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Abstract

Nanostructure Engineering and
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of Nanocarbon Based Composite Films
Jun Young Oh
Department of Materials Science and Engineering
The Graduate School
Seoul National University

This study describes the preparation and characterization of novel carbon
nanotube (CNT) based composite films with various tailored nanostructures for
use in structural and multifunctional materials. CNTs have attracted great interest
due to their unique mechanical, electrical, and thermal properties. This has
stimulated fundamental research on the physical/chemical nature and versatile
route for their technological applications in recent decades. However,
macroscopic materials such as buckypaper, fiber, and yarn consisting of
randomly oriented CNTs lose the intrinsic properties of individual CNTs against
all expectations. In addition, previously reported CNT films with low interaction
forces can degrade easily and lose performance by an external force. Methods to
control the nanostructure have so far been unable to simultaneously satisfy
i

performance, damage-tolerance, and high throughput. Therefore, a controlled
assembly of CNTs in ordered nanostructures with strong interaction forces can
lead to high strength CNT films.
Chapter 1 provides a general introduction of the relevant physical/chemical
parameters that contribute to strength and multifunctional capabilities of CNT
based composite films. Additionally, the state-of-the art materials and unsolved
issues are discussed. The aims of the present work are introduced considering the
fundamental and theoretical issues.
Chapter 2 presents a theoretical study for the strength of CNT film in
comparison with the performance between previously reported experimental
results. The correlation between the mechanical properties and the structural
parameters is investigated to provide insight into the influencing factors.
Theoretical modeling for the CNT film is conducted to indicate the performance
of CNT films with the specified structure and interactions. Conclusively, the ideal
structure and properties of CNT film based on the theoretical prediction are
proposed.
Chapters 3 and 4 discuss the preparation and properties of self-assembled,
well-aligned CNTs and graphene oxide (GO)@CNT with a densely packed
nanostructure as a strategy to develop unique load-bearing architecture for high
strength film. Highly aligned CNTs with high packing density are prepared in the
form of buckypaper via a simple filtration method. The CNT suspension
concentration is strongly reflected in the alignment and assembly behavior of
CNT buckypaper. We further demonstrated that the horizontally aligned CNT
domain gradually increases in size when increasing the deposited CNT quantity.
ii

The resultant aligned buckypaper exhibited enhanced packing density, strength,
modulus, and hardness compared to previously reported buckypapers.
Furthermore, a novel approach in mimicking the natural bone structure is
fabricating a hybrid composite paper based on GO and CNT. The size-tuning
strategy enables smaller GO sheets to have more cross-linking reactions with
CNTs and be homogeneously incorporated into CNT-assembled paper, which is
advantageous for effective stress transfer. The resultant hybrid composite film
has enhanced mechanical strength, modulus, toughness, and even electrical
conductivity compared to previously reported CNT-GO based composites. We
further demonstrate the usefulness of the size-tuned GOs as the “stress transfer
medium” by performing in-situ Raman spectroscopy during the tensile test.
Chapter 5 focuses on a design and characterization of tannic acid (TA)@CNT
composite film that relies on bio-metal coordination bonds to strengthen the
interaction forces between CNTs. The TA@CNT film exhibits very high strength
and flexibility. The materials sustain their high energy storage performance upon
extremely bended conditions and demonstrate their utilization for flexible energy
storage systems.

Keywords: carbon nanotubes, alignment, self-assembly, mechanical properties,
graphene oxide, bone tissue, structural material, flexible energy storage system,
supercapacitor
Student Number: 2011-30190

iii

Contents
Abstract ........................................................................................... i
Chapter 1 Introduction ................................................................... 1
1.1 General introduction to CNT based composite films........................................... 1
1.1.1 Overview of CNTs ........................................................................................... 1
1.1.2 Nanostructure engineering of CNT films ...................................................... 4
1.2 CNT based high strength films .............................................................................. 8
1.2.1 Fundamentals and theoretical considerations of tensile properties of CNT
based films ...................................................................................................... 8
1.2.2 State-of-the-art works on assembly methods for high strength CNT films
....................................................................................................................... 12
1.2.2.1 Aligned, high-density CNTs ............................................................... 12
1.2.2.2 Engineered interaction forces between CNTs .................................. 16
1.2.3 Issues associated with nanostructure engineering for high strength CNT
films ............................................................................................................... 18
1.3 CNT based composite films for flexible energy storage applications ............... 19
1.3.1 Fundamentals and theory of a flexible supercapacitor ............................. 19
1.3.1.1 Supercapacitor electrode ................................................................... 19
1.3.1.2 State-of-the-art works on CNT based flexible supercapacitor
electrode ................................................................................................ 22
1.3.2 Issues associated with flexible supercapacitors .......................................... 24
iv

1.4 Aim and scope of this research ............................................................................ 25
1.4.1 Theoretical study of the strength of CNT films .......................................... 25
1.4.2 Preparation and characterization of highly aligned, high-density CNT
films ............................................................................................................... 25
1.4.3 Preparation and characterization of bone-mimicking GO@CNT hybrid
films ............................................................................................................... 26
1.4.4 Preparation and characterization of flexible, high strength freestanding,
pseudocapacitive CNT film by metal-bio coordination method .............. 26
1.5 References .............................................................................................................. 27

Chapter 2 Theoretical Approach and Prediction of the High
Strength CNT Film ........................................................ 36
2.0 Major symbols ....................................................................................................... 36
2.1 Theoretical consideration relevant to CNT based high strength films............. 37
2.2 Comparison of theoretical prediction and experimental results ...................... 42
2.3 Effect of structural parameters on the strength of CNT films .......................... 46
2.4 Conclusion ............................................................................................................. 49
2.5 References .............................................................................................................. 50

Chapter 3 Preparation and Mechanical Performance of SelfAssembled, Aligned CNT Film with High Packing
Density ............................................................................ 52
3.1 Introduction ........................................................................................................... 52
v

3.2 Results and discussion .......................................................................................... 54
3.3 Experimental ......................................................................................................... 87
3.4 Conclusion ............................................................................................................. 90
3.5 References .............................................................................................................. 91

Chapter 4 Preparation and Mechanical Performance of Bonemimicking Size-Tuned GO@CNT Hybrid Film ....... 100
4.1 Introduction ......................................................................................................... 100
4.2 Results and discussion ........................................................................................ 103
4.3 Experimental ....................................................................................................... 130
4.4 Conclusions .......................................................................................................... 132
4.5 References ............................................................................................................ 133

Chapter 5 Preparation and Mechanical/ Electrochemical
Performance of TA@CNT Hybrid Film for Flexible
Energy Storage System ............................................... 140
5.1 Introduction ......................................................................................................... 140
5.2 Results and discussion ........................................................................................ 142
5.3 Experimental ....................................................................................................... 171
5.4 Conclusion ........................................................................................................... 173
5.5 References ............................................................................................................ 174

Abstract in Korean ...................................................................... 176
List of Publications ...................................................................... 179
vi

List of Tables
Table 2.1. Comparison of the interaction energy levels
Table 2.2. Previously reported CNT buckypapers
Table 3.1. Comparison of mechanical properties of SWNT buckypapers prepared under
various suspension concentrations
Table 4.1. Size of fragmented GO sheets characterized by DLS measurement
Table 4.2. Summary of SWNT-GO film mechanical and electrical performance
Table 5.1. Tensile strength of pristine SWNT, TA@SWNT prepared without Fe ions,
TA@SWNT_Fe_pH1, and TA@SWNT_Fe_pH7 films

vii

List of Figures
Fig. 1.1. Nanocarbon families.
Fig. 1.2. Nanostructure engineering of CNT to be used as a multifunctional material for
future applications.
Fig. 1.3. The relationships between fiber, yarn and rope.
Fig. 1.4. CVD-grown aligned CNTs on a template substrate.
Fig. 1.5. MWNTs dispersed in nematic-liquid-crystal solvents (E7) with an external field.
Fig. 1.6. Alignment method of CNTs dispersed in a solvent with the application of shear
force; optical images of glass with (a) and without (b) a polarizer.
Fig. 1.7. Schematic of the formation mechanism of aligned CNT fiber.
Fig. 1.8. Scheme of the layer-by-layer (LBL) method.
Fig. 1.9. Comparison of energy storage systems.
Fig. 2.1. The packing density of CNT film.
Fig. 2.2. The degree of alignment of CNT along the tensile load axis.
Fig. 2.3. Comparison of theoretically calculated values with previously reported
experimental results.
Fig. 2.4. Effect of the CNT alignment on the strength of CNT films [Conditions: σCNT =
30 GPa, D = 1, dCL = 1, a = 0.5, ICNT = 309 kJ/mol, and

= 1]

Fig. 2.5. Effect of the CNT packing density on the strength of CNT films [Conditions:
σCNT = 30 GPa, D = 1, dCL = 1, a = 0.5, ICNT = 309 kJ/mol, and φi = 0o]
Fig. 2.6. Effect of the type of interaction between CNTs on the strength of CNT films
[Conditions: σCNT = 30 GPa, D = 1, dCL = 1, a = 0.5,

= 1, and φi = 0o]

Fig. 2.7. Effect of the crosslinking density on the strength of CNT films [Conditions:
σCNT = 30 GPa, D = 1, a = 0.5, ICNT = 309 kJ/mol,
viii

= 1, and φi = 0o]

Fig. 3.1. Mechanism for self-alignment behavior of CNTs with subsequent filtration
process.
Fig. 3.2. (a) Photograph of residue ring stain after drying SWNT suspension droplet on
a glass substrate, (b) POM image of perimeter, (c) aligned SWNTs in the edge regime,
(d) non-aligned SWNTs in the center regime.
Fig. 3.3. POM image sequence of SWNT buckypaper prepared from (a) high
concentration suspension and (b) low concentration suspension.
Fig. 3.4. SEM images of the surface of SWNT buckypapers prepared on the PTFE
membrane with pore size of 200 nm (filtration velocity: 3.8 mL/h). The deposited SWNT
quantities on the membrane: (a-b) 10.0 mg/cm2, (c-d) 7.5 mg/cm2, (e-f) 5.0 mg/cm2, (gh) 2.5 mg/cm2.
Fig. 3.5. Phase diagram of CNTs (D=1, L=1000) in N-methyl-2-pyrrolidone (NMP). The
Flory-Huggins interaction parameter, χ, is plotted against CNT volume fraction. I and N
indicate isotropic and nematic phase of CNTs, respectively. The two lines denote the
boundary of the dispersion state transition. The region between the lines corresponds to
the biphasic region (I+N).
Fig. 3.6. The birefringence intensity of POM images of SWNT buckypapers prepared
under various suspension concentrations.
Fig. 3.7. Comparison of size distributions of aligned SWNT domains showing
birefringence texture, including representative POM images of buckypapers prepared on
the PTFE membrane with pore size of 200 nm (a, c, e, g: slow filtration, 3.8 mL/h), and
500 nm (b, d, f, h: fast filtration, 6.3 mL/h).
Fig. 3.8. SEM images of the surface of SWNT buckypapers prepared on the PTFE
membrane with pore size of 500 nm (filtration velocity: 6.3 mL/h). The deposited SWNT

ix

quantities on the membrane: (a-b) 10.0 mg/cm2, (c-d) 7.5 mg/cm2, (e-f) 5.0 mg/cm2, (gh) 2.5 mg/cm2.
Fig. 3.9. XPS C1s spectra of (a) pristine SWNTs and (b) acid oxidized SWNTs. (c)
Quantitative analysis of various forms of C in the SWNTs, determined by integrating the
C1s spectra peak area corresponding to the C-C & C=C, C-O & C=O, O-C=O bonded
carbon. (d) Raman Spectra of SWNTs.
Fig. 3.10. Photograph of SWNT suspensions in NMP (suspension concentration: 1
mg/mL).
Fig. 3.11. Tapping-mode AFM image of acid oxidized SWNTs on a mica surface.
Fig. 3.12. UV-vis spectra of acid treated SWNT suspensions in various solvents.
Fig. 3.13. SEM image of the surface of buckypaper prepared by pristine SWNT
suspension.
Fig. 3.14. SEM images: (a) pristine SWNTs, (b) acid oxidized SWNTs just after acid
oxidation, deionized water purification, and drying process, (c) aligned, acid oxidized
SWNTs on PTFE, (d) aligned, acid oxidized SWNTs on AAO, (e) aligned, surfactant
wrapped SWNTs and (f) aligned, acid oxidized MWNTs. The total deposited CNT
quantity and suspension concentration to prepare the aligned buckypapers (c, d, e, and f)
were 10.0 mg/cm2, and 1.0 mg/mL, respectively.
Fig. 3.15. N2 adsorption isotherms (at 77K): (a) pristine SWNTs, (b) acid oxidized
SWNTs and (c) aligned SWNTs.
Fig. 3.16. Pore size distribution of the pristine SWNTs powder, aligned and non-aligned
SWNT buckypaper.
Fig. 3.17. (a) Representative tensile stress-strain curves of SWNT buckypapers prepared
under various suspension concentrations (mg/mL). (b) Comparison of tensile strength
and modulus for CNT buckypapers. (c) Representative nanoindentation loadx

displacement curves of SWNT buckypapers prepared under various suspension
concentrations (mg/mL). Inset AFM images show the surface of aligned (left, 1.0 mg/mL)
and non-aligned (right, 0.01 mg/mL) SWNT papers after nanoindentation measurement
applying 1 mN. (d) Comparison of compressive elastic modulus and hardness for a set
of CNTs.
Fig. 3.18. Photographs of (a) freestanding aligned SWNT buckypapers, (b) papers which
are cut into rectangular shape for tensile test, and (c) a bent piece of flexible paper.
Fig. 3.19. Tensile stress-strain curves of two samples shown in inset (Photograph
showing that SWNT buckypaper was split into two directions).
Fig. 4.1. a) Preparation process of SWNT-GO hybrid film. b) The size distribution of
GO sheets depending on the tip sonication time (0 ~ 30 min). The insets are the polarized
1.0 mg/mL GO suspension optical micrographs.
Fig. 4.2. a) SEM image of individualized SWNTs on a Si wafer and b) their length
distribution.
Fig. 4.3. TEM image of GO30 sheets and SWNTs after sonication.
Fig. 4.4. a) SWNT-GO suspension precipitation depending on the cross-linking reaction
between SWNTs and GO sheets by PPD molecules b) Absorbance at 550 nm of SWNTGO suspensions acquired by UV-vis spectroscopy to quantitatively monitor the crosslinking reaction. c) XPS wide spectra of SWNT-GO films. XRD patterns of d) only GO
sheets and e) SWNT-GO hybrid films.
Fig. 4.5. XPS wide spectrum of SWNT-GO30 film without cross-linking agent.
Fig. 4.6. a) TEM image of the SWNT-GO30 sample after cross-linking and elemental
maps of b) carbon, c) oxygen, and d) nitrogen.

