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Abstract
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This thesis work explores electrical conductors based on few-layer graphene flakes as an enabler
for low-cost, mechanically flexible, and high-conductivity conductors in large area flexible and
printed electronic devices. The flakes are deposited from aqueous solutions and processed at
low temperature.

Graphene is selected for its excellent properties in mechanical, optical, electronic, and
electrical aspects. However, thin films of pristine few-layer graphene flakes deposited from
dispersions normally exhibit inferior electrical conductivity. One cause responsible for this
problem is the loose stacking and random orientation of graphene flakes in a graphene
deposition. We have solved this problem by implementing a simple post-deposition treatment
leading to dramatically densified and planarized thin films. Significantly increased electrical
conductivity by ~20 times is obtained. The 1-pyrenebutyric acid tetrabutylammonium salt as
an exfoliation enhancer and dispersant in water yields ~110 S/m in conductivity when the
graphene based thin films are processed at 90 °C. In order to achieve higher conductivity, a
room-temperature method for site-selective copper electroless deposition has been developed.
This method is of particular interest for the self-aligned copper deposition to the predefined
graphene films. The resultant two-layer graphene/copper structure is characterized by an overall
conductivity of ~7.9 x 10° S/m, an increase by ~7000 times from the template graphene
films. Several electronic circuits based on the graphene/copper bilayer interconnect have
been subsequently fabricated on plastic foils as proof-of-concept demonstrators. Alternatively,
highly conductive composites featuring graphene flakes coated with silver nanoparticles with
electrical conductivity beyond 10° S/m can be readily obtained at 100 °C. Moreover, a highly
conductive reduced-graphene-oxide/copper hybrid hydrogel has been achieved by mixing
aqueous graphene oxide solution and copper-containing Fehling's solution. The corresponding
aerogel of high porosity exhibits an apparent electrical conductivity of ~430 S/m and delivers
a specific capacity of ~453 mAh g ' at current density of 1 A/g. The experimental results
presented in this thesis show that the solution-phase, low-temperature fabrication of highly
conductive graphene-based materials holds promises for flexible electronics and energy storage
applications.
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1 Introduction

Flexible electronics has been developed for around half a century and ap-
plied widely in solar cells, flexible displays, batteries, sensors, radio-
frequency identification (RFID), wearable electronics and smart devices.
Printing technology is employed in order to develop and additively fabricate
flexible electronics of outstanding performances combined with advantages
in low cost, energy efficiency and environmental friendliness. Crucial as-
pects toward the development of flexible and printed electronics, including
the processing methods (e.g., solution-phase deposition technologies), flexi-
ble substrates and conductive materials, will be briefly discussed below.

1.1 Flexible electronics

The development of flexible electronics has been explored for around half
a century across a broad range of applications including solar cells, flexible
displays, batteries, sensors, RFID tags, wearable electronics and smart de-
vices."® Compared to the conventional rigid electronics, flexible electronics
exhibits the advantages of foldability, flexibility and facile interaction with
humans. These advantages facilitate the widely emerging of flexible elec-
tronics and make it a competitive candidate for next generation commercial
products to achieve advanced smart functions, such as electronic skin which
can automatically gather biometric data about the well-being. More innova-
tive and creative flexible electronic devices represent a development direc-
tion for future electronics.

Printing technology has been demonstrated to be highly efficient, envi-
ronmentally friendly, large-area fabrication feasible and inexpensive, ena-
bling the feasible fabrication of flexible electronics.” In general, photoresist,
etching process and vacuum techniques can be avoided in printed electronic
processes. The commonly used printing techniques (screen printing, inkjet
printing, flexographic, gravure printing and aerosol jet printing) can be uti-
lized to deposit metals, semiconductors and insulators onto a variety of sub-
strates, such as polymeric substrates, thin glass, metal foils, metallized pol-
ymer films and paper.®

One of the major challenges for printed flexible electronics is to develop
low-cost and high-performance conductive materials, which are important
components used in all electronic devices. Metals, conductive polymers,
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carbon nanomaterials and carbon/metal composites, have been developed for
the realization of printed flexible conductors.”? Hybrid materials are of high
interest due to their inherited advantages in all aspects by synergic effects.
Meanwhile, large-area fabrication with industrialization potential is strongly
needed, indicating the necessity of solution-phase deposition technologies
instead of vacuum technology to produce electronic devices."

Even though great advancements have been achieved over the past fifty
years, flexible electronics still requires years to mature.'" It is still hard to
compete with the current semiconductor technologies. Lack of modeling,
simulation and analysis tools to support design for flexible electronics is one
of the roadblocks for advancement. Advancements in flexible electronics are
still underway and we expect to see more of this become a reality, such as
the electronic skin which can automatically gather biometric data about the
well-being and the navigational map shown on the automotive glass for nav-
igation.

1.2 Solution-phase deposition

The production of electronic devices, especially flexible devices, using solu-
tion-phase deposition shows advantages compared to competing approaches
like vacuum technology based deposition. Solution-phase deposition can
increase throughput and simultaneously decrease cost, which is desired in
commercial manufacture. The commonly used solution-phase deposition
methods include drop-casting, spin-coating, dip-coating, spray coating and
the printing techniques mentioned earlier.'> They are briefly introduced be-
low.

Drop-casting

Drop-casting (Figure 1a) involves the process of casting solution onto a sub-
strate and subsequent evaporation of the solvent to deposit materials of inter-
est to form a thin film." It is a very simple technique with low waste of ma-
terial. However, it is limited in large area coverage and the deposition thick-
ness is difficult to be precisely controlled. The uniformity of the deposited
thin film is poor. One possible reason for the uniformity problem is the cof-
fee ring effect, rendering a thicker edge compared to the central area.'

Spin-coating

Spin-coating (Figure 1b) is commonly adopted to form a thin film with rela-
tively uniform thickness, in which a drop of solution is dropped on a sub-
strate and then the substrate is rotated to a certain spin speed to spread the
liquid and evaporate the solvent simultaneously. The thickness of the thin
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film is inversely correlated to the spin speed, but also related to the viscosity
and concentration of the dropped solution."” It possesses the advantages of
good uniformity, controllability of thickness and reproducibility. But it is
wasteful of materials and is not compatible with large area production. In
addition, rapid evaporation of the solvent limits the time required for a well
molecular ordering, which is usually translated to a good crystallization of
the deposited films.'

Dip-coating

Dip-coating (Figure lc) is a facile technique in which a substrate is com-
pletely immersed in a solution and then withdrawn at a controlled speed
along with the evaporation of sedimentary wet coating to form a dry film."”
' The thickness, homogeneity and micromorphology depend on withdrawal
velocity, evaporation rate of solvent, viscosity and concentration of the solu-
tion. The film achieved by dip-coating owns quite good uniformity and very
thin thickness. Dip-coating possesses large area coverage by easy operation.
However, the deposition is on both sides of the substrate. It also wastes ma-
terial and is time consuming.

Spray coating

Spray coating (Figure 1d) is carried out by ejection of solution droplets from
nozzles. The small droplets are formed through aerosolization. A thin film
can be achieved by merging wet droplets into a full wet film on substrate and
then drying, or droplets drying independently on substrate. A rougher film is
obtained in the latter case, but wettability issue can be avoided wherein due
to the absence of forming full wet film. The size and shape of spray nozzle,
the atomizing gas pressure, as well as the concentration, viscosity and sur-
face tension of the deposited solution influence the quality of spray
coating.” Spray coating is roll-to-roll compatible and suitable to various
substrates with large area coverage.”'
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- a) b)

< !
//-" iSubsErale
Substrate I
Drop-casting Spin-coating
I Pull
c) d)

Dip-coating Spray coating
Figure 1. Schematic illustration of a) drop-casting, b) spin-coating; c) dip-coating;
d) spray costing.

Printing

Printing techniques can be divided into contact printing and non-contact
printing, depending on whether there is a directly physical contact between
the printing equipment and the substrate or not during the ink transferring
onto the substrate.'” Contact printing includes screen printing, flexography
and gravure printing, while non-contact printing includes aerosol jet printing
and inkjet printing.

Screen printing

Screen printing can be performed in a planar (Figure 2a) or roll-to-roll man-
ner, in which ink is squeezed by a blade through a screen mesh onto a sub-
strate along with defining a designed pattern.” Screen printing is a simple
and mature technique which is suitable for paste-like inks with high viscosity
(0.1 to 10 Pa-s).” And the thickness of achieved film typically ranges from
several tens to a few hundred micrometers. However, the resolution is lim-
ited to the level of ~50 to 150 um** and ink is wasteful during the printing.
In addition, the speed of the planar system is relatively low compared with
the other conventional printing techniques.”

Flexography and gravure printing

Flexography (Figure 2b) is a letterpress printing technology, in which quick-
drying and semiliquid ink is used. It is a roll-to-roll direct printing technique
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and a high speed printing process. However, due to the Halo effect that may
occur during the printing, a low resolution and instability of pattern size that
leads to smudge or lumpy pattern are expected.”

Gravure printing (Figure 2¢) involves the process of transferring ink into
the grooves of the gravure and being followed by picking up the ink onto a
substrate.”” It is a high speed and high quality printing technique with high
throughput, uniformity and long print runs.”® There are several parameters,
including ink properties (viscosity of the ink and evaporation rate of the sol-
vent), proper cell spacing, shear force on ink transferring, that affect the
quality of the printed patterns.””>® Changes in the patterns for both flexog-
raphy and gravure printing techniques require a redesign of printing rolls,
which is both time-consuming and expensive.

Impression roller
a) c)™
Movement
Stencil coated

mesh =
Printing substrate

Squeegee

Ink ] \ Gravure cylinder

L)

Scree printing Gravure printing

Plate cylinder Impression cylinder

b) Anilox roller 504 printing plate  and substrate

Ink chamber and doctor blade system
Flexography

Figure 2. Schematic illustration of az) screen printing performed in a planar manner;
,29

b) flexography; c) gravure printing.”

