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ABSTRACT

Two-dimensional (2D) nanomaterials have regained worldwide attention over
the past decade since the discovery of graphene in 2004. Tremendous efforts
have been devoted to the synthesis and applications of 2D nanomaterials due to
their extraordinary and diverse properties in electronics, photonics, catalysis, etc.
upon the exfoliation from their bulk counterparts. Regarding the production of
2D nanomaterials, one of the great challenges we have to deal with is how to
produce high-quality 2D nanomaterials in a reliable and scale-up way. Although
various synthetic strategies have been developed including mechanical
exfoliation, chemical vapor deposition (CVD), chemical exfoliation, liquid-phase
exfoliation and so on, they all exhibit some sort of disadvantages. Moreover,
numerous promising applications, such as energy storage and conversion,
electronic devices, catalysis and the like, have been demonstrated due to their
diverse properties. Among these applications, we’re quite concerned about the
photovoltaic (PV) devices, which can convert the solar energy for human beings
to use. Currently there are some issues that gradually restrict the rapid
development of PV technology. For example, the widely used ITO electrode is
becoming a problem due to the scarce reserve, rigid nature and vulnerability to

bending test.

In this context, this thesis introduces two approaches to produce 2D
nanomaterials and investigate their applications in electronics. One is the liquid-
based exfoliation method named salt-assisted direct exfoliation, in which the
presence of inorganic salt can facilitate the exfoliation of bulk-layered materials
in liquid media. This method can produce high-quality, aqueous-dispersible,
single- and few-layered 2D nanomaterials without using any oxidants or long
time sonication. The as-produced 2D nanosheets including graphene and TMDs
can be easily fabricated into thin films via solution processable manners and be
applied into photovoltaic devices either as the transparent electrodes or the buffer
layers. Another method is CVD that can produce electronic grade graphene

sheets with high carrier mobility, which are applied to field-effect transistors.



Firstly, this thesis details the background and challenges we are confronted with
and then puts forward the research objectives and significance. Secondly, a
comprehensive literature review is presented including the preparation
approaches developed till now to produce 2D nanomaterials, 2D nanomaterials-
based composites and their applications in PV aspects. Then the general
methodologies involved are introduced. In chapter 4, a salt-assisted direct
exfoliation method is first developed and as-produced graphene nanosheets are
characterized. Conductive and transparent graphene thin films with various
thicknesses are fabricated by vacuum filtration method. Chapter 5 introduces the
graphene hybrid thin films with enhanced conductivity by the combination with
1D silver nanowires. This hybrid films based on as-produced graphene
nanosheets can be employed as the electrode in perovskite solar cells. Chapter 6
extends the salt-assisted exfoliation method to prepare 2D graphene-analogue
transition metal dichalcogenide nanomaterials. Single- and few-layered 2D
nanosheets are obtained and can readily disperse in aqueous solutions. And MoS;
nanosheets are solution processed into thin films and integrated into organic solar
cells as a hole transport layer. Chapter 7 develops a CVD method to synthesize
high-quality monolayer graphene and investigates the electrical properties of
graphene FET devices with functionalization of polymer brushes and subsequent
immobilization of biomolecules. Finally, chapter 8 concludes this thesis and

provides future perspectives.
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CHAPTER 1 INTRODUCTION

1.1 Background and Challenge

The past decade has witnessed the rise of graphene since its mechanical
exfoliation from graphite in 2004, Graphene is single-atom thick with carbon
atoms hexagonally arranged into a honeycomb lattice and regarded as the basic
building blocks for graphitic materials of all other dimensionalities. It can be
wrapped up into 0D fullerenes, rolled into 1D nanotubes or stacked into 3D
graphite.). The worldwide attention from both the academia and industry has
been paid to such a unique two-dimensional (2D) nanomaterial. In the light of its
extraordinary properties such as high mechanical strength, large specific surface
area, high electrical and thermal conductivity as well as high optical transparency,
a huge of applications have been demonstrated from the electronic devices,
biosensors, robust composites or textiles, to catalysis, photonics, energy storage
and conversion, to name but a few. Graphene’s emergence has ignited
researchers’ enthusiasm to explore other ultrathin 2D graphene-analogue
nanomaterials. To date, plenty of such 2D nanomaterials have been reported
which can be categorized into several groups as follows.”®! One group is the
hexagonally featured boron nitride (h-BN) nanosheets and graphene; another is
transition metal dichalcogenides (TMDs) and metal halides, e.g. MoS,, WS, and
Pbl,; the third group is layered metal oxides (e.g. MnO, and MoOs) and
layered double hydroxides such as MgsAl,(OH):6;® moreover, an emerging,
large family of 2D early transition metal carbides or carbonitrides, labled as
MXenes is discovered.!®! Because of their unique structural features and diverse
physical and chemical properties, endless efforts are being devoted to exploring

more applications.

To fulfill such applications, one crucial challenging issue stands in front of us:
how to produce these 2D nanomaterials with high quality and large quantity in a
commercially viable way? This is actually of paramount importance for the
industry to decide if they will ultimately use these new materials for large-scale

applications. Up till now, quite a few different methods have been developed for
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the production of layered 2D nanomaterials, including bottom-up synthesis by
chemical vapor deposition (CVD) and epitaxial growth, and top-down
exfoliation approaches by micromechanical cleavage, chemical exfoliation and
liquid-based ultrasonic exfoliation. Bottom-up CVD synthesis is regarded as an
important way to synthesize 2D nanomaterials, in which the precursors react on
the transition metal substrates at high temperature to form single- or few-layered
2D nanosheets. This method can produce graphene and some other TMDs with
high quality; however, it requires harsh growth conditions such as high
temperature and high vacuum, and is size-limited. Top-down micromechanical
cleavage can only produce samples for fundamental study because of its
extremely low throughput. Chemical exfoliation, which particularly refers to the
synthesis of graphene oxide (GO) via chemical oxidation of graphite to form
graphite oxide and subsequent thermal or chemical reduction into reduced
graphene oxide (rGO), is low-cost, highly scalable and solution-processable.
Nevertheless, the oxygen-containing defects of rGO cannot be fully eliminated,
which significantly limits the applications in electronic and optical devices.
Although liquid-phase exfoliation shows advantages in making versatile 2D
nanomaterials, however long time sonication and low yield become its bottleneck.
More methods beyond the aforementioned are developed, showing various

advantages and disadvantages.

To address those challenges in the preparation of 2D nanomaterials, this study
will develop a modified liquid-phase exfoliation method, namely “salt-assisted
liquid-phase exfoliation method”, which can produce single- and few-layered
graphene and graphene-analogue TMD 2D nanosheets. The presence of
inorganic salts can effectively improve the efficiency and yield of ultrasonic
exfoliation. Moreover, it is environmental-friendly in the sense that no hazardous
and oxidative chemical are employed in the synthesis process. Meanwhile it is
high quality with little defects deriving from the edges instead of the basal plane.
Importantly, it is convenient to form composites or hybrids by simply mixing the
dispersion of desirable materials as well as low-cost and compatible with

solution-processed manners.



With 2D nanomaterials in hand, another concerned issue is the application.
Among those applications, the one we are fascinated is the electronic aspect
especially a photovoltaic device, which can harvest energy directly from sunlight.
The fast-growing demand for energy and recognition of mad-made global
climate change underscore the urgency of developing clean and renewable
energy resources to replace the fossil fuels. Photovoltaic technology provides a
viable way to deal with the energy crisis. Organic photovoltaic (OPV) devices
and newly emerged perovskite solar cells offer processing advantages that enable
the low-cost, solution-processable, large-area production as well as the light
weight and compatibility with flexible substrates. In the fabrication of solar cell
devices, one important component is the transparent electrode through which the
light is coupled into. Conventionally, indium tin oxide (ITO) is widely used,
however, its increasing price, scarcity of reserves and brittle nature severely
hampered the applications. Therefore, many researchers have been focusing on
the exploring promising candidates with low cost, high transparency and good
flexibility. Graphene seems to meet such requirements as the alternative
electrode materials to ITO. Another important application is biosensing. Polymer
brushes functionalized graphene can provide functional sites to immobilize

biomolecules.

In addition, not limited to use as the electrode, graphene can also play an
important role in other components of solar cells, such as the buffer layer, and
the acceptor. Beyond graphene, the semiconductor property of 2D graphene-

analogue TMD nanomaterials is worthy of studying in the photovoltaic devices.

1.2 Research Objectives

This study is focused on the synthesis and application of 2D nanomaterials
including graphene and TMD nanosheets. The applications mainly contain, but
not limited to, the photovoltaic devices. The detailed research objectives are as
follows:

1. To prepare solution-processable graphene nanosheets through the salt-

assisted exfoliation of graphite.
2. To fabricate photovoltaic devices by using as-prepared graphene thin films as

the electrode



3. To prepare and characterize TMD 2D nanosheets using our established salt-
assisted exfoliation method.

4. To study the performance of organic solar cells (OSCs) by integrating TMD
2D nanosheets into the device.

5. To investigate the electrical performance of polymer brushes functionalized

graphene.

1.3 Research Significance and Values

A universal consensus has been arrived at that graphene will be one of the most
promising candidates for the next-generation electronic material and a
competitive alternative to substitute ITO. The successful synthesis of solution
processable graphene, the study of its properties and exploration in photovoltaic
devices will have significant impact in the electronic and optoelectronic fields.
Beyond graphene, TMD nanosheets represent a special class in the ultrathin 2D
nanomaterials,l”? exhibiting fascinating and diverse properties. The facile and
reliable synthesis of such materials is of equal importance to graphene for the
exploration of their properties and applications. Scientifically, the research will
lead to new knowledge and perspectives in the synthesis and fabrication of 2D

nanomaterials, thin films and various devices.

1.4 Outline of the Thesis

The report is organized as follows:

Chapter 1 introduces the research background, the status quo of 2D nanomaterial
synthesis, current challenges and the importance in photovoltaic applications.
Further it states the research objectives as well as the significance and values of

this research.

Chapter 2 first presents the properties of graphene and TMD 2D nanosheets, and
then gives a comprehensive literature review in terms of the various synthetic
methods developed and the applications of 2D nanomaterials in photovoltaic

devices.



Chapter 3 details the research methodology including the material fabrication

and characterization techniques, and the device fabrication and measurement.

In chapter 4, salt-assisted direct exfoliation method is first demonstrated to
prepare graphene nanosheets. Graphene thin films are fabricated by solution-

processable manners.

In chapter 5, hybrid thin films based on as-produced graphene nanosheets and 1D
silver nanowires are integrated into perovskite solar cells as the transparent

electrodes.

In chapter 6, TMD 2D nanomaterials are prepared by salt-assisted exfoliation

method and the application in OSCs is demonstrated.
In chapter 7, the electrical performance of monolayer CVD graphene
functionalized with polymer brushes is investigated. And the immobilization of

biomolecules is demonstrated.

Chapter 8 summarizes the conclusions and puts forward some future perspectives.



CHAPTER 2 LITERATURE REVIEW

In this chapter, a comprehensive literature review is presented, which focuses on
various aspects including the properties of 2D nanomaterials, e.g. graphene and
TMDs, the synthetic methods developed to date, 2D nanomaterials-based

composites and some applications in photovoltaic devices.

2.1 Properties of Graphene and 2D TMDs

Upon the exfoliation from their bulk counterparts, 2D nanomaterials can acquire
quite unique and execellent peroperties. Take the most studied 2D nanomaterial,
graphene, for example. It possesses high intrinsic mobility (2 x 10°cm? V! s™),
large theoretical surface area (2630 m*g™), high thermal conductivity (~5000 W
m™* KHE and Young’s modulus (~1.0 TPa),' excellent optical transmittance
(97.7%)™ and good electrical conductivity (Figure 2.1).M*** Such unique and
outstanding properties of graphene have been demonstrated to be important for a
wide range of applications. It has been used in flexible electronics, such as touch
screen displays, electronic papers and organic light emitting diodes, which
requires low sheet resistance and high transmittance. The excellent mechanical
stability and chemical durability make it superior to rigid and expensive indium
tin oxide (ITO). Furthermore, it could be fabricated into field effect transistors
(FET) with logic functions®*® or high frequency™® by opening the bandgap of
graphene via nanostructuring™” ‘¥ or chemical functionalization**. In photonics,
graphene is applicable for photodetectors®®” and optical modulatort?! due to its
wide spectral range from ultraviolet to infrared and ultrafast response. In addition,
graphene has become a promising candidate in the search for new materials to
build highly efficient and renewable energy generation and storage devices, such
as lithium-ion (Li-ion) batteries, OSCs, dye-sensitized solar cells,

supercapacitors and etc.
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Figure 2.1. a) Schematics of the excitation laser light focused on a suspended
graphene layer.®) b) Nanoindentation on suspended graphene membrane.®! c)
Photograph of a 50-um aperture partially covered by graphene and its bilayer.™”
d) 3D representation of the structure of MoS,, single layer ~6.5 A thick.*? e)

Schematics of the structural polytpyes: 2H and 1T phases./*!

The applications intensively studied for graphene are more than the
aforementioned, and 2D nanomaterials beyond graphene with excellent
performances are coming into the light. This is true of TMDs. They are a class of
materials over 40 compounds with the common formula MX,, where M stands
for an transition metal element from group 1V to X (e.g. Ti, V, Mo and so on), X
is a chalcogen (e.g. S, Se or Te). Table 2.1 summarizes the representative layered
TMDs with various electronic characteristics. In each layer that consists of X-M-
X form, the in-plane atoms are strongly bonded in a covalent way, however, the
adjacent layers are weakly held together by van der Waals force, which allows
the exfoliation of bulk crystals into single- and few-layer 2D nanomaterials.
Upon the exfoliation, TMDs shows layer-dependent properties, especially in
several semconducting materials (such as MoX; and WX;) where a transition
occurs from indirect bandgap in the bulk to direct bandgap in the monolayer.
Also note that monolayer TMDs exhibit only two polymorphs: trigonal prismatic
(hexagonal symmetry) and octahedral phases (tetragonal symmetry). Figure 2.1d
and e shows 3D structure and the 2H and 1T phase of MoS, and the digits

indicates the number of layers per repeat unit. Based on the direct bandgap, 2D



TMDs can find a host of applications in elelctronics (e.g. digital transistors),
optoelectronics (e.g. photovoltaics and photodetection) and sensing.

Table 2.1. Electronic characteristics of various layered TMDs.[?* %]

Group M X Properties

) Semiconducting (Eg= 0.2~2eV),
4 Ti, Hf, Zr S, Se, Te _ )
diamagnetic.

Narrow band metals (p ~10™ Q.cm ) or

5 V, Nb, Ta S, Se, Te ) )
semimetals, superconducting.
Sulfides and selenides are

6 Mo, W S,Se, Te  Semiconducting (Eg~1eV), Tellurides
are semimetallic (p ~10° Q.cm).

7 Tc, Re S, Se, Te  Small-gap semiconductors.
Sulfides and selenides are
semiconducting (Eq= 0.4eV) and

10 Pd, Pt S, Se, Te _ i .
diamagnetic, Tellurides are

semimetallic and paramagnetic

2.2 Synthesis of 2D Nanomaterials

In light of the attractive properties of graphene and 2D TMDs in mechanics,
optics, physics and electronics, it is doomed to trigger a new research upsurge.
And it has been proved so by the fact that intense interest and many efforts have
been devoted to the fundamentally theoretical and experimental studies. Even
though great breakthrough and progress have been made, the widespread
implementation of graphene and 2D TMDs in semiconductor industry and other
fields has yet to occur. This is primarily due to the difficulties to reliably produce
high-quality 2D nanomaterials, particularly in large scale. Accordingly, among
those research interests in 2D nanomaterials, one key issue is to explore effective
ways to produce high-quality, large-scale 2D nanosheets. Up till now, quite a few
methods have been developed for the production of single- and few-layer 2D
nanomaterials, which can be categorized into two types: bottom-up synthesis by
chemical vapor deposition (CVD) and epitaxial growth and top-down exfoliation
approaches including mechanical exfoliation, chemical exfoliation and liquid-

based direct exfoliation.



2.2.1 Epitaxial Growth of Graphene

Among bottom-up approaches, epitaxial growth of graphene via the sublimation
of silicon from the surface of silicon carbide is a method to obtain relatively
high-quality graphene. This thermal deposition process usually requires high
temperature (>1000 °C) as well as ultrahigh vacuum conditions, both of which
are key to the formation of monolayer and few-layered graphene on SiC
surface.l?® 21 After the sublimation of Si and subsequent graphitization of the
excess carbon left behind, graphene can form nearly perfect structure on both
silicon-rich face (0001) and carbon-rich face of the hexagonal phase SiC (4H-
SiC or 6H-SiC). More recently, graphene growth on cubic phase silicon carbide
has been demonstrated.”® Graphene grows in a single orientation on a Si-rich
face, exhibiting a regular Bernal stacking and rather poor uniformity due to the
surface pits. On the contrary, graphene shows rotational stacking and higher

conductivity on a C-rich face.

The advantage of this method lies in that high quality graphene can be directly
synthesized on the insulating substrate, which is suitable for the wafer-based
applications. For example, various kinds of electronic components or devices can
be constructed atop without involving the transfer process. However, this method
also has its limitation. Unlike metal used in CVD method that will be introduced
below, SiC is hard to be removed, which renders the transfer process to other
substrate difficult to be accomplished, although some attempts for the transfer of
epitaxial graphene onto arbitrary substrate have been demonstrated, such as using

the thermal release tape. 1% %!
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Figure 2.2. a) Close-up low energy electron microscopy image of graphene with
monolayer coverage on the terrace and bilayer/trilayer growth at the step
edges.®® b) Schematic illustration of single- to few-layered MoS2 by
sulfurization of Mo thin film.BY ¢) The formation of graphene films by CVD of
carbon atoms onto a copper surface and subsequent roll-to-roll transfer to target

substrate.?!

2.2.2 CVD-Grown 2D Nanomaterials

The CVD technique is actually not very new, which has been attempted by
Blakely and his group to study the thermodynamics of growth “monolayer
graphite and bilayer graphite” on Ni (111) crystals in 1970s. In the CVD growth
of graphene, carbon sources such as CH; gas, methanol, or poly(methyl
methacrylate) (PMMA) can be catalyzed by metals to deposit carbon atoms on
metal surfaces and form large area graphene with the quality subject to the
reaction temperature (usually 800~1000 °C) and vacuum degree.’*3% The
graphene can be transferred to the arbitrary substrate after removal of the metal
substrate using chemical etching agent. There are various suitable metal
substrates, such as Co, Pt, Ru, Ni and so on,*”*°! among which Cu and Ni are
mostly used. Compared to nickel-based CVD growth, copper can lead to lager
higher percentage of single layer graphene with larger grain size after annealing

process.

10



Many efforts have been paid to the development of CVD method, because it on
one hand can readily control the growth thickness of graphene sheets and on the
other hand can produce large size graphene ranging from tens of microns up to
30 inches.*! Moreover CVD method can facilitate the substitutional doping
process via introducing heteroatoms such as nitrogen and boron, which will favor
the functionalization or fine tune of graphene transistors. Add to that CVD-
grown graphene could be patterned by microfabrication techniques and is thus

suitable for miniaturized devices and high-density electric circuits.

