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In this paper, carbon nanotube (CNT) buckypapers (BPs) were produced by vacuum filtration
of CNT water suspensions prepared by sonication using 0.5 wt % of Triton X-100 dispersing agent.
The as-produced BPs were efficiently dispersed and presented very low optical reflectance, with
an average reflectance of 1.30% in the visible range and hydrophilic/oleophilic properties, readily
absorbing water or oil liquid drops through their network of pores. Plasma treatment with 1, 1, 1, 2
tetrafluoroethane (C,H,F,) turned the BPs superhydrophobic with water contact angles (CA) greater
than 140°, while still maintaining their oleophilic properties unchanged. This effect is attributed to the
combination of the decrease of surface energy and modification of the surface structure with micro/
nanopores due to the coating with a fluorocarbon film. After only 1 minute plasma treatment, the BPs
presented high hydrophobicity (CA = 145°) while keeping their oleophilicity and the very low optical
reflectance essentially unaffected. These results indicate that a good combination of low reflectance
and a superhydrophobic/oleophilic behavior can be achieved which is of importance for technological
applications that require super black surfaces and prevent water from being absorbed, improving the
handling of optical signals and increasing the useful life of materials.
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1. Introduction

The ability of a surface to repel or adhere/absorb
liquids, such as water or oil, has an extremely important
impact on its applications, such as obtaining self-cleaning,
antifouling and anti-icing properties. The modification of
surface properties of materials can be achieved through
several techniques, including plasma-enhanced chemical
vapor deposition (PECVD), plasma electrolytic oxidation
(PEO), sputtering, and laser ablation. The latter is also a
prominent technique used to obtain black coatings involving
the oxidation of metallic substrates (Al, Mn, Ti or Zr) in
aqueous electrolyte solutions'. Black coatings can also be
obtained using carbon nanotubes (CNTs), reaching reflectance
values lower than 1% in the case of Vantablack?, or as thin
films deposited onto surfaces by spray coating or used in the
form of freestanding sheets, known as buckypapers (BPs)*.
Vantablack consists of a set of aligned carbon nanotubes
(hence the prefix VANTA - Vertically Aligned NanoTube
Arrays) grown by chemical vapor deposition, that is capable
of absorbing 99.965% of light (750 nm wavelength)?.
The preparation of CNT coatings is much cheaper and simpler
than other coating techniques, scalable and can be adapted
to irregular-shaped objects or substrates. Surface treatment
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is a process that modifies a given surface by improving or
adding properties. Treating a surface with plasma creates a
long-lasting nano-scale layer that uniformly covers a surface
within minutes in a non-destructive process. It can confer
water or oil philicity/phobicity properties that can be used in
solar power applications, reduction of stray light in optical
systems, and self-cleaning systems™®.

One method of altering the morphology of CNT is
through covalent functionalization, which can be divided into
direct sidewall and defect group functionalization. Fluoride
functionalization of CNTs occurs through direct sidewall
functionalization, where F is attached on the sp* network,
altering the hybridization of a sidewall carbon atom to
sp® and, therefore, forming a covalent bond with it’. When
not functionalized, these orbitals (pi electrons) interact with
visible light, giving the appearance of black color. Once
functionalized, these free pi-orbitals cease to exist, causing
an increase in reflectance®. Therefore, a PECVD treatment
of'a CNT-coated surface results in a superhydrophobic low-
reflectance surface.

Carbon nanotubes are a very versatile material due to
their morphology, and since their discovery in 1991 by
lijima’, remarkable progress has been made in many different
applications®!%!5, The term “buckypaper” was coined in
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2003 by Richard Smalley and his research group. BP is a
dispersed matrix of carbon nanotubes held by Van der Waals
interactions'®. They can be produced using single-walled
(SWCNT), double-walled (DWCNT) and multi-walled carbon
nanotubes (MWCNT). BP can be prepared by dispersing
the CNTs and a dispersing agent in a solvent followed by
a sonication using a probe sonicator. Although the CNTs
are not soluble in water, the high energy of the sonicator
allows the agglomerations of nanotubes to be physically
separated'”!®, Thus, it is possible to obtain individual
and stable nanotubes in the suspension through the non-
covalent interactions with the dispersing molecules. After
the dispersion, the nanotube suspension is forced through a
microporous membrane using vacuum filtration or positive
pressure, resulting in a freestanding paper-like structure with
an anisotropic morphology.

