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GENERAL INTRODUCTION

With the rapid advancement of technology, the demand for materials with exceptional chemical and
physical properties such as mechanical strength, thermal conductivity, electrical conductivity, and low
dielectric constant has increased significantly. Polyimide (Pl) possesses several favourable
characteristics, making it an indispensable material in electronic products. However, with the rapid
development of wearable electronic products and battery technology in recent years, the performance
and application of PI gradually fail to meet the needs of products. In order to enhance the performance
and applicability of PI, adding materials with good physical properties to Pl to form a composite
material is a very potential choice. However, the requirements for the additive material of Pl are
extremely stringent, such as the dispersion of the filler material in the PI, the size of the material, and
the amount of additive, etc. If the filler material is not well matched, the Pl will not be suitable for the
application. Failure to match these requirements will result in a decline in the physical properties of
the composite material or cause unavoidable defects. Conventional filler materials such as carbon black,
fullerene, and carbon nanotubes are known to be effective in enhancing the physical properties of Pl
composites. However, due to the performance and structural problems of the filler materials, the
desired properties and applications could not be achieved.

In 2004, A. Geim and K. Novoselov first obtained monolayer graphene through mechanical
exfoliation, overturning thermodynamically unstable theories. This discovery, which won the Nobel
Prize in Physics in 2010, marked the beginning of an era exploring two-dimensional materials. Since
then, various two-dimensional (2D) materials such as boron nitride (BN), transition metal
dichalcogenides (TMDS), molybdenum disulfide (MOSz), and MXenes. Quaternary materials have
special structure and excellent physical properties, such as excellent mechanical properties, thermal

conductivity, electrical conductivity and electronic transfer. In this context, 2D materials have great



potential to enhance the chemical and physical properties of Pl composites and to expand their
applications.

This thesis is divided into two parts. The first part summarizes the information about the properties
of graphene and boron nitride, the synthesis routes, and the fabrication and application of PI
composites. The second part describes in detail the experimental studies conducted.

The first part introduces the various synthesis routes of graphene and boron nitride. At the same
time, PI synthesis, characterization and applications are discussed, and the applications and future of
Pl composites with the addition of 2D material are introduced.

The second part describes the scientific progress achieved through this blog paper; the first part
introduces the fabrication of complex 2D materials with PI composite films; the second part introduces
the results of controlling the functional total amount of h-BN on Pl composite films; the last part
introduces the Pl nanowalls grown on GO surfaces to form tertiary carbonaceous materials by heating,
and unlocks the excellent properties of LIBs.

The third part presents the conclusion and future prospects.

Chapter 1 focuses on a comprehensive literature review of graphene and h-BN. The synthesis
methods of graphene and h-BN are introduced: mechanical exfoliation, ultrasonic exfoliation,
oxidative reduction, and chemical vapor deposition.

Chapter 2 presents a comprehensive literature review on polyimide. Such as, the synthesis,
characterization and application. Then, based on the shortcomings of PI properties, the addition of 2D
materials is used to further enhance the physical properties of P1 and to expand the applications.

Chapter 3 introduces the effect of complex 2D- materials on the mechanical properties of PIl. The
2D material are GO and h-BN, which are effectively dispersed in organic solvents, chemically
modified by ball milling method, and then added with a certain proportion of GO, which are mixed to
produce Pl composite films with good mechanical properties. This study can provide a better

development for the future application of Pl composite films for plural-quadratic material interactions.



Chapter 4, the total number of functional groups by controlling the h-BN surface is presented. A list
of their properties such as crystallinity, total number of functional groups is given. In this experiment,
we control the total amount of functional groups on h-BN surface by ball milling method and get the
agreement with the actual ball milling result by using mathematical simulation. Then, we formed a
composite film with Pl and analyzed its properties. The effect of the total amount of functional groups
on the mechanical properties of the composite film is investigated.

Chapter 5, the three-dimensional nanocarbon structure of Pl and GO was fabricated by simple
fabrication, and this structure was utilized to have good performance in lithium-ion batteries. In this
study, we grew Pl nanowalls structures vertically on the surface of graphene oxide, and fabricated
different 3D nanocarbon material through different reaction times and heating temperatures. The
prepared 3D nanocarbon material were applied to lithium-ion batteries and showed excellent
performance.

Chapter 6 presents the conclusion and future prospects.

Chapters 7 and 8 present the list of publication and acknowledgement.
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CHAPTER 1
Current progress of two-dimensional
(2D) materials



. INTRODUCTION

1.1 2D materials

In 2004, scientists in Manchester successfully isolated single-layer graphene from graphite using a
repeated tape exfoliation method, demonstrating the existence of stable single-layer graphene. Its
unique structure and excellent physical properties sparked a wave of graphene research,! which caused
AK. Geim and K.S. Novoselov to be awarded the Nobel Prize in Physics in 2010 for their
groundbreaking discoveries in the field.

Since then, researchers have discovered other 2D materials different from graphene,*? such as
transition metal dichalcogenides (TMDCs),>4 magnetic 2D materials,>" MXenes,®° hexagonal boron
nitride (h-BN),'%!! etc. The special structure of 2D materials contributes to their excellent thermal,
electrical, and mechanical properties. For example, they possess ultrahigh theoretical specific surface
area, electrical and thermal conductivities, and directional mechanical properties.'> > These materials
hold great potential for applications in water filtration membranes,'®*® nanocomposites,*?* energy
storage device electrodes,?>?* and semiconductors.?>2® However, the difficulties encountered for
large-scale production of 2D materials hinders their widespread application in everyday products.?®=°

The inherent attractiveness of 2D materials has led scientists to further explore their physical
properties by incorporating them into other materials. In particular, the addition of small amounts of
2D materials to polymers has shown significant improvements in their physical properties, including
mechanical properties, thermal conductivity, electrical conductivity, and hydrophobicity. 232 These
results highlight the enormous potential of composite materials obtained by combining 2D materials
and polymers. However, there are several difficulties when producing these materials, especially
related to the difficulty to achieve homogeneous dispersions of 2D materials in organic solvents, as it
is the poor dispersion the materials exhibit which leads to defects in the material structure and the
subsequent deterioration of the physical properties of polymer composites. To effectively improve the

dispersion of 2D materials in organic solvents, surface functionalization is performed. Furthermore,
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scientists have discovered that specific functionalization on the surface of 2D materials helps to
establish stronger connections between 2D materials and polymers, thereby enhancing the physical
properties of polymer composites.®*-3> However, surface modification of 2D materials alone is not
sufficient, as their dispersion in polymer composites tends to be random. To introduce anisotropic
dispersion of 2D materials in polymer composites, functionalization is carried out around the 2D
materials, ensuring their uniform dispersion in a specific direction within the polymer composite.333°
This can help to elucidate the mechanism in which 2D materials are able to modify the physical
properties of polymers through different functionalization approaches, effectively creating polymer

composites tailored to specific functionalities that can adapt the materials for diverse applications.

1.2 Graphene

Graphene is a 2D material with a planar structure composed of a single layer of carbon atoms. Prior
to the discovery of graphene, it was generally believed that 2D crystal structures would only exist in
absolute zero temperatures according to the thermodynamic theory. However, in 2004, a research team
of scientists in Manchester successfully isolated graphene from graphite using a simple method known
as the "scotch tape" technique.l? The discovery of single-layer graphene overturned many previously
held notions in physics and demonstrated that graphene possesses a 2D honeycomb lattice structure

with sp? covalent bonds (Fig 1).

Graphene

Fig. 1 Structure of graphene showing the sp2 carbon atoms bounded in hexagonal rings.

The carbon-carbon bond length in graphene is typically 1.42 A, and the connections between
individual carbon atoms are exceptionally strong, making it one of the toughest materials known
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(Tensile strength and Young's modulus of approximately 130 GPa and 1 TPa, respectively).36-38
Additionally, graphene exhibits a highly stable crystalline structure and possesses excellent thermal
conductivity (~4000 Wm™ K™1).3%4 The thickness of a single layer of graphene is approximately 0.34
nm,*>43 resulting in an extremely high theoretical surface area of 2630 m? g*.* Due to the presence of
delocalized = electrons along the Z-axis of graphene, electronic motion within its orbitals is not
affected by lattice defects or impurities, leading to its exceptionally high intrinsic mobility (200000
cm? vt s7H)*45 and conductivity (approximately 200000 S/cm).*6-*8 Moreover, graphene can give rise
to allotropes through structural variations, such as fullerenes, carbon nanotubes, and graphite (Figure

2)_49
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Fullerene Carbon nanotube Graphite

Fig. 2 Graphene is a 2D building material for carbon materials of all other dimensionalities. It can be wrapped up into 0D

fullerene, rolled into 1D nanotubes or stacked as in 3D graphite found in nature Reprinted with permission from Science.*
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Due to the extremely high theoretical surface area of graphene, its surface functional groups can be
easily modified by chemical modification, which is helpful for its successful dispersion in organic
solvents. The application of modified graphene to the preparation of polymer nanocomposites can
effectively improve the mechanical properties, electrical conductivity, and thermal conductivity of
polymer materials.3*3
1.2.1 Synthesis of graphene

Typically, graphene fabrication methods can be broadly classified into two categories: "bottom-up"
and "top-down™ approaches, which encompass both physical and chemical preparation methods. The
top-down approach involves the exfoliation or delamination of graphite, and commonly employed
techniques consist in oxidation-reduction methods,>*°! electrochemical reduction methods,>*>3
ultrasonic exfoliation.>** The bottom-up approach involves the rearrangement of carbon-hydrogen
compounds or aromatic compounds, such as chemical vapor deposition and epitaxy.>® Selection of the
synthesis method can influence the properties and applications of the resulting graphene materials,
including their crystallinity, conductivity, surface characteristics, and physical properties. 44649

Among the various production methods mentioned above, the oxidation-reduction method is fast,
simple, and can produce graphene in large quantities at a relatively low cost. However, the structural
quality of graphene produced by the oxidation-reduction method is poor, because its pristine surface
becomes decorated with many oxygen-containing functional groups. The appearance of these
functionalities, deteriorates the crystalline structure of graphene, as well as its mechanical properties,
including electrical and thermal conductivities.*#4° Although the graphene-derived materials
obtained by the redox method possess many disadvantages, the oxygen-containing functional groups
on the surface can serve to efficiently introduce other functionalities for secondary modifications,
which in turn may help to improve dispersion in organic solvents which open up new horizons for

future applications.>
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1.2.1.1 The scotch-tape method

This method primarily involves the mechanical separation of graphene from graphite using
mechanical forces. In 2004, a research team led by A.K. Geim and K.S. Novoselov at the University
of Manchester in the UK developed a simple method for producing graphene.!2 They adhered graphite
to adhesive tape, folded the tape, and then peeled it off repeatedly. With each iteration, the graphite
flakes became thinner. Subsequently, the flakes were transferred onto a silicon substrate, resulting in
the successful discovery of graphene with a thickness of only one atomic layer, with maximum widths
reaching approximately 10 micrometers (Fig. 3). Furthermore, it was also discovered that graphene
exhibited an excellent chemical stability and maintained crystalline structure at room temperature.
However, this method has drawbacks in terms of controlling the thickness and size of graphene. During
the exfoliation process, numerous graphite fragments are generated, making it challenging to transfer
intact graphene flakes onto a silicon substrate, posing significant challenges for its future applications

in semiconductors and electronic devices.

20 um

I um

Fig. 3 Graphene films. Reprinted with permission from Science.!
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1.2.1.2 Liquid-phase exfoliation of graphite

Liquid-phase exfoliation is a relatively simple preparation method that involves dispersing graphite
in a suitable solvent, subjecting it to ultrasonic treatment, and then separating graphene from graphite
through centrifugation, as shown in Fig. 4. This phenomenon was initially proposed by Hernandez et
al., and according to the literature, graphene concentrations of up to 0.01 mg/ml can be achieved in N-
methylpyrrolidone (NMP) solutions.®® Alberto Mariani's research team successfully achieved to obtain
a more concentrated graphene dispersion of 2.21 mg/ml in NMP by controlling the ultrasonic treatment
parameters.>*>® Although this method effectively disperses graphene in specific organic solvents, it
requires careful selection of the solvent and ultrasonic parameters to succeed. Additionally, the use of
ultrasonic treatment can lead to variations in graphene sheet sizes, again, posing further challenges for

practical applications in semiconductors and electronic devices.

(@)

(b)

\ "
§ o N=100

4 6 8 10 12 14
Number of layers per sheet

Fig. 4 (a) Dispersions of graphite flakes in NMP, at a range of concentrations ranging from 6 mg m, (b-c) Bright-field
TEM images of a folded graphene sheet and multilayer graphene, both deposited from NMP (scale bars: 500 nm)., (d)
Histogram of the number of visual observations of flakes as a function of the number of monolayers per flake for NMP

dispersions. reprinted with permission from nature nanotechnology.®
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1.2.1.3 Unzipping of carbon nanotubes

This method involves the cutting of multi-walled carbon nanotubes through the action of potassium
permanganate and sulfuric acid, resulting in the formation of graphene nanoribbons (GNRs), as shown
in Fig. 5.5 This method was first developed by Melinda Y. Han's research team.®? According to the
literature, the bandgap of GNRs varies depending on their width (from 0.2 to 1.5 eV), making them a
significant breakthrough in the development of future semiconductors compared to graphene (which
has a bandgap of 0). However, this method faces challenges not only when controlling the size and
width of graphene nanoribbons, but also during the fabrication process, since GNRs are prone to

oxidation, which leads to a decrease in crystallinity and changes in their physical properties.

Fig. 5 (a) Representation of the gradual unzipping of one wall of a carbon nanotube to form a nanoribbon. (b) TEM images

depicting the transformation of oxidized nanoribbons (right). Reprinted with permission from Nature®!

1.2.1.4 Chemical vapor deposition (CVD)

CVD is a method used to prepare high-quality graphene on metal surfaces through chemical vapor
deposition. Different metals such as ruthenium (Ru), cobalt (Co), platinum (Pt), copper (Cu), and
nickel (Ni) are commonly employed in this approach.®*-®" Carbon-hydrogen compounds, such as
methane, acetylene, or ethylene, serve as the carbon source and react with the metal surface at high
temperatures to decompose and form a graphene layer (Fig. 6). The advantages of this method include
large-scale production capability, high surface flatness, and high specific surface area. However, its
disadvantages include high production costs, low productivity, and the risk of explosions during high-

temperature reactions.
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Fig. 6 Morphology of epitaxial graphene on Ru (0001). (a) UHV-SEM image of a large area of the Ru (0001) surface after
first-layer graphene growth. Inset: Carbon KLL (260.6 eV) UHV scanning Auger microscopy image, obtained on this
sample. (b) UHV-SEM image of a group of second-layer graphene islands. (c) Selected-area low-energy electron
diffraction (electron energy: 45.4 eV) pattern of the Ru (0001) substrate. (d) Diffraction pattern of one-layer epitaxial
graphene on Ru (0001) (52.2 eV). (e) Diffraction pattern of two-layer epitaxial graphene (39.1 eV). Reprinted with
permission from Nature material.5
1.2.1.5 Epitaxial growth on silicon carbide surfaces

This fabrication method involves heating the (001) surface of a single-crystal silicon carbide
substrate in ultra-high vacuum conditions, maintaining a constant temperature of approximately
1250°C to 1450°C for 1 to 20 minutes.%8"° This process causes silicon sublimation and decarburization,
resulting in the formation of a graphene film (Fig. 7). Graphene produced through this method is more

uniform compared to that obtained through CVD. However, synthesizing graphene with a specific

thickness over a large area using this method still remains challenging.
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Fig. 7 Morphological changes of 6H-SiC(0001) during graphene growth. (a) Initial surface after H-etching imaged by
AFM. The step height is 15 A . (b), AFM image of graphene on 6H-SiC(0001) with a nominal thickness of 1ML formed by
annealing in UHV at a temperature of about 1,280 °C. (c) LEEM image of a UHV-grown graphene film on SiC(0001) with
a nominal thickness of 1.2 monolayers. The image contrast is due to the locally different layer thickness. Light, medium
and dark grey correspond to a local thickness of 0, 1 and 2 ML, respectively. (d) AFM image of graphene on 6H-SiC(0001)
with a nominal thickness of 1.2ML formed by annealing in Ar (pD900 mbar, T D1,650 °C). e, LEEM image of a sample
equivalent to that of d revealing macro-terraces covered with graphene up to 50 pm long and at least 1 um wide. Reprinted

with permission from Nature material.®®

1.2.2 Graphene oxide (GO) reduction method

1.2.2.1 Preparation of GO

Before the discovery of graphene, GO was commonly referred to as oxidized graphene or graphite
acid.” The first successful production of GO was accomplished by Brodie through the action of nitric
acid and potassium chlorate, resulting in the formation of graphene oxide flakes with a thickness of
0.05 mm. In 1957, Hummers and Offerman developed a safe and fast process known as the Hummers'
method, by using a mixture of sulfuric acid, sodium nitrate, and potassium permanganate. This method

is still widely used and has undergone numerous modifications over time, as shown in Fig. 8.
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The resulting GO prepared by using this method contains various oxygen-containing functional
groups on its surface, such as C=0, -OH, and -COOH.”>"* The presence of these oxygen-containing
groups on the surface facilitates its dispersion in water. According to the literature, GO can be
successfully dispersed in specific organic solvents such as NMP, N,N-dimethylformamide (DMF), and
tetrahydrofuran (THF) polar solvents. "8 Due to these properties, GO can be effectively dispersed in
polymer materials. Furthermore, additional chemical modifications can be introduced to GO, enabling
further enhancements in solvent dispersibility and widen the range of potential applications. Table 1
summarizes the advantages, disadvantages, application prospects, and physical properties of graphene
and GO. Various methods, including thermal reduction, microwave reduction, and chemical reduction,

can be employed to convert GO back into graphene.
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Fig. 8 (a) Summary of various Hummers’ methods used to oxidize graphite to GO. (b) (left) Basic design of a continuous-
flow system used to synthesize GO. (right) SEM image of a flake of GO obtained from the continuous flow system after
exfoliation by sonication. (c) GO dispersed in water and 13 organic solvents through bath ultrasonication. Reprinted with

permission from Chemistry of Materials and Langmuir.”7

17



Table 1 Comparison of the advantages and disadvantages of graphene and GO.