CVD methods for growing ultrathin TMDs have been demonstrated. Take MoS;
for an example, various solid precursors are selected to prepare atomically thin
films of MoS,: substrates dip-coated in ammonium thiomolybdates
142 gas-

phase reaction of sulfur powder and MoO3 powder and co-deposited on nearby

[(NH4),M0S,4] and heated in sulfur vapor via a two-step thermolysis;

substrates;***°! sulfurization of Mo metal thin films.*! More recently, CVD
syntheses of other 2D TMDs have been reported, such as MoSe,,*®! WS, 1" 4!
WSe, 145

However, there are also some inevitable drawbacks of this CVD method. For
practical applications, CVD-grown thin films have to be transferred to the target
substrate. In order to protect the intactness of 2D thin films from breaking into
small fragments due to water surface tension during the transfer process, a layer
of protective polymer, such as PMMA needs to be coated onto surface prior to
etching away metal substrate. Subsequently, PMMA is got rid of by dissolving in
acetone. As evidenced by experiments, additional detriments are induced with
respect to the quality and continuity of 2D thin films, such as PMMA residues,
cracks and contaminations, which will exert undesirable impact on the physical

and electronic properties.

2.2.3 Micromechanical Exfoliation
Mechanical exfoliation method of layered compounds has been used for some

time to produce thin samples. Because Layered materials comprise of strong in-
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plane chemical bonds but weak out-of-plane interaction, namely van der Waals
force, complete top-down exfoliation of these bulk layered materials to yield thin
nanosheets at nanometer or even atomic thickness is possible. In 1999, Ruoff’s
groupt®!!

force microscope (AFM) tip, in which graphite pillars were patterned into highly

attempted the exfoliation of graphite pillars by manipulating an atomic

oriented pyrolytic graphite (HOPG) by plasma etching (Figure 2.2a). The
thinnest slabs were observed at that time more than 200 nm thick, which is
equivalent of ~600 layers. Subsequently, Kim et al. modified the method by
using the mounted graphite on the cantilever as the tip of AFM in order to
transfer thin graphite samples onto a SiO,/Si substrate.*? Graphite crystallites
with a thicknesses of 10 nm to 100 nm and a lateral size of ~2 um were
successfully extracted from bulk counterparts (Figure 2.2b). But these methods
don’t give birth to the monolayer graphene sheet until 2004 when it is first
discovered by Geim and Novoselov,™ who were therefore awarded the 2010
Nobel Prize in physics. They developed quite a simple way to realize the
successful exfoliation of graphite into single-layer graphene, i.e. Scotch tape or
peeling-off method. After repeated peeling of small mesas of highly oriented
pyrolytic graphite, the tape is ultimately pressed down against a substrate to
deposit a sample (Figure 2.2c). The flakes present on the tape might be much
thicker than one layer, but van der Waals attraction to the substrate can facilitate

the delamination of a single sheet when the tape is lifted away.

Such a method, not limited to graphite, is also suitable for exfoliation of other
layered materials. Various 2D nanomaterials are successfully peeled from their
parent bulk crystals by using adhesive tapes, such as BN, and TMDsP?** and
optically identified by light interference.’® °" Although micromechanical
cleavage can produce defect-free samples, which is suitable for the fundamental
study, its low throughput restricts the application, hardly meeting the

requirements of large-scale production and applications.

2.2.4 Chemical Exfoliation
Taking into account the drawbacks of mechanical exfoliation method, such as the

low yield and unlikelihood of industrial scalability, the challenge of developing
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other alternative routes to produce 2D nanomaterials (particularly refers to
graphene synthesis) has become the focus of many researches. Beyond the
scalability, this process should on one hand produce high-quality graphene
nanosheets without compromising high mobility, on the other hand provide
controllable manners over the sheet thickness with respect to building devices
with uniform performance, ease of integration into peripheral systems as well as

compatibility with various substrates.

Among the follow-up strategies, graphite oxide, the oxidized form of graphite
derived from the chemical oxidation of graphite, is regarded as a more important
and frequently used method. The preparation of graphite has evolved for
centuries and during this period two alternative routes developed by
Staudenmaier in 1898%% and Hummers in 1958"% are more accepted. However,
due to more time-consuming and hazardous of previous methods, Hummer’s
method remains a more widely used approach to produce graphite oxide by using
graphite and an anhydrous mixture of concentrated sulfuric acid, sodium nitrate
and potassium permanganate. Graphite oxide can be easily exfoliated to produce
single-layer graphene oxide (GO) through ultrasonication®® or mechanical
stirring of graphite oxide aqueous solution for long timel®!. Graphene oxide, an
important graphene derivative, comprises of plenty of oxygen-containing
functional groups on its edges and basal plane such as carboxyl, epoxy and
hydroxyl, the presence of which results in a larger interlayer spacing (6-12 A)
than graphite (3.4 A) and offer active sites for graphene functionalization via
covalent or noncovalent manners, such as integrating biorecognition molecules
to fabricate biosensors,®? modified as buffer layer in polymer solar cells’®® and
so on. Graphene can be obtained by thermal, chemical or photo reduction of
graphene oxide to restore its n-conjugated structure, i.e. reduced graphene oxide
(rGO).[®® Graphene production in such a way is low-cost and highly scalable
up to a ton scale, nevertheless, the large amount of residue defects caused by
incomplete reduction process significant limits the applications in electronics and
optical devices.** ¢ ®1 Compared to the mechanically exfoliated pristine
graphene, rGO is of lower quality because the conductivity and charge carrier

mobility are jeopardized.
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Figure 2.3. a) Micromechanical exfoliation of graphite by using the scotch tape.
b) Production of graphene oxide by chemical exfoliation and subsequent

reduction into rGO.

2.2.5 Liquid-based Direct Exfoliation

More recently, another top-down exfoliation strategy, i.e. liquid-based direct
exfoliation (LBE), shows remarkable progress in making many kinds of 2D
nanomaterials. LBE refers to a collection of methods that directly exfoliate bulk
materials into 2D nanomaterials in the liquid media without the need for
chemical oxidation of the bulk materials (Figure 2.4). It includes not only
ultrasonic exfoliation in organic solvents, but also other approaches where the
exfoliation process mainly happen by taking advantage of the liquid media, such
as the liquid phase exfoliation by surfactants, ionic liquids, salts and etc., the
electrochemical exfoliation in various liquid media and the shear exfoliation
method. This LBE strategy is getting more and more attention because it
represents an extraordinary versatile, potentially up-scalable and sustainable
route for the production of a wide variety of (or virtually any) 2D nanomaterials.
The as-made 2D nanomaterials show desirable materials properties and good
solution dispersing ability, which significantly facilitate the formation of
functional composites and hybrids by simple mixing and is convenient for

casting into different thin films for device and coating applications.
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Figure 2.4. Schematic illustration of Liquid-based direct exfoliation of bulk-

layered crystals.

2.2.5.1 Direct Ultrasonic Exfoliation in Liquid

Direct ultrasonic exfoliation in liquid refers to a collection of methods, which
produce 2D nanosheets by direct ultrasonication of their bulk materials in liquid
media. There are two crucial parameters involved in this method. One is the
commonly required ultrasonication (bath sonication or probe sonication).
Layered materials can be successfully exfoliated upon exposure to the ultrasonic
waves. Such waves can generate shear forces or cavitation bubbles,/’” which will
afford high energy upon collapse of bubbles or voids in liquids to break up the
layered structure and produce single- or few-layered nanosheets. The liquid
media, such as the organic solvent or the aqueous solutions of stabilizers, ionic
liquids, and salts, also plays important roles in the reduction of the potential
energy barrier existed in the interlayers of the bulk materials and subsequent

stabilization of nanosheets via interfacial interactions.

15



Organic-solvent based exfoliation involves the dispersion of bulk-layered
materials in a selected organic solvent, ultrasonic exfoliation and subsequent
purification process. A suitable solvent will reduce the potential energy between
adjacent layers (energy minimization) to overcome the van der Waals attraction
and the solvent-nanosheets interaction could balance the inter-sheet attractive
forces to stabilize the dispersion of nanosheets.’ Two independent groups
reported the first successful direct exfoliation of natural graphite powders in
organic solvents in 2008.L> ® After that many efforts have been devoted to more
in-depth study in the interaction between organic solvents and solid flakes,
pursuit of proper solvents for the effective exfoliation, and improvement of the
stability of concentrated dispersion of graphene sheets. Coleman’s group
performed a library survey of organic solvents used in the liquid exfoliation of
graphite. They found the best solvents for producing large quantities of graphene
sheets should have a surface tension around 40 mJ m (equal to a surface energy
of 70 mJ m™), such as N-methyl-2-pyrrolidone (NMP ~40 mJ m™?), and N,N-
dimethylformamide (DMF ~37.1 mJ m™), which matches the surface energy of
graphene (68 mJ m™) (Figure 2.5)."®! The absence of D band of large graphene
flakes in Raman measurement confirmed the ultrasonic process did not introduce
any structural defects, while its appearance in small graphene flakes was mainly
due to the edge defects. Transmission electron microscopy (TEM) measurement
shows that the exfoliated graphene sheets are single and few layers, with a
dispersion concentration of 0.01 mg mL™ and a lateral size of ~500 nm to 3 um.
In order to further improve the graphene yield, alternative organic solvents have
been attempted. For example, ortho-dichlorobenzene (ODCB) increased the
concentration to ~0.03 mg mL™ via n-r stacking interaction with graphene,!™
while perfluorinated aromatic molecules such as CgFsCN could give a stable
concentration of 0.1 mg mL™ through the matching surface energy and donor-
acceptor interactions.l”® Apart from searching for more suitable solvents, other
factors such as ultrasonication time and power are also investigated to increase
the yield. Khan et al. reported the improved graphene concentrations up to 1.2
mg mL™ with ~4 wt% monolayers by simple low-power ultrasonication in NMP

for very long time, up to 460 h.["®
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Figure 2.5. Concentration of graphene dispersions produced by various solvents
plotted versus solvent surface tension. b) Raman spectra of bulk graphite and
graphene flakes. c) and d) TEM images of monolayer graphene and folded

graphene sheets. Reproduced with permission.t”®!

Unfortunately, some disadvantages also exist for the dispersions of graphene in
aforementioned solvents, especially for good solvents such as NMP and DMF.
Their high boiling point and toxicity would hinder applications where solvent
residues may greatly deteriorate the device performance. To address this issue,
low boiling point solvents including isopropanol (82 °C),l'’” chloroform (61
°C),"® acetonitrile (ACN, 81.6 °C)I"® have been reported, giving a concentration
of 0.5~1 mg mL™.

Other than graphite, more bulk-layered materials could be processed in such a
solvent-based exfoliation to yield good quality, high concentration and stable
dispersions of 2D nanosheets, such as MoS,, WS, and BN.!%#4

Although direct exfoliation in organic solvents is simple and straightforward, the

use of organic solvent is less environmentally friendly. To address this issue,
stabilizer-based exfoliation is developed to produce 2D nanomaterials in the
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aqueous solutions under the assistance of stabilizers including surfactants,
polymers and pyrene derivatives. The use of stabilizer can effectively tune the
surface tension of the aqueous solution so as to allow efficient exfoliation. A
variety of ionic surfactants are brought into the spotlight, which includes anionic
surfactants, such as sodium dodecylbenzene sulfonate (SDBS),™ sodium
cholate (SC),®® and sodium deoxycholate (SDC) bile salt®! and cationic
surfactants, such as cetyltrimethylammonium bromide (CTAB).®® The presence
of ionic surfactants can facilitate the exfoliation and stabilize as-obtained 2D
nanomaterials via the electrostatic repulsion between each other. This can be
ascribed to the special structure of ionic surfactants, where the hydrophobic tail
groups can absorb non-polar objects via various interactions such as van der
Waals interactions and hydrophobic interactions; while the hydrophilic head
groups are prone to dissociate to endow the flakes charged. Well-dispersed 2D
nanomaterials not limited to graphene but also TMDs, BN and MnQO; can be

readily obtained.

Non-ionic surfactants tend to stabilize the graphene dispersion better than ionic
ones, probably due to the more efficient steric repulsion than electrostatic
repulsion. The hydrophobic tail absorbs on exfoliated sheets while the long
hydrophilic part spreads into water. Once the graphene sheets approach close to
each other, the protruding head groups will interact to induce osmotic repulsion.
Guardia and coworkers who prepared graphene aqueous dispersion in a wide
range of non-ionic surfactants in comparison with several ionic ones via direct
bath sonication in water found that the concentration of graphene dispersion
obtained from non-ionic surfactant was much higher (Figure 2.6).°% The
outcome from Smith et al. demonstrated that the dispersion concentration scaled

linearly with steric repulsive potential barrier.?
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Figure 2.6. Concentration of graphene dispersions obtained by various types of

surfactants. Reproduced with permission.!*®

Generally, larger concentrations of small molecular surfactants and polymers
will lead to high dispersion concentration of graphene nanosheets. However,
difficulties of removal of excessive stabilizer in dispersion may impose negative
effects on the performance of films, composites and electronic devices.
Therefore, search for alternative stabilizers that can stabilize large amount of
graphene sheets at low concentrations is necessary. Polycyclic aromatic
hydrocarbons (PAH) such as pyrene (Py) and its derivatives show great promise
in this respect due to n-m interactions between the planar surfaces of stabilizer
and graphene.®>**! onic liquids (ILs), a type of semiorganic salts with a melting
point below 100 °C, can also be used in the stabilization of graphene nanosheets

via Coulombic interaction.%-102

Different from the abovementioned liquid media, which take effect via surface
interaction with layered materials, Li*-assisted exfoliation method shows another
mechanism. This method involved the intercalation of Li* by soaking MoS;

powders in the hexane solution of BuLi for 48 h and subsequent reaction of the
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dried intermediate product with water under ultrasonication. The released
gaseous hydrogen can force the layers apart.l*%*%! Note that this Li-assisted
exfoliation has drawbacks owing to its sensitivity to ambient conditions;
therefore more attention should be paid to the intercalation process, which is

normally conducted in inert gas-filled glovebox.

2.2.5.2 Electrochemical Exfoliation

Unlike the direct ultrasonic exfoliation method that typically requires longer time,
the electrochemical exfoliation of bulk-layered materials in a two-electrode
system can be accomplished in minutes. The basic concept of electrochemical
exfoliation is to intercalate ionic species into bulk-layered materials under an
electrochemical bias, and to facilitate the subsequent ultrasonic exfoliation. The
experimental setup for electrochemical exfoliation with anionic species involves
using bulk-layered materials as anode and another material (such as Pt) as
counter electrode (Figure 2.7). It is found that the electrolyte that contains
anionic SO,* was effective in the exfoliation of bulk-layered materials, such as
H,S0, aqueous solutiont*%® "1 and SO,*-containing salt solution™® ! The
oxidation of water under bias voltage generated hydroxyl and oxygen radicals,
which would induce oxidation and hydroxylation to edge sites and grain
boundaries of graphite electrode. The defective sites could facilitate the
intercalation of SO,* into graphite interlayers. Subsequently, the expansion of
interlayer spacing occurred due to the release of gaseous SO, or anion
depolarization (Figure 2.7e). Moreover, other electrolyte containing either
surfactant (e.g. poly(sodium-4-styrenesulfonate) )™ or 1Ls!** %21 was proved

to be effectively produce 2D nanomaterials.
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Figure 2.7. a) Schematic illustration of electrochemical exfoliation of graphite in
acid solution. b) Photos of graphite flakes before and after exfoliation. c)
Exfoliated graphene floated on top of water. d) Dispersed graphene sheets in

DMF. e) Proposed mechanism for electrochemical exfoliation.[**"

Other than the anions that can help produce 2D nanomaterials in electrochemical
exfoliation, cations such as Li* also plays an important role. Unlike direct Li-
assisted exfoliation that requires high reaction temperature (e.g. 100 °C) and long
reaction time up to several days, and lacks of the controllability over the degree
of Li intercalation, Zeng et al. developed a simple and effective method to
fabricate single-layered 2D nanomaterials with high yield through a controllable
lithiation process (Figure 2.8). In this method, bulk-layered materials, such as
MoS,, WS,, TiS,, TaS,, ZrS, and graphite, were incorporated into an
electrochemical setup as cathode, and the Li foil served as anode to provide Li
ions.!3 114 The efficiency of Li" intercalation was remarkably improved under
the electrochemical bias, compared to the previous pure ionic diffusion. This
whole process was easily finished within 6 h at room temperature and the

lithiation could be monitored and well controlled in a battery system. It avoids
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either the incomplete Li insertion that produces low yield of single-layered 2D
materials or the over insertion that can result in decomposition and formation of

metal nanoparticles and LiS,.**!

It is worth noting that this method would alter
the electronic properties from semiconducting to metallic (e.g. MoS;) and
additional annealing at 300 °C was required to restore their intrinsic

properties. 1!
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Figure 2.8. Schematic of electrochemical lithiation process for the production of

2D nanosheets from bulk-layered crystals.!**!

2.2.5.3 Shear Exfoliation

Previously, shear mixing is popular in the dispersion of aggregated nanoparticles
that are weakly bound together in liquids. This method has been reported in
papers and patents as part of the process for the exfoliation of graphite and other
layered materials.**”**! In all cases, these bulk-layered materials (e.g. graphite
and TaS;) were firstly treated with sulfuric acid, through which it could form
intercalated intermediate products with weakened interlayer bonding, and then
the shear force exfoliation was conducted. The synthesized flakes were usually
thick, ranging from 10 nm to 100 nm. It is the intercalation process rather than
shear force exfoliation that determines the exfoliation efficiency. This will

restrict the potential of scaleup production as well.
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This issue was recently addressed by Coleman’s group via a high-shear method
without the need for the pre-intercalation step. Paton et al. demonstrated that
high-shear mixing of graphite in suitable stabilizing liquids led to large-scale
production of defect-free graphene sheets.™® In this method, the shear mixer
consisting of rotor and stator (or rotating blades) was used to generate high shear
rates in liquids, to which the layered powders were added. So long as the
interaction between liquid media and layered material energetically allows the
exfoliation and the liquid can stabilize as-produced nanosheets, the shear forces
will cause delamination of nanosheets from the layered crystal. The exfoliation
process could happen once the local shear rate exceeding 10* s™ as unveiled in
the simple model. The scalability of this shear exfoliation method was also
carefully investigated, showing that it was closely related to such variables as the
initial graphite concentration (C;), mixing time (t), rotor diameter (D), liquid
volume (V) and rotor speed (N). These parameters followed a certain scaling law
(Figure 11c). This superlinear relationship between production rate and liquid
volume made scaleup a reality. The exfoliation could be achieved in liquid
volumes up to hundreds of liters with a production rate of 1.44 g h™ for graphene,
far higher than previously reported ultrasonication methods. Meanwhile, it gave
defect-free nanosheets with dimensions similar to those produced by

ultrasonication methods.
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red line represents a minimum shear rate y ~ 10* s, c) Concentration of 2D

nanosheets dispersed in NMP following the certain scaling behavior.!*%!