Aerosol jet printing

Aerosol jet printing (Figure 3a) is a direct write technique for manufacturing
patterns on a substrate. The ink is aerosolized and delivered to the substrate
by carrier and sheath gas.’*>' It works at low temperature, which allows the
utilization of many materials and substrates. Aerosol jet printing can be also
applied for irregular three-dimensional (3D) surfaces and complex geome-
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tries since the distance between the nozzle and the substrate is controllable.**
It can be used in the manufacture of flexible displays, high efficiency solar
cells, sensors, resistors, printed antennae, printed transistors, and so on. But
there are still some challenges, such as lowered quality caused by carrier and
sheath gas. The flow rate of the carrier and the sheath gas, as well as the
speed of the stage, influences the quality of the printed patterns.*

Inkjet printing

Inkjet printing (Figure 3b) has been extensively explored by both commer-
cial and scientific communities. A desired pattern can be printed directly on
a substrate from a digital format stored in a computer. It involves ejection of
ink from a nozzle and subsequent deposition of the ink droplet onto a sub-
strate.'” The viscosity and surface tension of the ink, as well as the surface
energy of the substrate are important parameters in inkjet printing. It is nec-
essary to balance the processing parameters to precisely control the fluid
momentum transfer and droplet spread.’*>* Drying of the droplet on a sub-
strate is just similar to that in a normal drop-casting. It is a low material
wastage and environmentally friendly method. The viscosity of the ink is in
the range of ~1-10 mPa-s and surface tension ranges from ~20 to 70
mN/m.**?” The achieved thickness of the printed films is usually up to a few
hundreds of nanometer at most and the reliable feature resolution is limited
to ~15-20 um for a high throughput production.'®*® In general, the printing
speed is low in comparison with the other printing techniques and the nozzle
is easy to be clogged during the printing, which are the challenges in inkjet
printing.

N, gas aerosol N, gas

&

~ Substrate ~ Substrate

Aerosol jet printing Inkjet printing
Figure 3. Schematic illustration of a) aerosol jet printing and b) inkjet printing.

1.3 Substrates in flexible electronics

Substrates play an important role in the development of flexible electronics.
The most used substrate materials include polymeric substrates, thin glass,
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metal foils, metallized polymer films and paper.”**® Each kind of substrate
has its specific benefits and could be used to fulfill specific requirements.
The selection of substrates strongly depends on their properties, such as elec-
trical and thermal conductivity, thermal deformation, optical transmittance,
mechanical flexibility, solvent resistance and the compatibility with the de-
posited materials and the processing steps to be used.

Polymeric substrates

Polymeric substrates are the most commonly used ones in flexible electron-
ics due to their low cost, robustness to deformation and large freedom in
design. Polyimide (PI), polycarbonate (PC), polyethylene naphthalate (PEN),
polyethylene terephthalate (PET), polyvinylidene difluoride (PVDF), poly-
dimethylsiloxane (PDMS), polyurethane (PU) and thermoplastic polyure-
thanes (TPU) are the mainly used polymeric substrates.*” *>* The maximum
processing temperature of polymeric substrates is typically limited to several
hundred degrees Celsius according to the glass transition point of the sub-
stractes.*” > Meanwhile, additional barrier coating is necessary in some ap-
plications because of the inferior hermeticity. The purpose of this is to strict-
ly exclude water and/or oxygen.”® Prior surface treatments are usually re-
quired before the fabrication due to their low surface energy. Compared with
glass or metal, the Young’s moduli of most polymeric substrates are much
lower.

Table 1. The comparison of the different polymeric substrates and glass substrate.’

Glass substrates

Both glass and polymeric substrates can be optically transparent, which ena-
bles them to be applied in optoelectronic applications. Especially for glass, it
has a wide optical window. The flexible glass substrates have been used in
the area of thin-film transistor, lighting, displays, touch sensors and photo-
voltaics due to the high-quality surface, optical transmission, hermetic barri-
er property, thermal capability, dimensional stability and chemical compati-
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bility.*"*>’ Flexible glass is also compatible with sheet and continuous pro-
cessing such as roll-to-roll fabrication. However, the glass substrates are
fragile prone to breaking when being bent too much. And the broken glass
generates fragments which may induce particle contamination.*

Metal foils and paper substrates

Metal foils are compatible with high temperature fabrication. They show
high electrical conductivity, good stability against stretching and excellent
hermetic barrier property comparable with polymeric substrates. However,
metal foils are readily to form irreparably wrinkle, which will influence the
performance of the fabricated devices involving web handling.'® High cost
and the restriction on the freedom of design limit their wide applications.

Paper substrates are environment-friendly and easy to be folded and un-
folded. Paper electronic devices have attracted lots of interests due to the low
cost and recyclability of paper. Various electronic devices, such as capacitor,
batteries and smart cards, have been fabricated on paper or paper-like sub-
strates.’®' However, due to the porosity of paper substrates, their applica-
tion in 1p(;rinted electronics, which need high hermetic barrier property, is
limited.

1.4 Compatibility between deposited materials and sub-
strates

The properties of both substrate and deposited solution could influence the
interfacial wettability and adhesion.” Good wettability indicates that the lig-
uid spreads evenly over the surface of substrate without forming droplet.
Contact angle (¢), which measures the angle between the solid-liquid inter-
face and the liquid-vapor interface, is used to determine the wettability of
liquid on the surface of a substrate.®” The interrelation of contact angle and
the interface energy between the solid and vapor (Vs,), the interface energy
between the solid and the liquid (yy), and the interface energy between the
liquid and vapor (Yiy) follows Young’s equation:

Ysv — Vst — Y €0s6 =0 (L.1)

As shown in Figure 4, a liquid drop completely wets the substrate when 0 =
0°, while it does not wet the substrate at all when 8 = 180°. Liquid is easier
to spread evenly over the surface if 0° < 8 < 90° and the substrate surface is
considered hydrophilic, while liquid tends to form droplet if 90° < 8 < 180°
and the substrate surface is considered hydrophobic.
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48 A

g=0° 0°<06<90° 90° <6< 180° 6=180°
Figure 4. Liquid drop on substrate surface with different contact angles.

Many factors determine the adhesion between deposited materials and sub-
strate coherently, for example, the chemical and physical forces at the inter-
face. Specifically, the factors contain chemical composition, functional
groups, porosity and surface morphology of the substrate; chemical compo-
sition, evaporation rate of solvent and rheological behavior of the deposited
solution. Substrates like metal and glass are normally of high surface energy
and most polymeric substrates are of low surface energy. The adhesion can
be enhanced by chemical treatment, surface roughness enhancement, flame
treatment, corona discharge and plasma treatment.”* % Flame and plasma
treatments can realize surface cleaning and also create functional groups on
the surface to change its surface energy. However, the hydrophobic property
could recover if the substrate is exposed to air for a long time.*® The chemi-
cal treatment can adjust both the chemical and physical properties of the
substrate surface to improve the interactions between the deposited material
and the substrate.”’

1.5 Conductive materials in printed electronics

With the advancements of flexible electronics, printed electronics of low
cost, environmental friendliness and flexibility have attracted tremendous
interests.®* Many factors (such as materials and manufacturing processes)
determine the progress of printed electronics, in which the fabrication of low
cost and environmentally friendly conductive inks is the crucial one. In elec-
tronic circuits, interconnect structures are one of the most important part
concerning the overall chip performance. The RC time delay of a signal
propagating along a line is approximately equal to 0.89RC, where R is the
line resistance and C is the total capacitance associated with the line.”’ Low-
er resistance of the line can provide shorter time delay in circuits. Hence,
fabricating highly conductive interconnect structures is crucial in printed
electronics. The most used conductive inks include metals, conductive pol-
ymers, carbon nanomaterials and carbon/metal composites.

1.5.1 Metals

Metals, such as Ag (6 = 6.3 x 10’ S/m), Cu (6 = 5.96 x 10’ S/m), Al (c =
3.78 x 10" S/m), Ni (6 = 1.43 x 10’ S/m) and Au (o = 4.42 x 10’ S/m), ex-
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hibit excellent conductivity acting as the connection component in the elec-
tronic devices. It is the primary advantage for metals to be used as conduc-
tive inks. Metal-based conductive inks normally employ metal nanoparticles
dispersed in liquid, metal organic decomposition and liquid metal.”' "™ Melt-
ing temperature of metal nanoparticles is much lower than that in bulk mate-
rials, especially in the case when the particle diameter is below 100 nm. This
property makes it possible to sinter metal nanoparticles at a relative low
temperature in printed electronics.”””’ Silver is widely used and frequently
reported for conductive ink since it possesses high conductivity, easy prepa-
ration and resistance to oxidation.”” Silver nanoparticle inks have been
already commercially available. However, the cost of silver inks is high.
Compared with silver, copper is much cheaper and its conductivity is close
to silver, which makes it an alternative ink filler.** However, copper is easy
to be oxidized when it is exposed in ambient atmosphere particularly at na-
noscale in size and its oxide is non-conductive. It is necessary to prevent
copper from oxidation, which needs an additional step and complicates the
fabrication process.®' Gold and platinum are expensive materials which will
result in the elevated cost of the inks.” The other metals (such as nickel, tin,
iron and aluminum) can also be used in conductive inks, but they all suffer
from oxidation as copper.

The preparation of metal nanoparticles can be divided into two categories,
i.e. chemical method and physical method. The chemical method includes
liquid phase reduction, decomposition of precursor and electrochemical
method, while the physical method is associated with the transition of bulk
materials into nanoparticles followed by the dispersion of the nanoparticles
in some appropriate media.**®*® In order to extend the shelf time of metal
nanoparticles used as conductive ink, it is necessary to guarantee the dispen-
sability and to prevent inks from oxidizing. Adding proper stabilizer is an
efficient way to avoid the agglomeration of metal nanoparticles. Polyvi-
nylpyrrolidone (PVP), which owns both hydrophobic and hydrophilic groups
and can simultaneously interact with metal nanoparticles and the dispersion
medium, is one of such polymer surfactant stabilizers. It is a common ap-
proach to employ PVP with different molecular weight to formulate the inks
of silver or copper.”®*” The conductive inks formulated by metal nanoparti-
cles need a subsequent post-treatment (e.g., annealing) for sintering the na-
noparticles to make the ink deposited on a substrate highly conductive.

