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Preface

This Special Issue reprint highlights seventy years since the discovery of carbon nanotubes
(CNTs) in 1952 by Russian scientists LV Radushkevich and VM Lukyanovich in what was then
the Union of Soviet Socialist Republics or the USSR. It also reflects the popularization by the
well-known Japanese scientist S lijima, since 1991, of carbon nanostructures, including CNTs,
towards nanotechnology as a forever impactful and inspiring field. For researchers, academics,
and teachers of all levels, from novice to expert to guru, the articles contained within this Special
Issue are themed around sustainability from nanotechnology, pertaining to diameter measurement,
rotor system molecular simulation, ultra-high tensile strength, energy, filtration via membrane
distillation, environmental remediation using adsorption, ionic liquids as curing agents, biosensors
and bioinspired sensors, and electrical/mechanical properties of polymer nanocomposites. The CNT

is a legacy 1D nanomaterial, only after which was 2D graphene able to emerge.

Muralidharan Paramsothy
Editor
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Seventy years ago in 1952, Russian scientists LV Radushkevich and VM Lukyanovich
published clear images showing multiwalled carbon nanotubes (MWCNTs) with 50 nm
diameters [1]. Their paper was written in Russian and published in Zhurnal Fizicheskoi
Khimii (now the Russian Journal of Physical Chemistry A) at the height of the Cold War. It
is noteworthy that S Iijima’s work, published some 30 years ago in 1991, also generated
unprecedented interest in carbon nanostructures, including CNTs, and has since fueled
intense research in the area of nanotechnology [2]. Radushkevich and Lukyanovich should be
credited for the discovery that carbon filaments can be hollow and have a nanometer-size diameter,
i.e., for the discovery of CNTs [3].

CNTs are recognized for ultrahigh strength and deformability, high thermal conduc-
tivity, ballistic electrical conductivity, selected biocompatibility, unusual optical properties,
and high surface area. Graphene and nanohorns are other well-known nanoscale forms of
carbon, but CNTs remain distinguished by virtue of their one-dimensional or 1D structure,
enabling directional tailoring of exceptionally favorable characteristics (enabling desired
anisotropic properties) when required in application. Advancing the contemporary theme
of sustainability, 14 representative articles have been published in this Special Issue. Of
these, 3 articles highlight nanoscale fundamental aspects of CNTs, i.e., diameter measure-
ment [4], rotor system molecular simulation [5] and ultra-high tensile strength [6]. Eleven
articles are on applications utilizing CNTs pertaining to energy [7,8], filtration via mem-
brane distillation [9], environmental remediation using adsorption [10], ionic liquids as
curing agents [11], biosensors [12] and bioinspired sensors [13], and electrical /mechanical
properties of polymer nanocomposites [14-17]. Geographically speaking, including in
terms of mixed-country authorship, this Special Issue is of a truly global nature: 3 articles
are from Canada, 1 article is from Saudi Arabia, 3 articles are from China, 2 articles are from
Russia, 2 articles are from Spain, 3 articles are from India, 1 article is from Japan, 1 article
is from United Arab Emirates (UAE), 2 articles are from USA, 1 article is from Germany,
1 article is from Turkiye, and 1 article is from Malaysia, with the Guest Editor being from
Singapore, and who has published critical work on the CNT-polymer interface towards
mechanical properties of the nanocomposite, up to 20 years ago [18,19].

Diameter Measurement

Making a valuable contribution to nanoscale research, Lopinski et al. [4] developed a
method using atomic force microscopy (AFM) for reliable and accurate diameter mea-
surements on ‘real-world” supported samples, such as those used for device fabrication.
To illustrate the utility of this diameter measurement method, it was applied to measure
the diameter of commercially available, highly enriched semiconducting nanotubes. The
measured diameter for the nanotubes in a poly(9,9-di-n-dodecylfluorene) single-wall CNT
(PFDD/SWCNT) sample was shown to be larger than expected based on the diameters
of the tubes present in the dispersion, suggesting the polymer remained on the SWCNTs
upon deposition onto the substrate and rinsing with a solvent. The average thickness of
the polymer on the nanotubes was estimated to be ~0.4 nm. In addition, the measured
heights of tube-tube junctions were found to be smaller than the diameters of the two
tubes that cross, indicating a compression of ~20% at junctions. Finally, it was noted that the
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measurement protocol developed should also be generally applicable to the measurement of vertical
dimensions of other 1D or 2D nanomaterials.

Rotor Systems Molecular Simulation

Undertaking fundamental exploration, Qing Peng et al. [5] investigated the rotating and
braking processes of a carbon nanotube transmission system using simulations of molecular
dynamics. The effect of hydroxyl groups on the speed of response was examined. The
energy dissipation during the whole process was discussed. The results showed that
hydroxyl groups enhanced stability and reduced the response time of the system in both
the acceleration and braking processes. The higher hydroxyl group ratio enabled the
achievement of a better transmission system performance. The underlying mechanism was
the presence of hydrogen bonds that form between hydroxyl groups, which resulted in
higher interfacial interaction and a faster response. The analysis of the phonon density of
the state showed that the vibration of O-H bonds in hydroxyl groups accelerated the energy
dissipation of the system, which led to faster responses in the acceleration and braking
processes. The results showed that grafted hydroxyl groups resulted in stronger interaction, and
therefore had the potential to enhance the response of the transmission system.

Ultra-High Tensile Strength

In a critical review, Fei Wei et al. [6] analyzed the controllable preparation and tensile
strength of CNTs at different scales. Operating based on recent years’ research into the con-
trollable preparation of CNT fibers (CNTFs), the significance of defect control and efficient
treatment process to control tube—tube interactions was emphasized in research towards
the development of ultra-high-strength CNTFs. The unique structure and large-scale prepa-
ration of CNTs, which constitute the basic unit of nanoscale assembly, was introduced. It
was observed that the mechanical strength and toughness could be significantly improved
by eliminating the tube—tube non-uniform interactions or other post-treatment interactions.
Using the bottom-up method, the mass production of defect-free CNTs and their accurate
assembly into the macro-scale products with fewer defects, fine alignment, and higher
density was the priority, with the eventual aim of obtaining macro-scale assemblies with
excellent tensile strength. Not only tensile strength, but also other mechanical properties
such as fatigue, bending, and torsion, as well as electrical and thermal properties, all faced
a similar problem of performance transfer across scales. It was also observed that, with further
analysis of the influencing factors and optimization strategies for the cross-scale transfer of other
properties, including overcoming selected challenges, the excellent intrinsic properties of CN'T5 could
be fully utilized, and CNTs could play a more significant role in many fields.

Energy

Groundbreakingly, Bulusheva et al. [7] synthesized composite nanomaterials via the
vaporization—condensation process using commercial red phosphorus and single-walled
CNTs (SWCNTs). Under the synthesis conditions in play, phosphorus chains were formed
inside open SWCNTs and the SWCNT surface was covered with red phosphorus, which
was oxidized upon contact with air. The external phosphorus deposit was effectively
removed using an aqueous solution of sodium hydroxide. The content of phosphorus in
samples with only external phosphorus SWCNTs/P, only internal phosphorus P@&SWCNTs
and both types of phosphorus PRSWCNTs /P was 11%, 8% and 16%, respectively, according
to XPS data. To reveal the effect of various combinations of SWCNTs and phosphorus in the
composite on the electrochemical interaction with lithium ions, nanomaterials were tested
as anodes in coin-cell batteries using lithium sheets as counter electrodes. The SWCNTs/P
sample was found to perform better than the reference red phosphorus due to the presence
of a conducting network of SWCNTs. Nanotubes practically did not contribute to the
SWCNTs/P capacity because their surface was blocked by phosphorus. The creation of
composite nanomaterials with internal phosphorus almost doubled the initial Coulombic
efficiency as compared to SWCNTs/P and dramatically improved the specific capacity and
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cycling stability of the electrode. The presence of both external and internal phosphorus led
to a gradual and slight degradation of the P@SWCNTs /P electrode over time, associated
with slower diffusion processes in the internal volume of the material. The excellent cycling
stability of P@RSWCNTs over 1000 cycles at a high current density of 5 A-g—1 was associated
with the synergistic effect of highly capacitive phosphorus and conductive SWCN'S, the absence
of inactive oxidized phosphorus deposits, and the presence of multiple channels for lithium-ion
diffusion to encapsulated phosphorus.

Uniquely, Archana et al. [8] successfully synthesized titanium dioxide/reduced graphene
oxide/silver (TiO, /rGO/Ag) hybrid nanostructures using a combination of solution pro-
cesses and in situ growth. These hybrid nanostructures were then utilized as photoanodes
for dye-sensitized solar cells (DSSCs) and as catalysts for photodegradation applications.
Plasmon-enhanced DSSC devices demonstrated enhanced photovoltaic performance of
7.27% along with a higher short-circuit current of 16.05 mA/cm? and an incident photocur-
rent efficiency (IPCE) of 77.82% at 550 nm. The results suggested that the high photovoltaic
performance of the plasmon-based TiO,/rGO/Ag device could be attributed to (i) the
large specific area of TiO, /rGO/Ag, which led to high dye loading; (ii) TiO, mesospheres
enhancing the light scattering effect of incoming light; and (iii) the incorporation of Ag
nanoparticles (NPs) facilitating more induced photons and fast electron transport in the
device. Upon natural sunlight irradiation, the prepared hybrid nanostructure showed a
93% improvement in the photocatalytic degradation of methylene blue (MB) dye within
160 min, and the effects of different scavengers on the obtained photocatalytic activity
were systematically investigated. The effects of the optimum active surface area, the local-
ized surface plasmon resonance (LSPR) properties of Ag NPs, and the enhanced electrical
conductivity of the prepared ternary nanostructures combined to provide an enhanced
visible-light-driven plasmonic DSSC device and photocatalyst for MB dye degradation.
The proposed plasmonic and hybrid-based nanostructures demonstrated an emerging strategy to
establish large-scale applications of solar enerqy conversion technologies.

Filtration via Membrane Distillation

Very relevantly, Hilal et al. [9] demonstrated that in membrane distillation (MD), the
membrane characteristics could be tuned using an electrospray deposition technique to ob-
tain desirable MD membrane properties, such as high hydrophobicity or high water contact
angle (>120°), high liquid entry pressure (LEP), optimum pore size (~0.2 pm), narrow pore
size distribution, etc., compared to the pristine electrospun membrane. CNT modification
followed by heat pressing yielded mechanically robust nanocomposite membranes with
improved membrane characteristics. A 3% increase in the water contact angle, 20% increase
in the LEP, and 42.6% reduction in the mean flow pore size towards the optimum pore size
were observed in the heat-pressed CNT-modified electrospun poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-Co-HFP) membranes. The tensile strength of the heat-pressed
CNT-modified membrane was significantly improved by up to 120% compared to the
electrospun PVDF-Co-HFP membrane. The presence of CNTs on the membrane surface
before and after the MD process was observed. Water vapor flux enhancements of 15.7%,
20.6%, and 24.6% were observed at a AT of 20 °C, 30 °C, and 40 °C, respectively. Higher
temperature polarization coefficient (TPC) values and percentage water vapor flux enhance-
ments were observed at lower feed solution temperatures because of the higher heat loss at
higher feed solution temperatures compared to the lower temperatures. Enhancements of
16% and 12% in the TPC values were observed at the feed solution temperatures of 35 °C
and 55 °C, respectively. A > 99.8% inorganic salt rejection was observed through the use
of quantitative analytical tools when conducting the direct contact membrane distillation
(DCMD) process using a 3.5 wt. % simulated seawater feed solution. Electrohydrodynamic
atomization using appropriate nanomaterial dispersion can be recommended as an efficient tool for
the surface modification of MD membranes.
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Environmental Remediation Using Adsorption

Futuristically, Neelgund et al. [10] successfully prepared an efficient adsorbent for
the effective adsorption of Pb(II) and As(III) ions by grafting fourth-generation aromatic
poly(amidoamine) (PAMAM) to CNTs and via the successive deposition of Ag nanopar-
ticles. Thus, CNTs-PAMAM-Ag was able to adsorb 99% and 76% of Pb(Il) and As(III)
ions, respectively, within 15 min. The kinetics data obtained for the adsorption of Pb(II)
and As(Ill) ions were well fitted with the pseudo-second-order model compared to the
pseudo-first-order model. This revealed the occurrence of chemisorption due to sharing
or exchanging electrons between Pb(II) or As(IlI) ions and CNTs-PAMAM-Ag. This could
be the rate-controlling step in the process of adsorption. The multilinearity of the Weber—
Morris plot demonstrated that intraparticle diffusion was not a rate-controlling step in the
adsorption of Pb(II) and As(III) ions; instead, it was regulated by both intraparticle diffusion
and the boundary layer effect. The proper fitting of kinetic data of Pb(II) and As(III) ion
adsorption with the Langmuir isotherm model indicated the uniform distribution of active
sites over the entire surface of CNTs-PAMAM-Ag and their homogeneity. In addition,
it signified that the adsorption of Pb(II) and As(IIl) ions was dominated by monolayer
binding on the homogeneous surface of CNTs-PAMAM-Ag. The adsorption ability of
CNTs-PAMAM-Ag depended on the pH. The CNTs-PAMAM-Ag was an ideal adsorbent for
repeated use without losing its activity, and because of its significance in Pb(1I) and As(IlI) ion
adsorption, CNTs-PAMAM-Ag could be an efficient adsorbent with practically applicability for the
adsorption of other heavy metals and other contaminants present in water.

