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Research on carbon material-based thin films with low light reflectance has received significant attention
for the development of high absorber coatings for stray light control applications. Herein, we report
a method for the successful fabrication of stable thin films comprised of carbon nanotubes (CNTs) and
nanoscrolls (CNS) on an aluminium (Al) substrate, which exhibited low reflectance of the order of 2-3%
in the visible and near-infrared (NIR) spectral bands. Changes in the structural and chemical composition
of pristine single-walled carbon nanotube (SWCNT) samples were analyzed after each processing step.
Spectroscopy, microscopy and microstructural studies demonstrated emergence of CNS and multi-
walled carbon nanotubes (MWCNTs) due to the sequential chemical processing of the sample.
Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) studies revealed the
formation of CNS via curling and folding of graphene sheets. Microstructural investigations including
SEM and atomic force microscopy (AFM) confirmed the presence of microcavities and pores on the
surface of the film. These cavities and pores significantly contribute to the observed low reflectance
value of CNTs, CNS compound films by trapping the incident light. Fundamental space environmental
simulation tests (SEST) were performed on the coated films, that showed promising results with
reflectance values almost unaltered in the visible and NIR spectral bands, demonstrating the durability of
these films as potential candidates to be used in extreme space environmental conditions. This study
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1. Introduction

Because of the optical transitions of the m-band, carbon is
considered to be a good absorber, which is used in many
conventional black materials such as carbon black and
graphite.” Carbon soot has been studied extensively as a black
absorber coating for low-cost and large-area applications.>*
However, the emissivity of conventional carbon-based coatings
is usually in the order of 0.80-0.85 due to reflection at the air-
dielectric interface, limiting their application as an absorber.>”
In the last few years, main research interest evolved to overcome
this shortcoming using carbon nanostructures,”® vertically
aligned carbon nanotube (CNT) forests, etc.">**® CNTs with their
1D structure, confined electron density to the plane of the rolled
graphite sheet and the excitonic optical transitions across sharp
one-dimensional (1D) density of states show great promise as
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black absorber coatings.”*'" The development of CNT-based
black absorber thin films has become an advanced field of
research recently, which depends on the intrinsic properties of
CNTs and the potential light-trapping ability of CNT films. Since
their discovery by Sumio Iijima® in 1991, CNTs have shown
enormous technological importance®"” owing to their exotic
physical and chemical properties.'®'® CNTs, classified as single-
walled (SW) and multi-walled (MW), are comprised of a hexag-
onal lattice of carbon (C) atoms with a high surface area and
aspect ratio.” SWCNTs, structurally the simplest ones, have
only one atomic layer of sp> hybridized C atoms folded in
a cylindrical symmetry.'® They are uniquely determined by their
chiral vectors, energetically very stable under normal condi-
tions, and can show robust mechanical strength associated with
high toughness and elastic moduli.**** Conversely, MWCNTs
are considered the nested SWCNTs of seamlessly rolled
multiple graphene layers forming concentric tubes, whereas
carbon nanoscrolls (CNS) are rolled graphene sheets in the form
of a spiral 1D structure, offering a distinctively different
configuration and complexity. The van der Waals (vdWs)
interaction between the layers of MWCNTs and CNS provides
structural stability by binding layers to maintain their respective
shapes. CNS have become a recent topic of interest owing to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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their open-ended morphology, tunable diameter, high carrier
mobility, and easy intercalation of materials between their
layers, showing many properties comparable to that of
MWCNTs or even superior. Furthermore, the one-dimensional
nature of CNTs** and CNS leads to anisotropy in their proper-
ties, which are better observed along the tube axis.

Previous studies on CNT-based coatings include water-based
growth of a uniform array of CNTs,* spray coating of SWCNT,"
and growth of vertically aligned SWCNT forests.»****” Addi-
tionally, there are reports on light absorption studies using CNT
films fabricated via chemical vapor deposition (CVD).>"® A very
black coating of CNTs fabricated on a silicon substrate was
claimed to be “the world's darkest material” with an absorp-
tance value of 0.9997.> CNT forests being the blackest mate-
rials***?*° can be useful for the fabrication of thin-film coatings
for optical studies, energy conversion,*** antireflection,*** and
radiometry.*** An important finding related to this is the
wavelength-independent emissivity of the CNTs.* Ajayan et al.*®
showed that the reflectance of vertically aligned CNT forests
could be as low as 0.045%, and therefore, the light-absorbing
ability of these nanotube arrays can be enhanced strongly."**
A near-perfect absorption was observed by Shi et al. for a coating
of MWCNTSs on an arbitrary shape.*® They successfully devised
an experiment to calculate the imaginary part of the refractive
index for the CNT forest, which was obtained to be sufficiently
low, validating the broadband absorption. CNTs can overpower
other materials due to the fact that if aligned vertically, they
remain uniformly black for a range of wavelengths throughout
the visible and far-infrared regions.®> These properties make
CNTs the most suitable candidate for stray light control appli-
cations. In a comparative study conducted by Mizuno et al., it
was reported that vertically aligned CVD-grown SWCNTs
showed more emissivity than the spray-coated sample, con-
firming the structure-dependent black body behavior (ie.,
higher absorption) of the SWCNTs. They reported approxi-
mately 0.98% emissivity in the case of vertically grown SWCNT
on Si substrates.' However, the vertical alignment of the CNTs
can be associated with angle- and polarization-dependent
selective light reflections and the related sensitivity associated
with mechanical aggregations.®” Accordingly, a direct solution
to this problem can be films with a random orientation of CNTs;
however, this will compromise the overall reflectivity of the
coatings.