Liquid metal is a potential candidate for conductive ink since it possesses
intrinsically high conductivity (~10° S/m). It is a kind of metal that is in lig-
uid phase at room temperature and superior to many other liquid materials in
the aspect of electrical and thermal conductivity at low temperature.” For
instance, the eutectic gallium indium alloy (EGaln) and GalnSn exhibit low
toxicity, low melting point and high electrical conductivity (~3.4 x 10° S/m
for EGaln and ~3.5 x 10° S/m for GaInSn), making them attractive in flexi-
ble electronics.®®
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1.5.2 Conductive polymers

Conductive polymers have attracted much attention due to their excellent
solution-phase processability, mechanical flexibility and light-weight. The
solution-processible organic compounds can avoid time consuming and high
cost of vacuum fabrication processes. In addition, they exhibit good mechan-
ical stability and adhesion on flexible plastic substrates even under bending
conditions because of the organic nature. However, their shortcomings can-
not be overlooked, such as low conductivity which may lower the perfor-
mance of electronic devices.* The conductivity of solution-processable con-
ductive polymers ranges from very low values up to the value of ~10* S/m

(Figure 5).”°
Conductive polymers |
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Figure 5. The range of conductivity of conductive polymers and bulk metals.

The development of organic electronics based on conducting polymers was
triggered since the discovery of polyacetylene by Macdiarmid et al. in
1977.°" Polypyrrole (PPy), polyaniline (PANI), polyacetylene (PAc) and
polythiophenes (PTh) are the most common conductive polymers (Figure 6).
In addition, poly(3,4-ethylenedioxythiophene) (PEDOT), which is formed by
polymerization of bicyclic monomer 3,4-ethylenedioxythiophene, is also one
of the promising conductive materials due to its versatile processability, high
electrical conductivity, good chemical and air stability. Polystyrene sulfonate
(PSS) is usually added to the aqueous PEDOT solution to increase the stabil-
ity of the dispersion.”” Conductive polymers have been used in various fields
like displays, transistors, wearable electronics and sensors. Several examples
are worth to noting, such as the application of PANI nanofiber ink in sen-
sors, circuit and conducting films by inkjet printing,” the employment of
PPy to produce chemiresistor sensors through inkjet printing,”* the fabrica-
tion of transparent and flexible PEDOT:PSS/PANI electrodes using inkjet
printing.”
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Figure 6. The structural formula of polypyrrole, polythiophenes, poly(3,4-
ethylenedioxythiophene), polyaniline and polyacetylene.

1.5.3 Carbon nanomaterials

Carbon nanotubes and graphene are two major carbon allotropes. They own
high electron mobility, high conductivity, outstanding optical property,
chemical stability, high mechanical flexibility, which make them promising
competitive conductive materials in flexible electronics.”™®

Carbon nanotubes

Carbon nanotubes (CNTs) are cylindrical hollow nanostructures with walls
composed of seamless rolled-up one or more layers of carbon atoms in hex-
agonal lattice, referring to single-walled carbon nanotubes (SWCNTSs) or
multi-walled carbon nanotubes (MWCNTS), respectively. The typical diame-
ter ranges from 0.8 to 2 nm for SWCNTs and from 5 to 20 nm for
MWCNTSs. Their lengths are from less than 100 nm to several centimeters.”’
The intrinsic electrical conductivity of individual CNTs is ~10® S/m for
SWCNT and ~107 S/m for MWCNT. But the value is much lower in most
practical cases because of the formation of different defects or impurities
during the synthesis.” A thin film formed with CNTs shows good mechani-
cal properties of stretchability and flexibility due to the superior mechanical
properties of individual CNTs and the network structure of the CNT film.
The advantageous electrical and mechanical properties make CNTs a
promising candidate for printed electronics. However, poor inter-tube con-
tact among the individual CNTs in printed patterns results in high contact
resistance. In addition, aggregation of CNTs due to the van der Waals inter-
action is a major challenge for the formulation of CNT inks. Aggregated
CNTs easily clog nozzles in inkjet printing. There are several approaches for
achieving stable CNT dispersions depending on the hydrophobic property of
CNTs, including dispersion of CNTs in organic solvent without/with stabi-
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lizer, dispersion of CNTs in aqueous solution in the presence of proper stabi-
lizer, modification of CNTs by chemical method to enhance the interactions
with the dispersion medium.” In order to obtain the homogeneous CNT
dispersion, certain energy must be injected to break the aggregation of CNTs
and this can be implemented by means of long-time ultra-sonication, high-
shear mixing, ball milling and high pressure homogenization.”

CNTs have been utilized in various applications, in which transparent
electrode is one of the most interesting applications.”® CNTs could provide a
cheaper alternative compared with the commercial indium tin oxide (ITO).
Screen printing, inkjet printing and aerosol jet printing are commonly used
for CNT deposition on different substrates.”” For example, high-performance
carbon nanotube transparent conductive films are achieved by inkjet printing
employing “coffee ring effect”.'” The obtained films of sheet resistance of
156 Q/o and transparency of 81% at 600 nm after post-printing treatment
with hot nitric acid have been demonstrated.

Graphene

Graphene, a two-dimensional (2D) monolayer of sp* bonded carbon atoms
arranged in a honeycomb lattice, has attracted considerable scientific atten-
tion in recent years due to the unique electronic, mechanical and thermal
properties, as well as the property of high surface area.” ''"'% It has wide
potential applications for transparent conductive films, sensors, transistors,
catalyst supports and energy storage devices.'**'%

Various approaches can be used for production of graphene and each one
has its pros and cons. The commonly used approaches include chemical va-
por deposition (CVD), mechanical cleavage, liquid-phase exfoliation, reduc-
tion of graphene oxide, annealing of silicon carbide (SiC) and molecular
assembly. CVD graphene can be produced in roll-to-roll manner to achieve
infinite size and be easy to obtain one layer graphene with few defects.'”'%
However, CVD graphene is polycrystalline and needs to be transferred to
desired substrates (insulator or semiconductor substrate) from its growth
metal substrate (such as Cu) firstly for the following processes in applica-
tions, during which the graphene could be contaminated and destroyed. Me-
chanical cleavage (“mechanical exfoliation” in Figure 7) provides the high-
est quality and cleanest graphene, while the quantity is low and size is also
limited.'” Both liquid-phase exfoliation and reduction of graphene oxide
exhibit mass scalable and cost effective. Liquid-phase exfoliation utilizes
physical forces, such as ultra-sonication and shear mixing, to exfoliate gra-
phene sheets from pristine graphite.''*''" In general, the achieved graphene
sheets can be few-layer with few defects. But it is difficult to obtain large
size and single layer graphene. The pristine mono- and few-layer graphene
sheets are not dispersible in most solvents including water. Stabilizer is a
must to achieve stable graphene dispersions. But most stabilizers in use are
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non-conductive which degrade the conductivity of the obtained graphene
thin films. Production of graphene flakes via oxidation and reduction pro-
cess, which yield reduced graphene oxide (rGO), is highly scalable.''? This
production method however suffers from high density of defects in the gra-
phene. SiC graphene is grown directly on semiconductor substrate and can
be controlled to form single layer.'”’ Nevertheless, some carbon atoms bind-
ing to Si by covalent bonds results in defects in graphene and this method is
also too expensive to use in large scale.''* We mainly focus on shear mixing
for production of graphene, considering that it is inexpensive, scalable and
easy to be used in flexible electronics.
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Figure 7. Different methods for production of graphene, and their corresponding
size, quality, price, as well as applications. Reprinted with permission from [109].
Copyright (2012) Springer Nature.

Since pristine graphene is hydrophobic, it is necessary to functionalize its
surface, e.g., by applying proper stabilizer, to disperse graphene in aqueous
solution. In order to utilize graphene dispersion in printing technology, ad-
justment of the rheological properties of the dispersion is necessary for ink
formulation. There are several requirements for graphene based inks, includ-
ing proper viscosity and surface tension (1-25 mPa-s and 25-50 mN/m, re-
spectively, for inkjet printing),'" stable dispersion without aggregation and
precipitation, simple synthesis procedure, good adhesion of deposited fillers
to substrate and good conductivity of the achieved patterns. Hotplate and
oven are the most used methods for thermal annealing in lab. Sometimes in
order to remove the non-conductive stabilizer, the annealing temperature at
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or higher than 300 °C is required. However, the high annealing temperature
is not compatible with most of the polymeric substrates.

The formulation of stable graphene inks can be achieved from pristine
graphene with appropriate stabilizer or GO without the need of stabilizer.
The most used stabilizers contain surfactants, ethyl cellulose, polymers, pol-
ycyclic aromatic hydrocarbons and ionic liquid. Both water and organic sol-
vent (such as N-methyl-2-pyrrolidone (NMP), dimethyl sulfoxide, ethanol,
terpineol and dimethylformamide) are employed to disperse graphene.'

Ferrari et al. reported a fabrication method for large-area graphene devic-
es using inkjet printing, in which the graphene-based ink is produced
through liquid phase exfoliation of graphite in NMP.""” The printed thin film
transistors possess mobilities up to ~95 cm*V's™' and show a combination
of transmittance of ~80% and sheet resistance of ~30 kQ/a. However, NMP
is not environmentally friendly and better to be avoided in printing process.
Hersam et al. developed a graphene ink based on graphene/ethyl cellulose
powder to achieve stable inkjet-printed features on various substrates.''® The
graphene ink is prepared by exfoliation of graphite in the presence of ethyl
cellulose in ethanol. The inkjet-printed graphene features exhibit uniform
morphology with conductivity of 2.5 x 10" S/m after thermal annealing at
250 °C for 30 min. They are also compatible with flexible substrates and
show outstanding tolerance to bending stresses. However, the presence of
the salt-induced flocculation and redispersion of graphene/ethyl cellulose
leads to a complicated procedure and limits the commercial application.
Friedrich et al. described the gelation of highly concentrated gra-
phene/polymer dispersions and utilization of the inks in screen printing.'"
The printed features show conductivity of 1.3 x 10° S/m only by drying at
100 °C for 5 min, which has potentials in roll-to-roll applications of printed
flexible electronics.

1.5.4 Graphene/metal composites

Production and properties of graphene/metal composites largely depend on
mass scalable production of graphene and homogenous dispersion of gra-
phene flakes and metal ions/nanoparticles. Both of these two parts are cru-
cial for achieving a graphene/metal composite with improved properties for
the applications.'*’ Graphene/metal hybrid inks have attracted great interest
in recent years.'?''* The hybrid inks could inherit advantages of both gra-
phene and metal, e.g., enhanced conductivity of a resultant graphene/metal
composite film compared to a graphene film alone and lowered cost due to
reduction of the use of metal, particularly, precious metal providing that the
cost of graphene production becomes cheap enough. In addition, the incor-
poration of graphene to the composites is expected to enhance the specific
strength and thermal conductivity.'*®
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In general, graphene/metal composites are obtained by mixing graphene
nanosheets together with metal nanoparticles, in which the most studied one
is graphene/silver composites. The reason is that silver inks are more cost
effective in comparison with palladium and gold based inks and are more
chemical stable than copper inks.”

