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Abstract

Graphene, a single sheet honeycomb structure possessing sp? hybridizations, has attracted great attention
from the global scientific communities since its discovery in 2004 because of its distinctive physicochemical
properties. In past decades, graphene-based substances have been investigated enormously and applied across
various regions including energy storage, micro-nano, as well as photonic devices, and they have become a
well-known star in the world. Regarding the preparation methods of graphene, it could be separated in rough
to different categories. One type aims to preparing monolayer/multilayer graphene from graphite flakes, which
is defined as top-down methods such as mechanical exfoliated and chemical exfoliated graphene. The other is
the method of assembling graphene from small molecular carbon sources, which is called bottom-up methods
such as chemical vapor deposition (CVD) along with epitaxial growths from SiC. Among various fabrication
methods, the operational procedures in chemical exfoliation are simple, low cost, and easily scalable. Thus,
chemical exfoliated graphene has promising applications in supercapacitors, photonic devices, sensors, and
membranes, owing to its large specific surface areas, excellent optical properties, chemical stabilities, and
electrical conductivities. Amid these applications, energy storage and information technologies are core
fundament for the future development of society. Supercapacitors are a crucial energy storage device, while
photonic devices are essential components of information technologies. Therefore, we studied supercapacitor
and optical properties of graphene-based materials.

For supercapacitors, efficient transport of ions and electrons is essential aiming at enhancing the
electrochemical properties. However, aggregations in two-dimensional graphene nanosheets occurred easily
in the process of fabrication, which is an obstacle to decrease the flow speed of electrons and ions in the
electrode. Thus, we intend to construct a network structure by preparing graphene-based composite materials
aiming to increase the effective active areas between electrolyte and electrode materials. For photonic devices,
it is extremely important to identify the third-order nonlinear optical property for graphene-based materials
over broad wavelength regions as well as their carrier dynamics in a femtosecond. However, the dispersion of
third-order nonlinearities of graphene oxide/reduced graphene oxide over that broad wavelength region is still
unknown. Therefore, our objective is to evaluate third-order optical nonlinearities for graphene-based materials
over a broadband region and femtosecond regime.

Here, in this thesis, we firstly prepared a graphene-based composite material in a facile method. Then we
investigated the electrochemical performance for graphene-based composites applied in lithium-ion capacitors

as an anode. Secondly, we fabricated two-dimensional thin films by dispersing graphene oxide (GO) or reduced
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graphene oxide (rGO) into the polyvinyl alcohol (PVA) matrix. Then we systematically investigated the optical
nonlinearities for graphene-based material. Particularly, we experimentally determined the dispersion of third-
order nonlinearities for GO and rGO in visible regions (450 — 750 nm), which propels their applications in
optoelectronic and nanophotonic devices over broad wavelength region.

Reduced Graphene Oxide Decorated with Crystallized Cobalt Borate Nanoparticles as an
Anode in Lithium-ion Capacitors

Lithium-ion capacitors (LICs) are chosen to be good solution aiming at integrating merits of lithium-ion
batteries (LIBs) possessing large energy densities along with electric double-layer capacitors (EDLCs)
possessing large power densities. One of the challenges faced by LICs is to improve the lithium storage
properties of anode material. To address this challenge, rGO compositing with crystallized cobalt borate
nanoparticles (Co-B/rGO) were prepared being a negative electrode in LICs using facile in-situ grow method.
X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) confirmed these crystallized cobalt borate
nanoparticles were successfully introduced to rGO nanosheet structures. Transmission electron microscopy
(TEM) revealed that cobalt borate nanoparticles anchored at surfaces in rGO nanosheet uniformly. First of all,
that introduction of cobalt borate nanoparticles can alleviate the aggregation of rGO nanosheets. Besides, it
also provides more active sites for lithium storage with cobalt borate nanoparticles being introduced to surfaces
for rGO nanosheets. Then reversible capacities of Co-B/rGO composites retain 600 mAh g after 600 cycling
numbers under 1000 mA g with a good rate performance (310 mAh g under 5000 mA g') when it was
measured in LIBs half-cell as an anode. Furthermore, the LIC full cell was fabricated based on the Co-B/rGO
composite as an anode, which provided steady cycle conditions exhibiting capacitance possession of 75%
completing 2000 cycling numbers under 2000 mA g, as well as large energy densities in 128.6 Wh kg™! under
power densities in 107.5 W kg™'. These results indicate that the Co-B/rGO composite possesses an efficiently
mixed conducting structure, which implies prospective applications as anode in LICs.

Experimental dispersion of third-order susceptibility of graphene oxide

To mitigate the damage of wide-spectrum laser beams to photonic devices and human eyes, optical
limiting (OL) devices are extremely necessary to be developed. In this case, graphene oxide (GO) has become
a promising material for OL devices due to its broadband nonlinear optical response in the visible region.
However, until now there is no report about the third-order optical susceptibility ¥® dispersion of GO, which
is a complex quantity that directly corresponds to nonlinear refraction and absorption and is a crucial parameter
for the manipulation and application of its OL properties. In the present work, we successfully fabricated

graphene oxide thin film by dispersing it into a PVA matrix. Then this part experimentally obtained
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determination in the dispersions for ¥®) in GO in the visible region (450 - 750 nm) by combining
spectroscopic ellipsometry with ultrafast pump-probe spectroscopies in femtosecond regime. Here, we
identified that the linear optical response of GO shows a flat dispersion over visible regions. In contrast, its
nonlinear optical response exhibits saturable absorption (SA) within short wavelengths and reverse saturable
absorption (RSA) at long wavelength. These results propel the application of GO in the broadband OL devices
based on RSA behavior. In addition, by controlling the fraction of sp? and sp? hybridizations, it also provides
opportunities to tailor the nonlinear optical properties as well as OL behaviors for GO.

Broadband and Comparative Third-order Nonlinearities in Reduced Graphene Oxide with
CVD Graphene

Herein, we successfully fabricated two-dimensional thin film by dispersing reduced graphene oxide into
the PVA matrix and experimentally determined the third-order nonlinearity in reduced graphene oxide over
visible regions with the spectrum (450 to 750 nm) by the combination of spectroscopic ellipsometry with
femtosecond pump-probe spectroscopy. With recent development in optoelectronic and nanophotonic devices,
it is highly desirable to investigate materials to efficiently manipulate light at the nanoscale. Therefore, the
utilization of chemical vapor deposition (CVD) graphene increases in nanophotonics technologies owing to
the high tunability superior to noble metals. However, their scalable application is limited due to high-
temperature, high-cost fabrication techniques, and complicated transfer procedures. In this work, reduced
graphene oxide is proposed to be prospective nominee being employed in future nanophotonic instruments,
with relatively simple and low-cost fabrication techniques. Our results demonstrated that reduced graphene
oxide possesses comparable nonlinearity similar to that of CVD graphene. Furthermore, we identified that
identical tunability that m conjugation electronic transitions dominates their nonlinear response for reduced
graphene oxide as well as CVD graphene. These results demonstrated that reduced graphene oxide is a viable
alternative. Besides, the third-order susceptibility of reduced graphene oxide in the visible region reveals their
substantial behavior to wavelength and pulse width of light in the nonlinear state, which propels the movement
of manipulating light at the nanoscale over broad wavelength.

In summary, Co-B/rGO composite has been proved to exhibit outstanding supercapacitor behaviors when
utilized being anode materials for the lithium-ion capacitor. In addition, obtained nonlinear optical properties
of graphene-based materials including graphene oxide and reduced graphene oxide were investigated over a
visible range of 450 - 750 nm and show a remarkable nonlinear optical response, which propels the movement

of manipulating light at the nanoscale over broad wavelength.
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Chapter 1

Introduction

1.1 Graphene-based Materials

1.1.1 Historical Background

Carbon, known as a kind of abundant chemical elements in nature, has been playing an extremely pivotal
role during the development process in our world [1]. It locates in the group fourteenth in the periodic table,
which has the atomic number of six [2, 3]. In the valence state of the carbon atom, four electrons are free to
constitute covalent chemical bonding, which makes it nonmetallic and tetravalent [4]. In consequence, carbon
can form a vast number of compounds through co-existing with other elements in three hybridizations of sp,
sp* and sp® [5]. This feature makes carbon the most diverse element on the earth and designated as the king of
elements [6]. It serves as a fundamental composing for the whole existing life comprising the human body and
is considered as the basis for life on the earth [7]. As shown in Figure 1-1, there are various allotropes composed
of carbon with diverse bonding structures, including graphite, diamond, fullerene, as well as carbon nanotube
[8]. These allotropic materials possess distinct structures, as well as different physicochemical features.
Graphite known as the most common and stable allotrope of carbon has a layered structure with AB-type
stackings or ABC alignment [9]. In graphite, covalent and metallic bonding exists within the layer with atomic
arrangement in hexagonal features [10]. Additionally, each layer in graphite is linked weekly through a van
der Walls interaction. In contrast to graphite, diamond has a covalent network structure bonded through sp?
hybridizations, which has the highest hardness with extremely different properties from graphite [11]. The
arrangement of carbon atoms in the diamond is extremely rigid. In addition to graphite and diamond, the
discovery of spherical fullerene in 1985 has greatly expanded the explorations of allotropes of carbon [12].

Fullerene became the subject of intense research in materials science, electronics, and nanotechnology once
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discovered by scientists [13]. Spherical fullerene has various potential applications in chemistry and
technological fields, in particular, the superconductivity in low temperature has drawn much attention in recent
years [14]. Then one-dimensional carbon nanotubes with only 1-nm diameter were discovered in 1993 [15].
Carbon nanotubes have a wide variety of interesting properties in electrical, thermal, and mechanical aspects
[16]. With the rapid development of carbonaceous materials, more and more allotropic materials of carbon
appeared in our vision. Their applications were also expanded in a larger scope, such as catalytic, hydrogen

storage, field emission devices, energy conversion and storage, photonics, and optoelectronic fields [17-20].

Figure 1-1 Typical allotropic carbonaceous materials: (a) diamonds, (b) graphite, (c) lonsdaleite, (d - f)

fullerene, (g) amorphous carbons, (h) carbon nanotubes [21].

With the discovery of carbon nanotube in one-dimension and fullerene in zero-dimension, a single sheet
named graphene in two-dimension composed of sp? carbon hybridizations appeared on the scientific horizon
again [22]. In fact, graphene has been an extensive interest of many theoretical studies as early as in the 1940s
[23]. In the next decades, many efforts have been devoted to synthesizing graphene through different kinds of
methods. In 1975, B. Lang investigated the formation and texture of the graphitic layer through depositing
carbon onto various platinum crystal surfaces [24]. In 1998, graphite multilayers of good crystalline quality
were obtained through epitaxial growth on the top of silicon carbide at a high temperature [25]. Until 2004,

monolayer graphene was firstly experimentally isolated through mechanical exfoliation by Geim and
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Novoselov at Manchester University, using graphite as raw materials [26, 27]. They were resultantly awarded
the Nobel Prize for physics because of their great achievement in the highlighted graphene with two-dimension.
This Nobel Prize-level discovery immediately showed attractive features for the academic researchers and
became a focus in the field of nanotechnology. In the past decades, graphene has truly captured the imagination
of scientists and resulted in wide applications in various fields of energy storage devices, transparent
conductive electrodes, micro-nano devices, composite materials, optoelectronic and nanophotonic devices [28-
30]. Graphene has become a well-known star in the world unquestionably. The reason why it has attracted so
much attention is mainly that graphene possesses many unique and exclusive properties, which are endowed

by the special single atomic layer structure.

1.1.1 Structural Characteristics of Graphene

bond

Figure 1-2 (a) Triangular sublattices schematic of graphene. (b) The o bond, m bond constituted by sp?

hybridizations [31].

As for crystal structures in graphene, a two-dimensional sheet was constructed with honeycomb structures
through each carbon atom bonding with other neighboring atoms covalently [32-34]. There is a hexagonal
lattice in the two-dimensional sheet of graphene that presented in Figure 1-2(a). Because four valence electrons
in carbon atoms have the orbital configuration of 2s?2p?. In the formation process of chemical bonding in
graphene, three sp? hybrid orbitals were formed with a combination of three valent electrons in orbitals s, px,
and py, respectively [35]. Then each carbon atom covalently connects with three neighbors through a ¢ bond
with a lattice parameter of 1.42 A as shown in Figure 1-2(b). In addition, the = bond was constructed along the
vertical direction to the basic plane by the remaining out-shell valent electron occupying a p, orbital. Two bands

were formed through hybridizing together of these orbitals in partially filled situation with free electrons. The
3



majority of excellent electronic characterizations in graphene could be explained by the structure of bonging

n and anti-bonding * [36].

(a)

(b)

Figure 1-3 Crystal lattice of (a) graphene in one layer, and (b) graphene in multilayers with AB-type
stacking. (c) The linear dispersive electronic band structure for graphene in one layer. (d) Parabolic electronic

bands for graphene in multilayers [37].

Because of the special crystal configuration, graphene possesses unique electronic band structures. It can
be seen from Figure 1-3(a), A and B can be regarded as equivalent positions in unit structures for graphene. As
aresult, m along with 7w orbitals have a cross point at Dirac point in the case of nearest-neighbor hopping only
[38]. Thus, the electronic band structure at the Dirac energy Ep shows a linear dispersion characteristic as
shown in Figure 1-3(b) [39]. It was known that the carrier with negligible mass in quantization has been
observed for graphene nanosheet, which brings on a high Fermi velocity of 10° m/s [40]. Consequently,
graphene exhibits remarkable electrical transport performance due to this extremely high mobility [41]. In
addition, the stacking structure of graphene also influences its electronic behavior. Taking the bilayer graphene
with AB-type stackings as an example, the atomic positions in the component structure were named as A, B,
A», By, respectively as presented in Figure 1-3(c). The interlayer coupling effect results in different electronic

features for bilayer graphene which was presented in Figure 1-3(d) [42].



Figure 1-4 Sectional image of graphene nanosheet with ripples in the structure [43].

In the geometrical structure of graphene, the two-dimensional nanosheet could be the basic building block
for many other carbonaceous allotropes, for instance, graphite in three-dimension, carbon nanotube in one-
dimension, as well as fullerene in zero-dimension [44]. Thus, the experimental isolation of graphene has
greatly enriched the system of carbonaceous materials. In the end, a carbonaceous family was systematically
constructed with different dimensionalities. In practice, the sheet structure of graphene has many ripples with
an amplitude of several nanometers rather than a perfectly flat plane as shown in Figure 1-4. These ripples
could be explained as the motion of carbons away from the nanosheet to balance thermal fluctuations in the
graphene [45]. These ripples were also demonstrated to have an influence on the electronic performance for
graphene [46]. In addition, structural defects may be introduced into graphene in the fabrication process such
as point and line defects [47]. And these defects have powerful effects to the charge distribution as well as
band structure in graphene [48]. Beneficial from the above unique crystal, electronic and geometrical structures,

graphene exhibits outstanding properties in many aspects.

1.1.2 Fundamental Properties of Graphene

Graphene has caused such a sensation in the scientific community since its discovery, mainly due to its
distinct properties from bulk materials. These properties make graphene play an important role in basic
research and provide perspective application values in many fields. First of all, single-layer graphene is
regarded as the thinnest material in nature with a thickness of only 0.35 nm [49]. However, graphene possesses
a very high mechanical strength due to the stable structure of sp? bonding in the hexagonal lattice. The intrinsic
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breaking strength of graphene was evaluated with a value around 40 N m™! by using atomic force microscopy
(AFM) [50]. Secondly, graphene was investigated by theoretical studies to have an excellent thermal
characteristic [51]. Its thermal conductivity was later experimentally determined to be over 3000 W/mK in a
large-area suspended layer [52]. Besides, the specific surface area of monolayer graphene has been calculated
theoretically with a value of 2630 m? g'!. This value is obviously much higher substantially compared with
graphite, commercial activated carbon (AC), as well as carbon nanotube (CNT) [53]. The specific surface area
of graphene oxide was reported to vary from 2 to 1000 m? g!, which has relationship with the amount of
oxygen functional groups in the basal plane [54]. Graphene was also demonstrated in previous research to have
distinctive flexibility due to its unique atomic structure [55]. Furthermore, graphene possesses remarkable
electrical conductivities along with chemical stabilities. These features make graphene widely used as
substrates in network structure which can enhance the electrochemical properties of composite material [56].
In addition, graphene possesses high optical conductivity as shown in Figure 1-5 [57]. It is established
that graphene exhibits a linear dispersion bandgap characteristic in the neighboring position of the K, K' points
[58, 59]. Owing to its linear band dispersion, graphene with one layer exhibits a linear optical absorbance of
approximately 2.3% constantly over the visible spectrum [60]. Hence, graphene is regarded as one of kinds
prospective optical materials. Moreover, the nonlinear optical properties of graphene are another fascinating
point, stem from its large effective absorption coefficient and relatively strong light-matter interactions [61,
62]. These nonlinear optical responses and corresponding applications enabled important prospects in passive
mode-locking, pulse compression, and ultrafast all-optical switches. In the end, as a consequence of distinct
electronic features as well as excellent optical characteristics, graphene benefit greatly to the development of

electrochemical, optoelectronic, and photonic devices.

Figure 1-5 Optical transparency in graphene film.



1.2 The Categories of Graphene
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Figure 1-6 Illustrating images of various fabrication techniques for graphene-based materials [63].