Material Advantagg36:3949.56-59.74.76 Disadvantage**46:49
* High electrical and thermal conductivities * High cost

raphene igh Mechanical properties mall production
Graph * High Mech I t * Small product

* High control on functionalization * Difficult workability
* Water dispersibility * Lower electrical and thermal conductivities
] * Polar functionalization * Surface random functionalization
Graphene oxide (GO) L
ow cost

* Easy workability

1.2.2.2 Thermal reduction of GO

The thermal reduction method involves high-temperature reduction of oxygen-containing functional
groups on the surface of GO to form carbon-carbon double bonds, effectively producing multi-layer
graphene flakes.”” However, this method requires precise control of the heating temperature and rate
of temperature increase to ensure consistent reduction and crystallinity of graphene oxide. In 2006,
Schniepp et al. studied the synthesis of graphene through the thermal reduction of GO. When GO is
heated to 1050 °C in an inert gas for 30 seconds, it undergoes layer exfoliation and reduction.”” Layer
exfoliation occurs when the temperature exceeds 600 °C, causing the carboxyl groups (COOH) and
OH present on the GO surface to vaporize, producing carbon dioxide (CO2).”® When the pressure from
CO- exceeds the van der Waals forces between the GO layers, exfoliation of GO occurs. The graphene
produced through this method is known as thermally reduced graphene oxide (TRGO). The advantage
of this method is that reduction and exfoliation can be simultaneously achieved in a single step.
However, the physical properties of the reduced graphene oxide can vary at different temperatures.”
In 2018, Sengupta et al. observed that the specific surface area of GO varied with different reduction
temperatures, with the achievement of a maximum surface area of 437.62 m?/g after reduction at 350
°C (Fig. 9), thus highlighting the importance of temperature control during the reduction process of

GO.%0

18



600 T Y T v T T T 4 T ¥ T

500

400

300

200

100

Specific Surface Area (mz/g)

Components

Fig. 9 Specific surface area of GO and rGO specimens. Reproduced with permission from &

1.2.2.3 Microwave reduction of GO

The microwave reduction method involves a rapid temperature increase by agitating free electrons,
leading to the decomposition of functional groups on the surface of GO and reduction achievement.5!
This method offers rapid and uniform heating, resulting in the successful exfoliation of GO. In 2010,
Rodney S. Ruoff and his research team, by microwave rapid heating of GO, demonstrated that the
specific surface area of GO would increase to 463 m? / g (original 7 ~ 9 times) (Fig. 10), and the battery
and capacitor obtained by this material exhibit good performance.® In 2016, Vioy et al. found that GO
could be reduced to graphene within a few seconds by using a simple microwave oven, and Raman
analysis showed that the crystallinity of the reduced GO was comparable to that of graphene produced

through CVD.%
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Fig. 10 Optical photos of GO before (a) and after (b) treatment in a microwave oven for 1 min. (c) Typical SEM image of
as-prepared MEGO by microwave irradiation with a high magnification SEM image in the inset showing the crumpled
MEGO sheets. (d) Typical TEM image of the MEGO and the corresponding electron diffraction pattern. () XPS Cls

spectra of GO and MEGO. Reproduced with permission from Carbon.%

1.2.2.4 Chemical reaction of GO

We have previously stated that GO possesses humerous oxygen-containing functional groups on its
surface, leading to a high density of crystalline defects. Therefore, a strong reducing agent is required
to effectively reduce and eliminate these functional groups. The initial research by Sasha Stankovich's
team used hydrazine, leading to the successful reduction of GO to graphene.?*8 The study showed a
decrease in the C-O and C=0 peaks on the surface of hydrazine-reduced GO, indicating that the
reduction of oxygen-containing functional groups was successful. The reduced GO exhibited improved
thermal stability when compared to pristine GO. Although hydrazine can effectively reduce GO, it is
an expensive material which in addition is harmful to the environment. Subsequent studies have
identified alternative chemical reducing agents for GO, such as sodium borohydride,28

hexamethylenetetramine,®8 Vitamin C%*°! and ascorbic acid.%
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1.3 Boron nitride (BN)

Boron nitride is an artificially synthesized inorganic compound, primarily composed of boron (B) and
nitrogen (N) atoms. Due to differences in crystal structures, it can be classified into cubic boron nitride
(c-BN),®® wurtzite boron nitride (w-BN),%* and hexagonal boron nitride (h-BN).*>% The structure of
h-BN consists of boron and nitrogen atoms alternately arranged in an SP? hexagonal honeycomb
structure and stacked with boron on top of nitrogen and vice versa (AAA-stacking) (Fig. 11). The
structure is similar to that of graphite and because of its white color, it is commonly referred to as

"white graphite”. A single layer of BN is also termed "white graphene".%"-%

(a) 0.250 nm

Few-layer h-BN

Fig. 11 (a) The structure of h-BN nanosheets. Reproduced with permission from 2016 Elsevier Inc.% (b) The lattice of
h-BN with an AAA stacking.

The thermal and chemical stability of h-BN typically leads to its application in high-temperature
equipment components. BN has relatively weak interlayer bonding, making its layers to easily slide
when shear forces are applied. For this reason, h-BN is frequently used in bearings and lubricants.
Recent research has shown that h-BN, with its unique electrical insulating properties and a wide band
gap of 5.9 eV,+% coupled with a hexagonal atomic structure, exhibits minimal lattice mismatch and
high uniformity with graphene. This makes h-BN an effective substrate for graphene, proving
beneficial for future semiconductor applications.®®*'® Owing to h-BN exhibiting commendable
mechanical properties, thermal conductivity, lubricity, and corrosion resistance, its application in

polymer composite materials has been gradually increasing in recent years, 3510102
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1.3.1 Preparation of hexagonal boron nitride (h-BN)

The synthesis of h-BN is achieved by the reaction of boron trioxide or boric acid with ammonia or
urea under a nitrogen atmosphere, low temperature and pressure. When h-BN is subjected to high
temperature and high pressure, it transforms into c-BN or w-BN. The variation in crystal structure (Fig.
12)1% results in different physical properties such as thermal conductivity, electrical characteristics,

mechanical properties, and density. The Table 2 below compares the physical properties of c-BN, h-

BN, and w-BN.
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Fig. 12 Crystal structures of (a) cubic, (b) wurtzite, and (c) hexagonal BN. Reproduced with permission from Advanced

Electronic Materials.1%®

Table 2 Literature data on the physical properties of various BN polymorphs,93-95108.104

Type c-BN w-BN h-BN
Lattice constant (A) a=3.62 272539 2249
c=4.2 c=6.66
Density (g/cm®) 3.45 3.49 2.27
Melting point (°C) 2973 - 3000
Energy gap (eV) ~6.4 45-55 5.2
Electrical resistance (Q cm) 102-10%° - 10%°
Dielectric constant 4.5 - 3.29-3.76
Tensile strength (GPa) 65.2 - 70.5
Young modulus (TPa) 1.07 - 0.865
Thermal conductivity (W/m K) 1.3 - ~550
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1.3.2 Preparation of boron nitride nanosheets (BNNS)

Ik1.3.2.1 Mechanical exfoliation

1.3.2.1.1 Tape exfoliation

This method utilizes mechanical force to overcome the van der Waals forces between BN layers,
yielding boron nitride nanosheets. D. Pacilé and colleagues employed adhesive tape to peel off BN
layers from powdered h-BN and then press them onto a target substrate, thus isolating BN nanosheets
(BNNS). Through a repeated exfoliation-pressing process, BNNS can be exfoliated down to a single-
layer level. While large-area h-BN sheets with an average crystal size of about 10 um have been
obtained, these sheets present an uneven surface; the thinnest regions are approximately 3.5 nm, while
the thickest are around 80 nm (Fig. 13).19>1%  Structurally complete layer less BNNS prepared in this
mothed is fascinating. However, this method is inefficient, and the lateral size of BNNS is constrained

by that of commercial h-BN powder.

Fig. 13 TEM and AFM images of BN. (a) TEM overview performed at low magnification and large defocus. (b) The

folding indicated by red arrow in the overview image. (c) AFM tapping mode topography image of boron nitride. (d) The

dashed lines indicate the position of the line profile. Reproduced with permission from Applied Physics Letters.20®

23



1.3.2.1.2 Ball milling

Due to the extremely low efficiency of the tape method, its current production only meets laboratory
requirements. To enhance scalability, shear force methodologies have been explored. Ball milling is
one of the most common mechanical exfoliation methods. There are two approaches within ball milling:
dry ball milling and wet ball milling. Previous research suggests that with the dry ball milling method,
the lateral size of particles can be reduced from 394-607 nm to 90-214 nm. Wet ball milling involves
the use of aqueous solutions. Past studies have shown that under a NaOH solution, shear can be reduced,
and h-BN nanosheets can be successfully cut (Fig. 14a).2%” Moreover, h-BN easily reacts with amine
ions, resulting in slightly damaged amino-functionalized BN nanosheets (NH2-BNNSs) (Fig. 14b-
f).108109 Despite ball milling being a scalable method, a significant drawback consists in how easily

surface defects can occur in BNNS as well as the uneven size distribution, presenting challenges for

1 peeling by
‘ shear force

future technological applications.

(a) cutting by NaOH

Fig. 14 (a) Schematic diagram and corresponding SEM images of the exfoliation mechanism of h-BN. Reproduced with

permission from Nano Lett.29” (d) TEM image of few-layer BN (d,e) HRTEM images of the edge folding of two few-layer
BN sheets with three and six BN layers, respectively. Scale bars, (d) 2 nm and (e) 5 nm. (f) HRTEM and the fast Fourier

transform images of a few-layer BN sheet. Scale bar, 2 nm Reproduced with permission from nature communications.'%
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1.3.2.1.3 Fluid shearing

Fluid shearing is a newer method for producing BNNs. As previously mentioned, h-BN powder can
be dispersed in an organic solvent by using a stabilizing surfactant to enhance dispersion and prevent
h-BN clumping. As shown in Fig. 15 the solution containing h-BN is then rapidly rotated through a
45-degree angled glass tube, creating a parabolic flow, which facilitates the shearing of the h-BN
dispersed in the solution, producing some BNNs.1*® Some recent research indicates that high-pressure
microflows can produce few-layer BNNs on a large scale. In this case, h-BN is dispersed in a DMF
organic solvent and pressured through a pump, reaching speeds of up to 400 m/s through a narrow
channel. The shear force produced by the pressure difference in the solution is used to successfully
exfoliate h-BN into BNNs. !t While this method is effective, meticulous parameter control is required
to ensure the integrity and uniformity of the BNNS.

(@)

Centrifugal
force

(e)

Intensity (a.u.)

Fig. 15 (a) Schematic of the vortex fluidic device. (b) the microfluidic flow velocity indicted by red arrows for a section of
the rotating tube and (c) the exfoliation process, and (d) slippage on the inner surface of the tube (e) TEM of monolayer
BN. (f) TEM of adjacent BN layers with the same size and shape. (g) SAED pattern of the boron nitride. Reproduced with

permission from Chemical Communications.

1.3.2.1.4 Ultrasonic exfoliation
In essence, this exfoliation method aligns with the liquid-phase exfoliation of graphene. It primarily
involves sonication of the material in water or polar organic solvent solutions, disrupting the van der
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Waals forces between the BN layers to obtain BNNs. Prior studies have indicated that small amounts
of OH-BNNSs can be effectively dispersed in water by using this method (Fig. 16).11213 Although

simple and rapid, this method cannot efficiently control the size of the BNNs flakes.

Fig. 16 (a) An example scheme shown on the top is the cutting started from a nitrogen-edged hole defect site (marked with
triangle) with the arrow as the cutting direction.(b) a typical low-magnification TEM image. (c) HR-TEM images of the
folded edges of several nanosheets (d) an HR-TEM image of a nanosheet and the corresponding simulated image from
inverse FFT. () An HR-TEM image of a few-layered nanosheet from aqueous dispersion. Reproduced with permission
from J. Phys. Chem. C 12

1.3.2.2 Chemical functionalization of h-BN

1.3.2.2.1 Unzipping BN nanotubes (BNNTS)

This method involves plasma etching to incise and cut multi-layered BNNTSs into BN nanoribbons
(BNNR), as depicted in Fig. 17,14 the method was originally developed by the Haibo Zeng research
group.!®® Literature suggests that BNNRs exhibit excellent conductivity and carrier mobility. Due to
the jagged edges and vacancy defects of BNNRs, it has been proven to be a semiconductor. This
represents not only a significant breakthrough for the future development of semiconductors but also
a solution for various challenges and applications in electronic and spintronic devices. However, the
high cost and limited yield of this method mean that significant improvements are still needed for
future applications. 14116

26



Fig. 17 (a) Scheme of the unzipping of BNNTSs to form BNNRs. (b) TEM images of three representative BNNRs. (c) High-
resolution TEM image of the edge of a ribbon shown in the center of panel (b). (d) SEM image of a BNNR sample showing
a long straight ribbon in the center () SEM and (f) AFM. 114

1.3.2.2.2 Chemical vapour deposition (CVD)

In 1981, Takehiko Takahashi's research team at Nagoya University made strides in producing h-BN
thin films on carbon steel substrates using CVD.!*" However, the excessive thickness of the films and
their imperfect crystallization limited their application in electronic devices. Addressing the h-BN
crystallinity issue, the National Institute for Materials Science (NIMS) in Japan, in 2004, managed to
fabricate single-crystalline h-BNs with thicknesses ranging between 10-100 nm, employing high
pressures (4.0-5.5 GPa) and elevated temperatures (1500-1750 °C).}! Despite this, a significant
challenge still remained: the h-BN surfaces produced were irregular, and necessitated the manual

extraction of individual layers to achieve monolayer-structured BNNSs. The resultant h-BN sheets also
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lacked uniformity in size, making commercial-scale applications challenging. While the successful
fabrication of single-layer BNNs on molten gold surfaces was achieved in 2018, the commercial
viability of this method remains limited due to the prohibitive cost of molten gold. In a significant
advancement in 2020, Taiwan Semiconductor Manufacturing Company (TSMC) research team
pioneered the fabrication of single-layer BNNs on Cu (111) using low-pressure chemical deposition
(as depicted in Fig. 18).11° When transferring these BNNs onto 2-inch Si wafers, they achieved an
electron mobility enhancement of over 100%. This breakthrough underpins the viability of the CVD
process in producing large-area BNNs, marking a pivotal step for the prospective integration of these
materials for semiconductor advancement.

(b) (d) 1,400 2,400

1,300 B1s 3;% N 1s
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d S . 1,400
< 2 1,000 1,200
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Binding energy (eV)

(f)

k

Fig. 18 (a) Optical microscope image of h-BN grown on different Cu (111) grains. (b) Oppositely oriented flakes are

marked by red and blue dashed triangles. (c) Mono-oriented h-BN flakes on single-crystal Cu (111) films. (d) Raman
spectrum of a transferred h-BN film (e) Cross-sectional TEM image of a monolayer h-BN transferred onto SiO./Si, where
the thickness of h-BN is around 0.5 nm (f) AFM image of a single-crystal h-BN film transferred onto a SiO,/Si substrate.

Reproduced with permission from nature!'°.
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I CONCLUSIONS

The above describes a lot about the production of 2D material. Although 2D materials have very
good physical properties, these are based on the condition of high crystallinity in order to effectively
perform. In order to expand the application of 2D material, mixing with polymer materials to make
composite materials is a very potential choice. Especially in recent years, due to the rapid development
of 5G communication, the thermal stability, high strength, and low dielectric coefficient polyimide
materials have attracted a lot of attention. Therefore, the development, characterization and application

of polyimide and 2D material will be discussed in Chapter 2.
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CHAPTER 2
Polyimide (Pl) and Pl composites :
properties and applications
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|. Introduction of polyimide

|.1history
Pl is a polymer containing imide groups. It is primarily composed of polycondensed polymers
derived from diamines and dianhydrides, which contain cyclic imide functional groups in the main

chain. The typical structure is represented in Fig.1.

imide functional groups
| @

Fig. 1 The structures of polyimide. Circled in red are imide functional groups

n

PI was first discovered by Bogart and Renshaw in 1908.! They observed that the structure of 4-
aminophthalic anhydride wouldn't melt when heated. Instead, it would undergo a dehydration reaction
to produce PI. The reaction process is depicted in Fig. 2. The significance of Pl grew in the 1950s
during the space race. With the rapid advancements in aerospace science and technology, components
needed heat-resistant properties.>* This surge in aerospace technology created a demand for heat-

resistant polymers, prompting significant investments in research and development of new polyimides.