Ionic Liquids as Curing Agents

In a green approach, Guerrica-Echevarria et al. [11] showed the double role of ionic
liquids (ILs) as effective curing and dispersing agents in the production of volatile amine-
free epoxy/CNT nanocomposites with a better balance of mechanical, electrical, and
adhesive properties. Three different ILs were tested, and all three generated good dispersion
of the nanofiller, featuring individually dispersed CNTs as well as some small aggregates.
Overall, with a percolation threshold of 0.001 wt.%, the IL trihexyltetradecylphosphonium
dicyanamide (IL-P-DCA) system was the most effective. The addition of CNTs had no effect
on the thermal or low-strain mechanical properties of the epoxy/IL systems. However, CNT
addition improved the systems’ adhesive properties. The lap shear strength of epoxy/IL-
P-DCA system containing 0.025 wt.% CNTs was improved by 30% compared to that of
epoxy/IL-P-DCA. This was the best improvement among the three cases. This research
proved that, using very small amounts of CNTs, it is possible to obtain electrically conductive,
amine-free epoxy adhesives with similar mechanical properties but greater lap shear strength than
the reference amine-cured epoxy system. Additionally, since ILs have a lower vapor pressure, and
a significantly lower amount is needed to effectively cure epoxy resins, we therefore observed that
replacing conventional epoxy resin curing agents (amines, anhydrides, etc.) with ILs was a major
step forward in the development of more sustainable materials.

Biosensors

Most relevantly and impactfully, Hussain et al. [12] summarized the advancements in
CNT-based biosensors since the last decade in the detection of different human viruses,
namely, SARS-CoV-2, dengue, influenza, human immunodeficiency virus (HIV), and
hepatitis. It has been proven that viral infections pose a serious hazard to humans and
also affect social health, including morbidity and mental suffering, as illustrated by the
COVID-19 pandemic. The early detection and isolation of virally infected people are thus
required to control the spread of viruses. Due to the outstanding and unparalleled properties
of nanomaterials, numerous biosensors have been developed for the early detection of viral diseases
via sensitive, minimally invasive, and simple procedures. To that end, viral detection technologies
based on CNTs have been developed as viable alternatives to existing diagnostic approaches, and
the shortcomings and benefits of CNT-based biosensors for the detection of viruses have also been
outlined and discussed.
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Bioinspired Sensors

Making practical and logical adoptions from natural biology, Wu et al. [13] proposed a sensitive
capacitive pressure sensor with a broad detection range inspired by the skin epidermis. A simple
and low-cost fabrication process was proposed for carbon nanotube/polydimethylsiloxane-
based (CNT/PDMS-based) spinosum pressure sensors via the use of abrasive paper tem-
plates. The spinosum microstructure and doping content of CNTs effectively improved
the performance of pressure sensors: high sensitivity (0.25 kPa~!), wider pressure range
(~500 kPa), fast response time (20 ms) and excellent stability over 10,000 cycles. Also, the
effects of the mesh number of abrasive papers and CNT doping content on the sensing
property were theoretically analysed via simulations and experiments. Further, a sensor
array was manufactured for mapping the spatial distribution of pressure, which showed
great potential for intelligent monitoring. Finally, a new methodology was proposed in order
to solve the tire—road contact pressure issue, as well as estimate related parameters by introducing
a sensor array to tires. Practically and logically, a bioinspired, cost-effective, broad-range, high-
sensitivity, and flexible sensor was fabricated, and a new patch to intelligently monitor the contact
pressure of tires was also developed.

Electrical/Mechanical Properties of Polymer Nanocomposites

In further groundbreaking research, Dimiev et al. (including A. Nasibulin) [14] con-
trolled the permittivity of dielectric composites for numerous applications dealing with
matter/electromagnetic radiation interactions. Polymer composites were prepared with a
silicone elastomer matrix and Tuball™ SWCNTs using a simple preparation procedure. The
as-prepared composites demonstrated record-high dielectric permittivity in both the low-
frequency range (102-107 Hz) and in the X-band (8.2-12.4 GHz), significantly exceeding
the literature data for such types of composite materials at similar levels of CNT content.
Thus, with the 2 wt% filler loading, the permittivity values reached 360 at 106 Hz and >26
in the entire X-band. In similar literature, even the use of conductive polymer hosts and
various highly conductive additives did not result in such high permittivity values. The
superior permittivity phenomenon was attributed to specific structural features of the SWCNT,
namely, length and the ability to constitute percolating networks in the polymer matrix in the
form of neuron-shaped clusters. The low cost and large production volumes of Tuball™ SWCNTS5,
as well as the ease of the composite preparation procedure, opened the doors for the production of
cost-efficient, low weight and flexible nanocomposites with superior high permittivity.

Critically, Krause et al. [15] prepared poly(methyl methacrylate) (PMMA)/single-
walled carbon nanotube (Tuball™ SWCNT) nanocomposites via melt mixing to achieve
suitable SWCNT dispersion and distribution with low electrical resistivity, where the
SWCNT direct incorporation method was compared with the results of masterbatch dilu-
tion. An electrical percolation threshold of 0.05-0.075 wt% was found, the lowest threshold
value for melt-mixed PMMA /SWCNT nanocomposites reported so far. The influence
of rotation speed and method of SWCNT incorporation into the PMMA matrix on the
electrical properties and SWCNT macro dispersion was investigated. It was found that
increasing rotation speed improved macro dispersion and electrical conductivity. The re-
sults showed that electrically conductive nanocomposites with a low percolation threshold
could be prepared by direct incorporation using high rotation speed. The masterbatch
approach led to higher resistivity values compared to the direct incorporation of SWCNTs.
Also, the thermal behaviour and thermoelectric properties of PMMA /SWCNT nanocom-
posites were studied. The Seebeck coefficients varied from 35.8 uV/K to 53.4 uV/K for
nanocomposites up to 5 wt% SWCNT. It was also observed that the addition of SWCNT
increased the glass transition temperature (Tg) of PMMA by approximately 4 K. Overall,
the Tuball™ SWCNT material was observed to be an effective filler that could be used to obtain
conductive nanocomposites with good dispersion and low electrical resistivity via melt-mixing. Also,
the thermoelectric measurements indicated that PMMA/SWCNT nanocomposites could be used as
a thermoelectric material.
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Also critically, Sundararaj et al. [16] investigated the effects of MWCNT concentration,
mixing time, and compatibilizer addition on the migration of MWCNTs from the polyethy-
lene (PE) phase to a polyethylene oxide (PEO) phase of a 60:40 PEO/PE blend, and the
subsequent impact on electrical and rheological properties. Two-step mixing was used
to pre-localize MWCNTs in the less thermodynamically favoured PE phase and observe
migration into the thermodynamically favoured PEO phase. It was observed that MWCNTs
migrated into the PEO phase as the mixing time increased at all concentrations of MWC-
NTs used. This migration was also supported by electromagnetic interference shielding
effectiveness (EMI SE) and DC conductivity measurements, which showed significant re-
ductions in electrical properties over time, suggesting a disruption of conductive networks
as MWCNTs migrated into PEO. PEO/PE 40:60 samples containing 3 vol% MWCNTs
showed a high conductivity of 22.1 S/m, which that suggested effective MWCNT networks
were present at the onset of mixing. To arrest the migration of MWCNTs into PEO, a
PE-graft-maleic anhydride (PEMA) compatibilizer was added to the PEO/PE blend. An
improvement in the formation of MWCNT networks along the PEO/PE interface was
observed at 5 min of mixing for the compatibilized polymer blend nanocomposite (PBN).
Furthermore, major improvements in electrical conductivity (68.7 S/m) were observed.
Comparisons to the poly(vinylidene fluoride)/poly(ethylene) (PVDF/PE) system in previous research
suggested that the viscosity of the destination phase, as well as the interfacial surface energies of the
blend components, played significant roles in determining whether MWCNTs would successfully
migrate across polymer/polymer interfaces or whether they would become trapped at the interface.
Migration behaviour was shown to significantly influence the electrical and rheological properties
of PBN.

Of interest in a rather over-arching sense as the first article in this SI, Nurazzi et al. (includ-
ing R.A. Ilyas and A. Khalina) [17] reviewed the mechanical performance of CNT-reinforced
polymer nanocomposites. It was observed that CNTs have excellent chemical and physical
properties, making them ideal and promising for reinforcement in polymer nanocomposites.
It was acknowledged that the mechanical properties of the CNT/polymer nanocomposites
are influenced by the interactions between the nanofillers and the polymer matrices. It was
noted that the main challenge is the tendency of the CNTs to agglomerate, resulting in poor
dispersion properties, an issue that can cause the performance of the composite structures
to deteriorate. Researchers have devised various methods for distributing and orienting
CNTs. Further, it was also observed that dispersing a small amount of filler in the polymer
matrix enhanced nanocomposite properties. Although numerous CNT nanocomposites
have been investigated, consistent progress is still needed to obtain nanocomposites with
the best performance. Several dimensions, such as the amount of CNT5, size of CNTs, spatial
distribution and orientation of CNTS, the suitability of surface modification of the CNT, and method
of nanocomposite fabrication, all collectively affect the mechanical properties of the nanocomposite.
The crucial nature of necessarily finding a collective balance among these multiple parameters for
optimum performance of the CNT nanocomposite was duly reflected.
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Abstract: In this work, we identify two issues that can significantly affect the accuracy of AFM
measurements of the diameter of single-wall carbon nanotubes (SWCNTs) and propose a protocol
that reduces errors associated with these issues. Measurements of the nanotube height under different
applied forces demonstrate that even moderate forces significantly compress several different types
of SWCNTs, leading to errors in measured diameters that must be minimized and/or corrected.
Substrate and nanotube roughness also make major contributions to the uncertainty associated with
the extraction of diameters from measured images. An analysis method has been developed that
reduces the uncertainties associated with this extraction to <0.1 nm. This method is then applied
to measure the diameter distribution of individual highly semiconducting enriched nanotubes in
networks prepared from polyfluorene/SWCNT dispersions. Good agreement is obtained between di-
ameter distributions for the same sample measured with two different commercial AFM instruments,
indicating the reproducibility of the method. The reduced uncertainty in diameter measurements
based on this method facilitates: (1) determination of the thickness of the polymer layer wrapping the
nanotubes and (2) measurement of nanotube compression at tube—tube junctions within the network.

Keywords: atomic force microscopy; carbon nanotubes; diameter; nanometrology

1. Introduction

Advances in methods for the scalable manufacture, purification, and dispersion of
single-wall carbon nanotubes (SWCNTs) have dramatically accelerated the development
of applications based on this material. In particular, various approaches for separating
semiconducting and metallic tubes have enabled demonstration of a variety of SWCNT-
based electronic devices [1-7]. The increased availability of highly purified SWCNT samples
containing a limited number of chiralities has highlighted the need for improved methods
for assessing these materials. With fewer chiralities present, these samples are expected
to have narrower diameter distributions, motivating the need for accurate measurements
of this key dimensional parameter. While transmission electron microscopy (TEM) is a
powerful method to measure the diameter of individual tubes [8-10], this approach is
costly and requires special substrates. Raman spectroscopy is commonly used to determine
SWCNT diameters through the frequency of the radial breathing mode, which is related to
diameter [11,12]. However, recent studies comparing diameter distributions measured by
Raman and TEM methods reveal discrepancies, highlighting the limitations of the Raman
approach [13,14].

Atomic force microscopy (AFM) is a widely used technique capable of measuring
the vertical dimensions of nano-objects with subnanometer accuracy [15]. While AFM
has been commonly used to image SWCNTs [16-18], fewer studies have focused on using
this method for measuring the tube diameter [19-21]. In contrast to TEM, AFM can be
performed on a wide variety of substrates, including those relevant for device applications.
One limitation is that AFM-measured heights often differ from their actual height due to
interactions of the AFM tip with the sample. These issues have been studied in detail for
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soft biological samples such as oligonucleotides, where it was shown that the AFM mea-
surements with common settings can underestimate the actual height by over 50% [22-24].
In the case of SWCNT5, the effects of both substrate—tube and tip—tube interactions during
AFM imaging were examined with molecular dynamics calculations, concluding that for
tube diameters less than 2 nm, applied forces are not sufficient to significantly alter the
measured height [19]. In this work, we show that even at the moderate forces commonly
used for AFM imaging, compression of the SWCNTs does occur, which can result in a
significant underestimation of the diameter extracted from the images. A straightforward
experimental procedure has been developed to minimize and/or correct for this effect
and extract accurate values of the SWCNT diameter. Another issue that contributes to
the uncertainty of diameter measurements, the roughness of both the nanotubes and the
substrate, has also been considered. A simple analysis protocol has been developed to
reduce these uncertainties to <0.1 nm.

To demonstrate the utility of our protocol for AFM-based diameter measurements,
we applied it to measure the diameter distribution of individual nanotubes in networks
of highly semiconducting enriched polyfluorene/SWCNT dispersions on silicon oxide
substrates. Good agreement was obtained for diameter distributions measured on the same
sample with two different commercial AFM instruments and analyzed by two different an-
alysts. The reduced uncertainty associated with diameter measurements using this method
facilitates determination of the thickness of the polymer layer wrapping the nanotubes,
which has not been reported previously. In addition, analysis of height measurements at
tube—tube crossings within the network demonstrate compression at the junctions. Quan-
tifying this compression is expected to contribute to further understanding of electron
transport at these junctions that limit the performance of devices based on SWCNT net-
works [25]. The method for extraction of vertical dimensions of nano-objects from AFM
images outlined here is not specific to carbon nanotubes but can also be applied to a variety
of 1D and 2D nanomaterials to ensure that AFM measurements result in accurate diameter
and/or thickness measurements.