Graphene could be viewed in different categories according to the different fabrication methods that were
used to prepare graphene. Regarding the preparation methods of graphene, it has been roughly assigned into
two categories which can be shown in Figure 1-6. One type is to prepare single-layer or few-layer graphene
from graphite flakes, which is defined as the top-down method [64]. Such as graphene made by mechanical
exfoliation from graphite as well as chemically exfoliated graphene from graphite. The other is the method of
assembling graphene from small molecular carbon sources, which is called the bottom-up method, such as
chemical vapor deposition (CVD) along with epitaxial growth on silicon carbide (SiC) [65]. Graphene

fabricated through various methods possess different performances in structures, morphologies, and properties.



1.2.1 Chemical Vapor Deposition Graphene
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Figure 1-7 Illustrating images for CVD growth in single-crystalline graphene [66].

In the fabricating process of chemical vapor deposition (CVD), two or more gaseous raw materials are
introduced into a reaction chamber under a certain temperature and pressure to undergo a chemical reaction to
form a new material depositing on the substrate [67]. CVD method is currently regarded as an effective method
for synthesizing high-quality graphene [68]. Polycrystalline nickel film was utilized as a substrate to
investigate the preparation of graphene sheet through the CVD method in the previous report [69]. Several
groups have reported using methane and hydrogen as raw materials to grow high-quality graphene on nickel
substrate presented in Figure 1-7. Usually, the growth procedure of graphene in CVD methods involves a high-
temperature decomposition step of a carbon source on the substrate [70]. Besides, the transfer process of

graphene away from the substrate is complicated and will cause some damages to the quality of graphene [71].

1.2.2 SiC Epitaxial-growth Graphene

The epitaxial growth method is another typical bottom-up method, where silicon carbide (SiC) is usually
used as the raw materials to fabricate graphene [72]. The specific principle of epitaxial growth method is that
silicon atoms are evaporated and removed in silicon carbide through processing by ultra-high temperature

along with extremely vacuum conditions [73]. Consequently, graphene can be obtained after the rearrangement



of remaining carbon atoms on the substrate. With the enhancement for epitaxial growth methods during past
years, the control of layer numbers for graphene can be achieved through using different specific parameters
[74]. However, the shortcomings of epitaxial growth method are still prominent, such as high cost, harsh

reaction conditions with ultra-high vacuum, and difficult procedures to transfer graphene from the substrate.

1.2.3 Mechanically Exfoliated Graphene

The mechanical exfoliation method refers to a method of separating graphene from graphite flakes by
mechanical external force [75]. In 2004, Geim et al. fixed the highly oriented cracked graphite on the silicon
wafer by the tape peeling method, and then repeatedly posted and peeled it with tape, monolayer graphene was
obtained in the end [76]. Despite the graphene crystal structure fabricated through mechanical exfoliation
exhibits a very high quality. However, mechanical exfoliation takes a long time, and the yield is very low. In
addition, the obtained size of graphene is also extremely difficult to control. Thus, the mechanical exfoliation

method is only suitable for laboratory research and cannot be produced on a massive scale.

1.2.4 Chemically Exfoliated Graphene

In the chemical exfoliation method, graphite flakes are usually used as a raw material to prepare graphene
[77]. To be specific, the graphite flakes are firstly oxidized with an oxidant agent to introduce oxygen-
containing groups to the planar structure of graphite flakes as shown in Figure 1-8. These oxygen-containing
functional groups can increase the interlayer distance between atomic layers in graphite flakes. Meanwhile it
can also endow it have a certain amount of hydrophilicity, which produced graphite oxide [78]. Then these
graphite oxide layers were peeled off in the aqueous or organic solution by an external force to form graphene
oxide. Graphene oxide has a nanosheet structure like graphene with one layer or multi-layers. Finally, graphene
is obtained via chemically reducing graphene oxide. The remove of many oxygen-containing groups of
graphene oxide was achieved after reducing, and the covalent bond structure is restored to a certain extent.
The existence of small amount of oxygen functional groups still remain in reduced graphene oxide and certain
defects in their conjugated structure. The operational procedures in the chemical exfoliation method are simple,
low cost, and easily scalable. Therefore, chemical exfoliated graphene has many advantages to be applied in
composite materials, electrochemical and photonic devices. In addition to these advantages, graphene oxide as
the precursor material in the fabrication process of graphene also has unique physicochemical properties

because of the heterogeneous nanosheet structures in two-dimension and special functional groups in the basal
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plane [80].

Graphite Graphite oxide Graphene oxide

Figure 1-8 Illustration of chemical exfoliation method to prepare graphene [79].

1.3 Applications of Graphene-based Materials

1.3.1 General Background

Energy storage and information communication are two essential aspects of the development of our
modern society. It is now necessary that economical, efficient, as well as environment friendly energy storage
devices could be developed, aiming at fulfilling the necessities of the increasing important ecologic
environment concerning. Supercapacitors have been regarded as a kind of the efficient energy storage
instruments, which has a unique energy storage mechanism with simple charge-layers which formed at
interface between electrode materials and electrolyte. Therefore, supercapacitor could be utilized to keep and
release electrochemical energies at a relatively high rate compared with lithium-ion batteries. Graphene-based
materials are regarded as promising conducting material to play important roles in electronic devices especially
supercapacitors because of many advantageous features, including low resistance, large specific surface area,
as well as good thermal stabilities. Another fascinating application of graphene-based materials should be
mentioned that it could be used as a promising optical candidate material in photonic applications owing to
remarkable transparent optical characteristics and strong interaction between light and matter. Photonic devices

are ubiquitous in our society with extreme importance. Their existence could be found in every area including
10



daily life and scientific fields. Light detection, telecommunications, information processing, photonic
computing are important foundations to the information communication techniques, which is a core
competence for the development of trivial future society. Therefore, it has been a subject of interest to
investigate the prospects of graphene-based materials employed as electrode materials for supercapacitors as

well as photonic instruments.

1.3.2 Applications in Supercapacitors

In recent years, aiming at fulfilling the requirements for ecological, economical, along with efficient
devices to store energy, graphene has been considered to be potential material due to its intriguing properties
such as large surface area theoretically, good electrical conductivities. Moreover, chemically exfoliated
graphene provides us opportunities to achieve physical and chemical modifications because of existence of the
oxygen-containing groups around the edges in graphene nanosheets, which are introduced in chemical
oxidation process. Among these various energy storage devices, supercapacitors based on graphene materials
have been considered as a prospective choice due to the larger power density compared to lithium-ion battery
along with higher energy density compared to dielectric capacitor. Graphene as an electrode material that can
be used in supercapacitors, has large importance to enhance the electrochemical performance of these devices.
The current electrode materials commercially used in supercapacitor are activated carbon. It has many
advantageous features including low cost and large surface area. While the pore structures in activated carbon
cannot be utilized effectively in the charge/discharge in supercapacitors. Besides, functionality also has some
influence on the electrochemical properties of supercapacitors. Consequently, the electrochemical properties
for activated carbon are far from the expectation in the supercapacitors. Therefore, many effortful
investigations have been conducted on electrodes in supercapacitors.

It was demonstrated in previous research that capacitance of electrodes has close relationship with the
amount of active areas and defects. Thus, graphene should have a high capacitance because it has high specific
surface area as much as 2630 m? g! in theory. In comparison, the active area in graphene is much larger than
that of other carbonaceous materials that are usually used in supercapacitors. In addition, graphene-based
materials possess high electrical conductivity compared with commercial activated carbon. These remarkable
advantages endow graphene with its promising electrode materials in supercapacitors. Graphene with various
structures could be used as the electrode material in supercapacitors, such as zero-dimensional free-standing

graphene with dots or powders, one-dimensional graphene fibers, two-dimensional films, along with three-
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dimensional network structures. Stoller and cooperationists prepared chemically modified graphene with one
atomic thickness and measured the electrochemical performance in supercapacitor cells [53]. The specific
capacitances were demonstrated to be over 100 F g! when measured in different electrolytes. In addition, their
experimental results demonstrated that the graphene-based electrode materials working in supercapacitor cells
could exhibit excellent behavior in a wide working voltage range.

Besides, graphene has also been employed to be anode in hybrid capacitors. For single-layer graphene,
Dane et al. proposed in 1995 that the combination of lithium ions and graphene can occur on the upper and
lower sides of the graphene plane, so its capacity can reach twice that of graphite. Furthermore, proposed that
the covalent point of the benzene ring in graphene may also provide a site to react with lithium ions, so the
specific capacity can be further improved as 1164 mAh/g. However, these lithium storage models were
questioned after graphene was successfully peeled off mechanically. Wu al. reported in the literature with
modellings that the solid electrolyte interface (SEI) films will produce part for the irreversible capacities. The
edge defects, vacancies, and nano-holes in graphene can also be used as active sites for storing lithium ions.
Also, the nano-space between graphene layers can be used to store lithium ions. Compared to graphite,
graphene has more structural defects. In addition to higher capacity compared to graphite, there are also many
disadvantages: large SEI was formed in the reaction process, which not only consumed the lithium source but
also result in low Columbic efficiency in the first cycle. The above shortcomings can be improved through

structural control and surface modification in graphene.

1.3.3 Applications in Photonic Devices

Graphene-based material was likewise regarded as prospective choice for photonic devices. It has drawn
enormous interest in next-generation communication techniques due to its numerous intriguing optical
properties [81]. One of the important reasons is that the optical response in graphene can be effective in a broad
wavelength ranges including visible and mid-infrared regions [82]. Besides, the optical absorption has good
tunability in that broadband [83]. This could be ascribed to the linear and zero-bandgap electronic band
structure. As a result, graphene-based materials can be prospective components to developing broadband
saturable absorbers for ultrafast lasers. Goossens S. et al. fabricated an image sensor array using the integration
of graphene-based materials, which could work in a broadband region [84]. In addition to the intriguing optical
response, graphene has ultrahigh charge carrier mobility with a value of 200,000 cm?/Vs [85]. This feature

renders its auspicious application in modulators and photodetectors. Ultrafast transistor-based photodetectors
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were prepared by using graphene-based materials by Xia and coworkers [86]. These devices were
demonstrated to show high bandwidth light detection and a wide working wavelength range. Moreover,
photonic devices based on graphene materials could be applied in the biochemical sensors due to their huge
adsorption capacity. The utilizations in optical sensing can greatly lower the limit of detection and increase the
specificity of label-free biochemical sensing [87]. In consequence, graphene-based materials engage
outstanding platforms to develop prospective photonic devices for future information and communication

technology [88].

1.4 Principle of Supercapacitors

In general, supercapacitors are constructed with several parts, including electrodes, electrolyte, separator,
current collector, and package [89]. Supercapacitors can be categorized into three kinds according to the types
of electrode materials and their energy-storage mechanisms [90]. The principles of three types of

supercapacitors are going to be introduced detailedly below.

1.4.1 Electric Double-layer Capacitors (EDLCs)

—— ——
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Current collector and electrolyte

Figure 1-9 Construction diagrams of charging and discharging process in EDLCs [91].

EDLC is a kind of electrochemical capacitor that stores energy through accumulating charge via electric
double layers. Corresponding construction diagrams of the charging and discharging process in EDLCs were
presented in Figure 1-9. In general, an EDLC device is constructed with two symmetric electrodes, which were
isolated by a separator that can prevent a short circuit in the system [92]. Besides, the EDLC cell was filled
with an electrolyte. In the charging process of EDLCs, the ions of electrolyte form absorption onto the active
materials in the electrode, then electric charges accumulated [93]. As for the discharging process in EDLC, the
desorption of ions occurs between electrodes and electrolytes. In this way, EDLCs store and deliver energy

within short time and reversible method. Thus, EDLCs have the advantages of high-power density along with
13



good cycling life. Nevertheless, it suffers from deficient energy density in practical applications. The charge
storage mainly comes from the surface area of electrodes. Thus, it is highly desirable for electrode materials
in EDLCs to possess suitable pore structure and surface properties. The common utilization of activated carbon
is adopted in EDLCs as electrode material currently [94].

diffuse layer Stern layer diffuse layer

(a) Helmholtz model ~ (b) Gouy-Chapman model (c) Gouy-Chapman-Stern model

Figure 1-10 Illustrating images of EDLCs structure describing using (a) Helmholtz models, (b) Gouy—
Chapman models, as well as (c) Gouy—Chapman—Stern models. H represents distance in charge layers reported

in Helmholtz models [98].

The schematic models of a positively charged electrode in EDLC structures were presented in Figure 1-
10. The model structure of EDLCs was firstly proposed by Helmholtz shown in Figure 1-10(a). In the interface
between electrodes and electrolytes, charges were accumulated with opposite signs in cathode and anode,
respectively. This phenomenon can also be observed in conventional dielectric capacitor [95]. In the early
period of the 1910s, modifications of Helmholtz models were made by scientists, respectively. They proposed
that the ions are mobile in the electrolyte as shown in Figure 1-10(b). In their model, ions were distributed in
a region near the electrode surface rather than parallel layers [96]. Until 1924, Gouy—Chapman—Stern models
was proposed through efforts of Stern, with a combination of Helmholtz models and Gouy—Chapman models
as shown in figure 1-10(c) [97]. In this model, Stern and diffuse layers were formed in the charging process of
EDLCs, which has been adopted in academic filed.

Discussing about the electrolyte used in EDLCs, they can be divided into several kinds, such as aqueous
solution, organic electrolytes, and ionic liquids [99]. Some advantages could be identified in the aqueous
electrolyte solution. The most two important advantages are its intriguing equivalent series resistance with low

values along with excellent permittivity [100]. Despite these advantages, the application of aqueous
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electrolytes is limited by its low working voltage range of less than 1 V [101]. Consequently, the energy density
of EDLCs used aqueous electrolytes is limited significantly by the low operating voltage range. In contrast,
the working voltage of EDLCs could be increased to around 2.7 V when electrolytes were used in the organic
solvent [102]. In this way, the electrocapacitive performance can be greatly improved. However, acetonitrile
(AN) or propylene carbonate (PC) solvents have been adopted widely in most organic electrolytes, which
causes large concern on safe status because of the flammable and toxic features. Recently, ionic liquid is
regarded to be a promising electrolyte in EDLCs because of its wider working voltage range and relatively low
toxicity compared to organic solvents [103]. However, the power density of EDLCs remains a large obstacle

in practical applications.

1.4.2 Pseudocapacitors

Distinct from the energy storage mechanism in EDLCs, pseudocapacitors are another type of
supercapacitors. In the charging and discharging process of pseudocapacitors, faradic reactions occur between
electrode materials and electrolytes [104]. Enormous redox substance has been developed to be electrodes in
pseudocapacitors, for instance, metal oxides and conducting polymers [105]. Metal oxides have been applied
in pseudocapacitors because of its high conductivity. One of the typical metal oxides used in pseudocapacitors
is RuO, [106]. Despite RuO, pseudocapacitor was demonstrated to exhibit high specific capacitance, it suffers
from the high cost in practical applications [107]. Especially, metal oxides, including RuO; electrodes have
short term stability due to the cracking problems caused in the cycling process [108]. As for conducting
polymers, polypyrrole, polyaniline, and polythiophene are widely adopted as the electrode in pseudocapacitors
[109]. Conducting polymers show many advantageous properties of flexibility and high conductivities, which
are beneficial to improve the capacitance of pseudocapacitors compared to EDLCs [110]. However, the low
cycle stability is also a prominent obstacle in their development. Besides, swelling in the volume of polymer
electrodes have large side-effects to the behaviors of the capacitor devices [111]. In a word, pseudocapacitors
have higher energy density than EDLCs due to redox reactions in the charge transfer process. However, the

application of pseudocapacitors is still limited by poor cycling stability and low power density.

1.4.3 Hybrid Capacitors

Hybrid capacitors have been proposed as an innovative type of supercapacitor to deliver large energy

density via expanding operating voltage limitation and capacitance of devices [112]. Compared to EDLCs,
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different mechanism exists in the electrodes in hybrid capacitors [113]. In general, a hybrid capacitor is
combined by batteries-type electrode along with capacitors-type electrode as shown in Figure 1-11. The
concept of hybrid capacitors was firstly proposed by Amatucci's group in 2001 [114]. They fabricated the
hybrid device through employing AC to be a capacitive electrode, as well as LisTisO,, as the batteries-type
electrode. Nonaqueous electrolyte was utilized in the devices. In the material of cathode, non-faradaic reactions
occur on the interface of the AC materials and electrolyte. In the meantime, a reversible faradaic process occurs
in the anode materials. Therefore, a large energy density could be obtained in hybrid capacitors due to the large
specific capacity from faradaic reactions in a batteries-type electrode. In addition, the rapid charging and
discharging rate in capacitor-type electrode guarantee the high-power density as well as cycling stability in
hybrid capacitors [115]. Furthermore, the organic electrolyte can provide a larger working voltage range
compared to an aqueous system [116]. In the end, hybrid capacitor can be explored to be a good solution and

is viewed as a kind of prospective supercapacitors in practical applications.
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Figure 1-11 Schematic representations of hybrid supercapacitors [117].

One of the main issues needed to be addressed in hybrid capacitors is to balance the kinetics between the
anode materials and cathode materials [118]. Because the non-faradic adsorption/desorption proceed much
quickly in the cathode materials than the anode materials where the faradaic reactions occur. Recently, a series
of hybrid capacitors were investigated on the basis of various electrode materials. Activated carbon have been
adopted commonly as cathode material in hybrid capacitors [119]. As for anode, various redox materials have
been investigated such as graphite and metal oxides. More recently, graphene emerges as a promising candidate
in electrochemical applications because of considerable specific surface area as well as excellent electronic

performance. Aphirakaramwong reported a hybrid capacitor device using a composite structure with graphene
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and carbon nanotubes [120]. The device was demonstrated to display good electrochemical performance.
Similarly, graphene hybrid capacitors were assembled by using graphene aerogel as a negative electrode, which

also has a maximum output energy density and a high-power density [121].