Han ef al. reported a Ag-graphene hybrid ink for electronics on paper.'**
The deposited Ag nanoparticles on the surface of graphene sheets decrease
the contact resistance of graphene junctions and the presence of graphene
builds efficient electrical pathways between the aggregated Ag nanoparticles
to reduce the negative influence of voids. The resulting conductivity is ~5.3
x 10° S/m after curing at 100 °C. The conductivity of the tested pattern is
only decreased slightly even over thousands of bending cycles or rolling.
Song et al. fabricated highly conductive transparent patterns with a Ag na-
notriangle platelet-rGO (Ag NTP-rGO) hybrid ink, in which pure water is
used as solvent.'”> Monodispersed Ag nanotriangle platelets (Ag NTPs) can
be self-assembled on GO, in which GO can be used as both dispersant and
stabilizer. The resultant Ag NTP-rGO patterns exhibit low sheet resistance of
170 Q/o and transparency of 90.2% after reduction by means of long ther-
mal treatment (110 °C for 3h in a vacuum oven). Gao ef al. synthesized a
dispersed Ag/rGO composite by anchoring silver nanoparticles (Ag NPs) on
the surface of rGO.'” The Ag/rGO composite acting as a conductive ink
filler shows good dispersibility. Ag NPs could serve as nanoscale spacers to
avoid the agglomeration of rGO and nozzle jam. The conductivity of the
Ag/rGO filler could be controlled by changing the reaction time. The inkjet-
printed patterns exhibit an optimum conductivity of 2 x 10° S/m.

1.6 Challenges in solution-phase processable graphene
based materials

Electrical conductivity is a primary figure of merit of conductive graphene
films. For the applications of interconnects, electrical conductivity deter-
mines the speed of circuits. Electrical conductivity of solution-phase depos-
ited graphene thin films to a large degree depends on the organization of the
individual graphene flakes and the type of stabilizer in use. The former in-
fluences inter-flake contacts and it remains a challenge to control the flake
orientation in graphene thin films. This is also a general issue for other 2D
materials. The latter is a severe problem when low temperature is preferred
and even required for temperature-sensitive substrates. For instance, pro-
cessing temperature lower than 100 °C is safe for cellulose based substrates.
Printed graphene/metal composite is a promising solution towards additive
manufacturing of highly conductive features. But so far most of the studied
materials suffer from either high temperature annealing or complicated pro-
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cessing steps. Further research effort is needed for solution-phase and low-
temperature processable graphene based materials that are cost-efficient and
of high performance, which motives this thesis work.
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2 Scope of the thesis

The aim of this thesis is to develop and study highly conductive materials
with few-layer graphene flakes as a key component, with deposition from
aqueous solution and low temperature processing. This work is mainly moti-
vated by the demands for low-cost, mechanically flexible, and highly con-
ductive conductors as interconnects in additive manufacturing of large area
printed and flexible electronic devices.

Graphene has been selected as the key component in the preparation of
new conductive materials due to its ultrahigh surface area, chemical inert-
ness and excellent properties in mechanical, optical, electronic and electrical
respects. However, thin films of pristine few-layer graphene flakes deposited
from dispersions normally stack loosely with random orientation, which
seriously limits their electrical conductivity. Additionally, the presence of
polymeric dispersant used in exfoliation and dispersion of graphene leads to
further degrading of the electrical conductivity unless annealing at high tem-
perature is applied. Paper I presents a post-deposition treatment method to
former problem. Individual graphene flakes were efficiently re-oriented in
as-deposited films and thus dramatically reduced the inter-flake contact re-
sistance. Densified, smoothened and homogenized graphene thin films with
increased electrical conductivity can be readily achieved as a result. The
method developed is universally applicable to solution-phase deposition of
other 2D materials.

To solve the problem associated with polymeric dispersant, Paper II uti-
lizes a small molecular 1-pyrenebutyric acid tetrabutylammonium salt (PyB-
TBA) as exfoliation enhancer and dispersant in water. With PyB-TBA, con-
ductive graphene thin films with ~110 S/m are achieved when drying is per-
formed at 90 °C. In order to further increase the electrical conductivity of
graphene films for interconnect applications, a novel room-temperature
method of site-selective copper electroless deposition that is self-aligned to
the predefined graphene films has been developed, leading to a two-layer
graphene/Cu structure with conductivity of ~7.9 x 10° S/m. Demo circuits on
plastic foils have been fabricated based on the developed technique showing
a great potential for application in flexible devices.

Alternatively, as Paper III reports, further conductivity enhancement can
be realized by composites. For this purpose, hybrid inks were prepared by
mixing pristine few-layer graphene dispersion and reactive silver solution at
different volume ratios in aqueous phase. Highly conductive and morpholo-
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gy-tunable graphene/Ag composite films on various substrates have been
readily obtained by inkjet printing with processing temperature 100 °C at the
most. The availability of graphene/Ag composite films can pave the way to
the metallization in a variety of printed devices.

As graphene oxides are cheap and highly dispersible in aqueous media, an
attempt to prepare hybrid ink with aqueous graphene oxide solution and
copper-contained Fehling's solution has been conducted. Unexpectedly, mac-
ro-assembling in the solution occurs at room temperature, leading to a for-
mation of highly conductive rGO/copper hybrid (Cu/CuyO@rGO) hydrogel
as described in Paper IV. A subsequent freeze-drying of the hydrogel leads
to aerogel. The aerogel of rGO networks decorated with Cu/Cu,O nanoparti-
cles show apparent electrical conductivity of ~33 S/m and ~430 S/m prior to
and post mechanically compression. The compressed Cu/Cu,O@rGO aero-
gel electrode delivers a specific capacity of ~453 mAh g ' at a current densi-
ty of 1 A/g, indicating a great potential application in the area of energy stor-
age.
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3 Material preparation and characterization methods

The aim of this thesis is to develop and study conductors containing few-
layer graphene flakes as key component deposited from aqueous solutions
and processed at low temperature. Aqueous graphene dispersion is obtained
by liquid-phase shear exfoliation of graphite in DI water. Conductive gra-
phene/metal hybrid materials are achieved by employing the reactive silver
solution or electroless deposition of copper. So, shear exfoliation, inkjet
printing, modified Tollens’ process and electroless deposition used for mate-
rial preparation are briefly discussed in this chapter. Characterization tech-
niques used in Paper I to Paper IV are also presented.

3.1 Shear exfoliation

Shear exfoliation is a solution-phase method to prepare 2D materials from
their bulk stack state, such as graphene from graphite. It provides a scalable
method for producing large quantities of defect-free pristine graphene sheets
in both organic solvent (such as NMP) and aqueous solution with certain
stabilizers.'"’

The mixer used in this thesis is a L5M high shear laboratory mixer, made
by Silverson (Figure 8). The mixing work-head consists of a rotor with four
blades and a screen known as the stator, as shown in Figure 8. The rotor
locates within a fixed screen. The working principle includes four stages.
Firstly, the high-speed rotation of the rotor blades generates a powerful suc-
tion, drawing liquid together with the dispersed solid materials upwards into
the center of the work-head. Secondly, the materials move towards the pe-
riphery of the work-head under centrifugal force, during which the materials
suffer a milling action in the clearance between the ends of the rotor blades
and the inner wall of the stator. Thirdly, the materials are forced to go out
through the perforations in the stator and circulated in the mixture with high
velocity undergoing intense hydraulic shear. Finally, the fresh materials are
continually drawn into the work-head along with the expelling of the materi-
als from the head to maintain the mixing cycle. The concentration of pro-
duced graphene is related to the processing parameters: rotor diameter, initial
graphite concentration, mixing time, liquid volume, rotor speed.
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Figure 8. The photographs of the Silverson model L5SM high-shear mixer (left) and
close up view of the work-head (middle and right). The top arrow (grey one) in the
right image shows the direction of rotation and the other groups of arrows (blue
ones) reveal the direction of liquid flow.

According to the literature,'' turbulent energy dissipation is known unnec-

essary during the production of graphene by shear exfoliation. Graphene can
be also produced when the Reynolds number (Re) is below 10*, where turbu-
lence is not fully developed.'?’ In the hydrodynamic system, the Reynolds
number is usually used as a criterion to judge the appearance of turbulence,
which is defined as:

ND?p
Re = 3.1
e ” (3.1

where N and D are rotor speed (in rpm, 1 rpm = 27/60 rad/s) and rotor diam-
eter (in m), respectively; p and 7 are liquid density (in g/cm’) and viscosity
(in Pa-s), respectively.

A minimum requirement on shear rate (Vi the unit is s™') is needed
during shear exfoliation. Shear rate (y) can be calculated by the following
equation:

.~TL'ND 39
VR (32)

where 4R is the rotor-stator gap (in m).
According to the literature,''" '** y,,.;,, can be predicted if the exfoliation

is modeled as shear-induced interlayer sliding in a solvent, through:

2
172 .1/2

. _ (Es,/c; - Es,/L )

Ymin = nL (3.3)

where Egg and Es; are the surface energy (in J/m?) of graphene and liquid,
respectively; L is the length of exfoliated flake (in m). This equation clearly
reveals that the exfoliation energy is minimized when the surface energy of
solvent approaching that of graphene. It has been demonstrated that NMP,
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which exhibits the surface energy of 69 mJ/m>'"" can facilitate shear exfolia-

tion at a low shear rate. We can observe that lower shear rate leads to larger
flake size.

In typical experiments, the mixture of graphite and solvent are added into
the mixing vessel and the work-head is then lowered and positioned in the
middle of the vessel. A working time is set and the speed is gradually in-
creased to a desired value. In order to prevent heating the mixture during
long time running, the vessel should be bathed in water with recirculation. In
this thesis, the speed of shear mixing was 5000 rpm and the processing time
was 20-30 min.