xi

Fig. 4.7. a) Stress-strain curves of SWNT-GO0 (gray), -GO10 (pink), -GO20 (blue), and
T-GO30 (green) films. b) Tensile strength (black squares) and elastic modulus (blue
squares). c) Toughness values of SWNT-GO films
Fig. 4.8. Representative stress-strain curves of SWNT, SWNT with PPD, and SWNTGO film without PPD.
Fig. 4.9. a) Electrical conductivities of SWNT-GO films. b) Comparison of tensile
strength and toughness values of prior-art materials. Fully-filled square, half -filled
square, and non-filled square indicate the order of electrical conductivity.
Fig. 4.10. SEM micrographs and large area AFM images with line scan results showing
the surface morphologies and fractured ends after tensile testing of a, e, i) SWNT-GO0;
b, f, j) SWNT-GO10; c, g, k) SWNT-GO20; and d, h, i) SWNT-GO30 films.
Fig. 4.11. a) Schematic illustration of in-situ Raman spectroscopy at tensile stage. b) G’
band Raman spectra of SWNT-GO30 film under tensile strain. c) G’ peak shift in the
Raman spectra of the SWNT-GO films during tensile loading. d) TEM image showing
the inter-connection between SWNTs and GO sheets. e) Polarized Raman spectra along
the tensile axis showing relative orientation change of SWNT-GO30 after failure. f)
Relative G peak intensity ratio in polarized Raman spectra of SWNT-GO films after
failure. g) Fractured surface of SWNT-GO30 film between two crossed linear polarizer
with an inset of normal OM image.
Fig. 4.12. G’ band Raman spectra of a) SWNT-GO0, b) SWNT-GO10, and c) SWNTGO20 films under tensile strain.
Fig. 4.13. Polarized Raman spectra along the tensile and perpendicular axis showing the
relative orientation change of a) SWNT-GO0, b) SWNT-GO10, and c) SWNT-GO20
films after failure.

xii

Fig. 4.14. Fractured surface of a) SWNT-GO0, b) SWNT-GO10, and c) SWNT-GO20
film after failure and their POM images under two crossed linear polarizer.
Fig. 4.15. Schematic diagram showing different architecture and fracture behavior of
cross-linked a) SWNT-large GO and b) SWNT-small GO films.
Fig. 5.1. Scheme of the TA@SWNT film preparation by Fe-catechol coordination.
Fig. 5.2. Photograph of TA@SWNT suspensions before and after Fe ion addition.
Fig. 5.3. TEM images of (a) pristine and (b) TA functionalized SWNT.
Fig. 5.4. TEM image and EDX line mapping analysis results of the TA functionalized,
individual SWNT for carbon, oxygen, and iron elements with an inset table indicating
content quantity.
Fig. 5.5. SEM images of (a) pristine SWNT film and (b) TA@SWNT_10:1 film. EDX
mapping analysis results of the TA@SWNT film for the carbon (red), oxygen (green),
and iron (aquamarine) elements.
Fig. 5.6. C1s XPS spectra of (a) pristine SWNT film, (b) TA@SWNT_5:1 film, and (c)
TA@SWNT_10:1 film. The quantitative analysis of various forms of carbon in the films
calculated from C1s peak deconvolution.
Fig. 5.7. TGA curves of pristine SWNT, TA@SWNT_5:1, and TA@SWNT_10:1 films.
Fig. 5.8. The electrical conductivities of pristine SWNT, TA@SWNT_5:1, and
TA@SWNT_10:1 films.
Fig. 5.9. Stress-strain curves of pristine SWNT (black), TA@SWNT prepared without
Fe ions (red), TA@SWNT_Fe_pH1 (incarnadine), and TA@SWNT_Fe_pH7 (blue)
films.
Fig. 5.10. Raman spectra of TA@SWNT prepared with varying pH.
Fig. 5.11. Photograph bended TA@SWNT film showing flexibility.

xiii

Fig. 5.12. Cyclic voltammetry curves of pristine SWNT, TA@SWNT_5:1, and
TA@SWNT_10:1 films at a sweep rate of 10 mV/s in 1M H2SO4 solution.
Fig. 5.13. Galvanostatic charge-discharge plot for (a) pristine SWNT, TA@SWNT_5:1,
and TA@SWNT_10:1 films with a current of 1A/g (b) TA@SWNT_10:1 films with
various currents in 1M H2SO4 solution.
Fig. 5.14. Overall capacitance of the films as a function of discharge current density.
Fig. 5.15. The electrical conductivities of the heated TA@SWNT_10:1 films.
Fig. 5.16. C1s XPS spectra of TA@SWNT_10:1 film after carbonization (a) at 200 and
(b) 400oC. The quantitative analysis of various carbon forms in the films are calculated
from the C1s peak deconvolution.
Fig. 5.17. (a) Galvanostatic charge-discharge plot for TA@SWNT_10:1 films with
varied carbonization temperatures. (b) Overall film capacitance as a function of
discharge current density with 1M H2SO4 solution.
Fig. 5.18. Nyquist impedance spectra of the TA@SWNT films.
Fig. 5.19. Ragone plot for the TA@SWNT film at various charge-discharge rates in the
working potential range of -0.2-1V. The data were calculated based on the total mass of
the active electrode materials.
Fig. 5.20. Cycling stability of TA@SWNT film upon bending. The inset image shows
the bent, flexible, and freestanding film.

xiv

Chapter 1 Introduction
1.1 General introduction to CNT based composite films
1.1.1 Overview of CNTs
Carbon (C) is a remarkable element, forming a myriad of structures with unique
properties. The carbon atom is in column IV of the periodic table and has an electronic
ground state configuration of 1s22s22p2. Such a configuration can be changed by
hybridization of the orbitals in atomic carbon to sp, sp2, and sp3. The recent discoveries
of carbon nanomaterial families such as fullerenes (0D buckyballs), carbon nanotubes
(1D nanotubes) and graphene (2D nanosheets) have stimulated intense interest in the
nanotechnology community (Figure 1.1).1, 2
Single-walled CNTs (SWNTs) and multi-walled CNTs (MWNTs) are cylinder-shaped
carbon allotropes of one or more layers of rolled graphene.2 CNTs with sp2-bonded
carbons and a hexagonal type of network architecture provide a number of unique
properties. Their strengths have been found to have an extremely high modulus of ~1
TPa and tensile strength of 30 GPa for SWNTs and 100 GPa for MWNTs, meaning that
CNTs are the strongest and most flexible materials able to sustain a large amount of
strain.3-5 Because their density is as low as ~ 1.3 g/cm3, CNTs are attracting great interest
for high strength, lightweight material applications.6, 7 Furthermore, CNT bundles have
both high electrical (106~7 S/cm, resistivity ~ 10-3 Ω/cm) and thermal conductivity (200
W/mK). Recently, CNTs were grown with diameters of 1~2 nm (SWNTs) and 5~20 nm
(MWNTs), with lengths between 20 ~ 100 μm, exhibiting a high aspect ratio (greater
1

than 103) along the tube axis.8 These small dimensions give CNTs a tremendously high
surface area (~1000 m2/g). Their outstanding properties extend their potential to a wide
range of applications, including fiber-reinforced composites, films, microelectronics,
nanoelectromechanical systems, and energy storage systems.8

2

Fig. 1.1. Nanocarbon families.1

3

1.1.2 Nanostructure engineering of CNT films
No materials have shown a combination of exceptional mechanical, electronic, thermal
properties to match those of CNTs. Therefore, CNTs are strongly expected to be used as
a multifunctional material when applied. Recently, most synthesis methods for CNTs
which are close to commercialization have produced unorganized, CNT architectures.
To utilize their unique properties in many bulk applications, devising custom
nanostructure engineering techniques for each application is quite important. The
macroscopic forms of CNTs include buckypaper, fibers, and yarn (Figure 1.2).9,

10

Different types of nanostructural engineering of the orientations, interactions, and
functionalities of CNTs in the bulk form are most challenging issues.

4

Fig. 1.2. Nanostructure engineering of CNT to be used as a multifunctional material for
future applications.9, 10

5

The practical use of CNTs is limited due to difficulties related to the assembly of CNTs
into desired structures arising from the dispersion of CNTs in an aqueous solvent. The
high cohesive energy between the tubes (0.5~2.0 eV per nanometer) allow CNTs to form
bundled structures easily.11 Raw CNTs are desired because they can spontaneously
dissolve and debundle in a solvent. However, the solubility of raw CNTs is very low in
organic solvents such as dimethylformamide, chloroform and ethanol. To facilitate
dispersion, the surface functionalization of CNTs has been extensively explored to
improve the miscibility of CNTs in various solvents.11
Modification methods are based on the covalent bonding of functional groups and on
the non-covalent wrapping or adsorption of molecules onto the CNT surfaces. Covalent
bonding, represented by acid oxidation of the surfaces of the CNTs, leads to the
formation of oxygen functional groups such as carboxylic and hydroxyl groups. Many
oxidants, including sulfuric, nitric, and formic acids and mixtures containing these acids
have been used in an effort to functionalize CNTs and disperse them into aqueous
solutions.12-15 Furthermore, other surface modifications such as fluorination,16,

17

thiolation18 and amidation19-22 have been also assessed for practical use.
While covalent surface modification methods disrupt sp2 hybridization and deteriorate
the intrinsic properties of CNTs, non-covalent surface modification methods are
advantageous for preserving the sp2-conjugated structure and the electronic performance
of CNTs. The adsorption of both ionic and nonionic surfactants (amphiphilic molecules)
onto CNT surfaces is the most widely used method because it offers effective dispersion
and a non-destructive process.11 A suggested mechanism for the adsorption and
dispersion involves the hydrophobic part of the surfactants, which adsorbs and
encapsulates the surfaces of the CNTs, and the hydrophilic part, which interacts with
6

water, resulting in the formation of a stable suspension. In addition, other organic
materials with aromatic compounds including pyrene,23-25 porphyrin,26 and poly(acrylic
acid),27 as well as biological molecules such as DNA,28, 29 reportedly interact with the
sidewalls of CNTs and enhance their solubility.

7

1.2 CNT based high strength films
1.2.1 Fundamentals and theoretical considerations of tensile properties of CNT
based films
High-strength CNT films have attracted remarkable interest due to the outstanding
performance capabilities of individual CNTs. The nanostructural engineering of CNTs
would determine the properties of the film, forming an important stage for applications.
Theoretical considerations and predictions of the tensile properties of CNT films are
urgently required prior to the assembly of CNTs. However, few theoretical models are
available regarding how the tensile properties of CNT films depend on their length,
diameter, strength as well as orientation with regard to the interaction between CNTs.
Herein, we need to revisit the structural mechanics of yarn, well established in theory.
Yarn is defined as long, fine fiber structures which can be assembled into textiles, ropes
and cables. Yarn is composed of spun-short staple fibers. It is the simplest building unit
of cables. As shown in Figure 1.3, there is a strong relationship between fiber (the first
building unit) and yarn (the second building unit). The mechanical performance of rope
is determined by the properties of the yarn constituting it, which depend on the fiber
properties and the geometric structure of the yarn. The commonly used theoretical
equation regarding the strength of yarn and its geometric structure can be expressed as

 yarn
 cos 2  [1  ( k cosec  )]
 fiber

8

(1.1)

where σyarn and σfiber are the tensile strength of the yarn, and the fiber,30-32 and α is the
twisting angle. Here, k is determined by

k

( DQ )



3L

1

2

(1.2)

where L, D, Q, and μ are the length and diameter of the fiber, the fiber migration length,
and the friction coefficient between the fibers, respectively.32 From the above equations,
we can surmise that the strength of yarn is determined by the twisting angle of the fibers
and the complex parameter k. The strength increases with a longer fiber length, a smaller
fiber diameter and with longer migration length. As the fibers are twisted, the contact
and friction force between the fibersalso increases.

9

Fig. 1.3. The relationships between fiber, yarn and rope.
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From equations (1.1) and (1.2), we found that the strength of yarn depends on its
geometric structure. Although there are no theoretical equations regarding the tensile
properties for films composed of CNTs, the strength of the film may be closely related
to the properties of the CNTs and their nanostructures. Because an individual CNT is
known to be 30 times stronger than Kevlar and 117 times stronger than steel, CNT film
is expected to have very high strength.
However, previously reported CNT films have exhibited much lower mechanical
performance capabilities compared to the expected levels. The most significant
contributors to the low mechanical properties of CNT films were found to be randomly
oriented CNTs with a low packing density and weak interactions. The nanostructural
engineering of CNTs into aligned architectures is necessary before next-generation CNT
films can be realized. Numerous studies have attempted to control the alignment of CNTs
and their interactions. Here, we briefly assess the state-of-the-art works on assembly
methods and related key issues. A new theoretical approach and predictions of the tensile
strengths of CNT films are then discussed in Chapter 2 in more detail.
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1.2.2 State-of-the-art works on assembly methods for high strength CNT films
1.2.2.1 Aligned, high-density CNTs
Previous attempts to align CNTs can be classified into two categories according to the
synthesis and alignment procedures. In-situ synthesis methods to align CNTs on a
template substrate have been studied extensively in conjunction with the chemical vapor
deposition (CVD) method (Figure 1.4).33 Many researchers have attempted to control
the length, diameter, purity and the number of walls of CNTs. The degree of alignment
of grown CNTs has been found to depend on the synthesis conditions, such as the
temperature, type of injected gases, and the patterning methods of the catalyst used.
In contrast, post-synthesis alignment methods of disordered CNTs are based on a
solution process, which has an advantage in that it can be scaled up. Various studies have
been reported, including external fields,34-39 liquid crystal,34, 40-42 mechanical shearing,4345

patterned substrates,46 and dip coating.47 Through the use of as electric or magnetic

field in a CNT-dispersed suspension, the alignment of CNTs was controlled (Figure 1.5).
Another approach to align CNTs was to embed CNTs into nematic liquid crystals.
Because these liquid crystals are aligned, the pi-pi interaction between the liquid crystals
and the CNTs was suggested as an alignment mechanism. Furthermore, an alignment
method assisted by mechanical shearing has been assessed. The CNT suspension was
placed between two glass slides and rubbed along the opposite direction to apply shear
force (Figure 1.6). Another approach involved the use of a simple dip-coating method
without any equipment or and complex apparatuses (Figure 1.7). This method utilized
microfluidics, including capillary condensation and surface tension, to obtain aligned
CNTs.
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Fig. 1.4. CVD-grown aligned CNTs on a template substrate.33
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Fig. 1.5. MWNTs dispersed in nematic-liquid-crystal solvents (E7) with an external
field.48, 49

Fig. 1.6. Alignment method of CNTs dispersed in a solvent with the application of shear
force; optical images of glass with (a) and without (b) polarizer.44
14

Fig. 1.7. Schematic of the formation mechanism of aligned CNT fiber.47
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1.2.2.2 Engineered interaction forces between CNTs
Previous approaches to add interaction forces to CNTs based on the van der Waals force
are briefly categorized as those involving covalent and noncovalent interaction. The first
method is represented by direct crosslinking between CNTs.50 CVD-grown aligned
CNTs can be drawn to make CNT fiber. CNT fibers are then inter-connected by
crosslinking molecules to form covalent bonds. The second method involves the grafting
of new functional groups onto the surfaces of CNTs. CNTs are chemically modified to
have acid and base groups, after which the CNTs act as a weak polyelectrolyte.51 In this
case, CNTs were also separately modified to have carboxylic acid groups and amine
groups, resulting in a well-dispersed solution. Negatively and positively charged CNTs
were used to create a 100% CNT thin film given their electrostatic force without
additional organic molecules, as shown in Figure 1.8. The thickness and surface topology
of the film were controlled by the pH.