In addition to the broadband, high optical absorptance
value, the most important aspect of using CNTs is the ability to
produce them easily on flexible substrates. The substrate plays
an important role in modulating the different optical properties
of CNT forests such as the morphology, surface roughness,
forest height, and forest density, which will highly affect the
emissivity of the CNT film coatings.®® Aluminum (Al) sheets,
which are light weight, flexible, ductile, cost effective, and
abundantly available, are good conductors, and thus considered
promising substrate materials for applications in flexible elec-
tronics.*>** To fabricate CNT-based flexible conductive elec-
trodes, the CVD technique is widely explored; however, it
requires harsh deposition conditions such as high substrate
temperature, various precursors, and reaction chamber, which
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make the process complicated. Also, exceptional diffuse reflec-
tance has been reported earlier for CVD-grown layers of CNTs,*
posing limitations in terms of specific growth conditions such
as high temperature, thereby making it incompatible with Al or
thin titanium substrate surfaces, which are commonly used in
space-related applications. It has been reported that the fabri-
cation of SWCNT films via a simple spraying approach of
a colloidal suspension on the substrate and subsequent heat-
ing** of the film to evaporate the dispersing fluid can yield films
with high uniformity®® and stability. However, an important
step in the process is the synthesis of the colloidal suspension,
which is a significant exercise due to the low dispersibility of
CNTs bound by attractive vdWs force. Consequently, there are
technical difficulties and challenges in developing a stable,
homogenous suspension, which can be achieved by adsorbing
adequate surfactants on the sidewalls of the CNTs, mechan-
ically debundling them by sonication, and using a proper
binder to achieve uniform, stable coatings.

Although significant research has been carried out and is
still ongoing with respect to the optical absorption of CNT thin
films and forests, there is hardly any knowledge on the light
absorption of CNS. Theoretical calculations show that under the
influence of a transverse electric field, the optical absorption
spectra of CNS manifest distinguished peak features owing to
their 1D structure, which are strongly dependent on the
geometry of the CNS and the applied field strength.** A UV-
visible optical absorption spectroscopy experiment carried out
on a CNS sample also showed fascinating features.** Conse-
quently, CNS with their open ends and varying layer widths
seem to be a promising material for use as absorber coatings.

To date, a variety of routes have been employed to fabricate
CNS from graphene sheets such as mechanical methods and
chemical synthesis. The molecular dynamics simulations per-
formed by Braga et al. showed that CNS can have a lower energy
than graphene layers.*® The production of high yield CNS was
first reported more than a decade ago via the intercalation of
graphite with potassium followed by exfoliation in a highly
exothermal reaction environment. Exfoliated graphene layers
were then deformed by sonication to give rise to CNS.*”** Since
then, many other methods have been proposed for the bulk
production of CNS, e.g., microwave irradiation** using CNTs,>
inducing solution-based scrolling of graphene sheets on
a Silicon dioxide (SiO,) substrate,*® and solvent-assisted self-
assembly of graphene oxide (GO) layers.** The formation of
CNS is an energy-aided process due to the structural transition
of the graphene layer, where a large overlap between two edges
of freestanding graphene occurs, leading to the relative sliding
of the overlapped region after a critical overlapped area is
attained. The self-sustained scrolling process continues as the
vdWs interactions between the layers provide structural stability
to form CNS.*® Also, the low bending rigidity of graphene, which
is determined by the bending-induced changes in the interac-
tions between electron orbitals,” plays an important role in the
structural modification of graphene nanoribbons and the
eventual formation of CNS. For monolayer graphene, the out-of-
plane deformation associated with stretching and compression
of covalent carbon-carbon bonds is responsible for the bending
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rigidity,>*** while for multilayer graphene, this depends on the
number of layers and the interlayer shear interaction.”® The
bending stiffness typically follows a thickness-dependent
square power relation for the self-folding mechanism of few-
layer graphene (2-6 layers) with an interlayer shear modulus
value in the range of 0.36-0.49 GPa.> The atomistic simulations
performed by Nikiforov et al*® showed that large diameter
SWCNTs very closely represent the behavior of graphene under
pure bending in the low-curvature linear elastic regime. The
simulations revealed curvature-induced torsional misalignment
of the 7 hybrid orbitals as the key source of bending stiffness
with a value of 1.49 eV.*® Although theoretical studies provide
a wide range of values of bending rigidity for single-layer gra-
phene,” " the experimental value is cited to be 1.2 eV for
a graphene sheet.*

Herein, we report a facile approach for the fabrication of
carbon-based thin film coatings comprised of CNTs and CNS,
which exhibited a low reflectance in the order of 2-3% in the
visible and NIR spectral bands. We demonstrated a process for
the successful fabrication of environmentally stable and
uniform CNT-CNS blended thin film coatings on flexible Al
substrates using a simple, cost-effective spray coating tech-
nique. The sequential experimental observations during the
process of developing these coatings starting from SWCNTs are
described. Furthermore, the functional group analysis, Raman
spectroscopy studies, X-ray diffraction (XRD) investigations,
transmission electron microscopy (TEM) studies, spectral
reflectance measurement, microstructural analysis, and space
environmental simulation tests (SEST) are presented. The
microstructural investigations, namely scanning electron
microscopy (SEM) and atomic force microscopy (AFM) studies,
carried out on the coated films provided direct mappings of the
surface morphology with evidence of cavities and pores on the
film surface. These cavities trap the incident light without
letting it reflect immediately, and thus play an important role in
the low reflectance value. The preliminary SEST conducted on
the spray-coated films showed good stability with optimum
performance in the presence of outer space environmental
conditions, which indicate the potential of these CNT-CNS
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compound films as candidates for stray light control applica-
tions in spaceborne devices.

2. Experimental

SWCNTs, which were obtained from NoPo Nanotechnologies India
Pvt. Ltd. Bengaluru, were produced via a high-pressure carbon
monoxide (HIPCO) method®* and had a catalytic content of
<0.05% Fe, diameter of 0.6 to 1.1 nm and length of ~400 to
1000 nm. The morphology of the SWCNTs was a dry black powder
with carbon as SWCNTs > 96%. The synthesis methods yielded
nanotubes with a range of diameters and chirality, which usually
contained metallic and amorphous contaminants. Therefore, post-
synthesis chemical purification was required to eliminate the
contaminants present in the as-prepared CNTs, which was carried
out by wet oxidation at 300 °C, followed by acid wash using
concentrated hydrochloric acid (HCL)**” and annealing at 900 °C
in an inert environment.***®* We mainly procured purified samples
from NoPo Nanotechnologies. However, some SWCNTSs prior to
purification were also procured for verification of the nature of the
raw CNTs. After purification, further experimental processing and
related investigations developed and carried out by us are dis-
cussed below.

