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Abstract

Structured electrodes with tailored nanoscale morphology and chemistry are highly desirable for a
range of applications. In particular, emerging energy storage applications such as thick Lithium-ion
battery (LIB) electrodes and photoanodes for watersplitting require new electrode structures that
simultaneously optimise electron, ion, and thermal transport. In this PhD thesis, advanced structured
electrodes are fabricated by creating 3D carbon-inorganic hybrid architectures. In this process,
patterned vertically aligned carbon nanotubes (CNT) were used as the structural scaffolds to shape
the electrodes while inheriting the excellent thermal and electrical properties of CNTs.

First, UV and colloidal lithographic patterning processes were developed to create micro- and nanopores
respectively within the CNT structures. Those structures provide high surface area and conductive
backbone for the synthesis of hybrid CNT-inorganic structures. Specifically, the parameter space
to create honeycomb shaped CNT structures with pores ranging from 300 nm to 30 µm has been
established.

Next, the micro-pore CNT structures have been chemically modified with iron oxide using microwave-
assisted, hydrothermal synthesis for fabricating high areal loading LIB anodes. The areal loading
was increased by 120% compared to a standard battery film while at the same time retaining a high
capacity (900 mAhg−1 at 0.2 C). Then thick electrodes with optimised diffusion pathways were
created by coating the nanopatterned CNTs with silicon using physical vapour deposition. These
electrode structures are up to 50% thicker than previously reported structures and still retain a stable
capacity (650 mAhg−1) and a good high-rate performance. Finally, the honeycomb shaped CNT
structures have been coated with bismuth vanadate using a hotcasting process and the electrode
architecture has been optimized for good conductivity by the addition of a Pd/Au layer between the
CNTs and the BiVO4. The photoelectrode performance was measured and shows a clear increase in
current density when exposed to light.

Each of these novel electrodes illustrate how patterning vertically aligned carbon nanotube structures
combined with inorganic surface modification enables the creation of advanced electrodes with new
formfactors and improved performance in comparison to literature and to classic drop-casted battery
films of the same materials.
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Introduction and Project Goals

Carbon can appear in many different structures and hybridization states. The first all-carbon molecule
found was the buckminsterfullerene, discovered by Kroto and Smalley in 1985. [1] Another all-carbon
molecule is graphite with its planar structure with sp2 hybridized atoms and an electron cloud
surrounding the planar layers due to the overlapping π orbitals. The layers are stacked in an ABAB
sequence with a layer spacing of about 0.334 nm. [2] A single layer of graphite is called graphene
and was discovered in 2004 by Novoselov et al. [3] This created as much scientific interest as the
recognition of carbon nanotubes (CNTs) in 1991 by Iijima. [4] The structure of single-walled CNTs is
that of a ”rolled up” graphene sheet, which means it is a tube made out of a hexagonal lattice of
sp2 carbon atoms with either open or closed tips and a void single internal channel. CNTs can be
single-walled or multi-walled which have a structure with several concentric cylinders around each
other. [5] Since 1991, CNTs have been under thorough scientific investigation for various applications
due to their unique mechanical, thermal and electrical properties. [6] Low-defect single-walled CNTs
show a Young’s modulus of up to 1 TPa, [7] a current density that exceeds copper (4·109 Acm−2) [8]

and a thermal conductivity (3500 W m−1K−1) [9] that exceeds diamond. Due to those very interesting
properties, CNTs have been considered as promising materials for applications in a range of domains,
such as water purification and filtration, [10–15] CNT-polymer composites for advanced electrical
and mechanical properties, [16–18] transistors, [19–23] MEMS-devices like resonators, [24–26] sensors and
biosensors, [27–31] electrodes for supercapacitors and batteries [32–35] and flexible electronics. [36–39]

CNTs can be grown with high quality and at precisely determined locations to record lengths of half a
meter. [40] A challenge, however, is to preserve their impressive properties in CNT assemblies, as these
typically degrade by an order of magnitude when the assembly is random. To preserve the properties
for the above mentioned applications, much work has focused on CNT alignment, horizontally, e.g.
into films or sheets [41–44] or yarns, [45–48] or vertically into CNT “forests”. [49–51] CNT forests are
very promising due to additional, specific properties, such as anisotropy through alignment and high
specific surface area. [52] Patterning of vertically aligned forests [53] offers opportunities for advanced
electrode designs that are able to tackle challenges of diffusion limited processes, as they e.g. occur in
Lithium-ion batteries. Vertically aligned CNT structures themselves have already been reported for a
range of applications, such as supercapacitor electrodes, [54,55] microelectromechanical devices [56] and
integrated nanoelectronic devices. [57] Depending on the application of these electrodes a different
surface chemistry is needed. The focus in this thesis is on creating advanced CNT electrode structures
with the corresponding active materials for Lithium-ion battery and watersplitting electrodes. These
hybrids are synthesized and tested electrochemically to investigate their performance as advanced
electrodes compared to the current standards in both areas.

Advanced Li-ion battery anodes Electrochemical advances in portable electronics and electric
vehicles require Li-ion batteries with even higher energy and higher power density. One way to improve
the energy density is to increase the amount of active material by increasing the thickness of the active
material slurry film in comparison to the collector electrode. This increases the gravimetric battery
performance as more material can be added without increasing other materials of the total cell mass,
such as packaging, which can also lead to a 50% reduction in cost. [58] However to date, such thick
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electrodes suffer from (i) poor Li-ion diffusion through the electrode (ii) poor electrical conductivity
and thus ohmic losses, (iii) poor heat dissipation, and (iii) manufacturing challenges such as cracking
and flaking of the electrode during drying. [58] This thesis is aiming to address those bottlenecks by an
advanced electrode architecture combining a vertically aligned CNT structure with diffusion pathways
and desired battery materials. Those advanced, thick electrode structures should enable a better
high rate performance and increased stability compared to standard film electrodes with the same
materials. While a range of three-dimensional hybrid structures, such as Fe2O3/C foams, [59] Nickel
nanotube arrays with Fe3O4@MnO2, [60] porous wood [61] and CNT forests with electroplated Nickel
particles [32] or Manganese oxide, [62] has been reported for energy storage, very limited literature can
be found on CNT/inorganic hybrid structures with vertically aligned CNTs for Lithium-ion batteries
which makes this an exciting gap in the literature to explore. A few records highlight the promise of
those hybrid structures, e.g. Lu et al. [63] reported CNT forests with electrodeposited V2O5, Gohier et
al. [64] showed a coating with silicon on CNT forests and Ahmad et al. [65] highlighted the advantage
of a 3D CNT cone structure with Fe2O3 for flexible batteries.

Advanced photoelectrodes for solar watersplitting With the current search for more sustainable
energy sources, water as a feedstock for fuel is very promising as a cheap, abundant and non-toxic
material. Clean energy can be gained by hydrolysis, resulting in H2 as a fuel. This can be done
through photoelectrochemical splitting of water. [66,67] Here the electrode surface area is directly linked
to the amount of charge pairs created and thus crucial for the efficiency of the device. Additionally, it
needs to be ensured that the charge separation is faster then the recombination time. A conductive
3D CNT backbone with a photoactive material coating is a promising architecture to address these
points and achieve a higher conversion. Bismuth vanadate (BiVO4) is a widely used material in solar
waterslitting and is thus combined with the new CNT structure.

Approach for electrode fabrication Patterned vertically aligned CNT forests of different heights
and structure dimensions are prepared in this thesis using two types of lithographic methods, colloidal
and UV-lithography, with subsequent CNT growth in a chemical vapor deposition (CVD) furnace.
Those structures are then modified with the respective inorganic materials for the specific application,
using a range of protocols. As strong inorganic-carbon coupling has been shown to increase the elec-
trochemical performance of electrodes, [68–71] in-situ synthesis is used for the coatings. Hydrothermal,
microwave-assisted synthesis is used for the first time on CNT forests. Previously reported coating
methods for CNT forests utilize either gas phase deposition, electrodeposition or drop-casting of
pre-synthesized particles to not destroy the delicate CNT hierarchical structure. This significantly
limits the range of materials that can be used or often relies on physical adsorption of the active
material onto the CNTs which can result in poor electrical contact over long term cycling. Thus
the hydrothermal, microwave-assisted approach is a very promising route for further research and an
increase in the material range for carbon-inorganic hybrid materials.

Figure 0.1 shows an overview of the approach followed in the PhD project.
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(I) 3D CNT structure synthesis: The first objective is the fabrication of the growth template
either on the microscale using UV-lithography or on the nanoscale using colloidal lithography.
By adjusting the template masks, various pore sizes for the CNT structures, grown by CVD,
can be achieved. This is reported in chapter 3.

(II) 3D CNT structure modification: The synthesized vertically aligned CNT structures on nano-
and microscale are then functionalized with selected materials. Iron oxide and silicon are used as
anode materials for Lithium-ion batteries (reported in chapter 4). Bismuth vanadate represents
a material that is used in watersplitting applications (reported in chapter 5).

(III) Electrochemical testing: The synthesized CNT/inorganic material hybrid electrodes are then
tested for their electrochemical performance. This is done by Simon Engelke in the same group
for the Lithium-ion battery anodes (results in chapter 4) and by Jan Rongé at KU Leuven,
Belgium, as electrodes for solar watersplitting (results in chapter 5).

Fig. 0.1 Overview of the steps of the project, from the synthesis of the 3D CNT structure to the
modification to the final testing for the applications.





Part II

Introduction to Carbon Nanotubes:
Structures and Modification
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Chapter 1

Carbon Nanotubes (CNT) Overview

Random CVD-grown CNTs, scale bar 100 µm.
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1 Carbon Nanotubes (CNT) Overview

Carbon nanotubes (CNTs), first described in 1991 by Iijima, [4] are a very promising material for many
applications due to their impressive mechanical, electronic and thermal properties. This chapter will
discuss the CNT structure, their properties and the fabrication of CNT powders and aligned structures,
as well as patterning methods for vertically aligned CNT and elastocapillary self-aggregation for
different shapes in CNT structures.

1.1 CNT structure and properties

1.1.1 CNT structure

A single-walled CNT can be imagined as a ”rolled up” graphene sheet. This means the tubular
structure is composed of a hexagonal lattice of sp2 hybridized carbon atoms with a strong σ bond of
0.142 nm and with the pz , or π, orbitals providing an electron bond network.

As shown in figure 1.2, graphene sheets can theoretically be rolled up in different ways to form CNTs.
This is described by the circumference vector, also called chiral vector C. It leads to different CNT
structures that are chiral to each other. The chiral vector is defined by a pair (n,m) of integers. [72]

Fig. 1.2 Schematic overview of the different structures of CNTs, as defined by the chiral vector
and its integers (n,m). [6]

We can distinguish three types of CNTs depending on their chirality: (1) the ”zig-zag” configuration
with m = 0 (n,0), (2) the ”armchair” configuration has an n equal to m (n,n) and (3) general ”chiral”
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CNTs where n >m >0. [2] As |a1|=|a2|=0.246 nm, the length of the chiral vector C is defined as
0.246

√
n2 + nm + m2. Hence, the diameter dt of specific configuration is given by [2]

dt = 0.246
√

n2 + nm + m2/π. (1.1)

And the chiral angle θ is defined as

θ = sin−1
√

3m
2

√
(n2 + nm + m2

. (1.2)

This chirality determines the electrical properties of CNTs, as explained later. CNTs can occur
as single-walled (SWNTs), double-walled and multi-walled CNTs (MWNTs). For MWNTs several
concentric single-walled CNTs are wrapped around each other with a spacing of 0.340 nm. The
typical diameters range between 0.8 to 2 nm for SWNTs and 5 to 20 nm for MWNTs. [5] The length
is dependent on the synthesis method and ranges from less than 100 nm to the record of half a
meter. [40]

Fig. 1.3 SWNTs and MWNTs are schematically shown in A. [73] An HRTEM image of a SWNT
with enhanced contrast of the zig-zag structure [74] and a TEM image of a CVD-synthesized MWNT
is shown in C. [73]

A schematic structure of an SWNT and an MWNT can be seen in figure 1.3(A). Then an high
resolution transmission electron microscope (HRTEM) image of a SWNT is shown in (B) and a TEM
image of an MWNT in figure 1.3(C). [73,74]

The shown hexagonal network is not always perfect - depending on the synthesis method it can
contain defects. Elbow connections can occur when armchair tubes are joined to zig-zig tubes by a
pentagonal ring on the outer side of the elbow and a heptagon on the inner side. Another type of
defect is the Stone-Wales transformation, shown in figure 1.4. In this type of defect two hexagons turn
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into a pentagon and a heptagon, introducing a’5-7-7-5’ rearrangement. While individual pentagons
and hexagons can introduce a positive or negative curvature in the perfect linear tube structure, this
one cancels itself out. Those defects can be seen in figure 1.4 with the elbow connection for a (5,5)
armchair CNT in (A) and the Stone-Wales transformation in (B).

Fig. 1.4 A perspective drawing with pentagon and heptagon shaded in (A) shows the elbow
connection of a (5,5) armchair. In (B) the Stone-Wales transformation that leads to a ‘5,7,7,5’
defect is shown. [2]

The structure can also be affected by defects through vacancies or adatoms. [2] The higher the
concentration of defects, the lower their stiffness and tensile strength. [26]

1.1.2 CNT properties

As mentioned before, CNTs are highly attractive due to their impressive properties that can exceed
those of existing materials. Those properties will be discussed in more detail in this chapter.

1.1.2.1 Mechanical properties

Due to the strong sp2 bond between the carbon atoms, CNTs have a high Young’s modulus and
tensile strength. The Young’s modulus of individual high-quality nanotubes exceeds 1 TPa. For
MWNTs a tensile strength of 100 GPa has been measured. [18] This strength is over 10-fold higher
than any industrial fibre. [5] One way to utilize this strength is to spin CNT yarns and fibres out of
those CNTs. [75] However, those values vary depending on the synthesis method. The arc-grown
CNTs have a Young’s modulus of around 870 GPa whereas the catalytically grown ones only reach a
modulus of 100-350 GPa. This clearly demonstrates that catalytically grown CNTs are inferior to
arc-grown ones due to their high defect density. [2]

1.1.2.2 Electrical properties

SWNTs are classified as metallic or semiconducting according to a simple ruleset depending on
their chirality. Armchair CNTs all are metallic, zig-zag CNTs are metallic when n is divisible by
three, but otherwise semiconducting. Chiral CNTs are metallic when n-m=3q, where q is an integer;
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otherwise they are semiconducting. About one-third of chiral tubes are metallic and two-thirds are
semiconducting. [2]

Electrical transport inside CNTs is affected by scattering, defects and lattice vibrations, which can
lead to higher resistance. Defect-free metallic SWNTs show ballistic behaviour. Ballistic transport
occurs when electrons pass along a conductor without experiencing any scattering from impurities
or phonons. Then the electrons do not encounter any resistance. This is an important aspect
of quantum wire behaviour and means that large amounts of current can be conducted without
dissipating heat. It depends on structural perfection, temperature and the size of the driving electric
field. [76] A metallic SWNT has a resistance around 6.5 kΩ. SWNT bundles exhibit current densities
up to 1,000·106 Acm−2, which is exceeds copper (∼106 Acm−2). [77] Chen et al. [52] found that the
electrical conductivity peaks (178 S/cm) around a wallnumber of 2.7 and a diameter of 5.4 nm.

Arc-discharge MWNTs have been found to have an average resistivity of several kΩµm−1, a resulting
electrical conductivity of approximately 1-2·103 Scm−1 and very high current densities of about
107 Acm−2. [78,79] MWNTs produced the same way were also tested for their current carrying capacity
and reliability under high current densities ( >102 Acm−2) and no failure in the structure or change
in resistance for temperatures of up to 250 °C has been found, making them very promising choices
for nanoelectronic devices as they can avoid electromitigation. [80]

1.1.2.3 Thermal properties

Thermal conductivity of CNTs is superior to even that of diamond due to the strength and toughness of
the sp2 bonds and 1D character of the tubes which strongly limits the allowed scattering processes. [75]

Individual SWNTs can have a thermal conductivity of 3500 W m−1K−1 at room temperature, [5] ex-
ceeding that of pure diamond is around 2000-3000 Wm−1K−1. [2] Even for catalytically grown MWNTs
the intrinsic thermal conductivity at room temperature was measured to be 2586 Wm−1K−1. [81]

Looking at the heat transport, it is ballistic for SWNTs at low temperatures. At higher temperatures,
the thermal conductivity decreases due to defects. [75]
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1.2 Fabrication methods for pristine CNT powders

A lot of systematic research began with Ijima’s observation of CNTs produced in an arc-discharge
fullerene reactor. [82] Since then, several new methods to synthesize CNTs have been developed. The
most important ones are shortly discussed here.

Arc discharge

In this fabrication method, a chamber is filled with He and a direct-current arc-discharge is used
between two graphite electrodes to generate CNTs. Also H2 or CH4, ethanol, acetone and hexane
can be used as gases for the atmosphere. MWNTs can easily be generated in this high temperature
process and by tuning the gas type and pressure a high yield and high purity/ crystallinity can be
achieved. [6] While the throughput of the synthesis can be very high (20-100 mg min−1), the discharge
only lasts for a few minutes. [2] There are several theories for the formation of nanotubes during
the arc-discharge: [2] (1) A vapour phase growth was proposed where the nucleation and growth
is assumed as a direct condensation from the vapour phase with the arc’s electric field playing an
essential role. (2) A liquid phase growth was suggested by De Heer et al. [83] in 2005 where they
proposed that the arc-discharge caused the anode to locally liquify creating liquid carbon globules
which act as nucleation points of CNTs and nanoparticles. (3) Harris et al. [84] proposed a solid state
model in 1994 where the carbon condenses onto the cathode, experiences very high temperatures and
then acts as seeds for the nanotube growth. (4) The other suggested model is the crystallization
model where the authors suggested that the growth of the MWNTs doesn’t occur from one end to
another but rather in the form of a crystallization process from the surface to the center. [2]

With the addition of a metal catalyst, such as Ni, Fe or Co, also SWNTs can be produced. [85] In this
process, unwanted species such as MWNTs or fullerenes are typical by-products. A high crystallinity
and purity can be achieved by a modified process using a carbon anode with 1% Fe-catalyst in
an H2-Ar atmosphere, combined with an oxidation purification process to remove the Fe catalyst
nanoparticles. [6]

Laser vaporization

The pulsed laser deposition uses a high temperature technique similar to the arc discharge. A laser
pulse is applied to a graphite pellet that also contains the catalyst material in a furnace that is heated
to ∼1200 °C with an inert gas at a constant pressure. Catalysts are usually Ni or Co and the lasers are
Nd:YAG and CO2. The process is very dependent on the laser properties, the structural and chemical
composition of the target material, the chamber pressure, the buffer gas and the temperature. [2]

SWNTs of high-quality and high-purity can be grown. It has been reported that mostly metallic
SWNTs can be grown with this method. [86] However, the equipment is very expensive and has a poor
scalability. [6]
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Chemical vapor deposition

Chemical vapor deposition (CVD) can be used to produce large volumes of CNTs as it is easy to
scale up, uses low cost feedstocks and has a high yield and little waste. [87] The produced CNTs have
shorter lengths and a higher defect density that influences their properties. [44] In addition to low
catalyst yields and short catalyst lifetimes as the disadvantages of this methodology, [6] it is believed
to generate CNTs that are structurally inferior to the two previously mentioned methods. While this
might be true for MWNTs, SWNTs with high structural perfection have been produced using CVD
methods. [2] For SWNTs, several factors need to be controlled: the temperature, the feedstock and
the size of the catalyst particles are most important. The temperatures in the furnace need to be
increased to 900-1200 °C and the feedstock needs to be adjusted accordingly to the ones with a
high thermal stability, such as CH4 and CO. Addition of H2 or benzene to the gas flow enhances the
SWNTs yield. [2] Nanoparticles of less than 1.8 nm were observed to be the most active in SWNT
growth, while above 7 nm did not lead to any SWNT growth. [88] By controlling the growth process
very well, it is possible to direct the synthesis for specific electronic structures of SWNTs, metallic or
semiconducting, control B- or N-doping, length and purity and produce large quantities. [5,6]

To produce high volumes of MWNTs, it was found that ferrocene or iron pentacarbonyl as the catalyst
as well as the carbon source work very well. This also brings the advantage that there is no spare
catalyst that needs to be removed afterwards. [2] Deck et al. [89] published a study looking at a variety
of transition metal catalysts and their activity of MWNT growth. They found that of the tested
catalysts, Fe, Co and Ni are the only catalysts producing MWNTs with the solubility of the carbon in
the metal being the most important parameter. This solubility was found to be 0.5-1.5 wt% carbon
for successful growth with lengths varying from 2 µm to 3 mm and diameters ranging from 20 nm to
60 nm. The mechanism suggested here is that the carbon-containing molecules decompose on one
side of the metal particle and the tube grows on the opposite side. [2]

The good control of the growth process in this method enables growth of CNT arrays on substrates. [2]

SWNTs as well as MWNTs can be grown this way. Dai et al. [90] have shown that vertically aligned
SWNT arrays can be grown on Si/SiO2 substrates and Fe catalysts with a plasma enhanced CVD
method. Vertically aligned CNT growth using CVD is a crucial part of this thesis and will be discussed
more in detail in chapter 1.3.

Classical wet chemistry

Bottom-up organic syntheses have been reported where homogeneous CNTs with well defined structures
can be formed. A CNT synthesis with control of chirality was prepared by utilizing hoop-shaped
carbon macrocycles, that keep information regarding chirality and diameter, as templates. [91]
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Fig. 1.5 Schematic illustration of the two-step bottom-up synthesis of SWNTs with specific
chirality. [92] In step 1 the polycyclic hydrocarbon precursor undergoes a cyclodehydrogenation,
forming the seed for subsequent epitaxial elongation (step 2) into a singly capped (6,6) SWNT.

Also a solvent-free growth of armchair CNTs by a gas-phase Diels-Alder cycloaddition of benzyne
to an aromatic hydrocarbon has been reported by Fort and Scott. [6,93] A controlled synthesis of
single-chirality CNTs has been published by Sanchez-Valencia et al. [92] which uses a two-step synthesis
starting with an organic precursor and then a CVD-type reactor. This process is schematically shown
in figure 1.5. After the cyclodehydrogenation of a suitable polycyclic hydrocarbon precursor (step 1),
seeds for the nanotube growth are generated. Those singly capped ultrashort (6,6) SWNTs are then
grown via epitaxial elongation in a CVD furnace, forming singly capped (6,6) SWNTs.

1.3 Vertically aligned CNT structures

1.3.1 Fabrication of vertically aligned CNT structures

Aligned CNTs are the most promising configuration to exploit the impressive properties of individual
CNTs. The properties of CNTs are known to decrease by about an order of magnitude in random
assemblies. Thus, for many applications the need for an alignment of the CNTs has arisen. CNTs can
be assembled in a number of ways, each leading to specific structural properties for targeted CNT
applications. Those ways of assembly can be seen in figure 1.6 in relation to the scale of alignment. [94]
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Fig. 1.6 Ways of CNT arrangement. [94]

Forests, yarns and sheets can be created to improve the properties and add new functionalities, like
shape recovery, dry adhesion and high damping. [5] Ways to align CNTs and make assemblies are
briefly listed here, including some examples:

• CNT film creation: Films can be created by post-processing or self assembly of dispersed
CNTs as shown by various groups. [41–43,95] Fan’s group synthesized super-aligned CNT arrays
on 4” Si-wafers in low-pressure chemical vapor deposition (LP-CVD) systems, which can then
be transformed into sheets. [96] Baughman’s group described a process to obtain highly oriented
CNT sheets by densifying an electronically conducting aerogel. [97] Lieber’s group reported an
alignment process using a ‘bubble-blowing’ method from a CNT suspension. [95]

• CNT forest growth: Self organizing, vertically aligned CNTs can be grown on a substrate
with a catalyst in a chemical vapor deposition (CVD) process. [49–51] They show properties like
high porosity, high specific surface area and flexibility. [52]
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• Alignment in fibres: Windle’s group employs ”direct
spinning” of CNTs where the CNTs are spun into fi-
bres in a continuous process directly after gas phase
synthesis in a CVD furnace. [45] Baughman’s group de-
veloped an ”array spinning” process where CNT fibres
are spun from a forest of vertically aligned CNTs. [46]

This spinning process can be seen in figure 1.7. Vigolo
et al. [47] established the continuous spinning of fibres
from a liquid crystal suspension, whereas Ericson et
al. [48] use an acid spinning method that shows parallels
to the Kevlar technology. Also electrospinning can be
used to create yarns. [98] A range of MWNT yarns is
shown in figure 1.8. [46] Fig. 1.7 SEM image of the spin-

ning process of yarn from verti-
cally aligned MWNTs forest. [46]

Fig. 1.8 SEM images of MWNT yarns formed into more complicated knitted structures. [46]

CNT forest growth by CVD is one of the most versatile methods for creating structured CNT assemblies.
It is usually done on Si-wafers as it allows to use UV-lithography and deposition techniques. CNT
forest can also be grown in microscale arrangements of aligned CNTs using lithographic patterning of
the catalyst, adding more functionality and flexibility to it. CNT forest growth was also demonstrated
on A4 sized substrates [50] and commercial 300 mm wafer tools are available for this process, making
this a potentially scalable method. For our applications a conductive structure with pores for the
diffusion limited processes is needed. This can be achieved by CNT forests. Due to these advantages,
this project focusses on CNT forests grown by CVD methods.
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1.3.2 CNT forest growth by chemical vapor deposition

Li et al. [51] showed for the first time a large area alignment of CNTs on mesoporous silica with iron
(Fe) particles as a catalyst when they used thermal decomposition of acetylene gas at temperatures
above 700 °C. Following this, many reports have been published describing the growth of vertically
aligned CNTs by CVD processes. A CVD process requires an activated carbon species. Methane,
acetylene, carbon monoxide or liquid hydrocarbons are commonly used as carbon sources. CVD
reactors can generate active carbon species either by thermal (thermal CVD) or by plasma activation
(plasma-enhanced CVD). [99,100] Catalysts usually are first row transition metals like nickel, cobalt or
Fe. The choice of catalyst significantly influences the growth process, growth rate and yield - and
is thus an important parameter in the growth process. For forest growth, the catalyst is deposited
on a substrate. This is done in various ways including physical vapour deposition, deposition from
suspension as a thin metal-layer or nanoparticles on a substrate. [101]

In many thermal CVD processes, a quartz tube is inserted in a furnace either run at low or at
atmospheric pressure. In figure 1.9(A) a schematic set-up of a CVD-furnace can be seen. This furnace
has multiple mass flow controllers for different gases to be introduced into the flow reactor. [99] In the
SEM in figure 1.9(B) a CVD grown forest can be seen. The vertically aligned CNTs are clearly visible
in the higher magnification inset in (C). The forest was grown on an Si-wafer using Fe as a catalyst
and an Al2O3 underlayer.

Fig. 1.9 A schematic set-up of a CVD furnace is shown in (A). It has several mass flow controllers
which enables the introduction of a range of gas mixtures into the flow reactor. [99] In (B) an SEM
image of a CVD grown forest can be seen with a higher magnification in (C) where the alignment
of the CNTs is clearly visible. Scalebar in (B) is 50 µm and (C) is 300 nm.

The advantage of using a CVD process lies in the fact that it can easily be scaled up and is a
cost-effective method to produce large area CNT arrays. A disadvantage, however, is their low
density with the maximum density being about 1·1012 CNTs per cm2. [102] Also the selection of
the right feedstock and process parameters for a certain type of CNTs can be challenging. [103]

It is well understood how to grow single-walled and multi-walled CNTs but the CNT growth of
specific chiralities is just at the beginning of being understood, as shown by Yang et al. [104] where
highly specific catalyst particles are used. Compared to CNT powders, CNT forests, especially
lithographically patterned ones, can be very expensive and have a lower throughput. However, many
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application require a more specific arrangement of structures that cannot easily be provided by powders.

CNT forest growth mechanism with CVD

CNT forest fabrication needs to be well understood to achieve the desired structures with the right
density and height, thus the proposed growth mechanisms and dynamics will be discussed here.

Growth mechanisms When the catalyst is placed on a substrate, two possible growth mechanism
have been observed, either tip-growth where the catalyst is lifted of the substrate by the growing
CNT, [105] or base-growth or root-growth where the catalyst remains on the substrate while the
CNT grows. [106] During the decomposition of the carbon species, CH or CCH and H radicals get
formed which then dissociate into C and H atoms. [106] The interaction between the catalyst and
substrate material is mainly responsible for the type of growth. [103] An example for a weak interaction
between the catalyst and the substrate material resulting in tip-growth is Nickel as a catalyst on
SiO2. [107] In contrast, using Fe or Co particles on a SiO2 substrate or Fe on an alumina layer leads
to base-growth. [2,108,109] For a thermal CVD growth a thin film of Fe was found to work very well,
whereas for plasma-enhanced CVD growth Ni is preferred as a catalyst. [110]

For the growth of the CNT itself, initially the scooter mechanism was described for laser ablation
and arc-discharge CNT growth. [111] It focusses on the importance of the isolated metal atom during
growth absorbing onto open edges of a curving graphene sheet, and then scooting around at the edge
to promote annealing of any carbon structure that is not the most energetically favored. Contrary to
this mechanism, Yudasaka et al. [112] proposed a model where CNTs are produced through a separation
of graphene from a molten carbon-metal mixtures.

For CVD-CNT synthesis, these models were adapted to explain the CVD-type growth. Dai et al. [113]

described the mechanism for MWNTs as the following: The formation of a graphene cap, which
they called yarmulke, lowers the surface energy of the particle. Newly arriving carbon atoms can
either grow the shell around the carbon particle, form another cap below the initial one, forcing the
out-most one to lift up and form a cylindrical tube, or add to the growing cylindrical section. The
C atoms diffuse through the metal particle until supersaturation occurs, leading to segregation and
graphitization. [114] This is similar to the vapor-liquid-solid (VLS) model suggested for the growth of
silicon nanowires. [115] The yarmulke mechanism with the cap formation has been validated by in-situ
TEM measurements. [116,117] Molecular dynamics simulations for the formation of that cap on an iron
particle where shown by Ohta et al., [118] giving further insights into the catalytic effects of the metal
particle.

As this mechanism does not apply to all growth conditions, e.g. when using a non-metal catalyst, a
vapor-solid-solid (VSS) model was proposed by Page et al. [119] for the growth of SWNTs from SiO2.
In this model the SWNT nucleation occurred after the carbothermal reduction of the SiO2 surface to
SiC by CO and a subsequent carbon saturation. Another mechanism was proposed by Hofmann et
al. [120] where they suggested a surface diffusion process rather than bulk diffusion for solid Ni and
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Co. This model is supported by the fact that the activation energy of the MWNTs’ growth rates
corresponds clearly to the diffusion of carbon into solid metal particles. If the particles were liquid,
the diffusion would be much faster. [2,121]

Growth dynamics and stages The morphology of a CNT forest has been shown to be spatially
non-uniform and parameters like the alignment, diameter and packing density change dependent
on the position in the forest. Bedewy et al. [109,122] have developed a method to understand more
about those parameters and the associated growth dynamics. This method utilizes small angle X-ray
scattering (SAXS) and real-time height kinetics. Using the X-ray to scan vertically through the
forest, they study the mass and areal density of the forest dependent on the distance from the top.
The results for a cold- and a hot-wall reactor are shown in figure 1.10. A cold-wall reactor has a
heated substrate whereas the hot-wall reactor has a heated tube. As it can be seen in the graphs,
process conditions like the rate of heating and annealing time (both shorter for the cold-wall reactor)
significantly change the initial growth rate.

Fig. 1.10 The graphs show the development in mass density and areal density in regards to the
position measured in the forest (given in distance to the top of the forest) for a cold-wall reactor
(A) and a hot-wall reactor (B). [109]
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The crowding phase in the cold-wall reactor is longer than for the hot-wall reactor. After the steady
growth phase, the mass density starts decreasing for both reactors. The mass density curves also
clearly show that the region of true uniformity of a forest is very small. The final cumulative areal
density is twice as high for the hot-wall reactor which, as already mentioned, can be attributed to
the process conditions. A longer annealing time might lead to more time for the reduction of the Fe
particles and thus more active catalyst species.

In further analysis of the performed SAXS measurements it was found that the diameteral ratio of
the inner to outer CNT diameter is constant during the crowding phase in the beginning showing
that there is no preferential nucleation of smaller or larger CNTs, as seen in figure 1.11A. During
the steady growth stage and the density decay, however, the ratio increases and then starts dropping
again in the termination stage. From this diameteral ratio the number of walls can be calculated
and it was found that it decreases from ∼7 to 5 after the crowding stage and then remains constant
during the termination stage which can be linked to the catalyst activity, as smaller diameters lead
to slow activation and long catalyst lifetimes. Not every catalyst particle contributes to the growth;
in fact only maximum of 11% are activated. Additionally the CNT lengthening is compared to the
forest height, as shown in figure 1.11B. It can be seen that a direct measurement of the forest height
significantly underestimates the CNT length due to their tortuosity, making the mass density a better
way to measure forest evolution. [109]

Fig. 1.11 The development of the diametral ratio and the average number of walls with the
distance from the top is shown in (A) and a comparison of the average CNT length and the forest
height with the growth time is shown in (B), emphasizing the coupling and pinning aspect of the
CNT forest growth. [109]

CNTs get pinned into contact by van der Waals forces which prevent slip during growth. [123] If the
growth rates between CNTs in the forest are different, it leads to the observed tortuosity of the forests.
Thus, the growth process is a combination of diameter dependent growth and mechanical coupling
which enables the formation of a dense forest. [123] The mismatch in growth rates, however, can lead
to mechanical stresses on the CNTs which might have an influence on the kinetics and perfection of
individual CNTs and can create the observed defects in forests. [124]

The alignment of the CNTs in the structure is an important bulk parameter that was found to be
linked to the density of the forest by Xu et al. [125] Using the Herman’s Orientation Factor (calculated
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from the fast Fourier transformation of the SEM images) they characterized the alignment of the
CNTs and found a sigmoidal (“S-curve”) relation to the forest density which can be linked to the
crowding effect during CNT growth. This means that neighboring CNTs physically interact with
each other to form a common growth direction and was described by Fan et al. [126] for CNT arrays.
The perfect alignment becomes increasingly difficult with higher CNT density due to limiting factors,
such as imperfect spacing and nonuniform growth rates dominating the crowding process. Using
environmental transmission electron microscopy Balakrishan et al. [127] similarly found that the CNT
density is linked to the dynamics of the CNT self-organization. If the density is too low, a random
horizontal network is formed due to the lack of crowding from neighboring CNTs. However, with
a higher density vertically aligned growth can be observed. The CNT density can also be linked to
the growth temperature, as a too low temperature can lead to incomplete reduction of the particles,
whereas a too high temperature supports coarsening of larger particles. Both scenarios have a
significant influence on the amount of active particles and thus the crowding of the nucleated CNTs.
Hence, mechanical coupling plays a significant role in the self-organization. De Volder et al. [128]

showed this phenomenon for the growth of vertically aligned CNT pillars. The growth time and the
spacing between the pillars significantly influence whether vertically aligned growth can be observed
or not (figure 1.12). The formation of a ‘crust’ made of horizontal CNTs in the initial growth stage
was also reported here.

Fig. 1.12 The vertically aligned growth of CNT micropillars is studied here, depending on growth
time and spacing. [128]

23



1 Carbon Nanotubes (CNT) Overview

With all those insights, Bedewy et al. [109] suggest a multiple stage model that clearly describes the
evolution in the forest morphology in each of the stages, as depicted in figure 1.13. It is important to
keep in mind that depending on the CVD and catalyst system used, these stages may differ slightly.
As this report uses a setup almost identical to ours, the characteristics of those stages are explained
more in detail. [109]

• Particle formation: In the first step of the synthesis, the substrate is heated in a reducing
atmosphere, resulting in the reduction of the iron film. Particles are formed by dewetting which
then are stable during the addition of the hydrocarbon gas.

• Self-organization: Hydrocarbon precursor gas is introduced and CNTs randomly nucleate
on the surface forming a tangled CNT mesh which is often referred to as "the crust". It is
hypothesized that this crust forms a support for subsequent aligned forest nanotube growth.

• Crowding: The ”crowding” stage is the high density region that is following the formation
of the crust. The density increase (here up to 5-fold) is due to increasing population of
active catalyst particles and a maximum density of approx. 9·109 CNTs/cm2 is reached. The
nucleation kinetics are dependent on the hydrocarbon gas composition, surface carbonization
and other process parameters as discussed later on.

• Steady growth: In the steady growth stage, the report observed a reduction in diameter
of more than 10 % and the orientation parameter reaches a maximum, indicating that the
straightest tubes can be found in this region. Also, an increase in catalyst activity from 1% to
11% was observed.