However, in order to the produced buckypaper to be able
to fully extract the benefits of using carbon nanotubes, they
must be efficiently dispersed in an adequate solvent. Some
studies showed that the bundles and clusters of nanotubes
result in a decrease in the properties of the composites
compared to theoretical studies based on individual carbon
nanotubes'*??. Therefore, one of the main challenges has
been the incorporation of individual carbon nanotubes or at
least relatively small clusters of nanotubes within the array
of other materials'**.

Surfactants are one of the most known and efficient
types of materials to aid the dispersion of nanoparticles in a
solution. Surfactants are amphiphilic molecules, which can
easily interact with polar and nonpolar systems. Therefore,
surfactants are extremely attractive to the dispersion of
carbon nanotubes in a selected solvent. Of the important
characteristics that a surfactant must have to be an effective
dispersing agent of nanotubes the presence of fillers, the
size of the hydrophobic region and the presence of aromatic
groups are among the most important ones>*2°.

Tan et al.”’ established criteria to evaluate the degree
of dispersion of nanotubes using different concentrations
of surfactants. Among the surfactants used, the non-ionic
surfactant Triton X-100 presented excellent results by
forming a large layer of solvation of the hydrophilic parts
of the surfactant around the nanotubes?-°. The molecules
of surfactant propagate between the spaces formed between
the clusters of carbon nanotubes due to the shear stresses
generated during the sonication process to separate the carbon
nanotubes. Strano et al.>' explained this phenomenon as a
gradual exfoliation process when dealing with single-walled
carbon nanotubes and designates an unzippering effect
when it is multi-walled nanotubes. By means of the spaces
generated by the ultrasound, the molecules of surfactant
adsorb on the surface of the carbon nanotubes, preventing
them to agglomerate again.

The definition of wettability refers to the extent the
interface between two compounds interacts with each
other, so if a solid material has an affinity to a liquid, a
spontaneous interfacial area expansion will occur. Thus, in
the case of a solid/liquid interaction wettability is a factor
dependent on the chemical composition of the involved
compounds and the solid surface roughness. In order to
obtain an oleophilic/hydrophobic material, it is necessary
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to employ a coating with surface energy smaller than the
surface tension of water (72 mN/m), but higher than that
of 0il (20-30 mN/m)*. Fluorocarbon films have low polar
and high nonpolar characteristics due to the CF_groups in
their molecular structure, resulting in a low surface energy
material. Therefore, when applied to a porous substrate, it is
expected that such a coating will allow the oil to pass through
the pores and block the passage of water, separating water
from oil. In addition, its water repellency suggests its use
in self-cleaning and icephobic applications®.

Oleophobic surfaces also tend to repel water. This
is because water has a higher surface tension than oil.
The literature reports the obtaining of these types of surfaces
by using tensioactive fluorides (or surfactant fluorine)*-.
The process in which the drop of water is repelled is known
as “non-flip-flop” and when water penetration occurs, it is
called “flip-flop”. However, many current examples of “flip-
flop” processes present several disadvantages, including poor
oleophobicity or low water penetration®.

In this study, multi-walled carbon nanotubes buckypapers
were produced, submitted to plasma treatment using
tetrafluoroethane and characterized to obtain a low reflectance
and superhydrophobic material.