16

Fig. 1.8. Scheme of the layer-by-layer (LBL) method.
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1.2.3 Issues associated with nanostructure engineering for high strength CNT films
The alignment, packing density, strong interaction force, and the crosslinking density are
the key parameters for high-strength CNT film. However, despite numerous attempts to
fabricate CNT films, several challenges remain to be overcome with regard to
commercialization. Although an in-situ CVD method to obtain well-aligned CNT
materials with high mechanical properties succeeded, scalability remains a challenge due
to the high cost of the synthesis process and the complex apparatus required.
Unfortunately, the resultant CNT products created by the alignment method based on a
wet process have shown a low degree of alignment and a low packing density, making
them unsuitable for application as a structural material. Furthermore, previously reported
methods which attempted to add interaction forces have not led to significant
enhancements, as CVD-grown CNTs generally lack functional groups on their surfaces,
resulting in low-density crosslinking. The surface modifications for functionalization
also destroyed the aligned nanostructure of the CNTs.
In an attempt to achieve long-range alignment and a high packing density, the
spontaneous formation of an ordered phase of a CNT suspension was suggested and
experimentally observed above the critical concentration, according to Onsager’s theory
for rigid rod-like particles.52 These findings regarding the liquid crystalline behavior
have opened new paths for the alignment of disordered CNTs. However, a liquid
crystalline solution of CNTs is difficult to obtain owing to the complicated process
required, which hinders the realization of their full potential. Considering this situation,
a facile processing method based on a wet process for self-aligned CNTs with a high
packing density and strong interaction force is required.
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1.3 CNT based composite films for flexible energy storage
applications
1.3.1 Fundamentals and theory of a flexible supercapacitor
1.3.1.1 Supercapacitor electrode
With the increasing depletion of fossil fuels, climate change and severe environmental
pollution, there is a need for environmentally friendly, sustainable, and renewable energy
storage systems as new power sources. In many energy storage applications,
supercapacitors (known as electrochemical capacitors)53 have attracted much attention
as energy sources for hybrid electric vehicles, uninterruptable power supplies, and
portable electronics. The electrochemical performance capabilities of supercapacitors
are such that they are ranked between those of batteries and conventional capacitors
(Figure 1.9).54 Supercapacitors possess higher power density levels and faster
charge/discharge rates and long life cycles compared to batteries. However, as new
technologies for various vehicle systems and electronic devices are developed,
supercapacitors with high performance levels are urgently required.
Supercapacitors can be roughly classified into two types according to their energy
storage mechanism. Electrical double-layer capacitors (EDLCs) store charges at the
interface between the electrode surface and electrolyte. Because storage in this case
depends on the electrostatic adsorption of ions, the key issue to increase the capacitance
is to use an electrode with a high specific surface area, good electronic conductivity and
a porous structure. Porous carbon scaffolds including activated carbon,55 graphite56 and
CNTs57 have been considered as promising electrode materials. However, their specific
surface areas are limited, and their low energy density presents a challenge.
Pseudocapacitors store charges by rapid and reversible faradaic (redox) reactions of
19

active electrode materials. Transition metal oxides such as RuO2 and MnO2 as well as
conducting polymers have shown higher energy densities compared to those of carbon
materials based on the electric double layer capacitance. However, their low conductivity,
poor stability, and weightiness are known to be unsolved critical problems. For these
reasons, current collectors such as metal foam have been studied for effective charge
transfers.58 In addition, while the deposition of metal oxides and conducting polymers
on conductive, supporting carbon materials, including CNTs, reduced graphene oxide
(GO), and carbon fiber (CF) have displayed enhanced capacitance,59-62 the low cycle
capability and high cost in these cases remain as barriers to commercialization.

20

Fig. 1.9. Comparison of energy storage systems.
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1.3.1.2 State-of-the-art works on CNT based flexible supercapacitor electrode
As various flexible electronic systems, including bendable displays and wearable etextile/clothing applications are developed, energy devices require active electrodes
which can be twisted, folded, rolled and stretched to fit into tight places without a loss
of performance. Nickel and aluminum foam, which have been used as conventional
supporting materials for metal oxides, cannot be applied to a flexible energy storage
system. Hence, a supercapacitor electrode based on carbon nanomaterials is at present
an emerging candidate supporting material for flexible energy storage and power supply
systems.
With reference to many carbon nanomaterials, CNT-based flexible supercapacitors
have been studied extensively due to their high electrical conductivity and their high
mechanical strength. CNT-dispersed suspensions have been suggested as a functional
ink to coat flexible and porous but nonconductive substrates (e.g., cotton, plastic film,
and cellulose paper).59-62 Cotton textiles are easily coated by dipping them into a CNTdispersed suspension.63 CNT-coated textiles show high flexibility and increased
electrical conductivity with an increase in the dipping time. CNTs were also spray-coated
onto polyethylene-terephthalate (PET) films and used as both electrodes and current
collectors.64
Randomly oriented buckypaper, which is composed of CNTs, has been studied as a
freestanding electrode. However, its very low strength due to its porous structure and its
high resistance from the relatively few contact points between the CNTs causes a slow
charge transfer. Vertically aligned CNTs (VA-CNTs) synthesized on Si wafers have
fulfilled the need for high strength and good rate capability.65-68 Furthermore, oxidized
nickel nanoparticles were deposited on VA-CNTs to increase the energy density of the
22

electrode.69 Agglomeration during the metal oxide deposition process was observed, and
control of the metal-loading quantity was difficult due to the lack of functional groups
on the VA-CNTs, which resulting in a low energy density level.
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1.3.2 Issues associated with flexible supercapacitors
The energy density, power density, cycle stability as well as the mechanical strength,
flexibility and integrity are the key parameters to consider when attempting to create
flexible energy devices. However, conventional supercapacitor electrodes such as metal
foam, activated carbons, graphite cannot be utilized in flexible supercapacitors due to
their low strength and poor flexibility. They become degraded and lose their capacitance
when they are bent, folded or stretched. Recent studies have introduced freestanding
CNT-based electrodes which are promising for use as a flexible supercapacitor. CNT
buckypaper has the advantages of a low-cost fabrication process and a porous structure.
However, the introduction of a surfactant or a surface treatment to fabricate buckypaper
decreases the intrinsic electrical conductivity, and the low strength and low energy
density have hindered the practical application of this material. While VA-CNTs
demonstrate high electrical conductivity, mechanical strength and flexibility, controlling
the loading of pseudocapacitive materials onto VA-CNTs is very complicated. In this
respect, a multifunctional material which combines high mechanical properties and
electrochemical performances is needed for application to flexible energy storage
systems.
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1.4 Aim and scope of this research
This study focuses on designing and developing a means of preparing high-strength CNT
films based on theoretical considerations. The preparation methodology provides a selfassembly approach to control the orientation, interaction force and surface chemistry of
CNTs and a versatile route for future applications.

1.4.1 Theoretical study of the strength of CNT films
The theoretical approach regarding the strength of CNT films will be discussed in
Chapter 2. First, a new equation to determine the strength of CNT films is introduced
and theoretically assessed considering the important parameters and the relationship
between the strength of the CNT films and the influencing factors, such as the orientation,
packing density and interaction force. In addition, the reliability of the newly developed
equation is verified by carrying out theoretical calculations of the strength of CNT films
and by comparing these results with previous results. Through this theoretical study, an
ideal structure and the properties of the high strength CNT films are proposed.

1.4.2 Preparation and characterization of highly aligned, high-density CNT films
Highly aligned CNTs with a densely packed nanostructure are assembled in the form of
a sheet by a facile filtration process. The spontaneous self-alignment behavior of the
CNTs based on an isotropic-nematic transition is controlled to align the CNTs in a
suspension. The mechanism behind this will be discussed in Chapter 3. The proposed
method leads to the self-alignment behavior of CNTs in an aqueous solution regardless
of the surface modification methods or the types of CNTs used.
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1.4.3 Preparation and characterization of bone-mimicking GO@CNT hybrid films
Nearly monolayered smaller GO-incorporated CNT films are developed to form an
effective type of load-bearing hybrid architecture. The nanostructural design of the
hybrid film focuses on the mimicking of collagen fibril in natural bone, which has unique
load-bearing characteristics. The new approach for the homogeneous crosslinking
reaction between CNT and GO is developed and discussed in Chapter 4.

1.4.4 Preparation and characterization of flexible, high strength freestanding,
pseudocapacitive CNT film by metal-bio coordination method
The hybridization of natural polyphenol “tannic acid” (TA) and CNT is investigated to
combine high strength and good energy storage ability in a hybrid film. TA is versatile
for the wrapping and crosslinking of CNTs through the development of a metal-bio
coordination complex and pseudocapacitance in the hybrid CNT film. The preparation
method and mechanical/electrochemical performance of the TA@CNT film will be
investigated in Chapter 5.
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Chapter

2

Theoretical

Approach

and

Prediction of the High Strength CNT Film
2
2.0 Major symbols
σfilm : Film tensile strength
σCNT: CNT tensile strength
D: Diameter of CNT
FCNT: Force applied to all CNTs in the film
fCNT: Force applied to an individual CNT
: Packing density of the CNT film
Afilm: Cross-sectional area of the film
ACNT: cross-sectional area of the CNTs which constitute the film
a: Empirical correction coefficient
ICNT: Interaction force factor
IvdW: van der Waals force per unit length
dCL: Density of cross-links per unit length
IE: Engineered attraction force per unit length
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2.1 Theoretical consideration relevant to CNT based high
strength films
In spite of the tremendous effort expended, earlier work continues to face the challenge
of enhancing the mechanical performance of CNT-based films. Therefore, theoretical
considerations are among the most important issues in the design and preparation of
high-performance CNT films. Unfortunately, few theoretical models which account for
nanomechanics are available, as previously reported theories cannot be applied to films
composed of nanomaterials, as the models do not take into account the high surface-tothe volume ratio of the nanomaterials or the interaction forces. A new equation regarding
certain fiber properties, including the surface-to-volume ratio, the length and the
diameter as well as structural parameters such as the alignment, packing density, and
interaction force between the CNTs is needed for accurate predictions of the strength of
CNT films.
Equations (1.1) and (1.2) inspire us to develop a new theoretical equation to predict the
tensile strength of CNT films. When we consider that yarn strength equations derive
from the force per unit cross-sectional area, the tensile strength of the film (σfilm) can be
determined as follows:

 film 

FCNT
Afilm

(2.1)

Here, Afilm is the cross-sectional area of the film and FCNT is force on all CNTs. Then,
Afilm can be expressed with the packing density, as follows:
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Afilm 

In this equation,

ACNT



(2.2)

and ACNT are the packing density (Figure 2.1) and the sum of the

cross-sectional area of the CNTs composing the film, respectively. When it is assumed
that the CNTs have identical lengths and diameters and an identical position distribution
in the film, the sum of the force applied onto all CNTs in equation (2.1) is determined as
follows,

FCNT  a  I CNT  f i cos i

(2.3)

D
 a  I CNT   CNT  ( ) 2 cos i
2
i

(2.4)

i

where σCNT, fCNT, a, and φi are respectively the CNT tensile strength, the force on an
individual CNT, the correction constant (a is 1 when the thickness of the CNT film is
less than 1 μm and 0.5 when the thickness of CNT film exceeds 1 μm) and the tube
orientation angle along the tensile load axis (Figure 2.2). ICNT is a parameter associated
with the interaction between the CNTs; it is expressed as follows,

I CNT 

I real I vdW  dCL I E

I ideal
I ideal

(2.5)

where Ireal, Iideal and IvdW are the real, ideal and van der Waals interaction forces between
the CNTs. Considering a situation in which the CNTs interact not by forming covalent
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C-C bonds but by weak van der Waals force, ICNT reflects the deviation of the interaction
force between the real and ideal cases. Although the intrinsic interaction force of CNTs
is the van der Waals force, additional engineered crosslinking including covalent bonds,
hydrogen bonds and electrostatic interaction can be introduced between the CNTs, thus
enhancing the interaction forces. Here, dCL and IE denote the density of the cross-link per
unit length and the engineered attraction force, respectively. The strength of the
engineered interaction force can be determined according to the type of interaction force,
as shown in Table 2.1, and ICNT can be increased according to the design and engineering
of the density of the crosslinking and the type of interaction force.
The developed equations originate from a rough prediction of the tensile strength of
CNT films. However, the proportional relationship regarding the tensile properties can
provide a guideline for the design and preparation of high-strength CNT films via the
engineering of the above parameters. As CNTs have a more aligned nanostructure, they
form a close-packed nanostructure which facilitates maximum contact and van der Waals
force between the tubes with a high packing density. In addition, when a certain number
of crosslinks are formed between the tubes, efficient stress transfer will likely make the
film stronger.
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Fig. 2.1. The packing density of CNT film.

Fig. 2.2. The degree of CNT alignment along the tensile load axis.
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Table 2.1. Comparison of the interaction energy levels

Interactions

kJ/mol

van der Waals

4

Covalent (C-C)

347

Covalent (amide)

305

Coordination

20

Hydrogen

12
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2.2 Comparison of theoretical prediction and experimental
results
From the developed equations, theoretical calculations can be carried out for various
cases. In order to confirm the reliability of the equations, the previously reported
experimental conditions are substituted into the equations and the results are compared
with the calculated values, as shown in Figure 2.3. When the case of an individual CNT
tube1, 2 is applied to the equation, an identical strength level of 30 GPa results. Meanwhile,
the theoretically predicted strength of a randomly oriented bulk CNT film3 sample is 10
MPa compared to the experimentally reported values, thus showing a dramatic decrease
in the strength due to the random orientation and weak interactions.
Inoue et al.4 fabricated well-aligned CNT films through the stacking of aligned CNT
webs. The resultant films displayed good anisotropic mechanical performance along the
tensile axis. The strength of the aligned CNT film in the parallel direction along the
tensile axis was higher than that of a randomly oriented CNT film. In contrast, the
strength in the perpendicular direction was very low. It was demonstrated that this trend
is also well reflected in the theoretical predictions.
Wang et al.5 reported enhanced mechanical properties in chemically cross-linked CNT
films upon the exposure of electron-beam irradiation onto the film. Although the CNTs
had a random orientation in the film, the cross-linked CNT film showed increased
strength and a higher modulus with an increase in the irradiation dose. Theoretical
calculations were also made with the parameters under the experimental conditions and
compared with the results. When the crosslinking density was less than 3%, the
prediction was in good agreement with the experimental value, whereas a gap appeared
with an increase in the crosslinking density. This deviation may have originated from the
42

difficulty in quantifying the crosslinking density. As the irradiation beam method was
only applied onto the exposed surface area of the CNT films, the internal chemical nature
could not easily be analyzed.
The parameters used in this case, i.e., the type of CNTs, the alignment and other
numerical values, are shown in Table 2.2. The comparison of the theoretically calculated
values and the experimental results proved that the equations to determine the strength
of the CNT film efficiently reflect the fiber properties and structural parameters.
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Fig. 2.3. Comparison of theoretically calculated values with previously reported
experimental results.
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Table 2.2. Previously reported CNT buckypapers
Alignment
(

σexperimental
(MPa)

Ref

CNT
(D, nm)

(1) Phys. Rev. Lett. 2000, 84,
5552 / Science 2000, 287, 637

SWNT
MWNT

(2) J. Am. Chem. Soc. 2005,
127, 5125

SWNT
(D=1)

randomly
oriented

0.1

van der Waals

0

10

(3) Carbon 2011, 49, 2437

MWNT
(D=30)

Aligned

0.58

van der Waals

0

75.6 (0o)
0.5 (90o)

(4) Adv. Mater. 2007, 19, 12

SWNT
(D=1)

randomly
oriented

0.1

C-C (sp3)

3~10%

10(0%)~
80(10%)

Packing(

Bonding
(kJ/mol)

Density of
CL.

