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ABSTRACT

Neutron scattering and flow processing of carbon nanotube solutions

for high performance transparent electrodes and data cables

by

Francesca Mirri

Since their discovery, carbon nanotubes (CNTs) have received in-

creasing attention due to their outstanding mechanical, thermal, and

electrical properties. In particular, research efforts have focused on

transferring the properties of single CNT molecules to macroscopic ob-

jects that exhibit similar features through controlled processes. The

most industrially scalable way to process CNTs is by dispersing/dissolving

them into a liquid phase. Chlorosulfonic acid (CSA) has been shown

to be a true solvent for CNTs and it is able to spontaneously dissolve

CNTs even at high concentrations (few % by mass), allowing the fluid

phase processing of CNTs for the production of fibers and films. Despite

many years of research that proved the superior qualities of CSA among

other solvents for CNT fluid processing, much remains unknown on the



local assembly of CNTs in CSA. In this thesis, we show how small-angle

neutron scattering (SANS), combined with supporting polarized opti-

cal microscopy and cryogenic transmission electron microscopy, can be

used to identify the local structure of CNT-CSA solutions. At very low

concentrations, the SANS data show rod-like scattering patterns and

confirm the efficacy of CSA as a super solvent for CNTs, whereas at

high concentrations, neutron scattering allows for the determination of

the local spacing of CNTs in the liquid crystalline phase.

The use of CSA to dissolve CNTs opens a new route for the fabri-

cation of CNT coatings. In this thesis we show how thin conductive

CNT films from CSA solutions can be produced by scalable dip coat-

ing. This process is inherently scalable and no damage to the CNTs

is induced, therefore, it is able to produce CNT films with excellent

electrical properties, among the best in the literature. Dip coating of

CNT-CSA solution is also a viable technique to produce the outer con-

ductor of coaxial data cables by directly coating a solution of CNTs

in CSA onto the cable inner dielectric. The high conductivity of the

CNT coatings makes CNT coaxial cables an attractive alternative to

commercial cables with a metal outer conductor, providing compara-

ble cable attenuation, shielding effectiveness, and mechanical durability

with a 97 % lower component mass.
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Chapter 1

Introduction

Since their discovery [50], carbon nanotubes (CNTs) have received increasing atten-

tion due to their outstanding mechanical, thermal, and electrical properties [6, 94,

105, 108, 123]. CNTs can be imagined as a foil of graphite wrapped to form a cylinder:

depending on the way which it is wrapped, it is possible to define a chiral vector, repre-

sented by two indexes (n, m). CNTs behave as metallic or semiconductors depending

on their chirality and they can have one, few, or multiple walls (SWNTs, FWNTs,

and MWNTs). CNTs possess exceptional mechanical strength (tensile strength of

about 37 GPa with a Young’s modulus of about 0.64 TPa for SWNTs) [6], low elec-

trical resistivity (about 100µΩ-cm for SWNTs) [46] and high thermal conductivity

(higher than 3000 W/mK for MWNTs) that make them ideal for several applications

like sensors, field emitters, energy storage and energy conversion devices, displays,

solar cells, Li-ion batteries, field-effect transistors, touch screens, and super capaci-

tors [6, 25, 71, 84]. In addition, their mechanical properties combined with their low

density (∼ 1.4 g/cm3) make CNTs suitable for applications that require high strength

and light weight like in the case of space exploration aircrafts, airplanes, and armors

[128]. In particular, research efforts have focused on transferring the properties of

single CNT molecules to macroscopic objects that exhibit similar features through
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controlled processes.

Strong acids, in particular chlorosulfonic acid (CSA), have been proposed as true sol-

vents for CNTs in that they spontaneously dissolve CNTs even without the need for

sonication, surfactants or functionalization [93]. The mechanism of CNT dissolution

in CSA is based on CNT side wall protonation that induces a short range repulsion

between the CNTs, thus preventing them from aggregating [93]. Despite CSA being

found as true solvent for CNTs back in 2004, the CNT processing using CSA was still

debatable. Just lately, Davis et al. [20] demonstrated qualitatively that CNTs indi-

vidually disperse in super acids and proved that CSA is a practical processing solvent

for CNTs to produce functional materials. Although the solubility becomes more

challenging with increasing CNT length, recently Parra-Vasquez et al. [88] showed

that CSA is able to dissolve a broad range of CNTs, irrespectively of their length, as

long as the CNTs have low defect density. These results made possible the processing

of long CNTs via CSA dissolution to fabricate high performance CNT films [78, 80]

and fibers [10]. Previous polarized optical microscopy measurements of CNT-CSA

solutions show a transition from isotropic (randomly oriented rods) to nematic liquid

crystalline phase (aligned rods in domains that are randomly oriented with respect to

each other) above a critical concentration that depends on CNT aspect ratio [20, 85].

The biphasic phase is the regime between the purely isotropic and nematic states,

characterized by the coexistence of isotropic and nematic phases in equilibrium with

each other [20]. An extension of Onsager’s theory [36] for rigid rods was used to
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predict the phase boundaries of the CNT-acid system and showed that longer CNTs

enter the liquid crystalline phase before short CNTs. From the experimental point of

view, microscopy techniques like cryogenic transmission electron microscopy (TEM)

and scanning electron microscopy (SEM) have been developed to image CNT-CSA

liquid samples and follow the phase transitions of the CNT-CSA system depending

on the CNT concentration [63]. However, microscopy techniques were able to provide

only qualitative information about the CNT solution morphology and quantitative

data on CNT assembly in the solution are still lacking. A quantitative analysis is

essential to fully understand the dependence of the CNT morphology on the CNT

concentration and length, and the onset of ordered phases (liquid crystals). CNT or-

dering in solution is particularly important for the fabrication of CNT fibers. In fact,

the CNT alignment in a fiber is significantly improved when the CNTs are already

aligned in solution (liquid crystalline phase) before fiber spinning [10]. The improved

CNT alignment along the fiber axis allows for enhanced mechanical strength and

electrical conductivity [10].

Chapter 3 of this thesis shows how small-angle neutron scattering (SANS), combined

with supporting polarized optical microscopy and cryogenic transmission electron mi-

croscopy, can be used to identify the local structure of CNT-CSA solutions. At very

low concentrations, the SANS data show rod-like scattering patterns and confirm the

efficacy of CSA as a super solvent for CNTs, whereas at high concentrations, a signal

from the liquid crystalline phase was found, allowing the determination of the local
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spacing of CNTs in the ordered phase.

Chapter 4 of this thesis shows how thin conductive CNT films from CSA solutions

can be produced by scalable dip coating [78]. Our method consists of removing the

solvent by coagulation instead of drying, which is a major advantage to preserve film

morphology. This process is inherently scalable and no sonication is needed, there-

fore, it is able to produce films comprising CNTs with length of ∼ 10 µm, yielding

excellent electrical properties, among the best in the literature.

Due to their high electrical conductivity and lightweight, one particular application

for CNTs is as replacement of metal components in coaxial cables, ubiquitously used

in telecommunications, aerospace, automotive, and robotics industries. Yet, the met-

als used to make commercial cables are unsuitably heavy and stiff. These undesirable

traits are particularly problematic in aerospace applications, where weight is at a pre-

mium and flexibility is necessary to conform with the distributed layout of electronic

components in satellites and aircraft. The cable outer conductor is usually the heavi-

est component of modern data cables; therefore, exchanging the conventional metallic

outer conductor for lower weight materials with comparable transmission character-

istics is highly desirable. Chapter 5 shows how the outer conductor of coaxial data

cables can be fabricated by directly coating a solution of CNTs in CSA onto the ca-

ble inner dielectric. This high conductivity makes CNT coaxial cables an attractive

alternative to commercial cables with a metal (tin-coated copper) outer conductor,

providing comparable cable attenuation and mechanical durability with a 97 % lower
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component mass.

Not only CNT coatings can provide enough conductivity to support signal propaga-

tion in a coaxial cable but also they can be employed for electromagnetic (EM) shield-

ing applications. EM shielding is of fundamental importance to minimize interference

between devices and surrounding environment and metals have been extensively used

as EM shielding materials due to their high electrical conductivity. On the other

hand, metals are characterized by poor resistance to corrosion, poor processability,

and high density that makes them unsuitable for light weight applications. Chapter 6

of this thesis shows that CNT coatings produced by CNT-CSA solutions can be used

to shield microwave radiations. These CNT coatings achieve shielding effectiveness

values comparable or better to those of commercial metal cable shielding layers.

This thesis shows that CNTs are a versatile building block for many applications and

that CSA is the solvent of choice for CNT fluid processing. Further improvements in

CNT synthesis and processing of CNT-CSA solutions are likely to yield in the near

future viable commercial CNT products.
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Chapter 2

Review on carbon nanotube solubility in super

acids

2.1 Introduction

The fluid phase approach for the fabrication of CNT articles like films, fibers, and

foams is more conducive to industrial/commercial production. Therefore, under-

standing the solubility of CNTs in solvents is of fundamental importance for CNT

processing. In particular, the homogeneity of the CNT solution plays an essential

role for the fabrication of thin films by dip-coating process, in which high uniformity

is required in order to obtain controlled film morphology. However, the dispersion of

CNTs in solvents has been demonstrated to be quite challenging due to the strong

van der Waals interactions that cause the formation of CNT bundles. In general,

techniques to disperse CNTs rely on functionalization, use of surfactants and/or son-

ication that adversely affect the electrical properties of the final product. Super acids

represent an appealing way to form CNT solutions since they are able to dissolve

CNTs at high concentrations without any damage [93]. In particular, chlorosulfonic

acid (CSA) was proven to be a suitable solvent for a variety of CNTs and other carbon

allotropes [9, 19].
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2.2 Theoretical background: rigid-rods phase behavior

The arrangement of rod-like particles in solution can be described by Onsager and

Flory’ theories [30, 85]. Onsager’s theory explains the hard core interactions be-

tween molecules, assuming a low density system composed by high aspect ratio and

monodisperse rods in an athermal solvent. The competition between the excluded

volume effect that induces the rod alignment, and the orientational entropy that cre-

ates disorder, leads to the final molecule ordering. Different regimes are observed

depending on rod concentration. In particular, an isotropic phase (randomly oriented

rods) characterizes low concentration solutions; liquid crystalline regime (aligned rods

in domains) occurs at high concentrations, while biphasic phase (equilibrium between

isotropic and liquid crystals) is observed during the isotropic-to-liquid crystal transi-

tion (Figure 2.1).

Figure 2.1 : Phase behavior of rigid rods in solution [19].
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In particular, the isotropic to biphasic and the biphasic to liquid crystal transi-

tions occur at the following volume fraction concentrations:

φiso = 3.34
D

L
(2.1)

φnem = 4.49
D

L
(2.2)

where L and D represent the length and the diameter of the rod, respectively. There-

fore, the transition concentrations are inversely proportional to the rod aspect ratio

(L/D).

Different phase transition concentrations were obtained by Flory [30], whose theory is

based on the study of the interactions between rods and solvent. These interactions

are related to the parameter χ defined as follow:

χ =
∆HM

kBTn2v1
(2.3)

where HM , kB, T, n2, v1 represent the enthalpy of mixing, the Boltzmann constant,

the temperature, the number of rods and the volume fraction, respectively. In the

case of an athermal solvent (χ = 0), the transition concentrations are:
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φiso = 8
D

L
(1− 2

D

L
) (2.4)

φnem = 12
D

L
(2.5)

Both Onsager and Flory’ theories show the inverse proportionality between aspect

ratio and transition concentrations, but they differ quantitatively due to the different

approximations made. Also, in Flory’s theory the effect of the solvent quality affects

the phase diagram: in fact, the biphasic region appears more or less extended depend-

ing on the interaction parameter χ. When χ < 0, rods repel each other; otherwise,

they are attracted to each other ( χ > 0). In particular, for negative values of χ,

the biphasic phase is characterized by a narrow region (biphasic chimney), while for

positive values of χ, the narrow biphasic region opens up (Figure 2.2).

Other than solvent quality and aspect ratio, the polydispersity of the rods is

another parameter that affects the phase behavior. Polydispersity is defined as

p =
√

<a2>−<a>2

<a>2 , where a represents the quantity of interest (i.e. rod length or

diameter). Wensink and Vroege [116] showed when increasing the polydispersity of

the system, the isotropic and liquid crystal boundaries shift to lower and higher con-

centrations, respectively. This phenomenon leads to a wider biphasic region. Wensink

et al.’s study assumed the presence of the isotropic cloud point that represents the

concentration at which the first infinitesimal quantity of liquid crystal (nematic phase)
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Figure 2.2 : Phase diagram according to Flory’s theory for rods with aspect ratio equal to 75. For
negative values of χ the biphasic chimney is shown, while positive χ values lead to a wide biphasic
region (PhD proposal, Behabtu, 2008).
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forms. On the other hand, the nematic shadow point denotes the liquid crystalline

phase in equilibrium with the isotropic cloud point. If the rod concentration is in-

creased above the isotropic cloud point, the first rods that will form the liquid crys-

talline phase will be the longest ones; while shorter rods will still be in the isotropic

phase, as stated by Onsager’s theory [101, 102]. Analogously, the concentration at

which the first infinitesimal quantity of isotropic phase appears is defined as the ne-

matic cloud point, in equilibrium with the isotropic shadow point (Figure 2.3).

Figure 2.3 : Concentration Co versus polydispersity σ: the solid lines represent the isotropic and
nematic cloud points, while the dotted line represent the isotropic and nematic shadow points for
an athermal solvent [116].
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Similar phase behavior can be observed in the case of SWNTs in super acids. This

system was studied by Green et al. [36] who used an extension of Onsager’s theory

for rigid rods. In this work, the authors considered short and long range interactions

between rods, in order to predict the phase boundaries of the CNT-super acid system.

In fact, long range interactions are caused by the strong van der Waals attraction be-

tween CNTs, while the acid strength affects the short range interactions due to the

repulsion between CNTs. This study confirmed that longer CNTs leave the isotropic

phase and enter the nematic phase if the volume fraction of SWNTs increases.

2.3 Dissolution mechanism of CNTs in super acids

As anticipated in the introduction, dissolution of CNTs in solvents has been demon-

strated to be quite challenging due to the strong van der Waals interactions that cause

the formation of CNT bundles. In general, techniques to disperse CNTs rely on func-

tionalization, use of surfactants and/or sonication that adversely affect the electrical

properties of the final product. Super acids are suitable solvents for CNTs since they

are able to overcome the CNT attractive interactions. The dissolution mechanism

consists of a CNT side wall protonation that induces a short-range repulsion between

the CNTs and prevents their bundling [93]. Also, Ramesh et al. demonstrated that

this protonation is reversible [93]: in fact, the acid induces a polarization of the CNT

walls without a permanent electron removal. The degree of protonation can be mon-

itored by Raman spectroscopy: it was found that the presence of positive charges
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shifts the E2g peak of 23 cm−1, due to about 14 carbon atoms sharing a positive

charge (Figure 2.4) [93]. Once the super acid is removed, the Raman spectrum of

the CNTs before acid dissolution and the one after acid removal (quenching) overlap,

demonstrating that no damage was provoked on the CNTs (figure 2.5) [20].

Figure 2.4 : Raman spectra of (a) dry SWNTs before CSA; (b) SWNT-CSA paste; (c) SWNT-CSA
solution. An E2g shift of 23 cm−1 is observed due to the CNT protonation [93].

However, despite the ability of super acids to dissolve CNTs, some other param-

eters have to be taken into account for a successful dissolution. In particular, CNT
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Figure 2.5 : Raman spectra for HiPco SWNTs before and after CSA dissolution (785 nm laser)
[20].
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defects and the acid strength play a fundamental role in the dissolution of CNTs in

super acids. In fact, the amount of defects has to be as low as possible: Parra-Vasquez

et al. [88] demonstrated that the solubility in CSA is inversely related to the defect

density (Figure 2.6). The presence of defects can be estimated from Raman spectra:

for higher D peak intensities (1350 cm−1), more defects and reduced solubility are

expected. In fact, the D peak represents the degree of disorder in the CNT sample,

which is due to the presence of sp3 hybridization. This phenomenon can be caused

by functionalization or any effect responsible for the disruption of the sp2 bonds on

the CNT walls.

Finally, the strength of the acid plays a fundamental role in the dissolution pro-

cess. For example, CNTs in sulfuric acid still experience weak attractive interactions

with each other, while in CSA repulsive interactions allow for a better dissolution.

This is due to the increased acid strength of chlorosulfonic acid over sulfuric acid,

making the former a better solvent for CNT processing [20, 36].