• Density decay: The orientation of the CNTs, the number of walls (from 7 to 5) and the
diameter decreases. The catalyst shows diffusion into the alumina substrate layer. The decrease
in CNT diameter is suggested to be caused by diffusion of Fe atoms into the substrate and
thus an increase in catalyst particle size.

• Termination: The alignment is rapidly lost and the CNT diameter distribution is broadening.
Termination happens due to catalyst deactivation, caused by mechanisms like catalyst poisoning,
carbon overcoating, evaporation or diffusion. The deactivation rate eventually dominates until
the structure is no longer self-supporting and stops growing. Amama et al. [129] investigated the
role of water addition in the CNT growth and suggested that it is very likely that the formation
of amorphous coating rather than the diffusion limitation through the rather low density forests
is the reason for the growth termination. Due to the oxidizing properties of water, it can remove
that amorphous carbon and thus support longer forest growth.
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Fig. 1.13 The different stages of CNT forest growth are shown schematically, including an AFM
image of the catalyst particles after annealing and SEM images of relevant stages and parts of the
forest. [109]

Looking more specific at the catalyst phase, a study suggested that the Fe-catalyst is crystalline during
the CNT nucleation and the CNTs can be grown directly from the carbide (Fe3C) phase, indicating a
complex dynamic motion of metal and carbon atoms in those nanoparticles for the CNT growth. [116]

Using grazing-incidence X-ray diffraction and environmental TEM, Wirth et al. [130] studied the phase
of the iron catalyst more in detail and found that the oxide supported Fe nanoparticle distributions
are a mixture of α- and γ-phases. For γ-rich phases they found the metallic Fe to be the main active
catalyst phase for the CNT growth. This shows that carbide formation is not a requirement for active
catalyst particles. For the α-rich mixtures, however, carbide formation is dominant and part of the
growth process.

Park et al. [131] developed a method of measuring the CNT forest density via optical attenuation
which might help to establish a quality control concept for manufacturing. A new growth termination
model speculates that lifted catalyst particles significantly affect the growth and growth termination
of CNT forests (here grown in a hot-filament CVD) along with Ostwald ripening and sub-surface
diffusion. [132]

Parameters that influence CNT forest growth

In general, the forest synthesis is a complex process which is not fully understood to date and
influenced by a range of parameters. Thus, careful tuning is necessary to obtain a particular forest
height and morphology, and the reproducibility might be challenging. [109] It is crucial to increase our
understanding of the process, as the properties of the forest and the CNTs in it are strongly influenced
its growth conditions. A range of parameters important for the CNT growth will be discussed in the
following paragraph.

Catalyst influence For the growth of CNTs, the catalyst is one of the most crucial parameters
to be kept in mind. As the dimensions of the catalyst particles determine the type of CNT and its
diameter, not only the catalyst material itself needs to be carefully selected, but also all parameters
that influence the particle formation from the initial film, such as thickness and heating rate.
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• Catalyst material: The most common catalysts are Fe, Ni and Co but also other metals, alloys
and oxides have been used. A more detailed overview can be found in a review by Nessim et
al. [103]

• Catalyst film thickness: It was found that the diameter of the CNTs is closely linked to the
size of the catalyst particles. [110,133] Thus the catalyst film thickness needs to be taken into
account. [103] A metal film with a thickness of 13 nm leads to a CNT diameter distribution of
30-40 nm, whereas a film thickness of 27 nm leads to 100-200 nm CNT diameter due to the
generation of larger catalyst particles. [103] Not only the catalyst diameter distribution is crucial
for the CNT growth, but also the particle density is important. It was shown that it has to be
at least 5·1011 m−2 for forest growth. [134]

• Heating rate: The size and monodispersity of the catalyst are influenced by the heating rate,
as it can be seen from the measurements by Meshot et al. [135] Using grazing incident SAXS
they found that the annealing temperature and time influences the particle formation. A rapid
heating rate in a C2H4 atmosphere can lead faster to a higher forest, as the self-organization
starts earlier in combination with an increased number density of CNTs.

Catalyst underlayer In addition to the catalyst, the type of substrate that the CNT forest is grown
on and the type and thickness of the underlayer of the catalyst can significantly influence the growth
since it influences properties like coarsening and dewetting due to the formation of alloys or different
mobilities. [103] Delzeit et al. [136] showed that the thickness of the Al and the Fe-layer has a significant
influence on the MWNT growth, e.g. without an Al underlayer they observed no growth. The most
commonly used underlayer materials are silicon oxide, magnesium oxide and alumina due to the fact
that they are cheap, commercially available and easy to handle. [134] The Al underlayer helps stabilize
the catalyst clusters and thus prevents catalyst sintering. [137,138] De Volder et al. created CNT pillars
that are partly grown on silicon oxide and partly on titanium nitride (TiN) surfaces. Those underlayers
induce differences in the catalyst morphology. The catalyst particles on TiN are smaller. This way the
growth speeds of the CNTs seem to change and bending pillars can be created which are interesting
for advanced functional materials, e.g. due to their superhydrophobicity. [139]

Gas influence Composition of the gases and the feed rate also influences the diameter and number
of walls of the resulting CNTs. [101] The catalyst lifetime and carbon deposition on the nanoparticle
is influenced by variations in the gas composition, e.g. by introducing O2, H2 or CO2. Growth
enhancing agents like water or ethanol can be added which then enhance the catalyst activity and
lifetime. [109] Water vapor can slow down Ostwald ripening of the catalyst, act as a mild oxidizer and
etches the amorphous carbon coating on the catalyst that leads to catalyst poisoning or remove other
by-products. [122,129] Thus, Hata et al. showed that they can grow ultra-high purity single-walled
CNTs on a Al-underlayer with an Fe-catalyst and the addition of parts per million of water. [140]

This catalyst-underlayer system has been frequently used afterwards. Li et al. [141] investigated the
influence of moisture further and found a 30% improvement in the growth rate with increasing the
moisture level. They developed a method that decreases the coupling between the annealing and the
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growth phases and thus, were able to gain better control over the moisture levels and increased the
process consistency. Nessim et al. [101,142] showed the growth of tall forest by preheating O2 gas and
generating water vapor in-situ by introducing the O2 gas into the furnace. They also observed that
the pretreatment time influences the growth height and crystallinity since it influences the generation
of carbon species. Thus the preheating temperature for the gas can have a significant influence on
the height of the forest (figure 1.14) and on the crystallinity of the CNTs. This shows that a control
of the CNT crystallinity is possible by tuning the gas composition and introducing specific precursor
molecules through different pretreatment temperatures.

Fig. 1.14 The correlation between gas preheating temperatures and the CNT forest height is
shown in the graph. SEM images showing the forest heights for various temperatures can be found
above the graph. [143]

Carbonaceous deposits on the walls from previous reactions can improve the CNT nucleation and
growth and also alkynes accelerate the CNT growth. [109] The addition of oxygen can lead to single- or
few -walled CNT forests as the addition of O2 together with H2 influences the catalyst evolution. [144]

Magrez et al. [145] showed that the MWNTs can be grown at 400 °C if CO2 and C2H2 are added in
stoichiometric amounts. Also they managed to induce CNT growth on many different surfaces, like
coins and aluminium foil, using this gas-feedstock system.

Those are some of the many factors that influence the growth of forests and should be kept in mind.
This is not a final list and other parameters such as growth temperature should also be considered.
Also, the adhesion to the substrate is especially relevant when lift-off from the substrate is required
or further processing steps are done. Su et al. [146] have reported an improvement in adhesion to
the substrate by microwave treatment of CNTs grown at low temperatures due to a change in the
location of the Ni-catalyst particles.
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1.4 CNT forest patterning and shaping

To introduce various structures into the grown forests, the catalyst can either be patterned before
CNT growth or modified after growth, e.g. by partial lift-off, [147] laser ablation [148,149] or water-
assisted machining. [150] In this thesis, the focus is on catalyst patterning before the growth. Different
lithographic methods are used to create the micro- or nanoscale patterns on an Si-wafer. The patterned
wafer is then used as a mask during the deposition of the growth catalyst via a physical vapor deposition
(PVD) process. Afterwards the grown structures can be shaped using an elastocapillary self-aggregation
process called densification. Details on lithography and densification can be found in chapter 3.

1.4.1 CNT forest patterning by UV- lithography

UV-lithography is used to create patterns between 0.8 µm to mm. [151] It uses the reaction of
photoactive polymers with UV-light to create pattern on the substrate. Due to the small scale
patterns, photolithography needs to be done in a clean room in a dust-free environment, as small
dust particles can disturb the pattern. The process itself consists of multiple steps which are shown
in figure 1.15 [151] and are shortly described in the following points with regards to the process used
to create the 3D CNT structures.

Fig. 1.15 Schematic overview of the UV-Lithography process. The wafer after cleaning is shown in
(a). Then the photoresist is deposited on it by spin-coating (b) to form a film of defined thickness
(c). This film is then exposed to UV-light through a mask (d), followed by a post-bake and a
development step (e). In our process, this template is then used for the catalyst layer deposition
with subsequent lift-off (e).

• Wafer cleaning and preparation (a): Before any lithography, the wafer is cleaned thoroughly.
This can e.g. be done by RCA cleaning (protocol that uses DI water:hydrogen peroxide:
ammonia with a ratio of 5:1:1 at 80 °C) to remove organics and metal ions. [152] An additional
etching step, e.g. in O2-plasma can be added to remove organic contaminants. A dehydration
step at 200 °C removes all the remaining water molecules. After this, adhesion promoters can

28



1.4 CNT forest patterning and shaping

be deposited onto the Si-wafer as an intermediate layer between substrate and photoresist to
increase the adhesion between them. Here Ti-prime is used as an adhesion promoter, spin-coated
onto the Si-wafer at 4000 rpm for 40s and then baked for 2 min at 115 °C.

• Spincoating of photoresist (b): A photosensitive organic polymer resin called a photoresist
is spin-coated onto the substrate. Usually the wafer is spun at speeds between 1800 and 8000
rotations per minute (rpm), depending on the viscosity of the photoresist and the required
thickness. The photoresist thickness, T, is a function of spin speed, concentration and viscosity
of the solution; thus, data sheets exist for each photoresist to adjust the spin speed for the
desired thickness. Typical thicknesses range from 0.5 to 2 µm. A challenge here is making
thicker photoresist layers for high aspect ratio structures, as well as thinner layers for feature
sizes below 0.2 µm. In our process, AZ5214E is used as a positive photoresist, spin-coated at
3000 rpm for 30s.

• Prebake of photoresist (c): After spin-coating, the photoresist is prebaked at around 100
°C (e.g. 115 °C for AZ5214E for 1 min). Prebaking the photoresist is necessary as the resist
still contains up to 15% solvent after spin-coating as well as potentially built-in stresses. [151]

Prebaking removes these and also helps promote adhesion to the substrate.

• UV-light exposure and postexposure bake (d): The photoresist coated substrate is then
exposed to UV-light (350 - 500 nm) through a mask. The photon dose during the exposure
(in J/cm2) needs to be adapted to the photoresist to avoid overexposure or underexposure.
Upon exposure, a chemical reaction is introduced in the photoresist. This reaction changes
the resin’s solubility in the developer solvent. Photoresist bleaching (the exposed photoresist
becomes transparent to the incident wavelength) allows the use of thicker films, since light can
get all the way through the resist. [151] To complete the reactions started during the exposure,
a postexposure bake is often required to optimally tune the following development step. In
our process, the photoresist is exposed for 6s at a incident light intensity of 10 W/cm2. No
post-exposure bake is done.

• Development (e): Following exposure and postexposure bake, the photoresist undergoes a
development step where certain areas are selectively removed. The wafer is immersed in the
development solvent and the removal is possible by an introduced change in the molecular
weight of the polymer (crosslinking or chain scission), reactivity or polarity change. [151] For
positive photoresists aqueous alkaline developers can be used, whereas aqueous or organic
developers are normally used for negative resists. Depending on the type of photoresist and film
thickness used, the development time needs to be adjusted. [153] In our process, development is
done for 2 minutes in diluted AZ351B (20% v/v in H2O), rinsed with H2O, and dried.

• Pattern deposition and photoresist removal (f): The next step is then either the selective
deposition of another material (additive patterning) or etching of the exposed areas (subtractive
patterning). For the fabrication of the 3D CNT structure step is a lift-off patterning process is
used, In our process, e-beam PVD is used to evaporate solid Al2O3 (10 nm) and Fe (1 nm)
onto the substrate, creating thin films of controlled thicknesses. The e-beam locally melts the
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material which then leads to a thermal evaporation. Due to the low pressure, the material
encounters few intermolecular collisions on the way to the substrate. The advantage of this
methods is the high quality of the films, the low source contamination and the possibility for
high deposition rates (50 - 500 nm/min). In our process, the photoresist is then lifted off by
sonicating the patterned wafer for 8 min in acetone and twice for 3 min in isopropanol. This
protocol dissolves the photoresist, leaving a patterned Si-wafer with catalyst ready for CNT
growth. [151]

The entire process can be iterated to pattern layer after layer. When multiple layers are created, the
first one must be aligned with the following layers before their exposure, thus a mask needs alignment
marks and an alignment step will be added before exposure. [153]

Photoresist chemistry [151] Typically a photoresist consists of a polymer (base resin), a sensitizer
and a casting solvent. The casting solvent supports the formulation of the other two components. It
supports the thin layer formation and the spin application of the layers. The polymer undergoes a
structural change when exposed to light with the sensitizer controlling this photochemical reaction.
Photoresist without a sensitizer are one-component systems, with sensitizer they form two-component
systems. Photoresists are defined by their way of reacting to the radiation. Positive photoresists show
a decrease in the molecular weight of the polymer after the exposure; this can be caused by chain
rupture or scission. Thus, it becomes soluble in the developer. Positive photoresists keep the areas
that are not exposed. Negative photoresists show an increase in molecular weight after exposure
based on free-radical-initiator crosslinking or photopolymerization, or photochemical transformation
where hydrophobic groups are converted into hydrophilic groups. Those reactions change the solubility
of the photoresist, making it insoluble in the developer. Negative photoresists, respectively, keep
the areas that are exposed. This can schematically be seen in figure 1.16. A detailed comparison
of positive and negative photoresist characteristics can be found in table B1 in appendix B. The
photoresist has to be carefully selected based on the desired pattern, resolution and exposure type.
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Fig. 1.16 The difference between a negative and a positive photoresist is shown here with the
same mask used. For the negative photoresist, the areas exposed to UV-light are crosslinked and
thus will not be removed by the developer, whereas for the positive photoresist the polymer chains
in the exposed areas are cut and those affected polymers are removed afterwards. The choice of
photoresist can invert the pattern on the mask.

The photoresist that was used in this thesis is AZ5214E. It is comprised of a novolak resin and
naphthoquinone diazide as photoactive compound. The solvent is propylene-glycol-mono-methyl-
ether-acetate. The novolak resin is prepared by acid copolymerization of cresol and formaldehyde.

Masks and exposure to UV-light [151] The masks used for the photolithography are on nearly
transparent glass with an absorber pattern metal, such as Chromium. It can be a bright field or a dark
field mask, depending on which areas are patterned. This mask is then used to create a pattern on
the photoresist coated Si-wafer. Contact printing with a hard contact step is used for the fabrication
of the features in this thesis.

1.4.2 CNT forest patterning by colloidal lithography

Colloidal lithography, also called natural [154] or nanosphere lithography, [155] was pioneered by Deck-
man et al. [154] It is defined as the use of self-assembled colloidal particle arrays as a large area
lithographic mask. [154] It provides an inexpensive, high through-put, flexible way to pattern 2D arrays
of various nanostructures. [156,157] Recently, it has been shown [158] that hexagonally arranged colloidal
crystals can be fabricated on a large scale with a throughput of 3000 wafer/h using a technique
called micro-propulsive injection and tuning the parameters. This makes it industrially feasible to use
colloidal lithography for scalable applications. [158] However, it is limited to repetitive patterns and
suffers from dislocations.
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Fig. 1.17 The hexagonally packed colloidal monolayer (a) is etched (b). The shrunk spheres are
then used as a mask for Ag deposition (c). After the removal of the spheres, hexagonally ordered
spherical holes are created (d). [159]

Self-assembled particles act as templates or masks for further molecule deposition, thus creating a
high versatility for structures. [160] One important class of those self-assembling nanoparticles are
polystyrene (PS) spheres [161] which Fischer et al. [162] used as a mask for platinum and Deckam et
al. [154,156] for silver (Ag). An example for a typical colloidal lithography process with silica spheres as
a template is shown in figure 1.17. [159] After forming a monolayer of silica spheres (figure 1.17a), the
hexagonally packed spheres are etched to increase the spacing between them (figure 1.17b). Then
these particles are used as a mask to deposit Ag (figure 1.17c) leading to spherical patterns after
removal of the spheres (figure 1.17d).

The formation of colloidal monolayers is a prerequisite of most colloidal lithography structures and
thus will be discussed more detailed in the following paragraph.

1.4.2.1 Fabrication methods for colloidal monolayers

Colloidal crystals are periodically ordered arrays of colloidal particles and have applications in many
fields, such as photonic crystals, catalysis, sensing, and wetting. [163] Consequently, many groups have
reported strategies to self-assemble monodisperse spherical particles into different types of periodic
structures, e.g. hexagonally-close packed (hcp) or non-close packed crystals. [157]
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Monolayer colloidal crystals are of high interest for many
applications, in our case for colloidal lithography. Hence, it is
important to identify easy and scalable fabrication methods
to create those crystals, preferably with a highly ordered
packing. Hexagonally-close packed crystals can be prepared
in various ways which are shown in figure 1.18. [163] Those
methods include drop-coating (1.18a) requiring great control
over the evaporation rate and dip-coating (1.18b) where the
rate of water evaporation and substrate withdrawal is crucial
for the crystal packing. Spin-coating (1.18c) is reliant on
the spin-speed as well as the colloidal suspension parameters.
Charged nanospheres can also be packed using electrophoretic
deposition (1.18d), where direct or alternating current fields
are applied to achieve rapid self-assembly. Another facile and
efficient route is self-assembly at interfaces, e.g. gas/liquid
interface (1.18e) as there is only a monolayer formed at this
interface, so there will be no variation in the layer thickness
when this method is applied.

Fig. 1.18 Methods for the cre-
ation of hexagonal-close packed
colloidal crystals are (a) drop-
coating, (b) dip-coating; (c) spin-
coating; (d) electrophoretic de-
position; (e) self-assembly at the
gas/liquid interface; (f) trans-
fer from the gas/liquid to the
gas/solid interface. [163]

The following paragraphs describe the basics of colloidal stability as well as direct and interface
assembly more in detail.

Colloidal stability and crystallization When discussing the formation of colloidal crystals, it is
important to understand the underlying principles, such as colloidal stability. The particles in colloidal
dispersions are below 1 µm, so there is a high surface to volume ratio. Attractive van der Waals
forces and steric or electrostatic repulsive forces influence the stability of a colloidal dispersion. [164]
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1 Carbon Nanotubes (CNT) Overview

The DLVO-theory by Derjaguin and Landau, and Verwey and
Overbeek describes the interaction potential for two spherical
particles which is created by the sum of these forces, as seen
in figure 1.19. [164] Initially at a very small distance the Born
repulsion prevents the particles from overlapping. In regime
(I) a potential minimum is reached where the particles are
irreversibly agglomerated. This is induced by the strong van
der Waals interaction at very close distances and can be
prevented by the energy barrier from the strong electrostatic
repulsion. In regime (II) a potential maximum can be seen
which is introduced by electrostatic repulsion of the spheres.
The height of this energy barrier determines the stability of
the colloids. Regime (III) shows a second minimum that is
called flocculation and represents the reversible agglomeration
of the spheres. [164]

Fig. 1.19 DLVO interaction po-
tential in dependence on the dis-
tance between two particles as a
sum of the attractive and repul-
sive forces. [164]

Two ways colloids can be stabilized are sterically or electrostatically. For colloids at interfaces, in ad-
dition to the already mentioned forces, capillary and dipole interaction change the interaction potential.

Fig. 1.20 The forces and interaction that occur on interfaces and in solutions shown schematically.
The repulsive forces are (a) dipolar repulsion by partial ionic dissociation, (b) Coulomb repulsion
and (c) steric repulsion. For the attractive interactions there are (d) immersion capillary forces,
(e) hydrodynamic coupling/ drag forces, (f) Coulomb attraction to oppositely charged surfaces,
(g) bridging attraction/flocculation, (h) flotation capillary forces, (i) van der Waals attraction,
and (k) depletion attraction. External forces that occur during the monolayer formation are (l)
barrier compression or forced convection (effectively resulting in particle aggregation), (m) Brownian
motion, and (n) gravitational sedimentation. [165]

Dipole interactions result from the different dielectric constants of the media, leading to an asymmetric
counter-ion cloud. Colloidal particles induce the formation of an energy well that traps them in a fixed
position between the two media, since both media try to minimize their interfacial energy. Removing
a colloid from the minimum energy position can require an energy of about one million kbT and
thus the particle is efficiently trapped. [164] When two or more particles are deposited at an interface,
capillary forces, which are long-range and attractive, dominate. In figure 1.20 an overview of all the
occurring forces at interfaces and in solutions is shown. [165]
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1.4 CNT forest patterning and shaping

Direct assembly Direct assembly includes evaporation induced methods, convective assembly
and external force induced methods. Drop-coating, [163,166] sedimentation [156,167] and convective
assembly [157,163,168] can lead to monolayers but these are often not uniform across a large scale
substrate. Spin-coating and electrophoretic deposition create more uniform monolayers, and thus are
more favorable.

Interfacial assembly Interfacial assembly is often used to create monolayers. First the particles
are assembled at an interface and subsequently the assembled monolayer is transferred to the target
substrate to create 2D crystals. This leads to high quality monolayers since the interface allows good
particle ordering.

The standard technique involves pipetting a colloidal dispersion in a solvent onto a water/ air-interface.
After the evaporation of the solvent, the particles form a highly ordered floating film which then
can be transferred onto the substrate. The ordering of the colloids can be assisted by surfactants
like sodium dodecyl sulfate (SDS) to lower the surface tension. A variety of factors, such as the
particle concentration, zeta potential of the particles in the suspension, surface tension of the water
phase, and addition of a salt in the suspension, influence this process. [157] To support the monolayer
formation, the Langmuir-Blodgett technique can be used to compress the floating particles into a
monolayer which is then deposited onto the substrate.
Retsch et al. [168] added an additional step of distributing particles onto a silanized substrate (parent
substrate) which is then slowly immersed into water. This helps form a highly ordered colloidal
monolayer that can then be transferred onto the target substrate. Those particles on the parent
substrate were either spin-coated onto the substrate or drop-coated and dried inclined. It was found
that the parameters that influence the monolayer formation in this process are the electrostatic
interaction between the oppositely charged colloidal particles and the parent substrate surface, long
range capillary attraction and short range electrostatic repulsion forces during particle assembly, the
pH of the solution medium and the addition of surfactants like SDS. Vogel et al. [169] used a glass
slide to slowly spread an alcoholic PS colloid dispersion onto a water surface. A schematic overview
can be seen in figure 1.21.

Fig. 1.21 A schematic overview of the process used by Vogel et al. [169] to create a highly ordered
monolayer. A drop of the colloidal dispersion is put onto a glass substrate (a) and is slowly spread
onto the water surface (b). Repeating this process leads to individually highly ordered monolayer
patches (c) that will assembly into one big batch (d) that can then be transferred onto a substrate
(e). Photos are taken of the individual patches (f), the transfer onto a 2” wafer (g) and the dried
wafer (h).
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The patches on the surface assemble into one highly ordered monolayer upon addition of more colloidal
dispersion. Thus, no additional compression is necessary and large area monolayers can be produced
as it can be seen in figure 1.21h. Assembly of colloidal monolayers onto a water-oil interface has
also been reported. [157] Here the surface pressure of the interfacial tension is used to compress the
colloidal spheres together.

In this thesis, the water subphase composition is taken from Vogel et al. [169] (0.1 mM SDS, pH
∼10), whereas the deposition method for the spheres on the interface is adapted slightly, as a lot of
the PS sphere solution got stuck on the glass slide and thus was lost for the monolayer formation.
The PS sphere solution is deposited using an Eppendorf pipette, immobilized by a micromanipulator
with the tip in direct contact with the surface. This is similar to the report from Zhang et al. [170]

where a needle tip flow method directly in contact with the interface and the monolayer arrays are
created by slowly and smoothly spreading the solution. It was also found that larger monolayer areas
can produced by not only relying on the self-assembly of the PS spheres on the interface but also
by applying a small external force to push the assembled patches together. This is done using the
barriers in the Langmuir-Blodgett-trough. An image of the set-up can be found in the experimental
section.

The self-assembly at the gas/liquid interface, in general, is efficient, facile and scalable route to
produce colloidal crystal without any variation in layer thickness, as it can be the case when using
convective assembly on solid substrates. [163]

1.4.2.2 Etching of colloidal monolayers

The previously described colloidal crystals can be used for the creation of many different structures.
This needs further processing of the monolayer e.g. by etching to create a lithography mask of
the right size. Etching or deformation of colloidal crystals, such as annealing slightly over glass
transition temperature of polymer spheres, causing deformation of spherical beads, are commonly
used techniques to add structural complexity. [156] It also introduces another tunable parameter to the
lithography process. Thus, understanding the etching parameters is crucial. There are several reports
for different etching systems.

Plettl et al. [160] used a reactive ion beam inductively coupled plasma (RIE-ICP) system to achieve
good control over the etching process for PS particles smaller than 300 nm, while conserving their
spherical shape (figure B3 in appendix B). Hanarp et al. [171] and Vogel et al. [169] investigated the
influence of plasma etching (oxygen and argon) on PS particles. Vogel et al. [169] reported etching
rates for different parameters, such as substrate temperature and particle size (as seen in figure B4 in
appendix B). In this thesis, O2 plasma is used for the etching of the PS spheres.
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1.4 CNT forest patterning and shaping

1.4.3 CNT forest shaping by elastocapillary self-aggregation of CNTs

From the lithographically patterned catalyst layers, CNT forests can be grown, which then can be
further processed into novel structures by ‘densification‘. ‘Densification‘ of the CNT forests refers to
a process whereby CNTs are brought in closer packing using capillary forces (figure 1.22). [172]

Fig. 1.22 Schematic overview showing the CNT growth into micropillars and their subsequent
densification by solvent evaporation on microscale and on nanoscale. The solvent treatment causes
the CNTs to aggregate on nanoscale and thus introduces the structure change on microscale. [172]

It adds advantages like stability (100-fold enhancement of Young’s modulus for densified CNT-pillars
over an as-grown CNT forest [173]), electrical properties (e.g. decrease in resistance [172]) or structural
changes in the forest. This process is driven by elastocapillary self-aggregation.

Elastocapillary self-aggregation methods The influence of capillary forces during wetting or
drying of a liquid that cause mechanical deformation and change the arrangement of filaments is
called elastocapillary self-aggregation. [94] This self-aggregation is influenced by the way a substrate is
exposed to the liquid. Various methods are briefly described in the following paragraph and can be
seen in figure 1.23. [53]

• Immersion: The substrate is immersed into a solvent (typically organic) without a specified
direction. The orientation of the substrate should be parallel to the liquid surface before the
solvent is evaporated under ambient conditions.

• Directed immersion: The substrate is immersed into the solvent at a specific direction which
e.g. can change the orientation of the nanofilaments when removing the substrate from the
liquid due to direction of the capillary forces.

• Dipping: For dipping, only the tips of the structures on the substrate are wetted by bringing
them in contact with the surface of the solvent. The liquid is drawn in between the filament by
capillary forces.
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• Condensation: The liquid is boiled until a uniform vapor front is formed. This vapor then
condenses onto the inverted substrate. It presents a gentle method for fragile structures and
densification of individual groups on a substrate.

Fig. 1.23 Schematic images showing densification techniques, such as (A) immersion (substrate
parallel to liquid interface, liquid is evaporated), (B) direct immersion (substrate is kept at an angle
during immersion and removal), (C) dipping (only the tips of the structure touch the liquid interface)
and (D) condensation (vapor front condenses on the inverted substrate). [53]

Direct immersion as well as condensation are the methods used in this thesis.

Driving forces in the densification process Chakrapani et al. [174] showed a cellular foam formation
by immersion of a CNT structure into solvent. The strong capillary forces during solvent evaporation
cause shrinkage and crack formation in the CNT structures. Strong van der Waals forces hold the
densified nanotubes together causing stable cellular structures. It was found that the micro-crack
formation is induced by the drying of the structure and followed by further in-plane shrinkage and
bending of the CNTs, which results then in the open cellular foam formation. A schematic illustration
of the cell formation can be seen in figure 1.24 where the cracks start to form (b), the CNTs bend (c)
until the final open cellular structure is reached (d).

Fig. 1.24 The process of CNT foam formation is shown here schematically. First, cracks start to
form (b) in the initial CNT forest (a). Those cracks propagate and the CNTs start bending (c) until
the final structure is formed (d). [174]
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During drying, the CNTs bend, caused by the pressure difference between the air and the solvent in
the narrow spacing between the CNTs. The bending is dependent on the CNT length and the force is
supplied by the capillary forces. Futaba et al. [54] have shown a 20-fold increase in mass density for
packed SWNT forests and a reduction in the empty space in forests from 97 % to ∼50 %. Further
research on CNT foam formation was done by Kaur et al., [175] evaporating water and acetone on as
grown and ”inverted” (transferred onto Si-wafer) CNT forests. They found that the “inverted” arrays
result is a translation of the CNTs rather than bending due to the lower interaction with the substrate
as well as four-fold increase in current density through CNT arrays for the densified structures.

De Volder et al. [94] reported an overview of methods and mechanisms of elastocapillary self-aggregation
of CNT forest structures. Aggregation of the filaments occurs if the lateral forces induced by the
receding meniscus are stronger than the elastic restoring force. When the elastic restoring force is
smaller than the pillar interaction forces, an irreversible deformation even after the evaporation of the
liquid can be observed. This means that the maximum size of aggregated filaments is determined by
the balance of the capillary forces and the elastic restoration force, whereas the adhesion and elasticity
determine how many stay aggregated after drying. When pillars bend towards each other, the decrease
in the spacing in-between causes the capillary energy to decrease and the elastic bending energy to
increase. If the cluster size is higher, the outer pillars bend more than the inner ones and thus increase
the bending energy. A theoretical model used for 4 pillars in the corners of a square can predict the
minimum elastic modulus Ecrit that is necessary to resist the elastocapillary aggregation: [176]

Ecrit =
32

√
2γcos2θh3

3d4 f (r ) (1.3)

Here γ is the surface tension, θ the contact angle, h the height and d the diameter of the pillar and
f(r) is a function of the diameter and the spacing of the pillars (r=spacing/d). It decreases with
increasing r. This correlation can also be used to understand the behavior of clusters with larger
filaments. This model shows that elastocapillary self-aggregation is dependent on the liquid used for
densification (surface tension, contact angle), the pillar material (Young’s modulus, surface chemistry)
and geometry (h, d). When considering the aggregation behavior of CNTs, it is important to note
that the models apply to isolated and parallel pillars whereas CNTs can be wavy and entangled. Thus
the aggregation also depends on the organization and overall shape of the population of filaments. [53]

CNT structure designs By elastocapillary self-aggregation (=densification) various geometries can
be achieved by lithographic patterning of the catalyst. An overview of a range of possible surface
designs is shown in figure 1.25 including the densification methods that can be used to create it and
the amount of pillars used in it. [94]

• Top gathering: This process describes pillars aggregating at their tips and is significantly
influenced by spacing and aspect ratio of nanofilaments.

• Winding: Winding is the aggregation of pillars into chiral structures which can happen when a
balance between adhesion, elasticity and capillarity is reached.
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• Folding: Folding is introduced by capillary forces between the substrate and the filament and
is discussed more in detail by Tawfick et al. [177]

• Foaming: Foaming of CNT forests has been researched by several groups. [172–174,178] Randomly
distributed voids are created by an interplay of capillary forces, stiffness and adhesion to the
substrate. By patterning the CNT forests, void formation can be directed into specific patterns,
e.g. honeycombs. [173,179]

• Forming: By forming a variety of intricate 3D patterns can be engineered where the final
geometry is defined by the density and alignment of CNTs in the forest.

Fig. 1.25 Overview of the different surface designs that can be created, depending on the number
of pillars and specifying the densification method used. [53]
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Chapter 2

Chemical Modification of Carbon
Nanotubes

CNT strand coated with TiO2, scale bar 2 µm.
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While CNTs possess impressive properties, for many applications they only go half way. They can, for
example, provide high surface area which is great for sensors but are too unselective and unsensitive
without further modification. For their application in batteries, they provide great electron conductivity,
surface area and electrochemical stability, but have very low intrinsic capacity. [180,181] Thus, this
chapter is discussing the surface modifications of CNTs to add the additional desired properties. A lot
of research is being done on coupling organic moieties onto CNT surfaces [182–187] or modifying them
with polymers, [188–193] however, the focus here will be on inorganic functionalization of CNT powders
and forests, as this is the needed surface chemistry modification for the application in energy storage.

Dai’s group has shown that direct growth of inorganic nanomaterials occurs on oxygen-containing or
defect sites and allows for a strong covalent coupling in inorganic-nanocarbon hybrids, supporting
a rapid electron transfer from the active materials which is highly desirable for electrodes. [68–71]

Thus, in addition to inorganic CNT modification using gas and liquid phase techniques, methods to
introduce oxygen groups as reactive sites will be discussed.

2.1 Nucleation theory

The goal in this thesis is the decoration of CNTs with inorganic nanoparticles, thus it is key to
understand what drives the nucleation of the components on the surface of the CNTs. This chapter
discusses the basics of homo- and heterogeneous nucleation.

Classic nucleation theory presents the most common theoretical model used to understand the
timescales involved in nucleation. Nucleation describes the rearrangement of atoms or molecules of a
reactant phase into clusters that are large enough to grow irreversibly to a macroscopically larger size.
There are two types of nucleation: (1) homogeneous nucleation where nucleation happens in bulk
solution when the supersaturation exceeds a critical value, and (2) heterogeneous nucleation where
the nucleus forms in the presence of a solid phase. Homogeneous nucleation is less common than
heterogeneous, as it is often less energetically favorable. [194]

Prior to nucleation, clusters form as a result of molecule collisions in the bulk solution. They
continuously break apart and reform until they are stable enough to grow. This stability depends on
the balance between the free energy necessary for the formation of a new interface and the energy
released by the formation of bonds in the bulk structure. Thus, the Gibbs free energy is a critical
factor. [194] It is defined as

G = H − TS, (2.1)

where H is the enthalpy, T is the temperature and S is the entropy. The most thermodynamically
stable state of an arrangement of atoms is the one with a minimum Gibbs free energy and dG=0.
During cluster formation, the Gibbs free energy of the system changes as shown in equation 2.2,
where ∆G is the free energy of nucleation, r is the radius of the formed particle, γSL the surface
tension on the solid/ liquid interface and ∆Gv is the difference in free energy per unit volume between
the phase that nucleation is occurring in, and the phase that is nucleating. [195]
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2.1 Nucleation theory

∆G = −4/3 πr3∆Gv + 4πr2γSL (2.2)

The creation of a small volume of solid thus has a negative contribution due to the lower free energy
of the bulk solid (left term of the equation- volume term), whereas the creation of a new interface
has a positive contribution (right term - surface contribution). The relationship between the particle
radius r and ∆G is schematically shown in figure 2.2A. If the radius r is below the critical radius r∗,
the system can lower its free energy by dissolution of the solid, whereas when r >r∗, the free energy
of the system decreases when the solid grows. Hence a particle radius below the critical radius leads
to unstable solid particles that dissolve again, whereas once the radius is above the critical radius,
those particles (now called nuclei) are stable and grow into larger particles. ∆G∗ shows the energy
barrier needed to be overcome for the formation of a stable nucleus. [195] The critical radius r∗ for the
formation of a stable particle can then be defined as:

r∗ = −2γSL/∆Gv (2.3)

In heterogeneous nucleation, the solid phase introducing nucleation can be particles of a different
phase or crystals of the phase that is crystallizing. It can be considered a surface catalyzed nucleation
process. The activation energy needed is significantly lower than for homogeneous nucleation, as seen
in figure 2.2B, thus it is kinetically more favorable. It is important to note here that the critical radius
of the nucleus is independent of the type of nucleation. [195] As the nucleation barrier arises from the
surface term in equation 2.2, the contribution changes with the shift from a spherical nucleus, where
the energy is related to the surface area times surface tension of the sphere, to nucleation on the
surface, introducing a range of other factors like the contact angle. Thus the Gibbs free energy for
heterogeneous nucleation can be written as: [196]

∆Gheterogeneous = ∆Ghomogeneous · f (θ) (2.4)

where f(θ) is a function of the contact angle

f (θ) =
2 − 3cosθ + cos3θ

4
(2.5)

where θ is the contact angle between the heterogenous surface and the nucleating particle. If θ is
0 °C, complete wetting of the surface takes place and thus the reaction is fully catalyzed without a
barrier to nucleation at the surface. If θ is 180 °C, there will be no wetting of the surface and thus
no catalysis of the reaction by the surface, making this case similar to homogeneous nucleation.
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Fig. 2.2 The graph shows (A) the free energy change associated with homogeneous nucleation of a
sphere of radius r and (B) the free energy change as a comparison of homogeneous and heterogenous
nucleation. [195] It can be seen that the activation barrier for heterogeneous nucleation is lower, but
the critical radius remains the same. The bottom graph shows the reaction time vs. concentration
diagrams, explained by the LaMer theory for the formation of nanoparticles by (C) homogeneous and
(D) heterogeneous nucleation. Cs is the saturation concentration of the precursor in the reaction
solution. [197]

LaMer’s nucleation theory links the concentration change occuring by nucleation to the involved
timescales. A driving force in nucleation and crystal growth is supersaturation. Supersaturation
occurs once the solubility limit S or the saturated vapor pressure Psat of a substance have been
exceeded. A solute-rich phase separates out from the solvent. Small particles nucleate then and
grow by two mechanisms: (1) coalescence and/ or (2) Ostwald ripening, depending on whether
the forces between the particles are attractive or repulsive. During Ostwald ripening individual
molecules move by diffusion through the solvent from the smaller to the larger particles. [194] This
change causes the concentration in solution to decrease to a metastable regime below the critical
saturation concentration, stopping nucleation but favoring growth. This process is shown in figure
2.2C for homogeneous nucleation and figure 2.2D for heterogeneous nucleation. This suggests that
the synthesis of monodisperse colloids needs to be designed in a way that the concentration increases
rapidly above the saturation concentration, causing nucleation with the formation of a large number
of nuclei in a short space of time which then start growing. [198,199]

In this thesis, heterogeneous nucleation on CNTs is crucial to the inorganic modification. While there
are many reports for the modification of graphitic surfaces, [71,200] the influence factors, mechanisms
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and models to further understand heterogeneous nucleation are rarely discussed in detail which makes
the selection and adjustment of the syntheses challenging.