2.3 2D Nanomaterials-based Composites

Due to the hydrophobic characteristic of pristine graphene, its solubility in water
and most of the solvents without the assistance of dispersing reagents is not
appreciable, which renders it a concern in the processing of graphene composites.
In order to improve the solubility, functional groups have been introduced and
anchored to the carbon backbone by chemical modification,*** *#? covalent™®

121 or noncovalent functionalization. ! 2!

2.3.1 2D Nanomaterial-Inorganic Composites

As an ideal template, inorganic nanomaterials including metal nanoparticles
(NPs), metal nanowires and semiconductor materials have been synthesized on
the top of graphene surface. Those attempted NPs such as Au,l2261%1 pq [130.131]

Ni,* and Cu,™** and metal NWs™***®! have been applied in different areas
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such as the catalysis, electrochemical sensingt™*" *** and the surface-enhanced
Raman scattering.™*! The graphene-metal NP composites can be mainly
fabricated by chemical reduction.®® % And other methods, such as
photochemical synthesis,**"! microwave-assisted synthesis,™** electroless
metallization™™*! and thermal evaporation,'**? are applied as the supplements or
alternatives.

Regarding those semiconductor nanomaterials, such as TiO,,X434! znQ,1146-1481
SnO,, M9 10 Mn0O,, 113t 1921 Co50,,1%3 21 and chalcogenides CdSe,™*> ¢ they
show promising applications in electronics, optics and energy-based devices such
as solar cells, batteries and supercapacitors. The fabrication methods for
graphene-semiconductor composites include in-situ crystallization, solution

mixing, microwave-assisted growth, electroless deposition and vapor deposition.

2.3.2 2D Nanomaterial-Polymer Composites

The combination of graphene and polymer to form graphene-polymer composites
also shows promising properties and performances. And the performances
depend on not only the quality of graphene filler and polymer matrix, but also the
dispersity of the filler, the bonding and ratio between one another. Based on the
interaction of graphene and polymers, the graphene-polymer composites can be
classified into three types, graphene-filler polymer composites, layered
graphene-polymer films and polymer-functionalized graphene sheets.!**" %8
Similar to the conventional polymer processing, the methods applied for the
fabrication of graphene-polymer composites includes: solution mixing,™> %

melt blending™" and in-situ polymerizationt*®% %%,

2.3.3 Other Composites

Other than the two types mentioned above, materials such as organic
molecules,*** **! metal-organic frameworks (MOF),[**® biomaterials,™**" 1! and
carbon nanotubes (CNTs)™%*" have been incorporated into graphene to form
composites. For example, N, N’-dioctyl-3, 4, 9, 10-perylenedicarboximide

(PDI)-GO core-shell wires were formed through the n-r interaction, which was
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used in solar cells.'® MOF-5 growing on a template of benzoic acid-

functionalized graphene shows a wire-like structure.™®

2.4 Applications of 2D Nanomaterials in Electronics

Due to the excellent physical and chemical properties and as-established
synthetic methods for both solid and solution process, graphene and 2D TMDs
has exhibited great potentials and been regarded as the building blocks for a
variety of applications, such as FETs,*"?*" supercapacitors,1*** 171 179 180
s’[181-185]

memory device photocatalysis,[*¢2#1 sensors, [ #9191 photovoltaic

devices®® 19224 and the like.

Among those applications, photovoltaics devices that can harvest the sunlight
and convert the solar energy into electricity are the foremost priority of our
research. Organic photovoltaics (OPVs) typically consist of electrodes (anode
and cathode), a mixture of n-type and p-type organic semiconductor, and buffer
layers. For perovskite solar cells, the only difference is the active layer.
Therefore its performance including open circuit voltage (Vo), short circuit
current (Jsc), fill factor (FF) and long-term stability is closely related to material
properties of each layer. 2D nanomaterials owing to their excellent physical and
chemical properties has been intensively investigated by incorporating into OPVs
as various essential parts, such as transparent electrodes, hole transport layers

(HTLs), electron transport layers (ETLS), n-type acceptors and packaging layers.

2.4.1 Transparent Electrodes

Traditionally, transparent conductive oxides, such as indium tin oxide (ITO) and
fluorine-doped tin oxide (FTO), play a dominant role in OPVs because of their
high transparency of 80~90% and low sheet resistance 10~30 Q. However, there
are some disadvantages including increasing price, scarce of reservation, rigidity
and incompatibility with flexible substrates and instability towards the acid or
base that have seriously impeded the future applications. As a result, many
efforts have been devoted to seeking for new materials of low cost, flexible and
compatible with large-scale manufacturing process to replace ITO for OPV

applications. Currently, alternative electrodes including CNTs,?%%" metal
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grids, 2% 2 metallic nanowires,”* 21 conductive polymers like poly(3,4-

)[212, 23] 40

ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS
graphene films®* #°! have been demonstrated. CNTs are relatively cheap and
easily deposited into large-area, conductive thin films, but the tube-tube contact
resistance is high, which limits the conductive pathways within the whole
films.[2® Metal grids that usually involve the photolithography and subsequent
metal evaporation process are restricted to prepare large area electrodes. Metallic
nanowires can be prepared by solution process and exhibit performance
comparable to ITO with respect to the transparency (>85%) and sheet resistance
(<20 Q).[2% 2171 Nevertheless, it might be limited due to the rough surface that
easily leads to a short circuit and poor adhesion to substrates that is not solid
enough to withstand any friction. Though PEDOT:PSS after doping exhibits high
conductivity and can serve as the electrode in OPV devices!®®, its instability
upon the exposure to the environment is a major problem for the practical
applications. It appears that the conductive and chemically stable graphene has
an edge over others. As a matter of fact, the sheet resistance of graphene,
whatever the approach it is made from is higher, usually on the scale of kQ sq™.
Thus, doping or modification has to be conducted to lower down its sheet

resistance so as to quality for the electrodes in OPVs.

Key points of graphene anode in OPVs lie in the conductivity, work function and
surface property. Pristine CVD graphene has a much lower conductivity than that
of ITO and its work function (~4.5 eV) mismatches the highest occupied
molecular orbit (HOMO) of most donor organic semiconductors (~5.0 eV),
which will result in the hole-injection barrier between graphene and donor
materials. Therefore it is necessary to modify graphene by p-type doping so as to
be suitable for the anode in OPVs. Several approaches could achieve p-type
doping effect, such as the acid treatment,’®* 22! molecule coating'?**! or metallic
contact®??l. The work function of few-layer CVD graphene was improved from
4.2 to 4.7 eV by non-covalently binding with pyrene butanoic acid succidymidyl
ester (PBASE) via n-n interaction.”! The strong electron affinity of PBASE
aromatic rings can withdraw electrons from graphene to induce p-type doping.
The modified graphene was integrated as anode into OPVs with a structure of
graphene/PEDOT:PSS/P3HT:PCBM/LIiF/Al. Compared to the unmodified
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graphene, the power conversion efficiency (PCE) of as-fabricated OPVs was
increased from 0.21% to 1.71%. Park et al. reported the p-type doping of CVD
graphene by using AuCls, which can not only improve the conductivity but also
alter the work function and surface wettability.”®? Thus the PCE was
significantly improved from 0.53% to 1.63%. Multilayer graphene with higher
conductivity can be acquired by layer-by-layer (LBL) transfer method.® Four-
layer graphene film after further doping by HCI and HNO3 has a sheet resistance
of ~80 Q sq* and a transmittance of ~90% at 550 nm. Subsequently the
evaporation of a thin layer of MoO3z (2 nm) on graphene surface allows the
effectively spreading of PEDOT:PSS and also improve work function from 4.36
eV to 5.47 eV. The work function is favorable for the hole extraction and a PCE
of 2.5% was obtained. Hsu et al. reported a LBL doping process of multilayer
graphene via thermal evaporation of tetracyanoquinodimethane (TCNQ)
molecules onto the surface of each layer. Three layers of graphene showed a
sheet resistance of ~140 Q sq™ and a transmittance of ~90% and the OPV device
exhibited a maximum PCE of 2.58%. More approaches were developed to deal
with graphene’s hydrophobic surface: thermal evaporation of PEDOT film,?*!
insertion of a more wettable layer of PEDOT:poly(ethylene glycol) (PEG)
between graphene and PEDOT:PSS,*®! mixing PEDOT:PSS with IPA,** or
using another polythiophene derivative RG 1200.1%81 Apart from building the
device structure onto the rigid substrates, graphene electrode-based OPVs can
also be constructed onto flexible substrates thanks to its excellent mechanical
strength. Lee et al. transferred multilayer graphene on PET, doped with HNO3
and SOCI, and obtained flexible OPVs with a PCE of 2.5%.%%! Liu et al
fabricated the flexible OPVs on the polyimide (PI) substrate by using two-layer
graphene doped with PEDOT:PSS and Au nanoparticles. The optimized OPVs
showed a PCE of ~3.2% and excellent bending stability with 8% decrease of
PCE even after 1000 cycles bending test.*” Using the same doping treatment,
they integrated single-layer graphene into semitransparent OPVs as top electrode.
The electrode showed a sheet resistance <100 Q sq™* and a transmittance of ~90%
and the device based on P3HT:PCBM (Poly(3-hexylthiophene):[6,6]-Phenyl-
C61-butyric acid methyl ester) exhibited higher PCEs of ~3% when illuminated
from graphene electrodes due to the high transparency (Figure 2.10a).2" Very

recently, You et al. reported the fabrication of semitransparent perovskite solar
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cells with graphene electrodes. The device shows a maximum PCE of
12.02%.12%

a)

00 02 04 06 08
Voltage (V)

8.1eV

Wavelength: 700 nm

PDMS/PMMA/Graphene

PEDOTPSS
Spiro-OMcTAD .| Hluminated from:
Perovskite -

TiO FTO
1o | = Graphene

Glass

0 25 30 35 40 45 50
Transmittance (%)

Figure 2.10. Schemes of as-fabricated OSCs with transparent graphene
electrodes prepared by multiple CVD graphene transfer a)***! and rGO b)!*® ¢) A
semitransparent perovskite solar cell and the corresponding PCEs as a function

of transmittance.*?

Beyond CVD graphene, solution processable rGO has also been widely
investigated for preparing the transparent electrode for OPVs owing to the low
cost and facile fabrication process. Plenty of methods could be used to prepare
the rGO thin films, such as spin-coating, dip-coating, vacuum filtration and
Langmuir-Blodgett assembly (LB). Note that the pure rGO films still face the
same issue: low conductivity. rGO thin films generally have a sheet resistance of
hundreds of kQ sq™ at higher transmittance and the reported OPVs exhibited
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quite a low PCE (<0.4%) (Figure 2.10b).* 2 Hence, chemical doping®®* or

hybrid rGO films are necessitated to improve the conductivity.

For the graphene cathode in OPVs, not only the high conductivity is essential,
but also an appropriate work function that can match the lowest unoccupied
molecular orbit (LUMO) of n-type organic semiconductors to facilitate the
collection of electrons is requisite. Pristine CVD graphene often shows a p-type
doping effect due to the physical absorption of moisture and oxygen, therefore it

is necessary to n-type dope graphene to lower down the work function.

N-type doping by the substitution of carbon with nitrogen or boron atoms is not
an ideal manner, because it results in more defects and deteriorate the carrier
mobilities of graphene.[?* 2% Alkali carbonate salts (e.g. Cs,COs, and Li>CO3)
could be another way to accomplish the n-type doping of graphene.’™® Through
this way, Huang et al. found the efficiencies of OPVs increased with the decrease
of work function of rGO-CNT cathodes.!”*"! Self-assembled monolayer polymers
with dipole moment can also tune the work function.’*® 2! polymer (WPF-6-
oxy-F) doped graphene can decrease the work function from 4.58 eV to 4.52 eV
and the inverted OoPV structure graphene (WPF-6-0xy-
F)/P3HT:PCBM/PEDOT:PSS/Al exhibited a maximum PCE of 1.23%.
Moreover, the deposition of low work function metal on graphene surface is also
studied. Zhang et al fabricated an inverted device with a structure of
graphene/Al/TiO,/P3HT:PCBM/M003/Ag and the device showed a PCE of
1.59%. 124

2.4.2 Buffer Layers

The buffer layers consist of two types: HTL and ETL. In OPVs, a HTL that
should be p-type with a wide bandgap plays important roles as follows: 1) to
minimize the energetic barrier and inhibit the reaction between the active layer
and electrode; 2) to transport holes meanwhile blocking electrons; 3) to enable
good morphology of active layer; 4) to serve as an optical spacer.?®* ***! For long
time, solution processable PEDOT:PSS dominates among various HTLs to

minimize the energy barrier between the active layer and ITO and shows
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promising performance. However, its high acidic nature inevitably erodes the
ITO electrodes and leads to instability of OPVs. Some other alternatives have
been attempted including MoOs,**? NiO,?*! and V,05,%* while they are
usually deposited via vacuum process, which is not suitable for solution
processable OPVs.

GO or rGO was found to be suitable HTL by solution casting into thin films.
Various groupst?®* 245 241 jntroduced GO as HTL to fabricate P3HT:PCBM
based OPVs which exhibited PCEs of 3.5% and the devices based on high
performance active layer (PC7:BM)®242* showed PCEs up to 7.5% (Figure
2.11a). rGO either prepared by using p-toluenesulfonyl hydrazide reductant or
functionalized with sulfonic acid acted as HTL in OPVs showing PCEs of ~3.6%
and 7%, respectively.”*> %% Furthermore, GO composite hybridized with other
materials such as PEDOT:PSS, CNT, and transition metal were studied as well
to serve as the HTL.[5%2%]
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Figure 2.11. a) Scheme of as-fabricated OSCs with GO as HTLs and
corresponding J-V curves.*® b) Scheme and energy band diagram of as-
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fabricated OSCs with rGO as ETL.1?* ¢) Scheme of as-fabricated inverted-OSCs
with MoS; as HTL.*

For the ETL, GO has to be n-type doped via similar ways mentioned in Section
2.4.1. For example, Liu et al fabricated the OPVs by using GO as HTL and
Cs,COs-treated GO as ETL. The normal and inverted devices showed PCEs of
3.67% and 2.97%, respectively.®™ Other than the alkali salts doping, GO
hybridized with other ETL oxides (e.g. ZnO, TiO;) was synthesized for ETLS
(Figure 2.11b).»* 2°®1 Moreover, 2D TMD nanomaterials including MoS,
(Figure 2.11c),[83 2022031 Nps, 1971 \WS,1257] and TaS,*® have been employed as
buffer layers in OPVs.

2.4.3 Acceptors

The high electron mobility and large surface area have allowed graphene to be
promising electron acceptors to replace conventionally used fullerene derivatives
such as PCBM. In 2008, Liu et al. integrated the isocyanate functionalized GO
acceptor and P30T donor into OPVs, the best PCE of which is 1.4%.1°% Lj et al.
reported the OPV devices using functional graphene quantum dots (GQDSs) as
electron acceptor and P3HT as donor (Figure 2.12a).%°% In this device, the
LUMO level of GQDs is estimated to be 4.2~4.4 eV, and this means that the
open circuit voltage of P3HT/GQDs-based device should be around 0.8 V, which
is consistent with measured results (0.77 V). Dai’s group reported the synthesis
of P3HT-grafted GO sheets via the esterification of CH,OH-terminated P3HT
and GO sheets and further demonstrated a bilayer photovoltaic device based on
G-P3HT/Cgp. The PCE was 200% increased up to 0.61% compared to that of
P3HT/Cgo.°"! Afterwards, they developed Ceo-grafted graphene via a lithiation
process to serve as the electron acceptor, which was blended with P3HT for
fabrication of OPVs, yielding a PCE of ~1.22% (Figure 2.12b).**" Upon
incorporating 1-pyrenecarboxylic acid (PCA)-rGO electron transports layers into
OPVs, the PCE was significantly improved to 2.85%.[%%°]
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Figure 2.12. a) Scheme and energy band diagrams of photovoltaic devices with
graphene quantum dots as acceptor.®® b) Schematic illustration of photovoltaic
devices with C60-G:P3HT as active layer.[®%

2.5 Conclusions and Summary of Research Gaps
Based on the literature review aforementioned, it is easy to understand the
importance of 2D nanomaterials including graphene and TMD nanosheets. Their
exciting and diverse properties in electronics, mechanics, and optoelectronics
have attracted numerous researchers from not only the academia but also the
industry and a huge of various applications has been put into practice. In terms of
the preparation of 2D nanomaterials, this thesis has summarized various
preparation strategies as well was their advantages and disadvantages. Although
those methods show promising perspectives, the widespread implementation of
graphene and 2D TMDs in semiconductor industry and other fields has not really
achieved. The challenge still lies in finding a reliable way to produce 2D
nanomaterials in high quality, large scale and solution-processed manners. Below
are the research gaps including both the preparation and application aspects:

1. Developing a reliable method to produce high-quality and large-scale
graphene nanosheets in solution-processed manners is still necessary.
Since the currently developed approaches are far from satisfying the
demands.

2. Graphene thin films prepared by pure graphene nanosheets suffer the
higher sheet resistance. Therefore, it is quite important to figure out how
to improve the conductivity, e.g. hybridization with other conductive
materials

3. Beyond graphite, a plenty of other bulk-layered materials also requires a

facile preparation strategy to produce 2D nanomaterials.
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2D nanomaterials have been intensively studied in photovoltaic
applications. Graphene electrodes especially prepared from solution-
processed ways bear promising prospects for large area device fabrication.
2D TMDs show superior property in the substitution of conventionally
used HTL PEDOT:PSS, because it is chemically stable and will not cause
damage to the ITO electrode. Thus the incorporation of 2D TMD thin
films into photovoltaics via solution processed manners requests further
study.

Graphene has been functionalized by polymer brushes to offer sites for
the immobilization of biomolecules. However, the electrical performance

after the polymer brushes functionalization is rarely investigated.
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CHAPTER 3 METHODOLOGY

In this chapter, the methodology involved for the thesis is generally introduced.

First, methods used to prepare 2D nanomaterials will be elaborated. Then as

proof-of-concept applications, photovoltaic devices and FET devices will be
fabricated. Finally, various measurements in terms of material characterization

and device performance study will be described.

3.1 Materials Preparation

3.1.1 Salt-assisted Direct Exfoliation

To overcome the drawbacks in the organic solvent-based exfoliation, such as
long time sonication and low yield, we developed salt-assisted direct exfoliation
method. Figure 3.1 illustrates the synthetic process, typically including four
steps: (1) mixing of bulk-layered crystals with inorganic salts (NaCl or CuCly) in
water; (2) boiling of the mixtures and slowly evaporating water, leading to the
formation of intermediated product salt/bulk crystal composites; (3) ultrasonic
exfoliation of salt/bulk crystal composites in organic solvents (N-methyl-2-
pyrrolidone (NMP), or N,N-dimethylformamide (DMF)) and filtration; (4) re-
dispersion into an aqueous solution, centrifugation, and extraction of the upper

suspension to obtain the final 2D nanosheets in water.

raw materials

2D nanosheets

Figure 3.1. Schematic illustration of the salt-assisted exfoliation process of bulk-
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layered crystals into few-layered 2D nanosheets.