3.2 Inkjet printing

Inkjet printing creates designed patterns by propelling droplets of inks onto a
substrate. This printing technology was first developed in the early 1950s. It
has been intensively studied in the field of printed electronics. Compared to
screen printing, also a common method in printed electronics, inkjet printing
gives thinner printed layers and a higher resolution. However, the dynamic
viscosity of inks is more restricted, ranging from 1 to 10 mPa-s. Based on the
mechanism of droplet generation, inkjet printing could be divided into two
categories, i.e. continuous inkjet and drop-on-demand inkjet.”> The drop-on-
demand inkjet possesses simpler system than continuous inkjet. The thermal
inkjet, piezo inkjet, as well as electrostatic inkjet belong to drop-on-demand
inkjet.

Figure 9. Photograph of the Dimatix Materials Printer (DMP-2831) used in this
thesis work.

In this thesis, inkjet printing is carried out on a Dimatix Materials Printer
(DMP-2831, Figure 9) with a piezo-based inkjet print cartridge (10 pl drop
volume). Each single-use cartridge has 16 nozzles linearly arranged. Con-
ductive ink is filled into a cartridge by a syringe. The substrates, including
glass, PET, PDMS, silicon wafer and photo paper, are kept at 60 °C during
printing.
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The conductive inks were prepared by mixing graphene dispersion and
reactive silver solution at different volume ratios. 2,3-butanediol was adopt-
ed to tune the viscosity that monitored by a viscosity meter. The reactive
silver solution was prepared based on literature report, in which a modified
Tollens” process was involved.'”” The modified Tollens’ process exhibits
some advantages in comparison with the typical Tollens’ process. Silver
acetate is used instead of silver nitrate for a more stable and nonexplosive
silver precursor ink. Only carbon dioxide and water are the byproducts by
using formic acid, avoiding residual reducing agent."** The modified Tol-
lens’ process involves the following reactions:

2 CH;COOAg + 2 NH,OH 225 Ag,0 + 2 CH;COONH, + H,0 (3.4)
NHy/H,0

AgZO +4 NH3 +2 CH3COONH4 + HZO —>2 Ag(NH3)2CH3C02 +2 NH4OH (35)

2 Ag(NH;),CH3CO, + NH,CO, 23 2 Ag + 5 NH; + 2 CH;COOH + CO, + Hy0 (3.6)

2 Ag(NI’I:;)zCI'I:;COz + NI‘I4COZ_> Ag+ AgCI‘I3C02 +5 NI‘I3 +2 CI’I3COO]‘I + COZ + ]‘120 (3.7)

3.3 Electroless deposition

Electroless deposition is a non-galvanic plating method, which means no
external current is required. It is an autocatalytic redox reaction, in which
metal ions in solution are reduced to form a metal layer."”' The plating pro-
cess is carried out with a catalyst to initiate the reaction. High quality of site-
selective immobilization of the catalyst results in a high spatial resolution of
the electroless deposition. It has been used in practice for centuries since its
coatings are continuous and uniform.

Compared to the electroplating, which requires strict experimental condi-
tions, conductive substrates and power sources, electroless deposition is a
much simpler process. The substrates could be conductor and insulator (like
glass, plastic or ceramic) in the electroless deposition. It is a low-cost and
low-temperature process.

Electroless deposition is employed in the fields of metallization of fabrics,
polymers and yarns to achieve conducting materials for flexible and durable
electronics, and attracts lots of interest in recent years. The adhesion between
the deposited metal layer and the substrates is a big challenge."**"** Various
ways have been used to improve the adhesion, such as employing polyelec-
trolyte brushes as the adhesion layers."** Deposition of different kinds of
metals (such as copper, silver, nickel, gold, cobalt, palladium and iron) and
their alloys has been achieved by this method and various reducing agents
(for example, formaldehyde, hydrazine, ascorbic acid, hydrogen, polyhy-
droxy alcohols, and hypophosphite) have been reported.'* The generic reac-
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tion of electroless deposition of metal (M) by using a reducing agent (R™)
can be expressed as:

M"™+R™ - M+R"™ (3.8)

3.4 Characterization techniques

3.4.1 Characterization of electrical resistivity

Electrical resistivity is a measure of how strongly a material opposes the
flow of electric current. It is represented by p and the unit is Ohm-meters
(©'m) in International System of Units. It is defined as the ratio of the elec-
tric field inside a material to the electrical current density through it. The
material with lower electrical resistivity more readily conducts a flow of
electrical charge. Electrical conductivity is the reciprocal of electrical resis-
tivity. It is represented by o and the unit is Siemens per meter (S/m).
—
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Figure 10. The illustration of electric field and current density in a material.

== o= L= (3.9
P=7 p E '
where E is the electric field in a material (in V/m) and J is current density
through the material (in A/m?).
The electrical resistance for a uniform material with known geometry can

be measured in a direct way (Figure 11a) and electrical resistivity can be
calculated by the following equation:

R=p><§ = p=R><% (3.10)

where R is measured resistance (in Ohm); L and A4 are the length (in m) and
the cross-section area (in m?) of the measured sample. The method is simple
and straightforward, but the contact resistance is usually involved.
Two-point probe (Figure 11b) and four-point probe (Figure 11c) are
commonly used to measure the resistance of thin films. In two-point probe
measurement, it is difficult to accurately separate either contact resistance R,
between probes and sample surface or spreading resistance Ry, from the ma-
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terial resistance of interest. Four-point probe method can avoid the influence
from the wirings and contacts, which is a key advantage. One configuration
is that the probes are arranged in-line with equal spacing (s), in which the
two outer probes apply a constant current and the two inner probes measure
the potential difference between them. With an ultrahigh internal resistance,
almost no current flows through the sense loop. The typical probe radius
ranges from 30 to 500 um and probe spacing is in the range of 0.5-1.5 mm.
In order to eliminate the size effect of finite geometry in four-point probe,
the sample width should generally be forty times larger than probe
spacing.”*® Sample thickness is one of the correction factors in the data pro-
cessing."” Most of the samples measured in this thesis were performed using
four-point probe.

©
|
I

Figure 11. a) Direct measurement; b) two-point probe; c) four-point probe.

The graphene/Cu thin film in Paper II has a two-layer structure. The con-
ductivity of the Cu layer can be extracted based on the known parameters:
oG, tg, Ocy and tc, for the graphene and Cu layer conductivity and thick-
ness, respectively.

le
|

L:

Further, ¥ is the width (in m) of the thin film. The total resistance (R) of the
graphene/Cu thin film is then given by:

_ Rg X Rcy

= Rc T Rey (3.11)
Therefore, the resistance of the Cu layer can be expressed by:
__ RXRg
Rcy = Ro_R (3.12)

and the conductivity of Cu layer can be calculated by following equation:
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1 L
(0] = = 3.13
Cu Pcu ReyXW Xtcy (3.13)

The conductivity of Cu layer is calculated to be ~7 x 10° S/m, according to
the known values in Paper II (og = 110 S/m, tg = 1.8 pm, Ot = 7.9 X 10°
S/m, tc, = 0.25 um). Compared with conductivity of bulk Cu (5.96 x 10’
S/m), the conductivity of Cu layer is one order of magnitude lower. The
reason can be the presence of grain boundaries and impurity in the grown Cu
layer.

3.4.2 Characterization of porosity and bulk conductivity of aero-
gel

Characterization of porosity of Cu/Cu,O@rGO aerogel

The porosity (¢) of a porous material describes the fraction of void volume
in the material, defined by:

W
¢ =—~ (3.14)
Vrotal

where Vy is the total volume (in rn3) of voids and V't is the bulk volume (in
m’) of the material.

The porosity can be calculated by the following form if the voids are
filled up with air:

$p=1-—-"L (3.15)

PBulk

where p is the apparent density of the material (in g/cm’) and gy is the
bulk density (in g/cm’) that refers to the density of the compact solid materi-
al without void.

The bulk density of Cu/Cu,O@rGO aerogel is mainly contributed by car-
bon and copper, which can be calculated through the following equation:

MTotal
mc/pc + Mcu/Pcu

PBulk = (3.16)

The density of carbon (pc) and copper (pc,) are known as 2.26 g/cm’ and
8.96 g/cm’, respectively. The mass of carbon (mc) and copper (mc,) are
72.15% and 27.85% of the total mass of Cu/Cu,O@rGO aerogel according
to the XPS characterization in Paper IV. Hence, the calculated bulk density
is 2.86 g/cm’ for the Cu/Cu,O@rGO aerogel.

38



The apparent densities of Cu/Cu,O@rGO aerogel are 0.065 g/cm’ and 2.2
g/em’ prior to and after mechanical compression, using the bulk mass and
volume for the calculation. Based on the calculated bulk density and appar-
ent densities, the porosity of the acrogel is ~97.7% and ~23.1% prior to and
after the mechanical compression, respectively.

Characterization of bulk conductivity of Cu/Cu,O@rGO aerogel

It is known that the apparent conductivity of a porous material is sensitive to
its porosity. Higher value of porosity results in lower apparent conductivity.
According to the distribution of pores in the material, the relationships be-
tween the ratio of apparent conductivity/bulk conductivity (¢/6,) and porosi-
ty (¢) can be presented as equations (3.17)-(3.20) with different pore geome-
tries.*®"* All the pores are assumed to be homogeneously distributed in the
material.
The relationship between o/0y and ¢ is:

o/opg=1—¢ (3.17)
assuming the pores are cylindrical and parallel to the electric field,
6/0o = (1=¢)/(1+¢) (3.18)
assuming the pores are cylindrical and perpendicular to the electric field,
o/co=(1—-¢)/(1+05¢) (3.19)
assuming the pores are spherical,
6/0o=(1—¢)3¥?/(1+0.5 ¢) (3.20)

assuming the pores are cubic, respectively. The relationships of equations
(3.17)-(3.20) are visualized below:

1.00
3 ——Eq. (3.17)
——Eq. (3.18)
——Eq. (3.19)
0.75F  \ ——Eq. (3.20)
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Figure 12. Relationships between /0y and ¢ with different assumptions on the pore
Structure.

According to the literature,"® equations (3.17)-(3.20) display large variation
from the true relationship of o/ay vs. ¢ for ¢ > 0.55. Therefore, it is valid to
calculate the bulk conductivity of aerogel using the value of porosity
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(23.1%) after mechanical compression. Based on equations (3.17)-(3.20), the
calculated bulk conductivities are 559 S/m, 688 S/m, 624 S/m and 711 S/m
using the known apparent conductivity (430 S/m) and porosity (23.1%) of
the compressed aerogel, respectively. It is noted that the values of the bulk
conductivity extracted from different models with different assumed geome-
tries are at the same level. It is very likely that the bulk conductivity is main-
ly constrained by the interconnected rGO sheets as the copper nanoparticles
are discretely attached on the surface of rGO.