2.2 CNT functionalization

The modification techniques used for CNT powders and CNT forests can be split into gaseous and
liquid phase synthesis methods. As both techniques are used in this thesis, short overviews of relevant
types of both techniques are given here with focus on their use for CNT modification. In general,
CNT powder modification is usually done in the liquid phase whereas gaseous phase methods are
more commonly used for CNT forest modification. Much work has been done on modifying CNT
powders, whereas the functionalization of CNT forests is still facing a range of challenges due to
detachment from the substrate and unwanted changes in the aligned structures, such as foaming, [183]

limiting the amount of reports available, even though aligned CNT structures are highly desirable for
a range of applications. This clearly shows the gap in literature that is addressed in this thesis where
aligned CNT structures are modified with inorganic nanoparticles.

2.2.1 Gaseous phase modification

Gaseous phase modification can be defined as methods where a gaseous precursor interacts with the
surface to be modified. Ozonolysis and plasma treatments, as well as chemical (CVD) and physical
vapor deposition (PVD) are important methods in this category.

2.2.1.1 Ozonolysis and plasma treatment for CNT oxidation

Defects sites are necessary not only as nucleation points for a range of reactions, [68–71] but also for
an improved dispersibility in water-based solutions for further modification. The process of generating
defect sites for further reactions on CNTs is called “activation” and is mostly referring to the oxidation
of the carbon bonds in the side wall to introduce carboxylic, hydroxyl or carbonyl groups. This
activation can be achieved in several ways, such as liquid oxidation with acids or oxidation with ozone
or plasma.

Plasma functionalization, in general, is a versatile technique, as a range of chemical groups can be
introduced on the CNT surface, depending on the feed gas (e.g. Ar, O2, CHF3, and SF6). [201–203]

Activation of MWNTs was shown using a variety of plasma technologies, such as oxygen and air
dielectric barrier discharge plasma [204,205] or an atmospheric pressure plasma jet. [206] MWNTs were
treated using a microwave excited Ar/H2O surface-wave plasma to improve their dispersion capability
in water. [207] A comparison of heating in air flow, oxygen-plasma and acid-oxidation on MWNTs was
reported by Ago et al. [208] They found that heating MWNTs in air flow introduces mainly hydroxyl and
carbonyl groups, plasma treatment destroyed the π-conjugation and forms an amorphous carbon phase,
acid-oxidation preferentially introduces carboxylic acid groups on the surfaces of MWNTs. Another
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comparison between plasma functionalization and acid treatment [186] in regard to the structure and
electrical properties of MWNTs found plasma treatment to have a lower damaging effect and to not
change the electrical surface resistivity.

Ozone oxidation presents another way to activate CNTs. Ozonolysis is a common way to oxidatively
break carbon-carbon double bonds at low temperatures [209,210] Ozone can easily be generated by
ultraviolet excitation of molecular oxygen. [211] It has been found that room temperature UV-generated
ozone leads to an irreversible increase in the electrical resistance of SWNTs [212] and MWNTs, [211]

due to the oxidation on the sidewalls. Dissociation of ozone by 254 nm UV light can generate highly
reactive singlet oxygen atoms and molecules, which could either oxidize defects or create new defects.

Ramos et al. [213] reported that the wettability of CNT forests can be changed by oxygen pulsed
direct-current (DC) plasma, as this creates oxygen containing groups on the CNTs, similar to the
plasma treatment of powders. The wettability change by oxygen DC plasma for CNT forests was
shown to also have a very brief treatment time. [214,215] Kim et al. found that the structural defect
density linearly scales with the oxygen plasma treatment time. [216]

2.2.1.2 Physical vapor deposition (PVD) for inorganic modification

PVD was used for all early semiconductor technologies to deposit metal layers. It is a technique
that can use solid, liquid or vapor as a raw material to deposit thin films on substrates. PVD can
be categorized by the way the deposition is achieved. [151] A comparison between sputtering and
evaporation as techniques can be found in appendix A table A1. [151] Thermal evaporation is often
used to deposit the catalyst layers for the vertically aligned CNT growth. [139,173] Further, metal
coating on CNTs can be achieved using PVD methods like sputtering or e-beam evaporation. An
example was published by Tawfick et al. [217] where gold layer was deposited onto CNT pillars at a
specified angle and the pillars were densified afterwards inducing bending. This presents a different
approach to create slanted nanopillars for anisotropic wetting compared to the formation of polymer
nanohairs. [218]

2.2.1.3 Chemical vapor deposition (CVD) for inorganic modification

CVD presents another way for thin film creation. A vaporized precursor (often diluted with an
inert gas) chemically reacts with a surface, depositing a solid film. CVD is a very versatile method
which operates at low or atmospheric pressure and at low temperatures. It is scalable and enables
the depositions of a variety highly defined films (metals, semiconductors, organic compounds) with
a high degree of purity, control and economy. [151] Sample surface chemistry, its temperature and
thermodynamics influence which compounds are deposited. Reactions are promoted by heat (thermal
CVD), higher frequency radiation such as UV (photo-assisted CVD) or a plasma (plasma-enhanced
CVD). [219] Important phenomena influencing the film formation at the surface are surface adsorption,
surface diffusion, surface reaction, desorption and film and crystal growth. [151] A more detailed
overview of the reaction mechanism is described in figure 2.3.

46



2.2 CNT functionalization

Fig. 2.3 This schematic shows the reaction mechanisms and stages involved in a CVD process. [219]

The evaporation and transport of the precursors in the bulk gas to the adsorption site are shown as
the first step (1). Then the precursors react in the gas phase to form intermediates (homogeneous
reaction) and by-products (2). Those intermediates are then transported onto the surface (3) and
adsorb there (4). Surface reactions (heterogeneous) occur selectively at the heated surface and
surface diffusion to the growth sites can be observed (5). At the growth sites, those reactants are
incorporated into the film (nucleation), leading to island and film formation (6). By-products and
precursors desorb from the surface and are transported away from the deposition zone (7,8). The film
growth rate in this process is influenced by the temperature of the substrate, the operating pressure
of the reactor and the composition and chemistry of the gas phase. For example, in the low-pressure
CVD, the surface reaction is the rate limiting step, whereas in the atmospheric pressure CVD the
mass-transport is the rate limiting step. [151,219]

A special type of CVD is atomic layer deposition (ALD). [219] It is used to e.g. deposit layers of Al2O3

or TiO2 as it allows to grow high-quality, conformal thin films through alternate self-limiting surface
reactions. In ALD gaseous precursors are introduced sequentially to the substrate surface and the
reactor is purged with an inert gas, or evacuated, between the precursor pulses. It is important that
surface reactions dominate and that thermal decomposition of the precursor is minimized or avoided
altogether. Thus, ALD processes are done at substrate temperatures between 200–350 °C, which is
below the thermal decomposition temperature of most precursors. The advantage of ALD is that
it can produce high quality, dense and pin-hole free films over large areas which show very good
uniformity. Also their thickness and composition can be controlled at an atomic level. However, it
suffers from a low effective deposition rate, impurity incorporation and limited material selection. [219]

ALD produces a smooth conformal coating on CNTs. It is used to coat CNTs with a range of materials,
such as platinum, [220] ruthenium, [221] and metal oxides (e.g. titania, [222] vanadium oxide [223] or
alumina [224,225]), as it leads to uniform coatings with a controllable thickness. Stano et al. [226]

reported the conformal coating of a CNT forest by ALD with Al2O3 which lead to an 100-fold
increase in mechanical stiffness, improved thermal stability towards oxidation and a change in wetting
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properties from hydrophobic to hydrophilic. [139,226] Coating of CNT forests via ALD has also been
shown for other materials, such as zinc oxide, [227] Pt [228] and TiO2

[229]

Fig. 2.4 SEM images of the vertically aligned CNTs (VACNTs) coated with CVD silicon can be
seen in (a-c), a TEM image with low magnification in (d) and high magnification in (e), clearly
showing the silicon particles. (f) shows a coated CNT strand (carbon-red) with silicon (blue) using
energy spatially resolved energy-filtered TEM. [64]

A coating with uniformly dispersed silicon or silicon nitride can be achieved by CVD. [64,230] The
modification of a CNT-forest with silicon can be seen in the image in figure 2.4. A CVD process for
the formation of silicon nanowires [231,232] is used in this thesis for the coating of 3D CNT structures.

2.2.2 Liquid phase modification

While the gaseous phase synthesis is often less destructive, liquid synthesis offers access to a large
range of chemical reactions that can easily be scaled up in volume. A wet chemical route enables
access to all parts of the structure and hence a more uniform coating, e.g. compared to PVD
which often fails to coat the inside of the structure. Commonly used liquid phase techniques for the
decoration of CNTs with inorganic nanoparticles include the following methods:

• Thermal solution chemistry: A standard flask process with stirring for a certain amount of
time at a set temperature to react the precursors is used, often followed by an annealing step.
The synthesis of Au, Pd, Ag and Pt nanoparticles on CNT using a thermal reduction method
and annealing was reported by Xue et al. [233] For high Pt loading, sodium dodecyl sulfate (SDS)
can be used as a surfactant and reacted with urea and ethylene glycol (EG) on the surface of
CNTs, as shown by Fang et al. [234] Another way is to adsorb poly(allylamine hydrochloride) via
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electrostatic self assembly onto the CNTs and then use EG to reduce the Pt-precursors. [235]

Those Pt-particles can be used as catalysts for further reactions, as shown by Cui et al. [236] who
reported the growth of Ag-nanowires on CNTs by using Pt catalysts for antimicrobial properties.
An aqueous chemical synthesis resulting in fcc crystals of Cu and Ag on the surface of CNTs
was described by Mohan et al. [237]

Fig. 2.5 The modification of forests with SnO2 can be seen in the SEM images A1
and A2.The modification with MnO2 is shown in B1 and B2. It can be observed that
the forest with MnO2 is less damaged and the coating is rather on the single CNTs on
bundles. This behaviour causes better recovery after compression (A3 and B3). [238]

Raney et al. [238] showed an in-situ synthesis of SnO2 and aqueous synthesis of MnO2 with
subsequent annealing and investigated the differences in the mechanical properties between
those two materials. A comparison between the two metal oxides can be seen in figure 2.5.
SnO2 mostly coats bundles whereas MnO2 actually coats single CNT strands, thus causing a
better recovery after compression, rather than breaking.

Cu particles were deposited on CNT forests by Stano et al. [239] by impregnation with a copper
salt solution and subsequent calcination and H2 reduction, which presents a method that is
possible to adapt to other metal nanoparticles. In 2003, Lee et al. [240] demonstrated the
formation of anatase TiO2 particles by hydrolysis and condensation of a precursor. The
functionalization of CNTs with MnO2 by a dipping method was reported by Lee at al. [34] in
2010. CNT forests were decorated with Pt nanoparticles for underwater vehicle propulsion,
reported by Marr et al., [241] using a one-step deposition process by reduction of chloroplatinic
acid. Iron oxide modification was reported using an aqueous synthesis by Gupta et al. [13] leading
to a mixture of iron oxides phases on the CNTs.

• Electroplating: The deposition of metal oxides on CNT forests add versatility to the CNT
forests for many applications, such as an active material for batteries or supercapacitors.
Electrodeposition of V2O5 onto CNT forests as an anode and cathode material for Lithium-ion
batteries was reported by Lu et al. [242] This method can also be used for a TiO2 coating on
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VACNTs. [243] The electrodeposition of manganese oxide nanoflowers was shown by Zhang et
al. [62] also for capacitive storage. Jiang et al. [32] added oxidized Ni-particles for pseudo-capacitor
electrodes (figure 2.6).

Fig. 2.6 The modification of a CNT forest with Ni particles using electroplating is
shown schematically in (A). The SEM (B) shows the particles on the aligned CNTs. [32]

• Particle deposition from solution: Dropcasting of quantum dots to densify the CNT structure
and to incorporate CdSe@ZnS core-shell particles was reported by Lim et al. [244] for field emission
measurements using a suspension of the quantum dots in toluene. Yang et al. [245] reported a
method with nebulized ethanol assisted infiltration for metal oxide modification of CNT forests
to ensure a uniform infiltration of the forests, combined with a subsequent annealing step.
Metal-oxide formation on CNTs was also reported by Ajayan et al., [246] creating a V2O5 coating
by mixing with the nanoparticle powder and subsequent heating. Ahmad et al [65] reported
the formation of flexible batteries with vertically aligned CNT structures and Fe2O3-particles
dropcasted onto them.

Dai’s group has shown that a strong coupling between the nanoparticle and the carbon substrate
leads to a significant improvement of the electrochemical performance of the material [68–71] which
makes syntheses resulting in covalent bonds beneficial over other methods, such as dropcasting.
They also showed that for the nucleation of nanoparticles on graphitic materials O-containing groups
or defects are needed. [71,247] Thus, for this thesis the vertically aligned CNT structures are first
activated (=oxidation of CNTs) to create multiple nucleation sites for the nanoparticle formation and
subsequently modified with nanoparticles by a liquid phase modification method called hydrothermal
synthesis, as well as a modified dropcasting protocol and gas phase methods. This type of synthesis
has attracted a huge amount interest due to its potential for environmentally friendly and versatile
synthesis with good energy utilization through short reaction times, non-toxic solvents and a large
range of possible precursors. [248]

2.2.2.1 Liquid phase CNT oxidation

For the creation of defect sites, O2-plasma or UV-ozone can be used. However, liquid oxidation is
considered the most efficient method. Oxidants such as HNO3 or H2SO4- HNO3 mixtures are used to
purify CNTs as they dissolve the residue metal catalyst particles and introduce defects. [249] However,
they can cause significant destruction to the CNTs which is especially an issue for SWNTs that can
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loose crucial properties, such as electrical conductivity. [201] When combined with another strong
oxidant, such as sulfuric acid, SWNTs can even be cut into very short pieces by this treatment. [250]

Applied to CNT forests this harsh treatment can lead to the detachment of the CNTs from the
substrate and thus the destruction of the structure. Hence, a HNO3-based wet treatment for oxidation
of the tubes cannot be used. However, Shulga et al. [251] have reported HNO3 vapor oxidation to
introduce carbonyl and carboxyl groups, while avoiding condensation of the vapor onto the substrate
by a high substrate temperature.

Due to the detachment of the CNT forest, dry modification, mostly by plasma treatment, is preferred
for the activation of forests in this thesis.

2.2.2.2 Hydrothermal nanoparticle synthesis

Hydrothermal synthesis refers to any heterogeneous reaction in the presence of aqueous solvents or
mineralizers under high pressure, high temperature conditions. A broader definition that includes many
of the recent papers on “mild hydrothermal conditions” as well as the application of hydrothermal
synthesis to nanomaterials is “any heterogeneous or homogeneous chemical reaction in the presence
of a solvent, aqueous or non-aqueous, above room temperature and at pressure greater then 1
atm in a closed system.” [248] This is the definition that will be used here. Other commonly used
terminologies are “conventional hydrothermal” for aqueous solvent based reactions and “solvothermal”
for non-aqueous solvents with low to high temperatures, as well as further differentiation by the
solvent used, such as “glycothermal” or “alcothermal. [248]

Compared to conventional techniques, hydrothermal synthesis offers several advantages. Compounds
with elements in oxidation states otherwise difficult to obtain can be synthesized (e.g. ferromagnetic
chromium (IV) oxide). [248] Additionally it can be used for homogeneous precipitation using metal
chelates, decomposition of hazardous chemical substances, monomerization of high molecular weight
polymers like polyethylene terephthalate and often manages to avoid the calcination step in chemical
synthesis. A variation of hydrothermal synthesis is supercritical hydrothermal synthesis, which uses
temperatures and pressures above the critical point of water. Thus, it utilizes the abnormal behaviour
of water in this region, such as the fact that water also becomes a good solvent for nonpolar
components, is fully miscible with many organic and inorganic compounds or can act as an acid, a
base or an acid-base catalyst at near-critical or supercritical conditions. This enables a wider range
of reactions conditions as well as product recovery by a change in conditions, such as adjusting the
temperature and pressure. [252] In hydrothermal processing the solvent plays multiple roles. It acts
as an absorbent, solvent, and reactant in addition to being the transfer medium. Surfactants are
often necessary to control the nucleation of a desired phase and ensure the right size, shape and
homogeneity of the synthesized particles. [248]

A detailed comparison of hydrothermal synthesis with other powder synthesis methods can be found
in table A2 in appendix A. [253] With water being the environmentally most friendly and cheapest
solvent as well as the processing conditions requiring low energy consumption, hydrothermal synthesis
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is a highly favorable way of chemical synthesis and holds a lot of promise for the future for bio-, nano-,
and geotechnology.

Hydrothermal synthesis is not only used for a range of nanoparticle synthesis, [254–256] but also
for graphene/ nanoparticle and CNT/ nanoparticle hybrids. [71,257,258] Wu et al. [185] reported a
hydrothermal method followed by calcination to create TiO2-nanosheets. Hollow α-Fe2O3 nanohorns
can be grown on CNTs as shown in figure 2.7. [259]

Fig. 2.7 The process for the growth of hollow α-Fe2O3 nanohorns onto CNTs is shown here. After
the multiple step synthesis, a uniform coating on the individual CNTs can be achieved (TEM image
on the right). [259]

Due to their conductivity, CNT metal-oxide composites are very promising for Lithium-ion batteries
and thus, several reports give an overview of the performance of those hydrothermally synthesized
hybrid structures, e.g. Wu et al. [260,261] for the synthesis of SnO2, TiO2 and Fe2O3 on CNTs. The
functionalization of CNTs with MnO2 was reported by Xia et al. [262]

Microwave-assisted, hydrothermal nanoparticle synthesis Hydrothermal reaction kinetics can
be enhanced by activation processes using microwaves, ultrasound, mechanical mixing and electro-
chemical reactions. This is called multi-energy processing of materials and enables the reduction of
the duration of the reactions. Microwave and sonar possibilities have been explored by the Mate-
rials Research Lab at Penn State in the 1990s and then became very popular for a wide range of
reactions. [248]

Microwave radiation ranges from 30 GHz to 300 MHz, a wavelength of 1 m to 1 cm and its applications
are within communication and heating. Microwave chemistry is of high interest, as high-quality
syntheses are possible using microwaves. Thus, it has spread into most chemistry fields, especially
inorganic chemistry. A detailed overview of all the different fields for microwave radiation and
microwave chemistry can be found in figure A1 in appendix A. [263]

Microwaves heat the sample directly by interaction of the electromagnetic radiation with the molecules,
thus decreasing the time of heat conduction significantly compared to conventional heating and
advancing the reaction rates. It affects the rotation of dipoles and induces translational motion in the
reaction media. As microwave radiation produces an oscillating field, these dipoles constantly realign
in the electric field, producing kinetic energy that gets converted into heat due to molecular friction
and collisions. [264]

A comparison between the temperature profiles of water after 60s of microwave irradiation and heating
in an oil bath can be seen in figure 2.8. Microwave radiation heats the reaction volume simultaneously,
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whereas an oil-bath clearly shows a temperature gradient from the walls to the inside. The difference
in the temperature profile can cause non-uniform nucleation and a change in the reaction kinetics.
The advanced reactions rates make it a very attractive method for polymer, organic and inorganic
syntheses. For inorganic synthesis, calcination and sintering of ceramics was reported in 1972 and
many fundamental studies followed around 1980. [263]

Fig. 2.8 This schematic shows the temperature profile after 60s for water heated by microwave
irradiation (a) and in an oil-bath (b) The microwave heating raises the temperature of the whole
solution simultaneously whereas for the oil bath the walls are heated first. The temperature scale is
in Kelvin and ‘0’ on the vertical scale indicates the position of the meniscus. [263]

This microwave technique can be combined with hydrothermal processing, leading to even more
advantages in nanoparticle synthesis, such as no need for a reducing agent and a very reduced reaction
time when performing, e.g. a silver nanoparticle synthesis. [264] Those two techniques combine rapid
uniform heating, a short reaction time, increased reaction rates and fast kinetics of crystallization,
and a high uniformity of particles. The microwave and hydrothermal effects contribute significantly
towards a green chemistry route, being able to save energy and time for nanomaterial preparation.
Additionally, microwave radiation is very promising for carbon nanotube oxidation, purification, and
modification. In the presence of electrical conductors, microwaves can be absorbed very effectively due
to the strong interaction of the electric field of the waves with the nearly free moving electrons. [264]

When heating CNTs with microwave irradiation, the presence of ions and metal catalyst impurities
is the main cause of localized hot spots, leading to increased temperatures in the proximity of the
CNTs. This makes microwave irradiation a powerful tool for CNT functionalization. [263]

Microwave-assisted, hydrothermal synthesis has been applied to a range of nanomaterials, such as
ZnO, Ag, and Fe2O3. [263] A study for the tuning of aspect-ratio, size and shape of Fe2O3 nanoparticles
has been reported by Hu et al. [265] They found that the amount of iron precursor plays an important
role in the morphology of α-Fe2O3 nanoparticles. [263]

Mazloumi et al. [266] reported metal oxide and vertically aligned CNT hybrid structures with a high
diversity in shape and composition using microwave synthesis and a subsequent annealing step. These
hybrid structures of Co3O4/ CNT, ZnO/CNT and MnO2/CNT were then tested as electrode materials
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for supercapacitive storage. Very few reports on microwave-assisted, hydrothermal synthesis used for
patterned, vertically aligned CNT structures were found which clearly shows the gap in literature that
this thesis is addressing.

This part gave an overview on how CNTs are made, structured and modified. The next part will
discuss the results of the PhD project, starting with the fabrication of vertically aligned 3D CNT
structures with (I) nanoscale patterns and (II) microscale honeycomb shaped patterns. Following the
fabrication, the modification of those structures with selected active materials is discussed, before
testing them for Lithium-ion battery and solar watersplitting electrodes.

54



Part III
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Chapter 3

Fabrication of 3D CNT Structures with
pores

Vertically aligned CNTs shaped into honeycombs, scale bar 100 µm.

Results in this chapter were achieved in collaboration with Dr. D. Copic and Dr. S. Ahmad.
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3.1 Introduction

For energy storage applications, controlling the material porosity and tortuosity is key. As mentioned
before, this thesis focusses vertically aligned CNT structures that will be used as advanced electrode
structures in Lithium-ion batteries (LIBs) and solar watersplitting.

A limitation in increasing the electrode thickness in LIBs is the need to sustain good Li-ion diffusion
and electron conductivity throughout the thickness. Anisotropy can be used to enhance the transport
through the thickness of the film. Thus, vertically aligned CNT structures (3D CNT structures) with
hexagonally ordered pores are created to provide Li-ion pathways into the structure through the holes
and a conductive pathways throughout the thickness by the aligned CNTs.

For solar watersplitting, the photoelectrodes require a high surface area to absorb as many photons
as possible, as well as a good charge carrier separation, thus good conductivity. To address these
requirements a honeycomb-shaped 3D CNT structure is fabricated that supplies good electron
conductivity, good mechanical stability and a high surface area.

Additionally, CNTs offer a platform that can easily be modified with a range of materials, as discussed
in chapter 2. This makes not only the structure itself, but also the material very suitable, as a wide
variety of active materials can be synthesized onto the CNTs themselves, as discussed further in
chapter 4. Depending on the application, pore sizes in the micrometer or nanometer range are needed.
Hence, this chapter discusses the fabrication of these 3D CNT structures with pores on micro- and
nanoscale.

3.2 CNT honeycomb fabrication

The previously introduced CNT forests can be shaped into complex CNT structures using capillary
aggregation (i.e. densification). [94] Very promising structures due to their mechanical stability and
pores are honeycombs. Honeycombs made from vertically aligned CNTs have been reported before,
e.g. by laser etching after CNT growth [179,267] or foaming of a CNT forest. [174] However, the control
of structure parameters, such as honeycomb cell size, can be very low especially during foaming.
A prepatterned substrate allows for a more targeted fabrication. UV-lithography is a scalable and
straightforward way to achieve the necessary hexagonally ordered, circular pattern to create honeycomb
shaped structures on microscale. This section focusses on the fabrication of these CNT honeycomb
structures and provides a more detailed study of the parameters that influence to fabrication of defect
free CNT honeycombs.

3.2.1 CNT honeycomb fabrication process

The fabrication of CNT honeycomb structures can be split into two main steps: (1) CNT forest
growth and (2) CNT structure densification, as seen in figure 3.2. During the first step, the catalyst
template created by UV-lithography, as shown in figure 1.15, is used to grow vertically aligned CNTs in
an ambient pressure chemical vapor deposition (CVD) furnace (see experimental section for details).
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Fig. 3.2 The first step is the CNT forest growth from the catalyst template and etching of the
crust on top of the structure. The second step is the solvent treatment of the CNT structure which
leads to elastocapillary aggregation; thus forming CNT honeycombs. The SEMs on the right show
the aligned CNTs (a) after growth, the side view of the initial structure (b), a top view of the initial
structure (c) and a top view of the densified honeycomb structure (d). Scale bars are 300 nm in (a)
and 20 µm in (b-d).

During the initial self-organization phase of the CNT growth, a tangled CNT mesh is formed which
ends up being the “crust” on top of the CNT structure after growth, [109] as explained in section 1.3.2.
It can impede the capillary aggregation in the solvent treatment process (= densification) due to its
increased stiffness and thus it is important to remove it (see figure B1 in Appendix B). This can be
done by O2-plasma oxidation or UV-ozone treatment. Most of the initial experiments are done by
O2-plasma, later the process is switched to a UV-ozone system due to better availability.

Fig. 3.3 Different etching times of the CNT crust in O2 plasma. Scale bars are 800 nm in (b-e)
and 20 µm in (f).
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The etching time needs to be kept as short as possible to not damage CNTs, but must be long enough
to remove the crust (figure 3.3a). For this reason increasing etching times in O2-plasma (Diener
plasma system, 0.8 mbar O2) are studied for a honeycomb structure grown at 700 °C for 2 minutes
(figure 3.3b). An etching time of 30 s (figure 3.3c) does not remove the small horizontal CNTs that
indicate the crust. After ten minutes (figure 3.3f) the complete CNT structure is entirely etched
away. No real difference can be seen in the SEM images in figure 3.3 d and e, both of them showing
no more horizontal CNTs. Thus an etching time of 1 minute for the given conditions is chosen as
sufficient for crust removal.

After the crust is removed, a drop of acetone is put onto the honeycomb structure and then
evaporated (see figure 3.2, step 2, immersion densification). During the evaporation, densification of
the hexagonally ordered holes into honeycomb structures takes place.

The phases in this densification process can be seen in figure
3.4, where the undensified hole structure is visible on the left
and is getting gradually more densified towards the right of
the structure with a complete densification at the very edge.
It shows that, when the densification process is not completed
yet, there are triangular holes at the connections of the three
walls which later on close up and form the sharp corners
of the hexagons. The influence of growth and patterning
parameters on the honeycomb formation process is discussed
in the next sections.

Fig. 3.4 This SEM shows a stepwise den-
sification leading to a CNT honeycomb
structure from the left to the right. Scale
bar is 200 µm.

Additionally, modelling of this process is done in a collaboration with Prof. David Seveno (KU Leuven)
to further the understanding of parameters involved in this process. Initial results indicate that
the tortuosity of the vertically aligned CNTs is a crucial parameter for the overall densification into
honeycombs rather than the formation of individual pillars. They might be critical for the balance
between the CNTs.

Several parameters influence the CNT honeycomb formation process. Those parameters can be CNT
growth parameters (such as growth time) or pattern design parameters (such as diameter of the
circles). The following sections discuss the influence of some of those parameters.

3.2.2 Influence of temperature on CNT honeycomb formation and the underlayer
on growth height

Growth temperature The formation of a defect-free honeycomb structure is only observed to be
possible for certain parameter ranges. It was found to work best for a pattern diameter of 30 µm and a
spacing between the holes of 10 µm (CNT wall thickness) with a growth time of 5 minutes at 720 °C.
The significant influence of a change in growth temperature on the resulting honeycomb structure can

60



3.2 CNT honeycomb fabrication

be seen in figure 3.5. A higher growth temperature leads to more cracking in the structures (780 °C,
figure 3.5a) or incomplete densification (740 and 760 °C, figure 3.5b and 3.5c).The structure grown
at 700 °C shows a undamaged honeycomb pattern (figure 3.5d). All structures were grown for 2
minutes at the temperatures indicated in figure 3.5.

Fig. 3.5 The influence of the growth temperature on the CNT honeycomb structure can be seen
in the SEM images where the ones grown at 780 °C (a) show significant cracks and detachment
from the substrate, the ones grown at 760 and 740 °C (b,c) show an incomplete densification
with triangular holes where the three walls meet and the ones grown at 700 °C (d) have a perfect
honeycomb shape. All samples were grown for 2 minutes under exactly the same conditions. Scale
bars are 200 µm in (a), (c), (d) and 50 µm in (b) and inset (c).

This change in patterns is not surprising, as it has been found that the growth rate (as well as other
parameters like diameter, density, and crystallinity of CNTs) is influenced by the temperature used in
the growth process. [268,269] An increased temperature leads to faster growth and thus higher forests/
longer CNTs, as shown also in figure 3.6. Looking at equation 1.3 describing the critical elastic
modulus that is needed to resist elastocapillary aggregation, height is a very relevant parameter. With
an increased height more energy is required to resist the capillary aggregation. What can be observed
here is that the capillary forces in a higher forest seem to be significantly higher than the ones holding
the CNT honeycomb walls together. This leads to ripping of the walls and crack formation rather
than a balanced interaction between the forces holding the walls together and densifying the structure.
Investigating the influence of the temperature further is complicated, as the tortuosity and other
CNT properties might change with a change in temperature. Thus, there is not only one influence
parameter but a range to consider.

Underlayer type The standard underlayer used in this thesis is the native SiO2 on an Si-wafer
with Al2O3 and Fe as catalyst layers on top. However, for several applications such as watersplitting
or batteries a conductive substrate is required. This can be achieved in two ways: by transferring
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the CNT structures afterwards onto conductive films (see chapter 4.3.3) or by using a conductive
underlayer for the catalyst. Molybdenum was reported as a conductive substrate with the lowest
contact resistance for an electrode with a CNT forest grown on it by Jiang et al. [32] which is why
molybdenum (Mo) is deposited as a layer between SiO2 and Al2O3 for the conductive substrates
in this work. They also reported that such a catalyst system shows dense forest growth which is
desirable for the applications pursued in this thesis. Additionally the successful use of molybdenum
as a conductive underlayer for the growth of CNT forests was reported by J. Cools et al. [270] for
microelectrode arrays.

Pint et al. [271] showed that the use of Molybdenum as an additional catalyst with Fe introduced a
decrease in the optimal growth temperature of the single-walled CNT. For the honeycomb formation
it is thus important to understand relevant changes caused by the addition of Mo compared to the
standard Al2O3-Fe catalyst system. The growth height has a significant influence on the honeycomb
formation, hence making this a crucial parameter to be investigated. As shown in figure 3.6, two
catalyst systems (molybdenum-aluminium-iron and molybdenum-alumina- iron) and our standard
Fe-Al2O3 system are examined for their influence on the growth rate. All samples have been grown
at 740 °C and 750 °C for 30 minutes with all other conditions constant.

Fig. 3.6 CNT forest height (grown at 740 °C and 750 °C for 30 minutes) is measured from
SEM images for three different catalyst systems (alumina-iron (standard catalyst, 10 nm-1 nm),
molybdenum-alumina-iron (40 nm-10 nm-1 nm) and molybdenum-aluminium-iron (40 nm-10 nm-
1 nm)). There is an approx. 350 % increase in forest height for the standard catalyst at 740 °C and
approx. 220 % at 750 °C. The SEM images for each growth condition show no significant change in
the tortuosity or density of the CNT forest. Scale bars are 400 nm.

There is an approx. 350% increase in forest height for the standard catalyst at 740 °C compared to
the growth with the Mo-Al-Fe catalyst and approx. 220 % at 750 °C can be measured. When an
aluminium layer instead of an alumina layer is used, the forest height seems to be lower for a growth
temperature of 740 °C. This might be due to different activation energies needed for the growth with
different catalyst systems. SEM images taken of the middle part of the forest for each of the growth
conditions show that there is no significant visible change in the CNT density or tortuosity, as far
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as it can be told from the SEM images. Raman spectroscopy could be used to further analyze the
influence of the change in underlayer on the quality of the tubes.

These data show that the use of molybdenum as an underlayer slows down the growth rate, thus
leading to decreased forest heights. This suggests a changed interaction of the catalyst layers with the
molybdenum, leading to a variation in particle size or maybe particle crystallinity during the growth
process, similar to the changes reported by De Volder et al. [139] for a TiN underlayer that decreases
the CNT growth rate due to the formation of larger catalyst particles compared to the catalyst on
SiO2.

Overall, growth height, whether influenced by the type of underlayer or the growth temperature, has
been found to be crucial for the 3D honeycomb formation process.

3.2.3 Influence of mask design parameters and growth time on CNT honeycomb
formation

The main failure mode of honeycombs is by forming cracks. These start by the splitting of one wall
of the CNT honeycomb structure. This first crack then can propagate through the whole structure.
Eventually, if there are too many cracks, too much variability is introduced in the structure, making
it unsuitable for certain applications. Thus, this section focusses on determining the factors which
influence the crack formation.

The monitored parameters are hole diameters on the mask pattern of 5, 10, 15, 20 µm with spacings
of 5 and 10 µm, as well as three growth times (2, 4, 6 minutes). The analyzed output parameters are
growth height of the initial structure and the percentage of the cracked area. In total, 54 experiments
were run with 2 repetitions for each condition. An overview of those experiments is shown in the
table B2 in appendix B. For all those experiments the standard underlayer-system is used and the
growth temperature is fixed to 720 °C.

It is well known that the growth height depends on the growth time, thus the height is calculated
as an average of all the samples (18 samples) grown for the same time. After densification, the
percentage of the cracked area on a sample is determined by analyzing representative SEM images for
each sample using ImageJ. The area without honeycombs (cracked area) is calculated as a percentage
of the overall area, giving a value for the crack percentage. This is done for a range of diameter and
spacing combinations. The results can be seen in figure 3.7 as a color map with some example SEM
images. The color shows the percentage of cracks in the structure: green means there are less than
10% cracks, whereas red means the crack percentage is higher than 50%.
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Fig. 3.7 The graphs show a color map of the percentages of the cracked areas as a function of the
diameter and spacing of the circular hole pattern used to form the honeycomb structures and with
an increasing growth height from the top graph to the bottom one. Additionally, SEM images as
examples for each of the crack percentage ranges are provided. Scale bars are 200 µm and 20 µm
in the insets.

