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Abstract

Surface functionalization of nanomaterials to combine different material’s properties together
opens up unlimited possibilities for both academic research and industrial applications. In this
thesis, flexible and scalable chemical approaches to functionalize carbon nanomaterials
(CNMs) are developed for different applications, including electronics, composite and
biomedical applications. According to the bonding difference between CNMs and functional
components, these approaches can be divided into two groups, including covalent
functionalization and non-covalent functionalization.

Covalent functionalization of CNMs surface is based on reactions of different components
with the oxygen-containing groups of CNMs. The first part in this section introduced the
covalent functionalization of carbon nanotubes for biomedical application. The surface of
CNTs was modify by a multi-oxidation process and coated by silver nanoparticles to improve
CNT’s antibacterial property. The developed silver/CNT composites show strong antibacterial
property to bacteria. The second part presents covalent functionalization of graphene oxide for
cement reinforcement. The developed surface functionalized GO (FGO) can improve both the
early and ultimate strength of the Portland cement mortar efficiently. The key benefit of FGO
lies in its ability to form covalent bonds with C-S-H whilst having minimum effect on the
workability of mortar paste. The third part introduced the covalent functionalization of
graphene based films (GBFs) that act as heat spreaders for hotspot cooling. The applied
covalent bonding between GBF and the substrate can significantly reduce the thermal
interface resistance, showing great advantages on cooling of high-power density devices.

Non-covalent functionalization utilizes various functional molecules or active species as
assembly mediators to functionalize the surface of CNMs via non-covalent interactions. The
first part of this section presents a method of non-covalent self-assembly of
high-thermal-conductivity of graphene films (GFs). The fabricated smooth, large-grain and
turbostratic-stacking GFs shows excellent thermal and mechanical properties, which is
superior to most of currently existing thermally conductive materials. The second part
introduced the non-covalent functionalization of graphene for high thermal conductive
adhesive. Liquid exfoliated few-layer graphene was utilized as fillers to improve the thermal
conductivity of the thermal conductive adhesive which showed an improvement of 400 %.
The third part presents a non-covalent functionalization process for synthesizing intrinsically
flexible  multi-functionalized CNT based hybrid nanowires. The synthesized
multi-functionalized CNT based hybrid nanowires possess many excellent properties, such as
good dispersability and stability in various polar solvents, large flexibility and high electrical
conductivity. These extraordinary properties facilitate the application of hybrid nanowires in
the fabrication of flexible and stretchable circuits (FSCs) with high resolution.

Keywords: carbon nanomaterials, functionalization, graphene, flexible electronics, hybrid
nanowires
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Chapter 1

Introduction

1.1 Nanotechnology and Nanomaterials

Nanotechnology, as an emerging/enabling technology, is helping to considerably improve,
even revolutionize, many traditional technologies and industry areas, ranging from electronic
packaging to energy conversion and storage[1-8], from additives to catalysis[9-11], and from
sensors to drug delivery and biomedical applications[12-17]. Driven by the great benefits
from these applications, all kinds of research based on nanotechnologies have been carried out
in multi-disciplinary areas. In order to distinguish this new technology from the traditional
disciplines, the generalized definition of nanotechnology was subsequently established by the
National Nanotechnology Initiative, which describes nanotechnology as the manipulation of
materials with at least one dimension sized from 1 to 100 nanometers[18]. The reason for
such a definition is that most fundamental physical properties of materials can change when
the geometry size is reduced to a critical value well below 100 nm in at least one dimension.
Table 1.1 shows an overview of the effects and potential applications of the reduced
dimensionality of nanomaterials[19].

A variety of nanomaterials have been fabricated and applied in many areas. Generally,
nanomaterials can be classified into four groups according to their structural dimensions[20].
As shown in Figure 1-1, zero-dimensional (OD) nanomaterials means that materials are
nanoscale in all dimensions, including all kinds of nanoparticles ranging from metal to
ceramic. One dimensional (1D) nanomaterials are described as materials which have one
dimension larger than nanoscale, such as nanowires and nanotubes. Among them, carbon

Table 1.1 an overview of the effects and potential applications of the reduced dimensionality
of nanomaterials

Nanoscale effects

Applications

High surface-to-volume ratio and enhanced
reactivity

Enhanced electrical properties

Increased hardness from small crystal grain size
Narrower electronic band gap

Lower melting and sintering temperatures
Improved transport kinetics

Improved reliability

Increased wear resistance
Higher resistivity with smaller grain size

Catalysis, solar cells, batteries, gas sensors

Conducting materials

Hard coatings, thin protection layers
Opto-electronics

Processing of materials, low sintering materials
Batteries, hydrogen storage
Nanoparticle-encapsulated electronic
components

Hard coatings, tools

Electronics, passive component, sensors
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Figure 1-1 Different types of nanomaterials classified by structural dimensions (a) 0D silicon
carbide nanoparticles (b) 1D multi-walled carbon nanotube (c) 2D multilayer graphene (d) 3D
graphene sponge

nanotubes (CNT), including single-walled carbon nanotubes (SWCNT) and multi-walled
carbon nanotubes (MWCNTs), are the most representative 1D nanomaterial.
Two-dimensional (2D) nanomaterials usually refer to thin-sheet materials with nanoscale
thickness. For example, graphene, one or few layers of carbon atoms, have been regarded as
one of the most promising 2D nanomaterials. Three-dimensional (3D) nanomaterials usually
include powders, fibrous, multilayer and polycrystalline materials which are constructed by
all kinds of building blocks, such as 0D, 1D and 2D nanomaterials. The building blocks are in
close contact with each other and form interfaces inside 3D nanomaterials. Figure 1-1d shows
the 3D graphene sponge in which individual graphene sheet are bonded together through
self-assembly. This special 3D structure has the advantages of large surface area and
extremely low density, making it a promising material for supercapacitors[21].

1.2 Carbon-based nanomaterials

Carbon is well known to form distinct solid state allotropes with diverse structures
ranging from sp® bonded diamond to sp? bonded fullerene and graphite. Mixed states are also
possible and form the basis of amorphous carbon[22]. The diversity of carbon-lattice
structures can lead to great differences on bulk properties ranging from mechanical strength to
electrical and thermal performance. Diamond is a metastable form of carbon that possesses a
face-centered cubic lattice structure with a lattice constant of 3.57 A and C-C bond length of
1.54 A. Such extremely rigid lattice structure endows diamond with superlative physical
qualities, such as the highest hardness and thermal conductivity of all the bulk material[23]. In
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contrast, graphite is the most thermodynamically stable form of carbon under normal
conditions and consists of a layered planer structure where the carbon atoms are arranged in a
hexagonal honeycomb lattice with a bond length of 1.42 A. These single atom thick layers
(i.e., graphene layers) are bonded via noncovalent van der Waals forces with an interlayer
spacing of 3.35 A. Such a special layered two-dimensional structure would benefit the phonon
transfer in horizontal direction by giving a large group velocity and long mean free path.
Consequently, graphite shows superior in-plane thermal and electrical conductivities which
facilitate its widespread application in thermal management and electrodes[24]. In addition,
the loose interlamellar coupling between graphene layers makes graphite to be an excellent
lubricant that has been widely used in industry[25].

The weak interlayer bonding in graphite implies that graphite can be exfoliated and
engineered to various types of carbon-based nanomaterials (CNM), including fullerenes,
single or multi-walled nanotubes and graphene. Fullerenes are the zero-dimensional form of
graphitic carbon that can be visualized as an irregular sheet of graphene being curled up into a
sphere by incorporating pentagons in its structure. The first fullerene molecule was discovered
in 1985 and named as buckminsterfullerene (C60) which is the smallest fullerene molecule
containing pentagonal and hexagonal rings. Nowadays, fullerene molecules come in various
forms and sizes ranging from 30 to 3000 carbon atoms, which have been widely researched in
lots of areas, such as solar cells, superconductors, x-ray imaging contrast agents and drug
delivery[26-29].

Among all kinds of CNMs, CNTs and graphene are the most popular 1D and 2D
nanomaterials that have been extensively studied in the past two decades. Comprising of a sp?
bonded hexagonal graphitic structure, CNTs and graphene both possess excellent mechanical
strength, electrical and thermal conductivity, and optical properties. The Young's modulus and
tensile strength of a CNT and graphene can reach to 1 TPa and 130 GPa[30]. Electron
mobility of graphene is more than 15000 cm”V *:s*, and the current density of metallic
CNTs are orders of magnitude higher than those of metals such as copper[31,32]. Thermal
conductivities of a single CNT and graphene are about 3000 W/mK and 5000 W/mK
respectively[33]. The light absorption ratio of single-layer graphene is just 2.5%][34]. Lots of
the research efforts have been focused on utilizing these advantageous properties for various
applications including electronics, biological engineering, filtration, lightweight/strong
composite materials, photovoltaics and energy storage[35-38].

1.3  Functionalization of CNMs

Surface functionalization of nanomaterials refer to assemble different organic and
inorganic materials together in nanoscale through covalent bonds or non-covalent bonds
including hydrogen bonds, the electrostatic force, or the van der Waals force[39]. The
unlimited possible combinations of the distinct properties of inorganic, organic, or even
bioactive components have attracted considerable attention[40-42]. So far, a vast number of
novel advanced functionalized CNMs with well-controlled structures and multiple functions
have been created and applied in many fields. For example, flexible electrode materials
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consisting of highly electrically conductive metal nanoparticles coated CNTs demonstrate
collective properties of high current density and good flexibility[43]. Graphene coated with
ferromagnetic nanoparticles exhibit controlled movement wunder magnetic fields,
demonstrating great potential for magnetic recording[44]. In particular, CNTs deposited with
catalytic nanoparticles, such as Pt, Pd and Ru, may provide high-performance catalysts for
applications in fuel cell electrodes, Li-ion batteries and supercapacitors[45-47].

A variety of physical and chemical approaches have been developed to controllably
design and functionalize CNMs with different functional components at the nanoscale[48-52].
Generally, these functional routes can be divided into two types, including covalent
functionalization and non-covalent functionalization, according to the different connection
mechanisms between CNMs with the functional components.

The covalent functionalization is based on forming covalent bonds between functional
components and carbon atoms in the basal plane of CNMSs[53]. Due to the chemically inert
and hydrophobic properties of graphite, it is usually difficult to direct assemble functional
components on the surface of CNMs. Therefore, the covalent functionalization of CNMs is
necessary for fabrication of CNM-enhanced composites. During the functionalization, a vast
number of oxygen-containing groups, such as carbonyl and carboxyl groups, would be grafted
onto the graphitic surfaces and form covalent bonds to the p-conjugated skeleton of CNMs
under aggressive conditions (e.g., strong acid oxidization or plasma etching)[54,55]. These
oxygen-containing groups show high reactivity with many other functional nanomaterials and
also possibly act as attaching points for further assembling of nanohybrids.

However, in most cases, the covalent functionalization processes unavoidably causes the
destruction of the graphitic structures, and thus compromises their intrinsic electronic and
mechanical properties. Therefore, there is a growing interest in the development of
non-covalent interactions between the CNMs and functional components. The principle ideas
of non-covalent assembly are to utilize various functional molecules or active species as
assembly mediators to functionalize the surface of CNMs via non-covalent interactions such
as hydrophobic[56], =-m stacking[57], van der Waals force[39], and wrapping
interactions[58,59]. The assembled mediators then act as binding points for anchoring other
molecules or nanomaterials.

Previous research has revealed the chemical mechanisms behind different methods of
non-covalent functionalization. The first method, hydrophobic interaction, utilizes long chains
of aliphatic compounds to interact with the hydrophobic surface of CNMs and functionalize
the surface with active groups. As an example, sodium dodecyl sulfate (SDS) is a well-known
anionic surfactant for dispersing CNTSs, which can be absorbed to the surface of CNTs and
cover them with active sulfate groups[60]. The second method of non-covalent assembly is
n-n stacking in which the pyrenyl group is used to interact with CNMSs. The pyrenyl group is
well known to be highly aromatic in nature and able to bind strongly with the basal plane of
graphite and/or sidewalls of the nanotubes via n-n stacking, thus providing a fixation point for
the attachment of functional components[61]. The other method is called polymer wrapping in
which polymer molecule can be absorbed onto the surface of CNMs and form a coating layer
through electrostatic interactions. The functional groups of the polymer enable the assembly
of a variety of organic and inorganic nanostructures[62]. Table 1.2 highlights the different



Table 1.2 Overview of different functionalization approaches on CNMs

Functionalization

Interaction Types Active Potential
) ] Examples o
mechanism functional application
groups
Oxidation -COOH Ag-CNM, Composites
Covalent bonds Oxygen plasma -OH Au-CNM
-0O-
Non-ionic aliphatic -SH, Au-CNM Photo switch,
-COOH, (dodecanethiol), chemical sensor.
. -NH, TiO,-CNM
Hydrophobic L.
(oleic acid)
lonic aliphatic Charged Ru-CNM(SDS) Fuel cell
group
Non-ionic aromatic ~ -SH, Ag-CNM Conductive
-COOH, (benzyl mercaptan), material
_ -NH_, Co-CNM
n-1 stacking .
-OH (pyrene derivative)
lonic aromatic Charged Pt, Pd, Ru, Rh-CNM (IIL)  Electrochemical
group catalysis
Attraction Van der Waals' Hydrogen Graphene film and fiber Self-assembly
force bond
Homopolymer Charged Au, Fe;0,-CNM Nano-reinforced
group, -NH, (PSS/PDDA) fiber material
Wrapping Copolymer Charged Au, Cu, Fe-CNM Single-electron
group, -SH  (PSMA) device
DNA -SH, Au-CNM (DNA) Vapor sensing
) N Au, Ag, Cu, Pd (N-CNM)  Supercapacitor
Doping

field emission

Direct deposition

E-beam deposition,

Electrochemical
deposition

Ag-CNM

Au, Ag, Cu, Pd-CNM

Nano electronic
device




functionalization approaches which have been used for assembling various organic/inorganic
functional nanostructures onto the surface of CNMs[39].

1.4  Scope and outline

The thesis focuses on developing flexible and scalable chemical approaches to
functionalize CNMs and investigating their potential applications. According to the bonding
difference between CNMs and the functional components, these functionalization approaches
can be divided into two groups, namely covalent functionalization and non-covalent
functionalization.

Chapter 1 gives a general introduction of different nanomaterials and their unique
properties, especially on CNMs. In addition, different functionalization processes and how
they manipulate CNMs structures and properties are described and explored.

Chapter 2 focuses on the covalent functionalization of CNMs. It includes three parts of
work that target on CNTs and graphene respectively. The first part introduces a process to
covalent functionalize carbon nanotubes for biomedical application. To improve the
bonding strength between CNTs and attached functional components, a multi-oxidation
process was developed to modify the original chemically inert graphitic surface of CNTs. The
surfaces of the modified CNTs were coated by silver nanoparticles to improve CNT’s
antibacterial property. The developed silver/CNT composites show strong antibacterial
property to E.coli bacteria. The second part presents covalent functionalization of graphene
oxide for cement reinforcement. A special surface functionalized GO (FGO) was
synthesized and employed as the reinforcing agent to improve the ultimate strength of the
Portland cement mortar. The key benefit of FGO lies in its ability to form covalent bonds with
C-S-H whilst having minimum effect on the workability of mortar paste. The third part
introduced the covalent functionalization of graphene based films (GBFs) that act as heat
spreaders for hotspot cooling. The covalent bonding between GBF and the substrate is
realized via the linkage of a silane coupling agent which can significantly reduce the thermal
interface resistance and improve the cooling effect. Such results show great potential in the
thermal management of high-power density devices.

Chapter 3 focuses on the Non-covalent functionalization of CNMs, The first part presents
a method of non-covalent self-assembly of high-thermal-conductivity of graphene films.
The fabrication of the graphene film is based on phase change of graphene oxide sheets from
random dispersion to liquid crystal in aqueous solution, and followed by graphitization and
pressing. It yields smooth, large-grain and turbostratic-stacking GFs with an in-plane thermal
conductivity over 3200 W/mK, which is superior to currently existing thermally conductive
pyrolytic graphite sheets by over 60%. The fabricated GFs also have excellent flexibility and
mechanical tensile strength. It thus opens for addressing major heat dissipation issues in
current form-factor driven electronics and other high power driven systems. The second part
introduced the non-covalent functionalization of graphene for high thermal conductive
adhesive. Liquid exfoliated few-layer graphene was utilized as fillers to improve the thermal
conductivity of the thermal conductive adhesive. To overcome the Van der Waals' force



between graphene layers, proper solvents with similar surface tensile as graphene were
selected as the exfoliation solvents, which demonstrated excellent exfoliation efficiency and
solution stability. Thermal conductivity of thermal conductive adhesive with 3% of graphene
was increased about four times than the reference sample, which demonstrated superior heat
dissipation properties. The viscosity of the paste was regulated in an acceptable range by
decreasing the interaction of nanofillers and polymer binder molecules. The third part presents
a non-covalent functionalization process for synthesizing intrinsically flexible
multi-functionalized CNT based hybrid nanowires. The multi-functionalized CNT based
hybrid nanowires were synthesized with different functional materials on the surface of CNTs
to produce a metal nanoparticle coating layer and form uniform dispersions whilst possessing
the CNT’s original structural integrity and high flexibility. The synthesized
multi-functionalized CNT based hybrid nanowires possess many excellent properties, such as
good dispersability and stability in various polar solvents, large flexibility and high electrical
conductivity. These extraordinary properties facilitate the application of hybrid nanowires in
the fabrication of flexible and stretchable circuits (FSCs) with high resolution. The
electro-mechanical properties and reliability of FSCs are also investigated. The results show
good flexibility and stable electrical performance of FSCs under different structural
deformation. Light-emitting diodes (LED) demonstrators are also fabricated, which illustrate
the superior mechanical and electrical performance of multi-functionalized CNT based FSCs.
The conclusions and future outlook are summarized in chapter 4






Chapter 2

Covalent Functionalization of CNMs

2.1 Covalent functionalization of carbon nanotubes for

biomedical application

Covalent assembly of nanostructures onto CNTs surface is based on covalent
functionalization of CNT, in which the oxygen-containing groups (e.g carbonyl and carboxyl
groups) are introduced directly onto the CNT surfaces through bonding to the mn-conjugated
skeleton of the CNTs under aggressive conditions, such as strong acid oxidation or plasma
etching.

In this section, we introduced a multi-oxidation process to modify the original chemically
inert graphitic surface of CNTs for close bonding with silver nanoparticles. The key benefit of
the multi-oxidation process lies in its abilities to create a porous out layer with abundant
nanoscale defects and also bond large amount of oxygen-containing groups on the surface of
CNTs. These surface modifications of CNTs facilitate the penetration of silver cations into the
deep layer of CNTs and form silver nanoparticles that closely bonded with the CNT surface.
Moreover, the oxygen containing groups can offer excellent dispersability and stability to the
final hybrid. The fabricated hybrid exhibited much enhanced anti-bacterial performance
compared to commercial silver nanoparticles due to the combined anti-bacterial effects of
CNTs and silver nanoparticles. With these superior properties, the developed surface
modification process could be widely used for improving the performances of many CNT
based hybrid nanomaterials in diverse applications.

The process of surface activation of CNT and silver nanoparticles deposition are
schematically illustrated in Figure 2-1. The surface modification of CNTs was carried out in a
multi-oxidant solution consisting of both an intercalating agent (H,SO4) and oxidants
(KMnO4, NaNO3) under low-power ultrasonication. Initially, the oxidation process started
from the edge and surface defects of the pristine CNTs. These positions are more vulnerable
to attack from the oxidants due to their incomplete sp® carbon structures. Consequently, many
oxygen-containing groups, such as phenolic, ether, carboxyl and carbonyl groups, were
generated at these places. With expansion of the defect area, sulfuric acid, as the intercalating
agent, started to penetrate into the inner graphitic layers of CNTs and caused deep oxidation,
which generated the porous out layer with large amounts of nanoscale defects. Besides the
oxidation treatment, a low-power ultrasonication was also maintained during the whole
modification process to increase the surface roughness of the M-CNTSs.

After the surface activation, the coating of silver nanoparticles on the surface of CNTs
was carried out in a complex solution containing silver ion source (Ag(NH)4"), reducing agent
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Figure 2-1 Schematic of the multi-oxidation process of CNTs (multi-walled carbon nanotubes)
and the following silver nanoparticle growth.

(Co*) and chelating agent (ethylenediaminetetraacetic acid (EDTA)). During the silver
coating process, cobalt (I1) ions, acting as the reducing agent, reacted with silver ions to form
metallic silver nanoparticles on the surface of the CNTs. Also, due to the chelation of EDTA,
the reaction between silver ions and cobalt ions is stable which can benefit for achieving
highly uniform and densely packed silver nanoparticles coating layer on CNT surfaces.

2.1.1 Surface activation of CNTs

The multi-oxidation process was much more efficient at modifying the CNTs than
traditional acid etching processes. To make a comparison, pristine CNTs were also treated by
following the typical acid etching procedure reported in many publications [63,64].
Fourier-transform infrared spectroscopy (FTIR) analysis was employed to study the
functional group changes on the M-CNT surface and compare the activation efficiency of
different processes. As shown in Figure 2-2a, the spectrum of pristine CNTs shows some
inherent characteristic peaks corresponding to oxygen-containing functional groups, such as
epoxy, carbonyl and carboxyl, which most likely resulted from the production process used
by the material supplier. By comparison, the spectrum of M-CNTs shows significant increases
in oxygen-containing groups on M-CNT surfaces. For instance, the characteristic peaks at
1220 cm™and 1700 cm™ corresponding to the breathing vibration of C-O and the stretching
vibration of C=0 from carbonyl and carboxyl groups became much more intense. A new
strong and broad peak appeared in the range of 1400~1536 cm™, which represented the
stretching vibration of C-O. In addition, two more characteristic peaks appeared at 2870 cm™
and 2960 cm™, due to the stretching vibration of C-H. These results indicate the successful
bonding of the oxygen-containing groups on the M-CNT surface. For A-CNTSs, it shows a
limited increase of oxygen-containing groups compared to the pristine CNTSs, such as C-O
and C=0 groups at 1220 cm™ and 1700 cm™. However, the intensities of these peaks are
much smaller than that of M-CNTs, indicating that the traditional acid etching process only
has a weak activation effect. In addition, the multi-oxidation process has a shorter treatment
time (30 min) and lower temperature (30~40°C) compared to the acid etching process,
demonstrating the high modification efficiency of the multi-oxidation process.