2.4 CNT-super acid phase diagram

Davis et al. showed the first full phase diagram of CNT-super acid solutions: dif-

ferent regimes are observed depending on the acid strength and the CNT volume

fraction [20]. In particular, increasing the CNT concentration in the solution, the

system experiences a transition from isotropic I (random rods orientation) to bipha-

sic (isotropic phase in equilibrium with liquid crystals (LC) in phase); and then from
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Figure 2.6 : Carpet-grown CNTs in CSA: depending on the defects density, the CNTs show good
or poor solubility in acid. The defect density can be estimated by observing the intensity of the D
peak (1350 cm−1) [88].
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biphasic to fully liquid crystalline phase (liquid crystal domains with random orien-

tation with respect to each other). Increasing further the CNT volume fraction in

the solution, the system reaches the condition where some solid phase (S) will form

in equilibrium with the LC phase. The solid phase consists of undispersed CNT

ropes. If the acid strength is low (below 17 cm−1 in Raman shift, dG, correspond-

ing to acidity lower than 100% H2SO4), CNTs will experience attractive interactions

between each other, leading to the disappering of the liquid crystals and the forma-

tion of both isotropic and crystal solvate (CS) phases. In this case, the isotropic

phase is characterized by a low concentration of CNTs in equilibrium with the crys-

tal solvate phase, consisting of high-concentration solid phase. Finally, if the CNT

concentration is further incresed, crystal solvate phase is in equilibrium with a solid

phase. It is noteworthy to point out that S+LC phase was observed at concentra-

tions above 11 vol % in sulfuric acid and no solid phase was observed even above

17 vol % in CSA. Analogously, CS+LC phase was also difficult to detect experimen-

tally. Therefore, the presence of these two phases could just be predicted but not

conclusively proven. Figure 2.7 shows four micrographs representing the morphology

of the CNT-super acid solutions in different areas of the phase diagram. A polar-

ized optical microscope (POM) was used to detect the presence of ordered structures:

birifringence shows the existance of structures alligned at 45◦ with respect to the

cross-polar (analizer and polarizer), demostrating the presence of liquid crystals in

domains. However, depending on the acid strength, different morphologies can be
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observed: in the case of lower acid strength (e.g. using sulfuric acid), the LC do-

mains appear smaller and are characterized by larger isotropic regions (darker areas),

if compared with the higher acid strength case (CSA). Therefore, CSA represents a

valid solvent when ordered domains and more effective CNT dissolution are required.

2.5 Chlorosulfonic acid

Chlorosulfonic acid was demonstrated to be a suitable solvent for CNTs for multiple

reasons. In fact, CSA behaves as an athermal solvent for CNTs overcoming com-

pletely the van der Waals forces that tend to spontaneously bundle the CNTs [20].

In addition, due to its higher acid strength compared to sulfuric acid, CSA is able

to disperse a wider variety of CNTs. Indeed, although the solubility becomes more

challenging with increasing CNT length, CSA is still able to disperse different kinds

of CNTs irrespectively of their length. When long CNTs (10-100 µm) are employed,

a different scenario can be observed in the case of sulfuric acid that provokes just a

CNT swelling without an effective dissolution. Both SWNTs and MWNTs can be

dispersed in CSA as long as the defect density is low.

Recently, it was found that, the coexistance of isotropic and biphasic phase of CNTs

in CSA can give rise to tactoids (spindle-like shaped nematic droplets) dispersed in

an isotropic fluid (Behabtu, PhD thesis, 2012) [52]. These tactoids showed for the

first time a continuous transition from a homogeneous to a bipolar configuration, only

possible because of the extremely high length of the CNTs that can be dissolved in
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Figure 2.7 : CNT-super acid phase diagram: depending on the acid strength and on the CNT vol-
ume fraction in the solution, different phases can be observed: isotropic I (random rods orientation),
biphasic (isotropic phase in equilibrium with liquid crystals (LC) in phase), liquid crystalline phase
(liquid crystal domains with random orientation with respect to each other), solid phase S (undis-
persed CNT ropes) and crystal solvate CS (high-concentration solid phase). The four micrographs
obtained by POM show the morphology of the CNT-super acid solutions in different areas of the
phase diagram (a-d). The exsistance of ordered domains is detected by the presence of birifringence
for structures alligned at 45◦ with respect to the cross-polar (analizer and polarizer). Different mor-
phologies are observed for the cases of high and low acid strength. Scale bar 50 µm (a) and 20 µm
(b-d) [20].
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CSA.

CSA was demonstrated to be not just a good solvent for CNTs but also for graphene

[9]. In particular, CSA is able to exfoliate graphite into graphene flakes and disperse

them into isotropic phase in a concentration as high as 1 mg/ml. Moreover, graphene

liquid crystals can form at concentrations equal to 20-30 mg/ml. Also in this case,

no damage is provoked on the graphene flakes if CSA is used as solvent (Figure 2.8).

Figure 2.8 : Raman spectra of the graphite powder before and after dispersion in CSA: the two
spectra overlap showing that no damage was provoked by CSA [9].

2.6 Conclusions

In this chapter, the properties of CNT-super acid systems were described. Super

acids represent an attractive way to dissolve CNTs in solution because the use of
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surfactants, functionalization or sonication is not needed. The phase behavior of

CNTs in super acids can be approximately modeled using Onsager and Flory’ theo-

ries, in which different regimes are predicted depending on the CNT concentration.

In both models, the transition concentrations from one phase to another are inversely

proportional to the aspect ratio of the CNTs, showing the strong influence of the

CNT length on the phase behavior [30, 85]. An extension of Onsager’s theory was

developed for the case of CNTs in super acids, where both the acid strength (short

range repulsion) and the van der Waals interactions (long range attraction) were

taken into account for a more accurate representation of the CNT-super acid system

for the case of polydisperse rods [36]. The dissolution mechanism is based on a side

wall protonation of the CNTs that induces short range repulsions between individual

CNTs, preventing bundling. This process is reversible and no damage is provoked

on the CNTs after acid removal [93]. The defect density needs to be as low as pos-

sible in order to obtain CNT solubility in CSA, else the side-wall protonation will

not be effective. Finally, depending on the acid strength and the CNT volume frac-

tion in the solution, it is possible to predict the characteristic regime for a certain

solution. CSA was demonstrated to be a suitable solvent even for long CNTs as

well as graphene, showing that fluid processing from CSA has the potential to be-

come a scalable technique for the industrial production of CNT macroscopic articles.
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Chapter 3

Small angle neutron scattering study on solutions

of carbon nanotubes in chlorosulfonic acid

∗

3.1 Introduction

Carbon nanotubes (CNTs) are characterized by outstanding electrical, mechanical,

and thermal properties [6, 94, 105, 108, 123] as well as low density which make them

an ideal material for applications in several fields spanning from photovoltaics, and

wearable electronics to biomedical connectors and high strength composites [6]. How-

ever, practical methods to assemble CNTs into useful structures are fundamental for

CNTs applications. Among such methods, fluid processing is the most industrially

attractive and promising route for the fabrication of macroscopic CNT-based mate-

rials due to its scalability. Potentially, the fluid-phase assemblies of CNTs can be

easily coated onto macroscopic substrates of various shapes and textures. However, a

good understanding of the CNT solution morphology is of fundamental importance.

Unfortunately, due to the strong van der Waals interactions, CNTs are very difficult

to disperse in common solvents without sonication, surface functionalization, or addi-

∗This chapter is an updated version of a draft article in preparation for submission (See reference

[79])
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tive dispersants. These methods generally entail CNT damage or surface modification

which adversely affect the CNT properties [72].

Strong acids, in particular chlorosulfonic acid (CSA), have been proposed as true sol-

vents for CNTs in that they spontaneously dissolve CNTs even without the need for

sonication, surfactants or functionalization [93]. The mechanism of CNT dissolution

in CSA is based on CNT side wall protonation that induces a short-range repulsion

between the CNTs, thus preventing them from aggregating [93]. Dissolution is re-

versible because CSA induces a CNT wall charge transfer rather than permanent

electron removal; hence no structural damage occurs to the CNTs [93]. Despite CSA

being found as true solvent for CNTs back in 2004, the CNT processing using CSA

was still debatable. Just lately, Davis et al. [20] demonstrated qualitatively that

CNTs individually disperse in super acids and proved that CSA is a practical pro-

cessing solvent for CNTs to produce functional materials. Although the solubility

becomes more challenging with increasing CNT length, recently Parra-Vasquez et al.

[88] showed that CSA is able to dissolve a broad range of CNTs, irrespectively of

their length, as long as the CNTs have low defect density. These results made pos-

sible the processing of long CNTs via CSA dissolution to fabricate high performance

CNT films [78, 80] and fibers [10].

Previous polarized optical microscopy measurements of CNT-CSA solutions show a

transition from isotropic (randomly oriented rods) to nematic liquid crystalline phase

(aligned rods in domains that are randomly oriented with respect to each other)
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above a critical concentration that depends on CNT aspect ratio [20, 85]. The bipha-

sic phase is the regime between the purely isotropic and nematic states, characterized

by the coexistence of isotropic and nematic phases in equilibrium with each other

[20]. An extension of Onsager’s theory [36] for rigid rods was used to predict the

phase boundaries of the CNT-acid system and showed that longer CNTs enter the

liquid crystalline phase before short CNTs. From the experimental point of view,

microscopy techniques like cryogenic transmission electron microscopy (TEM) and

scanning electron microscopy (SEM) have been developed to image CNT-CSA liquid

samples and follow the phase transitions of the CNT-CSA system depending on the

CNT concentration [63]. However, microscopy techniques were able to provide only

qualitative information about the CNT solution morphology and quantitative data

on CNT assembly in the solution are still lacking. A quantitative analysis is essential

to fully understand the dependence of the CNT morphology on the CNT concentra-

tion and length, and the onset of ordered phases (liquid crystals). CNT ordering in

solution is particularly important for the fabrication of CNT fibers. In fact, CNT

alignment in a fiber is significantly improved when the CNTs are already aligned

in solution (liquid crystalline phase) before fiber spinning [10]. The improved CNT

alignment along the fiber axis allows for enhanced mechanical strength and electrical

conductivity [10]. Small angle neutron scattering (SANS) is an ideal technique to

quantitatively analyze CNT bulk solutions and has been successfully used to measure

the dispersion quality of CNTs in aqueous media through the unique dependence of
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the scattering intensity on the wave vector transfer, Q [27, 47, 54, 114]. Specifically,

SANS is used to investigate the morphology of a sample with a 1-100 nm resolution

and it is based on elastic neutron scattering. The neutrons elastically interact with

the atoms or the magnetic momentum of unpaired electrons in the sample. The scat-

tering length density (SLD) that is related to the strength of the nuclear interaction

between the neutrons and the sample, determines the scattering intensity. In partic-

ular, for a liquid sample of rods, the scattering intensity I(Q) is proportional to the

square of the difference of the SLD of the rods and the one of the solvent (contrast)

as follow:

I(Q) ∼ (SLDrod − SLDsolvent)
2 (3.1)

A slope of Q−1 is found in the case of isolated dispersed rods in the solvent, whereas an

exponent between -2 and -3 is indicative of dense fractal network of rods. Quantities

such as network compactness and mesh size can be sensitively determined from the

scattering signal [27, 47, 54, 114]. SANS has been also used in studying the nematic

phase of cellulose microfibrils [86]: Orts et al. [86] observed a correlation peak in

the scattering pattern that shifted to higher values of Q with increasing microfibril

concentration. By tracking the peak position, they were able to determine the packing

structure and the microfibril spacing in the nematic phase of the sample.

Here, we use SANS paired with polarized optical microscopy (POM) and cryo-TEM

to characterize CNT solutions in CSA at different concentrations (from isotropic to

liquid crystalline phase). Short and long SWNTs were chosen to study the effect of
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CNT aspect ratio on solution morphology. Results on intermidiate SWNTs are also

reported. For concentrated solutions, correlation peaks in the SANS signal would be

a clear indication of a liquid-crystalline structure. The peak positions would allow us

to determine the nature of the CNT lattice and the spacing between the lattice sites.

In addition, changes in the peak position and intensity upon dilution would provide

insights into the type of lattice expansion with increasing solvent content.

3.2 Experimental procedures

3.2.1 Sample preparation

Three different batches of single-walled CNTs (SWNTs) with 3 different aspect ratios

were used: short SWNTs (HiPco 187.5 from Rice University, diameter ∼ 1.15 nm,

length ∼ 0.51 µm, aspect ratio ∼ 442), intermediate SWNT (CG301X-L3 from South

West Nanotechnology, Inc., diameter ∼ 0.8 nm, length 2 µm, aspect ratio ∼ 2400),

and long SWNTs (Meijo EC, diameter ∼ 1.6 nm, length ∼ 6.97 µm, aspect ratio

∼ 4356). All the CNTs were purified according to literature methods [122] except

for intermediate SWNTs that were used as received. The SWNTs were mixed with

CSA (purchased from Sigma Aldrich) at 10000 ppm by weight and stirred overnight

at room temperature. Then, the solutions were diluted with CSA to reach the lower

concentration regimes. Polarized optical images were taken with Zeiss Axioplan. For

the high concentration samples (above 5000 ppm), the samples were prepared by

placing a drop of solution sandwiched between two glass slides and sealed. For lower

concentration (below 2500 ppm) the solutions were imaged in a flame sealed glass
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capillary.

3.2.2 Small Angle Neutron Scattering

Scattering measurements were performed at the NG7 30m SANS beam line at the

NIST Center for Neutron Research (NCNR) at the National Institute for Standards

and Technology (NIST). The solutions were loaded in Hellma quartz cells (with a

path length of 1 or 2 mm) which were properly sealed with Teflon caps followed by

tight wrapping with Teflon tape to avoid moisture uptake. The scattering signal was

properly normalized by correcting for empty cell scattering and background using the

NCNR Igor data reduction software. The data fitting and analysis was partly done

using the SasView software.

3.2.3 cryo TEM

For cryo-TEM measurements, a drop (∼ 3 µL) of the CNT solution was applied on

a perforated carbon film supported on a copper TEM grid (lacey Formvar/carbon

films on 200 mesh Cu grids, from Ted Pella, Redding, CA, USA), held by tweezers

inside a controlled environment vitrification system (CEVS) [12]. The entire CEVS

was covered with a flexible polyethylene ”glove-bag” (Sigma-Aldrich). The CEVS

was kept at 25 ◦C with continuous purging of pure dry nitrogen gas, preventing

moisture penetration. To obtain good wettability of the support film, the perforated

films were cleaned with glow discharge air-plasma (PELCO easiGlowTM, Ted Pella

Inc., Redding, CA, USA). To avoid interactions between CSA and organic material, a

glass microfiber filter sheet was used for blotting the samples into thin films, followed
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by plunging into boiling liquid nitrogen. The specimens were examined in a Philips

CM120 TEM at an accelerating voltage of 120 kV. An Oxford CT3500 cryo-specimen

holder was used to maintain the vitrified specimens below -175 ◦C in the TEM. The

specimens were studied in the low-dose imaging mode to minimize electron beam

radiation damage. Images were recorded digitally by Gatan MultiScan 791 cooled-

CCD camera.

3.3 Results and discussion

3.3.1 Short SWNTs in CSA

Solutions of each SWNT batch were prepared at a concentration of 10000 ppm and

were gradually diluted down to 40 ppm by mass. The measured concentrations were

chosen such that they cover multiple regimes, i.e., isotropic, biphasic up to fully

or almost fully liquid crystalline phase depending on the SWNT source. Scattering

measurements were performed on the samples over the entire Q-range accessible by

the SANS instrument. The 2D SANS data was circularly averaged to obtain the 1D

plots of the scattering intensity I as a function of the scattering vector Q.

Figure 3.1 shows the scattering curves obtained on solutions of the short SWNTs

for concentrations from 40 to 10000 ppm. A broad correlation peak is observed for

concentrations above 2500 ppm; this peak sharpens and occurs at higher Q values

with increasing concentration. This peak is indicative of the presence of a liquid

crystalline phase at these concentrations and its sharpening and shift at higher Q

imply enhanced ordering and increasingly tighter SWNT packing. The peak is not
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Figure 3.1 : SANS data for short SWNT solutions. Short SWNT solutions show a correlation

peak at high concentrations indicative of ordered SWNT structure in the samples, while at low con-

centrations the data patterns are suggestive of individually dispersed SWNTs in solution. However,

due to the large error bars in the scattering signal in the low Q range it cannot be claimed that the

SWNTs are individually dispersed in the solvent solely from the SANS data.
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Table 3.1 : Average spacing values from SANS data versus solution concentration for short SWNTs.

Average Spacing (nm) Concentration (ppm)

12.6 10000

16.4 5000

23.0 2500

present at concentrations below 1000 ppm, indicating the disappearance of the liquid

crystalline phase at low concentrations.

The characteristic length, d, which represents the average spacing between objects

in the sample, is obtained from the peak position, Q∗, using Bragg’s law: d = 2π/Q∗

[113]. For the short SWNTs, the correlation peaks correspond to average spacing

values that span from ∼ 12 to 23 nm as reported in Table 3.1 and Figure 3.2.

The exact peak position was obtained by fitting the SANS data to a broad peak

model. Specifically, the short SWNT SANS data were fitted using a broad peak

model as incorporated in the SasView data fitting software (sasview.org). This model

properly accounts for the two phases in the solutions and which is given by:

I(Q) =
Sp
Qp

+
Sl

(1 + (|Q−Q∗|lξ)
+BG (3.2)

where BG is the intensity of the incoherent background, Sp and Sl are scale factors,

p and l are exponents of the corresponding functions, Q∗ is the center position of the

correlation peak and related to the correlation distance, d, as Q∗ = 2π/d, and ξ is a

length scale that is inversely proportional to the half-width-half-max (HWHM) (i.e. ξ
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Figure 3.2 : Average spacing values obtained from SANS data versus solution concentration for

short SWNTs.
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Table 3.2 : Fitting parameters of the SANS data for the short SWNT solutions.

