Free-standing films from chirality-controlled carbon nanotubes
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Abstract: Development of a method of formation of chiral free-standing films from carbon
nanotubes (CNTSs), which circumvents the limitations of the established techniques, is presented.
CNT macroassemblies of any size and shape can be made from desired CNT feed including
those synthesized or sorted with the objective of chirality control. Free-standing CNT films were
created from various starting CNT materials the most interesting being of predominantly (6,5)
and (7,6) chirality. The technique offers the advantages of technical simplicity, scalability and
non-destructive nature representing an important step toward the research, development and

implementation of monochiral single-wall CNT tangible objects.
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1. Introduction

Despite remarkable properties of individual carbon nanotubes (CNTSs), a problem arises when
one tries to extend these features onto their macroscopic assembly. There is a selection of
methods how CNT macroassemblies such as films[1] or fibers [2] can be made. In general, the
techniques can be divided between liquid medium-based and solid processing. The former case
involves dispersing particular CNT material in a solvent, often with the help of stabilizing agent
such as surfactant [3, 4] or pre-functionalization of the CNTSs [5, 6]. The CNT dispersion is then
drawn to yield CNT fibers [7-9] or deposited on a planar surface to produce CNT films [10-12].
The most significant disadvantage of wet-processes is the need to functionalize CNTs or use
indispensable binding agent, which deteriorate the properties of the CNTs. What regards the
latter approach, the dry-processing such as array-drawing [13, 14] or direct-spinning [15, 16] do
not involve functionalization or a binding compound, but the produced CNT macrostructure is at
best only enriched with the CNTs of particular type. Having the ability to combine these two
worlds and produce binder-free CNT macroassemblies of a desired type has remained a

challenge to this day.

Since the influential Iijima’s report on the formation of carbon nanotubes (CNTSs) in 1991 [17],
the research community has put continuous efforts in utilizing impressive CNT properties.
Individual CNTs have shown remarkable performance in terms of electrical [18-20], thermal [21,
22], mechanical [23, 24], optical [25, 26] and other attributes. It is not uncommon for individual
CNTs to outperform classical bulk-type materials by orders of magnitude on the nanoscale e.g.
by having three orders of magnitude higher critical current density [18] or an order of magnitude
higher thermal conductivity [22] than copper. However, a problem arises when one tries to

extend these properties beyond an isolated CNT. A collection of CNTSs is also composed of



junctions and voids which deteriorate the performance. Compaction of the material and thus
good contact between individual CNTs is crucial for appropriate electrical/thermal conductivity,
stress transfer and other attributes. Moreover, the constituting CNTs should ideally be defect-free

and preferably of a particular chirality.

There is a selection of methods how CNT macroassemblies such as films [1] or fibers [2] can be
made. In general, the techniques can be divided between liquid medium-based and solid
processing. The former case involves dispersing the CNT material in a solvent, often with the
help of stabilizing agent such as surfactant [3, 4] or pre-functionalization of the CNTs [5, 6]. The
CNT dispersion is then drawn to yield CNT fibers [7-9], filtered [27-29] or deposited on a planar
surface to produce CNT films [10-12]. The most significant disadvantages of wet-processes is
the need to functionalize CNTs or use indispensable binding agent, which deteriorate the
properties of the CNTs. What regards the dry-processing methods such as array-drawing [13, 14]
or direct-spinning [15, 30] do not involve functionalization nor a binding compound, but the
produced CNT macrostructure is at best only enriched with the CNTSs of particular type. Having
the ability to combine these two worlds and produce binder-free CNT macroassemblies of a

desired type has remained a challenge to this day.

In this report we present an universal and rapid method of production of such self-supported
CNT films of e.g. predominantly monochiral nature. Carbon nanostructures are dispersed in a
solvent with a specially designed agent, which stabilizes the dispersion, provides scaffolding for
CNT film formation and can be easily removed from such CNT film leaving no residue. In this
process, as formed carbon paint is deposited onto a support, on which it forms a robust thin film,
which can be peeled off from the surface. Removal of binder by thermal annealing yields a free-

standing carbon nanostructure macroassembly of arbitrary size and shape. As compared with



most methods to produce CNT macroassemblies, the dispersing agent left no trace in the material
after the whole processing. Moreover, we eliminated the need for difficult to scale-up filtration
step, what is the case with most buckypaper manufacture methods. The technique opens new
routes towards creation of high-purity carbon macrostructures of predetermined chemical
composition, microstructure or chirality in the long term as any CNT type can be used as feed to

