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Abstract 

Technologies based on renewable materials are required to decrease the en-
vironmental 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 ver-
satility in its manufacturing processes. In this thesis, I present the results of 
the investigations on carboxylated cellulose nanofibres (CNF) as ionic con-
ductive membranes and electrode component in fuel cells and lithium ion 
batteries. Moreover, I also show the results of the assembly of CNF suspen-
sion and cellulose nanocrystals (CNC) - lepidocrocite nanorods (LpN) hy-
brids. 

The fuel cell performance of CNF-based proton conductive membranes 
was evaluated as a function of intrinsic material parameters such as mem-
brane 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 struc-
tural 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 func-
tional 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 nano-
fibre 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 sil-
icon 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 sus-
pension 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 de-
pending 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 in-
crease in pollution. Several reports have shown the need for deep social and 
technological transformations in order to prevent further damage to the eco-
systems.1–3 The transformations concerning the modern energy systems in-
clude the reduction in energy demand, the electrification of energy and de-
carbonisation of electricity and fuels.4 Technologies such as Proton Ex-
change 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 sus-
tainable nowadays, is the fact that the manufacturers of their main compo-
nents still heavily rely on raw materials and processes with a high environ-
mental impact.5–8 Thus, it is fundamental to direct the research efforts to-
wards cleaner processes, carbon neutral and renewable raw materials, in 
order to develop a more sustainable society. Biopolymers are good candi-
dates 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 hierar-
chical structure in the wood, the main characteristics of which are schema-
tized in Figure 1.1.  
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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 individual-
ization, 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 nano-
fibres 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 sul-
phuric acid at a mild temperature (≈ 50 °C), after which an ultrasonic ho-
mogenization is sufficient to obtain well dispersed CNC with sulfonic 
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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 prop-

erties 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 free-
dom 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 concentra-
tion.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 de-
tail.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 or-
der 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 distrib-
uted and the only orientational order is along the longer axis of the nanopar-
ticles. 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 en-
ergy storage and conversion are versatile chemical modifications, high as-
pect 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 ap-
plication 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 mate-
rials to be used as electrode material for supercapacitors. It can act as a sub-
strate 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 reac-
tions take place. In the PEM-FCs the electrolyte is a proton conductive 
membrane with electric isolator and gas barrier properties, sandwiched be-
tween the two porous electrodes. In the Li-IBs a liquid electrolyte ensures 
the ionic contact between the two electrodes, while a porous and wettable 
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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:10.1007/978-3-
662-53071-9, © 2018.  
 

In the hydrogen PEM-FCs (Figure 1.3A), humidified hydrogen gas is ox-
idized 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+ + 
4e-  2H2O). 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 cata-
lyst 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 



6 

discharge they are intercalated back. In the common nomenclature the posi-
tive electrode is referred to as a cathode, while the negative is called an an-
ode. 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+ + e-  
2LiCoO2. The anode is traditionally made of graphite, which thanks to its 
layered structure can easily accommodate the lithium ions during the charg-
ing 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: Applications as Proton Exchange 
Membrane  
 

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 en-
hance 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 high-
er 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 car-
boxylated CNF was improved by fine-tuning the nanofibre chemistry and 
morphology in combination with the membrane manufacture methods, al-
lowing 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 re-
quirements. High proton conduction can be achieved through a high amount 
of absorbed water. Indeed, the hydrogen ions can diffuse through the ab-
sorbed 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 me-
chanical 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 electrochem-
ical 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. Typical-
ly, Nafion membranes are ≈ 50 µm thick and absorb large quantities of wa-
ter. 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 do-
mains 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 mate-
rial 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 elec-
trolytes.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 (cel-
lulose 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 petrole-
um 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 mem-
branes, 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 envi-
ronmental benignity and potential lower cost than traditional petroleum-
based 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. Never-
theless, the overall performance of the battery highly depends on them and 
their physical-chemical characteristics. The separator acts as a physical bar-
rier 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 separa-
tor 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 mem-
branes 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 reac-
tions, the lower the amount the better it is. In the case of commonly used 
Polyvinylidine difluoride (PVDF), ≈ 2 – 10% is typically added to the elec-
trode 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 nano-

material. Indeed, the combination of appealing properties and environmental 
benignity makes it suitable for the most diverse applications.28,65–68 The fol-
lowing paragraph attempts to give some examples of various CNF applica-
tions, 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 micro-
fibres 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 Di-
rectional 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 med-
ical 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 charac-
teristics 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 nano-
fibres, 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   

 



