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same time, the water uptake of the membrane was measured and correlated with the structural evolution of the membrane
using small angle X-ray scattering.
The performance of the CNF-based separator in lithium ion batteries was investigated as a function of membrane porosity
and protonation of the functional groups. The Li-ion battery assembled with the protonated separators showed stable and
good rate performance.
The CNF was also tested as binder in lithium ion battery, showing that the morphology and mechanical properties of the
cathode depend on the nanofibre surface charge and degree of defibrillation. In particular, high surface charge and medium
degree of defibrillation give the best electrochemical performance.
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carbon network derived from the nanofibres. Si-cCNF has a capacity retention of 72.2 % after 500 cycles at 1 C and better
performance rate than the pristine silicon nanoparticles.
Regarding the assembly of nanocellulose, the nematic order of CNF suspension at different nanofibre concentrations (0.5
– 4.9 wt%) was studied by small angle X-ray scattering, polarized optical microscopy and rheological measurements. The
order parameter reaches a maximum value of 0.8 depending on the CNF concentration. Small angle neutron scattering with
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Abstract

Technologies based on renewable materials are required to decrease the environmental cost and promote the development of a sustainable society. In
this regard, nanocellulose extracted from wood finds many applications
thanks to its intrinsic mechanical and chemical properties as well as the versatility in its manufacturing processes. In this thesis, I present the results of
the investigations on carboxylated cellulose nanofibres (CNF) as ionic conductive membranes and electrode component in fuel cells and lithium ion
batteries. Moreover, I also show the results of the assembly of CNF suspension and cellulose nanocrystals (CNC) - lepidocrocite nanorods (LpN) hybrids.
The fuel cell performance of CNF-based proton conductive membranes
was evaluated as a function of intrinsic material parameters such as membrane thickness and surface charge density as well as extrinsic parameters
such as the relative humidity (RH). It was found that the proton conductivity
is about 2 mS cm-1 at 30 °C between 65 and 95 % RH. At the same time, the
water uptake of the membrane was measured and correlated with the structural evolution of the membrane using small angle X-ray scattering.
The performance of the CNF-based separator in lithium ion batteries was
investigated as a function of membrane porosity and protonation of the functional groups. The Li-ion battery assembled with the protonated separators
showed stable and good rate performance.
The CNF was also tested as binder in lithium ion battery, showing that the
morphology and mechanical properties of the cathode depend on the nanofibre surface charge and degree of defibrillation. In particular, high surface
charge and medium degree of defibrillation give the best electrochemical
performance.
Pyrolysed CNF (cCNF) improved the electrochemical performance of silicon nanoparticles-based anode thanks to the carbon network derived from
the nanofibres. Si-cCNF has a capacity retention of 72.2 % after 500 cycles
at 1 C and better performance rate than the pristine silicon nanoparticles.
Regarding the assembly of nanocellulose, the nematic order of CNF suspension at different nanofibre concentrations (0.5 – 4.9 wt%) was studied by
small angle X-ray scattering, polarized optical microscopy and rheological
measurements. The order parameter reaches a maximum value of 0.8 depending on the CNF consentration. Small angle neutron scattering with con-

trast matching experiments reveals that the natural alignment of CNC and
LpN can be switched using a combination of magnetic fields of up to 6.8 T
and varying the amount of LpN incorporated in the CNC.
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1 Introduction
Nowadays, the anthropogenic pressure on ecosystems is as high as ever,
leading to an alteration of the climate, a decrease of biodiversity and an increase in pollution. Several reports have shown the need for deep social and
technological transformations in order to prevent further damage to the ecosystems.1–3 The transformations concerning the modern energy systems include the reduction in energy demand, the electrification of energy and decarbonisation of electricity and fuels.4 Technologies such as Proton Exchange Membrane Fuel Cells (PEM-FCs) and Lithium-Ion Batteries (Li-IBs)
can potentially contribute to the reduction of the environmental impact of the
energy sector. Among the factors that make these two technologies not sustainable nowadays, is the fact that the manufacturers of their main components still heavily rely on raw materials and processes with a high environmental impact.5–8 Thus, it is fundamental to direct the research efforts towards cleaner processes, carbon neutral and renewable raw materials, in
order to develop a more sustainable society. Biopolymers are good candidates because of their renewable nature, compatibility with the environment
and peculiar properties.9,10 “Downscaling” them to the nanoscale is often the
key to unleashing their full potential. This is the case of cellulose, from
which valuable cellulose nanoparticles are extracted.11,12

1.1 From Cellulose to Nanocellulose
1.1.1 Isolation of Nanocellulose from Wood
Cellulose is a naturally occurring polysaccharide, constituted of β-1,4-linked
anhydro-D-glucose units (C6H10O5). It is mostly produced by plants but also
by bacteria and some animals such as tunicate.10,12 Specifically, cellulose is
one of the three major components of wood, making up 40-50 %, followed
by hemicelluloses (25-35 %) and lignin (18-35 %).13 Cellulose has a hierarchical structure in the wood, the main characteristics of which are schematized in Figure 1.1.
1

Figure 1.1: Schematic illustrating the hierarchical structure of cellulose in
wood. The image of the cellulose nanofibres (in white) has been acquired by
atomic force microscopy.
The cellulose macrofibres are arranged in bundles along the cell walls. The
macrofibres themselves are made of microfibres, from which ultimately the
cellulose nanofibres (CNF) can be isolated. Inside the microfibres the CNF
are strongly assembled thanks to an extensive network of hydrogen bond.12
Both chemical and mechanical treatments are necessary to isolate the CNF.
Among the various treatments, the TEMPO-mediated oxidation leads to the
isolation of individual carboxylate CNF with a high aspect ratio (< 100) and
crystallinity.11 The resulting nanofibres are selectively oxidised every second
primary hydroxyl group (C6) and the surface charge (moles of carboxylic
groups per gram of cellulose) can be easily controlled.11 A gentle mechanical
disintegration using a kitchen blender or ultrasonic homogenizer is sufficient
to partially defibrillate the CNF with a surface charge higher than ≈ 800
µmol g-1.11 In the case of a lower surface charge and for complete individualization, high shear mechanical homogenization is needed. Typically, during
this treatment the oxidised cellulose pulp is pushed through micron-sized
channels at high pressure, in the order of 1000 bar. The CNF are isolated
thanks to the shear forces and the electrostatic repulsions between the nanofibres derived from the negatively charged surface groups.
Another form of cellulose nanoparticles is the cellulose nanocrystals
(CNC). For their production, the cellulose fibres are hydrolysed using sulphuric acid at a mild temperature (≈ 50 °C), after which an ultrasonic homogenization is sufficient to obtain well dispersed CNC with sulfonic
2

groups on their surface.14,15 CNC with carboxylic groups can be obtained by
hydrolysing the CNF with hydrochloric acid instead.16 Typically, the CNC
have higher crystallinity and a lower aspect ratio than CNF, resembling stiff
whiskers.12 The higher flexibility of CNF compared to CNC, is assumed to
derives from the presence of crystalline and less crystalline domains in the
CNF, that are hydrolysed during the acidic hydrolysis to produce CNC.12

1.1.2 Ordering of Nanocellulose in Aqueous Suspensions
CNF and CNC form stable aqueous suspensions of which colloidal properties depend on the nanoparticle surface charge, degree of defibrillation and
aspect ratio.12,17,18 Their anisotropic shape promotes the formation of order
phases in aqueous suspension.19 The stability of such phases is given by the
gain in translational entropy, which is superior to the loss in rotational freedom caused by the ordering.19,20 In particular, the CNC form a chiral nematic
phase (Figure 1.2). The formation of such a phase greatly depends on the
CNC volume fraction,14,15,21 surface charge, aspect ratio and ionic strength.22–
24
In the case of CNF, the formation of the order phase is frustrated by their
tendency to entangle, as a consequence of the flexibility of the nanofibres.
Indeed the CNF form arrested states (gels or glass) even at low concentration.17 This fact has probably led to the characterization of the CNF order
phase being elusive11,25 which has only recently been described in more detail.26 In aqueous suspension the nanofibres form a nematic order (Figure
1.2) depending on the CNF concentration, which will be described in detail
in Chapter 5.26 Figure 1.2 shows a schematic of both the CNC and CNF order phases.

Figure 1.2: Illustration of the nanoparticle arrangement in the nematic and
chiral nematic order. Figure adapted from V. Borshch et al. DOI:
10.1038/ncomms3635,27 ©2013 Macmillan Publishers Limited, Commons
Attribution-NonCommercial-ShareAlike 3.0 Unported License.
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In the nematic phase the nanoparticle centre of mass is randomly distributed and the only orientational order is along the longer axis of the nanoparticles. On the other hand, in the chiral nematic phase the nanoparticles twist
with respect to each other, leading to a helicoidal order characterized by a
pitch, representing the distance at which a full 360° twist of the nanoparticles
is completed.20,27

1.2 Applications of Nanocellulose in Energy Storage
and Conversion
CNF and nanocellulose in general are emerging as interesting materials
for energy applications.28–31 The following section will give a panoramic
view of the use of nanocellulose in applications regarding energy storage and
conversion. Among them, Li-IBs and FCs will be described in more detail
due to the relevance of such devices for this PhD thesis.
Some of the characteristics of nanocellulose that are appealing for the energy storage and conversion are versatile chemical modifications, high aspect ratio, thermal stability, mechanical strength and flexibility. Moreover,
the potential low cost is an extra incentive for the use of nanocellulose. As
an example, a transparent nanopaper based on nanocellulose has found application as a substrate for solar cells, for which 25 to 60% of the total cost
comes from the substrate.30 Recently, Chen et al. reviewed nanocellulose
based materials for electrochemical energy storage.29 They described how
nanocellulose could be both converted to carbon or mixed with active materials to be used as electrode material for supercapacitors. It can act as a substrate or template for the active materials and mesoporous membranes that
absorb the electrolytes. Many examples show that nanocellulose is able to
improve the energy density and power density of supercapacitors. In the
field of batteries and fuel cells, nanocellulose and derived hybrid materials
find many applications.28,30,32

1.2.1 Proton Exchange Membrane Fuel Cell and Lithium-ion
Battery
The basic structure of both electrochemical devices is an ion conductive
electrolyte that separates two electrodes in which the electrochemical reactions take place. In the PEM-FCs the electrolyte is a proton conductive
membrane with electric isolator and gas barrier properties, sandwiched between the two porous electrodes. In the Li-IBs a liquid electrolyte ensures
the ionic contact between the two electrodes, while a porous and wettable
4

membrane (separator) ensures the electric insulation between the electrodes.
Figure 1.3 shows the schematics of both PEM-FC and Li-IB.

Figure 1.3: Schematic representation highlighting the main characteristics of
proton electrolyte membrane fuel cells (A) and lithium ion batteries (B). (A)
Credit Wikipedia, Proton Exchange Fuel Cell Diagram. (B) Adapted by
permission from Springer Nature Customer Service Centre GmbH: Springer
Nature, Lithium-Ion Batteries: Basics and Applications DOI:10.1007/978-3662-53071-9, © 2018.
In the hydrogen PEM-FCs (Figure 1.3A), humidified hydrogen gas is oxidized on the anode side to hydrogen ions in aqueous phase (2H2
4H+ +
4e ). The ions diffuse from the bulk to the surface of the PEM and across to
reach the cathode, where the oxygen is reduced to form water (O2 + 4H+ +
4e2H2O). At the same time the electrons flow in the electric circuit. The
overall reaction is 2H2 + O2
2H2O with a potential of 1.23 V at 25 °C.
The two electrode assemblies consist of a gas diffusion layer and a catalyst layer.33 Typically, the diffusion layer consists of micron size carbon
fibres on top of which the catalyst layer is deposited. The catalyst layer is a
mixture of highly conductive mesoporous carbon (containing the catalyst on
its surface) and a solid ionomer that ensures the ionic contact with the PEM.
The chemical reactions happen at the interphase between the carbon, solid
ionomer and catalyst (traditionally platinum nanoparticles). Thanks to the
overall porous structure the humidified gasses can diffuse easily. The cell is
closed with bipolar plates and finally a set of end plates. On the surface of
the bipolar plates, channels are engraved to promote the removal of water
and unused gasses. More fuel cells can be assembled in series to form a
stack, which increases the energy output.
In the Li-IBs (Figure 1.3B), during the charge process the lithium ions
move from the positive electrode to the negative electrode, while during the
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discharge they are intercalated back. In the common nomenclature the positive electrode is referred to as a cathode, while the negative is called an anode. The ions diffuse through the liquid electrolyte that wets both electrodes,
which are separated by a microporous membrane (separator) that is also
impregnated by an electrolyte. Typically, the cathode is composed of the
active material, carbon additive (esp. Carbon black) and binder that ensure
the structural integrity of the electrode. For complete discharge the reaction
involving LiCoO2 (widely used active material) is 2Li0.5CoO2 + Li+ + e2LiCoO2. The anode is traditionally made of graphite, which thanks to its
layered structure can easily accommodate the lithium ions during the charging of the battery (Li+ + e- + C6 → LiC6). Li-IBs are essential in everyday
life, and are produced in many different formats.

1.2.2 Nanocellulose:
Membrane

Applications

as

Proton

Exchange

The characteristics and types of cellulose particles34 have a strong impact
on the performance. Indeed, nanocellulose has higher proton conduction than
microcellulose.35 In the past few years nanocellulose has been used to enhance the performance of Nafion. The inclusion of nanocellulose whiskers
reduces the methanol permeability of Nafion.36 Several examples of blends
between Nafion and bacterial cellulose have shown lower swelling and higher mechanical and thermal stability of the membrane.37,38 Bacterial cellulose
based membranes have shown a conductivity of ≈ 0.008 mS cm-1 at 40 °C
and 98% RH.39 More recently, membranes based on carboxylated CNF and
sulfonic CNC have been tested for high temperature application (≈ 100 °C),
showing a maximum conductivity value of 0.05 mS cm-1 at 100 % RH and at
lower temperature (30 °C) 0.01 mS cm-1.40 The proton conductivity of carboxylated CNF was improved by fine-tuning the nanofibre chemistry and
morphology in combination with the membrane manufacture methods, allowing the CNF membrane to exceed 1 mS cm-1 at 30 °C (Paper I41).
Characteristics of Proton Exchange Membrane
Thanks to hydrogen high specific energy and energy density, PEM-FCs are
particularly indicated for the propulsion of heavy duty and long distance
vehicles.6 However, the PEM needs to meet specific physical-chemical requirements. High proton conduction can be achieved through a high amount
of absorbed water. Indeed, the hydrogen ions can diffuse through the absorbed water through a vehicle and/or Grotthuss mechanism.42 According to
the first one, the hydrogen ions move together with the water molecules as
hydronius ions, while in the second, the hydrogen ions diffuse along the
hydration shell of the water molecules. Another mechanism is the hoping
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mechanism, which is aided by the PEM acidic groups. In order to increase
the proton conductivity, these groups preferably need to possess high acidity.
At the same time, the absorption of water should not interfere with the mechanical stability of the catalyst layer, which means the swelling after the
water absorption has to be limited. Another crucial property is the oxygen
and hydrogen permeability, combined with electronic insulation, to avoid
short circuit and a decrease in performance. Preferably, the membrane has to
be mechanically strong to allow its fabrication to be as thin as possible, to
decrease the internal resistance of the cell. Ultimately, the membrane has to
be chemically stable during the cell operation at low pH and in electrochemical conditions.
Nafion, a perfluorinated sulfonic acid, has the majority of the previously
mentioned characteristics. For this reason, since its development in the
1970s by Du Pont, it is still used as an industry standard nowadays. Typically, Nafion membranes are ≈ 50 µm thick and absorb large quantities of water. When hydrated they are characterized by high conductivity up to ≈ 100
mS cm-1.43,44 However, as the degree of hydration decreases, the conductivity
falls several orders of magnitude45–49 due to the fact that the hydrophilic domains around the sulfonic groups, surrounded by the hydrophobic domains,
lose continuity.44,50–52 Another limitation is given by the fact that above ≈
80°C at atmospheric pressure the water starts to evaporate, which makes the
membrane unusable.33 Another disadvantage is the high manufacturing and
environmental cost of Nafion membranes. Searching for an alternative material to Nafion means focusing on finding membranes that can operate at a
higher temperature and are thus less dependent on the degree of hydration
that are characterized by lower environmental impact and cost.