2.1. Functionalization

The functionalization of CNTs was performed by adding
concentrated H,SO, and HNO; having a volume ratio of 3 : 1 to
a beaker and purified CNT black powder. The mixture was
stirred using a magnetic stirrer at a temperature of 70 °C for 8 h
and allowed to cool to room temperature. The mixture was
neutralized by rinsing with deionized water until neutral pH
was obtained. The functionalized CNT powder was obtained by
sieving the solution using Whatman filter paper. The powder
was dried under vacuum at room temperature. A schematic of
the functionalization process is shown in Fig. 1.

2.2. Spray coating

The functionalized powder was mixed with a weighed amount
of the organic binder polyurethane and solvent and ultra-
sonicated for 60 min using a Q500 ultrasonic probe sonicator

>

Polymer Grafting Process

Fig. 1 Schematic representation of the functionalization and polymer grafting processes. The attachment of carboxyl group (-COOH,) after
functionalization was followed by polymer grafting with hydrocarbon chains, —(M—-M),,.
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Fig. 2 Schematic representation of the spray coating process.

from Q-Sonica to obtain a well-dispersed agglomeration-free
solution. The obtained solution was spray coated [Fig. 2] on
clean Al substrates using a hand airbrush Pilot AB16 in a glove
box under a controlled nitrogen atmosphere. The Al substrate
was preheated to a temperature of around 300 °C using a quartz
radiant heater attached with a PID controller and a thermo-
couple to maintain the temperature within the range of 300 +
10 °C during the spray coating process. After the deposition of
the CNT film, the samples were allowed to cool to room
temperature (RT).

3. Characterization

Different characterization techniques were used to understand the
processed CNT films. The purified and functionalized CNTs were
subjected to functional group analysis by Fourier transform
infrared (FTIR) spectroscopy. The infrared absorption spectra of the
CNT pellets prepared using KBr powder were measured in the
range of 4000 to 500 cm ' using a PerkinElmer Spectrum GX
spectrometer. The structural signatures of the purified, function-
alized, and spray-coated samples were obtained by subjecting them
to Raman spectroscopy analysis using a Lab Ram HR 800 instru-
ment. The surface morphology of the samples was investigated by
field-emission scanning electron microscopy on a Zeiss SEM
Ultra55. AFM measurements were carried out using a Bruker
Dimension ICON atomic force microscope in tapping mode
(amplitude modulation mode), which helped minimize the effect
of friction and other lateral forces in the topography measure-
ments. High Resolution (HR) TEM measurements were carried out
by drop-casting the sample on Cu grids using an FEI-Titan Themis
instrument operated at 300 kV. XRD measurements were carried
out using a Smartlab X-ray diffractometer by Rigaku. The data was
collected using monochromatic Cu Ke. radiation (1.54 A) at 40 kv
and 30 mA. The spectral properties of the spray-coated samples
were analyzed using a UV-VIS-NIR spectrometer, PerkinElmer
Lambda 950 in the wavelength range of 400 to 2500 nm. The spray-
coated samples were subjected to SESTs using the environmental
test facilities available at LEOS, Bengaluru.

4. Result and discussion
4.1. Functional group analysis: FTIR study

FTIR is a versatile non-destructive technique for the identification
and characterization of the chemical structure of SWCNTs. The
normalized FTIR spectra of the purified and functionalized

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectra of purified and functionalized samples. Both the
spectra are normalized with respect to the maximum intensity of the
purified sample data.

samples are shown in Fig. 3. The chemical incorporation of various
functional components on the sidewalls of CNTs is visible in the
FTIR investigations [Fig. 3]. It is evident that the intensities of the
various bands increased compared to the purified sample [Fig. 3],
together with the appearance of new bands. This indicates the
successful functionalization of CNTs. The absorption feature ob-
tained at 3393 cm ' [Fig. 3] in the functionalized CNTs is assigned
to the -OH stretching mode of the -COOH group.®*” The bands at
2940 cm " and 2878 cm™' correspond to the -CH stretching
vibrations.” The peaks and hump-like characteristics observed in
the FTIR spectrum between 2734-1734 cm ™ mainly correspond to
aldehyde (2750 cm ™', =C-H stretching mode); weak signature of
nitrile (2250 cm ™!, -C=N band, which can be due to the presence
of a small amount of nitrogen in the sample during treatment with
HNO;); weak presence of alkyne (2150 cm™ ', -C=C- band) and
strong signature of -C=O stretching (1734 cm ‘). The weak
absorption peaks observed in the range of 1726-1818 cm ™" can be
assigned to the -C=O0 stretching within the anhydride group
[<(CO),0]. The relatively strong peak feature centered at 1626 cm ™"
is assigned to the stretching of the C=C graphitic group.” The
prominent and comparatively broad absorption peak seen at
1375 em ™' is attributed to the -C-O stretching, corresponding to
the carboxylic group. The most intense peak at 1067 cm ' is
associated with the -C-O alkoxy group stretching, whereas, the
small absorption band at 671 cm ™ is ascribed to the -C=0 group
stretching.””> The evidence of some bands present in the purified
sample before functionalization indicates the possibility of the
corresponding chemical species being incorporated in the CNTs
during the acid purification process.

4.2. Structural analysis: Raman studies

Raman measurement, which is very sensitive to the chiral
indices (n and m), is naturally considered to be an important
spectroscopic tool to characterize CNTs. The normalized
Raman spectra of the purified, functionalized, and coated film

Nanoscale Adv., 2021, 3, 3184-3198 | 3187
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Fig. 4 Raman spectra of (a) purified, (b) functionalized and (c) coated
film. The spectra are normalized with respect to the G peak of the
purified data shown in (a).

are shown in Fig. 4. We observe a clear signature of the defect-
induced D band together with the characteristic G and 2D (G')
features in the acquired Raman spectra of the samples [Fig. 4].
Evidence of the characteristic radial breathing modes (RBMs) of
SWCNTs is seen only in the purified sample. All these bands are
marked in Fig. 4. The RBMs, which are associated with the A,
symmetry of the carbon atoms moving in-phase in the radial
direction, are unique to SWCNTs and usually occur in the range
of 120 to 350 cm ™" for tubes with a diameter ranging from 0.7 to
2 nm.” We observe the manifestation of RBMs in the purified
sample between 150 and 350 cm ™' [Fig. 4(a)].