2. Materials and Methods
2.1. Sample Preparation

Four different SWCNT dispersions were utilized to prepare nanotube networks in this
study. Ultrahigh purity SWCNTs (>99.9% semiconducting) poly(9,9-di-n-dodecylfluorene)
(PFDD)-wrapped nanotubes (IsoSol S-100) were purchased from Nanolntegris (Boisbriand,
QC, Canada) in two forms, a PFDD/SWCNT dispersion (10 mg/L) in toluene and solvent-
free bucky paper which was redispersed in toluene to the same nanotube concentration.
The diameter range of the SWCNTs in both these samples are specified as 1.2-1.4 nm.
The polymer-to-nanotube ratio was measured by UV-Vis-IR absorption to be 4:1 and 1:1,
respectively. Semiconducting SWNCTs in an aqueous surfactant solution (IsoNanotubes-S
99%, diameters of 1.2-1.7 nm) were also obtained from NanolIntegris. The final tube type
measured was SWCNTs dispersed in dimethyl sulfoxide (DMSO) at 100 mg/L (SEER ink,
Linde North America, Bridgewater, NJ, USA), for which the diameter range was given as
1.4-2 nm.

The PFDD/SWCNTs in toluene and aqueous SWCNT dispersions were deposited
onto piranha-cleaned ~1 cm? silicon substrates (Si(100) with 100 nm thermal oxide, Silicon
Quest International, San Jose, CA, USA). PEDD/SWCNT dispersions were deposited
directly onto clean SiO; for 5 to 15 min, followed by rinsing with toluene for 20 to 60 s
and drying with nitrogen. Aqueous surfactant SWCNT dispersions were deposited on
Poly-L-Lysine (PLL)-coated SiO; for 15 min, rinsed with water, and dried with nitrogen.
The Linde SWCNT dispersion in DMSO was handled in a nitrogen-purged glovebox,
where 100 pL of 2 mg/L DMSO-nanotube dispersion was deposited on a freshly cleaved
1 cm? square of highly oriented pyrolytic graphite (HOPG). The sample was then heated
to 100 °C for approximately 15 min, causing the DMSO to evaporate. For all samples,
AFM measurements were performed within a day of preparation, but several samples
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were measured multiple times at different dates during several months following their
preparation with no significant changes in overall morphology or measured diameters.

2.2. AFM Measurements

Most of the AFM data were obtained with a MultiMode AFM with a NanoScope V
controller (Bruker Nano Surfaces Division, Santa Barbara, CA, USA) in Peak Force QNM
mode. In this mode, the AFM tip oscillates at a given (2 kHz) frequency, with the highest
(peak) repulsive interaction force used as the feedback signal. Silicon nitride ScanAsyst-Air
AFM probes (Bruker AFM Probes, Camarillo, CA, USA) were used in all peak force feedback
measurements. The AFM tip diameter and cantilever spring constants (as specified by the
supplier) were 2 nm and 0.4 N/m, respectively.

To demonstrate the wide applicability of the measurement methods presented here, a
Nanowizard II BioAFM (JPK Instruments, Berlin, Germany) in intermittent contact mode
was also used to measure SWCNT diameters. Silicon cantilevers (HQ:XSC11/AL BS,
Cantilever D, typical radius of 8 nm, resonance frequency of 350 kHz, spring constant of
42 N/m, MikroMasch, Watsonville, CA, USA) were used for imaging in air at RT (20-23 °C).
Force was carefully minimized by first gradually reducing the free amplitude to the highest
level where stable imaging could be performed (evaluated by comparing trace-retrace
lines while scanning the sample) and adjusting the feedback set point to a value as close as
possible to the free amplitude. The typical set point obtained in this way was 85-90% of the
free amplitude, which was set to 600 mV.

Images used to measure diameters were typically 1 x 1 um? in size, acquired with
512 x 512-pixel resolution and at a scan rate of 1 Hz. In this way, the lateral pixel size
was approximately 2 x 2 nm?. The measured diameters of single nanotubes were in the
range from 1.2 to 2 nm, and based on our tests, the radii of AFM tips for peak-force AFM
were in the 2 to 15 nm range (tips were replaced when their radii exceeded 15 nm, even
if they were still scanning properly). Based on the combination of the tip and nanotube
radii, the pixel size of 2 x 2 nm? was deemed sufficient to have reliable nanotube height
measurements. The pixel size should not be larger than the smallest tip size since that
could lead to two adjacent pixels across the nanotube being both off the highest point of
the nanotube, leading to underestimation of the tube height.

Traceable calibration grids (STS3-180P, STS3-440P, STS3-1000P, and STS3-1800, VLSI
Standards Inc., Milpitas, CA, USA) were used on a regular basis (approximately every
6 months) for calibration verification and adjustments of our AFM instruments. On top
of that, we regularly imaged atomic steps on HOPG. These steps have a known height
of 0.34 nm. In our tests, we always measured the height of the smallest steps to be
0.34 nm +/— 0.01 nm, consistent with the expected value, further confirming the precision
of our calibration (see Figure S1). The step height is much closer to the value of the SWCNT
diameters than that of the calibration grids, thus ensuring that the AFM performs accurately
at the relevant height scales.

2.3. Analysis of AFM Data

All image processing and analyses were performed using Gwyddion (v2.45, Czech
Metrology Institute), a free, widely available open-source software [26]. For the intermittent
contact mode AFM, images were additionally flattened using the first-level flattening with
the JPK Data Processing Software (v5.1.8, JPK instruments, Berlin, Germany) prior to
using Gwyddion software for further image processing. Image processing consisted of
flattening the background to correct for drifts and zeroing the z scale. Images were flattened
using the polynomial background removal function in Gwyddion, where special care was
taken to only use the pixels corresponding to the substrate for the flattening and not those
corresponding to the nanotubes or contaminants. This was ensured by first setting a mask
based on a height threshold highlighting any features higher than the substrate, and then
specifying to use only the unmasked pixels for the polynomial fitting and flattening.
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3. Results and Discussion
3.1. Applied Force in AFM Imaging Leads to Nanotube Compression

To investigate the effect of applied force on measurements of nanotube diameter, the
force was gradually increased while imaging the same network area. Figure 1 illustrates
one such test on a network prepared from a 4:1 PFDD/SWCNT dispersion deposited on a
SiO; substrate. The lowest force that consistently resulted in stable imaging, regardless of
the AFM tip or of the particular nanotube sample, was 0.2 nN. Using this as the initial force,
sequential images were obtained at increasing peak-force feedback values followed by a
final image back at 0.2 nN, as shown in Figure 1a. It is apparent from the figure that even at
the highest AFM applied force used here (2 nN), the imaging remained non-destructive as
the nanotubes remain intact and do not appear to have been moved during imaging. Upon
reducing the peak force back to 0.2 nN, the image appears essentially identical to the initial
one, indicating that the tip was kept unchanged while acquiring the entire set of images.
The maximum of the attractive van der Waals force between the tip and the sample was
also monitored, remaining at —50 pN. Since the attractive van der Waals force is directly
proportional to the tip diameter, this indicates that the tip was unchanged [27].

20 3.0 40 50 60 7.0nm

©

Average height (nm)

0.0 05 1.0 il 20
Force (nN)

Figure 1. (a) Consecutive images of the same area of a PFDD/SWCNT network on a SiO, substrate,
obtained at different peak-force feedback values. (b) The blue mask shows all the pixels whose height
was included in obtaining the average network height. (c) Average network height as a function of
applied force along with a linear fit to the data.

For each image in Figure 1a, the average network height was determined as described
previously [27]. This was done rapidly by averaging the height of all the pixels above a
certain height threshold as indicated by the colored mask (Figure 1b), which identifies
the pixels corresponding to nanotubes. Once the network—substrate separation height
threshold is selected, the Gwyddion software allows a one-click extraction of the average
height of all colored pixels (nanotube network height), as well as the average height of all
non-colored pixels (substrate average height). The final average network height is obtained
by subtracting the average substrate height from the network height. Figure 1c illustrates
that increasing the force decreases height in a linear manner, facilitating extrapolation of
the data to extract the height at zero applied force. Control experiments involving imaging
terraces on HOPG show no change in step height for a similar range of applied forces (see
Supplementary Materials Figure S1).
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Figure 2 shows average height versus applied force data for four different commercially
available SWCNT samples (representative images are shown in Figure S2). Despite the
differences in nanotube types and diameters, all graphs show a force-dependent behavior.
Linear fits to this data, shown in Figure 2, allow extraction of the corresponding zero-
force height and the “compression” slope. The differences in compression slopes can be
qualitatively interpreted as a result of the differences between the four samples (polymer
or surfactant on surface of the tubes, different diameter distributions, etc.), but more
data are required to draw firm conclusions. Here, we only note that independent of
the details of a particular carbon nanotube sample, the forces typically applied in AFM
imaging (e.g., 0.2-2 nN) can significantly compress the tubes, leading to potential errors in
measured diameters.

2.0 4.1 PFDD/SWCNT 2.0 1:1 PFDD/SWCNT
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Figure 2. Average carbon nanotube network height as a function of AFM peak force measured on
several different areas of four different SWCNT samples. In each graph, data points of the same color
are obtained from consecutive AFM images of the same area.

The radial deformability of CNTs in AFM imaging has been demonstrated previously
within a similar force range [28-30], but this compression effect has often been neglected in
studies where AFM was used to measure diameters of carbon nanotubes [19,21]. Our results
clearly indicate that imaging of SWCNTs results in compression of the tubes, translating
to an underestimation of the nanotube diameter, even at the moderate forces commonly
employed in AFM measurements. This compression effect can lead to errors easily reaching
30% or more of the actual nanotube height. However, measuring the height of the tubes as
a function of applied force allows extraction of the average height of the tubes at zero force.
The data shown in Figures 1 and 2 also indicate that for our set-up, using a force of 0.2 nN
or less minimized this compression error.

3.2. Substrate and Nanotube Roughness Contribute to Diameter Uncertainty

While the method used above is useful for rapidly demonstrating the average diameter
of an ensemble of nanotubes, it does not permit measurement of the diameter of an
individual SWCNT (except in the case where there is only a single tube in the image).
The conventional method to determine the heights of individual features from an AFM
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topography image involves extracting a height profile perpendicular to the object being
measured. Here we show how this approach can lead to significant variations in the
measured diameter due to the roughness of both the substrate and the nanotube.

Figure 3 shows a typical 1 um? AFM image of a PFDD/SWCNT network on SiOp
along with parallel pairs of height profiles extracted from the measured data. For each pair,
one profile is along the top of the nanotube and the other is on the substrate adjacent to the
tube. The profiles on the bare SiO, substrate (the red points in the figure) are observed to be
more uneven, with height variations sometimes exceeding 1 nm. The standard deviation of
the substrate height profile data ranges from 0.31 to 0.18 nm for the four profiles shown in
the figure. The nanotube profiles (blue points) also appear uneven, but with considerably
smaller height variations that seldom exceed 0.5 nm and with standard deviations ranging
from 0.13 to 0.10 nm. While this is less roughness than that of the substrate, it is still
significant and appears to be uncorrelated to that of the nearby substrate. This is consistent
with studies quantifying the persistence length of carbon nanotubes, showing they behave
like rigid rods within a length range that exceeds one hundred nanometers [31] and thus
do not conform to shorter range fluctuations in the substrate height shown here. The height
variations on the nanotubes are also not periodic, as would be expected if the polymer was
wrapping the tube in a helical manner [32]. The height variations on the tubes exceed the
random noise limits of our AFM setup, as height measurements with standard deviations
below 0.1 nm are typically observed on atomically flat surfaces such as HOPG or mica
at the same imaging parameters. Moreover, we observed similar tube roughness for all
four different SWCNT samples studied. While the source of this roughness cannot be
definitively assigned, for PFDD-wrapped nanotubes, it probably arises from variations in
the conformation of the polymer coating the tube. In the case of the IsoNanotubes-S or the
Linde SEER tubes, it is likely due to the surfactant or salt, respectively, used to disperse the
tubes in the solution. Atmospheric contaminants binding to the tubes may also contribute
to the observed roughness.
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Figure 3. Roughness of profiles on nanotubes and on the SiO, substrate. (a) A typical 1 x 1 um? AFM
image of a network made of PFDD/SWCNTs with numbered white lines, along which the profiles
P1-P8 shown in (b—e) were extracted. The data points corresponding to profiles along the top of the
nanotubes are shown in blue, while adjacent substrate profiles are shown in red. Differences in the
height of the substrate and the nanotube at selected points are indicated to illustrate the variability.

The profiles in Figure 3b—e show that the combined roughness of the substrate and
nanotubes can lead to significant inaccuracies if the conventional AFM diameter measure-
ment method is used. This method involves extracting cross-sections perpendicular to
the nanotubes and measuring the height of the substrate from that of the highest point
on the nanotube. Examining the profiles in Figure 3 shows that the difference between
the tube apex and the substrate can vary substantially at different points along the tube,
with some examples of these differences indicated in the figure. Although the difference
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between the average heights of the tube and substrate for the four profiles shown range
from 1.7 to 2.2 nm, the individual height differences measured at each x-value range from 1
to 2.5 nm. This illustrates how large errors could result from an overly simplified approach
to diameter measurements.

3.3. Analysis Method to Rapidly Extract SWCNT Diameters

One way to decrease the diameter measurement errors that result from roughness is to
use an averaged diameter value based on multiple cross-sections. This can be accomplished
easily using the Gwyddion analysis software, which offers an automated way to average
up to 128 contiguous, single-pixel-wide cross-sections in one click. We find that using
even 10-pixel-wide cross-sections reduces the uncertainty significantly, with larger widths
offering even greater reduction. To further minimize this uncertainty, the averaging of
the substrate baseline height can be improved by utilizing all the substrate pixels over
the entire image. This can be done by choosing a height threshold to select the nanotube
features (define a mask), as described above. Then, the average height value of all the pixels
that are not masked is used as the average height of the substrate, which is then subtracted
from the maximum height of the averaged nanotube profile to obtain the diameter.