1.2.3 Cellulose Nanofibre-based Materials for Lithium-ion
Batteries
CNF find applications as electrode components, separators and even electrolytes.30 Vacuum filtration and papermaking processes have been widely
used to prepare flexible Li-IBs, in which CNF can act as a load-bearer and
binder.53,54 Flexible and conductive nanopapers based on CNF and carbon
nanotubes offer solutions for flexible electronics, often with high energy
density and shape versatility.55 CNF can be used as binders in small amounts
such as ≈ 5%, because of the good mechanical properties and the high aspect
ratio of the nanofibres, minimizing possible issues caused by moisture (cellulose is hygroscopic) and increasing the electrode capacity based on
weight56 (Paper III57). Electrical conductive carbon is obtained directly from
nanocellulose by pyrolysis in inert atmospheres, obtaining Li-IB anodes with
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large open pores and a high surface area.58 Pyrolysed CNF hybrids stabilized
the charge/discharge process of silicon nanoparticle anodes, giving higher
performance than the pristine material59 (Paper IV60).
Nanocellulose-based separators offer an alternative to the current petroleum based separators.30 In the case of CNF, it is crucial to take into account
the chemical composition and morphology of the nanofibres. Recently, CNF
with a low degree of defibrillation and surface charge, coupled with vacuum
filtration and solvent exchange in acidic pH, produced separators with an
asymmetric porous structure (Paper II61). CNF based mesoporous membranes, of which the nanofibres were dispersed in a mixture of isopropanol
and water, showed improved thermal stability and electrolyte wettability.62
Other factors that promote the use of nanocellulose in Li-IBs are its environmental benignity and potential lower cost than traditional petroleumbased material.
Main Features of the Separator and Binder
Both the separator and binder can be defined as inactive components in the
Li-IBs, since they do not participate in the electrochemical reactions. Nevertheless, the overall performance of the battery highly depends on them and
their physical-chemical characteristics. The separator acts as a physical barrier to prevent contact between the two electrodes. It has a porous structure,
usually in the micrometer range, which is filled with the liquid electrolyte.
The electrolyte is usually made of a mixture of carbonate organic solvents
such as ethylene, diethyl, dimethyl and ethyl methyl carbonate. Typically,
the conductivity of such mixtures is ≈ 10 mS cm-1.63 Commonly, the separator has a thickness of ≈ 12 – 25 µm,63 since a lower distance between the two
electrodes also corresponds to lower cell resistance. The thickness depends
on the balance between low resistance and safety. Indeed, thicker membranes guarantee a safer performance. Commercial separators are made of
polyethylene and polypropylene (such as Celgard®).
The role of the binder is to ensure the integrity and mechanical stability of
the electrode components, and mainly to ensure cohesion with the current
collector and the stability of the electrode mixture (conductive additive and
active material). Since it does not play a role in the electrochemical reactions, the lower the amount the better it is. In the case of commonly used
Polyvinylidine difluoride (PVDF), ≈ 2 – 10% is typically added to the electrode mixture.63 The amount of binder also depends on the composition of
the electrode mixture and it is usually optimised according to this. Since the
interest in flexible electronics, there is interest in finding a binder that is able
to give strength to the Li-IBs but that retains flexibility.64
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1.2.4 Examples of Other Applications
Nanocellulose, which is extracted from wood, is a very playful nanomaterial. Indeed, the combination of appealing properties and environmental
benignity makes it suitable for the most diverse applications.28,65–68 The following paragraph attempts to give some examples of various CNF applications, besides energy storage and conversion.
CNF are used as mechanical reinforcements,69 dispersive agents70 and to
fabricate 2D and 3D structures both in wet and dry states.66,67 CNF form at a
concentration below 1 wt% viscous suspensions in which the rheological
properties can be influenced, for example, by ionic strength and pH.17,71 This
makes the CNF a very promising for 3D printing technology.72,73 In the case
of CNC, the shear forces during the printing lead to a certain degree of
alignment of the nanocrystals,74 which affects the mechanical properties of
the final material. A very interesting example is given by CNF based microfibres fabricated using a flow field, thanks to which the CNF are oriented
along the flow direction, resulting in the formation of strong fibres.75,76 Directional supercritical drying has been used to produce CNF based foams
with aligned nanofibres, which find various applications including thermal
isolation, fire retardant structural applications and energy storage.77,78 Thanks
to the CNF bio-compatibility and low toxicity,79,80 CNF hydrogels have often
been used for biomedical applications as support for cellular growth or medical implants.65 Thanks to the nanofibre high aspect ratio and mechanical
properties the CNF films prepared by drop casting have high transmittance,
good gas barrier properties and high mechanical properties.81 These characteristics make these films highly suitable for packaging applications.67
Moreover, the inclusion of inorganic nanoparticles can increase the barrier
and mechanical properties82–84 and can add new functionality such as fire
retardancy.85 Some limitations with respect to the applicability of CNF films
are given by the intrinsic hydrophilicity and hygroscopicity of the nanofibres, given the high number of hydroxyl groups and surface charge. This
limitation has been addressed by different strategies such as crosslinking,
composite preparation or nanofibre modification.86–88 The wet stability of
CNF based films can be increased so remarkably that stable and durable
CNF porous membranes have been utilized for water purification.68 Thanks
to the rich chemistry, the surface characteristic of CNF can be tuned up to a
point to produce aerogels that are superhydrophobic and superoleophobic at
the same time,89 and oleophilic90 and hydrophobic films.91
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1.3 Scope of the Thesis
The present research aims to contribute to the development of technologies based on renewable raw materials. Hence, the use of CNF extracted
from wood cellulose in electrochemical devices such as PEM-FCs and LiIBs. The assembly of CNF and nanocellulose hybrid (CNC-LpN) is studied
using small angle scattering.
The aim of Chapter 3 is to describe ionic conductive membranes based on
CNF. The surface charge, defibrillation degree and counter ions of the nanofibres associated with the manufacturing methods are used as tools to design
the membranes. In the case of PEMs, we aim to obtain membranes with high
proton conductivity and high water uptake but yet with mechanical stability.
In particular, we target low temperature fuel cells that operate at variable
relative humidities. For the separators we aim to obtain a mesoporous membrane that is suitable for the anhydrous conditions of the Li-IBs and that can
conduct the lithium ions hosting the liquid electrolyte.
Chapter 4 describes the use of pristine and pyrolysed CNF in Li-IB electrodes. Firstly, we aim to study the effect of CNF surface charge and defibrillation degree on the performance of CNF as a binder for flexible batteries.
Secondly, we aim to produce a carbon network derived from CNF to stabilise the process of lithiation/delithiation of silicon nanoparticles and thus to
improve the electrochemical performance of the battery anode.
Chapter 5 presents the assembly of nanocellulose in aqueous suspension
using small angle X-ray scattering as the main investigation tool. We aim to
study and quantify in detail the nematic ordering induced by osmotic dehydratation of CNF in a wide range of concentrations. Moreover, we aim to
evaluate and quantify the order of CNC and lepidocrocite (LpN) hybrid using contrast variation small angle neutron scattering as the main tool. We
evaluate how each alignment depends on the amount of LpN and the
strength of the in-situ magnetic field.
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2 Materials and Methods
2.1 Preparation of the Nanoparticles
2.1.1 Cellulose Nanofibres
The cellulose nanofibres (CNF) were prepared by TEMPO mediated oxidation11 of never-dried cellulose pulp (Domsjö Fabriker AB, Domsjö, Sweden) characterized by 95 % cellulose, 4.5 % hemicellulose and 0.3 % lignin
(botanic origin 60 % spruce and 40 % pine). The oxidation was followed by
mechanical homogenization to defibrillate the carboxylated CNF. Two protocols were followed to prepare the nanofibres. In order to prepare the CNF
used in Papers I, II, III and V we followed the protocol where the oxidation
is carried out at pH 10, whereas the CNF used in Paper IV was prepared
following the one at pH 7. After the preparation, the CNF suspensions were
stored in the fridge.
TEMPO Mediated Oxidation at pH 1092
The cellulose pulp was washed with a solution of HCl at pH 2. Typically, 40
g in dry content of pulp was taken and suspended in 2 L of deionized (DI)
water. Before the addition of the pulp, 4 mmol of TEMPO catalyst and 40
mmol of sodium bromide were added to the water. The solution was stirred
for 1 hour, after which the pH was adjusted to 10 with a solution of NaOH
0.5 M.
The surface charge (carboxylic groups) of the nanofibres was controlled by
adding variable amounts of sodium hypochlorite (≈ 9 wt% active chlorine):
37.5 mmol to obtain 350 µmol g-1, 80 mmol to obtain 650 and 600 µmol g-1
and finally 240 mmol for the 1550 µmol g-1. During the slow addition of
hypochlorite the pH of the suspension was kept constant with 0.5 M of
NaOH solution. After the addition and once the pH of the suspension was
constant, the oxidized pulp was washed with DI water until the washing
water had a conductivity of ≤ 4 µS. The pulp was then redispersed in DI
water with a concentration of 1 wt%. This suspension was then defibrillated
by mechanical homogenization.
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TEMPO Mediated Oxidation at pH 793
20 g of washed cellulose pulp was suspended in 1.8 L of sodium phosphate
buffer (pH 6.8) and warmed up until 60 °C after which the TEMPO catalyst
(0.1 mmol) and sodium chlorite (0.2 mol) were added. After their dissolution, the oxidant agent hypochlorite was added (100 mmol). The suspension
was stirred for 2 h 30 min after which it was washed with DI water until the
washing water had a conductivity of ≤ 4 µS. The oxidized pulp was then
redispersed to 1 wt%.
Mechanical Defibrillation
The oxidized cellulose pulp suspension (1 wt%) was mechanically homogenized in two steps using a microfluidizer M-110EH, Microfluidics Corp.
During the first step the fibres passed at 925 bars through two chambers with
a channel size of 400 and 200 µm, and during the second step through two
smaller chambers with 200 and 100 µm at 1600 bars. In the case of the CNF
used for Papers I, IV and V the pulp was passed 3 and 9 times (named 3-9)
during steps one and two, respectively. For Paper II the CNF pulp passed 1
time during steps one and two (1-1). For Paper III each batch of oxides pulp
was passed 3-3, 3-6 and 3-9.
Sonication Treatment
The CNF used in Papers I and IV were subjected to this additional treatment.
A portion of the 1 wt% suspension was diluted to 0.3 wt% and sonicated
with a probe sonicator (20 kHz, 80 % total power, 250 ml max volume) for 8
min. After the sonication the suspension was purified by centrifugation (the
supernatant was kept).

2.1.2 Cellulose Nanocrystals and Lepidocrocite Nanorods
Preparation of Cellulose Nanocrystals
The cellulose nanocrystals (CNC) are from the same batch and prepared
following the procedure reported by Schutz et al.94 A detailed description
procedure and determination of the surface charge and CNC size distribution
can be found in the references.94 Shortly, after the dried Domsjö dissolving
wood pulp was partially disintegrated using a kitchen blender, 50 g was added to 0.450 L of 12 M H2SO4 for 60 min at 45°C and stirred using a teflon
blade at 400 rpm. DI water was used to quench the reaction by a 10-fold
dilution at room temperature. The dispersion was allowed to rest and subsequently the supernatant was removed. Using a centrifuge at 4 °C for 10 min
at 10,000 rpm, the precipitate was washed with fresh DI water until further
sedimentation was not possible. The washed suspension was then dialyzed
with tap water using a Spectra/Por® 4 dialysis membrane with a molecular
weight cut off of 12–14 kD for 2–3 days. After the dialysis, typically 0.200 L
12

of CNC suspension (solid content ca. 1 wt%) was sonicated with a pulse
programme of 3 s and 1 s paused, using a Branson Digital Sonifier 250
equipped with a 2 mm probe and with an output of 70 % power. During the
treatment the suspension reached 39 °C. The CNC suspension was immediately filtered through a fritted-glass filter (porosity 2) and then mixed with
Amberlite MB-6113 ion exchange resin and stirred for 24 h. Subsequently it
was again filtered and centrifuged at 6000 rpm and 4 °C for 20 min and concentrated to ca. 10 wt% by evaporation at room temperature during stirring.
The sample was then diluted to 8 wt% and stored in the fridge before further
usage. This suspension was further diluted until the full isotropic phase, after
which it was up-concentrated to 6.7 wt% (4.47 vol%) at 30 °C and 30 %
relative humidity (RH).
Preparation of Lepidocrocite Nanorods
The LpN were synthesized following the protocol reported by P. A. Kozin et
al.95 Typically, 2 L solution of 0.06 M FeCl2·4H2O was filtered after which
the pH was adjusted to 7 using a 1 M NaOH. The ferrous iron oxidation was
carried by bubbling O2 gas in the solution and at the same time by keeping
the pH at 7 by drop-wise addition of NaOH. After a certain time, the suspension was green (formation of green rust) and the pH was stable to 7. Next,
the colour turned to bright orange and the LpN nanorods were formed.

2.2 Manufacturing Methods and Preparation Procedures
2.2.1 Proton Exchange Membranes Fuel Cell (Paper I)
Preparation and Ion Exchange
The CNF membranes were produced by slow evaporation of water at controlled RH and temperature. Typically, in order to obtain a thickness of ≈ 15
µm, the membrane was fabricated with a grammage of 2 mg cm-2. The appropriate amount of 0.3 wt% CNF suspension was degassed under vacuum
to remove air from the liquid and to avoid the formation of bubbles in the
final membrane. After, the suspension was carefully poured into a polystyrene petri dish with a diameter of 5.5 cm. The water was evaporated at 30 °C
and 50 % RH for 3 days. Before the fuel cell tests the membranes were submerged for 30 min in a solution of 0.01 M H2SO4 and then rinsed in Milli-Q
water until pH neutral.
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2.2.2 Lithium-ion Battery Separators (Paper II)
Preparation and Ion Exchange
To produce the membranes 1 wt% CNF suspension was diluted to 0.1 wt%.
The membranes with sodium as counter ions were obtained by direct vacuum filtration of the CNF diluted suspension through a Durapore membrane.
The filtration was followed by solvent exchange using in sequence ethanol
(96 %), acetone and pentane. The filter cake was dried overnight in a vacuum drier at 110 °C. To produce the protonated membranes, the 1 wt% CNF
suspension was diluted to 0.1 wt% with a 10 mM HCl solution. The vacuum
filtration was carried out similarly to that for sodium membranes, but the
difference was that 1 % v/v of a 1M HCl solution was added to each solvent
in order to retain the acidic condition. After the filtration the membranes
were also dried under vacuum at 110 °C overnight.

2.2.3 Preparation of Nanocellulose Composites (Papers IV and
VI)
Pyrolysed Silicon Nanoparticles and Cellulose Nanofibre Composite (SicCNF)
To prepare the composite, 100 mg of silicon nanoparticles with an average
particle size ≈ 100 nm (American Elements) was first wetted with 3 mL of
ethanol and then dispersed in 10 mL of DI water. This suspension was sonicated for 10 min after which 14 mL of 0.27 wt% CNF suspension was added. The Si-CNF suspension was sonicated for 30 min and then frozen by
liquid nitrogen after which it was freeze-dried for 2 days. The obtained
sponge-like aerogel was pyrolysed in an argon atmosphere for 5 h with a
ramp rate of 10 °C min-1 up to 900 °C. The pyrolised aerogel was pulverized
together with the other electrode components before the electrochemical
characterization.
Cellulose Nanocrystals and Lepidocrocite Nanorods Composite (CNCLpN)
The CNC-LpN suspension was prepared in two proportions, with 1 wt% and
10 wt% of LpN. 2 ml of the CNC suspension (8 wt%) was added to the LpN
suspension (0.6 wt%) with adjusted pH 7 ± 0.1 while vigorously stirring.
Prior to the CNC addition, 0.76053 g of LpN suspension was diluted with
6.75 ml of DI water in the case of CNC-LpN 1%, while for the CNC-LpN
10% 7.59018 g of LpN suspension was used. After the addition of CNC the
pH was kept constant by the addition of NaOH 0.05 M.
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2.2.4 Osmotic Dehydration (Paper V)
The CNF suspension with 0.5 wt% was prepared by dilution of the CNF 1
wt%, followed by overnight stirring with vortex at maximum speed. The
CNF suspension with a solid content higher than 0.5 wt% was prepared using the osmotic drying set up portrayed in Figure 2.1.

Figure 2.1: Schematic of the osmotic dehydration set up in which the CNF
suspension is inside a semipermeable membrane, immersed in the PEG solution stirred by a magnetic bar. Figure reproduce from Paper I96 (SI), © The
Royal Society of Chemistry 2018.
30 g of the initial CNF suspension was poured inside a semi-permeable bag
(cut-off of 14 kDa) and immersed in 200 g of 50 wt% poly(ethylene glycol)
(PEG) solution. The bag was sealed at the bottom by a clamp, while the top
was accessible to be stirred manually every 20 min so as to prevent a gradient build-up. The inset in the figure shows the process of the upconcentration and alignment of the CNF, which is promoted by the removal
of water and the osmotic pressure applied by the PEG solution. The concentration was regulated by the time of osmotic dehydration (initial osmotic
pressure π ≈ 2.8 MPa), after which it was determined by thermogravimetric
analysis using a Perkin Elmer TGA 7. The analysis was carried out under a
nitrogen atmosphere using a heating rate of 1 °C min−1. The average error
over four measurements was about 0.01 wt%.

2.3 Physical and Morphological Characterization
2.3.1 Cellulose Nanofibres
Surface Charge
The carboxylated content was determined by conductimetry titration on the
oxidized pulp according to an established protocol.97
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Length and Height Distribution
The size of CNF was measured from images taken by atomic force microscopy (AFM) in all the papers, expect for the CNF with 350 µmol g-1 surface
charge in Paper II. In this case, scanning electron microscopy in the transmission mode (STEM) was used. The AFM characterization was performed
under air using a Dimension 3100 SPM (Veeco, United States) in tapping
mode. A few drops of the suspension with concentration 0.01 wt% were
deposited on freshly peeled mica substrate, functionalized with 3aminopropyl triethoxysilane. The excess of suspension was removed by a
stream of air. The data were fitted with a lognormal function
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The STEM analysis was carried out a JEOL JSM-7401F, 20 kV. One
drop of CNF suspension (0.001 wt%) was deposited on a grid ultrathin carbon on holey carbon, 400 mesh copper. The excess suspension was gently
removed with wet paper and the grid was allowed to dry before imaging the
sample. The images were analyzed by ImageJ software.98

2.3.2 Cellulose Nanofibre Membranes (Papers I and II)
Membrane Thickness
The thickness of the PEMs was measured by a High-Accuracy Mitutoyo
Digimatic Micrometer MDH-25MB with a precision of 0.1 µm. In the case
of the separators the thickness was measured using a Mitutoyo Digimatic
293-521-30 digital micrometer.
Morphology
The surface and the cross-section of the PEM were imaged by a scanning
electron microscope (SEM) JEOL JSM-7401F. Before imaging the crosssection, the membrane was deep in liquid nitrogen and cut, to produce a
clear cross-section. The morphology of the separators was studied using a
Hitachi S-4800 field emission SEM.
Water Uptake of the Proton Exchange Membranes
The membranes were conditioned for two days at 30 °C and 55, 65, 75, 85
and 95 % RH, after which the increase in weight was measured with a balance with a 10 µg precision. Each measurement was replicated three times.
The water uptake was calculated based on the following equation
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𝑊% 𝑅𝐻 =
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in which WRH is the weight of the membrane under the specific RH condition and Wdry is the weight of the membrane dried at 105 °C overnight before
the measurement.
Porosity of the Separators
Three methods were applied to characterize the porosity of the separators.
For the bulk porosity, the mass of the separators was measured before and
after the immersion for 2 hours in butanol. The butanol uptake (pBuOH)99 was
measured using the following equation
𝑚!
𝜌
𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦, 𝑝 BuOH % = 𝑚 ! 𝑚
!
+ !
𝜌!
𝜌!
in which ma is the mass of butanol, ρa is the density of butanol (0.81 g cm), mb is the mass of separator and ρb is the density of the material from
which the separator is made, in the case of cellulose (1.5 g cm-3).
The surface area and the average pore size distribution were determined
by nitrogen sorption analysis using a Micrometrics Gemini VII at -194 °C.
Prior to the analysis, 0.1 g of dried protonated membrane was degassed
overnight under N2 atmosphere at 80 °C. The pore volume and pore size
distributions in the mesopores range were calculated using the Barrett–
Joyner–Halenda (BJH) model.100
The apparent surface porosity and pore width distribution on each side of
the membrane were calculate analysing the pictures acquired by Hitachi S4800 field emission SEM operated at 1 kV. The samples were mounted on
aluminium stubs and sputtered with a thin layer of Pt and Pd. The pictures
were taken at 60000 magnification. Using the ImageJ software98 the grey
scale was adjusted to remove empty levels. Afterwards, the image was converted to binary and the threshold was set above the noise level. Using the
particles analysis routine in ImageJ, the pore size was calculated assuming
elliptical pores and converted into equivalent diameters. The lowest pore
width cut-off was set at 3 nm, while the highest one was set at 90 nm.
3

2.3.3 Flexible Electrodes (Paper III)
Young’s Modulus
The electrode was cut into 5 stripes with a width of 7 to 10 mm and a length
of 20 mm. The modulus was measured during a tensile test carried out by an
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Instron 5944 mechanical testing system, at 25 °C under 500 N load with a
rate of 10 % min-1.
Morphology
The morphology was investigated using a Hitachi S-4800 field emission
SEM.
Electrical Conductivity
The conductivity was measured using a four-probe Van der Pauw setup in
which the current passes through the plane with respect to the electrodes.

2.3.4 Cellulose Nanofibre Suspension (Paper V)
Birefringence
Polarized optical microscopy was used to measure the intensity of the birefringence. A homemade setup was built to place the samples in total darkness and was equipped with cross-polarised lenses. The CNF suspension was
deposited on a clean glass slide mounted vertically and was constrained
within an 8.3 mm diameter Viton O-ring. The pictures were taken using a
digital camera. The images from which the intensity was extracted were
processed using the ImageJ software.98 The order parameter was calculated
according to Håkansson,101 following the equation
𝑓!"#
=
𝑓!"#

𝐼
𝐼!"#

in which I corresponds to the intensity of the image under cross-polars and
Iref to the total intensity under parallel polars, which gives a fref = 1.
Rheological Properties
The rheological characterization was carried out with an Anton Paar Physica
MCR 301 rheometer in oscillatory mode using a plate-plate geometry at 23
°C. The amplitude sweep measurements were done at 5 rad s-1 frequency
with amplitude scanning from 0.01 % to 1000 % (gap size 1 mm).

2.3.5 Nanocellulose Composite Materials (Papers IV and VI)
Characterization of Si-cCNF
The Raman spectrum was acquired by a Raman spectrometer Horiba
T64000, equipped with an argon laser (514 nm). The crystallinity of the
sample was measured by X-ray diffractometry using a Bruker New D8 Ad18

vance with a Cu target. The high resolution images were acquired by transmission electron microscopy JEOL JEM-2100F (200 keV) equipped with an
energy-dispersive X-ray spectrometer (EDS). The morphology of the sample
was characterized using a field emission SEM Hitachi S-4800 (15 kV).
Morphology of CNC
The AFM analysis is reported in the literature.94 Briefly 20 µL of poly(L)lysine (0.01 wt %) was deposited on a fresh cleaved mica. After 3 min the
mica was rinsed with Milli-Q water and dried under an Ar gas flow. The
CNC suspension (0.001 wt%) was deposited following the same procedure.
The images were obtained using an Asylum Research Cypher ES microscope with Olympus AC160TS-R3 probes in tapping mode.
Morphology of Lepidocrocite Nanorods
The sample was deposited on carbon coated copper grids using the drop
casting method. The images were collected with a JEOL JEM-2100F microscope with Schottky-type field emission gun working at 200 kV. The dimensions of the nanorods were calculated from the TEM images. All specimens
were prepared on carbon coated copper grids using the drop casting method.
In order to distinguish the width and height of the particles the diffraction
pattern was acquired and the measurement was taken by measuring the distance between two edges of length, width and height. The images were analysed using the programme ImageJ.102
Polarised Optical Microscopy of CNC-LpN hybrid
The images of the CNC-LpN suspensions in the cuvettes were taken by using a homemade setup (ensuring total darkness) and equipped with crosspolarised lenses. The pictures were acquired using a digital camera.
The images at higher resolution were taken using an Olympus microscope
BX 51 equipped with cross polarisers. The suspension was filled in glass
capillary Vitrotubes 0.40×4.00 mm, and the end was sealed by epoxy glue
Pattex Super Mix Metal.

2.4 Nanocellulose-based
Characterization

Electrodes

and

their

2.4.1 Preparation of the Electrodes (Papers III and IV)
Cellulose Nanofibres as a Lithium-ion Battery Binder
The electrodes were prepared using a water-based paper making process.53,56
The electrode components were mixed with the proportion 84 wt% LiFePO4,
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11 wt% Super-P carbon and 5 wt% CNF. The suspension was mixed with an
Ultra Turrax D125 Basic disperser at 8000 rpm for 20 min after which it was
filtrated through a Durapore membrane filter, type 0.22 µm GV (Millipore).
Once the vacuum filtration was complete, the electrode was solvent exchanged using 50 ml of ethanol 96 %, ethanol 99.5 % followed by dried
acetone and pentane until no liquid was visible on the surface. The electrode
was dried at 110 °C in a vacuum oven for 1 h after which it was stored in a
glove box (argon atmosphere). The obtained loading of the active material
was approximately 4 mg cm−2. The electrode was assembled inside a glove
box, using a glass fiber Whatman paper (260 µm) as a separator versus lithium metal.
Pyrolysed Silicon Nanoparticles and Cellulose Nanofibre Composite as a
Lithium-ion Battery Anode
The active materials, Timcal Super P C60 and sodium carboxymethylcellulose (Mw ~ 90,000), were mixed by a weight ratio of 75:15:15 in DI water,
after which they were mixed using a Mini-Mill pulverisette 23 (FRITSCH)
for 30 min. The slurry was then cast on copper foil using a Doctor blade and
dried in a vacuum at 60 °C for 30 min. The thickness of the electrode was
10-20 µm (excluding the current collector) and the loaded mass of active
materials was ~ 0.7 mg cm-2. The electrode was dried at 120 °C in a vacuum
oven for 2 h. The coin cell (CR2016) was assembled in an argon filled glove
box using lithium metal as counter/reference electrodes, Celgard 2450 as
separators and as electrolyte a mixture of 1.3 M LiPF6 in a 3:7 (v/v) ratio of
ethylene carbonate and diethyl carbonate with 10 % fluoroethylene carbonate additive.

