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SUMMARY
Graphene is an outstanding candidate for electronics, energy storage and thermal
interface materials because of its excellent electrical conductivity, extremely high specific
surface area and superior in-plane thermal conductivity. However, it is difficult to utilize
pristine single-layer graphene for industrial applications due to its limited yield and
expensive price. Chemically functionalized graphene, especially reduced graphene oxide
(rGO), retains part of these excellent properties. At the same time, it is available for mass
production, which is promising for real applications. In our work, we focus on rGO-based
supercapacitors and micro-supercapacitors (MSCs), flexible ac line-filters and vertically
aligned thermal interface materials.
We first design a facile approach to investigate the role benzene derivatives play in
the capacitance enhancement of graphene-based supercapacitors. In this work, graphene
oxide (GO) is mixed with a specific benzene derivative, after which it is simultaneously
reduced and assembled with a zinc plate at room temperature. This solid-phase room
temperature reduction mechanism avoids those side reactions that may occur at elevated
temperatures. Moreover, the non-covalent interaction helps to separate the contributions
from the spacing effect and the pseudocapacitance effect. After investigating a series of
similar benzene derivatives, the main reason is attributed to the pseudocapacitance of the
aromatic molecules rather than the former one. Meanwhile, we find that the para and
ortho substituted benzene derivatives contribute much more than the meta substituted
ones. These conclusions will guide the search and design of promising aromatic
molecules for high performance supercapacitors.
In addition, we fabricate an all-solid-state flexible MSC based on metal-reduced GO.

xvi

The as-prepared MSC shows a specific areal capacitance of 0.95 mF/cm2 and maintains
98.3% of the initial capacitance after 11,000 times of charge/discharge cycles. In addition,
a small relaxation time constant of 4.8 ms is achieved in gelled electrolyte, which
indicates fast ion transfer mobility within the structure. Besides, the device also exhibits
great flexibility which retains 93.5% of the capacitance after 2,500 times of bending and
twisting. These properties make the as-fabricated MSC a promising energy storage
candidate for wearable electronics.
Based on the work of MSC, we achieve a flexible ac line-filter that is suitable for
mass production. Aqueous electrolyte is used in this device, which shows a phase angle
of -75.4ºat 120 Hz with a specific capacitance of 316 µF/cm2 and a RC time constant of
0.35 ms. In addition, it retains 97.2% of the initial capacity after 10,000 galvanostatic
charge/discharge cycles.
Meanwhile, we produce a three-dimensional graphene/polydimethylsiloxane
composite that gives a thermal resistance as small as 14 mm2K/W, which is comparable
to commercial products.

What’s more, a convenient transient program is developed to

measure the thermal resistance. It saves much time compared with the steady-state
method that generally consumes a lot of time for equilibrium. In addition, the non-contact
attribute will avoid contamination to the equipment. This program is also applicable for
measuring the contact resistance for thermal interface materials.

xvii

CHAPTER 1

INTRODUCTION

1.1 Graphene Structure and Properties
Graphene is a two-dimensional (2D) material that has attracted widespread attention
in the past decade. It possesses outstanding electronic, optical, mechanical and thermal
properties.[1-3] From the structure point of view, graphene is composed of single-layer sp2
hybridized carbon atoms with a carbon-carbon bond of 1.42 Å. The structure is illustrated
in Figure 1.1, which can be wrapped up into zero-dimensional (0D) carbon balls,
one-dimensional

(1D)

carbon

nanotubes

(CNTs)

or

carbon

nanorods

and

three-dimensional (3D) graphite.[3]
Graphene, as a pure 2D material that never naturally exists before, has a lot of
bizarre properties. For example, graphene is a zero-bandgap semiconductor with
dramatically different properties compared to its 3D form, namely graphite.[4] It also
shows extremely high mobility that exceeds 15000 cm2/Vs at room temperature.
Theoretically it also has an electrical resistivity of as low as 10-6 Ω•cm, which is even
better than the industrial standard silver.[1] Except for the excellent electrical properties,
graphene also possesses an ultrahigh thermal conductivity of 4.8~5.3×103 W/mK, which
is about five times the value of highly ordered pyrolytic graphite.[5] Meanwhile, graphene
is also found to be the strongest material with a tensile strength of up to 130 GPa, a
spring constant of 1~5 N/m and a Young’s modulus of 0.5 TPa.[6] Another important
property is the specific surface area (SSA). Graphene, as a single sheets of carbon atoms,
has an extremely high surface area of 2675 m2/g, which is promising for catalytic and

1

energy storage applications.[7]

1.2 Preparation of Graphene
Due to these outstanding properties, researchers have conceived a lot of interesting
applications including field-effect transistors,[8, 9] transparent electrodes,[10-12] sensors
14]

[13,

and so on. However, there are still many barriers to be overcome before they can be

used practically. One of the key issues is the production capacity.

Figure 1.1 The structure of graphene. It is the building blocks of other carbon allotropes
with different dimensions. For example, it can be wrapped up, rolled and stacked into
fullerene, CNT and graphite.[3]

Historically, graphene is discovered with a scotch tape method that is able to
produce high quality graphene with small grain size.[1] This kind of single-layer graphene
(SLG) is highly crystalline and excellent for lab research. However, the yield is too low
2

and to be industrialized.[15,

16]

From then on, different methods have been proposed

towards the scalable production of graphene.
1.2.1 Exfoliation of Graphite
Exfoliation is one of the widely-adopted methods to produce graphene. In fact, the
discovery of graphene, which is through successively peeling, is a kind of mechanical
exfoliation method. However, the productivity of this scotch tape method is too limited to
be industrialized. Solvent-assisted-sonication and shear-force-exfoliation are two of the
scalable methods. For the solvent-assisted-sonication method, natural graphite powder is
added

into

specific

solvents

with

suitable

surface

energy,

for

instance

N-methyl-2-pyrrolidone (NMP). The mixture is then ultra-sonicated for certain time,
during which the solvent molecules intercalates into the graphite interlayers and separates
the graphite sheets into graphene.[17-26] The other method utilizes the shear force in
appropriate solvents to exfoliate graphene sheets from each other.[27, 28]
1.2.2 Epitaxial Growth and Chemical Vapor Deposition Method
Another kind of widely adopted method is the chemical growth method, especially
epitaxial growth and chemical vapor deposition (CVD) growth. For example, ultrathin
large-scale graphene is successfully grown on SiC substrate by epitaxial method.[29, 30]
SLG and multi-layer graphene (MLG) are also grown via CVD methods on different
metal substrates like Cu, Ni, etc.[12, 31-33]
1.2.3 Reduction of Graphene Oxide
The reduction of graphene oxide (GO) is a series of different methods. For this kind

3

of method, graphite is first oxidized into GO, which is readily dispersed into water in a
single-layer or few-layer morphology due to the large amount of electro-negative
hydrophilic function groups added onto the sheet in the oxidation process.[34, 35] These
functional groups are removed during reduction. Different approaches have been used to
prepare reduced graphene oxide (rGO), which can be generally categorized into thermal
reduction,[36-42] hydrothermal reduction,[42-44] light reduction,[45-49] chemical reduction[34,
50-53]

and electrochemical reduction methods.[54-58]

1.2.4 Comparison of Graphene obtained from Different Methods
We have categorized the sources of scalable production of graphene into three types,
namely exfoliation of graphite, CVD grown and the reduction of GO. The exfoliation
methods reserve the crystallinity of graphene to the largest extent from the quality point
of view; while graphene produced from CVD methods generally shows inferior yet still
much more crystalline structure than those produced with GO reduction methods. For the
reduction methods, graphite layer is first oxidized with a lot of external function groups
and defects added onto the carbon sheets. These function groups are removed during the
reduction process, partially restoring the sp2 structure of graphene. Unfortunately, many
defects and exterior elements remain in the plane, which sacrifices some of the excellent
properties of graphene.
The CVD methods give the best control of graphene structure on a variety of metal
substrates. For example, SLG is easily grown on Cu substrate, which is widely used to
investigate the properties of SLG. In addition, although exfoliated graphene reserves
better graphene structure, the contamination solvent as well as the contact interfaces
between graphene layers greatly reduce its performance. In many cases, CVD grown
4

graphene are much superior to the other two for large scale utilizations. For example, 30
inches CVD-grown SLG has been used as transparent electrodes.[12]
However, from the yield point of view, GO reduction methods are the one most
suitable for mass production. All the involved procedures are wet-chemistry processed,
which are readily available for scalable production. Thousands tons of GO are produced
every year, orders of magnitude more than those obtained with other methods. The
exfoliation methods, if appropriate solvents are chosen, can also produce large quantities
of MLGs cost-effectively. The CVD methods, however, is less productive than the other
two kinds of methods. It is highly dependent on the quantities of the metal substrates.
Except for the yield, there are also some other benefits of the GO reduction methods.
One of them is the plenty of choices for chemical functionalization due to the various
function groups on the GO plane. For example, rGO has been used for controlled loading
and targeted delivery of anti-cancer drugs.[59-61] Besides, it also shows extremely large
SSA and total surface area. The SSA for graphene itself is 2560 m2/g. However, only a
small portion of this value is accessible due to the Van der Waals force induced
aggregation between the graphene layers. On the contrary, GO is easily dispersed in
solution because of the negatively charged attribute and the accompanied electrical
repulsion force between the layers. A great extent of the surface area is maintained in this
way, which is critical for the applications requiring a large amount of surface area. Two
of the fields are electrochemical capacitors and catalytic applications.[62-65]

1.3 Research Objectives and Challenges
There are a lot of applications for graphene due to its excellent properties. We
5

choose three of these important fields, including electrochemical capacitors, ac line-filters
and graphene-based thermal interface materials (TIMs). In our study, we want to find out
the mechanisms for the observed phenomenon and guide the development of feasible
applications.
1.3.1

Graphene/Electrochemical

Benzene

Derivatives-Based

Electrochemical

Capacitors
Electrochemical capacitors, also known as supercapacitors due to their extremely
large capacitance compared with traditional ones, are an energy storage unit widely used
as emergency power supplies. For better performance, the electrode materials should be
highly conductive with a large surface area available to the electrolyte. Currently
activated carbon (AC) is used as the commercial product for this purpose. Graphene, a
2D material, shows a SSA of as high as 2560 m2/g and an electrical conductivity
comparable to that of silver. As a result, it has been extensively investigated since its
discovery.
There are two different types of supercapacitors, the electrical double-layer
capacitors (EDLCs) and the pseudocapacitive capacitors. The former type stores the
electrical energy as a kind of physical capacitor; while the latter one is more of a
chemistry energy unit, in which the energy is stored within the redox reactive chemicals.
The schematic illustration of EDLCs is presented in Figure 1.2.[66] During charging,
the positive electrode is charged to a higher potential than the negative electrode. As a
result, the negative ions in the electrolyte are attracted to the surface of the positive
electrodes and vice versa. A small gap exists between the electrode surface and the
attracted ions, typical in the order of angstroms, and forms a capacitor prototype, by
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which the electrical energy is stored.
Theoretically graphene has an extremely large gravimetric capacitance of 550 F/g.
However, the actual results obtained from literature generally range between 100 and 200
F/g, the reason of which is often attributed to the aggregation caused by the attractive Van
der Waals force between the graphene layers. Two kinds of approaches have been used to
resolve this problem. One is through the increase of SSA accessible to the electrolyte,
with specific capacitances reported ranging from 150 to 450 F/g.[67-71] The other is
through the incorporation of electrochemically active materials, such as metal oxides,[72,
73]

conducting polymers[74,

75]

and small aromatic chemicals.[76-78] Electrochemically

active benzene derivatives have attracted much attentions among these materials.
However, the roles these benzene derivatives play remain unclear.
We designed an approach based on metal-reduction of GO to study the capacitance
contribution. In this work, GO is mixed with specific benzene derivative and reduced
with a zinc plate at room temperature. The room temperature solid-phase reduction
mechanism avoids the side reactions that may occur at elevated temperatures. Moreover,
the interaction is non-covalent, which helps separate the contributions from the spacing
effect and the pseudocapacitance effect. By investigating the performance a series of
similar benzene derivatives/rGO electrodes, we want to find whether the capacitance
increase arises from the pseudocapacitance or their spacing effect.
1.3.2 Graphene-Based Alternating Current (ac) Line-Filter
Ac line-filter is a device used to smooth the leftover ac ripples on direct current (dc)
voltage buses for many line-powered devices. The mechanism of ac line-filtering is
shown in Figure 1.3. First, the frequency of the ac power is multiplied with four diodes
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(Figure 1.3a and b). This signal is then smoothed with an ac line-filter that will greatly
increase the dc component. The red curve shown in Figure 1.3c represents a smoothed ac
signal that is very similar to dc signal. Figure 1.3d shows an actual ac line-filter, in which
the capacitor is generally the bulkiest component.
Like shown in Figure 1.3d, a bulky capacitor is generally used in ac line-filtering
devices to execute the smoothing purpose. Currently, aluminum electrolytic capacitors
(AECs) are widely used for this purpose because of their low cost and moderate
capacitance. For pure capacitors, the phase angle between voltage and current is -90°at
120 Hz. AEC can provide an extremely large phase angle of ~ -84°at this frequency.
However, they are usually the bulkiest component in electronic devices, which is more
and more incompatible with the trend of miniaturization in portable and wearable
electronics.
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Figure 1.2 Schematic representation of an EDLC based on porous electrode materials.[66]

EDLC-based supercapacitors may help solve this problem due to their extremely
large capacitance. However, their frequency response needs to be greatly improved.
Graphene, with its extremely large SSA and excellent electrical conductivity, is a
promising material for this purpose. Some novel graphene-based devices have been
designed with competitive performance to those of AECs.[46, 49, 79-83] For example, ac
line-filters based on vertically oriented graphene (VG) sheets,[81] graphene/vertically
aligned carbon nanotube (VACNT) arrays[82] and electrochemically reduced GO[82] are
fabricated with phase angles ranging from -81.5°to -84°at 120 Hz.
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Figure 1.3 Schematic illustration of ac line-filters. (a) An ac power supply is converted
with four diodes, exporting an external voltage with double frequency. (b) The sketch of
phase conversion and the accompanied frequency multiplication. (c) The converted
sinusoidal signal is smoothed with an ac line-filter, outputting a dc signal. (d) An actual
ac line-filter.