1.5 Third-order Nonlinearity

In the past decades, optoelectronic and photonic devices have been playing critical roles in many scientific
and technological fields such as industry, agriculture, and medicine. Photonic devices need to study the
nonlinear optical properties, which is a crucial point aiming at understanding interactions between intense light
and materials [122]. The main research topic of nonlinear optics is the various nonlinear optical phenomena
and laws generated by the interaction between laser and medium [123]. The history of nonlinear optics can be
traced back to the Pockels effect which was first discovered by German scientists in 1893 [124]. With the
development and maturity of laser technologies, nonlinear optics has become an independent and important
subject in academic fields. In the past few decades, many kinds of nanomaterials were demonstrated exhibiting
excellent optical nonlinearities. Consequently, a large number of nanophotonic devices were designed and
fabricated based on materials with optical nonlinearities. In this case, graphene-based substance has produced

much interesting exploration in nonlinear optical research.

1.5.1 Background of Third-order Nonlinearity

Electrical polarization was generated on the condition that the materials were applied in the
electromagnetic field of laser beams. Therefore, the polarization effect could be utilized in the description of
nonlinear optical response in materials. Here, the relationship between the microscopic polarization intensity
P that induced in the bulk media and the external electric field £ obeys the expression in following equation
1-1,

P=gfl1+ W+ yPE+ yPE2+ - |E (1-1)

in which g, represents the permittivity of vacuum, O, @ 53 represent linear, second-order, and
third-order susceptibilities [125]. In isotropic substances, even-orders susceptibilities vanish due to the
centrosymmetric properties in the atomic arrangement, such as graphene-based materials [126]. Because the

massless Dirac fermions in graphene-based materials constitute a centrosymmetric medium for in-plane

excitations, their second-order nonlinear optical response is thus negligible if the effects of spatial dispersion
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are not considered. Therefore, third-order nonlinearity is the most important parameter to describe the optical

nonlinearities for graphene-based material.

1.5.2 Characterizations of Third-order Nonlinearity

Z-scan is one of the common techniques currently to measure the nonlinear optical properties [127]. It
has advantages including simple operation using a single beam and powerful functionalities. The nonlinear
absorption, scattering, as well as refraction can be characterized by using Z-scan measurement [128]. The
schematic diagram of the Z-scan technique was presented in Figure 1-12. To be specific, a convex lens was
employed to focus laser beams. In consequence, an intensity-spatially-varied optical field was established. The
transmission of targeted materials could be recorded by using an aperture. In the measurement, the information
of transmission changes could be evaluated with the sample position changes around the focal point between
negative z and positive z. In the end, the parameters in nonlinear state of materials could be evaluated through
open and closed apertures in Z-scan measurement. However, the evaluation was often conducted in single or
discrete wavelengths. Therefore, the nonlinear optical properties of materials cannot be characterized at

continuous wavelength by using Z-scan measurement.
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Figure 1-12 Schematic of the Z-scan experimental setup [129].

1.5.3 Applications of Third-order Nonlinearity

With continuous research, nonlinear optics has gradually entered the stage of practical applications from
theoretical research. Materials with nonlinear optical properties could be used in optoelectronic and photonic
fields such as communication technology and laser techniques. For example, materials with nonlinear saturable
absorption effects could be used to applied in passive mode-locking due to saturable absorption and passive

Q-switching of laser pulses [130]. Materials with nonlinear reverse saturable absorption effects can be used as
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optical limiting materials for laser protection devices [131]. Note that materials with reverse saturable
absorption effects are of very high sensitiveness responding to intensities and wavelengths. The transmission
rate is high when intensities of incident light is weak. In this case, most of the light can pass through the
materials, which guarantees the bright enough in the field of view. At the same wavelength, the transmission
decreases at the condition of the strong incident light, which could decrease the intensity of light reaching the
photoelectric sensors, other precision instruments, and the human eyes. As a result, the damages induced by

intense laser could be avoided.

1.6 Motivation and Objective

Graphene-based materials are endowed full of attention in supercapacitors and photonic applications due
to their unique two-dimensional structure, superior physicochemical properties specially such as remarkable
electrical conductivities, optical transparent features, as well as nonlinear optical characteristics. As for
supercapacitors, graphene especially chemically exfoliated graphene has been demonstrated to be promising
electrode materials in hybrid capacitor. The specific capacities of graphene electrode are much larger than
commercial activated carbon. However, aggregations of the two-dimensional graphene nanosheets occur easily
in the process of fabrication, which is an obstacle to decrease the flow speed of electrons and ions in the
electrode. The effective surface area, electron, and ion transport decrease sharply as the consequence of the
aggregation of graphene nanosheets. Therefore, we intend to construct a network structure by preparing
graphene-based composite materials aiming to increase the effective active areas between electrolyte and
electrode materials.

As for the applications in photonic devices, it is important to identify the third-order optical nonlinearities
for graphene-based materials, which is an essential parameter aiming at understanding the interactions between
intense light and matters. In spite of many efforts to study the nonlinearities of graphene-based materials during
the past decades, a lot more still remains that is necessary to be identified for graphene oxide as well as reduced
graphene oxide. Furthermore, their corresponding third-order nonlinearities have been investigated at a single
wavelength only. However, experimental evaluation of the dispersion of third-order nonlinearity of graphene-
based materials over a broad wavelength range is necessary to comprehend the manipulation of light in a
nanoscale. Based on the above motivations, this thesis mainly focuses on two aspects. Firstly, we intend to get
the preparation of graphene-based composites and fabricate supercapacitors using them as an electrode, which
aims to improve the performance of electrochemical capacities. Secondly, this thesis will investigate the third-

order nonlinearities of graphene-based materials including GO as well as rGO, which aims to understand the
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interaction between intense light and matters. To end, studies on the supercapacitor and third-order
nonlinearities of graphene-based materials will propel its prospective application along with the development

for energy storage systems and photonic devices in the future.
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Chapter 2

Experimental Technique

In this chapter, essential background knowledge on experimental techniques was provided. These

methods and techniques were used in this dissertation and will be referred in other chapters subsequently.

2.1 Electrochemical Methods

2.1.1 Cyclic Voltammetry

Cyclic voltammetry (CV) has been known as kind of common techniques aiming at investigating
electrochemical properties for various materials, such as organic materials, metal oxides, and carbonaceous
materials [1]. CV method is also extensively used to assess the electrochemical performance of energy-storage
devices including lithium-ion batteries along with supercapacitors arising from its facile operation and multi-
functional characteristics. It could provide us qualitative information about the electrochemical properties, as
well as quantitative assessment [2]. In a CV measurement, a cycling potential in a specified range was applied
to the working electrode with under certain sweep rate (mV/s). Meanwhile, resulting current of that working
electrode was monitored as an output variable quantity. Note that the scan rate of voltage can be designed for
different reaction systems and research purposes.

Figure 2-1 presented typical schematic representations of cyclic voltammogram for electric double-layer
capacitor (EDLC), pseudo-capacitors, along with lithium-ion battery, respectively [3]. For EDLCs as shown
in Figure 2-1(a), non-faradaic processes occurred in the electrodes. Rectangular cyclic voltammogram curves
could be observed in an ideal device because of the instantaneous reversion of current flow with the changes
of working potential. Nevertheless, resistive losses exist unavoidably in a practical EDLCs device. Thus, the

shape of CV curves for practical EDLCs has some extent distortions. As for pseudo-capacitors and lithium-ion
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batteries, a faradaic reaction process occurred in the working electrode. Their corresponding cyclic
voltammograms given at Figure 2-1(b), (c) could reveal much information, such as the potential position of
oxidation and reduction reactions in the electrode, the stable working voltage range, and the degree of
reversibility in the redox process. Figure 2-1(c) shows oxidation processes proceed with voltages increase in

the upper half curve, while the reduction reaction occurs in the lower half with the potential decrease.
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Figure 2-1 Typical schematic representations of cyclic voltammogram curves for (a) EDLCs, (b) pseudo-

capacitors, and (c) battery-type devices [4].
2.1.1 Galvanostatic Current Charge and Discharge

Galvanostatic current charging and discharging has been known as another common measurement in
electrochemistry to study the behaviors for lithium-ion batteries and supercapacitors. In measurements, the
voltage was used as the corresponding signal, and the current was used as the control signal. The charge and
discharge process of energy-storage devices were monitored under an invariable current density. The curves in
voltage over time was obtained in the end, which could be used to study the behaviors in these devices and the
electrochemical properties for electrode materials. Among various purposes, galvanostatic current charge and
discharge are often utilized to evaluating the capacitances for the electrodes or device. If being theoretical
capacitors, the operating potential changes in linear relations to that proceedings for charges or discharges, and
the charge/discharge curves should be symmetrical with a constant slope, seen as Figure 2-2(a). Then these

capacitances of the cell (F) can be calculated easily according to an equation 2-1 as below,
At
Cc=1 w (2-1)

I represents discharging currents (4) in measurement process, AV represents corresponding working
potential windows (V), At represents the discharging time (s) [5]. However, perfect linearity does not occur

often in a nonideal capacitor due to the existence of ohmic resistance in the system. The resistance was induced
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by electrodes, electrolyte, and other contact resistance. An instantaneous voltage drops, which was known as
IR drop, happens in the capacitor once switching from charging to discharging as shown in Figure 2-2(b). It is
highly desired for a capacitor to possess a small IR drop to achieve excellent electrochemical performance,

especially at high current densities.

(a) (b)

¥ IRdrop

Voltage
Voltage

Charging Discharging Charging Discharging

Figure 2-2 Galvanostatic charging/discharging patterns for (a) Theoretical capacitors, (b) Nonideal

capacitors possessing an IR potential drop in the discharging process.

2.1.1 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS), called likewise to be alternating current (AC) impedance,
has been widely used to test the frequency response of supercapacitors or lithium-ion batteries. In the
measurement, an alternating current voltage with a small amplitude was applied to the working electrode in
different frequencies under the study. As a result, the potential of the electrode will be perturbed near the
equilibrium point. The current signal was output with a corresponding amplitude under the action of
perturbation. Then the impedance spectrum could be obtained through recording the changes of disturbance
signal to time and the response signal to time. The impedance spectrum is also known as the Nyquist plot,
which represents the impedance behavior as a function of frequencies [6]. There are many advantages to the
electrochemical impedance spectroscopy measurement. This method can measure the materials without
destroying the electrode system. Besides, the currents/voltages signals are alternately utilized on equilibrium

potential, so these electrodes could be tested for a long time without the accumulation of polarization.

A typical Nyquist plot is composed of two components in a complex-plane as shown in Figure 2-3(a),

including imaginary part Z;» and real component Z. [7]. A semicircle was observed at high frequencies, which
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represents that the process is limited by electron transfer. Note that the semicircle has two intercepts with the
Z.axis, where Rs at higher frequencies corresponds to the solution resistance as shown in the equivalent circuit
model in Figure 2-3(b). In addition to Rs, Rcrthat corresponds to the charge-transfer resistance could be
evaluated according to another intercept Rs + Rcr with Z,. axis at lower frequencies. The linear part at low
frequencies corresponds to the diffusion-limited process. Cp: represents the double-layer capacitances.
Meanwhile, Z, represents Warburg impedances as shown in Figure 2-3(b). Cp. can be evaluated from the
frequency at the maximum of the semicircle, while the Warburg impedance can be determined by extrapolating

the linear part to the real axis.

' (a) (b)
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Figure 2-3 (a) Typical Nyquist plot in different frequencies response, and (b) the corresponding equivalent

circuit model [7].

2.2 Test Cell Configuration

The electrochemical properties for substances synthesized in this work were characterized using 2032 -
type coin cells. The structural configurations of coin cell for lithium-ion batteries half-cell and lithium-ion
capacitor full cell used in this thesis were illustrated in Figure 2-4, respectively. A typical lithium-ion battery
half-cell shown in Figure 2-4(a) is constructed with a working electrode coating with active materials and
lithium metals being counter along with reference electrodes. Then working electrode and lithium metal can
be separated instead of electrical connection using the polymer separators. Figure 2-4(b) presents the schematic
of a typical lithium-ion capacitor full cell. The devices are constituted using cathode and anode (after pre-
lithiation processing). In coin cells, metal foil works as a current collector to conduct the electric current from
electrodes efficiently. Note that the electrodes and separator should be fully impregnated by the electrolyte in
the coin cell in the assembly process. It is important and beneficial for the ionic current to flow freely between

two electrodes.
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Figure 2-4 Illustrations for (a) lithium-ion batteries half-cell, (b) lithium-ion capacitor full cell.

2.3 Electrochemical Measurement Procedures

The electrochemical performance of a supercapacitor and electrode materials should be assessed from

various aspects, including the specific capacitance, cycling stabilities, as well as energy-power densities. Note

that evaluated specific capacitance Cy, (F/g) for target electrode materials individually could be obtained by

using the capacitance C (F) for devices according to following equation 2-2,

Cc
Cp=4x=  (22)

where m represents whole mass including negative and positive electrode materials. Note that the specific

capacitance of the electrode material is 4 magnifications higher compared to that for the device.

The specific energy densities Eg, for supercapacitors are dominated on specific capacitance along with

operating potential range according to equation 2-3, with a unit of Wh/kg [8].

2

\%4
Esp = Ceen X > (2-3)

Note that C.. is the specific capacitance of the device, V is voltage after IR drops.

As for specific power densities for a supercapacitor, it could be estimated following equation 2-4 as below,
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E
Py =2 (2-4)

where Eg, represents obtained specific energy densities while At represents time in discharge process.

2.4 Optical Measurements

2.4.1 UV-VIS

UV-VIS spectrophotometry is a quantitative method that is widely employed aiming at investigating the
transmission as well as absorption for materials with a mathematical relation to light wavelength. Typically, as
the resonant photon energy gets absorbed by the sample, electrons in the ground energy level move to the
upper excited level. The absorption intensity is dependent on the energy states’ density of the equivalent
transition. As a result, the transmission and absorbance spectra could be obtained through monitoring the
absorption versus photon wavelength or energy [57]. Figure 2-5 presents the UV-VIS spectrophotometer used
in this thesis. In V-670 double-beam spectrophotometers, distinct and single monochromators set-ups were

adopted to be effective in large wavelength range of 190 to 2700 nm (3200 nm option).

Figure 2-5 UV-VIS spectrophotometer.
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2.4.2 Spectroscopic Ellipsometry
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Figure 2-6 (a) Spectroscopic Ellipsometer in the experiments. (b) Schematic representation of the

ellipsometry measurement set-up.

Spectroscopic ellipsometry (SE) is one of the prominent techniques to characterize the thickness,
permittivity, and linear optical properties of materials through measuring the light reflection from thin films
[9]. SE method is very powerful and widely used in optical research due to its sensitivity, flexibility, and self-
referenced nature. Spectroscopic Ellipsometer was used in this thesis with a light source of Halogen light and
Deuterium light as shown in Figure 2-6(a). In the measurement, the incidence angle of light could be operated
from 45 to 90 degrees. The working spectral range could change from 250 to 1000 nm in broadband. To explain
the working mechanisms of a spectroscopic ellipsometer, an illustrating image for experimental set-ups was
presented as Figure 2-6(b). To be specific, the light source was first converted to an arbitrary polarization state
by using a variable polarizer. Then the beam was applied on the sample as an incident light with angle 6. The
polarization status for these reflected beams changed when completing interaction with measured thin films.
Two perpendicular states in the polarized condition for reflected beams could be detected when completing
transmission across the analyzer, which is measured as the complex s and p reflection coefficients. The
properties of materials could be determined according to the reflected changes of polarized light at certain
angles. The changes in polarization of light after reflection are measured as the ratio of 7, to r,, which is
reflection coefficient for s along with p polarized lights, respectively. Ellipsometry measurements are very
sensitive to these surface and concentration of thin films. In the SE measurement, two key parameters were

obtained, which are the amplitude ratio ¥, phase varieties 4 within p to s waves in polarization. ¥, 4 can be
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calculated according to the formula 2-5 [10]:

tan¥ exp(id) = :—’: (2-5)

In the thin films, interference patterns occurred because of the interaction between reflections from the
second surface and top surface. Thus, the thickness, refractive index, and dielectric function could be evaluated
by analyzing the interference patterns measured in SE. However, these properties cannot be translated directly
from the ¥ and 4 data. The calculation should be established based on the optical model that fitted the samples
well. In the fitting process, a variety of oscillators are often utilized such as Cauchy, Drude, Lorentz, and B-
spline. In the end, mean squared error (MSE) is a type parameter to estimate the fitting quality, which compared
the model-generated data with the measured ¥ and 4 data. MSE should be less than 10 for a reasonable fitting.

In addition to small MSE, the fitting result should also have reasonable physical meanings instead of just a

mathematic solution.

2.4.3 Pump and Probe Spectroscopy

BBO Chopper
; Y 7 %
400 nm
. 0.5 kHz
Time 5
; delay ump
Regenerative -5
amplifier EN 5
Sapphire Probe — CCD camera
1 kHz, 800 nm 450-750 nm
130 fs White-light continuum

ya

Figure 2-7 The schematic for the pump and probe spectroscopy measurement.