O
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Fig. 2 Formation of imide functional group by amide-acid dehydration reactions

The all-aromatic PI was first successfully developed by E. I. du Pont de Nemours and Company
(DuPont). Their approach primarily used aromatic diamines and aromatic dianhydrides as monomers,

reacting in NMP polar solvents to obtain poly (amic acid) (PAA), the precursor of PI. This precursor
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was then transformed into PI either through heating or chemical reactions. This method remains the
dominant approach for producing most Pls to this day. Numerous studies have attested to PI's
outstanding mechanical properties, high-temperature resistance, chemical resilience, and radiation
resistance. Owing to these properties, Pl is now extensively used in aviation equipment, battery

protection films, heat-resistant films?* for precision electronic instruments,>~" and other applications.

1.2 Type of PI
1.2.1 Condensed Pl

Condensed PI synthesis primarily involves two stages. In the initial stage, bis anhydride compounds
are polymerized in a polar organic solvent. Over time, this leads to the formation of a Pl precursor
known as PAA. In the subsequent stage, PAA undergoes dehydration to Pl either by heat treatment or
a chemical method.®® The most notable PI produced this way is Kapton, manufactured by DuPont in
the U.S.A., as illustrated in Fig. 3.

o

o o
Pyromelitic Dlanhydnde
(PMDA)
+ N, N o
o
HoN

Pol PAA)
4,4’-diaminodiphenyl ether olyamic acide (

(ODA)

Kapton Polyimide (PI)
Fig. 3 The production of Kapton polyimide.

1.2.2 Addition of Pl

Addition of polyimide is mainly produced through a two-stage synthesis method, which differs from
the condensation type in that it consists of the polymerization of diamines, dianhydrides, and amine or
anhydride compounds that contain double or reference bonds to produce a low molecular weight PAA,
which is then imidated in the second step by heating or chemical method to form an imide polymer.2°-
12 This method does not produce by-products such as moisture during hardening of the polyimide resin,
making it easier to process and produce thicker products. However, since a mesh structure is formed

39



during the manufacturing process, the toughness of the polyimide resin is not as good as that of the
shrinkage type. This production method is generally used in adhesives, printed circuit boards
1.2.3 Modified PI

Modified polyimides are chiefly crafted by inducing chemical changes to tailor specific applications
or introduce novel functionalities. For instance, aliphatic groups can be integrated into the Pl molecular
chain to enhance the polymer's flexibility and solubility.*** In 2019, Prof. Hayakawa's team
successfully fabricated PI films averaging 19 nm nanopores by grafting other polymers following low-

temperature heating (Fig. 4), paving the way for future innovative applications.®

. i B Self-Assembly ¢ o 4 | A q$1‘
[eaveisaepy > e — W

Composite film Mesoporous
polyimide

n

Poly(amic acid)

(m 1—3)

Block Copolymer Resol
(Template) (Cross-Linker)

SEM ) TEM

Fig. 4 Schematic illustration of the screening of PAAs synthesized from various monomers for PAA/F127 composite films

and SEM image and TEM image. Reproduced with permission from Polymers for ACS Applied Polymer Materials'®

In summary, condensed Pl is the most straightforward to produce and enables commendable
mechanical properties and heat resistance, its high melting temperature exceeds its structural
decomposition temperature. Given its robust chemical resistance, most polyimides resist dissolution
in conventional organic solvents, leading to processability challenges. Such complications can hamper
applications. As a result, many opt to utilize PAA solutions to produce the desired products. However,
owing to its structure, PAA is inherently unstable, necessitating moisture-proof storage at temperatures

below 0 °C. During heating, temperatures between 250 and 350 °C are essential for complete
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imidization.®® This process releases moisture, inducing voids in the material, which can compromise

the product's quality and application.

1.3 Characteristics of Pl

Pl is a material characterized by exceptional dimensional stability, maintaining a very low rate of
dimensional change even within a temperature range of -25°C to 250°C. 1" Due to its excellent heat
resistance properties, it remains functional in high temperature environments reaching up to 300
degrees. Additionally, PI possesses excellent insulating properties,'>?° high mechanical properties,?*?2
low dielectric constant >~ and chemical resistance,?? (Table 1 and Table 2). These attributes have
increasingly led to its application in electronic products requiring signal transmission, such as circuit

boards, heat-resistant gloves, aerogels, and semiconductor packaging materials.

Table 1 Literature data on the physical properties of Pl

Items Unit Value
Thermal expansion coefficient!"!8 ppm/°C 30~60
Decomposition temperature®* °C 400~500
Electrical resistance Qcm 10%5~1016
Dielectric constant>’ - 3~4
Tensile strength?!2? MPa ~89
Young modulus®-? GPa ~2.1
Thermal conductivity?®27 W/m K 0.1
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Table 2 Chemical properties of Pl

Retention of

elongation (%)

Retention of elastic

modulus (%)

Test conditions

Chemical resistance Retention of

strength (%)
10% NaOH 85
Glacial acetic acid 110
p-Cresol 55
Water PH =1.0 100
Water PH = 4.2 100
Water PH = 8.9 105
Water PH = 10.0 105

80
105
140

90

85

90

95

105
115
50
110
115
115
115

5 days at 25 °C
5 weeks at 110 °C
3 weeks at 200 °C
2 weeks at 100 °C
2 weeks at 100 °C
2 weeks at 100 °C

4 days at 100 °C

1.4 Application of polyimide

1.4.1 Gas separation membranes

Over the past nearly 100 years, the explosive consumption of fossil fuel has led to global warming.
This warming is primarily due to an excess of greenhouse gases, which continually absorb radiant heat
from the sun, resulting in a consistent rise in global temperatures. Major greenhouse gases include H20,
CO;,, CHa, O3, and N20.2:2° The effective separation and subsequent recycling of specific gases have
become crucial. Many studies have shown that the unique structure (dianhydride and diamine) of
polyimide (PI) films results in much better separation compared to traditional membranes. By
controlling the components of dianhydride and diamine, the permeability and gas selectivity can be
altered (Fig. 5).3°3! However, controlling the molecular composition and the way they intertwine is
challenging, and the length of the molecular chain connections can compromise inherent physical

properties such as mechanical strength, heat resistance, and chemical resistance. New methods are still

needed to develop films that do not compromise these properties.
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Fig. 5 (a) The structure of polyimide membranes. (b) CO, permeability (c) CHa permeability. (d) permeability of 6FDA-
DAM:-DABA membranes for 50/50 CO,/CH4. (e) CO2/CH, separation performance comparison of 6FDA-DAM:DABA

membranes. Reproduced with permission from Angewandte Chemie.*

1.4.2 Battery separators

Due to the over-reliance on petroleum energy in recent years, there has been significant emission of
greenhouse gases and harmful gases, leading to increasingly severe global climatic and environmental
issues. To reduce reliance on petroleum energy, the challenge of energy storage and reuse arises. To
date, lithium-ion batteries are the most popular and efficient, but as their energy density increases,
safety concerns become paramount. Therefore, the separators between the electrodes need to have high
heat resistance, good mechanical properties, and electrochemical stability. Previous research indicates
that polyimide films are effective, and after a simple alkaline hydrolysis reaction on the PI surface, the
ionic transport performance can be effectively improved, 3-3* further enhancing the battery capacity

(Fig. 6).35 However, due to the production costs of PI, it has not yet been widely adopted.
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Fig. 6 (a-d) Thermal stability test of PE and Pl separator. (a) Before heating. (b)150 °C. (c) 250 °C. (d) 500 °C. (e) Cycle

test at 5C. Reproduced with permission from Journal of Electroanalytical Chemistry3®

1.4.3 Aerogels

During the space race in the 1950s, various satellites and space stations were launched. These
satellites have greatly assisted in communication and location tracking for humans. However, many
tiny particles orbit rapidly around the Earth in space. When these particles collide with satellite
instruments, they can cause immeasurable damage, potentially destroying the equipment. To prevent
such damage, aerogels are used to block these tiny space particles. Aerogels have properties including
extremely low density, excellent heat resistance, and remarkable insulation character.3®3" Currently,
aerogels are mainly composed of silica dioxide and metal oxides.® In the recent years, polymer
materials have been explored as a potential alternative, indeed, Pl has good mechanical properties and
thermal stability, which makes it a very promising choice. In 2011, Mary Ann B. Meadorm team’s
successfully produced PI aerogel by supercritical drying (Fig. 7a). It has a low density (0.14g cm™)
and very good heat resistance (decomposition above 600 °C) (Fig. 7b and c). However, supercritical
drying is very complicated and takes a long time to produce.®® In 2019, Wang and her team used
freezing water to form a porous structure within PAA. They then transformed the PAA frozen gel
fibers into PI aerogel fibers through heat imidization.*® The aerogels produced by this method have

larger pore sizes, resulting in a higher surface area and conductivity coefficient than regular aerogels.

44



o
'S

(b)
= BPDA
« 0.3 —= BTDA
€
o
k)
202
2
[0
o
0.1
0.0
ODA PPDA DMBZ
(c) Diamines
=mmm BPDA
[$) 600 1 o = == BTDA
c
o =
8 400 1
£
5]
O
[}
©
'S 200
©
2
o
0 - . .
ODA PPDA DMBZ
Diamines

Fig. 7 (a)Polyimide aerogels. (b)Polyimide aerogels average density. (c)Average onset of decomposition as measured by

TGA in nitrogen. Reproduced with permission from ACS Applied Materials & Interfaces.®

1.5 Application of P1/2D materials composites

Owing to the excellent properties and special structure of PI, there are many applications, but the
performance of using polyimide alone or modifying the molecular structure of polyimide is still
insufficient for some applications. In order to enhance the properties of polyimide, people began to
add nano fillers to polyimide. Currently, the common filler materials are black carbon, nanocarbon
tubes, fuller's glass, graphene oxide, and so on. In recent years, due to the special structure and physical
properties of 2D materials, as long as a small amount is added to polyimide, the physical properties
will be improved. For example, mechanical properties, thermal conductivity, electrical conductivity,
dielectric coefficient, etc. Therefore, the following chapter will focus on the application of PI/GO and

PI/BN composites.
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1.6 Application of PI/GO

1.6.1 Gas separation membranes

In the aforementioned applications of PI, it is noted that gas separation can be controlled by
manipulating molecular structures. However, controlling molecular composition and intertwining
patterns is challenging, leading to a decline in the inherent physical properties. Due to GO ability to
separate CO, and N,*! attempts have been made to enhance membrane gas separation by incorporating
GO into PI. In 2015, studies indicated that increasing the oxidation level of GO enhances the
permeability and selectivity of composite membranes. However, these properties decrease with higher
amounts of added GO. When the GO content reaches 1 wt%, maximum permeability and selectivity
increase to 14.3 times and 4.2 times, respectively (Fig. 8).#? Yet, this method is complex, challenging
to control, and can reduce the active surface area. In 2018, Bao-Sheng Ge's research team synthesized
amidated GO through the reaction of GO with ethylenediamine (EDA) and added it to PI films. GO-

EDA amino groups interact with CO2, enhancing permeability and selectivity. With a 3 wt% addition,

CO2/N; selectivity reaches 38.56 (Table 1).43

90

/7‘
Hi

CO9y/Ny selectivity,aco /N
2

GO content / wt%

Fig. 8 Permeation selectivity of GO/PI mixed matrix membranes for CO2/N; gas mixture: a GO/PI-1, b GO/PI-2, ¢ GO/PI-
3, d GO/PI-4, and e GO/PI-5. Reproduced with permission from Polymers for Advanced Technologies*?
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Table 1 Permeability of pure gases and CO2/N; ideal selectivity through PI/GO MMMs at T = 15°C, feed pressure = 0.1

MPa. Reproduced with permission from Polymers for Advanced Technologies*?

GO Content, Permeability, Barrer Selectivity

Type of Membrane W% CO; N2 CO2/N;
0 2.3 0.15 15.33
1 4.53 0.19 23.84
P1/GO MMMs 2 6.52 0.21 30.05
3 8.16 0.23 35.48
4 7.28 0.21 34.67
0 2.3 0.15 15.33
1 5.98 0.21 28.48
PI/NH,-GO MMMs 2 9.04 0.25 36.16
3 12.34 0.32 38.56
4 10.21 0.31 32.94

1.6.2 High thermal conductivity film

The thermal conductivity of P1 is only about 0.1W m K1,262" which cannot satisfy the requirement
of rapid thermal conductivity of advanced electronic instruments. In order to improve the thermal
conductivity, researchers started to be attracted to the excellent thermal conductivity of graphene.
However, the thermal conductivity of Pl composites has not been improved much because of the
random arrangement of graphene when it is dispersed in PAA solution. In order to solve the problem
of heterogeneity, a study has been conducted to arrange rGO inside Pl by freeze-drying method. From
the results, it was found that the thermal conductivity could reach 2.78 W m™* K (15.4 times higher
than that of Pl and 5.5 times higher than that of conventional products) when the addition of rGO
reached 8 wt% (Fig. 9a-€).** The surface modification of graphene fluoride (GeF) two-dimensional
insulating material was also studied to effectively increase the thermal conductivity to 2.11 W m?* K-
L(Fig. 9f and g),* which also indicates that the functionalized graphene and composite film fabrication

method can effectively improve the thermal conductivity of PI.
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Fig. 9 (a-d) POM diagram of rGO/PAA (a) At low magnification, (b) at high magnification. (c) PAA photos after 12 hours
of freezing (d) PAA film after freezing and drying solvent treatment (e) Effect of filler content on the thermal conductivities
of rGO/PI composite films. Reproduced with permission from RSC Advances.* (f) LC-GeF/LC-PI horizontal orientation
thermal conductivity. (g) LC-GeF/LC-PI vertical orientation thermal conductivity Reproduced with permission from

Macromolecules.*

1.6.3 Battery separators

Pl nanofiber membrane has high porosity and excellent heat resistance, it has great potential as a
lithium-ion battery separator. However, the performance is still unsatisfactory. Studies points out that
the mechanical properties, thermal stability and electrochemical properties of Pl nanofiber membrane
can be improved by adding GO.%¢*" The enhancement of these properties is crucial for the safety of
future lithium-ion battery.

1.6.4 High strength and low dielectric constant film

With the rapid development of electronic equipment in recent years, the requirements for materials
with low dielectric coefficient and good mechanical properties are getting higher and higher. Although

Pl has good mechanical properties, the dielectric coefficient is around 3~4, which is a disadvantage
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for communication equipment, require a dielectric constant close to that of PTFE <2.1. In 2011, Chen-
Chi M. Ma and his research team eacted GO with 4,4'-Diaminodiphenyl Ether (ODA) to produce
amine-functionalized GO,and successfully prepared PI-ODA -GO composite films by in situ
polymerization. With 5 wt% of ODA-GO, the tensile strength and tensile modulus increase to 728
MPa and 19.6 GPa, respectively, and the dielectric constant decreases to 2.0 Fig. 10.%® In 2014, the
same team added polyhedral oligomeric silsesquioxane (POSS) containing POSS functionalized with
GO to the PI films. As a result, the mechanical properties and dielectric coefficients of the PI films
were improved.*® This shows that the functionalized GO not only provides a link to the PI, but also

reduces the internal energy loss.
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Fig. 10 (a-b) The proposed model of the interphase structure of (a) PI-GO films and (b) PI-ODA-GO films,(c) Tensile
modulus, (d) tensile strength, (e) Dielectric constant of neat PI film, PI-GO films and PI-ODA-GO films Reproduced with

permission from Journal of Materials Chemistry*®
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1.6.5 Aerogels

The above-mentioned PAA freeze-dried gel fibers, after undergoing thermal amidation, transform into
Pl aerogel fibers. However, aerogels produced through this method have excessively large pore sizes,
leading to higher specific surface area and thermal conductivity compared to regular aerogels. In 2015,
Edwin Hang Tong Teo and his research team developed a hybrid material comprising Pl and 3D
graphene.*® This composite exhibits excellent thermal conductivity (an order of magnitude higher than
PIl) and electrical conductivity (ten orders of magnitude). Under bending, thermal cycling, and
simulated space environment conditions, it demonstrates remarkable stability. In 2020, Pengbo Liu's
research team successfully prepared anisotropic PI/GO composite aerogels using a unidirectional
freeze-casting method, as shown in Fig. 11.%° These composite aerogels have low density (0.0076 g
cm™), outstanding thermal stability (decomposition temperature starting in a nitrogen atmosphere at
546°C), and excellent electromagnetic wave shielding properties (26.1-28.8 dB-). They offer

significant advantages for future aerospace electromagnetic interference (EMI) shielding materials.
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Fig. 11 Preparation of Pl/graphene composite aerogels. Reproduced with permission from ACS Applied Materials &

Interfaces®®
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1.7 Application of PI/BN