Unfortunately, most of these devices utilize expensive approaches that are
impractical for mass production. In addition, the high temperature involved in the process
is incompatible with flexible electronics. We want to design a cost-effective
graphene-based ac line-filter using a wet chemical method. In this approach, Cu-reduced
GO is used as the electrode material while an interdigitated design is adopted to improve
the frequency response. This method is also compatible with flexible electronics since it
is fabricated at room temperature.
1.3.3 Graphene-Based TIMs
The electronic market is growing rapidly in the past decades. Meanwhile, the
number of transistors in a processor doubles every two years according to Moore’s law,
which results in an intimidating number of 15 billion in 2015.[84] The growing packing
density of transistors will not only increase the capability of a chip, but also the waste
10

heat generated during operation. High temperature and rapid change of temperature will
increase the possibility of thermal failure, which is detrimental to the lifespan of
electronic devices.
The heat generated in the chip should be conducted to heat sinks and dissipate away.
Unfortunately, a high thermal resistance usually exists at the contact interface of two
solid surfaces, resulting in poor heat conduction. A good TIM is needed to help alleviate
this issue.

Figure 1.4 Schematic illustration of TIM architecture in flip-chip technology.[85]

Figure 1.4 illustrates the configuration of a simple flip-chip package.[85] Two TIMs
are used in this architecture, in which TIM 1 conducts the heat from the backside of the
chip to the cap of the heat spreader; while TIM 2 conducts it further to the external heat
sink. For an ideal TIM, it should not only have excellent thermal conductivity but also
small contact thermal resistance with substrates. Most researches focus on the
investigation of TIM 1, which is also the case in our research.
A lot of materials have been studied and commercialized, including thermal
greases,[86-89] phase change materials,[90-95] solders[96-100] and thermally conductive
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composites,[101-105] most of which compose a polymeric matrix filled with thermally
conducive fillers. Thermal greases are cost-effective materials with high thermal
conductivity and low thermal stress due to their high compliance. However, dry-out and
pump-out issues impair their reliability. Phase change materials offer better stability yet
higher viscosity and lower thermal conductivities. Low melting temperature solders
provide higher conductivity yet worse thermal stress and corrosion performance.
Thermally-conductive composites are easy to handle and resistive to harsh environments
and pump-out problems. They also conform to the surface due to the low viscosity. Their
drawback is the relative more expensive cost, lower thermal conductivity and the
vulnerability to delamination failure.
We want to design a novel graphene-based 3D graphene/polydimethylsiloxane
(PDMS) composite and test its performance as a TIM. For most of the literatures, only
the thermal conductivity is measured without mention the performance of contact
resistance. This is not thorough for the characterization of a TIM. Previously we have
shown that our 3D graphene/PDMS composite has a moderate thermal conductivity of
0.56 W/mK.[106] We want to find out whether it can also provide sound total thermal
resistance as a practical TIM.
In addition, the test for contact resistance is often tedious for steady-state methods,
wasting a lot of time and energy. Here we want to design a non-contact transient method
based on laser flash analysis (LFA). This method directly gives the total thermal
resistance, which can also be developed to accommodate the contact thermal resistance.
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CHAPTER 2

GRAPHENE-BASED SUPERCAPACITORS ENHANCED WITH
ELECTROACTIVE BENZENE DERIVATIVES

2.1 Introduction
Supercapacitors have been considered as a promising energy storage unit for
portable electronics, electric vehicles, etc. due to their high power density and long
lifetime.[107] Various materials have been investigated as the active electrode, such as
metal oxides,[72, 73] conducting polymers,[74, 75] AC,[108] CNTs,[109] graphene derivatives[110,
111]

as well as the hybrids of them.[73,

112]

Among all these materials, rGO is most

extensively studied because of its extremely high SSA, good electrical conductivity and
the capability for large-scale production.[62, 63] However, the specific capacitance reported
for graphene (~ 100 to 200 F/g) is much smaller than the theoretical value (~550 F/g).[113]
This deficiency largely results from the aggregation of graphene sheets caused by the Van
der Waals force, which greatly reduces the surface area accessible to the electrolyte and
thus decreases the specific capacitance.
Generally two approaches have been used to improve the capacitance performance
of graphene-based materials. The first one is through the modification of rGO
morphology to increase the surface area accessible to the electrolyte. For example, curved
graphene that alleviates the aggregation during sample preparation was prepared by
anti-solvent[67] or fast-solvent-evaporation treatment.[68] In addition, different types of
spacers, such as Mg(OH)2,[69] CNTs[70] and covalently-grafted benzene molecules,[71]
were introduced to increase the spacing between the rGO sheets. Gravimetric
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capacitances ranging from 150 to 450 F/g are achieved by these methods. The second
approach is through the incorporation of electrochemically active materials that provide
large pseudocapacitance via redox reactions, such as metal oxides,[72,
polymers[74,

75]

and

small

aromatic

chemicals.[76-78]

Among

73]

conducting

these

materials,

electrochemically active benzene derivatives have attracted lots of attentions. For
example, Xu et al. incorporated hydroquinone (HQ) and achieved a specific capacitance
of 441 F/g.[76] Lu et al. reported a specific capacitance of 313 F/g with
p-phenylenediamine (PPD)/rGO hybrid electrode, of which the improvement was
attributed to spacing and nitrogen doping effect.[77] Cui et al. investigated
1,2,4,5-benzenetetraamine grafted rGO and obtained a specific capacitance of 370 F/g.[78]
These benzene derivatives are very promising because of their large capacitance and ease
of production. However, the roles of these benzene derivatives remain unclear. The
puzzle becomes more complicated when the reactions occur at elevated temperatures,
which may introduce byproducts into the system.[76-78, 114]
Herein we design a facile approach to study the capacitance contribution from
electrochemically active benzene derivatives. In this work, GO is mixed with a specific
benzene derivative, after which it is simultaneously reduced and assembled onto a zinc
plate at room temperature. The benzene
derivative molecules are physically adsorbed on the rGO layers in a face-to-face
fashion via π-π interaction. The solid-phase room temperature reduction process avoids
the side reactions that may occur at elevated temperatures. Moreover, the interaction
between benzene derivatives and rGO is non-covalent, which helps to separate the
contributions from spacing effect and pseudocapacitance effect. By investigating the
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performance a series of similar benzene derivatives/rGO electrodes (b-rGO, in which bstands for benzene derivatives) including phenol, aniline, HQ, p-aminophenol (PAP),
o-phenylenediamine (OPD), and m-phenylenediamine (MPD), we find that the
capacitance increase mainly arises from the pseudocapacitance of specific benzene
derivative molecules rather than their spacing effect. With a small loading of PPD, a
gravimetric capacitance of 273 F/g and capacitance retention of 86% after 10,000
charge/discharge cycles are achieved.

2.2 Experimental and Methods
2.2.1 Preparation of GO
GO was synthesized according to a modified Hummers’ method.[115, 116] Briefly,
NaNO3 (4 g) was dissolved into concentrated H2SO4 (98 wt%, 200 mL) in an ice bath.
Graphite powder (Asbury 230U, 4 g) and KMnO4 (18 g) were slowly added into the
solution with the temperature kept below 8 °C. The mixture was vigorously stirred for 2 h
in the ice bath and another 30 min in a 35 °C water bath. After the reaction, the solution
was diluted with deionized water (500 mL) followed by the addition of H2O2 (30% w/w
in H2O, 50 mL), during which the temperature was maintained below 80 °C. The
as-obtained GO was washed with HCl (1 M, 2 L) and deionized water repeatedly until the
pH reached 6.
2.2.2 Preparation of rGO, p-rGO, Hydrothermal p-rGO and b-rGO
GO (1 mg/mL, 40 mL) was first dispersed in water and ultrasonically exfoliated for
30 min. Benzene derivatives such as phenol, aniline, HQ and PAP, PPD, OPD or MPD
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(0.36 mM if not stated otherwise) was added into the solution and ultrasonicated for
another 30 min. In this process the aromatic molecules dissolved in the GO solution and
attached onto the GO surface. After that a Zn plate (4 cm × 4 cm) was immersed into the
GO solution at ambient temperature and GO was thus reduced into rGO hydrogel. The
as-prepared b-rGO hydrogel film was removed from the substrate by immersion in a
dilute HCl solution for about 30 min, after which it was washed with excess amount of
dilute HCl for 1 h and 10 L deionized water for two days to remove the Zn residues and
non-adsorbed aromatic molecules.
For hydrothermally prepared p-rGO, GO (15 mg) was first dispersed in water (15
mL) and ultrasonically exfoliated for 30 min. Then PPD (15 mg) was added into the
solution and ultrasonicated for another 30 min. After that the vial was placed in an oil
bath (90 ºC, 30 min) and a cylinder rGO hydrogel was formed. The as-prepared p-rGO
hydrogel was washed with 10 liters of deionized water to remove the non-adsorbed PPD
molecules.
2.2.3 Structural Characterization
The morphologies of GO, rGO and PPD/rGO (p-rGO) were characterized with
scanning electron microscope (SEM, Hitachi SU8010) and atomic force microscope
(AFM, Dimension Edge, Veeco with silicon tip MPP-11100-10). Raman spectra were
taken with LabRAM ARAMIS, HORIBA JOBIN YVON using 532 nm laser as the
excitation light. X-ray photoelectron spectroscopy (XPS) measurement was performed
with a Thermo K-Alpha XPS. Fourier transform infrared spectra (FTIR) were obtained
with FTIR spectrometer (Nicolet, Magna IR 560) at room temperature. X-ray diffraction
(XRD) was performed with an X’Pert Pro Alpha-1 machine with Cu Kα radiation.
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2.2.4 Electrochemical Measurements
Two-electrode and three-electrode test setups were used to test the electrochemical
performance. For the two-electrode test setup, a regular filter paper was sandwiched
between two circular hydrogels as the separator (ϕ=1.0 cm, loading ~ 1 mg/cm2). The
sandwiched structure was kept between two stainless steel plates that serve as the current
collector. For the three-electrode test setup, a platinum wire and Ag/AgCl electrode filled
with saturated KCl aqueous solution were used as the counter and reference electrode,
respectively. A rectangular hydrogel (0.5 cm × 2 cm) was pressed onto a gold foil with a
piece of carbon fiber paper to improve their contact. 1 M H2SO4 was used as the
electrolyte throughout this work. Before test, the samples were soaked into the electrolyte
for 3 h. Cyclic voltammetry (CV), galvanostatic charge/discharge test (CD) and
electrochemical impedance spectroscopy (EIS) were carried out with a Versastat
2-channel system (Princeton Applied Research). EIS was carried out in the frequency
range of 0.01 Hz to 100 kHz with a 10 mV sinusoidal voltage.
2.2.5 Calculations
2.2.5.1 Specific Capacitance
For three-electrode configuration, the specific capacitance derived from the
𝑖∆𝑡

galvanostatic discharge curve is calculated by 𝐶 = 𝑚∆𝑉 , where i is the discharging
current, ∆t is the discharging time, ∆V is the voltage range and m is the weight of the rGO
∮ 𝑖𝑑𝑉

hydrogel. Specific capacitance derived from CV curves follows 𝐶𝑚 = 2𝑚∆𝑉𝜈, where i is
the current, V is voltage, m is the weight of the rGO electrode, ∆𝑉 is the voltage range
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(0.8 V) and 𝜈 is the scan rate. Integration is carried out over a whole cycle of the CV
curve.
For two-electrode configuration, the specific capacitance derived from the
4i∆t

galvanostatic discharge curves is calculated with C = m∆V, where i is the discharging
current, ∆t is the discharging time, ∆V is the voltage range and m is the total weight of
both rGO hydrogels. Specific capacitance derived from CV curves follows Cm =

2 ∮ idV
m∆Vν

,

where i is the current, V is voltage, m is the total weight of both rGO electrodes, ∆V is
the voltage range (0.8V) and ν is the scan rate. Integration is carried out over a whole
cycle of the CV curve.
2.2.5.2 PPD loading estimation
The loading of PPD is estimated according to the XPS survey spectrum of p-rGO.
The atomic ratio obtained from XPS survey is 82.8:14.3:2.9 for C:O:N. It is reasonable to
assume that all the nitrogen element comes from that PPD since the GO sheets does not
show any nitrogen peak. The element contribution (C:N:O) from rGO and PPD in p-rGO
is 74.1:14.3:0, and 87:0:29, respectively. Based on these data, the weight ratio of PPD to
rGO is 1.0:7.7, corresponding to a PPD loading of about 11 wt%.

2.3 Results
Active metals such as zinc, iron and copper, can reduce due to their lower redox
potentials.[57,

58]

Here Zn plate is used as the reducing agent and PPD is used as a

representative of these benzene derivatives. The reduction process is illustrated in Figure
2.1. Due to its higher redox potential, the GO sheet will be spontaneously reduced once it
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contacts the Zn plate. The as-reduced GO is electrically conductive, which in turn serves
as the conducting path for electrons and results in the continuous reduction and assembly
of GO sheets.

Figure 2.1 Schematic illustration of the fabrication of rGO and b-rGO. Step I: The
reduction; step II: Mixing GO solution with benzene derivatives; step III: The mixture of
GO and benzene derivatives is reduced with Zn substrate.