X-ray photoelectron spectroscopy (XPS) was used to quantitatively characterize the
oxidation degree and carbon/oxygen ratios (C/O) in M-CNTs and A-CNTs. As shown in
Figure 2-2b, pristine CNTs show a high purity without any metal atoms detected from the
XPS spectra. The C/O ratio of pristine CNTs is about 98:2, indicating the existence of small
amount of oxygen and defects. Compared to pristine CNTs, O1s peaks increased significantly
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Figure 2-2 (a) FTIR spectra of pristine CNTs, A-CNTs and M-CNTs. (b) XPS curves of
pristine CNTs, A-CNTs and M-CNTSs. (c) TGA curves of pristine CNTs, A-CNTs and M-CNTSs.
(d) Raman spectroscopy of pristine CNTs, A-CNTs and M-CNTSs. (e) XRD spectra of pristine
CNTs, A-CNTs and M-CNTs. (f) Pore volume distribution of pristine A-CNTs and M-CNTs.

in both M-CNTs and A-CNTs. The M-CNTs, in particular, showed the highest Ols peak
intensity, and also the C1s peak of the M-CNTs became smaller and broader compared to the
other two samples, indicating the bonding of sufficient oxygen functional groups.
Furthermore, the C/O ratios in different samples are 98:2 (pristine CNTs), 90:10 (A-CNTs)
and 70:30 (M-CNTs). Such a high ratio of oxygen in M-CNTs is essential for the
homogeneous dispersion of the final hybrids due to the formation of hydrogen bonds between
oxygen groups and water molecules. Thermal gravimetric analysis (TGA) was performed to
show the effect of oxygen groups on the property change of CNTs. As shown in Figure 2-2c,
all samples were heated from 50 to 900°C in a dry air flow with a heating rate of 20 °C/min. It
has been found that the decomposition temperatures of M-CNTs and A-CNTs were decreased
from 800 to 330°C and 630°C respectively when compared with pristine CNTs. The
significant decrease of decomposition temperature of M-CNTSs is due to the deep oxidation
caused by the multi-oxidation process. Defects and oxygen-containing groups make the CNT
structure less stable during heating. Moreover, as a result of burning, there were no remnants
detected in all three samples, indicating that the three samples were high pure, and a high
purity of the carrier materials is desirable for ensuring the best possible performance of the
silver nanoparticles.

The created defects on the surface of M-CNTSs act as nucleation sites and are essential to
ensuring the size and uniformity of the silver nanoparticles. Therefore, it is important to
analyze the size and amount of defects. Raman spectroscopy was employed to examine the
change of the defect area on CNTs before and after surface modification (Figure 2-2d). The
spectrum of the pristine CNTs presents a strong G peak at 1580 cm* and a weak D peak
around 1335 cm™ representing the high crystallinity of the CNT’s structure and the low
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Figure 2-3 (a-b) SEM image of A-CNTs (a) and M-CNTs (b) dispersed on the silicon chip,
and the inset shows the zoom out SEM images of each sample. (¢) UV-visible spectra of
A-CNT and M-CNT aqueous colloids. (d) Optical images of fresh A-CNT and M-CNT aqueous
colloids (left) and one week after preparation (right). () Optical images of deposited A-CNT
and M-CNT thin films on polystyrene petri dishes.

number of defects on CNTs respectively [65]. Compared to that, the ratios of D and G band
intensities (Ip/lg) of M-CNTs and A-CNTs increased significantly after surface modification,
and M-CNTs showed the highest Ip/lg ratio. This result means that the defect area on the
surface of M-CNTs is greatly expanded due to the intercalation and deep oxidation of
multi-oxidants. X-ray diffraction (XRD) analysis shows consistent results with Raman
spectroscopy. As shown in Figure 2-2e, a distinct diffraction peak appeared at 26° is indexed
as the (002) reflection of the hexagonal graphitic structure [66]. After surface activation,
M-CNTs show a significantly decreased and widened graphitic peak compared to that of
pristine CNTs and A-CNTSs, representing a breakdown in the graphitic lattice structure in
M-CNTs induced by the activation treatment. To analyze the average size of those defects,
Barrett-Joyner-Halenda (BJH) pore volume and size distribution tests were carried out, and
the result is shown in Figure 2-2f. Compared to A-CNTs, M-CNTSs present a strong peak
between 3 and 4 nm in the pore distribution curve, implying the formation of large amount of
nanoscale defects with a narrow size distribution on M-CNTs. Moreover,
Brunauer-Emmett-Teller (BET) surface area analysis show that the surface area of M-CNTSs
(33.5 m%q) is over twice that of A-CNTSs (16.3 m%/g) due to the created nanoscale defects.
Based on the results above, it can be concluded that the multi-oxidation process efficiently
creates abundant nanoscale defects and also form large amounts of oxygen-containing groups
onto the surface of CNTs. These surface modifications also result in M-CNTs having superior
dispersability. Figure 2-3a-b shows the SEM images of A-CNTs and M-CNTs dispersed on
the silicon chip surface respectively. It can be found that A-CNTs show a poor dispersion
property and form large size bundles due to the strong Van der Waals force. As a comparison,
M-CNTs show a much homogeneous dispersion on silicon surface due to the strong hydrogen
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bonds formed between the M-CNTs surface and the substrate surface. Figure 2-3c exhibits the
UV-visible spectra of the aqueous colloids of M-CNTs and A-CNTs. The UV-visible
spectrum of M-CNTs shows a maximum at 240 nm and gradually decreased from UV to near
IR. The characteristic peak at 240 nm indicates the acquisition of monodispersed M-CNT
colloids [67,68]. As a control, A-CNT colloids have a very low absorbance at 324 nm in their
UV-visible spectrum because of the existing CNT bundles which are less active at
wavelengths between 200 and 800 nm [68]. Figure 2-3d shows the colloid stability of
A-CNTs and M-CNTs. It has been found that the M-CNT colloid exhibited good stability
while a precipitation occurred in the A-CNT colloid over a period of one week after
preparation. Such a good stability of M-CNT colloids is attributed to the electrostatic
stabilization effect of abundant oxygen functional groups on each individual M-CNT surface.
In addition, the oxygen functional groups play a crucial role in determining the morphology
of the deposited CNT thin films. Figure 2-3e shows the deposited A-CNT film and M-CNT
film on polystyrene petri dishes. It has been found that the evaporation of water led to
formation of large individual A-CNT bundles on the substrate surface. In addition, these
bundles could easily be peeled off from the substrate surface, showing that the A-CNTs had
poor bonding strength. M-CNTSs, in comparison, formed a uniform deposition layer on the
substrate surface and bonded robustly to the substrate. This is due to the strong electrostatic
repulsion effect of negatively charged oxygen functional groups on the surface of M-CNTs
and this appears to prevent the formation of large CNT bundles. The uniform and tightly
bonded M-CNT film on a substrate has the benefits of improving contact surfaces and the
binding capability that is not the case for silver nanoparticles alone and thus enhances their
anti-bacterial activity [69].

Transmission electron microscopy (TEM) was carried out to understand the structural
changes to M-CNTs. As shown in Figure 2-4a-b, the pristine CNTs used in this work have an
average diameter of 100 nm and a small aspect ratio about 100 (Figure 2-4a). Such a small
aspect ratio of CNTs has the benefit of reducing the twisting among CNTs as well as
improving their dispersion. Furthermore, the pristine CNTSs, as shown in Figure 2-4b, have a
highly oriented structure comprising of numerous parallel graphitic layers, demonstrating the
high crystallinity of the pristine CNTs. In comparison to that, some obvious morphology
changes were noticed on the structure of M-CNTs. As seen from Figure 2-4c, the
cross-sectional view of M-CNTs shows a sharp contrast between the porous outer layer and
the tight inner layer, and the porous outer layer has an average thickness of 10 nm. This
structural change to the M-CNTs was caused by the combined effect of both deep oxidation
and low-power ultrasonication of the multi-oxidation process. The lattice structure close to the
surface area of the M-CNTs was partly disrupted and formed small nanoscale defects due to
the effect of deep oxidation. The inner graphitic layers were not affected by the modification
process and still kept their original highly oriented structure, as shown in Figure 2-4d, which
helped to maintain the mechanical strength of the M-CNTs. TEM images of M-CNTs are
consistent with the previous material characterization results, showing a superior efficiency of
the multi-oxidation process in creating nanoscale defects on CNT surfaces.
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Figure 2-4 (a-b) TEM images of pristine CNTs with different magnifications. (c) TEM
cross-sectional view of M-CNTSs. (d) TEM image of the graphitic lattice change of M-CNTSs.
(e-f) TEM images of M-CNTs carrying monodispersed silver nanoparticles with different
magnifications. (g-h) TEM images of the out layer of M-CNTs carrying monodispersed silver
nanoparticles. (i-))TEM images of A-CNTs carrying large silver nanoparticles with different
magnifications.

2.1.2 Deposition of silver nanoparticles on the activated CNTs

The growth of silver nanoparticles was carried out in a silver complex solution where a
stable reaction speed was maintained to refine nanoparticle’s size and geometry. Figure 2-4e-f
show the morphology of M-CNTSs carrying the silver nanoparticles. As seen, large amounts of
monodispersed nanoparticles with a mean diameter of 3 nm were uniformly deposited around
the whole M-CNT surface and formed a densely packed nanoparticle layer, and interestingly,
these nanoparticles penetrated into the porous out layer of M-CNTSs. After extracting the tight
inner part of M-CNT, the out layer with the tremendous silver nanoparticles can still remain
the original shell structure, instead of forming individual particles (Figure 2-4g-h), indicating
the strong binding capability of M-CNTs to the attached nanoparticles. Furthermore, there
were no detected large-sized particles or obvious agglomeration on the surface of the
M-CNTs, indicating the highly uniform diameter and distribution of nanoparticles. The reason
for such a good coating effect is that the large number of nanoscale defects created on the
surface of M-CNTs restricted the growth of individual particles and also prevented their
agglomerations. Figure 2-4i-j show the morphology of A-CNTSs carrying silver nanoparticles.
It was found that the surface of A-CNTs was lightly coated by a very limited amount of silver
nanoparticles. In addition, the silver nanoparticles had irregular shapes and different sizes
ranging from 10 nm to 200 nm. Such a poor silver coating probably resulted from insufficient
nucleation sites for the growth and attachment of silver nanoparticles. These results show the
importance of our developed CNT surface modification process to the uniformity of
nanoparticles.

An X-ray diffraction (XRD) study was employed to identify the elementary composition
of the nanoparticle layer. As shown in Figure 2-5a, the spectrum shows three new intensive
peaks appearing at angles of 37.9°, 44.1°, and 64.8°. They are indexed as the (111), (200) and
(220) reflections of silver’s face-centered cubic (FCC) structure, implying the presence of
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Figure 2-5 (a) X-ray diffraction (XRD) patterns of M-CNTs carrying silver nanoparticles. (b)
The change of silver weight ratios deposited on the surface of CNTs as a function of the
reaction time as measured by TGA. (c) UV-visible spectroscopy of the fabricated M-CNT
carrying silver nanoparticle aqueous dispersion freshly made and after one week. (d) The
time-resolved UV-visible absorbance intensities of the M-CNT carrying silver nanoparticle
dispersion at the wavelength of 417 nm over one week.

silver with high crystallinity [70]. Due to the use of chelating agents, the developed silver
nanoparticle growth method has advantages of stable reaction speed, a steady process, and
good controllability of the metallic nanoparticle size and uniformity, which is superior to
many reported approaches. For example, glucose, the most common silver reducing agent for
mirror fabrication, can only grow very limited amount of silver nanoparticles on the surface of
CNTs. Furthermore, the generated silver nanoparticles showed irregular shapes and variable
sizes ranging from 10 nm to 200 nm [71]. Such non-uniform silver growth is likely a result of
the fast reaction between the silver cations and glucose. Besides using conventional glucose
for reduction, previously reported silver growth methods employing, for example, sodium
borohydride or dimethylamine borane species as reducing agents unavoidably lead to the
generation of hydrogen gas during the reactions [72,73]. Hydrogen bubbles can take over the
nucleation sites on the surface of the CNTs and interfere in the morphology and coverage
ratio of silver nanoparticles.

To precisely control the size and amount of silver nanoparticles, a systematic study of
silver deposition was performed by TGA analysis. Different M-CNT samples with varied
silver nanoparticle growth time were collected and burnt completely in a dry air flow to
record the change of silver mass ratios expressed as Wag/Wc¢. The expressions Wag and Wc
represent the weights of silver and M-CNTs respectively. Figure 2-5b shows the change of
silver mass ratio as a function of growth time. According to the curve, there was a short initial
stage lasting for 10 min at the beginning of silver growth. During this stage, the reaction
speed was relatively slow, possible reasons could be that most of silver and cobalt ions were
encapsulated by the chelating agent (EDTA) and formed stable metal ion chelates, Ag*-EDTA
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and Co?*-EDTA, respectively. The reaction speed at this stage was mainly dominated by the
slow spreading and decomposition processes of metal ion chelates. After this initial stage,
reactions between silver cations and cobalt cations became much more active due to the
self-catalytic effect of silver. As a result, large amount of silver nanoparticles were generated
and deposited onto the surface of the M-CNTs. This growth stage continued for about 40 min
and the Wag/Wc ratio increased from 0.5 to 5. Importantly, a stable reaction speed was
exhibited during this stage due to the slow decomposition of the chelated compounds.
Therefore the rapid growth of silver nanoparticles is avoided and the benefit was obtaining a
monodispersed nanoparticle layer. The reaction then reached a plateau after 60 minutes with a
final Wag/Wc ratio of approximately 6 and diminished completely after prolonged reaction
time due to the depletion of reactants in the solution bath. According to the calculation of
silver input-output ratio, up to 70% of the silver in the solution reacted while the reduction of
the remaining 30% was prevented by the chelating agents. Further prolongation of reaction
time would result in no further increase in the silver mass ratio, indicating that the growth of
silver nanoparticles had been completed.

Due to the strong SPR absorption of silver nanoparticles in the visible region, the
dispersability and stability of the fabricated M-CNT/Ag in an aqueous dispersion was
characterized by UV-visible spectroscopy. As shown in Figure 2-5c, the absorption spectra of
the freshly-prepared dispersion and the same dispersion after one week exhibited similar
surface plasmon absorption bands with a maximum of 417 nm. It has been reported that the
exact position and shape of the SPR absorption band are strongly dependent on the particle
shape and size [74]. According to the literature, the number of SPR peaks increases as the
symmetry of the nanoparticle decreases, meaning that agglomeration of silver nanoparticles
would lead to the increase of SPR peaks in the UV-visible spectrum [75]. Therefore, the
single SPR peak in both two spectra indicates the presence of spherical silver nanoparticles
with no agglomeration. Additionally, the position of SPR peak is also closely related the
particle size. When silver nanoparticles aggregate, the SPR peak tends to shift towards longer
wavelengths due to the increased particle size [76]. However, the SPR peak of the dispersion
still showed a maximum absorption band at the wavelength of 417 nm after one week,
confirming the good uniformity of the dispersion. Figure 2-5d shows the time-resolved
UV-visible absorbance intensities of the M-CNT/Ag dispersion at the wavelength of 417 nm.
It can be seen that the dispersion showed relatively stable SPR absorbance intensities over a
week period, indicating the good stability of the dispersion.

2.1.3 Anti-bacterial activity of M-CNT/Ag

Due to the intrinsic anti-bacterial property of Ag NPs and large surface area of M-CNT,
the fabricated M-CNT/Ag was used for Killing bacteria. The anti-bacterial activity of
M-CNT/Ag was compared to commercial Ag NPs with an average size of 5 nm by
monitoring the respective growth and time killing assay of E.coli bacteria. Figure 2-6a shows
the optical density (OD) changes of Ag NPs and M-CNT/Ag as a function of growth time
respectively. Blank samples without any anti-bacterial agents served as the control group. It
was found that the control group was more opaque compared to the other two samples,
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Figure 2-6 (a) The optical density (OD) changes of Ag NPs and M-CNT/Ag as a function of
growth time respectively. Ag NPs and M-CNT/Ag with different concentrations (12.5 pg/ml,
25 pg/ml and 50 pg/ml) were measured respectively. (b) The time killing assay of E.coli in the
presence of Ag NPs and M-CNT/Ag with different concentrations (12.5 pg/ml, 25 pg/ml and
50 pg/ml). (c) Anti-bacterial activities of Ag NPs and M-CNT/Ag with different concentrations
(12.5 pg/ml, 25 pg/ml and 50 pg/ml) against E.coli biofilm. Blank samples without any
anti-bacterial agents acted as the control group in all of the measurements.

indicating normal growth of the bacteria. Compared to that, the transparency of the culture
medium was consistent for Ag NPs at high concentrations (> 25 pg/ml), showing the strong
bacteriostatic effect of silver nanoparticles. However, the bacterial growth at a low
concentration of 12.5 pg/ml exhibited a relatively similar growth pattern to the control group,
demonstrating a very weak bacteriostatic effect (top image of a). A possible reason is that Ag
NPs tend to form agglomeration which decreased the contact areas between the silver
nanoparticles and bacteria and made the bacteriostatic effect of Ag NPs less obvious at low
concentrations. On the other hand, M-CNT/Ag at high concentrations (>25 pg/ml) also
exhibited very strong bacteriostatic effect to the growth of bacteria, as shown in the bottom
image of Figure 2-6a. Interestingly, M-CNT/Ag at a lower concentration of 12.5 pg/ml
showed a much more restricted growth of bacteria within the first 8 h than the Ag NPs. The
bacteria growth speed of within the first 8 h was very slow, indicating a higher bacteriostatic
effect of M-CNT/Ag at low concentrations.

Figure 2-6b depicts the time Kkilling assay of E.coli in the presence of Ag NPs and
M-CNT/Ag. Herein, both Ag NPs and M-CNT/Ag did not show obvious bactericidal effects
against E.coli at a low concentration of 12.5 pg/ml. Nevertheless, the viability of the bacteria
still decreased compared to the control sample due to silver’s inhibitory effect on bacterial
growth. It has also been found that M-CNT/Ag at the concentration of 12.5 pg/ml was more
effective than Ag NPs in the initial 2-6 hours. This is due to the fact of large contact areas
between the bacteria and the M-CNT/Ag that caused immediate damage to the bacteria and
thus slow down the initial growth speed. With continued growth of bacteria, the inhibitory
effect of M-CNT/Ag became less obvious because the bacteria outnumbered the available
M-CNT/Ag. The inhibitory effect at low concentrations was not detected from Ag NPs. In the
case of high concentrations (25 pug/ml and 50 pg/ml), the bactericidal effect of M-CNT/Ag
can be clearly observed with the increase of interaction time between the bacteria and
M-CNT/Ag, where the bacteria were neutralized in a more linear fashion. For Ag NPs, it also
showed bactericidal activity at high concentrations but the overall bacterial killing rate and
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Figure 2-7 SEM images showing the structural damages of E.coli biofilm cells treated by Ag
NPs and M-CNT/Ag respectively. (a-b) The morphology of E.coli biofilm cells from the
control group. (c-d) The morphology of E.coli biofilm cells treated by Ag NPs (50 pg/ml). (e-f)
The morphology of E.coli biofilm cells treated by M-CNT/Ag (50 pg/ml).

p— 2y —{ D: 17

final bacterial viability were much less than M-CNT/Ag. Moreover, it has been noticed that
the bactericidal effect of Ag NPs reached a threshold after 8 hours, meaning that the bacterial
Killing speed of Ag NPs was almost in a state of equilibrium with the bacterial growing speed.
These results show that the M-CNT/Ag hybrids have stronger anti-bacterial activity and better
reliability than Ag NPs at all concentrations.

Anti-bacterial activities of Ag NPs and M-CNT/Ag against E.coli bacteria on biofilm were
also evaluated, and the results are shown in Figure 2-6¢. It was found that both Ag NPs and
M-CNT/Ag at a low concentration of 12.5 pg/ml did not show obvious bactericidal effects
against bacteria on biofilm due to the strong resistance of biofilm bacteria to anti-bacterial
agents. For higher concentrations (25 pg/ml and 50 pg/ml), the viability of the bacteria treated
by M-CNT/Ag was only half that for Ag NPs, showing the superior anti-bacterial
performance of M-CNT/Ag hybrids compared to Ag NPs. Scanning electron microscope
(SEM) images (Figure 2-7) show the structural damage of E.coli bacteria treated with Ag NPs
and M-CNT/Ag respectively. As seen in Figure 2-7a-b, E.coli bacteria from the control group
showed intact morphology and the cells maintained a normal physicality. In contrast, the
treatment of Ag NPs (50 pg/ml) caused obvious shrinkage of the cell walls (Figure 2-7c-d)
due to the lysing effect of silver. For M-CNT/Ag (50 pg/ml), it can be clearly observed that
most of the cell walls were completely destroyed and the ratio of damaged/dead E.coli was
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much higher than that of Ag NPs (Figure 2-7e-f). This result shows that the very strong
anti-bacterial activity of M-CNT/Ag is actually attributed to the combined effect of deposited
silver nanoparticles and M-CNTs. For example, the interaction of the sharp edges of M-CNTs
and rough surfaces with the bacteria cell wall resulted in obvious physical damage to cell
membranes and led to the loss of bacterial membrane integrity. The silver nanoparticles on the
surface of M-CNTs then caused irreversible damage to the proteins, DNA and lipids after
exposure to the bacterial cytoplasmic matrix. Moreover, the significant amount of oxygen
functional groups on the M-CNTs was able to generate large amount of reactive oxygen
species (ROS); which induced oxidative stress onto the bacteria thereby lysing them. As a
whole, the membrane and oxidative stresses induced by M-CNTSs, together with the lysing
effect of silver nanoparticles, significantly enhanced the anti-bacterial activity of the
M-CNT/Ag hybrids.