1.7.1 Gas separation membranes

The excellent physical properties of BN and its complementary unique features with graphene have
attracted significant attention. In 2018, Yuqgi Wang demonstrated that amino-functionalized boron
nitride nanosheets (FBN) as a filler in P1 significantly enhanced tensile strength by 282% and exhibited
excellent selectivity for Hz (Fig. 12).%° This development holds promise for future hydrogen fuel cell

applications.
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Fig. 12 (a) Schematic illustration of the structure of FBN-XTR membrane and selective gas permeation through the
membrane. (b) H2 permeability and (c) H2/CHya selectivity of XTR and 1 wt% FBN-XTR membrane measured with single

and mixed gas permeation experiments. Reproduced with permission from Angewandte Chemie®

1.7.2 High thermal conductivity films
h-BN has very good thermal conductivity (550 W m* k'1)>152 which is very close to graphene, and
has been emphasized for its structural stability and excellent high temperature resistance. It is pointed

out that the surface-modified h-BN in micron and nanometer sizes are added to Pl in different ratios
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to form a composite film.>® When the ratio of micron- to nanometer-sized surface-modified h-BN is
7:3 and the addition amount reaches 30 wt%, the thermal conductivity coefficient reaches 1.2 W m™
k! (about 10 times that of PI). The micron-sized h-BN is the main thermal conductivity path in PI, and
the nano-sized h-BN particles act as a link between the micron-sized particles to increase contact and
thus enhance the thermal conductivity. However, when the surface is modified, the crystallinity of h-
BN will be changed, resulting in a decrease in thermal conductivity. In order to maintain the high
crystallinity, it has been reported that h-BN edge can be functionalized and then added to PI to form a
composite film, which effectively improves the thermal conductivity of the film. When the h-BN
amount reaches 60 wt%, the thermal conductivity coefficient can reach 7 Wmk, which is 70 times
higher than that of PI (Fig. 13).>* It will be helpful for the application of heat exhaust system of

electronic products in the future.
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Fig. 13 Obtained h-BN/polyimide composite films. (a) Photograph of the composite film with 60 vol% solids loading. (b)

Effect of filler content on thermal conductivity. (¢) TEM images of the interface between h-BN filler and polyimide in the

composite film. Reproduced with permission from J Mater Chem.>*




1.7.3 Aerogels

h-BN possesses excellent thermal conductivity, thermal stability, and good mechanical properties,
making it a potential filler for polymer materials. In 2019, Weiwei Lei and his research team, through
a simple ball milling process, functionalized edge-hydroxylated h-BN (FBN) and added it to PAA,
forming a PAA composite. After heating, FBN-PI aerogels were formed through freeze-drying (Fig.
14).%° The resulting aerogel had very low density (6.5 mg cm=) and exhibited excellent thermal
conductivity, thermal stability, and mechanical properties. Even at high temperatures, FBN-PI aerogels
showed remarkable compression resilience. In 2022, Qinghong Zhai developed BNNSs/PI foam
composite materials with a filling amount of 12 wt%. After 10,000 cycles of 60% compression strain,
the total strain loss was 14% (2/3 of pure P1).%® This offers a potential pathway for lightweight materials

in the fields of thermal energy and compression sensors in the future.
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Fig. 14 (a) Schematic illustration of the fabrication process of FBN-PI aerogel. (b) Digital photographs of FBN-PI aerogels
with different shapes, under knot and floating on the flower stamen. (c) The thermal conductivities of FBN-PI-2 aerogel
without compression at different temperatures. (d) The thermal conductivities of FBN-PI-2 aerogel at different
temperatures. (e) The relationships between compressive Young’s modulus and bulk density of BN-PI aerogels and other
reported BN-based 3D structures. (f) Tensile stress—strain curve of the FBN-PI-2 aerogel. (g) A set of digital images show

the normal compression and recovering process of FBN-PI-2 aerogel. Reproduced with permission from ACS Nano%
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I CONCLUSIONS

The above introduction shows that employing only GO or h-BN has a filler allows the preparation

of PI with enhanced properties, making such Pl composites holding great potentials for tomorrow’s

electronic application.

In order to increase the range of application of PI composites, the research in this thesis is devoted

to explore and find new functionalization methods for the complex dual introduction of additive

materials, including GO and h-BN, and to clearly understand the synthesis principles, characterize its

chemical and physical properties, and to investigate its potential applications.
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CHAPTER 3
Synergic effect of graphene oxide and
boron nitride on the mechanical properties
of polyimide composite films

ABSTRACT

The addition of two-dimensional (2D) materials into polymers can improve their mechanical
properties. In particular, graphene oxide (GO) and hexagonal boron nitride (h-BN) have been expected
as potential nanoplatelets additives for polymers. Covalent bonds between such nanoplatelets and
polymers are effective in improving the above properties. However, no report investigates the effect
of using two types of nanoplatelets that have covalent bonds with a polymer. In this study, we
fabricated polyimide (PI) films that contain two types of nanoplatelets, amine-functionalized h-BN
(BNnH2) and GO, covalently bonded with Pl. We have elucidated that there is the critical ratio and the
content of BNnH2 and GO within PI governing the films’ mechanical properties. When the BNnH2/GO
weight ratio was 52:1 and their content was 1 wt% in the PI film, the tensile modulus and tensile

strength were increased by 155.2 MPa and 4.2 GPa compared with the pristine PI film.

. INTRODUCTION

Polymer films with molecularly designed structures have been playing an important role in
applications such as medical devices,! separator in batteries,>* high-performance audio
diaphragms,® and computer memories.® Therefore, the fabrication of polymers with targeted
properties is of great interest for the development of next-generation technologies. Polymers
have advantages in their ease of processing, lightweight, and chemical resistance compared

58



with metallic materials.”® Polyimide (P1), which was first synthesized in 1908,9 has extremely
high heat and chemical resistances, mechanical properties, and electrical insulation compared
to other polymer materials. These properties enable PI to be used in a wide range of applications
such as waterproof coatings,’®!! speaker components,!?>14 separators for batteries,’>® gas
separations,'’~*° and water purification membranes.?°?!

The introduction of fillers has been investigated to improve the properties of polymer films.
Addition of one- and/or two-dimensional (2D) carbon materials has been aimed at forming
strong m—m interaction between the aromatic frameworks in Pl and carbon materials.??2® For
example, physical properties of PI can be improved by the addition of low-dimensional carbon
materials, such as carbon nanotube,?*2® graphene oxide (GO),2’-3! and amine-functionalized
carbon materials.3?32 Another promising filler with a honeycomb structure is hexagonal boron
nitride (h-BN), which can interact strongly with 2D carbon materials.3* Therefore, the mixing
of the carbon composites of h-BN would exert a synergic effect, such as thermal conductivity,
thermoelectric, and mechanical property.®-’ Several modification methods of h-BN edges
with hydroxyl groups or amino (NH2) groups were reported recently.®4° However, the
fabrication of PI-BN/GO composite film and evaluation of its mechanical property has not been
reported so far.

In this study, we focused on edge functionalization of h-BN with NH2 groups (BNnH2) to
have a good affinity with GO and PI to improve mechanical strength. BNnH2 edge can bond
with PI through amide bonds, while its basal plane remains non-reactive honeycomb structure.
Interestingly, h-BN and GO show good interaction with each other.***3 Therefore, we
hypothesized that the covering basal plane of BNnH2 with GO results in a filler with superior
mechanical strength through interaction with PI at both basal plane (oxy functional groups on
GO) and edge (amino groups of BNnH2) of 2D structure. In this context, we prepared PI-

BNnH2/GO composite, containing both GO and BNnh2 to elucidate the effect of employing
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multiple types of nanoplatelets in PI films (Fig. 1). As a result, the mechanical properties of Pl
films were improved by the introduction of BNnH2, and a further improvement was obtained

with an additional small amount of GO.

Guanidine

o %n
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Fig. 1 Schematic illustration of the fabrication of the PI-BNnn2/GO composite film.

II. RESULTS AND DISCUSSION

First, we synthesized amine-functionalized h-BN (BNnh2) by ball milling method (details are shown
in the experimental section). We used guanidine or urea as a nitrogen source. Hereafter, we call h-BN
treated with urea as BNnn2(U) and treated with guanidine as BNnH2(G), respectively. After ball milling,
dialysis was carried out to remove unreacted guanidine or urea. The specimens were treated by

sonication for 1h in dimethylacetamide (DMAC), resulting in homogeneous dispersion (Fig. 2).
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1 month

Fig. 2 Schematic illustration of dispersion process (in DMAC).

The Fourier transform infrared (FTIR) analysis exhibited strong peaks at 780 cm™ and 1380 cm
originating from the in-plane B-N stretching vibration and out-of-plane B-N-B bending vibration (Fig.
3).%4% Furthermore, an additional peak appeared at around 3250 cm™ in BNnH2(G). This peak is

assigned to N-H vibration mode.*®4
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Fig. 3 FT-IR spectra of h-BN, BNnr2(U), and BNnH2(G): (a) full range and (b) narrow range.

Thermal gravimetric analysis (TGA) results are shown in Fig. 4a. According to the TGA results,
BNnH2(U) and BNnH2(G) showed 2 wt% and 4 wt% loss, respectively, whereas pure h-BN did not
show weight loss. These results indicate that functionalized h-BN was successfully synthesized and
that more amine-functionalization proceeded by guanidine than by urea. Therefore, BNnH2(G) was
used for the following experiments. X-ray diffraction (XRD) data are presented in Fig. 4b; BNnH2(G)
showed two main characteristic diffraction peaks at 26.2° and 42.8° originating from h-BN structure.

Compared to the pristine h-BN, the peak intensities of (002) and (100) of BNnH2(G) decreased. Thus,
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the FWHM of (002) was changed from 0.25 to 0.34, in contrast, the (002) peak position was not

significantly shifted (Fig. 4c). These results suggest that h-BN sheets were exfoliated because of the

physical force and/or the chemical functionalization during the ball milling process.
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Fig. 4 (a) TGA curves of h-BN, BNnn2(U), and BNnw2(G) with a heating rate of 10 °C minL. (b) XRD patterns of BNnu2(G),
BNnr2(U), and pristine h-BN. (c) XRD patterns of BNnn2(G), BNnn2(U), and pristine h-BN zoom at (002) peak
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11.1 Reaction of BNnn2 with acid anhydride

To confirm the presence of NH: groups in BNnw2, we treated BNnwH2(G) with 3,37,4,4"-
benzophenonetetracarboxylic dianhydride (BTDA) to form amide bonds. Detailed synthesis procedure
is given in the experimental section. TGA data of h-BN, BNnH2(G), and BNnH2(G) treated with BTDA
(BNnH2(G)/BTDA) are presented in Fig. 5. For comparison, h-BN treated with BTDA (h-BN/BTDA)
is also listed in Fig. 5a. The h-BN/BTDA sample showed two mass losses of 1.7 wt% and 2.2 wt% at
225 °C and 320 °C. On the other hand, the BNnn2(G)/BTDA sample showed two mass losses of 5.6
wit% and 4.2 wt% at 150 °C and 500 °C, respectively, corresponding to the release of water during the
thermal imidization and the carbonization reactions.*®>° After TGA analysis, only the surface of
BNnH2(G)/BTDA turned black (Fig. 5b-¢).
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Fig. 5 (a) TGA curves of h-BN, h-BN/BTDA, BNn12(G), and BNnr2(G)/BTDA with a heating rate of 10 °C min. (b) h-
BN after TGA. (c) h-BN/BTDA after TGA. (d) BNnw2(G) after TGA. (e) BNnr2(G)/BTDA after TGA.

Furthermore, FTIR spectra of BNnu2(G)/BTDA (Fig. 6a, b) show an additional peak at 1720 cm™
derived from the C=0 vibration,>>*2 and the NH stretched vibration at 3520 cm™*"as slightly decreased

(Fig. 6¢). Above description suggests NH2 group on h-BN can bond with BTDA through amide bond.
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In the case of h-BN/BTDA, C=0 vibration at 1720 cm™ was not observed (Fig. 6d). The TGA and

FTIR results confirm NH2 groups are present on h-BN, and the NH2 groups can form amide bonds.
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Fig. 6 FT-IR spectra of BNnn2(G), BNnH2(G)/BTDA: (2)~(c). BNnH2(G)/BTDA and h-BN/BTDA comparison: (b). (a) full
range, (b) narrow range around C=0 peak, (c) narrow range around NH stretch peak, (d) BNnu2(G)/BTDA and h-
BN/BTDA full range.

11.2 Fabrication of PI-BNnH2(G) and PI-BNnwH2(G)/GO composites films

DMAC is generally used as a solvent for the preparation of polyamic acid (PAA),32% a precursor for
Pl. Therefore, the dispersibility of BNnH2(G) and BNnw2(G)/GO was investigated in DMAc by
sonication. The ratio of BNnH2(G):GO was 10:1 and 100:1, and the obtained samples were termed
BNnH2(G)/GO (10:1) and BNnH2(G)/GO (100:1), respectively. The suspensions were stable for more
than one month at room temperature without visible precipitation (Fig. 2). The particle size analysis
(Fig. 7a-c) showed a mean size of 273 nm, 234 nm, and 223 nm for BNnH2(G), BNnH2(G)/GO (100:1),

and BNnH2(G)/GO (10:1), respectively.
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Fig. 7 The particle size analyses of (a) BNnw2(G), (b) BNnH2(G)/GO (10:1), () BNnH2(G)/GO (100:1).

Next, homogeneous suspensions of PAA composites were prepared in DMAC by a two-step process.
Initially, sonication was employed to disperse BNnn2(G) or BNnH2(G)/GO with 4,4”-diaminodiphenyl
ether (ODA) and BTDA. Then, as obtained dispersion was mixed for 12 hours to allow the
polymerization and formation of PAA composite suspensions, which are termed as PAA-BNnH2(G),
PAA-BNNH2(G)/GO (10:1), and PAA-BNNH2(G)/GO (100:1). These PAA composite suspensions were
coated on glass and heated at 300 °C, resulting in Pl composite films, termed as PI-BNnH2(G), PI-
BNnH2(G)/GO (10:1), and PI-BNnH2(G)/GO (100:1) (detail is shown in the experimental section). A
conventional method for the synthesis of PI films consists of the heating of PAA films at elevated
temperatures within 200 to 300 °C.53%* The heating rate was kept as low as 5 °C min to avoid the

formation of bubbles within the Pl film during the solvent evaporation.*®
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11.3 Mechanical properties of composite films

First, we investigated the effect of BNnn2(G) and GO on PI film. According to Fig. 8 and Table 1,
the tensile modulus of PI containing a low quantity (1 wt%) of GO showed 22% increase over the
tensile modulus of the pristine PI, although the tensile strength of the PI-GO was slightly decreased
(Table 1, Entry 1, and 2). The addition of only GO does not significantly improve the mechanical

properties. A previous study also pointed out that GO decreased tensile strength because the interaction

between GO and P1 is not strong.>!
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Fig. 8 Stress-strain curves of pristine PI film and P1-BNnw2(G) films.

Next, we investigated the effect of the addition of h-BN, which improved the mechanical properties
(Table 1, Entry 3). Due to the surface roughness and wrinkles in h-BN(Fig. 9a, b), the PI-hBN
composite film has higher mechanical properties than the pristine P1 film, as reported previously.*
Then, we investigated the composite with BNnH2(G) to elucidate the effect of the functionalization.
The tensile strength of PI containing a low quantity (0.5 wt%) of BNnH2(G) showed 23% increase over
the tensile strength of the pristine PI (Table 1, Entry 4). Increasing the amount of BNnn2(G) from 0.5
to 1 wt% improved the tensile strength by 44% (Table 1, Entry 5). However, further increase of
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BNnH2(G) to 3 wt% decreased both the tensile strength and tensile modulus (Table 1, Entry 6). These
results indicate that an excess amount of BNnH2(G) leads to reducing the positive effects of BNnH2(G)
in the PI matrix, probably caused by the stacking of BNnH2(G) and void formation. Therefore, the

optimal amount of BNnH2(G) in Pl is determined to be 1 wt%.

Fig. 9 SEM images of fractured surface of (a)h-BN powder (b) Dispersion of h-BN via ultrasound in DMAc

Than those including a single component (GO, h-BN, or BNNH2(G)) (Table 1, Entry 2, 3, 4, 5, and
6). This suggests there is a good interaction between GO and BN, which enhances the mechanical
properties of PI. According to the tablel (Entry 7 and 8) and Fig. 10, the tensile strength and tensile
modulus of BNNH2(G)/GO composite film are 22% and 23% higher than PI-nBN/GO. This proved
the edge-functionalization of h-BN improves mechanical properties of composite film. In addition, PI-
BNNH2(G)/GO composite film has a tensile strength of approximately 154.89 MPa, which is 65%
higher than the original PI, and the tensile modulus was increased to 3.83 GPa, which is 69% higher
than the original PI (Table 1, Entry 1). By reducing the amount of BNNH2(G)/GO to 0.5 wt% of
BNNH2(G), the tensile strength and tensile modulus of Pl were also reduced to 118.96 MPa and 2.84
GPa (Table 1, Entry 9). When the BNNH2(G)/GO ratio increases to 10:1, the tensile strength dropped
to 137.33 MPa and the tensile modulus also dropped to 3.30 GPa (Table 1, Entry 10). Similar to only
h-BN, there is a critical BNNH2(G)/GO amount for the improvement of PI film mechanical properties.
Furthermore, these data also revealed that the ratio of BNNH2(G) and GO strongly affects PI film
mechanical properties.
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Fig. 10 Stress-strain curves of PI- BNnH2(G) (100:1) and PI-BNnH2(G) (10:1) films.