10 

1.3 Scope of the Thesis 
 

The present research aims to contribute to the development of technolo-
gies based on renewable raw materials. Hence, the use of CNF extracted 
from wood cellulose in electrochemical devices such as PEM-FCs and Li-
IBs. 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 nano-
fibres 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 mem-
brane 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 elec-
trodes. Firstly, we aim to study the effect of CNF surface charge and defib-
rillation degree on the performance of CNF as a binder for flexible batteries. 
Secondly, we aim to produce a carbon network derived from CNF to stabi-
lise 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 dehy-
dratation of CNF in a wide range of concentrations. Moreover, we aim to 
evaluate and quantify the order of CNC and lepidocrocite (LpN) hybrid us-
ing 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 oxi-
dation11 of never-dried cellulose pulp (Domsjö Fabriker AB, Domsjö, Swe-
den) 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 pro-
tocols 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 dissolu-
tion, 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 homoge-
nized 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 add-
ed 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 subse-
quently 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 
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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 immedi-
ately 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 con-
centrated 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 suspen-
sion 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 con-
trolled 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 ap-
propriate 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 polysty-
rene 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 sub-
merged 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 vacu-
um 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 vacu-
um 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 (Si-
cCNF) 
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 soni-
cated for 10 min after which 14 mL of 0.27 wt% CNF suspension was add-
ed. 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 (CNC-
LpN) 
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 us-
ing 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 solu-
tion 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 gradi-
ent build-up. The inset in the figure shows the process of the up-
concentration and alignment of the CNF, which is promoted by the removal 
of water and the osmotic pressure applied by the PEG solution. The concen-
tration 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 
 



16 

Length and Height Distribution 
The size of CNF was measured from images taken by atomic force micros-
copy (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 trans-
mission 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 3-
aminopropyl triethoxysilane. The excess of suspension was removed by a 
stream of air. The data were fitted with a lognormal function 

𝑦   = !
!!  !  !

  𝑒𝑥𝑝
! !" !

!!

!

!!!  , from which the mean 𝑥 and standard deviation 

𝜎 was calculated, according to 𝑥   = 𝑒!!  !
!!

!  and 𝜎   = 𝑥     𝑒!! − 1
!
!.  

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 car-
bon 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 cross-
section, 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 bal-
ance 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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×100 

 
in which WRH is the weight of the membrane under the specific RH condi-
tion 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   

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦, 𝑝BuOH % =

𝑚!
𝜌!

𝑚!
𝜌!

+𝑚!
𝜌!

 

 
in which ma is the mass of butanol, ρa is the density of butanol (0.81 g cm-

3), 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 S-
4800 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 con-
verted 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.  

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 bire-
fringence. A homemade setup was built to place the samples in total dark-
ness 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 Ad-
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vance with a Cu target. The high resolution images were acquired by trans-
mission 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 micro-
scope 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 micro-
scope with Schottky-type field emission gun working at 200 kV. The dimen-
sions 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 dis-
tance between two edges of length, width and height. The images were ana-
lysed 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 us-
ing a homemade setup (ensuring total darkness) and equipped with cross-
polarised 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 Electrodes and their 
Characterization 

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 ex-
changed 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 lithi-
um metal.  
 
Pyrolysed Silicon Nanoparticles and Cellulose Nanofibre Composite as a 
Lithium-ion Battery Anode 
The active materials, Timcal Super P C60 and sodium carboxymethylcellu-
lose (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 car-
bonate additive. 

2.4.2 Electrochemical Characterization 
 
Proton Exchange Membranes  
The ion-exchanged membranes were mounted between two 2.5 cm2 com-
mercial 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 in-
situ fuel cell characterization was performed in the following sequence. 
First, the impedance was done under open-circuit conditions (OCP), at am-
plitude 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 mem-
brane.  

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 mul-
tipotentiostat. 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 multipo-
tentiostat. 

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 un-
changed, 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 instru-
ment 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 con-
trast 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 multi-
component system, by adjusting the ratio between the hydrogenated and 
deuterated medium, the sample contrast can be varied to match one or anoth-
er 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 sam-
ple. 
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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), Ham-
burg. The sample to detector distance was calibrated using a dry rat-tail (col-
lagen) and the scattering patterns were recorded thanks to a 2D-pixel detec-
tor (Pilatus 1M). The exposure time of the samples was selected by compar-
ing 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 mem-
brane 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 ex-
posure 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 expo-
sure time was 0.4 s. The Hermans orientation factor (f) was calculated ac-
cording 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 col-
lect 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 sus-
pensions were prepared in H2O. Successively, the suspensions were ex-
changed 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 dialy-
sis 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 mem-
branes (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 cast-
ing 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 wa-
ter uptake (PEMs) and overall battery performance (separators). 