Sample p Q∗ (Å−1) HWHM (Å−1)

short SWNTs 10000 ppm 1.66 ± 0.06 0.4987 ± 0.002 0.0312 ± 0.0003

short SWNTs 5000 ppm 1.63 ± 0.05 0.3820 ± 0.002 0.0287 ± 0.0004

short SWNTs 2500 ppm 1.65 ± 0.02 0.2734 ± 0.003 0.0271 ± 0.0004

=1/HWHM). The first term in equation (3.2) is a power law function generally used

to describe scattering from rod networks [47] and is adequately used here to account

for the scattering signal from the isotropic SWNT phase in solution or liquid crystal

domain boundaries. Broadly speaking, the exponent p in this term determines the

compactness of the rod network such that for p ∼ 3 the network is considered to be

compact and for 1� p < 2 the rods are thought to form loose networks. The second

term in equation (3.2) is a generic peak function which we use to fit the correlation

peak of the scattering signal from the ordered phase. For l = 2, the second term

reduces into a simple Lorentzian function. In the current fits, l is set to 2. The key

fit parameters are summarized in Table 3.2.

In order to confirm the presence of liquid crystals at high concentrations we veri-

fied by POM the results obtained with SANS. Figure 3.3 shows the polarized optical

micrographs for the short SWNT sample at different concentrations. At high concen-

trations the sample shows birefringence indicative of the presence of liquid crystals,

whereas the dark areas represent the isotropic phase or regions where the CNTs are

not at ± 45◦ with respect to the cross polars (indicated by the white arrows). Below
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∼ 1250 ppm, the birefringence disappears due to the beginning of the fully isotropic

regime. This result is consistent with SANS measurements that show the disappear-

ance of the peak indicative of ordered structures at concentrations below 1000 ppm.

Since from POM it is possible to determine the transition concentration from

isotropic to biphasic but the attainment of the transition concentration from bipha-

sic to fully liquid crystalline phase is challenging, we determined the percentage of

isotropic and liquid crystalline phase using an extension of the Onsager’s theory for

rigid rods described elsewhere [36]. In brief, this method computes the percentage

of isotropic and liquid crystalline phases in a solution at a given concentration using

as input values the polydispersity, the average length, the diameter of the rods in

the system, and the solution concentration. We calculated that short SWNTs have

a polydispersity in length of 0.366 and ∼ 30 % liquid crystalline phase in equilib-

rium with ∼ 70 % isotropic phase at 10000 ppm. The model also revealed that a

transition concentration from biphasic to fully liquid crystalline phase would occur

at ∼ 18570 ppm. Therefore, none of the solution concentrations tested for the short

SWNT system were fully liquid crystalline but rather were in the isotropic or the

biphasic regimes.

The scattering data further corroborate the POM conclusions of the presence

of biphasic phase at higher concentrations. In fact, a closer look at the scattering

patterns for high concentration samples indicates that, at low Q, values the scattering

intensity shows a Q−1.6 dependence (i.e. slope of ∼ -1.6 in Figure 3.1), indicative of



34

short SWNT

10
00

0 
p

p
m

50
00

 p
p

m
12

50
 p

p
m

Figure 3.3 : Polarized optical micrographs of the short SWNT solutions at different concentrations.

The white arrows indicate the polarizer and analyzer directions and the scale bar in all the images is

200 µm. The birefringence in the samples is due to the presence of liquid crystalline phase at those

concentrations and disappears at concentrations lower than 1250 ppm.
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the presence of a loose SWNT network rather than individualized SWNTs, which are

generally characterized by a scattering pattern with a Q−1 behavior [61, 62]. These

scattering patterns characterized by a broad peak atop a power law signal are a clear

indication of the presence of two phases in the samples as predicted by the extension of

the Onsager’s model for rigid rods: a local ordered phase contributing to a correlation

peak and an isotropic phase forming a loose network with a power-law Q-dependence.

Below 1000 ppm the slope of the low-Q intensity is found to be ∼ -1 (black line in

Figure 3.1), but due to the large error bars in the data caused by low signal intensity

it is hard to state with confidence that the SWNTs in the sample are individualized

solely from the SANS measurements.

In order to determine if the -1 slope was due to the presence of individualized

SWNTs and confirm the presence of the biphasic phase at high concentrations, we

used cryo-TEM on the vitrified liquid samples to verify the structure of the SWNTs

in the solutions at different concentrations. This technique allows for direct imaging

of the vitrified acid samples without altering the solvent location [9, 20, 63, 88]. The

highest solution that could be prepared for cryogenic imaging was 2500 ppm due to

the extremely high viscosity. Figure 3.4 shows cryo-TEM images for the short SWNT

samples at 2500, 1000, 250, and 40 ppm. At 2500 ppm cryo-TEM images show the

presence of the nematic phase in equilibrium with the isotropic phase in agreement

with the SANS and POM results (Figures 3.1 and 3.3). Diluting the solution con-

centration to 1000 ppm, the sample appears mostly isotropic with few regions where
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the nematic phase begins to form (partially aligned SWNT regions). The apparent

disagreement with POM data at 1000 ppm could be due to the POM resolution that

is not high enough to detect the presence of the forming liquid crystalline phase ob-

servable only above 1250 ppm. On the other hand, SANS data show that a small

correlation peak could be present at 1000 ppm but it is hidden by the presence of the

underlying signal from the isotropic phase and the noisy scattering signal. At even

lower concentrations (at and below 250 ppm), the aligned regions of SWNTs com-

pletely disappear showing fully isotropic phase in agreement with SANS and POM

results.

3.3.2 Long SWNTs in CSA

Figure 3.6 shows the SANS measurements for the long SWNTs: correlation peaks

were observed at high concentrations but disappeared at concentrations equal to or

lower than 1000 ppm. Using a similar analysis, as discussed earlier for the short

SWNTs, we find that the main correlation peaks correspond to distances, d, of ∼ 17

to 35 nm for the solution with 10000 ppm, 5000 ppm, and 2500 ppm concentrations

(Table 3.4 and Figure 3.5). The fitting parameters obtained for the long SWNT fits

are reported in Table 3.3. Note that the correlation distances in this sample are larger

than those of the short SWNTs at identical mass fractions. This is expected since

longer SWNTs have a lower transition concentration from isotropic to biphasic phase.

Specifically, the transition concentration scales with the inverse of the aspect ratio

therefore φ ∼ L−1. Also, assuming a simple planar model with infinitely long rods,
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Figure 3.4 : cryo-TEM for short SWNT solutions at different concentrations. The cryo-TEM

images show the presence of a liquid crystalline phase at 2500 ppm in equilibrium with the isotropic

phase. At 1000 ppm the beginning of the nematic phase can be detected by the presence of few

narrow nematic domains. At 40 ppm a SWNT individually dispersed in the solvent is indicated by

a yellow arrow. The black dots represent the catalyst impurities in the sample. cryo-TEM images

courtesy of Lucy Liberman.
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Table 3.3 : Fitting parameters of the SANS data for the long SWNT solutions.

Sample p Q∗ (Å−1) major peak HWHM (Å−1)

long SWNTs 10000 ppm 1.82 ± 0.02 0.0366 ± 0.0001 0.0085 ± 0.0002

long SWNTs 5000 ppm 1.75 ± 0.05 0.0246 ± 0.0001 0.0097 ± 0.0003

long SWNTs 2500 ppm 1.70 ± 0.04 0.0182 ± 0.0002 0.0118 ± 0.0009

long SWNTs 1000 ppm 1.14 ± 0.02 - -

Table 3.4 : Average spacing of rods from SANS data versus solution concentration for long SWNTs.

Average Spacing (nm) Concentration (ppm)

17.1 10000

25.5 5000

34.5 2500

evenly spaced and arranged in a triangular lattice unit:

λ = r

√
2π

φ
√

3
(3.3)

where r is the radius of the rods, λ is the spacing between rods, and φ is the volume

fraction of rods in the solution. Since φ ∼ λ−2 from equation (3.3)) hence λ ∼
√
L.

As for the short SWNTs, POM was used to determine the transition concentration

from isotropic to biphasic phase. As shown in Figure 3.7, long SWNTs have an

isotropic to biphasic transition concentration lower than the one for short SWNTs,

in agreement with Onsager’s theory [85] that predicts the transition concentration to

be inversely proportional to the CNT aspect ratio. This transition occurs at ∼ 80

ppm since the birefringence disappears at concentrations below 80 ppm, indicative of
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Figure 3.5 : Average spacing values obtained from SANS data versus solution concentration for

long SWNTs.
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the beginning of the fully isotropic regime. This result is in apparent disagreement

with SANS data that do not show a correlation peak below 1000 ppm. However,

the absence of a correlation peak at 500 and 1000 ppm could be due to the weak

scattering signal or the broadness of the peak which makes it hard to recognize atop

the underlying power-law signal. Analogously to the short SWNT solutions, at low

concentrations the sample seems to exhibit the same Q−1 behavior (black line in

Figure 3.3b) even though the error bars of the scattering signal are large.

As for the short SWNTs, the extension of the Onsager’s theory [37] was applied

also to the long SWNT system. We found that the long SWNTs are characterized by

a higher polydispersity (equal to ∼ 0.455) and a theoretical transition concentration

from biphasic to liquid crystalline phase at ∼ 2100 ppm. Therefore, 2500 ppm, 5000

ppm, and 10000 ppm solutions are fully liquid crystalline.

In order to confirm the presence of liquid crystalline phase below 1000 ppm as

predicted by POM imaging and determine if SWNTs are fully individualized at low

concentrations, cryo-TEM was used. Figure 3.8 shows cryo-TEM images for the

long SWNT sample at 2500, 1000, 100, and 40 ppm. At 2500, 1000, and 100 ppm

the samples show the presence of the liquid crystalline phase in equilibrium with

the isotropic phase as expected since all the solution concentrations were above the

isotropic to biphasic transition concentration (∼ 80 ppm). At 40 ppm the solution is

characterized by individualized SWNTs in CSA indicative of diluted isotropic phase.

These results are in agreement with POM and SANS measurements.
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Figure 3.6 : SANS data for long SWNT solutions. Long SWNT solutions show a correlation peak at

high concentrations indicative of ordered SWNT structure in the samples, while at low concentrations

the data patterns are suggestive of individually dispersed SWNTs in solution. However, due to the

large error bars in the scattering signal in the low Q range it cannot be claimed that the SWNTs

are individually dispersed in the solvent solely from the SANS data.
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Figure 3.7 : Polarized optical micrographs of the long SWNT solutions at different concentrations.

The white arrows indicate the polarizer and analyzer directions and the scale bar in all the images is

200 µm. The birefringence in the samples is due to the presence of liquid crystalline phase at those

concentrations and disappears at concentrations lower than 80 ppm.
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Figure 3.8 : cryo-TEM for long SWNT solutions at different concentrations. The cryo-TEM images

show the presence of liquid crystalline phase at 2500 ppm, 1000 ppm, and 100 ppm in equilibrium

with the isotropic phase. The nematic phase is characterized by narrow liquid crystalline domain

formed by SWNT bundles. At 40 ppm the solution show individually dispersed SWNTs in CSA and

few narrow liquid crystal domains. In the 40 ppm image the elongated structure is the lacey holy

carbon of the TEM grid used for imaging. cryo-TEM images courtesy of Lucy Liberman.
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Interestingly, long SWNTs show a second order correlation peak at 10000 and

most likely at 5000 ppm that can be used to obtain more information on the nature

of the liquid crystalline phase after subtracting the underlaying power-law signal (an

example for the 10000 ppm SANS data is shown in Figure 3.9) [54]. At first sight, the

subtracted data for the 10000 ppm sample shows two major peaks for long SWNTs

at Q1 = 0.0365 Å−1 and Q2 = 0.0729 Å−1 with a Q-spacing ratio of 1:2, which is

characteristic of sheet-like ordering (lamellar ordering) that is unlike for this type of

system (Figure 3.10) [54].

Figure 3.9 : Removal of the underlaying power-law signal from the long SWNT SANS data. The

green line is a fit of the underlying signal from the domain boundaries to an absolute power-law

model. Courtesy of Rana Ashkar.

However, a more careful analysis of the subtracted signal, using Lorentzian fits

(Figure 3.11) shows the possibility of the presence of third and fourth peaks such that
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Figure 3.10 : SANS fitting on the long SWNT solutions at a concentration of 10000 ppm showing

that the rods could arrange in a sheet-like ordering structure. Courtesy of Rana Ashkar.

the relative Q-spacing ratios are 1:
√

3:
√

4:
√

7 which is typical of a hexagonal lattice

(Q equal to 0.0365, 0.0729, and 0.0631 Å−1) [54]. However, due to the broadness

of the peaks, defects in the lattice are expected. Since hexagonal packing is not

possible for a nematic phase and knowing that the CNTs are in fully liquid crystalline

regime, the system has most likely transitioned from nematic phase to columnar

phase. Specifically, for a monodisperse rod system, the increase in rod concentration

causes the system to go from isotropic (no orientational or translational order), to

nematic (only orientational order), to smectic (both translational and orientational

order) and finally to solid crystalline phase [31]. However, in the case of a polydisperse

system, like CNTs in CSA, the system transitions directly from the nematic phase to

the columnar phase that can have hexagonal ordering [13].
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Figure 3.11 : SANS data on the long SWNT solutions at a concentration of 10000 ppm. SANS data

for long SWNT samples after subtracting the power-law fit function. The Lorentzian distributions

are fits to the individual peaks such that their sum properly describes the subtracted data. The

presence of these peaks such that the relative Q-spacing ratios are 1:
√

3:
√

4:
√

7 indicative of a

hexagonal lattice. The broad peaks suggest the presence of defects in the lattice. Fitting courtesy

of Rana Ashkar.
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In the case of hexagonal ordering, the inter-tube separation is the lattice spacing

given by: a = 2d/
√

3. Based on the calculated distance, the inter-tube separation is

19.8 nm for the 10000 ppm solution. Notice that the lattice parameter is an order of

magnitude bigger than the SWNT diameter. Such remarkably large lattice parameters

are not unprecedented in soft matter systems [15, 39].

As discussed above, both short and long SWNT solutions exhibit an increase

in the lattice spacing with solvent addition. More insights into the lattice swelling

can be inferred from concentration dependence of the Q∗-values of the correlation

peaks. For a 2D lattice expansion, one would expect Q−1/2 dependence of the solution

concentration, C. Similarly, a Q−1/2 dependence of C is expected for a 3D lattice

expansion. Our results on the short and long SWNT solutions (plotted in Figure 3.12)

show that, indeed, the long SWNTs exhibit a Q−1/2 dependence of the concentration

whereas short SWNTs are characterized by Q−0.43 behavior. These results suggest

that upon dilution the lattice in the long SWNT solution mainly relaxes in the 2D

plane normal to the SWNT length, as expected. However, the lattice in the short

SWNT solutions seems to exhibit an intermediate relaxation pattern between 2D and

3D, which is not surprising given the higher spatial freedom of the short SWNTs.

As mentioned before, from Bragg’s law it is known that the average spacing d be-

tween rods in a solution is equal to 2π/Q, therefore the average spacing corresponding

to a peak at Q∗ can be obtained by d∗=2π/Q∗. It is also known that d = (w2/C)1/2,

where C is the solution concentration in volume fraction and w is the width (diame-
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ter) of the rods in the solution [86]. Therefore, combining the two equations we get

2π/Q∗ = (w2/C)1/2. Using this equation, we found a value of diameter w for the long

SWNTs equal to ∼ 1.9 nm and a value of ∼ 1.25 nm for short SWNTs approximately

equal to the SWNT diameter values measured by TEM of 1.6 nm and 1.15 nm, re-

spectively. This result suggests that the expanding objects moving farther from each

other due to dilution are rods with a diameter of ∼ 1.9 nm for the long SWNT and

1.25 nm for the short SWNT systems confirming that each lattice site is occupied by

a SWNT and not by a bundle of SWNTs.