30000
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2.3 Effect of structural parameters on the strength of CNT films
From the developed equations, we can theoretically calculate and investigate the effects
of structural parameters on the strength of CNT films. The introduced numerical values,
with a number of assumptions, are indicated in the figure captions of Figs. 2.4-2.7. As
the alignment of the CNTs along the tube axis changed from the parallel to the
perpendicular direction, the strength of the CNT film was significantly decreased, as
shown in Figure 2.4. When all of the CNTs were aligned along tube axis, the strength of
the film was 15 GPa, whereas the strength in the π/2 case was less than 1 GPa. The
strength of the CNT film was proportional to the packing density (Figure 2.5), showing
a trend similar to that associated with the alignment. As the CNTs have loosely packed
structure, the strength of the film was decreased. When the types of interaction forces
between the CNTs were varied, the predicted strength rapidly changed, as shown in
Figure 2.6. According to the interaction energies (C-C, C-N, coordination, hydrogen,
and van der Waals), a considerable change was observed. Even when all of the CNTs has
an aligned morphology with a high packing density, the CNT films depending only on
the van der Waals interaction showed very low strength values. In this respect, the
introduction of engineered crosslinking was one of the key issues in the preparation of
high-strength CNT film. As shown in Figure 2.7, when amide bonding was formed
between the CNTs, the strength was significantly increased with an increased density of
the crosslinking as well.
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Fig. 2.4. Effect of CNT alignment on the strength of CNT films. [Conditions: σCNT = 30
GPa, D = 1, dCL = 1, a = 0.5, ICNT = 309 kJ/mol, and
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Fig. 2.5. Effect of CNT packing density on the strength of CNT films. [Conditions: σCNT
= 30 GPa, D = 1, dCL = 1, a = 0.5, ICNT = 309 kJ/mol, and φi = 0o]
47

Strength

Strength (MPa)

16000

14000
1400
1200
1000
800
600
400
200
0

Covalent Covalent
(
(

Interaction
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Fig. 2.7. Effect of the cross-linking density on the strength of CNT films. [Conditions:
σCNT = 30 GPa, D = 1, a = 0.5, ICNT = 309 kJ/mol,
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= 1, and φi = 0o]

2.4 Conclusion
New equations regarding the strength and nanomechanics of CNT film were proposed
in this study. The equations accounted for the parameters which influence the fiber
properties and film structures. The reliability of the equations was confirmed by
comparing the results from theoretical calculations with earlier experimental findings.
From the theoretical considerations, we expect the newly developed equations to be
applicable to the design and realization of high-strength CNT films with good control of
various structural parameters.
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Chapter 3 Preparation and Mechanical
Performance of Self-Assembled, Aligned
CNT Film with High Packing Density
3.1 Introduction
CNTs have attracted remarkable attention due to their unique mechanical, electrical, and
thermal properties.1 The outstanding mechanical performance of individual CNTs
suggests that they are promising for use as building blocks in novel structural materials.2
However, research on preparing buckypaper, in which CNTs are assembled into a web
or sheet, has not yet yielded the expected high-performance mechanical properties of the
materials. The random orientations and low CNT density were considered the most
significant contributors to the low mechanical performances of the buckypaper. Much
effort has been taken to align CNTs so that the buckypaper has a well-ordered
nanostructure with high packing density. For example, the in situ CNT alignment on a
template during CVD processes has been extensively studied,3 although this approach
has some issues like high implementation costs. A variety of scalable approaches have
recently been reported to prepare aligned CNTs by applying external forces,4-9
mechanical shearing forces,10-12 liquid crystals embedding,13-15 patterned substrates,16
and dip-coating methods.17
Even from those approaches, the mechanical performance of the obtained buckypaper
was disappointing due to poor alignment and low packing density of CNTs. The CNT
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self-assembly in a liquid crystalline phase has been suggested to achieve good alignment
and high-density CNTs in a buckypaper.18-25 This method exposed practical drawbacks
since the fabrication process for a buckypaper from a highly concentrated CNT
suspension is highly complicated. A facile, but effective, method for fabricating CNT
buckypaper with a well-aligned state and a high packing density remains in high demand.
In this chapter, we discuss a facile filtration method to fabricate a buckypaper
composed of densely packed and well-aligned CNTs. Early reports have described a
filtration method that yielded a buckypaper with randomly oriented CNTs. By contrast,
our suggested method relies on the entropy-driven alignment of CNTs to form an
anisotropic phase triggered by a simple filtration process of a CNT suspension. The
resulting aligned CNT layers self-assemble horizontally on the filtration membrane. The
self-aligned densely packed CNT nanostructures apparently formed only from a CNT
suspension concentration of 1 mg/mL. These results confirmed that the critical
suspension concentration should be high, which can facilitate interaction among CNTs,
thereby promoting self-assembled ordering. Furthermore, our systematic investigation
found that dispersion status also played a crucial role in triggering the self-alignment
behavior. The resultant aligned buckypaper displayed an enhanced packing density,
strength, modulus, and hardness compared to previously reported buckypapers. This
unprecedented study will provide a facile and scalable preparation method for aligned
CNT papers with high packing density and new insight into CNT self-assembly
behaviors.
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3.2 Results and discussion
A schematic illustration about the formation of aligned CNT layers is proposed in Figure
3.1. The prepared suspension containing isotropic CNTs was filtered, and the CNTs were
deposited on the filtration membrane. When the suspension passed through the filter
paper, the CNTs immediately began to accumulate on the membrane surface under the
hydrodynamic drag. As the solvent was removed by filtration, the local concentration of
CNTs near the membrane increased rapidly, and the CNT–CNT interactions appeared
dominant over the CNT–solvent interactions. The CNTs were most likely to behave like
lyotropic rigid rod-like polymers in the concentrated regime as predicted by Onsager
model26 and undergo entropy-driven alignment above a critical concentration to form an
ordered deposit with an aligned arrangement, leading to densely packed CNT domain
formation. Onsager’s theory has been widely used to describe the phase behavior of rigid
rod-like entities, such as rod-like liquid crystalline polymers, biological rod particles,
and inorganic nanorods. We presumed that CNTs can be classified as rigid rod-like linear
polymers due to their unusual high aspect ratio and straightness, which is consistent with
previous reports.19, 20, 27-29 From a thermodynamic point of view, at a fixed density, the
isotropic to nematic transition arises from the competition between the orientational
entropy and the packing entropy. Above a critical concentration, the packing entropy
becomes dominant over the orientational entropy due to Onsager’s excluded volume
effect, which the nematic phase is favored. From an experimental point of view, the
attractive forces (van der Waals) and short range repulsive forces (electrostatic) between
CNTs are counterbalanced in the concentrated CNT suspension. When CNTs are
dispersed in a good solvent, the repulsive forces surpass attraction forces between
nanotubes, which enable them to form thermodynamically stable nematic phase in the
concentrated regime as with Onsager’s theory. As CNT filtration processes proceeded,
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initial deposits act as pre-deposited aligned CNT layers. The subsequent CNTs in the
suspension gradually became aligned along the pre-deposited horizontally aligned CNT
layer. This process resulted in the aligned domain growth. A detailed experimental
procedure can be found in the Experimental section

.
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Fig. 3.1. Mechanism for self-alignment behavior of CNTs with subsequent filtration
process.
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To understand the self-alignment mechanism dependent on the variable CNT
suspension concentrations, the natural drying system was also introduced. When
a droplet of colloidal suspension is dried on a solid surface, the solvent evaporates
and induces an outward capillary flow carrying the suspended particles. This
well-known phenomenon, called the “coffee ring effect,” redistributes the
particles into two different concentrations according to droplet location (edge:
concentric regime, center: diluted regime).30, 31 To confirm the effect of CNT
suspension concentration change on alignment phenomenon, a droplet was
placed and dried on a glass substrate. The SWNT suspension utilized in this step
was the same as the SWNT suspension for the aligned buckypaper via filtration.
Figure 3.2 showed the birefringence texture along the perimeter attributed to the
SWNT orientations after complete drying. Furthermore, well-aligned SWNTs
were obtained from the concentric edge region while the non-aligned SWNTs
were obtained from the relatively diluted center region. Based on “coffee ring
effect” where the solute concentration gradient is created during evaporation, the
self-alignment phenomenon is assumed to be triggered by the increase in local
concentration.

57

Fig. 3.2. (a) Photograph of residue ring stain after drying SWNT suspension droplet on
a glass substrate, (b) POM image of perimeter, (c) aligned SWNTs in the edge regime,
(d) non-aligned SWNTs in the center regime.
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For the first time, we experimentally observed the pre-deposited, aligned CNT layer
functions as an alignment template layer and play an important role in triggering
subsequent self-alignment. CNTs have functioned as distinct nucleating agents for
polymer crystallization and templates for liquid crystal molecule orientation due to the
nanoscale diameter, high specific surface area and extremely high aspect ratio.9, 32-34 In
our experiments, subsequent CNTs tended to align themselves on the pre-deposited
aligned CNT layer; facilitating the formation of large-scale ordered domains. The
sequence of polarized optical microscopy (POM) buckypaper images shown in Figure
3.3a indicates alignment behavior triggered by single-walled carbon nanotube (SWNT)
suspension filtration over the course of filtering a 1 mg/mL suspension. As the quantity
of SWNTs deposited on the membrane reached 2.5 mg/cm2, very weak birefringence
started to be observed and indicated that the isotropic SWNTs underwent alignment to
eventually deposit themselves in an aligned arrangement. The number of small, dark,
yellow spots in the 5.0 mg/cm2 SWNT buckypaper that originated from the anisotropic
properties of the aligned SWNT domains clearly increased. The 10 mg/cm2 SWNT
buckypaper provided POM image that exhibited strong birefringence of multifarious
spots indicative of SWNT connected domains aligned over a large scale. Comparing
POM images revealed remarkable changes in the birefringence properties as the
filtration of the SWNT suspension proceeded. The differences were clearly attributable
to the individual SWNT orientation, as shown in Figure 3.4. As the deposited SWNT
quantities increased, the deposited SWNT buckypaper had better aligned orientation and
more densely packed morphologies. The aligned domains became larger since the predeposited aligned CNT layers facilitated not only orientation, but also heterogeneous
nucleation and the subsequent CNT growth during filtration due to decreased activation
energy in the crystalline phase (ordered and aligned phase). This observation confirmed
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that subsequent deposition of isotropic SWNTs on a pre-deposited aligned layer led to
the formation of large aligned macroscale domains of SWNTs. The thicknesses of 2.5,
5, 7.5, 10.0 mg/cm2 SWNT buckypaper were 6.0, 13.4, 19.6, 24.4 μm, respectively. In
our system, the aligned buckypapers were obtained when the buckypaper thickness
exceeds 19.6 μm.
The concentration of SWNT suspension was important for the self-assembled alignment
process. At low concentrations, the particle–particle interactions were not sufficiently
strong enough to induce the alignment behavior. POM buckypaper images prepared from
a 0.01 mg/mL SWNT suspension displayed no birefringence properties, which indicate
that the SWNTs deposited with an isotropic arrangement (Figure 3.3b). The filtration
method applied to low concentration SWNT suspensions did not yield aligned films,
even though the overall process used the same total quantity of SWNTs as the process
applied to a high concentration SWNT suspension. These results can be explained by the
phase behavior of CNTs, which is assumed to be analogous to that of lyotropic rigid rodlike polymers.

60

Fig. 3.3. POM image sequence of SWNT buckypaper prepared from (a) high
concentration suspension and (b) low concentration suspension.
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Fig. 3.4. SEM images of the surface of SWNT buckypapers prepared on the PTFE
membrane with pore size of 200 nm (filtration velocity: 3.8 mL/h). The deposited SWNT
quantities on the membrane: (a-b) 10.0 mg/cm2, (c-d) 7.5 mg/cm2, (e-f) 5.0 mg/cm2, (gh) 2.5 mg/cm2.
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Figure 3.5 shows the SWNT phase diagram with an aspect ratio of 1000 as predicted
according to previous reports.35, 36 Increasing the suspension concentration of isotropic
SWNTs results in a transition from an isotropic to a nematic phase at 0.1 vol% through
a biphasic region. In our system, a solvent removal by filtration can concentrate SWNTs
followed by crossing the phase line from left to right. However, not all initial suspensions
can be concentrated to reach where the nematic phase is in equilibrium. We
systematically explored the concentrations in an effort to identify the critical suspension
concentration to achieve self-alignment. This concentration was found to fall in the
ranges 0.5–1.0 mg/mL, determined by the quantized birefringence intensities of the
SWNT buckypaper POM images (Figure 3.6).
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Fig. 3.5. Phase diagram of CNTs (D=1, L=1000) in N-methyl-2-pyrrolidone (NMP).

The Flory-Huggins interaction parameter, χ, is plotted against CNT volume
fraction. I and N indicate isotropic and nematic phase of CNTs, respectively. The
two lines denote the boundary of the dispersion state transition. The region
between the lines corresponds to the biphasic region (I+N).
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It is worth noting that filtration velocity also influenced the SWNT alignment process.
Figure 3.7 displays the size distributions of aligned SWNT domains in buckypapers
prepared under two different filtration velocities. In the fast filtration condition, the
subsequent CNTs did not have enough time for diffusion onto the pre-deposited aligned
CNT layers and sufficient thermodynamic interaction, which resulted in limited growth
and alignment behavior. Consequently, the resultant buckypapers (Figure 3.8) showed
less aligned and loosely packed morphologies compared to the papers (Figure 3.4) from
slow filtration. The average aligned domain size of SWNT buckypapers from fast
filtration was relatively smaller than that of SWNT buckypapers from slow filtration. To
make a highly aligned CNT paper via a filtration method, we should consider not only
CNT suspension concentration and filtration velocity but also dispersion state in a
suspension. This is because CNT agglomeration is undesirable for obtaining a high
volume concentration of CNT in a specific mass concentration. CNTs can be dispersed
in a specific solvent either covalently or noncovalently modifying the CNTs to overcome
the inherent bundling or entangling CNT properties.37-41
The CNTs used in this work were functionalized by acid oxidation (covalent) or
surfactant wrapping (noncovalent). X-ray photoelectron spectroscopy (XPS), Raman
spectroscopy, atomic force microscopy (AFM), and UV-vis spectroscopy were used to
characterize the surfaces and physical properties of the SWNTs and evaluate the degree
of dispersion of the suspensions (see Figures 3.9–3.12). The XPS C1s spectra of the
pristine and acid-oxidized SWNTs are shown Figures 3.9a and b. After acid treatment,
the quantity of oxygen-containing functional groups (hydroxyl, epoxy, carbonyl, and
carboxyl) on the SWNTs surfaces increased. Raman spectra of the pristine and acidoxidized SWNTs are shown in Figure 3.9d. The relative intensity ratio (ID/IG) of the
pristine SWNTs was 0.04; however, after acid treatment, ID/IG increased to 0.17. This
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increase indicated a change in the surfaces of the SWNTs, in accordance with the XPS
results. Quantitative information about the distributions of the lengths of the acidoxidized SWNTs was derived directly from the AFM images. The acid-oxidized SWNT
suspension was spin-coated onto freshly cleaved mica. The average length of the SWNTs
was measured to be 1.03 ± 0.47 μm. The degree of dispersion of the acid-oxidized
SWNTs in various solvents was estimated based on the UV–Vis absorption spectra
shown in Figure 3.12. The absorbance properties varied significantly according to the
solvent type. The degree of dispersion improved significantly as the SWNTs were
dispersed in amide solvents such as N-methyl-2-pyrrolidone or dimethylformamide. The
influence of the dispersion status on the self-alignment behavior was investigated by
preparing buckypaper using a poorly dispersed SWNT suspension in the filtration
process. Figure 3.13 shows the randomly oriented SWNTs on the buckypaper prepared
by a pristine (poorly dispersed) SWNT suspension. Unless the SWNTs were
functionalized and effectively dispersed in the solvent, self-aligned CNTs buckypaper
cannot be obtained using the filtration method.
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Fig. 3.7. Comparison of size distributions of aligned SWNT domains showing
birefringence texture, including representative POM images of buckypapers prepared on
the PTFE membrane with pore size of 200 nm (a, c, e, g: slow filtration, 3.8 mL/h), and
500 nm (b, d, f, h: fast filtration, 6.3 mL/h).
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Fig. 3.8. SEM images of the surface of SWNT buckypapers prepared on the PTFE
membrane with pore size of 500 nm (filtration velocity: 6.3 mL/h). The deposited SWNT
quantities on the membrane: (a-b) 10.0 mg/cm2, (c-d) 7.5 mg/cm2, (e-f) 5.0 mg/cm2, (gh) 2.5 mg/cm2.
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Fig. 3.9. XPS C1s spectra of (a) pristine SWNTs and (b) acid oxidized SWNTs. (c)
Quantitative analysis of various forms of C in the SWNTs, determined by integrating the
C1s spectra peak area corresponding to the C-C & C=C, C-O & C=O, O-C=O bonded
carbon. (d) Raman Spectra of SWNTs.