This chapter illustrates the versatility that CNF offer in term of manufac-
turing processes. Both CNF-PEMs and separators achieve competitive per-
formance compared to the industry standards, with less environmental im-
pact and potentially more cost efficiency. 

3.1 Morphology of Cellulose Nanofibres and 
Membranes 
 

In order to produce PEMs and separators based on CNF with the appro-
priate morphology and characteristics, several parameters and considerations 
have to be taken into account. The water retention of the CNF strongly de-
pends 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 mi-
cro-porous range. Thanks to the variation of surface charge and degree of 
defibrillation, CNF are produced with appropriate characteristics. The sur-
face 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 separa-
tors (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 par-
tially 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 max-
imize the CNF wettability, which in the case of PEM is fundamental to en-
sure 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 proto-
cols. The CNF-PEMs are obtained by slow evaporation at controlled temper-
ature 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 CNF-
1550, respectively. The PEM consists of parallel layers in which the nano-
fibres 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 dry-
ing. 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 struc-
ture.  

The porous structure of the CNF-350 is achieved due to the presence of 
micro- and nanofibres. The bigger fibres contribute to the dimensional stabil-
ity after the fast drying, while the smaller ones contribute to the intercon-
nected network that gives the mesopores which are necessary for Li-IB sepa-
rators.107 In both Papers I and II, the counter ions (Na+ or H+) have a signifi-
cant influence in terms of water absorption and electrochemical perfor-
mance. 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, de-
scribed 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 condi-
tions (46 ± 2 %).61 

The surface porosity of the asymmetric structure is measured by analys-
ing 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 fig-
ure 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 aver-
age pore width for the bottom and top is similar within the standard devia-
tion and no significant difference can be seen between H-CNF-350 and Na-
CNF-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 Du-
rapore 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 be-

fore 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 nano-
fibres.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 car-
boxylated (COO-Na+) and carboxylic (COOH) CNF membranes. (B) Calcu-
lated 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 CNF-
COOH 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 nano-
fibre 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. Remark-
ably, 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 hydro-
phobic 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 moistur-

ized 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 H-
CNF-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 hu-
midity (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-CNF-
1550 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!

+ 𝐵 ∙ exp −
𝑞! ∙ Ξ!

2
+ 𝐶 

 
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, ex-
pressed 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 up-
take 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 mem-
brane, 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 chan-
nels reduces the scattering contrast (CNF-water interphase). The SAXS pat-
tern 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 ag-
glomerate-agglomerate interface (movable bond water) or between nano-
fibres 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 conduc-
tivity and that reported in literature is most probably due to the MEA prepa-
ration 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 sym-
bols) for Nafion 21246 and CNF.40 Figure adapted from Paper I.41 (B) Sche-
matic 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 con-
taining 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 ag-
glomerates 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 distri-
bution. 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 densi-
ty–voltage measurements, as a function of surface charge and thickness. All 
the cyclic voltammograms in Figure 3.7A show a similar size of the hydro-
gen 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 (propor-
tional 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 per-
meability 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 volt-
ammetry (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 IR-
corrected lines are compensated to remove any difference due to the re-
sistance 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, compa-
rable to Nafion. Thicker membranes have predictable higher resistivity. The 
higher performance of the H-CNF-1550 membranes compared to the H-
CNF-600 is likely connected to the water absorption capability of the nano-
fibres 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 in-
terfacial 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 environ-
mentally 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 CNF-
350 with sodium as counter ions (Na-CNF-350) and hydrogen (H-CNF-
1550). 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 (Fig-
ure 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 ana-
logue 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 
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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 fol-
lowed 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. Dif-
ferently, 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 excel-
lent 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 dis-
charge the low porosity of the bottom side of the separator acts as a bottle-
neck 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 dif-
fusion 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 defib-
rillation 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 capa-
bilities and charge/discharge potential profiles at varying current rates.  

Paper IV presents the use of cCNF to enhance Si-nanoparticle perfor-
mance as Li-IB anode. Si-CNF pyrolysed composite is characterized by an 
interconnected carbon network (derived from CNF), which is able to stabi-
lize the silicon nanoparticles during the lithiation/delithiation process. 

This chapter shows in detail the influence of the TEMPO-mediated oxida-
tion and mechanical defibrillation on the morphology of the CNF and high-
lights the role that the CNF network plays to achieve remarkable perfor-
mances 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 de-
fibrillation 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 CNF-
1550. 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 distri-
bution 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 mechan-
ical 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 nan-
ofibres, 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 suspen-
sion is presented in Figure 4.2.  