3.3.3 Intermediate SWNTs in CSA

For intermediate SWNTs (Figure 3.13) no correlation peak was found in the SANS

data. This is probably due to the low solution concentration (1000 ppm) that did not

show the presence of a correlation peak even for the long SWNTs. We expect to start

seeing a correlation peak at concentrations above 1000 ppm but due to the extremely

high viscosity of the solution, it was not possible to place a solution with concentration

above 1000 ppm in the cell for SANS analysis. In the low Q-range the scattering

curve has a slope of ∼ -3 (solid line in Figure 3.13), indicating that even at the

lowest concentration (40 ppm) the CNTs are still forming dense networks rather than

being individualized in the solvent. Surprisingly, intermediate SWNT samples showed

stronger scattering intensity than long and short SWNT samples for much lower

concentrations. This could be caused by the different CNT diameters (intermediate

SWNT diameter ∼ 0.8 nm versus over 1 nm for long and short SWNT samples) or the
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Figure 3.12 : ln(Q∗) versus ln(C) showing different linear dependences for the short and long

SWNT solutions. A slope of 0.5 suggests that upon dilution the lattice in the long SWNT solution

mainly relaxes in the 2D plane normal to the SWNT length, whereas the slope of 0.43 shows an

intermediate relaxation pattern between 2D and 3D.
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presence of caps at the CNT terminations (no open ends). Indeed, larger diameter

SWNTs can be filled by the solvent [38] while small diameter or close-ended samples

cannot. Therefore an increased contrast between CSA and CNT compared to the

short and long SWNT solutions is expected (the scattering length density (SLD) for

CNT is ∼ 6 x 10−6 Å−2, SLD for CSA is ∼ 2.36 x 10−6 Å−2 and SLD for air is 0). Since

no correlation peak was found at 1000 ppm, POM was used (Figure 3.14) to determine

the transition from biphasic to isotropic phase by diluting the CNT-CSA solution

until the disappearance of the liquid crystals: for intermediate SWNTs the transition

concentration was found at 110 ppm. As expected, intermediate SWNTs have a

transition concentration lower than short SWNTs but higher than long SWNTs, in

agreement with Onsager’s theory [85] that predicts the transition concentration to be

inversely proportional to the CNT aspect ratio.

In order to further investigate the structure of the intermediate SWNTs in the

solvent, cryo-TEM was used. Figure 3.15 shows a highly entangled network even at

concentrations as low as 40 ppm, probably due to the high flexibility of the interme-

diate SWNTs. Also, no nematic phase can be detected below 1000 ppm in agreement

with SANS measurement, whereas the beginning of few narrow domains was found

at 1000 ppm. We believe that analogously to the long SWNT case, at 1000 ppm and

500 ppm the absence of a correlation peak at 1000 ppm in SANS could be due to the

broadness of the peak which makes it hard to recognize atop the underlying power-

law signal. The presence of a fractal network at all concentrations in the cryo-TEM
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Figure 3.13 : SANS data for intermediate SWNT solutions. Intermediate SWNT solutions do not

show any correlation peaks at any concentrations suggesting that no ordered structures are present

in the sample. In addition, since the slope of Q in the low Q range is ∼ -3, a SWNT network is

expected at all concentrations down to 40 ppm.
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images confirms why SANS analysis shows a -3 Q-dependence even at concentrations

below the isotropic-biphasic transition.

3.4 Conclusions

This chapter explores the local ordering in solutions of SWNTs in CSA using SANS

paired with cryo-TEM and POM. Our results on short and long SWNT solutions

demonstrate the presence of a liquid crystalline phase at high concentrations. At

these concentrations we found correlation peaks typical of ordered structures that

are related to the SWNT spacing in the liquid crystalline phase. On the other hand,

for intermediate SWNTs no correlation peaks could be found most likely due to

the low concentration solutions used for SANS. We observed a very dense network

even at low concentrations in agreement with cryo-TEM images. Also, the strong

scattering signal suggests that the intermediate SWNTs are not CSA-filled while the

low contrast for long and short SWNTs is probably indicative of CSA-filled tubes.

We found that the long SWNTs most likely arrange in a hexagonal structure at high

concentrations but the broad correlation peaks are indicative of lattice defects. Since

hexagonal packing is not characteristic of the nematic phase, we believe the system

has already transitioned to columnar phase at high concentrations. Both short and

long SWNT systems expand two-dimensionally upon dilution. At low concentrations

for both short and long SWNTs we found that the SWNTs are individually dispersed

in the solution confirming that CSA is a true solvent for CNTs.
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Figure 3.14 : Polarized optical micrographs of the intermediate SWNT solutions at different

concentrations. The white arrows indicate the polarizer and analyzer directions and the scale bar

in all the images is 200 µm. The birefringence in the samples seems to indicate the presence of

a liquid crystalline phase, however no indication of ordered structures can be detected with either

SANS or cryo-TEM below 1000 ppm. The transition concentration seems to be ∼ 110 ppm from

POM imaging.
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Figure 3.15 : cryo-TEM for intermediate SWNT solutions at different concentrations. The cryo-

TEM images do not show the presence of liquid crystalline phase at and below 1000 ppm but rather

an entangled network at all concentrations. cryo-TEM courtesy of Lucy Liberman.
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Chapter 4

High-performance carbon nanotube transparent

conductive films by scalable dip coating

∗

4.1 Introduction

Since their discovery [50], carbon nanotubes (CNTs) have received increasing atten-

tion due to their outstanding mechanical, thermal and electrical properties [6, 94,

105, 108, 123]. In particular, research has focused on realizing in macroscopic objects

the properties of single CNT molecules. CNTs have been formed into neat fibers

[8, 10, 26, 68, 109] as well as thin conductive films [45, 49, 118]. In particular, trans-

parent CNT films could replace indium tin oxide (ITO) because of their flexibility,

resistance to flexural fatigue, and ease of manufacturing compared to the brittle ITO

films, which must be fabricated by sputtering at low pressure or chemical vapor de-

position at high temperature [45]. Moreover, CNT films may enable new applications

in flexible electronics, because of their ability to bend repeatedly without cracking

[41, 82].

Transparent conductive CNT films have been fabricated using a variety of processes

∗This chapter is an updated version of a published article (See reference [78])
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that include dry and wet methods. The dry fabrication route consists of drawing

films directly from CNT arrays [28, 127]. Wet methods consist of dispersing the

CNTs in a liquid, and then fabricating films from the liquid phase. Multiple ap-

proaches have been used for wet method thin film assembly, including vacuum filtra-

tion [34, 48, 87, 118], drop casting [104], spin coating [77], rod coating [18], spray

coating [58, 74], and dip coating [53, 99, 103]. Although the fluid phase approach is

more conducive to industrial/commercial production, just a few of the above tech-

niques (rod, spray, and dip coating) are suitable for scale up and can be adapted to

high-throughput coating processes such as slot, knife, slide, and roll coating. Most liq-

uid phase film fabrication methods rely on functionalization or the use of surfactants

and sonication to form CNT dispersions. Functionalization degrades the electrical

properties of the CNTs, disrupting the sp2 bonds and yielding low film conductivity.

Surfactant stabilization relies on sonication, which shortens the CNTs [72]; this also

degrades film conductivity because it raises the number of CNT-CNT junctions per

unit area of the film [44]. Moreover, good surfactants adsorb strongly on CNTs and

their removal from the film is difficult; surfactant residues in the final film increase

sheet resistance [32]. Therefore, a solvent able to effectively disperse CNTs without

damaging the ultimate properties of the films is needed. Chlorosulfonic acid (CSA) is

a viable solution, and it circumvents the potentially detrimental effects of sonication,

functionalization and use of surfactants [20, 88]. CSA-CNT solutions have already

been used for SWNT film fabrication; however, these techniques were not scalable
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[9, 45] or yielded poor film properties [89, 95].

In this chapter we demonstrate the production of high-performance transparent con-

ductive CNT films from CSA solutions by dip-coating. This is followed by CSA

removal through a simple series of steps (coagulation or drying, followed by wash-

ing) that stabilizes the films and preserves the film structure after fabrication. This

process is inherently scalable and no sonication is needed; therefore, it can produce

films consisting of about 10 µm long CNTs, yielding excellent electrical properties.

Film morphology, optical and electrical properties are controlled by the coating speed,

CNT-CSA concentration, and level of doping.

4.2 Experimental procedures

4.2.1 CNT solution preparation and set-up

Purified DWNTs were purchased from CCNI (batch X647H). HiPco SWNTs (batch

188.3) were produced at Rice University and purified according to literature methods

[122]. The average length of DWNTs was estimated to be about 10 µm and they were

mostly few-walled nanotubes (single, double and triple walls with an average wall

number of 2.25 and an external diameter of about 2.4 nm). CSA was used as received

(grade 99 %, purchased from Sigma-Aldrich). The CNTs and CSA were initially

mixed at ∼10000 ppm in a speedmixer (DAC 150.1 FV-K, Flack Tek inc). This stock

solution was then diluted to the coating concentrations by further speedmixing for 10

to 20 minutes, followed by stir-bar mixing for 24 hours. Each film was coated on a

glass slide previously cleaned with acetone (C3H6O) and then air dried. A motorized
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stage (vertically-mounted syringe pump, Harvard Apparatus PHD 2000) was used

to immerse and lift the glass slide into and out of both the CNT-CSA solution and

chloroform bath at prescribed speed. In the case of simple chloroform coagulation

(method (1)), the films was immersed in chloroform for at least 20 minutes to ensure

complete removal of the CSA. Finally, the film was annealed at 115 ◦C for 30 minutes

to improve their adhesion to the glass support. When the complete sulfuric acid

removal was desired (method (2)), the glass slide was first immersed in chloroform

for 20 minutes after fabrication. Then, the glass slide was left in a diethyl ether

bath for 3 minutes. After the ether washing, the film was annealed in the oven at

115 ◦C for 15 minutes to improve the adhesion to the glass slide. Finally, the glass

slide was immersed in a water bath to remove the residual sulfuric acid. The process

was completed with another 15 minutes in the oven at 115 ◦C to dry the film. The

intermediate film annealing between diethyl ether and water wash is necessary to

avoid the detachment of the film from the substrate. The CSA removal was also

performed using direct CSA evaporation (method (3)) as described elsewhere [95].

In brief, the film was heated in a vacuum oven at 150 ◦C after fabrication for 20

minutes. Then, the glass slide was immersed in a diethyl ether bath for 3 minutes

and dried in oven for another 10 minutes. The whole dip-coating and coagulation

process was performed in a glove box purged continuously with dry air in order to

keep the moisture concentration less than 10 %: the presence of water vapor could

result in an exothermic reaction between the residual moisture and chlorosulfonic
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acid that may affect the integrity of the films due to the generation of HCl gas. The

film deposited on one side of the glass slide was wiped off before the transmittance

measurements.

4.2.2 Characterization

The CNT film morphology was studied using a Zeiss Axioplan optical microscope.

TEM images were captured using JEOL 2010. The TEM sample preparation was

achieved by immersing the dip-coated slides into a DI water bath after chloroform

coagulation and transferring of the floating films onto a TEM grid. Films produced

in this manner can be easily detached from the glass slide and transferred to other

substrates. FEI quanta 400ESEM FEG was used to obtain the SEM pictures. The

transmittance of the films at the wavelength of 550 nm was measured by a UV-Vis

spectrometer (Shimadzu UV-1800), while the sheet resistance was obtained with a

linear four-point probe device (Jandel model RM3-AR). The XPS spectra and the

rheology data were obtained using PHI Quantera XPS and AR2000eX (TA Instru-

ments) with a concentric cylinder Couette geometry, respectively.

4.3 Fabrication of dip-coated CNT films

Thin films were fabricated starting from solutions of CNTs in CSA. Both HiPco

SWNTs (length L ∼ 0.5 µm, diameter D ∼ 1 nm) [88] produced at Rice University

and DWNTs (L ∼ 10 µm, D ∼ 2.4 nm) from Continental Carbon Nanotechnologies,

Inc. (CCNI) were used. SWNTs and DWNTs were dissolved (without sonication)
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in CSA at 1000, 2000, and 3000 ppm wt % (deposition from lower concentration

solutions yielded sparse CNT coverage, high transparency of about 99.5 %, and high

sheet resistance Rs of about 12 kΩ/sq). Beyond a critical concentration wI , CNTs

form biphasic solutions with an isotropic (randomly oriented) phase in equilibrium

with a nematic liquid crystalline phase [19, 20, 92]. This critical concentration scales

inversely with CNT aspect ratio [36] as wI ∼ D/L. The measured transition con-

centrations were 4100 ppm for SWNTs [88] and 125 ppm for DWNTs; therefore,

the SWNT solutions were isotropic, whereas the DWNT solutions contained a small

amount of nematic phase (∼10 to 20% depending on overall concentration - Figure

4.1).

Figure 4.1 : Micrographs of 1000 ppm solutions of DWNT (left) and SWNT (right) in CSA under

cross-polarized light in 1 mm thick glass capillaries. The DWNT solution shows strong birefringence,

indicating the presence of liquid crystals. The SWNT solution is isotropic, as it shows almost no

birefringence. The small bright dots may be small liquid crystalline domains formed by the longest

SWNTs in the polydisperse sample. The capillaries were filled by capillary forces in a low-humidity

glovebox and then flame sealed to avoid the ingress of moisture.
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Glass slides were lowered into the CNT-CSA solution and were withdrawn at a

controlled speed by a motorized arm (see Figure 4.2).

Figure 4.2 : Schematic of the dip coating process: (a) homogeneous solution of CNTs

in chlorosulfonic acid; (b) withdrawal step and formation of the film on the glass slide by

controlling the lifting speed; (c) coagulation and washing steps for the removal of CSA using

a chloroform bath or a series of baths of chloroform coagulation followed by diethyl ether

and water washes; (d) dip coating set-up; (e) 90% transparent thin film obtained by dip

coating from DWNT-CSA solutions.

Three methods were used to remove CSA from the films: (1) coagulation by

immersion of the glass slide in chloroform (CHCl3) followed by oven drying; (2) co-

agulation by immersion of the glass slide in chloroform, followed by washes in diethyl
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ether (C4H10O) and then water, with final oven drying; (3) direct evaporation of CSA

in a vacuum oven at 150 ◦C followed by diethyl ether wash and drying as shown in

previous literature [95]. Figure 4.2e shows an example of a 90 % transmittance film

fabricated using the dip coating technique. All three methods yielded homogeneous

films (Figure 4.3a) but different amounts of residual sulfuric acid (H2SO4) doping.

Chloroform was chosen as the coagulant because it dissolves CSA without reacting

(unlike water that forms hydrochloric acid (HCl) gas and sulfuric acid), which can

damage the film structure. Because of its high volatility, chloroform rapidly evap-

orates from the film once the slide is removed from the bath. However, chloroform

is not a good solvent for sulfuric acid and hence leaves residual acid in the film.

Washing in diethyl ether and water, are necessary to remove sulfuric acid whenever

sulfuric acid doping is not desired (as discussed below). The use of these three meth-

ods allowed the study of film electrical properties depending on the residual acid level.

4.4 Morphology of CNT dip-coated films

SWNT and DWNT films displayed remarkably different morphology (Figure 4.3). Un-

der cross polarized light (Figure 4.3b), no ordered structure was observed in SWNT

films coated at low speed (1-2 mm/min), whereas small birefringent regions are ob-

servable in films coated at higher speed (3 mm/min). Conversely, all DWNT films

showed elongated birefringent domains aligned along the coating direction at all con-

centrations. This morphology is consistent with the microstructure of the coating
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Figure 4.3 : (a) Transmitted light micrographs of SWNT (top) and DWNT (bottom) films fab-

ricated from a 1000 ppm solution at different withdrawal speeds. The scale bar is equal to 50µm

and the red arrow represents the coating direction. (b) Polarized light micrographs of SWNT (top)

and DWNT (bottom) films fabricated from 1000 ppm solution at different withdrawal speeds (1

mm/min to 3 mm/min): SWNT films show isotropic orientation at low shear rate. Slightly ordered

structures in the coating direction can be seen at 3 mm/min coating speed. DWNT films show a

preferential orientation in the coating direction due to the liquid crystalline domains in the 1000

ppm CSA solution: these domains are stretched during dip coating and yield ordered CNT bundles

in the film (bright regions). The films were coagulated with chloroform (method (1)). The scale bar

is equal to 50 µm. The red and white arrows represent the coating direction and the cross polars,

respectively.
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solutions and the action of the shear field. In isotropic SWNT solutions, at low

speed, the shear rate was insufficient to produce ordering in the films, whereas some

shear-induced ordering was observed at high speed. Conversely, the pre-existing liq-

uid crystalline domains in the DWNT solutions were stretched and aligned by the

shear field.

Due to the CNT orientation, we expected the DWNT films to display anisotropic elec-

trical properties [29, 90, 126]. We measured sheet resistance with a linear four-point

probe at three different angles with respect to the coating direction and found no

angular variation irrespective of the CSA removal technique (for example, a typical

method (1) film had 117.0 ± 12.6 Ω/sq, 117.8 ± 11.4 Ω/sq, and 118.3 ± 8.0Ω/sq

at 0◦, 45◦, and 90◦, respectively at about 85 % transmittance). Further study of

the film morphology (Figure 4.4) using Scanning Electron Microscope (SEM) and

Transmission Electron Microscope (TEM) leads to an explanation.