The curve fitting of the RBMs performed with Lorentz
oscillators reveals signature of 16 components [Fig. 5]. These
components can be associated with different nanotube species
of non-identical diameter and chirality present in the CNT
bundle. The diameter, d, of the tubes is calculated using the
simple monotonic equation,™

223.5

= ——+125
WRBM d + )

1)
where wgpy is the RBM frequency (taken here as the frequency
of the corresponding Lorentz peaks). This gives the diameter
range for the purified SWCNT bundle, which is between 0.74-
1.34 nm [Table 1]. This is in quite good conformity with the data
provided by the manufacturer (0.6-1.1 nm) for the as-
synthesized SWCNTs.

A close analysis of the low-frequency range in the Raman
spectra of the functionalized and coated samples (up to
1000 cm ™ ') reveal many peak onsets. It was reported that curved
graphene sheets can show Raman signatures in the range of
200-1000 cm™'.>77 For the functionalized sample, the low-
frequency range of 50-1000 cm ' is analyzed. RBM-like
features together with several onsets related to the CNS and
MWCNT components [Fig. 6(a)] are observed in the spectrum
[Fig. 6]. The features located at around 270, 727, and 852 cm ™"
can be associated with the curvature happening in the graphene
sheets during the functionalization process,”® whereas the
peaks appearing at around 452, 608, 691, and 911 cm™ " corre-
spond to CNS” [Fig. 6(a)]. The transverse optic and transverse

3188 | Nanoscale Adv., 2021, 3, 3184-3198
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Fig. 5 Fitted RBM of the purified sample, revealing the signatures of
the various nanotube species. The intensity of the spectrum was
normalized with respect to the G peak of the purified data.

Table 1 RBM Frequency and the corresponding diameter of the
nanotubes

RBM frequency (cm ™)

Diameter (nm)

315.4 0.74
304.5 0.76
280.7 0.83
277.7 0.84
273.5 0.86
268.2 0.87
262.2 0.89
256 0.92
250 0.94
239.8 0.98
232.5 1.02
223.2 1.06
208.1 1.14
194.3 1.23
186.1 1.29
179.3 1.34

acoustic phonon branches, which are usually inactive in the
crystalline planar graphite, can become active due to the
relaxation of the Raman selection rules owing to the curvature
of the scrolls.”” The Raman modes related to single and multi-
wall CNTs are also observed in the range 50 to 220 cm ™ '.777®
For the MWCNTSs, the origin of the low-frequency bands is due
to the breathing vibrations corresponding to individual walls,
a phenomenon similar to that of the RBMs in SWCNTs.
However, the vibration in MWCNTs is quite complex due to
interaction among the individual concentric walls. We identify
the characteristic onsets corresponding to MWCNTSs at around
75,112, 132, and 214 cm™*,”® which can be associated with the
concentration of emerging MWCNTs after the functionalization
process.” The coated sample also exhibits almost a similar
trend with the low-frequency peaks appearing at 72, 136, 164,
and 192 ecm™ ', signifying MWCNT components in the film,”
while the onsets at 443, 640, 705, and 935 cm ™' correspond to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Low-frequency Raman spectra from (a) functionalized and (b)
coated samples. The intensity of both spectra was normalized with
respect to the G peak of the purified data.

CNS.”® We also observe several additional weak low-frequency
Raman onsets, which can be attributed to the curving of the
graphitic sheets™ [Fig. 6(b)]. A diameter-dependent shift in the
high-energy phonons can happen to the curved graphene layers
and it is even possible to observe additional phonon modes
corresponding to the extra symmetries induced in the curved
structures.”

We observe clear evidence of the D, G, and 2D band signa-
tures in our samples. The graphitic tangential mode or G band
corresponds to an optical phonon mode, while the 2D band is
a Raman-allowed signature by symmetry, not defect induced.®
The D peak, which corresponds to the breathing modes of the
A;; symmetry around the K points of the Brillouin zone, is
forbidden in an ideal graphitic structure and requires structural
defects for a phonon of certain angular momentum to be acti-
vated. Consequently, the signature of the D band is a measure of
the non-crystalline disorder, lattice distortions, and defects
associated with the CNTs, whereas a higher intensity of the G
band compared to D is a manifestation of superior graphitic
crystallinity in the sample.

Further confirmation of the formation of CNS and MWCNT can
also be drawn from the D, G, and 2D bands. The presence of CNS
and gradual induction of defects on the sidewalls of the raw
SWCNTs during the processing treatment’* can be directly asso-
ciated with the D peaks, which consequently exhibit an increase in
intensity [Fig. 7] and full width at half maximum (FWHM) (59.7,
65.84, and 149.29 cm ") [Fig. 7] from the purified sample to the
coated film. CNS with their long unfused edges contribute to
enhancing the D peak intensity.” The clear up-shift in the D peak
positions (1343.66, 1353.79, and 1363.52 cm ') indicates an
increase in the diameter of the curved-sheets/nanoscrolls/
nanotubes from the purified to the coated film. The intensity
ratio of the G to D band (I/Ip) decreases after functionalization,
which is attributed to the distortion in the graphitic structure,
elongation of the C-C bond due to the electron transfer, and
increase in the sp® C hybridization in comparison to the sp*> C.5*#
The purified sample shows the lowest [Fig. 7(a)] D band intensity
(In) and highest I;/I, ratio, while the coated film has the most

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 D and G mode vibrations in (a) purified, (b) functionalized and (c)
coated samples. The intensity of the spectra was normalized with
respect to the G peak of the purified data shown in (a).

intense D feature [Fig. 7(c)] with the smallest I/I;, value. The I/,
ratio of the functionalized sample [Fig. 7(b)] is in the middle. The
position of the G band is also important, which is highly dependent
on the elastic strain. Due to the rolling and curling of the sheets,
elastic strain develops in the system, which has an inverse relation
to the diameter of curvature.” Consequently, a downward shift in
the G peak position can occur with an increase in the diameter of
the rolled sheets. A small down-shift and broadening of the G band
is observed for the coated film compared to that of the function-
alized sample, indicating the presence of a larger diameter of
curvature and varying elastic strain, respectively, in the sample.
Acid treatment of the graphitic sheets can affect the peak position
and the peak width.” Furthermore, the broadening of the 2D band
also signifies a greater number of layers stacked on the wall. The
broadening of the 2D band is greater for the coated sample
compared to the functionalized sample.