 

 
Figure 4.2: Storage modulus (G’) as a function of oscillatory angular fre-
quency (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 passag-
es. 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 im-
ages 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 isolat-
ing 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 ho-
mogenization 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 defibrilla-
tion and surface charge. Indeed, the high content of carboxylate groups on 
the nanofibre surface aids the defibrillation, which also promotes the for-
mation of the network observed in Figures 4.3A and 4.3B. However, a pro-
longed 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 im-
age 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 So-
ciety. 
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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 proper-
ties 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 follow-
ing 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 bet-
ter. 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 de-
creases 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 defibril-
lation degree, which is already reached with only 3-3 passages for the CNF-
1550. The limited formation of isolating CNF patches observed for the 1550-
3-3 promotes fast lithium-ion diffusion especially at high current. 

Ultimately, the combination of high charge and low degree of homogeni-
zation is the perfect equilibrium to ensure the best performance in terms of 
Young’s modulus and electrode conductivity, ensuring good and stable elec-
trochemical 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 character-
ized 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 pre-
served after the pyrolysis (yellow lines) and additionally bigger carbon struc-
ture 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 ap-
pearance 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 entan-
gles 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 evapora-
tion 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 perfor-
mance of the Si-cCNF and Si-Np.  

 

    
Figure 4.8: (A) Galavanostatic charge/discharge profile of the electrode pre-
pared 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 (Bare-
Si) , 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 Si-

cCNF electrode. The current profiles are consistent with the typical behav-
iour 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 conduc-
tivity between Si-Np should contribute to the increased performance. Anoth-
er 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. In-
deed, 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 ca-
pacity 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 frac-
ture.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 pro-
mote 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 per-
formance in Figure 4.8B. After the initial loss, the specific capacity of Si-
cCNF 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 net-
work 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 ex-
pansion 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 perfor-
mance 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 meth-
ods of the CNF-based materials, the nanofibres find application in electro-
chemical 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 dehydra-
tion 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 Scat-
tering (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 possibili-
ties 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.  

 
 
 
 
 



50 

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 ar-

rested phases (gel or glass), depending on the nanofibre surface charge and 
aspect ratio.17 The plasticity of the nanofibres leads them to form entangle-
ments, thus decreasing their freedom of movement and leading to the for-
mation of gel or glass.17 These arrested phases frustrate the nanofibres as-
sembled in ordered structures. To circumnavigate the dynamics involving 
the formation of gels or glass, the CNF suspensions were prepared by osmot-
ic 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 ob-
served 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 ma-

jority 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 patch-
es. With increasing concentration the domains increase in size, suggesting 



51 

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 func-
tion of the CNF concentration in Figure 5.2A. 

 

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

function of the CNF concentration. The black line corresponds to G’ = Acα 
(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 concentra-
tion. 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 in-
creases until 1.70 wt% after which it reaches a plateau with a maximum val-
ue 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 order-
ing 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 draw-
ing 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 rheo-
logical 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 calculat-
ed 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 net-
work behaves as a viscoelastic solid in the studied concentration range (Pa-
per V26 SI). At low concentrations G’ reaches a large value of ≈ 100 Pa. Up 
to 3.40 wt% the data follow a power law behaviour of G’ ∝ Cα (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 suspen-
sions 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 re-
lated to the phenomenon of aggregation and entanglement. This is also sup-
ported 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 vis-
cous 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 de-
formations alongside the reversible-elastic behaviour. It is calculated from 
the ratio between the flow point and yield point (Figure 5.2D). FTI repre-
sents 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% (Fig-
ure 5.2A), it can be concluded that after 1.00 wt% the formation of the ne-
matic phase is in competition with the formation of arrested states. The de-
tails 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 for-

mation of the nematic phase (anisotropic) leads to the aforementioned physi-
cal and rheological characteristics. The structural evolution of this viscoelas-
tic 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 concentra-
tions 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 © Na-
noscale 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 increas-
ing 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 dehydra-
tion (Chapter 2.2). Since the suspension was stirred every 20 min, the gradi-
ent 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 shape-
independent model that combines a power-law function with a two-stage gel 
model153,154, which is similar to the traditional scattering model used for pol-
ymer gels.155–157 
 
𝐼 𝑞 = 𝐴 ∙ !

!!
+ 𝐼! 0 ∙ exp − !!!!