2.4.2 Electrochemical Characterization
Proton Exchange Membranes
The ion-exchanged membranes were mounted between two 2.5 cm2 commercial 0.5 mg Pt cm-2 on cloth gas diffusion electrodes (fuel cells, etc). The
cell was connected to fuel cell technologies cell housing and heated to 30 °C
and 95% RH under nitrogen flow, where it was equilibrated for 2 h. The insitu fuel cell characterization was performed in the following sequence.
First, the impedance was done under open-circuit conditions (OCP), at amplitude of 1 mA between 100 kHz and 1 Hz, under N2/N2 gas. Second, the
cyclic voltammetry was performed at 30 mV s-1, between 0.1 V-1.2 V under
N2/H2 gas, followed by crossover current density measurements (1 mV s-1,
OCP 0.7 V, under N2/H2 gas) using 60 mL min-1 nitrogen flow and 30 mL
min-1 hydrogen flow. Hence, the polarization curves were measured from
Open Circuit Voltage (OCV) to 0.3 V at a scan rate of 1 mV s-1 with 50 mL
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min-1 oxygen gas and 30 mL min-1 hydrogen gas on either side of the membrane.
The dependency of the conductivity and gas crossover with RH was
measured after the previous sequence starting from high to low humidity,
with nitrogen gas at the working electrode and hydrogen gas at the counter
electrode.
Separators
The pouch cell was assembled in an argon-filled glove box (< 1ppm of O2
and H2O) using LiNi1/3Mn1/3Co1/3O2 as a cathode and graphite as a anode.
Before assembly the CNF separators were soaked in the electrolyte. The
galvanostatic cyclic performances were tested by a BioLogicVMP-300 multipotentiostat. The pouch cells were cycled between 2.6 to 4.1 V vs. Li+/Li at
0.1 C for 4 cycles. The discharging rate capabilities were measured by a
Solartron 1286 Electrochemical Interface potentiostat controlled with the
CorrWare software. The cells were charged at 0.2 C rate using a constant
current-constant voltage (limiting current of 0.04 C) and discharged at 0.1 C
to 5.0 C using a constant current. All the potential windows were between
2.6 V and 4.1 V vs. Li+/Li.
Binders
The flexible pouch cell was assembled under argon atmosphere and was
cycled in the voltage range 2.8 - 4 V (Li+/Li). The measurements were done
using a Gamry PCI4 G750 potentiostat and a BioLogic VMP-300 multipotentiostat.
Anode
A WBCS3000S cycler (Wonatech) was used to carry out the electrochemical
characterization using a coin type of cell. The galvanostatic charge/discharge
profiles were performed in the potential window 0.01-1.5 V (vs. Li/Li+). The
rate performances were evaluated at 0.2, 0.5, 1, 2 and 4 C, 5 cycles in each
step (1C = 2 A g-1). Before the characterization the battery was cycled at
0.05 C to promote the formation of a stable SEI layer, whereas 5 cycles at
0.2 C were done to evaluate the capacity recover. The cycling performances
were measured at 1 C (initial cycle at 0.05 C).

2.5 Small Angle X-ray and Neutron Scattering
Small Angle X-ray and Neutron Scattering, respectively SAXS and SANS,
are powerful techniques to study the nanostructure of materials. Figure 2.2
shows a schematic representation of a typical experimental set-up.
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Figure 2.2: Schematic representation of a typical small angle experiment.
Reproduce by permission from Springer Nature Customer Service Centre
GmbH: Springer Nature, X-ray and Neutron Techniques for Nanomaterials
Characterization, 10.1007/978-3-662-48606-1, © 2016.103
The incident X-ray or Neutron beam with wavelength λ (𝑘! ) interacts with
the sample. Most part of the incident beam goes through the sample unchanged, but a portion is elastically scattered (𝑘! ). This portion arrives at the
detector and forms the scattering pattern. The transmitted beam is blocked
by a beam stopper. The scattering pattern arises from the sample texture in
the nanometer range. If there are aligned domains in the samples the pattern
will be anisotropic, otherwise it will be isotropic and will resemble a
circle.103 The q-dependency of the scattered intensity depends on different
factors such as sample structure, the beam-material interaction and instrument resolution. If there are periodic features in the sample, the scattering
pattern will show a correlation peak, which will describe the dimension of
such features.
The scattering contrast is given by the different interactions of the sample
and its media/solvent with the X-ray or Neutron beam. The higher the contrast between the two the greater the intensity of the scattering pattern. In the
case of SANS, the contrast can be conveniently modified since 1H and 2H
have very different scattering length densities. Indeed, given a multicomponent system, by adjusting the ratio between the hydrogenated and
deuterated medium, the sample contrast can be varied to match one or another component. When the contrast of the medium is the same as one of the
components, the latter will become “transparent” to the neutron beam since
the medium matches the scattering length density of the component. This
interesting feature of SANS allows a detailed study of a multi-component
system without significantly changing the chemical environment of the sample.
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2.5.1 Characterization of the Nanocellulose-based Materials
Small Angle X-ray Scattering (Papers I and V)
The SAXS characterization was carried out at P03 beamline “MiNaXS” at
the Petra III storage ring, Deutsches Elektronen-Synchrotron (DESY), Hamburg. The sample to detector distance was calibrated using a dry rat-tail (collagen) and the scattering patterns were recorded thanks to a 2D-pixel detector (Pilatus 1M). The exposure time of the samples was selected by comparing the intensity changes of the scattering profile under continuous (Paper I)
or 0.1 s (Paper IV) X-ray beam exposure to avoid sample damage. The data
analyses and reductions were done using the programme DPDAK,104 while
the modelling and fitting were done using the programme SasView 4.1.105
In Paper I the incident X-ray beam was about 20 x 20 µm-2 in size and its
wavelength was 0.0957 nm. The sample-to-detector distance was 2500 ± 0.1
mm. Prior to the SAXS experiment, each sample was cut into strips (≈ 15
µm thick) and conditioned for 2 days at each relative humidity (55, 65, 75,
85 and 95 %) and then sealed. Just before the experiment each CNF membrane strip was re-conditioned for 15 min in the in-situ chamber. Figure 2.3
shows the set-up used to control the humidity.

Figure 2.3: In-situ SAXS experimental set-up to control the humidity in the
sample chamber.
The acquisition time for the membranes at 95 and 85 % RH was 0.5 s,
while for the others it was 1 s. These times were selected by comparing the
intensity changes of the scattering profile under continuous X-ray beam exposure to avoid sample damage. In Paper IV the beam size was about 42 x
20 µm-2 and the sample-to-detector distance was 5386.2 ± 0.1mm. The CNF
suspensions were carefully loaded into 2 mm borosilicate capillaries
(Hilgenberg, GmbH) with a wall thickness of 10 µm. The X-ray beam exposure time was 0.4 s. The Hermans orientation factor (f) was calculated according to the literature.75
Small Angle Neutron Scattering (Paper VI)
The SANS experiment was performed at the Swiss spallation neutron source
SINQ, Paul Scherrer Institute (PSI), Switzerland, instrument SANS II. The
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neutron beam had a mean wavelength (λ) of 0.55 nm and it was incident on
the samples with a spread of 10 %. A 96 × 96 cm2 detector was used to collect the scattered neutrons. The sample-detector distance was set to 3 and 6
m to collect data in a wide scattering vector, ranging from 0.1-1.0 nm−1.
Each sample was subjected to the in-situ magnetic field perpendicular to the
incident beam for 1h 40 min. A speed of 10 min T-1 was used to move from
one field to the other. The contrast match experiments were achieved thanks
to the variation of the D2O/H2O ratio. The CNC, LpN and CNC-LpN suspensions were prepared in H2O. Successively, the suspensions were exchanged to 100 % D2O to contrast match the LpN and 35 % D2O to match
the CNC. The LpN suspension was directly measured in 100 % H2O. The
deuterium exchange was done by dialysing the sample suspension for 3 days
over 10 times its own volume with 100 % D2O or 35 % D2O. After the dialysis each sample was sealed until the SANS measurements.
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3 Ion Conductive Membranes for Fuel Cells
and Li-ion Batteries based on Cellulose
Nanofibres (Papers I, II)

Paper I and Paper II evaluate the performances and characteristics of CNF
membranes as components in fuel cells (FCs) and Li-ion batteries (Li-IBs).
In order to fulfil the opposite requirements of polymeric electrolyte membranes (PEMs) and separators in terms of porosity and water content, we
carefully select the CNF surface charge and defibrillation degree. At the
same time two different manufacturing methods have been used, one a casting method featuring slow evaporation in order to obtain very dense films
(PEMs), and the other a fast filtration procedure with solvent exchange to
introduce porosity and minimize the water content. After their preparation
we evaluate the effect of sodium and hydrogen counter ions in terms of water uptake (PEMs) and overall battery performance (separators).
This chapter illustrates the versatility that CNF offer in term of manufacturing processes. Both CNF-PEMs and separators achieve competitive performance compared to the industry standards, with less environmental impact and potentially more cost efficiency.

3.1 Morphology
Membranes

of

Cellulose

Nanofibres

and

In order to produce PEMs and separators based on CNF with the appropriate morphology and characteristics, several parameters and considerations
have to be taken into account. The water retention of the CNF strongly depends on their aspect ratio, surface charge and counter ions. The membrane
has to have a dense structure and gas barrier properties in the case of PEM,
while in the case of separators it has to have porosity in the meso- and micro-porous range. Thanks to the variation of surface charge and degree of
defibrillation, CNF are produced with appropriate characteristics. The surface charge depends on the TEMPO-mediated oxidation, while the degree of
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defibrillation is regulated by the high shear mechanical treatment following
the chemical oxidation. Highly defibrillated CNF with a surface charge of
600 and 1550 µmol g-1 (CNF-600 and CNF-1550, respectively) are prepared
to manufacture the PEM (Paper I41), while CNF with a lower surface charge
(CNF-350) and low defibrillation degree are used to manufacture the separators (Paper II61). The detailed procedure of the CNF production is described
in Chapter 2.1.
Figure 3.1 shows the microscopy pictures of the CNF-350 and CNF-1550.

Figure 3.1: The orange dotted lines highlight the CNF. (A) STEM image of
CNF used to prepare the separator with a surface charge of 350 µmol g-1 and
low degree of defibrillation (adapted from Paper II,61 © 2018 American
Chemical Society). (B) AFM images of CNF with 1550 µmol g-1 with a high
degree of defibrillation, used to prepare the PEM (adapted from the SI of
Paper I41).
Figure 3.1A shows the CNF-350 consisting of numerous nanofibres partially exfoliated from the microfibres. Due to the short mechanical treatment
used to defibrillate the nanofibres, the CNF-350 have very heterogeneous
dimensions. Indeed, the SEM image shows nanofibres with a width ranging
from hundreds to a few nanometers and very variable lengths (Paper II61, SI).
In Figure 3.1B the CNF-1550 appear as individual nanofibres as it is also
observed in the case of CNF-600: both CNF batches have an average length
of ≈ 300 nm and height of ≈ 2 nm, calculated by the AFM images (Paper
I).41 The high degree of defibrillation of CNF-600 and CNF-1550 is achieved
through the combination of strong mechanical treatment and medium/high
surface charge. The electrostatic repulsions between nanofibres generated by
the negatively charged carboxylated groups aid the defibrillation process.
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Ultimately, the combination of the high aspect ratio and surface charge maximize the CNF wettability, which in the case of PEM is fundamental to ensure high performance. In the case of the CNF-350, the lower surface charge
and bigger dimensions lead to lower water uptake. Moreover, the bigger
dimensions of the nanofibres also favour the formation of a porous structure.
Indeed, nanofibres with a higher degree of defibrillation did not performed
well as separators (Paper II61).
The PEMs and the separators are manufactured using two different protocols. The CNF-PEMs are obtained by slow evaporation at controlled temperature and RH, while CNF-separators are obtained by vacuum filtration and
solvent exchange (Chapter 2.2). Figure 3.2 shows the SEM images of both
membranes.

Figure 3.2: (A) SEM images of the CNF-1550 surface and (B) cross-section,
adapted from Paper I41. (C) SEM images of CNF-350 side exposed to the air
(C) and in contact with the filter (D) during the preparation; the inset are the
images of the same membrane at higher magnification. (C) and (D) adapted
from Paper II61 © 2018 American Chemical Society.
Fig. 3.2A and 3.2B show the surface and the cross-section of the CNF1550, respectively. The PEM consists of parallel layers in which the nanofibres are entangled in a network and randomly oriented (Figure 3.2A). This
structure is achieved as a result of the slow evaporation of water during drying. Such films possess barrier properties towards oxygen and hydrogen106
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that are preserved in fuel cell assembly, as will be shown in the following
sections.
Figures 3.2C and 3.2D show the morphology of the H-CNF-350 (counter
ions H+). In the figures “Top” denotes the side of the membrane exposed to
the air during the filtration process, while “Bottom” is the side in contact
with the Durapore filter. The filtration process produces membranes with a
multi-scale porosity and an asymmetric structure. The high magnification
image shows that the separator is characterized by a mesoporous structure,
while at lower magnification (in the insets) it is characterized by
macropores. It is evident that the top side has generally larger pores in the
micrometer range, while the bottom has a more compact and smooth structure.
The porous structure of the CNF-350 is achieved due to the presence of
micro- and nanofibres. The bigger fibres contribute to the dimensional stability after the fast drying, while the smaller ones contribute to the interconnected network that gives the mesopores which are necessary for Li-IB separators.107 In both Papers I and II, the counter ions (Na+ or H+) have a significant influence in terms of water absorption and electrochemical performance. Both results will be discussed further in the following sections.

3.1.1 Porosity of the Cellulose Nanofibre Separators
An estimation of the separator total porosity is given by measuring the
mass before and after the immersion in butanol. This characterization, described in Paper II61, shows that the CNF-350 porosity is only marginally
influenced by the different counter ions (Na+ or H+). Indeed, H-CNF-350 and
Na-CNF-350 show 62 ± 3 and 59 ± 2 % porosity respectively, which is
slightly higher compared to the Cellgard measured under the same conditions (46 ± 2 %).61
The surface porosity of the asymmetric structure is measured by analysing the SEM images. Figure 3.3 shows the pore size distribution on the top
and bottom sides of the Na-CNF-350 and H-CNF-350. The table in the figure summarises the porosity and the average pore width. Both pore width
distributions in Figures 3.3A and 3.3B are centred below 20 nm, though the
bottom side has a higher relative frequency of pores below 10 nm. The average pore width for the bottom and top is similar within the standard deviation and no significant difference can be seen between H-CNF-350 and NaCNF-350. The total mesopores volume of 0.141 cm³ g-1 (calculated from the
nitrogen absorption61) has been used to obtain the values showcased in the
table. These values are lower than the ones measured by butanol immersion,
suggesting that the macropores constitute a bigger portion of the total pores
compared to the mesopores.
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Figure 3.3: (A) Pore size distribution of the top side exposed to the air during
the filtration process and (B) bottom side which was in contact with the Durapore filter. The table at the bottom shows the porosity based on the total
pore volume measured by nitrogen adsorption61 and the average pore width
calculated from the SEM analysis. Figure adapted from Paper II61 © 2018
American Chemical Society.
The presence of the macropores may facilitate the absorption of liquid
electrolytes. The table also shows that the top side porosity is significantly
bigger than that of the bottom side.

3.2 Interaction of the Polymeric Exchange Membranes
with Water
3.2.1 Water Uptake
The CNF-600 and CNF-1500 membranes have been ion-exchanged before being mounted in the fuel cell (Chapter 2.2). The substitution of Na+
with H+ as counter ions of the carboxylic groups leads to a loss of surface
charge and thus a certain degree of aggregation between the CNF.108 At the
same time, the increase in interaction between CNF results in a higher
Young’s modulus due to the stronger hydrogen bond between the nanofibres.109 Figure 3.4 shows the water uptake as a function of the surface
charge and counter ions at different RH.
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Figure 3.4: (A) Water uptake as a function of the relative humidity of carboxylated (COO-Na+) and carboxylic (COOH) CNF membranes. (B) Calculated amount of water molecules per carboxylic group (λ) of CNF-600 and
CNF-1550. The values of Nafion 212 are plotted from the referece.46 Figure
adapted from Paper I.41
Figure 3.4A shows that the water uptake increases with the RH, both for
the carboxylic and carboxylated CNF, with the difference that for the CNFCOOH it is much lower compared to the CNF-COONa. The water uptake at
95 % RH is approximately 500 % lower than that of CNF-COONa. This
result reflects that the carboxylic groups have a lower hydration shell than
the carboxylated groups, which ultimately reduces the uptake. Thanks to the
lower water content, the protonation also leads to lower swelling and thus to
higher dimensional stability, which are both very important factors to ensure
good performances as PEM. The CNF surface charge also influences the
uptake. The CNF-1550 absorbed more water than the CNF-600 because of
the higher amount of negative charge (more carboxylic group) on the nanofibre surface. Figure 3.4B shows the amount of water molecules (λ110,111) per
carboxylic group of H-CNF-1550, H-CNF-600 and Nafion 212 (He et al.46).
The parameter λ predictably increases with RH for all membranes. Remarkably, both CNF membranes have λ more than 100 times higher than Nafion
212. The reason for the higher values is due to the high amount of hydroxyl
groups of the cellulose that also have a high hydration shell. Instead, in the
case of Nafion, the sulfonic hydrophilic groups are surrounded by a hydrophobic matrix, which does not contribute to the water absorption. Because of
this different morphology CNF membranes can absorb much more water
compared to Nafion.
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3.2.2 Swelling of the Membranes as a Function of Relative
Humidity
During the fuel cell operational regime the gasses are supplied moisturized at the electrode. We saw that the water uptake depends on the relative
humidity and on the characteristics of CNF (surface charge and counter
ions). This section describes the structural evolution of the CNF PEM as a
function of RH, using SAXS. Figure 3.5 shows the scattering pattern of HCNF-1550 and H-CNF-600 from 55 to 95 % RH.

Figure 3.5: Radial integrated intensity of the scattering pattern of CNF-1550
(A) and CNF-600 (B) with H+ as counter ions as a function of relative humidity (55-95 %). Figure adapted from Paper I.41
Both patterns (Figures 3.5A and 3.5B) show with increasing RH a distinct
feature at q ≈ 0.59 nm-1 and the decrease of the slope at low q. The H-CNF1550 pattern is characterized by a higher scattering intensity, which reflects
the larger water uptake compared to the H-CNF-600. Each scattering pattern
was fitted using the following model:
𝐼 𝑞 =

𝐴
𝑞! ∙ Ξ!
+
𝐵
∙
exp
−
+𝐶
𝑞!
2

in which A and B are scaling factors and C is a constant background.
The first power law accounts for the complexity of the CNF network, expressed by the scaling exponent n, known as the Porod exponent. The fact
that n decreases with the increase of RH suggests that despite the water uptake the CNF agglomerates are still highly entangled. The second term is a
Gaussian function and includes the average pore size Ξ, which is correlated
with the feature at q ≈ 0.59 nm-1. As the water is absorbed in the CNF membrane, the water condenses in the pores and above 75 % RH the water forms
channels that swell the pores. Their size increases from ≈ 1.0 nm at 55-75 %
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to ≈ 2 nm at 95 % RH (Paper I41 SI), which is still very small (about the
cross-section of the CNF). At 95 % RH the pore size is comparable with that
of fully hydrated Nafion, which has been determined to be 2.5 ± 0.2 nm by
electron microscope cryotomography.112 To better understand the contrast
modulation on which the scattering intensity at the different RH depends, the
formation of water channels at the expense of the pores has to be taken into
account. The increased porosity due to the swelling upon hydration increases
the scattering volume (CNF-pore interphase), whereas the water in the channels reduces the scattering contrast (CNF-water interphase). The SAXS pattern of the carboxylated CNF membranes (prior to the ion exchange) shows
an even higher intensity and less defined feature at high q as a consequence
of the higher water uptake that leads to higher swelling of the membrane
structure (Paper I41 SI).
Several studies tackle the interaction between cellulose and water,113–115
showing that the water is present as absorbed and bound water. The absorbed
water is responsible for the creation of the water channels in the membrane
matrix, whereas the bound water is associated either with the nanofibre agglomerate-agglomerate interface (movable bond water) or between nanofibres belonging to the same agglomerate (immobile bond water).113 It is
intuitively that both absorbed and bound water plays a fundamental role in
the proton conductivity.