3.4.3 Characterization of structural properties and composition

The morphology of the samples was investigated by both scanning electron
microscope (SEM) and transmission electron microscopy (TEM). The SEM
images in Paper III were carried out on a Merlin SEM (Zeiss, Germany)
and the SEM images in the other papers were recorded using Zeiss 1530
scanning electron microscope (Carl Zeiss, Germany). The TEM imaging in
Paper II and Paper IV was performed with Titan Themis 200 (FEI, USA)
operated at 200 kV.

Raman spectroscopy is widely used in material analysis, especially in
graphene research. It is a powerful tool to identify the number of layers and
structural defects of graphene. Three distinct peaks (G, D and 2D peaks) can
be observed from the Raman spectrum of graphene. The Raman spectra in
all the papers were obtained on a Renishaw “inVia” Raman spectroscope
(Renishaw, UK) with 532 nm laser and 20x% lens.

Powder X-ray diffraction (XRD) is a non-destructive tool for phase inves-
tigation of a crystalline material. Siemens D5000 XRD (Siemens, Germany)
used in Paper I aimed to observe the re-orientation of the individual gra-
phene flakes. The presence of copper in Paper II was proved using a Bruker
D8 Advance XRD Twin-Twin instrument (Bruker, Germany) with Cu-Ka
radiation (A = 1.5418 A). The presence of rGO, copper and oxidized copper
in Paper IV was explored by XRD using a Bruker D8 Advance Eco instru-
ment (Bruker, Germany) with Cu-Ko radiation (A = 1.5418 A).

X-ray photoelectron spectroscopy (XPS) is a surface sensitive characteri-
zation technique to detect the chemical composition and respective valence
states. The XPS spectra in Paper III were obtained by a PHI Quantum 2000
Scanning ESCA microprobe (Physical Electronics, USA). And XPS spectra
in Paper II and Paper IV were achieved on a PHI Quantera II scanning
XPS microprobe (Physical Electronics, USA).
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4 Results and discussion

In this chapter, the main results of Paper I to Paper IV are summarized, in-
cluding conductive graphene thin film, conductive graphene/Cu thin film, as
well as conductive graphene/Ag and Cu/Cu,O@rGO composites. All the
conductive graphene-based materials mentioned here were fabricated by
simple processes with low cost, low temperature and solution-phase produc-
tion, demonstrating the promising future of conductive graphene-based ma-
terials in flexible electronics.

4.1 Conductive graphene thin film (Paper I)

In order to achieve flexible interconnects by a solution-phase method, depo-
sition of the conductive materials onto substrates is a necessary step. As
mentioned previously, graphene has been a promising flexible conductive
material due to its unique electronic, mechanical and thermal properties.”®
101192 However, in most previous literature reports, graphene thin films de-
posited from solution exhibit inferior electrical conductivity due to poor
control over the microstructure in the film and poor physical contact among
the individual graphene flakes. Individual graphene flakes orient randomly
when a droplet lands on a substrate and dries out, which leads to a film of
weakly interconnected graphene flakes. The film thus exhibits porous feature
with low density which usually leads to relatively poor electrical conductivi-
ty. Hence, how to effectively remedy the defective aspects of graphene thin
films directly deposited from dispersion and therefore to improve the con-
ductivity of the thin films is still a largely unsolved challenge. For this pur-
pose, it is necessary to densify as-deposited graphene films and align the
graphene flakes in the films. In this way, inter-flake contact area can be max-
imized for a reduction of the contact resistance.

Here, a post-deposition treatment method was used to re-orient individual
graphene flakes in graphene films. This method is present in Figure 13.
Drops of aqueous graphene dispersion with cellulose stabilizer ((hydroxy-
propyl)methyl cellulose (HMC)) were casted on a glass substrate and subse-
quently baked on a hot plate (200 °C or 300 °C). The resultant graphene
films exhibit poor uniformity and rough surface. The post-deposition treat-
ment step involves soaking of the as-prepared graphene films in DI water
followed by a heat treatment (300 °C). As a result, the graphene thin films
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were significantly densified and smoothened. A possible mechanism is that
the remaining HMC is water soluble and water can disconnect the individual
graphene flakes from the weakly interconnected porous frame. Graphene
flakes settle down under gravity force and trend to orient horizontally and
attach to each other in a face to face manner. Meanwhile, during the subse-
quent heating, the water tends to flow horizontally as the graphene flakes
provide capillary-like channels, which drives the graphene flakes in the thin
films to re-orient horizontally.

a) b)
Solution-phase Drying
deposition
GNP film
Substrate Hot plate (T,)
Post-treatment process ‘
d) Baklng C) Soaking

chRiE P @
ﬁ

Hot plate (T,)

Figure 13. Schematic illustration of the two-step deposition procedure from aqueous
dispersion. Reprinted with permission from [140]. Copyright (2018) Elsevier.

The comparison of SEM images (Figure 14a-b) showed that the graphene
flakes underwent re-organization during the post-treatment, i.e., the soaking
and drying step. The flakes became more horizontally oriented and the film
surface was flattened. XRD (Figure 14¢) further demonstrated the horizontal
orientation of graphene flakes after the post-treatment. And probe profile
meter measurement (Figure 14d) showed the decreased thickness and more
uniform thin film. The resultant films exhibited increased electrical conduc-
tivity, changing from 50-100 S/m for the prior re-organized films to 1000-
3000 S/m after. This method provides a simple way to densify, smoothen
and homogenize graphene thin films, and is universally applicable to solu-
tion-phase film deposition of any other 2D materials.
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Figure 14. a-b) Selected SEM images of graphene thin films prior and after re-
organization; ¢) XRD of graphene thin films prior and after re-organization, d)
probe profile measurement of graphene thin films prior (dashed line) and after (sol-
id line) re-organization. Adapted with permission from [140]. Copyright (2018)
Elsevier.

Summary

A simple post-deposition treatment method has been developed to re-
organize the individual graphene flakes in the films and thus dramatically
densify the films. An enhanced electrical conductivity at the level of ~3 X
10° S/m is obtained as a result. However, the value is still insufficient for the
interconnect application. To solve the problem, a synergic effect can be em-
ployed to enhance the performance of conductivity. Hybrid graphene/metal
thin film and graphene/metal composites likely provide solutions to the en-
hancement in the conductivity, which will be discussed in the following
parts (Paper II to Paper IV).

4.2 Conductive graphene/Cu thin film (Paper II)

Copper metallization plays an important role in the fabrication of printed
circuit boards, chip interconnects, magnetic storage devices and many other
applications in microelectronics industry. Copper metallization can be
achieved by different strategies, including electrochemical plating, electro-
less deposition, physical vapor deposition (PVD), and CVD."** "' Com-
pared to the vapor deposition methods, electroless deposition exhibits the
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advantage of low cost and low temperature processing. It is also suitable for
any substrates including the insulating ones (such as polymer substrates),
which is superior to electrochemical plating as it requires a conductive sur-
face. The deposition process is accomplished in the presence of a catalyst
which initiates the reaction. Hence, site-selective immobilization of the cata-
lyst allows for self-aligning of the deposited metal layer.

Since quaternary ammonium groups (QA") show good affinity to the
PdCl,> species (a catalyst for electroless deposition of copper),”** PyB-TBA
is synthesized and utilized to immobilize the catalyst. It is assumed that PyB-
TBA could act as both molecular wedge to expand the inter-layer distance at
the edge of graphite and as stabilizer of graphene dispersion by forming n-nt
and cation-m interactions with the fresh graphene flakes surface. A conduc-
tive graphene/Cu thin film is expected to be fabricated by exfoliation of pris-
tine few-layer graphene flakes and subsequent site-selective formation of
Cu.

The graphene dispersion was produced by shear exfoliation in the pres-
ence of PyB-TBA in aqueous solution. A shadow mask was used to define
the pattern of graphene thin film deposition (Figure 15a-c). And the proce-
dure used for site-selective and self-aligned electroless deposition of Cu on
the graphene films on PET substrate is shown in Figure 15d-e. After electro-
less deposition of Cu, the thin films were washed with DI water several
times, dried by blowing with nitrogen gun and subsequently kept on a hot
plate at 40 °C. The redox reaction of the electroless deposition of copper is
as following:

2HCHO + Cu*" + 40H  — 2HCOO™ + Cu’ + H, + 2H,0 .1

) Dr:.r and remove C)

a
Graphene solution A—

Immobilization
of PdCI,*
7 PET

~—" Graphene thin films

Cu/graphene thin films

-— A
Electroless At /
deposition
Figure 15. Schematic illustration of the procedure used for site-selective and self-
aligned electroless deposition of Cu on the graphene films on PET substrate, where
the real pattern is represented by three lines in the sketch. a-c) Formation of pat-

terned graphene thin film on PET substrate; d-e) eletroless deposition of Cu. Re-
printed with permission from [143]. Copyright (2019) American Chemical Society.
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Figure 16. a) Photographs of simple electronic circuit; b) photographs of 8-LED
sequentially illuminated circuit integrated with eight LEDs, 555 Timer, D-triggers,
and 3-8 decoder (give time in each photo), c) performance of the low frequency
filter (the insert images are the photographs of the filter and the circuit diagram); d)
photograph and schematic illustration of a sandwich structural capacitor; e) ca-
pacitance vs. pressing/releasing cycles; f) relative resistances of graphene/Cu film
vs. bending cycles in the bending test (the insert images are the circuit diagram of
the bending tests and photographs of the released and compressed sample); g) the
change in resistance of the graphene/Cu belt (5 mm % 30 mm) upon repeated bend-
ing cycles. Adapted with permission from [143]. Copyright (2019) American Chemi-
cal Society.