2.1.4 Conclusion

In this paper, a new surface modification process was developed to modify the chemically
inert graphitic surface of CNTs for close bonding with silver nanoparticles. The
multi-oxidation process is capable of creating a porous out layer with abundant nanoscale
defects and bond large amounts of oxygen-containing groups onto the surface of the CNTSs.
The M-CNTs show excellent dispersability and stability in water without using any
surfactants, Monodispersed silver nanoparticles with an average size of 3 nm were closely
bonded on the surface of M-CNTs without any obvious agglomerations. Due to the combined
anti-bacterial effects of M-CNTs and silver nanoparticles and good reliability of the hybrid
nanostructures, the fabricated M-CNT/Ag exhibited greatly enhanced anti-bacterial activity
compared to commercial silver nanoparticles. With these superior properties, the developed
surface modification process could be widely used for improving the performances of many
CNT based hybrid nanomaterials in diverse applications, such as catalysts, optical
spectroscopies, conductive inks, water sterilization, and biosensors.

2.2 Covalent functionalization of graphene oxide for cement

reinforcement

Cement-based concrete is the most common and widely used building and construction
material in the world. Although concrete itself is relatively durable when used under the mild
environments, the brittle nature caused by the porous and vulnerable structure of concrete still
limits its life-time performance in many high-strength required applications. Traditional
strategies to reinforce the mechanical strength of concrete are to utilize various fibrous
materials with high intrinsic tensile strength, such as steel bars[77], steel fibers[78], carbon
fibers[79], polymer fibers[80-82], and glass fibers[83,84]. These materials have shown good
performance on prevention of large crack growth and stabilizing the concrete against
shrinkage. However, their applications in concrete are facing some challenges. For example,
steel bars suffered the corrosion problem caused by moisture and ionic immigration. Polymer
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fibers have good tensile strength but poor reliability. Carbon fibers could significantly
decrease the workability of the fresh cement paste and also cost a lot in economy, and glass
fibers can improve the early strength but have no obvious effect on the ultimate strength of
the concrete due to their reaction with cement hydration products. Most importantly, the
reinforcement of concrete via fibrous materials suffered a common problem which is that the
fibers can only replace large cracks with many micro-cracks but fail to stop crack initiation at
nanoscale. Nanoscale pores with a diameter less than 100 nm contribute to most of the pore
volume in concrete and play a crucial factor in the mechanical strength of concrete[85]. It is
essential to seek a method that can significantly improve the ultimate strength of concrete
through modification of concrete nanostructure.

Recent development in nanotechnology has presented new opportunities to address the
issue. Many different nanomaterials have been synthesized and employed as the reinforcing
materials to fabricate high performance concretes (HPC). For example, silica nanoparticles
can significantly accelerate the hydration process of cement due to their strong pozzolanic
activity and large surface areas, and therefore, the concrete’s strength can be enhanced at very
early ages[86,87]. However, the reinforcing effect of silica nanoparticles becomes less
obvious with the progress of the hydration process, especially at the later age, due to their
reaction with cement hydration products. Carbon nanotubes (CNTs) are also potential
candidates for making HPC. Comprising of a sp? bonded hexagonal graphitic structure, CNTs
possess extraordinary mechanical properties with tensile strength in the range of hundreds of
GPa and Young’s modulus on the order of TPa and also large surface areas[88]. Therefore,
CNTs can in theory strongly reinforce the concrete structure at the nanoscale by increasing
the amount of high stiffness calcium silicate hydrates (C-S-H) and decreasing the porosity.
However, there are some major challenges associated with the incorporation of CNTSs in
concrete, such as poor dispersion, weak bonding, and low workability. These challenges could
strongly decreases the reinforcing efficiency of the CNTs and limit the application of CNTs in
the field of HPC.

Recently, graphene oxide (GO), a two-dimensional (2D) carbon nanomaterial, has the
same hexagonal graphitic structure as CNTs and demonstrates a great potential on the
application of cement reinforcement due to many of its extraordinary properties, such as large
surface area, ultrahigh strength and bulk production[89,90]. Importantly, GO contains large
amounts of oxygen groups covalently bonded on its basal planes and edges, which play a
crucial factor during the reinforcement. The oxygen groups could form hydrogen bonds with
water molecules and therefore dramatically improve GO’s dispersion in water. The good
dispersability of GO would benefit the mixing process of GO with cement paste. Also, the
oxygen groups are negatively charged and can be absorbed by the positively charged calcium
ions from cement paste due to their strong electrostatic attraction. The strongly physical and
chemical interaction behaviors between GO and C-S-H greatly enhance the interface bonding
strength from nanoscale and lead to an improved ultimate strength of concrete. However, our
previous study shows that the dispersability and bonding ability of GO in cement paste are
contradictory with each other. The strong attraction between GO and calcium cations can
cause the immediate coating of GO on the unhydrated cement particles and lead to the
formation of big clusters during the mixing, which can significantly decrease the workability
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and hydration degree of the fresh cement paste and affect the ultimate strength of concrete.
On the other hand, using any surfactants to improve the workability of the cement paste could
prevent the contact between GO and C-S-H and lead to much decreased interface interactions.
Therefore, it is essential to modify the chemical structure of GO to meet the requirements for
both good workability and high mechanical strength.

In this section, a special surface functionalized GO (FGO) was employed as the
reinforcing agent to improve the strength of the Portland cement mortar. The key benefit of
FGO lies in its ability to form covalent bonds with C-S-H whilst having minimum effect on
the workability of mortar paste. To achieve this goal, the original negatively charged oxygen
groups of GO were functionalized by positively charged amino groups which could
significantly decrease the electrostatic attraction of calcium cations and prevent the cluster
formation during the mixing. Also, the amino groups are bonded together with silane groups
that are highly reactive with C-S-H. Therefore, strong covalent bonds are able to form
between FGO and C-S-H during the hydration process. In addition, to maximize the
reinforcing effect of FGO, the whole surface of FGO was coated by an amorphous silica layer
which could trigger a fast hydration of cement particles surrounding FGO at the early age.
The close binding between FGO and the ambient can effectively stop crack initiation at the
interface areas. Mechanical tests show that the mortar containing of 0.15 wt% FGO exhibits
significant increases of 22% and 44% on flexural and compressive strength respectively after
curing for 7 days. The strength development curves as a function of time also show that FGO
has a strong reinforcing effect to the mortar’s strength both at the early age and the late age
due to the hydration accelerating effect and the physical nano-reinforcing effect of FGO.

The FGO functional groups and its interaction mechanism with C-S-H of cement are
schematically illustrated in Figure 2-8. As shown, the original GO flakes contains large
amounts of oxygen functional groups which offer high chemical reactivity of GO with
different functional agents. To address the strong coagulation issue between oxygen groups
and calcium (Ca?*) ions[91], we utilize silane coupling agents terminated with amino groups
as functional agents which can form covalent bonds with oxygen groups of GO upon catalysis.
The protection of positively charged amino groups could minimum the strong electrostatic
interaction between GO and Ca®* ions, and therefore, decrease the adverse effect of GO to the
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Figure 2-9. (a) TEM image of GO. (b-c) TEM images of FGO at different magnifications. (d)
FTIR spectra of GO and FGO. (e) TGA spectra of GO and FGO.

workability of cement paste. On the other side, the terminated three silane groups are highly
reactive under alkali environment, which can participate in the formation of C-S-H crystals
during the cement hydration process. In addition, to further improve the interaction strength
between GO and cement hydration products, the surface of GO was also functionalized with a
layer of amorphous silica. The amorphous silica can quickly react with calcium hydroxide to
form complex composites, which would facilitate the fast growth of C-S-H crystals
surrounding FGO flakes, and consequently, reach the target of reinforce cement strength from
the nanoscale level. Also, the presence of amorphous silica can accelerate the hydration
process and improve the early strength of cement.

2.2.1 The morphology and composition of FGO

TEM analysis gives a visual understanding about the morphology change of GO before
and after functionalization. Pristine GO flakes (Figure 2-9a) have a lateral size about 3 um
together with a smooth surface. Differently, FGO (Figure 2-9b-c) shows a highly rough
surface which was induced by the deposition of the amorphous and porous silica layer. The
porous silica deposition layer of FGO can significantly increase the contact area with the
cement hydration products and improve the interaction strength between FGO and C-S-H.
Previous studies showed that silica coating layer are usually fragile and can easily separate
from the attaching substrates[92]. However, in this study, we did not detect the existence of
any individual silica particles. The strong adhesion between the amorphous silica layer and
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GO flakes is attributed to the covalent bonding of silane coupling agents, which prevented the
generation of small silica debris. The amorphous silica layer would act as nucleation sites for
the growth of C-S-H crystal surrounding FGO flakes to reinforce cement strength from
nanoscale level.

The comparison of the FTIR spectra of GO and FGO shows the functional group change
before and after functionalization (Figure 2-9d). Pristine GO shows characterizing peaks of
oxygen groups at 1025 cm™, 1730 cm™, and 3410 cm™, corresponding to epoxy (-C-O),
carboxyl (-C=0), and hydroxide (-OH-) groups respectively[93]. After functionalization,
several obvious changes were noticed from the spectrum of FGO. The most important change
is the appearance of the strong Si-O vibrational peak at 1085 cm™, which was originated from
both the silane coupling agents and the amorphous silica layers[92]. The other emerging
peaks shown on the FGO spectrum are located at 1578 cm™and 1517 cm™, representing the
bending vibration of N-H groups from silane coupling agents. Together with the
disappearance of carboxyl groups located at 1730 cm™, we can conclude that the oxygen
groups of GO flakes were successfully functionalized by the amino groups. There are also
some other evidences that proved the presence of silane coupling agents in FGO. For example,
the peak located at about 2949 cm™ is typical of C—H stretching vibration, which is originated
from the silane coupling agents. The overlap of the secondary amine groups (3000 cm™) with
hydroxide groups led to the right shift of the broad peak on FGO spectrum originally located
at 3410 cm™.

The comparison of TGA spectra between GO and FGO show the weight percentage of the
amorphous silica in FGO (Figure 2-9¢e). To calculate the relative amount of amorphous silica
in FGO, both dried GO and FGO powders were heated from 50 to 400°C in a dry air flow
with a heating rate of 20 °C/min. The fire point of GO in air was detected to be around 230°C,
which is much lower than the pure graphite (about 600°C). The reason for the lower
decomposition temperature of GO is the presence of large amount of oxygen groups[94]. As a
result of burning, there were no remnants detected in GO, indicating the high purity of the
fabricated GO flakes. For FGO, the fire point of GO is also located at 230°C, indicating that
the amorphous silica layer on the surface of FGO has a porous structure. Such porous and
rough silica coating layer is desirable for improving the interaction strength between FGO and
cement hydration products. After burning, the weight percentage of remnants is about 22 wt%,
showing that FGO contains about 22 wt% of highly reactive amorphous silica, which can
significantly improve the early strength of cement paste.

2.2.2 Workability study

Although GO flakes show excellent dispersability and stability in neutral aqueous solution,
it does not mean that GO can also remain such advantages in cement paste. To visualize the
dispersion of GO and FGO in cement paste, we simulated the fresh cement paste environment
by using calcium hydroxide (Ca(OH),) solution which exists extensively in cement paste at
the beginning of the hydration process. As shown in Figure 2-10a, the left beaker contains
pure GO suspensions in calcium hydroxide solution, which shows big clusters of GO. The
formation of GO clusters in calcium hydroxide solution is due to the coagulation effect of
calcium ions which can quickly replace the original hydrogen bonds between GO and
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Figure 2-10. (a). Optical image of GO and FGO dispersion in calcium hydroxide solution. (b).
Slump tests of standard reference cement mortar, and 0.15 wt% GO and FGO reinforced
cement mortar samples.

surrounded water molecules and form stable complexes. Previous studies show that the
coagulation of GO can decrease the concentration of calcium ions in the fresh cement paste,
and subsequently leads to a retardation effect [95]. Differently, due to the protection of the
functional layer, FGO shows a much improved dispersability in calcium hydroxide solution
without the detection of any agglomerations. Such excellent dispersability of FGO in calcium
hydroxide solution can enable a homogeneous dispersion of FGO in cement paste and reach
the target of reinforce cement strength at nanoscale level.

Slump tests were carried out on a glass substrate to study the effects of GO and FGO to
the workability of fresh cement paste (Figure 2-10b). Compared to the large round shape of
the reference cement paste with an average diameter of 16 cm, the adding of 0.15 wt% GO
significantly increased the viscosity of the fresh cement paste and made it completely lose the
workability. Based on the above dispersability study of GO in calcium hydroxide solution, it
can be speculated that the significantly increase of viscosity was induced by the rapid
formation of GO/cement particle agglomerations which trapped large amounts of free water
molecules inside. Of course, using surfactants and water reducing agents can assist the
dispersion of GO in cement paste and improve the workability[85]. However, the surfactant
layer can prevent the connection between GO and cement particles and lead to a retardation
effect[96]. The use of surfactant would also add extra cost to the constructions. As a
comparison, the adding of same amount of FGO does not have obvious decrease to the
workability of fresh cement paste which still remained a good fluidity (14 cm). This was
attributed to the minimized interaction strength between FGO and calcium hydroxide.
Compared to the common strategies of using surfactants or water reducing agent to assist the
dispersion of nanomaterials, the developed FGO in this study shows great advantages.

2.2.3 Mechanical strength

Figure 2-11a-b shows the effect of varied FGO weight percentages to the flexural and
compressive strength of mortar respectively after curing for 7 days. Compared to the standard
reference, both the flexural and compressive strength of FGO reinforced cement mortar
increased significantly with the increase of the weight percentage of FGO. When the adding
amount of FGO reaches to 0.15 wt%, the cement mortar shows the maximum improvement
on both flexural (8.3 MPa) and compressive strength (49.4 MPa), which are about 22% and
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Figure 2-11. (a-b) The change of flexural (a) and compressive strength (b) at 7 days as a
function of FGO weight percentages. The inserts show the flexural and compressive strength
of cement mortar reinforced by GO with weight percentages of 0.05 and 0.15 wt%. (c-d) The
flexural (c) and compressive strength (d) of cement mortar reinforced by 0.15 wt% FGO as a
function of curing days.

44% more than the standard reference. Subsequent increase of the weight percentage of FGO
above than 0.15 wt% did not lead to further improvement on the mechanical strength of
mortar. Therefore, for the economic and workability purposes, the FGO weight percentage of
0.15 wt% was employed as the optimized adding proportion in this study.

However, GO reinforced cement mortar shows contrary mechanical performance to that
of FGO (the inserts of Figure 2-11a-b). The mechanical strength of GO/cement mortar
decreased with the increase of GO weight percentage. For 0.15 wt% GO/cement mortar, its
mechanical strength is even lower than the standard reference. The greatly reduced
mechanical performance of cement mortar is due to the combined effect of retardation caused
by the oxygen functional groups of GO flakes as well as the poor dispersion induced by low
workability.

The reinforce effect of FGO on both the early and ultimate strength of cement mortar was
also studied in Figure 2-11c-d. The flexural and compressive strength of cement mortar
reinforced by 0.15 wt% FGO were measured after different curing days. From the results, it
can be found that the flexural and compressive strength of cement mortar after curing for 1
day improved 49% and 35% more than the standard reference, showing an obvious
acceleration effect to the cement hydration. For the ultimate strength (after 28 days), the
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Figure 2-12. SEM images of microstructures of different cement mortar samples. (a) Standard
reference. (b) 0.15 wt% FGO reinforced cement mortar. (¢) 0.15 wt% GO reinforced cement
mortar.

0.15 wt% FGO reinforced cement mortar shows improvement about 24% and 32% on the
flexural and compressive strength respectively. These results declare a strong reinforce effect
of FGO on both the early and ultimate strength of cement mortar. The improvement of early
mechanical strength is mainly due to the acceleration effect of the amorphous silica coating
layers on the surface of FGO[87], and the strong bonding between FGO and the cement
hydration products at nanoscale also leads to robust mechanical strength at the late stage.

2.2.4 Microstructure analysis

To understand the reinforcing mechanism of FGO to cement mortar, morphology analysis
of different samples, including standard reference, 0.15 wt% FGO and GO reinforced cement
mortar (curing for 7 days) were performed by SEM. Figure 2-12a-b show the SEM images of
reference sample and FGO reinforced cement mortar at different magnification ratios. The
standard reference sample shows a porous structure which contains large amounts of
needle-like structures. The needle-like structures formed a network throughout the inside of
the sample and acted as the binding agent to provide mechanical strength to the cement mortar.
Compared to that, 0.15wt% FGO reinforced cement mortar sample shows obvious differences
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on the microstructures. From Figure 2-12b, it can be found that the sample became much
denser and the average size of the needle-like crystal decreased significantly from microscale
to nanoscale compared to that of standard reference. Such results show a strong refinement
effect of FGO to the cement hydration products. The refinement of microstructure is also one
of the major reasons for the enhanced mechanical strength of cement mortar.

The microstructure of FGO reinforced cement mortar was also compared with the case of
adding 0.15 wt% of GO (Figure 2-12c). It has been found that the adding of GO led to the
formation of big clusters and large voids due to the agglomeration of GO flakes with cement
particles as well as the significantly decrease of working ability of cement paste. Large
amounts of free water were trapped inside the clusters and lead to a poor hydration degree of
cement particles. As a consequence, the 0.15 wt% GO reinforced cement mortar shows a poor
mechanical strength that is even lower than the standard reference.

2.2.5 Conclusions

In this study, a special amino functionalized GO with amorphous silica coating was
employed to reinforce microstructures of the Portland cement mortar. The FGO reinforced
cement mortar shows great advantages over many other nano-reinforcing materials, like
CNTs and silica nanoparticles. i) Good dispersability. FGO can be easily and homogeneously
dispersed into the cement paste without the assist of any surfactants, ii) Excellent workability.
The functionalization of amino groups can effectively decrease the electrostatic attraction
between the oxygen groups of GO and calcium ions and improve the workability of fresh
cement paste. iii) Robust mechanical strength. Mechanical tests at 7 days show that the
flexural and compressive strength of cement mortar increased about 22% and 44%
respectively compared to the reference sample. iv) Accelerating cement hydration. The
presence of amorphous silica in FGO can accelerate the hydration of cement and improve the
early strength of cement mortar. With up to 40% increased cement early and ultimate strength
due to the incorporation of FGO, Fast demolding and manufacture of lighter, slimmer
constructions become highly possible, which give major competitive advantages in many
applications when the commodity demand is lower and expensive transport costs are kept
down. The decreased consumption of cement would also result in a reduction of CO,
emissions.

2.3  Covalent functionalization of GBF for improving its cooling
property.

Integration and power density of microelectronic systems have been continuously
increasing for decades. Efficient systematic thermal management solutions are an immediate
requirement to dissipate the large amount of heat generated by the integrated chips and
devices. Aiming for high thermal conductive, cost-effective and eco-friendly processes,
intensive efforts have been put into the research of novel thermal management materials in
both academia and industry during recent years. Among all the alternatives, graphene is one
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of the most inspiring materials that may provide potential solutions to these technological
barriers. Composed of one or few atomic layers of sp®-bound hexagonal carbon lattice,
phonon transfer inside graphene becomes extremely efficient, which lead to an outstanding
in-plane thermal conductivity of about 5800 W/mK. Consequently, different approaches of
utilizing graphene for heat dissipation have been investigated and reported in literature. For
example, single-layer graphene sheets fabricated from chemical vapor deposition was
transferred onto the top surface of hotspots and acted as heat spreader which showed certain
decrease of the working temperature on active devices[97]. However, this approach has some
limitations including low transfer efficiency, complexity and relatively high costs.
Graphene/polymer composites have also been fabricated and utilized for thermal
management[98]. However, the thermal conductivity values of the composites are very
limited due to the large phone boundary scattering of individual graphene sheets.

Instead of using single layer graphene or graphene/polymer composites, a special
free-standing graphene based film (GBF) was fabricated for thermal management of power
devices in the current thesis work. The GBF is composed of horizontally aligned reduced
graphene sheets made by chemical exfoliation. This aligned microstructure can offer the film
with many advantages, including good flexibility, strong mechanical strength, and particularly,
high in-plane thermal conductivity. The extraordinary mechanical and thermal properties of
the GBF facilitate it as the heat spreader to dissipate heat in the x-y direction.

The extraordinary thermal and mechanical properties show great potentials of GBFs as
heat spreader for cooling power devices. However, there are still some challenges that could
limit its heat dissipating performance during the realistic application, including a poor thermal
coupling between free-standing GBF and device surfaces and high thermal contact resistance
caused by mismatching of surfaces and roughness. In order to address these challenges, the
surface of the GBF which contacts with device surfaces is functionalized with a silane
coupling agent. As a small molecule, the silane coupling agent could both react with the
oxygen functional groups located at the plane and the edge of graphene sheets, and also form
covalent bonds with silicon dioxide or metal oxide surfaces. As a result, molecular bridges
could be built between the GBFs and the device substrates, and thus improve the heat transfer
efficiency from the power devices.

Figure 2-13a-c show the schematics of preparing functionalized GO (FGO) and the
bonding mechanism of GBF on the silica substrate surface. The preparation of FGO is
realized via the condensation reaction of the carboxyl groups of GO and the amino groups of
(3-AminopropyDtriethoxysilane (APTES) under the catalyst of dicyclohexylcarbodiimide
(DCC). The reaction would result in the formation of covalent bonds between GO and
APTES and further functionalized GO with active silane groups. Therefore, FGO, as the
binding material between GBF and the silica substrate, can be considered as an amphiphilic
molecule which consists of hydrophilic parts (silane groups) and hydrophobic parts (graphene
domains). The silane groups of FGO can cross-link with each other, and also react with the
amorphous silica layer of the substrate to build covalent silicon-oxygen bonds whilst the
graphene domains of FGO can bind strongly with the surface of GBFs via n-r stacking.