The films consist of large bundles aligned along the coating direction (responsible

for the optical birefringence) connected through a network of thinner bundles and

individual CNTs predominantly aligned perpendicular to the large bundles. These

perpendicular structures ensure isotropic film conductivity; they may arise from the

isotropic phase present in the solution or be induced by vorticity aligning in the shear

flow (known to occur in liquid crystalline polymers and CNT fluids [19, 70, 73]).
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Figure 4.4 : SEM images (a) and TEM images (b) of the films transferred onto TEM grids:

the presence of an isotropic network of individual CNTs and bundles is probably responsible for

the isotropic electrical properties of the films. The films were chloroform coagulated before being

detached from the glass slide with a water bath.
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4.5 CNT dip-coated film thickness

The thickness, hwet, of the dip coated liquid film, called the wet film thickness, is

controlled by the interplay of surface tension and gravity, which oppose film formation,

and viscous forces, which draw liquid from the coating bath onto the substrate [1, 3].

Whereas surface tension and gravity are process-independent, viscous forces can be

controlled by the withdrawal speed u and solution CNT concentration (which affects

viscosity). CNT concentration also affects the dry film thickness through hwet = hdry

φ, where φ is the CNT volume fraction in the coating liquid. Figure 4.5 shows how

transmittance and sheet resistance (both related to the dry film thickness) change

with withdrawal speed at different DWNT concentrations.

As expected, higher withdrawal speed and higher CNT concentration yield thicker

films (lower transmittance and lower sheet resistance). For Newtonian fluids, the

relationship of wet film thickness to process parameters (the well-known Landau-

Levich relation [66]) is a function of the capillary number (ratio of viscous to surface

tension forces), or, in terms of velocity, hwet ∼ u2/3. However, CNT solutions in CSA

are non-Newtonian; in the range of measurements, they shear thin as power-law fluids

with apparent viscosity:

ηa = Kγ̇n−1 (4.1)

where γ̇ is the shear rate, n is the power law exponent (n = 1 is a Newtonian

fluid), and K is the consistency index (Figure 4.6).
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Figure 4.5 : (a) Optical transmittance at the wavelength of 550 nm with respect to the withdrawal

speed at different fixed concentration of DWNT in CSA. Each value of transmittance is an average

of 3 films fabricated with the same dip-coating parameters. (b) Optical transmittance versus sheet

electrical resistance for films obtained by DWNTs using different acid removal processes. Films

produced with direct CSA evaporation (method (3)) and simple chloroform coagulation (method

(1)) showed lower sheet resistance values, most likely due to the presence of sulfuric acid (see XPS

data in Figure 4.8). On the other hand, higher values of sheet resistance were found for films

coagulated with chloroform and washed with diethyl ether, and water (method (2)) due to the near

complete removal of sulfuric acid.
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Figure 4.6 : Viscosity versus shear rate for DWNT solutions at 1000, 2000, and 3000 ppm concen-

trations. The power law exponent n can be obtained from the slope of the curves. Data were collected

using a AR2000eX rheometer with a concentric cylinder (Couette) geometry. The rheometer was

enclosed in a glovebox to protect the sample from moisture.

For Figure 4.7, we investigated whether the dependence of film thickness on fluid

rheology could be captured by the model of Gutfinger and Tallmadge [16], which pre-

dicts that the wet film thickness depends on coating speed u and power law exponent

n as
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hwet ∼ u
2n

2n+1 (4.2)

We used DWNT solutions at three different concentrations (1000 ppm, 2000 ppm,

3000 ppm). The power-law exponent n was obtained by rheology tests (Figure 4.5).

The Beer-Lambert law: T = e−αhdry where α is a constant, yields the proportion-

ality of the optical transmittance T to the dried film thickness hdry ∼ hwet; hence,

transmittance should scale with coating speed and power law as:

− lnT ∼ hdry ∼ hwet ∼ u
2n

2n+1 (4.3)

Figure 4.7 shows −lnT versus the coating speed u in a log-log plot: the slope

2n/(2n+ 1) obtained from the solutions at 1000, 2000, and 3000 ppm and the theo-

retical slope of 2/3 for Newtonian fluids (from the Landau-Levich equation [66]) are

compared. The experimental data is closer to the Newtonian fluid prediction, most

likely due to the low shear rate at which the films were fabricated (shear thinning

may influence the films produced at higher velocity).

4.6 Opto-electrical properties of the CNT dip-coated films

and percolation analysis

Figure 4.5b shows sheet resistance versus transmittance: as expected, thicker films

(lower transmittance) exhibit better electrical properties due to the increased num-

ber of pathways that the electrons can travel through. For films thinner than the

wavelength of light, film transmittance T is related to sheet resistance by [48]:
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Figure 4.7 : Logarithmic plot of lnT (where T is the film transmittance) versus lifting speed

u for films obtained at different concentrations and withdrawal speed. The transmittance at each

concentration and lifting speed was calculated by averaging three different films made under the

same dip coating conditions. The slope of 2/3 represent the theoretical value for Newtonian fluids,

while the slope of 0.43, 0.42, and 0.41 are the slopes obtained from rheology tests for 3000, 2000,

and 1000 ppm solutions, respectively.
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T =

(
1 +

(
Zo

2Rs

)(
σop
σdc

))−2
(4.4)

where Z0 ∼ 376.73 Ω is the characteristic impedance of vacuum, and σop and σdc

are the optical and DC conductivity of the material, respectively. The ratio σop
σdc

can

be used to estimate film quality (lower values indicate better properties). In figure

4.5b all the data fall on the same process curve spanning ∼ 2 orders of magnitude

in sheet resistance, indicating that this simple coating process is very robust and

versatile. Interestingly, film electrical properties depend on the fabrication technique

used: the best electrical properties were obtained with films made by direct CSA

evaporation and diethyl ether wash (method (3), yielding σop
σdc
∼ 0.039 ± 0.008),

followed by chloroform coagulated films (method (1), yielding σop
σdc
∼ 0.042 ± 0.013)

and water washed films (method (2), yielding σop
σdc
∼ 0.064 ± 0.012). The difference in

electrical properties using the three techniques is related to the presence of sulfuric

acid (H2SO4) that can be completely or partially removed from the film depending

on the washing procedure. CSA reacts with the moisture in the air, leading to the

formation of sulfuric acid that acts as a doping agent [18]. Complete sulfuric acid

removal was achieved by washing the films in water (method (2)), while some residual

sulfuric acid appeared in films produced using method (1) and (3) (< 0.1 atomic %

for method (2), while method (1) and (3) showed ∼ 9.1 and 2.3 atomic % in sulfur

content, respectively; these values were stable over∼ 90 days - see X-ray photoelectron

spectroscopy (XPS) data in Figure 4.8).
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Figure 4.8 : XPS spectra for films made using methods (1), (2), and (3): sulfur peaks appear

clearly in films coagulated with chloroform (method (1)) and vacuum dried-diethyl ether washed films

(method (3)) (about 9.1 and 2.3 atomic % of sulfur present using method (1) and (3), respectively).

The presence of sulfur is due to the incomplete sulfuric acid removal. On the other hand, water

washed films (method (2)) removed the presence of sulfur peaks (< 0.1 atomic% sulfur content).The

species % content was estimated after the subtraction of the signal given by the bare glass slide (Si

and Na peaks come from the glass support as well as most of the oxygen that showed approximately

a ratio of 2.6:1 with Si based on a control experiment with a clean glass slide) for an average of five

random points along each film. The same three films were analyzed again after storage for ∼ 90

days in lab conditions and showed no meaningful differences in composition. Data were collected

with PHI Quantera XPS.
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Although films made by different methods included various residual acid content,

their stability in time was comparable. We observed day-to-day sheet resistance vari-

ations of up to ∼ 20 %, probably related to humidity fluctuations, but no long-term

trend over a 90-day observation period (see Figure 4.9). Interestingly, films made by

method (1) and (3) showed a rapid increase in sheet resistance (∼ 40 and 21 %, re-

spectively) when a constant current of 1 mA was applied; this increase was reversible

and is likely related to ionic conductivity due to residual sulfuric acid in the film (see

Figure 4.10).

Films fabricated from different CNTs are expected to exhibit different performance

due to the respective quality, length, and diameter of the constituent CNTs. Although

long CNTs are more difficult to disperse in liquids, they are desirable because the film

conductivity scales as Lδ, where L is the average CNT length and δ is a constant close

to 1 [44]. A percolation analysis was performed in order to determine the percolation

threshold hc and the critical exponent δ for SWNT and DWNT film systems. Film

thickness hdry was measured by Atomic Force Microscopy (AFM (Digital Instrument

Nanoscope IIIA Atomic force microscope)) and was correlated to transmittance T

through the Beer-Lambert law. The extinction coefficient α was found to be 0.0054

nm−1 and 0.0048 nm−1 for DWNT and SWNT films, respectively, in general agree-

ment with the results of Harris et al [41]. Sheet conductivity σ(h) = 1/Rs was related

to film thickness hdry by [41]:
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Figure 4.9 : Electrical stability in time for films made using three different CSA removal techniques:

simple chloroform coagulation (1); chloroform coagulation followed by diethyl ether and water wash

(2); vacuum oven drying and diethyl ether wash (3). On the left, sheet resistance versus time and

on the right, sheet resistance relative to the initial sheet resistance ( Rs

Rso
) versus time are shown.

Over time, the measured sheet resistance of the films fluctuated within about 20 % range of their

initial value. However, no definite trends were apparent over 90 days of observation. Environmental

conditions such as humidity are well known to affect the electrical properties of CNTs and are

the most likely culprits for the day-to-day variation.[124] Each point represents the average of five

random spots on the film and the error bars indicate the standard deviations.



75

Figure 4.10 : Effect of current on sheet resistance Rs(t) (normalized by its initial value Rso) for

films with 90 % transmittance made by methods (1-3). A current of 1 mA was applied for 180 min

through the electrodes of a four-point probe. The film produced by method (2) showed no significant

change; films produced using methods (1) and (3) showed a continuous increase in sheet resistance

that plateaued after 30 min (40 % increase for film (1) and 20 % increase for film (3)). The current

was removed at t = 180 min and Rs was monitored in time (by imposing current for a few seconds

every 5 - 60 min). The sheet resistance recovered slowly and attained its initial value overnight,

demonstrating that this phenomenon is reversible and is most likely caused by the separation of H+

and SO2−
4 ions at the electrodes of the four-point probe.
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σ(hdry) = σo(
hdry
hc
− 1)δ (4.5)

For DWNT films, the critical amplitude was σ0 = 1.8 x 10−3 sq/Ω, the critical

percolation thickness was hc = 5.3 nm and the critical exponent was δ = 1.12; for

SWNT films, σ0 = 3.7 x 10−4 sq/Ω, hc = 9.3 nm, and δ = 1.49. Both critical exponents

are close to 1 and in the same range as reported by Hecht et al. [44] (1.46) and Harris

et al. [41] (∼ 0.92 and ∼ 1.15), as expected for 2D systems. The experimental

data and theoretical curve (equation 3.5) are shown in Figure 4.11. While our fitting

results show lower hc for DWNT than for SWNT films, Harris et al. showed that

hc does not depend only on CNT length [41]. They performed the same percolation

analysis and found that CNTs of similar length but different type (metallic versus

semiconductor) changed both σo and hc. Therefore, presently it appears that the

effects of CNT intrinsic conductivity and CNT length cannot be uniquely mapped

onto the parameters of this percolation analysis.

When using CSA, length is not a barrier to dissolution [88]. We fabricated films

of SWNT and DWNT; within the same fabrication method, SWNT films had ∼ 4

to ∼ 10 times higher sheet resistance than corresponding DWNT films (Figure 4.12),

demonstrating the importance of the length and quality of CNTs for producing high-

performance films; for example (method (1)), at ∼ 88 % transmittance, SWNT and

DWNT films have a sheet resistance of ∼ 1300 Ω/sq and 140 Ω/sq, respectively, while

at ∼ 97 % transmittance, SWNT and DWNT films have a sheet resistance of ∼ 3200
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Ω/sq (σop/σdc ∼ 0.371 ± 0.073) and 850 Ω/sq (σop/σdc ∼ 0.042 ± 0.013).

Figure 4.11 : Sheet conductivity versus film thickness. Our data was fit to equation (4.5) in

order to determine the percolation threshold hc and the critical exponent δ for SWNT and DWNT

film systems. For DWNT films, σ0, hc and δ were equal to 1.8 x 10−3 sq/Ω, 5.3 nm and 1.12,

respectively, while SWNT films were characterized by σ0, hc and δ equal to 3.7 x 10−4 sq/Ω, 9.3 nm

and 1.49, respectively. Solid and dashed lines correspond to theoretical fits to DWNT and SWNT

data, respectively.

4.7 Comparison with the literature

Compared to CNT films in the dip-coating literature [21, 53, 82, 95, 96, 100, 120]

(Figure 4.13a), our films from CSA-CNT solutions show excellent properties, likely

due to the CNT length and quality as well as film morphology. Figure 4.13b compares

our findings using method (2) and (3) with the best values published in literature

to date using various techniques [18, 32, 35, 45, 69, 83, 87, 98, 118, 129]. The
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Figure 4.12 : Transmittance versus sheet resistance for films obtained by DWNTs and SWNTs

using simple chloroform coagulation (method (1)): films obtained by SWNTs showed higher sheet

resistance (from about 4 to 10 times higher) than DWNT films. The length of the CNTs plays a

fundamental role in the film conductivity as demonstrated in previous literature [44]. Each sheet

resistance value represents the average of at least 5 random points in the film.

best performance was obtained by Hecht et al. [45], who made DWNT films by

filtration from CSA solutions, but reported short-term stability issues. The ∼ 2X

performance difference may be due to the absence of liquid crystalline domains in

their low-concentration (∼100 ppm) solutions, indicating that further improvements

may be attained by moving from dip coating to pre-metered coating methods (which

can operate at lower solid concentration and lower viscosity). These films show similar

properties to those obtained by post-treatments with either nitric acid (HNO3) or

thionyl chloride (SOCl2), known to dramatically improve the film properties by doping

[4, 51]. However, films doped by nitric acid or thionyl chloride have poor electrical

stability in time [4, 51], whereas the films reported here show stable properties over
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Figure 4.13 : (a) Transmittance versus sheet resistance for films obtained by dip coating in the

recent literature [21, 53, 82, 95, 96, 100, 120]. (b) Transmittance versus sheet resistance of the best

films obtained in literature up to date for various coating methods [18, 32, 35, 45, 69, 83, 87, 98,

118, 129]. The values of sheet resistance reported represent the average of at least 5 random points

in the film and were obtained for DWNT films with the three techniques used.
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∼ 3 months. One possible explanation is that the acid may be entrapped inside the

CNTs (as shown recently in reference [38]) rather than adsorbed onto the CNTs.

4.8 Conclusions

In this chapter, we reported a potentially scalable method to produce CNT thin con-

ductive films from CSA solutions without the use of surfactants, functionalization, or

sonication. The film thickness and morphology were controlled by the coating speed,

CNT solution concentration, and CNT length; CSA was removed by coagulation or

drying followed by washing. The resulting films have excellent electrical and optical

properties and are stable in time even in the presence of some residual acid doping.

Long-term stability may be improved further by packaging the films into multi-layer

electrode assemblies, such as those typically used in displays and touch screens. Dip

coating is scalable and can be adapted to higher-throughput processes such as slot,

slide, and roll coating, and can be used with long CNTs to produce high-performance

CNT films. Hence, solution coating from CSA could become the method of choice

for fabricating transparent conductive CNT films for commercial applications.
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Chapter 5

Lightweight, flexible, high-performance carbon

nanotube cables by scalable flow coating

∗

5.1 Introduction

Coaxial cables are indispensable in modern technology and have a wide range of uses

that span from navigation to telecomunication systems [55]. Coaxial cables are used

to propagate signals and require a center conductor (CC) and an outer conductor

(OC) separated by an insutating layer (dielectric). The OC serves two functions:

signal transmission as well as electromagnetic (EM) shielding to minimize EM in-

terference [91]. While EM shielding does not require high OC conductivity [17],

signal loss (signal attenuation) through the transmission line is highly sensitive to

the conductivity and architecture of the OC. Metals are generally used because of

their high conductivity; however, their high density and limited fatigue resistance

requires complex (braided) shielding architectures and wire oversizing to meet me-

chanical specifications and reach appropriate OC conductance. Replacing the metals

in conventional coaxial cables with lighter, fatigue-resistant materials has been a holy

∗This chapter is an updated version of a draft article in preparation for submission (See reference

[80])
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grail particularly in aerospace applications where weight reduction affects directly

launch cost, payload, and fuel efficiency. In commercial and military aircrafts, as well

as satellites and spacecrafts, this can lead to improved travel range, mission time, and

reduced emissions [23]. Size and weight reduction becomes even more compelling in

the case of aircrafts with limited space like unmanned aerial vehicles (UAVs). Despite

over three decades of research, composite core-skin metal-polymer constructs (such

as metallized PPTA (Aracon) and PBO (Amberstrand)) provide only minor advances

and have limited operating ranges because of issues such as delamination [64].

In principle, carbon nanotubes (CNTs) are an alluring alternative to conventional

conductors used in coaxial data cables because they combine high strength, electrical

and thermal conductivity with low density [6, 94, 108], which makes them ideal for

applications where weight saving is a determining factor [7, 23]. However, achieving

electrical performance comparable to metals has been challenging. In recent work,

CNT sheets were wrapped around the cable dielectric to form the OC [42, 56, 57].