The decrease in uncertainty realized by using this averaging analysis method was
evaluated by randomly selecting an AFM image of a SWCNT network on 5iO;, and then
repeating the analysis on it several times, each time extracting the diameters of the same
tubes. In each of the images, diameters of a number of nanotubes (a total of 20) were
measured 5-7 times using the above-described methods. Finally, the diameter standard
deviation was calculated for each of the nanotubes using all of the extracted diameter
values for that nanotube. The same diameter values for each of the nanotubes could be
reliably obtained, with the standard deviation reduced to below 0.1 nm (see Figure S3 for an
example of this evaluation). This analysis procedure is effective in that it allows for a greater
degree of confidence in the measured diameter values with minimal additional analysis.

3.4. Diameter Measurements of PFDD/SWCNTs

Upon designing an effective method to increase the accuracy of the AFM measure-
ments of SWCNT diameters by optimizing both our experimental (minimized forces)
and analysis (averaging) approach, we set out to apply it to measure the diameter of
PFDD/SWCNTS5, providing insight into the interaction of the polyfluorene polymer with
the nanotubes. PFDD/SWCNT networks were formed on SiO, substrates as described in
the experimental section, and AFM images were obtained using a minimized peak-force
value of 0.2 nN. Averaged cross-sections of 120 single nanotubes were then extracted using
30-pixel-width cross-sections. For each nanotube cross-section, the averaged substrate level
was subtracted from the maximum height to obtain the diameter. To verify the universality
of this approach, the same sample was also imaged with a different AFM instrument
(see the Methods section for details), using the conventional intermittent contact mode
with amplitude-based feedback. For these measurements, the AFM applied force was
minimized by minimizing the free amplitude, and then using the smallest amplitude set
point that facilitated stable imaging. The same analysis method (averaged cross-sections
and average substrate baseline extraction) was used to measure diameters of an additional
126 nanotubes. Figure 4 shows the distribution of diameters that were obtained on the
two instruments (with two different analysts carrying out the analysis). The blue-colored
histogram corresponds to the peak-force AFM measured diameters, and the red histogram
corresponds to the intermittent contact-mode AFM measurements. The two histograms
are remarkably similar, with the average diameter value of 1.75 + 0.23 nm from the peak
force data and 1.67 £ 0.22 nm obtained using the intermittent contact mode AFM. With
both methods, the measured diameter values ranged from 1.1 nm up to 2.2 nm.
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Figure 4. Histograms of the distribution of diameters measured on PFDD/SWCNTs using peak-
force (Bruker) AFM (blue) on 120 nanotubes and intermittent contact-mode (JPK) AFM (red) on
an additional 126 nanotubes. The red and blue solid lines represent Gaussian fits to the respective
histogram data.

The nanotubes in the PFDD/SWCNT dispersion have been previously measured to
have a narrow diameter distribution ranging from 1.2 to 1.4 nm [33]. Raman observations of
the radial breathing mode for samples prepared in this work confirmed that the nanotube
diameters were in this range (data shown in Figure S4). The larger average diameter
obtained by the AFM measurements indicates that the polymer remained on the majority
of the tubes even after all the preparation and rinsing procedures. While there was a range
of diameters observed indicating that some (very few) nanotubes may be bare, while others
carried more polymer, we can estimate the average added polymer thickness by subtracting
1.3 nm (the median of the diameter range for the unmodified nanotubes) from the average
of the measured diameter values. Based on these measurements, the estimated average
polymer thickness was in the range of 0.45-0.37 nm, suggesting a continuous coating of
polymer along the nanotubes.

3.5. Measuring Compression at SWCNT Junctions

The protocol for accurate measurements of carbon nanotube heights can also be used
to investigate junctions between tubes in these random networks. These junctions are of
interest since electron transport across these junctions is the factor limiting the conductivity
of random nanotube networks. Compression at SWCNT junctions has been modelled
theoretically [34] and observed experimentally [35] in early studies on unmodified tubes.

To measure compression at a nanotube junction, the maximum height at the crossing
point is compared with the sum of the two diameters of the tubes that cross. Figure 5 shows
an AFM image depicting several junctions. Cross-sectional height profiles extracted from
this image to measure the height of the junction (black) are also shown, along with the
height of the two individual tubes (red and blue) making up the junction. The height of
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the junction is seen to be considerably smaller than the sum of the individual tubes. A
histogram showing the comparison of measured and expected heights for 20 such junctions
is shown in Figure 5c. All the junctions, apart from one case (junction #2 in the histogram),
show a measured junction height that is smaller than expected, with the height reduction
ranging from 8—34%. Averaging over all twenty junctions, the amount of compression
is determined to be 19 + 8%, similar to the previous observation [35]. Of the junctions
analyzed, most are between single tubes based on the expected height being less than ~4 nm,
although some with larger heights (such as junctions #3, #9, #10, and #17) likely involve
small tube bundles. In the case of junction #2, which showed no significant compression,
the tubes are seen to cross at a small angle. Additional data are required to determine the
dependence of compression on the crossing angle.

0 measured
6 . ccpected
E.
-
£
2
£
2
0 L 1
20 30 40 50 2 4 6 8 10 12 14 16 18 20
X (nm) Junction number

Figure 5. (a) AFM image of PFDD/SWCNTs showing several nanotube crossings. (b) Height profiles
across the individual tubes (blue and red) and the crossing point (black) for junction #5. (c) Histogram
showing comparison of measured junction heights and expected values based on the sum of the
individual tube heights.

4. Conclusions

Two issues that can significantly affect the accuracy of AFM height measurements
of single-wall carbon nanotubes have been identified. Measurements on several different
SWCNT samples indicate that under forces commonly used for AFM imaging, nanotubes
can be readily compressed, leading to a significant underestimation of the diameter. A
simple procedure, consisting of imaging the same area several times at different forces
and plotting height vs. force graphs, can verify the extent of the compression effect and
recover the actual nanotube height via extrapolation to zero-force height. In addition, we
showed that the common AFM height analysis method based on drawing a cross-section
across each of the nanotubes to extract the diameter of nanotubes can lead to significant
errors arising from the roughness of both the nanotubes and the substrate. An analysis
protocol based on averaging a larger number of pixels was proposed and shown to be
easily implemented using a free and open-source SPM analysis software. This enables
decreasing the variation of measured heights to less than 0.1 nm. It is important to note
that these results were obtained for moderately dense semiconducting SWCNT networks
on SiO, that are functional as a channel material in transistors. While lower uncertainties
may be achieved for isolated, pristine (no polymer or surfactant used for purification and
dispersion) nanotubes deposited on ideally flat substrates such as mica or HOPG, the goal
here was to develop a method for diameter measurements on “real-world” samples such
as those used for device fabrication.

To illustrate the utility of this diameter measurement method, it was applied to mea-
sure the diameter of commercially available, highly enriched semiconducting nanotubes.
The measured diameter for the nanotubes in a PFDD/SWCNT sample was shown to be
larger than expected based on the diameters of the tubes present in the dispersion, suggest-
ing the polymer remained on the SWCNTs upon deposition on the substrate and rinsing
with a solvent. The average thickness of the polymer on the nanotubes was estimated to be
~0.4nm. In addition, measured heights of tube—tube junctions were found to be less than the
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diameter of the two tubes that are crossing, indicating compression of ~20% at the junctions.
Finally, we note that the measurement protocol developed here should also be generally
applicable to measurement of vertical dimensions of other 1D or 2D nanomaterials.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /nano13030477 /s1, Figure S1: HOPG atomic steps calibration and
F vs height, Figure S2: Representative images of networks made of different nanotubes, Figure S3:
Evaluating the repeatability of the analysis method. Figure S4: Raman spectra of the radial breathing
mode of a PFDD/SWCNT sample.
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W N e

Abstract: Nanomotor systems have attracted extensive attention due to their applications in nanorobots
and nanodevices. The control of their response is crucial but presents a great challenge. In this work,
the rotating and braking processes of a carbon nanotube (CNT)-based rotor system have been studied
using molecular dynamics simulation. The speed of response can be tuned by controlling the ratio of
hydroxyl groups on the edges. The ratio of hydroxyl groups is positively correlated with the speed
of response. The mechanism involved is that the strong hydrogen bonds formed between interfaces
increase the interface interaction. Incremental increase in the hydroxyl group concentration causes
more hydrogen bonds and thus strengthens the interconnection, resulting in the enhancement of
the speed of response. The phonon density of states analysis reveals that the vibration of hydroxyl
groups plays the key role in energy dissipation. Our results suggest a novel routine to remotely control
the nanomotors by modulating the chemical environment, including tuning the hydroxyl groups
concentration and pH chemistry.

Keywords: transmission system; carbon nanotube (CNT); hydroxyl groups; response speed; en-
ergy dissipation

1. Introduction

With the development of nanotechnology, nano machines and nano devices have
attracted extensive attention. Many nano machines such as molecular car motors [1],
elevators [2] and shuttles [3] have been designed. Carbon nanotubes are one of the most
important candidates in developing micro-electromechanical and nano-mechanical systems
owing to their excellent mechanical characters, unique structures, high flexibility, and
super-lubrication between multi-walled carbon nanotubes. Multi-walled carbon tubes have
been applied to design nano tweezers [4,5], nano gears [6], gigahertz oscillators [7-9], nano
bearings [10-13], nano motors [14-17], and nano bump [18].

Nano transmission systems that transfer motion and energies based on carbon nan-
otubes have also attracted extensive attention. There are two main kinds of transmission
systems. One is to investigate the relative movement of inner and outer tubes in the axial
direction. Barreiro et al. [19] studied the relative movement of the short outer tube relative
to the long inner tube of multi-walled carbon nanotubes under axial thermal gradient.
Santamaria-Holek et al. [20] proposed a model combining the actions of friction, van
der Waals, and thermal forces and the effects of noise to explain the motion of a carbon
nanotube along the other coaxial carbon nanotube. Another approach has been to de-
sign a nano-rotation transmission system using the interface interaction. Cai et al. [21,22]
combined the carbon nanotube motor with a multi-walled carbon nanotube bearing to
form a transmission system. Based on this design, Qiu et al. [23] developed a multi-level
transmission system. Yin et al. [24,25], Gao et al. [26], Zhang et al. [7], Song et al. [27], Shi
et al. [28] also studied transmission systems following a similar design. The above research
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all focused on using the interaction between hydrogen groups to achieve transmission.
The hydrogen bond formed between hydroxyl groups could increase the interface inter-
action [29,30]. Our previous work [31] showed that hydroxyl groups could enhance the
transmission efficiency owing to the strengthening of the interaction. We speculate that
hydroxyl groups might also enhance the response of the transmission system. Therefore, in
this work, we have investigated the acceleration, braking process and energy dissipation of
the transmission system based on double-walled carbon nanotubes grafted with hydroxyl
groups via molecular dynamics simulation. The effect of hydroxyl groups on the response
of the system is evaluated.

2. Model and Method

The model of the transmission system is shown in Figure 1. The system includes two
identical double-walled carbon nanotubes, which are the motor on the left and the rotor
on the right, respectively. The double-walled carbon nanotubes (DWCNT) are applied,
which include SWCNT (5, 5) and SWCNT (10, 10). Their diameters are 0.69 and 1.38 nm,
respectively. Both ends of the outer tube SWCNT (10, 10) are fixed to avoid movement.
Hydroxyl groups are grafted on the end of the inner tube between interfaces. The number
of hydroxyl groups to the number of C atoms on the corresponding ends is defined as the
hydroxyl group ratio. The length of inner and outer tube is 5.90 and 4.91 nm, respectively.
Zhu et al. [12] pointed out that the energy dissipation between tubes in DWCNT was
approximately proportional to the contact area. Changing the length of carbon nanotubes
does not influence the energy dissipation rate. Therefore, the length of carbon nanotubes is
kept the same during simulations.

Rotor Stator Fixed

Hydroxyl groups
Figure 1. Illustration of the transmission system consisting of two DWCNTs.

The interaction among the C atoms of carbon nanotubes is described by AIREBO [32].
An OPLS_AA force field [33,34] is applied to describe C-O-H on the end of the inner carbon
nanotube. Van der Waals force between interfaces is described by the 12-6 Lennard-Jones
potential [35]. A DREIDING field [36] is applied to calculate the hydrogen bond between mo-
tor and rotor. The MD time step is 0.001 ps. This value is carefully selected as a compromise
between numerical stability and computing resources. This value is also commonly adopted
and successfully applied in similar transmission systems based on carbon nanotubes [23].
The Nose-Hoover method is applied to keep the temperature at 300 K.

The simulation process has three stages. At first, the whole system is relaxed for 200 ps.
At the second stage, the four layers of atoms on the left end of the motor rotate at a constant
frequency. The rotor on the right also begins to rotate because of the interaction between
interfaces. At the last stage, the motion of the motor is removed to simulate the deceleration
process. Consequently, the rotor gradually slows down to stop.

3. Results and Discussion
3.1. Transmission

Owing to the interaction between interfaces, the rotor begins to rotate when a constant
speed is applied to the left-end of the motor. Figure 2a shows the rotation frequency of
the rotor in five cases as pristine DWCNTs, the interface grafted with 40%, 60%, 80% and
100% hydroxyl groups. The results show that the rotor reaches a stable state with rotation
frequency 200 GHz in about 30 ps in all cases, which is consistent with the rotation frequency
of the motor. The maximum amplitude of vibration occurs in the case with original
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DWCNTs, a phenomenon that can be attributed to the interaction between interfaces [31].
When pristine carbon nanotubes are applied, the interaction between interfaces is only the
van der Waals force. However, hydrogen bonds form between interfaces in other cases,
as shown in Figure 2b. The higher the hydroxyl group ratio is, the larger the number of
hydrogen bonds that form.
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Figure 2. (a) The rotation frequency of rotor when pristine CNTs, CNTs with 40%, 60%, 80%, 100%
grafted hydroxyl groups are applied. (b) The hydrogen bonds in five cases.