The nonlinear optical property could be investigated through customized pump-probe spectroscopies.
Compared to Z-scan, this technique can provide nonlinear optical information in a wide and continuous
wavelength range. The schematic drawing of the pump and probe measurement was presented in Figure 2-7.
In the measurement, the fundamental laser source was supplied using regenerative amplifiers (Spectra-Physics,
Spitfire) with Ti: sapphires (Mai Tai, Spectra-physics) along with Nd: YLF (Empower, Spectra-physics). The

laser source has output pulses around 130 fs in wavelength of 800 nm along with 1 kHz repetitions. Then
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fundamental laser beams were separated to different portions: pump and probe beams. Obtained wavelength
of pump beams possesses 400 nm, which was converted by a BBO crystal through second harmonic generation.
In addition, the repetition of the pump beam was converted to 0.5 kHz using optical choppers. Obtained probe
laser is white-light continuums with a wavelength ranging from 450 to 750 nm, which was generated using a

sapphire crystal.

A strong chip effect exists in the probe white-light continuum because of the group velocity dispersion
through the nonlinear crystal. The nonlinearity of LiNbO3; was measured to evaluate the group velocity
dispersion as shown in Figure 2-8. All the raw data in the experiment was corrected by group velocity

dispersion.

450 500 550 600 650 700 750
Wavelength (nm)

Figure 2-8 Group velocities corrections evaluated through conducting optical nonlinearities using

LiNDbO:s.
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Chapter 3

Reduced Graphene Oxide Decorated with
Crystallized Cobalt Borate Nanoparticles as an

Anode in Lithium-ion Capacitors

3.1 Introduction

As aresult of the rapidly increasing demands for portable electronic devices, electric vehicles, along with
other renewable energy products, advanced energy-storage devices that can provide good cycling stabilities,
and high energy and power density are highly desired [1, 2]. In the past decades, substantial efforts have been
devoted to the investigation on electrochemical energy storage and deliver devices. Among this research,
lithium-ion batteries (LIBs) as well as electric double-layer capacitors (EDLCs) have drawn enhanced
attractive notice [3-5]. However, LIBs and EDLCs are unable to satisfy the demands on aspects of high energy
and power densities simultaneously, ascribed to the own electrochemical mechanism. As for the applications
of LIBs, there are some obstacles such as limited power density and cycle life, though they possess the merits
such as high capacities and energy densities [6]. The reason contributing to above effects is Faradaic reactions
occur on the electrode in LIBs, which leads to low power densities as well as a short cycling life arising from
slow kinetics in charging and discharging processes. From other point of view, applications of EDLCs have
been hindered by the relatively low energy density though they show the advantageous property of high-power
densities along with good cycling stabilities [7]. Because of EDLC stores energies through reversible ions
adsorption/desorption or redox reactions on surface in short time. Hence, it would be urgently needed to
explore a new kind of cell to connect gaps from LIBs to EDLCs. To meet this social need, lithium-ion

capacitors (LICs) are viewed to be a solution that can balance gaps between LIBs and EDLCs [8].

40



Li-ion battery Supercapacitor

-—e- | 8- ——
Charge [ Discharge

LiTi0,, Separator Ljmo, Li* El d Activated  Sep.
TO! ion

Anode
apoyied

U iTi,0, Separator Activated M
(tro) carbon

Figure 3-1 The schematic construction of the lithium-ion capacitor [9].

LICs known as an innovative type of hybrid supercapacitors have been considered as a solution to
integrate the merits of LIBs and EDLCs. Generally, LICs are constructed with an EDLC-type electrode as the
cathode and LIB-type electrodes as anode with LiPF¢-based electrolytes as illustrated in Figure 3-1 [10]. As a
result of this configuration, LICs can store energy via simultaneously utilizing reversible adsorption/desorption
of ions as well as faradaic reactions in the cathode and anode, respectively [11]. As for cathode, many
carbonaceous materials were adopted, such as activated carbon and graphene. As for anode, it was usually
processed by pre-lithiation with lithium ions (Li") to decrease the working potential using lithium metal as the
counter electrode before assembling LICs [12]. As known for capacitors, the capacitance could be calculated

according to Equation 3-1:

1 1 1
c + (3-1)

Ccathode Canode

Since the capacities for anodes equal the value for cathodes in electric double-layer capacitors, then

. . C
capacitance for the EDLCs device could be calculated as Cgppcs = %. In contrast, because redox

reactions happen in the anode for LICs, resulting in that capacities of anode electrode is much larger compared
to positive electrode, so the capacitance of LIC could be increased than EDLC. Besides, as presented in Figure

3-2, the working potential of the anode in LICs decreased after the pre-lithiation compared to EDLCs. The
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energy density of capacitors could be calculated according to equation 3-2.
—_1ry2
E= 5 Cv (3-2)

Therefore, LICs can store more energy with a higher capacitance as well as a higher working voltage
range. In addition, adsorption/desorption of ions proceeds fast in the cathode of LICs as in EDLCs. Hence the

high-power density of EDLCs can be retained efficiently in LICs [13].
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Figure 3-2 Schematic illustration of mechanism and potential profiles in EDLC and LIC.

Although graphite materials have been enormously used working in negative electrode in LICs, graphite
suffers from low specific capacities [14]. Therefore, various alternative has also been explored to be negative
electrode in LICs, for instance, MnO [15], TiO2 [16], VN [17], and Sn-based materials [18-20]. Unfortunately,
their applications are limited by the sluggish diffusion and redox reaction kinetics of Li* [21]. Furthermore, on
the basis of capacities equation (3-1) for LICs [22], the anode must achieve high capacity so that the
capacitance of the cathode can be utilized efficiently. To this end, it’s desired to explore prospective choice
that can provide high specific capacities, good rate performance, as well as cycling stability.

Reduced graphene oxide (rGO) emerges to be prospective anode materials in LICs, arising from high

theoretical surface areas, porous structure, excellent electrical conductivity, and high chemical stability [23].
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Besides, the raw material in the fabrication is graphite, so it has great potential to achieve mass production.
Therefore, rGO is considered as a kind of competitive choices in the anodes of the lithium-ion capacitor.
However, the large irreversible specific capacity and low initial columbic efficiency of rGO affect its utilization
unfavorably [24]. Furthermore, the low electron transfer speed in the cross-plane direction impedes its redox
kinetics, which is another obstacle when employed as an anode in LICs. Significant amounts of efforts have
been devoted to addressing these above hurdles of rGO. For instance, the Fe,O3/rGO composite was prepared
as an anode [25, 26]. A sandwich-like hierarchical structure was constructed in the manganese oxide/rGO
composite, aiming to improve the electrochemical properties [27, 28]. Our group also synthesized the carbon
nanotube and rGO composite in previous work, which exhibited improved electrochemical performance [29,
30]. These previous reports illustrate that the construction of a hybrid structure is a viable strategy to modulate
the electrochemical properties of rGO by coupling with other materials as spacers [31, 32].

Cobalt borate particles with tens of microns in diameter were reported as anode material for LIBs, which
was prepared by rheological phase treatment and ball-milling [33]. More recently, amorphous cobalt borate
particles grown on graphene were also explored as anode for LIBs, which indicated that cobalt borate has a
great potential to bond with Li* [34]. Previous studies about cobalt borate grown on rGO nanosheets have been
focused on the large amorphous cobalt borate particles [35]. However, it’s acceptable that lithium storage
properties for anode electrodes are dependent on significantly the crystallinity and particle size [36]. Motivated
by the above considerations, it is of great interest to decorate rGO with the crystallized cobalt borate
nanoparticles, which is expected to exhibit an enhancement of the lithium storage properties as an anode in
LICs. Herewith we introduce a facile method to grow in-situ crystallized cobalt borate nanoparticles on rGO
(Co-B/rGO). The introduction of cobalt borate nanoparticles can alleviate the aggregation of rGO nanosheets.
Besides, it also provides more active sites for lithium storage when cobalt borate nanoparticles are anchored
on the surface of rGO [37]. Our experimental results and analysis show that the Co-B/rGO composite improves
the electrochemical performance of LICs when employed as the anode material. It indicates that rGO decorated
with crystallized cobalt borate nanoparticles can be kind of prospective negative electrode material in LICs,

propelling realizations of energy-storage systems with high-performance.
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3.2 Experimental

3.2.1 Synthesis of Co-B/rGO Composite Materials

Graphene oxide (GO) materials were prepared using the modified Hummers methods introduced in
previous literature and graphite flake as the raw material [38]. To be specific, 0.5 g graphite powders (with size
6 - 10 um, Sigma-Aldrich) along with 0.25 g NaNOs (Alfa Aesar) were mixed firstly in a 500 mL beaker under
stirrings. Then the beaker was filled with 50 mL H>SO4 (Nacalai Tesque, 98%) in an ice-water bath under
stirrings. Above solution were then processed at room temperature over 24 hours at the back of adding 1.5 g
KMnOs (Chameleon Reagent). A yellow suspension was obtained after dropping 100 mL deionized (DI)
followed by 30 mL H,O, (Santoku Chemical Industries Co., LTD) until reactions were completed. In the end,
the suspension was washed through centrifugation using HCI and water respectively until the PH reached 7.

In a typical synthesis process of the Co-B/rGO composite, homogenous GO aqueous dispersion (0.5
mg/ml) was obtained by fully dispersing GO in de-ionized (DI) with ultra-sonication. Co(NOs),-6H>O aqueous
mixtures were dropped to the prepared GO mixture (100 ml) slowly under vigorous stirring for 2 hours at room
temperature. After Co®" ions were anchored at surface of GO nanosheet, 400 mg sodium borohydride (NaBH.)
was added into the above solution subsequently and maintained for 6 hours at 80 °C under continuous stirring.
As areference, blank rGO was prepared via the same procedure without adding Co(NO3), * 6H,0. Blank cobalt
borate (Co-B) was synthesized without the addition of GO. All products are finally obtained by filtration,

washing using DI, followed by drying under 40 °C under vacuum over 24 hours.

3.2.2 Fabrication of Anode and Cathode Electrodes

For fabrication of anode electrodes, the slurries were made firstly via dispersing Co-B/rGO composites
(80%), polyvinylidene fluoride (PVDF) (10%), along with carbon black powders (10%) within organic solvent
N-methyl-2-pyrrolidone (NMP). As-prepared homogenous slurries were obtained after stirring the mixture for
6 hours at room temperature. Then a uniform layer of the as-prepared mixture on a copper current collector
was fabricated by coating with a doctor blade. The resultant film was processed under vacuum at 90 °C
overnight to remove the solvent and cut into disks to be anode electrodes.

Talking about positive electrodes, then slurries were prepared firstly by dispersing rGO (80%),
polyvinylidene fluoride (PVDF) (10%), conductive carbon black (10%) within organic solvent N-methyl-2-
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pyrrolidone (NMP). As-prepared homogenous slurries were obtained after stirring the mixture for 6 hours at
room temperature. Then a uniform layer of the as-prepared mixture on an aluminum current collector was
fabricated by coating with a doctor blade. The resultant film was processed under vacuum at 60 °C for

overnight to remove the solvent and cut into disks as the cathode electrode.

3.2.3 Pre-lithiation of the Anode Electrode
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Figure 3-3 (a) The illustrating image for pre-lithiation of anode electrode. (b) Charging/discharging

profiles of Co-B/rGO composite electrode in the pre-lithiation process at current density about 50 mA g

As introduced, pre-lithiation processes for anode electrode is important for the electrochemical behaviors
of lithium-ion capacitors full cells. In pre-lithiation process, lithium-ion batteries half-cell was used with the
Co-B/rGO composite being working electrodes along with lithium metals being counter electrodes, as well as
LiPFs-based electrolytes. As shown in Figure 3-3(a), lithium ions transfer from lithium metal to target pre-
lithiated electrode during the first step. Consequently, the voltage for above target pre-lithiated electrode
decreased from substantial open-circuit voltage (OCV) to 0.005 V through discharging with the current
densities set as 50 mA g. In this discharging process, lithium intercalation occurred in the Co-B/rGO
composite electrode, which leads in accumulation phenomena with the solid electrolyte interface (SEI) at
surface of pre-lithiated working electrodes. Typical charging/discharging curves of the Co-B/rGO // lithium
half-cell were displayed in Figure 3-3(b). The pre-lithiation was completed when charging/discharging was
cycled three times. The curves almost did not change from the second scan, indicating good reversibility and
stable behavior. The potential of the pre-lithiated Co-B/rGO electrode was kept at 0.005 V at the end of the

third cycle, which was used to assemble a lithium-ion capacitor full cell. Compared with external short circuits
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and directly meet lithium metal, the electrochemical circuit method controlled by the electrochemical working

station is easy to control the pre-lithiation degree and speed.

3.2.4 Microstructural Characterizations

The microstructural morphologies were investigated on the field emission scanning electron microscopy
(SEM) (JEOL JSM-6500) and transmission electron microscopy (TEM) (JEOL JEM-2100 F1). The phase
compositions of obtained samples were examined on a powder X-ray diffraction (XRD). The XRD patterns
were collected using Rigaku Mini Flex equipped in Cu-Ka radiation (wavelength around 0.154 nm) at 15 - 60°
and Cr-Ka radiation (wavelength around 0.229 nm) at 18 - 140°, respectively. Raman spectroscopy was
obtained under 532 nm excitations with laser powered in 10 mW. The information about chemical bonding
and composition was examined using X-ray photoelectron spectroscopy (XPS, PHI Quantira SXM, ULVAC-
PHI). The specific surface area was evaluated according to nitrogen adsorption/desorption isotherms, as well
as pore size distributions. Thermogravimetric analysis (TGA) characterization is performed using the
STA449F3 Jupiter (NETZSCH) and carried out in a nitrogen atmosphere ranging in 30 - 800 °C using the heat

speed under 10 °C/min.

3.2.5 Electrochemical Measurements

In the assembling process of LIBs half-cells (CR 2032-type coin cell), the lithium metal disks served to
be counter electrode, with a separator of polypropylene and the electrolyte of LiPFs (1 M solution that was
mixed in EC and DMC solvent with the ratio under 1: 1 in volume). To be compared, electrodes of blank rGO
and blank Co-B were also prepared and assembled in a coin cell.

LIC full cells were fabricated using pre-lithiated Co-B/rGO as an anode and rGO as a cathode with a
LiPFs electrolyte using the same CR 2032-type coin cells. The electrolyte in the LIC full cell was LiPFs (1 M
solution that was mixed in EC and DMC solvent under the ratio 1: 1 in volume). Above entire assembly
procedures of coin cells were operated under the protection of argon in the glove box. Galvanostatic charge-
discharge measurements of the Co-B/rGO LIBs half-cell were carried out in the range of 50 - 5000 mA g
under room temperature (Land Battery Testing System, 0.005 - 3 V). In contrast, the working voltage of LICs
ranges from 0 to 4.3 V. The VMP3 Electrochemical Workstation (Bio-logic Inc.) can be employed to measure

the cyclic voltammetry (CV), the electrochemical impedance spectroscopy (EIS).
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3.3 Results and Discussion
3.3.1 Structural Characterizations of Co-B/rGO
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Figure 3-4 The schematics for the preparation procedures about Co-B/rGO composites.

In the synthesis process, the GO plane worked as the substance that can provide enormous amount of
active locations for growths of cobalt borate nanoparticles, as illustrated in Figure 3-4. It was demonstrated in
previous literature that graphene oxide exhibits negative zeta potential signs because of the introduction with
electronegative functional groups during oxidation processes [39]. Arising from electrostatic interactions
within GO nanosheets in negative charging GO and cobalt ions (Co*") in positive charging, many Co?" ions
were adsorbed on the surface of GO nanosheets after a few hours. An excessive amount of NaBH4 was added
to the above solution which worked as the source of boron reacting with Co*" to form cobalt borate
nanoparticles, simultaneously as the reduction reagent to reduce GO. The brown solution turned black after

the reaction. The resultant material named Co-B/rGO was collected through filtration and washing.
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Figure 3-5 (a) TEM image, (b) STEM image, (c, d) HRTEM of the Co-B/rGO composite.

Figure 3-5 presented the TEM images of the Co-B/rGO composite. It reveals that the size of nanoparticles
is around 5 to 20 nm in diameter, which distribute on the surface of rGO nanosheets uniformly as shown in
Figure 3-5(a). The morphological features of these particles in the composite were probed using scanning
transmission electron microscopy (STEM). From observations presented as Figure 3-5(b), synthesized
particles display nanospheres morphologies with size in agreement with the HRTEM images shown in Figure
3-5(c). Besides, the close examination of nanoparticles in composite was operated by high-resolution TEM
(HRTEM) presented as Figure 3-5(d), besides, the crystal structure possessing d-spacing around 0.20 nm
corresponds with lattice planes labeled (032) of Cox(B,Os) reasonably. The co-existence of boron (B), cobalt
(Co), carbon (C), and oxygen (O) in the Co-B/rGO composite were identified using STEM elemental mapping

as shown in Figure 3-6.
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Figure 3-6 STEM images along with accompanying EDS elemental mappings for boron (B), cobalt (Co),

carbon (C), and oxygen (O) in high-resolution, scale bar is 20 nm.

In addition, the morphologies of the Co-B/rGO composite were explored using SEM measurements seen
at Figure 3-7. rGO sheets can be observed to be very thin without obvious aggregation, due to the influence of

cobalt borate nanoparticles served as spacers.