3.1.2 CVD Growth of Monolayer Graphene

As introduced in Chapter 2, various approaches were developed to exfoliate
bulk-layered materials into 2D nanosheets and every reported method has their
own pros and cons. On balance, the choice of a proper method depends on the
application designed. CVD method shows merits in the production of high-
quality graphene sheets with controllable layer numbers and intact electronic
structures. Therefore, in the light of the practical electronic applications, CVD

method is a better choice.

Monolayer graphene film was grown on 25 um thick Cu foils in tube furnace
under high temperature (Figure 3.2b). First the air in the tube was evacuated by
the vacuum pump to maintain a low pressure of 3 x 10 Torr. Then H, (10 sccm)
was flowed and meanwhile the temperature was increased to 1050 °C. Cu foil
would be annealed at 1050 °C for 30 min under this reducing atmosphere to
remove any organic residues or oxides. Next, CH, (15 sccm) was introduced as
the carbon feedstock to initiate the reaction for 15 min. After the reaction, CH,
was turned off and the furnace was powered off and moved aside to allow the
tube to cool down. Figure 3.2c illustrates the mechanism of graphene growth on
Cu. Different from Ni, Cu has ultralow carbon solubility, and this results in a
distinct growth process, i.e surface-catalyzed process instead of a segregation
process. The hydrocarbon is catalytically decomposed on the Cu surface. After
the deposition of the first layer graphene, Cu surface is fully covered and no
catalyst is exposed to promote further decomposition of CH4 and graphene
growth. The reaction on Cu is self-limiting because growth for 1 h yields a

similar structure to growth performed for 10 min.[26% 2]
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Figure 3.2. a) The equipment used for the CVD growth of graphene. b) The
close-up setup for CVD growth of graphene. c) Schematic illustration of the

mechanism of graphene formation.

3.2 Material Characterization

3.2.1 Optical Microscopy

The simplest function of optical microscope is designed to make fine details
visible. By employing a group of lens and condensers, small objects or surface
patterns can be magnified so that we can observe through the eyepiece or the

CCD camera which allows the capture of digital images.

3.2.2 Transmission Electron Microscopy

TEM as an analytical tool allows the visualization and analysis of specimens in
the realms of micrometer to nanometer. Compared to optical microscopy, TEM
can reveal much more fine details because of using a focused beam of high-
energy electrons, such as the detailed examination of crystal structure, the
investigation of specimen orientations and chemical compositions. By
illuminating the samples with a beam of electrons within a high vacuum, the
electrons can interact with the specimen and be detected as they transmit through
the sample. In our case, the sample can be simply prepared by d rop  coating
the nanosheets-containing solution onto the copper grid. After natural drying, the

sample is ready for the measurement.
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3.2.3 Scanning Electron Microscopy (SEM)

This electron microscope can produce images of the specimen by scanning it
with a focused beam of electrons, which is generated from the electron source,
accelerated down and passed through a combination of lenses and apertures.
When the electrons hit the surface of the sample and penetrate into a depth of
few microns, they interact with the sample, resulting in the emission of
secondary electrons, backscattered electrons and characteristic X-rays (Figure
3.3). The most common imaging mode collects low-energy electrons (<50 eV),
known as secondary electrons. They are ejected from the K-shell of the specimen
atom (within a few nanometer from the sample surface) by inelastic scattering
interactions with the beam electrons. The number of secondary electrons
collected by the detector can directly reflect the surface topography of the sample.
Backscattered electrons refer to high-energy electrons originating from the
electron beam that are backscattered out of the specimen by elastic scattering
interactions with specimen atoms. Owing to the discrepant backscatter ability
between heavy elements (high atomic number) and light elements, backscattered
electrons are responsible to detect the contrast of areas with different chemical
compositions. Moreover, the characteristic X-rays can contribute to the elemental
analysis of a sample by energy-dispersive X-ray spectroscopy (EDX). When the
electron in the inner shell is excited and ejected from the shell, the vacancy
created can be filled by the electron from the outer, and the energy difference

between the inner and outer shells may be released in the form of an X-ray.

Electrons from
the source
(pnimary electrons, Pe")

Characteristic Back-scattered
X-rays electrons

EhBIOnS!

Figure 3.3. Interaction between sample and electrons in SEM measurement.
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3.2.4 Atomic Force Microscopy (AFM)

An AFM uses a very sharp tip amounted on the end of a cantilever to scan over a
sample surface based on the tip-surface interactions (Figure 3.4). As the tip
approaches the surface, the attractive force between the tip and the surface causes
the deflection of cantilever towards the surface. When the tip-surface distance is
much closer, even making a contact, the increasing repulsive force will result in
the cantilever to deflect away. Such a deflection of cantilever can be reflected by
an optic sensor, which consists of an incident laser beam and a position-sensitive
photo diode to track any change of the reflected beam. Therefore the topography
of a sample can be imaged by scanning the cantilever over a region of interest.
The imaging modes are classified as contact, non-contact and tapping modes
based on the tip-surface interaction force. In contact mode, because the cantilever
is in contact with the surface, strong repulsive force leads to the deflection as the
cantilever scans across the topographical features. In non-contact mode, the
cantilever oscillates just above the surface as it scans. The attractive force
variation caused by the change of tip-surface distance results in the shift of the
vibrating frequency, which can reflect the surface profile leaving the surface
untouched. The tapping mode also scans above the surface, but with higher
oscillation amplitude, which can avoid the tip trapping or any adhesion by the

surface contaminant.

Potential
osition detector laser ’H

> Distance

> < >

Z-scanner
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AFM tip'

sample

I < -scanner

Figure 3.4. AFM working principle. Inset is the interaction of tip-sample as a

function of distance.
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3.25 X-ray Diffraction (XRD)

XRD is a powerful nondestructive technique that can rapidly characterize the
crystalline materials. It provides information on structure, interatomic distance,
bond angles, preferred crystal orientations and so on. X-rays are produced by
bombarding a metal target (e.g. Cu) with a beam of electrons emitted from a hot
filament (e.g. tungsten). The electrons in K-shell (1s) of the target atom will be
ionized by the incident beam and X-rays are emitted as the resultant vacancies
are filled by electrons dropping down from the 2p or 3p levels. This gives rise to
Ka and Kb lines. The XRD peaks are produced by constructive interference of a
monochromatic beam of x-rays scattered at specific angles from each set of
lattice planes in a sample. Therefore, the XRD pattern is the fingerprint of

periodic atomic arrangements in a given material.

3.2.6 Micro-Raman Spectroscopy

It is a spectroscopic technique used to measure the spectra of microscopic
samples by observation of vibrational, rotational and other low-frequency modes
in a system. Generally, a Raman spectrometer is integrated with a Raman
microscope. Different exciting lasers can be used to excite the sample at different
wavelength. The interaction between laser light and molecular vibrations,
phonons and etc., results in the energy of laser photons being shifted up or down.
This energy shift can give information of vibration modes and other low

frequency transitions so as to identify the samples.

3.2.7 Fourier Transform Infrared Spectroscopy (FTIR)

As IR radiation passes through a sample, some of the radiation is absorbed while
some of it is transmitted. The resulting spectrum represents a fingerprint of a
sample with absorption peaks corresponding to the frequencies of vibrations
between the atom bonds. Since each material has a unique combination of atoms,
it has a unique IR spectrum, which can provide a positive identification of
different kinds of materials. FTIR offers quantitative and qualitative analysis for

organic and inorganic samples.
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3.2.8 X-ray Photoelectron Spectroscopy (XPS)

It is a surface-sensitive quantitative spectroscopic technique that can be used to
analyze the surface chemistry including the characterizations of the elemental
composition at the parts per thousand level, chemical state, empirical formula
and electronic state of the elements that exist within a material. Normally XPS
requires high vacuum or ultra-high vacuum conditions (~10® or < 10 mbar),
therefore the solid sample is favorable. During test, a beam of X-rays (200~2000
eV) is irradiated into a material and meanwhile the kinetic energy and number of
electrons that escape from the very top surface (0~12 nm) of the material are
measured. After analysis, XPS spectra can be acquired. Figure 3.5 shows the

working principle of XPS.
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Figure 3.5. The working principle of XPS.

3.2.9 Thermo-gravimetric Analysis (TGA)

TGA is a thermal analysis method in which mass changes are measured as a
function of increasing temperature or as a function of time with constant
temperature. It is commonly used to determine the mass loss or gain of target
specimen due to decomposition, oxidation, or loss of volatiles. By programming
the furnace such as the heating rate and temperature, the mass change can be
measured as a function of temperature so that we can interpret the composition of

selected materials.

3.2.10 UV-Vis Spectroscopy
It refers to the absorption spectroscopy in the ultraviolet-visible spectral region

by the measurement of the attenuation of a beam of light after it passing through
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a sample. With two equal-intensity beams of light passing through two identical
cuvettes respectively, one contains the solvent as the reference and the other
contains the solvent with the dispersed compound. If the sample compound
absorbs light, the transmittance can be reflected by detecting the transmitted light
versus the wavelength. According to the Lambert-Beer law, A = aCL, where A is
the measured absorbance, L is the path length, C is the concentration of
absorbing species and a is the known absorption coefficient, we can calculate the

concentration of sample solution.

3.2.11 Four-point Probe

A four-point probe is a simple apparatus to measure the resistivity of any
semiconductor materials. The setup consists of four equally spaced (1 mm) metal
tips (e.g. tungsten) with finite radius (e.g. 0.5 mm). Each tip is supported by
springs on the other end to minimize the sample damage during probing. By
applying a current through the outer two probes and measuring the voltage across
the inner two probes, it allows the determination of a sample resistivity. In our

case, it is used to measure the sheet resistance of thin films.
3.3 Device Fabrication and Characterization

3.3.1 Photovoltaic Devices

Fabrication of OSCs: For a standard organic solar cell, it consists of such a
structure anode/HTL/active layer/ETL/cathode (Figure 3.6a). In our case, ITO
was used as the anode. First ITO glass was patterned to be bar-like with a width
of 4 mm by screen printing UV-curing resist and subsequent etching in acidic
solution (HCI/HNO3; mixture). Then it was sequentially sonicated in ethanol,
acetone, isopropanol and deionized water for 8 min and treated by oxygen
plasma for 5 min. Then the HTL such as PEDOT:PSS aqueous solution was
spin-coated at 3000 rpm for 30 s on the substrate followed by annealing at 200
°C for 30 min to form a ~40 nm thin film. The area beyond ITO pattern was
erased to minimize the external effect on the effective area and meanwhile one
end of PEDOT:PSS covered ITO part was also erased to expose ITO to serve as
the bottom electrode. A blended P3HT and PCBM solution in chlorobenzene
(P3HT 20 mg mL™*and PCBM 16 mg mL™) was successively spin-coated at 700
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rom for 18 s and 1340 rpm for 7 s on PEDOT:PSS film and annealed at 145 °C
for 5 min so as to remove the residual solvent and improve the crystallinity. This
process was carried out in the high purity N,-filled glovebox. Then the device
was taken out of the glovebox to conduct the thermal deposition of top electrode,
such as Al. Through the shadow mask, 100 nm Al (with 0.8 nm LiF or not) was
deposited. The effective area of each device depends on the overlapped region
between the top and bottom electrodes. A post-annealing process (135 °C) was
also necessary, the purpose of which was to remove the oxygen in the active
layer and make the contact between active layer and top electrode more compact.
As to the encapsulation, it depends on the characterization atmosphere. If not
performed in the glovebox, the device should be encapsulated, in our case, by
glass cap and epoxy glue in the glovebox. After 2 h solidification, the device was

ready for the characterization.

Fabrication of Perovskite Solar Cells: Figure 3.6b shows the device structure.
First, FTO glass was pre-cleaned and treated by plasma for 5 min. Then a
compact ETL such as TiO,, and ZnO was deposited on the substrate. TiO, was
prepared via a low-temperature processing method,®® by spin-coating tetrabutyl
titanate isopropanol solution (concentration 3 vol%) at 5000 rpm for 30 s and
thermal annealing at 90 °C for 60 min in the ambient atmosphere. Then the
perovskite layer was deposited by a two-step method. Pbl, dissolved in DMF
with a concentration of 460 mg mL™ and MAI dissolved in isopropanol with a
concentration of 10 mg mL™ were sequentially spin-coated at 3000 rpm for 15 s
and 30 s, respectively. After thermal annealing at 100 °C for 30 min, a HTL of
2,2',7,7'-tetrakis-(N,N-di-p-methoxypheny lamine)-9,9-spirobifluorene (spiro-
OMeTAD) was spin-coated at 5000 rpm and then placed in desiccator (humidity
<10%) overnight. The spiro-OMeTAD solution was prepared by adding 70 mg
spiro-OMeTAD into 1 mL chlorobenzene with additives of 25 pL Li-
bis(trifluoro-methanesulfonyl)imide (Li-TFSI) solution (520 mg mL™, dissolved
in acetonitrile) and 36 pL 4-tert-butylpyridine (tBP). Finally, Ag electrode (100

nm) was deposited by thermal evaporation.

Device Characterization: Current-voltage characteristic curves were measured

by keithley 2400 source meter under 1 sun illumination (AM 1.5 G condition,
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equal to 100 mW cm™ irradiance), which was fulfilled by a solar simulator
(Newport 91160, 150 W). The intensity of the simulator was calibrated by a
standard silicon solar cell.

a)

Ti02

ITO FTO

Figure 3.6. Schematic illustration of photovoltaic devices: a) OSCs, b)

perovskite solar cells.

3.3.2 FET devices

Fabrication of Pre-patterned Electrode: Figure 3.7 shows the fabrication
procedures for preparing the pre-patterned gold electrodes. 4-inch SiO,/Si wafer
was cleaned by piranha solution. Negative photoresist (AZ nLOF 2305) was
spin-coated on the substrate at 3500 rpm for 30s and then baked at 110 °C for 2
min. Then the substrate was exposed to the UV light for seconds using the photo
mask. After the post-bake at 120 °C for 2 min, the developer (AZ 300MIF) was
used to remove the unexposed photoresist, and the metal (Au/Cr) was deposited
by E-beam evaporation. Finally, the lift-off was conducted by using acetone so

as to obtain the required patterned electrodes.
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Figure 3.7. The fabrication procedures of pre-patterned electrode by

photolithography.

Fabrication of Graphene FET: First, graphene was wet transferred onto the
substrate with pre-patterned electrodes. Then a similar photolithography process
was repeated by using positive photoresist (AZ5214E), which was spin-coated at
4000 rpm for 30s and baked at 105 °C for 90 s. After the alignment, UV-
exposure and lift-off, O, plasma was applied to remove the unprotected graphene
and the photoresist was got rid of by immersing into acetone. Graphene FET was
prepared with specific channel length and width. Figure 3.8 shows the optical
images of graphene films after photolithography, plasma treatment and removal

of photoresist, respectively.

Figure 3.8. Optical images of graphene films after photolithography a), plasma
treatment b) and removal of photoresist ¢), respectively.

Device Characterization: The bottom-gate graphene FET devices were measured

by a keithley 4200 semiconductor characterization system under ambient or

vacuum conditions.
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CHAPTER 4 SALT-ASSISTED DIRECT
EXFOLIATION OF GRAPHITE INTO SINGLE-
AND FEW-LAYERED GRAPHENE

In this chapter, the salt-assisted direct exfoliation method is first proposed to
demonstrate that graphite can be successfully exfoliated into single- and few-
layered graphene nanosheets. Factors that can affect the production process, such
as various salts, organic solvents and so on are carefully investigated. Graphene

thin films are also prepared by solution-processable deposition techniques.

4.1 Introduction

Graphene, a two dimensional (2D) atomic layer of sp®-hybridized carbon atoms
and the newest member of the carbon family, has attracted enormous attention
because of its unique electronic, optical, mechanical, and thermal properties.!* **
181, 189, 2672811 One key priority of the research front is the development of
synthetic approaches that allow cost-effective mass-production of large-size and
high-quality graphene sheets. Early methods such as mechanical exfoliation and
epitaxial growth produce high quality graphene but the throughputs are too low
for any practical application.[?®* 2831 Chemical vapor deposition (CVD) is capable
of producing large-area graphene sheets, which could provide a very low sheet
resistance of 125 Q/o with 97.4% optical transmittance.* CVD, however,
typically involves high temperature procedures and expensive equipment and
substrates, which make the approach less cost-effective. The need to transfer
graphene sheets from growing substrates of CVD to target substrates further
hampers its economic viability for many applications./?®* 2! On the other hand,
chemical exfoliation from graphite based on the synthesis of graphene oxide
(GO) and subsequent thermalt*® or chemical'® reduction into reduced graphene
oxide (rGO) has attracted much attention due to the advantages of low cost and
solution-processing compatibility. Nevertheless, rGO suffers inevitably from a
large amount of oxygen-containing defects which degrade its performance
dramatically./’® Therefore, graphene thin films fabricated based on rGO give a

relative higher sheet resistance, being 10°~10° Q/o at 60~80% transparency.?®®
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288]. [1931. 192 Recently, there have been reports of electrochemical processes
being used to exfoliate graphite.[**® 13289 |n particular, Su et al. reported the
direct electrochemical exfoliation of graphite into large-size few-layer graphene
sheets (with edge lengths as large as 30 pm) in diluted sulfuric acid.!*®® Wang et
al. electrochemically expanded graphite with Li complex, and exfoliated the
expanded graphite in a Li* organic solution to produce few-layer graphene sheets
(edge lengths 0.5-3.0 pm).1?®"! However, the voltage applied (10 V) and sulfuric
acid used in the former electrochemical process partially oxides the as-made
graphene and further efforts have to be made to reduce or avoid the oxidation,
whilst the latter process requires expensive organic compounds and long
ultrasonication times (48 h) with high intensity ultrasound (~100 W/cm?). More
recently, several attempts have been made to directly exfoliate graphite into few-
layer graphene sheets by (1) long time sonication of graphite in organic
solvents,[”> " 282 jonic liquids,™™ % or water-surfactant solutions, > 86 . 291
and (2) sonication of graphite intercalation compounds (GICs).*****! The area
of graphene flakes produced by methods (1) and (2), however, is typically less
than 1 pm? which is too small for applications in many devices®®* or
composites.?® 27 For example, the fabrication of aerogels requires giant
graphene sheets to construct the cell walls of the 3D framework.®® Graphene
thin films made from the liquid phase ultrasonic exfoliation method showed the
sheet resistance 10° ~ 10° Q/o with transmittance 40% ~ 85%,/*°Y the

performance of which is comparable to that of rGO films.

Herein, a new method, namely “salt-assisted direct exfoliation of graphite”, was
reported. This method can directly exfoliate graphite powders into large-size,
high-quality, and aqueous dispersible few-layer graphene sheets without the use
of any oxidant, high energy source, or long time sonication. In this method,
graphite powders are immersed in an inorganic salt containing aqueous solution,
and salt ions are allowed to enter, precipitate or crystallize within the inner layer
spaces of graphite as the solution becomes supersaturate upon water evaporation,
which leads to a dramatic expansion of the layer spacings of graphite. The
expanded graphite is then exfoliated into few-layer graphene sheets by low
power ultrasonication in an orthogonal solvent of the salt. Importantly, because

the process does not involve any high-energy activation or oxidizing reagent, the
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as-made graphene contains very little oxygen. We demonstrate that 86% of the
as-made graphene sheets are 1-5 layers and their sizes are typically 5-200 pm?.
Compared with literature works that exfoliate graphite without salts, the time
required for exfoliation in our method is one hundred times shorter, and the
resulted graphene size is ten to one hundred times larger. Most of the reagents
can be readily separated and recycled for further synthesis. The as-made few-
layereded graphene sheets can be fabricated into conductive thin films via a

vacuum filtration method.