Based on our experimental results, we propose a model structure of PI-BNnH2(G)/GO. As reported
previously, GO sheets are easily aggregated in the composite, resulting in lower tensile strength (Fig.
11a, b).3! In contrast, GO has a strong affinity with h-BN (Fig. 11c, d).*** The attachment of GO on
BNnH2(G) surface facilitates the interaction with Pl because of the following synergic effect; 1) amide
bond formation with BTDA at the edge of BNn+2(G),>” and 2) amination of GO at the basal plane with
ODA through epoxy ring-opening reaction.?” Due to these effects, BNnm2(G)/GO composite would

successfully enhance the mechanical properties of PI.
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Fig. 11 SEM images of fractured surface of (a) pristine PI, (b) PI-GO 1wt%, (c) Pl- BNnH2(G) 1wt%, (d) P1- BNnH2(G)/GO
(100:1) 1wt% films.

Ideally, BNnH2(G)/GO should be composed of single BNnH2(G) flakes covered by single-layer GO

on both sides. According to AFM measurement, the average thickness of BNnH2(G) was 36 nm (Fig.

12).
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Fig. 12 (a) AFM images of BNnw2(G) flakes, (b) the height profile along the green line in (a).

Considering the thickness of a single layer h-BN is 0.33 nm,>® the prepared BNnn2(G) is composed
of about 109 layers. As GO sheets are adsorbed only on the surface of BNnH2(G), the ideal ratio to
fully cover BNnH2(G) surface with GO is 109 layers of BNnH2(G) and 2 layers of GO. Considering the

unit weight of BN and GO (the elemental ratio of C and O is 2: 1), the ideal ratio of BNnH2(G)/GO is
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52:1. To prove our speculation, we measured the mechanical properties of BNnH2(G)/GO that has a
ratio of 52:1 (BNnH2(G)/GO(52:1)); its tensile modulus increased by 86%, and the tensile strength
increased 65% in comparison to the neat PI film (Table 1, Entry 12). This specimen shows the highest
tensile strength and tensile modulus among all specimens, which supports our hypothesis that surface

coating of h-BN with GO is desirable for the strong interaction with PI.

Table 1. Mechanical properties of neat Pl film, PI-BNnn2(G) films, and PI-BNnm2(G)/GO films.

Percentage of  Tensile strength Tensile modulus Elongation at break
Entry Sample

sample in Pl (MPa) (GPa) (%)
1 Pristine Pl - 939+34 22+0.2 106+ 3.6
2 PI-GO 1 90.2+6.3 27+01 44+13
3 PI-hBN 1 1109+ 7.0 27+0.1 6.8+14
4 P1-BNnH2(G) 0.5 1149+5.9 31+01 78+3.1
5 PI-BNni2(G) 1 135.7 £+ 5.4 3.1+05 103+ 17
6 P1-BNnH2(G) 3 126.8 + 6.3 3301 6.4+0.8
7 PI-hBN/GO (100:1) 1 1274+ 6.8 3.1+0.2 95+3.1
8 | PI-BNnm2(G)/GO (100:1) 1 154.8 + 11.1 3.8+0.4 7.8+16
9 | PI-BNnH2(G)/GO (100:1) 0.5 1189+ 4.1 21402 13.9+3.2
10 | PI-BNnn2(G)/GO (10:1) 1 137.3+ 3.2 33+0.1 72+15
11 P1-BNnH2(G)/GO (10:1) 3 129.8+ 4.2 29+04 7.9+0.9
12 | PI-BNnn2(G)/GO (52:1) 1 155.2 + 2.1 42+0.1 7.1+0.7

@1 wt% sample for PI matrix was used in this table.

I11. CONCLUSIONS

Improvement of the mechanical properties of composite films, including modulus, strength, and
failure strain, has attracted tremendous interest in the field of materials science. Although the
improvement of the modulus and/or strength has been realized in current studies,>*®° the improvement

of failure strain along with modulus and strength is rare in the previous studies. In this research, we
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have demonstrated the improvement of the mechanical properties of PI films using the mixture of two
types of materials, BNnH2(G) and GO. Changing the ratio between BN and GO and their ratio with Pl,
we elucidated that there is a critical value at which Pl composite film showed the highest tensile
modulus, tensile strength, and failure strain in the same time. This enhances the toughness and potential
application of PI.

In the case of 1 wt% PI-BNnn2(G)/GO (52:1) composite film, the tensile modulus increased by 86%,
and the tensile strength increased by 65% in comparison to the neat PI film. According to our results,
we proposed and experimentally confirmed a model for the improvement of Pl mechanical properties
via the addition of BNnH2(G) and GO. In the case of BNnH2(G), only NH2 groups at edges interact with
the raw materials of Pl because of BNnH2(G) surface is inert. On the other hand, covering the BNnw2(G)
surface with GO creates additional interaction between the BNnH2(G)/GO surface and the raw material
of PI. Therefore, Pl can be grafted both on surfaces and edges, which enhances the mechanical
properties of PI composite film. In contrast, the excess amount of GO that is not attached to the h-BN
surface deteriorates the mechanical properties of the composite. Our results and the proposed

mechanism will be useful guidelines for fabricating 2D composite materials in polymer matrixes.

V. EXPERIMENTAL SECTION

1VV.1 Materials

Hexagonal boron nitride (h-BN) average size (1~2 um) was purchased from Showa Denko K.K.,
Japan. Guanidine hydrochloride (purity 99.0+%), 3,3",4,4"-benzophenonetetracarboxylic dianhydride
(BTDA, purity 96.0+%), 4,4 -diaminodiphenyl ether (ODA, purity 99.0+%), dimethylacetamide
(DMAC, purity 98.0+%), sulfuric acid (H2SOg, purity 95.0+%), and potassium permanganate (KMnQsa,

purity 99.3+%) were purchased from FUJIFILM Wako Pure Chemical Corporation, Japan.

1VV.2 Characterization instruments
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The particle size analyzer (PSA) used in this work was ELSZ-2000N (Photal Otsuka Electronics,
Japan). The samples for the PSA were dispersed in DMAc. Fourier transform infrared spectroscopy
(FTIR) spectra of samples were recorded between 400 and 4000 cm™! with IRTracer-100 (Shimadzu
Corporation, Japan). The scanning electron microscope (SEM) measurement was performed with S-
5200 (Hitachi Limited, Japan) with an accelerating voltage of 30 kV. X-ray diffraction (XRD)
measurements were performed on AERIS equipped with single crystalline silicon (Panalytical,
Netherlands). Thermal gravimetric analyses (TGA) were performed with a DTG-60AH (Shimadzu
Corporation, Japan) from room temperature to 800 °C in nitrogen (N2) at a heating rate of 10 °C min™".
To measure the tensile strength of PI films, sample sheets were cut into 10 mm x 60 mm and were
tested using a Universal Testing Machine AG-Xplus (Shimadzu, Japan) at a tensile testing rate of 1

mm/min.

V.3 Preparation of graphene oxide (GO)

GO was prepared using a modified Hummers’ method.5>%? Graphite (3.0 g) was stirred in 95%
H2SO4 (75 mL). KMnOs (9.0 g) was gradually added to the solution while keeping the temperature
under 10 °C, using an ice bath. The mixture was then stirred at 35 °C for 2 h. The resulting mixture
was diluted by water (75 mL) under vigorous stirring and cooling so that temperature does not exceed
50 °C. The suspension was further treated by 30% ag. H202 (7.5 mL). The resulting graphite oxide

suspension was purified by centrifugation with water until neutralization, and freeze-dried.
V.4 Preparation of amine-functionalized hexagonal boron nitride (BNnH2(G))

BNnr2(G) was prepared using a ball mill Pulverisette 7 Classic Line (Fritsch, Germany).3%4° h-BN
(0.5 g) and guanidine hydrochloride (10 g) were mixed by a ball mill at a rotation speed of 750rpm for
16 h at ambient temperature. Water (ca. 50 mL) was added to the solid product. The resulting BNnH2(G)
suspension was purified by dialysis (membrane cutoff: 12000~14000 kDa) in deionized (DI) water for
24 h (DI water was changed every 3 h, which was repeated 3 times, then settled for 16 h) to remove
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the guanidine hydrochloride. A 1 week dialyzed treatment was also investigated (Fig. 13), but no
difference was detected with thein 24 h treated sample. Therefore, the 24 h dialyzed treatment was

selected. Finally, the sample was ultrasound for 10 min in DI water, and freeze-dried.
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Fig. 13 FT-IR spectra of BNnH2(G) by three different dialysis times (5h, 24h, and 1 week).

IV.5 Preparation of PI-BNnH2(G) composite films

To prepare different concentrations PAA-BNnH2(G) suspension, BNnH2(G) (0.026 g, 0.053 g, 0.161
g, or 0.274 g) was dispersed in DMAc (20ml) by sonication for 1h. ODA (2.0 g, 10 mmol) was added
in the BNnH2(G) suspension by sonication for 10 min. Then, BTDA (3.2 g, 10 mmol) was added into
the suspension, sonicated for 10 min, and cooled into freezer at about -18 °C for 12 h.
A viscous PAA-BNnH2(G) suspension was coated on glass using MSK-AFA-III coater (MTI
Corporation, USA) with a coating rate of 20 mm/sec. The coating was heated at 90 °C for 1h (heating
speed 1 °C/min under nitrogen) to evaporate solvent. Finally, PI I was formed by heat-treatment from

room temperature to 300 °C for 1h (room temperature to 300 °C for 5 h under nitrogen).
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V.6 Preparation of PI-BNnH2(G)/GO composite films

BNnH2(G)/GO (100:1) or BNnH2(G)/GO (10:1) (5.2 g) were dispersed in DMAc (20 ml) with
sonication for 1h. ODA (2.0 g, 10 mmol) was added in the BNnH2(G)/GO suspension with sonication
for 10 min. BTDA (3.2g, 10 mmol) was then added into the suspension and sonicated for 10 min,
furnishing PAA-BNnH2(G)/GO suspension. The mixture was coated on glass and heated at 90 °C for
1h (heating speed: 1 °C min under nitrogen) to evaporate the solvent. Next, heat-treatment was
performed from room temperature to 300 °C in 5 h under nitrogen atmosphere, then kept at 300 °C for
1h. The PI-BNnH2(G)/GO composite films containing 0.5wt%, 1wt%, and 3wt% of BNnH2(G)/GO

were prepared by the same procedures.
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CHAPTER 4
Ball mill enhances the functionalization of
boron nitride: the application for polyimide
fillers

ABSTRACT

Polymer properties can be tuned by the addition of filler materials such as carbon-base materials
and inorganic materials. In recent years, 2D filers as additives for polymers have extensively been
studied. Among them, functionalized hexagonal boron nitride (FBN) improves polymers’ physical
properties. In this study, we prepared 27 types of FBNs by using different ball milling parameters in
the presence of amine molecules. Ball mill conditions, such as the ratios of h-BN and the amine,
rotation speeds, and treatment times of ball milling, were investigated, and then, the FBNs were
covalently bonded with polyimide (PI) in all specimens. An optimum FBN-PI composite showed
tensile strength and tensile modulus of 151.1 MPa and 3.8 GPa, respectively. Finally, we found that
the tensile strength and modulus were increased to 159.2 MPa and 3.9 GPa by addition of a small
amount of graphene oxide (GO) that were combined with FBN and P1. The ball milling and covalent

bonding approach efficiently developed high-performance BN-polymer composite films.

. INTRODUCTION

Polyimides (PIs) are indispensable polymers in our life owing to their excellent physical properties,
including mechanical properties, heat and chemical resistance, and good electrical insulation.*= Pls
have been used in a variety of products, such as waterproof coatings,* speaker components,® separators
for batteries,®’ gas separations,®® water purification membranes,*!° and protective materials for space

devices.'**® However, the rapid development of next-generation electrical products (e.g.,
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flexible/wearable smartphones, watches, and sensors, etc.) in recent years requires a further
enhancement of the mechanical properties of Pls.241
It is known that the mechanical properties of Pl can be improved by homogeneously dispersing nano-
fillers into PI film, which is prepared by in situ polymerization of PI monomers.!®-1° However, the
pristine nano-fillers have limited compatibility with Pl and dispersibility in reaction solvents, leading
to phase separation to hamper homogenous composites. Depending on the interactions between nano-
fillers and PI matrix, their blending can be divided into the following two types: 1) physical blending;
nano-fillers are mechanically mixed with the monomers of Pl or polyamic acid (PAA)
intermediates,*?° and 2) chemical blending; nano-fillers are covalently bonded to the polymer
matrix.?2* Chemical blending significantly improves the mechanical properties of PI films, because
of the strong covalent bond between a nano-filler and PI. The chemical modification of the fillers
improves their interaction with PI, as well as dispersibility into the solvents for PI fabrication such
DMAc, DMF, and NMP.23:25:26

To date, various kinds of nano-fillers such as carbon black,??® carbon nanotube (CNT),2%3t
fullerene,322% graphene, 23437 graphene oxide (GO),3*384! and hexagonal boron nitride (h-BN)*>#
have been utilized to improve the mechanical properties of Pl films. Among them, 2D nano-fillers
have attracted tremendous attention owing to their large specific surface area and feasibility of
functionalization.*>*° So far, aromatic diamine-functionalized GO has been recognized as an excellent
2D nano-filler, because the excellent dispersibility of GO in solvents leads to uniform composites with
Pls. In addition, the amino groups on GO form strong interactions in Pl matrix to stabilize the
composites.3841

In contrast, h-BN, so-called white graphene, has received less attention than GO, because it has low
dispersibility into the organic solvents. To utilize h-BN as a filler for chemical blending, surface
functionalization is required. There are several methods for h-BN functionalization, such as plasma

treatment, oxidation, and sonication,>%2 but these methods only provide oxygen functional groups.
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Recently, ball milling has received significant attention, because this treatment can achieve exfoliation
of bulk h-BN to nanosheets, as well as simultaneous functionalization.>*°°> However, previous
researches realized only 1-2 wt% loading of functional groups at the edge of BN framework, which
are too low to have good interaction with Pl matrix. On the other hand, Mingjun et al. reported that h-
BN could be well non-covalently functionalized and dispersed in a solvent by =-rt interaction with
polydopamine.>® Therefore, we aimed to form two types of interactions; chemical interactions at the
edges and the m-m interactions between the basal plane of h-BN and the aromatic moiety of the
molecules via ball mill treatment.

First, we produced functionalized h-BN with p-phenylenediamine (PDA) via solid state ball milling
method (Fig. 1). To maximize the number of the amino-functional groups in the composite, various
kinds of ball milling conditions, such as the weight ratio of h-BN and PDA, ball milling speed and
treatment time, were investigated. To obtain a stronger PI film, we further investigated the addition of

GO into PI matrix, expecting the synergistic effect on the enhancement of the mechanical properties.
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Fig. 1 Schematic illustration of the fabrication of the PI-BN(PDA) composite film.
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Il. RESULTS AND DISCUSSION

11.1 Synthesis and characterization of BN(PDA)

First, functionalized h-BN (BN(PDA)) was prepared from h-BN and PDA via solid-state ball milling
treatment. To optimize the ball milling parameters for the efficient PDA loading, BN(PDA) was
prepared under various experimental conditions, including weight ratios of h-BN and PDA (1:0.5, 1:1,
and 1:5), rotation speeds of ball mill (200, 500, and 700 rpm), and reaction time (3 and 16 h).

Then, the BN(PDA) was characterized by FTIR spectroscopy. As shown in Fig. 2, the peaks at 780
and 1380 cm™ are attributed to the B-N stretching and out-of-plane N-B-N bending of h-BN,
respectively.>®®° The peak at 3240 cm™ is assigned to the N-H stretching of amino groups in PDA.5!
These characteristics indicate that PDA were attached on BN(PDA) and that the h-BN structure

remained after the ball milling process.

@) —— BN(PDA) (b)
V—uf‘ —— BN(PDA)
E) S |——BNU
S e < ©
)] Q
2 2
2 £
§ [—nBN &
= =
4000 3500 3000 2500 2000 1500 1 000 3800 3600 3400 3200 3000

-1
Wavenumber (cm’’ Wavenumber (cm™)

Fig. 2 FT-IR spectra of h-BN, BN(U), and BN(PDA): (a) full range and (b) narrow range.