70

3000

Fig. 3.10. Photograph of SWNT suspensions in NMP (suspension concentration: 1
mg/mL)

71

Fig. 3.11. Tapping-mode AFM image of acid oxidized SWNTs on a mica surface.

72

1.2

N-methyl-2-pyrrolidone
Dimethylformamide
Dichlorobenzene
Distilled water
Isopropyl alchohol
Ethanol
Chloroform
Tetrahydrofuran

1.0
0.8
0.6
Absorbance

0.4
0.2
0.020
0.015
0.010
0.005
0.000
400

500

600

700

800

Wavelength (nm)

Fig. 3.12. UV-vis spectra of acid treated SWNT suspensions in various solvents.
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Fig. 3.13. SEM image of the surface of buckypaper prepared by pristine SWNT
suspension.
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Figure 3.14 displays scanning electron microscopy (SEM) images that show the CNTs
arrangements. Figures 3.14a and 3.14b show the typical isotropic morphologies of the
pristine and acid-oxidized SWNTs, respectively. Figure 3.14c shows an image of selfassembled aligned SWNT buckypaper prepared using simple filtration of the acid
oxidized SWNT-NMP suspension. The well-aligned SWNTs assumed a closely packed
nanostructure. To investigate if the alignment behavior is dependent on the surface
properties of the filtration membrane, the filtration process was conducted using two
different membranes and compared. The SWNT buckypapers prepared on an anodic
aluminum oxide (AAO) membrane (Figure 3.14d) or a polytetrafluoroethylene (PTFE)
membrane (Figure 3.14c) displayed similar aligned morphologies, indicating that the
filtration membrane did not influence the alignment properties. The surfactant wrapped
SWNT-water (Figure 3.14e) and the acid oxidized multi-walled carbon nanotubes
(MWNTs)-NMP (Figure 3.14f) suspension also formed aligned morphologies. The
proposed filtration method appears to readily extend to CNT alignment, irrespective of
the CNT type and surface modification method.
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Fig. 3.14. SEM images: (a) pristine SWNTs, (b) acid oxidized SWNTs just after acid
oxidation, deionized water purification, and drying process, (c) aligned, acid oxidized
SWNTs on PTFE, (d) aligned, acid oxidized SWNTs on AAO, (e) aligned, surfactant
wrapped SWNTs and (f) aligned, acid oxidized MWNTs. The total deposited CNT
quantity and suspension concentration to prepare the aligned buckypapers (c, d, e, and f)
were 10.0 mg/cm2, and 1.0 mg/mL, respectively.
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The porosity of buckypaper based on CNTs can often provide unfavorable weak points
with respect to the mechanical strength. The close-packed nanostructure formed by wellaligned SWNTs can mitigate pore evolution. The pore characteristics of the prepared
SWNTs were quantitatively characterized by measuring the nitrogen sorption isotherms,
as shown in Figure 3.15. The nitrogen isotherms of the products displayed feature
characteristic of type IV isotherms, suggesting the presence of mesoporosity. The SEM
results (see the Figure 3.15 insets) confirmed that the overall porosity decreased
significantly as the density of the buckypaper increased. It is particularly noteworthy that
the hysteresis pressure range varied according to the morphology, which indicates
differences in the pore size distribution (Figure 3.16). As the density of the buckypaper
increased, the large-sized mesopores were reorganized into small-sized mesopores
concurrently with a significantly reduced pore volume. The mechanism underlying the
porosity development in the CNT array suggested that a decrease in the pore size and
volume signified a decrease in the distance between individual CNTs and a substantial
enhancement in the packing density.
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Fig. 3.15. N2 adsorption isotherms (at 77K): (a) pristine SWNTs, (b) acid oxidized
SWNTs and (c) aligned SWNTs.
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Fig. 3.16. Pore size distribution of the pristine SWNTs powder, aligned and non-aligned
SWNT buckypaper.
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The aligned morphology on the mechanical properties of the macroscopic materials
was studied using a tensile test, as shown in Figures 3.17a and 3.17b. Before the tensile
test, the papers were cut into the sizes (length: 32 mm, width: 6 mm) shown in Figure
3.18. Figure 3.17a shows representative stress–strain curves of SWNT buckypapers
prepared under various suspension concentrations. The tensile strength and modulus
were measured to be 12.38 ± 3.83 MPa and 3.11 ± 0.43 GPa, respectively, for the nonaligned SWNT buckypaper (0.01 mg/mL). On the other hand, the aligned SWNT
buckypaper (1.0 mg/mL) exhibited a tensile strength of 94.62 ± 10.52 MPa and a
modulus of 8.35 ± 2.75 GPa. This confirms the improved mechanical properties that
resulted from the desired alignment. As the suspension concentration for preparing
SWNT buckypaper increased, the resulting materials showed a steady increase in the
mechanical properties due to the enhanced packing density. The numerical values for
tensile strength, modulus and elongation of SWNT buckypapers prepared under various
suspension concentrations are shown in Table 3.1. The strength and modulus of our
buckypapers are comparable to the capillary aggregated CNT forests42 but relatively
smaller than aligned CNT fibers due to the difference in the length of individual CNT
and alignment along tensile axis.43-46 According to previous research on the tensile
properties of aligned CNT materials, the materials are expected to show anisotropic
properties. However, because the orientation of aligned SWNT domains in the
buckypaper is multidirectional, the tensile properties of buckypapers appeared to be
similar, irrespective of direction (Figure 3.19). In Figure 3.17b, the mechanical
properties of the aligned SWNT buckypapers (1.0 mg/mL) prepared in this work were
compared with those of other CNT-based buckypapers.47-56 Our aligned SWNT
buckypapers showed superior strength and modulus values, which may have been
attributed to the high degree of alignment. The thickness of our buckypaper for tensile
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test was larger than one56 (1.8 μm), similar with three48, 49, 53 (19.7~ 40 μm) and smaller
than four50, 52, 54, 55 (80 ~ 270 μm). The aligned morphology of the SWNTs mainly
enhanced the mechanical properties in two ways. As mentioned previously, the high
degree of alignment and the consequent dense packing minimized the porosity or the
formation of void defects in the macroscopic materials. The maximal contact area and
attractive forces between adjacent SWNTs could be achieved by reducing the distance
between SWNTs. The aligned morphology of SWNTs increased van der Waals forces
between the nanotubes that are important in determining the nanostructure of bundles.57,
58

Thus, the close-packed nanostructure of the aligned SWNTs strengthened the resulting

buckypapers due to effective load bearing between the SWNTs, facilitated by
substantially increased van der Waals forces.
In addition to the tensile test, nanoindentation measurements were carried out using a
Berkovich diamond nanoindenter tip to estimate the compressive elastic modulus and
the hardness of the aligned SWNT buckypaper, as shown in Figures 3.17c and 3.17d.
Materials with a large hardness value strongly resist plastic deformations and crack
generation during compression tests. Under an applied force of 100 μN, the aligned
SWNTs yielded a smaller penetration depth than was measured from the non-aligned
SWNTs, indicating a greater hardness and stiffness in the aligned SWNTs (Figure 3.17c).
Indeed, the elastic modulus and hardness values of the aligned SWNTs (1.0 mg/mL)
were found to be 4.38 ± 0.36 GPa and 410.28 ± 40.85 MPa, respectively, as determined
using the Oliver–Pharr method.59 These values were much higher than those obtained
from other SWNT buckypapers. While the tensile strength of SWNT buckypapers
steadily increased with an increase in the suspension concentrations, the hardness values
significantly increased in the range 0.1–1.0 mg/mL (see Table 3.1 for details). Since
nanoindentation measured the top surface of buckypapers, the sudden increase might be
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ascribed to the remarkable changes in degree of alignment of SWNTs in the upper
portion of the buckypaper as the deposited SWNT quantity increased (Figure 3.3a and
3.6). The indent shape and crack generation were investigated by applying a stronger
force of 1 mN. The changed sample surfaces using the same indenter tip were shown in
the Figure 3.17 inset. Fracture and crack propagation occurred on the non-aligned SWNT
surfaces (right, 0.01 mg/mL), whereas clear indent impressions without crack generation
were observed on the aligned SWNT surfaces (left, 1.0 mg/mL). The differences in the
two materials were mainly attributed to differences in the load transfer efficiency. The
applied force was uniformly distributed into neighboring SWNTs on the aligned SWNT
buckypapers due to the high degree of alignment and high packing density. Recent
research on VACNTs synthesized using carbide-derived carbon (CDC) showed similar
outcomes as our results.58, 60 The CDC-VACNTs exhibited a highly aligned structure
with dense networking. The nanostructure enabled stronger interactions between
adjacent CNTs in an array and effective energy dissipation. This consequently led to
much higher compressive properties when compared to common VACNTs synthesized
by CVD in the same manner as aforementioned. The compressive properties of the
aligned SWNT buckypapers prepared with a closely packed nanostructure were superior
to the corresponding properties of non-aligned SWNT buckypapers, CVD-VACNTs61,
and cross-linked CNTs (CLCNTs)62 with low packing density (see Figure 3.17d).
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Fig. 3.17. (a) Representative tensile stress-strain curves of SWNT buckypapers prepared
under various suspension concentrations (mg/mL). (b) Comparison of tensile strength
and modulus for CNT buckypapers. (c) Representative nanoindentation loaddisplacement curves of SWNT buckypapers prepared under various suspension
concentrations (mg/mL). Inset AFM images show the surface of aligned (left, 1.0 mg/mL)
and non-aligned (right, 0.01 mg/mL) SWNT papers after nanoindentation measurement
applying 1 mN. (d) Comparison of compressive elastic modulus and hardness for a set
of CNTs.
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Fig. 3.18. Photographs of (a) freestanding aligned SWNT buckypapers, (b) papers which
are cut into rectangular shape for tensile test, and (c) a bent piece of flexible paper.
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Table 3.1. Comparison of mechanical properties of SWNT buckypapers prepared under
various suspension concentrations
Tensile test

Sample
CNT
suspension
concentration
(mg/mL) (vol%)

Nanoindentation test

Modulus
(GPa)

Tensile
strength
(MPa)

Elongation
(%)

Modulus
(GPa)

Hardness
(MPa)

1.0

0.0690

8.35 ± 2.75

94.62 ± 10.52

2.06 ± 1.08

4.38 ± 0.36

410.28 ± 40.85

0.50

0.0340

6.40 ± 1.42

82.86 ± 17.39

1.52 ± 0.32

3.23 ± 0.35

337.13 ± 58.87

0.10

0.00690

6.15 ± 0.56

67.43 ± 3.89

1.10 ± 0.04

3.26 ± 0.66

288.43 ± 95.44

0.075 0.00520

5.17 ± 1.77

61.52 ± 10.45

1.27 ± 0.43

3.17 ± 0.25

256.48 ± 35.35

0.050 0.00340

5.74 ± 0.43

53.02 ± 5.74

1.18 ± 0.23

2.99 ± 0.43

262.52 ± 56.87

0.025 0.00170

5.78 ± 0.97

25.36 ± 9.21

0.59 ± 0.18

2.95 ± 0.56

268.67 ± 83.52

0.010 0.00069

3.11 ± 0.43

12.38 ± 3.83

0.46 ± 0.12

1.50 ± 0.32

96.08 ± 32.79
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Fig. 3.19. Tensile stress-strain curves of two samples shown in inset (Photograph
showing that SWNT buckypaper was split into two directions).

86

3.3 Experimental
Surface modification of the CNTs
The SWNTs (CVD, batch No. TNST, Purity > 95 wt.%, 1–2 nm in outer diameter, 10–
15 μm in length) used in this work were purchased from Timesnano, Chengdu Organic
Chemicals Co. Ltd., China. To effectively disperse the SWNTs, SWNTs (200 mg) were
added to a mixture of concentrated H2SO4 (45 mL) and HNO3 (15 mL). The suspension
was stirred for 24 hours at 60°C, followed by washing with deionized (DI) water (1800
mL) and drying in a vacuum oven for 24 h.
To confirm the alignment of the CNTs of different type and surface modification,
SWNTs (50 mg) and sodium dodecylbenzene sulfonate (SDBS) (500 mg) were soaked
in DI water (500 mL) under tip sonication for 1 h. The sample was then filtered, washed
with DI water several times, and dried. MWNTs (CVD, batch No. CM250, Purity > 95
wt.%, 15–20 nm in outer diameter, ~75 μm in length) were purchased from Hanhwa
Chemical Co. Ltd. and oxidized for 3 hours at 60°C, as described above.

Preparation of the aligned CNT buckypaper
The surface-modified CNTs (100 mg, acid-treated SWNTs, MWNTs) were dispersed
in N-methyl-2-pyrrolidone (NMP), and the SDBS-wrapped SWNTs were dispersed in
DI water, respectively. All dispersions were subjected to tip sonication for 30 min. The
first aligned CNT layer was prepared by filtering a tenth of the prepared suspension over
a PTFE filtration membrane (pore size: 0.2 μm, Whatman). After all the solvent had been
filtered, the same filtration process was applied to the separated suspension repeatedly
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until the total quantity of CNTs on the membrane reached 10 mg/cm2. The product was
then dried in a vacuum oven for 24 h. To confirm the effect of filtration membrane and
velocity on the alignment behavior, the AAO (pore size: 0.2 μm, Whatman) and PTFE
(pore size: 0.5 μm, Whatman) was used, respectively.