Figure 3-7 (a, b) Low-resolution, (c) high-resolution SEM morphologies for Co-B/G products when
reacting mass ratio of Co**/GO is 3/1.
Note that reacting adding ratio for Co**/GO would exhibit impact on obtained morphologies of Co-B/rGO

composite as illustrated in Figure 3-8. When the amount of Co?" was low, few particles were produced on the

surface of rGO that is not enough to support the nanosheets without aggregation. As a result, bulk rGO was
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still easy to be formed. When the mass ratio of Co**/GO increased, a cobalt borate nanoparticle layer was
developed between rGO nanosheets, forming a sandwich-like structure. When the mass ratio between Co?*
and GO rises to 4 and more, bulk Co-B was formed in the composite. The optimized mass ratio in the Co-

B/rGO composite is Co*"/GO = 3/1.

Figure 3-8 SEM images of Co-B/rGO composites with different Co**/GO mass ratio: (a) blank rGO, (b)
Co>/GO =2/1, () Co**/GO=3/1, (d) Co**/GO=4/1, () Co**/GO=6/1, and (f) blank Co-B.

Because the cobalt element exists in the samples, the X-ray energy from Cu-Ka radiation is
almost comparable to the absorption edge of the cobalt element. Thus, fluorescent X-ray would be
enhanced significantly, and a large background signal probably hides or superimpose the main Bragg
signals. In contrast, X-ray energies are less compared to absorption edges in Co for the Cr-Ka case.
Therefore, considering the existence of a cobalt element in the as-prepared composite, XRD with Cr-
Ka radiation was preferred in this work to investigate the crystalline information of the composites.
In addition, a comparison was carried out by using the Cu-Ka radiation as shown in Figure 3-9(a),
peak location and 2 theta range are different with the result measured by Cr-Ka radiation due to the

different X-ray wavelengths.
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Figure 3-9 (a) XRD patterns of Co-B/rGO, blank rGO, and Co-B in Cu-Ka radiation. (b) XRD of rGO,
Co-B, and Co-B/rGO in Cr-Ka radiation.

Figure 3-9(b) presented the XRD results (in Cr-Ka radiation) of rGO, Co-B, along with the Co-
B/tGO composite, respectively. Several peaks could be measured in blank Co-B and Co-B/rGO
composite. These peaks are well-indexed to the crystalline phase of Co2(B20s), (PDF 01-173-1772).
It is in good agreement with the lattice spacing that was examined in the HRTEM image as discussed.
As a result of the above analyses, it was demonstrated that crystallized cobalt borate nanoparticles
were successfully introduced on the rGO nanosheets. Raman spectra of the Co-B/rGO composite was
shown in Figure 3-10, with a comparison of rGO and pure cobalt borate. The peaking position at 1590
cm’! in the Co-B/rGO composite can be ascribed to the vibration of sp? carbons. The peaking position
under 1350 cm™ can be ascribed to some defects induced vibrations. These result in Co-B/rGO

composite are consistent with that of rGO.
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Figure 3-10 Raman spectra of the Co-B/rGO composite, GO, and Co-B, respectively.

Then XPS spectra were measured to reveal the elemental compositions and bonding modes in the Co-
B/rGO composite and blank Co-B, respectively. The XPS spectrum demonstrated that the elements of Co, B,
C, and O were co-existent in the Co-B/rGO composite as shown in Figure 3-11(a), The same peak position
could be observed in the blank Co-B sample except for the carbon element presented at Figure 3-11(b).
Specifically, obtained Co 2p spectra in high-resolution of the Co-B/rGO composite and blank Co-B were
presented in Figure 3-11(c), respectively. The peaks at 802.55 eV and 785.93 eV correspond to satellite Co**
[40]. Another peaking positions under 781.48 eV as well as 797.26 eV can be ascribed from Co 2P3/2, Co
2P1/2 in respective. The result means that the element Co exists in a highly oxidized state in the composite
[41]. Besides, these two peaks in the Co-B/rGO composite exhibit a positive shift compared to that of blank
Co-B (®1.14 and 1.26 eV, respectively). These positive shifts probably stem from the impacts of the electron
density of carbon atoms, implying the interactions from rGO [42]. As core spectrum for B1s presented at Figure
3-11(d), a typical peak at 191.83 eV was found in Co-B/rGO composite and blank Co-B, which could be
attributed to the 1s core levels of B¥* that is commonly existent in the borate composites [43, 44]. Furthermore,
Figure 3-11(e) in the supplementary information presented the C 1s spectrum of Co-B/rGO. These peaking
positions under 284.66, 286.12, as well as 288.42 eV displayed in respective, corresponding to the chemical
bonding of C=C, C-O, O-C=O0 as reported on literature [45]. Discussing for oxygen, two main peaks at 531.4
and 533.3 eV in Figure 3-11(f) can be observed, which corresponds with chemical bonding for C=0 as well as
B-O in respective [46]. At this point, XPS analyses also demonstrated that cobalt borate was introduced on the

rGO nanosheets.
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Figure 3-12 (a) Nitrogen adsorption/desorption isotherm, (b) pore size distributions curve for Co-B/rGO

composite.

Furthermore, obtained nitrogen adsorption and desorption isotherms for Co-B/rGO composites was
presented in Figure 3-12(a), along with the distribution of pore size in Figure 3-12(b). In the medium pressure
region, a hysteresis loop could be observed. It means that there are large amounts of small intra-pores in the
Co-B/rGO composite. Besides, the pore size distribution curves demonstrated that these mesopores located in
majority under the size ranging 2 - 5 nm. Meanwhile, compared to prepared blank cobalt borate (63.2 m* g™'),
evaluated specific surface areas for synthesized Co-B/rGO composites were improved to be 212 m? g'!. The
well-obtained surface area and pore structure provide exposed active sites and favored ions transport. This
efficient network structure is beneficial to improve the lithium storage properties when employed as an anode

in LICs. The TGA curves of the Co-B and Co-B/rGO composite were shown in Figure 3-13, respectively.
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Figure 3-13 Thermogravimetric analysis (TGA) curves of the Co-B and Co-B/rGO composite.
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3.3.2 Electrochemical Properties Measured in LIBs Half-cell

To make a comparison between the performance of the materials and devices prepared in this work with
traditional ones more clearly, the characterizations along with electrochemical performance for Co-B/rGO
composites were conducted firstly being negative electrode for lithium-ion batteries half-cell. Then, LIC full
cell was assembled and investigated to discuss electrochemical performance.

At first, lithium storage properties of the blank cobalt borate, rGO, and the Co-B/rGO composite
electrodes were studied using cyclic voltammetry (CV). Figure 3-14 presents obtained CV curves for (a) Co-
B/rGO composite, (b) blank Co-B, and (¢) rGO electrode at the same scan rate under 0.1 mV s, respectively.
As presented, cathodic peaking positions located under 0.76 as well as 0.08 V for Co-B/rGO composite. The
peak at 0.76 V was a joint result from Co-B and rGO, while the peak at 0.08 V originated from rGO. Compared
to that of rGO, two new peaking locations (under 1.3, 2.2 V in respectively) appeared in anodic processes.
They were ascribed to the redox reactions with cobalt borate nanoparticles, well corresponding to the CV of

blank cobalt borate electrode.
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Figure 3-14 CV curves of (a) Co-B/rGO composite, (b) blank Co-B, and (c) rGO electrode at 0.1 mV s™'.
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Furthermore, the galvanostatic discharging/charging was measured under 50 mA g™'. For the blank rGO
electrode in Figure 3-15(a), the first discharge capacity 1643 mAh g, along with charging capacities around
630.0 mAh g'. The low Coulombic efficiency (CE) for rGO mainly owes to the capacity loss that occurred in
the forming process of solid electrolyte interphase (SEI). In contrast, the CE was improved to 70% in the Co-
B/rGO composite, with the discharging as well as charging capacities being 1477, 1035 mAh g given as
Figure 3-15(b).
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Figure 3-15 Obtained charging-discharging curves for (a) blank rGO, and (b) Co-B/rGO at 50 mA g'.

In order to investigate more electrochemical performance for as-prepared Co-B/rGO composite, blank Co-
B, as well as rGO, we show the rate capabilities in Figure 3-16(a). The Co-B/rGO composite delivers specific
capacities with a maximum value of 970 mAh g under 50 mA g, whereas in comparison corresponding
value of blank Co-B and rGO is 610 mAh g* and 490 mAh g, respectively. Furthermore, when the operating
current density increased to 5000 mA g2, the capacities with value of 310 mAh g was achieved in Co-B/rGO,
approximately 3.5 times higher than that of rGO. The EIS curves of Co-B/rGO, blank Co-B, and rGO were
performed as Figure 3-16(b). The semicircle diameter of the Co-B/rGO composites locating within large
frequential regions was significantly lower compared to that for blank rGO, indicating the Co-B/rGO electrode
possesses a lower charge transfer resistance due to decoration with cobalt borate nanoparticles. This can be
explained that cobalt borate nanoparticles act as an effective electron transfer bridge between rGO nanosheets,
which endows the Co-B/rGO composite with increased electronic conductivity. Figure 3-16(c) depicted the

discharge-charge cycling stability of the Co-B/rGO composite, compared to blank Co-B and rGO. The Co-
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B/rGO composite delivers 600 mAh g with completion of cycling 600 times under the operating current

density around 1000 mA g, which is 1.5 magnification larger in comparison with that for blank rGO.
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Figure 3-16 (a) Rate performance, (b) Nyquist plots, and (c) cycling performance of cells with Co-B/rGO,

blank rGO, and Co-B electrodes, respectively.

When the LIBs half-cell worked for 900 cycling numbers under 500 mA g'!, observed reversible capacities
for Co-B/rGO composites still retained 85% of the initial capacities presented at Figure 3-17. In contrast to the
amorphous state, crystallized cobalt borate nanoparticles in the composite with the size of 5-20 nm provided a
large charge transfer interfacial areas amid active materials in electrodes and electrolyte. Secondly, the
crystallized nanoparticles along with the mesoporous architecture in the composite are beneficial for fast Li*
transport when served as the anode. Moreover, fewer disorders and defects with a smaller particle size are also

beneficial for fast electron transport and structural stability of the electrode in cycling.
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Figure 3-17 Long-term cycling stabilities of Co-B/rGO electrode in LIBs half-cell when operating current
density set as 500 mA g

Kinetics analysis for Co-B/rGO for Li* storage was conducted via CV measurements using different scan
rates, details were given in Figure 3-18(a). The relationship between current i along with scan rate v conform

below formula 3-3:
i=av? (3-3)

In which, a is a constant while b varies from 0.5 to 1.0. The capacitive behavior contributes most to the
current when numerical quantity of b tends closely towards 1.0. Otherwise, these whole processes are
controlled by diffusion [47]. As presented in Figure 3-18(b), the b values in reduction and oxidation were
calculated from the slope as 0.799 and 0.815, respectively, indicating the charge-discharge process was
controlled by capacitive contribution. In detail, the capacitive-controlled and diffusion-controlled parts can be

explored based on the following equation 3-4 [48, 49].
i(V) = kyv + k,v1/2 (3-4)

In which, k; along with k, represent invariable values. When operating scan rate was 2 mV s,
evaluated detailed percentage of component controlled by capacitance in the electrode of Co-B/rGO composite

was calculated as high as 78.4% shown in Figure 3-18(c).
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3.3.3 Co-B/rGO Composite as the Anode in LIC Full cell

Considering the structural and electrochemical merits of the Co-B/rGO composite compared to blank
rGO, LIC full cell was fabricated by conjoining the pre-lithiated Co-B/rGO composite as anode and rGO as a
cathode that illustrated in Figure 3-19(a). The CV of the Co-B/rGO LIC was measured from 0 to 4.3 V,
indicating a large operating voltage window shown in Figure 3-19(b). The CV curve of Co-B/rGO LIC still
shows quasi-rectangular characteristics without obvious distortion under large sweep rate with 200 mV s, It
implies that the Co-B/rGO LIC possesses an excellent capacitive performance. The galvanostatic charging-
discharging patterns along with rate behaviors of Co-B/rGO LIC were presented at Figure 3-19(c) as well as
(d), respectively. Obtained specific capacitance exhibited a decreasing trend at higher current densities. This
is explained that only the boundary layer on electrode materials participated during electrochemical reactions
under large operating currents. Maximum specific capacitance reached 202 F g™ under 50 mA g, in contrast

the capacitance can only reach 145 F g! when blank rGO was used as the anode in LIC as a reference.
59



(a) (b) 25 5mV/s
20| 10mV/s
20mV/s
© . 15} 50mVis
o 2 < 10 100mVis
£ [ 200mV/s
e €
‘ o
; c
. BRE
-10
Anode Cathode 5t L L L L .
Pre-lithiated Co-B/rGO rGO 0 1 2 3 4 5
Voltage (V)
(c) 5 (d)
0.05A/g 240
4 ——0.1A/g E
0.2A/9 w200} o
= 0.5A/g Q 5
a 3 1Alg < 160 Y
g 2Alg 5 \o\
g 2] Shlg 8120 e
0 / 8
> o 80f
L =
g,- 40
04 o ol
0 2000 4000 6000 8000 10000 0 1 2 3 4 5
Time (S) Current density (A/g)

Figure 3-19 (a) Diagram of the Co-B/rGO LIC full cell. (b) CV of the Co-B/rGO LICs under various

sweep rates. (¢) Galvanostatic charging/discharging. (d) Rate performance for the Co-B/rGO LIC.

Obtained energy-power densities for Co-B/rGO LIC full cells were evaluated as the Ragone plot in Figure
3-20(a). The LIC full-cell based on the Co-B/rGO composite as an anode exhibited an energy density around
128.6 Wh kg™! under the power density in 107.5 W kg'. When the power densities increased to be 10300 W
kg, an energy density around 63 Wh kg was achieved. Furthermore, the Co-B/rGO LIC full-cell exhibited
remarkable cycling stabilities exhibiting a capacitance possession of 75% with completion of 2000 cycling
numbers under operating currents in 2000 mA g!. Furthermore, the full cells show excellent Coulombic

efficiencies around 100% as displayed in Figure 3-20(b), implying good electrochemical performance.
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Figure 3-20 (a) Ragone plot of the Co-B/rGO LIC full-cell and reference [50-55]. (b) Cycling

performance of the Co-B/rGO LIC full-cell at 2000 mA g™

In the Co-B/rGO composite we designed, crystallized cobalt borate nanoparticles not only work as the
spacer to alleviate the aggregation of rGO nanosheets but also function as an effective electron transfer bridge
in the cross-plane direction to improve the electrical conductivity. As a result, electron transport kinetics can
be improved. Meanwhile, these crystallized cobalt borate nanoparticles can act as the substance to make more
active sites available for lithium storage. Besides, the sandwich-like structure can constitute a short path for
the diffusion of Li", along with a large charge transfer interface between the active materials and electrolyte.
Benefiting from the synergetic effects, the as-designed Co-B/rGO composite displays excellent

electrochemical performance as an anode material in LICs.

3.4 Conclusions

To summarize, this part introduced an efficient in-situ grow mode to prepare the reduced graphene oxide
compositing with crystallized cobalt borate nanoparticles. The crystallized cobalt borate nanoparticles with the
size of 5 to 20 nm distributed on the surface of rGO nanosheets uniformly, which alleviates rGO sheets from
aggregation and forms a network structure. Thanks to the unique sandwich-like structure and efficiently
conducting network, the Co-B/rGO composite shows a good rate behavior (970 mAh g under the current
density around 50 mA g, along with 310 mAh g!' when operating current density increased to be 5000 mA g
1, as well as good cycling stabilities (600 mAh g under 1000 mA g! completing 600 cycling numbers) when
measured as the anode in the LIBs half-cell. Considering the structural and electrochemical merits of the Co-
B/rGO composite, a lithium-ion capacitor full-cell device was assembled based on the Co-B/rGO composite
being anode electrode along with rGO being cathode. The obtained LICs devices shows steady cycling

behavior exhibiting capacitance possession in 75% completing 2000 cycling numbers under 2000 mA g!, as
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well as high energy densities of 128.6 Wh kg™ under power densities around 107.5 W kg™!, as well as 63 Wh
kg' under a power density around 10300 W kg'. It demonstrates that the Co-B/rGO composite could be
employed being competitive anodes for the lithium-ion capacitor, which propels the realization of energy-

storage systems with high-performance.
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Chapter 4

Experimental Dispersion of the Third-order

Optical Susceptibility of Graphene Oxide

4.1 Introduction

The utilization of laser technologies has greatly boosted the development of precise materials processing
[1], medicine and biology [2], security detection [3], and other fields. However, the ubiquitous applications
bring on some undesired laser-induced damages to the detectors, imaging devices, and sensors, even worse
some irreversible physical damages to human eyes. Therefore, the use of high-intensity laser beams makes
safety devices greatly necessary and challenging to avoid potential damages from accidental exposures to laser
radiation [4]. Consequently, optical limiters, which are used to protect sensitive photonic instruments and
human eyes from harmful effects induced by laser, have attracted enormous attention in the past few decades.
The efficient optical limiting (OL) materials are based on high linear transmittance, large nonlinearities, and
broadband spectral response [5]. For the sake of above, many OL materials have been explored considerably
to meet these demands, such as fullerenes derivatives [6, 7], metallic nanomaterials (zinc ferrites nanoparticles
[8], gold clusters [9]). However, these materials exhibit OL behaviors only at certain wavelengths, which
remains a serious obstacle to provide reliable protection over a wide spectral range in practical applications.
To address these challenges, graphene oxide (GO), with broadband nonlinear optical (NLO) properties over
visible regions, emerges as a promising material for the OL devices [10]. In addition, GO is hydrophilic with
good dissolvent capability in the water, ethanol, and other solvents [11], leading to good workability in the
manufacturing process. Moreover, because of the introduction of hydroxyl or epoxy groups in the oxidization
process, GO can interact with various organic and inorganic substances and is highly compatible with a variety

of additives [12]. These advantageous properties make GO a study focus in the filed of third-order nonlinear
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optics.