Further analyses are carried out on the D, G, and 2D signa-
tures by considering approximations, and the results obtained
are shown and discussed in detail in the ESI.{ Our analysis on
the D bands showed various defect components [Fig. S17],
whereas the 2D bands clearly exhibit the presence of single-layer
graphene-like structures in the nanotube ensembles (with the
highest intensity), together with various double electron-
phonon resonant processes [Fig. S3 see ESIt]. We have per-
formed G band fitting by considering both the Lorentz profiles
[Fig. S11] and a combination of Lorentz and Breit-Wigner-Fano
(BWF) line shapes [Fig. S21]. Our investigations on the G band
features do not reveal any signature of metallic CNTs in the
samples, which may be an indication that the metallic tubes are
not in resonance with the 2.33 eV laser excitation energy used
for the Raman measurements herein.

4.3. X-ray investigation

The XRD investigations carried out on the CNT samples are shown
in Fig. 8. The characteristic (002) peak of the carbon-based mate-
rials is observed [Fig. 8] at around 26°. The intensity and width of
the (002) peak (JCPDS card no. 01-075-1621) are related to the
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Fig. 8 XRD plots of (a) purified, (b) functionalized and (c) coated film.

number of layers, the orientation of the CNTs, and the content
network distortion.* The high intensity of the (002) peak and small
value of the FWHM [Fig. 8(a and b)] indicate the high crystalline
quality of the purified and functionalized samples. The XRD
pattern of the purified CNTs [Fig. 8(a)] also exhibits peaks at around
42° and 44°, corresponding to the (100) and (101) planes of
graphitic carbon (JCPDS card no. 01-075-1621) [Fig. 8(a)], which can
be attributed to the inter-shell spacing of the concentric graphene
sheets of multiwalled CNTs.** In addition, the peak-like features at
33.5° and 36.2° (indicated in the images by stars) in the purified
sample can be associated with the Fe catalyst impurities,* that got
attached to the CNTs during the HIPCO process,* while the peaks
at 54.6° and 77.5° correspond to the (004) and (110) planes of the
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graphitic layers (JCPDS card no. 01-075-1621). The XRD data ob-
tained for the functionalized sample is shown in Fig. 7(b). We could
hardly find any difference in the peak positions of the graphitic
planes between the purified and the functionalized samples;
however, a variation in the intensity of the peaks is observed, which
can be associated with the further de-bundling and better disper-
sion of the CNTs in the functionalized sample. The XRD data of the
coated film exhibit signatures of the graphitic components and the
Al substrate. The graphitic planes of (002) and (101) at 26° and 44.6°
respectively, are observed with a lower intensity compared to that of
the functionalized sample. Generally, the polymer grafting process
of the coated film will lead to an apparent decrease in the intensity
of the graphitic planes.?”*® The peaks at 38.3°, 78.1°, and 82.3° are
assigned to the (111), (311), and (222) planes of the Al substrate,
respectively.* The broad onset peak at around 18° is attributed to
the presence of the CNS component in the sample.* It has been
reported that due to the residual solvent trapped between the CNS
layers, there may be an expansion in the interlayer spacing, giving
rise to a distribution that contributes to a broad onset of around
15-18°.%

4.4. Electron microscopy investigations

Fig. 9-11 and S4 (in the ESIf) display the TEM images. An
artificial color code is given to all the images for better visual-
ization, which is done during the analysis of the data using
Image]/Gwyddion. A large-area TEM micrograph of the as-
prepared SWCNT bundles prior to purification is shown in
Fig. S4(a).t The pristine sample shows sparse bundle network of
SWCNTs [Fig. S41] together with traces of carbonaceous

Fig.9 TEM investigations of the purified sample. (a) Large-scale image showing sparse bundle network of SW and MW CNTs with rare presence
of impurity particles. (b and c) Evidence of SWCNTs in the bundles is shown and marked by arrows. Inset of (c) shows the hexagonal symmetry
from the SWCNT bundle. (d) MWCNTs from the marked area in (a). (e) High-resolution TEM image of an MWCNT with graphitic (002) plane
stacking. The (002) layer spacing of ~0.34 nm is marked in (e). Inset of (e) is the FFT from the selected area [marked as a rectangle in the image]. (f)
Folding of the carbon sheets to form CNS. The open end of CNS is marked with an arrow.

3190 | Nanoscale Adv, 2021, 3, 3184-3198
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Fig.10 TEM micrographs of the functionalized sample. (a) Attachment
of functional groups on the sidewalls of the tubes [marked with
arrows]. (b) Evidence of SWCNT bundles after the functionalization
process. Two regions in (b) [marked with squares], which show the
clear periodic alignment of SWCNTSs are zoomed and shown as (c) and
(d). Amorphous walls of the MWCNTSs can be seen in (e). A nanoscroll
with an open-end [marked with arrow] is shown in (f). Inset: FFT of the
CNS.

particles [marked by arrows in Fig. S4(a)f] and metal catalyst
particles, which appear as dark spots in Fig. S4(b-d).t The
SWCNTs forming bundles in the as-prepared sample are shown
and marked by white arrows in Fig. S4.f We do not find any
evidence of MWCNTs or CNS in the pristine sample during our
TEM studies.