Material characterization
SEM (JSM6700F Instrument, JEOL) was used to analyze the product morphology. The
optical anisotropy of the product was imaged using an Olympus BX-51 microscope in
the reflection mode between crossed polarizers. The birefringence strength was
quantized based on the total intensity over a thousand pixels on the circular line indicated.
All images were obtained under an exposure time of 0.25 sec. To analyze the size of
aligned domains, we compiled statistics of the aligned domain size from five POM
images per sample using Image-Pro Plus program (version 6.0.0.260.). Nitrogen
adsorption isotherms (at 77 K) up to 1 bar were measured using a Micromeritics ASAP
2020 static volumetric gas adsorption instrument.
Tensile tests were performed using a universal testing machine (Instron-5543, Instron).
For tensile tests, the papers were cut in a size (length: 32 mm, width: 6 mm) as shown in
Figure S10. The gage length and loading rate were 16 mm and 1 mm/min.
Nanoindentations were carried out using a nanoindentation system (Hysitron Tribolab
750, Hysitron Inc.) operated under load control at a constant loading rate of 20 μNs–1 up
to maximum load. To prevent the undesirable influence of the substrate, we limited the
indentation depth to less than a tenth of the thickness of the sample. In addition, to avoid
fracture while obtaining a clear unloading curve, the maximum stress was limited during
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the test. The hardness and elastic modulus values were calculated according to the
Oliver–Pharr method and were averaged over seventy measurements. After the
nanoindentation measurements, the same indenter tip was used to image the surfaces of
the samples. XPS (AXIS-His, KRATOS) was performed to analyze functional groups of
CNTs.
Raman spectroscopy was performed using a RAMAN plus confocal laser Raman
microscope (Nanophoton) at a laser wavelength of 532 nm, which permitted the study
of structural changes. AFM images were collected using a SPA-400 (Seiko Instrument)
operated in the tapping mode to analyze the physical characteristics of the acid-oxidized
SWNTs. The UV-vis absorption spectra of the CNT suspensions were recorded using a
Cary 5000 (Varian Inc.).
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3.4 Conclusion
We developed a facile approach to self-assembled well-aligned CNTs with a high
packing density using a filtration method. The self-alignment behavior of the CNTs
could be facilitated using a suspension concentration that exceeds the critical
concentration for achieving alignment. The well-aligned CNT arrangement formed a
close-packed nanostructure that enhanced the strength, modulus, and hardness of the
buckypapers. The proposed solution processing approach to align the CNTs opens up a
scaling up opportunity for the manufacturing due to the flexible usage of CNT type and
solvent recycling. We expect our findings to direct attention toward understanding and
controlling the assembly behavior of desired CNTs in potential applications as high
strength films, gas barrier films, sensors, and flexible electronic devices.
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Chapter 4 Preparation and Mechanical
Performance of Bone-mimicking Size-Tuned
GO@CNT Hybrid Film
4

4.1 Introduction
The body frame for portable electronics and vehicles needs lightweight materials with
high mechanical performance. Thus, CNTs have attracted great attention as promising
building blocks due to the extraordinary mechanical and electrical properties.1, 2 The key
issue for utilizing their individual properties both at microscopic and macroscopic levels
is in assembling CNTs into nanostructures with favorable energy/stress transfer
pathways.3 One way to fulfill this requirement would be to align nanostructured CNTs
along with tightly-connected individual CNTs through chemical cross-linking.4,

5

Several approaches have been made in the past few years to achieve the structure
including CNT fibers and films through direct spinning6-8 and spinning from CNT
forests,9-11 respectively. Even though these methods have achieved enhanced mechanical
properties, they lack the chemical linking between individual CNTs in their dry
processes and hinder the construction of nanostructured CNTs-assembly along with the
extension of novel CNTs-assembly to multifarious applications.
GO with lots of functional groups has been regarded as an efficient building block due
to the abundant functional groups that facilitate additional improvements in interfacial
strength by creating sheet-sheet intermolecular bridges.12-17 For instance, the mechanical
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properties of cross-linked GO films are held together by divalent ion,18 borate,19 and
glutaraldehyde (GA)20 while hybrid composite films based on GO and poly(vinyl alcohol)
(PVA),21 poly(dopamine) (PDA)22 were superior to those of common GO films formed
by van der Waals interaction. Recent advances in CNTs-GO hybrid composites - which
include CNTs-GO fibers fabricated by a bio-inspired cross-linking reaction,23 CNTs-GOpolymer composite,24 and GO-coated dry-spun CNTs fibers25 - allowed for further
improvements in the mechanical properties. However, the rationale behind effective
load-bearing architectures of the reported composite materials is still unclear. The
outstanding mechanical properties were determined by testing tiny fiber samples at submicron diameter and insufficient 1~2 mm gage length.26, 27 Overall, the development of
novel hybrid materials between CNTs and GOs featuring mass productivity with superior
mechanical properties and further understanding about effective load-bearing
architecture from hybrid microstructure are needed.
In many natural materials, bone combines strength with toughness due to its complex
architecture, which consists of hydroxyapatite nanocrystals incorporated with collagen
molecules. Previous studies have revealed the key mechanistic principle of bone and the
strengthening role of mineral hydroxyapatite.28-31 The distinctive nanostructure based on
electrostatic interactions and hydrogen bonding between plate-shaped hydroxyapatite
nanocrystals and fiber-shaped collagen molecules provides unique load-bearing
characteristics, making bone both strong and tough. In this respect, mimicking the
natural bone structure inspires a new approach toward novel materials utilizing unusual
combinations of strength and toughness. However, a practical method for large-scale
preparation of bioinspired bulk composite is still scarce.
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Inspired by natural bone, we introduce a nearly monolayered small GOs into SWNT
based bulky film to form an effective load-bearing hybrid architecture. In general, only
GO-based film or fiber prefer to use larger-size GO sheets to induce a strong inter-sheet
π-π interaction for increasing the packing density of material, which is a key parameter
in determining the mechanical properties.32 In our study, however, we reduced the GO
sheet size to weaken the inter-sheet π-π interaction, enabling the incorporation of thinner
GO sheets into the SWNTs assembly. The thinner and smaller GO sheets allow a more
homogeneous cross-linking reaction between SWNTs and GO sheets and form a bonemimetic load-bearing architecture. This leads to enhanced mechanical strength, modulus,
toughness, and even electrical conductivity compared to those of previous SWNTs-GOs
hybridized composites. Further elaboration on the mechanism study by in-situ Raman
spectroscopy during tensile testing shows that the thinner and smaller size-GO sheet acts
as an efficient “stress-transfer medium” comparable to hydroxyapatite nanocrystals in
providing strength and toughness to the bone.
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4.2 Results and discussion
The SWNT-GO film fabrication is illustrated in Figure 4.1. Prior to fabrication, SWNTs
(Figure 4.2) were oxidized by a mixed acid and GO was prepared by a modified
Hummers method as described in the experimental section. First, the SWNTs and sizecontrolled GO sheets were uniformly dispersed in dimethylformamide (DMF) at a 3:1
ratio by weight of SWNT to GO. Then, the SWNTs and GO sheets were interconnected
with p-phenylenediamine (PPD) by stirring for 24 h. The cross-linked SWNT-GO
suspension was filtered and washed in DMF before drying in the vacuum oven at room
temperature to fabricate the black SWNT-GO film.
The GO lateral size is well known to determine the microstructures and properties of
resulting GO materials. Relatively large GO sheets have fewer structural defects and
more intersheet junctions so there are ordered, stacked microstructures. These have great
potential for structure materials, electronic devices, and gas barriers.32-35 On the other
hand, small GO sheets have abundant active functional edging sites, which are desirable
for utilization in chemical reactions.36, 37 To investigate the influence of GO size on the
efficiency of cross-linking and load-bearing, the GO size was controlled by varying the
tip sonication time from 0 to 30 min. These GO sheets were denoted as GOXX, where
XX refers to the sonication time. We conducted dynamic light scattering (DLS) to
measure the lateral size distributions of GO sheets in solution (Figure 4.1b). As expected,
the size distribution of GO sheets shifted to smaller values depending on the sonication
time. The average lateral sizes of GO0, GO10, GO20, and GO30 were 10255.5, 405.9,
260.6, and 210.5 nm, respectively. The size variation indicated that the lateral size of GO
sheets were reduced significantly within a very short sonication time, as shown in Table
4.1. We used the transmission electron microscopy (TEM) to analyze the lateral size of
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the obtained GO sheets, as shown in Figure 4.3. This confirmed that the GO30 sheet size
was similar to the values determined by DLS measurements. According to Onsager’s
theory, large GO sheets can form a liquid crystalline phase due to their high aspect ratio.35,
38-40

Indeed, prominent birefringence was observed in the GO0 sample, as shown in

Figure 4.1b, which indicate a stable nematic phase formation. On the other hand, no
birefringence was observed in GO10, GO20, and GO30 samples under crossed
polarizers, so demonstrate a significantly reduced aspect ratio and intersheet π-π
interaction of obtained GO sheets by sonication. This suggests that reducing the lateral
size and intersheet π-π interaction of GO sheets from a facile sonication method can be
accomplished. In general, this is highly advantageous for the homogeneous
incorporation of GO sheets in densely packed SWNT film.
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Fig. 4.1. a) Preparation process of SWNT-GO hybrid film. b) The size distribution of
GO sheets depending on the tip sonication time (0 ~ 30 min). The insets are the polarized
1.0 mg/mL GO suspension optical micrographs.

105

Fig. 4.2. a) SEM image of individualized SWNTs on a Si wafer and b) their length
distribution.
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Table 4.1. Size of fragmented GO sheets characterized by DLS measurement

Sonicated time

Size of GO

Tip sonication (min)

Bath sonication (h)

AVG (nm)

STDEV

0

6

10255.5

1060.5

1

6

1130.0

31.4

10

6

405.9

16.4

20

6

260.6

2.5

30

6

210.5

8.6
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Fig. 4.3. TEM image of GO30 sheets and SWNTs after sonication.
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The reduced GO sample size and weak intersheet π-π interaction have influenced the
cross-linking reaction rate. When the PPD cross-linking agent dissolved in SWNT-GO
suspensions, the reactions between SWNTs and GO sheets led to the precipitation of
SWNT-GO, as shown in Figure 4.4a. In contrast to SWNT-GO10, GO20, and GO30, the
SWNTs and GO0 sheets were still well dispersed in the suspension without precipitation
even after 3 h of stirring, which indicate a late cross-linking reaction. These results were
quantitatively confirmed by UV-vis spectroscopy monitoring the SWNT-GO suspension
absorbance as a function of cross-linking time (Figure 4.4b). As the cross-linking
reaction time increased, the SWNT-GO30 suspension precipitated much faster than
others, implying that the smaller GO sheet size initiated a faster cross-linking reaction.
A X-ray photoelectron spectroscopy (XPS) was performed to verify the amide bond
formation between SWNT and GO by adding the PPD cross-linking agent (Figure 4.4c).
All the SWNT-GO samples with PPD molecules exhibited new peaks at around 400 eV
binding energy, which are attributed to the N1s species of C-N bonds. Furthermore, no
peaks were observed for N1s in SWNT-GO30 film without PPD molecules (Figure 4.5).
TEM equipped with energy dispersive X-ray spectroscopy (EDX) elemental analysis
was conducted to identify the spatial distribution of relevant atoms (C, O, and N). As
indicated in Figure4.6, N atoms from PPD molecules were uniformly distributed on the
SWNT-GO30 surface, suggesting a successful amine functionalization. X-ray diffraction
(XRD) patterns (Figure 4.4d) of GO films displayed characteristic GO peaks from an
interlayer distance of 0.97 ~ 1.0 nm (2theta: around 9.0°).35, 41 However, in the case of
SWNT-GO20 and -GO30 composite films (Figure 4.4e), the characteristics GO film
peaks almost vanished, pointing to a very weak stacking along the c-axis. Consequently,
well-dispersed, size-reduced GO sheets are homogeneously incorporated into SWNT
films in the nearly mono-layered state without restacking themselves.
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Fig. 4.4. a) SWNT-GO suspension precipitation depending on the cross-linking reaction
between SWNTs and GO sheets by PPD molecules b) Absorbance at 550 nm of SWNTGO suspensions acquired by UV-vis spectroscopy to quantitatively monitor the crosslinking reaction. c) XPS wide spectra of SWNT-GO films. XRD patterns of d) only GO
sheets and e) SWNT-GO hybrid films.
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Fig. 4.5. XPS wide spectrum of SWNT-GO30 film without cross-linking agent.
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Fig. 4.6. a) TEM image of the SWNT-GO30 sample after cross-linking and elemental
maps of b) carbon, c) oxygen, and d) nitrogen.
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We studied the GO size effect on the mechanical properties of SWNT-GO films using
a uniaxial tensile measurement. Figure 4.7a shows the representative stress-strain curves
of SWNT-GO films along various GO sizes. The determined tensile strength, modulus,
and toughness of SWNT-GO0 film were about 123.8 ± 25.0 MPa, 9.1 ± 0.8 GPa, and 2.0
± 1.0 MJ/m3, respectively. By using smaller GO sheets in fabrication, the tensile strength,
modulus, and toughness of SWNT-GO films gradually increased. Thus, the parameters
reached up to 208.8 ± 34.3 MPa, 14.9 ± 2.3 GPa, and 3.3 ± 1.0 MJ/m3, respectively,
when GO30 sheets were used. The obtained values of SWNT-GO30 film outperformed
those of other films fabricated by pure SWNT, cross-linked SWNT, and pure
SWNT/GO30 without PPD (Figure 4.8), which manifests the synergistic effect of the
cross-linking reaction between SWNTs and GO30 sheets. The detailed mechanical and
electrical characteristics of SWNT-GO films are summarized in Table 4.2.
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Fig. 4.7. a) Stress-strain curves of SWNT-GO0 (gray), -GO10 (pink), -GO20 (blue), and
T-GO30 (green) films. b) Tensile strength (black squares) and elastic modulus (blue
squares). c) Toughness values of SWNT-GO films
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Fig. 4.8. Representative stress-strain curves of SWNT, SWNT with PPD, and SWNTGO film without PPD.
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Table 4.2. Summary of SWNT-GO film mechanical and electrical performance
Sample

Strength
(MPa)

Modulus
(GPa)

Elongation
(%)

Toughness
(MJ/m3)

Electrical
conductivity
(S/cm)

SWNTGO0

123.8 ± 25.0

9.1 ± 0.8

2.8 ± 1.1

2.0 ± 1.0

191.0±1.7

SWNTGO10

139.6 ± 29.7

11.3 ± 1.4

2.6 ± 0.6

2.3 ± 1.0

236.4±2.9

SWNTGO20

177.0 ± 20.5

11.6 ± 0.2

2.8 ± 0.5

2.9 ± 0.9

323.5±9.6

SWNTGO30

208.8 ± 34.3

14.9 ± 2.3

2.6 ± 0.4

3.3 ± 1.0

350.9±4.2
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Previously reported cross-linked GO films18-20 and their composite materials42-44
possess outstanding mechanical performances that generally exhibit low electrical
conductivities due to the insulating characteristics of used GO sheets. Even if the used
GO sheets in these materials were reduced by adding a reducing agent or thermal
treatment, the electrical conductivity of these materials was not easily recovered because
such materials were built with non-conductive cross-linking agents or polymer matrix,
and the reduced GO sheets in such materials were inhomogeneously distributed to
hamper the electric-conductive pathway formation. It is noteworthy that the electrical
conductivity of SWNT-GO30 film surpasses those of other benchmark GO-based
composite films. Furthermore, it is comparable to CNT film even without further GO
reduction (see Figures 4.9a and 4.9b). We believe that the size-tuning strategy enables
the GO sheets to be well-dispersed in a nearly mono-layered form. Thus, the insulating
nature of the GO sheets might be negligible on the fabricated composite film.
We previously reported on self-assembled CNTs buckypaper3 by simple filtration of
highly concentrated dispersion. Because of its aligned and dense microstructure, the
material exhibited high tensile and compressive strength without any additives. Taking
into account the 1-dimensional morphology and less-flexible rigid body of the CNTs,
however, the desirable cross-linking reaction hardly occurred, so a cross-linking agent
in the SWNT film would need additions that can serve more efficient cross-linking
reactions (SWNT with PPD in Figures 4.8 and 4.9b). When considering mechanical
properties of the reported materials (Figure 4.9b), the strength of the prepared SWNTGO30 films exceeds that of GO films modified by multifarious linking ions,18,