Figure 2.2 presents the photos of 1 mg/mL GO solution with (right) and without (left)
the addition of PPD. Both samples had been left for 24 h before these photos were taken
and neither of them showed any sign of agglomeration. The stable dispersion results from
the electric repulsion force between the negatively charged GO sheets.[117] Meanwhile,
the addition of PPD does not disturb the stability, indicating PPD does not interact the
electronegativity of GO.
The SEM images of rGO (Figure 2.3a) and p-rGO (Figure 2.3b) exhibit a similar
open-porous structure that reflects the layer-by-layer reducing mechanism. In addition, it
also helps the ion transport within the electrode, which is beneficial for the
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electrochemical performance.[57] This simple reducing method takes place at room
temperature and uses solid phase reducing agent. As a result, it avoids the side reactions
that may occur at elevated temperatures or by using liquid reducing agents, making it
excellent for studying the function of these benzene derivatives.[114]

Figure 2.2 Optical images of GO and GO/PPD solution. Left: GO solution; right:
GO/PPD solution. Both samples were left for one day before the images were taken.

Figure 2.3 SEM images of freeze-dried rGO (a) and p-rGO (b) aerogel, respectively.
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The morphology of GO and rGO after the PPD absorption is characterized by AFM
and XRD, respectively. From the AFM images, the thickness of GO is measured to be 0.9
nm (Figure 2.4a), which increases to 1.6 nm after the attachment of PPD (Figure 2.4b).
Figure 2.4c shows the XRD patterns of GO and rGO reduced with Zn plate. A sharp peak
appears at 10.2°for GO, corresponding to an inter-layer spacing of 0.87 nm. The peak
shifts to 23.4°after reduction, which corresponds to an inter-layer spacing of 0.38nm. For
p-rGO, a distinct new peak shows up at 9.5°, which does not exist in the XRD patterns of
either rGO or PPD (Figure 2.4d). This peak corresponds to a spacing of 0.93 nm, 0.57 nm
larger than that of the graphitic peak (0.36nm). The height increase from AFM and XRD
characterization is equivalent to twice the thickness of the aromatic core.[75, 118] It thus
indicates that the PPD molecules may attach parallel onto both sides of GO surfaces. The
small difference between PPD/GO (0.7 nm) and p-rGO (0.57nm) can be attributed to the
restoration of π-conjugation and the accompanied stronger interaction between rGO and
PPD molecules.
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Figure 2.4 (a,b) AFM images of GO and PPD/GO, respectively. (c) XRD patterns of GO
and rGO. (d) XRD patterns of PPD and p-rGO. The subscript designates the weight ratio
of PPD-to-GO.

The interaction between PPD and rGO is shown to be non-covalent by chemical
analysis. The XPS survey of p-rGO shows a small N1s peak from the residue of PPD
molecules at 400 eV (Figure 2.5a). It thus proves the existence of PPD molecules even
after prolonged washing. The strong adsorption should arise from the interaction between
graphene and the benzene derivatives. The deconvoluted N1s spectrum (Figure 2.5b)
contains a single peak centered at 399.5 eV, corresponding to the amine group in PPD.[119]
Neither pyridinic nitrogen (398.2 eV) nor graphitic nitrogen (401.3 eV) shows up in the
spectrum.[71, 119]
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Figure 2.6a presents the deconvoluted C1s XPS spectra for GO, rGO and p-rGO.
The rGO shows three distinct peaks at 284.6 eV, 286.0 eV and 288.5 eV, corresponding to
C-C, C-O and C=O bonds, respectively. The peak intensity of C-O bond sharply
decreases after GO is reduced by Zn. In addition, the C/O ratio increases from 2.4 for GO
to 6.4 for rGO and 5.2 for p-rGO, suggesting an efficient removal of oxygen during this
process. The similar C/O ratio found in rGO and p-rGO indicates that the addition of PPD
does not affect the reduction process significantly. The Raman spectra of GO, rGO and
p-rGO (in Figure 2.6b) show two characteristic peaks at 1342 cm-1 and 1577 cm-1,
corresponding to D and G bands of graphene, respectively. The ID/IG ratio increases from
1.0 of GO to 1.6 and 1.3 of rGO and p-rGO after the Zn-assisted reduction. This increase
is attributed to the restoration of small graphene domains, a widely observed
phenomenon for GO reduction.[120]

Figure 2.5 (a) XPS survey spectra of GO, p-rGO and PPD/GO. (b) N1s spectrum of
p-rGO.
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Figure 2.6 (a) C1s spectra of GO, rGO and p-rGO. (b) Raman spectra of GO, rGO and
p-rGO.

Figure 2.7 (a) FTIR spectra of GO, rGO and p-rGO. (b) FTIR spectra of rGO, PPD and
p-rGO synthesized by hydrothermal method.

Figure 2.7a shows the FTIR spectra of GO, rGO and p-rGO. The peak intensities at
1727 cm-1 (C=O), 1384 cm-1 (O-H) and 1261 cm-1 (epoxy group)[119] of rGO and p-rGO
are significantly smaller than those of GO, which also proves the successful reduction.
The spectrum of p-rGO is nearly identical to that of rGO reduced by Zn. It thus implies
that the PPD molecules do not react with GO or rGO in the presence of Zn at room
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temperature. As a comparison, a control sample is prepared by hydrothermal treatment of
GO with the addition of PPD. A distinct new peak at 1567 cm-1 appears in the FTIR
spectrum, corresponding to the formation of a new N-H bending vibration that does not
exist in either p-rGO or PPD itself (Figure 2.7b).[69, 71] It means that the hydrothermal
method will generate new products while the room temperature reduction with Zn plate
won’t. In conclusion, these characterizations reveal that the PPD molecules remain after
the reduction and washing process, during which they do not react with either GO or
rGO.
From the characterizations above, we believe that PPD molecules are adsorbed
face-to-face onto the rGO sheets via a non-covalent interaction. It is suggested that
graphene interacts with benzene and other similar π-conjugated molecules via π-π
interaction and amino/hydroxyl substitution will increase this interaction.[75, 76, 121, 122] We
propose this adsorption arises from this π-π interaction, which is also supported with our
characterization. Meanwhile, the PPD/GO dispersion in water is very stable, which is
opposite to the rapid agglomeration caused by the electric attraction between oppositely
charged materials.[69] As a result, the electric interaction is also excluded in our case.

2.4 Discussion
2.4.1 Electrochemical Test of rGO and p-rGO
Electrochemical characterizations are carried out with a two-electrode test setup.[123]
Figure 2.8a shows the CV curves for rGO and p-rGO at a scan rate of 2 mV/s. The
specific capacitance calculated based on the CV curves increases from 113 F/g for rGO to
273 F/g for p-rGO. Figure 2.8b represents the CD plots of p-rGO at different current
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density. The linear and symmetric CD curves give a Coulombic efficiency of 97.5% and
indicate excellent charge storage reversibility.
In addition, the p-rGO exhibits excellent rate performance. The capacitance at a
discharge current density of 16 A/g is 242 F/g, which retains 93.6% of the value (259 F/g)
at 0.6 A/g (Figure 2.9a). The superior rate behavior can be attributed to the conductive
open-porous rGO hydrogel structure as well as the extremely short electron path of the
face-to-face attaching mechanism. The hybrid electrode also shows excellent stability; it
retains 86% of the initial capacitance after 10,000 cycles in the CD test at a current
density of 11.9 A/g (Figure 2.9b). This capacitance retention is much better compared to
those incorporated with metal oxides (84% after 1,000 cycles)[73] and conducting
polymers (70% after 1,000 cycles).[74]

Figure 2.8 Electrochemical performance of the rGO and p-rGO electrodes in 1 M H2SO4
aqueous electrolyte. (a) CV curves of rGO and p-rGO at a scan rate of 2 mV/s. (b) CD
curves of p-rGO at charge/discharge current of 1.5, 3.9, 5.9 and 11.9 A/g.
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Figure 2. 9 Electrochemical performance of the rGO and p-rGO electrodes in 1 M H2SO4
aqueous electrolyte. (a) Specific capacitance of rGO and p-rGO at different current
densities. (b) Cycling stability of p-rGO electrode at a current density of 11.9 A/g. (c)
Impedance spectra of rGO and p-rGO. The inset shows the part of spectra at high
frequency region.

The impedance spectroscopy is also tested for rGO and p-rGO (Figure 2.9c). Both
spectra are nearly perpendicular to the real axis at the low frequency region, which
indicates pure capacitive behavior and confirms excellent ion transport within the
electrode materials.[57, 108] The electrochemical series resistance (ESR), estimated from
the intercept of the impedance spectrum at low frequency region with the real axis, is
comparable for rGO (4.1 Ω) and p-rGO (3.0 Ω). At high frequencies, there’s a loop
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corresponding to a nano-porous structure within both rGO and p-rGO.[108] The small
internal resistance for p-rGO (0.28 Ω) also confirms the excellent electrical conductivity
with the presence of PPD.
2.4.2 Mechanism Study
A series of benzene derivatives are incorporated into rGO following the same
procedure as p-rGO to investigate the role these chemicals play in the capacitance
enhancement. The specific capacitances are measured using a three-electrode setup, in
which the redox reactions can be closely monitored by the corresponding
pseudocapacitive CV peaks.
2.4.2.1 the Pseudocapacitance of the Electrochemically Active Benzene Derivatives
Increased the Capacitance instead of the Spacing Effect
We firstly compared mono-substituted benzene (phenol and aniline) and
bi-substituted benzene (HQ, PAP and PPD). All of these aromatic molecules improve the
specific capacitance to some extent. However, the CV curves for mono-substituted
benzene treated rGO (mono-rGO) show similar shapes and areas to that of pure rGO
(Figure 2.10a); whereas those for bi-substituted benzene treated rGO (bi-rGO) exhibit
new pseudocapacitive peaks (Figure 2.10b). The specific capacitance are 143, 128, 210,
160 and 211 F/g for the as-prepared electrodes incorporated with aniline, phenol, PPD,
HQ and PAP, respectively. The capacitance enhancement with mono molecules is
generally less than 30 F/g from that of rGO (115 F/g), while those for bi-rGOs are much
larger (~100 F/g).
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Figure 2.10 CV curves of (a) rGO, aniline-rGO, phenol-rGO and (b) rGO, p-rGO,
PAP-rGO and HQ-rGO at a scan rate of 10 mV/s in 1 M H2SO4 aqueous electrolyte.

2.4.2.2 the Pseudocapacitance comes from the para and ortho Configuration
Mono- and bi-substituted benzenes have similar chemical structures with an
aromatic core in the center that provides the adsorption force onto the graphene sheets.
As a result, the specific capacitance for mono-rGO and bi-rGO should be comparable if
the enhancement primarily comes from the spacing effect of the aromatic core. However,
this expectation is contrary to the much smaller enhancements for mono-rGOs than for
bi-rGOs. Moreover, characteristic pseudocapacitive peaks show up in the CV curves for
bi-rGOs, indicating the occurrence of redox reactions. Therefore, we believe that these
redox reactions, which only occur when two functional groups are present in a benzene
ring, are the major contributors for the large enhancement.
It is known that there is a simple two-electron redox reaction between quinone and
HQ.[124] We suggest that the capacitance increase primarily arises from similar redox
reactions as shown in Figure 2.11.
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Figure 2.11 Proposed redox reactions accounting for the capacitance increase.

If the mechanism proposed above stands, there should be some differences for
bi-substituted benzene derivatives with different configurations. For example, redox
reaction occurs between OPD and o-benzoquinone diimine (OBD). However, there is no
similar reaction for MPD. As a result, it is expected that MPD will not result in
capacitance enhancement from the pseudocapacitance effect. From the CV measurements,
distinct redox reaction peaks do show up at about 0.5 V for OPD/rGO (o-rGO). However,
no such peaks appear for MPD/rGO (m-rGO, Figure 2.12a). The specific capacitance of
o-rGO (200 F/g) is much larger than that of m-rGO (123 F/g), which agrees well with the
proposed mechanism. Based on these findings, we can conclude that the main reason for
the capacitance increase is the redox reactions from the benzene derivatives with para
and ortho configurations of amino or hydroxyl groups.
The specific capacitance is listed in Figure 2.12b. It is obvious that the specific
capacitances for samples without redox reactions (on the left) are much lower than those
with (on the right). In addition, the above-mentioned hypothesis is further supported with
the calculated results. The atom ratio of C/O/N for p-rGO is 82.8:14.3:2.9 obtained from
the XPS survey spectrum, from which the PPD loading after reduction is estimated to be
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about 11 wt%. Assuming the capacitance contribution from rGO remains unchanged in
p-rGO, the expected specific capacitance of p-rGO is about 299 F/g. This value agrees
well with the measurement value of 273 F/g. Moreover, the specific capacitance
contributed by PPD alone is about 1551 F/g, which is 87% of its theoretical value (1784
F/g derived from the reaction shown in Figure 2.11a). The supreme utilization arises from
the double-sided parallel adsorption mechanism that guarantees extremely short electron
transportation for the pseudocapacitive molecules.

Figure 2.12 (a) CV curves of rGO, p-rGO, m-rGO and o-rGO at a scan rate of 10 mV/s 1
M H2SO4 aqueous electrolyte. (b) Specific capacitance histogram of rGO, mono-rGOs
and bi-rGOs.