In recent years, the NLO properties of GO have been extensively studied. For instance, the OL actions of
few-layered GO dispersed in an organic solvent were observed by Z-scan at 532 nm [13]. GO nanosheets
dispersed in the de-ionized water were also reported to show broadband NLO and OL properties at 1064 nm
[14]. In addition, tunable OL properties of GO in ethanol solution were studied at 1550 nm [15]. However,
these efforts have focused on the dispersions in certain solvents, and the OL properties of GO measured by the
laser at 532, 1064, and 1550 nm. To broaden the applicability of GO in practical applications, it is necessary
to investigate solid films and extend the operating wavelength to a wider range. In moving towards the
application of GO in optical limiters over visible regions, the third-order optical susceptibilities x(*) are
crucial parameter that needs to be evaluated. Since the complex ¥ of GO has a strong relationship with its
nonlinear refraction and absorption, the imaginary part directly verbalizes the information about the saturable
absorption (SA) along with reverse saturable absorption (RSA), which are important bases for the OL
applications. Meanwhile, owing to the electronic transitions, the NLO properties of GO show wavelength-
dependent characteristics [16]. Unfortunately, previous literature on x©) for GO have been carried out only at
some discrete wavelengths, such as at 532 nm reported by Khanzadeh et al. [17] and Biswas et al. [18], or at
1064 nm investigated by Liaros et al. [19]. In consequence, the dispersion of x©) in GO is deserved to be
determined experimentally in the continuous visible region.

In the present work, femtosecond pump and probe spectroscopy was used to investigate the nonlinear
transmission changes of the GO/PVA composite film over the continuous wavelengths ranging from 450 to
750 nm, and the x® dispersion of GO was experimentally determined by combining with the spectroscopic
ellipsometry (SE). We identified that the linear optical properties of GO show a flat dispersion over visible
regions. In contrast, the nonlinear optical response in GO exhibits saturable absorption (SA) in the range of
short wavelength and RSA at long wavelength. These results propel the application of GO in the broadband
OL devices based on the RSA. Furthermore, it allows us to make a comparison with the graphene fabricated
by the chemical vapor deposition (CVD) method, where the electronic structure is mainly established by sp?
hybridizations. Physical identification of carrier dynamics that origin from sp? domains and sp® carbons

provides us opportunities to tailor the NLO properties and OL performance of GO.
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4.2 Experimental Section

4.2.1 Synthesis of Graphene Oxide (GO)

GO samples were synthesized as discussed in modified Hummers methods in previously reported [20].
All chemicals were purchased and used without further purification. In synthesis process, graphite flake
powders (500 mg) and NaNO; (250 mg) were mixed firstly in a cold and concentrated H,SO4 (50 mL) under
magnetic stirring. Then, 1500 mg KMnO4 powders were put to the mixture with an ice-water protection under
stirring. After stirring for 48 h, de-ionized (DI) water (100 mL) followed by H>O, (30 mL) solution was
gradually dropped into above beaker until a yellow suspension was obtained. Finally, the solution was washed

several times through centrifugation using 1 M HCI solution followed by DI respectively before PH in 7.

4.2.2 Fabrication of the GO/PVA Composite Thin Film

Graphene oxide
solution

PVA
solution

D D

Depositing Rotating Rotating
the solution at200 rpm for 30 s at 700 rpm for 5 min

Figure 4-1 Diagram about the preparation procedures of the GO/PVA thin film.

To examine the linear and NLO properties, the prepared GO was mixed with polyvinyl alcohol (PVA)
solution under magnetic stirring at 353 K to form a homogenous suspension. Then, the GO/PVA thin film was

deposited on a transparent SiO, substrate through spin coating. Typically, the suspension of the GO/PVA
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composite on the substrate was treated at a spin speed of 200 rpm for the 30 s firstly. Then the film was formed
at a spin speed of 700 rpm for 5 min. The schematic diagram of the fabrication process of the GO/PVA thin
film was shown in Figure 4-1. Note that the Si0, substrate was precleaned with aqua regia and rinsed several
times with DI water before use. So that the hydrophobic substances on the substrate were removed clearly, and
substrates were modified to hydrophilic. This is a key point to fabricate good film through spin coating with

DI water as the solvent.

4.2.3 Structural Characterizations

The crystalline phases and compositions were characterized by using the powder X-ray diffraction (XRD).
The XRD patterns were collected using Rigaku Mini Flex over the range of 5 - 50°. Fourier transform infrared
spectroscopy (FTIR) measurements were carried out aiming at detecting chemical bonding of as-prepared

samples. The TEM images can be recorded on a JEOL, JEM-2100 F1 instrument.

4.2.4 Linear Optical Characterizations

The linear transmission, complex dielectric function as well as refractive index and absorption coefficient
of GO were determined using variable angle spectroscopic ellipsometers. Ellipsometric spectra were measured
at incidence angles of 70°, 75°, and 80°, respectively. The thickness of GO/PVA thin films were evaluated

according to the spectroscopic ellipsometry (SE) results.

4.2.5 Nonlinear Optical Characterizations

The nonlinear transmission changes (AT/T), which represent the different transmittance of incident light
through samples in the ground state and excited state, were collected by the pump-probe spectroscopies in a
femtosecond regime. In measurements, the fundamental laser source was supplied using regenerative
amplifiers (Spectra-Physics, Spitfire) with Ti: sapphire (Mai Tai, Spectra-physics) along with Nd: YLF
(Empower, Spectra-physics). The laser source has output pulses about 130 fs in wavelength of 800 nm as well
as 1 kHz repetitions. Then fundamental laser beams were separated to different portions: pump and probe
beams. The wavelength in pump beams is 400 nm, which was converted by a BBO crystal through second
harmonic generation. In addition, the repetition of the pump beam was converted to 0.5 kHz through optical

choppers. Then pump maximum power density was 1.36 GW/cm? and the focal size was 168.2 um. The probe
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beam is a white light continuum with a wavelength range from 450 to 750 nm, which was generated using a

sapphire crystal. Note that The chirping effects can be excluded through Kerr gate methods as reported

previously [21].

4.3 Results and Discussion

4.3.1 Structural Characterizations of GO

XRD results of GO and graphite can be seen as Figure 4-2(a). The typical peak (002) at 26.6° of graphite

disappeared after the liquid oxidation reaction, while a new peak (001) at 10.7° can be observed in GO,

implying that GO was successfully obtained. It should be noted that the interlayer spacings in GO (0.84 nm)

are much higher compared to the value of original graphite (0.34 nm), indicating the oxygen-containing

functional groups were introduced into the GO. In addition, the distinctive degree of oxidization of GO was

verified by the FTIR spectroscopy as detailed in Figure 4-2(b). The peaks of O-H, C=0, C-OH, C-O, as well

as C-O-C can be seen in FTIR spectrum of GO, respectively. Thus, the strong oxidation of GO has been

achieved in the liquid reaction process.
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Figure 4-2 (a) XRD results for GO, graphite. (b) FTIR spectra measuring in GO, graphene.

Figure 4-3 provides the TEM images of GO that the thin sheet structures with wrinkled texture were

observed. Moreover, because of the interaction of oxygen-containing functions existing at the basal plane, GO

tends to form a multilayer structure and low crystallinity.
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Figure 4-3 (a) Small-magnification, (b) large- magnification TEM of graphene oxide (GO) nanosheets.

4.3.2 Linear Optical Properties of GO
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Figure 4-4 (a) Experimental and SE fitted linear transmission spectra of the GO/PVA composite film. (b)

Experimental and fitted extinction spectra of the GO/PVA composite film. Inset: photograph of the GO/PVA

film on a silica substrate (scale bar, 5 mm).

The experimental and SE model fitted T spectra were given in Figure 4-4(a). The experimental and fitted

linear extinction spectrum of the GO/PVA composite are presented in Figure 4-4(b). The extinction was

extracted according to -In(T/To), in which T, Ty represent linear transmissions of the substrate coating samples,

uncoating samples [22]. In recent years, PVA arises as an excellent host polymer matrix for filling
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nanomaterials to investigate their optical properties. Because PVA is a water-soluble synthetic polymer and
has excellent emulsifying, thin film-forming, and adhesive properties [23]. Most importantly, it does not
influence the optical properties of materials that we intend to study. As demonstrated in the previous literature,
Hassan A. S. et al. reported that pure PVA is a colorless polymer without obvious absorption and its linear
transmission is nearly 100% in the visible range [24]. In addition, previously in our group, Sato et al. fabricated
and reported the Au nanorods composite film with PVA, and the extinction was demonstrated to result from
the absorption and scattering of the Au nanorods. No obvious absorption of PVA was observed in the visible
spectrum [22]. Thus, we suggest that the extinction in Figure 4-4(b) mainly stems from the absorption and
scattering of the graphene oxide nanosheets owing to the transparent characteristics of PVA in the visible region
[25]. The results show that the linear extinction strength of GO at 450 - 750 nm exhibits a flat dispersion
characteristic. The results were consistent with the absorption spectrum measured in the dimethylformamide
(DMF) solution [26], indicating that GO nanosheets dispersed well in the PVA matrix seen as the inset
photograph presented in Figure 4-4(b). In fitting process, the description of GO/PVA films were obtained using
the effective medium approximation (EMA) with a linear dispersion of a concentration of about 72.7%, and a

thickness of 1895 nm.
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Figure 4-5 Ellipsometry results of the GO/PVA composite. Experimental, fitted ellipsometry for psi

(green), delta (yellow) spectra.
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The experimental, fitted ellipsometric patterns of the GO/PVA composite can be seen in Figure 4-5. In
the SE model, Lorentz oscillators were used to characterize the band-gap structure of GO was characterized
by using Lorentz oscillators. The information of oscillators for GO/PVA composite in the ground state was
listed in Table 4-1. GO has a larger energy gap compared to graphene, which is ascribed to the introduction of
o state in sp’-bonded carbon atoms arising from the formation of oxygen-containing functions during the
synthesis process [27]. It has been demonstrated by theoretical studies that the energy gap varies with the
different coverage of oxygen-containing functional groups in GO [28]. The mean square error (MSE) between
the experimental results and the SE model is used to evaluate the fitting quality [29]. Its accuracy is sufficient
to provide good fitting qualities with experimental data when the value of MSE is less than 10 [30]; the MSE

of the GO/PVA composite was 9.386.

Table 4-1 Information of oscillators for GO/PVA composite in the ground state.

Linear Oscillator En (eV) Amp Br (eV)
MSE=9.386 Lorentzl 1.764 0.076 93.083
Lorentz2 6.290 84.450 0.028
Lorentz3 6.642 0.639 8.109
4 1.2
3tk 411.0
2F 0.8
w Intra-band transition .
&J 1k — — Excitonic effect 106 %

— - = x* plasmon peak

0.4
O »
""""" . 40.2
At
T D L e e = 0.0

300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 4-6 Linear dielectric function € of GO nanosheets.

As shown in Figure 4-6, the linear complex dielectric function &€ of GO was evaluated through the SE

analyses, where real (Re[€]), imaginary (Im[€]) components were marked in blue, red, respectively. The dot,
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dash, and dash-dot lines represent the individual contributions of the intra-band transition, excitonic effect, and
* plasmon peak to the imaginary component, respectively. In contrast to the complex ¢ of graphene, Im[g] of

GO is much lower due to the large band-gap value resulted from the high oxygen content [31].
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Figure 4-7 Linear refractive index as well as extinction coefficient of GO.

At same time, linear refractive index »n of GO, as well as absorption coefficient &, were also obtained by
the SE analyses as in Figure 4-7, which is in good agreement with previous literature [32]. Thus, the obtained
¢ in the above experiment can be used to analyze the NLO properties through the combination with pump and

probe measurement.

4.3.3 Nonlinear Optical Properties of GO

Graphene oxide/PVA

thin film
Detector

PUmp
Probe

J

Figure 4-8 Schematic illustration of nonlinear transmission changes measurement in GO/PVA composite.
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To investigate the NLO properties of GO, the transmission changes AT/T in the GO/PVA composite films
were evaluated by the femtosecond pump-probe spectroscopy illustrated as Figure 4-8. As for nonlinear optical
properties, Zheng et al. measured the pure PVA film using Z-scan at 1600 GW/cm? and no obvious nonlinear
response was observed [33]. In addition, many other reports (for instance, Ye and co-workers [34], Wang and
coworkers [35]) also reported that pure PVA coated on SiO, substrate do not show obvious nonlinear optical
response. Moreover, previous research in our group has reported that PVA does not contribute on the
nonlinearities of composite thin films [25]. And it has been demonstrated by Zhang et al. [36], PVA has no
effect on measured nonlinearities of target composites. Therefore, we consider that transmission changes AT/T

in the measurement mainly come from graphene oxide nanosheets in the composite thin film.

Rotate 2°
every 20 § .=

Figure 4-9 The schematic illumination of operating procedures in pump and probe measurement for GO.

It is a standard procedure to check the laser damage of samples in pump and probe measurements. For
graphene oxide, we observed photoinduced reduction in our standard two hours’ measurement. It implies that
the long-term exposure of the GO/PVA composite in the laser beam with a wavelength of 400 nm leads to an
unexpected reduction of GO in the pump and probe measurement process. In consideration of that, the laser’s
spot position was shifted for each data collection in the measurement. It is also a standard procedure to average
the single shots of the data collection to avoid the laser-induced reduction effects. It is also a standard procedure
to average the single shots of the data collection. The reason is to improve the ratio of signal to noise. In our
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experiments, we found that averaging 10000 data points provided us a suitable result. In this case, the data
collection takes about 20 seconds. Thus, the laser position on the sample was moved every 20 s to avoid the
laser-induced reduction effects. The schematic illumination of the operating procedures was shown in Figure

4.9.

To check the validity of the experimental set-up, we measured sequential data collections. In Figure 4-10,
we provided two sequential acquisitions showing no evident changes. Identical measured results were obtained
by multiple scans of the sample, which confirmed that no laser-induced damage occurred in the GO/PVA

composite film during the measurement.
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Figure 4-10 Transmission changes AT/T of graphene oxide in two sequential data collections.

The AT/T pattern measured in GO/PVA composites were presented as Figure 4-11(a), with a wavelength
range from 450 to 750 nm. In contrast, previous reports have focused on measurements at discrete wavelengths
[37-39], where the fragmental results have led to some conflicting identification of the NLO properties of GO.
Some of them may be caused by partial reduction of GO induced by the high-intensity laser beams during the
measurement. Because different characteristics could be observed in the AT/T pattern of GO if the sample was
exposed to the laser without changing the interaction position with the beam (implying that the sample was

partially damaged by the laser), which was illustrated as Figure 4-11(b).
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Figure 4-11 (a) Spectral dependence of nonlinear transmission changes of the GO/PVA composite.
Wavelength range: 450 to 750 nm. (b) The AT/T pattern of GO exposed in the laser without changing the

interaction position with the beam.

Our measurement was performed at a continuous spectral region and in a special operating procedure as
mentioned above. The coherent spectral transient response enables us to fully understand the photoinduced
absorption and transparency of GO. Note that the AT/T spectrum of GO in Figure 4-11(a) includes regions of
positive and negative signs. A positive region of AT/T was observed from 450 to 513 nm, while a negative
region of AT/T was at the wavelengths from 513 to 750 nm. Negative AT/T value is a clear indication of the
OL ability of GO, which corresponds to the RSA behavior that absorption across the section at excited state is
higher compared to that at ground state. In contrast, the AT/T pattern of GO exposed in the laser without
changing the interaction position with the beam was shown in Figure 4-11(b). It implies that graphene exhibits
positive and monotonic increasing AT/T dispersion in the visible region, which represents the strong SA [40,
41]. These results can be explained that GO has unique heterogeneous chemical as well as electronic features
arising from co-existence of the sp* hybridizations along with sp* bonded carbons [42]. The sp? hybridizations
yield a positive contribution to the transmission changes AT/T, while the negative photoinduced sign is
ascribable to the sp® domains [43, 44]. The result implies that the confined sp? hybridization dominates the
nonlinear response in GO at the short wavelength, whereas the contributions of sp? are overwhelmed under sp?
effects in long wavelength. By contrast, a significant higher ratio of sp? hybridizations dominate the structure

in graphene.
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Figure 4-12 (a) Carrier dynamics of GO and CVD graphene at 735 nm excited by a laser pulse with a

wavelength of 400 nm. (b) Structural illustrations of GO and CVD graphene.