2. Experimental

2.1. Preparation of buckypapers

A probe sonicator was used to assist the dispersion
of nanotubes. Dispersions of MWCNTs (150 mg) were
sonicated in an aqueous solutions (100 ml) of 0.5% Triton-X
100 (C,,H,,0(C,H,0),) for different sonication energies.
The dispersions were sonicated at a frequency of 20 kHz
using pulses of 2.0 seconds with intervals of 2.0 seconds to
avoid overheating the solution. To identify the influence of
the dispersion energy of the nanotubes in water, the samples
were sonicated with energies ranging from 500 to 15,000 J.
The carbon nanotubes used were supplied by CTNano/UFMG.
These are MWCNTs with a purity greater than 95%, tube
length ranging from 5 to 30 pm and diameter dispersion
ranging from 10 to 50 nm.

To prepare the BPs, a vacuum filtration system was
used to percolate the suspension containing CNTs through a
PTFE microporous membrane (Millipore, pore size 0.45 um)
resulting in a homogeneous final product as shown in Figure 1.
The microporous structure of the membrane allows water
to pass through it, retaining the carbon nanotubes. While
still adhered to the membrane, the sample was rinsed with
deionized water for six cycles. Each cycle consists of rinsing
the sample with 100 ml of deionized water to remove residues
of Triton X-100. As reported by several studies, this is an
effective method for the removal of Triton X-100%36-38,
The BP was then kept at room temperature for 2 hours to dry
and, finally, it was placed in an oven at 100 °C for 12 hours
to remove any residual solution. After drying, the BP was
detached from the membrane with plastic tweezers.

2.2. Plasma treatment

The fluorocarbon films were deposited onto (100) crystalline
silicon and BPs using a commercial fluorocarbon gas as a
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precursor (1,1,1,2-tetrafluorethane, C H,F,, R-134A, Chemours,
purity 98.5%), in a plasma-enhanced chemical vapor deposition
(PECVD) system, consisting of a conventional parallel plate
capacitively coupled glow discharge reactor (radio-frequency;
13.56 MHz) commonly employed to deposit amorphous carbon-
related materials. The samples were placed on the circular anode
of the system, which is 2.5 cm apart from the cathode, both
with an area of 50 cm?. Figure 2 shows the schematics of the
RF-PECVD system in which the buckypapers were submitted
to plasma treatment for three different treatment times (1, 3 and
10 minutes). A base pressure below 1.0 x 10~ Pa was attained
in the chamber before deposition. During the deposition, the
gas pressure and flow were kept constant at 10 Paand 15 sccm,
respectively. First, films were deposited on silicon substrates with
different rf powers applied to the cathode from 5 W to 50 W.
After the evaluation of the films by contact angle measurements,
the deposition parameters of the best performance were chosen
to coat the BPs.

100nm

Figure 1. Buckypaper (BP) supported by a microporous membrane
after vacuum filtration.
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2.3. Characterization

Diffuse reflectance measurements were carried out
in the range of the visible light (400 to 700 nm) at a scan
rate of 30 nm/min using a spectrophotometer Evolution
300 (Thermo Scientific). The reflectance values were
calibrated against a sapphire sample. Fluorocarbon films
deposited on silicon substrates under the same deposition
conditions were characterized by Fourier transform infrared
absorption spectrometry (FTIR, Spectrum 100, Perkin
Elmer). Each spectrum was obtained from 256 scans in the
range of 500 — 4000 cm™ with a resolution of 4 cm™. X-ray
photoelectron spectroscopy (XPS) was performed in an
ESCA Plus System (Omicron Nanotechnology) in ultra-high
vacuum using an Mg X-ray source (Ko =1,253.6 eV), with
an emission current of 16 mA and voltage of 12.5 kV with
80 degrees take-off angle. The high-resolution spectra were
obtained at 0.05 eV steps. The spectra were calibrated using
a pure graphite sample (Nacional de Grafite) with a bonding
energy of 284.6 eV.

To determine the BPs wettability, contact angle measurements
were carried out using the sessile drop method in an optical
contact angle measuring apparatus (OCA-20, Ramé-Hart).
Three water drops with a volume of 5 pLL were deposited
on the surface of each sample and for each drop, 50 values
of contact angle were measured from both sides of the drop
and the obtained result is the average of all measurements.
Following the same procedure, measurements of contact
angle with the mineral oil Nujol® (Schering-Plough S.A.)
were conducted to assess the oleophobicity/oleophilicity
of the buckypapers.