2.5 Conclusion
In summary, PPD is incorporated into rGO and significantly increases the specific
capacitance. The as-fabricated p-rGO also exhibits excellent rate capability and cycling
performance. After investigating a series of benzene derivatives, we attributed the main
reason for the capacitance improvement to the pseudocapacitance of the aromatic
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molecules themselves rather than the spacing effect. The pseudocapacitance arises from
the redox reactions of the molecules. In accordance, the configuration of functional
groups plays an important role in the capacitive enhancement; para and ortho substituted
benzene derivatives have much higher capacitance values than that obtained with meta
substituted ones. This conclusion will guide the searching of promising aromatic
molecules for further enhanced supercapacitors.
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CHAPTER 3

FLEXIBLE MICRO-SUPERCAPACITOR UTILIZING
METAL-REDUCED GRAPHENE OXIDE

3.1 Introduction
The rapid development of portable and wearable electronics imposes many
requirements on the energy storage units, including reduced form factor, good
compatibility, fast charge/discharge response, excellent mechanical compliance,[125] etc.
Supercapacitors are promising candidates because of their high power density and long
lifetime; however, conventional supercapacitors utilize sandwiched design and require
complicated packaging, making them bulky for miniaturization.
Recently, planar micro-supercapacitors (MSCs) designed for portable and wearable
applications have been reported, using onion-like carbon (OLC),[125] carbide-derived
carbon(CDC),[126] AC[127, 128] and graphene[46, 48, 49, 82, 129-133] as the active materials. The
AC based MSCs showed large specific capacitances. However, the limited ion transport
within its internal micro-porous structure resulted in a rapid capacitance decrease with
increased scan rates.[127, 128] Graphene-based materials are most extensively studied for
supercapacitors due to their high SSA and excellent electrical conductivity. Gao et al.[49]
and El-Kady et al.[46,

48]

used laser writers to reduce GO and designed various

rGO/GO/rGO microstructures for MSCs. Lin et al. and Zhu et al. made graphene/CNT
hybrid MSCs with CVD technique.[82, 129] Majid et al. applied the electrostatic spray
deposition process to fabricate rGO/CNT based MSC.[130] For some of these devices, the
direct deployment in on-chip application is difficult since high temperature environment
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or liquid electrolytes are involved.[49, 82, 129, 130] In this regard, gelled electrolyte would
largely alleviate this problem due to the all-solid-state characteristics. Niu et al. used
gelled polyvinyl alcohol (PVA)/H3PO4 as the electrolyte and patterned hydrazine reduced
rGO stripes as the active material.[131] Wu et al. adopted gelled PVA/H2SO4 electrolyte for
ultrathin heteroatom-doped-graphene MSC[132] and methane-plasma-treated rGO
MSC.[133] However, the loadings of the active materials were generally too small to
deliver moderate capacitance for these all-solid-state MSCs, limiting their applications.
In this work, we developed a scalable method to fabricate all-solid-state flexible
MSC based on rGO hydrogel (open-porous structure formed by π-π stack force between
rGO sheets) in-situ assembled on metal template at room temperature. The as-prepared
MSC shows a specific areal capacitance of 0.95 mF/cm2 and maintains 98.3% after
11,000 times of charge/discharge cycles. In addition, extremely small relaxation time
constant of 4.8 ms is achieved in gelled electrolyte, which indicates high ion transfer
mobility within the structure. Besides, the device also exhibits great flexibility which
retains 93.5% of the capacitance after 2,500 times of bending and twisting. These
properties make as-fabricated MSC a promising energy storage candidate in wearable
electronics.

3.2 Experimental
3.2.1 Preparation of Cu/Au Interdigit
The Kapton® polyimide substrate was used as-received. A 1.6 μm thick layer of
positive resist (Microposit S1813, Shipley, USA) was spun cast on the Kapton substrate
and exposed in a mask aligner (Karl Suss MA6 Mask Aligner, Garching, Germany) with
34

405 nm ultra-violet light. The exposed sample was developed in Microposit MF 315
(Shipley) developer. All the samples with patterned photoresist were cleaned by oxygen
plasma in a reactive ion etching (RIE) tool (Plasma Therm Inc., USA) to remove any
resist residue in exposed areas. Then Cu/Au layer was deposited in an electron beam
evaporator at pressure of 3×10-6 Torr (CVC Product Inc., USA).
A 10-finger interdigital design with finger width of 300 μm, finger gap 200 μm and
total dimension 4.84.8 mm2 was employed. Ti (10 nm), Au (200 nm) and Cu (200 nm)
were deposited onto the substrate successively. In the end, the photoresist was lifted off
with 5 min of sonication in acetone and dried by N2 flow.
3.2.2 Preparation of PVA/H2SO4 Gelled Electrolyte
The PVA/H2SO4 gelled electrolyte was prepared for the all-solid-state MSC.[134]
H2SO4 (98 wt%, 10 g) was added into deionized water (100 mL). After that PVA (10 g)
was added and the mixture was stirred at 80 ̊C until it became clear.
3.2.3 Preparation of All-Solid-State MSC
GO was prepared according to modified Hummers method.[135] Kapton substrate
with patterned metal interdigit was immersed in GO (50 mL, 1 mg/mL) aqueous solution
at room temperature for 12 h. It was then taken out from the solution and mildly washed
with deionized water. PVA/H2SO4 electrolyte (~10 wt% for both PVA and H2SO4) was
drop coated onto the interdigit and the sample was dried in air for certain time (12~72 h).
The all-solid-state MSC was thus obtained.
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3.2.4 Fabricate Conventional Sandwiched Supercapacitor
Copper foils (25 μm thickness) were cleaned with isopropyl alcohol and deionized
water respectively. They were immersed in GO (1 mg/mL, 50 mL) aqueous solution for
12 h to reduce GO on the surface. After that deionized water was used to wash the
adsorbed GO platelets away. The samples were immersed in dilute nitric acid to remove
Cu away and washed with deionized water several times. A glass microfiber filter paper
was sandwiched between two freestanding rGO hydrogel films as the separator. Two
carbon fiber paper disks were attached to the backside of rGO hydrogel films as
mechanical supporter and current collectors. The assembly was immersed in H2SO4 (1 M)
for overnight. After that it was clamped between two stainless steel plates and connected
to copper tapes for characterization.
3.2.5 Bending and Twisting Tests
For bending tests, samples were slowly bent around iron columns (ϕ=11 mm). For
twisting, sample was bent to its diagonal around the same column.
3.2.6 Structural Characterization
Morphology of rGO hydrogel was observed with SEM (Hitachi SEM SU8010) after
being freeze-dried into rGO aerogel. XPS characterization was performed with a Thermo
K-Alpha XPS. Raman spectra were obtained with LabRAM ARAMIS, HORIBA JOBIN
YVON with 532 nm laser used as the excitation source. FTIR was carried out at room
temperature with FTIR spectrometer (Nicolet, Magna IR 560). Sheet resistance was
measured with Lucas Labs S302 four point probe system. Bulk conductivity was
estimated based on the thickness measured with a micrometer.
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3.2.7 Electrochemical Measurement
CV, CD and EIS were measured with a Versastat 2-channel system (Princeton
Applied Research). Specific areal capacitance was derived from discharging curve at
different current densities. Gravimetric capacitance was obtained from CV data at
different scan rates for comparison.
3.2.8 Calculations
The specific areal capacitance is derived from the constant discharge curves and
𝑖∆𝑡

calculated with 𝐶𝑎𝑟𝑒𝑎𝑙 = 𝐴∆𝑉, where i is the discharging current, ∆t is the discharging
time, ∆V is the voltage range and A is the area of the device excluding the contact pads.
Gravimetric capacitance is derived from CV curves with 𝐶𝑚 =

2 ∮ 𝑖𝑑𝑉
𝑚∆𝑉𝜈

, where i is the

current, V is voltage, m is the weight of the rGO hydrogel on the interdigit fingers,
is the voltage range (0.8V) and 𝜈 is the scan rate.

∆𝑉

Integration is carried out over a

whole cycle of CV curve.
Coulombic efficiency is calculated by 𝜂 =

𝛥𝑡𝑑
𝛥𝑡𝑐

× 100% , where

𝛥𝑡𝑑 is the

discharging duration and 𝛥𝑡𝑐 is the charging time.

3.3 Results and Discussion
3.3.1 Complete Oxidation of Cu by GO
The mechanism of the simultaneous self-assembling and reduction process is
schematically illustrated in Figure 3.1a. The Cu/Au interdigit serves as the current
collector as well as reducing agent. Beneath that is the Ti layer used to improve the
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adhesion between the metal interdigit and the polyimide substrate. The standard electrode
potential 𝜑°𝑟𝐺𝑂/𝐺𝑂(𝑝𝐻=6.0) was reported to be in the range of 0.4 ~ 0.6 V while
𝜑°𝐶𝑢/𝐶𝑢2+ is 0.337 V.[136] Thus Cu is able to reduce GO when it comes across the GO
sheet due to its lower redox potential. Electrons will spontaneously transfer from Cu to
GO by Reaction 1, leading to the reduction of GO and the dissolution of Cu.
𝑎𝑛𝑜𝑑𝑒

∶

𝑐𝑎𝑡ℎ𝑜𝑑𝑒 ∶

𝐶𝑢 → 𝐶𝑢2+ + 2𝑒 −
𝐺𝑂 + 2H + + 2e− → rGO + 𝐻2 𝑂

(1)

Figure 3.1 (a) MSC fabrication process: I) Fabricate Cu/Au interdigit. II) GO reduction
process. III) Washing process. IV) Electrolyte infiltration. (b) Schematic illustration of
the reducing mechanism. (c) Optical images of the as-fabricated devices before (left) and
after reduction (middle) with a one-dime coin of U.S. as a reference.
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Figure 3.2 Optical microscope image of samples. (a) Left: a sample on Kapton substrate;
right: a sample after rGO deposition and dry-out in air. (b) Freeze-dried rGO interdigit on
SiO2/Si substrate.

The reduced GO sheets will stay together by π-π stack force and form a hydrogel
structure. The remaining Au layer will keep in contact with the obtained rGO hydrogel
(Figure 3.1b) and act as the current collector. Moreover, the rGO hydrogel is electrically
conductive and will act as an electron pathway from Cu to GO sheets, causing continuous
GO reduction and deposition until the complete consumption of Cu is reached. After 12 h
of reaction, the surface of the metal interdigit turns from shinny golden to black, which
also indicates successful reduction and deposition of rGO hydrogel onto the metal
surface.
Figure 3.1c presents an optical image of the original Cu/Au interdigit (left) and
as-fabricated MSC (middle), which indicates the conformal coating of rGO hydrogel onto
the surface of metal interdigit. The rGO hydrogel maintained the same sharp and straight
design after being dried out (Figure 3.2a). No GO residue is found between the gaps of
the interdigit fingers. The conformal coating phenomenon eliminates the possibility of
potential short circuit during operation and allows for convenient design. Similar rGO
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interdigit features are observed when Si/SiO2 substrate was used instead (Figure 3.2b),
which indicates that the substrate material has negligible effect on the reducing process
and thus offers various choices for substrates. In our case, complete dissolution of Cu
after 12 h of reaction is confirmed by energy dispersive X-ray spectroscopy (EDX). No
Cu residues were found on the substrate when the rGO hydrogel was removed (Figure
3.3), which implies that Cu on the substrate was fully oxidized and removed during this
process.
A control experiment is carried out to further verify the complete consumption of Cu.
The Cu/Au interdigit was immersed in a GO solution for 4 h and as-fabricated MSC was
tested in aqueous H2SO4 electrolyte. The CV curves deviate much from a rectangular
shape (Figure 3.4a), which is caused by the residue Cu left on the metal interdigit during
the electrochemical test:

∶

𝐶𝑢 → 𝐶𝑢2+ + 2𝑒 −

𝑐𝑎𝑡ℎ𝑜𝑑𝑒 ∶

2H + + 2e− → H2 ↑

𝑎𝑛𝑜𝑑𝑒

(2)

As can be seen in Reaction 2, H+ is released from the cathode in the form of H2. This
is confirmed with the bubbling of gas out of alternative interdigit fingers during the CV
test. Figure 3.4b shows the interdigit after being dried out. The rGO hydrogel on the
even-numbered fingers (cathode) is peeled off by the generated gas while that on the
odd-numbered fingers (anode) remains. The bubbling does not show up for samples
immersed for 12 h and thus confirms the complete consumption of Cu during the process.
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Figure 3.3 EDX analysis. The tested area was one of the contacting pads on Kapton
substrate. It was carried out after the device was put in 50 mL GO solution (1 mg/mL) for
12 h and the rGO was gently wiped away with a wet napkin. (a) Sum spectrum. No
obvious peaks corresponding to Cu were detected. (b-c) Element mappings of Au (b) and
Cu (c). The intensity for Cu is much smaller compared with that of Au.

Figure 3.4 (a) CV curves of samples (normalized for easier comparison) reduced for 4
and 12 h in GO solution, and tested in aqueous H2SO4 electrolyte, respectively. (b) The 4
h sample dried out in air after CV test.
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3.3.2 Benefits of this Method
This method is suitable for the facile fabrication of MSC due to many advantages,
including 1) the rGO hydrogel coating is conformal to the metal patterns, allowing for the
precise control of rGO hydrogel electrodes and fine-pitch designs; 2) The reduction
reaction and the assembly procedure are simultaneous, low-temperature processed and
environmentally benign, eliminating the need for post-treatment that usually involves
either toxic chemicals or high temperature;[137] 3) The procedure is applicable to different
substrates such as ceramic, polymer film and silicon wafer as long as they are compatible
with photolithography.
3.3.3 Morphology and Chemical Properties of the as-produced rGO Hydrogel
The rGO hydrogel is freeze-dried into aerogel and characterized with SEM. The
top-view SEM image (Figure 3.5a) reveals an open porous structure similar to those
obtained with hydrothermal method[44] and Zn reduction approach.[138] No obvious lateral
growth is observed and the sharp edges of as-prepared rGO interdigit allow the
possibility for further pitch reduction (Figure 3.2a). The cross-section SEM image in
Figure 3.5b reveals an interconnected porous structure with rGO sheets lying
preferentially parallel to the substrate. This open-porous quasi-parallel structure will
decrease the resistance for lateral ion transport, improving the rate performance.[139]
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Figure 3.5 (a) Top and (b) cross-section SEM images of freeze-dried rGO aerogel on a
Kapton substrate.