To further identify the origin of the ultrafast carrier dynamics of GO, the time delay was measured using
the GO/PVA composite film at 735 nm with a femtosecond pulse laser, compared it with the graphene
fabricated by the CVD method. The differential transmittance of GO and CVD graphene is presented in Figure
4-12(a). It was observed that the carrier dynamics of CVD graphene here are consistent with that in previous
reports [45, 46]. By comparison with graphene, a longer time delay was observed in GO, which is
fundamentally different from that of graphene. The longer time delay in GO is composed of two parts, which
respectively reflect the carrier intraband relaxation process and interband carrier recombination [47]. The
difference in the time delay between GO and graphene verified that the sp? and sp® structures also have an
important impact on the relaxation process. Figure 4-12(b) shows the structural illustrations of GO and CVD
graphene, respectively. The longer time delay could be ascribed to the confined sp? hybridizations, where the
7 electrons were confined because of the presence of a large fraction of sp> bonded carbons. The energy gap

of sp? bonded carbons is larger than that of sp? carbons, resulting in a larger carrier transport gap in GO.

Table 4-2. Information of oscillators for GO/PVVA composite in the nonlinear state.

Linear Oscillator En (eV) Amp Br (eV)
MSE=0.263 Lorentzl 1.789 0.136 5.737
Lorentz2 6.287 84.370 0.026
Lorentz3 6.638 0.642 8.089
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Finally, the dispersion of X of GO was extracted by combining the SE with pump-probe spectroscopies.
In the beginning, the linear € and T has already been evaluated from the SE results. Subsequently, the e+Ae
values (the dielectric function under excitation) were obtained through fitting the T + AT and the SE model
used in the linear optical analysis; then the dielectric function changes Ag can be calculated [48]. In the fitting
process, only the parameters of oscillators were regarded as the variable values; the oscillators’ parameters in

the excited state were given in Table 4-2. Eventually, the x(®) was extracted according to the equation (4-1):

Ae (wprobe) = % X (@probe)! (4-1)

3/4 represents refractive index that dependent on intensities in the equation, and / represent pump lasers
intensities, respectively [49]. Figure 4-13 present real, imaginary parts for x(*) of GO, respectively. The
dispersion in Re[x(®)] as well as Im[x(®)] show wavelength-dependent characteristics in the visible region. As
mentioned in the introduction, they cannot be understood well using single wavelength measurements. In
particular, the Im[x®®] of GO shows different distributions locating in positive and negative in different
wavelength range, which is consistent with the aforementioned AT/T. The Im[x)] value of GO reported by
M. Ebrahimi et al. at 532 nm was 2.17 x 10-14 m%V? [50]. Liaros et al. reported that the Im[x®] of GO
dispersed in different solvents at 532 nm varied from 1.0 x 10-19 to 5.1 x 10-19 m?/V? [13]. In addition, the
Re[x®] and Im[x®] of GO were reported by Khanzadeh et al. to be -3.2 x 10-16 and 4.0 x 10-16 at 532 nm,
respectively [17]. At the same wavelength, the Re[x(®)] as well as Im[x(®] obtained in our results are -8.97
x 10-18 and 1.5 x 10-19 m%*V?, respectively. The different magnitude of x(*) probably stems from the different
oxygen content in the sample or the different test methods. Noticeably, unlike the previous reports measured
at a single wavelength, where the x®) of GO has huge variations. Our results obtained the dispersion of x)
in a continuous wavelength range from 450 to 750 nm. The positive sign of Im[x(®)] was observed from 513
to 750 nm, which indicates that the imaginary component of dielectric function increases in the excited state.
In consequence, the absorption under excitations exhibits higher compared to that without excitations condition,
and GO exhibits RSA behavior [51], which are effective when employed in the optical limiters. In addition,

nonlinear response with SA features can be identified over short wavelength range.
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Figure 4-13 Real along with imaginary parts in third-order optical susceptibilities x*) for GO,

wavelength range: 450 to 750 nm.

For graphene, it is mainly constituted by a lot of sp* hybridizations. The energy gaps from valence bands
to conduction bands in the = states of sp? hybrid carbons are reported to be approximately 0.5 eV [52]. As a
result, electrons in sp? hybridizations exhibited saturated absorption because of the valence depletions as well
as conduction band fillings [53]. These sp? hybridizations dominate the nonlinear optical response of graphene
under laser excitation. From our measurements, GO shows SA and RSA behaviors at different wavelength
ranges. Most probably the wavelength-dependent characteristics could be explained by the heterogeneous
electronic structure in GO, which are dominated through & states with sp® hybridizations in addition to the «
states of sp? hybrid carbons arising from the introduction of oxygen functions to the basal sheets [54]. Bound
electrons and free carriers were involved in the § states of sp® bonded carbons [55], which brought on reverse
saturable absorption. Furthermore, the cross-point can be altered through changing the fraction of sp? and sp®

hybridizations in GO. This provides us opportunities to tailor the NLO properties and OL performance of GO

by tuning its oxidization degree.
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4.4 Conclusions

To be summary, in this chapter we experimentally determined third-order optical susceptibility for
graphene oxide by combinations of spectroscopic ellipsometry with pump-probe spectroscopies. It was
identified that linear optical response of GO presents a flat dispersion over visible regions. While nonlinear
response in GO exhibits saturable absorption (SA) ranging in short wavelength and reverse saturable
absorption (RSA) at long wavelength. Compared to the graphene that the structure is dominated by sp?
hybridized carbons, GO can be utilized in the optical limiter based on RSA behavior located using the
wavelengths from 513 to 750 nm. These results propel the application of GO in broadband OL devices. In
addition, the physical identification of carrier dynamics that origin from sp? domains and sp® carbons provides
us opportunities to tailor the NLO properties as well as OL performance for GO by controlling the oxidization

degree.
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Chapter 5

Broadband and Comparative Third-order
Nonlinearities in Reduced Graphene Oxide with
CVD Graphene

5.1 Introduction

The trend towards ultimate miniaturization [1], and applicable over broad wavelength region [2], is
expected for the applications in various nanophotonic technologies, such as all-optical signal processing [3],
optical information storage, and communication [4, 5]. The enhancement of optical nonlinearity achieved by
surface plasmon, a collective form of electron excitation, enable noble metal nanostructures to attain the
concentration and manipulation of light at the nanoscale [6, 7]. This functionality has stimulated their use in
several devices including optical nanoantenna and resonators [7]. However, noble metal materials with fixed
geometry suffer from insurmountable obstacles that their tunability is limited in external electronic fields [8].
Consequently, the applications of noble metallic nanostructures in optical processing devices are severely
restricted, and alternative materials are being sought to address these technical limitations. Superior to noble
metals, the optical nonlinearity of graphene is highly tunable by controlling the chemical potential. The
chemical potential could be realized efficiently through method of doping or electrical gating [9]. In addition
to addressing these limitations, graphene can offer extremely spatial confinement of light and favorably low
optical loss for nanophotonic applications [10, 11]. The graphene utilized in these nanophotonic devices is
usually fabricated by the chemical vapor deposition (CVD) method [12, 13]. However, CVD graphene suffered
high-temperature requirements, complicated and high-cost techniques in the fabrication process [14], and
difficult transfer procedures off the substrate [15], which hampered their scalable application.

Reduced graphene oxide emerges to be possible alternative instead of CVD graphene to be employed in
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nanophotonic devices, with relatively simple and low-cost preparation methods, despite some defects induced
in the synthesis process [16]. Also, reduced graphene oxide possesses remarkable flexible compatibility,
chemical, and thermal stabilities [17, 18]. In moving towards the application of reduced graphene oxide in
nanophotonic devices, comparable nonlinear optical response and tunability to CVD graphene are essentially
required. Because the third-order nonlinear susceptibilities x(*) are complex quantities. It contains the real and
imaginary parts and has relation to nonlinear optical parameters. The x©) describe the distribution of refraction
and absorption in excited state [19, 20]. In addition, because of electronic transitions, nonlinear optical (NLO)
property in reduced graphene oxide is wavelength-dependent [21]. So, the well-studied x(®), which reflects
the substantial response of materials to wavelength and pulse width of light in a nonlinear state, is an important
step aiming control on light in nanometer scales in all applications [22]. Although the ) of reduced graphene
oxide has been so far investigated [23-26], mainly focus on 532 or 1064 nm. There is no report concerning the
experimental determination of x(® in the continuous visible region, which is important to the extent of its
nanophotonic functionalities toward broad wavelength range.

Enlightened by the above consideration, we experimentally investigated the wavelength-dependent
nonlinearity of reduced graphene oxide in the visible spectrum, as well as CVD graphene thin film as a
comparison. Via the combination of spectroscopic ellipsometry with femtosecond pump-probe spectroscopies
[27], we obtained x(® dispersion of reduced graphene oxide and CVD graphene from 450 to 750 nm. The
underlying physical mechanisms involved in their nonlinearities were discussed as well, that m conjugation
electronic transitions plays a dominant role in imparting the momentum for their nonlinear optical transitions.
Also, these analyses allow us to make a comparison on the nonlinearities of reduced graphene oxide with that
of CVD graphene. The results indicate that reduced graphene oxide possesses broadband and comparable
nonlinearity achieved by CVD graphene thin film. These availabilities, in addition to their relatively easy and
low-cost fabrication process [28], validate reduced graphene oxide to be a promising alternative approach

toward the light propagation, concentration, conversion, and manipulation at the nanoscale in the visible region.

5.2 Experimental Section

5.2.1 Preparations of Graphene Oxide

Graphene oxide has been made using graphite flake using modified Hummers' methods. The synthesis

method has been reported in previous work [29]. In detail, 0.5 g graphite flake and 0.25 g NaNOs were mixed
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firstly in a 500 mL beaker filled with 50 mL H2SO4 (98%) in an ice-water bath under stirrings. The stirrings of
above mixed solution were then kept at 25 °C for 24 hours after adding 1.5 g KMnOs. A yellow suspension
was obtained after adding 100 mL water and 30 mL H»O, until reactions completed. The graphene oxide
solution was obtained after washed several times through centrifugation using HCI and deionized water until

the PH reached 7.

5.2.2 Fabrication of Reduced Graphene Oxide/PVA Composite Thin Films

To measure optical characterizations of reduced graphene oxide, composite films containing polyvinyl
alcohol (PVA) and reduced graphene oxide were made uniformly using silica glass substrates as the following
procedure. Firstly, 5 g of PVA (Sigma-Aldrich, molecular weight around 6000) powders were dissolved to 30
mL deionized water (DI) using stirrings, a transparent PVA mixture could be obtained after heated over 24
hours at 95 °C, then the mixture was cooled to 25 °C. Afterward, 5 mL as-prepared PVA solution was simply
mixed with aqueous graphene oxide solution (3 mL, 9.5 mg/mL) under sonication for 2 h. To convert graphene
oxide in the composite into reduced graphene oxide, 0.285 mL hydrazine monohydrate (Alfa Aesar, 99+%)
aqueous solution was dropped into the resulting mixture and reduced reaction was in proceed at 80 °C for 24
h in a water bath under stirring. Finally, the well-dispersed reduced graphene oxide solution with PVA were
spin-coated using silica glass substrates. Note that glass substrate was precleaned with aqua regia and rinsed
several times with DI water before use. For comparison, CVD graphene thin film on silica substrate was

purchased from the graphene platform corporation.

5.2.3 Structural Characterizations

The phase information was investigated by the X-ray diffraction (XRD) method. The XRD patterns were
collected by measuring Rigaku MiniFlex 600. Cu Ko radiation was used in the equipment with wavelength of

0.154 nm. The morphologies, microstructures of reduced graphene oxide can be measured in SEM, TEM.

5.2.4 Linear Optical Measurements and Evaluation

The linear transmission and other characterizations on CVD graphene as well as reduced graphene oxide
can be explored using variable angle spectroscopic ellipsometry. The dielectric function of CVD graphene and

reduced graphene oxide were evaluated according to SE result.
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5.2.5 Nonlinear Optical Characterizations

NLO properties for CVD graphene, reduced graphene oxide can be investigated using customer designed
pump-probe spectroscopies in fs regime. The basic lasers source has wavelength ~ 800 nm. The source was
supplied using regenerative amplifiers (Spectra-Physics, Spitfire). A laser beam with pulse width ~ 130 fs and
repetition rate ~ 1 kHz was then divided to different components: one is pump beam; another is probe beam.
For the pump beam: a 400 nm laser beam was obtained through converted by BBO crystals. Then, output
repetition rates were obtained with a decrease through optical choppers, as 0.5 kHz in the end. For probe beam:
white light supercontinuum ranging from 400 to 800 nm could be generated through converted by sapphire
crystal. The Kerr gate technique was applied to correct the chirping effect of raw data, which was reported in

previous literature [30].

5.3 Results and Discussion

5.3.1 Structural Characterizations

Graphene oxide Graphene oxide Reduced graphene
PVA oxide and PVA

———

e —

T oa— e R

Reduced graphene oxide/PVA

_/,/\\_

Graphene oxide

Intensity (a.u.)

. PVA

10 20 30 40 50 60
2 Theta (degree)

Figure 5-1 (a) Digital photos and (b) XRD: graphene oxide, PVA, reduced graphene oxide/PVA, respectively.
92



The digital photos and XRD patterns of graphene oxide, PVA, graphene oxide/PVA, as well as reduced
graphene oxide/PVA can be seen as above. Figure 5-1(b) illustrates that graphene oxide appeared a featured
diffraction peak at 2 Theta =12.1° can be corresponded with (001) lattice plane [31]. Graphene oxide/PVA
composite shows only the diffraction peak of PVA but no graphene oxide characteristic peak. It could be
explained as that the ratio of graphene oxide to PVA is very low and graphene oxide nanosheets are dispersed
homogeneously in the PVA [32]. After reacting with hydrazine monohydrate, graphene oxide was reduced into
graphene and functional groups were removed effectively. As shown in Figure 5-1(a), bright brown graphene
oxide/PVA solution transformed to a clear black reduced graphene oxide/PVA solution without obvious

aggregation or precipitation.

Figure 5-2 (a, b) SEM characterization for reduced graphene oxide. (¢, d) TEM for reduced graphene oxide.
The morphologies and microstructures for rGO can be studied using field emission scanning
electron microscopy (SEM) and transmission electron microscopy (TEM), which were provided as

Figure 5-2, correspondingly. Figure 5-2(a) along with (b) present that obtained reduced graphene
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oxide exhibits typical wrinkle morphology and nanosheets structure with dimension in micrometers.
After effectively ultrasonication, reduced graphene oxide nanosheets with size around a few hundred
nanometers were observed on the top of the copper grid as shown in Figure 5-2(c¢). From observed
TEM images with large magnification in Figure 5-2(d), the few layers stacking structure and the

individual layers in reduced graphene oxide could be observed.

5.3.2 Linear Optical Properties of Reduced Graphene Oxide and CVD Graphene

50
— Psi 70° ------- Psi 70° model
— Psi 75° ------- Psi 75° model
40  —Psi80° ------- Psi 80° model
30 |
o [
20 S
W—v
10 - Delta 70° ------- Delta 70° model
Delta 75° ------- Delta 75° model
Delta 80° ------- Delta 80° model
O M 1 M 1 M 1 M 1 M 1 M |
400 500 600 700 800 900 1000

Wavelength (nm)

Figure 5-3 Ellipsometric results of CVD graphene thin film. Experimental and fitted ellipsometric for psi

(green) and delta (yellow) spectra.
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Figure 5-4 Ellipsometric results of reduced graphene oxide/PVA composite. Experimental and fitted

ellipsometry for psi (green) and delta (yellow) spectra.

Spectroscopic ellipsometry (SE) is a useful technique to investigate the linear optical properties [33]. We
measured the SE over incidence angles from 70° to 80° by 5° steps for CVD graphene thin film along with
reduced graphene oxide/PVA composite, respectively seen as Figure 5-3 and Figure 5-4. It was demonstrated
that Lorentz oscillators could be adopted to analyze the ellipsometry of graphene [34, 35]. Three Lorentz
oscillators were used to characterize the bandgap in CVD graphene and reduced graphene oxide [36]. The
fitting quality can be described by minimized mean squared error (MSE) of experimental data compared with
SE models. The description is regarded as accurate enough when MSE is less than 10 [37]. In our work, the
obtained SE model fitted well with MSE of 6.335 and 4.856 for CVD graphene and reduced graphene
oxide/PVA composite, respectively. The corresponding fitting oscillators' parameters were provided in Table

5-1 and 5-2.

Table 5-1 Information of oscillators for CVD graphene thin film in ground-state.

Linear Oscillator En (eV) Amp Br (eV)
MSE=6.335 Lorentzl 0.237 68.717 6.720
Lorentz2 3.715 4.260 2.505
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Lorentz3 4,389 5.189 0.866

Table 5-2 Information of oscillators for reduced graphene oxide/PVA composite in ground-state.

Linear Oscillator En (eV) Amp Br (eV)

MSE=4.856 Lorentzl 0.208 18.676 9.250
Lorentz2 4.664 1.750 2.228
Lorentz3 5.276 0.825 10.857

The thickness and linear dielectric function € were analyzed by variable angle spectroscopic ellipsometry
(VASE). The reduced graphene oxide/PVA composite was assumed homogeneous with a thickness of 1364
nm. An effective medium approximation (EMA) was adopted to describe the composite, with reduced

graphene oxide in a concentration factor of 5.6%.
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Figure 5-5 (a) R[g], and Im[¢g] parts in complex linear & for CVD graphene thin film from 1 layer to 5
layers, wavelength range: 450 - 750 nm. (b) Nominal thickness of CVD graphene thin film from 1 layer to 5

layers, evaluated from spectroscopy ellipsometry.