3. Results and Discussion

Dispersions with and without the use of surfactant were
prepared according to the procedure described in section 2.1,
and the degree of dispersion was assessed by photographic
records 30 minutes after being sonicated. In the first group
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Figure 2. Schematic representation of the RF-PECVD system used for the plasma treatment of buckypapers and a detail picture of the plasma.
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of samples, shown in Figure 3a, which was prepared without
the use of surfactant, none of the samples presented a stable
dispersion. Because of the van der Waals force, which
governs the nanotube interactions, agglomerations started to
form minutes after sonication. All samples from this group
showed the same behavior. This experiment was crucial in
determining the importance of the surfactant in the dispersion.

On the other hand, Figure 3b shows the increasing
degree of dispersion of the group of samples prepared with
the addition of surfactant. As one can observe, there are no
visual differences between the samples prepared with different
sonication energies. The use of surfactant accounts for this
behavior, which is attributed to “the unzippering effect™.
During the ultrasonic dispersion process, the agglomerations
of carbon nanotubes break due to the impact of longitudinal
waves (compression and decompression zones). A gradual
exfoliation process happens to a point where the surfactant
molecules interact and adhere to individual nanotubes
preventing them from re-agglomerate.

The effect of sonicator energy on the suspensions prepared
with surfactant is shown in Figure 4. Figure 4a shows the UV-
Vis absorption spectra of the MWCNT dispersions prepared
with 0.5 wt. % of Triton X-100 surfactant obtained with
different sonication energies. It is known that isolated CNTs
present strong UV absorption associated with an electronic
transition related to the p plasmon. This transition is suppressed
by nanotube agglomeration. Therefore, a measurement of
the UV absorbance of CNT suspensions can be used as a
measure of the dispersion of the suspensions**#!. As seen in
Figure 4, the UV absorbance of the suspensions prepared
with surfactant increases steadily as the sonication energy is
increased from 500 J to 13,000 J, suggesting a continuously
increasing dispersion.

Instituto Alberto Luiz Coimbra de ‘ ’ F R]
Pés-Graduagdo e Pesquisa de Engenharia
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Figure 3. Photographic record of MWCNT dispersions in water 30
min after sonication with different energies: without (a) and with
(b) the use of 0.5 wt.% of Triton X-100 surfactant.
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The exfoliation of the nanotubes (unzippering) is
potentialized by the electrostatic forces generated among
the surface charges of the CNTs and the Triton X-100.
Therefore, it is possible to assess the dispersion stability
through the zeta potential of the suspensions. Generally, a
zeta potential out of the £25 mV range indicates a stable
dispersion. In other words, coagulation of solid particles in
the suspension is unlikely when the zeta potential is out of
this range because of the surface charges present on the solid
particles. As for the assessment of suspensions by means of
Zeta potential, it is possible to state from Figure 4b that the
samples sonicated with energies of 3000 J and above form
stable suspensions.

Figure 5 shows the scanning electron microscopy (SEM)
micrographs of the buckypapers obtained before and after
plasma treatment. Figure 5a shows that BPs without plasma
treatment are well dispersed, and the nanotubes show
no signs of defects. Hence, this result together with the
characterization of the suspensions described above allows us
to conclude that the energy used in the sonication process was
sufficient to produce high-quality buckypapers, since there
was no damage to the CNTs and they remained efficiently
dispersed. However, after 1 minute of plasma treatment
(Figure 5 b) the nanotubes are homogeneously coated with
a layer that matches their tubular geometry. As the treatment
time increases (Figures 5c, d) the thickness of the coating
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Figure 4. Absorption spectra (a) and Zeta potential (b) of MWCNT
water dispersions produced with different sonication energies with
0.5 wt.% of Triton X-100 surfactant.
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Figure 5. SEM micrographs of buckypapers: as prepared (a), after 1 (b), 3 (¢) and 10 (d) minutes of plasma treatment with tetrafluoroethane.

layer increases, but no physical damage was observed on
the nanotubes. By measuring the increasing thickness of
the coated nanotubes as a function of the treatment time,
an average deposition rate of 50 nm/min was determined.