3.2. Braking Process

The braking process starts from 200 ps when the motion is removed from the motor.
Owing to the interaction between interfaces, the rotor gradually decelerates. The rotation
frequency of the rotor during the deceleration process is shown in Figure 3a, which includes
the cases with pristine carbon nanotubes, with 40%, 60%, 80%, and 100% grafted hydroxyl
groups on the interface. For the case with pristine DWCNTs, the rotor stops rotation at
about 1000 ps. The rotor with higher hydroxyl groups stops earlier due to the stronger
interaction between interfaces. More hydrogen bonds form when higher ratios of hydroxyl
groups are grafted, as shown in Figure 3b. The stability of transmission systems during
the braking process are also examined. The results show that the vibration of the centroid
of the rotor in the x direction is below 0.04 nm, which implies that the rotor stabilizes in
all cases.
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Figure 3. (a) The rotation frequency of rotor during braking process when pristine CNTs, CNTs with
40%, 60%, 80%, 100% grafted hydroxyl groups are applied. (b) The number of hydrogen bonds when
40%, 60%, 80%, 100% hydroxyl groups are grafted, respectively.

3.3. Energy Dissipation

To further explore the energy dissipation behavior of the transmission system dur-
ing the whole process, the phonon density of state (DOS) of the rotor are calculated in
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three cases namely pristine carbon nanotubes, and those grafted with 40% and 100% hy-
droxyl groups, respectively, as shown in Figure 4. The subfigures (a—c) are in relaxation
stage, 200-250 ps of rotation stage and 400~450 ps of deceleration stage, respectively. Kon-
stantin [37] pointed out that that multi-walled carbon nanotubes generally have radial
breathing mode (RBM), D band, and G band, where D and G bands represent the defects
and in-plane stretching vibration of carbon nanotubes. The peaks of D band and G band
in Raman spectra are at 150 cm~! (inner tube), 300 cm~! (outer tube), 1350 cm~! and
1582 cm ™!, respectively. The peaks of hydroxyl groups in Raman spectra mainly include
the vibration of C-O bond, O-H bond and out-of-plane bending vibration of O-H bonds,
which are at 3200 cm !, 1200 cm~! and 660 cm !, respectively. According to the equation
k = f/c, where k, f and c are the wave number, the frequency, and the speed of light,
respectively. Therefore, the frequencies of RBM, D band and G band of the multi-walled
carbon nanotube are 4.50 (inner tube) and 9.00 (outer tube), 40.50 and 47.46 THz. The three
peaks of the hydroxyl group are at 19.80, 36.00 and 86.00 THz, respectively.
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Figure 4. The phonon DOS of the transmission system in three stages when pristine carbon nan-
otubes, carbon nanotubes grafted with 40% and 100% hydroxyl groups are applied, respectively:
(a) relaxation, (b) acceleration, and (c) deceleration.
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References

In the relaxation stage, as shown in Figure 4a, the peaks of Phonon DOS of the system
are similar in all three cases. Compared to pristine carbon nanotube, the most distinct
difference in the cases with hydroxyl groups is the peak position at 86 THz. This clearly
implies that the O-H bond vibrates in the out-of-plane direction. The other peaks represent
RBMs, 2RBMs and G band with a slight frequency shift. Owing to the ideal carbon
nanotubes applied in simulation, the D band is not obvious in the case with original carbon
nanotubes, whereas it can be observed in the case grafted with 100% hydroxyl group. In the
rotation stage, there is no peak in phonon DOS of the system because the carbon nanotube
is in high constant speed rotation. During the deceleration stage at 400-450 ps, the phonon
DOS is similar to the relaxation stage. The vibration of carbon nanotubes is weakened,
although the out-of-plane bending vibration of O-H bonds is more obvious. Our results
show that the vibration of O-H bonds accelerates the energy dissipation of the system and
leads to a faster braking process.

4. Conclusions

The rotating and braking processes of a carbon nanotube transmission system have
been investigated via molecular dynamics simulations. The effect of hydroxyl groups
on the speed of response is examined. The energy dissipation during the whole process
is discussed.

The results show that hydroxyl groups enhance the stability and reduce the response
time of the system in both the acceleration and braking process. The higher the hydroxyl
group ratio is used, the better the performance of the transmission system achieved. The
underlying mechanism is the presence of hydrogen bonds that form between hydroxyl
groups. These hydrogen bonds result in higher interface interaction and a faster response.

The analysis of the phonon density of state shows that the vibration of O-H bonds in
hydroxyl groups accelerates energy dissipation of the system, which leads to faster response
in the acceleration and braking process. Our results show that grafted hydroxyl groups
result in stronger interaction, and therefore have potential in enhancing the response of the
transmission system.
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Abstract: Carbon nanotubes (CNTs) with superior mechanical properties are expected to play a role
in the next generation of critical engineering mechanical materials. Crucial advances have been made
in CNTs, as it has been reported that the tensile strength of defect-free CNTs and carbon nanotube
bundles can approach the theoretical limit. However, the tensile strength of macro carbon nanotube
fibers (CNTFs) is far lower than the theoretical level. Although some reviews have summarized the
development of such fiber materials, few of them have focused on the controllable preparation and
performance optimization of high-strength CNTFs at different scales. Therefore, in this review, we
will analyze the characteristics and latest challenges of multiscale CNTFs in preparation and strength
optimization. First, the structure and preparation of CNTs are introduced. Then, the preparation
methods and tensile strength characteristics of CNTFs at different scales are discussed. Based on the
analysis of tensile fracture, we summarize some typical strategies for optimizing tensile performance
around defect and tube—tube interaction control. Finally, we introduce some emerging applications
for CNTFs in mechanics. This review aims to provide insights and prospects for the controllable
preparation of CNTFs with ultra-high tensile strength for emerging cutting-edge applications.

Keywords: carbon nanotubes; carbon nanotube fibers; tensile strength; defect control; controlled
preparation

1. Introduction

Materials are the basis of the evolution of human civilization. The pursuit of the
ultimate properties of materials, such as super strength and super toughness, has strongly
promoted the development of human culture. In 1895, Konstantin Tsiokovsky, a Soviet
scientist, put forward building a “sky castle” at the top of a giant tower, which later
evolved into the concept of “space elevator”. By connecting the earth and the space
station with a cable, people can achieve space sightseeing and transport items to the space
station [1]. However, the biggest challenge of this concept is finding light and strong
cable that can overcome its gravity. A variety of nanostructures can be composed of
single carbon elements, such as fullerenes (0D), carbon nanotubes (1D), and graphene
(2D). Carbon nanotubes (CNTs) are cylinders rolled from single or multi-layer graphene
sheets. Single-walled carbon nanotubes (SWCNTs) are cylinders rolled from a single-
layer graphene sheet, while double-walled carbon nanotubes (DWCNTs) and multi-walled
carbon nanotubes (MWCNTs) are composed of two and multiple layers of rolled graphene
sheets, respectively. As one of the strongest chemical bonds in nature [2,3], the in-plane o
covalent bond of graphene formed by sp? hybridization endows CNTs with extremely high
axial Young’s modulus (~1.1 TPa) and tensile strength (~120 GPa). Theoretical calculations
have shown that CNTs are the most probable material to help mechanical materials achieve
a breakthrough and even realize the “space elevator” dream [1]. However, CNTs with
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extremely excellent mechanical properties are nanoscale solids, and practical applications
require macro-scale materials. It is the prerequisite for CNTs to play a significant role in
practical applications that they can maintain excellent mechanical properties after being
assembled from a single nanoscale unit to a macroscopic aggregate.

In recent years, rapid progress has been made in the preparation and mechanical
properties optimization of carbon nanotube fibers (CNTFs). Different spinning methods
of CNTFs have been put forward and improved upon, and CNTFs with a tensile strength
comparable to carbon fibers (CFs) have been prepared [4-7]. However, their mechanical
properties are still far lower than single CNTs [7], which also shows an unsatisfactory
phenomenon of property transfer across scales. Theoretical calculations and experimental
results show that the tensile strength of CNTs with a nanoscale diameter can exceed
100 GPa [8,9]. CNT bundles with a diameter of 10-100 nm can have a tensile strength of up
to 80 GPa [10]. CNTFs with a diameter of more than 1 um, as a representative of macro
assemblies of CNTs, have a maximum tensile strength of only 9.6 GPa [4], which is far
lower than the intrinsic mechanical strength of CNTs. The reasons for such cross-scale
tensile strength transfer are mainly due to defect accumulation and the lack of ideal tube—
tube interactions during CNT assembly. Defects can have a fatal effect on the strength
of CNTs [11,12]. With the increase in fiber size, defects also accumulate across scales. As
shown in Figure 1b, the improvement of strength for CFs and CNTFs is closely related to the
reduction in defect size [13,14]. For CFs, the tensile strength was increased from about 1 GPa
to 10 GPa when the defect size was reduced from the micron to the nano scale. For CNTs,
due to the fewer defects in structure compared with CFs, less attention was paid to their
precise structural control, especially defects, resulting in their tensile strength having long
been at a lower level. Until the 2000s, a series of achievements were made in the prepration
of defect-free CNTs, which have shown extraodinary tensile strength performance both at
the single-tube and bundle levels [9,15]. Therefore, the preparation of ideal solids such as
defect-free or defectless CNTs is the basis for preparing CNTFs with high tensile strength.
At the same time, many studies have shown that the mechanical properties of CNTFs can
be significantly influenced by the tube—tube interactions involving orientation, length, and
density. It is of great significance to regulate the tube—tube interactions and precisely control
the atomic defects for the improvement of CNTs” mechanical tensile strength [4,16-18].
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Figure 1. (a) Comparison of mechanical performance between CNTs and some high—performance
materials. Reproduced with permission from [15]. Copyright 2020, American Association for the
Advancement of Science. (b) Evolution of the tensile strength of CNTs and CFs at different defect
sizes. The data are collected in [4,7,10,15].
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In the past few decades, CNTFs have attracted extensive attention from academia and
industry, and there are many reviews on the development and application of CNTFs [19-23].
However, few reviews have focused on the controllable preparation and strength optimiza-
tion of CNTFs at different scales, which will be specifically highlighted in this review. First,
the intrinsic mechanism of the excellent mechanical properties of CNTs and the prepara-
tion of CNTs are introduced. Then, the development and characteristics of techniques for
fabricating CNTFs at different scales are discussed. Furthermore, we introduce the tensile
strength of CNTFs from the nanoscale to the microscale, showing the recent development in
the transfer of tensile properties across scales. Then, we analyze strategies for the strength
optimization of CNTFs at different scales, particularly the aspects of defect and tube-tube
interaction control. Finally, we provide an outlook for the practical applications of CNTFs
with high mechanical strength. As a result, we aim to provide insights and prospects for
the controllable preparation and performance optimization of macro CNTFs with high
tensile strength in the future.

2. The Structure and Preparation of Carbon Nanotubes
2.1. The Structure of Carbon Nanotubes

CNTs can be seen as a graphene sheet curled into a cylinder with a nanoscale diam-
eter [24,25]. Figure 2a shows the structure of single-walled carbon nanotubes (SWCNTs).
Carbon atoms in CNTs are linked by sp? hybrid covalent bonds, which is one of the
strongest chemical bonds in nature [2,3], providing graphite materials with extremely high
in-plane Young’s modulus and tensile strength. The special tubular full-atomic-surface
(FAS) structure composed of carbon hexagons avoids in-plane hanging bonds, folds, and
concentrated local stresses in the tube wall. As a result, CNTs can exhibit excellent mechan-
ical properties far beyond other materials (tensile strength ~120 GPa, Young’s modulus
~1.1 TPa, elongation at break ~16%, toughness ~8 GJ/m3) [8,26-29]. Similar to other engi-
neering mechanics materials, the existence of defects will destroy the structural perfection
of CNTs and affect the mechanical properties. The negative effect is even more pronounced
for CNTs. For instance, a single vacancy defect could reduce the tensile strength of CNTs
by 26% [30], and a single topological defect could lower that by 50% [12]. Despite that, the
formation of topological defects is often accompanied by a high energy barrier, which can
effectively protect the sp? structure of CNTs. Ding et al. found that the formation energy
of the five-membered and seven-membered ring pairs of topological defects was as high
as 4.4 eV [31], which could effectively protect the sp? structure of CNTs. Such topological
protection is an important reason why CNTs are less prone to defects than other materials,
such as steel or concrete.
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Figure 2. (a) Wrapping of graphene sheet to form an SWCNT. Reproduced with permission from [25].
Copyright 2011, Royal Soc Chemistry. (b) Defects on the SWCNT, from left to right: functionalization
defect, SW defect, and vacancy, respectively. Reproduced with permission from [14]. Copyright 2007,
Iop Publishing Ltd. (c) The tensile strength of carbon nanotube varies with different numbers of 517
defects and different chiral angles. Reproduced with permission from [12]. Copyright 2016, Amer
Chemical Soc.