The thermal evaluation device was integrated with micro Pt-based heating resistors as the
hotspot and temperature sensors, as shown in Figure 2-13d, acting as a simulation platform of
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Figure 2-13 Graphene-based film on FGO as heat spreader for hotspot. (a) Sketch of the
chemical bonds of the silane molecule. (b) Schematic of a graphene film on different supports.
Left: conventional silica substrate. Right: the proposed silica/FGO substrate. (c) Schematic of
the measurement set-up together with the SEM image of the in-plane and the cross-section of
the GBF. The chip is embedded in the SiO, substrate. T-SiO; stands for thermally grown SiO,.
(d) SEM image of the chip as the hotspot. Scale bar, 100 um. (e) Measured (filled markers) and
finite-element-simulated (lines) chip temperatures versus the in-plane heat fluxes dissipated in
a bare hotspot (rectangles), a hotspot covered by a GBF (circles), a chip covered by a GBF with
non-functionalized GO (up triangle) and a chip covered by a GBF with APTES FGO (down
triangle). ‘Exp.” and ‘Sim.” stand for experiments and simulations, respectively. Inset:
calibration relationship between the resistance R and the temperature T of the thermal
evaluation chip. Scale bar on the chip, 100 um. The error bars correspond to the s.d.’s from

the measurements on five samples.
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an electronic component to demonstrate the heat-spreading capability of the supported
graphene film. A direct current (I) was input into the circuit by applying an outer voltage
(V )in Figure 2-13e, and hence the generated power is calculated as P=VxI. Since the lateral
dimension of the hotspot (A = 400x400 um?) is much larger than its thickness (260 nm), most
of the heat is dissipated through the lateral direction of the hotspot. Hence the heat flux is
defined as Q=P/A, and the direction is parallel to the substrate. The calibration relationship
between the resistance R and the temperature T of the thermal evaluation chip is
R(T)=0.21T+112. The temperature measurement uncertainty is e=+0.5°C. Figure 2-13e
shows the temperature measured in situ at the hotspot and compares the thermal performance
of the graphene film with and without the functionalization. With a constant heat flux of 1300
+ 2.3 W cm™ at the Pt chip, the hotspot temperature decreased from 135 + 1.2 to 118 + 1.1 °C
(4T=17%2.3°C) with a GBF deposited on non-functionalized GO compared with the case of a
bare chip. Such a remarkable temperature decrease is far beyond the measurement uncertainty
AT >> e. Furthermore, with the same heat flux input, the hotspot temperature further
decreased from 118+1.1 to 107+0.8°C (47=11+1.9°C) thanks to the presence of the APTES
functionalization. The heat-spreading performance is thus enhanced by 57% via the
functionalization. The heat-spreading performance of the equivalent macroscopic
finite-element model also agrees reasonably well with the one measured by experiments.

2.3.1 Thermal resistance measurement with photothermal reflectance.

To further confirm the enhanced heat spreading assisted by molecular functionalization,
we measured the interface thermal resistance by using the pulsed photothermal reflectance
(PPR) method. To enhance heat absorption, a gold layer was evaporated on the surface of the
GO and FGO layers after drop coating. The sample was first excited by a Nd:YAG laser pulse.
This caused a fast rise in the surface temperature followed by a relaxation. The change of
surface temperature was monitored by a probe laser, which reflects off from the samples’
surface. Since the relaxation time is governed by the thermal properties of the underlying
layers and interfacial thermal resistance between the layers, by obtaining the temperature
profile one can extract the thermal properties of the layers and interface thermal resistance
between the layers through a heat conduction model. Four sets of samples were fabricated, as
shown in Figure 2-14. The thermal resistance R; between the Au-Cr film and the
(functionalized) GO layer, and the resistance R, between (functionalized) GO layer and GBF
or SiO, were measured. The normalized surface temperatures of the four sample sets are
shown in Figure 2-14 and the extracted thermal resistances are reported in Table 2.1. A
fourfold reduction was achieved in the thermal resistance between GO and GBF from
3.8x10® to 0.9x10® m*KW™. On the GO-SiO; interface, the functionalization remarkably
reduced the thermal resistance by a factor of almost three, from 7.5x10°® to 2.6x10® m?KW™.
We also observed a better thermal coupling on the metal—dielectric interface between Au-Cr
and GO due to the surface chemistry.

2.3.2 Heat spreading through different functional molecules.

To gain a deeper insight into the impact of molecular structure on the thermal transport
along the molecules, we used APTES, 11-Aminoundecyltriethoxysilane and

30



Normalized surface temeprature

Figure 2-14 Normalized surface temperature of PPR measurements of the thermal interface
resistance. (a) Au-Cr/FGO/GBF and Au-Cr/GO/GBF samples and (b) Au-Cr/FGO/SiO2 and
Au-Cr/GO/SiO2 samples. Inset: sample geometry for the PPR measurement. R1 and R2 refer to
the thermal interface resistance between the Au-Cr film and the (APTES functionalized) GO
layer, and that between (functionalized) GO layer and GBF or SiO2. The thermal resistances
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are also reported in Table 1.

Table 2.1 Au/(F-)GO and (F-)GO/X interface thermal resistances

AU/(F-)GO and (F-)GO/X interface thermal resistances

Interface Ry (M*KW™) R, (M*KW™Y)
Au-Cr/GO/GBF 2.0E-8 3.8E-8
Au-Cr/FGO/GBF 1.1E-8 0.9E-8
Au-Cr/GO/SiO, 2.1E-8 7.5E-8
Au-Cr/FGO/SIO, 1.3E-8 2.6E-8
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3-(Azidopropyl)-triethoxysilane as different functional agent on the GO to evaluate their
heat-spreading performance on the same thermal test platform. The same concentration of
0.1492 mol kg™* was used for all three types of molecules. Figure 2-15 shows the temperature
reduction of the hotspot covered by GBFs with FGO using three different molecules. The
results show that the heat spreader of GO functionalized with APTES has the best cooling
performance. To properly understand this difference, an exploration of the internal vibrational
properties of the molecule is crucial. We hence investigated how the differences in the phonon
transmission impact the interfacial thermal transport. With this aim, we probed the phonon
transmission Z(Epn) by atomistic Green’s function to characterize the local heat conduction
with and without the presence of the molecule. The phonon transmission functions through
different molecules and the associated thermal conductance versus temperature are shown in
Figure 2-15b-c. The phonon transmission at low phonon energies across the
11-Aminoundecyltriethoxysilane molecule is comparable to that across the APTES molecule,
whereas at high phonon energies (>4 meV), the phonon transmission is considerably
suppressed. Such a distinct phonon transport behavior is determined by the molecule chain
length. By  comparing the chemical  structures, we can see that
11-Aminoundecyltriethoxysilane (-N-C11—Si—-O3) has the same functional groups as APTES
(~N-C3-Si—03) but has a longer carbon backbone. Such a long chain length has a rather weak
impact on the low-frequency phonons due to their very long wavelength but can strongly
suppress the phonon transport at high frequencies. On the other hand, when comparing the
phonon transmission through the junction of APTES and 3-(Azidopropyl)triethoxysilane (—N~
N*N-C3-Si—03), it is evident to identify a stronger transmission at all frequencies. By
comparing the chemical structures in Figure 2-15a, we can sSee that
3-(Azidopropyl)triethoxysilane has the same carbon backbone as APTES but has an azido
group instead of an amino group. The azido group has strong interaction with the sp>-bonded
carbon lattice of graphene to form three-membered heterocycle structures. Given the similar
backbone structure, the phonon eigenmodes in the molecule have not been significantly
altered, but the transmission is enhanced due to the stronger thermal coupling to the graphene
reservoirs. However, the introduction of nitrogen atoms into the sp? carbon structure can
strongly scatter phonons by distorting the structure of the graphene sheet, which leads to a
poor thermal performance of the heat spreader.

Phonon transport analysis in APTES. We now investigate the detailed vibrational and
electronic transport properties of the APTES molecule since it presents the best performance
in heat spreading. We probed the phonon transmission Z(Eyn) to characterize the local heat
conduction with and without the presence of the APTES molecule. As shown in Figure 2-16,
the transmission function Z(Ep,) for the two adjacent graphene layers without any molecule
displays a clear stepwise structure that provides the number of phonon channels. Low-energy
phonons (Exn <10 meV) dominate heat conduction since the adjacent graphene flakes interact
only through weak van der Waals forces that inhibit the transmission of high-frequency
phonons. When the graphene layers are bridged by amino-silane molecules, the
high-frequency phonons act as the major contributors in the heat conductance, creating more
phonon channels through the covalent bond vibrations. This is in line with the transmission
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Figure 2-15 Heat-spreading performance of GBF on FGO with different functional agents. The
molecules are APTES, 11-Aminoundecyltriethoxysilane and 3-(Azidopropyl)triethoxysilane.
(a) Measured temperature drop of heat spreaders with different functionalization molecules
compared with that with non-functionalized GO. The error bars correspond to the s.d.’s of
measurements on five samples for each molecule type. (b) Phonon transmission function for
three different types of molecules used in the experiment. (c) Phonon thermal conductance
through the molecules as a function of temperature. The color code of the data curvesinband ¢
is the same as in a.
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Figure 2-16. Phonon transport through the APTES molecule. (a) Phonon transmission versus
phonon energy (red curve) between two adjacent graphene layers and (blue curve) through the
APTES molecule bonding the two graphene layers. ‘w/” and ‘wo/” stand for with and without,
respectively. (b) Thermal conductance Gy, contributed by phonons versus temperature for the
two cases
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Figure 2-17 IR images of (a) the bare platform, (b) platform with GBF and (c) platform with
functionalized GBF. The peak temperatures for each platform are 121.9°C, 115.2°C and
110.9°C respectively, and the average temperatures of each testing platform are 97.2°C,
93.8°C and 91°C.

calculation of Segal et al. who observed a contribution to heat conduction by the
higher-frequency phonons within the molecule coupled to the low-frequency phonons
responsible for heat transport in the thermal reservoirs.

A thermal testing platform is designed to characterize the heat dissipating properties of
functionalized GBF. To simulate the heat generation process of power devices, micro
platinum (Pt)-based resistors are employed as the hotspot which can cause a significant
temperature increase at one spot. The assembly of GBF onto the surface of the testing
platform is realized through a self-developed tape assisting transfer process. GBF with square
shape (1x1 cm) is firstly transferred onto a thermal release tape and then spin-coated with a
thin layer of FGO (10~20 nm). After that, the functionalized GBF is transferred onto the
thermal testing platform through releasing the thermal release tape by heating. In addition, a
copper (Cu) heat sink is fixed on the top of GBF by mechanical springs to further dissipate
the heat to the atmosphere. The usage of Cu heat sink allows the test platform to be operated
at a high power density without failure.

The surface temperature distribution, peak and average temperature of the thermal testing
platform are examined by infrared imaging (IR) camera. The operating currents for all the
testing platforms are the same (120 mA) to maintain a constant heat generation speed. To
ensure the same light emissivity from the substrate, the bottom surfaces of all the thermal
testing platforms are also coated with graphite. IR images are taken when the testing platform
reaches to the thermal steady state to minimize the deviations. The results are shown in Figure
2-17. As seen, the peak temperatures of bare platform, platform with GBF and platform with
functionalized GBF are 121.9°C, 115.2°C and 110.9°C respectively, and the average
temperatures of each testing platform are 97.2°C, 93.8°C and 91°C. It can be found that the
peak temperature of the platform with functionalized GBF decreased more than 11°C than the
bare platform and 5°C than that of pure GBF, indicating the efficient heat dissipation of
functionalized GBF. These results show the great potential of using functionalized GBF as
heat spreader for managing the thermal issues in power devices.
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Chapter 3

Non-covalent Functionalization of CNMs

3.1 Non-covalent self-assembly of high-thermal-conductivity of

graphene films

Thermal dissipation issues severely impact the performance and reliability of electronics,
batteries and many other high power systems. One way to solve this problem is to integrate
heat spreading materials that efficiently transport excessive heat away from power devices,
thereby reducing the operating temperature of the system. To achieve this, the heat spreading
material needs to have an ultra-high thermal conductivity in addition to a light-weight,
flexible and robust structure to match the complex and highly integrated nature of power
systems [99-101]. So far, however, there is no method to produce materials satisfying all of
these criteria, at a large scale.

In this section, we introduced a novel, versatile and scalable method for the fabrication of
large-area graphene films (GFs) with ultra-high in-plane thermal conductivity, and show that
these could be used as a novel heat spreading material. The film formation relies on the phase
change of large graphene oxide (GO) sheets in solution from random dispersion to liquid
crystal structures, followed by thermal reduction at high temperatures and pressing. It enables
large-scale production — we estimate an annual production capability of 2400 m* GFs. We
show that the fabricated GFs have outstanding material properties, such as a thermal
conductivity of over 3200 W/mK, an extremely good flexibility, and a mechanical tensile
strength of over 70 MPa. The reported method and resulting GFs offer an efficient and

GF fabrication process

Optimized self-assembly Graphitization Pressing

PV
-— 7

Figure 3-1 Sketch of the fabrication process of GFs, including self-assembly, graphitization
and pressing.

Coalescence

¢ H,0 Graphene  —— GF-2850°C
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scalable heat dissipation solution for form-factor driven electronics and other power driven
systems that is superior to commonly used materials.

Our method to fabricate highly thermally conductive GFs (Figure 3-1) is based on: i) an
optimized self-assembly of large GO sheets into well-aligned thin film structures, ii)
graphitization by a novel thermal reduction method at 2850°C, and iii) pressing.

Self-assembly of individual large GO sheets was deployed based on their liquid crystal
properties [102]. To achieve extraordinary thermal and mechanical properties of the final GFs,
we optimized the self-assembly process in several aspects, with regards to lateral sizes and
thickness of the GO sheets, concentrations of the suspension, oxygen contents, and supporting
substrates

3.1.1 Optimization of GF self-assembly process

The GO self-assembly process takes place at the gas-solution interface by following the
continuous transition of GO suspensions from isotropic to liquid crystal during water
evaporation. However, graphite oxide flakes fabricated from the Hummer’s method are
usually too thick to be able to form stable aqueous suspensions, which can cause phase
separation and affect the self-assembly process. Therefore, it is essential to exfoliate the large
graphite oxide to form thin layer GO sheets. However, most of the exfoliation process, such
as ultrasonication, would also dramatically decrease the lateral size of GO and reduce the
thickness at the same time [103,104]. Such small lateral size can bring strong adverse effect to
the final thermal properties of GFs due to the severe phonon scattering induced by the grain
boundaries of GO [105]. Previous studies revealed that even the coalescence of individual GO
sheets at the graphitization temperature of carbon was not able to eliminate the grain
boundaries that originated from the edges of the individual reduced GO sheets [105].
Therefore, a large lateral size of initial GO sheets is essential to reduce the ratio of interfaces
and boundaries within the GFs, and ultimately, benefit for achieving the high thermal
conductivity. In addition to this, GO sheets with a large lateral size show much higher affinity
to get well-aligned structures than small sheets due to the high aspect ratio [102]. To obtain
GO with a large lateral size, an efficient exfoliation process becomes necessary to decrease
the thickness of starting graphite oxide flakes whilst ensuring minimum breakage of the
exfoliated GO sheets.

Here, a high-speed shear mixing approach was developed to exfoliate graphite oxide and
fabricate GO with a large lateral size. As shown in Figure 3-2a, the mixing head of the shear
mixer was composed by a four-blade rotor sitting within a fixed stator with a distance about
100 um. During rotation, large graphite oxide flakes were sucked into the mixing head and
driven towards the edge of the rotor/stator where the local shearing rate reached up to 10* s™.
Upon such high shearing rate, it could easily overcome the weak interlayer Van der Waals'
force between graphite oxide layers and exfoliate them into individual GO sheets while
maintaining a large lateral size due to the very firmly sp? bonded graphenic domains. Figure
3-2b-d show optical images of pristine graphite oxide flakes and GO sheets exfoliated by
shear mixing and ultrasonication respectively. Pristine graphite oxide flakes present a lateral
size with a diameter of 110 um. The large lateral size was attributed to the use of expanded
graphite as the starting material, instead of commonly used graphite flakes. After exfoliation,
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Figure 3-2 (a) High speed shear mixing machine with a maximum capability of 12 L. The
insert shows the mixing head of the shear mixer composed by a four-blade rotor sitting within a
fixed stator. (b-d) Optical images of pristine graphite oxide (b), GO with an average size about
6 um fabricated by the high speed shear mixing approach (c), and GO with an average size
about 300 nm fabricated by ultrasonication (d). () Particle size distribution of GO fabricated by
the high speed shear mixing and ultrasonication respectively. (f) A 10-layer stacking 50x50 cm
glass structure with dismountable frame assembled inside a furnace.

it was found from both the optical images (Figure 3-2c) and the particle size distribution
curves (Figure 3-2e) that the lateral size of GO sheets fabricated by the high-speed shear
mixing approach (6 pm) is orders of magnitude higher than that of ultrasonication methods
(300 nm), showing the great advantages of the high-speed shear mixing approach on
protecting the lateral size of GO during the exfoliation process. In addition, the thickness of
the fabricated GO sheets by the high-speed shear mixing was less than 3 nm (<10 layers),
showing the great exfoliation efficiency of the high-speed shear mixing approach. The
ultrathin layer of GO sheets can improve the relative volume of turbostratic-stacking graphene
during the self-assembly process, and thereby leads to superior final thermal and mechanical
properties of GFs. In spite of that, the high-speed shear mixing approach also shows many
more advantages than the commonly used ultrasonication method, including low power
consumption, minimum temperature increase, high efficiency and mass production potential.
To evaluate the effect of concentration to the liquid crystal property of GO, a series of GO
aqueous suspensions with varied concentrations in the range of 0.3-10 mg/mL were examined
by a polarized optical microscope in transmission mode. As shown inFigure 3-3, GO sheets
showed the typical birefringence effect of liquid crystals under crossed-polarizers, indicating
the spontaneous formation of lyotropic nematic liquid crystals. The liquid crystal
phenomenon was observed above a critical GO concentration of 1 mg/mL. Liquid
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Figure 3-3 Optical images of GO aqueous suspensions with varied concentrations in the range

of 0.3-10 mg/mL, showing the effect of concentration change to the liquid crystal property of
GO.

crystallization occurred at such a low GO concentration is due to the large lateral size of the
GO sheets. Therefore, based on the liquid crystal property of GO in a wide range of
concentrations, it was possible to regulate the final GF’s thickness from hundreds of
nanometers to hundreds of micrometers.
Proper GO oxygen contents are essential for both the self-assembly process and the final
thermal performance of GFs. For example, the large amount of oxygen functional groups on
the basal plane of GO is the main reason for GO to form stable aqueous suspension [106]. The
lower the oxygen content, the worse is the stability of the suspension. The poor stability of the
GO suspension can further decrease the alignment of GO sheets. Moreover, previous studies
revealed that the sp® bonded carbon can transform into stable sp? bonded carbon upon high
temperature annealing [105,107]. This would cause the coalescence of adjacent graphene
sheets and form extended graphene layers, which contributes to a final high thermal
conductivity of GFs. Therefore, relatively high oxygen content is essential for achieving
well-aligned structures and high thermal conductivity of the final GFs. On the other side, very
high oxygen contents can consume large amount of carbon atoms to form CO and CO,
molecules during the thermal reduction process, which can cause large size shrinkage of the
GF and also increase the overall consumption of GO [107]. Therefore, the oxygen contents
need to be regulated into a certain range.

To figure out the proper oxygen content, three different graphene materials, including GO
fabricated by Hummer’s method, HGO by decreasing the amount of oxidation agents in
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Figure 3-4 XPS spectra of elemental composition of GO, HGO, and graphene fabricated in this
work.
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Figure 3-5 SEM, AFM and STM images showing the surface morphology and atomic
structures of GF-GO (A), GF-HGO (B), and GF-G (C).
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Hummer’s method, and graphene directly exfoliated from nature graphite, were used for
making GFs (GF-GO, GF-HGO, and GF-G). The elemental compositions of different
graphene materials were characterized by X-ray photoelectron spectroscopy (XPS). As shown
in Figure 3-4, the O/C atom ratios of the different graphene materials are 0.43 for GO, 0.1 for
HGO, and 0.04 for graphene.

GFs based on different graphene materials were fabricated by following the process
described in the method section, including self-assembly, graphitization at 2850°C and
mechanical pressing. Figure 3-5shows the surface morphology and atomic structures of
GF-GO, GF-HGO, and GF-G. As shown, all GF samples display long-range honeycomb
pattern with a periodicity of ~0.25 nm in the whole area of the recorded 4 nm x 4 nm
scanning tunneling microscope (STM) image. At nanoscale, the structure is monocrystalline
in all three samples, indicating good recovery of sp? structure in all GF samples. However, the
morphology at micro-scale shows quite big difference among the three samples. As shown in
the SEM images, GF-GO shows highly flat surface with large smooth features. As a
comparison, the surfaces of GF-HGO and GF-G are quite rough and filled with big wrinkles,
particles and even cracks. The reason for such rough surfaces is the random assembly of HGO
and graphene sheets during the film formation. Differently from GO, there is no liquid crystal
property detected on HGO and graphene due to their low oxygen contents. Therefore, instead
of forming well-aligned layer by layer structures, HGO and graphene tend to aggregate
randomly and form big particles after removal of the solvents.