Use PyB-TBA as an exfoliation enhancer, few-layer graphene flakes popu-
lated with 2 to 4 layers have been achieved in water using a shear-mixing
process. PyB-TBA also works as a dispersion stabilizer for the exfoliated
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graphene flakes. An as-deposited graphene thin film containing PyB-TBA
has a conductivity of ~110 S/m after being dried at 90 °C as opposed to that
a similar film but with polymer stabilizer (e.g., HMC) treated at the same
temperature behaves non-conductive. This result is of great interest as an-
nealing at 90 °C is compatible well with most temperature-sensitive sub-
strates. The subsequent electroless plated Cu of ~0.25 um thickness on top
of graphene film at room temperature leads to an apparent conductivity to
~7.9 x 10° S/m. The superimposed Cu layer alone exhibits conductivity of
~7.8 x 10° S/m, which is only seven times lower than that of bulk Cu (~5.8 x
107 S/m)."** In addition, the Cu plating is self-aligned to the pre-defined gra-
phene patterns due to the immobilization of catalyst by PyB-TBA.

Because of the high conductivity and self-alignment production of the
graphene/Cu, several circuits made on plastic foils, including low frequency
filter and sandwich structural capacitor as shown in Figure 16, were demon-
strated. The graphene/Cu films are robust upon mechanical bending. A 5 mm
x 30 mm graphene/Cu belt was used to do the cyclic tests and its resistance
was changed by only 5% after the sample was repeatedly bended for 1000
cycles.

Summary

Efficient shear-mixing exfoliation of pristine few-layer graphene flakes from
graphite in aqueous solution and subsequent site-selective formation of high-
ly conductive graphene/Cu films have been obtained by using the water-
soluble PyB-TBA. The facile solution-phase, low temperature processing
and self-alignment procedure to achieve graphene/Cu film with high appar-
ent conductivity may facilitate the fabrication of electronic circuits using
graphene/Cu films as flexible interconnects on plastic foils. However, one
drawback of this method lies in its requirement of two steps, i.e., graphene
film deposition followed by electroless Cu plating. From manufacturability
and cost-effectivity points of view, one-step processes can be superior to
two-step ones. One approach towards one-step process for patterned inter-
connects is based on printed composites with graphene flakes and metal
which will be presented in the following work (Paper III). The composites
are expected to enhance the specific strength, electrical and thermal conduc-
tivity. The presence of metal nanoparticles decreases the contact resistance
of graphene junctions and simultaneously graphene builds effective electri-
cal pathways between aggregated metal nanoparticles to reduce the negative
influence of voids. In addition, the presence of graphene can decrease the
amounts of metal, leading to a cost effective manufacture.
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4.3 Conductive graphene/metal composites

4.3.1 Conductive graphene/Ag composite (Paper III)

In order to achieve low-cost and large area electronic devices and effectively
utilize the unconventional flexible substrates (such as plastic foils, polymeric
foils, textile and paper), the employment of printing technology is a promis-
ing solution."*'** Compared to the conventional electronics, printed elec-
tronics possess the advantages of large areas, simple fabrication, flexible, as
well as low fabrication costs. Printed conductors, such as interconnects in
electronic circuit and electrodes in energy storage/conversion devices, are
key components of printed electronics devices.

Pure metal nanoparticles, conducting polymers and graphene are com-
monly used in printed conductors. However, some critical issues cannot be
ignored for the development of printed conductors. The low electrical con-
ductivity of conducting polymers,” high sintering temperatures and high
cost of silver,'*”'*® oxidation of copper in ambient atmosphere,® limited
electrical conductivity of graphene thin film produced from solution phase as
presented above have to be taken into account. To solve the aforementioned
problems, graphene/metal composites utilizing a synergic effect have
emerged. Graphene/Ag composite is the most explored kind of gra-
phene/metal composites due to the fact that Ag is more cost effective in
comparison with Pd or Au and more stable than Cu since Cu in nanostruc-
ture is easy to be oxidized in ambient atmosphere. Graphene/Ag composite
can possess a good combination of electrical conductivity, mechanical
strength, reliability and cost efficiency, which render it suitable for intercon-
nect application.

Here, a facile method is presented to prepare conductive composite inks
by mixing pristine few-layer graphene aqueous dispersion and reactive silver
aqueous solution at different volume ratios. Graphene dispersion was pro-
duced by shear-mixing exfoliation and HMC was introduced as stabilizer in
aqueous solution. The reactive silver solution was prepared based on the
literature, in which a modified Tollens’ process was involved.'*’ The viscosi-
ty of the hybrid mixture was adjusted using 2,3-butanediol. Graphene/Ag
films were achieved by inkjet printing of the formulated inks. After inkjet
printing, the samples were annealed at 100 °C for 20 min on a hotplate.
What should be mentioned here is that the conductive graphene/Ag hybrid
ink can be deposited with a good patterning quality on a variety of untreated
substrates (Figure 17), including glass, PET, PDMS, silicon wafer, and photo
paper as compared with the aqueous silver ink without graphene. An inter-
esting result is found on the photo paper substrate, which is that the printed
films only appear on the front side of the photo paper. The silver ink without
graphene permeates to the rear side of the photo paper, which is unwanted in
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applications. The superior printability of the composite ink can make it ap-
plied well to paper electronic devices.

: s Paper Paper
Glass PET PDMS Silicon (front side) (rear side)

Ag/GNPs

g

;\g

CNE

=)

Figure 17. Photographs of the printed graphene/Ag composite films (Ag/GNPs,
upper) and silver (Ag, lower) on various substrates. Reprinted with permission from
[149]. Copyright (2018) IOP Publishing.

The printed graphene/Ag composite thin films show different microstructure
features at different nominal volume ratio of silver solution and graphene
dispersion. The 1:1 volume ratio shows that the graphene flakes are embed-
ded in a silver matrix and the silver matrix is composed of interconnected
silver particles with size ranging from 50 nm to 200 nm (Figure 18a-b). The
1:2 volume ratio exhibits that all the graphene flakes are well-covered with a
layer of silver and the silver-coated graphene flakes stand up and are inter-
connected forming a porous network (Figure 18c-d).

The printed graphene/Ag composite thin films exhibit electrical conduc-
tivity beyond 10° S/m by annealing at 100 °C for 20 min, which can be at-
tributed to the synergic effect between graphene and Ag. The presence of Ag
nanoparticles on the surface of graphene sheets decreases the contact re-
sistance of graphene junctions. Simultaneously, Ag and graphene build ef-
fective electrical pathways, separately. The formation of the former most
likely is responsible for the achieved high apparent electrical conductivity. A
simple electronic circuit on PET is demonstrated (Figure 18e¢), in which a
button battery, light-emitting diode (LED) and switch were connected to the
printed composite tracks. The brightness of the LED remained unchanged
when the printed electronic circuit was folded in any shape, proving the me-
chanical flexibility and robustness of the composites.
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Figure 18. a-b) SEM images of graphene/Ag composite film of 1:1 (silver solution to
graphene dispersion) nominal volume ratio; c-d) SEM images of graphene/Ag com-
posite film of 1:2 (silver solution to graphene dispersion) nominal volume ratio; e)
photographs of an inkjet-printed electronic circuit on PET substrate. Adapted with
permission from [149]. Copyright (2018) IOP Publishing.

Summary

Highly conductive and morphology-tunable graphene/Ag composite films on
various substrates have been readily obtained by inkjet printing. The printed
graphene/Ag composite films show high electrical conductivity beyond 10°
S/m after annealing at 100 °C for 20 min. The availability of graphene/Ag
composite films paves the way to the metallization in a variety of printed
devices, such as interconnects in printed circuits and electrodes in energy
storage/conversion devices. Even though the highly conductive composite
obtained by mixing graphene flakes and silver ions in dispersion has been
developed, the development of a more cost-effective composite is still neces-
sary. Silver is expected to be replaced by some cheaper metal. Copper is
considered as a promising candidate due to its earth abundance. It is much
cheaper than silver and has conductivity close to that of silver. GO has ad-
vantages of low cost and high dispersibility in water. It is therefore worth-
while to explore the combination of copper and GO for hybrid ink and com-
posite which will be presented below (Paper IV).
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4.3.2 Conductive Cu/Cu,O@rGO composite (Paper IV)

Due to its high dispersibility in aqueous media and abundant oxygen-
containing groups, GO is a promising precursor to fabricate graphene/metal
composite although reduction in GO has to be considered. An attempt to
prepare hybrid ink with aqueous graphene oxide solution and copper-
contained Fehling's solution unexpectedly resulted in a macro-assembling of
highly conductive 3D rGO/copper hybrid (Cu/Cu,O@rGO) hydrogel at
room temperature. Aerogel is obtained via freeze-drying of the hydrogel.
Since aerogels possess the unique properties of interconnected 3D porous
structure with high specific surface area, extremely low density and good
mechanical property, they can be applied in the fields of catalysis, energy
storage/conversion, environmental remediation and gas sensing.'**'>’

The preparation of hydrogel starts from GO water dispersion (0.4 wt%, 6
mL) mixed uniformly with 0.5 mL of (NH4),PdCl, aqueous solution (5 mM)
and 12 mL of 1:1 mixture of freshly Fehling's reagent solution (0.012 g/mL
NaOH, 0.029 g/mL potassium sodium tartrate tetrahydrate and 0.013 g/mL
CuSO,4-5H,0) and formaldehyde solution (9.5 pL/mL). The mixture was
filled in a cylindrical vial and kept overnight at room temperature. During
the formation of Cu/Cu,O@rGO hydrogel, GO was reduced to rGO and the
resulting rGO was self-assembled into 3D hydrogel. At the same time, Cu,O
nanoparticles attached on the rGO sheets together with the Cu nanoparticles.
A subsequent freeze-drying of the hydrogel leads to aerogel. The aerogel of
rGO network decorated with Cu/Cu,O nanoparticles shows apparent electri-
cal conductivity of ~33 S/m and ~430 S/m prior to and post mechanically
compression.

@ Cu/Cu,0O NPs

Figure 19. Illustration of the formation of Cu/Cu,O@rGO hydrogel. Reprinted with
permission from [157].Copyright (2019) Elsevier.

Since the conductive Cu/Cu,O@rGO aerogel possesses porous structure and
Cu/Cu,O nanoparticles are randomly attached on the surface of rGO sheets,
it is expected to be useful for energy storage. The electrochemical measure-
ments in Figure 20d reveal the battery-type of characteristic. Galvanostatic
charge-discharge (GCD) measurements (Figure 20a) show that the as-
prepared Cu/Cu,O@rGO aerogel electrode performs a specific capacity of
the value of ~453 mAh g at a current density of 1 A/g. And the capacity
still retained 41% along with the current density increasing to 50 A/g (Figure
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20b), revealing the good rate capability. Long-term charge-discharge process
in three-electrode cell was performed at the current density of 5 A/g to inves-
tigate the cycling stability of Cu/Cu,O@rGO aerogel (Figure 20c). The
Cu/Cu,O@rGO aerogel initially exhibits a specific capacity of ~339 mAh
g ! and retained 38% (129 mAh g ') after 500 cycles. The possible reasons
for the decrease of specific capacity during the long-term charge-discharge
process include long-time immersion of Cu/Cu,O@rGO aerogel electrode in
the abundant electrolyte could result in detaching of the Cu/Cu,O@rGO
aerogel film from the underlying graphite paper and the dissolving of the
soluble Cu(OH),> species.