3.3 Electrochemical Characterization of the Proton
Exchange Membranes
3.3.1 In-situ Conductivity
The conductivity was measured as a function of RH from 55 to 95 % (Figure
3.6A). The conductivity of H-CNF-1550 is constant above 65 %, reaching
the value of ≈ 2 mS cm-1, which is higher compared to previously reported
nanocellulose-based membranes.40 Compared to Nafion, the H-CNF-1550 is
still 10-50 times lower than that of Nafion 212, both in control experiments
and literature data.46 The discrepancy between Nafion experimental conductivity and that reported in literature is most probably due to the MEA preparation and internal resistances within the cell housing. Our results show that
the CNF proton conductivity is much less influenced by the variation of
relative humidity compared to Nafion, for which the conductivity decreases
almost logarithmically with the decrease of RH. This peculiar feature of
CNF membranes derives from their high hydrophilicity, which is also
demonstrated by the high value of λ (Figure 3.4B).
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Figure 3.6: (A) In-situ conductivity of the H-CNF-1550 and Nafion 212
experimental measurements (full symbols) and literature ones (empty symbols) for Nafion 21246 and CNF.40 Figure adapted from Paper I.41 (B) Schematic of the proposed conductivity mechanism above and below 75 % RH
(in green CNF matrix).
Figure 3.6B illustrates the dynamics that may contribute to the stability of
the CNF conductivity over this wide range. At high humidity (above 75 %
RH) the condensation of water in the CNF matrix forms water channels containing liquid water. The hydrogen bonds present in the liquid water ensure
the conduction of the hydrogen bond along the membrane, according to the
Grötthuss mechanism.40 However, at lower humidity (below 75% RH) as the
liquid water decreases, the movable bound water between the different agglomerates may play a role to ensure the continuation of the hydrogen ion
path and constant conductivity. Previous work from Bayer et al.40 shows that
the ex-situ proton conductivity of their CNF membranes decreases ≈ 2 orders
of magnitude between 80 and 70 % RH. This difference can be attributed to
the fact that compared to the CNF-1550 and CNF-600, their CNF are at least
hundreds of times thicker. Indeed recently, Jankowska et al.35 showed that
films made of nanocellulose have higher proton conductivity than ones made
of larger microcellulose, which supports the hypothesis that the movable
bound water contributes to the proton conduction at lower RH.
The mechanical properties of both CNF and Nafion membranes depend
on the RH. At 30 % RH Nafion 117 has a Young’s modulus of ≈ 200
MPa,114 whereas Na-CNF has a modulus of ≈ 15 GPa,109 which in both cases
decrease with the increase in relative humidity. Nevertheless, the higher
mechanical properties of CNF ensure a more robust membrane that can be
casted thinner, reducing the internal resistance of the cell. The conductivity
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of the CNF membranes as a function of the thickness and surface charge are
summarized in Table 3.1.
Conductivity (mS cm-1)
Sample Name

t ≈ 14 µm

t ≈ 24 µm

H-CNF-600

1.4 ± 0.1

1.2 ± 0.4

H-CNF-1550

1.5 ± 0.2

1.4 ± 0.2

Table 3.1. Conductivity of H-CNF membranes as a function of thickness (t)
and surface charge, measured by electrochemical impedance spectroscopy
(EIS) in the fuel cell, under N2/N2 gas. Table from Paper I.41
The table shows that the conductivity is fairly independent from the
thickness, indicating that the membranes have a homogenous charge distribution. The CNF-1550 samples also have higher conductivity, which is only
one order of magnitude lower than Nafion 212 (≈ 20 mS cm-1) measured in
the same condition (Paper I41). The acidity of the proton conductive sulfonic
groups is much higher (pKa ≈ -6)116 compared to the carboxylic groups,
which pKa is ≈ 3-4.97 This difference in acidity contributes to the difference
in conductivity between the Nafion and CNF membranes.

3.3.2 Fuel Cell Performance and Barrier Properties of the
Membranes
Beside the proton conductivity, the barrier properties towards hydrogen
and oxygen gas are key for the performance of the fuel cell. Figures 3.7A
and 3.7B show the cyclic voltammetry (CV) and crossover current density
measurements, respectively. Figures 3.7C and 3.7D show the current density–voltage measurements, as a function of surface charge and thickness. All
the cyclic voltammograms in Figure 3.7A show a similar size of the hydrogen adsorption and desorption peaks on the 100 and 110 facets of the Pt
catalyst (peaks below 0.4 V), indicating that the use of CNF membranes
does not affect the catalyst layer. Both curves of the H-CNF membranes are
centred at a lower current density, indicating that at this operating condition
they have a lower hydrogen crossover than Nafion, despite being ≈ 14 µm
compared to 51 µm of Nafion. Indeed, the crossover current density (proportional to the hydrogen crossover) of the H-CNF membranes and particularly
of the H-CNF-600 is lower than Nafion (Figure 3.7B). The calculated permeability coefficients of the thickest and thinnest CNF membranes are 1.5 ±
0.5×10-11 and 2 ± 0.5×10-11 mol cm-1 s-1 bar-1, respectively, while for Nafion
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it is one order of magnitude bigger (3.1×10-10 mol cm-1 s-1 bar-1). The RH
influences the hydrogen crossover of both Nafion and CNF membranes.
Nafion has a higher crossover at high RH because of the swelling of the
membranes due to the water absorption.117 Instead, for the CNF membranes,
the crossover is higher at lower RH most probably because once the water
channels are formed (above 75 %) they still present even at lower RH when
the water uptake is lower, a condition that increases the diffusion gas across
the membrane (Paper I41).

Figure 3.7: Hydrogen permeability of the CNF-PEM studied by cyclic voltammetry (A) and crossover current density measurements (B). (C) and (D)
overall performance of the fuel cell as a function of membrane thickness and
charge, represented by current density–voltage measurements. The dashed
curves represent the IR-corrected measurements. Figure adapted from Paper
I.41
The current density–voltage measurements were used to investigate the
overall performance of the fuel cell (Figures 3.7C and 3.7D). The IRcorrected lines are compensated to remove any difference due to the resistance given by the different thickness or any other resistive losses in the
cell. At 95 % RH all the CNF membranes have a high open circuit, comparable to Nafion. Thicker membranes have predictable higher resistivity. The
higher performance of the H-CNF-1550 membranes compared to the HCNF-600 is likely connected to the water absorption capability of the nanofibres and to the more pronounced formation of water channels indicated by
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the SAXS characterization. As already mentioned, the lower acidity of the
carboxylic groups is likely one of the causes of the lower performance of
CNF membranes compared to Nafion. Another contribution may be the interfacial resistance between the electrodes and the CNF membranes.
Overall, the CNF membranes show a very promising performance for
PEM-FCs and considering the possibility for further optimizations, CNF is a
relevant candidate for the fabrication of a more cost effective and environmentally benign alternative for PEMs.

3.4 Influence of Counter Ions and Asymmetric Porosity
on Separator Performances
Opposite to the PEMs, Li-IB separators must have a porous structure to
host the liquid electrolyte and must be suitable for anhydrous conditions.

Figure 3.8: Galvanostatic charging/discharging cycling test (0.1 C) of CNF350 with sodium as counter ions (Na-CNF-350) and hydrogen (H-CNF1550). Figure adapted from Paper II61 © 2018 American Chemical Society.
Figure 3.8A shows the performance of the cell cycles with Na-CNF-350
as a separator. After two cycles the specific capacity decreases significantly.
On the contrary, the H-CNF-350 have excellent stability over 4 cycles (Figure 3.8B), which is similar to the performance of Celgard measured under
the same conditions and set-up (Paper II).61 This discrepancy in performance
can be due to a series of factors. Since the Na-CNF-350 morphology is analogue to the H-CNF-350 (Paper II61), it is unlikely to be the cause of the
capacity fading. This suggests that the difference between the two has to be
related to the CNF. We previously showed (Figure 3.4) that the amount of
water absorbed by the CNF membranes is much bigger when the counter
ions of the carboxylated group are sodium compared to hydrogen. It is well
known that water has detrimental effects for the performances of Li-IBs due
to its interaction with the hygroscopic material in the battery itself.118–120
36

Thus, the reason behind the significant capacity decrease may be attributed
to the degradation of electrolytes as a consequence of the high water content
present as solvatation shell of the Na+. This hypothesis is also supported by
the fact that after the cycling test the pouch cell containing the Na-CNF-350
was slightly swollen, indicating degradation of the battery components followed by gas evolution.
Another parameter affecting the separator performance is the asymmetric
structure that originated from the filtration process (Paper II61). When the
denser and less porous side of the separator (bottom in Figure 3.3 and 3.2) is
in contact with the graphite, the specific capacity is very low over 1 C. Differently, when the more porous side of the separator (top in Figure 3.3 and
3.2) is in contact with the graphite the discharge specific capacity is excellent and comparable to Celgard 2325 even at very high discharge rate (1 C to
5 C). These different performances are given by the fact that during the discharge the low porosity of the bottom side of the separator acts as a bottleneck for the migration of ions, limiting their diffusion towards the positive
electrode. On the other hand, when the more porous side of the separator
(top) is in contact with the graphite, the higher porosity allowed a quick diffusion during the discharge process and effectively improves the mass
transport of the lithium ions.
The characterization of the CNF-based separator shows that a careful and
critical observation of the starting material and manufacturing processes is
needed to successfully produce separators with performance analogue to the
industry standards.
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4 Cellulose Nanofibres as Electrode
Components in Lithium-ion Batteries
(Papers III, IV)

The previous chapter showed how the CNF based PEMs and separators
can be prepared using nanofibres with appropriate properties by controlling
their surface charge, defibrillation degree and counter ions, in combination
with the manufacturing method of the membrane. The following chapter
describes the use of pristine CNF and pyrolysed CNF (cCNF) as electrode
components in Li-IBs.
Paper III describes the use of CNF as a binder for flexible batteries and
the systematic study of how both chemical oxidation and mechanical defibrillation affect the CNF morphology and rheological properties. In particular,
the study involves CNF with three different surface charges (350, 650 and
1550 µmol g-1) and three homogenization treatments. The electrochemical
performance of the nanofibres as binders are described in terms of rate capabilities and charge/discharge potential profiles at varying current rates.
Paper IV presents the use of cCNF to enhance Si-nanoparticle performance as Li-IB anode. Si-CNF pyrolysed composite is characterized by an
interconnected carbon network (derived from CNF), which is able to stabilize the silicon nanoparticles during the lithiation/delithiation process.
This chapter shows in detail the influence of the TEMPO-mediated oxidation and mechanical defibrillation on the morphology of the CNF and highlights the role that the CNF network plays to achieve remarkable performances as electrode components.
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4.1 Flexible Li-ion Batteries using Cellulose Nanofibres
as Binders
4.1.1 Influence of the Surface Charge and Defibrillation Degree
on the Nanofibres
The mechanical homogenization consists of a shear-induced defibrillation
of the oxidized cellulose pulp. In two stages the oxidised pulp passes through
two chambers connected in series with micrometre sized channels. In the
first stage, the chambers have larger channels with a diameter of 400 and
200 µm, while in the second stage the diameters are 200 and 100 µm. Figure
4.1 summarises the morphological characteristics of the CNF with 1550, 650
and 350 µmol g-1, treated three consecutive times through the first stage and
three, six and nine times through the second one.

Figure 4.1: (A) and (B) AFM images of CNF-350 3-3 and CNF-1550 3-3,
respectively. Scale bar 500 nm. (C) Length distribution calculated from the
AFM images (Paper III57) of the CNF batches treated with the different defibrillation processes. Figure adapted from Paper III57 © 2017 American
Chemical Society.
Figures 4.1A and 4.1B show the AFM images of two of the CNF batches
with the highest and lowest surface charge, CNF-350 3-3 and CNF-1550 3-3.
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Visually the CNF-350 (Figure 4.1A) seem longer compared to the CNF1550. Both samples consist of individualized nanofibres with various lengths
and a certain degree of flexibility, which is how it is shown by the presence
of kinks along the nanofibre length. Figure 4.1C shows the length size distribution of all the CNF extracted from the AFM images. In Paper III57 it is
possible to see the complete set of AFM images and the height distribution
(≈ 2.5 nm) of all the CNF. The data were fitted by a lognormal distribution,
which is used in the case of a process that causes a certain degree of mechanical damage.121 Most probably for the CNF, the damage is produced by shear
forces in the micrometre size channels. The size distributions show that the
main factor influencing the length is the surface charge of the nanofibres,
whereas the number of passages only secondarily affects the morphology.
Higher surface charge leads to more electrostatic repulsion between the nanofibres, which ultimately ensures a more efficient homogenization. The
CNF-1550 are characterized by the narrower length distribution with all the
analysed nanofibres below 1000 nm. As the surface charge decreases the
defibrillation process is less effective, which is the reason why in general the
length of the nanofibres increases. The CNF-650 are just below 1250 nm,
while the CNF-350 are close to 1500 nm and are the most polydispersed
nanofibres.
The surface charge and defibrillation degree not only play a fundamental
role in defining the morphology of the nanofibres, but also affect the CNF
rheological properties. The storage modulus (G’) of 0.95 wt% CNF suspension is presented in Figure 4.2.

Figure 4.2: Storage modulus (G’) as a function of oscillatory angular frequency (Ω) of the CNF with surface charge 1550, 650 and 350 µmol g-1. The
numbers 3-3, 3-6 and 3-9 refer to the number of passages done during the
two steps of the mechanical homogenization. Figure adapted from Paper III57
© 2017 American Chemical Society.
From left to right the graphs show the CNF batches with progressive
higher degrees of defibrillation. G’ decreases with increasing surface charge,
due to the electrostatic repulsive forces between CNF.71 The value of G’ is
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higher for the CNF treated with the lower amount of passages (3-3), which
corresponds to a lower degree of defibrillation and reflects an increase in the
liquid-like character of the suspensions with the increase number of passages. At the same time, G’ is related to the strength of the CNF network in the
suspension. Since the mechanical homogenization partially damages the
nanofibres, it is also possible that the defibrillation process contributes to the
decrease of G’. Moreover, since the decrease between 3-6 and 3-9 is small,
there is no gain in defibrillation between the two.

4.1.2 Physical Properties and Morphology
The CNF were mixed with the other electrode components such as active
material (LiFePO4) and conductive additive (Super-P carbon). The physical
and morphological characteristics of the electrode are summarized in Figure
4.3.

Figure 4.3 (A) and (B) show the SEM images of the electrode microstructure
prepared with CNF-1550-3-3 and 3-6, respectively. (C) Young’s modulus
and (D) electrical conductivity of the electrode prepared with the different
batches of CNF. Figure adapted from Paper III57 © 2017 American Chemical
Society.
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Figures 4.3A and 4.3B show the SEM images of the electrodes prepared
with CNF 1550-3-3 and 1550-3-6. Both pictures show the LiFePO4, Super-P
and the CNF network acting as a binder (see arrows in the figures). The images suggest that the network formed by 1550-3-6 is slightly denser than the
one formed by CNF 1550-3-3. The patches of dense CNF network are isolating and detrimental to the electrochemical performance of the electrode.56
The physical properties of the electrodes prepared using the different CNF
batches are shown in Figures 4.3C and 4.3D.
The Young’s modulus increases both with the surface charge and the homogenization treatment until 1550-3-3, after which it significantly drops.
The same trend is observed in the conductivity data, in which the electrode
prepared with 1550-3-3 clearly has the highest conductivity. Possibly, the
CNF-1550 gives the best performance thanks to the high degree of defibrillation and surface charge. Indeed, the high content of carboxylate groups on
the nanofibre surface aids the defibrillation, which also promotes the formation of the network observed in Figures 4.3A and 4.3B. However, a prolonged homogenization treatment, combined with the extensive chemical
oxidation needed to reach a high surface charge, further damages the CNF,
reflecting the lowering in performance for the 1550- 3-6 and 3-9 batches. It
is reasonable to think that the CNF-350 and CNF-650 still benefit from a
stronger homogenization treatment due to the lower surface charge.

4.1.3 Electrochemical Characterization
The morphological and physical properties of the electrode depend on the
defibrillation degree and surface charge of the CNF. In Figure 4.4A the image on the left shows the flexibility of the electrode (90 µm thick, Paper
III57) when CNF is used as a binder.

Figure 4.4: (A) Image of the CNF based electrode (left) and of the flexible
pouch cell (right). (B) Charge-discharge potential profile of the CNF-1550
based cell. Figure adapted from Paper III57 © 2017 American Chemical Society.
42

In the right image this flexibility is reflected in the pouch cell that is
bendable and powers the blue LED. Figure 4.4B shows the galvanostatic
charge/discharge curves of the CNF-1550- 3-3, 3-6 and 3-9 cycled at 0.1 C.
The curves have a typical profile derived from the extraction and insertion of
Li-ions, which are accompanied by the oxidation and reduction of Fe.122 The
specific capacity slightly decreases with the increase of defibrillation degree.
The 1550-3-3 has 158 mAh g-1, while 1550-3-6 and -3-9 have 152 and 149
mAh g-1, respectively. The 1550-3-3 also has lower polarization compared to
the other two samples. These performances reflect the good physical properties of the CNF-1550-3-3 electrode.
The influence of the rate capability (C-rate) on the specific capacity is
summarized in Figure 4.5.

Figure 4.5: Summary of the rate capabilities of cell prepared with the following CNF as a binder: CNF-1550- 3-3 and 3-9 (A and B), CNF-650- 3-3 and
3-9 (C and D), CNF-350- 3-3 and 3-9 (E and F). Figure adapted from Paper
III57 © 2017 American Chemical Society.
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With the increase of C-rate the 1550-3-3 retains the specific capacity better. With the decrease of surface charge (Figures 4.5C and 4.5E) the specific
capacity is lower, especially with the increase of C-rate above 0.5 C. Indeed,
at 1 C the specific capacity of 650-3-3 and CNF-350-3-3 drops dramatically.
At 0.1 C for the 1550-3-3 the capacity is 158 mAh g-1, which slightly decreases at 0.5 and 0.2 C, reaching the value of 116 mAg-1 at 1C. After the 20
cycles at the different C-rates, the capacity is recovered (154 mAg-1 at 0.1C).
For the CNF-1550 the increase of homogenization treatment (Figure 4.5B)
has a detrimental effect on the performance, while for the CNF-350 and
CNF-650 it has a positive effect (Figures 4.5D and 4.5F). This behaviour
reflects the same trends observed in Figure 4.3. CNF with a surface charge
below 1550 µmol g-1 needs a stronger treatment to reach an optimal defibrillation degree, which is already reached with only 3-3 passages for the CNF1550. The limited formation of isolating CNF patches observed for the 15503-3 promotes fast lithium-ion diffusion especially at high current.
Ultimately, the combination of high charge and low degree of homogenization is the perfect equilibrium to ensure the best performance in terms of
Young’s modulus and electrode conductivity, ensuring good and stable electrochemical performances.

4.2 Pyrolysed Cellulose Nanofibres and Si-nanoparticle
Composites as Li-ion Battery Anodes
Silicon is an appealing alternative to conventional graphite, mainly due to
its high theoretical capacity ≈ 4200 mAh g-1.123–126 However, it is characterized by low intrinsic electric conductivity and during lithiation its volume
increases to up 300 %, causing mechanical stress and electrode damage.127,128
These issues lead to poor cycle stability and bad rate performance.127–129
The CNF used to prepare the pyrolysed Si composite (Si-cCNF) have a
surface charge of 690 µmol g-1 and a size distribution of 390 ± 251 nm
length and 1.55 ± 0.53 height (Paper IV60).

4.2.1 Morphological Characterization and Physical Properties
Figure 4.6 shows the high resolution TEM picture of Si-cCNF and its
spectroscopical characterization. The sharp peaks in the X-ray spectrum
(Figure 4.6A) are indexed and assigned to crystalline cubic Silicon (JCPDS
no. 27-1402). The crystallinity of the silicon nanoparticles (Si-Np) is not
affected during the preparation of the pyrolised composite. The two broad
peaks indicated by the triangles are assigned to graphitic carbon.130 The peak
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at ≈ 20 ° is assigned to the d(002) and corresponds to the stacking structure
of graphitic carbon, while the peak at ≈ 43 ° to the d(100) and corresponds to
the 2-dimensional graphitic lattice.131–133 The fact that the peaks are broad
reflects the deviation from the ideal graphitic structure. In particular, the
broadness of the d(002) shows that the crystallites are small in size.130 The
Raman spectrum (Figure 4.6B) shows the typical silicon peaks. In the inset
two peaks related to the pyrolysed CNF are visible and indicated as D and G.
The D peak represents distorted graphite and corresponds to the in-plane
breathing vibrations of sp2-bonded structural defects.133 The peak denoted
with G represents the in-plane bond stretching motion of two carbon atoms
hybridized sp2. This peak may be the convolution of the actual G band and a
D2 band that corresponds to the edges of graphitic crystallites.133,134 Taking
into account the D peak and the likely presence of the D2 band, together
with the X-ray characterization, the carbon material derived from pyrolysed
CNF is indeed graphitic carbon with small crystalline domains characterized
by structural defects. Figure 4.6C shows the images of one Si-Np surrounded
by pyrolysed CNF. The figure suggests that the morphology of CNF is preserved after the pyrolysis (yellow lines) and additionally bigger carbon structure forms. After the pyrolysis the CNF is transformed into carbon. Paper
IV60 shows that the carbon content after the pyrolysis is 8.48 wt%, which is
calculated by thermogravimetric analysis.

Figure 4.6: (A) Powder X-ray and (B) Raman spectrum of the Si-cCNF. (C)
High resolution TEM image of Si-cCNF composite and (D) EDS mapping
on one of the Si-Np. Figure adapted from Paper IV60 © 2017 Elsevier Ltd.
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The EDS mapping on another site of the specimen (Figure 4.6D) detects
the silicon of the nanoparticle, the oxygen at the surface probably due to the
silicon oxide layer and carbon fairly distributed around. The carboxylate
groups of the CNF may interact with the oxide layer on the Si-Np surface.135
After the preparation of the composite the active materials were mixed
with the binder (CMC) and the conductive additive. The macroscopic appearance of the electrode is shown in Figure 4.7A. The Si-cCNF electrode
(160 µm thick, Paper IV60) is homogenous and robust, while the bare Si-Np
is unstable and easily disintegrates into flakes. Figure 4.7B shows the SEM
image of the Si-cCNF. The electrode is characterized by a textural porosity
given by the void created by the packing of the Si-Np, which have particle
sizes of ≈ 100 nm. The circles indicate what are likely to be aggregated CNF
connecting Si-Np, which could be similar to the bigger carbon structure
shown in Figure 4.6C. This suggests that the fibrous structure is conserved
after the pyrolysis on a higher length scale than the singular CNF.