The SEM images illustrate as an example how the crack percentages influence the formed structure
for each of the four area. A crack percentage below 10% (upper right) hardly shows any visible
cracks, whereas there is no substantial amount of CNT honeycombs left for a crack percentage of
over 50% (lower left). However, these images also show the difficulty in the analysis. The SEM on
the top left with more than 20% cracks looks better than the one on the bottom right, with less
than 20% cracks. The top left image thus shows more broken CNT walls which in the analysis lead
to a higher percentage of damaged area. However, the length of the cracks might also matter for
their further use. Single cracked walls might be less problematic than cracks propagating through the
whole structure (as seen in the lower right SEM), even though the crack percentage in the analysis
done here is lower.

Overall, the percentage of the cracked area tends to be lower for larger diameters and larger spacings
(green points in the graphs, less than 10% cracks) for all three growth times. Furthermore, there
are fewer cracks for lower growth times which supports the finding in the previous chapter that the
growth height is relevant for the formation of honeycombs.
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This graph gives a first indication of factors influencing the fabrication of high quality honeycomb
structures, but it also shows that there might be interdependencies among the individual factors,
meaning growth time and diameter and spacing are linked. Some processes profit from ultra-small
pores that are very high, however, this study showed that these might not necessarily be achievable
with this process. Understanding the limitations requires a more detailed analysis of the experimental
data and possibly more experiments. Design of experiments (DOE) is a methodology to systematically
apply statistics to experimentation. It can be used in research to comprise experiments and understand
how changes in input or control variables interact to produce changes in output variables. Multifactor
design is used instead of one-factor-at-a-time analysis. DOE presents a promising way to further analyze
the data and gain a deeper understanding of the 3D honeycomb formation. Those considerations
of the amount of cracking become especially relevant when applications for the CNT honeycomb
structures are considered. Depending on the choice of application, there might be very little tolerance
for cracks e.g. in filters. Thus, future work will be to further evaluate the available data from already
run experiments, using design of experiments as a method.

3.2.4 Introduction of stress relief features to avoid cracking

As shown in figure 3.5, higher structures often tend to form a large number of cracks. However,
for some applications tall CNT honeycombs are required. The process might be inherently limited
to a defined parameter space (to be determined by DOE). However, one way around the formation
of unpredictable cracking is to introduce lines to relieve stress. Thus a pattern is designed on the
UV-lithography mask that is supposed to introduce cracks in certain areas to release the stresses
formed during densification in a controlled way and hence avoid random cracks. This enables the
expansion of the parameter space in which higher CNT honeycomb structures can be formed.

Figure 3.8a shows a design of hexagons with empty trenches between them to reduce stress. The
hexagon structure ensures the most efficient use of the available space on the substrate, while the
trenches act as stress relief features where cracks can form. The hexagons have a diameter of
450 µm and pattern dimensions inside the hexagons are [30,10]. These pattern dimensions are chosen
because they have been shown to reliably densify into defect-free honeycombs at short heights. Those
structures are grown to three different heights (15 µm in 3.8b, 30 µm in 3.8c, and 85 µm in 3.8d)
and subsequently densified by a drop of acetone. Even the highest of those structures shows no
crack formation, which proves that stress relief features can be used to avoid cracking in higher CNT
honeycomb structures. For comparison, an SEM of a structure grown and densified with a height of
90 µm can be seen in figure B2 in appendix B, showing that stress relief features at this height are
necessary to form undamaged honeycombs.
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3 Fabrication of 3D CNT Structures with pores

Fig. 3.8 The influence of the stress relief feature pattern on the honeycomb formation is shown for
three growth heights in the SEM images: 15 µm in (a), 30 µm in (b) and 85 µm in (c). Even for a
height of 85 µm CNT honeycomb structures can still be formed without cracks forming and the
walls breaking. Scale bars are 200 µm.

When those stress relief features are introduced, optimal substrate coverage is no longer guaranteed -
the more of the empty trenches are needed, the less CNT structures can be fitted onto a certain area.
Thus, another parameter to investigate is how large the CNT honeycomb hexagons can be made
before cracking occurs inside them.

Fig. 3.9 The diameters of the hexagons used as stress relief features are 200 µm (a), 300 µm (b),
450 µm (c) and 750 µm (d). Only the largest size shows cracks in the formed honeycombs after
the densification. The insets are tilted images at 35° to show the height of the structures. Scale
bars are 200 µm.

The influence of the size of the hexagons on the honeycomb formation is shown in figure 3.9. While
the spacing of the hexagons (10 µm) and the growth time (8 minutes) and thus height (∼85 µm)
remains the same, their diameter is changed from 200 µm (figure 3.9a), to 300 µm (figure 3.9b), to
450 µm (figure 3.9c) and the largest one is 750 µm (figure 3.9d). It can be seen that diameters of up
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to 450 µm (figure 3.9a,b,c) lead to undamaged honeycombs after densification, whereas increasing
the size to 750 µm (figure 3.9d) leads to crack formation inside the honeycombs and thus is too large
for stress relief features.

Additionally, it can be seen that the smaller hexagons show a very large bending of the outer CNTs.
The area of the top of the structure decreases to 31 % of the initial area for the smallest feature,
but only to 73 % of it for the largest feature (measurements in table B3 in appendix B). This might
be due to the fact that only a certain amount of honeycomb cells on the outside always collapses
whereas the inside of the areas forms the CNT honeycomb structure.

Fig. 3.10 The collapsed outside honeycomb dimensions are measured for the different sizes of
hexagons of 200 µm (a), 300 µm (b), 450 µm (c) and 750 µm (d). The average of 10 measurements
is taken. This collapsed area slightly decreases with increasing hexagon size. However, the difference
is only ∼10 µm. Scale bars are 200 µm.

When the length d of this collapsed part is measured in the SEM images (figure 3.10) for the different
structure sizes, it is found to slightly increase from the smallest pattern to the largest. However,
this increase is within ∼10 µm, while the area of the hexagons increases by more than an order of
magnitude. This indicates that in all the cases the about same amount of bending is introduced in
the outside areas of the hexagons.

Overall, stress relief features present a promising way to be able to fabricate honeycomb structures with
an increased height while avoiding cracks and can overcome the limitations in the CNT honeycomb
formation.

3.3 Fabrication of 3D CNT structures using colloidal lithography

For the creation of smaller pores in CNT forests, the lithographic patterning method needs to be
changed. UV-lithography cannot easily be used on submicron scale. An overview of a range of
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nanopatterning techniques was given by Tawfick et al., [159] including nano-imprint and colloidal
lithography. As the 3D CNT structures require a hexagonal pattern, colloidal lithography provides an
inexpensive, flexible way of creating the desired hole arrays.

3.3.1 Fabrication of 3D CNT structures from colloidal templates

In the first step of the colloidal patterning process, a monolayer of polystyrene (PS) spheres is packed
on a liquid-air interface using a modified version of a protocol described by Vogel et al. [169] Instead
of sliding the PS-particle solution onto the liquid-air interface using a glass slide, the particles are
deposited using an immobilized Eppendorf pipette where the tip is positioned directly at the interface
(an image of the setup can be found in the experimental section). This helps avoid disturbance of
the interface.

Fig. 3.11 This process shows the steps to create a template for CNT growth using colloidal
lithography. In step (1) a monolayer of PS spheres is formed on the water-air interface and is then
transferred onto a silicon wafer. The spheres are etched with O2-plasma in step (2). Subsequently
they are used as a template for catalyst deposition and are afterwards removed using THF in step
(3).The SEM images below show an overview of the ordered PS-sphere layer (a), the size of one
domain (b) and a high magnification image of the 800 nm spheres with their hexagonal packing (c).
Scale bars are 20 µm in (a), 5 µm in (b) and 500 nm in (c).

The barriers in the Langmuir-Blodgett trough are then slowly closed until a densely packed monolayer
is created (visible by the iridescent color). In this case, the surface tension was not measured. This
layer of hexagonally packed PS spheres is then transferred to a Si-wafer, which is manually, slowly
pulled through the surface from below at an angle of 45° and then dried at a 45° angle (1). The
dried spheres are then etched with O2-plasma (2) and used as a template for catalyst deposition.
Subsequently, the PS spheres are removed by tetrahydrofuran (THF) (3). An overview of these
process steps can be seen in figure 3.11. The SEMs in the bottom row show the resulting PS sphere
monolayer with a domain size of ∼20 µm over large areas (a and b) and a perfectly hexagonal order
of the 800 nm spheres within those domains (c).
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Tuning the hole size by etching time The etching time is a critical parameter in this process, as
it determines the size of the resulting spheres and the gap between them. Various pore sizes and
consequently different wall thicknesses in the 3D CNT structure can be achieved when the etched
PS-particles are used as a template. The graph in figure 3.12 shows change of the particle diameter
for 800 nm diameter PS spheres with an etching time of 1,2,5,10 and 20 minutes using O2-plasma
(with a Diener plasma etcher at 0.8 mbar), the corresponding SEM images can be found in figure
3.13.

Fig. 3.12 This graph shows the change in PS-particle diameter with an increasing O2-plasma
etching time for 800 nm particles. The points show the average of 10 measurements with the
standard deviation.

The first minute leads to a decrease in particle size of ∼100 nm but bridges between the spheres are
still connecting them. These are probably PS that wasn’t fully etched away. After another minute,
the spheres shrink slightly more and the bridges decrease. These bridges were expected since they
have previously been reported by Plettl et al. [160] However, a more linear etch rate was reported. This
might be due to slightly different characteristics of the plasma used, e.g. less pumping time and thus
more N2 present in the beginning of the etching, changing the etching rates. For etching times of 5
and 10 minutes there is a significant decrease in size (from 800 to 580 nm for 5 min and to 480 nm
for 10 minutes). After 20 minutes etching, the PS-particles have reached a diameter of ∼80 nm and
are barely visible in the SEM images. Tilted SEM images of those PS spheres after 2 minutes and
10 minutes etching are shown in figure B4 in appendix B.
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3 Fabrication of 3D CNT Structures with pores

Fig. 3.13 The left row shows a decrease in size of the PS spheres with increasing O2-plasma
time. The spheres with an etching time of 1 minutes have not changed much yet and are still
connected by bridges, whereas the spheres after 20 minutes etching are barely visible anymore
and have significantly shrunken in size. The right row shows the CNT forest structure. After one
minute there is barely any CNT growth visible as the template did not have much space for catalyst
deposition, whereas after 20 minutes the holes by the spheres are so small that they are not visible
in the forest anymore. Scale bars in left column 500 nm, in right column 1 µm.
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CNTs are then grown on the patterned substrates from a Fe-Al2O3 catalyst in an ambient pressure
CVD furnace at 750 °C for 1 minute. Experimental specifics can be found in the methods section
7.1.2. The growth on substrates prepared by colloids with different etching times are shown in the
SEM images in right column of figure 3.13. Only the colloids etched for 5 and 10 minutes show
uniformly patterned forests. Triangular shapes are grown on substrates with etching for only 1 or 2
minutes. This is due to the fact that the bridges prevented catalyst deposition anywhere else than
the triangles. The amount of neighboring CNTs in those triangles might not be enough to form a
self-supporting structure that enables the CNTs to lift off the substrate and grow vertically, or the
catalyst might not be uniform enough. After 20 minutes etching time, the walls are thick and the
templated holes cannot be seen in the SEM images. They might also be closed due to the tortuosity
of the grown CNTs and the small diameter of the holes.

Tuning the aspect ratio by growth height By adjusting the growth time and temperature, the
height of the structure and, thus, the aspect ratio of the pores can be tuned. Figure 3.14a illustrates
that a large area patterning is possible using this method with vertically aligned pores of a diameter
∼450 nm. Figure 3.14b shows that with a growth height of around 330 µm pores with an aspect ratio
of more than 700 (450 nm pores for a height around 330 µm) can be created. Such a high aspect
ratio is usually hard to achieve and is shown for the first time using colloidal lithography for vertically
aligned CNT with such pores. Park et al. [272] recently achieved very high aspect ratio CNT structures
using nanoimprint lithography as a method. These structures are very interesting for diffusion limited
processes, such as electrodes in Lithium-ion batteries which will be discussed later in chapter 4.4.

Fig. 3.14 The SEM images in (a) show the large area that can be covered by the structure with
450 nm holes on several levels of magnification, in (b) the height of the forest from the colloidal
structures is shown. The forest in (c) shows a possible failure mode in this growth where the
structure slightly collapses with increasing height (see orange square).
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A possible failure mode that terminates the height of the structure is classical forest termination,
as seen in figure 3.14c. Some samples show a collapse of the CNT forest structure with increasing
heights, indicated by the orange square. Here the self assembled structure is not able to support itself
anymore. This is due to the catalyst poisoning in the termination stage, as explained by Bedewy et
al. [109] and discussed in section 1.3.2. It can be observed at a lower forest height in the colloidal
structure than in patterned 3D structures with larger hole dimensions. This might be due to the
difference in the amount of neighboring CNTs in the CNT network. The walls in the colloidal structure
are between 120 - 200 nm thick, having a very low amount of neighboring CNTs, whereas the wall
thickness in the microscale structures is around 10 µm, showing a two orders of magnitude increase
in distance and thus more neighboring CNTs. These CNTs are the ones forming the self-supporting
structure. Whereas it is common during CNT growth that some CNTs terminate, the neighboring
CNTs are usually still able to support the overall structure. If there aren’t enough CNTs to keep up
the structure, the forest collapses as seen in figure 3.14c. Thus a decrease in amount of neighboring
CNTs can lead to a forest that collapses at an earlier point in the growth process and thus a lower
height.

The growth height needs to be carefully adjusted for those structures to make sure the fabricated
structures are not collapsed at the bottom, as this might close off the small holes.

3.3.2 Influence of change in initial particle size

The hole size can not only be adjusted by the plasma etching time, as mentioned in the previous
section. Using PS spheres of a different size not only changes the hole size, but also the lattice
spacing. If the structures can be etched to holes sizes of 100 nm and grown to the previously shown
330 µm, the aspect ratio of the porous CNT structure can be increased to over 3000, making this a
very promising method for fabricating high aspect ratio structures.

As an example, PS particles with a diameter of 300 nm have been used for the monolayer formation.
The domain size in figure 3.15a is ∼ 10 µm with a nice hexagonally ordered packing inside those
domains. The domains are about half the size compared to 800 nm particles. This is not surprising as
it has been reported before that the size of PS-particles has an influence on the monolayer formation
on a liquid-air interface. Zhang et al. [170] found that the degree of order in the monolayer decreases
with decreasing particle size (particles of 2 µm worked best whereas 235 nm particles showed the
least order) and attributed it to a decreased stability of the thinner particle arrays. Nevertheless, the
degree of order in the 300 nm spheres monolayer is satisfactory for a growth template, as grain sizes
are no significant problem for CNT growth.
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Fig. 3.15 The monolayer formation with a clear hexagonal packing of the 300 nm spheres within
the ∼ 10 µm domains is shown in (a), the influence of an etching time of 2 and 5 minutes is shown
in (b) and the subsequent growth form the template etched for 5 minutes can be seen in (c). Scale
bar 400 nm if not otherwise indicated.

Those PS spheres are etched in O2-plasma for 2 minutes and 5 minutes (figure 3.15b). After 2
minutes etching, the particles size can be decreased to ∼ 180 nm with spacings of ∼ 30 nm. However,
there are still bridges between the particles visible. Thus, a 5 minute etching time is preferred which
decreases the particle size to ∼ 110 nm with spacings of ∼ 55 nm. This template is then used to
grow CNTs. As it can be seen in figure 3.15c, a high degree of tortuosity of the CNTs is visible and
the hole pattern can clearly be seen. However, the growth is not uniform and the CNTs seem to not
easily grow vertically. The even smaller wall thickness in those structures (∼ 55 nm) and the very
low amount of neighboring CNTs that can form the self-supporting structure, which is necessary for
vertically aligned growth, might be a possible reason to observe this type of CNT growth. Again,
non-uniform catalyst deposition might also be a reason. For future experiments it might be better
to use slightly larger PS spheres which are then etched to the 100 nm size, leaving larger distances
between them (around 200 nm should work as shown for the 800 nm PS particles) or shorter etching
times for increased wall thicknesses and thus potentially more neighboring CNTs that can form a
self-supporting structure.

These trials with 300 nm spheres show that it is possible to achieve smaller hole sizes using smaller
PS particles but that the wall thickness/ distance between the spheres after etching needs to be
carefully adjusted to still enable self-supporting CNT forest growth.

For further experiments in this thesis, the structures with 800 nm PS particles, etched for 5 and 10
minutes are used, keeping the aspect ratio a bit lower but serving as a well working model system for
nanoscale patterned CNT forests.

3.3.3 Densification of nanoscale 3D CNT structures

As mentioned before, the next step to achieve a robust honeycomb structure is densification, which
is done by depositing a drop of acetone on the substrate and letting it evaporate for the CNT
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honeycomb structures. This process is applied to the sample of 800 nm particles that was etched for
5 minutes and grown for 5 minutes at 720 °C. Figure 3.16a shows a random agglomeration of the
CNTs rather than a defined densification. As it might be a too vigorous densification method for such
nanoscale structures, the more gentle method of vapor deposition reported by De Volder et al. [172]

for elastocapillary densification is then used, as explained in section 1.4.3. Another sample was put
into acetone vapor for about 1 second (figure 3.16b). The CNT structure seems slightly densified. It
is not fully densified into honeycombs yet, which indicates that the time in the acetone vapor was too
short. However, it can already be seen that the walls start cracking, making it very likely that these
cracks propagate with increasing densification. Thus, it will be hard to achieve a nice densification of
those nanoscale structures. This is why the colloidal structured where used without densification in
their application for Lithium-ion batteries, as discussed later in chapter 4.4.

Fig. 3.16 Putting a drop of acetone onto the 450 nm diameter structures leads to a random
agglomeration of the CNTs rather than a defined densification into honeycombs (a). When densified
by acetone vapor [172] for 1 second (b), a slight densification of the structures occurs. However,
the structures did not completely convert into honeycombs and crack formation can already be
observed. Scale bars 5 µm.

3.4 Conclusion

This chapter showed the fabrication of 3D CNT structures with different pore sizes. For the
microscale pore sizes, CNT honeycomb structures were formed using elastocapillary self-aggregation.
The temperature and underlayer system were shown to influence the growth height and thus the
honeycomb formation. The use of Mo as a conductive underlayer reduces the growth rate and an
increase in temperature from 700 °C to 780 °C increases the height of the CNT structure, leading to
more cracking in the CNT honeycombs. Studying the influence of different growth times, diameters
and spacing on the crack percentage in the resulting honeycombs showed a strong interaction between
these three parameters that needs to be investigated further, e.g. using DOE. The concept of stress
relief features was introduced to enable the fabrication of CNT honeycomb structures with increased
height while avoiding crack formation.

As many applications require smaller pore sizes, the lithographic patterning method was changed
to colloidal lithography. This enables the inexpensive fabrication of nanoscale pores. CNT forests
were grown from those templated layers after different etching times, showing that 5 and 10 minutes
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O2-plasma etching time worked best for reliable growth of vertically aligned CNTs from 800 nm
spheres. When the sphere size was decreased to 300 nm, ordered monolayers could be formed but
the etching time still needs to be adjusted further to promote vertically aligned CNT growth. It was
shown that by varying the initial particle parameter and tuning the etching time, a range of hole sizes
and lattice parameters can be achieved. These open pathways for the fabrication of tunable structures
with very high aspect ratios that are promising for applications with diffusion limited processes.

The fabricated 3D CNT structures are modified for their desired applications in the following chapters.
The CNT structures with nano- and microscale pores are used as electrodes for Li-ion batteries, and
the CNT honeycomb structures are modified for their use as photoelectrodes in solar watersplitting.
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Chapter 4

Inorganic Modification of 3D CNT
Structures for Lithium-Ion Batteries

Vertically aligned CNTs coated with Fe2O3, scale bar 1 µm.

Results in this chapter were achieved in collaboration with Dr. D. Copic, S. Engelke and
Dr. S. Ahmad.
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This chapter focusses on the modification of the created 3D CNT structures with inorganic materials.
This hybrid material is promising for advanced electrodes for lithium-ion batteries to overcome the
diffusion-limitation during the creation of thicker electrode films. This vision guides the material
selection and initial electrochemical characterization is provided at the end of the chapter. The
chapter first gives an overview over lithium-ion batteries and the challenges faced, and then focusses
on the modification of the 3D CNT structures with two active materials, Fe2O3 as a conversion
battery material and Si as an alloy material, for the fabrication of the porous electrode structure. It
also contains the first report to our knowledge of a microwave-assisted hydrothermal coating method
for 3D CNT structures.

4.1 Introduction to lithium-ion batteries

Rechargeable solid-state batteries are interesting as a power source for a wide variety of applications. A
battery is defined as an electrochemical device which stores electrical energy as chemical energy in its
anode and cathode during charging and then releases is as an electrical output during discharge. [273]

Lithium-ion batteries (LIB) have become more and more important in portable electronics due to the
fact that they have a higher energy density capability than conventional nickel-cadmium, nickel-metal
hydride and lead acid battery systems. [274] They also exhibit a long cycle life and no memory effect, and
thus were commercially introduced in 1991 by Sony Inc. [273,275] LIB cells with a voltage around 3.7 V
have energy densities ranging from 200-225 Whkg−1 and power densities from 500 - 2000 Wkg−1,
with a very low self-discharge at a maximum of 5% a month. [58,276]

A battery consists of multiple components: the anode (defined as the part that stores Li-ions upon
charge), the cathode, a separator in between the two electrodes to avoid short-circuiting and an
electrolyte. The reactions governing a LIB cell are reversible Li-ion intercalation-de-intercalation
cycles between the two layered compounds, as seen in figure 4.2.

The original Sony Li-ion battery system is graphite- lithium cobalt oxide (LiCoO2). The cathode
reaction and delithiation can be described by the following equation: [277]

LiCoO2 

1
2

Li+ +
1
2

e− + Li0.5CoO2 (4.1)

The Li-ions can intercalate into the graphite anode reversibly following this reaction: [277]

C6 + Li+ + e− 
 LiC6 (4.2)
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Fig. 4.2 Schematic overview of the original Li-ion battery. The cathode material is lithium cobalt
oxide (LiCoO2, (right)) with an aluminium current collector and the anode material is graphite
(left) with a copper current collector. During charging and discharging Li-ions move from the one
electrode to the other through the separator. [278]

A way to evaluate batteries is by their energy and power density. Energy density is the amount of
energy stored in a given system per unit volume. Here it describes the amount of Li-ions that can be
stored and is given by the specific capacity of the used materials. Power density describes the power
that can be stored in a material by unit volume. It is closely linked to the charging rates that can be
applied in the battery. The higher the power density, the faster the Li-ions can be moved into the
active material. The ideal battery has a high energy density (=high specific capacity), high power
density, low cost and long cycle lifetime. The right materials have to be found for this.

Much research has been put into anode and cathode materials using nanocomposites, as this helps
to optimize ionic and electronic conduction pathways. The formation of a good solid-electrolyte
interface (SEI) presents another important parameter during electrode design. This layer acts as a
protection of the electrode to prevent side reactions and avoid electrolyte decomposition. An ideal SEI
layer should be thin, minimally porous, electrochemically inert, electronically resistive, and ionically
conductive. [58,273]

For cathode materials, due to the high cost of LiCoO2, especially for electric vehicles, nanostructured
LiFePO4 for higher power density, longer lifetime and improved safety, LiMn2O4 for an efficient
Li-ion removal and insertion mechanism and LiNi1−x−yMnxCoyO2 for a high reversible capacity
with excellent capacity retention have been widely researched and partly employed already. [273] As a
choice of the electrolyte solution, alkyl carbonates, binary solvent mixtures, e.g. ethylene carbonate
and dimethyl carbonate (EC-DMC) and lithium hexafluorophosphate (LiPF6), are commonly used.
EC-DMC and LiPF6 is the preferred standard solution for Li-ion battery systems. This is due to the
melting point of both solvents and their stability. Furthermore, LiPF6 is soluble in all alkyl carbonate
solvents, making this a highly conducting solution. It forms stable, highly passivating surface films
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with graphite, that create a good SEI for Li-ions due to the carbonate and alkoxy moieties that are
bridges and linked together by Li-ions. [277]

The range of anode materials can be categorized in three groups, depending on the interaction
mechanism with the Li-ions: (1) intercalation and insertion materials, such as graphite and titania,
(2) conversion materials, such as metal oxides, metal sulfides, metal fluorides and metal phosphides,
and (3) alloy and de-alloy materials, such as tin and silicon alloys. [242,274,277] The interaction with
the Li-ions in these three mechanism can schematically be seen in figure 4.3. During intercalation,
Li-ions are stored between layers intrinsic to the material, during the conversion mechanism, they
react with the material, forming Li2O, whereas during the alloying mechanism, they form an alloy with
the corresponding metal during lithiation (=reduction reaction). De-lithiation (=oxidation reaction)
can lead to a breaking of the structure into smaller parts, as seen for the conversion and alloying
mechanism.

Fig. 4.3 Schematic overview of the three different mechanism in which Li-ions can react with
anode materials: (1) insertion reaction where Li-ions are inserted into the layers in the material
(e.g. graphite), (2) conversion reaction where the Li-ions react with the material to form Li2O (e.g.
Fe2O3), and (3) alloying where the Li-ions form alloys with the anode material (e.g. Si). [279]

A comparison of anode materials based on their theoretical capacity can be seen in figure 4.4. The
current standard graphite shows a capacity of 372 mAhg−1. However, there is a range of materials
with a higher theoretical capacity, such as metal oxides. These are the most diverse and very promising
anode type materials and thus have been researched widely. [275]
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Fig. 4.4 This graph shows an overview of the theoretical capacities for anode materials. Metal
oxides are the most diverse and widely researched ones of these, which is why the right shows a
magnified version of this specific class of materials. [275]

Due to their potentially better chemical stability and higher effective surface area, some nanostructured
metal oxides have attracted a lot of attention in recent years as anode materials for LIBs. [280] Transition
metal oxides, like CuO, Fe2O3 and CoO, are conversion materials, where the structural integrity
and chemical identity of the reactants changes completely. [277] Li2O is formed while the metal
nanoparticles are reduced respectively, [281] as it can be seen in equation 4.3. [277]

nano − MO + 2Li+ + 2e− 
 nano − M + Li2O (4.3)

Even though some metal oxides show a higher capacity than the graphite electrodes, their reversibility
is rather poor due to the loss of electrical contact between the active material and the current collector
or the kinetics of the conversion reaction. [190] In addition to metal oxides, silicon as a material
with a high theoretical capacity, around 4200 mAhg−1, is highly promising. [71] However, Si shows a
volume expansion of up to 400 % during lithiation which requires specific designs of the electrode to
accommodate for it, e.g. nanostructuring. [273,275]

Current challenges of LIBs Current LIBs face a range of challenges which already have been partly
addressed in the previous introduction. The two key performance metrics that need improvement
are the volumetric and gravimetric energy and power density. Given that the dimensions of several
battery components are set (collector electrodes and separator are ∼10 µm thick and the battery
housing has set dimensions) and that the active material coated on the electrode is typically only
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50 µm thick, the active material is not the majority component in current systems. Hence, the most
logical approach to improve battery metrics is to increase the electrode thickness to achieve high
areal loading. Thick electrodes, however, hold challenges of their own: (i) high electric resistance
through the electrode which results in high ohmic losses; (ii) Slow ion diffusion, which results in slow
charging and discharging and thus low power density; (iii) Poor dissipation of the internally generated
heat, which causes safety concerns, and (iv) increasing the electrode thickness has major implications
on the manufacturing process including slower drying of the electrodes, segregation of components
and cracking or flaking of the electrode. [58,282]

Additional challenges during the fabrication of LIBs include the formation of a passivation layer,
which can prevent the reversible insertion of Li-ions into the electrode, and thus limit the lifetime
of the electrode, [277,281] and the disintegration of electrodes due to stresses caused by the severe
volume expansion during lithiation over many charge-discharge cycles. This expansion depends on
the material that is used [255] and on its lithiation mechanism. It is largest for Si, as mentioned before.
Nanostructuring of Si and the creation of core-shell structures, e.g. with carbon additives, has been
reported to allow for better accommodation of the volume expansion. [275]

Graphite is itself very conductive, but when materials with higher Li-ion storage capabilities are
used, such as Fe2O3 or Si, a design is needed that electrically connects all the battery components.
Composite materials with conductive additives, such as CNTs and graphene, have been reported
to overcome these electrical conductivity problems. The deposition of active materials onto highly
conductive nanomaterials to create composite electrode materials presents a promising strategy to
gain high power, energy and good cycle performance. The added carbon in the form of CNTs improves
the electron-transport to and within the nanoparticles, is electrochemically stable and has a good
thermal conductivity. [190,283]

CNTs as electrode material and conductive additive CNTs are of high interest for energy
storage materials due nanometer size and electrical properties. [71,190] CNTs in batteries can be used
as conductive additives (e.g. in flexible batteries [146,259,284–286] or commercially [53]) but they also
have a Li-ion storage capacity of their own.

Che et al. [287] showed for the first time that CNTs can intercalate Li-ions and show a capacity of
490 mAhg−1 for template synthesized CNTs as an anode. Further investigations found that this
reversible capacity varies with the CNT specifics. Ganau et al. [288] have shown that there is an optimum
diameter of SWNTs for the Lithium-ion interaction (4.68 Å). Zhang et al. [181] investigated MWNTs
with different diameters for LIB anodes and found the highest specific capacity (187.4 mAhg−1

for a charge/discharge rate of 50 mAg−1) for MWNTs with a diameter of 40–60 nm. Short CNTs
(∼200 nm) have been shown [180] to have a higher specific capacity (up to 266 mAhg−1) than longer
CNTs (5 µm) due to the easier insertion/extraction of Li ions and lower electrical resistance. There is
a range of studies supporting the finding that the electrochemical performance of CNTs is dependent
on the synthesis conditions, treatments and their specific measurements. [190,289–294] Nevertheless, the
specific capacity of pure CNTs as anode materials is too low to be interesting on their own, thus
CNTs are often used in hybrid materials.
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Diffusion pathways in LIBs One of the mentioned challenges is the ion transport in thick batteries.
Danner et al. [295] reported that while higher energy densities in their thicker cathode could be reached,
there were significant limitations due to electron and mass transport, leading to a short cycle life. In
their theoretical studies focussing on the transport in the thick Li-ion batteries, they showed that at
high rates there is a strong limitation of the Li-ion transport in the electrolyte leading to a capacity
loss, while small inhomogeneities in the carbon black distribution did not have a significant influence.
They pointed out the need for an advanced electrode structure to improve the Li-ion transport and
the lifetime and capacity of thick batteries.

Looking at diffusion properties in CNTs, Izadi-Najafabadi et al. [296] used aligned CNT films as
membranes in their set-up and then monitored the ion conductivity in the solvent compartment over
time to determine the concentration profile. They have shown that for SWNTs the ion diffusion
along a vertical aligned array of those tubes (parallel to the tubes) is 12x faster than the diffusion
perpendicular to the tubes, hence demonstrating the desirability of vertically aligned CNT structures
for diffusion-limited applications. They also showed that the ion diffusion in activated carbon is
significantly lower than in CNTs. Figure 4.5 shows an overview of the ion diffusion coefficients.

Fig. 4.5 The changes in ion diffusion coefficients are shown for a diffusion with activated carbon,
and parallel and perpendicular diffusion in aligned CNTs. The diffusion coefficient increases 20x in a
comparison between activated carbon and parallel to the CNT alignment. [296]

4.2 Coated 3D CNT structures as advanced electrode architectures

In order to address some of the challenges in LIBs, the electrode architecture for thick batteries needs
to be revisited. A promising route is to create hierarchical composite structures. [12,67,258,297–300]

Hierarchical anode structures relying on AAO templates [297] and inverse opals [301] have shown promise
to improve diffusion through thick electrodes. CNTs are interesting for creating hierarchical backbone
structures due to their high electrical conductivity, light weight, mechanical strength, and electro-
chemical stability, [53,190] in conjunction with the range of techniques to structure CNTs. It has
been shown that vertical CNT alignment exhibits better ion diffusivity and electron conduction. [190]

Creating hybrid nanostructures of high capacity anode materials with carbon materials increases
their electrochemical performance. [302–305] So far, hierarchical CNT-active material composites have
been reported using ice-templating [306] or CVD synthesis of vertically aligned CNTs, either plain
forests [32,238,239,296] or pre-structured into cones [65] and pillars. [242,307] However, to our knowledge,
no attempts have been made to optimize the pore structures of these materials for fabricating thick
electrodes.
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In our approach for the fabrication of thick electrodes, we first aim to increase the areal loading
using the conductive micro-structured CNT backbone coated with the active material. This backbone
consists of vertically aligned CNTs (figure 4.6) and is structured using UV-lithography. Then we
advance this structure further by creating nanopores instead of micropores using colloidal lithography.
Contrary to a dense film made from a slurry, the nanopores in the new structure support Li-ion
diffusion and the backbone enhances the electron transport.

Fig. 4.6 Schematic overview of the suggested advanced electrode structure. Instead of a film cast
from a slurry of the components, the new electrode architecture is a porous 3D microstructure made
of vertically aligned CNTs with the active material grown on top of the structure. The holes enable
fast ion diffusion and thus an increase in electrode thickness and rate performance. The conductive
backbone ensures the electrical transport.

These advanced architectures allow to address the issues flagged above for thick battery electrodes.
(i) The electrical transport issues are addressed by the CNT backbone running through the thickness
of the electrodes and connecting the active material directly to the current collector. (ii) The holes at
the center of the 3D CNT structure provide a fast ion diffusion path and thus enable higher rates and
an increased thickness of up to 10x. (iii) The excellent thermal conductivity of the CNTs may help
addressing thermal issues (though not tested here) and (iv) because of their radically new morphology,
these electrodes do not suffer from flaking or phase segregation issues during manufacturing. The
binder in our thick electrode structure is only applied locally at the interface of the CNTs with the
current collector, thus making it unnecessary to have binder throughout the thick electrode structure
and minimizing the binder effects. Further, the 3D CNT structure provides a good mechanical stability
and can act as a buffer for volume change and aggregation, as shown before; [308] the cell size and the
height of this CNT structure are tunable and CNTs can be combined with a range of modifications,
creating very promising templates for the reduction of losses and high rates in batteries.

The microscale 3D structure for advanced areal loading is then coated with the conversion material
iron oxide, whereas the alloying material silicon is used as the active material for the nanopore
structures. Both are abundant, their synthesis is well known and they show a significantly higher
theoretical capacity than the current standard graphite.

84



4.2 Coated 3D CNT structures as advanced electrode architectures

4.2.1 Iron oxide as an anode material

Iron oxides present an interesting material for LIB anodes due to the fact that they are cost effective,
abundant, environmentally compatible and have a high specific capacity. [309] They can occur in
various phases, the most common ones being hematite, maghemite and magnetite, [310] and have
been synthesized in many morphologies utilizing sol-gel, hydrothermal and thermal growth methods.
Microwave-assisted synthesis has been shown for nanoparticles with controllable size and shape. It
requires lower temperatures and shorter reaction times to form particles comparable to standard
synthesis. [311–313]

Hematite has the highest theoretical capacity of the iron oxides, 1007 mAhg−1, [314] but also magnetite
shows a high theoretical capacity of 926 mAhg−1. [255] Hematite (α-Fe2O3) nanoparticles were reported
in the shape of nanorods, [315,316] nanotubes, [317,318] hollow nanoparticles, [170,319–321] nanoflowers [322]

and nanoflakes. [280,323] Reddy et al. [280] showed an increase in capacity stability for α-Fe2O3 nanoflakes
compared to α-Fe2O3 nanoparticles or nanotubes, making this an interesting morphology to investigate.

Challenges for Iron Oxides in LIBs Transition metal oxides can show three main drawbacks:
(1) low electron conductivity; (2) large volume changes during lithiation/ de-lithiation, leading
to pulverization and failure of the electrical contact; and (3) aggregation of metal/ metal oxide
nanoparticles during the cycling process due to their high surface area and activity. [324] Thus,
iron oxides suffer from limited lithium diffusion kinetics during the intercalation/de-intercalation
process. Carbon-based materials are often added to improve the electrochemical performance of these
electrodes. [325,326]

These hybrid structures for improved battery performance [260,302–305] can be created in two ways: (1)
Iron oxide particles are coated with carbon nanomaterials [31,158,327–330] or (2) carbon nanomaterials
are coated with iron oxide, e.g. CNT powders, [259,308,331–334] or graphene. [324,335] A combination of
both ways was reported by Wang et al. [336] as carbon-coated α-Fe2O3 hollow nanohorns on the CNT
backbone that exhibited a very stable capacity retention of 800 mAhg−1 over 100 cycles at a current
density of 500 mAg−1.