XPS analysis was conducted to elucidate the chemical state of FBN. Fig. 3a and 3b show B 1s and
N 1s spectrum of the raw material. The dominant peak is B-N bond in both spectra. In the B 1s spectrum,
there is a slight peak at 193.8 ev,%2%% which is originated from BOx. The BOx peak on the surface of h-
BN disappeared after ultrasonic or ball mill treatment of h-BN (Fig. 3a - d). The full width at half

maximum (FWHM) of BN(PDA) at B 1s and N 1s increased from 1.49 to 1.73 and 1.56 to 1.74 after
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ball milling, which means that new chemical bonds are formed and suggests that h-BN and PDA are
chemically bonded. Furthermore, the N 1s of BN(PDA) shows that, in addition to the main peak N-B
(398.2 eV), N-H bond peak appears at 399.6 eV,** further proving the successful chemical

functionalization of BN(PDA).
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Fig. 3 XPS analysis of h-BN and BN(PDA) 1:5 700 16 h (a,c) B 1s and (b,d) N 1s., The Analysis of h-BN in B 1s and N

1s after (e,f) ball milling and (g,f) ultrasonic treatment.

In the next step, BN(PDA) was analyzed by TGA to quantify the loading quantity of PDA. As
summarized in Table 1, the amount of PDA in BN(PDA), which corresponds to the weight loss at
temperatures higher than 400 °C in TGA curves (Fig. 4), was affected by ball milling parameters
including the weight ratio, the rotation speed, and the reaction time. Focusing on the rotation speed, at
the weight ratio of 1:1 and 16 hours treatment, the loading of PDA increased from 3.26 to 11.37 wt%
as the reaction speed increased from 200 to 700 rpm. In terms of the treatment time, longer treatment
time increased the loading amount in all cases. From these investigations, we achieved the highest
PDA loading (12.06%) under the condition of h-BN:PDA = 1:5 at 700 rpm for 16 h. Interestingly, after
ball mill treatment, we found the smell of ammonia (Fig 5), indicating C-N bond cleavage of PDA.5%6

Therefore, surface covalent functionalization via aryl radical may occur.
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Fig. 4 TGA of BN(PDA): (a-c) ball milling for 3 h and (d-f) ball milling for 16 h.

Fig. 5 Ammonia detection after the ball mill experiment.

Table 1 List of fixed amounts of PDA?

Weight loss (%)°

h-BN:PDA Speed (rpm) ahe 16 h
200 0.91 1.89

1:05 500 2.13 4.34
700 2.05 491

200 1.15 3.26

11 500 2.82 8.09
700 5.12 11.37

200 2.33 3.86

1:5 500 5.46 9.08
700 8.90 12.06
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a-BN, PDA, and zirconia ball (8= 5 mm, 10 pieces) were used at room temperature. "Weight loss was determined by TGA

at 800 °C in air. °Ball mill treatment for 3 h. 9Ball mill treatment for 16 h.

XRD measurements revealed that the speed of ball milling has the most significant effect on the
crystallinity of BN(PDA) (Fig. 6 and 7). As shown in Fig. 6, sharp peaks were observed at 26.2°,41.5°,
43.7°,50.1° and 55.1° in h-BN, which are in agreement with previous characterizations of h-BN.%5-57
Since the FWHM represents the crystal size of h-BN, the gradual increase of FWHM in BN(PDA)
implies that smaller h-BN flakes are produced as the rotation speed increases. The XRD analysis well
explains the relationship between the rotation speed and the loading amount of PDA,; higher rotation
speed generates smaller-sized h-BN flakes, which facilitate the PDA loading owing to their larger

specific surface area and a larger amount of reactive edge sites.
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26.72° ——BN(PDA) 1:5 500 16 h
. JLFWHNI= 0.32 -
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Fig. 6 XRD patterns of h-BN and BN(PDA) prepared under different rotation speeds.
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rpm with different parameters, (e-f) 700 rpm with different parameters.

Fig. 7 XRD patterns of BN(PDA) in different ball milling treatment. (a-b) 200 rpm with different parameters, (c-d) 500

To confirm the reactivity of amino groups in BN(PDA), we treated BN(PDA) with 3,3°,4,4’-
benzophenonetetracarboxylic dianhydride (BTDA). TGA data of h-BN, BTDA, reaction product
between PDA and BTDA (PDA-BTDA), reaction product of h-BN and BTDA (h-BN/BTDA), and
BN(PDA) treated with BTDA (BN(PDA)/BTDA) are presented in Fig. 8. The h-BN/BTDA showed
two weight losses of 0.3% and 1.1% at 225 °C and 320 °C, respectively. On the other hand, the

BN(PDA)/BTDA showed three larger weight losses of 3.7 wt%, 17.1 wt% and 24.1 wt% at 150 °C,



450 °C and 650 °C, respectively, corresponding to the dehydration through imidization, the

carbonization reactions and the decomposition of compound originated PDA and BTDA.

(a) 100 1 \
80 4
= 60-
=
=2
Q 404 —h-BN
= ——BTDA
—— PDA-BTDA
2091 —— h-BN/BTDA
——BN(PDA)
0. BN(PDA)/BTDA

100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 8 (a) TGA curves of h-BN, BTDA, PDA-BTDA, h-BN/BTDA, BN(PDA), and BN(PDA)/BTDA with a heating rate
of 10 °C min‘*. (b) h-BN after TGA. (c) h-BN/BTDA after TGA. (d) BN(PDA) after TGA (e) BN(PDA)/BTDA after TGA.

A similar pattern was observed for PDA-BTDA specimens. Furthermore, FTIR spectra of
BN(PDA)/BTDA showed an additional C=0 stretching vibration peak at 1720 cm™ and the decrease
of NH stretch vibration at 3200 cm™ (Fig. 9).9%"° Therefore, the above descriptions indicate that the
PDA on h-BN can bond with BTDA through an amide bond. In addition, the C=0 vibrations were not
observed for h-BN/BTDA, indicating BTDA was not attached on pristine h-BN and PDA

functionalization is indispensable for the chemical blending of h-BN in PI.
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Fig. 9 FT-IR spectra of BN(PDA), BN(PDA)/BTDA: (a)~(c). BN(PDA)/BTDA and h-BN/BTDA comparison: (b). (a) full
range, (b) narrow range around C=0 peak, (c) narrow range around NH stretch peak, (d) BN(PDA)/BTDA and h-
BN/BTDA full range.

11.2 The Kkinetic energy modeling and mechanistic study of ball milling

To gain deep insights into the effect of rotation speed on the efficacy of PDA loading, the kinetic
energy of the ball milling at various speeds (200, 300, 400, 500, 600, and 700 rpm) were calculated by

eq.1%" and correlated to PDA content in TGA.

w3(R3)

AE = —my[——22

Wp

+ w,w,Ry] (R,, — %) 1)

In this equation, AE, my, ap, av, Rp, Ry, and dy correspond to impact energy of a single ball, weight
of the ball, rotation speed of the instrument, rotation speed of the container, rolling radius of equipment,

rolling radius of milling jar, and the radius of milling jar, respectively.”*"3
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The detailed values of the above parameters are specified in Table 2. A positive correlation between
the impact energy and the PDA content was evidenced from the calculation (Fig. 10), showing that
both parameters increased as the rotation speed increased from 200 to 700 rpm. As a further
interpretation, we found a linear relationship between the kinetic energy and the PDA content. This
implies that the rotation speed increases the loading of PDA by increasing the impact energy of the
ball milling. According to the above calculation, the energy of one impact energy is around 2 mJ-18
mJ. Suppose that the ball strikes the chemicals with a volume of 0.001 mm3, the impact energy for
each molecule is about 3.15x10-16 mJ to 2.84x10-15 mJ. A bond dissociation energy of C-N bond
and B-N bond is 4.82x10-16 mJ and 6.28x10-16 mJ, respectively,72 which confirms that the ball mill

can break the bonds.

Table. 2 Parameters of the planetary ball mill

Ry 26.5 mm

Rp 67.2 mm
ovlop -2

do 5mm
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Fig. 10 Schematic of the planetary ball mill. Amount of grafted molecule was determined by TGA weight loss until 800 °C
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11.3 Preparation of polyimide composites and their mechanical properties

The characterization of BN(PDA) revealed the presence of NHz on its surface; therefore, we applied

this material as a filler of polyimide. Various BN(PDA), such as BN(PDA) 1:1 500 16 h, were reacted
with 4,4’-Diaminodiphenyl ether (ODA) and BTDA to form polyimide-BN(PDA) composites (PI-
BN(PDA)). Detailed synthesis procedure is shown in the experimental section.
The mechanical properties of PI-BN(PDA), including tensile strength, tensile modulus, and elongation,
were evaluated by tensile test. The addition of pristine h-BN without PDA modification into PI (PI-h-
BN) also increased the tensile strength and tensile modulus of Pl to 18 and 22%, respectively (Table
3, Entry 2). These enhancements may be caused by the surface roughness of h-BN, according to a
previous study.” As compared to PI-h-BN, the PI-BN(PDA) showed better mechanical properties. As
shown in Table 3 and Table 4, the highest tensile strength and tensile modulus of PI-BN(PDA) 1:1
500 16 h composite films were observed as 151.1 MPa and 3.8 GPa, which were 57.8% and 58.3%
higher than those of the pristine PI. In addition, when the amount of BN(PDA) 1:1 500 16 h increased
from 1 wt% to 3 wt% or 5 wt% in PI, the tensile strength and tensile modulus both decreased (Table
3, Entry 4 and Table 4, Entry 2 and 3). These results indicate that excess BN(PDA) leads to a reduction
of the positive effects of the material in the Pl matrix, probably because the abundant BN(PDA) causes
aggregation, which deteriorates the mechanical properties. Therefore, we can determine 1 wt%
addition of BN(PDA) 1:1 500 16 h to be optimal in PI film.

To further understand the effect of ball milling parameters on the PI composite films, we plotted the
loaded amount of PDA on h-BN and the mechanical properties of PI composite films (Fig. 10). When
the loading amount of PDA was 1-6 wt%, the tensile strength increased as the amounts of PDA
increased. However, further increase of PDA decreased the strength of the film. This demonstrates that

the amount of PDA on the h-BN surface affects the mechanical properties of Pl composite films.
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Fig. 10 The curves of the tensile strength with amount of PDA on h-BN.

Finally, BN(PDA) 1:1 500 16 h was combined with GO in PI film for further improvement. PI films
with both BN(PDA) and GO showed higher mechanical properties than the PI containing only
BN(PDA). According to Table 4, the tensile strength and tensile modulus of BN(PDA)/GO composite
fillers were 28% and 30% higher than those of h-BN/GO fillers (Table 5, Entry 1 and 2). This proved
the functionalization of h-BN with PDA improves mechanical properties of the composite film. In
addition, PI-BN(PDA)/GO composite film has a tensile strength of 159.2 MPa, which is 66% higher
than that of the pristine PI, and the tensile modulus was increased to 3.9 GPa, which is 63% higher
(Table 3, Entry 1). By reducing the amount of BN(PDA)/GO to 3 wt%, the tensile strength and tensile
modulus both decreased (Table 5, Entry 3 and 5). When the BN(PDA): GO ratio increased to 10: 1,
the tensile strength dropped to 135.3 MPa and the tensile modulus also dropped to 3.1 GPa (Table 5,
Entry 4). Furthermore, these data also revealed that the ratio of BN(PDA) and GO strongly affects PI

film mechanical properties.
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Table 3. Mechanical properties of pristine PI, PI-hBN, PI-BN(PDA) films.

Entry Filler h-BN:PDA  Ball milling of speed (rpm)  Tensile strength (MPa)  Tensile modulus (GPa)
1 - - - 95.7+ 15.6 24+04
2 h-BN# - - 110.9+ 7.0 27+01
3 200 103.6+ 3.1 26+0.3
4 1:.0.5 500 109.1+ 5.3 27+01
5 700 119.6 £ 4.2 29+0.2
6 200 121.9+6.9 3.0+0.2
7 BN(PDA)* 1:1 500 1238+ 7.3 2.8+0.1
8 700 1405+ 75 35+04
9 200 1349+ 124 3.1+0.2
10 15 500 140.7£ 9.9 33102
11 700 1329+ 7.8 31+0.2
12 200 121.6+ 2.7 27+01
13 1:.0.5 500 128.8+ 5.9 32+0.2
14 700 132.8+ 6.2 33+0.3
15 200 1339+ 111 3.4+0.2
16 BN(PDA)*Y 11 500 1511+ 3.1 3.8+£0.2
17 700 126.0+ 7.6 3.1+0.2
18 200 1431+ 6.7 3701
19 1:5 500 1441472 3.6+0.2
20 700 117.0+ 111 3.1+0.2

21 wt% sample for Pl matrix was used in this table. *Ball mill was performed for 3 h to prepare BN(PDA). YBall mill was

performed for 16 h to prepare BN(PDA).
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Table 4. Mechanical properties of PI-BN(PDA) 1-1 500 16 h films#*

Entry Percentage of filler in Pl (wt%) Tensile strength (MPa) Tensile modulus (GPa)
1 1 151.1+3.1 3.8+0.2
2 3 1344+ 34 34+01
3 5 1351+ 34 38+03

zBall mill was performed for 500 rpm to prepare BN(PDA). *Ball mill was performed for 16 h to prepare BN(PDA).

Table 5. Mechanical Properties of PI-BN(PDA)/GO films.

Entry Filler BN(PDA):GO Tensile strength (MPa) Tensile modulus (GPa)
1 h-BN/GO? 100:1 1248+5.8 3.0+£0.2
2 BN(PDA)/GO? 100:1 159.2 + 4.1 39+03
3 BN(PDA)/GOP 100:1 138.4+ 3.9 3502
4 BN(PDA)/GO? 10:1 1353+ 2.7 3.1+0.2
5 BN(PDA)/GOP 10:1 1258+ 6.6 3303

a1 wit% filler for PI matrix was used in this table. 3 wt% filler for Pl matrix was used in this table.
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I11. CONCLUSIONS

In this study, we have elucidated, for the first time, the correlation between the total amount of
functional groups within BN(PDA) and the mechanical properties of PI films through the ball milling
treatment with various parameters. We found that rotation speed is the most significant parameter for
the functionalization. There is the optimum amount of the functional groups for the mechanical
strength. When the total amount of functional groups reached 8 wt%, the tensile strength and tensile
modulus of Pl composite films were the highest in this study (57.8% and 58.3% higher than the pristine
PI). Moreover, the addition of a small amount of GO to PI-BN(PDA) improves the tensile strength and
tensile modulus by 5.4% and 2.6% compared to PI-BN(PDA). Consequently, controlled BN(PDA)
functionalization can be useful for future applications as mechanically enriched composites.

We experimentally demonstrated that PI mechanical properties can be improved by modifying the
ball milling parameters for BN(PDA) and adding GO. Chemical bondings at the edges of h-BN and
the w-m interaction between the basal plane of h-BN and the aromatic moiety of PDA increases the
amount of reactive NH> groups, thereby improving the interaction with the raw materials of PI. On the
other hand, covering the BN(PDA) surface with GO creates additional interaction between the raw
material of PI. Therefore, larger amount of Pl can be grafted both on surfaces and edges, which
enhances the mechanical properties of PI composite film. In contrast, the excess amount of GO that is
not attached to the h-BN surface deteriorates the mechanical properties of the composite. Our results
and the proposed mechanism will be useful guidelines for fabricating 2D composite materials in

polymer matrixes.
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V. EXPERIMENTAL SECTION

1VV.1 Materials

Hexagonal boron nitride (h-BN) with an average size of 1-2 um was obtained from Showa Denko
K.K.,  Tokyo, Japan. p-Phenylenediamine ~ (PDA,  purity  97.0+%), 3,3°,4,4’-
benzophenonetetracarboxylic dianhydride (BTDA, purity 96.0+%), 4,4’-diaminodiphenyl ether (ODA,
purity 99.0+%), dimethylacetamide (DMAc, purity 98.0+%), sulfuric acid (H2SQOs, purity 95.0+%),
and potassium permanganate (KMnOQas, purity 99.3+%) were purchased from FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan. Graphene oxide (GO) was prepared according to Hummers’

method with a slight modification.®"8
1VV.2 Characterization instruments

Fourier transform infrared spectroscopy (FTIR) spectra of samples were recorded on a IRTracer-100
(Shimadzu, Japan) in the wavenumber range of 400 to 4000 cm™'. X-ray diffraction (XRD)
measurements were performed on AERIS equipped with single crystalline silicon (Panalytical,
Netherlands). X-ray photoelectron spectroscopy (XPS) was carried out on a JPS-9030 (JEOL, Japan)
with a pass energy of 20 eV. Thermal gravimetric analyses (TGA) were measured from room
temperature to 800 °C at a heating rate of 10 °C min~! under air on a DTG-60AH (Shimadzu, Japan).
The tensile strength of PI films (10 mm x 60 mm) was tested using a Universal Testing Machine AG-

Xplus (Shimadzu, Japan) at a tensile testing rate of 1 mm/min.
V.3 Preparation of PDA-functionalized hexagonal boron nitride (BN(PDA))

BN(PDA) was prepared using a ball mill Pulverisette 7 classic line (Fritsch, Germany) under different
conditions. In detail, h-BN and PDA were mixed at weight ratios of 1:0.5, 1:1, or 1:5 in a milling
container, and stirred at rotation speeds of 200, 500, or 700 rpm for 3 or 16 h at room temperature. The
resulting product was purified by dialysis (membrane cutoff: 12-14 kDa) in deionized water until pH
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reached 8-7. To confirm a complete removal of unreacted PDA, the dialyzed solution at various pH
values (11-10, 10-9, and 8-7) were analyzed by FTIR spectra after drying (Fig. 11). At pH 8-7, peak
of PDA was not detected, suggesting the completion of dialysis. Finally, the sample was sonicated for
10 min and freeze-dried for further use.