2.2. Controllable Preparation of Carbon Nanotubes

Arc discharge [24,32], laser evaporation [33], and chemical vapor deposition (CVD) [34]
are the three main methods for preparing CNTs. Compared with the former two methods,
the CVD method has the advantages of low temperature, low energy input, and easy
control of parameters and is the primary method in academic research and industrial
production. The growth of CNTs by the CVD method can be divided into three stages.
(i) The catalyst is in a molten state at a high temperature. (ii) The cracked carbon atoms
dissolve on the catalyst, precipitate after supersaturation, and (iii) self-assemble to form
CNTs [35]. There are many alternative carbon sources for the preparation of CNTs by
the CVD method, such as methane, carbon monoxide, ethylene, acetylene, and ethanol.
The type of carbon source has a great influence on the structure and quality of the as-
grown CNTs. For example, considering the thermal cracking conditions, we thought that
methane is the most appropriate carbon source for producing ultralong CNTs with perfect
structure [9,36]. The catalyst is another key factor in regulating the structure and quality
of CNTs. The catalysts used for producing CNTs are mainly metal catalysts, including
magnetic metal catalysts (iron, cobalt, nickel), noble metal catalysts (copper, gold, silver,
platinum), as well as molybdenum and tungsten, etc. Iron-based catalysts are the most
commonly used and there are many reports on the preparation of CNTs with ferric chloride
or ferrocene as catalysts. Ding et al. [31] also reported the role of iron nanoparticles in
defect repair, explaining the high efficiency of iron-based catalysts towards CNT growth
from the mechanism level. The macroscopic assembly of CNTs requires a large number of
CNTs. Therefore, the large-scale production of CNTs, which can be achieved by the CVD
method with relatively low cost and good controllability, is the basis of their subsequent
assembly into a fiber structure. Early in 1993, Santiesteban et al. [37] first reported the
fabrication of CNTs by the CVD method. The fabrication process of high-purity CNTs in
large quantities based on CVD developed rapidly in the first decade [38,39]. Our group
combined the traditional chemical fluidized-bed technology with the CVD method to
realize the large-scale production of CNTs [40-43], which dramatically reduced the cost of
CNTs (Figure 3). In addition, ultralong CNTs with macro-scale length can be synthesized
by carefully regulating the growth kinetics. These ultralong CNTs possess perfect structure
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without any defects and can be produced at a wafer scale [9,44]. At the same time, these
defect-free CNTs provide an ideal system for analyzing mechanical materials and are
expected to yield new results in some branches of solid mechanics. Considering the
research paradigm of the bottom-up assembly of CNTs into macrostructures as practical
engineering materials, individual CNTs are the most basic structural unit. Obviously, if
a large number of CNTs with defect-free or defectless structures can be synthesized and
assembled into CNTFs, the excellent intrinsic properties of CNTs can be fully exploited.
As a result, developing next-generation high-performance engineering materials can be
promoted significantly.

Figure 3. (a,b) Schematic illustration of the large-scale fabrication of CNTs by a fluidized-bed reactor.
Reproduced with permission from [41]. Copyright 2008, Elsevier. (c) The photo of collected CNTs
and graphene hybrids in mass production. Reproduced with permission from [45]. Copyright 2021,
Wiley-Vch Verlag Gmbh.

3. Assembly Technology of Carbon Nanotube Fibers at Different Scales

The CNTFs consist of basic, tightly assembled CNT units. According to the scale
of the assembled structure, we divided CNTFs into two categories. One is nanoscale
carbon nanotube fibers (nanoscale CNTFs), composed of a small number of CNTs with a
diameter up to hundreds of nanometers. The other is microscale carbon nanotube fibers
(microscale CNTFs). The number of CNTs assembled can reach hundreds of millions with
a micron-scale diameter, far more than the nanoscale CNTFs. It is a prerequisite to develop
assembly technologies to combine single CNTs into nanoscale CNTFs or microscale CNTFs
and maintain relatively excellent mechanical properties.

3.1. Preparation of Nanoscale Carbon Nanotube Fibers

Carbon nanotube bundles (CNTBs) are typical nanoscale CNTFs. Assembling a small
number of CNTs into bundles requires precise nanoscale manipulation. In the early stages,
researchers found that bundles with diameters of tens of nanometers can be obtained by
controlling conditions using the arc-discharge method. Salvetat et al. [46] prepared SWCNT
crystalline ropes by the arc-discharge method. The mean diameter of their nanotubes is
about 1.4 nm, and the diameter of the bundles ranges from 3 to 20 nm with a length of
several microns. The tubes were arranged in a closely-packed lattice. Espinosa et al. [47]
also fabricated bundles using the arc-discharge method. The preparation of nanoscale
CNTFs is a process of assembling a small number of CNTs in situ, which can be considered
a bottom-up method. In contrast, to obtain CNTBs, it is also effective to assemble CNTs
into a macrostructure and cut them into nanoscale CNTFs. Such segmentation from a
microscale structure into the nanoscale can be considered an up-down method. Typically,
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Yu et al. [48] first fabricated SWCNT “paper” by the laser ablation method, and then they
tore the resulting “paper” apart, which caused individual SWCNT bundles to project
from the torn edge. The diameter of these nanoscale CNTFs is less than 50 nm. Based on
the up-down method, Espinosa et al. [49,50] also obtained CNT bundles with diameters
less than 30 nm from DWCNT mats using a mechanical exfoliation technique. From the
analysis of the characteristics of these two kinds of processes, the in situ preparation of
nanoscale CNTFs without post-treatments has more advantages, as the cutting strategy
requires nano-precision mechanical manipulation. More structural defects or impurities
will be introduced after mechanical separation, which is not conducive to the subsequent
performance research. However, on the other hand, the bottom-up preparation of nanoscale
CNTFs by arc discharge has its own limitations, such as high equipment requirements,
low controllability, and difficult separation and purification. Therefore, it is necessary to
develop a more suitable nanoscale CNTF preparation process. Our group proposed an
in situ gas-flow-focusing (GFF) strategy to assemble individual tubes into bundles [10]
based on the bottom-up method. As shown in Figure 4a, under the effect of the gas
flow, several ultra-long CNTs gradually move towards the center and are assembled by
the impact of van der Waals force. The prerequisite for preparing these centimeter-long
bundles with a nanoscale diameter is that ultralong CNTs are grown based on a “kite
mechanism”. Compared with the nanoscale CNTFs directly prepared by the arc-discharge
or mechanical stripping method, the core of such an in situ process is the preparation of
ultralong CNTs by CVD, so it has the advantages of high controllability, relatively low
equipment requirements, and generally perfect fiber structure.
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Figure 4. (a) Schematic illustration of the in situ fabrication of nanoscale CNTFs by the GFF method.
Reproduced with permission from [10]. Copyright 2018, Springer Nature. (b) Schematic diagram of
vertical-array spinning. Reproduced with permission from [51]. Copyright 2011, Pergamon-Elsevier
Science Ltd. (c) Schematic diagram of the continuous synthesis of microscale CNTFs by FCCVD.
Reproduced with permission from [18]. Copyright 2021, Elsevier Sci Ltd. (d) Schematic illustration of
solution spinning. Reproduced with permission from [52]. Copyright 2009, Springer Nature.

3.2. Preparation of Microscale Carbon Nanotube Fibers

The spinning techniques for microscale CNTFs are closely related to the traditional
process, which can be divided into two main categories, wet spinning [16] and dry spin-
ning [19,22,53]. Solution spinning [54] is the typical wet-spinning method, while vertical-
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array spinning [55] and CNT aerogel spinning [56] are the two mainstream methods of dry
spinning. Understanding the characteristics of different preparation techniques is the basis
for better mechanical property optimization.

3.2.1. Solution Spinning

Solution spinning (wet spinning) is a relatively traditional and mature technique that
has been widely used to prepare Kevlar and PAN fibers [57,58]. In the past few years, it
has also been used to prepare microscale CNTFs or CNTF composites [59,60]. As Figure 4d
shows, in the process of solution spinning, the CNT powder is fully dispersed in the solu-
tion with the help of a surfactant or superacid as the dispersant. The dispersed solution
is injected into the coagulation bath, the solvent is dissolved in the coagulation solution,
and the aggregate is precipitated to obtain continuous microscale CNTFs. The most im-
portant step for solution spinning is obtaining a highly dispersed and homogeneous CNT
dispersion. Until now, a variety of effective solution systems have been developed. In
2000, Vigolo et al. [16] first produced continuous CNTFs with a diameter ranging from a
few micrometers to 100 um through this traditional spinning method. They used sodium
dodecyl sulfate (SDS) as a dispersive solvent to obtain homogeneous suspensions at a
high SDS concentration. The suspensions were then injected into polyvinyl alcohol using
a syringe to produce CNTFs. Although the process was less efficient then, it was the
beginning of the preparation of microscale CNTFs. Windle et al. [61] injected ether into
the dispersion of CNTs and ethylene glycol, causing the ethylene glycol, ether, and the
grown fibers to penetrate each other. Then, the ethylene glycol was heated to remove
it, so that the neatly arranged microscale CNTFs were obtained with diameters ranging
from 10 to 80 um. However, such a surfactant—solvent dispersion system makes it dif-
ficult to obtain high-concentration and homogeneous CNT dispersions because of the
strong van der Waals interaction between tubes. Hence, there is a need to develop more
efficient decentralized systems [54]. The DuPont Company has reported the preparation
technique of Kevlar fibers by dissolving polymers with concentrated sulfuric acid [57,62].
It has gradually become one of the most efficient systems in the preparation of CNTFs
by solution spinning. Smalley and Pasquali et al. have developed superacid dispersion
systems in the past two decades [52,54,63-67]. The main mechanism of using superacids to
disperse CNTs is to protonate the tube wall so as to achieve efficient dispersion through
electrostatic interaction. Smalley et al. dispersed CNTs in fuming sulfuric acid to obtain
a CNT dispersion [54]. Pasquali et al. found that CNTs dissolved in chlorosulfonic acid
could form a true thermodynamic solution in a liquid crystal phase [52,63]. The liquid
crystal phase dispersion used in wet spinning can improve the spinning efficiency and
obtain CNTFs with higher orientation. Their mechanical and electrical properties have been
greatly improved [64,65]. However, using superacids is not friendly to the environment or
equipment. Considering this problem, Pasquali et al. recently proposed a more moderate
acid dispersion system. They have proposed a low-corrosive acid solvent system by using
methanesulfonic acid or p-toluenesulfonic acid to form a CNT dispersion at concentrations
as high as 10 g/L [68]. This system can obtain continuous and high-performance fibers,
and it has higher equipment compatibility, which is conducive to mass preparation. In
conclusion, the preparation of CNTFs by wet spinning has many mature technical charac-
teristics of other fibers prepared by wet spinning, so it has more advantages in technical
reliability, equipment compatibility, and further large-scale production.

3.2.2. Vertical-Array Spinning

As shown in Figure 4b, vertical-array spinning means continuously extracting CNTs
connected by van der Waals action from spinnable vertical array CNTs (similar to cocoon
spinning) to prepare macroscopic fibers. Vertical-array spinning has strict requirements
on the structure of CNT arrays. In order to draw out CNTFs continuously, the vertical
arrays of CNTs should be high in height and density while the orientation should be very
uniform [69]. In 2002, Fan et al. [55] extracted CNT yarns from a 100 um-high super-
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aligned CNT array with tweezers. Superaligned CNT arrays are the ideal raw materials
for vertical-array spinning. The prepared continuous microscale CNTFs were 30 cm in
length and 200 pm wide. Baughman et al. [70,71] first prepared CNT yarns with stable
torque by twisting the yarns drawn out from the vertical arrays. The drawn yarns are
very sticky due to their clean surface and extremely high specific surface area. They stick
to the surfaces once they touch other objects and cannot be taken off again. This greatly
inhibits the development of practical applications for CNT yarns. To solve this problem,
Fan et al. [69] designed a new array-spinning process. After they had drawn the yarns
out of the super-aligned array, the yarns were pulled through the ethanol droplets, and
the centimeters-wide yarns shrank into a fiber structure of 20-30 um in diameter. In this
way, the processed fibers are more convenient for transfer or post-processing, thus making
device applications possible. As mentioned above, twisting and solvent contraction are
important steps in array spinning. These two improved techniques not only make it easier
to produce fibers by array spinning but also can significantly improve the tensile strength
and other properties. Li et al. [51] applied the steps of twisting and ethanol infiltration to
controllably fabricate continuous microscale CNTFs using a spinning machine (Figure 4b).
Compared with the solution, the biggest advantage of array spinning is that there is no
need to prepare a high-concentration and homogeneous dispersion, which means that
the structural damage of the CNTs can be reduced, and the extraordinary properties of
CNTs can be fully exploited. However, the vertical-array spinning technique is relatively
immature, it is difficult to achieve industrial scale-up, and the production cost is high.
Therefore, this technique is suitable for the fabrication of small multifunctional devices that
require microscale CNTFs.