19

composite with polymers,21, 22, 42-46 and natural materials.47 Taking into consideration that
strength and toughness are mutually exclusive, a competent SWNT-GO30 toughness can
provide an alternative approach for developing an ideal compromise between ductility
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and hardness. When a load is applied, it is speculated that the incorporated GO sheets
are both well-distributed and nearly monolayered to make them a damage-tolerable
material via promoting appropriate inter-sheets sliding, which operates efficacious
stress-transfer and inhibits crack initiation.
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Fig. 4.9. a) Electrical conductivities of SWNT-GO films. b) Comparison of tensile
strength and toughness values of prior-art materials. Fully-filled square, half -filled
square, and non-filled square indicate the order of electrical conductivity.
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The introduction of size-reduced GO sheets into the SWNTs resulted in different
integrated surfaces and fractured ends during tensile loading. The surface morphologies
of SWNT-GO films before and after tensile tests are observed using scanning electron
microscopy (SEM), as shown in Figure 4.10. When utilizing the larger GO sheets
(SWNT-GO0 film) for a stress-transfer medium, relatively irregular and rough
morphology was found (Figure 4.10a). As the used GO sheet sizes decreased, the
resultant hybrid films displayed more uniform, smoother, and denser surface morphology.
Further investigations on the surface roughness through atomic force microscopy (AFM)
with 10 μm x 10 μm scan area and line scan are consistent with SEM results (Figure
4.10i–l). The lower root-mean-square (RMS) value of the surface roughness has
accounted for the long-range uniformity, dense packed nanostructure, and
interconnectivity in nanoscale. As the used GO sheet sizes decreased, the roughness
values continue to reduce, ensuring a more uniform and denser packed nanostructure.
These nanostructures played a role in their ability to promote SWNTs sliding efficiently
during tensile loading. Based on the observation that the number of SWNTs stuck out of
the fractured composite after tensile test increased in accordance with decreasing surface
roughness values (Figure 4.10e–h), we can conjecture that more nanotubes in SWNTsGO30 participated in dissipating energy that was generated during deformation and
reducing the driving force for cracking. These features constrain the deformation of the
hybrid film and are the basis for increasing bone strength with collagen and
hydroxyapatite nanocrystal.
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Fig. 4.10. SEM micrographs and large area AFM images with line scan results showing
the surface morphologies and fractured ends after tensile testing of a, e, i) SWNT-GO0;
b, f, j) SWNT-GO10; c, g, k) SWNT-GO20; and d, h, i) SWNT-GO30 films.
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To further investigate the size effect of incorporated GO sheets on the stress transfer
efficiency, we conducted an in-situ Raman spectroscopy measurement during tensile
loading of SWNT-GO films, as shown in Figures 4.11a and b. It is suggested that the G’
band shift in Raman spectrum can be considered a criterion to quantitatively characterize
the load-sharing of sp2 nanocarbons.48-50 In other words, the down shift of the G’ peak
position originating from the elongated carbon-carbon bonds under tensile strain indicate
that the generated stress energy dissipates efficiently. Figures 4.11b shows a typical G’
band Raman spectra change of SWNT-GO30 film during tensile loading (Figure 4.12 for
G’ band Raman spectra of SWNT-GO0, GO10, and GO20 films). The evident down shift
and peak broadening of the G’ band determined by the increased strain confirm that the
evolved macroscale strain by axial tension was well-distributed to the hybrid film
constituents: SWNTs and GO sheets. As shown in Figure 4.11c, the degree of stress
transfer varied according to the used GO sheet size for hybrid films. The downshifts in
SWNT-GO20 and -GO30 continued to occur even after exceeding 0.4% of tensile strain
while the bigger GO sheets-based hybrid films (SWNT-GO0 and -GO10) displayed the
change plateau after 0.4% of tensile strain. These trends highlighted a crucial role of
used GO sheet size in hybrid films on determining stress transfer efficiency, and are
indicative of resulting mechanical performances (Table 4.2). The TEM micrograph of
the SWNT-GO30 (Figure 4.11d) exhibits uniform coverage of SWNTs with sizecontrolled GO sheets, leading to a favorable architecture for efficient stress transfer. We
conjectured that the stress transfer efficiency can affect the relative orientation change
of SWNTs in the hybrid film during tensile loading and thus measured the polarized
Raman spectra to qualify the alignment along the tensile axis (Figure 4.11e and 4.13).
The large difference in the Raman intensity depending on the polarization (parallel and
perpendicular to tensile axis) provided a solid evidence for a complete alignment of the
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SWNTs in hybrid film during tensile loading. The generated stress was well-distributed
to the respective SWNTs in hybrid film and the stress-loaded SWNTs were more flexible
in properly responding to the mechanical stimulus for achieving the desired mechanical
performances. As expected, the largest intensity difference (Figure 4.11f) was obtained
for the SWNT-GO30 in which the smallest GO sheets were used for the hybrid film. This
demonstrates the efficient stress transfer of the microstructure. We further support the
enhanced alignment of SWNTs upon stress loading by polarized optical microscopy
(POM) images. For SWNT-GO20 and -GO30 films (smaller GO sheets used; Figure
4.11g and 4.14), there is strong birefringence on the exposed surface of fractured hybrid
films, indicating well-aligned SWNTs. Others that used larger-scale GO sheets did not
exhibit a birefringence. From these observations, we can conclude that the size-tuned
GO sheets not only facilitated substantial stress transfer to the overall hybrid film, but
also enabled the hybrid films to be responsive to mechanical stimulus, resulting in
transmuting randomly-oriented SWNTs into highly-aligned SWNTs.
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Fig. 4.11. a) Schematic illustration of in-situ Raman spectroscopy at tensile stage. b) G’
band Raman spectra of SWNT-GO30 film under tensile strain. c) G’ peak shift in the
Raman spectra of the SWNT-GO films during tensile loading. d) TEM image showing
the inter-connection between SWNTs and GO sheets. e) Polarized Raman spectra along
the tensile axis showing relative orientation change of SWNT-GO30 after failure. f)
Relative G peak intensity ratio in polarized Raman spectra of SWNT-GO films after
failure. g) Fractured surface of SWNT-GO30 film between two crossed linear polarizer
with an inset of normal OM image.

124

a
Intensity (a.u.)

=0%
=0.6%
=1.2%

2550

2600

2650

2700

2750

2800

Raman shift (cm-1)

b
Intensity (a.u.)

=0%
=0.6%
=1.2%

2550

2600

2650

2700

2750

2800

Raman shift (cm-1)

c
Intensity (a.u.)

=0%
=0.6%
=1.2%

2550

2600

2650

2700

2750

2800

Raman shift (cm-1)

Fig. 4.12. G’ band Raman spectra of a) SWNT-GO0, b) SWNT-GO10, and c) SWNTGO20 films under tensile strain.
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Fig. 4.13. Polarized Raman spectra along the tensile and perpendicular axis showing the
relative orientation change of a) SWNT-GO0, b) SWNT-GO10, and c) SWNT-GO20
films after failure.
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Fig. 4.14. Fractured surface of a) SWNT-GO0, b) SWNT-GO10, and c) SWNT-GO20
film after failure and their POM images under two crossed linear polarizer.
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Considering the fibril structure of SWNTs and platelet-like GO sheets, if the size-tuned
GO sheets are preferentially oriented with their c axis parallel to the SWNT fibrils, the
hybrid composite mimics the natural bone microstructure with fibril collagens and
platelet hydroxyapatite nanocrystals. We simplified the microstructure of the hybrid
composite films according to the used GO sheet size as shown in Figure 4.15. Largescale GO sheets (Fig. 4.15a) induced isolated GO aggregation islands in the composite
due to a strong intersheet π-π interaction. Such microstructures caused far less chemical
cross-linking reactions with SWNTs. However, the small-scale GO sheets (Fig. 4.15b)
can be homogeneously incorporated into SWNTs in a nearly mono-layered state, as
confirmed by XRD and TEM results, with high-density cross-linking reactions that
mimic the bone microstructure. As the load is applied, such bone-like microstructures
can resist fractures by retarding the crack propagation due to its efficient stress transfer
and acquiring a much higher specific strength and toughness. Additionally, a susceptible
movement toward mechanical stimulus of this proposed system might enhance the
mechanical properties.
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Fig. 4.15. Schematic diagram showing different architecture and fracture behavior of
cross-linked a) SWNT-large GO and b) SWNT-small GO films.
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4.3 Experimental
Preparation of SWNT-GO film.
SWNTs (1~2 nm in outer diameter, 10~15 μm in length, Purity > 95 wt.%, Timesnano,
Chengdu Organic Chemicals Co. Ltd., China) were oxidized by a mixture of sulfuric
acid and nitric acid (v/v = 3:1) at 60 °C for 24 h. GOs were prepared by a modified
Hummers’ method51 from large-flake graphite (Sigma Aldrich). The GO sheet size was
controlled by varying the tip sonication time. Typically, 30 mg of SWNT were dispersed
in 39 ml of DMF then mixed with 1 ml of size-controlled GO (10 mg/mL in
concentration) and PPD under 6 h of moderate bath sonication. 1-ethyl-3-(3dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) (Sigma
Aldrich) were added to activate the carboxyl groups of SWNT and GO and also facilitate
the formation of amide bonds. The suspension was stirred for 24h before filtration and
drying under vacuum at room temperature for one day.

Characterization
The size distribution of size-controlled GO samples was studied based on DLS using
an ELSZ 1000ZS Size Analyzer, Otsuka. To ensure data reproducibility, DLS
measurements were repeated 1000 times for each GO sample. The UV-vis spectra of
SWNT-GO suspensions were acquired using a spectrometer (UV-vis-NIR Cary 5000
spectrometer, Varian). The XPS study of the SWNT-GO films was carried out to confirm
the amide bond formation using a spectrometer (AXIS-His, KRATOS). The XRD
profiles were obtained to study the interlayer distances and microstructure of solidified
GO and SWNT-GO films using a D8 Advance (Bruker) diffractometer equipped with a
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CuKα-radiation source (λ = 1.54184 Å). Tensile tests were performed using a universal
testing machine (Instron-5543, Instron). The gage length and loading rate were 10 mm
and 1 mm/min. Prior to the tensile test, the films were cut into the sizes (length: 32 mm,
width: 6mm) shown in Figure 1a. The electrical properties were measured using a
Keithley 2634B unit. The SEM (JSM6700F instrument, JEOL) was used to obtain the
cross sectional morphology, fractured end of the SWNT-GO films, and the length
distribution of individualized SWNTs on a Si wafer. The length distribution of
individualized SWNTs was analyzed using Image-Pro Plus software. The AFM images
and line scan results of each SWNT-GO film were obtained using the Surface Imaging
Systems NANOStationII instrument. The in-situ Raman spectroscopy was applied to the
strained SWNT-GO films to measure the load-bearing capability using a Raman plus
confocal laser Raman microscope (Nanophoton) with a 532 nm Nd-YAG laser source
integrated with a tensile stage (TST350, Linkam). The TEM images were obtained using
a microscope equipped with EDX (Tecnai F20, Philips). The optical images of the
fractured ends were obtained using an Olympus BX-51 microscope in the reflection
mode between two crossed linear polarizers.
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4.4 Conclusion
We successfully developed a novel load-bearing hybrid architecture with SWNTs and
size-tuned GO sheets reflecting the natural bone structure. The thinner and smaller GO
sheets facilitate a homogeneous incorporation of GO sheets into SWNT buckypaper. In
comparison with previous CNT and GO composite materials, the resultant films
exhibited higher tensile strength, toughness, and exceptional electrical conductivity
without any reduction. In-situ Raman spectroscopy with POM results revealed that the
tailored GO sheets played a significant role as an efficient stress transfer medium. Taking
into account the versatility of the proposed hybrid structure, alternative synthetic
condition, and strengthening mechanism, we believe that the present approaches will
open a reliable platform toward unique self-assembled architectures that mimic the
nature and consecutive design of a carbon nanomaterial hybrid that has distinct
functional features.
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Chapter 5 Preparation and Mechanical/
Electrochemical Performance of TA@CNT
Hybrid Film for Flexible Energy Storage
System
5

5.1 Introduction
The increasing interest in flexible electronic devices such as collapsible display is
connected to increasing studies on flexible energy storage materials.1,2 In many flexible
supercapacitor electrodes, CNT based supercapacitor electrodes have attracted
considerable attention due to their high electrical conductivities and porous structures
for the fast transfer of ions and electrons.1, 3, 4 However, previously reported CNT based
electrodes are not strong enough for the bending and stretching force.5 Therefore, CNT
electrodes are easily degraded to external forces and lose their electrochemical
performances. The alignment method in Chapter 3, which is introduced to increase the
film strength, is not used as an approach since the close-packed nanostructure is not
desirable for electron and ion diffusion. In this regard, a preparation method for CNT
films that combines flexibility, strength, and high specific surface area is urgently
required.
In this work, we report on the flexible, strong, and pseudocapacitive CNT film by
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providing a functional metal-phenolic network between CNTs. In many chelation
phenolic materials, tannic acid (TA), which is a natural polyphenol, is a very attractive
material due to a facile coordination with metal ions. The pH dependent chelation and
adhesion capability of TA on Au nanoparticles was recently demonstrated.6-9 We showed
that TA could also wrap pristine SWNTs and disperse them in aqueous solutions. TA
functionalized SWNT films displayed high flexibility, strength, modulus, and
pseudocapacitive properties compared to pristine SWNT films.
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5.2 Results and discussion
The preparation process of TA@SWNT film is illustrated in Figure 5.1. The dispersion
issue has been challenging for pristine SWNTs in the wet process. Several approaches
to disperse SWNTs in an aqueous solution were attempted, but acid treatments
functionalized the oxygen functional groups on SWNTs and oxidized SWNTs showed
decreased electrical conductivity. While the use of surfactant was nondestructive in the
dispersion approach, the elimination of unnecessary surfactant after film preparation was
difficult. Compared to previous functionalization methods, TA functionalization by
metal-phenolic coordination complex demonstrates the nondestructive dispersion
approach which is free of elimination issue. As shown in Figure 1, TA and Fe ions were
dispersed after SWNT dispersion in water. When pH increased to 8, the well dispersed
TA@SWNT suspension was obtained. The difference in degree of dispersion before and
after Fe ion addition was shown in Figure 5.2. After the Fe ions coordinate with the TA
catechol groups, the degree of SWNT dispersion is enhanced.
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Fig. 5.1. Scheme of the TA@SWNT film preparation by Fe-catechol coordination.
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Fig. 5.2. Photograph of TA@SWNT suspensions before and after Fe ion addition.
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TEM equipped with EDX was used to confirm the adsorption of TA on SWNTs by Fephenolic coordination. As shown in Figure 5.3a, pristine SWNTs exist in large bundles
due to strong intermolecular van der Waals interactions. However, after TA adsorption
on SWNTs, it was shown that individualized SWNT was obtained with surface coated
morphology. The EDX line mapping analysis of the TA functionalized, individual
SWNT shown in Figure 5.4 indicates that the oxygen and iron elements were uniformly
coated to the surface of SWNT after Fe ion addition. The oxygen and iron content in the
SWNTs existed homogeneously in the composite at around 14 and 0.4 wt.%, respectively.
After the filtration of TA functionalized SWNT suspension, the TA@SWNT film was
obtained. Consequently, the surface morphology and EDX area mapping analysis of
TA@SWNT film was analyzed. As shown in Figure 5.5b, the TA@SWNTs had porous
structures with random orientations like with pSWNT films (Figure 5.5a). The EDX area
mapping analysis in Figure 5.5c demonstrated that oxygen and iron elements were
homogeneously embedded to TA@SWNT films, which was in accord with the
TEM/EDX line scan results. The uniform distributions indicated that the TA molecules
were well coated to SWNTs by Fe-catechol coordination complex.

145

Fig. 5.3. TEM images of (a) pristine and (b) TA functionalized SWNT.
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Fig. 5.4. TEM image and EDX line mapping analysis results of the TA functionalized,
individual SWNT for carbon, oxygen, and iron elements with an inset table indicating
content quantity.
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Fig. 5.5. SEM images of (a) pristine SWNT film and (b) TA@SWNT_10:1 film. EDX
mapping analysis results of the TA@SWNT film for the carbon (red), oxygen (green),
and iron (aquamarine) elements.