Hereafter, we call the yielded BN(PDA) as BN(PDA)x y z where x, y and z mean weight ratios,

rotation speed and reaction time, respectively.
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Fig. 11 (a-b) FT-IR spectra of BN(PDA) after dialysis with three different pH (8-7, 10-9, 11-10). (a) full range and (b)
narrow range. (c-d) FT-IR spectra of PDA and BN(PDA) before dialysis. (c) full range and (d) narrow range.

V.4 Preparation of PI-BN(PDA) composite films

To prepare different concentrations of PAA-BN(PDA) suspension, different amount of BN(PDA)
1:1500 16 h (0.053 g, 0.161 g, or 0.274 g) was dispersed in DMAc (20 ml) by sonication for 1h. Then,
ODA (2.0 g, 10 mmol) was added to the BN(PDA) suspension by sonication for 10 min. Finally,
BTDA (3.2 g, 10 mmol) was added to the suspension, sonicated for 10 min, and kept at -20 °C as a

stock suspension of PAA-BN(PDA).
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The film samples were produced by coating PAA-BN(PDA) suspension on a glass plate and heating
it at 90 °C for 1h (heating speed 1 °C/min under nitrogen) until the solvent was evaporated. A further

heat-treatment was performed at 300 °C for 1h (room temperature to 300 °C for 5 h under nitrogen).
IV.5 Preparation of PI-BN(PDA)/GO composite films

BN(PDA)/GO with 2 different ratios (100:1 and 10:1) was dispersed in DMAc (20 ml) by sonication
for 1h. Then, ODA (2.0 g, 10 mmol) was added to the BN(PDA)/GO homogeneous suspension, and
further homogenized by sonication for 10 min. Next, BTDA (3.2 g, 10 mmol) was added into the
solution and sonicated for 10 min to form PAA-BN(PDA)/GO. PAA-BN(PDA)/GO solution was
loaded on a glass plate and heated at 90 °C for 1h (heating speed 1 °C/min under nitrogen) until the
solvent was evaporated. A further heat-treatment was performed at 300 °C for 1h (room temperature
to 300 °C for 5 h under nitrogen).

The PI-BN(PDA)/GO composites films containing 1 wt%, 3 wt% of BN(PDA)/GO were prepared by

the same experimental steps.
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CHAPTER 5
Vertically grown carbon nanowalls on
graphene oxide: synthesis and Li-ion
storage application

ABSTRACT

We report herein the synthesis of polyimide (PI) nanowalls on graphene oxide surface by a simple in
situ polymerization. The nanowall structures are converted to three-dimensional carbon materials, and
their capacity and cycling stability of Li-ion batteries (LIBs) are investigated. The performance of LIBs
electrodes relies on the synthesis conditions, such as time and temperature, of the Pl nanowall
structures; the highest charging capacity reaches 500 mAh gt at 1C (372 mA g-1) and 152 mAh g at
10C charging/discharging cycles. Furthermore, it has excellent stability after 500 cycles of charging

and discharging.

. INTRODUCTION

Li-ion batteries (LIBs) possess the advantage of high energy density, making them the primary power
source for electric vehicles, smartphones, and portable electronic devices.! With the rapid development
of LIB technology, there is a growing demand for high capacity and stability. Although graphite
exhibits excellent cycling stability and is used in commercial anode material of LIBs, it shows a low
theoretical capacity (372 mAh g*), slow charge-discharge performance.>® Therefore, it is essential to
develop new materials with higher capacity, good rate performance, and higher cycling stability.*®
Transition metal oxides have been investigated as the anode electrode materials, such as TiO2, Fe2O3,
and MnOg, for LIBs due to their high-capacity performance (500-1000 mA g1).5° However, these

materials suffer from electrical conductivities, inhibiting high rate performances. Moreover, during the
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charge-discharge processes, the volume expansion of the electrodes caused by lithium insertion leads
to electrode fracturing and rapid capacity decay.!%!2 To address these issues, nanostructured wire
arrays of transition metal oxides have been investigated.’*> Nano-structured wires significantly
increase the material’s specific surface area, facilitating the diffusion of Li-ion into the electrodes and
contributing to the improved rate performance of LIBs.'®*® Moreover, previous studies have shown
that nanowall structures exhibit enhanced cycle performance in LIBs, similar to the nanowire
structure.?®?! However, the metal oxides have drawbacks in terms of weight and cost. Recent reports
have indicated that the growth of polyaniline nanowires structures contributes to good capacity and
cycle stability of LIBs.?2?® Based on these research backgrounds, we aim to construct the carbon
nanostructures on a lightweight and cost-effective two dimensional carbons to address these
shortcomings.

In this research, we employ graphene oxide (GO) as a substrate for carbon nanostructures. GO is a
mass-producible two-dimensional nanocarbon that contains numerous oxygen functional groups on its
surface, allowing chemical modification with organic molecules and dispersion in various
solvents.1%242° Previous reports indicate that the composite of transition metal oxide nanowalls and
GO enhance the capacities and cycling stabilities of LIBs.2®34 However, there is no report on the
performance of carbon nanowalls/GO composites in anode materials of LIBs. Polyimide (PI) is a
promising material for various applications due to its good chemical stability, heat resistance, and good
mechanical properties.3>=7 Pl carbonizes without melting when heated at >500 °C,*° forming an
electron conductive carbon material. In this study, Pl nanostructures were fabricated on GO, then
nanostructured conductive carbon materials were produced by heat treatment to apply for LIB anodes.
The optimum preparation condition of PI/GO composites for LIB electrodes was investigated by
changing the reaction time and heating conditions. Finally, we successfully fabricated a nanostructured
composite of Pl nanowalls on the surface of GO nanosheets, demonstrating a synergistic improvement

in the capacity and rate performances of anode material in LIBs.
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1. RESULT AND DISCUSSION

1.1 PI-GO nanowall structures (PI-GO) synthesis
GO is highly dispersible in polar organic solvents such as DMAc, DMF, and NMP.2"? First, we
measured scanning electron microscope (SEM), transmission electron microscope (TEM), and atomic

force microscopy (AFM) for pristine GO (Fig. 1), confirming the 2D nanosheet morphology of GO

25-27,29

with the thickness of 1 nm, which is consistent with the previous reports.

0.0 0.4 08 1.2 16
X (um)

Fig. 1 SEM, TEM, and AFM images of GO sheets (a) SEM images of GO, (b) TEM images of GO, (c) AFM image of GO

on SiO; and its section analysis.

After chemical reacting GO with p-phenylenediamine (p-PDA) (Fig 2a), the following analyses were
conducted: AFM, FTIR, X-ray Diffraction (XRD), and X-ray Photoelectron Spectroscopy (XPS) (Fig
2b-e). Initially, AFM measurements revealed an increase in the thickness of GO-PDA to 1.89 nm (Fig
2b), which is nearly equivalent to the molecule thickness of p-PDA.*! In FTIR (Fig 2c), the presence
of C-N and N-H bonds was observed at 1287 cm™ and 1510 cm™, respectively,*? indicating the

chemical modification of GO with p-PDA. XRD analysis (Fig 2d) showed that the peak of chemically
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modified GO (002) shifted from 11.7° to 7.5° and the Full Width at Half Maximum (FWHM)
increased from 1.03 to 2.07, demonstrating the incorporation of p-PDA within GO.* In XPS (Fig 2e),
the nitrogen peak was clearly observed after reaction with p-PDA, confirming the successful

modification of the GO surface with p-PDA. *3
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Fig. 2 (a)Schematic illustration of the formation mechanism of GO-PDA, (b) AFM images of GO-PDA, (c) FTIR analysis

of GO and GO-PDA, (d) XRD analysis of GO and GO-PDA, (e) XPS analysis of GO and GO-PDA.

Next, Polyimide nanowall structures (P1) were synthesized by in-situ polymerization on GO-PDA.
GO was homogeneously dispersed in different polyamic acid (PAA) solutions. In this process, we used
four different types of molecules p-PDA, 4,4 -diaminodiphenyl ether (ODA), 3,37,4,4 -
Benzophenonetetracarboxylic dianhydride (BTDA), and 4,4'-Biphthalic Anhydride (BPDA). We

mixed these in four different ways, forming p-PDA/BTDA, PDA/BPDA ODA/BTDA, and
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ODA/BPDA. Then, the mixtures were heated in an autoclave at 180 °C. As a result, only the p-
PDA/BTDA mixture successfully produced the PI nanowall structures no GO (PI-GO) (Fig. 3a),
whereas the other combinations had smooth surfaces (Fig. 3b-d). Thus, in this study, we used p-PDA

and BTDA to create the PI.

Fig. 3 SEM images of PI-GO prepare by different type of PAA (a) p-PDA/BTDA, (b) ODA/BPDA, (c) p-PDA/BPDA, (d)

ODAJ/BTDA. For all samples, Au ion sputtering was carried out before SEM measurements.

After experimenting with different amounts of GO. We found that morphology of the PI-GO was
affected by the amount of GO, as shown in Fig. 3. In the case of 0.5 wt%-GO, PI-GO combined with
polyimide (PI) was formed, suggesting that the excess PAA became Pl outside GO (Fig. 4a). When
the concentration of GO was increased to 1 wt%, P1 selectively arrayed on GO surface and no PI was
observed (Fig. 4b). However, when the concentration of GO increased to 2 wt%, nano structure was
not observed, indicating that the PI did not grow on GO surface because PI could only cover the GO

surface (Fig. 4c). Therefore, the optimal concentration of GO was determined to be 1 wt%.
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Fig. 4 SEM images of PI-GO samples obtained at different concentrations: (a) 0.5 wt%, (b) 1 wt%, and (c) 2 wt%.

To further investigate the formation process of Pl nanowalls on GO, PI-GO samples were
taken out at different reaction times during the imidization process. As shown in Fig. 5a, after
1h of reaction (PI-GO 1h), the surface of GO began to be slightly rough, but no nanowall
structures was observed. When the reaction time increased to 3 h (PI-GO 3 h), many PI
nanowall structures grew clearly on the surface of GO (Fig. 5b). After increasing the reaction

time to 5 h (P1-GO 5h), the morphologies did not significantly change (Fig. 5¢c and d).
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Fig. 5 SEM images of PI-GO samples obtained at different reaction times: (a) 1h, (b) 3 h, and (c) 5 h. For all samples, Au

ion sputtering was carried out before SEM measurements.

Based on the above experimental results, we illustrate the formation process of PI-GO
nanocomposites (Fig. 6). When GO-PDA is added to the PAA solution, the surface of GO-

PDA is coated with PAA via covalent bond formation between epoxide and amine groups on
GO-PDA and the terminal amino groups on PAA, and/or via the n—r interactions between

aromatic domains of GO-PDA and PAA.*4 Under autoclave treatment, Pl nanowalls slowly
grow on the surface of GO-PDA (Fig. 6).
NH,

BTDA (3.2 g, 10 mmol)

p-PDA (1.1 g, 10 mmol)
'

DMAc, 180 °C

GO-PDA (43 mg)

Fig. 6 Schematic illustration of the formation mechanism of PI1-GO.

11.2 Structural Characterization of PI-GO

The Pl and PI-GO are characterized by FT-IR, as shown in Fig. 6a. First, a PAA film
prepared by drying PAA solution was measured (Fig. 6(i)); the peak of C=0O (amide group)
was observed at 1605 cm™. The C=0 (imide groups) of Pl (Fig. 6(ii)) were observed at 1778
and 1716 cm®, proving the formation of Pl structure through the autoclave treatment.*¢47 We

carried out the shorter autoclave treatment of 1h, 3 h .and 5 h (PI-GO 1h, PI-GO 3h and PI-
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GO 5h), to elucidate the initial state. For the reaction time of 1h, the C=0 flexions (amide and
imide groups) were observed at 1605, 1778, and 1716 cm™ (Fig. 7(iii)). It had been
demonstrated that a reaction time of 1h was inadequate to complete imidization of PAA to PI.
Furthmore, the remaining FTIR spectra showed similar patterns, indicating that the molecular

structure of the PI generated under different reaction times are identical (Fig. 7(iii)-(v)).

(v) PI-GO 5h Lo |
| preo an WW
=} [ 1 !
3 WW
Q oY :
© |(ii) P1-GO 1h N :
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© 1 : ! 1
= C=0 (imide) 1 \/ ! '
. . N AN
2200 20I00 1 8l00 1 6l00 14l00 1 2I00 1000

Wavenumber (cm™)

Fig. 7 FT-IR spectra of (a) PAA film, PI1, and PI-GO prepared under different reaction times.

To further confirm the structure of PI-GO, XRD was employed, as shown in Fig. 8. No peak
for GO was observed for PI-GO, indicating that the grown PI nanowalls on the surface of GO
prevent GO from being stacked. Six peaks at 20 = 10.1°, 15.4°, 18.8°, 22.5°, 27.4° and 28.4°
for P1-GO are identical to the peaks of PI (Fig. 8(i)-(iv)).*®* Therefore, both PI have the same
molecular structure. Furthermore, the broadness of peaks for all PI-GO samples remains

unchanged, suggesting the crystallinity of Pl did not change over time.
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Fig. 8 XRD patterns of Pl and PI-GO

Next, we heated PI-GO at 500 °C and 900 °C for 1h under a nitrogen atmosphere to increase
the electric conductivity. Hereafter, the PI-GO heated at 500 °C and 900 °C are referred to as
PI1-GO 500, and PI-GO 900, respectively. After heating at 500 °C for 1h, the imide groups
were still observed at around 1778 and 1716 cm™, and the C-N stretch peak (1376 cm™) became

wider and weaker (Fig. 9iii and Fig. 7v), indicating that only a part of PI-GO was carbonized

after heating at 500 °C.3%40

(iii) PI-GO 5h 500

(ii) PI-GO 3h 500

(i) PI-GO 1h 500
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Fig. 9 FT-IR spectra of different reaction of PI-GO 500
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According to the TGA (Fig. 10), the weight of PI-GO drops sharply after 500 °C-550 °C, at

which the PI nanowalls start to carbonize. This proves that the complete carbonization of Pl

was not achieved at 500 °C. XRD also confirmed the partial carbonization of Pl after heating

at 500 °C; similar peaks with PI-GO were observed (Fig. 11a(i-iii)).

1004

N

——PI-GO 1h
— PI-GO 3h

——PI-GO 5h

150 300

450

600 750 900

Temperature (°C)

Fig. 10 TGA curves of different reaction times of PI-GO.

(@

I

(iii) P1-GO 5h 500

——a

(ii) PI-GO 3h 500

Intensity (a.u)

(i) PI-GO 1h 500

(b)

Intensity (a.u)

(ii) PI-GO 5h 900

(i) PI-GO 3h 900

(i) PI-GO 1h 900

10 20 30

40

50 60 70

20 (deg)

Fig. 11 XRD patterns of (a) PI-GO 500, (b) and PI-GO 900.
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When the heating temperature was increased to 900 °C, the PI-GO was converted to

amorphous material, as shown in Fig. 11b(i-iii).>%%
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However, SEM images (Fig. 12a, b, and c) show that the nanowall structures was not
destroyed after 900 °C treatment. The degree of carbonization was confirmed by Raman

spectroscopy and XPS.

Fig. 12 SEM images a of PI-GO 900 samples: (a) PI-GO 1h 900, (b) PI-GO 3 h 900, and (c) PI1-GO 5h 900.

In Raman spectroscopy (Fig. 13), the G band and D band can be clearly observed; all the
samples show Ip/ls (where Ip and Ig are the D-band and G-band Raman intensities) values

close to 1.0 (Fig. 13(i)-(iii)), thus all the products have similar defective structures.’>*
According to XPS analysis (Fig. 14), the sp? carbon, sp®carbon, C=0, and n—r* transition peaks

were observed, whereas the N 1s peak was not present,** suggesting Pl was converted to

amorphous carbon after 900 °C treatment.
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Fig. 13 Raman spectra of PI1-GO 900 samples. All spectra were normalized to the G-band intensity.
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Fig. 14 XPS analysis of PI-GO and PI-GO 900 (a) PI-GO 1h, (b) PI-GO 3 h, (c) PI-GO 5h, (d) PI-GO 1h 900, (d) PI-

GO 3 h 900, (d) PI-GO 5h 900.