A typical FTIR spectrum (Figure 6) of a fluorocarbon
film shows three major peaks associated with amorphous
plasma-polymerized fluorocarbon materials®. One peak at
614 cm corresponds to CF, wagging vibration, and a second
broad and very prominent peak at 900-1400 cm! corresponds to
allCF (x=1,2 & 3) stretching modes, which is characteristic
of a cross-linked structure due to the intense presence of CF
groups. Finally, the weak absorbance band at 1600-1730 cm™ is
attributed to unsaturated stretching modes of C=CF, and
CF=CF, groups in the film. These bands result from the fluorine
substitution of hydrogen on C=CH_bonds*>**.

CF, and CF, radicals are largely responsible for the
hydrophobic characteristics of polymeric materials, thus the
presence of these radicals in films has a direct influence on
their hydrophobic properties. Infrared spectra of polymeric
materials, such as polytetrafluoroethylene, have intense
and well-defined peaks referring to vibrational modes of
CF, bonds at 1200 and 1100 cm-1%. This pattern can also be
seen in spectra of the 1,1,1,2 tetrafluoroethane gas, in which
two main peaks of the radicals present in the gas phase are
seen, C-H bonds in the range 0of 2900 cm-1 to 3000 cm-1 and
the CF2 monomer at 1100 cm-1, previously reported by R.
Labelle et. al.*’. In PECVD deposition, various radicals can
be formed as the gas bonds are broken. There is a relationship
between rf-power increase and bond breaking, giving rise
to different radicals*. As the bond-breaking intensifies, the
formation of cross-links in the film structure increases, so a
broadening of the peak at 1200 cm™ occurs, due to vibrational
modes of the bonds of the various radicals CF, CF,, and CF,.

Absorbance (a.u.)

600 800 1000 1200 1400 1600 1800

2000
Wavenumber (cm™)

Figure 6. FTIR absorption of a fluorocarbon coating deposited
on Si substrate.

XPS survey analysis (Figure 7) showed a composition of
48.08% total fluorine, 46.9% total carbon and 5.23% of oxygen
(which is probably due to atmospheric contamination)*-!,
confirming the high fluorine content of the coatings. The high-
resolution C1s spectrum (Figure 7) confirmed the presence
of C-C (or C-CH), C-CF, CF, CF, and CF, groups centered at
284.6,285.9,287.8,290.2 and 292.7 eV, respectively*>485253,
The measured contact angle of a smooth Si surface coated
with such fluorocarbon film was 120°%*%, confirming the
high hydrophobicity of the coating. A more detailed analysis
of'the structure of these films will be presented in a separate
publication.
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Figure 7. XPS spectra of a fluorocarbon coating deposited on Si substrate. The insert shows the C 1s high resolution spectrum.
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Figure 8. Photographic images of the absorption of an oil drop placed on top of a BP after plasma treatment for 10 minutes.

Contact angle measurements performed on samples
without plasma treatment showed the hydrophilicity of
the buckypaper. A drop of water placed on the buckypaper
surface was quickly absorbed due to its porous structure.
The same happened to the mineral oil for every treatment
time (1, 3 and 10 minutes), meaning that the buckypaper
was also oleophilic. Nevertheless, an initial contact angle
of 36° + 1° could be estimated, as seen in Figure 8. Such
behavior can be attributed to the high dispersion quality of
CNTs and the material porosity. The empty spaces among
the individual nanotubes favor the water and oil to flow
inside the pores and to be absorbed.

To assess the influence of the plasma treatment time,
contact angle measurements were performed on the
buckypapers treated for 1, 3 and 10 minutes. Figure 9 shows
that in all three cases the contact angles are compatible
with superhydrophobic characteristics. The contact angle
values were 145°+ 1, 149° +1° and 149° + 1° for 1, 3 and
10 minutes, respectively.