Figure 3-6 shows thermal conductivity of GF-GO, GF-HGO, and GF-G measured by the
self-heating (IR) method (detailed measurement process in 5.4.1 section). It can be found that
GF-GO shows a high thermal conductivity value of 3214 + 289 W/mK, which is about 3
times and 6 times higher than GF-HGO (964 + 87 W/mK) and GF-G (483 £ 43 W/mK)
respectively. Such a high thermal conductivity of GF-GO is attributed to its well-aligned
structure. Therefore, relatively high oxygen content is essential for achieving well-aligned
structures and high thermal conductivity of the final GFs. However, too high oxygen contents
would lead to many other problems. For example, the calculated weight loss for GF-GO
reaches about 50 wt% after the deoxygenation and the graphitization, which could cause the
shrinkage of the film and increase the consumption of raw materials. Higher oxygen contents
can also increase the number of defects, which further increase the grain boundaries of final
GFs and lead to lower thermal conductivity.

The GF attaching substrate plays a crucial factor in the film flatness and uniformity due to
different wetting angles of the GO solution on different substrate surfaces. To study this effect,
GFs were self-assembled on three different substrates, including polytetrafluoroethylene
(PTFE), aluminum, and glass. Figure 3-7a shows the wetting angles of 5 mg/mL GO droplets
on different substrate surfaces and the insert shows the morphology of GFs attached on the
different substrates. As shown, the GO droplet has the highest wetting angle (9c=115°) on the
very hydrophobic PTFE surface. The poor wetting behavior of PTFE surface could easily
cause the folding and uneven spreading of the GO suspension, which would further lead to the
formation of wrinkles and inhomogeneous thickness variation of the GFs. Aluminum
substrate shows a better wetting property (6c=55°) than the PTFE. However, due to the large
coefficient of thermal expansion (CTE) of the aluminum [108], small temperature changes on
the aluminum substrate surface would cause irregular stress distribution inside the film and
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Figure 3-6 In-plane thermal conductivity values of GF-GO, GF-HGO and GF-G.
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Figure 3-7 (A) Wetting angles of 5 mg/mL GO droplets on different substrate surfaces
including PTFE, aluminum and glass. The insert shows the morphology of GFs attached on the
different substrates. (B) FTIR spectra of the top and bottom surfaces of GF fabricated on the
aluminum substrate showing the reduction effect of aluminum to GO. The insert shows the
optical image of the top and bottom surfaces of GF fabricated on the aluminum substrate. (C)
SEM image of the cross-section of GFs fabricated by following the optimized self-assembly
process.
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Figure 3-8 (a) Optical image of GO with an average size about 6 um fabricated by high speed
shear mixing approach. (b) AFM image of GO with a thickness less than 3 nm. (¢) SEM image
of the cross-section of fabricated GFs. (d) Optical image of the fabricated GFs with a size of 50
cm x 50 cm %10 um showing the scalability of the process.

form winkles and even cracks on the surface of GFs. In addition, the aluminum substrate can
even reduce GO during the self-assembly of GFs. Figure 3-7b shows Fourier transform
infrared spectroscopy (FTIR) spectra of the top and bottom surfaces of the GF fabricated on
the aluminum substrate. The top surface exposed to the air shows typical characteristic peaks
of oxygen-containing functional groups, such as hydroxide, carbonyl and carboxyl groups,
indicating the presence of GO sheets. However, those characteristic peaks of
oxygen-containing functional groups almost vanished from the bottom surface that contacted
with the aluminum substrate, showing a strong reduction effect of the aluminum substrate.
Moreover, the insert shows the optical images of the top and bottom surfaces of the GF
fabricated on aluminum substrate. Differently from the black color of the top GO surface, the
bottom surface shows a shining metallic luster of graphite due to the reduction of aluminum
that increased the visible light reflectivity. The reduction of aluminum substrate would change
the originally hydrophilic GO surface to hydrophobic and decrease the stability of the GO
suspension, which further lead to a poor alignment. Compared to PTFE and aluminum
substrates, the glass substrate shows the best wetting property (8c=39°), which would benefit
the uniform distribution of the GO suspension on the glass surface. Moreover, the glass
substrate has more advantages, such as low CTE value, flat and chemical inert surface, and
strong bonding with GFs due to the interface hydrogen bonds. All these advantages would
benefit to optimize the alignment and flatness of GFs on the glass substrate. The cross-section
view of the GFs detached from the glass substrate shows a well-aligned layer structure with a
uniform thickness (Figure 3-7c).

In brief, the freestanding GFs were manufactured via the self-assembly of shear exfoliated
GO sheets with lateral sizes of > 6 um (Figure 3-8a), thicknesses of < 3 nm (Figure 3-8b), and
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an oxygen content of 30 wt% on a glass substrate. The resulting GFs exhibited excellent layer
alignment and flatness (Figure 3-8c), contributing to superior final thermal and mechanical
properties. This optimized self-assembling process has many advantages, such as simplicity,
cleanliness, high assembly efficiency, unlimited film size, showing great potential for
large-scale production.

To demonstrate the scalability of the process, a 10-layer stacking glass substrate based
frame was built and assembled in a furnace with a size of 100 x 60 x 60 cm. Figure 3-8d
shows an example of fabricated large-area freestanding GFs with a size of 50 x 50 x 10 um
exhibiting a flexible and robust structure. We show that with this process, GFs with
thicknesses ranging from a few hundreds of nanometers to hundreds of micrometers can be
fabricated.

3.1.2 Reduction of GFs

In order to obtain GFs with outstanding thermal conductivities along the in-plane

direction, large grain sizes and low interlaminar interaction strength are required for GFs
because heat conduction in graphene is essentially governed by phonon transport inside of the
sp® bonded hexagonal carbon lattice as well as phonon interfacial scattering [109-111]. To
completely remove oxygen and enhance the grain size of the GFs, they were detached from
the glass substrate and thermally reduced at a temperature of 2850°C. The success of the
thermal reduction was then assessed by systematic structural characterizations with X-ray
photoelectron spectroscopy (XPS), X-ray diffraction (XRD), Raman spectroscopy, scanning
tunneling microscopy (STM) and atomic-force microscopy (AFM). These thermally reduced
samples (GF-2850°C) were compared to GFs treated by typical methods: chemical reduction
by L-ascorbic acid (GF-VC) [112] and hydroiodic acid (GF-HI) [113,114], as well as thermal
reduction at the carbonization temperature of 1300°C (GF-1300°C) [115-117].
XPS measurements revealed that, after reduction, all GF samples showed a significant
decrease of the oxygen content (O/C atom ratios) compared to the untreated GFs (Figure
3-9a). The deoxygenation efficiency was found to be increasing in the order GF-VC < GF-HI
< GF-1300°C < GF-2850°C. The chemical reductions only showed limited deoxygenation
efficiency for GFs because of the slow chemical penetration capability. In contrast, the
thermal reduction revealed a more effective and homogenous deoxygenation to GFs. For
GF-2850°C, the O1s peak could not be detected by the instrument, suggesting a negligible
amount of remaining oxygen groups. The high temperature makes the oxygen containing
functional groups unstable, and leads to chemical bond rupture and the release of the oxygen
atoms in the form of CO and CO, molecules to the ambient [118]. The sharp and pronounced
C=C/C-C peak at 284.6 eV in the high resolution C1s spectrum (Figure 3-9b) of GF-2850°C
indicated the recovery of sp® bonded carbon lattice structure in GFs upon 2850°C [119]. In
addition, in the thermal reduction processes, the generation of any residuals is avoided, such
as iodine in GF-HI (13d3 and 13d5 peaks) [113,114] (Figure 3-9a), which may affect the
properties of GFs after the reduction.

In order to investigate the crystallinity of the differently reduced GF samples, they were
characterized by thin film XRD analysis (Figure 3-9c). The 26 peak corresponding to the
(002) plane reflection of graphite appeared at 11.5° 11.6° 24.3° 25.9°, and 26.5° in the
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Figure 3-9 Reduction of GFs. (A) XPS spectra of the elemental composition of different GFs.
(B) The high resolution C1s spectra of different treated GFs. (C) XRD spectra of the
crystallinity evolution and interlaminar consolidation of GFs under different treatments. (D)
Raman spectra of GFs after different treatments.
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spectra of the untreated GF, GF-VC, GF-HI, GF-1300°C, and GF-2850°C, respectively. The
corresponding interlayer distances (d-spacing) of the graphene sheets, as calculated according
to Bragg’s law [120], are about 7.69 A, 7.63 A, 3.66 A, 3.44 A, and 3.36 A, respectively.
Only the sample GF-2850°C exactly matched the d-spacing in pure graphite [121] of 3.36 A,
and also exhibited the sharpest reflection peak. The expanded interface distances in the other
samples can be due to the intercalation of oxygen atoms and the incorporation of water
molecules or impurities [102,114].

To examine the grain size and layer stacking type of GF samples, Raman spectroscopy
was employed (Figure 3-9d). The Raman spectra of the GFs were dominated by four features
including the G peak (1580 cm™) and G’ peak (2679 cm™) arising from the in-plane
stretching motion of sp? carbon-carbon bonds, and two defect related peaks of D (1325 cm ™)
and D’ (1620 cm ™). The strong D and D’ peaks in the spectrum of untreated GFs indicate a
large amount of structural defects existing in the carbon lattice [122]. The ratios of D and G
band intensities (Ip/lg) are used for quantitative measurement of the amount of defects
presented in graphitic materials. The Ip/lg ratios were determined to be 1.00, 0.63, 1.23, 1.35,
and 0.003 for the untreated GBF, GBF-VC, GBF-HI, GBF-1300°C and GBF-2850°C
respectively. The relatively increased Ip/lg ratios of GBF-HI and GBF-1300°C were caused
by the increased amount of small-sized aromatic areas formed after reduction. In contrast to
the other GF samples, the integrated intensity ratio of the D and G peaks (Ip/lg) of GF-2850°C
was determined to be the lowest. According to Cancado’s equation [123], the calculated
in-plane crystallite size (L,) of GF-2850°C reaches to 13.3 pm. indicating an efficient
improvement of grain size in the GFs after graphitization. In addition, G’ peak of GF-2850°C
shows that GF-2850°C is a mixture of turbostratic-stacking graphene and AB Bernal stacking
graphene [105], Differently from AB Bernal stacking graphene, the absence of interlaminar
Van der Waals' force in turbostratic-stacking graphene contributed significantly to a much
decreased the phonon interfacial scattering. The relative volume of turbostratic-stacking
graphene was determined to be ~30% in GF-2850°C (Figure 3-10). The presence of
large-grain and turbostratic-stacking graphene is essential for the high in-plane thermal
conductivity of GF-2850°C.

To assess the atomic structure of the various reduced GF samples, they were characterized
by STM (Figure 3-11a-e) and compared to the standard reference of highly oriented pyrolytic
graphite (HOPG) (Figure 3-11a). Most areas of GF-VC and GF-HI were found to contain
random and disordered atomic-sized features (Figure 3-11b and Figure 3-11c) associated with
different types of defects, in addition to some relatively ordered and isolated graphene
domains of < 1 nm. Differently, the STM image of GF-1300°C (Figure 3-11d) showed
apparently regular patterns in large areas but lacked the typical long-range honeycomb
structures of HOPG [124]. It shows that the sp® healing effect at the carbonization
temperature of 1300°C is not enough to completely repair the atomic defects of GBFs. This
result is also consistent with the explanation of the increased Ip/ls ratio in Raman spectrum
after thermal reduction at 1300°C (Fig. 2D). The large amount of small-sized graphitic
domains generated during the reduction leads to the increase of the number of six-fold
aromatic rings that lie in close proximity to the defects, which further caused the increase of
the intensity of D peak in Raman spectrum. For GF-2850°C (Figure 3-11e), a long-range
honeycomb pattern was found with a periodicity of ~0.25 nm, which was completely free of
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Figure 3-10 The Raman G’ peak of GF-2850°C shows that GF-2850°C is a mixture of
turbostratic stacking graphite and AB Bernal stacking graphite. To evaluate the relative volume
of turbostratic graphite in GF-2850°C, the G’ peak of GF-2850°C was fitted by three Lorentzian
components, including G’,p (2664 cm™) corresponding to turbostratic graphite, G’spa (2644
cm™) and G’3ps (2684 cm™) corresponding to AB Bernal stacking graphite. According to
Cancado’s equation [125] (insert in the figure), the relative volume of turbostratic graphite (R)
was determined to be ~30% for GF-2850°C.

any defects in the area of the recorded 4 nm x 4 nm STM image.

In addition to the effect of atomic structures, wrinkles and interfaces also strongly affect
the phonon scattering at the microscale, and the average size of smooth features on the surface
of GFs is one key parameters to controlling their thermal performance [105]. Therefore,
micro-sized morphology changes in the different GF samples were measured with AFM
(Figure 3-11f-j). The untreated GFs (Figure 3-11f) exhibited a relatively rough topography
with only very small smooth features (~1.5 pm), which were even smaller than the original
size of the GO sheets (~6 um). We assume that the small smooth features were caused by the
wrinkle nature of GO sheets and the random overlapping of individual GO sheets during the
film formation. Similarly, no significant increase of the size of smooth features was detected
from the surface of the two chemically reduced GFs (Figure 3-11g-h), indicating that
chemical reductions have no obvious effect to improve the surface flatness of GFs. For
GF-1300°C (Figure 3-11i), larger smooth features and a flat topography was observed. In
GF-2850°C (Figure 3-11j), most of the overlaps between neighboring graphene sheets were
eliminated, and the size of smooth features largely increased from 1.5 to 16 pum, which is
almost three times larger than the original size of the GO sheets. This shows that the high
temperature reduction can lead to the coalescence of adjacent graphene sheets and transform
the originally random stacked GO sheets to flat and extended graphene layers. Previous
studies have reported that thermal treatment with a temperature above 2000°C has a
smoothing effect on the surface of graphene by eliminating nanoscale wrinkles [107], which
could also contribute to the high flatness of GF-2850°C. In addition, the size of observed
smooth features of GF-2850°C upon AFM shows good consistence with the calculated grain
size from Raman.

In conclusion, the developed thermal reduction at 2850°C exhibits many advantages
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Figure 3-11 The atomic structure and morphology change of GFs upon different treatments.
(a-e) STM images showing atomic structures of different GFs. (a) HOPG. (b) GF-VC. (c)
GF-HI. (d) GF-1300°C. (e) GF-2850°C. (f - G) AFM images showing morphologies of different
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GFs. (f) untreated GFs. (g) GF-VC. (h) GF-HI. (i) GF-1300°C. (j) GF-2850°C.
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Figure 3-12. In-plane thermal conductivities of different GFs including untreated GFs, GF-VC,
GF-HI, GF-1300°C, and GF-2850°C and the highly thermal conductive materials PGS, copper,
and aluminum.

compared to other chemical and thermal reduction methods, such as: (i) simplicity, since the
deoxygenation and graphitization of GFs occur all in one step; (ii) high efficiency on
deoxygenation and extending grain size of GFs; (iii) cleanliness, since it avoids the use of
toxic chemicals and also prevents the generation of any residuals which may affect the
properties of GFs after the reduction; (iv) scalability.

3.1.3 Thermal conductivity of GFs

To investigate the thermal properties of GF-2850°C, their in-plane thermal conductivities
were measured at different film thicknesses using a self-heating method based on infrared
radiation (IR) (see supporting paper). The results were compared to conductivities from
untreated GFs, GF-VC, GF-HI and GF-1300°C samples, to measurements using other
methods, and to conductivities from commercially available thermally conductive pyrolytic
graphite sheets (PGS). To aid the interpretation of the results, Molecular dynamics (MD)
simulations regarding the effects of grain size and layer misfits/wrinkles to in-plane thermal
conductivity were performed, and cross-section images of the GF-2850°C sample were
investigated.

The untreated GF (Figure 3-12) revealed an extremely low thermal conductivity value of
0.56 + 0.18 W/mK, which is much lower than the calculated amorphous limit of graphene
(~11.6 W/mK) [126], demonstrating the superior thermal insulation property of the untreated
GF. This extremely low in-plane thermal conductivity of untreated GF is attributed to the
significantly magnified phonon scattering effects at high oxygen coverages [126]. For GF-VC,
GF-HI, and GF-1300°C, the in-plane thermal conductivity values were measured to 2 *
0.2 W/mK, 214 + 18 W/mK and 230 £ 25 W/mK, respectively. Generally, the in-plane
thermal conductivity values of the chemically reduced GFs were found to increase with
decreasing oxygen contents. However, these values were found to be much lower than
commercial PGS, copper and aluminum, showing the limited thermal performance of GFs
treated by chemical methods.
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The in-plane thermal conductivity for GF-1300°C was found to be close to the value for
GF-HI despite significantly decreased oxygen content. We found that the relatively low
in-plane thermal conductivity of GF-1300°C was mainly caused by a low density of the
sample (Figure 3-13). The removal of oxygen lead to the expansion of the graphene layer
distance and also formed micro-scaled air pockets, even cracks, which dramatically decreased
the film density to 0.2 g/cm?®. The following mechanical pressing could not improve the film
density significantly because of a substantially decreased bonding strength between adjacent
graphene sheets after removing hydrogen bonds that previously bond GO sheets. However,
GF-2850°C showed an extremely high in-plane thermal conductivity of 3214 + 289 W/mK,
which represents an enhancement by almost four orders of magnitude compared to the
untreated GF, and of more than one order of magnitude compared to the chemically reduced
GFs and GF-1300°C.

To compare the in-plane thermal conductivity of GF-2850°C at different sample
thicknesses and to exclude errors from the testing method, we varied the thickness of
mechanically pressed GF-2850°C and used two additional testing methods, namely a
self-heating method based on dependence of the resistance on the temperature (DRT) in
vacuum and an improved thermal bridge (ITB) method (see supporting paper). Independent
samples were fabricated and measured for each single test point to study the repeatability. We
found that the GF-2850°C sample with the smallest thickness of 0.8 um showed the highest
in-plane thermal conductivity of 3214 + 289 W/mK as measured with self-heating (IR)
(Figure 3-14). The values measured with the other methods were 3300 + 297 W/mK for
self-heating (DRT) and 3109 + 139 W/mK for the ITB method. For all thicknesses, the results
of all methods were consistent, indicating a high accuracy of the developed thermal
measurement. With increasing sample thicknesses, we found that the thermal conductivity
decreased and levelled off at average values of 2234 + 338 W/mK for thicknesses between 4
and 13 um, approaching the value corresponding to HOPG of ~2000 W/mK. Further increase
of thicknesses to 50 pm made the thermal conductivity of GF-2850°C decrease to 1691 + 172
W/mK.

The very high thermal conductivity of GF-2850°C that even outperforms HOPG, at small
film thickness, is attributed to the presence of turbostratic-stacking graphene in GF-2850°C.
Previous studies have shown that multilayer graphene can reach to the same in-plane thermal
conductivity as monolayer graphene if the interlaminar Van der Waals' force was sufficiently
weak enough [111]. The absence of stacking order in turbostratic-stacking graphene leads to a
very weak interaction between adjacent planes [122], which greatly reduced the phonon
interface scattering and resulted in the ultra-high in-plane thermal conductivity of GF-2850°C
that is superior to HOPG.

MD simulations showed further that the ultra-high in-plane thermal conductivity of
GF-2850°C was also attributed to the generation of graphene with large grain sizes of above
13 um (Figure 3-15). This is consistent with the result of a recent study that concluded that
the increase in grain size from ~200 nm to ~10 um lead to an exponentially increased thermal
conductivity of graphene from ~610 to ~5230 W/mK [127]. MD simulations also revealed
that the decreased thermal conductivity with the increase of film thickness was intimately
related to an increased amount of wrinkles/misfits in the thick layers.

The ultrahigh in-plane thermal conductivity of GF-2850°C is also closely related to its
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Figure 3-13 (A) SEM image of surface morphology of GF-1300°C, showing the generation of
cracks after heat treatment at 1300°C. (B) Cross-section SEM image of GF-1300°C after
mechanical pressing. Air pockets generated during heat treatment cannot be removed even by
mechanical pressing due to the weak bonds between individual graphene sheets. The surface of
the film shows the cracks.
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Figure 3-14. (A) In-plane thermal conductivities of GF-2850°C in the thickness range of
0.8-50 um measured by self-heating (IR), self-heating (DRT) and ITB methods and in-plane
thermal conductivity of PGS in the thickness range of 10-50 um from the product datasheet
and measured by the self-heating (IR) method.
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Figure 3-15. MD simulation results about the effect of wrinkles and grain size of graphene to
thermal conductivity change at different layer numbers of graphene. With the increasing of the
number of wrinkles inside the film, thermal conductivity of the layers shows significant
decrease due to the increased phonon scattering induced by the wrinkles. A large grain size can
give a higher thermal conductivity due to the relatively decreased amount of grain boundaries.

microstructural change. To study this effect, GF-2850°C samples with different thicknesses
were cut by utilizing focused ion beam milling (FIB) and the cross-section were imaged by
SEM (insert of Fig. 4). The pristine GF-2850°C sample before pressing was found to contain
many air pockets, which altered the originally well-aligned GO sheets to loose layer
structures.

Unlike GF-1300°C, the strong layer coalescence of individual graphene sheets in GF-2850°C
gave the sample very high mechanical strength and prevented the generation of cracks.
However, the presence of air pockets caused a significantly reduced in-plane thermal
conductivity due to the substantially decreased film density and large phonon scattering.
Mechanical pressing decreased the film thickness from about 2 pum to 0.8 um. The
compressed film exhibited a highly firm structure without any obvious air pockets. The firm
and well-aligned structure contributed significantly to the ultra-high thermal conductivity of
GF-2850°C. In addition to this, we noticed that the size and the amount of air pockets
increased with the increase in the film thickness. Due to the strong air impermeability and
robust structure of graphene, the removal of air pockets became much more difficult for thick
GF samples. As a result, the irregular shape of air pockets increased the local phonon
scattering by causing the folding and misfits of adjacent graphene layers. These phenomenon
became more obvious in the thick samples, and thereby, leading to the gradual decrease of the
thermal conductivity of the GF from 3214 W/m K to 1691 W/m K with the increase of film
thickness from 0.8 um to 50 pum.