The reduction of GO is confirmed by XPS, Raman spectrum, and FTIR.
Carbon-to-oxygen atom ratio increases from 2.1 of GO to 6.8 of rGO aerogel by the
quantitative XPS survey, indicating that significant amount of oxygen is removed during
the process.[140] In addition, the high resolution C1s XPS spectrum of rGO aerogel in
Figure 3.6a can be deconvoluted into three characteristic peaks at 284.4 eV (C-C/C=C
graphitic structure), 286.2 eV (hydroxyl and epoxy C-O groups) and 288.9 eV (carbonyl
group). The peak intensity corresponding to C-O group is greatly reduced for rGO
compared to that of GO. In the Raman spectra (Figure 3.6b), the D to G peak intensity
ratio (ID/IG) increases from 0.9 to 1.2, probably caused by the formation of smaller sp2
domains after reduction.[141] These small domains will increase sp3 edge defects, which
might provide extra surface area and thus enhance the specific capacitance. In the FTIR
spectra (Figure 3.6c), the carboxyl peak at 1725 cm-1 disappears after the reaction, further
validating the reduction of GO.[142, 143] In addition, the rGO reduced by Cu shows good
electrical conductivity. The as-prepared rGO hydrogel has sheet resistance of 192 Ω/□
and bulk electrical conductivity of 0.38 S/cm, which are comparable to that prepared by
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vacuum filtration method (0.58 S/cm).[144] The electrical conductive rGO hydrogel
provides a fast electrical transport pathway and eliminates the need of conductive
additives generally used in supercapacitor electrodes.[62]

Figure 3.6 (a) XPS spectra, (b) Raman spectra, and (c) FTIR spectra of GO film and rGO
aerogel.

3.3.4 Electrochemical Performance of the Solid-State MSC
The all-solid-state MSC was fabricated utilizing PVA/H2SO4 gel as the solid-state
electrolyte. Gelled electrolyte exhibits excellent mechanical flexibility which is suitable
for wearable electronics. It also eliminates the necessity of complicated sealing
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components generally required in conventional supercapacitors, greatly easing the
manufacturing process. During fabrication, the low-viscosity PVA/H2SO4 liquid
electrolyte first infiltrates into the rGO hydrogel. With the evaporation of H2O, the
viscosity of the electrolyte increases so much that it turns into a gel. The as-fabricated
MSC shows rectangular CV curves even at a scan rate of 6 V/s (Figure 3.7a), which
indicates that the capacitance arises from EDLC and the ion transportation within the
electrode is extremely fast. It is suggested that volumetric and areal capacitance are of
equivalent significance as the gravimetric capacitance in real applications.[145] Here the
areal performance of the as-fabricated MSC is evaluated considering the total area of
device (the rGO hydrogel interdigit, the Au interdigit current collectors and the gaps
between them). Figure 3.7b shows the CD curves at different current densities. The
perfect linear charge/discharge curves further confirm that the capacitance arises from
EDLC. Also, the symmetric CD curves imply high Coulombic efficiency,[146] which
reaches 99% for as-prepared MSC and guarantees excellent charge/discharge
reversibility.
Figure 3.7c shows the areal capacitance at different current densities. The MSC
exhibits an areal capacitance of 0.95 mF/cm2 at a discharging current of 0.43 mA/cm2,
which slightly decreases to 0.82 mF/cm2 at 4.3 mA/cm2. The areal capacitance achieved
is comparable to those EDLC based MSC reported in literatures (0.4~2 mF/cm2).[128, 147,
148]

Cycling test was carried out at a charge/discharge current of 1.3 mA/cm 2 and the

result is shown in Figure 3.7d. The areal capacitance retained about 98.3% of the initial
value after 11,000 cycles, suggesting an excellent cycling performance.
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Figure 3.7 Electrochemical characterization of as-fabricated MSC in PVA/H2SO4 gelled
electrolyte dried in air for 72 h. (a) CV curves at scan rates of 1, 2, and 6 V/s, respectively.
(b) CD curves at current densities of 0.43, 1.3, and 4.3 mA/cm2, respectively. (c) Specific
areal capacitance calculated from discharge curves at different current densities. (d)
Capacitance retention during 11,000 times of charging and discharging at current density
of 1.3 mA/cm2.

EIS was further used to study the performance of as-prepared MSC. The Nyquist
curve (Figure 3.8a) is almost perpendicular to the X-axis at low frequency region, which
indicates that the MSC acts like an ideal capacitor.[62, 149, 150] In addition, the semicircle
typically observed

at

high

frequency

region

for

conventional

carbon-based

supercapacitors does not show up in our MSC. This semicircle is associated with nano
pores within the electrode material which will impose large ionic diffusion resistance to
the system.[150] The absence of this semicircle indicates fast ion transportation, which
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might be caused by the open-porous structure of rGO hydrogel that makes the entire
surface accessible for fast ion adsorption/desorption.

Figure 3.8 (a) EIS spectrum measured from 10 mHz to 100 kHz. Inset shows magnified
view of high frequency region. (b) Bode phase diagram versus frequency. f0=49 Hz
corresponds to phase angle of -45°.

Figure 3.8b shows the plot of impedance phase angle versus frequency, also known
as Bode phase plot. The phase angle stays above -80° at frequency below 3.2 Hz,
indicating nearly pure capacitive behavior. The frequency at -45°is 49 Hz for the sample
fully dried in air for 72 h, corresponding to a relaxation time constant (τ₀) of 20 ms. The
τ₀ can be further controlled by adjusting the evaporating time which will affect the water
concentration and ion mobility within the gelled electrolyte. For example, it decreases to
4.8 ms (208 Hz) when gelled in air for 12 h and 1.9 ms (529 Hz) when 1 M H2SO4
aqueous electrolyte was used (Figure 3.9a). These values are comparable to those of the
state-of-art MSCs fabricated with onion-like nano-diamond (26 ms),[125] laser-scribed
graphene (LSG, 19 ms),[46] and CVD grown CNT carpets (0.82~2.62 ms).[82]
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The excellent rate performance probably arises from the quasi-parallel structure of
the rGO hydrogel and the in-plane design of the electrodes, which greatly reduce the
in-plane ion transport barrier. For comparison, the performance of our work and those of
state-of-the-art MSCs are listed in Table 3.1. Our sample exhibits a specific areal
capacitance comparable to those reported in literature.[82,

125, 130]

What’s more, the

relaxation time constant of our all-solid-state MSC is even competitive compared with
those of liquid electrolyte based MSCs.

Figure 3.9 (a) Plot of impedance phase angle against frequency for MSC with aqueous
and gelled electrolyte, respectively. (b) Plot of impedance phase angle against frequency
for TSC in 1 M H2SO4 aqueous electrolyte. The frequency at -450 was 10 Hz.

3.3.5 Comparison with Traditional Supercapacitors (TSCs)
TSCs were also fabricated using rGO hydrogel reduced on Cu foil for comparison.
Figure 3.9b shows the Bode phase plot of as-fabricated supercapacitor in 1 M H2SO4
aqueous electrolyte. The frequency corresponding to -45°(10 Hz) is much smaller than
that of MSC with 1 M H2SO4 aqueous electrolyte (529 Hz, Figure 3.9a). In addition, a
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semicircle at high frequency region is clearly shown in the impedance spectrum (Figure
3.10b), indicating large ionic diffusion resistance at high frequency in the device. Besides,
the knee frequency of TSC (100 Hz), above which the supercapacitor will act more
resistive, is an order of magnitude smaller than that obtained for MSC with an aqueous
electrolyte (~2.0 kHz Figure 3.10a). As a result, the CV curves at high scan rates (Figure
3.11a) are much more deformed. For convenience, gravimetric capacitance is compared
between TSC and MSC (Figure 3.11b). It can be seen that MSC shows a higher specific
capacitance of 147 F/g compared to 110 F/g of TSC at a scan rate of 50 mV/s and retains
66.0% of that value at 6 V/s compared to 48.9% for TSC.

Table 3.1 Comparison of the as-prepared MSC with State-of-the-Art MSCs.
materials

electrolyte

capacitance
(mF/cm2)

τ₀ (ms)

substrate

Ref.

4.8~20

All

this work

rGO

solid

0.87

rGO

solid

0.14a)

N/A

Si/SiO2

[151]

solid

0.16

a)

N/A

All

[131]

laser reduced GO

solid

1.6

a)

19

All

[46]

Graphene/CNT

liquid

0.97a)

2.6

Si/SiO2

[82]

rGO/CNT

liquid

4.5

4.8

Si/SiO2

[130]

rGO

a)

OLC
liquid
1.1
26
All
[125]
a)
These values were adjusted to specific areal capacitance at a scan rate of 1 V/s based on
information from the papers.
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Figure 3.9 (a) Plot of impedance phase angle against frequency for MSC with 1 M H2SO4
electrolyte and gelled PVA/H2SO4 electrolyte, respectively. (b) Plot of impedance phase
angle against frequency for TSC in 1 M H2SO4 aqueous electrolyte. The frequency at -450
was 10 Hz.

Figure 3.10 (a) EIS spectrum of MSC in 1 M H2SO4 electrolyte. Inset shows the
magnified view of the high-frequency region. (b) EIS spectrum of TSC in 1 M H2SO4
electrolyte.
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Figure 3.11 (a) CV curves of TSC at scan rates of 1, 2, 6 V/s, respectively. (b)
Comparison of the gravimetric capacitance between TSC and MSC.

3.3.6 Flexibility Test
Our MSC shows great mechanical compliance. Figure 3.12a shows an image of the
all-solid-state MSC bent around a fingertip. Electrochemical characterizations of the
MSCs bent at different curvatures were carried out to test the flexibility. CV curves for
samples bent around columns with different diameters exhibit nearly identical profiles to
those of the unbent sample (Figure 3.12b). The sample was further bent around an 11 mm
diameter column for 2,500 times and then twisted around the same column for another
2,500 times (the diagonal of the sample parallel to the column axis). Charge/discharge
tests were carried out every 100 bending/twisting operations to test the mechanical
reliability (Figure 3.12c). It retained 95.9% of the initial capacitance after 2,500 times of
bending and 93.5% after another 2,500 times of twisting. The excellent flexibility and
stability make the as-fabricated MSC suitable for flexible and wearable applications.
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Figure 3.12 Performance of MSC at deformed condition. (a) A photo of the device at bent
state. (b) CV curves of a device bent around columns with different diameters as well as
that of unbent state as a reference (scan rate 1 V/s). (c) Capacitance retention during
bending and twisting test for 5,000 times.

3.4 Conclusion
In summary, an all-solid-state flexible MSC is fabricated by in situ reduction and
assembly of GO on a Cu interdigit template. The interdigital design and quasi-parallel
alignment of rGO hydrogel provide a rapid charge and electron transport pathway.
Excellent rate performance and extremely small relaxation time constant are achieved
even in solid state. In addition, the superior mechanical compliance and stability of MSC
make it suitable for wearable electronic applications. The fabrication process is room
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temperature operated, environmentally-friendly, and easily scalable by using Cu interdigit
prepared by industrialized methods such as inkjet printing. This approach might play an
important role as on-chip energy storage in the future.
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CHAPTER 4

GRAPHENE-BASED AC LINE-FILTERS

4.1 Introduction
Ac line-filters are used to smooth the leftover ac ripples on direct current (dc)
voltage buses for most line-powered devices. To effectively filter out the ac ripples on dc
input, a large capacitor is required in ac line-filtering devices. Currently, AECs are widely
used for this purpose due to their relatively lower fabrication cost and higher specific
capacitance compared to conventional thin-film capacitors. However, they are still the
biggest component in many electronic systems. Their bulky size is becoming more and
more incompatible with the rapid development of miniaturized portable and wearable
electronics.
It is of great interest to develop a capacitor with competitive performance yet much
smaller volume. Electrochemical capacitors, also known as supercapacitors, may help to
alleviate the volumetric problem due to their extremely large capacitance density. Their
specific capacitances are generally several orders of magnitude higher than other types of
capacitors.[152] As a result, it requires much less space to obtain the designed capacitance.
Different materials are studied extensively, including carbon derivatives,[62,

150, 153]

conducting polymers,[154, 155] metal oxides[156, 157] and their hybrids.[158, 159] Unfortunately,
their frequency response is still unsatisfactory and requires further improvement.
Particularly, the phase angle of a typical supercapacitor approaches zero degree at 120 Hz
for most supercapacitors, far below -90°that is ideal for ac line-filtering.
In principal, supercapacitors based on EDLC are similar to AECs in that they both
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adopt physical storage mechanism. They are potentially capable of replacing the
traditional AECs if their frequency response can be greatly improved. In this sense
graphene and CNTs are the best candidates due to their extremely high SSA and excellent
electrical conductivity. Recently devices based on these carbon allotropes have been
designed and fabricated with rate performance comparable to those of AECs.[46, 49, 79-83]
For example, Miller et al. used a radio frequency plasma-enhanced chemical vapor
deposition method (PECVD) to fabricate VG sheets as the active material and reported a
phase angle of -82° at 120 Hz.[81] Lin et al. designed interdigital MSCs with
graphene/VACNT arrays, which was grown by a conventional CVD approach, and
achieved a phase angle of -81.5°.[82] Sheng et al. electrochemically reduced GO on a gold
foil and reported a phase angle of -84°.[83] However, most of these methods are unsuitable
for large scale production. In addition, the high processing temperature is incompatible
with the flexible substrate that is critical for wearable electronics.

Figure 4.1 (a) Illustration of the fabrication process. I, photolithography process; II, GO
reduction; III, washing and cleaning; IV, electrolyte infiltration. The inset represents the
cross-section sketch of the metal interdigit (not to scale). (b) Optical images of the device
before (left) and after (right) rGO assembling and air-drying. Inset: the illustration of the
substrate patterned with metal interdigit.
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Here we design a novel wet chemical method to fabricate a graphene-based ac
line-filter. The as-fabricated device shows a phase angle of -75.4ºat 120 Hz. The device
also shows a specific capacitance of 316 µF/cm2 and a RC time constant of 0.35 ms. In
addition, it retains 97.2% of the initial capacity after 10,000 galvanostatic
charge/discharge (CD) cycles. The excellent stability is beneficial for practical
deployment.