3.2.3. Aerogel Spinning

Aerogel spinning is a continuous spinning process involving three phases. The process
is shown in Figure 4c. The CNTs for aerogel spinning are generated by floating catalytic
chemical vapor deposition (FCCVD). The catalyst (generally ferrocene) is firstly fed into a
high-temperature reactor and reduced by hydrogen. Then, a carbon source such as methane
or ethanol is cracked on the catalyst to form a tubular fiber precursor structure. Under
gas flow, the precursor is passed through water or other coagulation solution to achieve
rapid injection and fibrosis due to the capillary fineness of the liquid. According to the
characteristics of the process, it can be considered that the precursor of microscale CNTFs,
similar to powder, is in situ assembled into a macro fiber structure. Initially, only the
gas—solid phase was involved in aerogel spinning. In 1998, Cheng et al. [38,72] obtained
web-like, silver-black, light, and thin materials made of large quantities of bundles ranging
from 10 to 40 nm in diameter, mainly SWCNTs. This was the beginning of the direct aerogel
spinning of microscale CNTFs by FCCVD. Later, Zhu et al. [73] prepared 20 cm-long
CNT yarns with a diameter of 0.3 mm using a similar method. However, the yarns they
prepared were isolated and the diameter of the same yarn was not uniform. To collect a
large number of continuous fibers, Windle et al. [56] designed different rotating spindles to
wrap the aerogel. By drawing CNT aerogel directly from the hot reaction zone, they found
that continuous fibers could be collected without length limitations. Similar to vertical-
array spinning, aerogel spinning is also improved by solvent shrinkage. Windle et al. [17]
densified the fibers by using acetone vapor. Li et al. [74] developed the water-sealing
technique to draw fiber precursors into a spindle in water and then collected them in
a spindle in the air. Through such a process, yarns with a length of several kilometers
can be obtained, and their quality is close to conventional textile yarns. Like vertical-
array spinning, aerogel spinning does not need the dispersion step. That means the fibers
obtained by this spinning process can also take full advantage of the excellent mechanical
properties of CNTs. In addition, wet spinning is based on the traditional spinning process
and the technology is relatively mature and easy to achieve industrialization [22,75,76].
The direct spinning method of aerogel has also been capable of large-scale preparation. Li
et al. reported that they could fabricate kilometer-level CNTFs with high tensile strength by
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FCCVD [18]. Nanocomp, an American company, can fabricate 10 km-long CNT spinning
threads and has promoted their practical application in the aerospace industry [77,78].
Therefore, the aerogel direct spinning method based on FCCVD is a very ideal system for
studying mechanical property transfer across scales and developing practical applications
based on CNTs.

Figure 4 shows the schematic diagram of different assembly processes for CNTFs at
different scales. The process of in situ gas-flow focusing assembly or continuously drawing
fibers from vertical CNT arrays are precise assembly techniques with nanoscale structure
control. Although these microscale assembly techniques have advantages in structure
and property control, it is difficult to achieve large-scale preparation, which means a lack
of suitable application scenarios. In contrast, solution spinning and aerogel spinning as
typical macroscale assembly techniques have more potential for industrial production.
Despite that, there are still many significant problems to be solved for the excellent tensile
strength transfer to a larger scale. From a bottom-up perspective, it may be effective to
apply the methods of fabrication and property optimization of microscale materials to
macroscale materials.

4. Tensile Property of Carbon Nanotube Fibers at Different Scales
4.1. Tensile Strength of Single Carbon Nanotubes

A single CNT is a basic structural unit of CNTFs; the mechanical properties deter-
mine the macro properties. Tensile strength is a crucial index for evaluating the mechan-
ical properties of materials. For nanoscale single CNTs, precise experiments for tensile
strength measurements require delicate nanomanipulation techniques. The theoretical
model based on quantum mechanics calculation showed that the tensile strength of a
single CNT could be as high as 120 GPa [30]. Several possible defects (SW defects, va-
cancies, doped atoms, etc. [30,79-82]) significantly influence the mechanical properties of
CNTs [83,84]. Many theoretical studies have revealed the excellent intrinsic tensile strength
of CNTs and predicted that the presence of defects would greatly reduce the tensile strength,
which has been discussed in the former structure section. The tensile strength of CNTs
could be reduced by orders of magnitude due to the emergence of a small number of
topological defects [12,85]. Experimental studies confirmed these characteristics of the
tensile strength of single CNTs. Early research on the mechanical properties of CNTs mainly
relied on atomic force microscopy [27,86] or electron microscopy [3,26,28,87,88], and few
experiments could observe a single CNT with an ultra-high tensile strength of more than
100 GPa. Using in situ scanning electron microscopy, Yu et al. obtained the tensile strength
of multi-walled carbon nanotubes, ranging from 11 to 63 GPa, and the outer diameters
ranged from 13 to 36 nm [28]. Chen et al. tested the tensile strength of double-walled
carbon nanotubes and triple-walled carbon nanotubes (TWCNTs) with diameters ranging
from 1.8 to 3.0 nm and obtained strengths ranging from 13 to 46 GPa [11]. They considered
that the poor results were caused by defects in the CNTs. Takakura et al. investigated the
tensile strength of SWCNTs with diameters ranging from 1.5 to 3.0 nm. The tensile strength
was in the 25~66 GPa range, showing a decreasing trend with the increase in diameter [89].
With the development of controllable preparation technology for CNTs, the length and
properties of CNTs have been significantly improved. Espinosa et al. fabricated MWCNTs
with a diameter of 15.71 nm and measured a tensile strength of 110 GPa [90]. Zhang et al.
fabricated ultra-long CNTs with a length of 55 cm, and their tensile strength was up to
120 GPa [9]. Bai et al. also fabricated centimeter-long and defect-free CNTs with a tensile
strength of 118.9 £ 4.5 GPa [15]. Therefore, a single CNT with tensile strength very close to
the theoretical limit can be obtained through experiments. From the bottom-up perspective,
defect-free single CNTs, as a structural unit of a macrostructure, are a crucial carrier for
the study of property transfer across scales. The controllable preparation of defect-free or
defectless CNTs is the basis for the assembled CNTFs with high tensile strength.

33



Nanomaterials 2022, 12, 3478

4.2. Tensile Strength of Carbon Nanotube Fibers at Different Scales

Although single CNTs have shown excellent tensile properties in both theoretical
and experimental studies [15,30], it is rather tough to transfer the remarkable properties
of single CNTs to larger CNTs across the scale. According to the characteristics of the
preparation process, the bundle with tens of nanometers in diameter and the fiber with
hundreds of microns can be regarded as the bottom-up assembly of a single CNT. However,
the tensile strength decreases significantly when the CNTs are clustered to form macro
fibers, ropes, or even bundles.

4.2.1. Nanoscale Carbon Nanotube Fibers

For nanoscale CNTFs such as bundles or yarns, the number of assembled CNTs is
far less than that of microscale CNTFs. The bundle formed by the aggregation of several
or dozens of CNTs is a crucial bridge from the nanoscale CNTFs to the microscale ones.
Based on the controllable preparation of ultra-long CNTs, the author’s group fabricated
nanoscale CNTFs that are centimeters long with tensile strength close to that of single
CNTs [10]. As shown in Figure 4a, CNTBs consisted of only 2-15 CNTs with diameters
between 2 and 15 nm. The tensile strength of such CNTBs could be up to 80 GPa, which
were the only nanoscale CNTFs with tensile strength close to that of a single CNT at present.
Espinosa et al. used an in situ transmission electron microscope to test DWCNT bundles
with diameters ranging from 10 to 30 nm, as shown in Figure 5b [50]. They obtained a
tensile strength of 17 GPa and a tensile modulus of 0.7 TPa. Cheng et al. prepared SWCNT
strands with a diameter of 10-40 nm [38]. Although the diameter of the bundle was very
small, the process was developed at a relatively low maturity for fiber assembly. The tensile
strength was only 3.6 = 0.4 GPa in the test [72]. Yu et al. fabricated SWCNT bundles
with diameters ranging from 19 to 41 nm and studied their tensile fracture behavior using
scanning electron microscopy and atomic force microscopy [48]. The tensile strength of
SWCNT bundles ranged from 13 to 52 GPa (mean 30 GPa). The problem of the cross-scale
transfer of tensile strength is not solved for most nanoscale CNTFs, though the diameters
of these fibers are all less than 100 nm. Nanoscale CNTFs with smaller diameters are more
promising to be higher in tensile strength, which should be attributed to their fewer defects
and well-controlled tube-tube interactions. Since the diameters of nanoscale CNTFs are
lower than 100 nm, the control of defects and tube—tube interactions can still be effective.
The tensile strength of nanoscale CNTFs can easily exceed the order of 10 GPa, however, it
will be very difficult for microscale CNTFs to maintain such a high level of strength.

4.2.2. Microscale Carbon Nanotube Fibers

For microscale CNTFs, the number of CNTs assembled can reach hundreds of millions,
far more than the CNTBs. Since the fiber has a micron diameter, the microscale CNTFs can
be considered as a bottom-up assembly of nanoscale CNTFs. Vigolo et al. [16] obtained
CNTFs with a tensile strength of only 0.15 MPa. The fiber diameter can be distributed
in the range of several microns to 100 microns. Smalley et al. [54] obtained CNTFs with
a diameter of less than 1 micron and the tensile modulus and tensile strength reached
120 GPa and 116 MPa, respectively. Pasquali et al. [64] prepared CNTFs with diameters
of approximately 9 um and tensile strength of about 1.3 GPa. Later, they improved the
tensile strength of microscale CNTFs to 4.2 GPa after process optimization [65]. Zhu et al.
obtained microscale CNTFs with an average diameter of 5 um and tensile strength up to
3.3 GPa [92]. Windle et al. optimized the post-treatment process and prepared microscale
CNTFs of less than 20 um in diameter with a tensile strength of 9 GPa [17]. Similar
to Windle et al., Wang et al. [5] fabricated microscale CNTFs with diameters between
5 and 9 um and tensile strength ranging from 3.76 to 5.53 GPa. Further, they prepared
CNT films with tensile strength of 9.6 GPa [4]. The changes in the tensile strength of
microscale CNTFs from a low to a high level are closely related to the scale of fibers and
the maturity of the assembly technology. Due to the countless number of CNT units in
microscale CNTFs, the efficiency of controlling the defects and tube—tube interactions
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will be significantly decreased, resulting in a relatively low tensile strength. As shown in
Table 1, the tensile strength of CNTs at different scales is listed. The tensile strength of
single CNTs and CNTFs with nanoscale diameters has been able to approach the theoretical
level. Although significant progress has been made in the controllable preparation and
process optimization of microscale CNTFs, their tensile strength is significantly inferior to
that of single CNTs and nanoscale CNTFs, which is the typical undesirable performance
transfer across different scales.
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Figure 5. (a) TEM images of the flat fracture surfaces (marked by arrows) of the CNTs. Left: static
tensile fracture surface; right: fracture surface after cyclic loading. Reproduced with permission
from [15]. Copyright 2020, Amer Assoc Advancement Science. (b) TEM top view images of a DWCNT
bundle (Scale bar: 200 nm). Insert: High-resolution TEM image of the suspended DWCNT bundle
(Scale bar: 20 nm). Reproduced with permission from [50]. Copyright 2011, Wiley-Vch Verlag GmbH.
(c) Stress—strain curves for single CNTs and CNTBs. (d) The relationship between the mean tensile
strength of CNTBs and their component number before and after STR treatment. (c,d) Reproduced
with permission from [10]. Copyright 2018, Springer Nature. (e) Top: Model of CNTFs assembled
from individual CNT units. Middle: Model of tensile fracture of CNTFs. Bottom: SEM micrograph
of the tensile fracture of actual CNTFs (Scale bar: 10 um) Reproduced with permission from [91].
Copyright 2011, Amer Chemical Soc.
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Table 1. Tensile strength of CNTs at different scales.

Scales Diameter Carbon Nanotube Tensile Strength (GPa) Ref.
2.0 nm DWCNTs 1189 + 4.5 [15]
1.0 to 4.0 nm SWCNTs, DWCNTs, TWCNTs 120 [9]
Sinele tubes 15.71 nm MWCNTs 110 [90]
8 1.5 t0 3.0 nm SWCNTs 25 to 66 [89]
1.8 to 30 nm DWCNTs, TWCNTs 13 to 46 [11]
13 to 36 nm MWCNTs 11 to 63 [28]
10.0 to 25.0 nm SWCNTs, DWCNTs, TWCNTs 47 to 80 [10]
19 to 41 nm SWCNTs 13 to 52 [48]
Nanoscale CNTFs 10.8 t0 27.9 nm DWCNTs 15t017.1 [50]
10 to 40 nm SWCNTs 3.6+04 [38,72]
/ DWCNTs 9.6 [4]
7.0 to 20.0 pm DWCNTs 9 [17]
8.0t0 9.8 um SWCNTs 4.2 [65]
Microscale CNTFs 5.0 t0 9.0um DWCNTs 3.76 t0 5.53 [5]
5.0 um DWCNTs 33 [92]
15 to 100 pm SWCNTs 0.15 [16]
0.2 t0 0.6 um SWCNTs 0.12 [54]

4.3. Characteristics of Tensile Strength Transfer across Scales

The bottom-up composition of CNTs is similar to that of carbon fiber and cable-
stayed bridge wires. Weibull distribution and the Daniel effect can describe the strength
distribution of single filaments and carbon fibers [93-95], which have been used to describe
the ideal state of performance transfer when CNTs are assembled into macroscopic fibers.
Daniel et al. found that the bundles consisting of a large number of monomers with a
tensile strength obey the Weibull distribution [96-99], and the average tensile strength
Es(n) is:

Es(n)= og[1 — F(0p)]+cn/n

where F(0) is the breaking probability of a single CNT under stress < 0. Cn is a variable
related to the number of components (n). Based on the Weibull distribution and the Daniel
effect, Bai et al. proposed a mathematical model to describe the relationship between the
tensile strength of nanoscale CNTFs and their component numbers and initial strains [10].
As shown in Figure 5d, the experimental results fit well with the theoretical calculation.
With increasing 1, there is a quasi-exponential decrease in the mean tensile strength of the
nanoscale CNTFs. The mathematical model results also showed that the tensile strength
reaches a constant value for a number of constituent tubes larger than a certain value, which
is very similar to the characteristics of steel wire in cable-stayed bridges [98]. However,
the current prepared microscale CNTFs could not confirm this theoretical prediction, as
the maximum tensile strength of microscale CNTFs with macroscopic structure was less
than 10 GPa, which was much lower than the tensile strength of single CNTs and nanoscale
CNTFs. Analyzing the reasons for this phenomenon is of great significance for the rational
design of performance optimization strategies in the furture. The sp? hybridized C-C
covalent bonds and fewer defects are the structural basis for the ultrahigh tensile strength
of CNTs [9,26,100]. As Figure 5a,b show, individual CNTs with perfect structure and well-
aligned bundles can make full use of C-C covalent bonds. However, the van der Waals forces
are more crucial to be considered when scaling up from the nanoscale to the microscale.
For example, the slip between tubes caused by weak tube-tube interactions is an important
reason for the low tensile properties of macroscopic fibers. Windle et al. [91] proposed
a model of the assembly of CNTFs and their tensile fracture (Figure 5e). Microscale
CNTFs are composed of a large number of short CNTs, which means that tube—tube
slip asynchronously is more likely to happen before the short CNTs fracture. In other
words, the tensile properties of microscale CNTFs depend largely on van der Waals forces
rather than C-C covalent bonds. This may be a reason for the unsatisfactory transfer of
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mechanical properties across scales of CNTs. Therefore, optimizing tube-tube interactions
is fundamental as defect control to improve the tensile strength of CNTFs at different
scales. Suppose that the macrostructure is composed of numerous ultra-long, defect-free, or
defectless CNTs with continuous length, perfect structure, uniform orientation, and uniform
initial stress distribution, then there will be a high possibility that its tensile strength can
still maintain a rather high level.