4.2 Experimental

4.2.1 Preparation of Graphene

Graphite (100 mg, 325 mesh, Alfa Aesar), (SDBS, 2 g, Sigma-Aldrich) and
inorganic salts (NaCl or CuCl, 2 g, Sigma-Aldrich) were added into 100 mL
deionized (DI) water. The mixture was stirred at 350 rpm for 48 h at 100 °C and
then the water was removed by evaporation. The resulting residue was added into
100 mL organic solvent (N,N-Dimethylformamide (DMF), ethanol (EtOH), N-
methyl-2-pyrrolidone (NMP), or toluene) and ultrasonicated for 2~3 h, followed
by vacuum filtration and washing three times with 100 mL DI water to remove
the excess salt and SDBS. The filtered residue was redispersed in DI water to
form a 5 mg mL™ aqueous solution, which was centrifuged at 3000 rpm for ~5
min. The upper solution was collected as the graphene solution for

characterization.

4.2.2 Thermal Annealing

Graphene aqueous solution after centrifugation was cast onto a clean SiO,/Si
wafer. The sample was dried at 80 °C under vacuum for 12 h and then heated to
500 °C for 1 h in an argon atmosphere. Finally, the sample was cooled down to

room temperature in the argon atmosphere.

4.2.3 Fabrication of Graphene Films
The as-prepared graphene aqueous solution was vacuum-filtrated through a

cellulose ester membrane (Millipore, pore size of 0.025 um, diameter of 47 mm).
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The as-made graphene/membrane was pressed against an isopropanol-cleaned
glass substrate. After annealing in an acetone vapor for 12 h, the membrane was
removed by immersing in an acetone bath. The resultant graphene/glass was

finally rinsed with methanol /%!

4.2.4 Characterization

SEM was performed using a JEOL Model JSM-6490. TEM was performed using
a JEM-2010 (JEOL) with an accelerating voltage of 120 kV. AFM (XE-100,
Park Systems) was used to characterize the as-prepared graphene sheets.
Absorption of the as-prepared graphene aqueous solution was measured by using
a UV-Vis spectrometer with quartz cuvettes (Perkin-Elmer Lambda 18).
Transmittance spectra of the as-prepared graphene thin films were collected by
UV-Vis spectrometer. TGA was conducted on a TGA-Q5000 apparatus with a
heating rate of 5 °C/min under N,. XPS of samples were characterized by a PHI
1600 spectrometer. Raman spectra were collected using a Raman spectrometer
(Renishaw microprobe RM 1000) with a 633 nm laser. X-ray diffraction (XRD)
was carried out using a Buker D8-Advance X-ray powder diffractometer with Cu
Ka radiation (A = 1.5418 A).

4.3 Results and Discussion

4.3.1 NaCl-assisted Exfoliation of Graphite in Ethanol

As proof of concept, we first analyzed the as-made graphene synthesized with
NaCl and EtOH as the salt and organic solvent, respectively. Figure 1a shows the
as-made graphene aqueous solution. The solution was very stable and no
precipitation was observed even after storing the solution in the laboratory for 15
days (Figure 4.1a). According to the Lambert-Beer law (A = «CL), where the
absorption A of the solution equals to the product of the absorption coefficient o
(1390 mL-mg™*-m™ for aqueous graphene solutions® °), the cell length L, and
the concentration C, the concentration of the as-made graphene solution can be
determined by its UV-vis absorption (Figure 4.1b). Therefore, the concentration

of the graphene solution is determined to be 0.11 mg mL™.
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Figure 4.1. a) Digital images of the as-made graphene solution after storing for
different time. b) UV-Vis spectra of graphene aqueous solutions prepared by

NaCl-assisted exfoliation of graphite in various organic solvents.

The graphene solution was then dropped onto Si substrates and Cu grids for
SEM and TEM studies. Typical two-dimensional sheet-like structures were
observed by TEM (Figure 4.2a). The hexagonal electron diffraction pattern of the
TEM image indicates that the as-made graphene is highly crystalline. By
observing the folded edges of the graphene sheets with high resolution TEM, we
found that the sample mostly contains single-layer, bilayer, and few-layer
structures (Figure 4.2b-d). Importantly, the layer spacings within these structures
are ~0.34 nm, which is equal to the layer spacing of graphite. These results
indicate that our exfoliation process does not oxidize the product. Indeed, X-ray
photoelectron spectroscopy (XPS) confirms that the as-made graphene has a high
C 1s peak and an extremely low O 1s peak (0.05%, Figure 4.3a), which is almost
identical to that of the raw graphite. Detail analysis of the C 1s peak through
narrow scan and peak decomposition is shown in Figure 4.3b. The decomposed
C-C peak of graphene located at 284.6 eV is almost identical to that of the
graphite sample. Small C-O decomposition peaks are found at 286.6 eV for both
graphene and graphite. The C-O to C-C ratios is 0.15 and 0.11 for graphene and
graphite, respectively. A small peak at ~154 eV of the XPS survey is attributed
to the S atoms of the physisorbed SDBS on graphene surfaces. Since most of the
SDBS was washed away in rinsing steps, the amount of SDBS is estimated to be

only ~1 wt% by thermo-gravimetric analysis (Figure 4.3c) through calculating
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the weight loss at 460 °C.[* 3% previous work by Coleman et al.’¥ also

showed similar low oxygen content in the XPS measurement on their graphene

nanoflakes which were exfoliated in a SDBS aqueous solution. Therefore, we

believe that it is reasonable to obtain low oxygen contents for our non-oxidized

graphene sheets.
a)

100nm ; o .

Figure 4.2. a) Typical TEM image of graphene sheets, the inset is its selected
area electron diffraction (SAED) pattern; (b-d) High resolution TEM images of
single layer b), bilayer c), and trilayer d) graphene sheets, the scale bars are 5

nm.

We also undertook Raman spectroscopy to analyze the quality of as-made
graphene. The Raman spectra of graphite and graphene illustrate three signature
bands: the D band at ~1330 cm™, the G band at ~1580 cm™, and the 2D (or G”)
band at ~2650 cm™ (Figure 4.3d).°Y Exfoliation of the graphite into graphene is
demonstrated from the change in the shape and position of the 2D band. Graphite
has an asymmetric 2D band with a peak at around 2687 cm™. As the material is
exfoliated the peak position shifts to lower wavenumber and becomes more
symmetric. As shown by the spectra of the original graphite and representative
individual exfoliated flakes (Figure 4.3d), there is a significant change in the
appearance of the 2D band between the graphite and few-layer, trilayer and
bilayer graphene. For example, the 2D peak position for the graphite is 2687 cm™
where it is at 2665 cm™ for the bilayer graphene. Typically, the D band indicates
the presence of defects and the intensity ratio of Ip/lg evaluates the level of

defects.[’™ The presence of the defects in the graphene arises from the intrinsic
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defects in the graphite raw material and the sp* hybridized carbon atoms at the
edges after exfoliation. The value Ip/lg for the original graphite is ~0.1 and this
appears to increase to around 0.8 for the bilayer material. The observed D band
of graphene can be attributed to the presence of basal plane defects and the
formation of new flake edges during sonication (Figure 4.4b). The values of I/l
for the graphene in Figure 3d are lower than those for rGO™* and are similar to
the values of non-oxidized graphene samples obtained via direct exfoliation of
graphite in solvents.l’® % 13921 x_ray diffraction (XRD) measurements were
carried out (Figure 4.3e). The XRD spectrum of our graphene sheets shows a
broad peak centered at ~25°, which is a typical value for few-layer graphene
sheets. No NaCl or CuCl, signal is observed because the salts can be readily
removed by water rinsing. These XPS, Raman and XRD characterizations reveal
that the quality of our as-made graphene is among the best reported in the

literatures using solution methods.
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Figure 4.3. a) XPS survey, b) XPS narrow scan, and c) TGA analysis of

graphene sheets, heated from room temperature to 1000 °C at 5 °C/min under
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nitrogen flow. d) Raman spectra of graphite and representative flakes of the as-
made graphene from NaCl-assisted exfoliation of graphite in EtOH, e) XRD

spectra of as-made graphene and graphite.

In order to obtain statistical information upon the size and thickness of the as-
made graphene sheets, large-area AFM scans of the samples were carried out on
SiO; substrates (Figure 4.4a). Very importantly, the area of the graphene sheets
is typically 5~100 um?, and can be as large as 210 pm? (Figure 4.4c). The edge
length of the graphene sheets is typically 1 to 30 um. The thickness of the
graphene sheets is less than 5 nm for all the measured samples, and 86% of the
product is thinner than 3.5 nm (Figure 4.4d). Compared with the size of pristine
graphite powders observed with SEM (Figure 4.4e), the exfoliation process does
not significantly break graphite into smaller pieces and is therefore an efficient
method to synthesize large-size graphene sheets. In the literatures, single-layer
graphene sheets with a thickness of 1.5 £+ 0.5 nm measured by tapping mode
AFM have been widely reported.t* %% 3% This thickening phenomenon (a single
layer of carbon atom is ~0.34 nm) in the AFM measurement can be majorly
explained as a result of the tip-graphene electrostatic force and the presence of
the physisorbed water and surfactant molecules on graphene surfaces.®” 305 306l
Indeed, significant levels of surface contamination have been reported on
graphene sheets as observed using TEM.E%? Taking into account the single-
layer, bilayer, and few-layer structures observed frequently by TEM and the
presence of SDBS on our graphene samples, approximately 100% of the product
is few-layer graphene and 86% of it contains 1-5 layers. Even though these
samples were annealed in argon atmosphere at 500 °C for 1 h, large-size
graphene sheets do not disappear as shown in AFM (Figure 4.4f), indicating that
they are indeed graphene but not organic residues (SDBS was decomposed at

460 °C).
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Figure 4.4. AFM topographic images of a) graphene sheets and b) a typical
graphene sheet of ~3.5 nm thick with edge size ca. 30 um, scale bars: 10 um, c)
size distribution and d) thickness distribution of as-made graphene sheets. e)
SEM image of pristine graphite. f) AFM image of graphene sheet after annealing
at 500 °C in argon atmosphere for 1 h, scale bar 2 um.

4.3.2 Exfoliation of Graphite by Other Salts and Organic Solvents

Not limited to the success in the direct exfoliation of NaCl-assisted graphite with
EtOH, other organic solvents such as DMF, NMP and toluene (Figure 4.1b and
4.5), and other inorganic salts such as CuCl, are also suitable for the present
exfoliation process. The concentrations and sizes of graphene sheets synthesized
by our salt-assisted exfoliation method using different solvents and salts are
summarized in Table 4.1. The graphene sheets with thicknesses of 2~5 nm and
edge sizes of 2 um to 20 um are typically observed by AFM and TEM (Figure
4.5c and 4.5e-h).
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Figure 4.5. a) UV-Vis spectra and b) digital image of the graphene aqueous
solution prepared from CuCl,-assisted direct exfoliation of graphite in various
organic solvents. ¢) AFM topographic image of graphene, scale bar: 10 um. d)
Cross-sectional profile analysis of the marked red line in c). ¢) TEM image of
graphene sheets. Inset is the electron diffraction pattern. (f-h) HRTEM images of
f) single-layer, g) bi-layer and h) multi-layer graphene. The scale bars are 5 nm.

Again, graphene sheets can still be clearly observed by optical microscope and
AFM after annealing in an argon atmosphere at 500 °C for 1 h (Figure 4.6).
Compared with the literatures where graphite was directly exfoliated into
graphene sheets through long time ultrasonication in various SDBS aqueous
solutions or various organic solvents (without the use of any inorganic salt),!"® &
86.90.282] gy salt-assisted exfoliation method is much more superior not only in
the high exfoliation efficiency in terms of low-power and shorter time of
sonication, but also producing graphene sheets that are 5~10 folds larger in terms

of average size.
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Figure 4.6. a) Optical micrographs, b) AFM topographic images, and c¢) cross-
sectional profiles of the as-made graphene prepared by CuCl,-assisted direct
exfoliation of graphite in ethanol after annealing at 500 °C in argon atmosphere

for 1 h. The scale bars are 20 um and 5 um for a) and b), respectively.

4.3.3 Effect of Boiling Time on Exfoliation of Graphite

Importantly, we found that the yield of the synthesis increased as the boiling time
increased. As shown in Figure 4.7a, the concentration of graphene solution
prepared from NaCl-assisted exfoliation monotonically increases from 0.11 mg
mL™ to 1.04 mg mL™" as the boiling time increases from 1 day to 7 days.
Similarly, for the graphene solution obtained from CuCl,-assisted exfoliation, the
concentration increases from 0.04 mg mL™ to 0.56 mg mL™ as the increase of
boiling time from 0.5 day to 10 days. As control experiments, we synthesized
graphene sheets following the same experimental procedures, yet without using
inorganic salts. We found that the size of graphene sheets made without the use
of inorganic salts was typically less than 1 pm? (Figure 4.7b). The concentration
of the nanosized graphene solution was ~0.05 mg mL™, no matter how long the
boiling time was. These findings indicate that the presence of inorganic salts
during boiling significantly increases the exfoliation efficiency (higher

concentration, much larger graphene sizes).
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Figure 4.7. a) Concentrations of as-produced graphene aqueous solution

dependent on various boiling time. b) AFM image of graphene sheets prepared
w/o salts, scale bar: 2 um. ¢) The corresponding image of graphene solution in a)

prepared by NaCl (left) or CuCl; (right) assisted exfoliation of graphite in NMP.

4.3.4 Mechanism Study of Salt-assisted Exfoliation Process

In order to have a deep understanding of the mechanism, which leads to the
effective exfoliation, we carried out further measurements to the crucial step-the
intermediate mixture. In Figure 4.8a, we proposed a likelihood of exfoliation
process upon the boiling and water evaporation procedures: salt ions may
penetrate into the interlayer of graphite driven by the thermal or dynamic forces
generated during the boiling process; salt ions could be crystallized again upon
water evaporation, which may broaden the interlayer spacing and attenuate the
van der Waals force, resulting in the facile exfoliation. TEM was carried out to
measure the morphology of nanosheets. We can observe black particles in Figure
4b and c, which are absorbed on the surface or possibly penetrate into the
interlayers. EDX analysis has assigned the black particles to be salts (e.g. CuCl,
in Figure 4d) or salt aggregates together with little amount of SDBS. XRD was
performed to identify whether the crystallization occurs or not. The intermediate
products boiled for various days were prepared and measured. No obvious new
peak can be identified and attributed to the crystallization of salts. This indicates
that the crystallization does not necessarily happen. Therefore, we may conclude

here that the salt ions play an important role to assist the exfoliation process.
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Moreover, the salts selected for the exfoliation process should follow some basic
rules: first, the salt should be strong electrolyte, which can be completely
dissociated in aqueous solution; second, the diameter of salt ions should be less
than 0.3 nm, which is the spacing between the interlayers. Here we chose three
types of commonly used salts (NaCl, CuCl, and FeCls), the cations of which
bears various charges, e.g. +1, +2, and +3. For FeCls-assisted exfoliation process,
no results are reported in this thesis, because the final products precipitate after
centrifugation. The may be interpreted by the strong shielding effect Fe® that
prevents the attachment of surfactants onto graphene surfaces, which are used to

stabilize 2D sheets.
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Figure 4.8. a) Proposed exfoliation process upon boiling and water evaporation.
b) TEM images of the intermediate mixture using CuCl,. ¢) HR-TEM image of
the intermediate mixture. d) EDX spectrum corresponding to the black particles
in b). e) XRD spectra of intermediate product by using CuCl, after boiling for

different time.

4.3.5 Solution-processable Fabrication of Graphene Thin Films

Since the graphene sheets are dispersible in aqueous solution, they are promising
materials for making transparent conductive electrodes by solution deposition
techniques. As proof-of-concept, we fabricated thin films of the graphene sheets
by a vacuum filtration method. In a typical experiment, 1 mL of the graphene

aqueous solution was vacuum-filtrated through a cellulose ester membrane.

58



Subsequently, the graphene side of the membrane was pressed firmly against an
isopropanol-cleaned glass substrate. After annealing the assembly in an acetone
vapor for 2 h, the filter membrane was removed by dissolving in liquid acetone
for 2 h. As such, a graphene thin film is formed on the glass substrate. Notably,
the residual SDBS absorbed on graphene sheets may lower the conductivity of
the as-prepared graphene film.”®*! Therefore, the graphene film on glass was
annealed at 500 °C under argon atmosphere for 1 h because the SDBS
decomposed at 460 °C. By controlling the concentration of the graphene solution,
i.e., by controlling the amount of graphene sheets, graphene thin films with
different thickness from 24 nm to 250 nm were fabricated. The optical and
electrical performances of the as-made graphene thin films were measured by
UV-Vis spectroscopy and a four-point probe method, respectively. The
transmittance decreases from 85.9% to 32.7% as the film thickness increases
from 24 nm to 250 nm (Figure 4.9a). Meanwhile, the sheet resistance decreases
dramatically from 2x10°Q/ to 1x10° /1 (Figure 4.9b). Importantly, we find
that our graphene thin films are much rougher than those reported in the
literature, in which small size graphene sheets with 0.5-2 um edge length were
used for film casting. The roughness increases from 18 nm to 67 nm as the film
thickens from 24 nm to 250 nm (Figure 4.9c), which is 2~5 folds larger than
films with similar thinness in the literature. We believe that such a rough
morphology arises from the fact that our graphene sheets are very large in size:
during vacuum filtration, these large graphene sheets are difficult to form
densely packed thin films compared with small-size graphene sheets. This rough
morphology explains why our thin films are more optically transparent compared
with those reported in the literature using small-size graphene sheets. For
example, 85.9% at 24 nm and 32.7% at 250 nm are achieved. On the other hand,
such a rough morphology leads to an increase in sheet resistance for graphene
films with medium optical transmittance (40-80%). For example, a 10-fold

increase in sheet resistance is found (28.9 kQ/Clwith 67.3% transmittance)
compared with those reported by Coleman et al. (3 kQ/[1 with ~70%

transmittance). We are currently working on tuning the thin film morphology
with different filtration procedures and casting methods, e.g., Langmuir-Blodgett

coating method.*%! We also believe that this unique morphology of graphene
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thin films may have important applications in composites and stretchable

conductors.
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Figure 4.9. a) UV-vis transmittance of graphene thin films of various
thicknesses. b) Transmittance of graphene films plotted as a function of sheet
resistance, inset: digital image of the graphene thin film with 45 nm thickness on
the glass substrate. ¢) The thickness of graphene films versus their roughness.
The graphene was prepared by salt-assisted exfoliation method using NaCl and
EtOH. d) AFM topographic image of the 45 nm thick graphene film, roughness
(Rg)=30 nm. e) AFM topography image of the scratched edge of the 45 nm
graphene film. f) The height profile of the marked line in €). The scale bars are

10 pm.