In addition, the through-plane thermal conductivity of GF-2850°C measured by the pulsed
photothermal reflectance (PPR) method was determined to be 14.8 + 1.5 W/mK, which is
orders of magnitude lower than its in-plane thermal conductivity, indicating a strongly
anisotropic thermal property (Figure 3-17). The presence of air pockets can also improve the
thermal anisotropy of the film by significantly decreasing the through-plane thermal
conductivity, giving GF-2850°C great advantages as novel heat spreading materials [116].
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Figure 3-16 (a) Cross-section image of GF-2850°C (0.8 um) before pressing, (b to f)
Cross-section image of GF-28500C after pressing. (b) 0.8 um. (c) 2 um. (d) 2.5 um. (e) 4 um. (f)
6 um.

The comparison of the in-plane thermal conductivity of GF-2850°C to the commercially
available PGS at higher film thicknesses of 10-50 pm revealed a higher thermal conductivity
for the GF-2850°C sample at all investigated thicknesses. We assume that the reasons for this
are the gradually decreased densities of commercial PGS with increasing film thickness
(Table 3.1 and Figure 3-18) as well as the significantly increased amount of curvatures and
layer misfits when the film thickness is above 25 um [128]. In contrast to the PGS, an
increase in thickness of GF-2850°C does not lead to an obvious increase in layer misfits in the
GF-2850°C sample due to the pre-assembled and well-aligned film structure before
graphitization. Therefore, the well-aligned graphene layer structure and high density
contributed significantly to a greatly enhanced thermal conductivity for film thicknesses
larger than 25 pm.

To shed light on the difference in in-plane thermal conductivity of PGS and GF-2850°C,
we also compared the cross-section images (Figure 3-19). We found that the surfaces of PGS
samples from different suppliers were filled with large amounts of wrinkles and gaps (Figure
3-19a-f). The surface morphology of unpressed PGS revealed that those wrinkles/gaps were
mainly located at the boundary of pebble-like structures which were generated during the Pl
pyrolytic process (Figure 3-19d). The presence of large amounts of wrinkles and gaps can
significantly enhance the phonon scattering in the in-plane direction, and thereby, limiting the
in-plane thermal conductivity of PGS. On the contrary, the horizontally aligned air pockets
inside of GF-2850°C and highly smooth surfaces (Figure 3-20) show a smaller effect on the
in-plane phonon transfer.

In conclusion, the outstanding thermal performance of GF-2850°C with an ultra-thin
thickness represents more than 100% improvement compared to the best data ever reported in
previous studies of different graphene assembled structures, such as graphene papers
[115,116,129,130] and graphene fibers [131]. The in-plane thermal performance of
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Figure 3-17. Normalized surface temperature of Au/6 pm thick GF-2850°C.

Table 3.1. The measured density change of GF and PGS at different thickness

GF-2850°C PGS

0.82 2.10 - -

3 2.10 - -

12.5 2.10 - -

25 2.07 25 1.93

50 2.06 - -

Figure 3-18. SEM cross-section image of PGS (25 um). The presence of large humber of
air-pockets would gradually decrease the thermal conductivity by decreased density of the film.
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Figure 3-19. (A to C) SEM surface morphology images of commercial PGSs from different
suppliers. It can be found that surfaces of all these PGS samples are filled with large amounts of
wrinkles and gaps. (D) The surface morphology of unpressed PGS reveals that those wrinkles
and gaps are mainly located at the boundary of pebble-like structures which were generated
during the pyrolytic process. (E) AFM image of PGS showing the presence of wrinkles and
gaps on the surface of PGS. (F) Cross-section SEM image of PGS.
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Figure 3-20. (A, B) SEM images of surface morphology of GF-2850°C after pressing
showing a highly smooth surface.
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GF-2850°C is also superior to most of commercially available high-thermal conductive
materials. For example, it is over 12 and 8 times higher than that of aluminum and copper,
respectively, and more than 2 times higher than graphite film produced by compressing
natural highly oriented graphite flakes (300-1000 W/mK) [129]. Notably, the thermal
conductivity of GF-2850°C even outperformed the best commercial PGS sample by 60%,
showing the outstanding thermal performance as a novel high thermal conductive material.

3.1.4 GFs as superior heat-spreading material

To further demonstrate the superior thermal conductivity of GF-2850°C, we visualized the
heat transfer along a sample strip in a homebuilt thermal testing platform, and compared the
results to different highly thermally conductive materials, such as PGS, aluminum and copper
foil. For testing, the samples were cut into long strips, coated with a thin layer of amorphous
carbon to ensure consistent emissivity of the surfaces, and installed as a bridge for heat
transfer between a heater and an aluminum heat sink (Figure 3-21a).

To compare the heat spreading capabilities between the different materials, we used
sample strips of the same thickness of 25 um (Figure 3-21b-c). We found that GF-2850°C
outperformed all tested highly thermally conductive materials, such as PGS, aluminum and
copper foils. In particular, the temperature at the heater could be reduced from 82°C for
aluminum to 37°C using GF-2850°C.

In order to demonstrate that by using the more thermally conductive GFs, the thickness of
the heat spreading material can be decreased, we compared GF-2850°C samples with
thicknesses of 0.8 and 2 um to 10 pm thick aluminum foil (Figure 3-21d-e). We found that
the 0.8 um thick GF-2850°C sample showed almost the same temperature profile and heat
spreading capability as the 10 um thick aluminum foil. Based on the profile, the thermal

A B sof82°c GF
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< 7 Copper
g 60"\ Aluminum
__— Infrared camera Ej sol 65°C
£ 401 40C
= D=
30l 37C _
Heater Testing strip 01 2 3 a4 5 6
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80 .
D £75C ——GF (2 um) 100°C
70 ——GF (0.8 um)

Aluminum (10 pm)

Thermal insulator 72°C

Temperature ("C)

20°C

o 1 2 3 4
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Figure 3-21. Demonstration of GFs as novel heat spreaders. (A) The sketch of thermal testing
platform. (B to C) Temperature profiles of 25 um thick GF-2850°C, PGS, copper and aluminum
foils (B) together with their IR images (C). (D to E) Temperature profiles of 0.8 um and 2 pm
thick GF-2850°C and 10 um aluminum foil (D) together with their IR images (E).
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Figure 3-22. SEM images of surface morphology change of PGS (A-B) and GF-2850°C (C-D)
after 10 times of folding/releasing tests. It can be found that clear breakages appeared on the
surface of PGS while GF-2850°C maintained a good structural integrity after the folding test.
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Figure 3-23 (A) Tensile strength of GF-2850°C with different thicknesses in the range of 0.8-6
um. GF-2850°C with the thickness of 1-2 um shows the highest tensile strength of 78 + 6 MPa
among all the tested samples. With the increase of the thickness, the tensile strength of
GF-2850°C shows a slight decrease till 73 + 6 MPa. (B) Tensile strength of GF-2850°C and
PGS at the thickness of 25 pm. The tensile strength of GF-2850°C is 68 + 5 MPa which is
three times higher than PGS which only has a tensile strength of 22 + 4 MPa.
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Table 3.2. Tensile strength of GF-2850°C with different thicknesses and PGS with a thickness

of 25 pm
Samples Tensile strength (MPa)  Average tensile strength

(MPa)
GF-2850°C (0.8 um) 78 72 83 78+ 6
GF-2850°C (2 um) 73 82 79 78+5
GF-2850°C (4 um) 68 72 75 72+4
GF-2850°C (6 pm) 79 67 73 7316
GF-2850°C (25 um) 64 68 73 68+5
PGS (25 um) 22 19 26 22 +4

conductivity of 0.8 um thick GF-2850°C was calculated to 2875 W/m K, which was more
than 12 times higher than that of aluminum, and is consistent with the previous thermal
conductivity measurement. When the film thickness of GF-2850°C was increased to 2 pum, it
was found to even have a smaller temperature gradient than the 10 um aluminum foil and the
surface temperature on the heater decreased by about 3°C compared to that of aluminum.
These results show the outstanding thermal performance of ultra-thin GF-2850°C as a novel
heat spreading material, which can offer new heat dissipation solutions for products where
space (form-factor), for instance, is a critical parameter.

3.1.5 GFs are flexible and have superior mechanical strength

In order to investigate the mechanical properties of the GF-2850°C sample, we performed
bending tests, determined tensile strengths, and compared the results to PGS. The bending test
was carried out on an endurance testing machine, and we found that GF-2850°C exhibited
excellent flexibility and reliability over 60000 cycles of 180° bending/releasing without any
fractures. Folding tests were utilized to compare the flexibility of GF-2850°C with the PGS.
We found that clear breakages appeared on the surface of the PGS while GF-2850°C
maintained a good structural integrity after ten cycles of folding/releasing (Figure 3-22).

Tensile strengths of GF-2850°C with different thicknesses have been measured and
compared to the PGS by using a high precision load/displacement measurement machine with
a strain rate of 5 mm/s (Figure 3-23 and Table 3.2). GF-2850°C with the thickness of 1-2 pm
showed a maximum tensile strength of 78 + 6 MPa among all the tested samples. With the
increase of the thickness, the tensile strength of GF-2850°C showed a slight decrease by 1-5
MPa due to the increased amount of air pockets (Figure 3-23a). Moreover, the tensile strength
of GF-2850°C at the thickness of 25 um was found to be three times higher than that of PGS
of the same thickness (Figure 3-23b).

To conclude, the GF-2850°C demonstrates good flexibility and high mechanical strength,
and the significant improvement in mechanical strength compared to PGS is assumed to be a
consequence of the presence of turbostratic-stacking graphene in GF-2850°C which allows
the free movement of carbon atoms [111].
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3.1.6 Conclusions

The reported method offers a versatile and scalable approach to fabricate graphene films
with high thermal conductivity, which can be used as heat spreading material in a wide range
of applications. We estimate the annual production capability of GFs with the current setup to
be approximately 2400 m?based on 240 working days per year with a production size of 2.5
m? per batch. For instance, a 10 um film can be produced within two hours.

We have demonstrated that the developed large-scale GFs production process is superior
to many other reported methods. For example, vacuum filtration of graphene suspensions
[115,132,133], a typical method to fabricate GFs, exhibits an extremely low efficiency after a
few seconds. Another method to fabricate GFs is electrospinning [129], which is a very
complex process involving many GO pretreatment steps and the use of toxic and unrecyclable
organic solvents. The wet-spun method [134] utilizes the coagulation/precipitation effects of
GO in calcium chloride solutions to fabricate GFs, but it can introduce a lot of impurities in
the films, which are difficult to remove, and cause adverse effects in the thermal performance
of GFs. Also GFs fabricated by dip coating [135], inkjet printing [136] and spin coating [137]
exhibit various short-comings such as difficulties in detaching them from the substrates. The
shortcomings of previously reported methods have been overcome here by using the
optimized self-assembly of GO sheets, in combination with high-temperature thermal
reduction and pressing, thus providing a simple, clean, efficient and scalable process for the
production of GFs. The resulting firm, large-grain and partly turbostratic-stacking GFs have
outstanding thermal as well as mechanical properties. Specifically, the thermal conductivity
reported here is the highest value reported so far for freestanding thin film structures
assembled by graphene and superior to most of the commercially available thermal
conductive materials. For example, the achieved thermal conductivity value is over 12 times
and 8 times higher than that of aluminum and copper respectively and even outperforms the
best commercial PGS sample by over 60%. This value also represents more than 100%
improvement as compared to the best data of similar GF structures that ever reported in
previous studies [129,131]. We believe that the in-plane thermal conductivity of GF-2850°C
can further be improved by carefully tailoring its microstructures, such as increasing the
relative volume of turbostratic-stacking graphene by employing large monolayer GO sheets as
initial self-assembling material.

Taken together, the findings pave the way for large-scale production of
high-thermal-conductivity GFs that could be deployed as efficient heat spreading materials in
form-factor driven electronics and other high power driven system

3.2 Non-covalent functionalization of graphene for high

thermal conductive adhesive

Metal-based thermal conductive adhesive (TCA), also called as “polymer solder”, has
been considered as one of the most promising alternatives of tin-lead solder alloys in
electronic packaging areas due to many of its superior advantages, such as environmental
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friendliness, lower operating temperature, fine pitch interconnect capability and cost-efficient
processes[138,139]. However, in spite of all these merits, TCA still cannot entirely replace
the use of tin-lead solder alloys, especially in some high-power applications requiring
efficient heat dissipation capability, because of TCAs’ relatively low thermal conductivity.
Recently, considerable researches have been carried out to improve thermal performance of
TCAs. All kinds of high thermal conductive materials have been fabricated and utilized as
fillers of TCAs, such as carbon nanotubes (CNTs)[140,141], carbon nanofibers[142], silver
nanowires [143Jand graphene[144]. Among all the alternatives, graphene, as a
two-dimensional nanomaterial, shows great advantages on improving thermal conductivity of
TCAs. For example, graphene is composed by one or few atomic layers of sp*-bound
hexagonal carbon lattice. This structure allows phonon transfer inside graphene to be
extremely efficient and leads to an outstanding in-plane thermal conductivity of about 5000
W/mK]145]. In addition, graphene possesses large surface areas, which can conduct large
amount of the heat pathways inside polymer resin to improve the heat dissipation rate[146].

The quality of graphene is essential for the thermal performance of the TCAs. Any defects
and impurities can significantly decrease thermal conductivity of graphene, and lead to poor
thermal enhancement to TCAs. There are many different methods that are widely used for
fabricating graphene, such as chemical exfoliation, peeling-off by scotch tape, chemical vapor
deposition, and mechanical exfoliation. Taking into consideration of their quality, efficiency,
and cost, mechanical exfoliation process shows great potentials.

Here, we fabricated stabilizer-free and few-layer graphene nanosheets and utilize them as
fillers to improve the thermal conductivity of silver based TCAs. To overcome the
interlaminar van der Waals' force between graphite layers, the exfoliation of graphene was
carried out by shear mixing of graphite flakes in a mixed solvent which has the similar surface
energy between the solvent and graphene nanosheets, Due to the good surface energy
matching, graphite flakes could be fast and efficiently exfoliated into individual layers and
uniformly dispersed in the solvent. Compared to many reported processes, the fabrication
process developed in this thesis shows great advantages, such as high process efficiency, mass
production, low-cost, clean and safe process.

The fabricated graphene was used together with silver flakes as hybrid fillers to improve
TCA'’s thermal conductivity. Meanwhile, to minimize the adverse effect of nanofillers to
TCA'’s viscosity, the molecule structures of TCAs was optimized to decrease the interaction
strength with graphene nanosheets. The developed graphene enhanced TCA shows the
advantages of high thermal conductivity, lower density, good dispensing ability and cost
effective, suggesting its potential application in thermal management of power devices and
electronic packaging area

3.2.1 Mechanical exfoliation of graphene

The appropriate selection of solvent is essential for the liquid exfoliation process of
graphite. Previous researches reported that liquid exfoliation of graphite can only occur when
the mixing enthalpy between graphite and solvents is very small[147]. Equation 1 describes
the relation between the mixing enthalpy and material properties:
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Where AHp,/Vimir is the enthalpy of mixing (per unit volume). Ty, is the thickness
of the fabricated graphene nanosheets and @ is the volume fraction of graphene. E¢,. and
Es°l are the surface energy of graphene and solvents respectively. The equation shows that
the liquid exfoliation process is strongly dependent on the balance of graphene and solvent
surface energies. For graphene, ES,. is defined as the required energy for overcoming the
Van der Waal’s force between the adjacent graphite layers. According to many reports in
literature, the surface energy of graphene is about 70-80 mJ/m?[147-149]. Therefore, the ideal
solvents need to have a similar surface energy as graphene. For solvents, E3%' is commonly
related to their surface tension values, as shown in Equation 2:

r = ESol — TS$g) (2)

Where r is the surface tension of solvents, T is the temperature and S5°! is the solvent
surface entropy which has a universal value about 0.1 mJ/m?K for most of the solvents[150].
Therefore, the desirable solvents should have a surface tension value in the range of 40-50
mJ/m?. Table 3.3 shows the surface tension values of many common solvents. To fabricate
graphene nanosheets in a clean and safe way, the solvents used for the liquid exfoliation
process not only need to meet the surface tension requirement, but also should be easily
removable (low boiling point) and safe for the operators (lower risk). From Table 3.3, we find
that some solvents, such as benzyl benzoate, NMP, GBL and DMF (90%) aqueous solution,
show appropriate surface tension values fitting in the range of 40-50 mJ/m% However, these
solvents are difficult to remove from graphene due to their relatively high boiling points.
Consequently, the solvent residuals can lead to the deterioration of graphene’s thermal and
electrical conductivities[151]. Furthermore, the using of these solvents in mass production is
not safe for both human and environment. The other solvents which have lower boiling points,
such as IPA, ethanol, acetone and water, cannot meet the requirement for the surface tension.
To solve the problem, a mixed solvent consisting of ethanol and water was used for liquid
exfoliation in this work. An appropriate surface tension value of 46.0 mJ/m? was shown by
the mixed solvent when the ethanol weight percentage reaches to 11%. This is an ideal value
for the liquid exfoliation of graphite. Importantly, the mixed solvent is also easily removable
and very safe for the operators.

Figure 3-24a-b show the optical images of the graphene-ethanol aqueous dispersions
produced by using the high-speed shear mixer. These dispersions have an average graphene
concentration of 40 pg/ml. For each batch, the shear mixer could produce maximally 12 L of
the graphene-ethanol aqueous dispersion, indicating the potential for the mass production of
graphene. The high exfoliation efficiency of the shear mixer was attributed to the super high
shear rate (>10* s*) generated by the head of the mixer. During rotation, graphite flakes were
sucked into the mixing head and driven towards the edge of the rotor/stator. The intense local
shearing rate between the rotor and stator led to the collision and exfoliation of graphite flakes.
Compared to the commonly used ultrasonication methods, the high-speed shear mixing
approach has many advantages, such as high efficiency, low power consumption, minimum
temperature increase, and mass production.

Figure 3-24c shows the TEM images of the fabricated graphene. From the insert image, it
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Table 3.3. The surface tension values, boiling points and risk categories of common solvents.

Solvent Surface tension Boiling points Risk category
(mJ/m?) (°C)
Benzyl benzoate[152] 46.0 323 High
NMP (N-Methyl-2-pyrrolidone)[153] 40.1 204 Very high
GBL (y-Butyrolactone)[154] 46.5 204 High
DMF (Dimethylformamide)(90%) + Water[155] 40.6 154 Very high
Water[147] 72.0 100 Low
IPA (Isopropanol)[147] 21.7 82.6 High
Ethanol[147] 22.3 78.4 High
Acetone[147] 23.7 56 High
Ethanol (11%) + Water 46.0 78.4 ~100 Low

€ G Graphite
Graphene

= 2D
<

=

7

o

3]

=

1200 1400 1600 1800 2000 2200 2400 2600 2800
Raman shift (cm™)

Figure 3-24. (a-b). Optical images of the graphene-ethanol aqueous dispersions produced by
using the high-speed shear mixer. (c) TEM images of the fabricated graphene. The insert image
shows overlapped graphene nanosheets with folded edges. (d) AFM image of the graphene
nanosheets. (e) Raman spectrum of graphene and graphite.
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can be found that the overlapped layer structure is composed of many individual graphene
nanosheets with folded edges. The black spots attached to the surface of graphene could be
amorphous carbon. At higher magnification, the parallel lines oriented in the same direction
are the cross-sections of the graphene nanosheets, indicating the multi-layer structure of the
graphene nanosheets. Figure 3-24d shows the AFM image of the graphene nanosheets. From
the image, it is observed that the graphene nano-sheet has a lateral size of 2-3 um and the
thickness of the graphene nanosheets is about 3 nm. This result shows that the number of
graphene layers is less than 10. Raman spectroscopy was used to examine the quality of the
obtained graphene nanosheets. As shown in Figure 3-24e, the Raman spectrum of graphene
exhibits three characteristic peaks, including D peak at 1350 cm™, G peak at 1589 cm™ and
2D peak at 2686 cm™. The D peak shows the presence of defects which could be derived from
the graphite precursor since the same D peak appeared in the graphite spectrum. And the G
peak associating with the ordered graphitic lattice keeps a sharp peak with almost identical
position and width as graphite, indicating the good graphitic crystalline structures. The D/G
peak intensity ratio (Ip/lg) corresponding to the defect change is about 0.12, which is much
less than most chemical reduction graphene[156,157]. In addition, the 2D peaks of graphene
and graphite have almost the same position and shape, further indicating that the obtained
products are few-layer graphene. This is because the change of 2D peak becomes hard to
distinguish in Raman spectra when graphene have more than 5 atomic layers[158]. Therefore,
all these results show that the high speed shear mixing approach can successfully produce
high quality and few layer graphene in the ethanol agueous solution.

3.2.2 Thermal performance of graphene enhanced TCAs

Generally, TCA consists of conductive fillers providing electrical and thermal
conductivities and polymer matrixes giving mechanical support. The polymer matrix used in
this work is specially designed by adjusting the proportion of each component, such as epoxy
resin, curing agent, diluents and various additives, to maintain a very low initial viscosity.
Different G-TCA samples with varied graphene weight percentages were fabricated. To be
clear, all G-TCA samples have the same filler weight percentage (76 wt%), and graphene
powders were used to partly replace the silver proportion. The weight percentage of graphene
was varied in the range of 0.1-3 wt%. Even higher weight percentages are not interested in
this work due to the dramatically increased viscosities caused by Nano-fillers. Thermal
conductivity values of different G-TCA samples were measured by Laser-Flash technics, and
the results were shown in Figure 3-25a. It can be found that thermal conductivity values of
G-TCA samples increase with the increase of graphene ratios. The TCA sample with 3%
graphene (TCA-3.0%G) shows the highest thermal conductivity about 8 W/m K, which is
almost four times higher than reference TCAs (76% Ag). Figure 3-25b shows the thermal
conductivity values of G-TCA samples at different working temperatures. All G-TCA
samples were heated and measured from 20 °C to 100 °C by Laser-flash technic. In each
temperature, G-TCA samples were measured for three times. It has been found that all
G-TCA samples showed stable thermal conductivity values with a small variation less than
10%, indicating that graphene have good compatibility with the polymer matrix of TCA at the
normal working temperatures.
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Figure 3-25. (a) Thermal conductivity values of G-TCA with different graphene percentages.
(b) Thermal conductivity values of different G-TCA samples at different working temperatures
(c) Viscosity change of G-TCAs as a function of graphene weight percentages
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To realize automatic production, many electronic packaging/assembly lines require TCA
to be easily dispensed. Therefore, it is essential to minimize the adverse effect of nano-fillers
to the viscosity of G-TCA pastes. In this work, the polymer matrix was designed to have
small surface interaction with graphene nanosheets. Figure 3-25c¢ shows the viscosity change
of G-TCAs as a function of graphene weight percentages. All G-TCA samples were tested
under a rotating speed of 5 rpm at 20 °C. It has been found that the viscosity of G-TCAs
increased almost linearly with the increase of graphene weight percentages. The G-TCA
sample with 3 wt% of graphene shows the highest viscosity about 21 Pa-s. This value is still
in the range of commercial TCA’s viscosity.