4.2 Experimental
4.2.1 Fabrication of the Graphene-Based ac Line-Filters
The procedure is illustrated in Figure 4.1a. First, a metal interdigit is fabricated on
top of a polyimide substrate (125 μm thick, Kapton®, Dupont, USA). This step is
identical to that described in Section 3.2.1. The as-prepared metal interdigit consists of
three layers of metals: on top is a Cu layer (200 nm thick) acting as the reducing agent
during the GO reduction and assembly process; beneath the Cu layer is an Au layer (200
nm thick) that serves as the current collector; at the bottom is a Ti layer (10 nm thick)
used to improve the adhesion between the metal interdigit and the polyimide substrate.
Then the substrate with patterned metal interdigit is soaked into the GO solution for 12 h,
during which the GO sheets are simultaneously reduced and assembled onto the metal
interdigit. After that the sample is mildly washed with deionized water and soaked in 1 M
sulfuric acid for 3 h before electrochemical tests. The aqueous sulfuric acid serves as the
electrolyte for our device.
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4.2.2 Electrochemical Measurement
CV, CD and EIS are measured with a Versastat 2-channel system (Princeton Applied
Research). Specific areal capacitance is derived from discharging curve at different
current densities. Gravimetric capacitance is obtained from CV data at different scan rates
for comparison.

4.3 Results
4.3.1 Physical Properties of Our ac Line-Filters
The metal-reduction mechanism of GO is extensively explained in Section 3.3.
Figure 4.1b presents the structure of our device (inset) and the optical images of the
as-fabricated metal interdigit with and without rGO assembling. The shiny golden
interdigit turns into black stripes with the rGO on top. In addition, the interdigit fingers
remain sharp and straight without any GO residues in between, which avoids the risk of
short-circuit failures during operation. The inset is the sketch of the metal interdigit
pattern. Here Cu is chosen as the reducing agent mainly for two reasons: (1) Cu produces
the best rGO in terms of the carbon-to-oxygen ratio compared to other metals like Zn and
Fe, even though Cu is usually considered less reactive;[136] (2) the photo-lithography
technique for patterning of Cu is very mature.
Our innovative approach provides many advantages. Firstly, it is prepared at room
temperature, which offers great flexibility on substrate selections. For example, flexible
polymer substrates such as polyimide or polyethylene terephthalate (PET), which cannot
stand high temperature operation, can be employed. It thus enables the ability to be
integrated into wearable electronics. Secondly, it utilizes an interdigital structure that
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avoids the need of a bulky separator membrane and greatly eases the fabrication process.
Moreover, our approach is readily scalable. All the steps involved, such as the
photolithography step and the solution processing, are well established and mature. As a
result, it reduces the fabrication cost significantly compared to those CVD methods.

Figure 4.2 (a) Top-view and (b) side-view of a free-dried rGO aerogel on a metal
interdigit finger.

4.3.2 Morphology of the rGO Electrodes
Figure 4.2 presents the top and cross-section SEM images of the freeze-dried rGO
aerogel assembled on the metal interdigit of a silicon substrate. The as-reduced rGO
sheets form a 3D interconnected structure that attaches onto the metal interdigit instead of
diffusing away. The sharp edges clearly maintain the original metal interdigital design
and illustrate the conformal coating mechanism.
Electrochemical tests were carried out to test the performance. Figure 4.3a shows the
CV curves at scan rates of 2, 5 and 8 V/s, which are approximately two orders of
magnitude higher than those for conventional supercapacitors. The rectangular CV curves
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at high scan rates imply small series resistance and efficient EDLC attribute of the
as-prepared rGO hydrogel electrode.[160] Figure 4.3b shows the cycling performance of
the device. The capacitance retention is 97.2% after 10,000 times of CD cycles at a
current density of 0.58 mA/cm2. The good cycling performance of our device is highly
desirable in real applications.

Figure 4.3 (a) CV curves of the device at scan rates of 2, 5 and 8 V/s, respectively. (b)
Stability performance measured with CD cycling at a current density of 1.3 mA/cm2.

Figure 4.4 (a) Bode phase diagram of our device and AEC. (b) AC impedance spectrum
of our device. The inset shows the magnified high-frequency region.
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4.4 Discussion
The fast ion transport as well as the excellent stability is highly desirable for ac
line-filtering. To justify the feasibility of our device, EIS is carried out from 10 Hz to 100
kHz with a 10 mV sinusoidal voltage input. The impedance phase angle for ideal
capacitors is -90ºregardless of the frequency. In real-life applications, the phase angle
approaches -90ºat low frequencies and then decreases as frequency further increases. The
value at 120 Hz is usually used as a figure-of-merit to estimate the filtering efficacy.
Figure 4.4a presents the impedance phase angle diagram for our as-fabricated ac
line-filter. The phase angle maintains above -80ºat frequency below 79 Hz and reaches
-75.4ºat 120 Hz. The frequency at -45º, usually used for comparison, reaches 529 Hz in
our case. These parameters are better than those high-power supercapacitors fabricated
with LSG,[46] OLC[128] and CNT.[161, 162]
The superior performance is caused by the high-quality electrical conductive rGO
electrodes that avoid distributed charge storage. Our rGO electrode achieves a high
carbon-to-oxygen ratio of 6.8 for from the quantitative XPS survey, much higher than
those reported with metal[136,

138]

and thermal reduction methods.[140,

163]

Figure 4.4b

exhibits a nearly vertical impedance spectrum at low frequency region for the
as-fabricated ac line-filter, which indicates almost pure capacitive behavior.[150] Typically
a semi-circle is found in AC[150, 164] and rGO[62, 120] based supercapacitors at the high
frequency region of the Nyquist plot; this semi-circle is caused by the capacitive coupling
between the electrode and the current collector. In contrast, no semi-circle appears at the
high frequency region for our device (Figure 4.4b, inset), suggesting excellent electrical
connection at the interface between the rGO electrode and the gold current collector.
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Figure 4.5 (a) The variation of real and imaginary part of capacitance versus frequency.
(b) Areal capacitance versus frequency.

The outstanding performance is further supported with the ultra-small τ0. τ0 reflects
the minimum time needed to discharge all the energy from the device with an efficiency
of greater than 50%. It can be obtained from the frequency value at the maximum
imaginary capacitance (C”).[82, 83, 165] Figure 4.5a shows an extremely small τ0 of 1.9 ms
for the as-fabricated ac line-filter. Meanwhile, a series RC circuit model, also known as
Randles circuit model, is employed to simulate the capacitive and resistive components
of the device. The specific areal capacitance is calculated based on the equation of 𝐶𝐴 =
−1/2𝜋𝑓𝐴𝑍", in which f is the frequency, A is the area of the device and Z” is the
imaginary part of the impedance.[165] Figure 4.5b presents the frequency response of
specific areal capacitance, which reaches 316 µF/cm2 at 120 Hz and maintains capacitive
behavior up to 104 Hz. The resistance at 120 Hz is 7.5 Ω, which corresponds to a RC time
constant τRC of 0.35 ms considering an electrode area of 14.88 mm2 of the device. This
value is comparable to those reported with vertical graphene EDLC (0.20 ms),[81]
graphene/VACNT hybrids (0.20~0.40 ms)[82] and electrochemically reduced GO (1.35
ms).[83] It is also significantly smaller than the required 8.3 ms for 120 Hz filtering.
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A detailed comparison of performance with other ac line-filters is listed in Table 4.1.
Our device exhibits very promising phase angle at 120 Hz, which is comparable to most
of those reported in literature and slightly lower than that of electrochemically reduced
GO and commercial AEC. It also possesses excellent time relaxation constants and RC
time constant, much shorter than the required 8.3 ms for ac line-filtering. In addition, its
specific areal capacitance is one of the best among those reported with phase angle better
than -70ºat 120 Hz, which is beneficial for miniaturization. These attributes make it very
promising in real-life applications.

Table 4.1 Comparison of performance of ac line-filters using different electrode
materials.
Material

Substrate

-Phase at
120 Hz (º)

τRC (ms)

τ₀ (ms)

Capacitance
(mF/cm2)

this work

Fa

75.4

0.35

1.9

0.32

AEC

Na

84.8

0.11

0.46

N/A

VG[81]

N

82

~0.2

N/A

0.0875

Graphene/
VACNT[82]

N

73.4~81.5

0.2~0.4

0.82~2.62

0.23~0.66

rGO[83]

F

79.5~85

1.35

0.17~1.0

0.283

LSG[46]

F

<30

N/A

19

N/A

OLC[128]
F
N/A
N/A
26
N/A
a
F and N designate that the substrate can and cannot be flexible, respectively.

4.5 Conclusion
In conclusion, we have designed a scalable method to manufacture ac line-filter
based on patterned rGO. The procedure is solution based and carried out at room
temperature, which makes it compatible with flexible substrates. The rate performance,
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areal capacitance and RC time constant of our device are competitive among all the
reported ac line-filtering devices. The high areal capacitance of the device benefits
significantly to the miniaturization of whole electronic system. The excellent rate
performance, scalable room temperature manufacturing process and compatibility with
flexible substrates make it suitable for ac line-filtering in the field of wearable electronics.
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CHAPTER 5 3D GRAPHENE FOR THERMAL INTERFACE MATERIALS

5.1 Introduction
5.1.1 Thermal Interface Materials
The market of electronic devices is growing rapidly these decades. According to
Moore’s law, the number of transistors in a processor doubles approximately every two
years, which will become 15 billion in 2015.[84] This large amount of transistors in a
dense integrated circuit will generate a lot of waste heat and increase the temperature of
the chip. High temperature environment or rapid temperature change, especially in the
case of turn on and off, exerts great thermal stress on the packaging of the devices. In
addition, elevated temperature will also increase the current leakage, which in turn further
increases the temperature. These factors with the accompanied thermal stress will lead to
thermal run-aways in the devices and reduce their lifespan over time.
A lot of heat sinks, for example the fans in laptops, are designed to help dissipate the
heat away. The heat generated in the circuits needs to be conducted to the heat sink.
Unfortunately, the surfaces of solid materials are rough and rigid. When two solid pads
pressed together, only a small proportion of the surface area will contact the other pad
(Figure 5.1a). The rest of the surface will be exposed to air, which is a poor heat
conductor (κ=0.024 W/mK). As a result, the heat cannot be conveniently conducted from
the chip to the external heat sink due to the surface mismatch.
TIMs play a critical role to alleviate this issue. As shown in Figure 5.1a, an ideal
TIM is deployed to fully fill the gap between the two solids. In practice, the TIM is not
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ideal, which generally leaves small air traps in between (Figure 5.1b). As a result, the
total thermal resistance (Rt) will be composed of three parts: the contact resistance
between the TIM and the surface as well as the thermal resistance of the TIM bond line
thickness (BLT) itself (Equation 5.1). It is obvious that we should minimize the two
contact resistance (𝑅𝑐1 and 𝑅𝑐2 ), increase the thermal conductivity of the TIM (𝜅 𝑇𝐼𝑀 )
and decrease the BLT to improve its performance.
𝐵𝐿𝑇

𝑅𝑡 = 𝑅𝑐1 + 𝜅

𝑇𝐼𝑀

+ 𝑅𝑐2

5.1

Various TIMs have been investigated and commercialized. Generally they can be
classified into the following categories according to their configurations: thermal
greases,[86-89] phase change materials,[90-95] solders[96-100] and thermally conductive
composites.[101-105] Most of these materials are made of a polymeric matrix filled with
thermally conducive fillers. Thermal greases are mixtures of polymers and
thermal-conductive ceramic or metallic fillers. They are convenient and cost-effective
materials which also exhibit high thermal conductivity and low thermal stress due to their
high compliance. However, dry-out and pump-out issues occurred during operation
greatly impair their reliability. Phase change materials offer better stability yet higher
viscosity and lower thermal conductivities compared with thermal greases. Low melting
temperature solders are much more conductive, yet they suffer from their vulnerability to
cracks and corrosions as well as the thermal stress induced by thermal mismatch.
Thermally conductive composites are much more convenient to handle and conform to
the surface irregularities smoothly due to their low viscosity. They are also resistive to
harsh environments and pump-out problems. The drawback is their relative higher cost,
lower thermal conductivity and delamination problem over time.
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Figure 5.1 (a) Schematic showing that the real contact area is less than the apparent
contact area. This figure also represents an ideal TIM that completely fills the gap. (b)
Schematic representing of a real TIM.[166]