Table 4.1 Summary of the results of graphene sheets synthesized by the salt-

assisted exfoliation method using different salts and organic solvents.
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salt NaCl CuCl,

solvent EtOH DMF NMP Toluene EtOH DMF NMP Toluene

graphene
con. 0.11 0.2 0.07 0.05 0.17 011 0.17 0.02
(mg mL™)

edge size
1~30 5~18 1~15 5~16 1-60 2~25 2~22 5~10
(Um)

4.4 Conclusions

To sum up, we have reported a low-cost, environmental-friendly, and oxidation-
free method to directly exfoliate graphite powders into large-size, high-quality,
few-layer graphene sheets. The key innovation is that inorganic salts are used to
expand graphite for easy exfoliation by low-power ultrasonication. 86% of the
as-made graphene sheets are 1-5 layers with lateral sizes as large as 210 pm?.
The graphene sheets are dispersible in water and exhibits very high stability.
Raman and XPS studies show that the graphene sheets contain very little oxygen
atoms, due to our non-oxidizing synthetic procedures. Transparent and
conductive graphene thin films from 24 nm to 250 nm can be fabricated by a
vacuum filtration method. We believe that the as-made graphene has great
potential for the manufacture of high-performance electronic devices and

graphene-reinforced composites.
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CHAPTER 5 SOLUTION-PROCESSED
GRAPHENE/SILVER NANOWIRE HYBRID
ELECTRODES

5.1 Introduction

Graphene thin films prepared by either using exfoliated graphene nanosheets or
reduction of GO flakes usually exhibit high sheet resistance, on the order of tens of kQ
sqt. For CVD-grown graphene, although the sheet resistance can be significantly
decreased to ~120 Q sq™ after stacking several layers, the harsh growth conditions and
complicated transfer process make it incompatible with solution process and large-area
fabrication. Thus using graphene thin films alone to serve as transparent electrode can
hardly defeat the conventionally used ITO electrode. Metal nanowires (NWSs), as another
promising candidate in electrode application, show superior properties to ITO including
lower sheet resistance and higher transparency. However, the drawbacks of NW-derived
films such as rough surface, low oxidation resistance and poor adhesion may restrict
their wide applications. In order to prepare transparent electrodes with lower sheet
resistance and good mechanical property, it seems reasonable to combine the 1D metal
nanowires and 2D graphene nanosheets because metal NWs can lower the sheet
resistance of graphene thin films and graphene films can provide good adhesion and
mechanical protection for metal NWs. Some work has been done mainly based on the
combination of CVD-graphene (or GO) and silver (or copper) NWs. Although they
showed good performance as transparent electrodes, using CVD graphene is unfavorable

for solution process, while GO requires further reduction process. 5 13- 09,3101

We herein report a solution-processed way to fabricate graphene-silver NW (G/Ag NW)
hybrid electrodes on flexible substrates. Graphene nanosheets are prepared by salt-
assisted direct exfoliation method previously developed by our group. After depositing
Ag NWs and graphene nanosheets, the hybrid films can be obtained. The hybrid films
exhibit good properties in both the sheet resistance and transparency, which is capable to
serve as the transparent electrode for photovoltaic device applications, such as OSCs and

perovskite solar cells.
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5.2 Experimental

5.2.1 Fabrication of Graphene/Silver NW Hybrid Thin Films

Ag NWs with the average length and diameter of 50 pum and ~120 nm were
purchased from Seashell Technology. 1 mg mL™ dispersion of Ag NWs was
prepared via dilution in isopropanol. The solution was spin-coated onto plasma
treated glass (or 125-um thick PET) substrate. Then graphene films prepared by
vacuum filtration of graphene aqueous solution (refer to our previous work)?!

were transferred onto Ag NW films to fabricate hybrid electrodes.

5.2.2 Fabrication of Perovskite Solar Cells

A compact TiO, layer was deposited on the hybrid electrode by spin-coating
tetrabutyl titanate (TBT) isopropanol solution with a concentration of 3 vol% at
5000 rpm for 30 s.12%% 21 After thermal annealing at 90 °C for 1 h in the ambient
atmosphere, the perovskite layer was spin-coated atop via a two-step process in
the No-filled glovebox: Pbl, dissolved in DMF with a concentration of 460 mg
mL™ and MAI dissolved in isopropanol with a concentration of 10 mg mL™ were
sequentially spin-coated at 3000 rpm for 15 s and 30 s, respectively. After
thermal annealing at 100 °C for 30 min, an HTL spiro-OMeTAD was spin-coated
at 5000 rpm for 30 s and then placed in the desiccator (humidity <10%)

overnight. Finally, Ag electrode was deposited by thermal evaporation.

5.2.3 Characterization

SEM (JEOL Model JSM-6490) was performed to characterize Ag NW, graphene
and hybrid films. AFM (XE-100, Park Systems) was used to characterize the
topography of thin films. Transmittance spectra of the as-prepared thin films
were collected by UV-Vis spectrometer (Perkin-Elmer Lambda 18). The J-V
characteristics of as-fabricated perovskite solar cells were measured in the
glovebox under the illumination of 100 mW cm™. The light intensity was

calibrated by using a standard silicon solar cell.
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5.3 Results and Discussion
substrate Ag NWs graphene/Ag NWs

spin coating graphene film transfer

Figure 5.1. Scheme illustration of graphene/Ag NW hybrid films.

Figure 5.1 briefly depicts the fabrication process of graphene/Ag NW hybrid thin
films. The Ag NW dispersion was first spin-coated onto glass substrates
followed by the transfer of graphene film prepared by vacuum filtration. SEM
and AFM were carried out to characterize the morphology of Ag NWSs. As
shown in Figure 5.2a and b, the average length and diameter are ~50 um and ~80
nm, respectively. Figure 5.2c shows the SEM image of the graphene thin film,
which is consisted of few-layered graphene nanosheets produced by our
previously reported method. In Figure 5.2d, the well-percolated Ag NWs
network was formed beneath graphene nanosheets. Ag NWSs cannot only
interconnect with each other but also bridge the voids between graphene

nanosheets to increase the conductivity of hybrid films.
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Figure 5.2. a) SEM image of Ag NWs. b) AFM image of Ag NWs. ¢) SEM
image of graphene thin films. d) SEM image of G/Ag NW hybrid thin films.

To serve as the transparent electrode, a crucial issue that we need take into
consideration is how to balance the conductivity and transparency of the hybrid
films. UV-Vis spectroscopy was performed to measure the transmittance of as-
prepared thin films. Ag NW thin films were acquired by varying the
concentrations of Ag NW dispersions at a certain spin-coating speed (2000 rpm).
The optical transmittance of Ag NW films decreased from 99.1% to 90.7% at
550 nm as the concentration increased from 0.1 mg mL™to 1.0 mg mL™ (Figure
5.3a). Consequently, the sheet resistance decreased from the magnitude order of
tens of kQ sq* to ~130 Q sq™. Considering that the pure graphene thin films
prepared from nanosheets have higher sheet resistance,* a higher dosage of Ag
NWs is necessary to lower down the sheet resistance of hybrid films. Therefore,
1 mg mL™* was chosen to fabricate G/Ag NW hybrid films. Graphene thin films
can be varied by controlling the solution volume and concentration added in the
vacuum filtration process. After transfer, the thickness ranges from ~25 nm to
~200 nm. Figure 5.3b shows the transmittance of various hybrid films from 37%
to 70%. The sheet resistance of all hybrid films is in the range of 100~150 Q sq™*
(Figure 5.3c), which is similar to that of the pure Ag NW film. This means it is
the Ag NWs that dominate the conductivity of hybrid films. Compared to
literatures” work in which the hybrid films have a sheet resistance of <50 Q sq*
and a transmittance of >8096,1*3* 135:312] the performance of our hybrid films is a
little poor. But this may be reasonable because the use of CVD graphene indeed
improves the transmittance a lot. Here the results of hybrid films at least offer us
convenience in solution-based fabrication of single-component or hybrid thin
films. Moreover, this hybrid film could also be prepared on the flexible substrate.
Figure 5.3d shows the bending test of hybrid films on the PET substrate. After
1000 bending cycles, the hybrid film remains highly conductive with nearly one

time increased sheet resistance under the bending radius of 4.8 mm.
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Figure 5.3. The optical transmittance spectra of Ag NW films a) and G/Ag NW
hybrid thin films b). ¢) The sheet resistance of various thin films. d) The bending
test of G1/Ag NW film on a PET substrate.
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Figure 5.4. a) The schematic structure of perovskite solar cells. b) The AFM
image of TiO,. ¢) SEM image of perovskite layer. d) AFM image of perovskite
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layer. e) XRD spectrum of perovskite layer. f) J-V curves of as-made perovskite

solar cells.

To demonstrate the application of G/Ag NW hybrid films, the hybrid films were
incorporated into perovskite solar cells to be transparent electrodes. The device
structure is illustrated in Figure 5.4a. Figure 5.4b shows an AFM image of the
compact TiO, layer with a thickness around 30 nm. The perovskite layer was
fabricated by a two-step method. After sequentially spin-coating the solution of
Pbl, and MAI, the MAPDI; layer could gradually formed upon the reaction
between Pbl, and MAI followed by annealing treatment at 100 °C in the
glovebox. In Figure 5.4c, we can clearly observe that the perovskite layer
presents a homogeneous surface with densely packed grains of several hundreds
of nanometers. The AFM image reveals the thickness of perovskite layer around
~380 nm. The crystallinity of perovskite layer was measured by XRD. In the
XRD pattern, the strong diffraction peak at 14.1° corresponds to the tetragonal
structured perovskite,®™*! while the peak located at 12.66° indicates the presence
of Pbl,, probably due to the incomplete conversion or the decomposition during
the measurement. Figure 5.4f shows the J-V curves of as-fabricated perovskite
solar cells (under 100 mW cm™, AM 1.5 G illumination). The device parameters
are summarized in Table 5.1. The best device has a V. of 0.892V, a Js. of 13.8
mA cm?, a FF of 42.9% and a PCE 5.3%. The hysteresis was also observed
when the device was scanned in the forward or reverse directions. This can be
ascribed to the interface contact between perovskite layer and TiO, and the scan

rate. 4

Table 5.1. The photovoltaic parameters of perovskite solar cells are summarized

below.
Vo (V) Jsc (MA cm™) FF (%) N (%)
Forward 0.892 13.2 38.3 4.5
Reverse 0.892 13.8 42.9 5.3

For the preliminary results presented above, there are still some issues that we

need be concerned. First of all, other than the vacuum filtration and transfer
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process, another solution processable technique, e.g. spin-coating should be
studied. This can further simplify the fabrication process by sequentially spin-
coating Ag NWs and graphene solution. Much thinner graphene films could be
obtained through multiple-spincoating process. Another issue is the surface
topography of hybrid films, which is of great importance in device fabrication.
Note that Ag NW films have relatively rough surface, which can be decreased by
the deposition of graphene thin films on the top.**? However, the graphene film
prepared by vacuum filtration also results in a rough surface, because it replicates
the rough topography of the filter membrane. Therefore, films prepared by spin
coating are expected to ease the surface roughness. As shown Figure 5.2d, the
rough surface and exposed Ag NWs may penetrate the perovskite layer, leading
to a short-circuit devices. Further optimizing the fabrication of hybrid films
including sheet resistance, transmittance and surface morphology can readily

improve the performance of perovskite solar cells beyond the PCE of 10%.

5.4  Conclusions

G/Ag NW hybrid thin films have been successfully fabricated by a solution
processed approach and they exhibit a sheet resistance of ~130 Q sq* and a
transmittance of 70%. More importantly, the hybrid films can be integrated into
the perovskite solar cells as transparent electrodes and the as-made devices show
a PCE of 5.3%. Though the performance is not good enough, much room for
further optimization, e.g. using the spin-coating method to prepare graphene thin
film to improve the transparency, this work is beneficial for the solution-
processed fabrication of hybrid thin films and subsequent devices by integrating

the scale-up produced graphene nanosheets.
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CHAPTER 6 SALT-ASSITED DIRECT
EXFOLIATION OF TMDs AND THEIR
APPLICATION IN ORGANIC SOLAR CELLS

In this chapter, salt-assisted direct exfoliation method is extended to prepare
other 2D nanomaterials beyond graphene. Among those, TMDs representing a
special class contain dozens of compounds. Upon the exfoliation, they exhibit
diverse properties, which are of great importance in electronic and photo

electronic applications.

6.1 Introduction

TMDs such as MoS;, MoSe;, WS, and WSe, have the common chemical
formula of MX;, where the transition metal M is sandwiched between two layers
of chalcogen X. Although atoms in-plane are strongly linked by covalent bonds,
the adjacent layers out-of-plane are weakly held together by van der Waals force,
which allows the exfoliation of bulk TMDs into atomically thin, single- and few-
layer two dimensional (2D) materials. Compared with zero-bandgap graphene,
these TMD 2D materials possess obvious semiconductor bandgaps,®*! which
show remarkable advantages for a wide range of applications including field
effect transistors, %8 sensors,!**®! energy storage devices,® 1% 3193201 gnq

optoelectronics.[*% 1973211

To date, available methods for the preparation of single- and few-layer TMD 2D
materials can be categorized into two types, i.e., bottom-up growth by chemical
vapor deposition (CVD),[*! and top-down exfoliation from bulk TMD crystals

|[103]

by  micromechanical cleavage  method,®® *2  chemica and

electrochemical™!

Lithium-intercalation and exfoliation, and liquid-phase
ultrasonic exfoliation.®® 8. Among these methods, mechanical cleavage can
only produce samples for some fundamental studies because of its extremely low
throughput. As of CVD, it synthesizes 2D sheets with reasonable quality and a
typical size ranging from hundreds of nanometers to several micrometers.

However, reported literatures are mainly limited to the growth of MoS, 2D
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materials.[*>“®! Lithium intercalation methods can give high yield of monolayer
TMD 2D materials, yet fails to keep its structure integrity. The presence of
structural deformations results in altered electronic properties from
semiconducting to metallic and an additional annealing step is required to restore
their semiconducting properties.***! The use of Li compound also raises a safety

issue for scientists to pursue alternative intercalants.

On the other hand, liquid-phase ultrasonication of TMDs in either organic

solvents®! or surfactant-containing®

aqueous solutions shows several
promising prospects to yield few-layer TMD 2D materials. It is environmental-
friendly in the sense that no hazardous and oxidative chemicals are needed in the
synthesis. It is also convenient to form composites or hybrids by simply mixing
the dispersions of desirable materials. However, current state-of-the-art liquid
exfoliation requires very long sonication time, and the yield is very low. Indeed,
highly desirable is a versatile, environmental-friendly, and low-cost synthetic
method that allows producing many kinds of single- and few-layer TMD 2D

materials with high yields.

To address the challenge, we report herein a modified liquid-phase
ultrasonication method, namely “salt-assisted liquid-phase exfoliation”, which
yields single- and few-layer TMD 2D sheets including MoS,, MoSe;, WS,, and
WSe; in a large quantity and high quality by simple ultrasonication of TMD bulk
crystals in liquid solvents with the aid of low-cost and non-toxic inorganic salts.
This method is in part inspired by our previous work, in which a salt-assisted
synthetic concept was developed to exfoliate graphite powders into large-size
and high-quality few-layer graphene.®™ In that report, we found that the
incorporation of inorganic salts could effectively improve the efficiency and
yield of ultrasonic exfoliation. Similarly herein, the time required for exfoliation
in our salt-assisted method reduces significantly to only one-fourth, while the
yield of TMD 2D materials increases by more than one order of magnitude,

compared with abovementioned liquid-phase exfoliation without salts.

In this salt-assisted synthesis, powders of TMD crystals are immersed in an

inorganic salt containing aqueous solution, and salt ions are allowed to enter into
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the inter-layer spaces of TMD crystals as the solution becomes supersaturate
upon water evaporation. This intermediate product is then exfoliated easily into
corresponding single- and few-layer 2D sheets by low power ultrasonication in
an organic solvent. Importantly, because the process does not involve any high-
energy activation or oxidizing reagent, the as-made TMD 2D flakes maintain
high quality with little defects. We demonstrate that 65% of the as-made TMD
2D sheets are 1-5 layers and their lateral sizes are hundreds of nanometers to
several micrometers. Most of the reagents can be readily separated and recycled
for further synthesis. As proof-of-concept application in optoelectronic devices,
the as-produced MoS;, 2D materials is solution-casted into thin films in various
ways for use as the hole transport layer (HTL) in bulk heterojunction OSCs,

which improves the open circuit voltage from 0.34 V t0 0.58 V.

6.2 Experimental

6.2.1 Preparation of Single and Few-layered TMD 2D Sheets

All TMD materials were purchased in powder form. Raw TMDs materials are as
follows: MoS; (Aldrich, <2 um), MoSe; (Accuchem), WS, (Aladdin, 6 um), and
WSe, (Alfa Aesar, 10 um). The mixture of TMD (MoS;, MoSe,, WS,, or WSe,,
100mg), inorganic salt (NaCl or CuCl,, 2g, Sigma-Aldrich) and SDBS (0.5 g,
Sigma-Aldrich) were added into 100 ml deionized water, stirred at 500 rpm for
48 h at 100 °C and then the water was evaporated. The resulting residue was
added into 40 mL organic solvent (N-methyl-2-pyrrolidone (NMP), or N,N-
dimethylformamide (DMF)) and ultrasonicated (sonic bath, Mode PS-40B, 240
W ) for ca. 2 h followed by vacuum filtration and washing to remove excess salt
and SDBS. The filtered residue was redispersed into DI water by ultrasonication
for 10 min followed by centrifugation at 3000 rpm for 5 min. The upper solution
was collected as the few-layer TMD solution for further characterizations.
Control experiments were also carried out via direct sonication of raw TMDs

without salt following the same procedures described above.
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6.2.2 Material Characterization

Materials were characterized by using TEM (JEOL JEM-2010), AFM (XE-100
Park System) and Raman spectrometer (514 nm laser, Renishaw microprobe RM
1000). In the Raman test, samples were prepared by diluting the final product
into ethanol followed by drop casting onto SiO,/Si substrates. We used the same
samples for the Raman characterization after performing AFM measurement.
The Raman spectroscope was calibrated with Si peak located at 520 cm™ as the
internal reference. The grating we used is 1800 lines/mm. Absorbance spectra
were collected by UV-vis spectrometer (Perkin-Elmer Lambda 18) with quartz
cuvettes. X-ray diffraction (XRD) characterization was conducted on X-ray
powder diffractomerter (RigakuSmartLab) with monochromatic Cu Ko radiation
(A = 15418 A).