Figure 4.7: (A) Electrode prepared with Si-Np (Bare-Si) and Si-cCNF. (B)
SEM image of the Si-cCNF composite. The schematic illustrate the structure
of the Si-cCNF. Figure adapted from Paper IV60 © 2017 Elsevier Ltd.
The schematic on the right side of Figure 4.7 shows the probable structure
of the Si-cCNF electrode material. During the preparation, the CNF entangles between the Si-Np thanks to the interaction between the carboxylic
groups and the silicon oxide layer. Thanks to the pyrolysed CNF the Si-Np
are interconnected by an extensive carbon network. During solvent evaporation the electrode mixture starts to aggregate, building up tensile stress.136,137
In the case of bare Si-Np, the stiff CMC binder alone cannot stabilize,135
leading the electrode to break down very easily.138 The introduction of CNF
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allows the Si-Np to aggregate before the solvent evaporation, easing the
tensile stress and thus the shrinking. This gives the possibility to prepare a
robust electrode with Si-cCNF.

4.2.2 Electrochemical Performance
The extensively interconnected carbon network between the Si-Np leads
to an improvement of the electrochemical performance. Figure 4.8 shows the
lithiation/delithiation behaviour, rate capability and long-term cell performance of the Si-cCNF and Si-Np.

Figure 4.8: (A) Galavanostatic charge/discharge profile of the electrode prepared with Si-cCNF between 0.01-1.5 V at 0.4 A g-1 for all the cycles except
the first (at 0.1 A g-1). (B) Rate performance of Si-cCNF at various current
densities. (C) Cycling performance of Si-cCNF compared with Si-Np (BareSi) , for 500 cycles at 0.1 A g-1 current density. Figure adapted from Paper
IV60 © 2017 Elsevier Ltd.
Figure 4.8A shows the galvanostatic charge/discharge profile of the SicCNF electrode. The current profiles are consistent with the typical behaviour of the crystalline silicon lithiation/delithiation process. Differently from
Si-Np, the specific capacity of Si-cCNF increases with the increased number
of cycles, as the electrode material is activated during cycling.132,139 This
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observation is supported by the cyclic voltammetry curves (Paper IV60). The
initial discharge capacity is 2022 mAh g-1. Compared to the Si-Np, measured
under the same conditions and with the same set up (capacity equal to 2321
mAh g-1), the Si-cCNF have a lower initial discharge capacity and higher
initial loss, 26.5 % compared to the 21.2 % of the pristine material (Paper
IV60). Compared to Si-Np, the Si-cCNF can give a lower performance due to
the higher carbon content, but at the same time the higher electrical conductivity between Si-Np should contribute to the increased performance. Another factor to take into account is the presence of the oxide layer on the Si-Np
surface that can reduces the efficiency of the charge/discharge process. Indeed, the increasing of the specific capacity upon cycling could support this
hypothesis, in the way that during the activation, paths for the diffusion of
the lithium ions are formed. In the 5th and 10th cycles the Si-cCNF has a capacity of 1557 and 1594 mAh g-1, respectively. For Si-Np these capacities
are lower; 1499 mAh g-1 for the 5th cycle and 1370 mAh g-1for the 10th one.
The capacity fading of the pristine silicon is a typical phenomenon, caused
by the unstable formation of solid-electrolyte interphase (SEI) layers140 and
the volumetric expansion that generates stress and causes mechanical fracture.127,128 Since the capacity fading is avoided in the case of Si-cCNF, it
suggests that the extensively interconnected carbon network derived from
pyrolysed CNF stabilizes the Si-Np charge/discharge process. Indeed, the
carbon network may decrease the nanoparticle mechanical stress and promote the stable formation of the SEI layer. This hypothesis is confirmed by
the superior performance of the Si-cCNF compared to Si-Np in the rate performance in Figure 4.8B. After the initial loss, the specific capacity of SicCNF at each C-rate is always higher than Si-Np. The decrease in specific
capacity with increased C-rate is because the lithium ions do not have
enough time to diffuse into the active material.141 The reversible capacity of
the Si-cCNF is recovered after the cycle at 4 C, while for the Si-Np only
partially, highlighting the advantageous effects of the pyrolysed CNF network on the Si-Np. The long-term performance of the electrode material
including Si-cCNF is evaluated by the cycling test (Figure 4.8C). The Si-Np
shows a rapid decrease in cycling stability, with capacity retention of only 20
%. On the contrary, the Si-cCNF is characterized by retention of 72 % after
500 cycles. The interconnected carbon network prevents the pulverization of
the electrode material due to the mechanical stress given by the volume expansion of the Si nanoparticles.
The electrochemical performance of the Si-cCNF composite is among the
highest reported for the Si/C composite, especially in terms of rate performance and capacity retention over cycling.142,143 The Si-cCNF shows the
potential of the CNF composite and its carbon derived material to improve
the performance of electrode materials of electrochemical devices such as
Si-Np.
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5 Probing the Order of Nanocellulose
Suspensions with Small Angle Scattering
(Papers V, VI)

Thanks to the CNF appropriate characteristics and manufacturing methods of the CNF-based materials, the nanofibres find application in electrochemical devices such as fuel cells and Lithium ion batteries. We saw that
the CNF performances are competitive with the industry standards but can
benefit from further improvements. In order to improve the performance
several strategies can be used, such as inducing structural order or preparing
composites. The following chapter will investigate the order induced in CNF
suspensions and nanocellulose based composites, using small angle X-ray
and neutron scattering as the main investigation tools.
Paper V describes the nematic order of CNF induced by osmotic dehydration in suspensions with a wide range of concentrations, from 0.50 to 4.90
wt%. The suspension physical properties, studied by rheology and optical
polarized microscopy, depend on the suspensions structural order. The order
parameter has been correlated with the CNF network, the evolution of which
as a function of concentration has been followed by Small Angle X-ray Scattering (SAXS).
Paper VI investigates the ordering induced by the magnetic field (0 – 6.8
T) of cellulose nanocrystals (CNC) and lepidocrocite nanorods (LpN) as
pristine and hybrid suspensions. The degree of magnetic alignment has been
quantified thanks to contrast-variation small-angle neutron scattering
(SANS) and evaluated by polarized optical microscopy (POM).
This chapter will highlight the characteristics of the CNF order network in
suspension and how nanocellulose hybrids can open up interesting possibilities going beyond the limits of pristine material. Moreover, it will show the
central role of the scattering methods for the structural determination of soft
matter.
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5.1 Nematic Order of Cellulose Nanofibres Induced by
Osmotic Dehydration
5.1.1 Birefringence and Rheology of the Nanofibre Suspension
Aqueous suspensions of CNF already form at very low concentration arrested phases (gel or glass), depending on the nanofibre surface charge and
aspect ratio.17 The plasticity of the nanofibres leads them to form entanglements, thus decreasing their freedom of movement and leading to the formation of gel or glass.17 These arrested phases frustrate the nanofibres assembled in ordered structures. To circumnavigate the dynamics involving
the formation of gels or glass, the CNF suspensions were prepared by osmotic dehydration in the range of 0.50 to 4.90 wt%. The carboxylated CNF are
characterized by a high aspect ratio (125 ± 88) and a surface charge of 600
µmol g-1 (Paper V26, SI).
Figure 5.1 shows the physical appearance of the CNF suspensions observed through polarized optical microscopy (POM).

Figure 5.1: Images of the CNF suspensions from 0.50 to 4.90 wt%, observed
between cross-polarized light. The field of observation is 85 mm. Figure
adapted from Paper V26 © The Royal Society of Chemistry 2018 Nanoscale
2018.
At 0.50 wt% extremely low birefringence is visible, meaning that the majority of the CNF are in an isotropic state. Towards 1 wt% the birefringence
increases so that above 1.70 wt% the suspensions start to show iridescent
colours. The appearance of the POM images shows a number of domains up
to several mm in size, which can be distinguished as numerous bright patches. With increasing concentration the domains increase in size, suggesting
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their coalescence. The birefringence of CNF suspension has already been
reported81,144 and attributed to the nematic ordering of the nanofibres.145
Through the normalization of the transmitted light, the nematic order is
quantified by calculating the order parameter fPOM, which is plotted as a function of the CNF concentration in Figure 5.2A.

Figure 5.2: (A) The order parameter (fPOM) as calculated from the POM images in Figure 5.1. (B) The storage modulus of the CNF suspension as a
α

function of the CNF concentration. The black line corresponds to G’ = Ac
(α = 2.2 ± 0.2). (C) Flow point corresponding to G’ = G’’. (D) The flow
transition index (FTI) of the CNF suspensions is calculated from the ratio
between the flow point and the yield point. The black dash line is equivalent
to FTI = 1. The vertical red dash line indicates the 1.00 wt% CNF concentration. Figure adapted from Paper V.26 © The Royal Society of Chemistry
2018 Nanoscale 2018.
As expected from the low intensity of the birefringence, the value of fPOM
for the 0.50 wt% suspension is very low. The order parameter steadily increases until 1.70 wt% after which it reaches a plateau with a maximum value of fmax ≈ 0.8. Thanks to the osmotic dehydration it is possible to reach
very high values of f. Indeed, other techniques previously used to order the
CNF lead to lower values. Flow fields were shown to induce nematic ordering of CNF into 1D filaments reaching a fmax ≈ 0.4 and fmax ≈ 0.5.75,76 Wet
stretching of wet-spun146 and extrusion followed by coagulation147 gave an
order parameter of fmax ≈ 0.6. A higher value was obtained using cold drawing of wet films (fmax ≈ 0.7).148
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The nematic ordering of the CNF has significant repercussions for the
physical properties of the suspension, as can be seen by measuring the rheological properties also presented in Figure 5.2. The storage modulus (G’) as
a function of the CNF concentration is shown in Figure 5.2B. G’ is calculated from the amplitude sweep in the linear-viscoelastic range (≈ 0.1 to 10 %
strain, Paper V26 SI) and represents the strength of the CNF network. For all
the samples G’ is higher than the loss modulus (G’’), meaning that the network behaves as a viscoelastic solid in the studied concentration range (Paper V26 SI). At low concentrations G’ reaches a large value of ≈ 100 Pa. Up
α
to 3.40 wt% the data follow a power law behaviour of G’ ∝ C (α = 2.2 ±
0.2), which represents an entangled network of semi-flexible polymers.71,149
The same conclusion was reached by other studies on the CNF.144,150 The
formation of this entangled network (excluding the highest concentration)
lies within the limits of the critical concentrations given by the excluded
volume of the nanofibres151 and the threshold for the formation of arrested
states (Paper V26).17 Thanks to this range of concentrations the CNF suspensions can reach the high value of G’ associated with nematic ordering. The
fact that the high concentration lies beyond the threshold for the formation of
an arrested state can contribute to the decrease of G’, which is probably related to the phenomenon of aggregation and entanglement. This is also supported by the decrease of flow point (τf) for the 4.90 wt%, as displayed in
Figure 5.2C. Indeed, τf steeply increases up to ≈ 1 wt% after which it still
increases but with a lower rate until 3.4 wt%. The flow point is the point in
the shear stress amplitude sweep at which G’ = G’’. After τf the suspensions
are characterized by their liquid-like character. When G’ > G’’ the CNF
network is able to dissipate the shear stress by elastic deformation along its
structure. This ability is lost after τf, as the CNF suspension behaves as viscous liquid due to the high degree of entanglement. The transition between
the solid like and liquid like behaviour is gradual. The flow transition index
(FTI) shows the point at which the network starts to show irreversible deformations alongside the reversible-elastic behaviour. It is calculated from
the ratio between the flow point and yield point (Figure 5.2D). FTI represents the breaking behaviour of the CNF network structure: values close to 1
show brittleness, which is typical of order (crystalline) systems.152
By observing that the maximum value of FTI is at 1.00 wt% and that τf
steeply increases up to ≈ 1 wt%, together with the trend of G’ and the strong
increase of the nematic phase for concentrations higher than 1.00 wt% (Figure 5.2A), it can be concluded that after 1.00 wt% the formation of the nematic phase is in competition with the formation of arrested states. The details regarding the dynamics involving the CNF network as the concentration
increases are further explored with SAXS.
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5.1.2 Small Angle X-ray Scattering Characterization
The competition between the arrested state (isotropic phase) and the formation of the nematic phase (anisotropic) leads to the aforementioned physical and rheological characteristics. The structural evolution of this viscoelastic network as a function of CNF concentration is followed thanks to the
SAXS characterization, the results of which are shown in Figure 5.3.

Figure 5.3: (A) 2D scattering pattern of the CNF suspension with concentrations of 0.50, 1.70 and 4.90 wt%. (B) Radial integration of the scattering
pattern of the CNF suspension in the entire concentration range. The red line
is the fitting of the experimental data (white circle) and the arrow shows the
shift towards high q of the feature in the profile. (C) Correlation lengths ξ
and Ξ extracted from the fitting of the radial profile. (D) Porod exponent n,
as a function of the CNF concentration. The green lines in the schematic (i),
(ii) and (iii) represent the CNF. They illustrate the evolution of the CNF
network with the CNF concentration. Figure adapted from Paper V26 © Nanoscale 2018.
Figure 5.3A shows the 2D scattering pattern of the CNF suspensions in
the initial state (0.50 wt%) and with a concentration of 1.70 and 4.90 wt%.
The pattern at 0.50 wt% resembled a perfect circle, whereas with the increasing concentration it becomes more and more ellipsoid. This corresponds to
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the partial alignment of the nematic domains along the same direction with
respect to each other. The calculated Hermans orientation factor shows that
the aligned portion is indeed quite small and the majority of the nematic
domains are randomly oriented (Paper V26). Most probably, the alignment
originated from the unidirectional flow created during the osmotic dehydration (Chapter 2.2). Since the suspension was stirred every 20 min, the gradient that originated from the alignment was minimized. Figure 5.3B shows
the 1D radial integration of the scattering pattern over the entire range of
concentrations.
As the CNF concentration increases a feature of the scattering intensity
appears in the region q ≥ 0.1 nm−1 and progressively shifts towards higher q
values. Below q = 0.1 nm−1 the scattering intensity displays a power-law
dependency with an exponent close to −2 that increases to -1 above 0.1 nm−1.
The red line represents the fitting of the experimental data (white dots in the
figure), through which the scattering pattern can be interpreted. Details on
the fitting parameters can be seen in the SI of Paper V.26
The model used to fit the data (equation 5.1) consists of a shapeindependent model that combines a power-law function with a two-stage gel
model153,154, which is similar to the traditional scattering model used for polymer gels.155–157
𝐼 𝑞 =𝐴∙
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(eq. 5.1)

The first term of Eq. 5.1 modulates the intensity in the low q region and consist of a power-law function in which n (Porod exponent) describes the complexity of the interconnection between CNF. In this case n ≈ -2 indicates an
entangled network71 that can be described as a mass fractal system with a
fractal dimension equal to n.158 The higher the value of the fractal dimension,
the higher the complexity of the connection between CNF. The second term
is a Gaussian function derived from a Guinier function, which approximates
an entangled structure characterized by agglomerates with size Ξ.153,159 The
third term is the Lorentzian function, also known as the Ornstein–Zernicke
function, which describes through the electron density correlation
!
(𝛾(𝑟) ≃ 𝑒 !! ! ) the correlation distance (ξ) of polymer–polymer chain in!

teraction due to thermal fluctuation.153
How ξ and Ξ change with the concentration highlights how the CNF network evolves during the osmotic dehydration, thus describing the formation
of the nematic phase. Figure 5.3C shows both ξ and Ξ (denoted as correlation lengths) plotted in a log-log graph. As the CNF concentration increases
both Ξ and ξ decrease, following a trend fitted by power-law decay with
exponents −0.62 and −0.35, respectively. This trend shows that the CNF are
more and more densely packed as the concentration increases, since both
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correlation lengths decrease. In particular −0.35 is very close to the exponent
of a power-low decay (-0.33) for a system that is compressed isotropically in
3D160 and is much lower than in the case of an ideal semi-diluted polymer
(-0.75).161 Thus, the decrease of ξ reflects the reduction of distance between
the nanofibres due to the formation of the nematic phase. Since the domains
of this anisotropic phase are randomly oriented, its formation is equivalent to
a 3D isotropic shrinkage of the overall CNF network. Taking into account
the fractal nature of the CNF network, the agglomerates, the size of which is
indicated by Ξ, also experience an analogous contraction.161
At the same time as the three-dimensional shrinkage of the network, the
connectivity among the nanofibres changes. Its complexity is expressed by n
(representing the fractal dimension) and plotted as a function of the CNF
concentration in Figure 5.3D. Firstly, the value of n decreases reaching the
minimum at ≈ 2.1 when the concentration is ≈ 1.0 wt% and then increases,
reaching a plateau value of 2.3 upon further increase of CNF concentration.
The initial high value of n depicts CNF as a complex network (high fractal
dimension), in which the nanofibres have random connections (state i). This
CNF isotropic phase is characterized by low strength and low crystallinity
(low G’ and FTI). The decrease of n corresponds to the formation of the
order nematic phase, coupled with the isotropic contraction of the CNF network. The rheological properties have shown that only after 1.0 wt% the
formation of the nematic phase is in competition with the formation of arrested states, reason for which at 1 wt% n find its minimum value (state ii).
After this point, the increase of the nematic phase will lead to a further decrease of n. However, the arrested state contributes to the CNF network,
leading to a certain degree of entanglement and aggregation (higher value of
n). These two different contributions are translated in the plateau region beyond ≈ 1.0 wt% (state iii).
Overall, the formation of the nematic phase is promoted by the increase of
solid content thanks to the osmotic dehydration, which circumnavigates the
formation of the arrested states. Potentially, this technique can aid the formation of order structure in other types of water-based nanoparticle suspension, to prepare order structural materials. This leads to a potential wide applicability.
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5.2 Magnetic Alignment of Cellulose Nanocrystals
Hybrids
5.2.1 Characterization of the Pristine and Hybrid Suspensions
CNC aqueous suspensions form a liquid crystalline chiral nematic phase
above a critical concentration. The CNC pack themselves as helix along their
short axis (corresponding to their cross-section). Initially, small nematic or
chiral nematic domains are formed. These domains, so-called tactoids, grow
and coalesce in the suspension, which still contain a portion of CNC in a
isotropic state (not order).162 Due to this formation the liquid crystalline chiral nematic phase consists of many tactoids that are locally ordered and
globally oriented in random directions in the space.
Figure 5.4 shows the morphological characterization of the sulfonic CNC
(surface charge 150 µmol g-1) and lepidocrocite nanorods (LpN). The two
nanoparticles have similar nanosized dimensions. The AFM characterization
(Figure 5.4A) shows that the CNC are stiff polydispersed nanoparticles. The
inset in the picture shows their length distribution with an average value of
116 ± 67 nm. Schütz et al.94 calculated the other two dimensions of the
nanocrystals by SAXS. Assuming a rectangular cross-section, the other dimensions were calculated to be 14.8 ± 7.4 nm and 3.7 ± 1.8 nm.

Figure 5.4: (A) AFM images of the CNC and length distribution (inset). (B)
High resolution TEM image of the Lepidocrocite nanoparticles and the calculated dimension of the nanorods. Figure adapted from Paper VI.163
In Figure 5.4B several LpNs are aggregated together and one of them can
be seen close to the main aggregate indicated by the dotted red line. The
nanorods have an average length of 250 ± 50 nm. The height and thickness
have been calculated to be 6.0 ± 1.8 nm and 2.4 ± 0.5 nm, respectively. Both
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CNC and LpN suspensions were characterized by SANS through which their
response to the magnetic field (H) was measured in situ.
The scattering pattern of the CNC with a concentration of 6.7 wt% was
measured in absence and up to H = 6.8 T, whereas the LpN suspension (0.6
wt%) was measured up to 1.0 T. The difference in H range takes into account the significant difference in the magnetic susceptibilities, which is
negative for the CNC (−0.95 × 10−6 m3 kg-1)164 and positive for the LpN
(57.8 × 10−8 m3 kg-1).165
Figure 5.5 shows the radial and azimuthal integration of the 2D scattering
intensity in 100 % D2O (for CNC) and 100 % H2O (for LpN). The top right
corner shows the 2D pattern of the CNC acquired at 6.8 T, illustrating how
the integration of the scattering pattern was done, while the bottom right
corner shows the one for LpN at 1.0 T.