11.3 Li-ion battery performance

We successfully prepared Pl nanoarray structures on GO. Next, we fabricated LIBs using
them. PI1, and PI-GO samples were designed as active materials in the anode electrode in LIBs.
After assembling the coin cells, LIBs performances were evaluated based on capacity as a
function of charging rateat 1 C (372 mAg?),2C,5C,10C, 20 C, 50 C, 100 C, and 1 C (with
5 cycles each, total 40 cycles). First, we examined the performance of the batteries that used
graphite, GO, and PI as the active material in the anode electrodes. At a charge rate of 1 C, the
capacity of the battery using PI reached 567 mAh g at the first cycle, which is approximately
triple of GO and double of graphite); however, the capacity performance of Pl suddenly
decreased to the same level of graphite (Table. 1 Entry 1-3, and Fig. 15a). This means that PI
is unstable under charging and discharging conditions. According to previous literature, the
nanowall structures improved capacity performance and stability.?°?! Hence, we measured LI1B
performance for PI-GO to elucidate the effect of nanowalls. In order to understand the
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performance correlation between reaction time and LIBs, we prepared a comparison between
PI1-GO and PI for 3h, and 5h, respectively. According to Entry 3-6 in Table 1, the best
performance of PI-GO was achieved at a reaction time of 5 h in the un-sintered condition. At
a charge rate of 372 mA g (1 C), the capacity reached 393 mAh g (Table. 1 Entry 3 and 5)
even after 40 cycles, which was 29% higher than that using P1. The Coulombic efficiency was

maintained at 96 % after 40 charging and discharging cycles (Fig. 15b).
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Fig. 15 (a) LIBs capacity performance at different current rate (1C = 372 mA g1): Graphite, GO, PI, (b) Different polyimide

synthesis time of PI-GO. Coulombic efficiency curve of Graphite, GO and PI-GO in different charge-discharge current

rates (1C = 372 mA g?). (c) LIBs capacity performance PI, and PI-GO.

According to the BET surface area (Entry 4 and 5 in Table. 1), PI-GO 5h showed the largest
specific surface area. Therefore, nanoarray structure on GO is preferrable for LIBs and reaction
time affects the performance. Although after 40 cycles performance is better than that of
graphite, the capacity rapidly decreased in the first 5 discharge cycles, which is the same
phenomenon as the batteries using only PI (Fig. 15c¢).

Both need to be charged and discharged several times before they can be stabilized. Due to
the nanowall structures, the Li-ions can migrate into the interior more effectively, which is why

the capacity performance is greater than that of PI. (Fig. 16).
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Fig. 16 LIBs capacity performance at different current rate (1C = 372 mA g*): GO 900, P1 900, PI-GO 3 h 900, PI-GO

5h 900.

Therefore, the above results demonstrate that Pl nanowalls are more effective in allowing

Li-ions to move within the material, which in turn improves the capacity and stability of LIBs.

Table 1. LIBs capacity performance of active material.*

Capacity (mAh g
Entry Sample Specific surface area (m? g%)2
@1c @ 10C
1 GO 101 58 -3
2 Graphite 308 48 -3
3 Pl 305 74 76
4 PI-GO 3 h 341 97 191
5 PI-GO 5h 393 91 215
6 GO 900 89 70 -3
7 P1900 292 74 379
8 P1-GO 3 h 900 307 177 732
9 P1-GO 5h 900 305 152 431

1 Capacities were evaluated by assembling, CR2032 coin cell (see, experimental section). 1C= 372 mA/g.

2 Specific surface area was measured by BET method in arelative pressure range of 0.05-0.30 for comparison.

3_: Unmeasurable.
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To investigate the effect of electrical conductivity on LIBs performance, we measured LIB’s
performance using PI1-GO sintered at 900 °C. PI-GO 5h 900 has the best capacity performance
(Entry 8 and 9 in Table. 1). The capacity reached 305 mAh g, which is 4 % and 242 % higher
than Pl and GO sintered at 900 °C (Pl 900 and GO 900), respectively. This proves that
sintering at 900 °C at which slight carbonization occurred, enhance the capacity performance
of LIBs. In recent years, with the rapid development of electronic products, the demand for fast
charging has become increasingly prominent. Interestingly, at a high current of 10 C charge-
discharge, PI-GO 5h 900 achieved a capacity of 155 mAh g~! (Fig. 16). This indicates that Pl
can effectively accommodate and release Li-ions to maintain capacity. Compared with PI-GO
900, P1-GO showed only 91 mAh g*(in 10 C), although PI1-GO 900 has a very large specific
surface area and small pore (Entry 7 to 9 in Table). The capacity is reduced despite the high
degree of the carbonization of Pl nanowalls on the GO surface. These results indicate that
incorporating a small amount of nitrogen element in the active material effectively enhance the
capacity performance of lithium batteries %%
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Fig. 17 The pore size distributions of PI-GO 5h, and PI-GO 5h 900. The PI-GO was analyzed using Barrett-Joyner-

Halenda model. The PI1-GO 5h 900 was analyzed using Non-localized density functional theory model.
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P1-GO 900 has nitrogen atoms originated from PI structure, which was 2.8% (Fig. 18). This
value, 305 mAh g, is 4% and 241% higher compared to Pl and GO sintered at 900 °C (P1 900
and GO 900), which is further evidence that the nanowall structures can be more effective in

allowing Li-ions to move internally even after strong carbonization.
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Fig. 18 XPS analysis of P1-GO 5h 900.

Finally, we tested the stability of the material by performing 500 cycles of high current 10 C
charge and discharge. As shown in Table 2, the capacity of Pl and PI-GO can be maintained
at 63 mAh g* and 72 mAh g, which are 30% and 49% higher than that of graphite under high
current conditions, respectively (Table 2 Entry 1 and 2). These show that the Pl and PI
stabilized the internal movement of Li-ions even under high currents. The capacity of PI1 900
and P1-GO 900 were maintained at 74 mAh gt and 171 mAh g (Table 2, Entry 3 and 4). The
capacity of PI-GO 900 is larger than that of Pl 900 due to the nanowall structures, which
allows the Li-ions to move around more easily under high currents. Moreover, the Coulombic
efficiency was maintained around 100% (Table 2 Entry 4). These results showed PI-GO
remains stable under high currents and has great potential for future applications in fast

charging devices.
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Table 2. LIBs capacity performance and Coulombic efficiency of PI, PI-GO, P1-900, and PI-GO 5h 900 after 500 cycles.!

Entry Sample Capacity (mAh g?) Coulombic efficiency (%)
1 Pl 63 100
2 PI-GO 5h 72 100
3 P1 900 74 94
4 P1-GO 5h 900 171 100

! Capacities were evaluated by assembling, CR2032 coin cell (see, experimental section) at 10 C = 3.72 A g,

[11. CONCLUSIONS

In summary, the P1 nanowall structures (P1) were successfully and finely aligned on GO nanosheets
by in situ polymerization, and the PI was not destroyed after 900 °C treatment. The shape of the PI
could be adjusted by adjusting the reaction time in the autoclave due to the different generation
processes. The best capacity performance of the Li-ion battery was achieved when the reaction time
was 5 h and the sintering temperature was 900 °C (P1-GO 5h 900). A charge rate of 372 mA g (1 C)
was achieved at 305 mAh g (4% and 242% higher than P1 and GO, respectively) and 152 mA g at
high current (10 C). This is attributed to the PI and the small amount of N atoms in PI. After charged
and discharged at high currents for 500 cycles, there was excellent capacity performance and stability.
This is attributable to the PI.

In this research, we introduce the simple process nanowall composite materials and
application mechanism, which can be used as a guide for designing new composite materials

and energy storage components at the nano-node scale.
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V. EXPERIMENTAL SECTION

V.1 Materials

4,4'-Biphthalic anhydride (BPDA, purity 98.0+%), 4,4'-diaminodiphenyl ether (ODA, purity
99.0+%), p-phenylenediamine (p-PDA, purity 97.0+%), 3,3°,4,4°-
benzophenonetetracarboxylic dianhydride (BTDA, purity 96.0+%), dimethylacetamide
(DMACc, purity 98.0+%), sulfuric acid (H2SOa, purity 95.0+%), and potassium permanganate
(KMnNOg, purity 99.3+%) were purchased from FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan. Graphene oxide (GO) was prepared according to Hummers’ method with a slight
modification.>®>°
IVV.2 Characterization instruments

Fourier transform infrared spectroscopy (FT-IR) spectra of the samples were recorded on a
IRTracer-100 (Shimadzu, Japan) in the wavenumber range of 400 to 4000 cm™!. X-ray diffraction
(XRD) measurements were performed on AERIS equipped with single crystalline silicon (Panalytical,
Netherlands). X-ray photoelectron spectroscopy (XPS) was carried out on a JPS-9030 (JEOL, Japan)
with a pass energy of 20 eV. The scanning electron microscope (SEM) and scanning transmission
electron microscopy (STEM) measurement were performed with SU9000 (Hitachi Limited, Japan)
with an accelerating voltage of 10-30 kV. Thermal gravimetric analyses (TGA) were measured from
room temperature to 900 °C at a heating rate of 10 °C min~' under nitrogen (N2) on a DTG-60AH
(Shimadzu, Japan). Raman spectroscopy was measured using an NRS-3100 (JASCO Corporation,
Japan) with a 532 nm laser and confocal lens. BET surface areas a were measured using a BELSORP
MAX 11 surface area (Microtrac MRB, USA). The PI-GO, PI-GO 500 pore size distribution (PSD)
curves were analyzed using Barrett-Joyner-Halenda model. However, the PSD was computed by the
Non-localized density functional theory model,%°%! because PI-GO 900 has many mesoporous from

the N2 adsorption/desorption isotherm of PI-GO (Fig. 19a-c).
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Fig. 19 N2 adsorption/desorption isotherms of PI-GO 5h (a) PI-GO 5h, (b) PI-GO 5h 500, (c) PI-GO 5h 900.

V.3 Preparation of polyimide

p-PDA (1.08g, 10mmol) was dispersed in DMAc (20 mL) by sonication for 10 min (on ice
bath). Then, BTDA (3.2 g, 10 mmol) was added to the solution. Then, it was sonicated for 10
min, and kept at -20 °C as a stock suspension of polyamidic acid (PAA).
The polyimide (PI) samples were synthesized in a polyvinylidene difluoride (PVDF) container
by heating at 180 °C for 12 h in an autoclave. After cooling down to room temperature, the
precipitates were collected by centrifugation and washed with ethanol and deionized (DI) water
3 times to remove remaining DMACc. Finally, the yellow-colored Pl powder was obtained after
vacuum drying overnight at 50 °C.*%? From the SEM image, it can be observed that the
spherical shape and the surface is very wrinkled (Fig. 20a). Furthermore, the structure was not

damaged after ball milling for 20min 2000rpm in ethanol (Fig. 20b).
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Fig. 20 SEM images of Pl and PI1-GO (a) PI, (b) PI after ball milling, (c) PI-GO, and (d) PI-GO after ball milling.

V.4 Preparation of Pl carbon material

The synthesized PI powder was heated at 300 °C for 1h (room temperature to 300 °C for 2 h) and
then the temperature increased 5 °C/min to a temperature of 500 °C or 900 °C for 1h under nitrogen.
The produced powders were called P1 500 and P1 900, respectively.
IV.5 Preparation of Pl nanowall structures on GO (P1-GO)

p-PDA (1.08 g, 10 mmol) was dispersed in DMAc (20 mL) by sonication for 10 min (in ice bath).
Then, BTDA (3.2 g, 10 mmol) was added to the solution. The mixed suspension was sonicated for 10
min. After that, we obtained a homogeneously dispersed PAA solution. Afterwards, 1 wt% of GO was
added to the dispersion and sonicated for 10 min, and kept at -20 °C as a stock solution of PAA-GO.

The P1-GO was prepared in a polyvinylidene difluoride (PVVDF) container, which was located inside
an autoclave at 180 °C for 3 h, 5 h and 12 h. After cooling down to room temperature, the precipitates
were collected by centrifugation and washed with ethanol and deionized (DI) water 3 times for each

solution to remove any remaining DMAc. Finally, the brown colored PI-GO powder was obtained
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after vacuum drying the material overnight at 50 °C. From the SEM image, it can be observed that the
structure was not damaged after ball milling for 20min 2000rpm in ethanol (Fig. 20c-d).
Hereafter, we will call the yielded PI-GO as PI-GO xh where x indicates the duration time of the
treatment, respectively.
V.6 Preparation of Carbonization of Pl nanowalls array structures

The carbonization of PI-GO was produced by heating P1-GO at 300 °C for 1 h (room temperature
to 300 °C for 2 h) and then the temperature increased at a ratio of 5 °C/min until temperatures of 500 °C
or 900 °C were reached and were kept for 1 h under nitrogen, which was defined as P1-GO 500, and
P1-GO 900, respectively. According to the XPS analysis (Fig 21), the Pl on the surface of PI-GO 500

is not completely carbonized. carbonized.
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Fig. 21 XPS analysis of P1-GO 500 (a) PI-GO 1h 500, (b) P1-GO 3h 500, (c) P1-GO 5h 500.

IV.7 Li-ion battery anode sheets preparation

The working electrodes consist of an active material (Graphite, GO, PI, PI-GO), the conductive
material (Acetylene black), and the binder (Polyvinylidene fluoride) in a weight ratio of 7:2:1 by using
N-Methyl-2-pyrrolidone (NMP) as a solvent and a copper foil as the current collector. The active
material was at first mixed with conductive material and NMP and ball milling for 10 min at 2000
RPM to obtain a homogeneous mud and then added the binder to the mud mixture. The newly
synthesized mud (active material, conductive material, binder) was spread on a copper foil by using a

doctor blade (100 pum thickness). The sheet was dried under vacuum at room temperature for 1-2 days
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and after, it was warmed at 120 °C for 30 min. Finally, the sheets were roll pressed and punched in a

diameter of 15.95 mm.

V.8 Coin cells assembling

The CR2032 coin cells were assembled in an argon-filled glove box using metallic lithium as the
counter electrode with a diameter of 17.65 mm, Whatman 1823-257 as a separator and 100 pL of
electrolyte. The electrolyte consisted in 1 ML LiPFs dissolved in a mixture of ethylene carbonate
(EC) and diethyl carbonate (DEC) (v/v, 3/7).%3

V.9 Battery cycling

The charge and discharge cycling tests were performed using a battery tester (580 Battery Cycler
Scribner Associates Incorporated) with a voltage window of 0.01 V and 3 V. Each cell was subjected
to discharge-charge cycles at different current rates (each rate for 5 cycles, total 40 cycles): 1 C, 2 C,
5C,10C, 20 C, 50 C, 100 C, and 1C for stability.®® All currents were calculated using 372 mA g* as

a theoretical specific capacity (the ideal capacity of graphite).
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CHAPTER 6

CONCLUSION AND FUTURE
PROSPECTS
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Finally, this thesis reports my research during my PhD course at Okayama University. The purpose
of this research was to develop 2D material for the fabrication and application of PI composites. In
order to design the research in an original way, we referred to many scientific literatures related to 2D
materials with Pl composites and summarized them briefly in the introductory chapter of this thesis.

Several challenges hindering the application development of 2D materials with Pl composite were
identified. Cost, Toxicity, Reliability, Expandability.

In the following section, several research projects are reported to solve the above problems.

1. The ratio of complex 2D material to enhance the mechanical properties of PI composite films.

2. Optimization of the total amount of functional groups of 2D materials to improve the mechanical
properties of PI composite films.

3. Expanding PI composites to the anode of LIBs by simple and rapid fabrication of 3D nanocarbon
frameworks.

The first project (Fig. 1) presented in chapter 2, demonstrating a method for optimizing the
proportions of multiple 2D materials, effectively enhancing the mechanical properties of polyimide
(PI) composite films. Typically, Pl composite films are reinforced using a single type of two-
dimensional material to improve their physical characteristics. However, relying solely on a single
type of two-dimensional material gradually falls short of meeting commercial demands for enhanced
physical properties. To overcome this limitation, we utilized graphene oxide (GO) and hexagonal
boron nitride (h-BN) and calculated the optimal ratio based on their interactions, considering factors
such as shape, size, and thickness. Practical experiments confirmed the reliability and scalability of

this approach.
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Fig. 1 The first project: Synergic effect of multiple 2D materials on the mechanical properties of polyimide composite films

The second project (Fig. 2) presented in chapter 4 illustrates the effective control of the total surface
functional groups of two-dimensional materials, enabling precise control of the physical properties of
P1 composite films. Many studies have chemically modified two-dimensional materials and blended
them with PI to enhance the physical properties of composite films. However, the influence of the total
functional groups on the physical properties of PI composite films has not been thoroughly explored.
This research effectively controlled the total surface functional groups of h-BN using a ball-milling

method, extending the controllable application of Pl composite films in terms of mechanical properties.
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Fig. 2 The second project: Effect of the total amount of functional groups of boron nitride on the mechanical properties of polyimide

composite film
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The third project (Fig. 3) presented in chapter 5 we designed a simple and fast method to prepare
three-dimensional (3D) nanocarbon materials. Previous studies have shown that fabricating 3D carbon
materials is cumbersome, expensive, and limited in quantity. In this study, we devised a
straightforward approach to create Pl nanowall structures on the GO surface and then heated to produce
3D nanocarbon structures. The results demonstrated that the 3D nanocarbon materials prepared using

this method exhibit excellent performance in LIBs.
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Fig. 3 The third project: 3D carbon nanostructure development and LIBs performance investigation.

From the discussion above, it is evident that the primary advantage of 2D materials lies in their
ability to effectively enhance the physical properties and patterns of PI composite materials through
various preparation methods. To achieve the expansion and controllability of PI composite applications,
it is essential to understand the activity and structure of 2D material, requiring more precise
calculations and theoretical analyses. | hope that the above research projects will be helpful for the

development of 2D materials and Pl composites applications.
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