The contact angle results can be directly related to the
combination of a decrease in the surface energy and the
micro/nanostructured surface of the BPs. After the plasma
treatment, the coated nanotubes get thicker and a nano/micro-
textured surface with reduced pore sizes results. In addition
to that, the surface energy decreases as the surface of CNTs is
covered by a highly hydrophobic fluorocarbon film. As already
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Figure 9. Water contact angle values for plasma treatment times of
1, 3 and 10 minutes. The insert shows the photographs of the water
drops on the surface of the plasma-treated BPs.

mentioned, CF, and CF, radicals are mainly responsible for
the hydrophobicity of fluorocarbon materials*-¢-.

It was also observed that the water drops roll off easily
over the surface, even for inclinations below 10 degrees. This
fact, together with the high contact angle value obtained can be
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Figure 10. Optical reflectance of buckypapers as a function of
wavelength in the range of visible light (400 to 700 nm).

attributed to air imprisoned in the porous surface of the sample,
as explained by the Cassie-Baxter model. On the other hand,
measurements performed with mineral oil showed that plasma-
treated BPs remained oleophilic as the oil permeates completely
through samples, regardless of the plasma treatment time.

The reflectance spectra in the visible light range obtained
for the samples before and after plasma treatment are shown
in Figure 10. The uncoated buckypaper showed an average
reflectance of 1.30%, while the samples submitted to 1,
3 and 10 minutes of plasma coating presented reflectance
of 1.30%, 2.31% and 3.29%, respectively. The very low
reflectance of BP in the visible spectrum in the range of
1.1 to 1.5%, makes them potential candidates to be used
in optical devices for various applications, including space
applications. The BP submitted to 1-minute plasma coating
did not show any significant reflectance changes compared
to the uncoated BP and, thus, the average reflectance value
in the 400 — 700 nm range remained essentially the same.
However, longer treatment times of 3 and 10 minutes
resulted in some increase in reflectance. The reflectance of
the sample coated for 3 minutes showed a higher reflectance
than the 1-minute sample while keeping the same overall
pattern. This strongly indicates that the fluorocarbon film is
becoming thicker by showing both the same characteristics
of'the 1-minute coated sample but with increasing values of
reflectance. The higher reflectance values of the 10-minute
coated sample caused by the much thicker coating (see
Figure 5d), shifted the appearance of the samples from
very dark black to dark green, with the highest values of
reflectance around 530 nm, which corresponds to the green
color in the visible light spectrum. BPs after 1 and 3 minutes
of plasma treatment showed no change at all in their colors.
All the observed spectra behave similarly, presenting slight
oscillations (~0.5% amplitude) which cannot be attributed
to the apparatus, as confirmed by careful calibration of the
measurements with a sapphire sample. This effect is thought
to be due to interference effects inside the samples.

4. Conclusions

An effective method of producing BPs with
superhydrophobic/oleophilic properties was presented by

means of plasma treatment with 1, 1, 1, 2 tetrafluoroethane
(C,H,F,). Superhydrophobic/oleophilic properties were
obtained after 1 min of plasma treatment, demonstrating a
fast and inexpensive method of producing buckypapers with
these wettability properties. Water contact angles greater
than 140° were obtained and these results are attributed
to the combination of the modification of surface micro/
nanostructures and the reduction of surface energy due to the
coating with a fluorocarbon film. BPs also showed very low
optical reflectance values in the visible light range, reaching
an average value of approximately 1.30%, outperforming
many commercial materials. The low optical reflectance
remained essentially unchanged when a 1-minute plasma
treatment was employed. The results obtained suggest that a
good combination of low reflectance and superhydrophobic/
oleophilic behavior can be achieved by a good dispersion
of CNTs and fluorocarbon coating. This is of potential
importance for technology applications that require super
black surfaces while preventing water from penetrating or
being absorbed by the surface, improving the handling of
optical signals and extending the life of materials.
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