A very recent report on a hybrid CNT/ Fe2O3 structure is shown in figure 4.7. CNTs are coated
with γ-Fe2O3 using ALD for 100 (ALD-100), 300 (ALD-300) and 500 (ALD-500) cycles. The
coating thickness increases with increasing cycle number (figure 4.7a-c, materials). Additionally, the
specific capacity increases with increasing ALD cycles due to the increased content of γ-Fe2O3 in the
particles. Overall, they demonstrate good high rate capability, long lifetime and high specific capacity
(∼900 mAhg−1). The CNTs here form a conductive network, and thus allow for those improved
parameters. [308]
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Fig. 4.7 CNTs are coated with γ-Fe2O3 using multiple ALD cycles (100, 300 and 500 cycles). The
battery performance is shown on the right. More coating cycles lead to an increase in capacity due
to an increased γ-Fe2O3 content. Overall, the CNT/ Fe2O3 composite exhibits a high capacity, long
lifetime and good high rate performance. [308]

4.2.2 Silicon as an anode material

As silicon can alloy with up to 4.4 times Li-ion to form Li4.4Si, it has a very high specific capacity of
around 4200 mAhg−1, more than 10 times that of graphite. [71] It is a naturally abundant material
and can be produced at a large scale at a low cost. Hence, it has stirred much interest over the past
decade as a promising high energy density anode. [337]

Challenges of Si-anodes Nevertheless, the Si electrodes face several challenges due to its intrinsic
volume expansion during lithiation of up to 400%. [338,339] This leads to pulverization and a loss of
electrical contact to the electrode, thus fast capacity fading, [340] which significantly limits large-scale
applications and prevents the fabrication of thick films.

Solution strategies Many studies are looking into further development of Si-electrodes. An im-
proved performance has been reported for nanostructured silicon, [341–343] such as silicon nanowires [344,345]

or nanotubes. [346] Another area of research is the development of C-Si composites to provide three
dimensional conductive networks and/or a layer to accommodate the volume expansion. Those
hybrid materials combine Si with amorphous carbon, [347–352] graphene/ graphene-oxide [353,354] or
CNTs. [355–358] Cui et al. [359,360] found that a direct growth of Si onto the current collector helps to
significantly improve the performance, due to the improved kinetics of the Li-ion transport and facile
strain relaxation.

Various methods for the electrode formation have been studied such as electrospinning [361,362] and
spraydrying. [363] Also CVD is used as a process to deposit silicon. [231] Silicon deposition by hydrogen
reduction of SiCl4 using CVD as a method was reported the first time very early by Pring et al. [364]

in 1909 and by Hoelbling et al. [365] in 1927 when the use of thin film silicon in electronics became
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more widespread and promising. [219] More detailed recent reviews of silicon as anode materials, the
progress and challenges, are given by Zuo et al. [366] and Jin et al. [367]

Coating our conductive, hierarchical CNT structure with silicon particles helps not only address the
general issues of thicker batteries but also might help tackle the issue of volume expansion and loss of
electrical contact, known for silicon. This structure provides a good contact between current collector
and active material, a high surface area of active material and diffusion pathways for Li-ions as well
as room for Si expansion through the pores in the structure.

A combination of hierarchical vertically aligned CNTs with Si as an active material has been reported
before for pillars [307] and unpatterned forests, [368] as shown in figure 4.8. Both parts (A) and (B)
show a schematic of the material preparation process, SEM images of the resulting composite material
and then battery measurements to the right of the material preparation. The upper part of the figure
(A) shows the coating of CNT forests (∼20µm), reported by Wang et al., [368] and the lower part (B)
shows the coating of CNT pillars (∼2µm) reported by Fan et al. [307]

Fig. 4.8 The figure shows the material preparation of the Si-CNT anode composites and their
electrochemical performance. In the upper part (A) this is shown for the coating of a CNT forest
with Si-CVD [368] and in the lower part (B) for the coating of CNT-pillars with Si-CVD. [307]
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For the CNT forests a high charge storage capacity (∼2000 mAhg−1) with a ∼90% capacity retention
over 100 cycles can be seen in addition to a good high rate performance (∼750 mAhg−1 at 2.5 C).
For the CNT pillar structure, an even higher charge storage capacity (∼2750 mAhg−1) with a capacity
retention of more than 90% over 100 cycles is shown. At higher charge/discharge rates of 0.5, 1, 2,
4, 8, 12 and 15 C, the composite still retains a high de-lithiation capacity. Those structures are very
promising but still lack height ( e.g. the height in 4.8B is 2 µm) and thus have a poor volumetric
capacity and areal loading.
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4.3 Modification of 3D CNT structure with iron oxides (α-Fe2O3)

4.3.1 Fabrication process of the 3D CNT structure with iron oxides

This section provides a short overview of the process for the fabrication of the advanced electrode
architecture with iron oxides. It can be split into four subsequent steps (figure 4.9). Step C and D
have been used interchangeable depending on the specific synthesis pathway. Initially the transfer
was done after the modification, later on the transfer was done before the synthesis.

Fig. 4.9 The fabrication process for iron oxide coated 3D CNT structures can be divided into
four steps: (A) Template formation by UV-lithography, (B) CNT growth using an ambient pressure
CVD furnace, (c) film transfer from the Si-wafer onto a conductive polymer film to provide a good
contact with the current collector and (D) CNT modification with iron oxides using two different
approaches: microwave-assisted, hydrothermal synthesis and e-beam PVD.

(A) Template formation: The silicon wafer is patterned by UV-lithography to create hexagonally
packed holes after the catalyst deposition. The pattern has a hole diameter of 20-30 µm and a
spacing of 10 µm. First the photoresist is spincoated onto the substrate (1), then it is exposed
to UV-light with the mask creating the pattern on the photoresist (2) and finally the photoresist
is developed, leaving the desired pattern on the Si-wafer (3).

(B) CNT growth: After the catalyst deposition and photoresist lift-off (1), vertically aligned CNTs
are grown using a ambient pressure CVD furnace (2). The growth height of the structure is
520 µm before the transfer onto the conductive film.

(C) Film transfer onto conductive substrate: The grown 3D CNT structure is transferred onto a
heated conductive film (PCP film) made from poly(vinylidene fluoride) (PVDF) with CNTs and
methanofullerene phenyl C61 butyric acid methyl ester (PCBM) using microcontact printing, as
reported by Ahmad et al. [65] This ensures a conductive substrate and helps anchoring the CNTs
into the film which then is placed onto a copper current collector.

(D) Modification with iron oxides: After transfer the PCP film with the 3D CNT structure is
exposed to UV-ozone to create carboxylic and hydroxyl groups on the surface that can act as
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nucleation points for the subsequent synthesis. [214] The structure is then coated with iron oxide
nanoparticles using two different methods, a PVD process and a microwave-assisted hydrothermal
reaction, with a range of protocols.

4.3.2 Modification on Si-wafer before transfer onto polymer film

The initial modifications of the 3D CNT structures are made on the Si-wafers. Thus, it is important
that the adhesion of the CNTs to the wafer is strong enough to survive the subsequent chemical
synthesis. Initial experiments failed due to the delamination of the CNT structure from the wafer.
One of the postdocs in the group introduced a ‘fast cooling process’ for CVD grown CNTs to increase
the adhesion. In this process, the cooling step in the CNT growth is done while the C2H2/H2 gas
mixture is still flowing. This change in the growth conditions was found to significantly enhance the
adhesion and was thus added to all further experiments where good adhesion was required.

4.3.2.1 Microwave-assisted, hydrothermal synthesis

Most coating methods mentioned for plain forests [32,238,239] or specific structures like cones [65] and
pillars [242,307] use either dry gas phase deposition, electrodeposition or drop-casting of pre-synthesized
particles to not destroy the delicate hierarchical structure. This significantly limits the range of
materials that can be used and in the case of dropcasting relies on physical adsorption of the active
material onto the backbone, generating composites (physical interaction) rather than hybrid structures
(chemical interaction).

In this section, the in-situ coating of a 3D CNT structure with Fe2O3 is shown without losing the CNT
alignment or microstructure. A microwave-assisted, hydrothermal synthesis is used to uniformly coat
the CNTs. This type of synthesis is particularly suited to decorate CNTs, as they absorb microwave
radiation very efficiently creating hotspots that can help introduce nucleation. [263] We are able to
reduce the synthesis time by 75% compared to standard hydrothermal protocols by introducing the
microwave heating and ensure more uniform heating in the reactant solution. [263] Additionally, growing
the active material directly onto the conductive material has been shown to improve the interface
between both material systems and to enhance electrical transport between them. [369]

Fe2O3 synthesis on CNT honeycomb structures Li et al. [370] reported the synthesis of highly
porous, thin α-Fe2O3 nanosheets on metallic substrates which showed a high reversible capacity,
enhanced cycling stability and rate capability. Due to its high surface area and promise for LIBs,
this solvothermal synthesis is initially adapted for the coating of the 3D CNT structures, using the
microwave-assisted method.

O2-plasma and UV-generated ozone can be used to create reactive sites on CNTs. [211,213,216] This
provides nucleation points for subsequent synthesis [68–71] and changes the contact angle to higher
hydrophilicity, decreasing the activation energy for the heterogeneous nucleation. Every sample is
treated with O2-plasma for 10 minutes or UV-ozone for 60 minutes before the wet syntheses. CNT
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honeycomb structures (∼30 µm height) are used for the first experiments, as they have an increased
mechanical stability after the densification. Fe2(SO4)3 is used as a precursor and ethylene glycol as a
solvent. In the 2-step process, first porous precursor nanosheets are formed which then are converted
to crystalline α-Fe2O3 by a thermal treatment in nitrogen atmosphere.

The most critical step here is the first synthesis step, as the adhesion to the substrate as well as
the nucleation on the CNT structure needs to be evaluated. Thus, the samples are imaged right
after this step (figure 4.10). The CNT honeycomb structure is undamaged and did not flake off
during the microwave-assisted synthesis (figure 4.10A). The nanoflake coating can clearly be seen
on the side walls (figure 4.10B). This proves that the heterogeneous nucleation is favored here over
the homogeneous nucleation. Those flakes create up to a 2 µm thick coating on either side of the
CNT wall (figure 4.10C). The EDX measurements in figure 4.10D prove that the CNT honeycomb
structure is indeed coated with some iron oxide or iron hydroxide without any residue precursor visible
(no sulfur signal shown in EDX).

Fig. 4.10 The CNT honeycomb structure with a height of ∼30µm is undamaged (A) after the
microwave-assisted, solvothermal synthesis, where the walls are coated with dense nanoflakes (B).
Those nanoflakes show a length of up to 2 µm on each side of the CNT backbone (C) and no more
precursor can be found on the prepared samples, as verified by EDX (D).

Change to nanoscale dimensions Volumetric performance is a very important for batteries.
Microscale honeycombs, however, have a lot of dead volume in the pores. Thus, the synthesis is next
used on the 3D CNT structures with nanoscale pores fabricated by colloidal lithography. The initial
structure has a low height of 2 µm to see if any coating is possible without detachment of the forest,
especially because no densification is done, or if coating problems occur due the smaller pores. After
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the synthesis, the coated structure remains undamaged (figure 4.11A). However, in addition to the
nucleation on the structure, it is covered with small spherical particles, as seen in figure 4.11B.

Fig. 4.11 The overall coated structure (A), has spherical particles (close-up in (B)) on top of it,
indicating that the nucleation of the iron oxide particles not only occurs on the CNT structure but
also in solution. The coating on the colloidal structure is not thick enough to close the 450 nm
holes, as seen in (C). It clearly covers the side walls of the CNT structure (D).

This means that in addition to the nucleation on the CNT structure, there is also nucleation in
the solution itself. While heterogeneous nucleation on the hotspots might be favored, after coating
the structure homogeneous nucleation happens in solution over growth. It was reported that using
mixture solvents such as DMF–water and ethanol–water could suppress the hydrolysis reaction rate in
free solution, [71] which should be kept in mind, in case the synthesis needs to be optimized later. The
additional particles are not an issue in this synthesis, as they can be rinsed off and don’t negatively
affect the uniform coating on the CNT structure. The coating is thin enough to not close the 450 nm
sized holes (figure 4.11C), suggesting that the nanoflakes in this synthesis are slightly smaller than
in the first one, supporting the previous theory about homogeneous nucleation over growth. The
uniform coating on the walls with dense nanosheets is shown in figure 4.11D, however, it is not clear
how well the inside of the small pores is coated and how large the flakes there are.

It is very promising to see that the coating works on both type of initial structures. For the evaluation
of its electrochemical performance as an electrode, it is crucial that the coated structure is transferred
onto the conductive PCP film, as a conductive collector electrode is needed, as the silicon wafer
would start alloying and decomposing during battery cycling.
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Transfer of the structure onto a conductive film The PCP film is casted following the instructions
in the publication. [65] When the transfer of the coated 3D CNT structures is attempted by microcontact
printing, it is found that they have a strong adhesion to the Si-wafer. It is not possible, even by
applying pressure by weight addition on top of the Si-wafer during transfer, to increase the overall
adhesion to the film enough for the structure to delaminate from the Si-substrate.

As one of the most critical steps for the application is not possible with this synthesis, it is not further
characterized and optimized.

4.3.2.2 E-beam PVD coating with Fe

A good adhesion of the CNTs to the substrate is required for a wet chemical synthesis route. As
shown before, this adhesion is too strong to transfer the structure onto the conductive film afterwards.

A simple and straightforward method for Fe2O3 flake formation, reported by Reddy et al., [280,371]

is the coating of a substrate with a Fe film of about 700 nm, followed by a temperature treatment
step of 5h at 300°C in air. They used a Cu-substrate that could then immediately act as a current
collector in the electrochemical measurements.

Nanoflakes on ∼100 µm 3D CNT structures This method is applied to coat a ∼100 µm 3D
CNT structure. The e-beam evaporation of Fe does not significantly affect the overall 3D CNT
structure (figure 4.12A). Before the temperature treatment no flakes are visible yet (figure 4.12B)
which is in agreement with Reddy’s published results. The structure is coated uniformly on top of the
honeycomb. The coating on the side walls is not as uniform as on the top. Fe-islands have formed
which are spread all over the side walls. This is a typical feature during e-beam evaporation. After the
temperature treatment, nanoflakes form on top of the CNT structure, but not on the side walls of the
structure (figure 4.12C). Additionally the coating starts to delaminate from the CNT structure. This
delamination might be due to poor adhesion of the Fe onto the CNTs, as well as Ostwald ripening
occurring at the higher temperature. Due to the delamination and flake formation only on parts of
the structure, those samples were not characterized further.
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Fig. 4.12 Following a protocol by Reddy et al., [280] a high 3D CNT structure (∼100 µm) is coated
with Fe by e-beam PVD. The gas-phase Fe-deposition does not significantly change the initial
structure (A). The Fe-film is uniformly coating the top of the structure and forms small islands on the
side walls, covering most of the area on the walls (B). After the temperature treatment, nanoflakes
form on top of the 3D CNT structure, but not on the side walls and the Fe-film delaminates from
the side walls (C).

Nanoflakes on ∼30 µm 3D CNT structures As the high structure shows cracking already before
the coating, as well as delamination after the temperature treatment, a lower CNT structure (∼30 µm)
is densified into CNT honeycombs for additional mechanical stability and then coated. The coating of
the Fe-film does not change the CNT honeycomb structure (figure 4.13A). The holes are filled with a
thicker Fe film which seems to delaminate from the side walls of the honeycomb structure. However,
looking closer at that interface, the side walls are still coated, only with a thinner layer. After the
temperature treatment, thin nanoflakes can be seen on the top of the structure (figure 4.13B) while
a delamination of the film can be observed on the side walls.
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Fig. 4.13 The CNT honeycombs structure is coated with an Fe-film using e-beam evaporation.
This fills up some of the pores slightly and also coats the walls uniformly (A). After the temperature
treatment step, nanoflakes appear on top of the structure, but delamination can be seen on the
side walls (B). Comparing the flakes reported in the paper by Reddy et al. [280] to the ones in our
process, it can be seen that the density on the surface is significantly lower and the coating is not
as uniform (C).

Comparing the achieved flakes of our process with the ones reported by Reddy et al. [280] (figure
4.13C), the density of our nanoflakes it significantly lower. Also the coverage of the structure with
the flakes is very poor. This might be due to the different deposition method for the film. In the
paper, they used radio frequency magnetron sputtering whereas here we used e-beam evaporation,
which might have an influence on impurities. It definitely influences the step coverages, as e-beam
evaporation is not the most suited PVD method for good step coverage. Also a variation in the
temperature treatment process might be the cause of the deviating results. Similar to the report, a
hot-plate was used for the heating step. However, this process can then be affected by the surrounding
temperature, humidity etc. which might have prevented some of the nanoflake growth. We have also
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changed the substrate here and as Yu et al. [371] reported before this process significantly depends on
the substrate used. It might not be possible to use exactly the same conditions for the CNT structure
as for the Cu-foil, as the nucleation characteristics might be different.

Transfer of the coated structures onto a conductive film The coated 3D CNT structure has
to be transferred onto a conductive film for the electrochemical measurements. This transfer onto
the PCP film is tried multiple times using microcontact printing with weights of 10 g and 25 g on
top of it. However, the structure is too well adhered to the Si-wafer. This might be due to the fact
that the Fe-film provides further adhesion to the substrate.

Overall, this protocol does not lead to the desired outcome as the material delaminates from the
structure after the heat treatment and the coated structure can not be transferred onto the conductive
film which is a prerequisite for any electrochemical characterization.

4.3.2.3 Challenges

The transfer of the coated 3D CNT structures onto a conductive polymer film is not possible for both
synthesis routes, even with long transfer times or an additional weight on the sample. In addition, the
longer the PCP film is on a hotplate over 180 °C, the more it seems to degrade. This can be seen
by the fact that the film starts curling up when removed from the glass substrate after more than 5
minutes transfer time. The PVDF starts softening when heated which is beneficial for the transfer.
However, if the temperatures are above 180 °C, it starts to degrade, causing the film to curl up and to
lose its smooth, flat structure. It can then no longer be used for the electrochemical measurements.

If the transfer onto a conductive substrate, especially a polymer film, is not possible after the reaction,
the other approach is a transfer after CNT growth and subsequent chemical modification on the
conductive film. This means that those two methods reported before are not feasible anymore due to
the high temperatures that will affect the polymer film. A method that does not require a heating
step over ∼ 200 °C (melting point of the PVDF in the polymer films is 177 °C) is needed to avoid a
change in the film and a potential loss of the polymer.
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4.3.3 Transfer of honeycomb structures onto polymeric films

4.3.3.1 Transfer of CNT honeycombs onto PVA film

A paper that describes the formation of fibrillar adhesives, such as gecko-toe-pad structures, [372] is
adapted to transfer a 3D honeycomb structure with a height ∼30µm onto a flexible polymer film
(polyvinyl alcohol (PVA)). PVA is used as it provides a smooth surface for the transfer that is easy to
fabricate.

A schematic of the transfer process and top-down SEM images of the initial and resulting structures
are shown in figure 4.14. After the 3D honeycomb structure (figure 4.14A) is transferred onto the
PVA film, the base of the initial structure can now be seen (4.14B). The pattern is circular rather
than hexagonal due to the slanted base of the initial honeycomb structures. The inset shows a higher
resolution image of the CNTs on the base where small bundles of CNTs can be seen. However, it is
not possible to see whether the catalyst particles stay on the Si-wafer or are attached to the ends
of the CNTs in the CNT honeycomb structure. The formation of the initial honeycomb structure is
observed when the circular pattern is re-densified (4.14C). This shows that it is possible to densify
the slanted base even after the initial densification and to form a honeycomb structure that does not
have circular patterns on one side anymore.

Fig. 4.14 The upper part of the figure shows the process of the densification schematically,
supported by the SEM images in the lower part of the figure. First, the honeycomb structure (A) is
put onto a heated, soft PVA film. After cooling, the silicon wafer is removed and the structure is
securely implanted in the PVA-film. The top-down SEM image (B) shows circular holes rather than
hexagonal honeycombs due to the slanted base of the honeycombs. These can be turned into the
honeycomb structure again by re-densification (C). Scale bars are 200 µm, and 2 µm in the inset in
(B).
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In order to understand better where the catalyst particles are
located, the Si-wafer after the transfer is used again for CNT
growth. The CNTs can be regrown on the substrate in a
second growth and turned into honeycomb structures after
etching and densification (figure 4.15). This finding proves
that the adhesion between the substrate and the catalyst
particles is stronger in most cases than the adhesion of the
catalyst particles to the grown CNTs. Thus, most of the
catalyst particles stay on the Si-wafer when the 3D CNT
structure is transferred. This has also been reported by
Ahmad et al. [65] where they found that the substrate can be
regrown up to four times after the transfer.

Fig. 4.15 Due to enough catalyst
particles, a honeycomb structure
similar to the initial one can be
regrown on an Si-wafer and formed
again. Scale bar is 100 µm.

For applications such as batteries, however, not only a flexible polymer, but a conductive film is
needed. PVA is also water-soluble which additionally limits the range of applications.

4.3.3.2 Transfer onto conductive PCP film

As previously mentioned, a PCP film is used, which was created by a postdoc in our group and then
first reported by him [65] as a substrate for CNT cone structures for flexible batteries. The PCP film
and transfer are optimized for the structures in collaboration with Dr. S. Ahmad who first made that
type of film.

Figure 4.16A shows the grown 3D CNT structure on the Si wafer. After the transfer, the structure
looks the same from the top and a sharp edge at the rim of the structure is visible (figure 4.16B).
This proves a complete and uniform transfer from the Si-wafer with the optimized process. As higher
3D CNT structures are used for their subsequent use as thick electrodes in batteries, no densification
is done before the transfer. This would introduce cracks into the structure due to the height of the
3D CNT structure, as described in the previous chapter.

As expected, some buckling occurs during the transfer when a small force is applied, decreasing the
height of the initial structure (520 µm, figure 4.16C) to about 470 µm (figure 4.16D).

Fig. 4.16 The 3D CNT structure before (A) and after the transfer (B) shows no difference in the
structure itself and a sharp edge where the structure finishes, indicating a complete transfer. A
decrease in height can be seen in a comparison before (C) and after the transfer (D) due to the
influence of external stress that can cause local deformations and buckling in the CNTs. Scale bars
are 300 µm in (A) and (B), 100 µm in (C) and (D).
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This deformation mode of CNTs due to external stress or changed catalyst properties has been reported
before. Cao et al. [373] have reported buckling of CNTs in vertically aligned structures, making them
foam-like and super compressible. They also showed a recovery of up to 30% of the height after 1000
compression cycles, making this a very interesting material to handle external stresses. De Volder et
al. [139] reported this kind of local wrinkling and buckling when different growth speeds during strain
engineering are involved. Maschmann et al. [374,375] have also pointed out the cooperative nature of
the CNT network when considering axial compression and buckling stresses. Thus the deformation
mode here during the transfer process is expected.

However, for nanometer sized holes the transfer needs to be more carefully executed, as a slight shear
can lead to closure of the small holes and limitations in the modification of those structures after
transfer, as can be seen in the SEM image in figure B5A and B in appendix B. If this deformation of
the forest happens, etching the CNT structure for 2 min with O2-plasma (figure B5C) or 30 min with
UV-ozone (figure B5D) does not help regain the initial porous structure.

4.3.4 Low temperature modification on conductive polymer film

Modification of the 3D CNT structure on a conductive polymer film leads to certain limitations
when selecting the synthesis method. The PCP-film dissolves in dimethyl formamide (DMF) and
N-Methyl-2-pyrrolidone (NMP) and CNTs are etched by HNO3, thus not allowing these reagents as
solvents. Additionally, temperatures above 200 °C will melt the PVDF in the PCP-film. This means
that every metal oxide reaction that requires an annealing step cannot be used for this system. Those
limitations complicate the selection of a suitable synthesis significantly.

The following section shows the results for a coating on the 3D honeycomb structure, adapting a
hydrothermal synthesis method reported by Wang et al. [320] In this method, they formed hollow
α-Fe2O3 spheres with enhanced Li-ion storage properties from an iron-sulfate precursor in a glycerol-
water mixture as the solvent. A schematic of the synthesis, TEM and SEM images and a XRD
measurement as characterization (as reported by Wang et al. [320]) can be found in figure B6 in
appendix B. The produced iron oxide is hematite, α-Fe2O3. Other Fe2O3 synthesis have been
attempted, too, but did not lead to the desired coating on the CNT structure. An example is shown
in figure B7 in appendix B where a synthesis by Zhu et al. [328] was adapted.

Again the hydrothermal method reported is combined with microwave radiation to reduce the reaction
time. Additionally, no annealing step is needed, thus enhancing the range of substrates that can be
used significantly due to the low temperatures of ∼ 160 °C and one-step synthesis process, which
makes this approach very promising for scale-up and cost-effective synthesis.

4.3.4.1 Comparison of two oxidation states in the iron-precursor

Initially the influence of two different oxidation state of the iron source is investigated on a synthesis
adapted from Wang et al. [320] The two different precursors supply different oxidation states of the
iron-source. The oxidation state of materials can matter significantly during chemical reactions. A
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change from Fe3+ to Fe2+ for example will introduce the necessity of an oxidation step to form Fe2O3

and thus might introduce a change in reaction kinetics. This is why a temperature screen for the
6 hour reaction (reduced from 24 hours due to microwave irradiation) with the two different precursors
(120 mg precursor in 1:7 glycerol to DI water mixture) on 3D CNT structures on Si wafers with a
60 min UV-ozone activation time is run to see which temperature achieves the most crystalline result
and which particle sizes or morphologies are obtained.

This overview of the SEM images is shown in table 4.1. In general, all temperatures led to a nucleation
of the Fe2O3 particles on the CNT structure. At lower temperatures, the coating for both iron sulfate
salts seems to be less defined and more of an amorphous film. More facets/ spikes seem to be
appearing in the coating for the Fe2+ salt around 160 °C and for the Fe3+ salt the platelet formation
becomes more obvious starting from 175 °C. A dense coating with small nanoflakes can in both
cases be seen at temperatures above 175 °C, indicating that above this temperature the reaction is
complete after 6 hours and the crystallinity is potentially higher than in the initially formed particles.

To verify the assumptions about crystallinity, XRD of the synthesized powders is measured (figure
4.17). At lower temperatures, the diffraction patterns show small crystalline peaks and an amorphous
part. The diamond shaped labels indicate the position of the final peaks during the lower temperature
synthesis, when they start to develop. The crystallinity of the iron oxide increases with increasing
temperature for both precursors. Both precursors lead to the same material at a temperature
190 °C, showing that with the right temperature and reaction time, the same result can be achieved.
Nevertheless, hematite can already be achieved at a temperature of 175 °C for both precursors.

The final particle shapes still look slightly different which indicates the crystal growth might be
happening on different facets. Different from the assumption in the SEM, the material synthesized
at 160 °C with the Fe3+ salt as a precursor already shows a higher degree of crystallinity than the
material synthesized by the Fe2+ where hardly any clear peaks can be seen in the XRD measurement
(reference patterns of hematite for the individual matched ICSD cards are provided in figure B8 in
appendix B).

The fact that the Fe3+ precursor leads to a better crystallinity at a lower temperature might be
because the additional oxidation step is not necessary here. This shows that the type of precursor
matters when adjusting the parameters like temperature and reaction time and needs to be kept in
mind in subsequent syntheses.
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Table 4.1 The table shows SEM images with two types of precursors, one supplying Fe3+-ions
(left), the other one supplying Fe2+ (right) for temperatures ranging from 130 °C to 190 °C. It can
be seen that the flake-like nature increases with increasing temperature, indicating that a higher
crystallinity and more complete synthesis can be reached at those higher temperatures.
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Fig. 4.17 This figure shows an overview of the XRD patterns measured of the iron oxide particles
synthesized at temperatures ranging from 130 to 190 °C with two precursor salts with different
oxidation states of the Fe-source. The crystallinity after the 6 hour synthesis increases with increasing
temperature. With the Fe3+ precursor hematite can be achieved at a lower temperature than for the
Fe2+ precursor. The reference patterns for the matched hematite patterns are provided in figure B8
in appendix B.

It is also important to note that different precursors could lead to a change in the impurities. This
has been reported by Ou et al. [376] for Fe3+ impurities in hydrothermally synthesized LiFePO4. While
no difference could be detected in the XRD, a change in the electrochemical properties could be
measured.

Based on the results above, both precursors seem very promising to form crystalline hematite on
the CNT structures and thus the modification of the 3D CNT structure with each of them will be
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investigated further in the next sections, including electrochemical characterization in the end. The
reaction will be done at 175 °C, as this is compatible with the PCP film and has been proven to lead
to the desired Fe2O3 phase.

4.3.4.2 Synthesis with Fe2+ as a precursor

For the following synthesis FeSO4·7H2O containing Fe2+-ions has been used as a precursor on high
(∼500 µm) 3D CNT structure and for lower nanoscale structures (∼ 100 µm). The reaction time is
6 hours and the reaction is performed on structures transferred onto a PCP film.

Time-dependence of the Fe2O3 synthesis To gain more insight into the performed reaction, the
development of the particles at 175 °C at different time points is studied here. The XRD patterns in
figure 4.18 are measured with another equipment and a lower step size than before. They show that
already after 30 minutes, the nanoparticles show high crystallinity and can be identified as hematite
(α-Fe2O3). A slight decrease in peak width is seen after 1 hour, suggesting a change in crystallite
sizes. No significant changes are observed in the XRD measurements after this time.

Fig. 4.18 The development of the Fe2O3 nanoparticles synthesized at 175 °C in the microwave-
assisted hydrothermal process. The synthesis is stopped after certain times and XRD measurements
are taken to see the change in crystallinity. Already after 30 minutes, the nanoparticles show good
crystallinity and can be identified as hematite. There is no significant change after the first hour
in the particle crystallinity. SEM images show an increase in the particle size, but also a high
polydispersity of the synthesized particles. The XRD measurements here were done with a different
equipment (D8-B3-Gen9 Bruker DAVINCI instead of D8-B1-Gen10 Bruker) and a smaller stepsize
than before (0.025 ° instead of 0.05 °).

For further insight into the particle sizes and morphology, SEM images are taken of the particles
(selected ones shown in figure 4.18 for 30 min, 3h and 6h, complete set in figure B9 in appendix B).

103



4 Inorganic Modification of 3D CNT Structures for Lithium-Ion Batteries

The particle size distribution is very polydisperse, suggesting that nucleation happens continuously in
the solution, forming new particles all the time, while some of the particles grow larger. This means
that a longer reaction time leads to more particles in the solution but also some larger ones. The
yield after a short amount of time might be lower if the nucleation is not initiated uniformly, but
happens throughout the whole reaction time. This would mean that a lot of precursor material is
wasted if the reaction is stopped after the first hour instead of 6 hours. Thus, 6 hours are chosen as
the reaction time for subsequent reactions.

It is important to keep in mind that these measured XRD patterns are only of the particles rather than
the CNT-Fe2O3 structure and their interaction with the CNTs might change for different reaction
times. The optimal reaction time for a complete coating of the CNT structure can be determined in
further experiments. Also TEM of the samples could be done to confirm their similarity or see any
differences.

Synthesis on high 3D CNT structures A (∼500 µm) 3D CNT structure is coated with Fe2+ as
a precursor at 175 °C for 6 hours.

Fig. 4.19 The image shows an uncoated structure (A) which is then coated with α-Fe2O3 (B). A
large area view is seen in (C) where the synthesis introduces some wrinkling into the structure but
no significant cracking. The structure is completely coated (D) with dense α-Fe2O3 nanoflakes (E)
that emerge from the CNT strands. Scale bars are 10 µm in (A) and (B), 300 µm in (C), 30 µm in
(D),and 1 µm in (E) with 500 nm in the inset.

First the uncoated top of the structure is shown in figure 4.19A where single CNT strands or small
bundles in the structure are visible. After the modification those are coated with α-Fe2O3 (figure
4.19B). While the synthesis seems to introduce some wrinkles in the overall structure on the film
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(figure 4.19C), it is undamaged and does not show any significant cracking. The coating is uniform
(figure 4.19D) and is made from a dense array of α-Fe2O3 nanoplatelets covering the walls (figure
4.19E). These emerge from the CNT strands, ensuring a good contact between the CNTs and the
nanoplatelets.

Fig. 4.20 The densification of the initial structure into a honeycomb-like shape can be seen in (A).
A CNT strand (B) and the top surface of the 3D CNT structure (C) show a complete coverage in
the α-Fe2O3 nanoplatelets. The height changes from ∼470 µm before the coating and after the
transfer (D) to ∼350 µm after the coating (E). Scale bars are 50 µm in (A), 1 µm in (B) and (C),
and 100 µm in (D) and (E).

The initial structure densifies slightly into a more honeycomb-like shape (figure 4.20A). The evaporation
of liquid can lead to a slight capillary aggregation, as observed here. The structures do not form very
dense honeycombs as reported in the previous chapter, probably due to the fact that the particles
nucleating on the CNTs prevent further densification. The dense coverage of a CNT strand in the
structure (figure 4.20B), as well as on top of the structure with coated CNT bundles (figure 4.20C)
indicates that the synthesis with the used conditions works very well for coating the overall 3D CNT
structure with α-Fe2O3 nanoplatelets (phase determined by XRD in the previous section).

The loss in the overall structure height during the wet chemical synthesis changes from the initial
height of ∼470 µm after the transfer onto the PCP film to 370 µm (figure 4.20). There is some
bending on the edges of the structure (figure4.20E) which makes it hard to determine the real height
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in the center of the 3D CNT structure, but manages to give a rough estimation that the structure is
at least ∼370 µm high, if not higher in the central parts. This means those structures can provide
ultra-thick (compared to the standard 50 µm) battery electrodes. Additionally as seen in 4.19C, it
should be kept in mind that the overall area of the structure in not as bent as the edges, thus still
showing long, open pores.

Synthesis on nanoscale 3D CNT structures When applying the same synthesis method to a
∼100 µm high, nanoscale 3D CNT structure transferred onto a PCP film, the structure on the film
gets damaged and capillary aggregation densifies the colloidal CNT structure into random pillars,
as seen in figure 4.21A. The small pores (∼ 450 nm) are no longer visible on top of the densified
pillars (figure 4.21B). They probably closed during the densification process. The dense nanoplatelet
coating on top of those structures and the side walls (figure 4.21C), however, shows that it is not
the reaction itself that has failed. Thus, the failure mechanism must be connected to the reaction
not happening inside the pores or not stabilizing the structure enough with the coating to resist the
complete densification and closing of the pores during drying after the synthesis.

Fig. 4.21 The densification into pillars after the microwave-assisted, hydrothermal coating of the
colloidal structures with iron oxide from Fe2+ can be seen in (A). The pillars show no nanoscale holes
on top of them anymore (B), indicating that these close during the densification process. However,
the walls of those structures are fully coated with dense nanoflakes (C). Scale bar is 200 µm in (A),
20 µm in (B) and 2 µm in (C).

The failed coating might be due to the high aspect ratio pores. It could be that the UV-ozone
treatment for the activation of the CNTs to enhance the nucleation did not reach all the way into
the pores, thus failing to create the right groups for the nucleation on the surface. Similarly, the
capillaries might not be completely filled during the synthesis either due to wettability problems or air
trapping. Another reason might be that the concentration of the precursor inside the pores is too low
to enable a dense coating with the iron oxide nanoflakes. The microscale 3D CNT structures maybe
allow for a better diffusion of precursor during the synthesis. For the nanoscale pores, it might be
possible that, once the capillary is filled with precursor solution, this liquid stays trapped in there, and
when the precursor is used up, no new precursor is supplied.

Overall, for the Fe2+ precursor, the wet chemical synthesis yields very promising results for the
microscale 3D CNT structures, but there are several challenges to overcome if this method is applied
to the nanoscale CNT structures.
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4.3.4.3 Synthesis with Fe3+ as a precursor

For the following synthesis Fe2(SO4)3·5H2O containing Fe3+-ions has been used as a precursor on
high (∼300 µm) 3D CNT structure and for lower nanoscale structures (∼ 100 µm). Similar to the
previous synthesis with the Fe2+ precursor, the reaction time is 6 hours with a UV-ozone activation
time of 60 minutes (more details in experimental section) and the reaction is performed on structures
transferred onto a PCP film. For a temperature of 175 °C, the pressure is ∼20-22 bar (see figure
4.22).

Fig. 4.22 Monitored temperature, pressure and power graph during the synthesis of Fe2O3 in the
Anton Paar microwave reactor.