3.2.3 Demonstration

A Joule heating setup was built to simulate TCA’s function in a real electronic component
and demonstrate the heat dissipation properties of the TCAs. As shown in Figure 3-26a, A
TCA strip with a size of 50mm*5mm*2mm was mounted onto two pieces of copper blocks.
The TCA strip was designed to have a large aspect ratio of 10 so that it could be assumed that
the heat flow only happens in X direction and temperature in the other directions are
homogeneous. The copper blocks are used as heat sinks to remove heat from TCA strips,
which is a standard industrial strategy for cooling of power devices. During the test, a stable
working power of 2.5 W was applied to the setup and generated a temperature profiles in the
TCA strip. Two different samples were measured and compared, including control TCA and
3% G-TCA. The surface temperature profiles of TCA were recorded by the Infrared camera.
The results are shown in Figure 3-26b-c, the temperature at the center point of the control
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Figure 3-26. (a) The sketch of the Joule heating setup to demonstrate the heat dissipation
properties of the TCAs. (b) The surface temperature profiles of TCAs recorded by the Infrared
camera. (c) IR images of control TCA and 3% G-TCA.
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TCA is 45°C. As a comparison, the 3% G-TCA has a central temperature of 32°C which is
about 13°C lower than the control TCA. In particular, the temperature difference between the
center and edge for the 3%G-TCA (4°C) is only one quarter the value of the control TCA
(16°C). According to the four-probe measurement, the control TCA and 3%G-TCA have the
same electrical sheet resistance (0.006 /o), meaning that the total amounts of heat generated
by the two TCA strips are equal. Therefore, the much smaller temperature difference of
3%G-TCA sample along the X direction represents its highly improved heat dissipation
ability. This result was attributed to the presence of sufficient graphene nanosheets which
could fill the interspaces caused by the irregular morphologies of silver flakes and improve
the heat conduction through different fillers. Therefore, the G-TCA could be widely used for
thermal management of many power devices to decrease their working temperatures and
extend the useable life of the devices

3.2.4 Conclusions

In this section, stabilizer-free and few-layer graphene nanosheets were fabricated through
high-speed shear mixing of graphite flakes in a mixed solvent. The graphene fabrication
process developed in this paper has many advantages, such as high process efficiency, mass
production, low-cost, clean and safe process. The fabricated graphene was used together with
silver flakes as hybrid fillers to improve TCA’s thermal conductivity. TCA sample with a
hybrid filler ratio of 73% Ag and 3% graphene shows the highest thermal conductivity of 8
W/m K, which is almost four times higher than reference TCAs. In addition, the developed
G-TCAs possess low viscosities which facilitate making uniform and fine patterns with
existing dispensing techniques. In general, the developed G-TCA has the benefits of high
thermal conductivity, lower density, good dispensing ability and cost effective, suggesting its
potential application in thermal management of power devices and electronic package.

3.3 Non-covalent functionalization of carbon nanotube for

flexible electronic application

Non-covalent functionalization processes utilize various functional molecules or active
species as assembly mediators to functionalize the surface of CNMs via non-covalent
interactions such as hydrophobic, n-n stacking, and wrapping interaction. The assembled
mediators would then act as binding points for anchoring other molecules or nanomaterials.
Different from the covalent functionalization processes, the great advantage of non-covalent
functionalization processes is to protect CNTs structure and properties from destruction.
Therefore, there is a growing interest on development of non-covalent assembly processes.
Here, a new surface modification process for synthesizing intrinsically flexible
multi-functionalized CNT based hybrid nanowires is presented. The key benefit of the hybrid
nanowire lies in their high electrical conductivity and flexible structures to maintain stable
electrical and mechanical performances under significant structural deformation. The
fabrication processes of multi-functionalized CNT based hybrid nanowires are schematically
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Figure 3-27: Schematic of the various modification steps in the synthesis of multi-
functionalized CNT based hybrid nanowires. The surface of CNTs was coated with APTES,
silica, palladium nanoparticles and silver nanoparticles.

illustrated in

Figure 3-27. The surface of CNTs was successively wrapped with firstly a cross-linkable
(3-aminopropyl)triethoxysilane (APTES) layer, then a silica layer, followed by palladium
nanoparticle and silver nanoparticle deposition. Every functional material in a hybrid
nanowire has been specifically chosen for its beneficial properties: CNTs act as a flexible
framework as well as additional electron pathways. APTES improves the dispersion of CNTs
in polar solvents through bringing in hydrophilic silane and amino groups on the surface of
CNTs. The mesoporous silica layer is used as templates for the attachment and deposition of
metallic nanoparticles. Palladium nanoparticles served as catalysts to provide nucleation sites
for silver growth. Finally, silver nanoparticles are the main conductive media to improve the
contact surface of the hybrid nanowires and build high-efficiency conductive networks.

3.3.1 Functionalization of CNT surface by APTES and SiO,

Pristine CNTSs have very large aspect ratios and highly inactive surfaces, which make them
uneasy to form homogeneous and stable dispersion. To address such a challenge, the required
surface activation of CNTs needs to be carried out. In previous reports, this was generally
achieved through an oxidation pretreatment of CNTs or surfactant assisted separation
processes[159,160]. However, such treatments always lead to severe structural damage as
well as poor electrical and mechanical performance to CNTs. In this work, CNTs were coated
with a cross-linked APTES polymer layer (APTES-CNTSs). The large amounts of hydrophilic
groups of APTES, such as Si-OH and —NH;, would assist CNTs to be homogeneously
dispersed in polar solvents. Importantly, the APTES layer can be completely removed in the
follow-up process without having any adverse effects on the CNT’s properties. The reaction
mechanism of forming APTES-CNTs is schematically illustrated in Figure 3-28a. CNTs
exhibit a negatively charged surface in ethanol at high pH value (pH > 7), which can attract
the positively charged APTES monomer through electrostatic absorption[161]. The attracted
APTES monomers cross linked with each other under alkaline conditions and formed a

66



a {

6/ NH, NH,
-

: ¢

i
é I T L
o~ | o | o

Electrostatic C NH, O O
Absorpti R,

e Cross-linking
_
Aqueous ammonia

e L

b APTES- C APTES-
CNT CNT

CNT CN'1
. - 4
~ -

Figure 3-28: (a) The reaction mechanism of forming APTES layer on CNT surface.
Positively charged APTES monomer could be attracted by the negatively charged CNTs
through electrostatic absorption. Crosslinking of APTES monomers would take place under
alkali condition, and an APTES coating layer can be formed at the surface of CNTs. (b)
Dispersion of CNTs in ethanol before and after APTES coating. A homogeneous CNTSs
ethanol solution was obtained after modification with APTES. (c) Solution stability of CNTs
in ethanol without and with APTES coating for the period of one month after preparation. No
delamination or sediment was detected in the ethanol dispersion of APTES-CNTSs.
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Figure 3-29: FTIR analysis of pure CNT, APTES-CNT and SiO,-CNT. Compared to the
FTIR spectrum of pure CNT, APTES-CNT shows the Si-OH stretching and asymmetric
Si-O-Si stretching peaks at 980 cm™ and 1080cm™ respectively, and also the N-H stretching
peak between 3400-3500cm™. After silica coating, the peak corresponding to Si-O-Si
stretching becomes more intense in the spectrum of SiO,-CNT. These results indicate the
successfully coating of APTES and silica layer.
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100 nm

Figure 3-30: (a) A pure CNT with a diameter of 10nm. (b) SiO,-CNTs. An amorphous silica
layer with a thickness about 10nm was deposited at the surface of APTES-CNTSs. (c) Control
experiment of silica coating directly on CNTs without APTES modification. A random and
unselective SiO, deposition on CNTs with huge bundles was observed

coating layer on the surface of CNT. Figure 3-28b shows the difference of the CNT
dispersions in ethanol before and after APTES coating. A homogeneous CNT ethanol solution
was obtained after functionalizing with APTES. Additionally, the APTES-CNT suspension
exhibits good stability for the period of one month after preparation (Figure 3-28c). No
sediments were detected in the ethanol dispersion of APTES-CNTs, which indicates the
effectiveness of the APTES coating onto the CNT surfaces.

After being functionalized with APTES, silica coating was carried out onto the surface of
the CNTs (SiO,-CNTs) through the hydrolysis reaction of tetraethyl orthosilicate (TEOS)
under alkaline conditions to act as templates for metal nanoparticles deposition[162]. FTIR
was employed to confirm both the attachment of APTES and formation of SiO; around the
composite (Figure 3-29). The peaks at 1700 cm™and 2900 cm™ corresponding to C=0O and
C-H groups indicate that the CNT has defects due to the production processes used by the
CNT supplier. After functionalizing with APTES, the peaks corresponding to Si-OH
stretching and asymmetric Si-O-Si stretching appeared at 980 cm™ and 1080cm™ respectively.
Moreover, a broad band located between 3400-3500cm™ represents N-H stretching of the
amino group in APTES. After TEOS treatment, the peak corresponding to Si-O-Si stretching
becomes stronger due to the formation of a silica layer.

Transmission electron microscopy (TEM) study was carried out to understand the
morphology changes of CNTs before and after the silica coating process. The image of pure
CNTs shown in Figure 3-30a indicates a smooth surface with a diameter of 10 nm. In
comparison, a shell structure along the axial direction of the nanotubes can be observed from
Figure 3-30b, which indicates a successful silica coating on the CNT. The thickness of the
silica shell was found to be about 10 nm which can be varied through changing the
concentration of TEOS. The impact of the APTES layer to the silica coating was also
examined via a control experiment of coating the silica directly on CNTs without APTES
modification layers. It has been found that the deposition of SiO,was random and individual
CNTs tended to form big bundles (Figure 3-30c). Therefore, it can be inferred that APTES
layers were not only assisting the dispersion of CNTSs, but also acting as an adhesion layer for
the silica coating process.
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Figure 3-31: Reaction mechanism of palladium nanoparticles deposition in silica layer.

Figure 3-32 (a) Pd-CNTs. Dense and uniform palladium nuclei were deposited in silica layer
and no free particle were observed. The inset shows that the average size of palladium nuclei
is about 3nm. (b-f) Multi-functionalized CNT based hybrid nanowires prepared with different
silver nitrate concentrations. b: 1 g/L; c: 2 g/L; d: 5 g/L; e: 10 g/L; f: 15g/L, the inset shows

the zoom out image of hybrid nanowire connection.
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3.3.2 Deposition of silver nanoparticles on the functionalized CNTs

The SiO, layer exhibits a strong binding ability with positively charged ions due to the
attraction of Si-OH group, and also a mesoporous structure which would facilitates the
targeted metal nanoparticle growth[163,164]. Figure 3-31 illustrates the deposition of
palladium nanoparticles on CNT (Pd-CNTs). Metallic palladium (Pd) nanoparticles were
generated through the reduction of Pd”" ions by Sn?* ions which were pre-trapped in the silica
layer.

TEM image in Figure 3-32a shows the morphology change of CNT after palladium
deposition. A large quantity of Pd nanoparticles with an average particle size of 3nm was
uniformly deposited in the SiO, layer. Those Pd nanoparticles would act as nucleation sites
for the proceeding silver growth on CNTs. Finally, multi-functionalized CNT based hybrid
nanowires were obtained through electroless silver plating. Mild reaction conditions were
maintained during silver nanoparticle growth to ensure the uniform and complete silver
deposition on the CNTs. The degree of silver nanoparticles coverage on the CNT surfaces was
found to be very critical for optimizing the electrical performance of the hybrid nanowires.
Hence, a series of multi-functionalized CNT specimens were prepared with increased silver
nitrate concentrations from 1 g/L to 15 g/L to study the effect of silver nitrate concentration
on the metallic coverage of the CNTs. TEM observation shows that the morphologies of the
CNTs changed as the silver nitrate concentrations were varied (Figure 3-32b-f). When a lower
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Figure 3-33 XRD patterns for pristine CNTs and the multi-functionalized CNT hybrid
nanowires respectively. Peaks located at 38.2°, 44.4° and 64.5° in the sample of
multi-functionalized CNT hybrid nanowires are referred to the (111), (200) and (220) planes
of the fcc structure of metallic silver, and also the diffraction peak at 26.5° is referred to (002)
of graphite.
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silver nitrate concentration (1 g/L) was used, small silver nanoparticles with an average size
of 20 nm were formed due to presence of inadequate silver precursor sources (Figure 3-32b).
Upon increasing the concentration of silver nitrate from 1 g/L to 10 g/L, the average size of
silver nanoparticles was increased from 20 nm to 50 nm with an enlarged surface coverage
(Figure 3-32c-e).When the silver nitrate concentration reaches to 15 g/L (Figure 3-32f), a
layer of densely packed silver nanoparticles was formed around the whole CNTs surface. No
free silver nanoparticles or obvious agglomerations were detected after using a higher silver
nitrate concentration.

Figure 3-33 shows the XRD patterns for pristine CNTs and the multi-functionalized CNT
hybrid nanowires respectively. Peaks located at 38.2°, 44.4° and 64.5° in the sample of
multi-functionalized CNT hybrid nanowires are referred to the (111), (200) and (220) planes
of the fcc structure of metallic silver, and also the diffraction peak at 26.5° is referred to (002)
of graphite. The XRD pattern of Ag-CNTs hybrid nanowires indicates that the silver
nanoparticles deposited over the CNT surface have a highly pure crystallinity. These results
show advantages of our process on both protecting CNT’s structure and coating complete
metallic nanoparticle layers compared with the previous reports[165-167].

3.3.3 Fabrication of flexible and stretchable electrical circuits

As the demands of modern electronic systems call for increasing functionality, smaller
system size, higher device connectivity, better user experience, and all at lower cost, flexible
and stretchable circuits (FSCs) are becoming a high-growth technology in the area of
electrical interconnects. This is due to their compact nature and high electrical-connection
density over the traditional rigid printed circuit boards[168]. Comprising of a deformable
substrate and conductive traces, FSCs possess an excellent deformation ability that will
facilitate many new applications in the field of portable and wearable electronics, such as
paper-like displays[169], smart clothing[170], stretchable solar cells[171], camera eyes[172]
and biomedical sensors[173]. However, although the merits of FSCs are significant, there are
some challenges that urgently need to be solved. One of the most critical points of this
technology is the electro-mechanical reliability of the elastic interconnections, which are
challenged in particular by relatively high and complex mechanical loading, such as, bending,
compression and elongation[174].

Restricted by the demands of FSCs for high electro-mechanical performance, solutions to
address the above problem are very challenging. Traditional strategies have been to use
electroplated sinuous metallic wires deposited on deformable polymers, which had
demonstrated high electrical conductivity under large tensile strains[175,176]. However, due
to the lack of protection, the metallic wires usually suffer severe structural damage under
repeated stretching/releasing cycles, which led to a poor reliability of FSCs and even
complete failure. The recent development of patterning techniques has introduced alternative
strategies for directly making FSCs patterns with a variety of highly conductive
nanomaterials[177,178]. K. Kordas reported that elastic patterns of carbon nanotubes on a
plastic film obtained a resistance of Rs= 4x10* Q/o (resistivity of 4x10% Q-um)[179]. J. Wu
fabricated a graphene electrode with a peak electrical performance of Rs= 800 Q/o (resistivity
of 5.6 Q-um)[180]. L. Hu achieved a minimum resistance of Rs = 50 Q/o (resistivity of 2x10?
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Figure 3-34: (a) Multi-functionalized CNT hybrid nanowires homogeneous dispersions in
water, ethanol, acetone and tetrahydrofuran (THF) solvents. Due to the existence of
hydrophilic APTES layer, the as-fabricated multi-functionalized CNT hybrid nanowires show
good dispersability in various polar solvents with a concentration of 7mg/mL and form
uniform suspension. (b) Time-resolved UV-Visible absorbance intensities of pristine CNTs
and CNT hybrid nanowires ethanol dispersions at the wavelength of 500 nm. The two
dispersions have the same concentration of 0.2 mg/mL and dispersed with ultrasonication
before the test. The hybrid nanowire ethanol dispersion showed higher initial absorbance
intensity than that of pure CNTSs in ethanol, indicating a good dispersion quality of the hybrid
nanowires. Moreover, the absorbance intensity of pure CNTs had a significant decrease after
1 h and disappeared after 1 week, representing the delamination of the dispersion. As a
comparison, the hybrid nanowire dispersion showed relatively stable UV-Visible absorbance
intensities during one week, which indicated the good stability of the hybrid nanowire
dispersion. The inset images show the stability comparison of pristine CNTs and CNT hybrid
nanowires ethanol dispersions (7 mg/mL) for one week.
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Figure 3-35: Schematic of the preparation of FSCs based on the hybrid nanowires and
PDMS.
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Figure 3-36 (a) FTIR analysis of multi-functionalized CNT hybrid nanowires before and after
HF etching. Two characteristic peaks at 1000 cm™ corresponding to Si-O-Si and Si-OH
groups disappeared after HF etching of the multi-functionalized CNT hybrid nanowires,
which identified the complete removal of silica layer, and also, no other characteristic peaks
were found after HF etching indicates that the surface modification process and the HF
etching process had no effect to the structure of CNTs. (b) TEM image of CNT based hybrid
nanowires after HF etching. It can be seen that the hybrid nanowires still retain a complete
silver nanoparticle coating layer after removing both the silica and APTES layer by HF
etching.

Q-um) with a transparent and flexible silver nanowire based electrodes[181]. However, some
challenges raised from the material themselves still limit their applications; carbon based
nanomaterials, like pristine carbon nanotubes (CNTs) and graphene, can easily form
agglomerations that are hard to disperse. This makes it difficult to form uniform patterns, and
their relatively high contact resistance to metals might also lead to the poor electrical
performance of FSCs. Metal nanowires lack flexibility and suffer structural damage at large
strain that can cause the complete failure of FSCs. To satisfy the requirements for developing
FSCs with stable electro-mechanical properties and high reliability, it is therefore desirable to
synthesize hybrid nanomaterials that possess the high conductivity of metals together with
good flexibility and dispersability.

Owing to the presence of abundant hydrophilic groups, such as Si-OH and -NH,, the
as-fabricated multi-functionalized CNT based hybrid nanowires were found to be easily
dispersed in various polar solvents and form homogenous suspensions (Figure 3-34a). Ultra
violet-Visible (UV-Vis) spectroscopy analysis further shows that the hybrid nanowire ethanol
dispersions have good uniformity and stability (Figure 3-34b). These results made it possible
to fabricate FSCs with uniform structures via direct patterning processes.

A mask patterning process was developed and utilized for FSCs fabrication, which is
schematically illustrated in Figure 3-35. The prepared hybrid nanowire ethanol dispersion
were filtrated and deposited onto silicon substrates through patterning of a shadow silicon
mask. After removing the mask, the deposited structure on the substrate was then washed with
a diluted hydrofluoric acid (HF) solution and dried in air to both completely remove all forms
of silica (both APTES and silica layers) and restore the flexibility & conductivity of
multi-functionalized CNT based hybrid nanowires.
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Figure 3-37: (a) FSCs with 10/10 lines, each line has a length of 1.5 cm and a width of
500pm. The insets show the optical images of bent (1800). (b) Sheet resistance and resistivity
change as a function of the hybrid nanowire conductive layer’s thickness. The FSCs showed
a stable initial resistivity value under a small variation of thicknesses (5 pm), indicating the
good interconnection of individual hybrid nanowires at around 10 um.
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Figure 3-38 (a-b) Optical image of FSCs (8*8mm) with a different pattern, which indicates
the ability of multi-functionalized CNT hybrid nanowires for making arbitrary and fine
patterns. Each unit of FSCs consists of line structures with varied widths, and the minimum
width demonstrated in the unit is 40 pum. The thickness of the pattern is about 10 pm.
Two-probe test of this smaller FSC shows the same resistivity result as the conductive traces
with a diameter of 500 um, indicating the capability of the hybrid nanowires for making
different patterns.
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FTIR analysis were carried out for multi-functionalized CNT samples before and after HF
etching, results were shown in Figure 3-36a. Two characteristic peaks at 1000 cm™
corresponding to Si-O-Si and Si-OH groups disappeared after HF etching of the
multi-functionalized CNT based hybrid nanowires, which identified the complete removal of
the silica layer. Moreover, no other characteristic peaks were found after HF etching indicates
that the surface modification process and the HF etching process had no effect to the structure
of CNTs. Figure 3-36b shows the TEM image of CNT based hybrid nanowires after HF
etching. It has been found that the hybrid nanowires still retain a complete silver nanoparticle
coating layer after removing both the silica and APTES layer by HF etching. PDMS was then
cast onto the top of the silicon substrate and infiltrated through the gap in the patterned
structures to provide mechanical support. After curing, the PDMS layer was peeled off from
the substrate. The conductive traces were embedded below the PDMS surface to form
conductive FSCs. Figure 3-37a shows parallel patterns of a 20-wire array with each wire
having a length of 15 mm and a width of 500um. The effect of thickness variation to the
resistivity change was also studied. As shown in Figure 3-37b, different conductive traces
with different thicknesses ranging from 5 um to 15 um were fabricated, and their respective
resistivity and sheet resistance were plotted by the four-probe method. The resistivity was
found to be almost constant in this range, which indicates good interconnection of the
individual hybrid nanowires. Therefore, the thickness of patterned conductive traces was
regulated around 10 pm through controlling the volume of the solution to give stable
electro-mechanical properties and ensuring the good reliability of the FSCs. In the following
discussion, sheet resistance for 10 um thick traces will be used as the main electrical
performance indicator. The average thickness of PDMS substrate is 500 pum. The inset in
Figure 3-37a shows FSCs at the bending state. It can be seen that the conductive line remains
both continuous and uniform when rolled up till 180°, with no indication of breakage or voids.
Figure 3-38a shows another example of FSCs with different patterns. Each unit of FSCs
consists of line structures with varied widths, and the minimum width demonstrated in the
unit is 40um (Figure 3-38b). It shows the potential ability of multi-functionalized CNT based
hybrid nanowires for fine patterning.