!
+ 𝐼! 0 ∙ !

!!!!!!
+ 𝐵                 (eq. 5.1) 

 
The first term of Eq. 5.1 modulates the intensity in the low q region and con-
sist of a power-law function in which n (Porod exponent) describes the com-
plexity 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 net-

work evolves during the osmotic dehydration, thus describing the formation 
of the nematic phase. Figure 5.3C shows both ξ and Ξ (denoted as correla-
tion 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 net-
work. The rheological properties have shown that only after 1.0 wt% the 
formation of the nematic phase is in competition with the formation of ar-
rested 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 de-
crease 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 be-
yond ≈ 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 for-
mation of order structure in other types of water-based nanoparticle suspen-
sion, to prepare order structural materials. This leads to a potential wide ap-
plicability.  
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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 chi-
ral 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 di-
mensions 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 cal-
culated 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 ac-
count 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 pat-
tern 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 (in-
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set). The q1 peak corresponds to the particle-particle packing distance be-
tween chiral nematic planes (parallel to the direction of the helix) and is 
equal to ≈ 39 nm. This value is comparable with previous literature for sul-
fonic 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, increas-
ing 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 ob-
served 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.  

 



59 

 
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 im-
ages 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 differ-
ent 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 mi-
croscopic 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 inte-
gration of the respective scattering intensity. In both patterns two symmet-
rical 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 align-
ment 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 orien-
tation with respect to H. This switch from parallel to perpendicular align-
ment, despite CNC diamagnetic nature, is an effect of the addition of 10 wt% 
LpN and can be explained by considering the positive magnetic susceptibil-
ity 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 orienta-
tion 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 scatter-
ing 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 hy-
brids. 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 analo-
gous to the pristine suspension but appears to be lower (Figure 5.7D).  

The degree of orientation of the nanoparticles was quantified by the Her-
man 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 per-
fect alignment is achieved when S = -0.5 and S = 1, respectively perpendicu-
larly 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, indicat-
ing 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 nega-
tive 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 re-
sponse 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 magnet-
ic 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, respective-
ly. CNF offer high versatility in the manufacturing processes allowing to 
adjust cellulose characteristics such as charge density, degree of defibrilla-
tion, 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, hy-
drogen crossover, ion conductivity, and mechanical stability. CNF-based 
PEMs display a high water uptake with lower hydrogen crossover than Nafi-
on 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 descrip-
tion 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 perpen-
dicular to parallel. The degree of alignment was quantified thanks to con-
trast-matching SANS.  

Overall, the CNF and general nanocellulose based materials show a very 
promising performance in the target applications and rich dynamics concern-
ing 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 carbox-
ylic 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 in-
troduction 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 filtra-
tion 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 defibril-
lation 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 ex-
tremely interesting to evaluate the influence of surface charge and length 
distribution of the CNF on the nematic ordering. The influence of the osmot-
ic pressure and speed of osmotic dehydration could also be parameters to 
investigate. Further developments could include the use of osmotic dehydra-
tion to obtain materials in dry form, and possibly including other nano-
materials together with the CNF. Evaluating the possibility of osmotic dehy-
dration 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 ap-
plication of this hybrid, for example as a structural material or for templat-
ing.  
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8 Sammanfattning 

Teknologi baserad på förnybara material krävs för att minska miljökost-
nader och främja utveckling av ett hållbart samhälle. I detta avseende, nano-
cellulosa utvunnen från trä finner många tillämpningar tack vare dess inre 
mekaniska och kemiska egenskaper samt mångsidighet i dess tillverknings-
processer. 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 cellulosananokri-
staller (CNC) - lepidocrocite nanorods (LpN) hybrider. 

Bränslecellprestanda för CNF-baserade protonledande membraner utvär-
derades 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 mel-
lan 65 och 95% RH. Samtidigt mättes vattenupptaget av membranet och 
korrelerades med den strukturella utvecklingen av membranet med använd-
ning av röntgenstrålespridning med liten vinkel. 
 Prestandan hos den CNF-baserade separatorn i litiumjonbatterier under-
söktes som en funktion av membranporositet och protonering av de funkt-
ionella grupperna. Li-jon batteriet monterat med de protonerade separatorer-
na visade stabil och bra hastighetsprestanda. 

CNF testades också som bindemedel i litiumjonbatteri, vilket visade att 
katodens morfologi och mekaniska egenskaper beror på nanofiberytladd-
ningen och graden av defibrillering. I synnerhet ger hög ytladdning och me-
delhög 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 nema-
tiska 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 neu-
tronspridning 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. 
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