create macroassemblies this way.
2. Experimental

2.1 Materials

Four types of CNTs were used in this study. NC7000 CNTs were purchased from Nanocyl,
whereas CNT carpets were synthesized in house from CVD of toluene and ferrocene at 760°C
under argon by a typical CVD procedure. We have also employed chirality-enriched (7,6) and
(6,5) CNTs from SouthWest NanoTechnologies. To disperse nanocarbon material in a solvent
and improve the integrity of the film, ethyl cellulose was employed as binder (in all the ratios of
binder to CNTs we have tested, 1:1 appears to be the optimum for the dispersion quality. It is
possible to manufacture the CNT film with the ratio of binder to CNTs being lower, but then the
nanocarbon does not disperse easily in short time).

2.2 Preparation of dispersion

Binder and selected CNT powder were added to a solvent carrier (iso-propanol) and the mixture
was sonicated for 15 min (Branson 450 CE sonicator) until the dispersion became homogeneous
and no lumps of the material could be seen.

2.3 Deposition

The dispersion was then deposited onto a Kapton foil by spray-coating inside a custom-built

deposition chamber (3 bar pressure was employed to achieve a fine mist of material) to create a



robust thin film. The deposition was stopped when equal volumes of dispersions for all the

materials have been exhausted.

2.4 Flash annealing
As-prepared samples were finally ignited with a blowtorch, which rapidly annealed the sample

from binder in a couple of seconds. The whole process is illustrated in Fig. 1.
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Fig. 1. The manufacture process.



2.5 Characterization

Scanning and Transmission Electron Microscopy (SEM, FEI Nova NanoSEM; TEM, Tecnai
Osiris FEGTEM) were used to probe the structure and quality of CNTs films on micro- and
nanoscale.

The optical absorption spectra are acquired in a Varian Cary 5000 UV-Vis-NIR
spectrophotometer at 780 nm. Measurements were carried out in the range 350-1350 nm, which
is sufficient to cover the first and second excitonic transitions.

Raman spectroscopy (Renishaw inVia, /=633 nm laser) gauged chemistry of the samples’
surface by measuring the ratio of intensity of defect induced band (D) to the band of vibrations
of graphitic structures (G). We collected ten accumulations in the static recording mode from
1150 to 1800 cm2.,

Energy-Dispersive X-ray spectroscopy (EDX, Bruker Quantax coupled with Nova NanoSEM)
detected the elemental composition at 10 keV emission voltage. Spectral composition was
always normalized to the content of carbon.

Thermogravimetric analysis (TGA, Mettler Toledo TGA/DSC system) measured changes in
chemical and physical properties with temperature. The samples were heated to 1000°C at 10°C
mintrate in the flow of air at 20 ml min2,

2.6 Electrical testing of specimens

The relation between temperature and resistance was measured by making stepwise increase in
bias voltage and recording average temperature of the film by a thermal camera (Flir T440) until
the film was burned across in a scission-like fashion. To compare the trends among samples,
measured resistance was normalized to the initial resistance measured at room temperature.

Moreover, electrical conductivity was measured by taking two-point resistance and cross-



sectional area of five samples each. SEM imaging gave thickness of the films, and thus their

cross-sectional area. 10 mm x 40 mm specimens were employed for testing.

2.7 Mechanical testing of specimens

To evaluate the tensile strength of the films we used a universal testing machine (Instron). The
gauge length and loading rate were set to 15 mm and 1 mm min, respectively. 5 specimens
were tested for each sample type.

Durability and mechanical integrity of the CNT films was also gauged by a previously reported
method [31]. In brief, the specimens (10 mm x 60 mm) were subjected to Three-point bending
(Dynamic Mechanical Analysis, TA Instruments QB00DMA) during which electrical resistance
was monitored by an on-line multimeter connected to a PC (Precision Gold, N56FU). The
selected measurement parameters were: 1 bending cycle per minute (1/60 Hz), 1 mm amplitude,
1440 cycles (24 h). The variation of electrical resistance as a function of the number of bending
cycles gives information about the mechanical strength of the CNT films. The measured
resistance of each tested sample was normalized to the initial resistance to enable comparison

between samples.