148

XPS was performed to obtain information about the surface chemical characteristics of
the TA functionalized SWNT films with the varied TA mixing quantities. Figure 5.6.
shows the XPS spectra with magnified views of the carbon (C1s) peaks and weight
fractions of various C in the films. The peaks from the C1s spectra of pristine SWNT
and TA@SWNT films were assigned to the C=C (284.5 eV), C-C (285 eV), C-O (286.1
eV), C=O (287.1 eV), O-C=O (288.2 eV), and pi-pi (290.3 eV) modes. As the quantity
of wrapped TA increased, that of oxygen functional groups (C-O, C=O, and O-C=O)
increased, as shown in Figure 5.6c.
TGA was carried out to calculate the weight ratio of the TA in the TA@SWNT film
with varied TA quantities. Furthermore, the weight ratio was calculated just before the
degradation of SWNTs near 425oC. As shown in Figure 5.7, the weight fraction of TA in
the composite was increased to 36.2 and 55.7 % according to increased TA quantities.
The electrical conductivity of the products was also shown in Figure 5.8. Due to the
nonconductive TA molecules, the TA@SWNT films showed relatively decreased
conductivity compared to pristine SWNT films.
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Fig. 5.6. C1s XPS spectra of (a) pristine SWNT film, (b) TA@SWNT_5:1 film, and (c)
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The effect of Fe-catechol coordination complex on the mechanical properties of
TA@SWNT films was studied using a uniaxial tensile measurement. Figure 5.9 shows
the representative stress-strain curves of TA@SWNT films. The average tensile strength
of pristine SWNT film was 4.8 MPa, which was similar to previously reported films.
TA@SWNT films prepared without Fe ions showed very low strength while the addition
of Fe ions increased the tensile strength and modulus of TA@SWNT films. As the pH
increased to 7, the tensile strength of TA@SWNT films increased due to the Fe-catechol
transition of mono-complex to tris-complex and effective stress dissipation. As shown
in Figure 5.5, although the TA@SWNT film had a porous structure with randomly
oriented SWNTs, the strong metal-bio coordinated SWNTs show 4~20 times higher
mechanical performance than films composed of pure SWNTs. Raman spectroscopy was
performed to demonstrate the Fe3+-catechol coordination in SWNTs after the addition of
Fe. As shown in Figure 5.10, a clear Raman band was shown at 650~750 cm-1,
originating specifically from the Fe3+ ion chelation by the catechol oxygen atoms.10 In
low pH conditions, the peaks associated with the coordination were not observed. With
the enhanced tensile strength, the mechanical stability and flexibility of the SWNT film
upon bending was significantly enhanced, as shown in Figure 5.11, which was expected
to be applied to flexible energy storage systems as freestanding electrodes.
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Table. 5.1. Tensile strength of pristine SWNT, TA@SWNT prepared without Fe ions,
TA@SWNT_Fe_pH1, and TA@SWNT_Fe_pH7 films

Material

Fe

pH

SWNT
TA @ SWNT
TA @ SWNT
TA @ SWNT

X
X
O
O

7~8
7~8
1
7~8

155

Strength (MPa)
AVG
STD
4.8
0.1
12.0
1.2
17.5
5.0
82.9
6.11

1.0
pH1
pH5
pH12

0.8
Intensity (a.u.)

Chelation of Fe3+

0.6
0.4
0.2
0.0

600

800 1000 1200 1400 1600 1800 2000
Raman Shift (cm-1)

Fig. 5.10. Raman spectra of TA@SWNT prepared with varying pH.
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Fig. 5.11. Photograph bended TA@SWNT film showing flexibility.
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To analyze the electrochemical performance of the TA@SWNT films as a flexible,
freestanding electrode material for flexible supercapacitors, cyclic voltammetry and
galvanostatic charge/discharge performance tests at various rates were conducted using
three electrode systems. As shown in Figure 5.12, the typical redox peaks around 0.4 V
(vs SCE) correspond to the faradaic reaction of quinone groups in TA. The small peaks
of pristine SWNT films near 0.4 V were known as oxygen containing carbon
impurities.11 The different current density of the films at a scan rate of 10 mV/s in the
CV curves indicated increased charge storage capacitance of TA@SWNT films. Figure
5.13 illustrates the galvanostatic charge-discharge curves of the films. At an applied
current density of 1A/g, the discharge curves of TA@SWNT_10:1 film obviously
deviated from the typical linear shape of EDLC based supercapacitors. However, pristine
SWNT and TA@SWNT_5:1 had almost linear shaped curves. For TA@SWNT_10:1
film, it was found that the specific capacitance between -0.2 and 0.5 V was much larger
than that between 0.5 and 1 V, which with CV curves suggested that pseudocapacitance
becomes dominating at low potential regions. As shown in Figure 5.14, the volumetric
capacitance of TA@SWNT_10:1 films was superior compared to other films. The
volumetric capacitance of TA@SWNT_10:1 film was 1.8 times higher than pristine
SWNT film at an applied current density of 1A/g due to the additional pseudocapacitance
properties of TA.
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Fig. 5.12. Cyclic voltammetry curves of pristine SWNT, TA@SWNT_5:1, and
TA@SWNT_10:1 films at a sweep rate of 10 mV/s in 1M H2SO4 solution.
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Due to the nonconductive TA in the composite, the electrical conductivity was not high
and deteriorated the kinetics during the charge-discharge process. To increase the
electrical conductivity of TA@SWNT films, the films were heated to 200 and 400oC at
2.5oC/min in nitrogen atmosphere. The phenolic groups on carbon decomposed at over
600oC in nitrogen atmosphere while the carboxylic acid groups carbonized near
200oC.12,13 The electrical conductivity of TA@SWNT film increased with the heating
temperature, as shown in Figure 5.15. After the carbonization process, the change in
quantity of surface functional groups on the film was analyzed as shown in Figure 5.16.
Due to the high decomposition temperature of phenol and quinone groups, the peak
intensities of C-O and C=O showed similar values, which the phenolic groups for metal
coordination and pseudocapacitance preserved.
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Fig. 5.15. The electrical conductivities of the heated TA@SWNT_10:1 films.
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Fig. 5.16. C1s XPS spectra of TA@SWNT_10:1 film after carbonization (a) at 200 and
(b) 400oC. The quantitative analysis of various carbon forms in the films are calculated
from the C1s peak deconvolution.
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The galvanostatic charge-discharge curves of TA@SWNT films after carbonization
were obtained at a current density of 1A/g. As shown in Figure 5.17a, the differences in
the discharge curve shape was observed to determine that the heated sample had much
higher capacitance. The slope of the 400oC sample changed greatly around 0.4 V due to
the faradaic reaction after heat treatment. The volumetric capacitance of the TA@SWNT
(400oC) sample showed 52.0 F/cm3, which was superior to other films. When we applied
a lower current density than 1A/g, much higher values were obtained. These differences
in volumetric capacitance with the carbonization temperature were due to differences in
charge transfer. The Nyquist impedance spectra of the TA@SWNT films with varied
carbonization temperature were illustrated in Figure 5.18. The AC impedance data for
the samples were compared over the frequency range 100 kHz-10mHz under open circuit
voltage after preliminary equilibration. The impedance analysis results clearly
demonstrated that the charge transfer resistance (Rct) of the films reduced with the
increased heating temperature due to the faster charge transport.
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Fig. 5.17. (a) Galvanostatic charge-discharge plot for TA@SWNT_10:1 films with
varied carbonization temperatures. (b) Overall film capacitance as a function of
discharge current density with 1M H2SO4 solution.
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Fig. 5.18. Nyquist impedance spectra of the TA@SWNT films.
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The Ragone plot in Figure 5.19, which summarized the electrochemical performances,
was obtained from charge-discharge measurements of the TA@SWNT film at a variety
of power densities based on the total mass. The energy density and power density with
respect to TA@SWNT films were calculated using E=0.5CV2/M and P=0.25V2/RM,
where C was the capacitance from Figure 5.17, R was the internal resistance, and M was
the total mass of the film. The flexible TA@SWNT film showed typical supercapacitor
class in the Ragone plot and showed higher energy densities than carbon nanomaterials
based on EDLC. The flexible, freestanding TA@SWNT film displayed extremely good
cycling stability with only 3% variation in capacitance over 1000 cycles (Figure 5.20).
During the electrochemical performance test at a 180o bent state as shown in the Figure
5.20 inset, the capacitance retention was excellent without any loss and enabled for
application in flexible energy storage devices.
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Fig. 5.19. Ragone plot for the TA@SWNT film at various charge-discharge rates in the
working potential range of -0.2-1V. The data were calculated based on the total mass of
the active electrode materials.
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Fig. 5.20. Cycling stability of TA@SWNT film upon bending. The inset image shows
the bent, flexible, and freestanding film.
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5.3 Experimental
Materials.
The SWNTs (CVD, Purity > 95wt .%, 1–2 nm outer diameter, 10–15 μm length) used in
this work were purchased from Timesnano, Chengdu Organic Chemicals Co. Ltd., China.
The TA and iron (III) chloride hexahydrate (FeCl3·6H2O) were purchased from SigmaAldrich. All materials were used as received.

Preparation of Fe3+-Catechol coated SWNTs
The SWNTs, TA and FeCl3·6H2O were soaked in 20ml of DI water in a 40 ml vial. The
final ratio of SWNT, TA and FeCl3·6H2O were as 1: 10: 2.5 and 1: 5: 2.5 by weight. The
solution was vigorously mixed by magnetic stirring for 30 min at room temperature. The
pH of this solution was subsequently adjusted to pH 8 by adding NaOH powder then the
prepared solution was filtered and washed by DI water to prepare TA functionalized
SWNT film. The resultant film was then dried in a vacuum oven for 48 h.

Characterization.
The transmission electron microscopy (TEM) images and energy-dispersive X-ray
spectroscopy (EDX) line scan results were obtained by using a microscope equipped
with EDX (JEM-2100F, JEOL). Scanning electron microscopy (SEM) (JSM6700F,
JEOL) was used to analyze the surface morphology of the film. Furthermore, the TA
weight fraction in SWNT composite was confirmed by thermogravimetry analysis (TGA)
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in air atmosphere (10oC/min). The XPS study of the TA@SWNT films was carried out
to confirm the formation of oxygen functional groups including phenol and carboxylic
acid using a spectrometer (AXIS-His, KRATOS). The electrical conductivities of the
prepared films were measured using a Keithley 2634B unit and tensile tests were carried
out using a universal testing machine (Instron-5543, Instron). For tensile tests, the
TA@SWNT films were cut to size (length: 32 mm, width: 2 mm). The gage length and
loading rate were 10 mm and 1 mm/min, respectively. For Raman spectroscopic studies,
a Raman plus confocal laser Raman microscope (Nanophoton) with a 785 nm laser
source were used in combination with a 20x microscope objective. The electrochemical
performances of the TA@SWNT films were investigated by cyclic voltammetry (CV)
and galvanostatic charge-discharge test using three electrode systems with a battery
cycler (WBCS3000, WonATech). The freestanding TA@SWNT films were used as
working electrode without any supporting material. Pt wire and saturated calomel
electrode (CHI150) were used as counter and reference electrodes, respectively. Finally,
an electrochemical impedance spectroscopy (EIS) study was conducted with a
potentiostate generator (ZIVE SP2).
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5.4 Conclusion
In this study, we report the hybridization of natural polyphenol, TA, as a multifunctional
material with SWNTs for flexible energy storage device applications. TA allows for the
dispersion of SWNTs in water as well as strong interactions between SWNTs by creating
metal-bio

coordination complexes. Strong

TA@SWNT

films

showed

high

pseudocapacitance properties after carbonization and the electrochemical performances
were maintained upon deformation (bending). Such SWNT-based composite films with
high mechanical strength, flexibility, lightweight, and conductivity can be utilized to
boost the wearable electronic application.
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Abstract in Korean
이 논문은 구조용, 다기능성 재료로 활용되기 위한 맞춤형 구조를 가진 새로운
탄소나노튜브 기반 복합체 필름의 제조 및 특성 분석에 대해 연구하고자 한다.
탄소나노튜브는 뛰어난 기계적, 전기적, 열적 특성을 가져 최근 수 십년간
물리/화학적 특성에 대한 근본적인 분석과 다양한 응용기술에 대한 연구를
활발하게 하였다. 그러나 기대와는 달리 다방향성으로 조립된 탄소나노튜브
버키페이퍼, 섬유, 실 등은 탄소나노튜브 한 가닥의 우수한 성질을 발현하지
못하고 있다. 게다가 기존에 보고된 약한 결합력을 가진 탄소나노튜브 필름들은
쉽게 외력에 의해 부서지고 그들의 특성을 잃어버려왔다. 나노구조를 제어하기
위한 기존의 방법들은 적용분야에 응용되기 위한 성능, 내구성, 대량생산성 등의
조건을

만족시키지

가지면서도,

정렬된

못했다.

그러므로

나노구조를

갖도록

탄소나노튜브를
제어하는

것은

강한

상호작용력을

고강도

다기능성

탄소나노튜브 필름을 제조하는데 가장 큰 이슈이다.
1장에서는 탄소나노튜브 기반 복합체 필름의 고강도, 다기능성 특성에 영향을
미치는 관련 물리/화학적 변수들을 소개하고자 한다. 최신의 탄소나노튜브 필름
재료들과, 해결되지 못한 이슈들이 토의될 것이다. 또한 본질적, 이론적 접근을
통한 본 연구의 목적을 소개한다.
2장에서는 고강도 탄소나노튜브 필름에 대해 기존에 보고된 실험결과들의
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분석을 바탕으로 새로운 이론적 접근법을 연구하고자 한다. 탄소나노튜브 기반
필름의 기계적 특성과 구조적 파라미터들간의 상호관계를 연구함으로써 강도에
영향을 미치는 주요인자에 대한 이론을 제공하고자 한다. 탄소나노튜브 필름에
대한 이론적 모델링을 수행하여 특정 구조와 상호작용력에 의한 탄소나노튜브
필름의 기계적 물성을 예측하고, 궁극적으로 이상적인 구조와 특성을 제안하고자
한다.
3장과 4장에서는 응력 전달에 유리한 나노구조를 갖도록 설계하는 방법론으로,
자기조립 되어 빽빽한 나노구조를 갖는 한 방향으로 정렬된 탄소나노튜브와,
그래핀옥사이드@탄소나노튜브 필름의 제조 및 특성분석을 연구하고자 한다.
고밀도,

고배향성을

버키페이퍼의

갖는

형태로

탄소나노튜브들은

제조되었다.

간단한

탄소나노튜브

필터링
분산액의

방법을

통해

임계농도가

탄소나노튜브의 배향과 자기조립거동에 크게 영향을 미쳤다. 또한 필터링 과정
중에

단위면적당

쌓인

탄소나노튜브의

양이

증가할

때

수평으로

배향된

탄소나노튜브 도메인이 커짐을 확인하였다. 배향된 버키페이퍼는 기존에 보고된
버키페이퍼들에 비해 훨씬 높은 밀도, 강도, 탄성율과 경도를 보였다. 또한 자연의
뼈 구조를 모사하기 위한 그래핀 옥사이드/탄소나노튜브 하이브리드 복합체
필름이 제조되었다. 그래핀 옥사이드 크기 변환 전략은 효과적인 가교결합
반응으로 이어졌으며, 응력전달에 효과적인 구조를 성장시키는데 성공하였다.
제조된 하이브리드 복합체 필름은 우수한 강도, 인성, 전기전도도 등을 보였다.
또한 필름의 인장시험과 동시에 라만 분광법을 활용하여 크기가 변환된 그래핀
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옥사이드의 응력전달 매개체로써의 역할을 새로이 입증하였다.
5장에서는 타닌 산이 기능화되어 금속-생물 배위결합으로 상호작용력이 강한
고강도 기능성 탄소나노튜브 복합체 필름의 설계 및 분석을 연구하고자 한다.
제조된 복합체 필름은 탄소나노튜브의 기공구조를 유지하면서도 동시에 고강도와
유연성을 가짐이 확인되었다. 또한 이 재료는 크게 휘어진 조건에서도 높은
에너지 저장 성능이 유지되어 유연 에너지 저장 소자에 적용될 수 있음을 보였다.

주요어: 탄소나노튜브, 배향, 자기조립, 역학적 특성, 그래핀 옥사이드, 뼈 조직,
구조 재료, 유연 에너지 저장 시스템, 슈퍼캐패시터
학번: 2011-30190
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