The gravimetric capacity (Cg) of Cu/Cu,O@rGO aerogel was calculated
from GCD curves using the following equation:

Ce = [xat 4.2)

m

where [ is the current (in mA), At is the discharge time (in s), m is the mass
of Cu/Cu,O@rGO aerogel electrode (in g).

The volumetric capacity (Cy) of Cu/Cu,O@rGO aerogel was calculated
from GCD curves using the following equation:

Cy = 4.3)

where V is the volume of Cu/Cu,O@rGO aerogel electrode (in cm?).

The possible reaction processes in the cyclic voltammetry (CV) meas-
urement are indicated in the following equations.'”® The oxidation peak at
—0.32 V (vs. Hg/HgO) at scan rate of 10 mV/s corresponds to reaction (4.4)
with the formation of Cu,O, while the one at 0.05 V (vs. Hg/HgO) is associ-
ated with reactions (4.5-4.8) yielding different Cu** complexes (Cu(OH),>,
Cu(OH), and CuO). On the oxidation scan, the Cu,O is hence first formed,
followed by a further oxidation to Cu”" as the potential is increased further.

2Cu+20H — Cu,0+H,0+2 e (4.4)
Cu,0+H,0+6 OH — 2 Cu(OH)* +2 ¢ (4.5)
Cu,0+H,0+2 OH — 2 Cu(OH), +2 ¢ (4.6)
Cu+4OH — Cu(OH),> +2¢ 4.7
Cu+20H — CuO+H,0+2¢e (4.8)
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Figure 20. a) Galvanostatic charge-discharge curves of the Cu/Cu,O@rGO hydro-
gel electrode; b) variation in the specific capacity of the Cu/Cu, O@rGO hydrogel
as a function of current density,; c) cycling stability of the Cu/Cu,O@rGO hydrogel
during long-term charge-discharge process at a current density of 5 A/g; d) CV
curves of the Cu/Cu,O@rGO hydrogel at different scan rates. The voltammograms
were recorded starting with an oxidation from the OCV to 0.5 V followed by a re-
ductive scan to —1.5 V (vs. Hg/HgO). Adapted with permission from [157]. Copy-
right (2019) Elsevier.

Summary

A simple synthesis of Cu/Cu,O@rGO hydrogel with rGO network decorated
with Cu/Cu,O NPs under ambient condition is presented. A subsequent
freeze-drying of the hydrogel leads to aerogel, which exhibits an apparent
electrical conductivity of ~430 S/m and could deliver a specific capacity of
~453 mAh g at a current density of 1 A/g after being mechanically com-
pressed. The high conductivity and good performance in electrochemical
measurements, as well as the facile synthesis method of the Cu/Cu,O@rGO
aerogel exhibit potential application in the area of energy storage.
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5 Conclusions and future perspective

This thesis has spanned from graphene thin films with inferior conductivity
to highly conductive graphene/metal hybrid materials, which were fabricated
by simple procedures with low cost, low temperature and solution-phase
production. The developed materials exhibit promises for flexible electronics
and energy storage applications. It was found that graphene flakes in an as-
deposited film from dispersion can be efficiently re-oriented by a simple
post-deposition treatment leading to a significant conductivity enhancement.
The self-aligned electroless deposition creates two-layer graphene/Cu thin
film of rather high electrical conductivity which allow us to readily fabricate
various electronic circuits including an 8-LED sequentially illuminated cir-
cuit, low frequency filter and sandwich structural capacitor on plastic foils.
Alternatively, graphene/Ag composites can be achieved by inkjet printing
showing electrical conductivity higher than 10° S/m after annealing tempera-
ture only at 100 °C. When using graphene oxide instead of pristine graphene
mixed with copper-containing solution, a highly conductive hydrogel with
rGO and copper components (Cu/Cu,O@rGO) was achieved with a high
potential for application in energy storage. The bottlenecks for copper oxide
only used as electrode material are their very low electrical conductivity and
capacity losses upon charging-discharging processes. More efforts are un-
derway to develop and additively fabricate flexible electronics of outstand-
ing performances combined with advantages in low cost, energy efficiency,
and environmental friendliness.

One of the crucial aspects towards the advancement of flexible electronics
is the development of inexpensive conductive materials with enhanced per-
formance and reliability. Hybrid materials deserve more attention due to
their inherited advantages of all the components by synergic effects. In addi-
tion, utilization of solution-phase deposition technologies in production of
electronic devices is necessary. The conductive materials should be compat-
ible to the roll-to-roll process to increase product output and reduce produc-
tion costs. Based on the current materials and techniques, further material
development is expected for the additive manufacturing of 3D flexible elec-
tronics.
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Sammanfattning pd svenska

Avsikten med detta avhandlingsarbete var att, med flexibel elektronik i
atanke, utveckla hogledande kompositmaterial baserade pa grafenflagor,
bestdende av ett fatal atomlager vardera, deponerade fran vattenldsning och
vidare processade vid laga temperaturer. Arbetet har motiverats av efterfra-
gan pa nya elektriskt ledande material, med hégre prestanda dn de idag van-
ligt forekommande kompositmaterial innehalles nanopartiklar av silver eller
koppar, och som kan monstras till elektriska ledare dver stora ytor via tryck-
ning pa flexibla substrat. I jamforelse med vakuumbaserade fabrikationsal-
ternativ uppvisar deponering fran dispersionslosning fordelar s som kost-
nadseffektivitet samt mojlighet till beldggning 6ver stora ytor.

Grafen valdes som funktionell komponent vid beredningen av nya le-
dande kompositmaterial p.g.a. dess stora ytarea, kemiska inerthet samt ut-
mirkta mekaniska, optiska, elektroniska och elektriska egenskaper. Emeller-
tid uppvisar grafenfragmenten i tunna filmer deponerade fran dispersioner
normalt sett en slumpmaéssig orientering och ldg packningsgrad, vilket pa-
verkar filmens elektriska ledningsformaga negativt. Ett resultat av avhand-
lingsarbetet dr en enkel post-deponeringsbehandling for att orientera de indi-
viduella grafenflagorna och foljaktligen dramatiskt hdjer filmens densitet.
Detta resulterar i en substantiell forbattring av den elektriska ledningsfor-
magan.

Tryckta filmer med innehall av omodifierad grafen ar i regel inte ledande
utan en hogtemperaturbehandlig, p.g.a. ndrvaron av polymera stabilise-
ringsmedel. Vid anvédndning av ldgmolekyldra pyrene-derivat, t.ex. 1-
pyrenebutyric acid tetrabutylammonium salt (PyB-TBA), kan effektiv ex-
foliering av grafen astadkommas och ett grafenblick med elektrisk konduk-
tivitet om 100 S/m beredas, efter virmebehandling vid 100 °C. Darutdver
mdjliggdr anvindningen av PyB-TBA en ldges-selektiv, sjdlvlinjerad och
elektrodfri deponering av koppar vid rumstemperatur. En séddan procedur
resulterar i en distinkt tvalagersstruktur med en elektrisk konduktivitet om
~7.9 x 10° S/m. Implementeringen av olika typer av elektroniska kretsar och
komponenter har demonstrerats t.ex. kretsar innehéllandes 8 sekventiellt
tainda LEDs, lagfrekvensfilter samt tunnfilmskondensatorer konstruerade av
Cu/grafen pa plastfolie.

Grafenfilmer, deponerade fran vitskefas, har en elektrisk ledningsfor-
maga i storleksordningen 107 till 10* S/m, efter att ha virmebehandlats vid
en temperatur om 300 °C eller hogre, vilket inte ar tillrackligt for att tjana
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som ledare for sammankoppling av komponenter. Bristfallig monsterater-
givning kan erhallas for vissa typer av substrat vid anvidndning av vattenba-
serade grafenblick i kombination med blickstréleskrivare, med exempelvis
diskontinuiteter i tilltdinkt sammanhéngande objekt. For att 16sa dessa pro-
blem utnyttjades en synergistisk effekt som uppnds via blandning av grafen-
flagor med silverjoner och vilken mdjliggér kompositmaterial med hog
elektrisk ledningsformaga och forbittrade monstringsegenskaper. Detta re-
sulterade i bulkkonduktivitet > 10° S/m efter en virmebehandling vid endast
100 °C, vilket ar forenligt med temperaturkinsliga polymer-, gummi- och
papperssubstrat.

Ett forsok att tillbereda ett hybridblick med en vattenldsning av grafen-
oxid samt kopparinnehéllande Fehlings-16sning, resulterade ovintat i makro-
organiseringen av ett hogledande tredimensionellt (3D) grafen-
kopparhybrid- (Cu/Cu,O@rGO) hydrogel vid rumstemperatur. En efterfol-
jande frystorkning av hydrogelen resulterade i erhdllandet av en aerogel.
Aerogelen bestdende av nétverk av reducerad grafenoxid (rGO) och dekore-
rad med Cu/Cu,O-nanopartiklar, uppvisar konduktivitet om ~33 S/m.
Elektrokemiska métningar visar att Cu/Cu,O@rGO-aerogelen har en speci-
fik kapacitet om ~453 mAh g vid en strémdensitet pa 1 A/g och ~184 mAh
g ' vid 50 A/g i en 3M KOH(aq)-elektrolyt. Den goda ledningsformagan och
prestandan i elektrokemiska métningar indikerar en stor potential for appli-
kationer av Cu/Cu,O@rGO-aerogel inom energilagring.

Sammanfattningsvis presenteras i denna avhandling vitskebaserade pro-
cesscheman for implementering av elektriskt ledande grafenbaserade materi-
al i flexibel elektronik. De redovisade angreppssétten kan bana vig for ut-
vecklingen av flexibel elektronik med enastdende prestanda i kombination
med egenskaper sdsom lag kostnad, energieffektivitet och miljovénlighet.
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