The data acquired from the purified sample is shown in
Fig. 9. The purification process involving acid treatment is
carried out to reduce the concentration of the catalyst nano-
particles and the amorphous carbon impurities in the as-
prepared sample. The large-scale TEM image shown in
Fig. 9(a) indeed reveals a substantial reduction in the impu-
rities after purification. Heterogeneities in the sample are
evident with the signature of SWCNTs, MWCNTSs, CNS, and
rare traces of catalyst nanoparticles [Fig. 9]. The SWCNTs
forming the bundle network are shown in Fig. 9(b) as white
arrows. Within the network, the different SWCNT bundles
exhibit different diameter periodicities ranging from 0.7-
1.1 nm [Fig. S5(a and b)7]. Fig. 9(c) is the marked rectangular
area in Fig. 9(b), clearly displaying the arrangement of
SWCNTs with a diameter periodicity of 0.9 nm [Fig. S5(b3)7].
The FFT obtained from a SWCNT bundle [inset, Fig. 9(c)]
shows the hexagonal symmetry of the sp> hybridized carbon
atoms. Due to the sensitivity of the tube walls to the electron
beam, the detection of isolated SWCNT is not possible.”” The
signature of MWCNTs marked by a rectangle in Fig. 9(a) is
shown in Fig. 9(d). The MWCNTs in the purified sample

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 TEM investigations on the coated film. (@) SWCNTs (marked
with arrows). (b) Graphitic plane stacking in the MWCNTSs present in the
sample. (c) Large-area image showing the entwined MWCNT struc-
tures. (d) Formation of CNS from the carbon sheets.

typically exhibit diameters in the range of 10-30 nm [Fig. S67].
The high-resolution TEM micrograph [Fig. 9(e)] obtained from
MWCNT clearly exhibits graphitic (002) layer stacking with
a spacing of 0.34 £ 0.02 nm. The FFT [inset, Fig. 9(e)] of the
marked region [Fig. 9(e)] shows the hexagonal symmetry of the
graphitic layers constituting the MWCNTSs. The TEM investi-
gations also reveal the formation of CNS in the purified
sample. CNS are morphologically similar to MWCNTS;
however, the distinction remains in their open extremities,
varied layer spacings, and sides, where the edges of the
scrolled sheets are not fused. Fig. 9(f) beautifully captures the
folding of a graphitic sheet that gives rise to CNS. These 1D
structures usually exhibit large diameters, which in this work,
is typically around 100-500 nm with open ends [Fig. 9(f),
marked by an arrow].

The TEM images of the functionalized sample are shown in
Fig. 10. The functionalized powder reveals the presence of CNTs
and CNS [Fig. S771] together with the signature of a significant
number of functional groups attached to the sidewalls of the
tubes [Fig. 10(a) and S7; marked by arrows]. A general trend of
reasonable increase in the diameter of the tubes, as seen in
Fig. 10, compared to the purified sample [Fig. 9] is attributed to
the incorporation of functional groups on the sidewalls of the
CNTs. The signature of short and distorted SWCNTs is detected
[Fig. 10(b-d)] within the bundles [marked by squares in
Fig. 10(b)], which exhibits a diameter periodicity in the range of
1-3 nm. We also observe evidence of MWCNTs [Fig. 10(e)] and
CNS with open ends [Fig. 10(f); marked by an arrow] in the

Nanoscale Adv, 2021, 3, 3184-3198 | 3191
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Fig. 12 SEM micrographs of purified (a—c), functionalized (d—f) and coated (g—i) samples. The unfused edges and open ends of the CNS are
marked by arrows in (b) and (c), respectively. A cross-sectional view of the coated film on the Al substrate is shown in (g) with the thickness

marked. The cavities formed on the coated film are shown by circles in (i).

functionalized sample. The degradation in the structure and
crystalline quality of the CNT walls, which are well evident in
Fig. 10(e), can be due to common issues related to the
functionalization.

The TEM investigations of the coated sample reveal SWCNT
bundle networks, as marked by arrows in Fig. 11(a). The pres-
ence of MWCNTs is shown in Fig. 11(b and c) with the walls
made of many graphitic layers spaced approximately 0.34 +
0.02 nm apart [Fig. 11(b)]. The coated sample also manifests
clearly the scrolling of carbon sheets to form CNS [Fig. 11(d)].

Various methods have been proposed for the successful
unzipping of CNTs.”*®” It has been reported that CNTs can
unzip in the presence of oxidizing agents to form nano-
ribbons.?® In this process, the mechanism of unzipping is based
on the oxidation of alkenes followed by concentrated acid
treatment.” The subsequent unzipping of SWCNTs was also
observed; however, disentanglement was reported to be more
difficult.®® Lopez et al.*® proposed a thermally driven transition
of SW-to-MW tubes by creating vacancies and defects at an
elevated temperature. Structural amendment of SW-to-MW
CNTs was explicitly demonstrated experimentally by annealing
SWCNT bundles. These results were further substantiated by
performing molecular dynamics simulations.” The vacancies or
defects created on the SWCNTs were cited to be primarily
responsible for promoting the coalescence of two SWCNTs via
the initial stage of inter-tube polymerization. This plays

3192 | Nanoscale Adv., 2021, 3, 3184-3198

a prominent role in the transformation of SW-to-MW tubes.
Acid purification and a slight increase in temperature can
drastically alter the SWCNT structure.'® In our case, the emer-
gence of MWCNTs and CNS could be a consequence of the
purification and functionalization processes, which involve
subsequent acid wash using concentrated HCI, H,SO,, and
HNO;, annealing, sonication, and magnetic stirring of the
sample. A three-step purification process is adapted in this work
involving wet oxidation at 300 °C followed by HCl wash and
annealing at 900 °C for more than one hour in an inert envi-
ronment. Acid treatment will create vacancies or defects, which
will have high mobility throughout the tubes during annealing.
The migration of defects continues until they are trapped in the
inter-tube regions by saturation of the dangling bonds at the
vacancy sites, which initiates polymerization in the neighboring
tubes due to interactions among the trapped defects.” The
coalescence of two tubes occurs via further pulling apart of the
intra- and inter-tube bonds followed by patching and tearing of
all the SWCNTs in the bundle, giving rise to MWCNTSs.”
Functionalization will further enhance the tearing process of
the CNTs due to the use of a mixture of concentrated H,SO, and
HNO; acids and subsequent magnetic stirring, which will
produce more defects and increase the temperature of the
samples.*>™ This results in the formation of nanoribbons, CNS
and MWCNTs. HNO; can also intercalate in the SWCNT
bundles and dismantle the tube walls to give rise to graphitic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 AFM micrographs of the coated film surface. (a and c) Surface morphology with microcavities/holes. (b) 3D projection of the surface

shown in (a).

sheets, which can eventually change to form various multi-shell
phases.*

4.5. Microstructure and elemental analysis

SEM and AFM studies are conducted for microstructural analysis
of the samples. SEM micrographs obtained are shown in Fig. 12.
Fig. 12(a—c), (d-f), and (g-i) show the morphology of the purified,
functionalized, and spray-coated samples, respectively.