Synthesis on high 3D CNT structures First, high microscale 3D CNT structures are coated with
the hydrothermal microwave-assisted method. The initial 3D CNT structure on the PCP film after
the transfer (figure 4.23A) densifies slightly (figure 4.23B) but does not lift it off the film or suffer
severe damages (figure 4.23C) during the modification. Thus, large areas can be coated using this
method.

Fig. 4.23 The microwave-assisted, hydrothermal synthesis is applied to the transferred 3D CNT
structure on a PCP film (A). After the synthesis the structure shows some densification into a
honeycomb-like structure (B) and a large area coating with a small amount of cracks (C). Scale
bars are 300 µm.

The higher magnification images in figure 4.24 show the initial structure with hexagonally ordered
holes (A) coated and changed into a honeycomb-like shape (B), as already seen for the synthesis
with the other iron-precursor. Dense nanosheets are coating the 3D CNT structure (figure 4.24C).
These emerge from the CNT strands (figure 4.24D) and then grow further, surrounded by other
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CNTs and thus might be very beneficial for their performance as battery electrodes. It guarantees
the connection of the iron oxide with the conductive additive. Using XRD measurements on the
collected particles, the iron oxide phase is determined to be hematite (α-Fe2O3, ICSD-card 161293)
without any other impurities or phases (figure 4.24E). Raman spectroscopy before and after coating
(figure 4.24F) shows that the initial D/G ratio for the CNT structure decreases after coating. This
can be explained by the fact that the α-Fe2O3 platelets react with the defect sites on the CNTs, thus
decreasing the D/G peak ratio. As expected, the Raman signal after coating also shows several peaks
associated to α-Fe2O3. [377,378]

Fig. 4.24 The initial structure (A) on a PCP film is coated with iron oxide using a microwave-
assisted, hydrothermal method. The reaction densifies the circular structure into honeycomb-like
pores due to the capillary aggregation (B). The structure is densely coated with iron oxide nanoflakes
(C) which emerge from within the CNT strands (D) and are identified as hematite using XRD (E).
The emerging hematite peaks can also be clearly seen in the Raman spectrum (F). Scale bars are
30 µm in (A) and (B), 1 µm in (C) and 200 nm in (D).

While there is some nucleation in solution, the heterogeneous nucleation is clearly favored in this
synthesis, leading to a uniform coating on the CNT structure. Hence, this synthesis method works
well on the high 3D CNT structures with microscale holes. Additional images of the coating can be
seen in figure B10 in appendix B. The next step is coating of the colloidal structures.

Synthesis on nanoscale 3D CNT structures As the reaction works very well on the microscale
structures, another attempt is made to modify the nanoscale 3D CNT structures of ∼100 µm height.
The nanoscale structure on the film gets damaged, as seen in figure 4.25A and 4.25 B and the same
densification into small random pillars (figure 4.25C) as in the synthesis with the other Fe-precursor
can be observed. The small pores (∼ 450 nm) are no longer visible on top of the densified pillars,
having closed up during the densification process. Additionally, while to top of the structure is coated
uniformly the side walls are also only partially coated (figure 4.25D).
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Due to the fact that neither this reaction nor the previous one with another iron precursor have
achieved the desired results on the nanoscale structures, a rough estimation is done to see whether
the concentration of the Fe-precursor in the nanopores is enough to cover the inside of the pores in
flakes. Those calculations assume that the whole pore is filled with precursor liquid and that there is
no exchange of the liquid.

Fig. 4.25 The initial colloidal structure is damaged during the coating with iron oxide using a
microwave-assisted, hydrothermal method (A). The structure densifies into pillars and shows many
cracks (B). On top of the pillars, no more nanoscale holes can be seen, indicating that these close
during the densification process (C). The coating on the side walls is non-uniform and only in
patches (D). Scale bars are 300 µm in (A) and (B), 5 µm in (C) and 10 µm in (D).

The surface area of the inside of a pore is defined as Apore: Apore=2π rporeh, with r as the radius of
the pore and h the height of the pore.

The surface area of one of the Fe2O3-platelets is defined as Aplatelet : Aplatelet=π r2
platelet , with r as

the radius of the platelet.

The number of Fe2O3-platelets needed to cover the entire inside surface of the pores (if lying flat on
the inside wall which assumes the minimum amount of platelets needed):

Nplatelets =
Apore

Aplatelet
=

2 · rpore · h
r2
platelet

(4.4)

Assuming a thickness of the platelets of ∼20 nm and a radius of the platelets of ∼60 nm (from SEM
measurements), a pore radius of 225 nm and pore height of 100 µm, the amount of platelets needed
to coat the whole area of the pore is 12500.
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The next question is whether there is enough precursor to form this amount of platelets. This means
the same mol-amount of Fe3+ needs to be available in the precursor as needed for the platelets.

The mol-amount of Fe3+ in one platelet can be calculated using equation 4.5, keeping in mind that
the molar ratio of Fe to Fe2O3 is 2:1 ( 2Fe + 3O → Fe2O3)

nFe3+ = 2 ·
mFe2O3

MFe2O3

= 2 ·
Vplatelet · ρFe2O3

MFe2O3

= 2 ·
πr2

platelet · t · ρFe2O3

MFe2O3

(4.5)

The density of Fe2O3 (ρFe2O3) is 5242 gl−1 and the molecular weight (MFe2O3) is 159.69 gmol−1.

The mol-amount of Fe3+ in the precursor solution filling the volume of the pore is calculated in
equation 4.6. The concentration of Fe3+ in the precursor solution is 12.246 mmol/l.

nFe3+ = cFe3+ · Vpore = cFe3+ · πr2
poreh (4.6)

The amount of platelets N that can be produced with the precursor that is present in the nanopore is
given by:

NFe2O3−platelets =
nFe3+

precursor

nFe3+
platelet

= 3.7 · 10−5 (4.7)

This shows that with the precursor concentration in the pore not even one platelet can be synthesized,
thus a dense coating cannot be achieved with the currently used precursor concentration if no diffusion
is assumed. The concentration has to be increased significantly, even if the platelets don’t grow
as large as in the microsized pores. This is also always assuming that a uniform coating inside the
pore can be achieved and the whole volume is used. The amount of precursor in a microscale pore
(following the same equations) would also not be enough to coat the complete pores (N=0.26) if
there is no diffusion. The fact that a uniform coating can be achieved in the microscale pores proves
that this process is dependent on the precursor diffusion into the pores.

Those nanoscale coating issues are a major drawback for a wet chemical synthesis in small pores,
which is why an alternative gas phase method is applied on the nanoscale 3D CNT structures for
further coatings, as shown in the next section.

4.3.5 Initial electrochemical characterization for Fe2O3

All electrochemical characterization is done by S. Engelke (PhD student in the same group). He
operates the potentiostat and assembles the coin cells. The experiments are half-cell measurements
with a copper current collector and Li metal as a counter electrode to test the anode performance of
our electrodes.

Electrochemical performance of α-Fe2O3 with Fe3+ as a precursor The microwave-assisted,
hydrothermal reaction leads to a uniform coating of dense nanoflakes on the 3D CNT structure.
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Battery measurements of the material were performed on coated 350 µm high structures. The
charge-discharge curves at 0.05C (figure 4.26A) have a clear voltage plateau at 0.75 V which agrees
with the CV measurements (figure 4.26B, 0.01 mV/s) where the reduction peak in the cathodic
sweep can be found around this voltage. This peak corresponds to the conversion of Fe2O3 into Li2O
in the presence of Li-ions. The other redox current peak in the CV is found at 1.75 V in the anodic
sweep, corresponding to the oxidation reaction of Fe to Fe3+. The first-cycle discharge capacity is
high at ∼1200 mAhg−1 which then decreases to ∼1000 mAhg−1. This decrease is probably due
to the formation of the SEI with CNTs, which is typically high, and nanomaterials and leads to an
irreversible capacity loss of about 17%.

Those findings are in agreement with the measurements shown in the published report the α-Fe2O3-
synthesis is adapted from. [320] This verifies that the microwave-assisted, hydrothermal method leads
to similarly active material as the classic thermal one and is a promising active material.

For the capacity measurements over time another electrode is used which explains the slightly higher
initial capacity due to sample to sample fluctuations. The capacity here remains stable over 50 cycles
(figure 4.26C) at about 900 mAhg−1 (0.2C). Compared to a standard slurry made from the same
active material (α-Fe2O3), PVDF as binder and CNTs as the conductive additive (80:10:10) in a
standard film, cast at 100 µm thickness, the coated 3D structure shows very little capacity fading,
even though it is a ∼5x thicker electrode. Increasing the cycling rate leads to a decrease in capacity
(figure 4.26D).

Fig. 4.26 Electrochemical data of Fe2O3-CNT structure with Fe3+ as a precursor. (A) Charge-
discharge curve of the first 2 cycles (0.05C), (B) CV (0.01 mV/s) for the coated 3D CNT-structure
with a Fe3+ reduction peak at 0.75 V and the corresponding oxidation peak at 2.0 V for the 2nd, 3rd
and 4th cycle, (C) capacities at 0.2 C over 50 cycles of the coated 3D CNT structure and a slurry
made form the same active material and CNTs as conductive additive (cast to 100 µm thickness),
and (D) rate performance of the coated 3D CNT structure up to 7.5 C and recovery to 0.2 C.
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The rate can be increased to 2.5 C and the capacity of the thick electrode is only slightly lower than
the current standard, graphite. When using a 5 C rate, the capacity decreases to around 110 mAhg−1.
Even after going to 7.5 C, it is possible for the battery to recover to nearly the initial capacity and to
keep cycling for over 50 cycles at a stable capacity ∼400 mAhg−1 at 1 C.

The areal loading of the 3D CNT structure is 0.0100 mg/mm2 (average of three samples), whereas
the one for the standard battery film is 0.0045 mg/mm2. Thus the areal loading was increased by
120% with the advanced electrode structure while keeping a good performance. An effort to create
standard films as thick as the suggested electrode structure to increase the loading resulted in a large
amount of cracking during drying (∼300 µm film, as shown in figure B11 in appendix B) and thus
does not provide a suitable route to increase the areal loading.

When the 3D CNT structure electrodes are opened after 40 cycles, the structure is still intact and no
damage can be seen by the coin cell fabrication and subsequent cycling (figure 4.27A). Looking closer
shows that no Fe2O3 platelets can be seen anymore. This might be due to some leftover coating with
the electrolyte or coverage by the SEI. Another reason could be that during the conversion reaction,
the particles have been broken up into even smaller nanoparticles which makes them harder to see at
this magnification. The fact that the 3D CNT structure is not affected by multiple cycles is very
promising for further experiments with this advanced electrode.

Fig. 4.27 The coated 3D CNT structure electrode is opened after 40 cycles. The structure is still
intact and no damage can be seen overall (A). It is hard to see the Fe2O3 flakes in the magnified
image (B). This might be due to still some coating with the electrolyte or because the particle have
broken up into smaller nanoparticles due to the conversion reaction.

Electrochemical performance of α-Fe2O3 with Fe2+ as a precursor Initial measurements for
the α-Fe2O3 with Fe2+ as a precursor are performed. There is a large loss in capacity between the
first and second cycle (figure 4.28A) from ∼ 1400 mAhg−1 to ∼ 800 mAhg−1 in the charge-discharge
measurement. The CV (figure 4.28B, 0.01 mV/s) shows the expected Fe3+ reduction peak at 0.75 V,
but the corresponding oxidation peak, expected in the anodic sweep just below 2 V, is missing. Thus,
the formed Fe does not get oxidized again to Fe3+ and the Li-ions probably stay in the anode as Li2O.
This leads to a failure of the battery, making the capacity drop to below 20 mAhg−1 after the third
cycle (figure 4.28C).
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Fig. 4.28 Electrochemical data of Fe2O3-CNT structure with Fe2+ as a precursor. (A) Charge-
discharge curve of the first 2 cycles (0.05C), (B) CV (0.01 mV/s) for the coated 3D CNT-structure
with a Fe3+ reduction peak at 0.75 V but unfortunately no clear oxidation peak around 2.0 V (as it
would be expected), (C) charge-discharge curves for the third and fourth cycle, showing a capacity
drop to below 20 mAhg−1.

Even though the XRD characterization showed hematite for both precursors at 175 °C, a close
comparison of the spectra (figure 4.29) shows that the intensity of the peaks is not exactly the same,
indicating that using Fe2+ as a precursor might require a higher temperature (spectra at 190 °C are
more similar). Less crystalline hematite might be the reason for the electrode failure. Another one
could be a change in surface area due to the slightly different shape of the particles and thus an
influence on the SEI formation. All the XRD patterns are measured on powders produced with the
same reaction conditions, but not on the coated CNT structures themselves, as no signal could be
measured from them due to the very thin coating. This means that there could be a change in phase/
material on the CNT structure. Additionally, the particles might not be well enough adhered to the
3D CNT structure, thus detaching during cycling and losing their electrical conductivity which might
influence the battery performance significantly.

Fig. 4.29 A comparison of the XRD patterns for reactions at 175 °C and 190 °C for both precursors
is shown here. It can be seen that at 190 °C the two materials are exactly the same whereas at
175 °C the intensity of the peaks slightly varies. It seems that the Fe2+ precursor might need a
slightly higher temperature to form more crystalline Fe2O3.
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4.3.6 Conclusion

Overall, we used advanced 3D CNT collector electrodes here in combination with microcontact
printing onto a thin conductive film as a binder for an increased areal loading. The 3D CNT structure
is coated with α-Fe2O3 using microwave-assisted, hydrothermal synthesis for the first time successfully
on patterned CNT forests to create carbon-metal oxide hybrids. This is a versatile method that opens
up a new range of materials that can now be used to modify aligned CNT structures while decreasing
the reaction time and potentially avoiding the high temperature annealing step. With this hybrid
structure is possible to enhance the areal loading of the electrode by 120% while keeping a good
long-term stability equal to standard electrode films and a higher rate capability compared to the
standard films. It is also possible to retain the electrode structure, as shown in post mortem images
of the battery, making this a promising electrode architecture.
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4.4 Modification of the nanoscale 3D CNT structure with silicon

As the wet chemical synthesis route was unsuccessful for the coating of the nanoscale 3D CNT
structures, another approach is chosen. Gas phase modification has been proven to work for CNT
forests and other structures. Thus a gas phase modification is done with silicon as a very promising
high capacity anode material for the colloidal structures.

4.4.1 Fabrication process of the nanoscale 3D CNT structure with silicon

Combining a gas-phase Si-coating process with the nanoscale 3D CNT structure, as discussed above,
will lead to the possibility of thicker, high capacity LIB electrodes that are not limited by diffusion.
The nanoscale pores not only support the Li-ion diffusion, but also enable a good coating throughout
the thickness, as the coating of unpatterned forests has been proven hard throughout the whole
thickness. A schematic overview of the preparation process can be seen in figure 4.30. For the
Si-coated structures, colloidal templates with hole sizes of 450 nm are created (1), as explained earlier
in section 1.4.2. Those are then grown using an atmospheric pressure CVD to a height of ∼150 µm
(2) to make sure that there is no collapse of the CNT forest structure close to the bottom as reported
before in section 3.3 (figure 3.14c). The grown 3D CNT structure with nanoscale holes is then coated
with silicon using either a CVD or a PVD method (see further). The SEM shows a coating using
thermal CVD (3).

Fig. 4.30 The figure shows the fours steps for the fabrication of a Si-CNT electrode. First the
template is created using colloidal lithography (1), which is then grown by thermal CVD into a
3D CNT structure with holes of about 450 nm (2). This structure is coated with silicon using a
CVD or PVD process (3) and afterwards transferred onto a current collector which in this case is
copper tape. The adhesive on the copper tape is carbonized after the transfer using a temperature
treatment (4). The order of step 3 and 4 can be changed depending on the modification conditions.
Scale bar in the inset in (2) is 300 nm.

The coated structure is then transferred onto a current collector (4). Instead of using the conductive
polymer film (PCP) reported earlier, copper tape is used. While PCP is the better choice for the
conductivity and binder function, Cu tape is used for its easier transfer due to the increased stickiness
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of the adhesive on the tape. This, however, introduces a temperature treatment step after the transfer
to carbonize the adhesive. The carbonized adhesive is possibly not giving as good of an electrical
contact throughout. However, it was not possible to achieve the transfer onto a PCP film as the
adhesion of the structure after the Si-coating is very high, thus the measurements are done with
carbonized Cu tape as a current collector. The order of step 3 and 4 can be changed depending on
the modification conditions and requirements.

For the coating of the colloidal CNT structure two gas phase methods are tried. The first one is
coating by a thermal CVD method with two different coating times, the second one a coating by PVD.
The crucial parameters for the evaluation of the coating afterwards in both cases are the transfer
ability onto the Cu-tape and the amount of oxygen in the Si-coating to ensure there is not too much
SiO2 present rather than Si.

4.4.2 Thermal CVD-process for Si-deposition

A thermal CVD process using SiH4 as a precursor in an argon atmosphere is used to coat the nanoscale
3D CNT structures.

Fig. 4.31 The coating of a nanoscale 3D CNT structure with Si from a thermal CVD process is
shown in (A). A tilted image of the side walls can be seen in (B). The SEM image in (C) shows
another sample (with less dense holes) where EDX mapping is done on top of the structure. The
colloidal structure is covered in silicon, with carbon (CNTs) and oxygen (potentially a thin oxide
layer) as the other two detected elements. Scale bars are 2 µm in (A), 1 µm in (B) and 500 nm in
the inset, and 2 µm in (C).

The coating of the samples is done with the help of Yanting Jin, a PhD student in the Department of
Chemistry who used a process initially reported by Ogata et al. [231] from their group and then by Y.
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Jin herself [232] for the formation of Si-nanowires. The deposition is run at 550 °C for 15 minutes with
the colloidal structure on a Si-wafer (more details in experimental section).

This results in a uniform coating (figure 4.31A), also on the side walls (figure 4.31B). The holes are
still visible in the inset in figure 4.31B. To prove that there is silicon on the structure, another sample
(with a little less regular holes) is analyzed using EDX mapping (figure 4.31C). The whole top of the
sample is coated with silicon, the other two detected elements being carbon (from the CNTs) and
oxygen (there might be a small oxide layer on the Si).

Fig. 4.32 While only a small change in height from 150 µm (A) to 145 µm (B) is seen during
the modification, the transfer decreases the height of the coated 3D CNT structure to about 2/3
(C). An overview of the coated area is shown in image (D) and the EDX mapping (E) for the initial
bottom of the structure (after transfer now the top) shows oxygen, carbon and silicon, thus proving
that there is a silicon coating all the way through the structure to the bottom during modification.
Scale bars are 50 µm if not otherwise indicated.

The structure is then transferred onto a copper tape as the current collector for electrochemical
characterization. The height change during the process is shown in figure 4.32 A-C and an overview
image of the uniformly, nearly defect-free coated area before transfer is shown in figure 4.32D. Initially
the nanoscale 3D CNT structure is 150 µm high (figure 4.32A). After the coating the height doesn’t
change (figure 4.32B). After the transfer onto the copper tape, the sample is about 2/3 of the
initial height (figure 4.32C) which can be explained by the pressure applied during the transfer and
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subsequent buckling of the CNT forest, as reported earlier. This buckling can be seen at the top left
of the CNT forest (figure 4.32C, indicated by the red arrow).

This also indicated that the coating there might be thinner than on the initial top of the structure. A
coating gradient on the Si-sample is not surprising given the small pores of the structure. To ensure
the coating has reached through the pores all the way to the bottom of the structure, EDX mapping
is done after the transfer at the top (which previously was the bottom), as seen in figure 4.32E.
Oxygen, silicon and carbon are the detected elements, thus proving that there is still a silicon coating
on the colloidal structure. This gives a first indication that the coating method is good enough to
coat the structure all the way through the small pores.

To ensure that the carbonization step does not significantly change the composition of the active
material, the percentage of the oxide compared to the silicon is evaluated before and after carbonization
in inert atmosphere at 500 °C. EDX data as an average of three measurements is taken before the
carbonization and after the carbonization on top of the sample. The results in table 4.2 show that
the percentage of oxygen is relatively low, ensuring that the sample is coated mostly with silicon.
After the carbonization step, the oxygen content increases slightly but not much.

Table 4.2 The table shows the atomic percentages of oxygen and silicon on the sample before and
after the carbonization step. A slight increase in the oxygen levels can be seen but it is still lower
than 15% which indicated that there is mostly pure Si rather than SiO2

An EDX mapping of the bottom after the transfer is shown in figure B12 in appendix B. The element
maps clearly show the presence of copper in addition to Si, C and O after the transfer onto the
Cu-tape.

Increase in coating thickness The coating on the colloidal CNT structure appears to be very thin,
especially at the bottom of the structure on the Si-wafer. To achieve an increased mass loading on
the same surface area, the coating time is doubled. Thus a thicker coating is achieved on the colloidal
structure (figure 4.33A and 4.33B). The pores are still open which means there might be space for
a further increase in thickness. The view of the side walls (figure 4.33C) shows a continuous thick
coating. However, when the transfer is attempted, the structure is stuck on the wafer. The adhesion
of the 3D CNT structure to the Si-wafer is significantly improved by the thicker coating, making it
impossible to get the structure transferred onto the Cu-tape. Even larger weights of 50 g and higher
temperatures (150 °C and 200 °C) during the transfer are not enough to change the adhesion. It was
also tried to get the structure off the wafer by using a razorblade, but it didn’t work.

Nevertheless, it was managed to isolate a strand of coated CNTs with a length of about 110 µm
structure with the razor blade which made it possible to analyze the coating on both sides (figure
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4.33D). It was not clear which part of this strand was on the top and bottom of the initial structure
but both side show very good Si-coating (insets next to D), indicating that those conditions lead to a
good coating through the pore structure, if the transfer could be done.

Fig. 4.33 A thicker coating by an increase in coating time on the 3D CNT structure with nanoscale
pores can be seen in (A)-(C). The transfer of this coated structure is attempted but it leads to
breaking and incomplete transfer of it onto the Cu-tape (D). The adhesion to the substrate has
significantly increased during the longer coating time. The long, coated CNT strand with the two
higher magnification images at the top and bottom of the strand indicates that a good coating all
the way through the pores could be achieved.

Challenges A very well coated sample cannot be transferred onto Cu-tape as a current collector. A
transfer before the coating is also not possible with this thermal CVD system, as no copper tape is
allowed in the coating operating system, as it is feared that impurities might be introduce. If a transfer
before the coating cannot be done, the thicker Si-coating cannot be used for further characterization
as electrodes, even though it would be of interest due to the higher active material loading.
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4.4.3 PVD-process for Si-deposition

Thus, further samples are coated in a different system with the help of Jordi Cools at imec in
Leuven. Our samples are coated using their PVD system and then sent back to us. The advantage
of their coating system is that the 3D CNT structure can be transferred onto the Cu-tape before
the modification. This makes it possible to get thicker coating onto the structure without having to
balance it with the adhesion of the structure to the initial Si-substrate.

The first coatings are done on microscale 3D CNT structures, as they are easier to make than the
nanoscale ones and work well for first tests. A coated 3D CNT structure is shown in figure 4.34A.
Single CNT strands are still distinguishable, indicating that the coating might be very thin and could
probably be increased in further runs (figure 4.34B).

Fig. 4.34 The SEM images show a coating on the 3D CNT structure with microscale holes in (A),
(B) and (C). EDX mapping is shown in (D) with carbon, Si, O, and Cu from the copper tape as the
detected elements. A quantitative EDX analysis of the atomic percentages shows that there is a
higher amoun of oxygen than silicon which could mean that it is mostly SiO2.

The SEM of the coated structure with EDX mapping is shown in figure 4.34C and D. The elements
seen in the mapping in addition to carbon are Si, O and Cu (from the tape). A quantitative analysis
of the Si and O percentages using EDX shows that the O-content with this method is significantly
higher than in the previously reported one (the measurements are averages of three spots on three
different samples). This means that either most of the silicon is actually SiO2 or some of the copper
foil has oxidized and the signal of that is adding to the sample. It might also be a combination of
both.

Further investigation of the exact composition of the coating needs to be done to determine where
the large atomic percentage of oxygen comes from. As the electrochemical performance is the critical
parameter for the evaluation of the whole fabrication process, the fabricated samples are made into
half-cells for further electrochemical characterization, before any further analysis is done.
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4.4.4 Initial electrochemical characterization for silicon

Also on this project, the electrochemical characterization is done by S. Engelke. The anode materials
are measured in half-cell configuration with Li-metal as counter electrodes with LiPF6 in EMC and
DEC as electrolyte and a glass fibre disc as separator.

4.4.4.1 CVD-Si coating for nanoscale 3D CNT structures

The nanoscale 3D CNT structure coated with thermal CVD (as reported before) and transferred onto
copper tape as a current collector shows a ∼ 33% decrease in capacity during the initial charge/
discharge cycles. This probably corresponds to the SEI formation of the sample.

Fig. 4.35 Electrochemical characterization of a nanoscale 3D CNT structure with CVD-grown Si:
(A) Charge/ discharge curve of the first two cycles, (B) CV (0.01 mV/s) with peaks corresponding
to the (de)lithiation of amorphous silicon, (C) Capacity and coulombic efficiency over 10 cycles at
400 mAg−1 and (D) Rate performance of nanoscale 3D CNT structure with Si with 100 mAg−1,
400 mAg−1, 1000 mAg−1, 2000 mAg−1, 3000 mAg−1, 4000 mAg−1 and 5000 mAg−1.

All the data presented here is from one cycled electrode. The weight of the electrode could not be
determined as exact as necessary, as balanced was used that wasn’t precise enough. The weight
is between 0.2 mg and 0.3 mg. The higher loading is assumed here to account find the minimum
achieved rate. The maximum specific capacity values (with the lower loading) would be around
2200 mAhg−1 for the first cycle and 1500 mAhg−1 for the second cycle if 0.2 mg was assumed. This
experiment will be repeated as soon as the CVD-coating system is fixed to gain more insight into the
definite value of the specific capacity. Nevertheless, conclusions about the stability, crystallinity and
rate of the material can already be made.
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The CV curve for the coated 3D-CNT structure with silicon as an anode material shows two sharp
peaks during lithiation (figure 4.35B, 0.01 mV/s). The first can be assigned to the high voltage
lithiation of amorphous silicon at ∼0.25 V and the second peak to the low-voltage lithiation of
amorphous silicon near 0 V. During the delithiation process, two peaks corresponding to the sequential
extraction of the Li-ions (a-Lix ′+x ′′Si → a-Lix ′Si + x”Li → a-Si+x’Li) are found at 0.3 V and 0.5 V.
The shape of this curve is consistent with previous reports of amorphous silicon. [307,358,379] This is
sligthly different from the data reported by Jin et al. [232] They used the same process, however, on a
Au-substrate which led to crystalline silicon, whereas the Si on the 3D CNT structure seems to be
amorphous, as reported for Si coatings on CNTs before. [307,358]

The capacity over 10 cycles remains stable at ∼650 mAhg−1 with a coulombic efficiency about 97%
(figure 4.35C). Cycling at higher rates slowly decreases the capacity; at a rate of 5000 mAg−1 nearly
all capacity is gone (figure 4.35D). However, it remains to be seen whether it is completely reversible
when decreasing the rate again, thus not damaging the structure.

4.4.4.2 PVD-Si coating for microscale 3D CNT structures

The electrochemical performance of microscale 3D CNT structures coated with PVD-Si is evaluated
here. The CV looks significantly different from the previously shown one for amorphous Si. This
supports the assumption from the EDX-measurements that the coating is mostly SiO2.

The charge/ discharge curve (figure 4.36A) shows a significant decrease in capacity on the first cycle
discharge (∼4400 mAhg−1) to the second discharge (∼1000 mAhg−1) due to a large SEI formation
and the formation of electrochemically inactive and thermodynamically stable lithiumsilicate in the
SiO2. The reactions during the lithiation of SiO2 are the following: [380]

(1) SiOx + yLi + ye→ Si + LiyOx

(2) yLi + SiOx → LiySiOx

(3) Li+Si+xe 
 LixSi
As the Si-phase sometimes increases with time in this material, an increase in capacity can often be
seen. [380] Another reason for the observed decrease in capacity could be due to delamination of the
structure from the Cu film.

In the CV (figure 4.36B, 0.01 mV/s), the cathodic sweep shows multiple peaks in the first cycle,
one at 1.4 V which is attributed to the beginning of the SEI formation due to reactions between
the electrode and electrolyte, and one broader peak at ∼0.40 V where further SEI formation and
decomposition of the electrolyte occurs. [380]
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Fig. 4.36 Electrochemical characterization of a microscale 3D CNT structure with PVD-grown Si:
(A) Charge/ discharge curve of the first two cycles and (B) CV (0.01 mV/s) with peaks corresponding
to the (de)lithiation of SiO2.

The small peak at 0.25 V corresponds to the formation of lithiumsilicates and Si from the SiO2,
whereas the one at around 0 V is the alloying reaction of Si. In the anodic sweep, the reactions
at about 0.34 V and 0.4 V can be attributed to the de-alloying of Si from two different reversible
lithiumsilicates formed. [381] Those findings are in agreement with other reports published on SiO2 as
a battery material. [380–382]

The electrochemical characterization shows that the material is not Si but rather SiO2 which was
already suspected with the large measured oxygen content in the EDX spectra. Thus it exhibits a
lower capacity than expected. Nevertheless, it might be a promising alternative for thick batteries as
this capacity can be nearly three times as high as graphite.

4.4.5 Conclusion

The 3D CNT structure with nanoscale holes was fabricated in a novel way using colloidal lithography
and then coated with the high specific capacity anode material silicon by CVD and with SiO2 by a
PVD process. Those gas phase processes enable a coating without destruction of the aligned structure
and potentially uniformly throughout the pores.

The thickness of the overall electrode structure is significantly higher than previously reported hybrid
structures. It is 5x higher than the reported Si-hybrid structures by Wang et al. [368] (20 µm) and 50
times higher than the one reported by Fan et al. [383] (2 µm). Despite the increased thickness it is
possible to achieve a stable capacity and a good high rate performance for the Si-hybrid structure.
Our capacity is lower than the reported ones; however, as mentioned earlier, this might be due to
weighing errors.

For the SiO2 coating the capacity is around 900 mAhg−1 after the initial SEI formation which is
promising for the material and compares well to the capacity found for hollow SiO2 nanocubes [382]

and nanotubes. [380] The stability of the capacity is currently investigated to gain further insight into
the promise of this electrode composition.
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Chapter 5

Inorganic Modification of CNT
Honeycomb Structures for
Watersplitting

CNT honeycombs coated with BiVO4, scale bar 30 µm.

Results in this chapter were achieved in collaboration with Dr. J. Rongé (KU Leuven).
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5.1 Introduction to solar watersplitting

With the current drive for more sustainable energy sources and reduction in CO2 emissions, a suitable
feedstock for synthetic renewable fuels needs to be found. As water is cheap, abundant and non-toxic,
it is very promising for gaining clean energy from its hydrolysis, generating H2 as a fuel. [384] The
generation of hydrogen can be split into two steps: (i) the oxidation of two water molecules to form
O2 and protons, and (ii) the subsequent reduction of protons to molecular H2. While photovoltaics
(PV) present a way of converting solar energy into electricity, when thinking about efficient storage,
electricity is not the most efficient and convenient way to do so. Storing energy in the chemical bonds
of fuel molecules, such as hydrogen, is more efficient. A Ragone plot in figure 5.2 compares fuel cells
to batteries and supercapacitors, clearly showing the high-energy capability of fuel cells. [385]

Fig. 5.2 A comparison of the energy and power densities of batteries, supercapacitors and fuel
cells. [385]

Currently produced hydrogen, however, is expensive due to material costs in the process, such as
expensive electrolysers i.e. noble metals. [386] Thus, the production of solar hydrogen by means of
the photo electrochemical (PEC) splitting of water has gained much scientific attention, trying to
enhance efficiency and reduce costs. Water oxidation is the hardest step for watersplitting. This step
is needed to produce the protons that then can be used for the CO2 reduction and for providing the
electrons in the proton reduction half reactions. [66,67] This makes water oxidation a crucial step on
the way to use CO2 as a feedstock for renewable fuels.

To achieve an improved water oxidation, PV systems have been successfully coupled to water
electrolysis to achieve hydrogen production of up to around 18% efficiency. [387] One step further
towards higher efficiency and lower costs is by creating one single system that combines light harvesting
and water splitting components. This system is called a photo electrochemical (PEC) cell. A schematic
of a full PEC cell in figure 5.3 with the photoanode, photocathode and the reactions on each of them
indicated, shows how the reactions are linked and fuel can be gained from watersplitting and CO2

reduction. [384]
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Fig. 5.3 Schematic of a liquid-phase, two-compartment PEC cell with photoanode, photocathode
and proton exchange membrane. Incident light pathways, reactive species and reagents are also
shown. [384]

The photoelectrode often consists of a semiconductor. This semiconductor needs to absorb efficiently
in the visible region and have a good conductivity to transport the resulting charges. [384] Such a
system was first proposed by Fujishima and Honda in 1972 [388] when they reported the watersplitting
properties of a TiO2 photoelectrode. The process for photo electrochemical watersplitting begins
with the absorption of incident photon which creates electron-hole pairs in the absorbing material,
e.g. the mentioned semiconductor material, such as TiO2. The holes drive the oxygen evolution
reaction on the one side while the electrons are consumed by the hydrogen evolution reaction at a
separate electrode or surface. [384,387] A lot of effort was put into the investigation of semiconductors
for solar hydrogen formation and the development of the a fitting photocatalyst with high efficiency
and low-cost. Especially in the last decade, the focus shifted to earth-abundant materials with higher
efficiency and better cost-effectiveness. [384] Those materials have a range of requirements that need
to be kept in mind during the selection. They must have a suitable band gap for light absorption,
long term stability in an aqueous environment, as well as low cost and material availability. [387]

Many inorganic semiconductors show high stability and acceptable efficiency and thus are promising
light harvesting materials. As mentioned, the band gap must be suitable for light absorption. A
band gap specifies the energy difference between the valence band and the conduction band. When
a photon is absorbed, an electron is excited from the valence band to the conduction band. This
can only happen if the energy of the incident photon is high enough. An overview of the bandgap
positions of a range of semiconductors can be seen in figure 5.4.
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Fig. 5.4 Schematic illustration of bandgap positions of several semiconductor photocatalysts. [389]

Additionally, the minimum voltage requirement to split water at standard temperature and pressure is
of 1.23 V, thus necessitating at least a 1.23 eV band gap semiconductor. In practice, however, entropic
losses, reaction overpotentials, and other losses can increase the overall band gap requirement. [387]

Simply put, the band gap must be large enough to provide the necessary photovoltage to split water
but as small as possible to absorb the greatest portion of the solar spectrum. [387] The band-gap of
TiO2 for example is ∼3.0 eV [390] and thus it needs higher energy light (UV-light) to get excited.
Other materials like the bimetallic ternary oxide bismuth vanadate have a smaller bandgap (2.4 eV)
and thus can be used with visible light. [390] This makes BiVO4 a very promising material for light
harvesting, as UV-light is only occupying 4% of the whole solar energy, while visible light is accounting
for 45%. [391]

In addition to the band gap of the light-harvesting material, the charge carrier separation and transport
is an important aspect to think about. Recombination timescales can be faster than the interfacial
reaction and thus need to be enhanced to ensure efficient charge separation. Crucial for this is also
good electron transport, underlining the need for good conductivity in the material. Co-catalysts can
be added to accelerate and selectivate the half-reactions. They are usually electrocatalysts, but can
be photoactive as well. A co-catalyst might be necessary if the single material doesn’t fulfill all of the
following functions: (i) light absorption, (ii) charge separation and charge carrier transport, and (iii)
electrocatalysis. [384]

BiVO4 as a photoelectrode

A range of photocatalysts has been reported, including binary metal oxides. However, they are not
providing the right band gap for visible light absorption (e.g. TiO2 or WO3) or have extremely poor
charge transport properties (e.g. Fe2O3). [390] The bimetallic ternary oxide bismuth vanadate (BiVO4)
has attracted much attention as the most promising photocatalyst for PEC watersplitting, since it
has both a narrow band gap of ∼ 2.4 eV [392–394] compared to TiO2 and a suitable valence band
edge (∼2.4 V vs. RHE) which provides a strong driving force for water oxidation by photogenerated
holes. [395,396] The low band gap means it absorbs in the visible region, while semiconductors with
larger band gaps such as TiO2 (∼3.0 eV) [390] absorb in the UV region. BiVO4 also is cost effective,
abundant and has a good stability. [67,396,397]
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Theoretically BiVO4 should be able to achieve a solar-to-hydrogen conversion efficiency of of about
9.2%. However, due to low photo-induced electron transportation, slow kinetic for oxygen evolution
and low conduction band level, the actual conversion efficiency is below the expected one. Especially
the slow charge transportation leads to a recombination of 60 - 80% of the electron-hole pairs. [67] A
study by Kweon et al. [398] showed that the charge transportation is electron limited.