6.2.3 Fabrication and Characterization of OSCs

The exfoliated MoS; sheets were deposited onto the surface of pretreated ITO
glass to form a thin film via film transfer and drop casting. For film transfer,
MoS; films were prepared by vacuum filtration and then transferred onto ITO
surface followed by subsequent annealing at 500 °C for 1 h under an argon
atmosphere. In drop casting method, MoS, aqueous solution was diluted in
methanol. Films were formed after dropping the solution for several times
followed by the same annealing process. The active layer consisted of a blend of
regioregular P3HT (20 mg mL™) and PCBM (16 mg mL™) dissolved in
chlorobenzene, was spin-coated on MoS; film and then annealed at 145 °C for 5
min in nitrogen-filled glovebox. Al electrode (thickness, 100 nm) was deposited
on top by thermal evaporation. The effective area is 0.08 cm? (4 mm x 2 mm).
The J-V characteristics of the OSCs were measured via the Keithley 2400 source
meter under illumination of the solar simulator equipped with an AM 1.5 filter,
100 mW cm (Newport 91160, 300 W). The light intensity was calibrated with a

standard silicon solar cell.
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6.3 Results and Discussion

6.3.1 Characterizations of As-made TMD 2D nanomaterials

As schematic illustration of the synthetic process in Figure 3.1, few-layered
TMDs were prepared. We quantified the yields of salt-assisted synthesis by
measuring the UV-vis absorption of aqueous solutions of as-made TMD 2D
sheets. Figure 6.1 and figure 6.2 shows the UV-vis spectra of aqueous solutions
of TMD 2D nanomaterials prepared by NaCl- and CuCl,-assisted exfoliation,
respectively. A/l is defined as the optical absorbance per cell length, where A is
the absorbance of TMDs 2D sheets at given wavelengths and | is the length of
testing cell. Because the concentrations of TMD 2D sheets are proportional to
corresponding A/l, we can readily compare the yields of these TMD 2D sheets
synthesized with various salts and solvents. All TMD 2D sheets disperse steadily
in aqueous solutions without obvious precipitation for more than one month. As
control experiments, we also synthesized TMD 2D sheets without the use of
inorganic salts, which is similar to the procedures reported by Cunningham et.
al.®y Table 1 summarizes the results and the ratio listed represents the
differences of the TMDs sheets prepared by our method versus those prepared
without salts. It is obvious that the salt-assisted synthesis offers much higher

yields, as many as 32 folds compared with the direct sonication method.
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Figure 6.1. UV-vis spectra (a, c, e, and g) and digital images (b, d, f, and h) of
aqueous solutions of TMD 2D materials prepared by NaCl-assisted exfoliation in

various organic solvents.
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Figure 6.2. UV-vis spectra (a, c, e, and g) and digital images (b, d, f and h) of
aqueous solutions of TMD 2D materials prepared by CuCl,-assisted exfoliation

in various organic solvents.

In fact, the yield can be further improved with longer boiling (step 2) time.
Figure 6.3 shows the time-dependent yields of all 2D TMDs with boiling time
ranging from 2 days to 14 days. Take MoS, for example. The relative yield
increases to 87 folds with 14 day boiling. Increasing the initial concentration of
the TMD crystals can also increase the concentration of the final 2D TMDs. For
example, when the initial concentration MoS; crystal was increased from 2.5 mg
mL™ to 20 mg mL™, and the final concentration of 2D materials increased from
~0.8 mg mL™ to ~6 mg mL™. In this synthesis, SDBS acts as surfactant to help
the dispersion of starting materials and final products. Without adding SDBS, the
starting materials precipitated and the synthesis was much less effective. It
should be noted that SDBS can attach to 2D materials very stability and is
difficult to fully remove. The amount of SDBS in our final 2D TMDs is
estimated to be ~1% by TGA analysis.
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Figure 6.3. Time dependence (boiling time) measurement of the yields of 2D

TMDs synthesized with and without (w/0) inorganic salts.

In order to study the exfoliation effectiveness, X-ray diffraction (XRD) was
performed on the starting materials and final products. This measurement can
qualitatively identify whether TMD crystals are exfoliated into few-layer sheets
or not. Take salt-assisted exfoliation of MoS; for example. Bulk MoS; gives
XRD finger print peaks at 14.4°, 28.9° 32.6°, 33.4°, 35.8° and 39.4°, which are
attributed to its (002), (004), (100), (001), (102) and (103) planes (Figure 6.4a).
After salt-assisted exfoliation, the final product shows a single peak of (002)
plane, while the rest of the peaks weaken significantly, or even disappear. This
result is clear evidence showing the formation of few-layer MoS; 2D sheets,
according to the literature report.**> *?31 For the other TMDs exfoliated in the
presence of NaCl or CuCl,, similar phenomena are observed: the final TMD 2D
flakes exhibit a single peak assigned to their corresponding (002) plane. The
XRD results indicate that the high-yield exfoliated flakes are indeed few-layer

2D materials.
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Figure 6.4. XRD spectra of bulk TMDs and their corresponding exfoliated 2D

sheets prepared by salt-assisted liquid exfoliation using NaCl and CuCl,.

In addition, Raman spectroscopy was also performed to study our TMD 2D
sheets. Two typical Raman active modes, E*,;and Ay, were generally employed
to evaluate thickness of TMDs 2D sheets.*?* 3] The in-plane mode of E'y
derives from the vibration of two chalcogen atoms in a direction varying from
the metal atom, while the out-of-plane mode of Asqcorresponds to the vibration
of two chalcogen atoms in opposite direction. The location and the wavenumber
difference of these two peaks are sensitive to the material thickness when the
layer number is less five. For MoS, 2D sheets, both peaks shift to higher
wavelength numbers compared with their bulk crystals. Meanwhile, their
difference in Raman shift decreases from 25 cm™ (bulk) to 24 cm™. This result is
consistent with literature report, in which similar MoS, powers were exfoliated
into 2D sheets.*?®! For WS,, peak E';4 blue shifts, while peak Ay red shifts,
which is also consistent with literature report.*®! For MoSe;, the A;qpeak shifts
to the lower wavenumber. For WSe,, the E',y peak slightly shifts to higher
wavenumber, respectively (Figure 6.5). All the Raman data also confirms that

as-made TMD flakes are indeed few-layer 2D materials.
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Figure 6.5. Raman spectra of bulk TMDs and their corresponding exfoliated 2D
sheets prepared by NaCl-assisted exfoliation in NMP using 514 nm excitation
laser, a) MoS,, b) MoSe,, ¢) WS, and d) WSe..

For quantitative analysis, atomic force microscopy (AFM) was further used to
quantify the size and thickness distributions of TMD 2D sheets. Approximately
forty pieces of samples were imaged and analyzed for each kind of TMD 2D
sheets. Figure 6.6 shows typical AFM topographies which we observed: the
lateral size ranges from hundreds of nanometers to several micrometers, and the
thickness ranges from ~0.75 nm to ~3.5 nm. Note that the reported thickness of
single-layer TMD 2D sheets was 0.6~1 nm.BY" 327329 A such, according to the
statistical counts of the thickness of each sample (Figure 6.3), we can conclude
that approximately 100% of the products we obtained are few-layer 2D sheets (<
10 layers). For MoS;, MoSe; and WS, at least 65% of the products are less than
5 layers. For control experiments without adding salt, stacked multilayer
nanosheets were found, with lateral sizes of a few hundred nanometers. The
white particles occurred in the AFM images should be some nano debris of
TMDs sheets absorbed on top of larger flakes or Si substrate. Note that the layer
thickness distribution could be further narrowed down by varying the

centrifugation speed and time. The optimization of other factors including the
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choice of salt and organic solvents, boiling time, sonication time can only impose
effect on the yield.

Counts

7

2 3 4 5 2 3 5 1 2 3 4 5 4 5 6
Thickness (nm) Thickness (nm) Thickness (nm) Thickness (nm)
Figure 6.6. Typical AFM topographic images of exfoliated TMD 2D sheets: a)
MoS,, b) MoSe;, ¢) WS, and d) WSe, and their corresponding thickness

distributions, scale bars: 2 um.

Importantly, our TEM study reveals the single crystalline features of all as-made
TMD 2D sheets (Figure 6.7 and 6.8). Atoms exhibit symmetrical arrangement in
a hexagonal manner with d-spacings being 2.7 A, 2.8A, 2.7A, and 2.8A, which
correspond to the (100) planes of MoS,;, MoSe;, WS, and WSe,,
respectively.**? EDX analysis was also performed in the TEM experiments.
EDX results show elements of the 2D TMDs. No salts (NaCl or CuCly) signal
was observed, indicating the removal of the salts in the rinsing process (Figure
6.9). It should be noted that the maintenance of the single crystalline feature
without attachment of salt is critical when these 2D materials are made for

electronic and optical applications.
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Figure 6.7. TEM images of few-layered TMDs sheets prepared by NaCl-assisted
exfoliation: a) MoS,, b) MoSe;, ¢) WS,, and d) WSe,. Insets are the SAED
patterns. b), d), f) and h) are the corresponding HRTEM images.
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Figure 6.8. TEM images of few-layered TMD 2D sheets prepared by CuCl,-
assisted exfoliation: a) MoS,, b) MoSe,, ¢) WS;, and d) WSe;,. Insets are the
SAED patterns. b), d), f) and h) are their corresponding HRTEM images.

Element | Weght%  Atomick

SK 4343 69.67

Mo K 56.57 30.33

Element | Weight%  Atomic

SeK 62.69 67.12

Figure 6.9. EDX analysis (in TEM) of as-produced TMD 2D sheets. Spectra and
analysis shown from top to bottom are for MoS,;, MoSe;, WS, WSe,,

respectively.

6.3.2 Application in OSCs

To demonstrate that these TMD 2D sheets exfoliated by salt-assisted method can
be used in optoelectronic devices, we integrated thin films of exfoliated MoS, 2D
sheets as hole transport layer (HTL) into OSCs. MoS; thin films were fabricated
by two solution-based methods including (1) film transfer via vacuum filtration,
and (2) drop casting. P3HT:PCs;:BM was used as a model active layer, and
PEDOT:PSS was used as reference HTL for comparison. The OSCs device
architecture is ITO/HTL/P3HT: PCs BM (300 nm)/Al (Figure 6.10a). Under dark
condition, all devices with MoS, HTL show lower reverse saturation current and

a higher rectification ratio up to 10° compared with that with PEDOT:PSS HTL,
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indicating that MoS; thin film functions effectively as the hole transport and
electron blocking layer (Figure 6.10c). The most representative photovoltaic
characteristics of the OSCs (under AM 1.5 illumination) including short-circuit

current density (Jsc), open-circuit voltage (V), fill factor (FF), and PCE are
summarized in Table 2.
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Figure 6.10. a) Structure of OSCs using HTL made of few-layer MoS, 2D
sheets. b) J-V curves of as-made OSCs under solar simulator. MoS; HTLs were
prepared by film transfer and drop casting methods. c) Typical J-V
characteristics of OSCs with MoS, HTL prepared by drop casting and
PEDOT:PSS under illumination and dark condition. d) The transmittance of
different HTLs on ITO glasses.

For the film transfer method, MoS; thin films were prepared by vacuum filtration
of their aqueous suspension through a cellulose ester filter with nano-sized pores,
and then transferred onto the ITO glass. Therefore, the thickness of MoS; could
be manipulated by adding different volume of the suspension. After a thickness-
performance optimization, the best PCE is 1.81%, with a Vo of 0.58 V, a Js of
7.1 mA/cm?, and a FF of 0.440. In the optimized device, the roughness and
thickness of the MoS; HTL are ~55 nm and ~86 nm, respectively. The high V.

indicates that MoS, 2D sheets synthesized with salt-assisted method can be used
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for effective HTL in OSCs. This high roughness is attributed to the rough surface
morphology of the filter paper. The transmittance of the MoS, HTL
characterized by UV-vis spectrometer is 90.6% at 550 nm, about 6% less than
that of PEDOT:PSS (Figure 6.10d).
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Figure 6.11. The J-V curve of OSCs fabricated by single time drop casting.

For the drop casting method, we found that very poor PCE (only 0.18%) was
obtained when single drop casting was used to form MoS, HTL (Figure 6.11).
This is because single drop casting results in poor surface coverage of MoS; on
ITO, which leads to low Vo and FF.2**! As such, multiple cycles of drop casting
are needed to obtain a dense MoS, HTL with high coverage on ITO. Typically,
we found that four cycles are needed to obtain a dense film, with a roughness of
~38 nm, a thickness of 55 nm, and ~93.1% transmittance at 550 nm (Figure
6.10d and 6.12). With this dense layer, the PCE is improved to 1.59% (Figure
6.10b), with a Vo of 0.58 V, a J of 7.1 mA/cm?, and a FF of 0.389. These
device performances are comparable to those works using MoS, HTL
synthesized with other methods,*** % 32 showing that MoS, 2D sheets

synthesized by our salt-assisted method are suitable to fabricate HTLs for OSCs.
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Figure 6.12. AFM topographic images of MoS; thin films prepared by a, c) film

transfer, and b, d) drop casting of few-layer MoS, 2D sheets. Scale bars: 5 um.

Table 6.1. Summary of the optical absorbance of aqueous solutions of TMD 2D

sheets synthesized by salt-assisted liquid exfoliation method.

control
TMDs solvent salt A/l (m'l) (w/o salt) yield ratio
A/l (m™)
NaCl 409.8 6.9
DMF 59.6
MoS; CuCl; 263.1 4.4
(670 nm) NaCl  886.6 320
NMP 27.7
CuCl, 307.7 111
NaCl 698.2 16.5
DMF 42.2
MoSe, CUClz 119.3 2.8
(808 nm) NaCl 192.3 38
NMP 50.5
CuCl; 84.4 1.7
WS, NaCl 637.4 11.8
DMF 53.8
(633 nm) cucl, 1151 21
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NaCl 512.8 9.0

NMP 57.1
cucl, 88.0 15
NaCl 292.8 9.1
DMF 32.1
WSe, cucl, 74.7 23
(768 nm) NaCl 342.0 215
NMP 15.9
cucl, 69.6 44

Table 6.2. Photovoltaic characteristics of OSCs without HTL and with different
HTLs. Average PCE is calculated out of 5 devices.

Jsc Avg.
HTL o Vo (V)  FF(%) PCE (%)
(mA/cm?) PCE (%)
MoS,
_ 7.1 0.58 44.0 1.81 1.57
(film transfer)
MoS,
) 7.1 0.58 38.9 1.59 1.54
(drop casting)
PEDOT:PSS 10.3 0.61 39.7 2.50 2.34
w/o HTL 0.37 0.34 13.5 0.02 0.016

6.4 Conclusions

In conclusion, we have reported a salt-assisted liquid exfoliation method, which
can dramatically improve the yield of synthesizing single and few-layer TMD 2D
materials during ultrasonication process by more than one order of magnitude
when compared with the state-of-the-art. Importantly, these TMD 2D sheets
remained their single crystalline features, which are critical for optoelectronic
applications. As proof-of-concept, solution casted thin films of MoS; 2D sheets
were integrated into OSCs to serve as the HTL, which shows a remarkable
improvement of the V. from 0.34 V to 0.58 V. Because the synthesis does not
require any hazardous chemicals, electrochemical setup, or special reaction
chamber, the salt-assisted strategy is very promising to scale up for mass

production in the future. In addition, this method is applicable to produce other
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2D nanomaterials. Solution-processed manners provide convenience for material

synthesis and device fabrication.
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CHAPTER 7 STUDY OF POLYMER BRUSHES
FUNCTIONALIZED GRAPHENE TRANSISTORS

7.1 Introduction

In the past decade, graphene has attracted worldwide attention owing to its
unique structure and excellent properties in mechanics, electronics and so on.
Concrete evidence has proved that it is a promising candidate for biosensing and
bioelectronic applications, such as the detection of DNA molecules®*3* and
protein adsorption®**. To achieve such kind of applications, especially on CVD
grown graphene that has good electrical property, we have to provide specific
chemical functionality to receive the foreign species. Various strategies have
been developed for the modification of pristine graphene surface, including non-
covalent and covalent ways.!**® #3341 For the covalent way, it will inevitably
cause some destructive effect to the graphene structure and degrade its electrical
performance.**] While the noncovalent approaches often involve the n-
stacking by using aromatic molecules. The modification by using polymer
brushes that can be conducted in a noncovalent way is a better choice, because it
can provide multiple and selective functional sites for the immobilization of
biomolecules. Polymer brushes assisted modification provides a facile way for
the design of biosensors; meanwhile it doesn’t exert the negative effect on the
graphene structure and consequent device performance. Depending on the
applications, such as sensing specific biomolecules, we can tailor-make a
suitable kind of polymer brush by selecting the proper monomer. Although the
modification of graphene by polymer brushes has been frequently reported and

s, (157158, 3%2] thare are

even used as a platform or scaffold to construct biosensor
few researches to fundamentally investigate the electrical properties of polymer

brushes functionalized graphene.

Thus in this contribution, we fabricate polymer brushes functionalized graphene
FET devices by using CVD grown monolayer graphene and various polymer
brushes. The electrical properties of graphene FET devices with and without the

modification of polymer brushes are compared in terms of the variation of charge
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carrier mobility and Dirac point shift. As a proof-of-concept application in
biosensing, DNA molecules are immobilized on the functional polymer brushes

and the consequent electrical performance is studied as well.

7.2 Experimental

7.2.1 CVD Growth of Graphene on Copper Foil

Single layered graphene was synthesized on a 25-um thick copper foil (Alfa
Aesar, 99.8% metal basis) by the CVD process. The typical procedure is as
follows: a piece of Cu foil was loaded into the furnace tube and then heated to
1050 °C in the presence of H; protection (10 sccm); after annealing for 20 min to
remove the possible residual organic substances and oxides, CH4 (15 sccm) was
introduced as the carbon feedstock to initiate the reaction for 15 min; then the
CH4 was turned off, in the meanwhile the heater was moved aside and the

furnace was shut down to cool down the temperature.

7.2.2 Fabrication of Graphene FET

The pre-patterned gold electrodes were prepared by conventional
photolithography (Karl Suss/MA 6 Aligner) on 300 nm SiO,/Si substrate
followed by e-beam metal deposition (10 nm Cr/50 nm Au) to serve as the drain
and source electrodes. After lift-off of the photoresist, CVD-grown monolayer
graphene was wet transferred onto SiO,/Si substrate by etching away Cu foil in
0.3M ammonium persulfate solution. After removal of the PMMA protective
layer, graphene was annealed at 300 °C in inert atmosphere for 1 h. Then
photolithography was employed to define the specific channel length (10 um)
and width (10, 5, 3 and 2 um) of graphene FET by using positive photoresist (AZ
5214E). After developing, the substrate was treated by O, plasma for 10 min

followed by the removal of photoresist in acetone.