Direct evidence of nesting of the CNTs with agglomeration
[Fig. 12(a)], signature of CNS with unfused [Fig. 12(b)] and open
[Fig. 12(c)] ends (marked by arrows) can be seen in the purified
sample. The nesting and agglomeration are due to the ¢ and ©
bonds of the carbon atoms, with the ¢ bonds forming a strong
hexagonal carbon network within the rolled graphene sheets,
whereas, the 7 bonds, perpendicular to the surface of the tubes,
try to connect the CNTs by weak vdWs interactions.®®>>10%:10
The SEM investigations after functionalization [Fig. 12(d-f)]
display evenly dispersed CNTs [Fig. 12(d)], a direct manifesta-
tion of curling and folding of the carbon sheets to form CNS
[Fig. 12(e)] and general morphology of the sample [Fig. 12(f)].

The overall wuniform distribution of CNTs after
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functionalization [Fig. 12(d)] is attributed to the attachment of
carboxyl functional groups on the surface,®*** which improve
the dispersion and adhesion properties of the tubes.'®

The SEM micrographs obtained from the coated films are
shown in Fig. 12(g-i). The cross-sectional view [Fig. 12(g)]
reveals the thickness of the film, which is approximately 200~
250 pm. The SEM images also disclose the presence of inter-
linked forests [Fig. 12(h and i)] with cavities or pores [Fig. 12(i)]
on the surface (marked by circles).

The AFM investigations on the coated films [Fig. 13(a-c)]
further support the presence of interlinked CNT forests. We also
observe evidence of microcavities**® or holes [Fig. 13(a and b)]
on the surface. Considering that the optical properties of the
blackest coatings will hugely depend on the surface morphology
and related light trapping abilities, the presence of these pores
or holes will play an important role in trapping light via
multipole reflections'* inside the cavities.

4.6. Spectral reflectance measurement

Hemispherical reflectance measurements are carried out on the

spray-coated samples using an integrating sphere attached to
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-
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(a) Optical reflectance studies on the as-prepared coated film and after subjected to various SEST. (b) Standard deviation of the mean

reflectance values after performing SEST with respect to the as-prepared film.
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the spectrometer. The total reflectance of the coated film before
and after subjecting to SEST is presented in Fig. 14(a). Our
coated film shows broadband reflectance in the range of 400-
2500 nm [Fig. 14(a)]. For the spectral band in the range of 500-
1500 nm, an almost uniform variation in reflectance is observed
with a minimum value of 2.3%. Fig. 14(a) also shows the
reflectance spectra acquired after performing SEST, namely
humidity, thermal shock, thermal vacuum and thermal storage.
As can be seen in Fig. 14(a), the reflectance spectrum obtained
after each SEST exhibits identical behavior as that of the coated
film, which clearly demonstrates the stability of the film.
Fig. 14(b) shows the plot of the standard deviation of the mean
reflectance values obtained from the film after performing each
SEST with respect to the value before the SEST (spectral range of
500-1500 nm). It is clearly evident [Fig. 14(b)] that the variation
of the mean reflectance values is very small and within the error
limit. The percentage deviation is within 0.4 to 1.6, with the
thermal shock test giving the lowest variation and the humidity
test showing the highest.

In Table 2, one can again see that the average reflectance (%)
did not change after performing SEST. Several earlier reports on
broadband absorption observed in vertically aligned CNT
forests were attributed to the formation of compound materials
made up of individual nanotubes comprised of different
chirality, bandgaps, number of layers, etc.»*** Here, the trap-
ping of light and multiple reflections happening within the
cavities and in the nanotubes and nanoscrolls would contribute
significantly to the observed low reflectance.

Post-growth processing of the CNT bundles and site
densification'®*'*” are necessary to achieve the desired prop-
erty of the CNT-based films. Purification of the as-prepared
SWCNTs by chemical oxidation is important to remove the
catalyst and carbonaceous contaminants from the bundle
network, which in the process, will also modify the CNT
structures including cutting and opening them up. The
functionalization process is carried out to enhance the
solvation properties of the purified CNTs,'** which are usually
in the form of bundles and ropes because of interfacial
interaction, intrinsic vdWs force, and high aspect ratio.**>
Chemical functionalization involves covalent attachment of
chemical groups through reactions onto the w-conjugated
skeleton of the CNTs by forming a covalent linkage between
the functional entities and the carbon skeleton of the
tubes.”**% Furthermore, direct covalent sidewall functionali-
zation with carboxyl groups is associated with a change in
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hybridization from sp® to sp®** whereas indirect covalent
functionalization is due to the chemical transformation of the
carboxyl groups at the open ends and holes in the sidewalls of
the CNT surfaces. In the covalent functionalization process,
the CNT structures are further destroyed, resulting in signif-
icant changes in their physical properties.®*74101:102:108 Tp
addition to parameters such as diameter, length, and orien-
tation of the tubes, densification also plays a major role in
altering the physical properties of the film. Stray light control
application requires the successful fabrication of a stable
film, which can be achieved using a highly volatile solvent
such as acetone associated with a polymer binder. This makes
the CNTs come in close contact due to the capillary coales-
cence effect and creates a random porous network of dense
CNT forests.'” We grew solvent-binder wetted layer-by-layer
stacking of random forests of CNT-CNS composite films via
a simple spray coating technique, where evaporation of the
localized solvent caused the CNTs and CNS to come close to
each other due to capillary forces, giving rise to a porous
mesh-like network.'” Capillary-induced densification can
lead to large size pores depending on the choice of solvent.""’
The presence of macro-pores with diameters up to a few
microns observed on our film surface [SEM and AFM images]
can be related to the volatility of the solvent, capillary forces,
and the transport of the colloidal particles.**”**® These macro-
pores play a vital role in the observed low reflectance value by
efficiently trapping the incident light. It has been shown that
the refractive index, n, remains almost constant for a densi-
fied film compared to the pristine sample'®® and densification
can reduce the film thickness by approximately 50% to obtain
a similar transmittance.'®® However, all these features were
discussed for wavelengths up to 600 nm, which is much lower
than our experimental range to draw any comparison. Ab
initio and tight-binding calculations showed that CNS, CNTs,
and monolayer amorphous carbon sheets display similar
absorption trends with respect to energy with a variation only
in the intensity values."® In the UV-visible range, CNS exhibit
a higher absorbance owing to their large curvature compared
to CNTs and amorphous carbon sheets. In the spectral range
of approximately 300 nm (~4.13 eV) to 800 nm (~1.55 eV), the
absorbance of CNS is almost twice that of CNTs and amor-
phous carbon layers, while their reflectivity remains mostly
constant.® The calculated reflectivity and refractive index
curves also reveal an identical spectral nature for CNS, CNTs
and the carbon sheets in the UV-visible-IR range with a major