BiVO4 exists in three different polymorphs: monoclinic sheelite, tetragonal zircon and tetragonal
sheelite [393] with band gaps of 2.40, 2.34 and 2.90 eV, respectively. [389] Photocatalytic properties
of BiVO4 are strongly related to their crystal phase. The monoclinic phase showed much higher
photocatalytic activity than the others, [399] making it a highly desirable one. Since BiVO4 was first
reported as a photocatalyst in 1999, [393] many reports have emerged on its synthesis by a range of
methods, such as using chemical synthesis and subsequent annealing, [394,395] precipitation from aque-
ous, acidic media [396] with subsequent calcination, [400] solid state synthesis, [401] hydrothermal [402,403]

or solvothermal, [404] and sonochemical. [391]

There are several ways of enhancing the properties of BiVO4 as a photocatalyst: [67] (i) Metal and
non-metal doping, e.g. tungsten or molybdenum, [405] can improve the charge separation in the case
of BiVO4. (ii) Facet engineering is used to create more surface active sites. [402,406] (iii) Morphology
control presents another way of influencing the photocatalytical performance, as such a control can
assist in collection and separation of electron-hole pairs, e.g. nanorods. [404] (iv) The creation of
heterostructures, e.g. by co-grafting of co-catalysts, such as Fe3+ or Cu2+, has also been reported to
enhance the photocatalytic activity. [67,407]

Recently, there have been reports that try to address the drawbacks of BiVO4 as a photoelectrode by
carefully engineering the electrode structure on a nanoscale. [389] To avoid the charge recombination
due to the long diffusion length of the photo-induced electrons, porous BiVO4 structures have been
suggested. [327,408] Core-shell technologies with a conductive backbone are of interest, such as using
WO3 nanowires as electron conductors with a BiVO4 shell, reaching an incident photon-to-current
conversion efficiency of ∼60% at 300 - 450 nm, as reported by Rao et al. [390] (figure 5.5A) and Su et
al. [409] Porous structures with high electrical conductivity materials, such as carbon, metal or metal
oxides, are highly promising to improve the photo-induced electron transportation. Recently, there
have been a range of reports of BiVO4/MWNT composites. Sun et al. [410] reported a hydrothermal
synthesis of a BiVO4/MWNT/Ag@AgCl compound with improved catalytic performance. Zhao et
al. [411] reported the formation of hierarchical structures of carbon-doped BiVO4 with MWNTs by
hydrothermal synthesis and subsequent ultrasonication with a MWNT-solution, showing that the
transient photocurrent densities of the C-BiVO4 and C-BiVO4@MWNT are much higher than that
of BiVO4 (figure 5.5B). They attributed this to the scattering effect of C-BiVO4 and the excellent
electrical conductivity of MWCNT. They also reported a one-step hydrothermal synthesis for a
BiVO4/MWNT-composite with uniformly embedded MWNTs in monoclinic BiVO4. [412]
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Fig. 5.5 This figure shows two examples for BiVO4 combined with conductive materials: (A) an
advanced electrode structure made from WO3 nanowires coated with BIVO4

[390] and (B) carbon-
doped BiVO4 particles with MWNTs as a conductive material, showing a significant increase in the
photocurrent compared to unmodified BiVO4. [411]

BiVO4 can not only be used as a photocatalyst under visible light, but also for paints due to its distinct
yellow color. [413] It presents an attractive and nontoxic substitute for lead- and cadmium-based yellow
pigments. [389] This adds an optical control during the characterization to immediately determine
whether the reaction was successful.

Overall, not only the materials are important, also electrode design needs careful thought. Monolithic
cells can be created that operate similar to artificial leaf reported by Reece et al. [414] where a
wireless design for a PEC cell was proposed. Due to the range of processes to be kept in mind,
such as illumination, charge separation, electrical conduction, and molecular transport, this is a very
challenging task [384] which is addressed in this chapter by the fabrication and testing of an advanced
photoelectrode made from a 3D-CNT structure coated with BiVO4.

5.2 BiVO4-coated CNT honeycombs as photoelectrodes

The hybrid structure concept is similar to the architecture proposed by Rongé et al., [384] as shown in
figure 5.6A for a 3D structure with core-shell nanotubes. This one-dimensional structure shows a
large penetration depth to maximize the absorption of the incident light, in addition to the absorption
depth of materials (∼250 nm for BiVO4). [384] When thinking about the thickness of the coating, it is
important to keep the hole diffusion length (∼150 nm for BiVO4) and the electron diffusion length
in mind (∼10 nm). The nanostructure helps to shorten the necessary diffusion pathways for charge
separation, thus avoiding charge recombination. [384]
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Fig. 5.6 Schematic illustration of a suggested photoelectrode structure by J. Rongé [384](A) and
the adapted concept for a BiVO4 coated CNT honeycomb structure (B). Here the side view shows
the reactions taking place on the photoelectrode surface and the diffusion direction of the electrodes.
The

The proposed photoelectrode is a similar hybrid structure made from a conductive CNT honeycomb
network coated with the photocatalyst BiVO4 (figure 5.6B). With this approach, we hope to be able
to address some of the drawbacks of BiVO4 as a promising photocatalyst: (i) With a conductive CNT
backbone in the structure, electron transport should no longer be an issue in the material and thus
make it possible to avoid high recombination rates (shown in the side view and important pathways).
(ii) In addition to enhancing the electron transport, the CNT honeycomb structure provides a high
surface area, which is beneficial for the generation of many active species and thus can improve the
efficiency of the electrode. [67] This concept is suggested by J. Rongé (KU Leuven) who also does all
the electrochemical characterization.

The CNT honeycomb synthesis and coating with BiVO4 is done in Cambridge and thus is the main
focus of this thesis chapter. The CNT honeycombs are formed by densification as described in chapter
3.2.1 and a range of coating methods and recipes for BiVO4 modification is examined, as shown in
the following sections. The optimal coating thickness for the BiVO4 still needs to be experimentally
determined.

5.3 Modification with bismuth vanadate - BiVO4

5.3.1 Microwave-assisted, hydrothermal growth of BiVO4 on CNT structures

The first coating attempts with BiVO4 on the CNT honeycomb structure are made using microwave-
assisted, hydrothermal synthesis due to the advantages described in the previous chapters. A uniform
film of about 100 nm is targeted to get most of the absorption depth but to stay below the hole
diffusion length to avoid recombination.

As the application requires a conductive substrate, the honeycomb structure is transferred onto the
conductive PCP film before the modification. The transfer of the 3D CNT structure onto the film is
done right after growth. Then the structure is densified into honeycombs (figure 5.7A and 5.7A1) and
subsequently coated with the chosen protocol, here with olive-like BiVO4 particles [415] (figure 5.7B
and 5.7B1, more details on the synthesis itself will be discussed in the next sections). The transfer
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and honeycomb formation of the ∼30µm structures works very well over large areas (see chapter
3.2.1) and does not get damaged by the modification.

Fig. 5.7 The 3D CNT structure is transferred onto the conductive PCP film and densified into
honeycombs (A, A1). Then it is coated with the desired protocol (B, B1) - here it is coated with
olive-like BiVO4 as an example. [415]

The use of the PCP film limits the reaction temperature to below 200 °C due to melting of the
PVDF in the film. In an initial experiment, a hydrothermal reaction by Zhang et al. [416] is reproduced
with a reaction time of 6h (1⁄4 of initially reported time) at a temperature of 180 °C (more details
in experimental section). This causes the CNT structure to completely delaminate from the film.
SEM images of the particles and an XRD measurement can be seen in figure B13 in appendix B,
proving that the reaction itself worked and produced BiVO4 particles. However, for these reaction
conditions the adhesion to the film is too low - a method with shorter reaction times and/or a lower
temperature is needed. In addition to those restrictions, the use of concentrated HNO3 at high
temperatures needs to be monitored carefully, as it might damage the CNT structure. Hence, many
protocols for the formation of BiVO4, using HNO3 as a solvent for the metal salts, were avoided for
the microwave-assisted, hydrothermal synthesis.

The BiVO4 coating attempts are done, adapting three different hydrothermal protocols in the
microwave reactor with the transferred CNT honeycomb structures of a range of heights. All of the
protocols do not use HNO3 and have reaction times in the microwave reactor (1/4 of initial reaction
time) below 6 h with a maximum temperature of 160 °C. The standard activation method is a 30
minute UV-ozone treatment.

5.3.1.1 Coating with a dumbbell shaped BiVO4 structure (Shang et al. [256])

A hydrothermal protocol for the formation of dumbbell shaped BiVO4 on TiO2 nanofibres [256] is
adapted for the synthesis on the CNT structure instead of the TiO2 nanofibres. The reaction time
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is shortened to 1 h at 140 °C with bismuth nitrate pentahydrate and ammonium metavanadate as
precursors in ethylene glycol.

Some growth of nanoparticles can be seen on the sidewalls of the 3D CNT structure (figure 5.8A).
The growth, however, is not uniform but in small patches (figure 5.8B) with particles clearly emerging
from the CNTs (inset figure 5.8B). The color of the product is light yellow and not the expected
deep yellow that is typical for BiVO4, indicating that the nanoparticles have not formed the desired
composition. This is confirmed by XRD that shows other bismuth vanadium oxides (Bi8O17V2 and
Bi4O11V2); a larger image can be found in figure B14 in appendix B.

Fig. 5.8 The microwave-assisted synthesis did not change the overall structure (A). However, it
only led to nucleation in some parts of the CNT structure (B), where nanoparticles can be seen
emerging from the CNTs. Those particles show a different composition of bismuth vanadium oxide
(C), not the desired BiVO4. Changing the activation method for more nucleation sites on the CNT
structure (D) does not lead to a better coverage of the side walls with nanoparticles (D1), leaving
many areas uncoated (D2). Soaking in the vanadium precursor leads to more coverage of the
CNT honeycombs with nanoparticles (E, E1), but there is a range of particle shapes present (E2).
Additionally the powder is white, indication that the right composition could not be formed.

The low nucleation of the particles on the CNT backbone (figure 5.8A and 5.8B) might be due to
the fact that there are not enough reactive groups for this synthesis on the surface of the 3D CNT
structures, thus the activation method is changed. Menzel et al. [417] reported a thermal treatment
for their CNT powders before they start polymerizations on them. They first pre-oxidized the CNT
powders by heating them in air at 670 °C and then did the activation step in inert atmosphere at
1000 °C for 2 hours. This method is adapted to the 3D CNT structures. The activation temperature
is lowered to 500 °C as the CNTs burn off at the reported temperature of 1000 °C. This might be
to a higher defect density and lower quality of the substrate grown CVD CNTs compared to the
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ones used for the experiments in the paper. After the thermal treatment the nanoparticle synthesis
is started immediately to avoid any change in the generated active groups. The overall structure
remains undamaged (figure 5.8D). Nanoparticles nucleate in some areas on the side walls (figure
5.8D1) but many areas remain uncoated (figure 5.8D2). Thus this method does not significantly
increase the nucleation on the CNTs.

Another approach to achieve a more uniform coating is to soak the structure overnight in the vanadium
precursor. It is then taken out and put into the bismuth precursor for the reaction. This also leaves
the CNT honeycomb structure undamaged (figure 5.8E) and leads to an increased amount of particles
covering the CNTs, not leaving any CNTs bare (figure 5.8E1). The size of those particles, however, is
very polydisperse and shapes show a mixture of elongated rod shaped ones and small spherical ones
(figure 5.8E2). They are white, rather than yellow, indicating the wrong composition.

As mentioned by the authors, the synthesis conditions are crucial and increasing the precursor
concentrations slightly, changes the overall morphology. This might be why the soaking in the
vanadium-based precursor did not work to form the right type of particles. Another reason could be
that the 1:1 stoichiometry of Bi:V is no longer guaranteed in the soaking process, leading to a change
in precursor ratio and thus a change in the reaction pathways.

Lower concentrations or longer reaction times as well as a change in reaction temperature could
be other ways to achieve a more uniform coating and the right particle composition. The reaction
conditions probably have to be changed due to the fact that we used CNTs as substrates for the
nucleation instead of their reported TiO2 fibres. In order to use this protocol, those influence factor
have to be investigated further.

5.3.1.2 Coating with an olive-like BiVO4 (Ma et al. [415])

Ma et al. [415] reported a hydrothermal method with water and ethylene glycol as solvents to create
olive-like, monoclinic BiVO4 (figure 5.7B1). The reaction time is shortened to 1/4 of the initial one
due to the microwave reactor used, making it 4 h at 160 °C with bismuth nitrate pentahydrate in EG
and ammonium metavanadate in DI-water as precursors.

The initial reaction showed a thick coating on parts of the structure, whereas other parts showed no
coating at all (figure 5.9A) The nanoparticles are monoclinic BiVO4, as verified by XRD (figure 5.9B).

134
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Fig. 5.9 After the microwave-assisted hydrothermal synthesis, half of the structure is nicely coated,
whereas other parts are not coated at all (A). The composition of the particles from this reaction is
monoclinic BiVO4 (B). A comparison between 10 minutes air plasma (C) and the standard 30 minute
UV-ozone treatment (D) shows no difference for the nucleation on the CNTs. Both activation
strategies only lead to patches of nanoparticles on the side walls, leaving most CNTs uncoated.

To gain further insight on the nucleation on the CNTs with this protocol, two different activation
methods are thus tried in the same run to see if there is a change in nucleation on the CNT surface
over the initial sample. Non-perfect honeycomb structures were used for those trials, thus some
look like pillars and broken. A 10 minute treatment in air plasma (figure 5.9C) is compared to the
standard method of 30 UV-ozone treatment time (figure 5.9D). It can be seen that in both cases
the nucleation only happens in small patches on the CNT side walls rather than covering the whole
structure as partly seen in the initial sample, leaving many CNTs uncoated. This might be due to
wetting imbalances of the water and ethylene glycol on the CNTs. While the mixture of both solvents
works perfectly for the formation of BiVO4 nanoparticles in solution, there might not be the case on
the CNT surface. Balamurugan et al. [418] published a study with molecular dynamics simulations,
showing that ethylene glycol molecules aggregate around CNTs expelling water molecules due to
hydrophilic- hydrophobic interaction. This might mean that the vanadium precursor (in water) cannot
get to the CNT surface as efficiently as the bismuth precursor (in ethylene glycol) and thus preventing
the reaction that relies on stochiometric balance.

To avoid the wettability problem, the structure is soaked in the vanadium precursor (ammonium
metavanadate in DI water) overnight, dried and then put into the bismuth precursor for subsequent
reaction. This way the vanadium precursor might be already in the structure and thus might help
avoid the competing reaction between the precursor solution in ethylene glycol and the one in water
for the wetting of the CNTs. The overall structure is coated in nanoparticles (figure 5.10A).
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Fig. 5.10 Soaking the 3D CNT structure in the vanadium precursor and drying it before the
reaction with the bismuth precursor leads to a coverage of the overall structure with nanoparticles
(A). Those spherical particles are spread all over the CNT side walls (B) and are emerging from the
CNT strands (C). However, they don’t show the right color and thus not the right composition.

Spherical particles can be seen on the CNT walls (figure 5.10B). Their density is too low to provide a
uniform coating but they are nicely interlinked with the CNTs, emerging from the individual strands
(figure 5.10C). More images of this coating can be found in figure B15 in appendix B. Thus the
soaking in the precursor definitely leads to an improvement for the coverage of the CNTs with
nanoparticles. However, the achieved bismuth vanadium oxide powder shows a white color rather
than yellow, indicating an undesirable composition. A reason for this might be the stochiometric
imbalance between the bismuth and vanadium which cannot be addressed with the current method
easily.

5.3.1.3 Coating with BiVO4 by first reported hydrothermal method (Liu et al. [413])

Liu et al. [413] reported the hydrothermal method for BiVO4 initially. In this one-step synthesis, water
is used as the solvent for both precursors, eliminating the wetting imbalance between two solvents
and CNTs as reported before. The precursors are bismuth nitrate pentahydrate and sodium vanadium
oxide, the reaction temperature is 140 °C for 3 hours.

After the synthesis the CNT honeycomb structure is coated in nanoparticles, the CNT sidewalls barely
visible within the particles (figure 5.11A). The side walls are also coated and show no visible bare
CNT patches (figure 5.11B). The XRD indicated that the particles have the right composition (figure
5.11C), thus making this a very promising first result.

There clearly is an excess of particles which results from homogenous nucleation either after there are
no more nucleation sites for the heterogeneous nucleation or as a competing mechanism. Thus, the
precursor concentration is reduced to 1/10 to prepare less particles to reduce homogeneous nucleation.
Looking at sample 1, two different areas are found (figure 5.11D): one where there are coated CNT
honeycomb structures (figure 5.11D1) and another where most of the CNT honeycomb structures
disappeared. Instead a regular structure of large and small particles can be found (figure 5.11D2).
However, this phenomenon could not be seen on any other further samples and could not reproduced.
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Fig. 5.11 The hydrothermal, microwave-assisted protocol [413] shows a large amount of nanoparticles
that cover the CNT honeycomb structure (A), coat the sidewalls (B) and are of the desired
composition, monoclinic BiVO4(C). A decrease in concentration leads to one sample that is split
in two different areas (D1), one with nicely coated honeycombs (D) and the other one where the
honeycombs are no longer visible or on the substrate but many large and small ordered particles
are covering the substrate instead (D2). A more representative sample of the reaction with a lower
concentration is shown in (E). While the honeycombs remain intact (E1), no uniform coating can
be seen on the sidewalls (E2).

Sample 2 shows a more representative overview of the samples coated with 1/10 of the concentration
(figure 5.11E). Particles aggregate in the pores of the CNT honeycomb structure (figure 5.11E1).
Most CNTs are uncoated with small particle patches nucleating on the side walls (figure 5.11E2).
This indicates that in this reaction homogeneous nucleation is favored over heterogeneous nucleation
on the CNTs. Particles are formed in the solution and then seem to sediment onto the sample.

The reaction is then done in a stirred reactor without microwave radiation with the originally reported
reaction time to see whether avoiding microwave heating might lead to a better nucleation on the
CNTs (figure 5.12A). The particle shapes change completely after the reaction to a more fern-like
structure, emerging from some parts of the CNT side walls as well as being deposited from solution
(figure 5.12A1). However, no uniform coverage of the CNTs can be seen here either (figure 5.12A2).
A change in the activation protocol to the thermal method, reported by Menzel et al., [417] shows no
change in the structure itself (figure 5.12B) and results in a coating with small particles on it (figure
5.12B1). A closer look, however, still shows a large amount of uncoated CNTs (figure 5.12B2).
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Fig. 5.12 The reaction is attempted in a stirred reactor (A), leading to a fern-like structure all over
the honeycombs (A1) but no uniform coating on the CNT side walls (A2). A thermal activation
method does not change the overall 3D CNT structure (B) and only leads to a partial coverage of
the CNT side walls (B1) with very small particles (B2).

None of the attempted hydrothermal, microwave-assisted BiVO4 syntheses lead to a continuous
nucleation of monoclinic BiVO4 on the 3D CNT structure. Thus, this approach did not look promising
and was abandoned.

5.3.2 Hotcasting of BiVO4 on CNT structures

As the microwave-assisted hydrothermal synthesis does not lead to the desired results and it is hard
to get the right crystalline phase as well as nucleation on the CNTs, another synthesis method is
attempted to coat the CNT honeycomb structures.

For the new coatings, the CNT honeycomb structure is grown onto a Si-wafer, densified and then
coated with a range of precursor solutions on a hotplate. This approach on the wafer allows for
higher temperatures during the reaction. After precursor deposition, the substrate is heated up to
∼300 °C to evaporate the solvent and start the BiVO4 formation. The last step is an annealing step
to finish the BiVO4 crystallization. The coating thickness can be varied by the coating cycles done.
We call this method hotcasting and it was adapted by J. Rongé from reports by Sayama et al. [392]

and Ma et al. [419] It was further improved during a 2-months project by M. A. Jones. Very initial
results with different methods and solvents by J. Rongé are shown in figure B16 in appendix B. All of
them showed a good coating on the 3D CNT structure. However, the composition of this coating
was not evaluated. Building on those results, together with M. A. Jones, a range of protocols with
various precursors, solvents and concentrations is examined (overview in table 7.2 in the experimental
section). Additionally, the temperature for the hotcasting is changed to 25, 100 and 200 °C.

The synthesis with acetic acid (for the bismuth nitrate pentahydrate) and acetylacetone (for the
vanadyl acetylacetonate) as solvents shows no damage to the overall honeycomb structure (figure
5.13A) and results in a uniform coating on the top of the structure (figure 5.13B) and the side
walls (figure 5.13C) with some excess particles spread over the substrate. XRD analysis shows,
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however, that the composition of the sample is a bismuth oxide (Bi2O2.5) and a different bismuth
vanadium oxide phase (Bi2VO5). This change in phase might be due to the fact that the VO(acac)2

precursor did not dissolve very well in acetylacetone (despite the fact that it was repeatedly reported
as a solvent [420,421]) and thus the desired 1:1 molar ratio of Bi:V cannot be guaranteed. The XRD
measurements also show peaks of SiO2 or Si. This is due to the fact that the structures are on
Si-wafers, and thus those peaks are expected and not considered impurities.

Fig. 5.13 The undamaged CNT honeycomb structure (A) is coated uniformly on the top (B) and
the side walls (C). The XRD shows SiO2 peaks from the substrate and two bismuth vanadium oxide
phases, but none of them is the desired monoclinic BiVO4.

After trying variations of the protocol reported by Shang et al. [256] (bismuth nitrate pentahydrate and
ammonium metavanadate in ethylene glycol) without any improvement in the phase, the hotcasting
procedure is changed to the protocol as reported by Ma et al., [415] which also was already tried for
the microwave-assisted, hydrothermal synthesis. The vanadium source (ammonium metavanadate)
is dissolved in water, the bismuth precursor (bismuth nitrate pentahydrate) in ethylene glycol. A
uniform coating with no damage to the structure over large areas can be seen in figure 5.14A-C.
The XRD shows some monoclinic BiVO4, as well as unfortunately another bismuth vanadium oxide
(Bi17V3O33) as an impurity. Changing the temperature in the hotcasting procedure for this protocol
did not lead to any improvement of the composition. This might be due to the previously discussed
interaction of ethylene glycol and CNTs, dispelling the water phase, and thus leading to an imbalance
in the molar ratios needed for the formation of the desired BiVO4 composition.
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Fig. 5.14 The CNT honeycomb structure does not show any defects over large areas (A) using a
precursor composition reported by Ma et al. [415] A uniform coating can be found on the structure
(B,C). The XRD shows, in addition to the substrate signal, monoclinic BiVO4 and another bismuth
vanadium oxide as an impurity.

Many BiVO4 synthesis rely on HNO3 as a solvent for the precursors. While it was avoided during the
microwave-assisted synthesis due to the long reaction times with high temperatures and its damaging
effect to the CNTs, it is considered here as a possibility and thus bismuth nitrate pentahydrate
and vanadium oxide are dissolved in 2M HNO3 as precursors for the hotcasting. The time at a
high temperature is very short (∼2 minutes) and hence the oxidation effect of the HNO3 on the
CNTs should be minimal. After the hotcasting with the precursors in HNO3 the structure remains
undamaged (figure 5.15A) with a uniform coverage on top of the structure (figure 5.15B) and on the
side walls (figure 5.15C). Except for the peaks from the substrate, no other phase than monoclinic
BiVO4 can be found in the XRD measurements, making this a successful protocol to use. The
presence of HNO3 may help facilitate the process by partially oxidizing the CNTs and aiding the
surface-wetting ability of the aqueous solutions, thus enabling the formation of the right phase.

All of the reported syntheses appeared to give a uniform coating of nanoparticles on the CNT
surface when analysed by SEM, however, only the ones with nitric acid as a solvent lead to the right
composition (monoclinic BiVO4).
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Fig. 5.15 A coating with precursors in nitric acid leads to no damage of the overall CNT honeycomb
structure (A) and a uniform coating on top (B) and on the side walls (C). The XRD shows substrate
peaks (SiO2) but otherwise no other phase than monoclinic BiVO4, making this a successful protocol
for the formation of BiVO4 particles on CNTs.

Hence, this preparation procedure is repeated on Si wafers with a Mo-underlayer for conductivity
(figure 5.16 left) and then these samples are sent to J. Rongé at KU Leuven for the photoelectrode
characterization.

Fig. 5.16 The two different configurations of the tested photoelectrode are shown here. On the
left the conductive layer is a Mo-underlayer on the Si-wafer. On the right the conductive layer is a
Au/Pd coating on the CNT backbone before the BiVO4 coating.

However, as seen in figure 5.17 in the next chapter, the photocurrent was very low and there is no
effect of light visible. Thus a better conductive coating is needed. This is done by adding a thin layer
of gold/palladium between the CNT structure and the bismuth vanadate coating (figure 5.16 right).
This makes the CNTs no longer the conductive backbone but a scaffold structure. Nevertheless, it is
still a promising advanced electrode design. The electrochemical characterization of all those samples
is shown in the next chapter.
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5.4 BiVO4 photoelectrode characterization

As mentioned previously, the electrochemical characterization of the produced samples is done by
J. Rongé at KU Leuven. A three-electrode configuration with graphite as a counter electrode and
Ag/AgCl as a reference electrode is used with sodium sulfite (Na2SO3) as a hole scavenger to
determine the efficiency of the BiVO4 photoelectrode for converting light into charges. BiVO4 is
oxidizing the sodium sulfite and the ionic transport in our system is through the liquid electrolyte
without a membrane.

Cyclic voltammetry (CV) and chronoamperometry (CA) measurements are performed for the charac-
terization. The potential range is scanned while measuring the current (under illumination and in the
dark) to determine the performance of the material. The set-up used is shown in the experimental
section.

Initial experiments on the samples with the Mo-underlayer show a low current density and no difference
with or without light, as seen in the graph in figure 5.17 with the change in current density depending
on the potential vs. RHE (reversible hydrogen electrode, reference electrode). The low current density
indicates a high resistance and a low active surface area. The fact that there is no significant effect
of light suggests a high resistance between the BiVO4 and the contact point, maybe even higher
than the one between the bare surface and the contact point. The high dark current also indicates
that probably bare CNTs are exposed to the solution. Since sulfite is easily oxidized, this results in
currents, even without illumination.

Fig. 5.17 This graphs shows the change in the current depending on the potential applied. The
current here is very low and there is no significant effect of light. This might be due to a large
resistance in the sample.

Seeing those results it is clear that the sample modification needs to be changed. A wafer with low
resistance or a Mo-underlayer does not show good enough conductivity for the photoelectrodes.

In the next experiments gold/palladium as a conductive layer between the CNT honeycomb structure
and the BiVO4 coating is introduced, making the CNT structure more of a scaffold for high surface
area rather than a conductive backbone.
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Fig. 5.18 These graphs show (A) the change in the current depending on the potential applied.
An improvement of the current can be seen when light is added (orange line). The photocurrent at
1 V vs. RHE is 0.07 mAcm−2. (B) shows the chronoamperometry measurements at 1 V vs. RHE
for the response of the current density to light exposure where a photocurrent of 0.065 mAcm−2

can be detected.

The CV measurement (figure 5.18A) shows a current density that responds to light (orange line).
The photocurrent at 1 V vs. RHE is ∼0.07 mAcm−2. When CA measurements are done at 1 V
vs. RHE (figure 5.18B), a clear change with light can be detected in the current. The measured
photocurrent is slightly lower at 0.065 mAcm−2, which is expected due to time effects. The quick CV
scan usually leads to higher currents than a prolonged CA scan. Thus with the new coating system
an improvement could be achieved that holds promise for further experiments. As those samples are
also active without light and the light effect is fairly small, optimization steps for those electrodes are
necessary. The thickness of the Au coating can be increased to have better conductivity, and/ or a
thicker BiVO4 coating to have more active material, and a high uniformity of the coating. However,
the optimal thickness still needs to be determine, as charge recombination becomes a problem in too
thick BiVO4 films.

For further characterization of the watersplitting potential of our photoelectrode the characterization
set-up needs to be adapted. A co-catalyst, suitable counter electrode with good hydrogen evolution
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kinetics, membrane to split the gases and a second semiconductor have to be carefully selected. Those
measurements have not been started yet.

5.5 Conclusion

The fabrication of a high surface area photoelectrode has been demonstrated here. After failure of a
range of microwave-assisted, hydrothermal protocols a uniform coating of monoclinic BiVO4 on the
CNT honeycomb structure was achieved using hotcasting as a method. Here bismuth nitrate and
vanadium oxide were used at precursors in the two step synthesis.

The initial photoelectrode characterization with an Mo-underlayer as a conductive layer showed no
change with the incident light, suggesting too low conductivity. Thus, the electrode architecture was
redesigned and a Au/Pd layer was added onto the structure. This new electrode design showed a
change in the current with incident light. With those promising initial results, this structure will be
further optimized.
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Summary
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6 Summary

Fabrication of 3D CNT Structures

The fabrication of the patterned vertically aligned CNT structures (3D CNT structures) is discussed
in detail in chapter 3 (first results chapter). Two different approaches for catalyst patterning were
used, UV lithography for microscale patterning and colloidal lithography for nanoscale patterning. A
particularly interesting 3D CNT structure are CNT honeycombs which can be formed by elastocapillary
aggregation of the microscale CNT structures patterned with hexagonally ordered holes, as reported
before. [53,172,173] Vertically aligned CNTs were grown in an atmospheric pressure CVD furnace.

Densification was used on the microscale 3D CNT structures of different dimensions and growth
times to gain more understanding about the formation of defects and the parameters that influence
the CNT honeycomb formation. For lower heights, smaller spacings and diameters of the patterned
structure formed less cracked honeycombs, while for increased heights small diameters and spacings
led to an increased percentage of cracks in the CNT honeycomb structure. Hence there is a strong
correlation between mask pattern dimensions, such as diameter and spacing, and the CNT structure
height.

To reduce the cracking in the overall structure, stress relief features were introduced as a concept.
The idea here is by artificially providing points for crack formation in the structure, cracking within
the honeycombs patches is avoided, thus introducing larger undamaged areas. Those patches were
hexagonally shaped areas that have a 5 or 10 µm spacing between them. It was possible to achieve at
least a feature height of 85 µm without a significant amount of cracks compared to ∼30 µm in the
standard structures. The maximum size of the hexagonal areas was between 300- 700 µm diameter
for a forest height of ∼85 µm and a feature size of 30 µm diameter and 10 µm spacing. At 300 µm
honeycombs without defects were formed within the honeycomb patches, with 700 µm diameter,
however, cracks could be seen in the honeycomb patches. Thus the ideal size of the honeycomb
patches for the given parameters was found to be between these measurements. These were first
useful insights when designing a CNT honeycomb structure for a specific application with certain
dimensions and height.

For nanoscale dimensions, colloidal lithography was used for the first time to pattern a catalyst layer
for structured CNT forest growth. A hexagonally ordered polystyrene sphere monolayer was created
and then used as a mask for catalyst deposition after etching the spheres. By tuning the etching
time as well as the size of the polystyrene spheres, hole sizes down to 180 nm could be introduced
in the CNT forests. This enabled the fabrication of CNT structures with an aspect ratio of up to
3000 which is very promising for diffusion-limited applications where long narrow pores in a backbone
structure are needed.

Overall in this chapter, first insights were gained into the interlinking parameters during CNT
honeycomb formation and a way to increase the height of those structures for specific applications
was found by adding stress relief features to the design. Colloidal lithography was demonstrated as a
way for inexpensive, large area substrate patterning on nanoscale for CNT growth for the first time.
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Modification with Inorganic Materials for Li-ion Batteries

Structured electrodes are needed for many energy storage applications to further improve their
gravimetric and volumetric capacity. This chapter focussed on the fabrication of CNT-inorganic hybrid
architectures to be used as thick electrodes for Lithium-ion batteries.

The above mentioned 3D CNT structures were coated with active materials for thick Lithium-ion
battery electrodes. Due to their hierarchical structure, conductivity and high surface area they are
promising backbone structures to modify with the chosen active material. The active materials
discussed in chapter 4 are iron oxide and silicon. Both are anode materials with a high specific
capacity (three times higher than the current standard graphite for iron oxide and 100 times higher
for silicon). Iron oxide as a conversion material suffers from fast capacity fading due to the reaction
with Li-ion and a very low electron conductivity. Silicon also shows a low conductivity in addition to
a large volume expansion during lithiation which usually leads to a loss of contact with the current
collector. These issues can be addressed with the 3D CNT structure coated with the active material,
as it ensures electron pathways through the conductive backbone to the active material and space for
the volume expansion of silicon. In addition, it enables the creation of thick electrodes by introducing
Li-ion diffusion pathways and a higher areal loading due to the high structures with an increased
surface area.

For the fabrication of the hybrid CNT-iron oxide structures with microscale pores, many different
protocols were tried [280,370] with a range of techniques for the CNT modification. For the successful
electrode fabrication, the CNT structure was transferred onto a conductive polymer film by a
microcontact printing after growth. This film acts as a localized binder between the electrode
structure and the current collector in the battery cell, as a good contact between the electrode
structure and the current collector is crucial. This structure was then successfully coated adapting a
protocol by Wang et al. [320] for a microwave-assisted, hydrothermal synthesis which presents a fast
and versatile way of synthesizing nanoparticles. This type of synthesis was reported for the first time
for coating of patterned CNT structures. It is a one-step synthesis with low temperatures, non-toxic
reagents and no annealing step. The CNT structure was uniformly coated with hematite (α-Fe2O3,
XRD) nanoflakes. The microscale hybrid structures with Fe2O3 were used as thick Li-ion battery
anodes with an increased areal loading (twice as high compared to the standard film). The battery
half-cell measurements showed a stable capacity over 50 cycles (∼900 mAgh−1) and a good high
rate performance without damage to the overall electrode structure.

For the coating of 3D-CNT structures with nanoscale pores with silicon a gas-phase CVD method [231]

was used. The coating thickness can be adjusted by the reaction time in the CVD furnace. Here the
structure was coated on the initial Si-wafer and then transferred onto Cu-tape as a current collector.
The nanoscale hybrid structure enables more advanced electrodes with a higher specific capacity
material, better areal coverage and Li-ion diffusion pathways to ensure the thick batteries will not be
diffusion limited. The thickness of the Si-CNT hybrid electrode was up to 50 times higher than the
previously reported ones [368,383] and the battery half-cell characterization showed a stable capacity
over the first 10 cycles and a promising high rate performance.

147



6 Summary

Overall, coating of high 3D CNT structures with nano- and microscale pores was achieved using differ-
ent techniques and problems with the adhesion of the structure to the substrate during coating were
overcome by changing the step order as required for each synthesis. Electrochemical characterization
showed the promise of those structures as thick electrodes.

Modification with BiVO4 for Watersplitting

Photoelectrodes for solar watersplitting require a high surface area to increase the area of photocatalyst
that interacts with the incoming light. The 3D CNT structures were shaped into honeycombs by den-
sification, as explained above, for the application as a conductive backbone for those photoelectrodes.
The CNT honeycombs were coated with bismuth vanadate, a promising photocatalyst with absorption
in the visible region, to achieve a high surface area electrode that enhances the light absorption area
as well as provides a conductive backbone for enhanced charge separation. A range of protocols and
methods was tried [256,413,415,416] to achieve a uniform coating with monoclinic BiVO4. Hotcasting
with HNO3 as a solvent was found to work best. Here the CNT structures were on the Si-wafer and
the reaction precursors were dropcasted onto the structure. Then the sample was heated up to 300 °C
for the evaporation of the solvent with subsequent annealing step. The optimized solvent-precursor
system (2M HNO3 and bismuth nitrate/ vanadium oxide) yielded the desired bismuth vanadate
phase (monoclinic BiVO4) on a Si-wafer with a Mo-underlayer. This underlayer was used to provide
the necessary conductivity for the photelectrode. The electrochemical performance, however, was
decreased by a high resistance in the fabricated device. Thus, the electrode architecture was adapted
slightly and Au/Pd was introduced as a conductive layer between the CNT honeycomb structure and
the BiVO4 coating. The photoelectrode performance was measured and showed a clear increase in
current density when exposed to light. Hence, coating of the 3D CNT honeycomb structures with
monoclinic BiVO4 by hotcasting has proven promising as a photoelectrode.

Future work

This thesis reported the use of 3D CNT structures for Li-ion battery anodes and as a photoelectrode
with BiVO4 for watersplitting. The same concept and reasoning for the use of the hybrid structure
with diffusion pathways can be applied to electrode fabrication with other active materials, such as
LiFePO4 for cathodes. [273]

The 3D CNT structures with different heights and pore sizes also show much promise for a range of
other applications. Some examples of projects using these structures in other areas are shown in the
following sections.