Altough the CNT sheet conductivity was high enough to provide EM shielding effec-

tiveness comparable to commercial metal OCs [57], the resulting cables did not meet

the military standards for signal attenuation due to insufficient CNT sheet conduc-

tivity. The only work that shows military standard values for attenuation for CNT

cables was presented by Jarosz et al. [56] that achieved these results using vacuum

filtered CNT sheets wrapped around the cable dielectric: however, in this case, the

cable terminations were realized using a palladium foil that was overlapping with
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the CNT layer for ∼ 2/3 of the cable length, drammatically improving the OC con-

ductivity due to the presence of the metal. Moreover, the fabrication process (tape

wrapping) has limited scalability. In fact, tape wrapped dielectric insulation has been

in common use for nearly two centuries; however, over the last few decades extru-

sion has largely supplanted wrapping dielectrics for specific commercial applications

because it is highly scalable, less expensive, and easier to produce long cables [107].

Here we show that solution-coated CNT OCs combine high electrical functionality,

flexibility, and scalable manufacturing. We show that a coaxial cable consisting of an

inner copper conductor and seamless CNT OC meets data transmission and flexibility

requirements while providing a 97 % mass saving over its metal counterpart.

5.2 Experimental procedures

5.2.1 Carbon nanotube coating and characterization

CNTs were purchased from Unidym, Inc., OCSiAl, Inc., and Continental Carbon

Nanotechnologies, Inc. (CCNI) and dispersed at the concentration of 1-1.3 % by

mass in CSA (Sigma Aldrich) using a speed mixer (DAC 150.1 FV-K, Flack Tek

Inc). After coating the dielectric with the CNT solution at 100 mm/s, the coated

dielectric was coagulated in ether for 1 hour, followed by an isopropanol wash for

30 min, then a water bath for 1 hour. The coated dielectric was then air dried at

room conditions overnight. Once the coating was dried, we estimated the mass of

the CNT coating by first cutting a segment of coated dielectric. We then melted

the PE dielectric in a bath of dichlorobenzene heated at 150 ◦C for 20 minutes,
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followed by a 20 minute bath in dichloromethane at ambient conditions to remove

the dichlorobenzene. The CNT coating was dried in the oven at 100 ◦C for 10 minutes

and measured by a Citizen microbalance. We determined the thickness of the coating

by SEM imaging and a microcaliper. We verified CNT material quality by Raman

Spectroscopy. Raman spectroscopy was performed directly on the CNT powder using

a Renishaw inViaRamanMicroscope with 514, 633, and 785 nm wavelength lasers.

The objective was 50X and the acquisition time was 10 s. The solution of CNTs in

CSA was characterized before coating the cables using a polarized optical microscope.

A small drop of the 1.3 wt % solution was deposited on a glass slide. Then, a

cover slip was placed on the top of the drop and sealed with tape to minimize the

exposure to air. The sample was prepared in a glove box with humidity controlled

environment (less than 10 % humidity). The sample was observed by a Zeiss Axioplan

optical microscope at 0 and 45 degrees with respect to the cross polars (analyzer and

polarizer).

5.2.2 Morphology characterization

SEM images of the coating on the dielectric were taken by a microscope (FEI Quanta

400ESEM FEG). AFM measurements (Cypher AFM, Asylum/Oxford Instruments)

were performed in tapping mode at ambient conditions. We used a silicon cantilever

(AC160TS-R3, Olympus) with a spring constant of approximately 30 N/m, a resonant

frequency of 295 kHz, a free oscillation amplitude of 100 nm and an imaging set point

ratio of approximately 85 %. The linear tip speed during scanning was about 25
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µm/s. Small-angle neutron scattering (SANS) measurements were performed at the

30m NG7 SANS beam line at the NIST Center for Neutron Research (NCNR). The

measurements were done using the standard SANS configurations, covering a Q-range

of 0.003 Å−1 - 0.55 Å−1. Data reduction was performed using NCNR Igor macros and

data fitting using the SasView software (www.sasview.org). The SANS measurements

were performed on a piece of the CNT coating that was removed from the dielectric

and sandwiched between two glass slides.

5.2.3 Mechanical testing

Mechanical testing was conducted using a 3-point bend test fixture attached to an

MTS servohydraulic load frame (Model 312, 100 KN) equipped with a 15 KN ac-

tuator. The upper grip fixture held the 220 N compression/tension load cell with

the anvil attached to push down on the cable. The support and loading anvils were

equipped with 10 mm diameter bearings. The span between support anvils was 60

mm. A schematic of the experimental loading configuration is provided in Figure 5.1.

The cable was kept in tension across the support anvils by steel springs with spring

constants of (488 ± 2) mN/mm that were attached to the rigid coax connections to

isolate fragile coax fitting from stress. The coiled springs were anchored to aluminum

supports rigidly fixed to the 3-point bend fixture. The pre-tension axial force on the

cable was (0.7 ± 0.02) N which gave an approximate axial stress of 35 kPa on the

cable. The cable was fatigued by positioning the anvil in direct contact with the

cable at zero normal load on the load cell. The loading anvil was stationary and the
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support anvils, connected to the actuator, were oscillated using a triangular ramp

with amplitude of 16 mm deflection at a rate of 5 Hz for 10,000 cycles. This motion

resulted in bending the length of cable through a (27 ± 2) mm radius of curvature.

The normal load at maximum displacement was (13 ± 1) N and the axial force, based

on spring displacement, was approximately 4.6 N. During the fatigue test, the DC

resistance measurements were taken using a Keithley 1700 multimeter after letting

the cable settle for a period of two minutes to allow for thermal dissipation.

5.2.4 Electrical DC and AC characterization

The CNT coaxial cables were fabricated from RG174U coax and subsequently at-

tached to female SMA connectors. Two-point DC resistances were measured with

Keithley 2000 multimeter. Four-point probe measurements were taken with a Hewlett

Packard 34401A multimeter. The microwave electrical measurements were performed

on a vector network analyzer Hewlett Packard 8720D that was corrected with open-

short-load (OSLT) lumped-element calibration artifacts. The StatistiCAL software

package (http://www.nist.gov/pml/electromagnetics/related-software.cfm) was used

to perform the multiline thru-reflect-line analysis.

5.3 Cable fabrication

The CNT coaxial cables were fabricated from RG174U coax (Figure 5.2a) and sub-

sequently attached to female subMiniature version A (SMA) connectors (Figure 5.3).

The presence of silver epoxy does not affect the microwave properties of the cables:
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Figure 5.1 : Mechanical test set up. The 14.2 cm cable is connected to the 3 point bending

machine and kept in tension by springs attached on each side of the cable. The cable is connected

to the multimeter to measure the DC resistance while performing the tests. The radius of bending

is (27 ± 2) mm.
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commercial cables were tested with and without silver epoxy and no change in at-

tenuation was observed. Silver epoxy was used only to increase the robustness of the

connectors and guarantee a good contact between the OC and the connector. The

technique shown in Figure 5.3 was also used for the commercial cables. In both CNT

and commercial cables a copper wire serves as the CC and is coated by a polyethy-

lene (PE) dielectric (Figure 5.2b). The dielectric is covered by the OC, which is a

metal braid for the commercial cables and a CNT layer in CNT cables (Figure 5.2b).

Both cables are insulated by nominally identical PVC jackets. CNTs were solution

coated onto the cable PE dielectric by two methods: (1) discrete dip coating using a

solution of CNTs in chlorosulfonic acid (CSA) (Figure 5.2c), followed by coagulation,

washing in water, and overnight air drying; (2) continuous roll-to-roll wire coating

(Figure 5.2d) with inline deposition of a CNT-CSA solution, coagulation, water wash-

ing and off-line overnight air drying. We produced the CNT cables described here

using approach (1); however, method (2) (Figure 5.2d) is better suited for industrial

manufacturing. For our cables, we controlled the CNT layer thickness by coating the

cable multiple times (Figure 5.4), yielding CNT layer thicknesses of (13 ± 2) µm, (43

± 4)µm, and (90 ± 14) µm.

The CNT layer was detached from the dielectric by dissolving the PE with dichloroben-

zene (see Experimental Procedures). The CNT layer cross section was then imaged

from the top in at least 5 different areas by SEM. The removal of the PE dielectric

allows for better SEM resolution. The microcaliper measurement was performed on
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Figure 5.2 : (a) A photograph of a CNT coaxial cable with SubMiniature version A (SMA)

connectors (Inset: SMA connector at an auxillary view). (b) Top, schematics of a CNT coaxial

cable compared to a conventional commercial cable. Bottom, photographs of the CNT coaxial cables

and the convential commercial cable with the different coatings revealed. (c) Laboratory-based dip-

coating process used to coat the coaxial cables for the data presented in Figure 5.10, Figure 5.13,

and Figure 5.15. (d) Scalable roll-to-roll wire coating for the fabrication of CNT coatings.
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Figure 5.3 : (a) Teflon tape is wrapped around the ends of the dielectric then coated by the CNT

layer. (b) Teflon tape is removed exposing the PE dielectric. The PVC jacket is placed on the top

of CNT layer. (c) 1/16 inch piece of dielectric is removed to expose the copper wire. (d) The inner

pin of the SMA female connector is placed on the copper wire and soldered. (e) The OC is inserted

on the top of the inner pin and the CNT layer is wrapped around it. (f) Silver epoxy is placed on

the top of the CNT layer to secure the CNT-connector contact. (g) The metal connector ring is

crimped on the top of the silver epoxy. Once the silver epoxy is dried, the connector is insulated

with electric tape.
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at least 5 cables. The microcaliper and SEM measurements agree within ∼ 3-20

%. Industrial processes (Figure 5.2d) could control thickness by tuning coating rate

and solution viscosity. Indeed, higher solution viscosity and withdrawal rate should

lead to thicker coatings [16, 22]. Specifically, coating thickness hdry is related to the

withdrawal speed u by the power law relation hdry ∼ u
2n

2n+1 . In this relation n is the

power law exponent from η = Kγ̇n−1, where η is the fluid viscosity, γ̇ is the shear

rate, and K is the consistency index [75]. In order to confirm that this model applies

to our system, we measured directly n by measuring the shear-dependent viscosity

of the CNT solutions, and we also estimated n by fitting the relationship of coating

thickness to coating speed (Figure 5.5). We find that the two estimates of power law

exponent p = (2n/(2n+1)) agree to within 3-15 %, confirming that coating thickness

can be tuned by simply controlling solution viscosity and withdrawal rate.

5.4 Coating morphology

To investigate the local morphology and structure of the CNT layer onto the cable

dielectric, we used scanning electron microscopy (SEM), atomic force microscopy

(AFM), small-angle neutron scattering (SANS), and polarized Raman spectroscopy.

SEM (Figure 5.6a) and AFM (Figure 5.6b) indicated the presence of CNT bundles

oriented parallel to the draw direction.

Polarized resonance Raman spectroscopy was performed with a Renishaw inVia

microscope on (90 ± 14) µm sample to evaluate the macroscopic order parameter S.

A 633 nm laser was scanned over 4.5 mm x 0.6 mm to obtain 76 spectra (250 µm x
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independently prepared. Coating thickness versus withdrawal speed for 1 and 1.3 wt % solutions

(b). The thickness measurements were obtained by SEM. The (2n/(2n + 1)) exponent calculated

using n from the rheology data and the one predicted by lubrication analysis [16] agree within 15 %

for 1 % solution and 3 % for 1.3 % solution. Rheology data (plot (a), courtesy of Amram Bengio.
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Figure 5.6 : (a) Scanning electron microscope micrographs of the CNT layer for each thickness

value. The coating direction (arrow) shows that the CNT bundles oriented along the draw direction.

(b) Atomic force microscope (AFM) images of a (90 ± 14) µm CNT coating on a coated coaxial cable

show bundle alignment and uniform coverage. Far left shows an optical image of the investigated

surface.
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200 µm step size) for 3 different scattering geometries and the intensities of the G+

peaks were used to calculate S. Assuming three dimensional order of the CNTs in

the coating, S is given by:

S =
3IV V + 3IV H − 4IHH
3IV V + 12IV H + 8IHH

(5.1)

where subscripts denote laser polarity (incident polarization) and analyzer posi-

tion (scattering polarization) with respect to CNT alignment [125]. Specifically, V V

represents laser polarity and analyzer position parallel to the cable axis, V H repre-

sents laser polarity parallel to the cable axis but perpendicular to the analyzer, and

HH represents laser polarity and analyzer both perpendicular to the cable axis. IV H

and IHH were obtained with the use of half-wave plates so that all 3 spectra were

taken in the same positions along the coating. The laser was automatically focused

before the acquisition of each spectrum by the WiRE software. The average order

parameter obtained by Raman spectroscopy of 0.34 ± 0.143 is in good agreement

with the alignment factor from SANS (0.323, see following discussion), which has

been shown to be equivalent to the order parameter for uniaxially aligned rigid rods

[110, 112].

SANS measurements on the CNT coating confirmed the bundle alignment along

the cable axis. Small-angle neutron scattering (SANS) measurements were taken on

the CNT coatings with 90 µm and 43 µm thickness. Both samples show the same

scattering behavior within a scaling factor. One of the data sets on the 43 µm thick
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Figure 5.7 : (a) Order parameter map of the mapped area (4.5 mm x 0.6 mm). (b) Order parameter

distribution of the 76 spectra. The average order parameter is equal to 0.34 ± 0.143. (c) Raman 2D

mapping for the G peak intensity (1480-1680 cm−1 where the incident and scattering polarizations

were parallel to the cable axis (VV), the incident polarization was parallel to the cable axis but

perpendicular to the scattering polarization (VH), and incident and scattering polarizations were

both perpendicular to the cable axis (HH). Higher signal intensity can be detected in the VV plot,

demonstrating the preferential alignment of the CNTs along the cable axis. All the mapped area

shows Raman signal, demonstrating the absence of uncoated areas on the dielectric. Raman data

courtesy of Robert Headrick.
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Figure 5.8 : (a) 2D pattern of the normalized scattering intensity obtained by small-angle neutron

scattering (SANS) measurements on the CNT coating clearly indicating aligned CNT bundles, as

evident from the strong anisotropy in the signal. (b) Fit of the 2D SANS signal (in (a)) to a model

of aligned fibers. (c) Annular intensity average of the 2D scattering profile in (b). The red line

represents the best fit. (d) 1D SANS signal from the CNT coating (data points and error bars)

along with the fractal model fit to the data (red solid line). SANS data and fitting, courtesy of Rana

Ashkar and Paul Butler.
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coating is shown in Figure 5.8a. The anisotropy in the signal indicates orientational

order along the cable axis and is only observable for length scales higher than 10

nm, which is attributed to CNT bundles rather than individual CNTs. The SANS

signal was fitted to a 2D model of aligned fibers, yielding an average fiber diameter

of approximately 45 nm (Figure 5.8b). The degree of fiber alignment was quantified

from annular averages of the 2D scattering profile over a narrow Q-range close to

the lowest accessed Q-values in order to capture the largest possible dimension of the

aligned objects. For the 2D pattern shown in Figure 5.8b, the annulus was chosen

for Q values between 0.0045 Å−1 and 0.0054 Å−1 , resulting in the intensity spectrum

shown in Figure 5.8c. The alignment angle and the angular distribution are obtained

from fits to a Gaussian distribution of the hump-like structures (Figure 5.8c) and were

found to be 98◦± 20.4◦, respectively. It is worth noting that in this case the alignment

angle is determined by the orientation of the cable axis relative to the horizontal axis

on the detector. The degree of alignment of the CNT bundles was obtained from fits

of the 1D annularly-averaged data (Figure 5.8b) to the Maier-Saupe distribution of

the form [111, 115]:

F (Q, φ) =
∞∑
n=0

anP2n(cosφ) (5.2)

where φ is the alignment angle obtained from the Gaussian fits, P2n are even

Legendre polynomials and an are the fit parameters. We truncated the series to the

first five terms of the expansion, which sufficiently reproduced the measured signal.
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The alignment factor, Af , is obtained from the fit parameter a1 as Af = a1/5 [115],

and is ∼ 0.323 for the current sample. In general, Af takes values between zero for

randomly oriented fibers and 1 in the case of perfect alignment. The alignment factor

∼ 0.323 is in agreement with the order parameter found by polarized Raman. The

alignment factor value obtained is common in aligned soft matter systems, including

fibrins, worm-like micelles and polymers [115]. The CNT alignment along the cable

axis is consistent with the shear applied in the draw direction and the liquid crystalline

nature [20] of the CNT solution (Figure 5.9) caused by high CNT aspect ratio [85]

(∼ 4,000) and high solution concentration (1.3 % by mass).

Figure 5.9 : (a) Micrographs of the solution taken at 0 degrees with respect to the cross polars

(indicated by the arrows) and (b) at 45 degrees with respect to the cross polars. The birefringence

found in the sample indicates the presence of liquid crystals in equilibrium with an isotropic phase.