Table 2 SEST and the spectral properties of the spray-coated sample. Average reflectance values after performing SEST remained within the

error limit with respect to the as-prepared coated film (*)

Test Tests conditions

Deviation in reflectance
w.r.t. (*) (%)

Average reflectance
(500-1500 nm) (%)

As-prepared sample (*) —

Humidity 95% relative humidity, 50 °C
Thermal shock —30 °C to +70 °C, 500 cycles
Thermal storage
Thermal vacuum cycling

3194 | Nanoscale Adv, 2021, 3, 3184-3198

—50 °C to +80 °C, 10 cycles, 2 h dwell time
—50 °C to +80 °C, 2 h dwell time, 1 x 10~> mbar, 5 cycles

2.49 —
2.53 1.6
2.50 0.4
2.52 0.8
2.51 1.2

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Sequential depiction of the adhesion test performed on the coated film using Scotch tape.

part of the incident light being absorbed between 1240 nm (1
eV) and 310 nm (4 eV)."* The spectral behavior of our reflec-
tance data appears to be in good agreement with the theo-
retically predicted results."® This illustrates the potential of
these easily synthesized curved graphene composites, ob-
tained via microstructural changes during processing, as
candidates for stray light control and optoelectronics
applications."*®

4.7. Adhesion test

Adhesion is an important physical property, which is an indi-
cator of proper bonding between the coated film and the
substrate. For a coated film to fulfil its function, it should
adhere to the substrate properly. Thus, we studied the stability
of the films using the ‘Scotch tape method’, which is
a commonly used technique to assess the adhesion of CNT
coatings with the substrate surface. Fig. 15 shows the sequence
of the snapshots carried out on the coated film samples in our
case. As can be seen [Fig. 15], the film is gently pressed using
normal Scotch tape on the surface.

In this case, the film is well adhered to the substrate, and the
peeled-off tape does not exhibit any signature of the film
coming out with the tape. Rather, only the impression of the
loosely bound particles present on the film surface is evident on
the tape after removing it. This can be clearly seen in Fig. 15,
where the signature of a very small amount of surface particles
is only visible on the tape after performing the experiment. The
visual analysis [Fig. 15] confirmed the high stability and viability
of the CNT, CNS blended film coatings in terms of adhesion
with the Al substrate. Well-dispersed CNTs in an Al matrix can
pin dislocations driven by the capillary action during solvent
evaporation and can form strong chemical bonds with the
substrate,"* exhibiting good film stability. A significant contri-
bution would also come from the polyurethane binder due to its
physicochemical bonds, high elongation, and tensile strength.

© 2021 The Author(s). Published by the Royal Society of Chemistry

The success in the adhesion test allows us to proceed further
with the SEST.

4.8. Space environmental simulation tests (SEST)

We carried out elementary space environmental simulation tests
(SEST) on these coatings to check their sustainability for space-
related applications. Any device that needs to be used in space-
craft has to survive in the space environment, which is entirely
different compared to the ground conditions on Earth. CNT
coatings have shown great promise in this field for stray light
control,*** bolometric measurements,"*** and blackbody sour-
ces." In this series of experiments, the primary tests include
survival of the coatings throughout the launch environment such
as vibration, humidity, shock, and extreme temperature. In the
humidity test, moisture is allowed to ingress into the surface,
which may lead to oxidation, and hence there is a large proba-
bility that the properties of the coating will degrade. However, our
sample subjected to the humidity test exhibits good stability
without any trace of decay in its optical absorptance property. The
samples exposed to thermal shock, thermal storage, and thermo-
vacuum cycling tests also indicate that the stress and strain due to
temperature variations do not affect the films, demonstrating the
stability of these coatings under different environmental condi-
tions. Also, the samples do not exhibit any difference visually
[Fig. 15] or in the spectral reflectance measurements [Fig. 14 and
Table 2] before and after subjecting to the SEST. Details of the
SEST are given in Table 2.

5. Conclusion

Research on blackest coatings using carbon materials continues
to be an evolving field of study. The optical properties of carbon-
based coatings need to be tuned according to the requirement
and application. The task of making these coatings adequate for
specific applications by tailoring the growth process, surface

Nanoscale Adv., 2021, 3, 3184-3198 | 3195
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preparation, and modification are technical aspects that are still
in progress. Frequent applications of CNT-based thin film coat-
ings are found wherever stray light needs to be controlled, such as
coatings for thermal detectors and baffles, various optical
components, sensors, space telescopes, and components in
spacecraft. We successfully developed a process for the func-
tionalization and preparation of stable thin films of CNTs and
CNS via a spray coating technique. The coated films showed
promising light reflectance of 2.3-2.8% in the visible and NIR
spectral bands in the range of 500-1500 nm. Such a low reflec-
tance value (<3%) of CNTs, CNS blended thin films prepared via
a simple spray coating technique has not been reported to date.
Herein, we presented our stepwise systematic investigations and
analysis to understand the microstructural changes occurring in
the as-prepared SWCNTSs. The emergence of MWCNTSs and CNS is
likely to be a processing-induced structural modification of the
as-prepared SWCNTs in the sample. Although a plethora of
investigations already carried out on MWCNTs demonstrate their
highly promising optical absorption properties, studies on CNS
are still very limited. Recent theoretical work''® showed that CNS
are a better candidate than CNTs in this regard. The micro-
structural studies carried out on the film surface provide evidence
of cavities and pores, which also play an important role in trap-
ping light via multiple reflections. The basic SEST performed
according to the standards adopted for the space environment
show promising results to consider these CNTs, CNS based
coatings as potential high absorber candidates for space-related
stray light control applications.
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