Stress relief features with connections

Using the honeycomb structure for sensors or batteries often relies on a continuous conductive network
as well as a high surface area. Thus, stress relief features can be used to increase the height but the
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hexagons also need to be connected to keep the conductivity of the whole backbone. This can be
done by allowing for catalyst deposition between the hexagons and subsequent CNT growth. During
densification this leads to foaming in those areas, as seen in figure 6.1 and thus connections between
the hexagons and a continuous CNT structure.

Fig. 6.1 Catalyst deposition between the hexagon structures in stress relief features allows for the
growth of CNT forests. These show foaming during the densification and thus introduce connections
between the honeycomb patches.

Alternatively a more controlled way to introduce those connections is by adding serpentine shaped
links to the structure design, as shown in figure 6.2. Those serpentine structures were originally
reported by J.A. Rogers’ group [383] (see figure B17 in appendix B) for stretchable applications in
electronics which is a desirable property also for batteries. The designs either connect the walls of
two hexagons or the corners of three hexagons. As these structures have not yet been tested for
their functionality and required growth parameters, it is not clear yet which of these connections will
work best in practice or how they need to be adapted. This is part of the future work on stress relief
features.

Fig. 6.2 A controlled way to connect the hexagonal honeycomb patches is by introducing serpentine
shaped connections either between two sides of the hexagons or connecting the corners of three
hexagons, as the desgin on our lithography mask shows here.
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6 Summary

Sensing platform

A CNT honeycomb based platform for heavy metal sensing was developed in the next project. Sensitive,
fast and selective sensors are needed that can detect impurities , e.g. heavy metals, such as lead,
arsenic and mercury, easily. This project was done in collaboration with L. Nucara, Instituto Italiano
di Tecnologia, during his research stay in our group for 6 months. There are many reports of CNTs
as electrochemical sensors for chemical and biological sensing due to their excellent electrochemical
transduction. [422] Balasubramanian et al. [27,423] gave a good overview of CNTs for chemical sensors
and biosensors. CNT have been widely used as chemical sensors of metal ions in water solutions. [424]

Liu et al. [425] reported a vertically aligned CNT sensor for ultrasensitive voltammetric detection of
trace heavy metal ions, such as lead and cadmium.

Sensors relying on the swelling of their components in the presence of the analyte have been reported
by Wei et al. [426] for vertically aligned CNT forests and De Volder [188] for vertically aligned CNT
bridges. The electrical resistance changes when the distance between the CNTs changes, thus providing
a mechanism that can be very sensitive to the analyte concentration. This principle was used for
the fabrication of the CNT honeycomb sensor. A paper by Strelow et al. [427] indicated shrinking of
polystyrene sulfonate (PSS) in the presence of heavy metal ions. L. Nucara found evidence of the
shrinkage of PSS, expelling water in the presence of heavy metal ions, during his PhD thesis work and
thus proposed this polymer as a coating for the CNT honeycomb structures. Hence, the goal for the
project was to fabricate a working device with a PSS-coating on the CNT structure. The layers of the
sensing device are shown in figure 6.3A. It is crucial to avoid conduction through the Si-wafer which
is why SiN is used as a thick insulating layer that does not become conductive over the temperature
treatment steps necessary for the CNT growth. Molybdenum electrodes and the patterned catalyst
were added onto the structure. An optical microscopy image of the device (figure 6.3B) and an
SEM image (figure 6.3C) show the final design after CNT growth, but before the densification of the
structure into CNT honeycombs. The interface between the SiN and Mo layer did not cause a large
gap in the CNT structure, indicating that the growth speeds on both underlayers are similar (figure
6.3 C1 and C2). Those design steps were done by L. Nucara in collaboration with N. Chiodarelli.

Subsequent modification was done by dropcasting of the PSS-solution onto the undensified CNT
structure. As π-π-stacking of sp2 hybridized carbon rings has been shown to provide strong interactions,
this might be the most straightforward way of functionalization. Coating with a 30 wt.% PSS-solution
did not only lead to a coating, but also filled the pores, which is undesirable, as the change in
resistance can only be detected from the CNTs surrounded by PSS (figure 6.3D). Any excess PSS
leads to an uptake of heavy metal ions without a measured change in resistance and thus a lower
sensitivity of the final sensor. The concentration was lowered to 2 wt.% next but still led to filling of
the pores and introduced cracking in the CNT structure (figure 6.3E). Also no densification could be
seen in both cases. Densification brings the CNTs in closer contact making changes in their distance
easier to detect.
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Fig. 6.3 A schematic of the device is shown in (A). An optical microscopy (B) and SEM image (C)
show the device after CNT growth and before modification and densification of the CNT structures.
The interface between the two underlayers (SiN and Mo) shows no cracks, indicating similar growth
rates on the two different substrates. Images (B-D) were taken by L. Nucara. A coating with a
30 wt.% (D) and 2 wt.% (E) PSS-solution led to filling of the pores, cracking of the structure
during drying and no densification. Adding isopropanol to the solution to enhanced the densification
of the structure resulted in small agglomerates of PSS particles on the CNT walls (F) instead of a
coating due to the changed solubility of PSS in the solution. A washing step after the dropcasting
of the 2 wt.% PSS solution removed the excess polymer and enabled densification (G).

Thus, for the next experiment a 50:50 v/v mixture of water and isopropanol was used, as isopropanol
has been shown to introduce better densification than water on CNT structures. However, PSS is not
soluble enough in isopropanol, leading to the formation of island with PSS on the CNT structure
(figure 6.3F). Thus, the PSS-solution was kept in water but washed afterwards multiple times to get
rid of the excess PSS. This procedure worked perfectly and the lower amount of PSS also enabled
densification and thus the formation of CNT honeycombs coated with a thin layer of PSS (figure
6.3G).
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6 Summary

During the electrical characterization after coating (done by L. Nucara), no resistance change in
the presence of heavy metal ions could be detected. This might be due to insufficient coating, not
enough interaction or a too small effect of shrinking, compared to the water-induced swelling of the
structure. Reversible addition fragmentation chain transfer (RAFT) polymerization for the grafting
of polystyrene onto CNTs has been reported [192] and Menzel et al. [417] have shown a temperature
activated polymerization on CNTs. Both methods might lead to a better interface between the CNTs
and the active material and could be tried on the structure.

The same principle can be applied for infra-red sensors if the CNT structure is coated with temperature
sensitive polymers. Those polymers should have a reversible upper critical solution temperature (UCST)
phase transition rather than lower critical solution temperature (LCST) phase transition, meaning they
should swell above a certain temperature, not shrink. This eliminates poly(N-isopropylacrylamide) as
the obvious choice of a temperature sensitive polymer. A suitable other polymer needs to be found.
This will be part of S. Mahdi’s PhD project.

3D CNT structures for bone tissue engineering

Another interesting area for the application of 3D CNT structures is bone tissue engineering. This
project was done in collaboration with Laurien Van den Broeck, KU Leuven, during her 6 months
research stay in our group. Hydrogels are used in bone tissue engineering as a matrix for the cells
to grow, providing an environment that closely resembles the physiological environment of the cells
due to their high water content and structural similarity with macromolecules in the body. However,
these fail in giving proper support as bone scaffolds due to their low stiffness. Bone tissue itself is
composed of two components: collagen fibres with hydroxyapatite (HAp, Ca10(PO4)6(OH)2) along
them, providing an environment made from soft and hard tissue. [428,429] Mimicking this environment
is crucial for regenerative osteogenesis, thus a novel hybrid structure is needed. The goal of the
project was to use HAp-coated CNT structures as growth promoter and reinforcement in the hydrogel,
mimicking the anisotropic bone structure. Cell growth has been shown before to be favored on 3D
CNT networks. [430] Our 3D CNT structure provides the possibility to tune the pore sizes and achieve
large scale uniform structures. The HAp coating is added to additionally support the preosteoblast
differentiation.

Initially a range of protocols for the formation of HAp [431–434] was adapted in a microwave-assisted,
hydrothermal synthesis for the coating of CNTs. Once a uniform coating of HAp on CNT powders
could be achieved (figure 6.4A), the synthesis method was applied to CNT honeycomb structures,
grown on a Si-wafer. A nice and uniform coating could be achieved on the CNT honeycombs (figure
6.4B), the EDX showed (in addition the carbon) calcium, phosphorous and oxygen, indicating that
the desired elements are coating the structure (figure 6.4D) and the XRD showed the desired phase
(figure 6.4E). Additionally, hydrogel coating experiments on the CNT honeycombs with polyethylene
glycol hydrogel were done. The CNT honeycomb structure remained intact (figure 6.4C) but did not
seem to be encapsulated in the hydrogel. Only a small layer of the hydrogel was visible on the CNT
structure (inset in figure 6.4C). This might have been due to the drying conditions which have to be
adjusted.
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Fig. 6.4 The microwave-assisted, hydrothermal coating of CNT powders was successful (A) and
thus transferred to the coating of CNT honeycomb structures (B) which could be coated uniformly.
The coating was analyzed using EDX (D) which showed the desired elements Ca, P and O in
addition to carbon, and XRD (E) which confirmed the phase as hydroxyapatite. The encapsulation
of the CNT honeycomb structure was not yet successful. Even though it did not damage the overall
structure (C), it only left a very thin hydrogel film on the CNT structure instead of completely
encapsulating it in a hydrogel.

Thus, the hydrogel encapsulation of the honeycomb structures needs to be improved, so it can be
adapted to the HAp coated honeycomb structures. Cell growth experiments, as well nano-indentation
and dynamic mechanical analysis to determine the improvement of the mechanical properties of the
hydrogel-CNT hybrid structure will then be done by L. Van den Broeck. Higher 3D CNT structures
and a change in cell sizes would be very desirable and thus the project can be further optimized to
provide the best conditions for cell growth with adjusted pore sizes and heights.

A further application not explored within the work or side projects of this thesis is in catalysis to
provide scaffold with a high surface area for heterogeneous catalysis and water filtration as mechanical
filter membranes.

153





Chapter 7

Experimental Section
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7 Experimental Section

7.1 3D CNT structure preparation

7.1.1 Catalyst patterning

The catalyst is prepared on a silicon wafers in two different ways - by UV-lithography up to the
resolution limit of the employed slide mask (1.8 µm) and by colloidal lithography to achieve smaller
patterns in a less expensive way.

7.1.1.1 UV-lithography

After rinsing with acetone and isopropanol (IPA), the Si-wafer (100) is cleaned by exposure to Oxygen
(O2) plasma for 360 s. The Si-wafer is then heated to 200 °C for 5 minutes for complete dehydration.
Subsequently, the adhesion promotor Ti-prime is spincoated onto the wafer (4000 rpm for 40 s),
followed by a 2 min bake at 115 °C. Photoresist (AZ 5214E) is spin-coated on the wafer (3000 rpm
for 30 s) and is pre-baked for 1 minute at 115 °C. Afterward, the coated wafer is exposed to UV-light
in the mask aligner for 6 s (incident light intensity of 10 W/cm2) with a hard contact time of 5 s.
Subsequently the patterned wafer is developed for 2 min with in diluted AZ351B (20% v/v in H2O),
rinsed with DI-water, and dried.

7.1.1.2 Colloidal lithography

Hexagonally ordered monolayers of polystyrene (PS) particles (Polybead® Microspheres 0.8 µm and
0.3 µm) were produced using a Langmuir-Blodgett-trough method, adapting a protocol by Vogel et
al. [169] A 0.1 mM solution of sodium dodecyl sulfate in DI-water is prepared and the pH is adjusted
to 10-11 using ammonia solution. This water subphase is used as the liquid phase in the LB trough.
A Si-wafer piece is immersed into the water, then 100 µL of the PS sphere solution (1/1 v/v%
water/ethanol) are slowly deposited onto the water/ air interface using an Eppendorf pipette combined
with a micromanipulator. The tip is in direct contact with the water phase and the PS sphere solution
is very slowly deposited onto the interface, trying to not disturb it too much (figure 7.1). When
the entire solution is deposited, the barriers of the LB trough are slowly closed until a large area
monolayer of the spheres is formed. This can be seen by the iridescent color of the interface without
any white areas, as these indicate multilayer formation. The surface tension is not measured during
these experiments. The Si-wafer is slowly, manually pulled through the surface (at a 45° angle),
capturing the PS monolayers, and dried inclined (45°).

156



7.1 3D CNT structure preparation

Fig. 7.1 The setup for the monolayer deposition with the Eppendorf pipette in the micromanipulator
for stability (A) and the tip in direct contact with the water subphase for PS sphere deposition (B).
The barriers closing is shown in (C).

These monolayers are etched for increasing times (1 min, 2 min, 5 min, 10 min, 20 min) with O2

plasma at 50% -power and a pressure 0.8 mbar in a Diener plasma etcher to control the spacings
between the circular patterns.

7.1.1.3 Catalyst deposition

After templating the Si-wafer with either photoresist or PS-particle monolayers, the catalyst is
deposited onto the wafer using an e-beam physical vapor deposition (PVD) system. The catalyst
typically deposited is a 10 nm alumina (Al2O3, 1 Å s−1), followed by a 1 nm iron-layer (Fe, 0.25 Å s−1).
For some experiments a layer of Molybdenum (40 nm, 1 Å s−1) is deposited first before the standard
catalyst.

7.1.1.4 Template lift-off

After catalyst deposition, the template needs to be removed; this step is called lift-off. For the
UV-lithography, the photoresist is removed by sonicating the patterned wafer for 8 min in acetone, then
3 min in isopropanol (IPA) and then another 3 min in IPA. For colloidal lithography, the PS-spheres
are dissolved in tetrahydrofurane (THF) by sonicating the Si wafer in THF for 20 min.

7.1.2 CNT forest growth

For the growth of vertically aligned CNTs (CNT ”forests”), an ambient pressure tube furnace is
used. The standard procedure for the growth is an annealing time of 14 minutes in a helium (100
sccm) and hydrogen (400 sccm) gas stream, followed by 1 minute adjustment time for the gas flow
(helium to 400 sccm and hydrogen to 100 sccm) before ethylene (100 sccm) is introduced. Those are
the standard flow rates. For some experiments a reduction in these flow rates to 20 sccm ethylene,
20 sccm hydrogen and 560 sccm helium is used to slow down the growth. Mostly, the growth time
and the temperature is used to control the forest height. To improve adherence to the substrate,
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after the growth time the tube is pulled out of the furnace allowing the substrates to cool down while
the helium-hydrogen-ethylene gas stream is still flowing. The typically used reaction parameters and
their resulting forest heights are shown in table 7.1.

Table 7.1 This table shows the used growth temperatures, times and flow rates and the resulting
CNT structure heights.

7.1.3 Crust removal by plasma or UV-ozone treatment

To enable good densification of the circular patterns, the crust needs to be etched away first. This is
partly done by etching for 10 minutes in a Diener plasma cleaner with air plasma and partly using
another Diener plasma cleaner with 50 % power and O2-plasma for increasing times (see results).
The standard etching time for air plasma to remove most of the crust is 10 minutes, in O2-plasma it
is 1 minute, and in UV-ozone 60 minutes. The methods are varied due to accessibility of the devices.

7.1.4 CNT honeycomb formation by densification

After etching of the crust the microscale circular patterns are densified using immersion densification.
This is done by putting a drop of acetone on the structures and letting it evaporate. Densification of
the colloidal structures is attempted by using a condensation method. Acetone is heated in a beaker
on a hot plate at 180 °C. When a stable vapor front is achieved, the substrate is put into the resulting
acetone vapor for ∼3 s.

7.2 Honeycomb transfer onto polymer films and copper tape

7.2.1 PVA film fabrication and transfer

The PVA-film is prepared by depositing 500 µL of a 10 wt% Polyvinyl alcohol (PVA, Mw 13,000-23,000
g

mol , Sigma Aldrich) in DI-water solution on a clean Si-wafer at 60 °C. It is then heated up to 95 °C
for 10 minutes. Then the temperature is increased to 180 °C for another 10 minutes to create a
viscous PVA film and evaporate the solvent. The substrate with the CNT-structure is then placed on
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the film, with the top of the structure in contact with the film. Approximately 2 g (Si-wafer piece) is
placed on top of the wafer. This structure is then left for 5 minutes. The sample is removed from the
hot plate and allowed to cool for 5 minutes. The upper wafer can be carefully lifted off with tweezers
and the CNT-structure will be left in the PVA film.

7.2.2 PCP film fabrication and transfer

The PCP film was prepared following a protocol our group published previously. [65] In short, a solution
of methanofullerene phenyl C61 butyric acid methyl ester (PCBM, 15 mg), poly(vinylidene fluorid)
(PVDF, 300 mg) and CNTs (15 mg) in 6 ml dimethylformamide (DMF) is prepared, ballmilled for 2
hours at 300 rpm changing the rotation direction every 2 minutes with a 30 seconds break inbetween.
The solution is then drop-casted onto a glass slide and slowly dried at 65 °C with a glass petri-dish
covering it. After drying, the temperature is increased to 175 °C to soften the PVDF. The grown 3D
CNT structures are then transferred onto the PCP film using microcontact printing. The structures
are slightly pushed into the film with the tweezers but no additional weight is added on top of the
structures for the standard transfer.

7.2.3 Transfer onto copper tape and annealing

The uncoated or Si-coated 3D CNT structure is transferred onto a sticky one-sided copper tape by
microcontact printing. Similar to the transfer onto the polymer films, the structure is out onto the
substrate and softly pushed onto it with tweezers. Then the Si-wafer is removed in a vertical upward
motion. The structure remains on the Cu-tape. After the transfer the Cu-tape with the structure is
annealed for 2 hours at 250 °C and 2 hours at 500 °C to carbonize the adhesive on the tape in inert
atmosphere (helium, 250 sccm).

7.3 Inorganic modification of 3D CNT structures

7.3.1 Fe2O3 by Li et al. [370]

For this synthesis, a published protocol [370] was slightly modified. 2 mM of iron(III) sulfate hydrate
(Fe2(SO4)3·H2O, 244.98 g

mol , Fisher) and 8 mM of urea ( NH2CONH2, 60.06 g
mol , Sigma-Aldrich) are

dissolved in 50 mL of ethylene glycol (EG, 62.07 g
mol , Fluka). 0.1 g of polyvinylpyrrolidone (PVP, K30,

40,000 g
mol , Fluka) is added to the solution. After stirring for 10 minutes the solution is filled into

teflon liners for the microwave reactor. The honeycomb structures on the Si-wafer chips are treated
with air plasma for 10 minutes to increase the number of oxygen-containing surface groups and then
slowly put into the solution. The liners are put into the microwave and heated to 160 °C for 5 hours.
Afterwards the solution is filtered using vacuum filtration and the CNT structure is washed multiple
times with DI-water. The filtered particles and the coated structure are dried at 80 °C overnight.
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7.3.2 Fe2O3-nanoflakes by Reddy et al. [280]

For this synthesis, a protocol by Reddy et al. [280] is slightly adapted. The CNT structures are coated
with an iron film (Fe, 1 Å s−1) of about 100 nm by e-beam PVD. This is followed by a temperature
treatment step of 5h at 300°C in air on a hotplate.

7.3.3 Fe2O3 with Fe3+ precursor

For the synthesis of iron oxide (Fe2O3), a published protocol by Wang et al. [320] is modified for the
use as a microwave assisted synthesis. [320] The solution is prepared by dissolving 120 mg of iron(III)
sulfate hydrate (Fe2(SO4)3·5H2O, 489.96 g

mol , Acros) in 35 mL of DI-water and 5 mL of glycerol
(92.09 g

mol , Atom Scientific). After stirring for 10 minutes the solution is filled into two teflon liners
(20 mL each) for the microwave reactor. The 3D CNT structures on the PCP film are treated with
UV-ozone for 60 minutes on glass slides and then slowly put into the solution. For the modification
of the CNT powder, 10 mg of oxidized CNTs are mixed with 20 mL of the above mentioned solution,
sonicated for 30 minutes and then shaken overnight to ensure a uniform dispersion. Then the solution
is filled into a teflon liner. The liners are put into the microwave and heated to 175 °C for 6 hours
using the temperature sensor. Afterwards the solution is filtered using vacuum filtration and the CNT
structure is washed multiple times with DI-water. The filtered particles and the coated structure are
dried at 80 °C overnight.

7.3.4 Fe2O3 with Fe2+ precursor

For the synthesis of iron oxide (Fe2O3), a published protocol by Wang et al. [320] is modified for the use
as a microwave assisted synthesis. [320] The solution is prepared by dissolving 120 mg of Iron(II) sulfate
hydrate (Fe2SO4·7H2O, 278.01 g

mol , Acros) in 35 mL of DI-water and 5 mL of Glycerol (92.09 g
mol ,

Atom Scientific). After stirring for 10 minutes the solution is filled into two teflon liners (20 mL each)
for the microwave reactor. For the VA-CNT structure modification, the structures on the PCP film
are treated with UV-ozone for 60 minutes on glass slides and then slowly put into the solution. The
liners are put into the microwave and heated to 175 °C for 6 hours using the temperature sensor.
Afterwards the solution is filtered using vacuum filtration and the CNT structure is washed multiple
times with DI-water. The filtered particles and the coated structure are dried at 80 °C overnight.

For the temperature screen of both reactions, the reaction temperature is 130, 145, 160, 175 and
190 °C for each reaction. For the different reaction times, the synthesis with Fe2+ precursor is stopped
after 10 min, 30 min, 1 hour, 2, 3, 4 and 5 hours.

7.3.5 Si-CVD

A thermal CVD process using SiH4 as a precursor in an argon atmosphere is used to achieve the
modification of 3D CNT structures fabricated by colloidal lithography. The coating of the samples
is done with the help of Yanting Jin, a PhD student in the Department of Chemistry who used a
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process initially reported by Ogata et al. [231] from their group and then by Y. Jin herself [232] for the
formation of Si-nanowires. The deposition is run at 550 °C for 15 and 30 minutes with the colloidal
structure on a Si-wafer inside the chamber at 15 mbar.

7.3.6 Si-PVD

For the deposition of Si onto the colloidal honeycomb structures at imec, Belgium, an e-beam
evaporation with a deposition rate of 4.9 Å s−1 is used.

7.3.7 Microwave-assisted synthesis of BiVO4

Protocol by Zhang et al. [416] Following a published protocol for monoclinic bismuth vanadate
(BiVO4) nanostructures, [235] an aqueous solutions of 1 mmol bismuth nitrate pentahydrate (Bi(NO3)3,
485.07 g

mol , Sigma Aldrich) and 1 mmol ammonium metavanadate (NH4VO3, 116.98 g
mol , Sigma

Aldrich) in 40 mL DI water is prepared. After stirring for 30 minutes at room temperature, the
solution is filled into two teflon liners (20 mL each) for the microwave reactor. The CNT honeycomb
structures on Si-wafers are treated with UV-ozone for 30 minutes and then slowly put into the solution.
The liners are put into the microwave and heated to 180 °C for 6 hours using the temperature sensor.
Afterwards the solution is filtered using vacuum filtration and the CNT structure is washed multiple
times with DI-water. The filtered particles and the coated structure are dried at 80 °C overnight.

Protocol by Shang et al. [256] Following a published protocol for hierarchical bismuth vana-
date (BiVO4) nanostructures, [256] a solution of 0.5 mmol bismuth nitrate pentahydrate (Bi(NO3)3,
485.07 g

mol , Sigma Aldrich) and 0.5 mmol ammonium metavanadate (NH4VO3, 116.98 g
mol , Sigma

Aldrich) in 40 mL ethylene glycol (EG, 62.06 g
mol , Acros Organics) is prepared and stirred for 10

minutes. Then 20 mL each of the solution are filled into two teflon liners for the microwave reactor.
To introduce hydrophilicity and reactive groups, the honeycomb structures on the Si-wafer chips are
treated with UV-ozone for 30 minutes and then slowly put into the solution. The liners are put into
the microwave and heated to 140 °C for one hour. Afterwards the solution is filtered using vacuum
filtration and the CNT structure is washed multiple times with DI-water. The filtered particles and
the coated structure are dried at 80 °C overnight.

For some reactions the 3D CNT structure is soaked overnight in the vanadium precursor, and then
put into the bismuth precursor right before the reaction start.

For the thermal treatment before the BiVO4 modification, the protocol described by Menzel et al. [417]

is adapted. The 3D CNT structure is put into a glass tube in the CVD furnace. The furnace is heated
to 500 °C and then the tube is pushed into the furnace four times for 5 minutes with 2 minutes
cooling time in between. The next step is a 2 hour temperature treatment in helium at 500 °C.
Immediately after the sample is put into the prepared precursor solution in the teflon liner.
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Protocol by Ma et al. [415] Following a published protocol for olive-like bismuth vanadate (BiVO4)
nanostructures, [415] solutions of 1 mmol bismuth nitrate pentahydrate (Bi(NO3)3, 485.07 g

mol , Sigma
Aldrich) in 30 mL EG and 1 mmol ammonium metavanadate (NH4VO3, 116.98 g

mol , Sigma Aldrich)
in 10 mL DI-water are prepared and stirred for 30 minutes. Then 5 mL of the vanadium precursor and
15 mL of the bismuth precursor are filled into a teflon liner for the microwave reactor. To introduce
hydrophilicity and reactive groups, the CNT honeycomb structures on the Si-wafer chips are treated
with air plasma for 10 minutes or UV-ozone for 30 minutes and then slowly put into the solution.
The liners are put into the microwave and heated to 140 °C for 4 hours. Afterwards the solution is
filtered using vacuum filtration and the CNT structure is washed multiple times with DI-water. The
filtered particles and the coated structure are dried at 80 °C overnight.

For some reactions the 3D CNT structure is soaked overnight in the vanadium precursor, and then
put into the bismuth precursor right before the reaction start.

Protocol by Liu et al. [413] Adapting the first published, hydrothermal protocol for bismuth vanadate
(BiVO4), [413] solutions of 1 mmol bismuth nitrate pentahydrate (Bi(NO3)3, 485.07 g

mol , Sigma Aldrich)
in 20 mL DI-water and 1 mmol sodium vanadium oxide (NaVO3) are prepared. NaVO3 is prepared
by dissolving 39.997 mg NaOH in 20 mL DI-water and adding 9.09 mg vanadium(V)oxide (V2O5,
181.88 g

mol , Sigma Aldrich). All solutions are stirred for 30 minutes and then mixed together. The
pH is adjusted to 7 using NaOH. Then 20 mL of the mixed precursor solution is filled into a teflon
liner for the microwave reactor. To introduce hydrophilicity and reactive groups, the CNT honeycomb
structures on the Si-wafer chips are treated with UV-ozone for 30 minutes (or with a thermal treatment
as described before) and then slowly put into the solution. The liners are put into the microwave and
heated to 140 °C for 3 hours. Afterwards the solution is filtered using vacuum filtration and the CNT
structure is washed multiple times with DI-water. The filtered particles and the coated structure are
dried at 80 °C overnight.

The concentration is lowered to 1/10 for some experiments. Additionally, an experiment is also
conducted using the stirred reactor. Exactly the same conditions as described for the microwave-
assisted, hydrothermal method are used, apart from the reaction time which is increased to the
initially reported 12 hours.

7.3.8 Hotcasting of BiVO4

The hotcasting protocols with the specific chemicals and concentrations are shown in the table 7.2. In
the standard protocol, the precursor solution are either subsequently or together put onto the sample
on a hotplate. Then the hotplate is heated to 350 °C (if not otherwise specified) and the solvent is
removed. To finalize the BiVO4 crystallization, the sample is annealed at 500 °C for 2 hours with
helium flowing at 350 sccm with a ramp rate of 10 °C/min.
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Table 7.2 An overview of BiVO4 hotcasting experiments with changes in precursor, concentration,
solvent and reaction temperature is given here.

The Au/Pd deposition before some of the hotcasting is done for 30 s with a sputtering system at a
60 mA current.

7.4 Further modification of 3D CNT structures

7.4.1 PSS-coating

20 µL of a poly(sodium 4-styrenesulfonate) solution (PSS, Mw 70,000, 30 wt.% in water, Sigma
Aldrich) is dropcasted onto the CNT honeycomb structure and dried on a hotplate at 100 °C. For
further experiments the solution is diluted to 2 wt.% in DI-water or 1 wt.% 50:50 v/v % H2O: IPA,
dropcasted and dried at 100 °C. The samples with 2 wt.% in DI-water is washed overnight in DI-water
and afterwards again dried on a hotplate.

7.4.2 HAp-coating

A microwave-assisted, hydrothermal protocol is adapted [432,434] to synthesize hydroxyapatite. A ratio
of 2:1 EG and DI-water is prepared and the pH is adjusted to 11 using ammonium hydroxide (NH3,
Sigma Aldrich). 0.1 M Calcium nitrate tetrahydrate (Ca(NO3)2·4H2O, 236.15 g

mol , Alfa Aesar) and
0.1 M ammonium phosphate dibasic ((NH4)2HPO4, 132.06 g

mol , Sigma Aldrich) are dissolved in the
EG/water mixture. The calcium nitrate tetrahydrate reactants are added to the ammonium phosphate
dibasic reactants to reach a molecular Ca/P ratio of 1.67. The final solution is put into a teflon liner
for the microwave reactor. To introduce hydrophilicity and reactive groups, the CNT honeycomb
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structures on the Si-wafer chips are treated with UV-ozone for 60 minutes and then slowly put into
the solution. The liners are put into the microwave and heated to 180 °C for 10 minutes. Afterwards
the solution is filtered using vacuum filtration and the CNT structure is washed multiple times with
DI-water. The filtered particles and the coated structure are dried at 80 °C overnight.

7.5 Electrochemical measurements

7.5.1 Battery electrode fabrication

CR 2032 type cells were assembled in Ar filled glove box in a half-cell configuration. The 3D CNT
structures coated with iron oxide or silicon and a pure Li metal foil were used as electrodes with LiPF6

in EMC and DEC as electrolyte and a glass fibre (Whatman) disc as separator. The electrochemical
measurements were carried out using a VMP3 Biologics multi-channel potentiostat/battery cycler.
These measurements were done by S. Engelke.

7.5.2 Photoelectrode measurements

The electrochemical characterization of the BiVO4 coated CNT structures was done by J. Rongé at
KU Leuven. A three-electrode configuration with graphite as a counter electrode and Ag/AgCl as
a reference electrode was used with 1 M sodium sulfite (Na2SO3) and 0.1 M KPi buffer (pH 7) ,
with a 400 W Xe lamp with an AM 1.5 filter. The cell was stirred but not purged with gas. The
experimental setup is shown in figure 7.2. These measurements were done by J. Rongé.

Fig. 7.2 Set-up for electrochemical measurements for the advanced BiVO4 photoelectrode structure
(image taken by J. Rongé).
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7.6 Equipment

Mask-aligner A contact Mask Aligner MJB-4 from Karl Suss is used for the exposure of the
photoresist to UV-light. The exposure time is regularly adjusted to the power of the lamp in the
system.

e-beam PVD An e-beam PVD-system from Lesker (LEV-Lesker, PVD 75, four-crucible e-beam
evaporator) is used to evaporate alumina (Al2O3), aluminium (Al), molybdenum and iron (Fe) at a
pressure of approximately 6 µTorr. An e-beam PVD-system from Pfeiffer (PLS-B) is used at imec to
evaporate silicon (Si) onto the CNT structures.

SEM The SEM measurements are performed with a Leo 1530VP Gemini from Zeiss operating at an
accelerating voltage of 8 kV and using the InLens-detector. The working distance is varied between
3-10 mm. Samples are not sputtered with a metal layer.

XRD The XRD-system used is a D8- B1- Gen10 Bruker XRD. Measurements are done with a stepsize
of 0.05 °(2θ), and a step time of 0.5 s, if not otherwise indicated. The time-scan measurements for
Fe2O3 are done with a stepsize of 0.025 °(2θ), and a step time of 0.1 s with a D8-B3-Gen9 Bruker
D8 DAVINCI XRD. The software X-Pert Highscore Plus is used for the data evaluation.

Microwave reactor A microwave reaction system (Multiwave PRO) by Anton Paar with a pressure
and temperature sensor is used for the microwave synthesis.

Plasma cleaner Two different plasma cleaners are used. A small Diener Femto plasma cleaner
(40kHz/100W) is used with air plasma. A Diener Femto plasma etcher (60 Hz/ 3680W) is used with
O2-plasma in the clean room.

UV-ozone A UV-ozone generating system from Bioforce nanoscience is used for the etching of the
crust and activation of the CNT structures.

Stirred reactor A stirred reactor system by Parr is used for one BiVO4 synthesis.
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Appendix A

Theoretical Background Carbon
Nanotubes

Table A1 A comparison between evaporation and sputtering as two techniques for physical vapor
deposition. [151]
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A Theoretical Background Carbon Nanotubes

Table A2 A comparison is shown here for several powder synthesis and their advantages and
disadvantages for a range of parameters. [253]

Fig. A1 This figure shows the fields of applications for microwave radiation and microwave
chemistry. [263]
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Appendix B

Results

B1 Formation of 3D CNT Structures

Table B1 The characteristics of positive and negative photoresists are shown here. [151]

Fig. B1 The influence of the crust on the densification of a CNT structure. (A) the densification is
incomplete due to the influence of a too thick crust (courtesy of M. De Volder), whereas in (B) the
densification into CNT pillar structures worked very well due to previous etching of the crust. [172]
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B Results

Table B2 List of experimental parameters used to determine the influence of various factors during
3D honeycomb formation.
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B Results

Fig. B2 The SEM shows many cracks in the honeycomb formation for a sample grown to a height
of ∼ 90 µm before densification. Scale bar is 200 µm.

Table B3 Data for the calculations for the area change before and after densification of the
honeycombs in the stress relief features.

Fig. B3 The linear relationship between the particle size and the etching time is shown in (A). The
influence of pure isotropic etching (inset) and the addition of an anisotropic component is shown in
the SEM in (B). The temperature influence on the shape is shown in (C). [160]
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B Results

Table B4 A study of the etching rates for different particles sizes and substrates. [169]

Fig. B4 Colloidal PS-spheres (800 nm) shown with a 35° tilt after etching for 2 minutes (a) with
the bridges between them clearly visible (b), and after 10 minutes (c).
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B Results

Fig. B5 The SEM shows the effect of too much external stresses and shear forces during the
transfer of a 3D CNT structure. The nanometer-sized holes are no longer visible and closed by
horizontally aligned CNTs. Scale bar is 50 µm if not otherwise indicated.

B2 Modification with Iron Oxide

Fig. B6 The process for the preparation of hollow Fe2O3 nanospheres can be seen in (A), a TEM
image of the produced spheres in (B) and an SEM image in (D). The XRD in (C) confirm that the
phase is hematite. [320]
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B Results

Fig. B7 During the synthesis of Fe2O3-cubes, following a protocol by Zhu et al., [328] on a CNT
structure the nucleation did not take place on the CNTs themselves but mostly in solution.

Fig. B8 Reference patterns for the hematite patterns used for the analysis.
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Fig. B9 The SEM images show an overview of the particles created by a synthesis adapted from
Wang et al. [320] at 175 °C for different reaction times. All of them are polydisperse, suggesting
ongoing nucleation in the solution.

Fig. B10 These images show the coating of the 3D CNT structures on a PCP film with Fe3+ as a
precursor. Scale bars are 30 µm in (A), 1 µm in (B) and 2 µm in (C).
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Fig. B11 A thick standard film of ∼300µm was cast with Fe2O3-particles and then dried. The
cracking during drying can clearly be seen here.

B3 Modification with Silicon

Fig. B12 These images show the EDX mapping of the bottom of the Si-coated CNT sample after
the transfer onto a copper tape. The found elements are oxygen, silicon (coating), carbon (CNTs)
and copper (tape).

B4 Modification with Bismuth Vanadate

Fig. B13 These SEMs (A) and (B) show BiVO4 particles made by a hydrothermal synthesis
reported by Zhang et al. [416] The XRD shows that it is the desired phase (monoclinic BiVO4) and
has no impurities.
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Fig. B14 A larger image of the XRD pattern of the coating with dumbbell shaped BiVO4.

Fig. B15 Soaking the 3D CNT structure in the vanadium precursor and drying it before the
reaction with the bismuth precursor leads to a coverage of the overall structure with nanoparticles
(A). Those spherical particles are spread all over the CNT side walls (B) and are emerging from the
CNT strands (C). However, they don’t show the right color and thus not the right composition.

Fig. B16 An overview of the parameters tried for hotcasting by the visiting PhD student J. Rongé
on a range of structures is shown here.
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Fig. B17 A controlled way to connect the hexagonal honeycomb patches is by introducing serpentine
shaped connections either between two sides of the hexagons, as they were originally reported by J.
A. Rogers’ group for stretchable electronics. [383]
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