Figure 5.5: (A) Radial and (B) Azimuthal integration of the scattering pattern of the CNC suspension. (C) Radial and (D) Azimuthal integration of the
scattering pattern of the LpN suspension. In the top and bottom right corner
the 2D pattern of CNC at 6.8 T and LpN at 1 T, respectively. All the peaks
in the azimuthal integration are fitted using the Lorentzian function. Figure
adapted from Paper VI.163
The 1D radial integration of CNC is shown in Figure 5.5A as Kratky plots
[I(q) × q2 vs. q]. Two peaks are visible, q1 at ≈ 0.16 and q2 ≈ 0.3 nm-1 and the
position does not change significantly with the increased magnetic field (in57

set). The q1 peak corresponds to the particle-particle packing distance between chiral nematic planes (parallel to the direction of the helix) and is
equal to ≈ 39 nm. This value is comparable with previous literature for sulfonic CNC with a similar concentration.15 The peak at q2 may represent the
separation distance between the CNC perpendicular to the helix of the chiral
nematic phase.15,166 Figure 5.5C shows the 1D radial integration [I(q) vs. q]
of the LpN. The scattering pattern does not show any particular feature. The
curves have a power law behaviour (q-n, n ≈ 3.2) throughout the entire q
range despite the nanometric dimension. We observed that in a timeframe of
a few days it is possible to see some sedimentation in the suspension. The
dynamics involved in this process probably contribute to the formation of a
big aggregate and thus this scattering pattern. Figures 5.5B and 5.5D show
the 2D azimuthal integration over the angle ϕ of CNC and LpN, respectively.
The CNC pattern shows that with the increase of field two symmetric peaks
appear at 90° and 270°, the intensities of which increase with the increase of
the H. These two peaks correspond to the clear anisotropicity of intensity in
the 2D pattern and represent the perpendicular alignment of the CNC with
respect to the field. With stronger H more and more tactoids align, increasing the overall order of the suspension. Since the CNC are packed in the
chiral nematic phase along their short axis, the main axis of the helix aligns
parallel to H. The LpN pattern (Figure 5.5D) also shows that with increasing
H two peaks appear, but differently from CNC as they are centred at 180°
and 360°. This proves that the LpN align parallel to H. This behaviour is
analogue to one of the Goethite nanorods (lepidocrocite polymorph) with the
different Goethite that switches from parallel to perpendicular.167 This
switchable behaviour has not been observed in the case of LpN.
The SANS characterization shows that the CNC align perpendicular to
the field, while LpN is parallel.

5.2.2 Small Angle Neutron Scattering and Polarized Microscopy
The two nanoparticles were mixed in two different ratios to obtain the
hybrid suspensions with 1 wt% and 10 wt% of LpN, respectively CNC-LpN
1% and CNC-LpN 10%. The structural order of the nanoparticles was observed and quantified by alternatively contrast matching CNC or LpN to the
suspension media. The in-situ magnetic field was applied from 0 to 6.8 T.
Figure 5.6 shows the macro- and microscopical polarized image of the
CNC-LpN 1% compared to CNC.
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Figure 5.6: (A) Cross-polarized images of CNC and CNC-LpN 1% hybrid
suspension, at 0 T and after the exposure to H, up to 6.8 T. (B) Details of the
chiral nematic phase in both suspensions before the exposure to H. The images were acquired using cross-polarized microscopy (scale bar 200 µm).
Figure adapted from Paper VI.163
Figure 5.6A shows the suspensions in the cuvettes used for the SANS
measurements at 0 T and after exposure to H (0.5, 1.0, 3.0, 5.0 and 6.8 T).
The main difference between 0 T and 6.8 T is the texture of the suspension.
Indeed, the exposure to H leads to a long-range ordering between the different tactoids that can be seen in the homogeneous birefringence at 6.8 T. The
fact that both suspensions show order domains means that the presence of
LpN does not influence the capacity of CNC to self-assemble in the chiral
nematic phase. This observation is confirmed in Figure 5.6B, where the microscopic images show the presence of the tactoids is slightly smaller for the
CNC-LpN 1%.
How LpN and CNC influence each other’s alignment is understood
thanks to the SANS characterization. In Figure 5.7, the top part is the results
acquired in the contrast condition in which the LpN is matched in 100 %
D2O (no contributing to the scattering pattern), while in the bottom part the
CNC are matched in 35/65 % of D2O/H2O. Figure 5.7A and 5.7B show the
orientation of CNC in the CNC-LpN hybrids, thanks to the azimuthal integration of the respective scattering intensity. In both patterns two symmetrical peaks rise with the increase of H. In the CNC-LpN 1% (Figure 5.7A)
the CNC behave analogously to the pristine suspension, with the exception
of the rate at which the peaks increase. In the case of CNC-LpN 10% (Figure
5.7B), the CNC show some unprecedented behaviour. Below, 1.0 T two
peaks at ϕ = 180° and 360° can be found that correspond to a parallel alignment of the CNC. Then already at H = 3.0 T up to 6.8 T two order sets of
peaks appear at ϕ = 90° and 270°, representing the CNC perpendicular orientation with respect to H. This switch from parallel to perpendicular alignment, despite CNC diamagnetic nature, is an effect of the addition of 10 wt%
LpN and can be explained by considering the positive magnetic susceptibility of the inorganic nanorods. Moreover, the magnetic response of the LpN
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is already strong at H ≤ 1.0 T, while the CNC require a higher field to elicit a
comparable response. This is the reason why the CNC are only able to orient
perpendicularly to the H above 3.0 T as their response prevails over the LpN
one. In Paper VI163 (SI) this effect was quantified by calculating the orientation index. In the CNC-LpN 1% the parallel alignment of the CNC is not
observed, most probably because of the lower amount of LpN.

Figure 5.7: Top part shows the azimuthal integration of CNC-LpN 1% (A)
and 10% (B), the Herman order parameter, indicated by S, (E) in the scattering condition in which only CNC contribute to the intensity (100 % D2O).
The bottom part shows the integration of CNC-LpN 1% (C) and 10% (D),
(F) shows S in which only LpN contributes to the intensity (35 % D2O and
65 % H2O). Figure adapted from Paper VI.163
Figure 5.7C and 5.7D show the orientation of LpN in the CNC-LpN hybrids. Remarkably, above 3.0 T a portion of the nanorods in the CNC-LpN
1% (Figure 5.7C) align perpendicular to the field (peaks at ϕ = 90° and
270°). This behaviour is induced by the CNC, similarly to what is observed
in literature in the case of gold nanorods, which are aligned by CNC due to
favourable entropy.168 The alignment of LpN in the CNC-LpN 10% is analogous to the pristine suspension but appears to be lower (Figure 5.7D).
The degree of orientation of the nanoparticles was quantified by the Herman order parameter (S) and illustrated in Figures 5.7E and 5.7F. The values
have been calculated from the azimuthal integration in Figures 5.5 and 5.7.
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When S = 0 the nanoparticle distribution is random and isotropic. A value of
-0.5 < S < 0 represents a varying degree of perpendicular alignment. A perfect alignment is achieved when S = -0.5 and S = 1, respectively perpendicularly and parallel to the H director. The value of S for pristine CNC (Figure
5.7 E) is always < 0 and continues to decrease as the field increases, indicating stronger and stronger perpendicular alignment. In contrast, when 10 wt%
of LpN is added, S > 0 even at 0 T and the CNC reach the maximum value of
parallel alignment at 0.5 T. The value of S transitions from positive to negative between 1.0 and 3.0 T, reflecting the CNC switching from parallel to
perpendicular alignment. The maximum value of perpendicular alignment is
only 54.5% compared to pristine CNC, possibly due to a less intense response of the nanocrystals due to the interaction with LpN. For 1 wt% LpN,
the perpendicular alignment of CNC is frustrated and delayed (higher values
of S), and instead the CNC are able to influence the LpN alignment as it
shown in Figure 5.7F. The parallel alignment of LpN in the CNC-LpN 1%,
represented by S180°, is lower than the pristine suspension. The degree of
LpN perpendicular alignment (S90° < 0) reaches its maximum value at 6.8 T,
as the response of the nanocrystals prevails over the LpN one. Instead, in the
CNC-LpN 10% the tendency of LpN to align parallel is suppressed, shown
by the significantly lower values of S compared to the pristine suspension.
Ultimately, the variation in ratio between the host and guest phase, CNC
and LpN respectively, together with the strength of H are used as tuneable
parameters to redirect alternatively the LpN or CNC, taking advantage of the
most favourable magnetic energy depending on the experimental conditions.
Overall, the characterization of the CNC-LpN material gives important tools
for the design of new hybrid materials with a tuneable structural and magnetic order that can offer new functionality to composite materials and devices.
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6 Conclusions
CNF membranes find application as PEMs in fuel cells and separators in
Li-IBs, while pristine CNF and pyrolysed CNF (c-CNF) find application as
binders and silicon nanoparticle composites (Si-cCNF) in Li-IBs, respectively. CNF offer high versatility in the manufacturing processes allowing to
adjust cellulose characteristics such as charge density, degree of defibrillation, and type of counterion. Together with the processing parameters related
to the fabrication of the membranes, it is possible to control key parameters
that influence the properties of the materials such as the water uptake, hydrogen crossover, ion conductivity, and mechanical stability. CNF-based
PEMs display a high water uptake with lower hydrogen crossover than Nafion albeit a lower proton conductivity.
Flexible Li-IB cathodes with the good properties in terms of conductivity
and Young’s modulus are obtained using CNF. The CNF network offers
flexibility, good mechanical and electrochemical performances. Si-cCNF has
a superior performance compared to bare silicon nanoparticles in terms of
rate performance and capacity retention.
The use of external fields to induce ordering of nanocellulose was also
studied. Osmotic dehydration helped preparing nematically ordered CNF.
The nematic order of the CNF suspensions increases with the solid content
thanks to osmotic dehydration. A combination of microscopic (SAXS) and
macroscopic (POM) characterization techniques permitted a good description of the assembled materials showing that the order domains coexist with
an isotropic entangled network. The use of paramagnetic nanoparticles to
form a CNC-based composite resulted in materials that are easily influenced
by external fields and the alignment of CNC can be switched from perpendicular to parallel. The degree of alignment was quantified thanks to contrast-matching SANS.
Overall, the CNF and general nanocellulose based materials show a very
promising performance in the target applications and rich dynamics concerning their ordering in suspension.
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7 Outlook
The-CNF based PEMs still need further developments. One way could be
to improve the membrane structure and/or modify the CNF. For example, it
will be interesting to test the proton conductivity of membranes that have an
ordered structure and well defined water channels. Alternatively, the carboxylic groups could be substituted with other more acidic groups. Experiments
towards this direction have already started showing very encouraging results.
Investigating other casting techniques could also be interesting to provide an
effective up-scalable procedure. Future developments could include the introduction of the CNF in the catalyst layers.
It will be interesting to evaluate the influence of the surface charge and
defibrillation degree in other energy related applications, taking into account
the difference in performance observed for the CNF binder. On the battery
side, it could be interesting to create a CNF separator using different filtration speeds to try to influence the asymmetric structure of the membrane. It
could also be interesting to assemble a battery in which CNF is used as a
binder and separator at the same time. To stabilise the silicon nanoparticles
during charge/discharge, carboxylated CNF with a lower degree of defibrillation could be used to increase the yield of the pyrolysis. Other experiments
could involve the use of purer silicon nanoparticles (without an oxide layer
on the surface) and different size distribution.
Regarding the assembly of nanocellulose in order structures, it will be extremely interesting to evaluate the influence of surface charge and length
distribution of the CNF on the nematic ordering. The influence of the osmotic pressure and speed of osmotic dehydration could also be parameters to
investigate. Further developments could include the use of osmotic dehydration to obtain materials in dry form, and possibly including other nanomaterials together with the CNF. Evaluating the possibility of osmotic dehydration beyond CNF could also be an object of further research. Finally, it
will be interesting to study the interaction between CNC and LpN and the
kinetics of the alignment in more details, in order to eventually find an application of this hybrid, for example as a structural material or for templating.

63

8 Sammanfattning
Teknologi baserad på förnybara material krävs för att minska miljökostnader och främja utveckling av ett hållbart samhälle. I detta avseende, nanocellulosa utvunnen från trä finner många tillämpningar tack vare dess inre
mekaniska och kemiska egenskaper samt mångsidighet i dess tillverkningsprocesser. I denna avhandling presenterar jag resultaten av undersökningar
om karboxylerade cellulosa-nanofibrer (CNF) som jonledande membran och
elektrodkomponent i bränsleceller och litiumjonbatterier. Dessutom visar jag
också resultaten från hopsättning av CNF-suspension och cellulosananokristaller (CNC) - lepidocrocite nanorods (LpN) hybrider.
Bränslecellprestanda för CNF-baserade protonledande membraner utvärderades som en funktion av inre materialparametrar såsom membrantjocklek
och ytladdningstäthet samt yttre parametrar såsom relativ fuktighet (RH).
Det visade sig att protonledningsförmågan är cirka 2 mS cm-1 vid 30 °C mellan 65 och 95% RH. Samtidigt mättes vattenupptaget av membranet och
korrelerades med den strukturella utvecklingen av membranet med användning av röntgenstrålespridning med liten vinkel.
Prestandan hos den CNF-baserade separatorn i litiumjonbatterier undersöktes som en funktion av membranporositet och protonering av de funktionella grupperna. Li-jon batteriet monterat med de protonerade separatorerna visade stabil och bra hastighetsprestanda.
CNF testades också som bindemedel i litiumjonbatteri, vilket visade att
katodens morfologi och mekaniska egenskaper beror på nanofiberytladdningen och graden av defibrillering. I synnerhet ger hög ytladdning och medelhög grad av defibrillering den bästa elektrokemiska prestandan.
Pyrolyserad CNF (cCNF) förbättrade den elektrokemiska prestandan hos
kisel-nanopartiklarbaserad anod tack vare kolnätet härlett från nanofibrerna.
Si-cCNF har en kapacitetsretention på 72,2 % efter 500 cykler vid 1 C och
bättre prestandahastighet än de orörda kisel-nanopartiklarna.
Beträffande sammansättningen av nanocellulosa, studerades den nematiska ordningen av CNF-suspension vid olika nanofiberkoncentrationer (0,5 4,9 viktprocent) med röntgenstrålespridning med liten vinkel, polariserad
optisk mikroskopi och reologiska mätningar. Ordningsparametern når ett
maximivärde av 0,8 beroende på CNF-koncentrationen. Liten vinkel neutronspridning med kontrastmatchningsexperiment avslöjar att den naturliga
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riktningen av CNC och LpN kan växlas med hjälp av en kombination av
magnetfält på upp till 6,8 T och varierande mängden LpN införlivad i CNC.

65

9 Acknowledgements

In this section I would like to thank all of you who have touched my life
during these amazing years.
First, to my supervisor German Salazar-Alvarez who entrusted me with
this PhD project and believed in me, giving me the possibility to fulfill a
wish that I had since my first year at university. He provided me with an
intellectually rich and challenging environment where I could grow as a
researcher and as a person under his guidance and supervision. He introduced and surrounded me with interesting and knowledgeable colleagues.
He enriched my PhD journey with his knowledge and created the perfect
atmosphere that allowed me to do research with sincere passion (and fun!).
We shared numerous beam times and he never spared commitment and
availability. Often we discussed topics related to research ethic and teaching.
He demonstrated with facts his opinion on these matter, promoting honest
and hard working research. I would like to dedicate to him a very big and
sincere “Thank you!”.
I would like to thank my co-supervisor Lennart Bergström for his fundamental support during my PhD years through laboratory equipment and I am
particularly thankful for the joint beam times, I had a lot of fun and acquired
very valuable knowledge.
I would like to acknowledge the Wallenberg Wood Science Center for the
financial support during my doctoral studies, the C.F. Liljevalch and Augustinsson stipendium that allowed me to spend three weeks at Institute for
Advanced Energy Technologies “N. Giordano” (ITAE Italy) and The Jubilee
donation fund of the K&A Wallenberg, thanks to which I spent four weeks
at Seoul National Advance Institutes of Convergence.
Thank you to all present and former administrative staff at MMK. You
supported me with patience, availability and cordiality. I would like to mention Tatiana Bulavina, Camilla Berg, Helmi Frejman, Rolf Eriksson, Daniel
Emanuelsson, Ann Loftsjö, Elisabeth Pernborn and Karin Lantz.

66

Thanks also to all the other MMK professors and researchers who contributed with their knowledge and life experience. I would like to mentioned
Niklas Hedin, Aji Mathew, Gunnar Svensson, Mats Johnsson, Zoltan Bacsik,
Jekabs Grins, Kjell Jansson and Cheuk-Wai Tai.
To all my collaborators within the MMK, WWSC and KTH, in particular
Ann Cornell, Huiran Lu, Annika Carlson, Göran Lindbergh, Rakel Wreland
Lindström, Yuanyuan Li, Volodymyr Kuzmenko and Peter Enoksson. To
Yuanzhe Piao, Danielle Laurencin, Jordi Sort, Eduardo Rodríguez de San
Miguel, Josefina de Gyves, Irene Gatto, Alessandra Carbone and Assunta
Patti. Thank you all for the shared knowledge and the research we done together.
During these years at MMK, I met many nice and unforgettable colleagues such as Bernd, Arto, Arnaud, Neda, Kamran, Erik, Przemek, Tamara, Mirva, Luis, Xia, Sahar, Chuantao, Henrik, Sumit, Reji, Ocean, Kristina,
Wenming, Daniel, Ning, Alexandra, Pierre, Vera, Daniela, Hugo, Konstantin
and Martin. Among them I would like to particularly thank Andreas for his
always amazing spirit and enthusiasm during the work that we have done
together and Christina for all the fun during our beam times.
I would like to thank all the PhD students, postdocs, guests and students
that came to join German’s group with whom I shared experiments, group
meetings, delicious meals and precious moments. Special and warm thanks
to Sara, Sugam, Shun, Leo, Maria Mar, Marzieh, Panos and Susana.
I would particularly like to thank Micha, Yingxin, Ornella, Yulia, Kim,
Maria, Zhongpeng, Vicente and Jong Min for their dear friendship and lovely support during these years. My affection for you goes beyond the time we
shared together at work and the distances between us.
I would like to thank all my family and all my other friends in Sweden,
Italy and Serbia. Each of you knows how dear and close to me you are, and
how much each of you supported me during my PhD.

67

10 References

(1)
(2)

(3)
(4)

(5)
(6)

68

Intergovernmental Panel on Climate Change. Climate Change 2014
Synthesis Report - IPCC; 2014.
Masson-Delmotte, V.; Zhai P.; Pörtner H.-O.; Roberts D.; Skea J.;
Shukla P.R.; Pirani A.; Moufouma-Okia W.; Péan C.; Pidcock R.;
Connors S.; Matthews J.B.R.; Chen Y.; Zhou X.; Gomis M.I.;
Lonnoy E.; Maycock T.; Tignor M. and T. W. (eds. . IPCC, 2018:
Summary for Policymakers. In: Global Warming of 1.5°C. An IPCC
Special Report on the impacts of global warming of 1.5°C above preindustrial levels and related global greenhouse gas emission
pathways, in the context of strengthening the global.
Spratt, D.; Dunlop, I.; Existential climate-related security risk: A
scenario approach. Breakthrough - National Centre for Climate
Restoration Melbourne, Australia 2019, May.
Rogelj, J.; Shindell, D.; Jiang, K.; Fifita, S.; Forster, P.; Ginzburg, V.;
Handa, C.; Kheshgi, H.; Kobayashi, S.; Kriegler, E.; Mundaca L.;
Séférian R.; Vilariño M. V. Mitigation Pathways Compatible with
1.5°C in the Context of Sustainable Development. In: Global
warming of 1.5°C. An IPCC Special Report on the impacts of global
warming of 1.5°C above pre-industrial levels and related global
greenhouse gas emission pathways, in the context of strengthening
the global response to the threat of climate change, sustainable
development, and efforts to eradicate poverty [V. Masson-Delmotte,
P. Zhai, H. O. Pörtner, D. Roberts, J. Skea, P. R. Shukla, A. Pirani,
W. Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J. B. R.
Matthews, Y. Chen, X. Zhou, M. I. Gomis, E. Lonnoy, T. Maycock,
M. Tignor, T. Waterfield (eds.)]. In Press.
Steele, B. C. H.; Heinzel, A. Materials for fuel-cell technologies.
Nature 2001, 414 (6861), 345–352.
Cano, Z. P.; Banham, D.; Ye, S.; Hintennach, A.; Lu, J.; Fowler, M.;
Chen, Z. Batteries and fuel cells for emerging electric vehicle
markets. Nature Energy 2018, 3 (4), 279–289.