3 Results and discussion

Fig. 2. Free-standing CNT film made from predominantly (6,5) CNTSs. a) Visual appearance. b)

10 pum thick cross-section. ¢) SEM micrograph. d) TEM micrograph

The films are mechanically stable, durable and very flexible. They can be made in any size and
shape with uniform thickness ranging from few to hundred microns (Fig. 2). Repeated high bend

angle manipulation does not cause any deterioration to the structure or properties of the material.



We also subjected them repeatedly to ultra-low (immersion into liquid nitrogen) or elevated
temperatures (keeping in a laboratory oven at 400°C for prolonged time), which did not impair
their mechanical integrity. Most importantly, these sheets can be made using any CNT feed with
most interesting being that of monochiral architecture. We selected chirality-prevalent (6,5)
CNTs as an example for the main text, but we have also tested other types of CNTs of different
microstructure and chemical composition. To prove the universal nature of the proposed method,
results from the following materials are also described in the Supplementary Information file:
industrial-grade NC7000 product, vertically-aligned CNT carpet and chirality-prevalent (7,6)

CNT powder (Fig. S3-S5).

Investigation by electron microscopy confirmed (6,5) to be single-wall and of small diameter
0.81+0.05 nm (Fig. 2d,e). Furthermore, optical absorption spectra also indicated that at least 50%
of the content of the sample is of the indicated chirality (Fig. S1) with the sample being of very
high purity based on low Ip/lc ratio of 0.065 (Fig. 3a). The emergence of characteristic M
overtone and splitting of G band into two components G and G* prove its semi-conductive

nature [32], as expected.
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starting powder, CNT film with binder and annealed film.

Processing of the powder into a film via sonication and flash thermal annealing did not affect the
composition of the material. The Ip/lg ratio actually decreased slightly down to 0.045 (Fig. 3b)
possibly due to the removal of the most defected species, which gave major contribution to the
disorder band D. Because of the presence of high background in the Raman spectrum of the CNT

film with binder, it is not shown.

Next, chemical composition as measured by EDX (Fig. 3c) showed that the increase in oxygen
content as a result of ethyl cellulose addition is fully reversible and rapid thermal removal of

binder restores the initial oxygen content. We found that, owing to the flame retardant properties



of the CNTs [33], they can sustain short exposure to high temperature without oxidation. In our
case no more than a couple of seconds was required to carry out the annealing. It is encouraging
to see that even the least thermally stable type of the CNTs having just a single-wall of carbon

atoms survived this step without harm.

Lastly, we explored the influence of processing on the thermal characteristics of the material by
means of thermogravimetric analysis (TGA). Fig. 2d shows thermal decomposition of the
starting (6,5) material, wherein we recorded the maximum rate of decomposition temperature to
be 530°C, which is in accordance with the values measured for single-wall CNTSs. Introduction
of binder (with its two characteristic peaks of decomposition at about 350°C and 450°C, Fig. 4)

to the starting CNT material, was correctly reflected in the observed thermogram (Fig. 2e).

DTA

-

Normalized weight [-]
o o o
O

e
%]
T

351°C R 0.0%

T T T T T
0 200 400 600 800 1000
Temperature [°C]

o
(=]
T

Fig. 4. Thermogram of ethyl cellulose.

Because single-wall CNTs such as (6,5) are much less thermally stable than double-wall and
multi-wall CNTs [34], binder oxidation may coincide with their oxidation regime as shown in
the plots. That is why it is very important to use rapid methods of binder removal such as flash

annealing, which we developed for this process to leave the inherent properties of the CNTs



intact. Another important feature of the ethyl cellulose binder is the lack of residue left after its
thermal decomposition (Fig. 4). In a common scenario, once the dispersing agent (typically long-
tail organic surfactant) is combined with CNTs the repercussions of interaction become
permanent due to the fact that one cannot fully remove its traces. Here however, the ashless
character of ethyl cellulose is ideal for this purpose. The thermogram of the annealed film (Fig.
3f) very much resembles that of the starting material. The same is true for the material
microstructure as observed by SEM images (Fig. S2). In light of all these facts we can conclude

that ethyl cellulose is a very suitable, non-intrusive vector to create such films.
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elevated temperatures (upturn points) of the corresponding CNT films.



Because the structure of CNTs at the nanoscale plays a predominant role in their electrical
properties, we wanted to evaluate how they change with the nature of CNTs chosen for film
manufacture. Firstly, we measured how electrical resistance of such macroassemblies varies with

temperature for all the materials produced in this work (Fig. 5a).