5.1.2 Carbon-Based TIMs
The past decade has witnessed the rapid development of carbon based TIMs,
particularly those based on CNTs and Graphene.[105, 166-194] CNTs have long been thought
as an ideal filler for TIMs because of their extremely high intrinsic thermal conductivity
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(κ up to 6600 W/mK).[195-198] However, composites fabricated with CNT additives show
much worse results than expectation.[199, 200] The reasons for the significant degradation
are partially attributed to the large interface thermal resistance across the
nanotube-interface.[200-202] In addition, their poor dispersion in polymer matrix also
hinders the conductivity enhancement, resulting in much degraded performance.
Researchers have tried different ways to solve these problems. A promising
approach is by using vertically aligned carbon nanotubes (VACNTs) instead of those
randomly dispersed ones. This method circumvents the dispersion issue to a large extent
and the result is greatly improved.[203-206] However, the achieved conductivity is still
much lower than expectation. One of the possible reason is the complicated entanglement
of individual VACNT and the accompanied large amount of scattering. Besides, the
contact resistance is a big issue because of the rigidity of CNTs.
Generally there are few reports about the real application of CNT-based TIMs so far.
Their poor performance is one of the main reason; meanwhile, their high price and the
high-temperature CVD process have also amplified the difficulty for practical
deployment. It is thus unlikely to achieve widespread usage in the industry and the
research feat has gradually cooled down.
5.1.3 Graphene TIMs and 3D Graphene TIMs
Graphene has attracted a lot of attention since its discovery due to its excellent
electrical, mechanical and thermal properties.[2, 3] Single-layer-graphene (SLG) has an
extremely high thermal conductivity of 4.84~5.30 × 103 W/mK, much higher than natural
materials.[207] Due to the superior thermal property, graphene has been extensively
investigated for TIMs in the past decade.[168-175, 178-184, 189-194] This research feat is very
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similar to that of CNTs due to their excellent intrinsic thermal conductivities. However,
graphene offers several other advantages over the latter one. First, graphene is a 2D
material, which is less vulnerable to the entanglement problem of 1D CNTs. As a result,
the thermal conductivity retains a large portion of its intrinsic value due to reduced
internal phonon scattering. For example, W. Cai et al. reported a thermal conductivity of
370 W/mK for supported CVD grown graphene.[193] Meanwhile, 2D graphene is easier to
disperse compared with 1D entangled CNTs. It will thus ease the fabrication process.
Another important issue is the potential for mass production of graphene, which is critical
for practical applications.
The history of graphene-based TIMs is very similar to that utilizing CNTs. The first
approaches randomly disperse graphene layers into a polymeric matrix [169, 172] and report
thermal conductivities of 5.1[169] and 6.44 W/mK[172] with a loading of 10 and 25 vol%,
respectively. These values are much higher than those reported with CNT-based
composites; however, they are still much below the expected value due to the interlayer
contact resistance.
Different methods are designed to solve the problems caused by contact resistance.
For example, inter-connected 3D graphene that eliminates the contact issue is grown by
CVD methods.[208] The internal thermal conductivity reaches 0.26~1.7 W/mK of the
freestanding 3D graphene network at a solid concentration of 0.45 vol%.[168] Previously
our group has fabricated 3D graphene/PDMS composites and achieved a thermal
conductivity of 0.56 W/mK at a small loading of 0.7 wt%.[106] Another approach is
through architecture design that fully utilizes the extremely high in-plane thermal
conductivity of graphene. For example, QZ Liang et al. achieved a thermal conductivity
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of up to 112 W/mK by vertically aligning functionalized multilayer graphene
structure.[170]
5.1.4 Direct Measurement of Thermal Resistance
For practical applications, the total thermal resistance Rt is more critical. However,
from Section 5.1, it is obvious that high thermal conductivity alone cannot guarantee a
sound Rt. The contact resistance Rc plays an important role when the materials are rigid
and unsmooth, such as the VACNT-based TIMs. Unfortunately, most of the researchers
merely report the thermal conductivities of these samples. Generally they will adopt
another layer of TIM like soft indium between the substrate and their samples in order to
measure their performance. We need to design a material that is readily available for
direct deployment.
Here we fabricate a 3D graphene/PDMS TIM and apply it between two Cu pads.
Meanwhile, we’ve also designed a convenient approach for the direct measurement of Rt.
Our sample shows a thermal resistance as small as 14 mm2K/W, much lower than that of
pure PDMS contact without the as-fabricated TIM (60 mm2K/W). What’s more, this
method is much more convenient compared with the steady-state method for contact
resistance measurement.

5.2 Experimental
5.2.1 Growth of 3D Graphene
3D interconnected graphene is grown by a CVD method.[106, 208] Ni foam (1.5 mm
thick, 300 mesh) is placed in the quartz tube of a CVD furnace (SGL-1200). It is heated
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to 1000 ̊C at a ramping rate of 16 ̊C/min in an inert atmosphere (Ar 500 sccm, H2 200
sccm) and annealed for 5 min. Then CH4 (10 sccm) is turned on for 5 min. It is shut off
again after the reaction and the sample is cooled down to room temperature at a rapid rate
of ~100 ̊C/min.
Freestanding 3D interconnected graphene foam is obtained by etching the Ni foam
away. First, a thin layer of poly-methyl methacrylate (PMMA, Mw: 996,000; 4 wt% in
ethyl lactate) is drop-coated onto the Ni foams covered with graphene. A protecting layer
is formed after dried at 180 ̊C for 3 h. It is then immersed into a hydrochloric acid
solution (HCl, 3 M) at 80 ̊C for 4 h, during which the Ni foam is etched away by the acid.
After that the protective PMMA layer is completely dissolved in a hot acetone (55 ̊ C for
30 min). The sample is fetched out and dried in air, leaving the freestanding graphene
network.
5.2.2 Fabrication of pure PDMS TIM and 3D Graphene/PDMS TIMs
For the preparation of 3D graphene/PDMS TIM, the graphene network is placed
over a Cu plate (1 × 1 cm2, 1 mm thick, polished with #1000 sand papers). PMDS
(uncured Sylgard 184, Dow Corning. Base/curing agent=10/1 in weight) is dropped onto
the network and left for 30 min, during which the bubbles are expelled and the liquid
PDMS infiltrates into the holes. An identical Cu pad is then placed exactly on top of the
graphene/PDMS with a pressure of 1 MPa. The samples are cured at 80 ̊C for 4 h.
No graphene is used for the preparation of pure PDMS TIM. Uncured PMDS is
dropped onto a Cu plate and left for 30 min. An identical Cu pad is then placed exactly on
top of the Cu plate with a pressure of 1 MPa. The samples are cured at 80 ̊C for 4 h.
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5.2.3 LFA Measurement
Both surfaces of the sandwiched sample are coated with a thin carbon layer to
enhance the absorption (or emission) to enhance the signal-to-noise ratio. The
R, Netzsch) to
sandwiched sample is placed in the machine chamber (LFA447 Nanoflash○
run the test. The data of the rear surface signal is stored and exported to a self-developed
analysis program.

5.3 Results and Discussion
5.3.1 3D Graphene/PDMS TIM
Freestanding 3D graphene foam is obtained (Figure 5.2). The interconnected
structure of Ni foam is well maintained after the Ni etching and PMMA dissolving
process. The TEM image clearly shows a multilayer structure (Figure 5.3). Previously
we’ve achieved a κ of 0.56 W/mK with this 3D graphene/PDMS TIM. In this work, the
thermal resistance is measured to be 14 mm2K/W. This result is slightly better than most
of the CNTs and VACNTs based TIMs (ranging from 5.2~43 mm2K/W) and comparable
to that of commercial thermal greases.[203-205, 209, 210]
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Figure 5.2 Freestanding 3D graphene network.

Figure 5.3 TEM image shows a multilayer structure of the 3D graphene sheet.

72

5.3.2 Mechanism of LFA
Our samples are measured with LFA method. LFA is a non-contact transient thermal
measurement method widely used for measuring the thermal diffusivities (α) of a wide
range of materials (α ranging from 0.01 to 1000 mm2/s with a reproducibility of about
±3%). The thermal conductivity is derived through Equation 5.2, where 𝜌 is the mass
density and 𝐶𝑝 is the specific heat at constant pressure.
𝜅 = 𝜌 × 𝐶𝑝 ∗ 𝛼

5.2

The mechanism of LFA is illustrated in Figure 5.4. A short laser pulse generated by a
flash lamp hits the bottom surface of the sample. Both the intensity and the duration of
the pulse (100, 400 and 1000 µs for LFA447) can be adjusted in accordance with
measured sample. The laser pulse energy is absorbed at the surface. Practically, both sides
of the sample surface are coated with a thin layer of carbon to enhance the absorption (or
emission) and thus improve the signal-to-noise ratio. The temperature of the rear surface
is real-time monitored with an infrared detector, according to which the thermal
diffusivity can be derived.
The analytical relation of the rear temperature and time (Figure 5.4b) follows
Equation 5.3, where d is the thickness of the sample, 𝑡1/2 is the time for the rear surface
to reach half of the maximum temperature rise.[211]
𝛼=

1.37 𝑑2

5.3

𝜋 2 𝑡1/2
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Figure 5.4 The mechanism of the LFA method. (a) A sketch of data acquisition procedure
and (b) the profile of the obtained data (not to scale).

5.3.3 Sandwich Model
5.3.3.1 the Mechanism of the Sandwich Model
Previously we’ve measured the thermal conductivity of our 3D graphene/PDMS
TIM.[106] A conductivity of 0.56 W/mK is achieved at a small loading of 0.7 wt%. Here
we designed a sandwich model based on the prototype of LFA447 to test its feasibility for
practical applications.
The TIM is sandwiched between two smooth Cu pads and the assembly is cured at
elevated temperature. Then it is placed into the chamber for test. Figure 5.5a presents an
image of the LFA447 machine. The mechanism is illustrated in Figure 5.5b, which is very
similar to that designed to measure homogeneous materials (Figure 5.3a). For the
derivation of Equation 5.3Error! Reference source not found., four assumptions are
proposed:

74

Figure 5.5 (a) An image of LFA447. (b) The illustration of the measurement mechanism.
A pulsed-laser is absorbed by a thin layer of Cu at the bottom surface of the sandwiched
structure (the red layer).

1. the heat conduction is 1D;
2. the duration of the laser pulse is negligible compared with the characteristic time
𝑡1/2 and the energy absorption occurs instantaneously;
3. the penetration depth of the laser pulse is negligible;
4. the properties of samples is independent of temperature.
These assumptions are reasonable for our model. In addition, the thickness of our
TIM is so small (< 25 µm) that it is reasonable to take it as a non-dimensional resistive
layer. As a result, we can derive the thermal resistance based on these five reasonable
assumptions.
The heat transfer equation inside the copper pads is:
𝜕𝑇(𝑥,𝑡)
𝜕𝑡

= 𝛼𝐶𝑢

𝜕2 𝑇(𝑥,𝑡)

5.4

𝜕𝑥 2

in which 𝛼𝐶𝑢 is the thermal diffusivity of Cu, 𝑇 is temperature and 𝑥is the distance
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from the bottom surface.
Adiabatic boundary is chosen because of the short duration that can be tell from the
temperature curve. So at the two surfaces, the boundary condition is:
𝜅𝐶𝑢

𝜕𝑇(𝑥,𝑡)
𝜕𝑥

|𝑥=𝑑 = 𝜅𝐶𝑢

𝜕𝑇(𝑥,𝑡)
𝜕𝑥

|𝑥=−𝑑 = 0

5.5

where 𝜅𝐶𝑢 is the thermal conductivity of Cu.
Energy conservation should be maintained across the interface:
𝑄 = 𝜅𝐶𝑢

𝜕𝑇(𝑥,𝑡)
𝜕𝑥

|𝑥=0+ = 𝜅𝐶𝑢

𝑅𝑡 × 𝑄 = 𝑅𝑡 × (𝜅𝐶𝑢

𝜕𝑇(𝑥,𝑡)
𝜕𝑥

𝜕𝑇(𝑥,𝑡)
𝜕𝑥

|𝑥=0−

) |𝑥=0 = 𝑇(𝑥, 𝑡)|𝑥=0− − 𝑇(𝑥, 𝑡)|𝑥=0+

5.6

5.7

in which 𝑅𝑡 is the thermal resistance across the interface and 𝑄 is the heat flux.
The initial condition is set to be:
𝑇(𝑥, 𝑡) = {

𝑇0 , (−𝑑 < 𝑥 < −𝑑 + 𝑙)
0, (−𝑑 + 𝑙 < 𝑥 < 𝑑)

5.8

in which l is the as-conceived thin absorption layer and 𝑇0 is a constant temperature
whose actual value is irrelevant to the result.
5.3.3.2 the Feasibility of the Sandwich Model
R code is available in Appendix A. Figure 5.6 shows the results of our
The Matlab○
simulation with the model described previously, in which the red diamonds represent the
data directly obtained from the machine. It is clear that the simulated curves agree well
with the experiment (Figure 5.6). As seen from Figure 5.6a, the resistance lies in between
10 to 20 mm2K/W. It is further narrowed down to 12~15 mm2K/W, in which 14 mm2K/W
gives the smallest deviation (Figure 5.6b).
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Our method is also verified with an infrared thermometry method described
elsewhere[212]. Briefly, the sample is sandwiched between a heating source with
controlled power P and a cooling source with constant temperature. The system is left to
equilibrium and an infrared thermometer is used to monitor the temperature across from
the side view. The temperature of a small rectangular area near the interface is averaged,
by which the temperature difference across the interface is obtained. Finally, the thermal
resistance is obtained by 𝑅 =

∆𝑇×𝐴
𝑃

, where A is the area of the sample.

Figure 5.6 Deriving the thermal resistance of 3D graphene/PDMS TIM from the data
obtained with LFA447. (a) Four curves simulated with Rc of 5, 10, 20 and 30 mm2K/W.
It suggests that Rc lies between 10 and 20 mm2K/W. (b) Rc is further narrowed down to
12~15 mm2K/W. The blue diamonds represent the data obtained from the equipment.
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The thermal resistance of our sample is measured to be 12 mm2K/W with this
steady-state method, which is very close to the value obtained with our model. What’s
more, it takes much shorter time for our method since it does not need to wait for the
equilibrium of the system. Thus we can conclude that our model is feasible and practical
for the measurement of thermal interface resistance.

Figure 5.7 The stability test. 𝜅𝐶𝑢 is set to 250, 300, 350 and 400 W/mK, respectively. No
significant deviation is obtained from the result.

5.3.3.3 the Stability and Reliability of the Sandwich Model
The stability of our model is also justified. The thermal interface resistance is much
larger compared with that of pure Cu. As a result, the exact thermal conductivity of Cu
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will not interfere as long as it is large enough. This is also supported with simulations
(Figure 5.7). This phenomenon offers a convenient choice of substrates as long as its
thermal conductivity is large enough.
Besides, the reliability of our codes is also checked. The iteration times is increased
from 3000 to 30000, while the simulated curve are identical to each other (Figure 5.8). It
thus indicates that our model is convergent and reliable for usage.
5.3.4 Thermal Resistance of PDMS and Graphene/PDMS TIM
The total thermal Resistance of our sample with the graphene/PDMS TIM is
calculated to be 14 mm2W/K with our model, which agrees well with that obtained with
the traditional steady-state infrared thermometry method. This value is comparable to
those commercial products. As a comparison, the TIM without the addition of 3D
graphene network shows a much inferior thermal resistance of 60 mm2W/K (Figure 5.9).
These results suggest that the thermal interface is greatly improved with the addition of
small loading of 3D graphene network. It also indicates that our graphene/PDMS TIM is
of great potentail to be used in real applications.
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Figure 5.8 Stability test. Iteration numbers is increased from 3000 to 30000, yet the
simulated curves remain identical to each other.