Insight about the intra-bundle configuration was obtained from the high-Q behav-

ior of the circularly averaged SANS signal. A preliminary analysis of the 1D SANS

data (Figure 5.8d) using Power law [40, 47] shows that the scattering intensity at high
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Q deviates from Q−1 dependence, associated with individual CNTs, and rather ex-

hibits a Q−2.8 dependence, which is indicative of dense fractal networks [47]. Indeed,

the fit of the 1D data to a fractal model [106] using the dimensions of the individual

CNT (diameter ∼1.2 nm), yielded a fractal dimension of 2.78 (Figure 5.8d), consis-

tent with the idea that the aligned bundles are formed of dense networks of individual

CNTs.

5.5 Cable mechanical properties

We tested the fatigue resistance of 14.2 cm long commercial and CNT cables in a

three-point geometry test (Figure 5.1). During the test, the direct current (DC)

resistance of the CNT layer was measured as a function of bending cycles (Figure

5.10a). Before and after the bending test, we characterized the signal transmission

(specifically, insertion loss) and we plotted the change in transmission (transmission of

the cable after the mechanical test normalized by the transmission of the cable before

the mechanical test) as a function of frequency (Figure 5.10b). The cable insertion

loss is indicative of how well the signal propagates through the transmission line and

accounts for the signal loss through the cable and the one due to the connectors. The

DC resistance increased with an increasing number of cycles for the cables with thin

CNT layers ((13 ± 2) µm and (43 ± 4) µm) but the effect of fatigue was negligible

for (90 ± 14) µm thick CNT coating and commercial cables after 10,000 cycles.

Consistent with the DC measurements, we found that commercial cables and cables

with thick CNT coatings showed no change in transmission due to fatigue (Figure
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5.10b). This is expected for commercial cables because their metal mesh is designed to

endure the bend radius (27 mm). Examination of the CNT cables showed that cables

with thinner coatings were damaged because of the geometrical mismatch between

their size and the inner diameter of the insulating jacket (which was sized for the

much thicker commercial cable metal braid).

5.6 Cable electrical properties

In order to show the inherent trade-off between conductivity and weight and to select

the optimal CNT source material, we made OCs with different source CNTs, measured

the DC conductivity of the OC normalized by its density (specific conductivity),

and plotted it versus the OC linear density (mass per unit length). We used CNTs

from CCNI (as in Ref. [10], aspect ratio ∼ 2410), from Unidym (similar growth

technology as CCNI, higher aspect ratio ∼ 4,000), and OCSiAl (recent high-volume

manufacturer, lower aspect ratio ∼ 1310). We measured the coating conductivity

using two techniques: (1) measuring the two point OC resistance of terminated cables

of different length (Figure 5.11) and (2) four point probe method directly on the OC.

In Figure 5.11 the DC resistance of inner and outer conductor is plotted versus cable

length showing a linear dependence of the DC resistance with cable length. The

conductivity σDC of the CNT outer conductor using method (1) was calculated from

the slopes of the DC resistance RDC versus length l in Figure 5.11b (A is the cross

sectional area):
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Figure 5.10 : (a) DC resistance of the CNT cables. During the 10,000 cycle bending test, the

relative DC resistance of the 90 µm CNT cable increased by about 1 %, demonstrating excellent

mechanical durability at 27 mm bending radius. (b) Change in transmission (insertion loss) relative

to the initial value, which shows that the thickest CNT coating retained their AC performance even

after 10,000 bending cycles.
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σDC =
I

RDCA
=

1

slopeA
(5.3)

On the other hand, the specific conductivity (Figure 5.12) was measured by 4 point

probe directly on the CNT coating by connecting the CNT coating with alligator

clips at the ends and using inner probes to test the coating resistance in between

connections. The specific conductivity obtained using this technique is (2.0 ± 0.3)

kSm2/kg, which is consistent with the values shown in Figure 5.11 and it was constant

for more than 40 days, confirming that the electrical conductivity of the CNT coatings

is stable in time.

Due to the elimination of the probe contact resistance, method (2) gives higher values

of specific conductivity than method (1). However, due to the braided structure of the

commercial cable OC, only method (1) could be used to determine the commercial

cable OC conductivity. The specific conductivity reported for Unidym CNTs using

method (1) in Figure 5.13 was obtained by normalizing the conductivity by the CNT

film density, (440 ± 105) kg/m3.

Figure 5.13 summarizes the specific conductivity values versus linear density found

for the commerical metal braid and the CNT coatings made with different CNT

sources. We note that the coating thickness did not affect the specific conductivity of

the OC (Figure 5.12b and Figure5.13), indicating that the process produces coatings

with comparable structure. The specific conductivity of the CCNI CNT coating

measured using method (2) is ∼ 1.5 kSm2/kg (or 570 kS/m in conductivity), about
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67 % lower of the value of aligned CNT fibers made with similar CNTs from the

same producer, likely because of lower packing density [10]. Unidym CNT coatings

gave the highest specific conductivity (1.5 kSm2/kg measured with method (1) and

2 kSm2/kg using method (2)) , comparable to that of tin and copper. The specific

conductivity of the metal mesh (tinned copper) is lower than the specific conductivity

of bare copper (2.7 kSm2/kg versus 6.6 kSm2/kg), which is most likely due to the

presence of tin. We found that Unidym CNT coatings have a conductivity of 650

kS/m (about 33 % higher than CCNI CNT coatings and twice the conductivity of

OCSiAl CNT coatings), two orders of magnitude higher than previously reported

CNT OCs [57] and twice as much as what reported for doped CNT sheets [56]. The

high conductivity of these CNT coatings (in particular of the Unidym CNTs) is due

to the high CNT aspect ratio, quality (Raman spectroscopy of the Unidym CNT

material showed a G/D ratio of ∼ 40, Figure 5.14), and to acid doping intrinsic
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Figure 5.14 : (a) Raman spectra of the CNT powder at 514, 633, and 785 nm laser wavelengths.

(b) Radial breathing mode (RBM) of the CNT powder at 514, 633, and 785 nm laser wavelengths.
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to the dissolution in CSA. The CNT electrical properties are stable over time (CNT

coating specific conductivity versus time, Figure 5.12) most likely because the residual

acid is entrapped inside the CNT coating [38] and is characterized by high boiling

point. Because of their higher conductivity, Unidym CNT coatings were chosen for

the characterization of cable attenuation properties.

We measured the alternating current (AC) electrical properties of the CNT and

commercial cables over a frequency range of 50MHz to 3GHz with a broadband,

multiline-thru-reflect (TRL) technique using an open-short-load-through (OSLT) cor-

rected vector network analyzer [117]. To perform the multiline TRL technique, we

fabricated six cables for each CNT coating thickness and for the commercial cables.

The nominal lengths of the cables, (5.7, 7.4, 14.2, 22.2, 30.8, 36.9) cm, were chosen

to optimally extract the propagation constant γ as a function of frequency [65, 76].

γ is a complex, frequency-dependent parameter (γ = α + iβ) that describes how an

AC signal (or data) changes as a function of position along a coaxial cable and varies

with time. The real part of the propagation constant is the attenuation (or loss) per

unit length α as a function of frequency (Figure 5.15), and β is the phase constant.

Lower values of α, smaller loss through the transmission line, leading to higher quality

cables. We first measured the OSLT corrected complex scattering (S-) parameters of

each cable, and then used the multiline TRL algorithm to extract the propagation

constant. Because of its firm basis in circuit theory [24, 76, 117], the multiline TRL

technique is considered the most accurate method to obtain γ and allows for the
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determination of γ and α solely coming from the transmission line without the con-

tribution of the connectors. This method allowed the estimation of cable attenuation

even with short data cable lengths. In order to evaluate the correctness of the results

obtained by the multiline algorithm, the OSLT corrected S-parameters were fitted to

a distributed network model by a least-squares algorithm [14], which uses the length

of the cable as the only input parameter (thinner line in Figure 5.15). This enabled

the confirmation that exchanging the commercial metal mesh for the CNT layer only

influenced the distributed resistance per unit length (Figure 5.17).

Figure 5.17 shows the distributed resistance and inductance per unit cable length

as a function of frequency. After we extracted the propagation constant from multiline

TRL, we assumed that the distributed capacitance (C = 101 pF/cm) and conductance

(G = 0) per unit length were constant as function of frequency, which was verified

by the fitting technique. As expected, the distributed resistance decreases with CNT

shield thickness since DC resistance decreases with outer conductor thickness. The

distributed resistance increases with frequency due to skin effect and exhibits sim-

ilar frequency dependence comparable to the attenuation because α ∼ R up to an

additive constant [91]. The skin depth δ in the shielding layer was measured to be

∼ 20 µm at 1 GHz, assuming the relative permeability of CNTs µr = 1 [59]. Since

98 % of the current flows on a thickness corresponding to 4δ and no improvement

in attenuation is found when the coating exceeds 4δ in thickness [11], the maximum

CNT thickness produced was 90 µm at which the best attenuation is reached. The
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Figure 5.16 : Normalized mass (m/m0) versus normalized attenuation ([57]) for the CNT coaxial

cables and commercial cable. Attenuation (α) was normalized by military standard attenuation (α0)

at 1 GHz for the RG174U cable type (1.5 dB/m, dashed line). Squares are published work on RG58U

cables (filled from [57] and empty from [56]), compared to their military standard attenuation (purple

dashed line). The red square represents the KAuBr4 doped coating. Values closer to the origin have

improved attenuation and lower mass.
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skin effect also causes the distributed inductance to decrease with frequency, reaching

a constant value corresponding to the geometrical inductance [43]. The inductance

value obtained for the thickest CNT cable was 25.3 µH/m which is consistent with

the value of 25.26 µH/m in the cable specification sheet. As expected, increasing

the thickness of the CNT layer decreased the attenuation constant (Figure 5.15) in

agreement with prior art [56, 57], and improved the CNT cable quality to a value

that is comparable to that of the commercial cables. Specifically, the (90 ± 14) µm

CNT cable met the military standard MIL-C-17 at 1 GHz (a reference frequency for

military specifications) and was only about 30 % higher in attenuation at 400 MHz

and about two-fold higher below 100 MHz. A thicker CNT layer or more conductive

CNTs can potentially decrease cable distributed resistance leading to lower attenua-

tion values also at low frequencies.

While we used RG-174U, recent work on CNT cables has focused on replacing

the metal OC with a KAuBr4 doped CNT OC in RG-58U coaxial cable, that is a

similar cable type with larger diameter size [56, 57]. Since different cable types have

different attenuation requirements and different OC mass, we present our findings in

terms of normalized attenuation at 1 GHz and a parameterized mass. We normalize

the attenuation α by the military standard attenuation reported by MIL-C-17 (α0)

at 1 GHz for this cable type (dashed line in Figure 5.16) and the mass of the CNT

OC (m) by the corresponding mass of the commercial cable (m0). When plotting
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α/α0 versus m/m0 (Figure 5.16), values closer to the origin have lower attenuation

and lower weight. Our cables showed comparable attenuation to commercial cables

with an OC 30 times lighter. When compared to published results on CNT cables

reported in Ref. [57] (filled squares in Figure 5.16), we improved the attenuation two-

fold without compromising mass. On the other hand, we reached lower performance

compared to Ref. [56] (empty squares in Figure 5.16). However, their cable OC

consisted of a composite palladium foil-CNT sheet for 2/3 of the cable length, that

is most likely responsible for the low attenuation values. In fact, attenuation is

improved by conductivity and thicker OCs: the OCs reported in this work are thicker

and have twice as much the OC conductivity reported by Ref. [56]; therefore, higher

attenuation values are expected for their cables if the contribution to attenuation

comes solely from CNT OC conductivity. In addition, their CNT OC is produced by

vacuum filtration that is known to be difficult to scale for large volume manufacturing,

whereas the cables produced in this work are fabricated by an attractive scalable

process.

5.7 Conclusions

In this work we showed that coaxial cable OCs can be solution coated directly onto

the dielectric to manufacture data cables with seamless CNT OCs. The coating

thickness can be tuned by varying the coating conditions. Due to the shear applied in

the coating direction, the CNT coating shows a preferential CNT bundle alignment in

the withdrawal direction. The cables made with a CNT OC meet military attenuation
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specifications at 1 GHz and have durability comparable to commercial cables. To our

knowledge, these cables show among the best values of attenuation to date for CNT

cables and have an OC mass 97 % lighter than conventional metal braids with an

overall cable weight reduction of ∼ 50 %. The excellent properties of our CNT cables

can be attributed to the highly conductive CNTs used as well as improved CNT

packing and alignment in the coating direction, key properties needed to achieve high

electrical conductivity [10]. From this research, we can conclude that a 1 m length

of CNT cable would have 1.5 dB signal attenuation and weigh approximately 7 g,

whereas a commercial metal cable would have 1 dB of signal attenuation and weigh

13 g. Despite the lower CNT OC conductivity compared to the metal OC, the CNT

cable achieves comparable signal attenuation values. This is because the microwave

current propagates in both CC and OC (in opposite directions) equally. To make the

total current equal, the charges are distributed about the cross sectional geometry at

a given frequency. Because the current density in the OC is smaller (due to the OC

larger cross-sectional area), the losses in the OC contribute less than the losses in the

CC for the signal attenuation. Therefore, the lower conductivity of a CNT OC affects

attenuation only slightly, while dramatically reducing weight. These results show that

when adopting a new material such as CNT in a metal-replacement application, it is

crucial to reconsider device design and devise and adopt different device architectures

that are enabled by those properties of CNTs that are uncommon in metals (in this

case, flexibility and fatigue resistance) and can compensate for the relatively lower
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conductivity of CNT materials. Further refinements to the architecture, together

with relatively minor improvement on CNT wire coating process and CNT quality,

are likely to yield in the near future viable commercial CNT data cables for the

aerospace market.
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Chapter 6

Electromagnetic shielding effectiveness of

single-walled carbon nanotube cables fabricated by

scalable solution processing

6.1 Introduction

Electronic devices and wireless communication are widely used in modern technol-

ogy and electromagnetic (EM) shielding is of fundamental importance to minimize

interference between devices and surrounding environment. Metals have been exten-

sively used as EM shielding materials because of their high electrical conductivity;

however, they are characterized by poor resistance to corrosion, poor processability,

and high density. Flexible and light weight EM shields have been realized by using

conductive polymers, although polymers have degradation issues and low conductiv-

ity [121]. Carbon nanotubes (CNTs) are characterized by low density, high electrical

conductivity, and mechanical strength [5, 94, 108] that make them an ideal mate-

rial for lightweight EM shielding [7]. So far, EM shieldings have been realized with

CNT-polymer composites since CNTs can form a conductive composite with very

low CNT loading due to the high CNT aspect ratio that causes percolation even at

very low concentrations. [67] However, obtaining homogeneously dispersed fillers in

the polymeric matrix is challenging and the electrical conductivity of the composite
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is low [119]. CNT-only films have been use for EM shielding applications [97, 119]

showing shielding effectiveness (SE) values superior to composite shielding materials

with conductive fillers [119]. A specific application for lightweight CNT shields is in

cables that are widely used in several applications from aerospace, telecommunica-

tions to robotics and they suffer from heavy weight and stiffness due to their metal

components. Recent studies [80] have shown that CNTs can be used to replace the

cable EM shield or outer conductor (OC) (chapter 5), reaching values required to

meet the military standard for attenuation at 1 GHz and dramatically reducing cable

weight while maintaining cable mechanical durability. However, it is not clear if the

CNT OC – with a fifth of the commercial metal OC thickness and one third of the

specific conductivity of tinned copper [80] (chapter 5) – provides adequate EM shield-

ing to prevent interference from the surrounding environment. Here, we fabricated

cables with single-walled CNT (SWNT) OCs that decrease the OC weight of 95 %

and have SE values that are comparable or exceed in performance commercial metal

cable shielding layers.

6.2 Experimental procedures

6.2.1 Sample preparation

CNTs were purchased from OcSiAl, Inc. (Tuball) and purified as described elsewhere.

(D. E. Tsentalovich, PhD thesis, 2015) Briefly, CNTs were first washed in HCl 37 %

aqueous (Sigma Aldrich) for 2 hours followed by boiling water washing for 1 hour.

Then, the CNTs were washed in H2O2 for 30 min at 70 ◦C followed by water washing
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and additional HCl washing (37 % aqueous) for 2 hours. The CNTs were then rinsed

with water and freeze-dried overnight. The CNT solutions were prepared by mixing 2

% by weight of CNTs in chlorosulfonic acid (Sigma Aldrich) and mixed with a Speed

Mixer and stir bar mixing overnight. The cables were made as described elsewhere

[80] (chapter 5): in brief, the cable dielectric was passed through a reservoir containing

the CNT solution at controlled speed (300 mm/s) multiple time until reaching the

desired thickness. Each layer was found to be ∼ 14 µm using a microcaliper. Between

each coating, the acid was removed by coagulation in diethyl ether, water wash, air

drying overnight.

6.2.2 Raman spectroscopy

Raman spectroscopy was performed directly on the CNT powder using a Renishaw

inViaRamanMicroscope with a 514 nm wavelength laser. The objective used was 50X

and the acquisition time was 10 s.

