfaces, peu-

vent favoriser la dissipation de chaleur par diffusion de phonons au sein des 
parois de la mousse. Des mesures expérimentales et des estimations théoriques 
de la conductivité thermique de mousses de CNC texturées à la glace, couvrant 
une large gamme de densités, ont confirmé l’importance de la diffusion de 

phonons afin d’atteindre des valeurs de conductivité thermique radiale sous le 

seuil de super-isolation. 

Des mousses composites de CNC:MNT texturées à la glace ont montré une 
conductivité thermique radiale plus faible que des mousses ne contenant que 
des CNC, ce qui suggère que la présence d’interfaces hétérogènes entre le bi-

opolymère et l’argile a amélioré la dissipation de chaleur par diffusion de pho-
nons. Des mousses composites contenant de la silice colloidale et des nano-
fibrilles de cellulose oxydées par TEMPO (TCNF) se sont révélées significa-
tivement plus résistantes à la compression mécanique et moins sensibles à 
l’absorption d’humidité que des mousses ne contenant que des TCNF, tout en 

maintenant une conductivité thermique radiale comparable à celles de maté-
riaux thermiquement isolants couramment utilisés. Ces exemples pourraient 
tracer la voie menant au développement de mousses composites à base de 
CNM qui seraient super-isolantes, mécaniquement résistantes et peu sensibles 
à l’humidité. 
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Riassunto 

La ricerca sulle nanoparticelle estratte da fonti rinnovabili e abbondanti è, 
nel contempo, motivata dallo sviluppo di nanomateriali funzionali e dal desid-
erio di sostituire materiali di origine fossile altamente sfruttati. La cellulosa, 
sotto forma di nanomateriali di cellulosa (CNM), richiama una particolare e 
crescente attenzione per lo sviluppo di prodotti sostenibili e con alte presta-
zioni, grazie a proprietà comprendenti una elevata forza meccanica specifica, 
una versatilità a livello chimico et una conducibilità termica anisotropa. Al-
cune schiume di CNM testurizzate col ghiaccio che hanno dimostrato propri-
età super-isolanti perpendicolarmente alle particelle allineate (radialmente), 
potrebbero potenzialmente competere con materiali isolanti derivati da risorse 
fossili. Questa tesi esplora l’allineamento e il co-assemblaggio di nanomateri-
ali inorganici abbondanti con CNM in dispersioni acquose, nonché la relativa 
importanza della diffusione di fononi in schiume composite, anisotrope e ter-
micamente isolanti. 

Esperimenti di diffusioni di raggi X ad angoli piccoli (SAXS) con risol-
uzione temporale sono stati condotti per studiare l’assemblaggio e l’allinea-

mento in dispersioni acquose composite contenenti nanocristalli di cellulosa 
(CNC) et nanofogli d’argilla di montmorillonite (MNT). Il co-assemblaggio 
di CNC e MNT in goccioline levitanti che si evaporano lentamente è stato 
dominato dalle interazioni fra i CNC dispersi, ma si è osservato che la MNT 
ha promosso la gelificazione e l’assemblaggio a delle frazioni volumiche totali 
più basse rispetto a quelle di goccioline contenenti solo CNC. L’abbinamento 

di SAXS con reologia rotazionale ha dimostrato che le forze di taglio con-
ducono ad un elevato grado di orientamento dei CNC, sia in dispersioni con-
tenenti solamente CNC che in miscele di CNC:MNT. L’orientamento dei 
CNC causato dalle forze di taglio subisce un rapido rilassamento nelle disper-
sioni contenenti solo CNC che pero’ viene fortemente ritardato e parzialmente 
inibito nelle miscele di CNC:MNT. 
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L’analisi di lavori anteriori indica che schiume anisotrope e multiscala a 
base di CNM, possedenti un gran numero di interfacce, possono favorire la 
dissipazione del calore tramite la diffusione di fononi nelle pareti della schi-
uma. Misure sperimentali e stime teoriche della conducibilità termica radiale 
di schiume di CNC testurizzate col ghiaccio, comprendenti un’ampia gamma 

di densità, hanno confermato l’importanza della diffusione di fononi per rag-

giungere valori di conducibilità termica radiale sotto il limite di super-isola-
zione. 

Schiume composite di CNC:MNT testurizzate col ghiaccio hanno mostrato 
una conducibilità termica radiale più bassa rispetto a schiume contenenti solo 
CNC, il che suggerisce che la presenza di interfacce eterogenee fra il biopo-
limero e l’argilla, ha migliorato la dissipazione di calore tramite la diffusione 
di fononi. Schiume composite contenenti silice colloidale e nanofibrille di cel-
lulosa ossidate con TEMPO (TCNF) si sono svelate significativamente più 
resistenti alla compressione meccanica e meno sensibili all’assorbimento di 

umidità rispetto a schiume contenenti solo TCNF, mantenendo allo stesso 
tempo una conducibilità termica radiale paragonabile a quella di materiali ter-
micamente isolanti comunemente usati. Questi esempi potrebbero aprire la 
strada dello sviluppo di schiume composite a base di CNM che sarebbero su-
per-isolanti, meccanicamente resistenti e poco sensibili all’umidità. 
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