(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)

(15)

(16)
(17)
(18)

(19)
(20)
(21)

Larcher, D.; Tarascon, J. M. Towards greener and more sustainable
batteries for electrical energy storage. Nature Chemistry 2015, 7 (1),
19–29.
Grey, C. P.; Tarascon, J. M. Sustainability and in situ monitoring in
battery development. Nature Materials 2016, 16 (1), 45–56.
Omenetto F. G. and Kaplan D. L.; New Opportunities for an Ancient
Material. Science 2009, 6 (5991), 247–253.
Wicklein, B.; Salazar-Alvarez, G. Functional hybrids based on
biogenic nanofibrils and inorganic nanomaterials. Journal of
Materials Chemistry A 2013, 1 (18), 5469.
Isogai, A.; Saito, T.; Fukuzumi, H. TEMPO-oxidized cellulose
nanofibers. Nanoscale 2011, 3 (1), 71–85.
Moon, R. J.; Martini, A.; Nairn, J.; Simonsen, J.; Youngblood, J.
Cellulose nanomaterials review: Structure, properties and
nanocomposites. Chemical Society Reviews. 2011, pp 3941–3994.
Pettersen R. C.; The Chemical Composition of Wood. Limnology
1984, 57–126.
Lagerwall, J. P. F.; Schütz, C.; Salajkova, M.; Noh, J.; Hyun Park, J.;
Scalia, G.; Bergström, L. Cellulose nanocrystal-based materials: from
liquid crystal self-assembly and glass formation to multifunctional
thin films. NPG Asia Materials 2014, 6 (1), e80.
Schütz, C.; Agthe, M.; Fall, A. B.; Gordeyeva, K.; Guccini, V.;
Salajková, M.; Plivelic, T. S.; Lagerwall, J. P. F.; Salazar-Alvarez,
G.; Bergström, L. Rod Packing in Chiral Nematic Cellulose
Nanocrystal Dispersions Studied by Small-Angle X-ray Scattering
and Laser Diffraction. Langmuir 2015, 31 (23), 6507–6513.
Salajková, M.; Berglund, L. A.; Zhou, Q. Hydrophobic cellulose
nanocrystals modified with quaternary ammonium salts. Journal of
Materials Chemistry 2012, 22 (37), 19798–19805.
Nordenström, M.; Fall, A.; Nyström, G.; Wågberg, L. Formation of
Colloidal Nanocellulose Glasses and Gels. Langmuir 2017, 33 (38),
9772–9780.
Salas, C.; Nypelö, T.; Rodriguez-Abreu, C.; Carrillo, C.; Rojas, O. J.
Nanocellulose properties and applications in colloids and interfaces.
Current Opinion in Colloid and Interface Science. 2014, 19, (5) 383–
396.
Onsager, L. The effects of shape on the interaction of colloidal
particles. Annals of the New York Academy of Sciences 1949, 51 (4),
627–659.
Dumanli, A. G.; Savin, T. Recent advances in the biomimicry of
structural colours. Chemical Society Reviews 2016, 45 (24), 6698–
6724.
Habibi, Y.; Lucia, L. a; Rojas, O. J. Cellulose nanocrystals:
chemistry, self-assembly, and applications. Chemical reviews 2010,
110 (6), 3479–3500.
69

(22)

(23)

(24)
(25)

(26)

(27)

(28)
(29)
(30)
(31)
(32)
(33)
(34)

(35)
70

Honorato-Rios, C.; Lehr, C.; Schütz, C.; Sanctuary, R.; Osipov, M.
A.; Baller, J.; Lagerwall, J. P. F. Fractionation of cellulose
nanocrystals: enhancing liquid crystal ordering without promoting
gelation. NPG Asia Materials 2018, 10, 455–465.
Dong, X. M.; Kimura, T.; Revol, J.-F.; Gray, D. G. Effects of Ionic
Strength on the Isotropic−Chiral Nematic Phase Transition of
Suspensions of Cellulose Crystallites. Langmuir 1996, 12 (8), 2076–
2082.
Abitbol, T.; Kam, D.; Levi-Kalisman, Y.; Gray, D. G.; Shoseyov, O.
Surface Charge Influence on the Phase Separation and Viscosity of
Cellulose Nanocrystals. Langmuir 2018, 34 (13), 3925–3933.
Zhao, M.; Ansari, F.; Takeuchi, M.; Shimizu, M.; Saito, T.;
Berglund, L. A.; Isogai, A. Nematic structuring of transparent and
multifunctional nanocellulose papers. Nanoscale Horizons 2018, 3
(1), 28–34.
Guccini, V.; Yu, S.; Agthe, M.; Gordeyeva, K.; Trushkina, Y.; Fall,
A.; Schütz, C.; Salazar-Alvarez, G. Inducing nematic ordering of
cellulose nanofibers using osmotic dehydration. Nanoscale 2018, 10
(48), 23157–23163.
Borshch, V.; Kim, Y. K.; Xiang, J.; Gao, M.; Jákli, A.; Panov, V. P.;
Vij, J. K.; Imrie, C. T.; Tamba, M. G.; Mehl, G. H.; et al. Nematic
twist-bend phase with nanoscale modulation of molecular orientation.
Nature Communications 2013, 4, 1–8.
Muhd Julkapli, N.; Bagheri, S. Nanocellulose as a green and
sustainable emerging material in energy applications: a review.
Polymers for Advanced Technologies 2017, 28 (12), 1583–1594.
Chen, W.; Yu, H.; Lee, S. Y.; Wei, T.; Li, J.; Fan, Z. Nanocellulose:
A promising nanomaterial for advanced electrochemical energy
storage. Chemical Society Reviews 2018, 47 (8), 2837–2872.
Chen, G.; Fang, Z. Application of Nanocellulose in Energy Materials
and Devices. In Nanocellulose; 2019; 397–421. DOI:
10.1002/9783527807437.ch12
Chen, C.; Hu, L. Nanocellulose toward Advanced Energy Storage
Devices: Structure and Electrochemistry. Accounts of Chemical
Research 2018, 51 (12), 3154–3165.
Chen, W.; Yu, H.; Lee, S. Y.; Wei, T.; Li, J.; Fan, Z. Nanocellulose:
A promising nanomaterial for advanced electrochemical energy
storage. Chemical Society Reviews 2018, 47 (8), 2837–2872.
Larminie, J.; Dicks, A. Proton Exchange Membrane Fuel Cells. In
Fuel Cell Systems Explained; John Wiley & Sons, Ltd, 2013; 67–119.
Klemm, D.; Kramer, F.; Moritz, S.; Lindström, T.; Ankerfors, M.;
Gray, D.; Dorris, A. Nanocelluloses: a new family of nature-based
materials. Angewandte Chemie (International ed. in English) 2011,
50 (24), 5438–5466.
Jankowska, I.; Pankiewicz, R.; Pogorzelec-Glaser, K.; Ławniczak, P.;

(36)

(37)

(38)

(39)

(40)

(41)

(42)
(43)
(44)
(45)
(46)

(47)

Łapiński, A.; Tritt-Goc, J. Comparison of structural, thermal and
proton conductivity properties of micro- and nanocelluloses.
Carbohydrate Polymers 2018, 200, 536–542.
Hasani-Sadrabadi, M. M.; Dashtimoghadam, E.; Nasseri, R.;
Karkhaneh, A.; Majedi, F. S.; Mokarram, N.; Renaud, P.; Jacob, K. I.
Cellulose nanowhiskers to regulate the microstructure of
perfluorosulfonate ionomers for high-performance fuel cells. Journal
of Materials Chemistry A 2014, 2 (29), 11334–11340.
Lin, C. W.; Liang, S. S.; Chen, S. W.; Lai, J. T. Sorption and
transport properties of 2-acrylamido-2-methyl-1- propanesulfonic
acid-grafted bacterial cellulose membranes for fuel cell application.
Journal of Power Sources 2013, 232, 297–305.
Gadim, T. D. O.; Vilela, C.; Loureiro, F. J. A.; Silvestre, A. J. D.;
Freire, C. S. R.; Figueiredo, F. M. L. Nafion® and nanocellulose: A
partnership for greener polymer electrolyte membranes. Industrial
Crops and Products 2016, 93, 212–218.
Gadim, T. D. O.; Loureiro, F. J. A.; Vilela, C.; Rosero-Navarro, N.;
Silvestre, A. J. D.; Freire, C. S. R.; Figueiredo, F. M. L. Protonic
conductivity and fuel cell tests of nanocomposite membranes based
on bacterial cellulose. Electrochimica Acta 2017, 233, 52–61.
Bayer, T.; Cunning, B. V.; Selyanchyn, R.; Nishihara, M.; Fujikawa,
S.; Sasaki, K.; Lyth, S. M. High temperature proton conduction in
nanocellulose membranes: Paper fuel cells. Chemistry of Materials
2016, 28 (13), 4805–4814.
Guccini, V.; Carlson, A.; Yu, S.; Lindbergh, G.; Lindström, R. W.;
Salazar-Alvarez, G. Proton Conductive Membranes Based on
Carboxylated Cellulose Nanofibres and Their Proton Exchange
Membrane Fuel Cell Performance. 1–3.
Agmon, N. The Grotthuss mechanism. Chemical Physics Letters
1995, 244 (5-6) 456–462.
Smitha, B.; Sridhar, S.; Khan, A. A. Solid polymer electrolyte
membranes for fuel cell applications - A review. Journal of
Membrane Science 2005, 259 (1–2), 10–26.
Mauritz, K. A.; Moore, R. B. State of understanding of Nafion.
Chemical Reviews 2004, 104 (10), 4535–4585.
Schalenbach, M.; Lueke, W.; Lehnert, W.; Stolten, D. The influence
of water channel geometry and proton mobility on the conductivity of
Nafion®. Electrochimica Acta 2016, 214, 362–369.
He, Q.; Kusoglu, A.; Lucas, I. T.; Clark, K.; Weber, A. Z.; Kostecki,
R. Correlating humidity-dependent ionically conductive surface area
with transport phenomena in proton-exchange membranes. Journal of
Physical Chemistry B 2011, 115 (40), 11650–11657.
Einsla, M. L.; Kim, Y. S.; Hawley, M.; Lee, H. S.; McGrath, J. E.;
Liu, B.; Guiver, M. D.; Pivovar, B. S. Toward improved conductivity
of sulfonated aromatic proton exchange membranes at low relative
71

(48)

(49)
(50)

(51)

(52)

(53)

(54)
(55)

(56)

(57)

(58)

72

humidity. Chemistry of Materials 2008, 20 (17), 5636–5642.
Anantaraman, A. V.; Gardner, C. L. Studies on ion-exchange
membranes. Part 1. Effect of humidity on the conductivity of
nafion®. Journal of Electroanalytical Chemistry 1996, 414 (2), 115–
120.
Zhang, J.; Tang, Y.; Song, C.; Xia, Z.; Li, H.; Wang, H.; Zhang, J.
PEM fuel cell relative humidity (RH) and its effect on performance at
high temperatures. Electrochimica Acta 2008, 53 (16), 5315–5321.
Savadogo, O. Emerging membranes for electrochemical systems:
Part II. High temperature composite membranes for polymer
electrolyte fuel cell (PEFC) applications. Journal of Power Sources
2004, 127 (1–2), 135–161.
Bose, S.; Kuila, T.; Nguyen, T. X. H.; Kim, N. H.; Lau, K. T.; Lee, J.
H. Polymer membranes for high temperature proton exchange
membrane fuel cell: Recent advances and challenges. Progress in
Polymer Science (Oxford) 2011, 36 (6), 813–843.
Rosli, R. E.; Sulong, A. B.; Daud, W. R. W.; Zulkifley, M. A.;
Husaini, T.; Rosli, M. I.; Majlan, E. H.; Haque, M. A. A review of
high-temperature proton exchange membrane fuel cell (HT-PEMFC)
system. International Journal of Hydrogen Energy 2017, 42 (14),
9293–9314.
Leijonmarck, S.; Cornell, A.; Lindbergh, G.; Wågberg, L. Singlepaper flexible Li-ion battery cells through a paper-making process
based on nano-fibrillated cellulose. Journal of Materials Chemistry A
2013, 1 (15), 4671–4677.
Leijonmarck, S.; Cornell, A.; Lindbergh, G.; Wågberg, L. Flexible
nano-paper-based positive electrodes for Li-ion batteries-Preparation
process and properties. Nano Energy 2013, 2 (5), 794–800.
Lee, S. Y.; Cho, S. J.; Choi, K. H.; Yoo, J. T.; Kim, J. H.; Lee, Y. H.;
Chun, S. J.; Park, S. B.; Choi, D. H.; Wu, Q.; et al. Hetero-Nanonet
Rechargeable Paper Batteries: Toward Ultrahigh Energy Density and
Origami Foldability. Advanced Functional Materials 2015, 25 (38),
6029–6040.
Lu, H.; Behm, M.; Leijonmarck, S.; Lindbergh, G.; Cornell, A.
Flexible Paper Electrodes for Li-Ion Batteries Using Low Amount of
TEMPO-Oxidized Cellulose Nanofibrils as Binder. ACS Applied
Materials and Interfaces 2016, 8 (28), 18097–18106.
Lu, H.; Guccini, V.; Kim, H.; Salazar-Alvarez, G.; Lindbergh, G.;
Cornell, A. Effects of Different Manufacturing Processes on
TEMPO-Oxidized Carboxylated Cellulose Nanofiber Performance as
Binder for Flexible Lithium-Ion Batteries. ACS Applied Materials
and Interfaces 2017, 9 (43), 37712–37720.
Wang, L.; Schütz, C.; Salazar-Alvarez, G.; Titirici, M. M. Carbon
aerogels from bacterial nanocellulose as anodes for lithium ion
batteries. RSC Advances 2014, 4 (34), 17549–17554.

(59)

(60)

(61)

(62)

(63)

(64)
(65)
(66)
(67)
(68)
(69)

(70)
(71)

Kim, J. M.; Guccini, V.; Kim, D.; Oh, J.; Park, S.; Jeon, Y.; Hwang,
T.; Salazar-Alvarez, G.; Piao, Y. A novel textile-like carbon
wrapping for high-performance silicon anodes in lithium-ion
batteries. Journal of Materials Chemistry A 2018, 6 (26), 12475–
12483.
Kim, J. M.; Guccini, V.; Seong, K. dong; Oh, J.; Salazar-Alvarez, G.;
Piao, Y. Extensively interconnected silicon nanoparticles via carbon
network derived from ultrathin cellulose nanofibers as high
performance lithium ion battery anodes. Carbon 2017, 118, 8–17.
Kim, H.; Guccini, V.; Lu, H.; Salazar-Alvarez, G.; Lindbergh, G.;
Cornell, A. Lithium Ion Battery Separators Based on Carboxylated
Cellulose Nanofibers from Wood. ACS Applied Energy Materials
2019, 2 (2), 1241–1250.
Chun, S. J.; Choi, E. S.; Lee, E. H.; Kim, J. H.; Lee, S. Y.; Lee, S. Y.
Eco-friendly cellulose nanofiber paper-derived separator membranes
featuring tunable nanoporous network channels for lithium-ion
batteries. Journal of Materials Chemistry 2012, 22 (32), 16618–
16626.
Vuorilehto, K. Materials and function. In Lithium-Ion Batteries:
Basics and Applications; Korthauer, R., Ed. Springer Berlin
Heidelberg: Berlin, Heidelberg, 2018, 21–28. DOI: 10.1007/978-3662-53071-9_3
Huang, S.; Liu, Y.; Zhao, Y.; Ren, Z.; Guo, C. F. Flexible
Electronics: Stretchable Electrodes and Their Future. Advanced
Functional Materials. 2019 DOI: 10.1002/adfm.201805924
Guise, C.; Fangueiro, R. Biomedical applications of nanocellulose. In
RILEM Bookseries; 2016, 12, 155–169.
De France, K. J.; Hoare, T.; Cranston, E. D. Review of Hydrogels
and Aerogels Containing Nanocellulose. Chemistry of Materials
2017, 29 (11), acs.chemmater.7b00531.
Hubbe, M. A.; Ferrer, A.; Tyagi, P.; Yin, Y.; Salas, C.; Pal, L.; Rojas,
O. J. Nanocellulose in thin films, coatings, and plies for packaging
applications: A review. BioResources. 2017, 2143–2233.
Voisin, H.; Bergström, L.; Liu, P.; Mathew, A. Nanocellulose-Based
Materials for Water Purification. Nanomaterials 2017, 7 (3), 57.
Benítez, A. J.; Walther, A. Cellulose nanofibril nanopapers and
bioinspired nanocomposites: A review to understand the mechanical
property space. Journal of Materials Chemistry A 2017, 5 (31),
16003–16024.
Hajian, A.; Lindström, S. B.; Pettersson, T.; Hamedi, M. M.;
Wågberg, L. Understanding the Dispersive Action of Nanocellulose
for Carbon Nanomaterials. Nano Letters 2017, 17 (3), 1439–1447.
Nechyporchuk, O.; Belgacem, M. N.; Pignon, F. Current Progress in
Rheology of Cellulose Nanofibril Suspensions. Biomacromolecules
2016, 17 (7), 2311–2320.
73

(72)

(73)

(74)
(75)

(76)

(77)

(78)
(79)

(80)

(81)

(82)
(83)

74

Markstedt, K.; Mantas, A.; Tournier, I.; Martínez Ávila, H.; Hägg,
D.; Gatenholm, P. 3D bioprinting human chondrocytes with
nanocellulose-alginate bioink for cartilage tissue engineering
applications. Biomacromolecules 2015, 16 (5), 1489–1496.
Cao, D.; Xing, Y.; Tantratian, K.; Wang, X.; Ma, Y.; Mukhopadhyay,
A.; Cheng, Z.; Zhang, Q.; Jiao, Y.; Chen, L.; et al. 3D Printed HighPerformance Lithium Metal Microbatteries Enabled by
Nanocellulose. Advanced Materials 2019, 31 (14), 1–10.
Sultan, S.; Mathew, A. P. 3D printed scaffolds with gradient porosity
based on a cellulose nanocrystal hydrogel. Nanoscale 2018, 10 (9),
4421–4431.
Håkansson, K. M. O.; Fall, A. B.; Lundell, F.; Yu, S.; Krywka, C.;
Roth, S. V.; Santoro, G.; Kvick, M.; Prahl Wittberg, L.; Wågberg, L.;
et al. Hydrodynamic alignment and assembly of nanofibrils resulting
in strong cellulose filaments. Nature Communications 2014, 5, 4018.
Mittal, N.; Ansari, F.; Gowda Krishne, V.; Brouzet, C.; Chen, P.;
Larsson, P. T.; Roth, S. V.; Lundell, F.; Wågberg, L.; Kotov, N. A.;
et al. Multiscale Control of Nanocellulose Assembly: Transferring
Remarkable Nanoscale Fibril Mechanics to Macroscale Fibers. ACS
Nano 2018, 12 (7), 6378–6388.
Hamedi, M.; Karabulut, E.; Marais, A.; Herland, A.; Nyström, G.
Nanocellulose aerogels functionalized by rapid layer-by-layer
assembly for high charge storage and beyond. Angewandte Chemie International Edition 2013, 52 (46), 12038–12042.
Lavoine, N.; Bergström, L. Nanocellulose-based foams and aerogels:
Processing, properties, and applications. Journal of Materials
Chemistry A 2017, 5, 16105–16117.
Harper, B. J.; Clendaniel, A.; Sinche, F.; Way, D.; Hughes, M.;
Schardt, J.; Simonsen, J.; Stefaniak, A. B.; Harper, S. L. Impacts of
chemical modification on the toxicity of diverse nanocellulose
materials to developing zebrafish. Cellulose 2016, 23 (3), 1763–1775.
Endes, C.; Camarero-Espinosa, S.; Mueller, S.; Foster, E. J.; PetriFink, A.; Rothen-Rutishauser, B.; Weder, C.; Clift, M. J. D. A critical
review of the current knowledge regarding the biological impact of
nanocellulose. Journal of Nanobiotechnology 2016, 14 (78)
Zhao, M.; Ansari, F.; Takeuchi, M.; Shimizu, M.; Saito, T.;
Berglund, L. A.; Isogai, A. Nematic structuring of transparent and
multifunctional nanocellulose papers. Nanoscale Horiz. 2018, 3, 2834
Wu, C. N.; Saito, T.; Fujisawa, S.; Fukuzumi, H.; Isogai, A.
Ultrastrong and high gas-barrier nanocellulose/clay-layered
composites. Biomacromolecules 2012, 13 (6), 1927–1932.
Aulin, C.; Salazar-Alvarez, G.; Lindström, T. High strength, flexible
and transparent nanofibrillated cellulose-nanoclay biohybrid films
with tunable oxygen and water vapor permeability. Nanoscale 2012,

(84)

(85)
(86)

(87)

(88)
(89)

(90)

(91)

(92)
(93)

(94)

(95)

4 (20), 6622–6628.
Shimizu, M.; Saito, T.; Isogai, A. Water-resistant and high oxygenbarrier nanocellulose films with interfibrillar cross-linkages formed
through multivalent metal ions. Journal of Membrane Science 2016,
500, 1–7.
Liu, A.; Walther, A.; Ikkala, O.; Belova, L.; Berglund, L. A. Clay
nanopaper with tough cellulose nanofiber matrix for fire retardancy
and gas barrier functions. Biomacromolecules 2011, 12 (3), 633–641.
Toivonen, M. S.; Kurki-Suonio, S.; Schacher, F. H.; Hietala, S.;
Rojas, O. J.; Ikkala, O. Water-Resistant, Transparent Hybrid
Nanopaper
by
Physical
Cross-Linking
with
Chitosan.
Biomacromolecules 2015, 16 (3), 1062–1071.
Farooq, M.; Zou, T.; Riviere, G.; Sipponen, M. H.; Österberg, M.
Strong, Ductile, and Waterproof Cellulose Nanofibril Composite
Films with Colloidal Lignin Particles. Biomacromolecules 2019, 20
(2), 693–704.
Sethi, J.; Farooq, M.; Sain, S.; Sain, M.; Sirviö, J. A.; Illikainen, M.;
Oksman, K. Water resistant nanopapers prepared by lactic acid
modified cellulose nanofibers. Cellulose 2018, 25 (1), 259–268.
Jin, H.; Kettunen, M.; Laiho, A.; Pynnönen, H.; Paltakari, J.;
Marmur, A.; Ikkala, O.; Ras, R. H. A. Superhydrophobic and
superoleophobic nanocellulose aerogel membranes as bioinspired
cargo carriers on water and oil. Langmuir 2011, 27 (5), 1930–1934.
Zhang, Z.; Sèbe, G.; Rentsch, D.; Zimmermann, T.; Tingaut, P.
Ultralightweight and flexible silylated nanocellulose sponges for the
selective removal of oil from water. Chemistry of Materials 2014, 26
(8), 2659–2668.
Shimizu, M.; Saito, T.; Fukuzumi, H.; Isogai, A. Hydrophobic,
ductile, and transparent nanocellulose films with quaternary
alkylammonium
carboxylates
on
nanofibril
surfaces.
Biomacromolecules 2014, 15 (11), 4320–4325.
Saito, T.; Kimura, S.; Nishiyama, Y.; Isogai, A. Cellulose nanofibers
prepared by TEMPO-mediated oxidation of native cellulose.
Biomacromolecules 2007, 8 (8), 2485–2491.
Saito, T.; Hirota, M.; Tamura, N.; Kimura, S.; Fukuzumi, H.; Heux,
L.; Isogai, A. Individualization of nano-sized plant cellulose fibrils by
direct surface carboxylation using TEMPO catalyst under neutral
conditions. Biomacromolecules 2009, 10 (7), 1992–1996.
Schütz, C.; Van Rie, J.; Eyley, S.; Gençer, A.; Van Gorp, H.;
Rosenfeldt, S.; Kang, K.; Thielemans, W. Effect of Source on the
Properties and Behavior of Cellulose Nanocrystal Suspensions. ACS
Sustainable Chemistry and Engineering 2018, 6 (7), 8317–8324.
Kozin, P. A.; Salazar-Alvarez, G.; Boily, J. F. Oriented aggregation
of lepidocrocite and impact on surface charge development.
Langmuir 2014, 30 (30), 9017–9021.
75