6.2.3 Insertion loss measurement

The insertion loss of the cables was tested with a 2 port vector network analyzer

(Agilent Technologies N5230C) in the frequency range from 50 MHz to 3 GHz. The

network analyzer was previously calibrated with a catkit.

6.2.4 Shielding effectiveness measurement

The SE of the CNT cables was determined with a reverberation chamber (NIST,

Boulder, CO). The experiment set up consisted of a reverberation chamber that
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works as a Faraday cage, a spectrum analyzer positioned outside the chamber and

connected by a semi-rigid coaxial cable to the cable to test positioned inside the

chamber. The chamber was equipped with mechanical stirrers and an antenna that

generated the radio frequency signal. The CNT cable was matched at 50 Ω during the

test. The reverberation chamber dynamic range is defined as the difference between

the strongest signal that can be received by the transmitter and the weakest signal

detectable by the receiver [33] and for our set up was found to be equal to 70 dBm

(Decibel-milliwatts).

6.2.5 Thermal gravimetric analysis (TGA)

The presence of catalyst particle in the SWNT sample before and after purification

was determined by TGA (SDT Q-600). The air flow rate was kept constant at 100

ml/min. The sample was first equilibrated at 150 ◦C for 30 min then the temperature

was ramped up to 850 ◦C with a step of 2.5 ◦C /min. The temperature was kept at

850 ◦C for 60 minutes.

6.2.6 Electrical conductivity measurement

In order to determine the electrical conductivity of the SWNT coating, we used

a Hewlett Packard 34401A multimeter equipped with four point probe connected

directly to the coating (method (2) described in Chapter 5).
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6.3 CNT coating morphology

Coaxial cables with a CNT OC were fabricated as reported somewhere else (chapter 5)

[80]. Briefly, we produced a 2 % solution by mass by mixing purified Tuball SWNTs

in chlorosulfonic acid (CSA) (more information can be found in the Experimental

Procedures section). Then, RG-174/U coaxial cable dielectric (previously deprived

of the OC metal braid and the PVC jacket) was dip coated to deposit a SWNT layer

on the top of the dielectric followed by acid removal by coagulation and overnight

drying. The dipping was done multiple times in order to achieve a final thickness of

∼ 110 µm. Due to the low density of CNTs, the CNT shield is characterized by a

mass per unit area equal to ∼ 62 g/m2 or ∼ 0.3 g per 1 meter of cable that translates

to 5 % of the weight of commercial metal braids (95 % weight saving). The cables

were assembled by placing the PVC jacket back on the dielectric and connecting the

cables by SMA female connectors [80].

Scanning electron microscopy (SEM) was used to analyze the coating morphology

of the CNT shield: as shown in Figure 6.1b, CNTs appear to have a preferential

alignment in the coating direction (white arrow) due to the shear applied in the

cable axial direction during cable withdrawal [78]. Also, as shown in Figure 6.1c,

the CNT solution at 2 % by mass is characterized by a biphasic regime, i.e. the

liquid crystalline phase (indicated by the birefringent regions with respect to the

cross polars (white arrows)) in equilibrium with the isotropic phase (dark regions).

The presence of ordered liquid crystal domains in the fluid phase also contributes in
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Figure 6.1 : (a) Commercial and CNT RG-174/U coaxial cables structure; (b) SEM image of the

CNT coating, showing the preferential alignment of the CNTs in the cable axial direction (white

arrow); (c) polarized micrograph showing the presence of the liquid crystalline phase at 2 % by mass.
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the CNT alignment in the cable axial direction during coating [80].

6.4 Coating electrical properties and cable insertion loss

The specific conductivity (conductivity divided by density) of the CNT OC was ob-

tained using 4 point probe method directly on the CNT coating. We found the specific

conductivity to be equal to 0.91 ± 0.16 kSm2/kg. The CNT film density was 540

kg/m3 leading to a value of conductivity of ∼ 0.49 MS/m. Despite the lower specific

conductivity for Tuball SWNT coatings compared to the DWNT coatings described

in chapter 5 made with Unidym DWNTs, the Tuball CNTs are still characterized by

high Raman G/D ratio that is ∼ 50 (Figure 6.2) showing that this type of CNTs has

low defect density. On the other hand, Tuball CNTs are shorted than Unidym CNTs

and they became even shorter during purification that was necessary to dissolve the

CNTs in CSA (without purification, Tuball SWNTs form a gel in CSA and coating is

not possible). Specifically, extensional rheology revealed that the aspect ratio (CNT

length over CNT diameter) before purification was 1317, while after purification was

1051 (extensional rheology data courtesy of Junli Li). Considering an average diam-

eter of ∼ 1.5 nm, the average length of the sample was reduced from 1.98 to 1.52

µm during purification that is significantly lower than the length found for Unidym

CNTs used in chapter 5 (8 µm in length, aspect ratio ∼ 4000 and diameter of ∼ 2

nm).

Two types of cables with length of 32 cm made with commercial and SWNT

OCs were tested using a vector network analyzer. Figure 6.3 shows the insertion
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Figure 6.2 : Raman spectra of Tuball purified SWNTs. The laser excitation wavelength is 514

nm. The spectrum reveals high Raman G/D ratio that is ∼ 50 indicating low defect density CNTs.

loss normalized by the cable length for the commercial and SWNT cables: due to

the lower conductivity of Tuball SWNTs, the insertion loss/length does not meet

the military standard MIL-C-17 for attenuation at 1 GHz (2.1 dB/m instead of 1.5

dB/m for RG-174/U cables) in contrast with previous studies [80] (chapter 5 in this

thesis) that showed that CNT outer conductors were conductive enough to guarantee

losses conformal to MIL-C-17 requirements. Specifically, it was found that a value of

conductivity 25 % lower for Tuball coatings than for Unidym coatings (chapter 5),

translates to 40 % higher losses. In data transmission, high conductivity in both inner

and outer conductors is required. On the other hand, although high conductivity

improves EM shielding, other material properties play a role in increasing SE and



125

Figure 6.3 : Insertion loss normalized by cable length versus frequency for both commercial and

CNT cables. Due to the low conductivity of the SWNT coating, the requirements in MIL-C-17 were

not met.
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therefore a good shielding can be achieved even with a relatively low conductivity

material [17].

6.5 Cable shielding effectiveness

In order to determine if the SE of the CNT cables was high enough to provide sufficient

shielding from external interference, the same cables were tested in a reverberation

chamber for the frequency range from 1 to 3 GHz (Figure 6.3). SE is the ratio of the

field magnitude (magnetic or electric) with and without the shield in place and it is

the result of different contributions, i.e. reflection (SEr), multiple reflections (SEmr),

and absorption (SEa). The sum of all these contributions results in the total SE of

the material [17]:

SEtot = SEa + SEr + SEmr (6.1)

Specifically, when an EM wave hits a shielding material is either reflected by the

shield, attenuated by absorption when passing through the shield, or reflected by the

different layers in the material. In the latter case, this phenomenon has a substantial

contribution just at low frequencies or when the penetration of the wave is a fraction

of the skin depth[17]. The shielding due to multiple reflections is [2]:

SEmr = 20log10|1− e−2d/δ| (6.2)

This value is negative so it lowers the total SE of the material [2]. The mechanism

of absorption causes the wave electric field to exponentially decay as e
−d
δ as follow [2]:
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SEa = 20log10(e
d/δ) ∼ 8.7

d

δ
(6.3)

where d is the penetration of the wave through the shielding thickness and δ is the

skin depth equal to δ = 1√
σµπf

∼ 503 1√
σµrf

. In this relation, σ is the conductivity of

the shielding, f is the frequency of the incident wave, µ is the magnetic permeability

of the shielding material that is equal to µoµr, where µo is 4π x 10−7 H m−1 and

µr is the relative magnetic permeability that for CNTs can be assumed equal to 1

[17, 59, 91]. In our system the skin depth was estimated to be ∼ 23 µm at 1 GHz

with σ ∼ 0.49 ± 0.09 MS/m. On the other hand, the shielding due to reflection is

[2]:

SEr = 39.5 + 10log10(
σ

2πµf
) (6.4)

Higher values of conductivity and frequency increase the EM wave attenuation

from absorption losses. On the other hand, reflection losses decrease increasing fre-

quency and decreasing shield conductivity [17]. Figure 6.4 shows the SE of commercial

versus SWNT-shielded cables (the error bars represent the standard deviations): in

both commercial and SWNT-shielded cables the SE increases with frequency suggest-

ing a dominant contribution of absorption losses at high frequencies. This is because

the EM radiation penetrates just in the outer layer of the conductor at high frequen-

cies due to the skin effect: the EM radiation decays exponentially with the skin depth

δ that becomes smaller at high frequencies [119].
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Figure 6.4 : Shielding effectiveness (dB) versus frequency for commercial RG-174/U cables and

the same cables with the EM shield realized with 110 µm SWNT coating. The error bars represent

the standard deviation. A minimum of 6 cables were tested for each cable type.
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To confirm that the trend observed in Figure 6.4 is what we should expect for

SWNT shields, we calculated the values of SE due to absorption, reflection, multiple

reflections, and the total SE as a function of frequency using the equations reported

above (Figure 6.5). In this case we assumed d = 110 µm and σ = 0.49 MS/m. The

multiple reflection contribution was estimated to be in the order of -10−4 - -10−7 dB

for the range of frequency of interest so this contribution was not plotted in Figure 6.5

but it was counted in the total SE. The total SE increases with frequency due to the

higher contribution of absorption at high frequencies confirming the trend obtained

experimentally. When comparing the experimental data with the theoretical data we

find that the estimated total SE is higher than the values found experimentally. Most

likely the lower experimental values are due to the approximations in the theoretical

model and losses due to the experimental set up (for example leakage occurring at

the cable terminations).

As shown in Figure 6.4, SWNT-shielded cables show comparable SE values than

commercial cables in the 1-3 GHz frequency range. This is somehow surprising since

the specific conductivity of tinned-copper (the material used for the metal braid in

the commercial coaxial cable) is ∼ 3 times higher than the specific conductivity of the

SWNT coating. However, this finding is in agreement with the literature that shows

that CNT sheets can have comparable SE values to metal braids [42]. The braid is also

characterized by 90 % coverage due to its morphology that allows cable flexibility but

is also responsible for EM radiation leakage because of the 10 % unshielded areas.
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Figure 6.5 : Absorption, reflection, and total shielding effectiveness (dB) versus frequency calcu-

lated for cables with the EM shield realized with 110 µm SWNT coating.
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On the other hand, the SWNT coating fully covers the cable dielectric (see SEM

Figure 6.1b) due to the continuous SWNT layer. Compared to literature values,

the CNT EM shields produced from CSA have excellent properties. As shown in

table 6.1, the SE of our CNT coatings is compared with shields made with CNT-only

films and CNT-polymer composites. Many studies were published on CNT-polymer

composites but the SE values were ∼ 10-30 dB for frequency values around 1 GHz

(the table represents just few representative studies) [60, 67, 81]. Unfortunately not

many studies have focused of the EM shielding properties of pure CNT films in the

1-3 GHz frequency range. Xu et al. [121] showed that a SE of ∼ 28-43 dB could

be reached using thin films (30 nm) in the range of 10 MHz to 10 GHz. Harvey [42]

showed that a SE of ∼ 52 dB was found at 4 GHz for films of ∼ 170 µm in thickness.

Our SWNT coating reach the highest values for CNT-only shields in the 1-3 GHz

band. A slightly higher value of SE (61-67 dB) was achieved by Wu et al. [119]

using CNT-only films with 4 µm in thickness, however the SE test was performed in

the X-band (8-12.6 GHz). Typically, EM waves at high frequency can be shielded

more easily that waves at low frequency [81] suggesting that their SE values could be

significantly lower in the 1-3 GHz range.

The superior properties found in this work could be due to several reasons. Specif-

ically, a pure CNT film is more conductive that a CNT-polymer composites since the

polymer matrix is typically insulating. In addition, residual iron particles (residues

from the SWNT synthesis) in the SWNT coating could help in improving the total
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Table 6.1 : Comparison with SE values from the literature.[42, 60, 67, 81, 119, 121]

Group Shield material SE (dB) Frequency (GHz)

Li et al. SWNTs + epoxy 15-20 0.5-1.5

Kim et al. MWNTs + PMMA 27 0.05-13.5

Nam et al. SWNTs + epoxy 10 1-5

Xu et al. SWNT films (30nm) 28-43 0.01-30

Harvey et al. CNT sheets 52 4

Wu et al. CNT films (4 µm) 61-67 8-12.6

This work SWNT coatings 55-77 1-3

SE since iron particles were found to increase the SE by reflection [119]. Thermal

gravimetric analysis (TGA) (Figure 6.6) revealed that after purification there is still

∼ 2 % in weight of residual catalyst (before purification it was ∼ 12 % in weight)

that could be beneficial for the EM shielding properties of the SWNT coating.

The presence of dopant agents like residual of CSA in the coating could also play

a role in improving the coating SE: as shown by Seo et al. [97], treating CNT films

with acid enhances the SE of the film by increasing the absorption of the radiation

due to the increased film conductivity.

6.6 Conclusions

In conclusion, we showed that SWNT coatings can be used as EM shielding layers in

cables. Specifically, their high SE is on pair with commercial metal braid SE with a

95 % saving in weight. Although the conductivity of the SWNT coating is lower than

what shown using higher quality CNTs, we found that its conductivity is high enough
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Figure 6.6 : Thermal gravimetric analysis (TGA) of the SWNTs after purification: the SWNTs

have 2 % in weight of residual iron particles that could improve the SE of the coating by reflection.

Courtesy of Junli Li.
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to reach SE values comparable to metal braids. SWNT coatings showed increasingly

better shielding properties with frequency, suggesting a dominant contribution of the

absorption mechanism over the reflection mechanism at high frequencies. Since a SE

of 20 dB at 1 GHz is sufficient for commercial applications as cell phone shields [67],

CNT coatings could be not only potential candidates to substitute metal braids in

conventional cables but also they could be valuable replacements for many shielding

components in electronic devices.
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Chapter 7

Conclusions

The discovery of a solvent for CNTs is crucial for CNT fluid processing and allows for

the scalable production of CNT products. CSA is a true solvent for CNTs and it is

able to spontaneously dissolve CNTs without affecting the CNT morphology [20, 88].

At high concentrations, CNTs start forming liquid crystals in the solution. CNT or-

dering in the fluid phase is particularly important for the fabrication of CNT products

that require preferential CNT alignment to enhance mechanical strength and electri-

cal conductivity in the CNT alignment direction (e.g. CNT fibers). Indeed, CNT

alignment in CNT fibers is significantly improved when the CNTs are already aligned

in solution (liquid crystalline phase) before fiber spinning [10]. Neutron scattering

offers a viable technique to determine the CNT-CSA solution morphology depending

on CNT concentration and length. This method confirmed that CSA is a true solvent

for CNTs and showed that, in the fully liquid crystalline phase, the CNTs are most

likely arranged in a hexagonal structure. This finding suggests that the CNT-CSA

system at high concentrations transitions from nematic to columnar phase when the

CNT polydispersity is high. Further understanding of CNT-CSA solutions can be

achieved using neutron scattering: the CNT diameter, number of CNT walls as well

as the presence of caps at the CNT ends are most likely to play a role in the dis-
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solution mechanism. Additional studies on the influence of these parameters on the

CNT-CSA systems would be required to fully understand the dissolution mechanism

of CNTs in CSA and improve fluid phase processing of CNTs. These studies might

also be of fundamental importance for CNT separation in CSA.

The use of CSA to dissolve CNTs opens a new route for the fabrication of CNT

coatings. CNT transparent conductive films were produced by scalable dip coating

with opto-electrical properties among the best in the literature. Such excellent prop-

erties are probably due to the use of CSA able to dissolve CNTs without the use of

surfactants and harsh debundling techniques, known to negatively affect the CNT

electrical properties. CSA is also able to dissolve long and low defect density CNTs

that enhance film properties.

Similar fabrication approach can be used to produce coatings with thicknesses in

the range of tens of microns for applications such as electromagnetic shielding and

cable conductive layers. The low density of CNTs plays a fundamental role in re-

alizing cables and shields with minimal weight compared to the commercially used

metal shields/conductors. This aspect is particularly important in applications where

weight is a limiting factor, like in the case of space and aircrafts. The CNT fluid phase

processing enabled by the use of CSA offers an important advantage for the fabrica-

tion of coatings over other CNTs processing methods due to its scalability and the

higher performing CNT materials that it produces. Improvements in coating elec-

trical and mechanical properties are expected when using more pristine and longer
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CNTs. Similarly, increasing CNT packing hence CNT coating density is expected

to improve the CNT layer conductivity and optical coverage, known to enhance EM

screening and signal propagation. Also, improvements in the coating method, like

controlled wire or slot die coating, are expected to improve coating uniformity, there-

fore enhancing signal propagation in cables.

In conclusion, we have demonstrated that fluid phase processing of CNTs in CSA is

a viable technique to translate the properties of a single molecule to a macroscopic

level. A deep understanding of the CNT assembly in CSA allows for the optimization

of the fluid phase processing in order to fabricate CNT multifunctional materials with

optimal properties.
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