Figure 5.9 The estimated thermal resistance of 3D graphene/PDMS TIM and pure PDMS
TIM. The curves are simulated with Rc= 14 and 60 mm2K/W, respectively, indicating a
much improved thermal interface with the addition of 3D graphene.
80

The reason of the improvement with 3D graphene is attributed to the superior
thermal conductivity of graphene as well as the 3D interconnected structure. In this way,
the interfacial resistance between the graphene layers generally existed in common
graphene composites is minimized. In addition, the great compliance of the
graphene/PDMS TIM also helps enhance the performance.

5.4 Conclusion
In summary, we proved that the CVD grown 3D graphene/PDMS composite is able
to be directly used as TIM. The thermal resistance is as small as 14 mm2K/W, comparable
to those of commercial products. What’s more, we developed a convenient approach for
measuring the thermal resistance. This transient method is easy to operate, which takes
much less than 10 min for sample preparation and measurement. The data analysis
procedure will take less than 5 min to run. As a result, it saves much time compared with
the steady-state method that generally consumes a lot of time for equilibrium. In addition,
the non-contact attribute will avoid contamination to the equipment.
In our model, we assumed that the TIM is extremely thin that it can be taken as a
pure resistance layer for convenience. However, this sandwich model is also easily
developed to accommodate the measurement for samples with finite thickness. We can
measure the thermal conductivity of TIM sample first. After that we can derive the
contact resistance of thick TIMs with a modified model using the same boundary and
initial conditions.
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CHAPTER 6

FUTURE WORK

6.1 Graphene-based Supercapacitors and MSCs
We have demonstrated that the electrochemical active benzene derivatives will
greatly enhance the specific capacitance of graphene-based supercapacitors. Meanwhile,
the reason for the increase has been identified to the configuration of the aromatic
chemicals. Para and ortho configuration and the accompanied redox reactions are critical
for the increase.
The next step is looking for suitable benzene derivatives additives to further increase
the capacitance, which is more convenient with the above-mentioned conclusions. For
example,

we

predict

that

1,2,4-benzenetriamine

contributes

more

than

1,3,5-benzenetriamine. In addition, the benzene derivatives bind to the rGO surface via
π-π interaction. Thus providing the same conditions, naphthalene based derivatives
should perform better than similar aromatic counterparts due to stronger π-π binding
force.
In our work, we focus on the mechanism study behind the capacitance enhancement.
Meanwhile, we can also adopt the methods reported in literature to further increase the
performance. Those methods such as hydrothermal reactions, although misinterpreted,
still improve the performance a lot. With the comparison of different methods, it is highly
possible to develop a product with excellent performance.
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6.2 Scalable Production of Flexible ac Line-Filters
Graphene have been investigated as the electrode material for ac line-filters. In
Chapter 4, we present a novel way to fabricate ac line-filters based on rGO. This method
is scalable, convenient and compatible with flexible substrates. However, it involves an
e-beam lithography procedure that may add up the fabrication cost. A more cost-effective
approach will be more suitable for industry applications.

Figure 6.1 The fabrication process of LSG-based MSC. (a–c) The schematic diagram
showing the fabrication process for an LSG-based MSC. (d,e) More than 100 flexible
micro-devices can be produced on a single run.[46]

In our previous work, we find that the electrical conductive attribute, the interdigit
pattern and open-porous structure of rGO are the three critical for high factors
performance line-filtering. As a result, it is highly likely that we can achieve better
performance if the three factors are maintained or improved. This concept can be fulfilled
with much more convenient yet feasible engineering.
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Figure 6.2 A SEM image of the LSG that clearly show an interconnected open-porous
microscopic structure.[46]

Currently we are working on two different yet similar approaches for this project,
one is light-scribing and the other is mask-patterned photo-reduction. Light reduction[45]
and DVD light-scribing[46-49] of GO are widely investigated, especially for
supercapacitors, electronics and photo-catalytic applications. When photons hit the GO
surface, some of them will be absorbed and turned into heat, increasing the temperature.
If the light intensity and accompanied energy density are large enough, the rapid
temperature increase will be able to decompose the function groups of GO in the form of
gas. The rapid leakage of decomposed gas will expand the graphene layers, producing an
open-porous interconnected conductive rGO structure.
Figure 6.1 presents the schematic diagram showing the fabrication process of
LSG-based MSC.[46] More than 100 MSCs can be produced in a single run of about 30
min. This method eliminates the necessity of the e-beam lithography procedure and will
greatly reduce the fabrication cost. SEM microscopic structure of the as-produced LSG
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clearly shows an interconnected open-porous structure that is beneficial for both high
electrical conductivity and small ion transport barrier (Figure 6.2).[46] As a result, the
as-fabricated MSC exhibits a small τ₀ of 20 ms with a gelled PVA/H2SO4 electrolyte.
In our previous research of flexible MSC and ac line-filter, we find that the
electrolyte plays an important role in ac line-filters. τ₀ will decrease from 20 to 1.9 ms if
the gelled PVA/ H2SO4 electrolyte is replaced with the aqueous H2SO4 electrolyte. As a
result, it is possible that we can achieve a comparable rate performance if the gelled PVA/
H2SO4 electrolyte in LSG-based MSC is replaced with aqueous electrolyte.
Another approach also utilizes the light reducing mechanism (Figure 6.3). An
interdigit-patterned photomask is fabricated in this approach, which is then placed over
the GO film (step I). A flash light passes through the interdigit pattern, by which GO in
the exposed area will be reduced (step II). Finally, the photomask is removed and the
pattern will be used as the electrode material for flexible ac line-filters after being filled
with aqueous electrolyte (step III).
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Figure 6.3 The fabrication mechanism utilizing patterned light-reduction. An
interdigit-patterned photomask is placed over a thin GO film (step I); a flash light passes
through the interdigit to reduce the exposed area of the GO film (step II); the photomask
is removed in the last step (step III).
6.3 Vertically-Aligned rGO for High Performance TIMs
In Chapter 5, we have presented a feasible way to fabricate 3D graphene/PDMS
TIM. The overall thermal resistance is comparable to those of commercial products.
However, the thermal conductivity is much lower, which is not feasible for thicker TIMs
required in un-ideal applications.
Graphene has been engineered into vertically aligned structure and shows excellent
thermal conductivity (up to 112 W/mK).[170] However, this method is extremely tedious.
It requires great effort for cutting the layered graphene sheets into small stripes and
flipping them vertical one-by-one. Thus it is unfeasible to obtain a uniform and flat
surface in this way, not to mention industrial deployment. Currently we are working on a
scalable approach to produce vertically aligned reduced graphene oxide (VArGO)-based
TIMs with high thermal conductivity.
First, a uniform GO thin film is fabricated with a convenient scalable method
86

(Figure 6.4).[213] In this wet-spinning approach GO solution is inject-pumped into a
coagulation bath that contracted GO sheets into well aligned GO films. Figure 6.4b-c
present the production setup and the as-produced GO film.

Figure 6.4 Wet-spinning of continuous GO film. (a) The schematic protocol: (1) the GO
dispersion goes through an injector (2) a spinning channel (3) a coagulated GO gel film
and (4) a film wind-up reel successively. (b) The wet-spinning setup. (c) The as-produced
continuous GO film.[213]

After that, the GO film is rolled, cut and reduced into VArGO (Figure 6.5 and Figure
6.6).[139] The as-produced VArGO shows similar vertically aligned structure that will
utilize the excellent in-plane thermal conductivity of graphene. All the procedures in this
approach is scalable and readily available for industrial applications. Thus it is promising
to be used as the next generation high performance TIM.
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Figure 6.5 The fabrication process of VArGO (modified procedure).[139]

Figure 6.6 SEM image of VArGO.[139]
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R CODE FOR RC CALCULATION
APPENDIX A: THE MATLAB○
function [Temperature,
T_Backside]=ThermalResistanceModel(ThermalResistance,filename,TimeScale)
%{
This is a program that measures the thermal resistance (mm^2K/W) of Sandwich
Models using LFA447. ThermalResistance is the predicted value of thermal resistance.
By setting the thermal resistance to certain value, the simulated T_backside is
compared with the original Temperature data obtained from machine.
In this model, the TIM comprises of a pure resistive layer sandwiched by two
square copper pads. Five assumptions are made:
1. the heat conduction is 1D;
2. the duration of the laser pulse is negligible compared with the
characteristic time t_(1/2) and the energy absorption occurs instantaneously;
3. the penetration depth of the laser pulse is negligible;
4. the properties of samples is independent of temperature;
5. the sample is pure resistive layer.

It takes the following steps:
1. Load the LFA447 data into the program.
2. Initiate the Temperature vector.
3. Solve the equation.
%}
%%
%{
Step One: Load the data
Temperature vs. Time
N_data is the number of data points. It records the Temperature evolution at
the backside of trilayer sample. TimeScale is the time interval LFA447 takes to record
data (ms).
%}
%%
OriginalData=importdata(filename);
[rows,columns]=size(OriginalData);
TotalLength=rows*columns;
Degeneracy=10;
TimeInterval=TimeScale*Degeneracy/1000;

N_data=TotalLength/Degeneracy;

89

X(1:rows*columns)=0;
Y(1:rows*columns)=0;
for i=1:rows
for j1=1:columns
X((i-1)*columns +j1)=((i-1)*columns +j1)*TimeScale/1000;
Y((i-1)*columns +j1)=OriginalData(i,j1);
end
end
Time(1:N_data)=0;
Temperature(1:N_data)=0;
for i=1:N_data
Time(i)=sum(X((i-1)*Degeneracy+1:(i*Degeneracy)))/Degeneracy;
Temperature(i)=sum(Y((i-1)*Degeneracy+1:(i*Degeneracy)))/Degeneracy;
end
%%
%{
Step Two: Initiate Temperature
Load the temperature distribution at the time 0, which is the initial condition.
At the beginning, a thin layer of Cu is set to a finite temperature T and the rest
is set to 0.
Adiabatic boundary condition is assumed in our modeling. The distance between
data points is set to 20um in this case, which can be adjusted for other problems.
%}
L_left=0.001;
L_right=0.001;
Distance=2*10^(-5);
N_left=L_left/Distance+1;
N_right=L_right/Distance+1;
N_high=7;
N_points=N_left+N_right;
T_ini(1:N_points)=0;
T_avg=
sum(Temperature(round(N_data/2):N_data))/(N_data-round(N_data/2)+1);
T_high=T_avg*(N_points-2)^2/(N_points*(N_high-1));
T_ini(1:N_high)=T_high;
%%
%{
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Step Three: Solve the equations through Gauss Elimination
The evolution of temperature at the end point of the sample is simulated
with the ThermalResistance value we set, which can be compared with the original
data obtained from the machine.
By changing the ThermalResistance value, we can find the minimum
differences between the simulated and original data. This point is the thermal
resistance of our sample.
%}
%% Copper parameters
ThermalConductivity_Cu=400;
Density_Cu=8900;
HeatCapacity_Cu=390;
ThermalResistance_Real=ThermalResistance*10^(-6);
ThermalDiffusivity_Cu=ThermalConductivity_Cu/(Density_Cu*HeatCapacity_
Cu);
N=length(T_ini);
L_left=0.001;
L_right=0.001;
Distance=(L_left+L_right)/(N-2);
IterationNumber=3*10^3;
Delta_x=Distance;
Delta_t=TimeInterval/IterationNumber;
k1=ThermalDiffusivity_Cu*Delta_t/(Delta_x)^2;
k2=ThermalConductivity_Cu*ThermalResistance_Real/Delta_x;
A(1:N,1:N)=0;
%
%% Initialization of matrix and vector.
%
A(1,1)=1;
A(1,2)=-1;
A(N,N-1)=1;
A(N,N)=-1;
A(N/2,N/2-1)=-k2;
A(N/2,N/2)=1+k2;
A(N/2,N/2+1)=-1;
A(N/2+1,N/2)=-1;
A(N/2+1,N/2+1)=1+k2;
A(N/2+1,N/2+2)=-k2;
T=T_ini;
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for i=2:N/2-1
A(i,i-1)=-k1/2;
A(i,i)=1+k1;
A(i,i+1)=-k1/2;
end
for i=N/2+2:N-1
A(i,i-1)=-k1/2;
A(i,i)=1+k1;
A(i,i+1)=-k1/2;
end
%% To assign the data to new one for iteration.
function B_sub=iterateT(T_sub,k1)
N_sub=length(T_sub);
B_sub(1:N_sub)=0;
for j=2:N_sub/2-1
B_sub(j)=(T_sub(j-1)+T_sub(j+1))*k1/2+(1-k1)*T_sub(j);
end
for j=N_sub/2+2:N_sub-1
B_sub(j)=(T_sub(j-1)+T_sub(j+1))*k1/2+(1-k1)*T_sub(j);
end
B_sub(1)=0;
B_sub(N_sub)=0;
B_sub(N_sub/2)=0;
B_sub(N_sub/2+1)=0;
end
%% To solve the tri_diagonal matrix problem
function X_sub=Tri_Diagonal(A_sub,B_sub)
N_sub=length(B_sub);
X_sub(1:N_sub)=0;
for k=2:N_sub
A_sub(k,k)=A_sub(k,k)-A_sub(k-1,k)*A_sub(k,k-1)/A_sub(k-1,k-1);
B_sub(k)=B_sub(k)-B_sub(k-1)*A_sub(k,k-1)/A_sub(k-1,k-1);
A_sub(k,k-1)=0;
end
for k=1:N_sub-1
B_sub(N_sub-k)=B_sub(N_sub-k)-B_sub(N_sub-k+1)*A_sub(N_sub-k,N_sub-k+1)/
A_sub(N_sub-k+1,N_sub-k+1);
A_sub(N_sub-k,N_sub-k+1)=0;
end
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for k=1:N_sub
X_sub(k)=B_sub(k)/A_sub(k,k);
end
end
%% Solve the problem using Crank-Nicolson form.
T_Backside(1:N_data)=0;
for j2=1:N_data
T_Backside(j2)=T(N);
for i=1:IterationNumber
B=iterateT(T,k1);
T=Tri_Diagonal(A,B);
end
end
end
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