3.3.4 Electro-mechanical properties and reliability of FSCs

The degree of silver nanoparticle coverage on CNT surfaces plays a crucial factor in the
electrical performance of FSCs. To study this effect, different FSPC samples were prepared
by using multi-functionalized CNT based hybrid nanowires with varied degrees of silver
coverage (Cagnos = 0 ~ 15 g/L). The sheet resistance of each sample was tested by the
four-probe method, and results were shown in Figure 3-39. It has been found that the sheet
resistances of FSCs decrease rapidly with increasing silver nitrate concentrations, compared
to the reference sample made from pure CNTs (1316 Q/o, resistivity of 1.3x10* Q-pm). For
samples prepared with silver nitrate concentrations of 1 g/L, 2 g/L, 5 g/L and 10 g/L, the sheet
resistance values are 100.81 Q/o, 4.07 Q/o, 0.38 Q/o and 0.15 Q/o respectively and the
percolation threshold for an exponential decrease in resistance was located at 2g/L. It
indicates that silver nanoparticles at the CNT surface were interconnecting and provide the
main contribution to electrical conductivity when the silver nitrate concentration reached 2
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Figure 3-39 Electrical tests show a decrease of sheet resistance with the increase of silver
nanoparticles coverage on CNT. A minimum resistance of 0.096 /0 (equivalent resistivity of
0.96 Q-pm) at 0% strain was obtained when CNT was totally covered by silver.
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Figure 3-40: (a) The sheet resistance change of FSCs (Cagnos=15g/L) as a function of
bending angle. A small variation of sheet resistance less than 3.8% was observed when FSCs
were bent up to 180° which indicated the stable electro-mechanical properties of FSCs. (b)
Resistance results of FSCs upon bending cycles. FSCs demonstrate a high reliability after 500
cycles of bending/releasing.
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g/L. The minimum sheet resistance (0.096 Q/o, resistivity of 0.96 Q-um) was reached when
CNTs were fully covered with silver nanoparticles (Cagnos = 15 g/L), which means that a
complete silver nanoparticle coating layer can minimize the contact resistance and provide
sufficient conductive channels inside the conductive traces. These results are consistent with
the morphology change of multi-functionalized CNT based hybrid nanowires as observed in
Figure 3-32b-f. Moreover, high temperature annealing can further decrease the sheet
resistance of the conductive traces due to the sintering of silver nanoparticles. However, a
rigid silver shell can hinder the flexibility of the hybrid nanowires, which would lead to a
poor electro-mechanical performance under large structural deformation.

3.3.5 Flexibility and reliability of FSCs

The bending effect on the sheet resistance of FSCs comprising of multi-functionalized CNT
based hybrid nanowires (Cagnos =15¢/L) was investigated further on a high precision
load/displacement measurement machine with a strain rate of 5 mm/s. Figure 3-40a shows the
sheet resistance variation of FSCs as a function of bending angles (-180°~180°). Notably, a
small variation of resistance less than 3.8% was observed when the sample was bent up to
180° and it recovered after straightening. Notably, after 500 cycles for a bending angle of
180°, the electrical resistance remained constant, as shown in Figure 3-40b. These results
show the excellent electro-mechanical stability of hybrid nanowires during bending tests
compared with conventional materials used in flexible electronics, even graphene which
shows a resistance increase of 20% after the third bending cycle due to the crack
formation[182].

The microstructural analysis of the FSCs further helps to understand the reasons for their

Figure 3-41 (a) SEM image of the hybrid nanowires after patterning. The hybrid nanowires
were entangled with each other to form a conductive network. (b) SEM images of FSCs after
PDMS infiltration. The multi-functionalized CNT hybrid nanowires are protected by PDMS
through embedding into the PDMS layer. Due to the penetration of PDMS into the conductive
traces, the internal space inside the conductive traces was fully occupied by PDMS which could
provide as mechanical support for individual hybrid nanowire during large structure
deformation. It would make the FSCs to be more reliable than the ordinary plated metal traces
on PDMS substrate. The inset image shows the image of FSCs. The average diameter of each
conductive trace is 500 um.
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Initial position

Figure 3-42: Optical images of LED array integrated at FSCs with and without bending.
LEDs remained lit with the same illumination intensity as at 0% strain when the demonstrator
was bent to 180°. It indicates the stable electrical performance of the FSCs.
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Figure 3-43 (a) Resistance change of FSCs (CAgNO3=15g/L) as a function of applied strains.
The resistance remained stable (~0.1 Q/o) under 30% stretching. Further increasing the
tensile strain to 60%, the resistance showed an increase from 0.1 /o to 0.96 Q/a. Upon the
release of the strain, the sheet resistance was partially recovered and stabilized at 0.35 Q/o
with 0% strain. (b) Reliability of FSCs under repeated stretching/releasing cycles. After the
first stretching/releasing cycle, FSCs showed a stable sheet resistance (0.35 Q/o at 0% strain)
with less than 8% variation after 500 repeated cycles.
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outstanding electrical performance. As shown in Figure 3-4la, the hybrid nanowires
entangled with each other to form a conductive network after patterning and acted as the main
electron pathways for FSCs. Figure 3-41b shows the surface morphology of FSCs after
PDMS infiltration. It can be seen that PDMS has penetrated through the conductive layer and
filled all along the inside gaps of the conductive network. The complete filling of PDMS
provides enough mechanical support for absorbing stresses and protecting the
multi-functionalized CNT based hybrid nanowires from structural damages under large
deformation.

To demonstrate the electrical resistance change of FSCs during bending, an array of LEDs
was assembled on the top of the parallel wires and sealed with PDMS layer. Figure 3-42
shows the lit image of LEDs before and during bending. It was found that LED demonstrators
showed the same illumination intensity at the bending state as the initial state, which indicates
the stable electrical performance of FSCs. This result was also consistent with the bending
test (Figure 3-40a).

3.3.6 Stretchability and reliability of FSCs

The electrical performance of FSCs (Cagnos = 15 g/L) was also investigated as a function
of tensile strain on the high precision load/displacement measurement machine at the same
strain rate of 5 mm/s. Figure 3-43a shows the results at a maximum strain of 60%. During the
first stretching/releasing cycle, the resistance remained stable (~0.1 /o) under 30%
stretching. Further increasing the tensile strain to 60%, the resistance showed an obvious
increase from 0.1 Q/o to 0.96 Q/a. Upon the release of the strain, the sheet resistance was
partially recovered and stabilized at 0.35 Q/o with 0% strain. After the first cycle of
stretching/releasing, the electrical resistance was restored to a stable value, with a resistance
increase of ~30% under 30% stretching. The stable electrical performance under 30% of
strain indicates that it can be intrinsically attributed to the reserved elongation of the hybrid
nanowires due to their flexible and curved structures (Figure 3-41a). Moreover, the obvious
resistance increase could be caused when strain ratio exceeded 60% due to the partially
breaking or cracking of the silver nanoparticle layer on CNT’s surface, which can possibly
lead to an electrical breakdown. Mechanical breakage of FSCs took place when PDMS was
stretched beyond the maximum elongation ratio of 100%. Additional stretch/release cycles in
the range of 0-60% were performed to evaluate the reliability of FSCs. For up to 500 repeated
stretching cycles, FSCs showed relatively stable sheet resistance (0.35 Q/o at the strain of 0%)
with a small variation of less than 8% (Figure 3-43b), with no observed indication of failure.
These results demonstrate good reliability and stable electro-mechanical properties of the
hybrid nanowire based FSCs when compared to other reported CNT and silver nanowire
composites[183-185]. For example, many of single-walled carbon nanotube (SWCNT)
flexible composites showed order-of-magnitude higher initial resistivity and significant
increase of resistance after the first stretching cycle due to the large contact resistivity of
individual CNTs[183,184]. Furthermore, the stretchable electrode based on a silver
nanowire-polymer composite presented a poor electro-mechanical stability for stretching
(1000 times increase of resistivity at the strain of 80%) and low reliability under strain cycles
(3 times increase of resistivity at the first 500 cycles with a strain of 30%) due to the
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Figure 3-44: (a) SEM images of the multi-functionalized CNT based hybrid nanowire after
HF etching. The hybrid nanowire still holds a complete silver-nanoparticle layer even though
some defects were identified. (b) When a small tensile strain (<30%) was applied, the original
bent hybrid nanowires was firstly straighten towards the direction of strain, which showed
stable electro-mechanical properties of FSCs within 30% strain. With the strain ratio further
increasing till 60%, the silver-nanoparticles layer was broken to short pieces, and they had a
shift along the axis of CNTs towards the direction of stretching. The interspaces between each
piece prevent further structural damage. Moreover, it can be seen that CNT bundles have a
close connection with each silver piece after removing APTES and silica layers and act as
bridges to provide more pathways for electron transmission.
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Figure 3-45: (a) Resistance change of FSCs on the pre-stretched silicon rubber substrate as a
function of applied strain. FSCs showed a highly stable sheet resistance (~0.1 €/0) with a
small variation of 7% under 100% stretching. Such stable electro-mechanical properties are
attributed to the flexibility of the hybrid nanowires. (b) Resistance results of FSCs on the
pre-stretched silicon rubber substrate under repeated stretch and release cycles. During the
first 500 cycles, the FSCs were stretched with 50% strain and showed a constant resistance
(R/Rg = 1 at 0% strain), and for the second 500 cycles, FSCs were stretched to an increased
strain ratio of 100% and also showed a stable resistance (R/Ry =~ 1 at 0% strain). At the last
500 cycles, FSCs were stretched with a further increased strain of 130%. The resistance still
remained stable with a slight increase of 10% (R/R, = 1.1 at 0% strain).
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detachment of the nanowire contacts and crack formation during stretching[185].

In order to understand the electrical conduction mechanism of FSCs, morphology analysis
of the multi-functionalized CNT based hybrid nanowires before and under stretching was
performed by scanning electron microscopy (SEM), with the results shown in Figure 3-44a-b.
It can be seen that the multi-functionalized CNT based hybrid nanowires still retain a
complete silver nanoparticle coating layer after removing both the silica and APTES layer by
HF etching. Subsequently when the FSCs were stretched, the original bent hybrid nanowires
were straightened towards the direction of the tensile strain. The bent structure of the
hybridnanowires helps to maintain a stable electrical resistance of FSCs within a tensile strain
of 30%. With further increase of the tensile strain, the original silver nanoparticles layer was
broken into short pieces that had moved along the axis of CNTs towards the direction of
tensile strain. The breakage of the silver nanoparticle coating layer led to the increase of
resistance beyond a strain ratio of 30%. However, more stretch/release cycles did not cause a
complete failure or any further resistance increase in the FSCs. It has been found that these
short pieces were still attached to the surface of CNTs after stretching, instead of forming
individual nanoparticles. Under large strains, the interspaces between each piece had enough
room for their movement, preventing further structural damage. Moreover, the network of
CNTs still acted like bridges to connect each piece and provide more pathways for electron
transmission. This also partially helped to maintain a low resistance of FSCs at larger strains.

3.3.7 Improved stretchability and reliability of FSCs

To further improve the electrical stability as well as the stretchability, FSCs were
transferred onto a pre-stretched PDMS substrate with a tensile strain of 100%. The sheet
resistance of the sample was evaluated and shown in Figure 3-45a. It has been found that
FSCs showed a stable sheet resistance (~0.1 /o) with a small variation of 7% under 100%
stretching. This result represents a three-fold of improvement in the electro-mechanical
properties of FSCs compared to the previous case when the non-pre-stretched FSPC was
strained to 30%. Such stable electro-mechanical performance of FSCs is attributed to the
highly flexible structure of the hybrid nanowires and protection of PDMS. Further increase of
the pre-strain ratio of the PDMS substrate could result in an even more stable electrical
performance and improved stretchability. Moreover, the maximum strain was increased to
800% before causing mechanical breakdown of pre-stretched FSCs due to the use of even
softer PDMS (ELASTOSIL®RT 4600A/B).

The electrical reliability test was also carried out on the high precision load/displacement
measurement machine with a strain rate of 5 mm/s to evaluate the reliability of FSCs on the
pre-stretched silicon rubber substrate, with the results shown in Figure 3-45b. During the first
500 cycles, the FSCs were stretched with 50% strain and showed a constant resistance (R/Rg
~ 1 at 0% strain), and for the second 500 cycles, FSCs were stretched to an increased strain
ratio of 100% and also showed a stable resistance (R/Ro ~ 1 at 0% strain). At the last 500
cycles, FSCs were stretched with a further increased strain of 130%. The resistance still
remained stable with a slight increase of 10% (R/Ro = 1.1 at 0% strain). Such stable electrical
performance of the FSCs is attributed to the intrinsic flexibility of the multi-functionalized
CNT based hybrid nanowires and the sufficient protection from the PDMS layer. These
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Figure 3-46: Schematic drawing of the LED circuit for the stretching demonstration. FSCs
were fixed between two clamps of the stretching setup and connected with a commercial
power source and LED. The working voltage of the LED is 2V.
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stretching (see video S1). Compared to the initial light state (strain = 0%), the LED
demonstrator remained the same illumination intensity under different stretching ratios (50%
and 100%). The optical image of the conductor surface showed that some wrinkles appear
against the direction of stretching at the initial state and disappear as the strain decreased. The
good reliability of the FSCs on the pre-stretched substrate was attributed to the excellent
flexibility of hybrid nanowires and the sufficient protection from PDM
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results indicate the stable and superior electro-mechanical properties of FSCs under larger
stretching ratios compared to other reports on elastic conductors in literature[72][184-193].
For example, electronic whiskers based on patterned carbon nanotube and silver nanoparticle
show a three times increase in resistance at a small strain of 2.4% due to the increase of
distance between individual silver nanoparticles[186]. Pre-stretched PDMS substrate with
copper coating suffer poor reliability caused by cracks formation during repeated
stretching/releasing cycles[176]. Stretchable conductors comprising of silver nanowires suffer
an irreversible increase of resistance after the first stretch/release cycle due to the rigid
structure of silver nanowires, and they also show poor electro-mechanical performance and
low electrical stability[185,187]. Many metal/polymer composite films exhibit lower
reliability than the hybrid nanowire based FSCs[188-190]. A variety of reported FSCs
comprising of CNTs and elastic polymers show resistance that are orders of magnitude higher
than that of multi-functionalized CNT based hybrid nanowires based FSCs[184,191-193].

A LED demonstrator was built to illustrate the resistance change of the FSCs on a
pre-stretched PDMS substrate, which was stretched at different strain ratios with the assist of
high precision load/displacement measurement machine. Figure 3-46 shows the schematic of
the circuit of the LED demonstrator comprising of the conductive trace fixed between two
clamps of the load/displacement machine, an LED and power source. The conductive trace
was cyclically stretched with a strain rate of 5mm/s. The working voltage of the LED is 2V.

The lit images and the surface morphology of the conductive trace are shown in Figure
3-47a-b. Compared to the initial light state (strain = 0%), the LED remained the same
brightness under different strain ratios (50% and 100%). Due to the prestretched PDMS
substrate, the surface of conductor showed some wrinkles running opposite to the direction of
stretching in the initial state (0% strain) and these started to disappear as the percentage strain
was increased. Those wrinkles would raise challenges to the direct connection between
conductive wires and functional devices. Therefore, it is essential to combine both
non-prestretched and prestretched FSCs for meeting various requirements of real applications.
The sufficient protection from the PDMS layer prevented the conductive layer from getting
any structural damage.
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Chapter 4

Conclusions and Outlook

The thesis focuses on developing flexible and scalable chemical approaches to
functionalize CNMs for different applications, ranging from electronics to composite and
biomedicine. According to the bonding difference between CNMs and the functional
components, the functionalization methods can be divided into two groups, which are
covalent functionalization and non-covalent functionalization.

Covalent functionalization of the CNM’s surface is based on reactions with the
oxygen-containing groups bonded directly to the n-conjugated skeleton of the CNMs. The
first part in this chapter introduced an efficient surface activation process using simultaneous
oxidation and ultrasonication to activate the CNT surface. It shows much higher activation
efficiency than the traditional acid etching processes. Self-assembly of silver nanoparticles on
CNT surface were achieved in a complex silver coating solution where a stable silver
nanoparticle deposition speed was maintained due to the sustained ion release property of
metal-ion chelates. As a result, finely grained and uniform silver nanoparticles were
successfully deposited on the surface of activated CNTs. The developed silver/CNT
composites show strong antibacterial property to E.coli bacteria. The second part of the
chapter presents covalent functionalization of graphene oxide for cement reinforcement. The
key benefit of FGO lies in its ability to form covalent bonds with C-S-H whilst having
minimum effect on the workability of mortar paste. The reinforcement of FGO leads to
significant mechanical strength improvement. With up to 40% increased cement early and
ultimate strength due to the incorporation of FGO, Fast demolding and manufacture of lighter,
slimmer constructions become highly possible, which give major competitive advantages in
many applications when the commodity demand is lower and expensive transport costs are
kept down. The decreased consumption of cement would also result in a reduction of CO,
emissions. The third part of the chapter focuses on covalent functionalization of graphene
based films that act as heat spreaders for hotspot cooling. The covalent bonding between GBF
and the substrate is realized via the linkage of a silane coupling agent which can significantly
reduce the thermal interface resistance and improve the cooling effect. Such results show
great potential in the thermal management of high-power density devices.

Non-covalent functionalization utilizes various functional molecules or active species as
assembly mediators to functionalize the surface of CNMs via non-covalent interactions, such
as hydrophobic, n-7 stacking, van der Waals' force and wrapping interaction. The first part in
this chapter presents a method of non-covalent self-assembly of high-thermal-conductivity of
graphene films. The fabrication of the graphene film is based on phase change of graphene
oxide sheets from random dispersion to liquid crystal in agueous solution, and followed by
graphitization and pressing. It yields smooth, large-grain and turbostratic-stacking GFs with
an in-plane thermal conductivity over 3200 W/mK, which is superior to currently existing
thermally conductive pyrolytic graphite sheets by over 60%. The fabricated GFs also have
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excellent flexibility and mechanical tensile strength. It thus opens for addressing major heat
dissipation issues in current form-factor driven electronics and other high power driven
systems. The second part of this chapter introduced the non-covalent functionalization of
graphene for high thermal conductive adhesive. Liquid exfoliated few-layer graphene was
utilized as fillers to improve the thermal conductivity of the thermal conductive adhesive. To
overcome the Van der Waals' force between graphene layers, proper solvents with similar
surface tensile as graphene were selected as the exfoliation solvents, which demonstrated
excellent exfoliation efficiency and solution stability. Thermal conductivity of thermal
conductive adhesive with 3% of graphene was increased about four times than the reference
sample, which demonstrated superior heat dissipation properties. The viscosity of the paste
was regulated in an acceptable range by decreasing the interaction of nanofillers and polymer
binder molecules. The third part of this chapter presents a non-covalent functionalization
process for synthesizing intrinsically flexible multi-functionalized CNT based hybrid
nanowires. The multi-functionalized CNT based hybrid nanowires were synthesized with
different functional materials on the surface of CNTs to produce a metal nanoparticle coating
layer and form uniform dispersions whilst possessing the CNT’s original structural integrity
and high flexibility. The synthesized multi-functionalized CNT based hybrid nanowires
possess many excellent properties, such as good dispersability and stability in various polar
solvents, large flexibility and high electrical conductivity. These extraordinary properties
facilitate the application of hybrid nanowires in the fabrication of flexible and stretchable
circuits with high resolution, which show good flexibility and stable electrical performance
under different structural deformation.

Future work will be focused on improving the current functionalization processes of
CNMs for diverse applications. For example, the surface activation processes presented in the
thesis may bring adverse effects to CNT’s structure and properties, such as decreased aspect
ratio, poor mechanical strength and low electrical conductivity. To minimize such effects, the
oxidation degree of CNTs needs to be regulated through controlling the activation time and
temperature. The fabricated metal coated CNT hybrids have the advantages of light weight
and low costs, which can be used for replacing the traditional pure metal fillers in the
conductive adhesive. To meet the requirement of the adhesive for high electrical and thermal
conductivity, the metal coverage ratio on the surface of CNTs needs to be improved till to
form complete metal shells. The second part of future work is to study size effect of GO to the
cement reinforcement, and also focus on different types of cement applications, such as
self-compacting concrete. The third part of future work is to improve the functionalization of
GBFs. The original APTES functionalization process requires the usage of GO to build
covalent bonds with the silica substrate. However, it is well-known that GO is a poor media
for phonon transfer due to the effect of oxygen. Therefore, new functional agents need to be
explored to replace APTES and GO to improve the heat dissipating performance of GBFs.
We will setup production lines for large scale fabrication of GFs, Finally, the developed
multi-functionalized CNT based hybrid nanowires have demonstrated good flexibility and
high electrical conductivity. More applications using the hybrid nanowires will be
investigated, such as electrodes, sensors, catalysts, thermal management and biomedical
materials.
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