7.2.3 Fabrication of Polymer Brushes Functionalized Graphene FET
As-prepared graphene FET with or without patterned channel width were used to
prepare polymer brushes functionalized graphene FET. The substrate was

immersed into the macro-initiator (poly[2-(2-bromoisobutyryloxy) ethyl
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methacrylate-co-4-(1-pyrenyl) butyl methacrylate]) solution (2 mg mL™ in DMF)
for 24 h in the dark at room temperature to form an assembled layer on graphene
surface. Subsequently, it was rinsed by DMF and acetone to remove the
physically absorbed initiator and dried by N,. SI-ATRP was performed in tubes.
The recipes of polymerization for various monomers are as follows: methyl
methacrylate (MMA) 6.0 mL, copper bromide (CuBr) 0.14 g, 2, 2’-bypyridyl
(bipy) 0.3 g, water/methanol (30 mL, 1/4 V/V), 15~45 min, room temperature;
glycidyl methacrylate (GMA) 6.0 mL, CuBr 0.063 g, bipy 0.17 g,
water/methanol (30 mL, 1/4 V/V), 10~40 min, room temperature; poly(ethylene
glycol) methyl ether methacrylate (OEGMA) 4 mL, CuBr 0.07 g, bipy 0.156 g,
water/methanol (30 mL, 1/4 V/V), 0.5~2 h, room temperature. All the chemicals

mentioned above were purchased from Sigma-Aldrich.

The Br-containing macro-initiator (R-Br) would decompose to give a free radical

Re in the presence of bipy and CuBr, which can be expressed as follows:

T oW
‘o b

Cu(l)(bipy) Cu(l1)(bipy)Br

Initiation of a free radical chain takes place by addition of a free radical (Re) to a

vinyl monomer (M). The propagation occurs via the addition of a new free
radical (RMe) to another monomers, resulting the final polymers (P,). Both

processes can be formulated:

R+M — RM

-TVI
P,Br =—= P,

7.2.4 Immobilization of Biomolecules
The presence of epoxy group on PGMA polymer brush can react with amino-
modified single-stranded DNA (ssDNA) via ring-opening reaction. PGMA@G

on SiO,/Si was used to immobilize an oligonucleotide. A 20-mer, 5’-amine-
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modified oligonucleotide labeled with TFT in the 3’ position was dissolved in 1x
phosphate-buffered saline (PBS) (pH = 8) to prepare 300 nM solutions.
PGMA@G was dropcast by the solution and placed overnight in a sealed beaker
filled with saturated NaCl solution at room temperature. The unreacted
oligonucleotides were washed away by PBS and DI water, respectively.
Subsequently, the unreacted epoxy groups were blocked with ethanolamine and
the immobilized ssDNA was hybridized with a TAMRA-labeled complementary

oligonucleotide.

7.2.5 Material and Electrical Characterizations

Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR
spectra, Varian 670-IR) was performed to measure the synthesized polymer
brushes. The transmittance of polymer brushes@G films was performed by UV-
Vis-NIR (Varian Cary 5000). The thickness and morphology was recorded by
atomic force microscopy (AFM, Dimension icon with scan asyst, Bruker) in
tapping mode under ambient condition with silicon tip (resonant frequency 320
kHz, spring constant 42 N/m). Raman spectra analysis was collected from Micro-
Raman (WITec instruments Corp, Germany) with 532 nm laser. The Raman peak
of Si at 520 cm™ was used to calibrate the spectrometer. Optical images were
acquired by using Optical microscopy (Scope Al, ZEISS, Germany). All the
electrical performance of back-gate graphene FET and polymer brushes-
functionalized graphene FET were carried out on a keithley 4200 semiconductor
characterization system under vacuum conditions. Before measurement, each

device was annealed at 100 °C for 1 h to remove water or solvents.
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7.3 Results and Discussion

1) wet etchin

2) transfer

photolithpgraphy

1)macro-initiator

2) grow polymer
brushes

| “k P

" f |
3 P oAl polymerbrushes< :r(’j i
o 10 |
|

|

I

S = S N o
= “ £ ’gp \\ ‘: ox ery

99 _PMMA_PGMA_POEGMA

Figure 7.1. Schematic illustration of polymer brushes functionalized graphene
FET.

Figure 7.1 schematically illustrates the fabrication process of graphene FET with
functionalized polymer brushes. The process mainly contains three steps: CVD
growth of monolayer graphene, wet transfer and patterning by photolithography,
and growth of polymer brushes. Various polymer brushes such as PMMA,
PGMA and POEGMA were decorated onto graphene surface via SI-ATRP.

7.3.1 Pristine Graphene-based FET

Figure 7.2a shows the optical image of patterned graphene film with a specific
length and width of ~9.2 um and ~3.8 um. AFM was performed to characterize
the topography and thickness of as-synthesized graphene. In Figure 7.2c, the line
profile shows the thickness around 0.82 nm, which is consistent with the reported
value of the monolayer graphene. Raman spectrum shows the characteristic
peaks of graphene including D, G and 2D peaks, which are located at 1343, 1588
and 2683 cm™, respectively. The presence of D band with quite a low intensity
indicates that there are little defects in graphene. Furthermore, the intensity of 2D
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peak versus G peak (l.p/lg) around 2.12 and the sharp symmetric 2D peak also
demonstrate that as-synthesized CVD graphene is single-layered and high quality
(Figure 7.2d). The electrical performance of pristine graphene-based back-gate
FET devices was characterized, as shown in Figure 7.2e and f. The ambipolar
transfer characteristic of pristine graphene FET can be observed in Figure 2e. It
exhibits a broad transition at the Dirac point (the minimum conductance) (~28 V)

as the gate voltage scans from negative to positive and an ON/OFF ratio of ~3.

The Dirac point represents the neutralization of positive and negative carriers, i.e.

holes and electrons. In principle, graphene as an ambipolar material should have
no free carriers at zero gate voltage. Therefore, the Dirac point of pristine
graphene is expected to be around zero. However, due to the defects and
contaminants induced in wet transfer, the as-made pristine graphene FET shows
a positive shift, a p-type behavior. In Figure 2f, the output characteristics plotted
between I versus Vysare presented. The linear behavior indicates a good ohmic
contact between the source/drain electrode and graphene sheet. As the gate
voltage increased from -20 V to 20 V, the current lgs flowed through p-type

graphene decreased, therefore the resistance gradually increased.
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Figure 7.2. a) Optical image of patterned graphene with channel length ~9.2 um
and channel width ~3.8 um. B) AFM image of monolayer graphene with a
thickness of 0.82 nm c). d) Raman spectrum of graphene sheet. E) Transfer
characteristics of graphene FET under 0.01 V bias voltage Vg. F) Output

characteristics with various gate voltages from 20 V to -20 V.
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7.3.2 Polymer Brushes Functionalized Graphene
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Figure 7.3. The height histogram of various graphene films including pristine
graphene (G), initiator@G (i@G) and polymer brushes@G characterized by
AFM.

AFM was employed to study the thicknesses of functionalized graphene films
including 1@G and various polymer brushes@G. Figure 7.3 shows the height
distribution of various graphene films. The thickness of initiator-assembled
graphene is ~2.1 nm. Note that the thickness of polymer brushes can be
controlled in SI-ATRP reaction by monitoring the polymerization kinetics. Here
we simply varied the polymerization time to control the thickness of polymer
brushes. The thickness of all three types of polymer brushes shows a monotonic
increase with prolonging the polymerization time. For PMMA brush, the
thickness increased from 15.3 nm to 88.7 nm as the time increased from 15 min
to 45 min. The thickness of PGMA brush ranged from 19.1 to ~200 nm
corresponding to the reaction time from 20 min to 40 min. For POEGMA brush,
the thickness didn’t change much (7.7~17 nm) as the time increased from 0.5 h
to 2 h.
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Figure 7.4. ATR-FITR spectra of three types of polymer brushes@G with
various growth time: a) PMMA@G, b) PGMA@G, c) POEGMA@G. d) Inset is
the enlarged spectra of graphene and initiator@G.

In addition, ATR-FTIR was carried out to identify the successful
functionalization of graphene surface with macro-initiator and polymer brushes.
The peaks located at ~790 cm™ and 1040 cm™ can be attributed to the out-of-
plane C-H bending and in-plane C-H bending variations of aromatic ring,
respectively. The feature peaks of C=0 stretching at 1728 cm™ (Figure 7.4a) and
1724 cm™ (Figure 7.4c) are the evidence of successful grafting of PMMA and
POEGMA brushes. For the PGMA brush, apart from the C=0 stretching peak at
1728 cm™, another C-O stretching peak at 904 cm™ can also prove the presence
of PGMA brushes (Figure 7.4b). The inset spectra in Figure 7.5d shows a
characteristic C=0O stretching peak located at 1735 cm™, confirming the
successful attachment of macro-initiator on graphene (initiator@G). For a
specific polymer brush, prolonging the reaction time can help grow a thicker film.
Take PMMA brush as an example. Thicker polymer brush may result in strong
peak intensity in FTIR spectra. Therefore the characteristic peaks show a little

variation as a function of reaction time.
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Figure 7.5. UV-Vis spectra of polymer brushes functionalized graphene, in
which polymer brushes are grown for different time.

The graphene films after polymer brushes functionalization still maintain high
transparency (Figure 7.5). For PMMA@G, the transmittance at 550 nm
decreases from 94.9% to 85.9% as the brushes thickness increase from 15.3 nm
to 88.7 nm. For PGMA@G, after 40 min polymerization, the transmittance is
around 80% with a thickness of ~200 nm. For POEGMA@G, they have a high
transmittance around 96%. This high value may derive from the very thin film

obtained and non-uniform coverage of POEGMA brushes.
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Figure 7.6. a) Transfer characteristics of patterned graphene (pG) FET under the
bias of Vg (0.05 V). b) The corresponding transfer characteristics of polymer
brushes functionalized graphene FET: PMMA@pG, PGMA@pG and
POEGMA@pG. c¢) The corresponding AFM topographic images of polymer
brushes@pG with a thickness of 26nm, 19.1 nm and 17.0 nm for PMMA@pG,
PGMA@pG and POEGMA@pG, respectively.

For each type of polymer brushes, various thicknesses were grown onto the
graphene surface, and here we take the thickness around ~20 nm for an example
to study the electrical performance of polymer brushes@pG, as shown in Figure
7.6. For the pG, we can observe that the Dirac point has a large positive shift,
which is mainly caused by the residues left in the photolithography. This can be
avoided or minimized by controlling the photolithographic conditions or using
proper organic solvents to conduct post-treatment process. For PMMA@pG FET,
its Dirac point shifts to the negative direction compared to that of the same
device before the polymer growth. As is the case for PGMA@pG and
POEGMA@pG. Based on the phenomena observed above, we can assume that

the presence of polymer brushes can donate electrons to graphene film which
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makes the majority carriers (hole) become less and leads to the n-type doping
effect. This result is consistent with the literature reported.**? All the FET
devices in Figure 7.6a and b show an obvious hysteresis as the gate voltage scans
forward and reverse. Such a phenomenon can be attributed to the trapping and
de-trapping of charge carriers absorbed by water molecules or trapped on

dielectric substrate.*?!

Moreover, charge carriers’ mobility is another important parameter to evaluate
the performance of graphene FET devices. The mobility can be estimated using
the equation:

__ L dl g
 WCV4  dV

u
gs

where L is the channel length, W is the channel width, C; is the unit-area
capacitance of bottom gate oxide (Ci= goe/d; o= 8.854 x 107 F/m, & (SiO,) =
3.9, d(SiO) = 300 nm). Table 1 shows the hole and electron mobility and Dirac
point of as-fabricated FET devices based on the pristine patterned graphene and
various polymer brushes decorated graphene. Interestingly, compared with the
pristine graphene, the electron mobility of polymer brushes decorated graphene

increased.

Table 7.1. Summary of mobility and Dirac point of as-fabricated FET devices.

_ Hole Electron Dirac point
FET devices o1 1 o 11
(cm°V7s™) (cm°V7s™) V)
pG 813 207 ~80
PMMA@pG 961.2 (425.5) 173.3 (86) 39
PGMA@pG 1888.1 (950.3)  579.8 (117) 43
POEGMA@pG 1163 (454.9)  523.2 (53.3) 15
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Figure 7.7. a) Transfer characteristics of FET devices based on graphene (G,
without pattern) and polymer brushes@G under the bias of Vg (0.01V). b)
Raman spectra of graphene and polymer brushes@G. Insets are the Raman
spectra with magnified G peaks. c) The corresponding AFM topographic images
of polymer brushes@G.

As a matter of fact, it is the Dirac point that plays an important role in the
determination of the function of polymer brushes. The absence of
photolithographic patterning would impose a negative effect on the calculation of
charge carrier mobility but a negligible effect on the Dirac point shift. Therefore,
our fabrication process of FET devices can be simplified by directly growing the
polymer brushes on the surface of wet transferred graphene film. Figure 7.7a
shows a negative shift of Dirac point after the growth of polymer brushes, which
is consistent with the result of polymer brushes@pG. This further confirms the n-
type doping effect of polymer brushes. Micro-Raman was also performed to the
graphene films at different stages. Figure 7.7b shows the Raman spectra of
graphene before and after growth of polymer brushes. The small D peak
indicates that there are no additional defects induced in the ATRP process. And

the red shift of G peak after the functionalization of polymer brushes may be also
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closely related to the n-doping effect. AFM image shows the topography and
thickness of polymer brushes@G: PMMA@G 12.4 nm, PGMA@G 14.1 nm and
POEGMA@G 9.7 nm.

7.3.3 Immobilization of Biomolecules
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Figure 7.8. a) Illustration of molecular reaction for DNA binding and
hybridization. b) Immobilization of DNA molecules on PGMA@G FET device.
c) The transfer characteristics of polymer functionalized graphene FET and

biomolecules-immobilized graphene FET under a bias Vg of 0.01 V.

For a proof-of-concept application, the polymer brushes functionalized graphene
may serve as a platform to immobilize biomolecules, such as DNA molecules.
Figure 7.8a and b show the immobilization process of DNA molecules. The
presence of epoxy group in PGMA can react with amino-modified ssSDNA via
ring-opening reaction. Subsequently ssDNA can hybridized with its
complementary strand. After reaction, the devices were annealed at 100 °C under
vacuum condition for 2 h. Figure 7.8c shows the electrical performance. Same as
the aforementioned, the presence of PGMA induces an n-type doping effect with
a negative shift of the Dirac point in contrast with the pristine graphene. After the
immobilization of ssDNA, we can clearly observe an obvious positive shift of
Dirac point, which indicates the p-type doping behavior. The subsequent
hybridization of DNA moves the Dirac point a little to the positive direction.

This result is a little contradictory to the literature, which claims that DNA has an
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n-doping effect.®* It may be reasonable because in our case the DNA is not
directly deposited onto the graphene surface but with an intermediate polymer
brush layer. The detailed electronic reaction between polymer brushes and DNA

molecules in not clear yet.

7.4 Conclusions

The electrical performances of monolayer graphene-based FET devices with the
functionalization of various polymer brushes have been carefully studied.
Compared to the pristine graphene-based devices, the presence of polymer
brushes including PMMA, PGMA and POEGMA shifts the Dirac point to the
negative direction, exhibiting an n-type doping effect. Moreover, the electron
mobility of polymer brushes@G is increased in contrast with pristine graphene
while the hole mobility is decreased. Importantly, the polymer brushes modified
graphene can serve as a scaffold to immobilize and sense biomolecules. It seems
that a p-type doping effect is induced after immobilization of DNA molecules.
This research exhibit facile synthetic processes in the functionalization of
graphene with various polymer brushes and the immobilization of biomolecules
meanwhile the resultant devices shows apparent variations in the electrical
performance, whereas the precise mechanism of their interaction and theoretical
model are still under research with our great efforts, and this obscurity restricts
the enhancement and optimization of the targeted immobilization and sensing

effect in terms of selectivity and sensitivity.
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CHAPTER 8 CONCLUSIONS AND SUGGESTIONS
FOR FUTURE WORK

8.1 Conclusions

In this thesis, our developed synthetic method, namely “salt-assisted direct
exfoliation method” is systematically studied to produce 2D nanomaterials
including graphene and various TMD nanosheets. Typical characterization
techniques are performed to investigate the morphology, thickness and quality of
as-exfoliated nanosheets. These 2D nanomaterials are solution cast into thin
films or hybrid films and subsequently integrated into photovoltaic devices.
Moreover, CVD graphene has been synthesized so that we can use it to study the

electrical performance of polymer brushes functionalized graphene.

In chapter 4, the salt-assisted direct exfoliation method was first proposed to
prepare single- and few-layered graphene nanosheets. We assume that the
presence of inorganic salts can attenuate the van der Waals force, which is
responsible for bounding the layers together, probably by penetrating salt ions
into the interlayers and this could facilitate the subsequent ultrasonic exfoliation.
Though we attempted to interpret this process, no concrete proof can be provided.
However, the results turned out to be good. 86% of as-produced graphene sheets
are few layers. TEM and Raman measurement confirmed the good quality of
graphene sheets with crystalline structure and little defects in the basal plane.
They can be steadily dispersed in water, which is convenient to prepare thin

films by solution-processed approaches.

In chapter 5, the conductivity of graphene thin films prepared by using as-
produced graphene solutions was dramatically improved by combination with 1D
Ag NWs. The graphene/Ag NW hybrid film shows a sheet resistance of ~130 Q
sqt and a transmittance of 70%. It can be potentially used as transparent
electrodes. After the integration into perovskite solar cells as cathode, the device
showed a PCE around 5.3%.
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In chapter 6, this salt-assisted exfoliation method was extended to prepare other
2D nanomaterials. Single- and few-layered TMD 2D nanosheets were obtained.
Similarly, the statistical analysis from AFM indicated that 65% TMD nanosheets
were 1~5 layers. As-produced MoS; nanosheets were integrated into OSCs as
HTL. MoS; thin films were fabricated via solution-processed methods including
vacuum filtration method and drop casting. The V.. of OSCs was remarkably
improved from 0.34 V to 0.58 V.

In chapter 7, monolayer graphene was synthesized by CVD method. The
electrical performance of graphene-based transistors with/without the
functionalization by polymer brushes were carefully studied. The pristine
graphene showed ambipolar characteristic with Dirac point ~28 V, p-type doped.
The polymer brushes@G shows an n-type doping behavior because the Dirac
point shifts to the negative direction compared to the pristine graphene devices.
The electrical performance after the immobilization of biomolecules (e.g. DNA)
was also investigated, exhibiting p-type doping effect, which is uncertain at this

stage.

8.2 Suggestions for Future Work

This research project has focused on the synthetic methods to produce 2D
nanomaterials, e.g. graphene and TMD nanosheets and explore some
applications, particularly in the photovoltaic aspects. Although we have
developed a liquid-based direct exfoliation method to produce 2D nanosheets
and achieved some results, there are still some concerns that need to be

addressed in the future work.

1. For the salt-assisted exfoliation we proposed, although it is demonstrated to
be an effective way to produce 2D nanomaterials compared to the direct
ultrasonic exfoliation in liquids, we failed to figure out the mechanism. Some
experiments have been done, but the results are not solid enough to help us
draw a conclusion. The intermediate process is worthy for further

investigation.
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2. The combination of 2D graphene nanosheets with 1D metal NWs are
promising to serve as the flexible transparent electrodes. Because metal NWs
can improve the conductivity while graphene nanosheets can provide better

mechanical property. The flexible photovoltaic devices could be studied later.

3. Polymer brushes functionalized graphene can be a scaffold or platform to
construct biosensors because it offers multi-functionality to immobilize
biomolecules. For the biosensors, the selectivity and sensitivity are the

crucial factors to consider.
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