(96)
(97)
(98)

(99)

(100)

(101)
(102)

(103)

(104)

(105)

76

Guccini, V.; Yu, S.; Agthe, M.; Gordeyeva, K.; Trushkina, Y.; Fall,
A. B.; Schütz, C.; Salazar-Alvarez, G. Inducing Nematic Ordering of
Cellulose Nanofibers using Osmotic Dehydration. Nanoscale 2018.
Committee, S. pulp paper and board testing. Total acidic group
content. Scandinavian pulp, paper and board testing committee 2002,
No. January, 1–4.
Schneider, C. A.; Rasband, W. S.; Eliceiri, K. W. NIH Image to
ImageJ  : 25 years of image analysis HISTORICAL commentary NIH
Image to ImageJ  : 25 years of image analysis. Nature Methods 2012,
9 (7), 671–675.
Ding, G.; Qin, B.; Liu, Z.; Zhang, J.; Zhang, B.; Hu, P.; Zhang, C.;
Xu, G.; Yao, J.; Cui, G. A Polyborate Coated Cellulose Composite
Separator for High Performance Lithium Ion Batteries. Journal of
The Electrochemical Society 2015, 162 (6), A834–A838.
Barrett, E. P.; Joyner, L. G.; Halenda, P. P. The Determination of
Pore Volume and Area Distributions in Porous Substances. I.
Computations from Nitrogen Isotherms. Journal of the American
Chemical Society 1951, 73 (1), 373–380.
Håkansson, K. M. O. Online determination of anisotropy during
cellulose nanofibril assembly in a flow focusing device. RSC Adv.
2015, 5 (24), 18601–18608.
Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair,
M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B.;
Tinevez, JY.; White, DJ.; Hartenstein, V.; Eliceiri, K.; Tomancak,
P.; Cardona, A.; Fiji: An open-source platform for biological-image
analysis. Nature Methods. 2012, 676–682. 10.1038/nmeth.2019
Barre, L.; Contribution of Small-Angle X-Ray and Neutron
Scattering (SAXS and SANS) to the Characterization of Natural
Nanomaterials. In X-ray and Neutron Techniques for Nanomaterials
Characterization; Springer, 2016, 1–830. DOI: 10.1007/978-3-66248606-1_12
Benecke, G.; Wagermaier, W.; Li, C.; Schwartzkopf, M.; Flucke, G.;
Hoerth, R.; Zizak, I.; Burghammer, M.; Metwalli, E.; MüllerBuschbaum, P.; Trebbin, M.; Förster, S.; Paris, O.; Roth
S.V. and Fratzl, P.; A customizable software for fast reduction and
analysis of large X-ray scattering data sets: applications of the new
DPDAK package to small-angle X-ray scattering and grazingincidence small-angle X-ray scattering. Journal of Applied
Crystallography 2014, 47 (5), 1797–1803.
Doucet, Mathieu; Cho, Jae Hie; Alina, Gervaise; Bakker, Jurrian;
Bouwman, Wim; Butler, Paul; Campbell, Kieran; Gonzales, Miguel;
Heenan, Richard; Jackson, Andrew; Juhas, Pavol; King, Stephen;
Kienzle, Paul; Krzywon, Jeff; Markvardsen, Anders; Nielsen, Tor, A.
SasView version 4.1. Zenodo 2017. DOI: 10.5281/zenodo.792935

(106) Fukuzumi, H.; Saito, T.; Iwamoto, S.; Kumamoto, Y.; Ohdaira, T.;
Suzuki, R.; Isogai, A. Pore size determination of TEMPO-oxidized
cellulose nanofibril films by positron annihilation lifetime
spectroscopy. Biomacromolecules 2011, 12 (11), 4057–4062.
(107) Liang, H. qing; Wan, L. shu; Xu, Z. kang. Poly(vinylidene fluoride)
separators with dual-asymmetric structure for high-performance
lithium ion batteries. Chinese Journal of Polymer Science (English
Edition) 2016, 34 (12), 1423–1435.
(108) Sato, Y.; Kusaka, Y.; Kobayashi, M. Charging and Aggregation
Behavior of Cellulose Nanofibers in Aqueous Solution. Langmuir
2017, 33 (44), 12660–12669.
(109) Benítez, A. J.; Torres-Rendon, J.; Poutanen, M.; Walther, A.
Humidity and multiscale structure govern mechanical properties and
deformation modes in films of native cellulose nanofibrils.
Biomacromolecules 2013, 14 (12), 4497–4506.
(110) Zawodzinski, T. A.; Davey, J.; Valerio, J.; Gottesfeld, S. The water
content dependence of electro-osmotic drag in proton-conducting
polymer electrolytes. Electrochimica Acta 1995, 40 (3), 297–302.
(111) Zawodzinski, T. A.; Gottesfeld, S.; Shoichet, S.; McCarthy, T. J. The
contact angle between water and the surface of perfluorosulphonic
acid membranes. Journal of Applied Electrochemistry 1993, 23 (1),
86–88.
(112) Allen, F. I.; Comolli, L. R.; Kusoglu, A.; Modestino, M. A.; Minor,
A. M.; Weber, A. Z. Morphology of Hydrated As-Cast Nafion
Revealed through Cryo Electron Tomography. ACS Macro Lett.
2015, 4 (1), 1-5.
(113) Lindh, E. L.; Terenzi, C.; Salmén, L.; Furó, I. Water in cellulose:
Evidence and identification of immobile and mobile adsorbed phases
by2H MAS NMR. Physical Chemistry Chemical Physics 2017, 19
(6), 4360–4369.
(114) Neill, H. O.; Pingali, S. V.; Petridis, L.; He, J.; Hong, L.; Urban, V.;
Evans, B.; Langan, P.; Smith, J. C.; Davison, B. H. Dynamics of
water bound to crystalline cellulose. 2017, No. May, 1–13. Scientific
Reports 2017, 7, Article number: 11840
(115) Berthold, J.; Desbrières, J.; Rinaudo, M.; Salmén, L. Types of
adsorbed water in relation to the ionic groups and their counter-ions
for some cellulose derivatives. Polymer 1994, 35 (26), 5729–5736.
(116) Kreuer, K. D. On the development of proton conducting polymer
membranes for hydrogen and methanol fuel cells. Journal of Polymer
Science 2001, 185, 29–39.
(117) Baik, K. D.; Hong, B. K.; Kim, M. S. Effects of operating parameters
on hydrogen crossover rate through Nafion ® membranes in polymer
electrolyte membrane fuel cells. Renewable Energy 2013, 57, 234–
239.
(118) Aurbach, D. Review of selected electrode-solution interactions which
77

(119)

(120)

(121)

(122)

(123)
(124)

(125)
(126)

(127)
(128)

(129)

(130)
78

determine the performance of Li and Li ion batteries. Journal of
Power Sources 2000, 89 (2), 206–218.
An, S. J.; Li, J.; Daniel, C.; Mohanty, D.; Nagpure, S.; Wood, D. L.
The state of understanding of the lithium-ion-battery graphite solid
electrolyte interphase (SEI) and its relationship to formation cycling.
Carbon. 2016, 105, 52–76.
Metzger, M.; Strehle, B.; Solchenbach, S.; Gasteiger, H. A.
Hydrolysis of Ethylene Carbonate with Water and Hydroxide under
Battery Operating Conditions. Journal of The Electrochemical
Society 2016, 163 (7), A1219–A1225.
Elazzouzi-Hafraoui, S.; Nishiyama, Y.; Putaux, J.-L.; Heux, L.;
Dubreuil, F.; Rochas, C. The shape and size distribution of crystalline
nanoparticles prepared by acid hydrolysis of native cellulose.
Biomacromolecules 2008, 9 (1), 57–65.
Padhi, A. K.; Nanjundaswamy, K. S.; Goodenough, J. B. Phosphoolivines as Positive-Electrode Materials for Rechargeable Lithium
Batteries. Journal of The Electrochemical Society 1997, 144 (4),
1188.
Besenhard, J. O.; Yang, J.; Winter, M. Will advanced lithium-alloy
anodes have a chance in lithium-ion batteries? Journal of Power
Sources 1997, 68 (1), 87–90.
Raimann, P. R.; Hochgatterer, N. S.; Korepp, C.; Möller, K. C.;
Winter, M.; Schröttner, H.; Hofer, F.; Besenhard, J. O. Monitoring
dynamics of electrode reactions in Li-ion batteries by in situ ESEM.
Ionics 2006, 12 (4–5), 253–255.
Hatchard, T. D.; Dahn, J. R. In Situ XRD and Electrochemical Study
of the Reaction of Lithium with Amorphous Silicon. Journal of The
Electrochemical Society 2004, 151 (6), A838.
Zhang, X. W.; Patil, P. K.; Wang, C.; Appleby, A. J.; Little, F. E.;
Cocke, D. L. Electrochemical performance of lithium ion battery,
nano-silicon-based, disordered carbon composite anodes with
different microstructures. Journal of Power Sources 2004, 125 (2),
206–213.
Ryu, J. H.; Kim, J. W.; Sung, Y.-E.; Oh, S. M. Failure Modes of
Silicon Powder Negative Electrode in Lithium Secondary Batteries.
Electrochemical and Solid-State Letters 2004, 7 (10), A306.
Oumellal, Y.; Delpuech, N.; Mazouzi, D.; Dupré, N.; Gaubicher, J.;
Moreau, P.; Soudan, P.; Lestriez, B.; Guyomard, D. The failure
mechanism of nano-sized Si-based negative electrodes for lithium ion
batteries. Journal of Materials Chemistry 2011, 21 (17), 6201–6208.
Lee, S. W.; McDowell, M. T.; Berla, L. A.; Nix, W. D.; Cui, Y.
Fracture of crystalline silicon nanopillars during electrochemical
lithium insertion. Proceedings of the National Academy of Sciences
2012, 109 (11), 4080–4085.
Li, Z. Q.; Lu, C. J.; Xia, Z. P.; Zhou, Y.; Luo, Z. X-ray diffraction

(131)

(132)
(133)

(134)

(135)
(136)
(137)
(138)

(139)
(140)

(141)

patterns of graphite and turbostratic carbon. Carbon 2007, 45 (8),
1686–1695.
Zhao, J.; Lu, Z.; Wang, H.; Liu, W.; Lee, H. W.; Yan, K.; Zhuo, D.;
Lin, D.; Liu, N.; Cui, Y. Artificial Solid Electrolyte InterphaseProtected LixSi Nanoparticles: An Efficient and Stable Prelithiation
Reagent for Lithium-Ion Batteries. Journal of the American Chemical
Society 2015, 137 (26), 8372–8375.
Green, M.; Fielder, E.; Scrosati, B.; Wachtler, M.; Moreno, J. S.
Structured Silicon Anodes for Lithium Battery Applications.
Electrochemical and Solid-State Letters 2003, 6 (5), A75.
Hoekstra, J.; Beale, A. M.; Soulimani, F.; Versluijs-Helder, M.;
Geus, J. W.; Jenneskens, L. W. Base metal catalyzed graphitization
of cellulose: A combined Raman spectroscopy, temperaturedependent X-ray diffraction and high-resolution transmission electron
microscopy study. Journal of Physical Chemistry C 2015, 119 (19),
10653–10661.
Zhang, Y. C.; You, Y.; Xin, S.; Yin, Y. X.; Zhang, J.; Wang, P.;
Zheng, X. sheng; Cao, F. F.; Guo, Y. G. Rice husk-derived
hierarchical silicon/nitrogen-doped carbon/carbon nanotube spheres
as low-cost and high-capacity anodes for lithium-ion batteries. Nano
Energy 2016, 25, 120–127.
Li, J.; Lewis, R. B.; Dahn, J. R. Sodium Carboxymethyl Cellulose: A
Potential Binder for Si Negative Electrodes in Li-Ion Batteries.
Electrochemical and Solid-State Letters 2007, 10 (2), A17–A20.
Peron, H.; Laloui, L.; Hu, L. B.; Hueckel, T. Formation of drying
crack patterns in soils: A deterministic approach. Acta Geotechnica
2013, 8 (2), 215–221.
Groisman, A.; Kaplan, E. An experimental study of cracking induced
by desiccation. EPL 1994, 25 (6), 415–420.
Magasinski, A.; Zdyrko, B.; Kovalenko, I.; Hertzberg, B.; Burtovyy,
R.; Huebner, C. F.; Fuller, T. F.; Luzinov, I.; Yushin, G. Toward
efficient binders for Li-ion battery Si-based anodes: Polyacrylic acid.
ACS Applied Materials and Interfaces 2010, 2 (11), 3004–3010.
Chan, C. K.; Peng, H.; Liu, G.; McIlwrath, K.; Zhang, X. F.;
Huggins, R. A.; Cui, Y. High-performance lithium battery anodes
using silicon nanowires. Nature nanotechnology 2008, 3 (1), 31–35.
Wu, H.; Chan, G.; Choi, J. W.; Ryu, I.; Yao, Y.; Mcdowell, M. T.;
Lee, S. W.; Jackson, A.; Yang, Y.; Hu, L.; et al. Stable cycling of
double-walled silicon nanotube battery anodes through solidelectrolyte interphase control. Nature Nanotechnology 2012, 7 (5),
310–315.
Fei, L.; Williams, B. P.; Yoo, S. H.; Kim, J.; Shoorideh, G.; Joo, Y.
L. Graphene Folding in Si Rich Carbon Nanofibers for Highly Stable,
High Capacity Li-Ion Battery Anodes. ACS Applied Materials and
Interfaces 2016, 8 (8), 5243–5250.
79

(142) Feng, K.; Li, M.; Liu, W.; Kashkooli, A. G.; Xiao, X.; Cai, M.; Chen,
Z. Silicon-Based Anodes for Lithium-Ion Batteries: From
Fundamentals to Practical Applications. Small 2018, 14 (8).
(143) Franco Gonzalez, A.; Yang, N. H.; Liu, R. S. Silicon Anode Design
for Lithium-Ion Batteries: Progress and Perspectives. Journal of
Physical Chemistry C 2017, 121 (50), 27775–27787.
(144) Saito, T.; Uematsu, T.; Kimura, S.; Enomae, T.; Isogai, A. Selfaligned integration of native cellulose nanofibrils towards producing
diverse bulk materials. Soft Matter 2011, 7 (19), 8804.
(145) Lagerwall, J. P. F.; Schütz, C.; Salajkova, M.; Noh, J.; Park, J. H.;
Scalia, G.; Bergström, L. Cellulose nanocrystal-based materials:
From liquid crystal self-assembly and glass formation to
multifunctional thin films. NPG Asia Materials 2014, 6, e80.
(146) Torres-Rendon, J. G.; Schacher, F. H.; Ifuku, S.; Walther, A.
Mechanical Performance of Macrofibers of Cellulose and Chitin
Nanofibrils Aligned by Wet-Stretching: A Critical Comparison.
Biomacromolecules 2014, 15 (7), 2709–2717.
(147) Mohammadi, P.; Toivonen, M. S.; Ikkala, O.; Wagermaier, W.;
Linder, M. B. Aligning cellulose nanofibril dispersions for tougher
fibers. Scientific Reports 2017, 7 (1), 11860.
(148) Sehaqui, H.; Ezekiel Mushi, N.; Morimune, S.; Salajkova, M.;
Nishino, T.; Berglund, L. A. Cellulose nanofiber orientation in
nanopaper and nanocomposites by cold drawing. ACS applied
materials & interfaces 2012, 4 (2), 1043–1049.
(149) MacKintosh, F. C.; Käs, J.; Janmey, P. A. Elasticity of Semiflexible
Biopolymer Networks. Physical Review Letters 1995, 75 (24), 4425–
4428.
(150) Tatsumi, D.; Ishioka, S.; Matsumoto, T. Effect of Fiber
Concentration and Axial Ratio on the Rheological Properties of
Cellulose Fiber Suspensions. Nihon Reoroji Gakkaishi 2002, 30 (1),
27–32.
(151) Mason, S. G. The motion of fibres in flowing liquids. Pulp and Paper
Magazine of Canada 1950, 51, 94–98.
(152) Mezger, T. G. The Rheology Handbook: For Users of Rotational and
Oscillatory Rheometers; Vincentz Network, 2011.
(153) Evmenenko, G.; Theunissen, E.; Mortensen, K.; Reynaers, H. SANS
study of surfactant ordering in κ-carrageenan/cetylpyridinium
chloride complexes. Polymer 2001, 42 (7), 2907–2913.
(154) Maestri, C. A.; Abrami, M.; Hazan, S.; Chistè, E.; Golan, Y.; Rohrer,
J.; Grassi, M.; Scarpa, M; Bettotti, P. Role of sonication pretreatment and cation valence in nano-cellulose suspensions sol-gel
transition. Scientific Reports 2017, 7, Article number: 11129
(155) Shibayama, M. Structure-mechanical property relationship of tough
hydrogels. Soft Matter 2012, 8 (31), 8030.
(156) Shibayama, M. Small-angle neutron scattering on polymer gels:
80

phase behavior, inhomogeneities and deformation mechanisms.
Polymer Journal 2010, 43 (1), 18–34.
(157) Yeh, F.; Sokolov, E. L.; Walter, T.; Chu, B. Structure Studies of
Poly(diallyldimethylammonium
chlorideco
-acrylamide)
Gels/Sodium Dodecyl Sulfate Complex. Langmuir 1998, 14 (16),
4350–4358.
(158) Teixeira, J. Small-angle scattering by fractal systems. Journal of
Applied Crystallography 1988, 21 (6), 781–785.
(159) Shibayama, M.; Tanaka, T.; Han, C. C. Small angle neutron
scattering study on poly(N-isopropyl acrylamide) gels near their

(160)
(161)
(162)
(163)

(164)
(165)

(166)
(167)

(168)

volume-phase transition temperature. The Journal of Chemical
Physics 1992, 97 (9), 6829–6841.
Liu, Y.; Stoeckel, D.; Gordeyeva, K.; Agthe, M.; Schütz, C.; Fall, A.
B.; Bergström, L. Nanoscale Assembly of Cellulose Nanocrystals
during Drying and Redispersion. ACS Macro Letters 2018, 172–177.
Head, D. a; Levine, A. J.; MacKintosh, F. C. Deformation of CrossLinked Semiflexible Polymer Networks. Physical Review Letters
2003, 91 (10), 108102.
Wang, P. X.; Hamad, W. Y.; MacLachlan, M. J. Structure and
transformation of tactoids in cellulose nanocrystal suspensions.
Nature Communications 2016, 7.
Guccini, V.; Kumar, S.; Trushkina, Y.; Nagy, G.; Schütz, C. Tuning
the magnetic alignment of cellulose nanocrystals from perpendicular to parallel using prismatic lepidocrocite nanoparticles. 8–
13.
Frka-Petesic, B.; Sugiyama, J.; Kimura, S.; Chanzy, H.; Maret, G.
Negative Diamagnetic Anisotropy and Birefringence of Cellulose
Nanocrystals. Macromolecules 2015, 48 (24), 8844–8857.
Hirt, A. M.; Lanci, L.; Dobson, J.; Weidler, P.; Gehring, A. U. Lowtemperature magnetic properties of lepidocrocite. Journal of
Geophysical Research: Solid Earth 2002, 107 (B1), EPM 5-1-EPM
5-9.
De France, K. J.; Yager, K. G.; Hoare, T.; Cranston, E. D.
Cooperative Ordering and Kinetics of Cellulose Nanocrystal
Alignment in a Magnetic Field. Langmuir 2016, 32 (30), 7564–7571.
Lemaire, B. J.; Davidson, P.; Ferré, J.; Jamet, J. P.; Panine, P.;
Dozov, I.; Jolivet, J. P. Outstanding Magnetic Properties of Nematic
Suspensions of Goethite (α-FeOOH) Nanorods. Physical Review
Letters 2002, 88 (12), 4.
Van Rie, J.; Thielemans, W. Cellulose-gold nanoparticle hybrid
materials. Nanoscale 2017, 9 (25), 8525–8554.

81

82