In all of the cases we saw a decrease of resistance with temperature, what was most evident in
the case of vertically-aligned carpet-based material, which experienced more than 65%
reduction. We have also noted a decrease of resistance with temperature for (6,5) and (7,6)

samples, which was expected due to their inherent semiconductive nature.

Finally, as can be seen in the plot, the film made from NC7000 CNTs was also of predominantly
semiconductive character. The upturn points show temperatures above which oxidation comes
into play and start to slowly decompose the samples until electrical circuit is broken. Both
NC7000 and carpet, which are based on multi-wall CNTs, were found much more thermally
stable than single-wall CNT-based (6,5) and (7,6), what is in accordance with results reported

from TGA earlier in text

Having the ability to create macroassemblies from these CNT materials enabled us also to
evaluate their electrical conductivity (Fig. 5b). The highest values were obtained in the case of
CNT films of predominant single-chirality, wherein the leader was found to be (7,6) with 19,500
S/m at room temperature. That is probably because single-wall CNTs have higher conductivity
than multi-wall CNTs. Typical bundles in single-wall CNTs help with the electron transfer and
make the establishment of percolation pathways easier. Lastly, we have also measured what the
electrical conductivity at elevated temperatures was due to decrease of resistance with

temperature. Despite the fact that carpet-based CNT film showed the most significant relative



decrease of resistance by about 65%, the initial resistance of (7,6) was much lower and it was
once again the most conductive samples among the ones tested. At the temperature of minimum

resistance being 300°C (upturn point), (7,6) reached 26,600 S/m.
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Fig. 5. (a) Stress-strain curves and (b) Electromechanical properties: stability of electrical

resistance of the CNT films subjected to repeated bending.

From the mechanical point of view, the CNT films were found to have appreciable tensile
strength which was found on par with CNT materials made by other methods [35-38]. As shown
in the Fig. 5a, various CNT films presented slightly different behaviour. The samples of
particular predominant chirality were much more brittle than the unsorted ones (NC7000,
carpet). The underlying reason is that the (6,5) and (7,6) samples are composed of short single-

wall CNTs whereas the unsorted material is mostly multi-wall having significant length. The



selection of CNT films used in this work offers either high tensile strength (up to 122 MPa —

sorted, single-wall) or can be strained to a large extent (up to 2.4% - unsorted, multi-wall).

Moreover, it is important to stress that the CNT films remain very durable even after the flash
annealing as proven by three point bending evaluation of the material (Fig. 5b). We observed
initial increase in electrical resistance by up to 4.0% (Carpet), 3.1% (NC7000), 1.9% (7,6 CNTs)
and 1.4% (6,5 CNTSs) due to slight change of the microstructure under strain. Individual CNTs
and their bundles slide past each other to reach the optimum arrangement in these conditions.
However that increases distance between them, what elevates junction resistance, which is

manifested by a small decrease in electrical conductivity in the plot.

4 Conclusions

In summary, we developed a convenient and rapid method of formation of durable free-standing
CNT macroassemblies of highly-defined nanostructure. It was found that the transformation
from powder to macroscopic object is easy, fully-scalable, non-destructive and can employ any
desired type of CNTs. That is a very important step towards creation and research on new
materials, which could not have been formed before due to technical limitations
(macroassemblies of chirality-defined CNTSs). With current progress in the field of resolution of
CNT mixtures into individual components, we believe that this could be the tool to create unique
macroscopic architectures and learn much more about their inherent properties. Moreover, they
could be a key ingredient in a wide spectrum of applications ranging from optoelectronic

emitters [39], shielding materials [40], sensors [41, 42] or drug-delivery systems [43].



From the electrical point of view, in this study we have only tested CNTs which showed
semiconductive character. Using highly-metallic CNTs as feed could have given much better

results in terms of electrical conductivity, but this is currently a matter of further research.

Lastly, cellulose-derived binder was found ideal for dispersion of the material and creation of the
CNT films. Not only it is green chemical because of its abundance in nature, but it is also much
safer to use [44] than the common surfactants in the nanocarbon field: Sodium dodecylsulfate
[45], Sodium dodecylbenzenesulfonate [46] or Triton-X100 [47], which are harmful, cause
irritation and pose hazard. Its key advantage from the processing point of view is in its thermal
compatibility, which enables its full removal while leaving the microstructure and chemical

composition of the CNT film intact.
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