As for CVD graphene, ¢ patterns from a single layer to five layers were plotted in Figure 5-5(a). Note that
there is no difference of € in CVD graphene from a single layer to five layers. The nominal thickness evaluated
from SE for 1 layer to 5 layers were presented as Figure 5-5(b). It was demonstrated that signals of CVD
graphene less than four layers in pump and probe measurement were too weak to analyze, so we take five

layers of CVD graphene as the investigate target, with a thickness of 2.0 nm.
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The extinction spectra can be examined by the expression of -In(T/To). In the expression, T represents
transmittance of substrate and with CVD graphene or reduced graphene oxide/PVA together, while Ty
represents transmittance of the substrates without samples. Figure 5-6(a) along with (b) present experimental
and SE fitted extinction pattern for CVD graphene films and reduced graphene oxide/PVA films in respective.
The curves exhibit similar, monotonic, and increasing extinction towards shorter wavelengths. Figure 5-6(c)
and (d) show linear ¢ for CVD graphene as well as reduced graphene oxide, respectively. The blue line
represents the real part of €, while the red line is the imaginary part. Reduced graphene oxide exhibits the same
dispersion characteristic of € with CVD graphene. Note that compared to CVD graphene, the intensities of
Re[€] and Im[€] of reduced graphene oxide is slightly lower. The explanation can be described that existence
of oxygen containing group leads in lower carrier concentration and mobility. Agreement of the measured
ellipsometric results of reduced graphene oxide, together with CVD graphene with literature, demonstrated

linear optical properties of reduced graphene oxide show comparable characteristics to CVD graphene [38].
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Figure 5-6 Experimental, fitted extinction spectra of (a) CVD graphene, (b) rGO/PVA. Linear dielectric

function of (c¢) CVD graphene, and (d) rGO. Insets show the corresponding schematic.
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Linear refractive index, extinction coefficient for CVD graphene, rGO were presented as Figure 5-7(a) as

well as (b), in respective. Considering above results, the evaluated ¢ is reasonable to be employed to calculate

the nonlinear complex quantities .
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Figure 5-7 (a) Complex refractive index n along with extinction coefficient k for CVD graphene obtained

from Lorentz model fitting. (b) Complex n and k of reduced graphene oxide obtained from Lorentz model

fitting.

5.3.3 NLO Properties of Reduced Graphene Oxide and CVD Graphene

Figure 5-8 Schematic of pump-probe spectroscopy measurement.

Then NLO properties for CVD graphene and reduced graphene oxide were investigated utilizing pump-
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probe spectroscopies. Measuring processes in pump and probe spectroscopies were illustrated as above
schematic in Figure 5-8. AT/T represents the transient transmission changes of incident light in excited state
and ground state [27, 39].

To evaluate third-order optical nonlinearities which has proportional relations with power intensity,
measurement should be conducted in the linear region of the pump peak intensity. In addition, the pump peak
intensity should be maintained in the linear region to protect the samples from damages by the laser beam. The
pump power dependence of transient transmission changes in the pump-probe measurement was investigated
firstly. Figure 5-9 shows the AT/T of reduced graphene oxide/PVA composite thin film coated on the silica
substrate as a function of excitation intensity. As can be seen in the AT/T at 690 nm, the optical nonlinearity
has proportional relations with excitation intensities with low excitation power until the intensity increases up
to 2.11 GW/cm?. At higher excitation intensity after 2.11 GW/cm?, the AT/T then saturates. Thus, the pump

peak power density used in this work was 1.70 GW/cm? with a focal size of 168.2 um.

At 690 nm L7

AT/T (a.u.)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Pump peak intensity (GW/cm?)

Figure 5-9 The pump power dependence of transient transmission changes in the pump and probe
measurement. The pump peak power density used in this work was 1.70 GW/cm? with a focal size of 168.2
um,

In addition, a strong chip effect occurred in the probe white-light continuum because of the group velocity
dispersion induced by the utilized nonlinear crystals. To correct the course of experimental raw data properly,

the group velocities were studied through measurement of nonlinearity in LiNbO;. All the raw data in the
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experiment was corrected by group velocity dispersion.
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Figure 5-10 Schematics for the pump-probe measuring in (a) CVD graphene, and (b) reduced graphene
oxide/PVA on silica substrates, respectively. AT/T patterns for (¢) CVD graphene, and (d) reduced graphene
oxide/PVA.

For CVD graphene thin film and reduced graphene oxide/PVA composite, they were measured by pump
and probe spectroscopy seen as Figure 5-10(a), (b), along with samples and laser beams. The corresponding
AT/T curves were calculated and plotted as Figure 5-10(c) along with 5-10(d), respectively. Our measurement
techniques allow us to study the spectral information on a wide wavelength range instead of discrete points.
Positive AT/T values represented saturable absorption (SA) [40] and were observed throughout the visible
spectrum from 450 to 750 nm, for reduced graphene oxide/PVA films. AT/T results measured in blank PVA
were reported by Sato et al. [41], there is no contribution from PVA on the nonlinearity. This strong SA provides
possibilities for reduced graphene oxide to be applied in many nanophotonic fields. The same characteristic
AT/T pattern can be observed in the CVD graphene. These photoinduced features are mainly due to the linear

wavelength-dependent energy dispersion near the Dirac point of CVD graphene and reduced graphene oxide

100



shown in Figure 5-11.

Figure 5-11 Schematic electronic band structure near the Dirac points in graphene.

Next, xX®)of CVD graphene and reduced graphene oxide were evaluated by combining ellipsometric
results and AT/T as reported [42]. Linear € and ground state transmission T were generated in the afore-mention.
The nonlinear e+Ag in the excited state was extracted by fitting T+AT with the ellipsometric model. The

patterns of T+AT and T were shown in Figure 5-12, for CVD graphene thin film and reduced graphene oxide.
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Figure 5-12 AT + T and steady-state T for (a) CVD graphene thin film, as well as (b) Reduced graphene
oxide/PVA composite.

In the fitting process, same ellipsometric models were utilized like in linear analysis. We regarded these
parameters of the oscillator as the only variable values. The parameters of corresponding oscillators in the

excited state varied from the ground state, as shown in Table 5-3 and 5-4.
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Table 5-3 Information of oscillator for CVD graphene thin film in excited-state.

Nonlinear Oscillator En (eV) Amp Br (eV)

MSE=0.274 Lorentzl 0.222 65.725 9.025
Lorentz2 3.718 4.289 2.548
Lorentz3 4.384 4.931 0.838

Table 5-4 Information of oscillator for reduced graphene oxide in excited-state.

Nonlinear Oscillator En (eV) Amp Br (eV)

MSE=0.126 Lorentzl 0.211 15.517 28.993
Lorentz2 4.786 1.749 2.329
Lorentz3 5.207 0.824 10.854

The x® values of CVD graphene and reduced graphene oxide can be calculated from the nonlinear

dielectric function change Ae through a simple derivation of the equation (5-1):
3
Ae (wprobe) =3 X(3) (wprobe)l (5-1)

3/4 represents refractive index that dependent on intensities in the equation, and / represent pump lasers

intensities, respectively [43].
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Figure 5-13 The x® patterns for (a) CVD graphene thin film, and (b) reduced graphene oxide nanosheets

evaluated in 450 — 750 nm.

x® spectrum for reduced graphene oxide is shown as Figure 5-13(b). It is instructive to compare this
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nonlinearity with that of single-layer graphene reported by Wu et al. (0.14 x 10-16 m?/V? at 532 nm) [44]. The
x® values of reduced graphene oxide are 0.42 x 10-16 m%V? at the same wavelength. Besides, graphene
shows larger x(® values compared to conventional dielectric materials (on the order of 107'* - 102) [45], as
presented in Table 5-5. Furthermore, both real (blue pattern) and imaginary (red pattern) parts of x©) show
broadband, monotonic, and wavelength-dependent dispersion. These results and corresponding understanding
would not be obtained through measuring at discrete wavelengths. The Im[x(®)] exhibits values with -0.18 x
107! in wavelength of 450 nm, while with -0.44 x 107'® m?/V? in wavelength of 750 nm. Meanwhile, the
Re[x®)] has values 0.38 x 107'® in the wavelength of 450 and 0.47 x 10°'° m?*/V? in the wavelength of 750 nm.
The Im[x®®] component is negative which represents the strong SA in AT/T. At the same time, a comparison
of nonlinearity was made between reduced graphene oxide and CVD graphene. Figure 5-13(a) reflects the x(*
spectral feature of CVD graphene. It was demonstrated that reduced graphene oxide exhibits comparable x(*)
characteristics and nonlinearity. Where the values and dispersion of x(®) are crucial to nanophotonic
applications. Thus, reduced graphene oxide can benefit from practical applications because of its simple and

low-cost fabrication process.

Table 5-5 The third-order optical susceptibilities in various samples.

Sample A (nm) x® (mV?) Ref.
Single layer graphene 532 0.14 x 10 (Re[x®)]) [44]
Conventional dielectric materials 532, 700 ~1018- 10% (Absolute value) [45]

(0.38 - 0.47) x 10°%(Re[x®)]) This
Reduced graphene oxide 450 - 750

(-0.18 - -0.44) x 10 (Im[x®])  work

To identify the condition of electronic transitions at nonlinear state in CVD graphene thin film and reduced
graphene oxide, the contribution of different Lorentz terms in our model were separated and plotted in Figure
5-14. The © conjugation electrons were represented by one Lorentz oscillator and reflect the electronic
transitions from the © bond, which is marked in the dashed line. While the ¢ bond electrons were represented
by two Lorentz oscillators and plotted in the dotted line. As observed in Figure 5-14, the pattern of n
conjugation electrons in CVD graphene and reduced graphene oxide exhibit similar broadband and monotonic
dispersion with Re[x(®)] and Im[x®)] towards higher wavelength. We demonstrated that the  conjugation
electronic transitions contribute dominantly to the nonlinearities of rGO at excited state, as well as CVD

graphene. The 7 band is perpendicular to the carbon planar structure in graphene. Its formation is mainly due
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to covalent interaction between unaffected p orbital with neighboring carbon atoms. The « band is half-filled
because p possesses one free electron [46]. While o has a filled condition and form a deep valence band due
to the Pauli principle. So, the incident laser beams lead to m conjugation electronic transitions and contribute

to the wavelength-dependent nonlinearities from 450 to 750 nm.
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Figure 5-14 Real (a), imaginary (b) parts for X in CVD graphene. Real (c), imaginary (d) parts of ()
for reduced graphene oxide. The contribution of m conjugation electrons and ¢ bond electrons denoted by the

dashed line and dotted line, respectively. The solid line represents a total third-order susceptibility.

5.4 Conclusions

In summary, a two-dimensional thin film with reduced graphene oxide dispersed homogeneously in the
PVA matrix was prepared in this work. Compared to CVD graphene thin film, the process is simple, low cost,

and reproducibility in practical applications. We have conducted comparative experiments and investigated the

104



NLO properties for reduced graphene oxide as well as CVD graphene over visible spectrum from 450 to 750
nm. The combination of SE and femtosecond pump and probe spectroscopy provide us insight investigation
for exploring the dispersion of ) in continuous wavelength rather than discrete plots. Results show that
AT/T and x® of reduced graphene oxide possesses broadband and monotonic characteristics at different
wavelengths. Through above investigations, identification can be achieved successfully that the & conjugation
electronic transitions that contribute dominantly to the nonlinearities of reduced graphene oxide, along with
CVD graphene. Furthermore, reduced graphene oxide exhibits broader, larger nonlinearities compared to
conventional dielectric materials, and a comparable nonlinear response with CVD graphene. Considering the
lost-cost and high-throughput fabrication, reduced graphene oxide presents opportunities as an alternative

material to be applied for the concentration and modulation of light in nanophotonic.
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Chapter 6

Conclusions and Perspective

6.1 Conclusions

It has been proved that graphene-based materials can exhibit remarkable electrochemical properties after
decorated with cobalt borate nanoparticles. The composite shows outstanding supercapacitor behavior when it
serves as a negative electrode in the lithium-ion capacitor, which implies that graphene-based materials could
be a prospective choice for the application of lithium-ion capacitors as an anode material. In addition, the
optical nonlinearities of graphene-based materials including graphene oxide and reduced graphene oxide were
investigated over visible range of 450 - 750 nm and show remarkable nonlinear optical response. The
dispersion of third-order susceptibilities in the visible region reveals the substantial behavior of graphene-
based materials to wavelength and pulse width of light in the nonlinear state, which propels the movement of

manipulating light at the nanoscale over broad wavelength. To be specific, the details will be introduced below.

1. Reduced Graphene Oxide Decorated with Crystallized Cobalt Borate Nanoparticles as

an Anode in Lithium-lon Capacitors.

1) The preparation of composite material composing of reduced graphene oxide and crystallized
cobalt borate nanoparticles (Co-B/rGO) was achieved via a simple in-situ grow reaction.

2) The Co-B/rGO composite exhibited large specific capacities, good rate capabilities, along with
stable cycling performance when measured using lithium-ion battery half-cell.

3) The lithium-ion capacitor (LIC) based on the Co-B/rGO composite as an anode material was
fabricated with improved specific capacitance, high energy, and power density compared to blank

rGO LIC.
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4) Crystallized cobalt borate nanoparticles not only work as the spacer to alleviate the aggregation
of rGO nanosheets but also function as an effective electron transfer bridge in the cross-plane

direction to improve the electrical conductivity.

(b) Co-B/rGO
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Figure 6-1 (a) Illustration on the preparation method of Co-B/rGO composites. (b) Diagram about LIC

full cell based on Co-B/rGO composite anode.

2. Experimental dispersion of the third-order optical susceptibilities of graphene oxide.
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Figure 6-2 (a) Illustrating image of pump-probe measurement for graphene oxide. (b) Third-order
susceptibilities X of graphene oxide, including real part represented in blue line, imaginary part represented

in red line (wavelength range: 450 - 750 nm).
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1)

2)

3)

4)

5)

The graphene oxide/PVA composite thin films with smooth surface were successfully fabricated
through spin coating.

The combinations of femtosecond pump-probe spectroscopy and spectroscopic ellipsometry
were conducted aiming at investigating optical nonlinearities for graphene oxide.

The dispersion of third-order optical susceptibilities x(*) of graphene oxide was experimentally
determined over visible region (450 - 750 nm).

The nonlinearity of graphene oxide shows a wavelength-dependent characteristic with saturable
absorption (SA) in region of short wavelengths and reverse saturable absorption (RSA) at long
wavelengths.

It was figured out the physical identification of carrier dynamic in GO, which provides
opportunities aiming at tailoring nonlinear optical properties, as well as optical limiting

performance using graphene oxide.

3. Broadband and Comparative Third-order Nonlinearity of Reduced Graphene Oxide
with CVD Graphene.

(@)
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Reduced graphene oxide/PVA
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Figure 6-3 (a) Schematic of the pump and probe measurement in reduced graphene oxide/PVA on a silica

substrate. (b) The third-order susceptibilities X of reduced graphene oxide in the visible region (450 — 750

nm).

1)

The two-dimensional thin films of reduced graphene oxide were successfully fabricated through

dispersing it into the PVA matrix.
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2) Third-order nonlinearity of reduced graphene oxide was experimentally determined in the
visible spectrum (450 - 750 nm) through combining spectroscopic ellipsometry and femtosecond
pump-probe spectroscopy.

3) It was demonstrated that reduced graphene oxide exhibits broadband and comparable third-order
nonlinearity to CVD graphene.

4) It was figured out that identical tunability that = conjugation electronic transitions dominates the
nonlinear response, enable reduced graphene oxide to be viable substitutes for CVD graphene.

5)  Third-order susceptibility x(®) reveals their substantial behavior to wavelength and pulse width
of light in a nonlinear state, which propels the movement of manipulating light at the nanoscale

over broad wavelength.

6.2 Future Prospects

Conducting
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p-type conducting Polymer

‘m | .
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Electrolytes
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Composite

Figure 6-4 The future prospects of flexible supercapacitors and optical thin films [1].

The future generations of supercapacitors and photonic devices are expected to have good flexibility while
remaining good electrochemical and nonlinear optical properties as shown in Figure 6-4. However, the
electrode films of the graphene-based composite were fabricated by coating on copper foils. And the optical
film was made through spin-coating on silica substrates. This is a limitation to achieve the flexibility of
supercapacitors and optical devices in this thesis. Therefore, flexible films are expected to be fabricated in
future work. The flexible supercapacitors of graphene-based materials probably could be achieved by using a
flexible substrate. Then electrode films could be fabricated through the application of graphene-based materials

onto the substrate via coating or vacuum filtration. The main problems may be stem from poor electrical
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conductivity at the interface between active materials and flexible substrate, as well as the interaction between
active materials with polymer electrolytes. These poor electrical conductivities could be improved through the
pre-processing of the substrate and direct dipping of the electrode into polymer gel electrolyte. As for the
flexible optical thin films, the demonstration was acceptable that graphene oxide and graphene coatings using
flexible plastic substrate show considerable flexible properties in mechanical strength. Furthermore, they have
transparent characteristics in optical applications as shown in Figure 6-5. In the future, the third-order

nonlinearities of flexible thin-film need to be evaluated experimentally and compared with nonlinear optical

properties before and after bending.
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Figure 6-5 (a) Images of graphene transparent thin film fabricated by coating on flexible plastic substrates.
(b) Linear transmittance patterns of PET substrates (represent in black color), graphene films coating on PET

(represent in red color), and GO films coating on PET (represent in blue color), respectively. [2].
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