5. Optimization Strategies for the Tensile Strength of Carbon Nanotube Fibers at
Different Scales

5.1. Defects Control

Defects have a fatal negative effect on the intrinsic properties of CNTs [12,79,101]. In
a large number of early experimental studies on the tensile strength of single CNTs, the
measured tensile strength was significantly lower than 50 GPa due to the presence of the
many structural defects of the CNTs [11,28]. Zhang et al. [9] and Bai et al. [10] fabricated
defect-free CNTs with tensile strength close to the theoretical value. Further, Bai et al.
assembled these defect-free CNTs into a bundle structure and the tensile strength reached
up to 80 GPa, which was also close to the theoretical level. The defect-free structure enabled
the desired transfer of tensile strength from single CNTs to nanoscale CNTFs. Due to the
bottom-up characteristics of the assembly of CNTFs, the large-scale production of CNTs
with fewer defects is the basis of high-strength microscale CNTFs. In the early process of
fiber preparation by wet spinning, the raw powder of CNTs had many defects, and the
maximum tensile strength of the fibers was less than 1 GPa [16,52]. During the development
of wet spinning, Pasquali et al. continuously improved the tensile strength of the fibers,
reaching a maximum of 4.2 GPa [65]. This is mainly attributed to the progress in preparing
defectless CNTs as raw materials to produce fibers. Recently, Kim et al. have continuously
synthesized CNTs with high crystallinity (IG/ID > 60), high aspect ratio (>17,000), and
high yield (>6 mg/min) [103]. The high Raman IG/ID signal implied the good quality of
the prepared CNTs. The specific strength and modulus of the microscale CNTFs prepared
using the products were 2.94 N tex ! and 231 N tex !, equivalent to the best carbon fibers.
This further proves that it is essential to obtain perfect and defect-free CNT raw materials
in order to prepare CNT macrostructures with excellent properties.

In addition to the defects introduced by CNTs themselves, the bottom-up assembly
process of single tubes into a macroscopic structure also inevitably introduces many defects.
More defects will be introduced if vigorous treatments such as superacid and ultrasonic-
assisted dispersion are applied [14]. As a result, this will fundamentally reduce the tensile
strength of the microscale CNTFs. It is essential to reduce the defects introduced by the
assembly process. Smalley et al. [54] prepared CNTFs with very low mechanical strength
due to the use of fuming sulfuric acid in the dispersion process, which can easily damage
the structure of CNTs and introduce more defects. Pasquali et al. [64] reduced the defects
by a liquid crystalline phase system, thus significantly improving the tensile strength of
the fibers [52]. The number of defects will be reduced dramatically during dry spinning
as it does not require dispersion, a process that inevitably damages the structure. During
the vertical-array spinning process, the materials are highly purified vertical CNT arrays,
which means that fewer defects will be introduced from both the spinning process and the
raw materials themselves. The maximum tensile strength of CNTFs with few defects has
reached 3.3 GPa [92]. As a one-step process, aerogel array spinning can assemble CNTs
into fibers in situ. Obviously, this process also significantly reduces the introduction of
structural defects. Li et al. optimized the process conditions and produced a kilometer-level
CNTF with a tensile strength of 3.5 GPa without post-treatment. Dry spinning is a cleaner
system that reduces the number of defects in the CNT macrostructure. The tensile strength
of CNTFs prepared by dry spinning can be up to 10 GPa after post-treatment [4,17], which is
generally higher than that of CNTFs with more structural defects prepared by wet spinning,.
The difference in defect control caused by different technological processes is a key factor
to optimizing the tensile strength.
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5.2. Control of Tube—Tube Interactions

Improving the process to achieve good cross-scale transfer is a great challenge. Windle et al.
pointed out that the tensile strength of CNTFs depends on the interactions between the
tubes [91]. Many factors directly or indirectly affect the interactions between tubes and then
affect the tensile strength of the assembled macro fibers. Understanding and controlling
the tube-tube interactions are significant.

5.2.1. Initial Strain

The bottom-up assembly of CNTs is similar to the steel wire of a cable-stayed bridge.
The main cable of a cable-stayed bridge comprises tens of thousands of untwisted steel wire
bundles with a tensile strength of about 2 GPa and a diameter of several millimeters [102-104].
During construction, the steel wire bundles should be divided into hundreds of groups,
and the initial strain needs to be as uniform as possible to ensure uniform force. When
CNTs are assembled into bundles or fibers from bottom to top, the initial tension of each
tube is inevitably different. According to the Daniel effect, the tensile strength of bundle
and fiber will decrease rapidly with the increase in the number of tubes if the initial strain
is not uniform [96]. Bai et al. studied the initial strain of CNTs in nanoscale CNTFs.
The measured tensile strength is shown in Figure 6b. The tensile strength of CNTBs
decreases with the increasing number of components, and the breaking process under
tensile loading exhibits a multi-stage, one-by-one process. This indicates that the initial
stress distribution of CNTs in the nanoscale CNTFs is not uniform, so the CNTs in the
fibers cannot bear the load synchronously and equally, and the components break one by
one, which leads to the decline of the overall tensile strength. This is an essential point
of view elucidating the difficulties during performance transfer across scales. Based on
this analysis, the research group proposed a synchronous tightening and relaxing (STR)
strategy, as shown in Figure 6a,b, in which the initial stress of the CNTs in the fibers is
released to a narrow distribution through nano-manipulation, thus increasing the tensile
strength of the nanoscale CNTFs from 47 GPa to more than 80 GPa [10]. Therefore, the
tube—tube interaction is an important guarantee of excellent tensile performance, and
STR is an effective strategy to make the initial stress of CNT components uniform and
improve the tensile strength across scales. Recently, Kim et al. [6] developed a rapid and
continuous method to produce highly aligned and densified CNTFs. As Figure 6¢ shows,
the fibers obtained by direct aerogel spinning were dissolved in chlorosulfonic acid, and the
alignment of CNTs along the axial was improved after stretching. Such an improvement
also made the initial strain of CNTs in microscale CNTFs more uniform. As a result, the
tensile strength of CNTFs was increased from 2.1 N tex ! to 4.44 N tex !, indicating the
significance of the uniform initial stress.

5.2.2. Length-Dependent Interactions

CNTs are the basic structural units of CNTFs from bottom to top. When the length
of the CNT component increases, the contact area between adjacent CNTs also increases,
which improves the local transfer efficiency between tubes and enhances the mechanical
properties of fibers. Fibers composed of longer CNTs mean that there are fewer ends. In
that case, the force on each part will be more uniform, and the tensile strength will be
improved [105,106]. Therefore, increasing the length of CNT units in the macrostructure
is an effective strengthening strategy. Pasquali et al. systematically studied the influence
of CNT structure on the tensile performance of microscale CNTFs prepared by solution
spinning [107]. The results showed that the tensile properties of CNTs were mainly in-
fluenced by their aspect ratio rather than other factors such as the number of tube walls,
diameter, and crystallinity. In 2013, Pasquali et al. improved the spinning process and used
CNTs with an average length of 5 um as raw materials to prepare high-performance mul-
tifunctional fibers with an average tensile strength of 1 GPa [64]. Recently, Pasquali et al.
dissolved CNTs with a high aspect ratio (12 um of average length) in chlorosulphonic acid
and obtained microscale CNTFs with a tensile strength of 4.2 GPa, which is far higher
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than the fibers spun by the CNTs with an average length of 5 um [65]. By adjusting the
growth kinetics, CNT arrays with a higher height can be fabricated, and a macrostructure
composed of longer CNT units can be obtained by spinning. Zhu et al. studied the effect of
array height on the tensile strength of spun fibers [108]. They fabricated 300 pm-, 500 um-,
and 650 pum-high vertical arrays and spun them into fibers. These fibers’ tensile strengths
are 0.32, 0.56, and 0.85 GPa, respectively. Further, Zhu et al., fabricated fibers with longer
(1 mm) individual CNTs. The tensile strength of the fabricated fibers can be up to 3.3 GPa.
Windle et al. [17] and Li et al. [18] fabricated fibers based on the FCCVD method, and
also proved that with the increase in single CNT length, the tensile strength of the macro
structure of CNTs would be higher. The enhancement of the interaction force between
tubes results from an increase in the length of constituent CNTs, which can reduce the slip
between tubes and make full use of the mechanical properties of the CNTs.

5.2.3. Packing Density

The increased packing density can reduce the fiber cross-sectional area, which will
effectively reduce the distance between tubes and improve the tube-tube interactions so that
the load transfer capacity will be increased [55,109,110]. Xie et al. fabricated an MWCNT
rope with a tube spacing of about 100 nm, and the tensile strength was measured to be
4 GPa [111]. In contrast, Bai et al. assembled tubes into bundles tightly without pores, and
the tensile strength of such dense nanoscale CNTFs can be improved to as high as 47 GPa
without any post-treatments [10]. For microscale CNTFs, there are many effective methods
to increase the packing density [112,113]. Baughman et al. introduced the twisting step in
this spinning method [70], which increased the fiber density to 0.8 g/cm? and the tensile
strength to 150~300 MPa, as shown in Figure 6e. Li et al. [56] introduced a twisting and
collecting device at the end of the furnace, resulting in the continuous in situ preparation
of microscale CNTFs with a tensile strength of 3.24 GPa (1 mm pinch) [5,17]. Physical
and chemical crosslinking treatment [114,115] and densification solvent [116,117] are also
effective methods for fiber densification. Polymers such as polyvinyl alcohol and epoxy
resin are good densifying solvents, which will contribute to enhancing the load transfer
capacity and effectively improving composite fibers’ mechanical properties [118,119]. Jiang
et al. densified the spun fibers with PVA solution to obtain CNT composite fibers with a
tensile strength of 2 GPa [117]. Dalton et al. prepared a CNT/polyvinyl alcohol composite
by wet spinning [59,60], and an ultimate tensile strength of 1.8 GPa was obtained in the test.
For aerogel spinning, there are many holes in the prepared fibers. Li et al. [122] reported the
densification of different solvents and found that densification using non-volatile solvents
with high polarity could significantly enhance the strength. Li et al. [123] were also inspired
by straw bundling and used the character of self-contraction of silk fibroin to densify
CNTFs locally. The tensile strength of CNTFs was enhanced from 355 MPa to 960 MPa.
Mechanical densification is a simpler and more effective post-treatment densification
technique. Figure 6f shows that by collecting CNT cylinders and introducing the rolling
strategy for densification, Wang et al. [6] obtained a CNT macrostructure with an average
tensile strength of 4.34 GPa, which is 12 times higher than that of unrolled fibers. After
rolling treatment and the optimization of the winding rate, the density of fibers was
significantly improved from 0.53 g cm 3 to 1.85 g cm 2, and the tensile strength was tested
as high as 9.6 GPa, which is the highest value among macrostructures of CNT until now [4].
These indicated that rolling is an effective strategy to improve the mechanical properties of
microscale CNTFs. The above results have addressed the significance of higher packing
density for the improvement of tensile strength.
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Figure 6. (a) Schematic diagram to make the initial stress of each tube more uniform. (b) Stress—
strain curves for a single CNT and for CNTBs before and after the stress uniformity treatment.
(a,b) Reproduced with permission from [10]. Copyright 2018, Springer Nature. (c) Schematic
of the stretching and densification of CNTFs. Reproduced with permission from [6]. Copyright
2019, Springer Nature. (d) Schematic of the two-step chemical molecule cross-linking. Reproduced
with permission from [120]. Copyright 2021, Elsevier Sci Ltd. (e) SEM images of a twisted CNT
yarn. Reproduced with permission from [70]. Copyright 2004, Amer Assoc Advancement Science.
(f) A schematic of the system for rolling CNTFs. Reproduced with permission from [5]. Copyright
2014, Springer Nature.

6. Prospects for the Application of High-Strength Carbon Nanotube Fibers
6.1. Structural Reinforcing Material

Due to their outstanding intrinsic mechanical properties, CNTs are ideal candidates for
structural reinforcement materials. Although the tensile strength of CNTFs is far from the
theoretical value, there have been many CNTFs with a tensile strength higher than T1000,
one of the strongest commercial carbon fibers [4,120]. As structural reinforcement materials,
CNTFs can greatly improve the strength of materials such as polymers [119,121,122],
metals [123,124], and ceramics [125,126], thus playing an important role in many fields
such as aerospace and building materials. NASA has identified CNTFs as an alternative
reinforcement material [122]. They used continuous CNT yarns reinforced Ultem to build
the frame of a quadcopter. They also demonstrated the application value of CNT yarns
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in coating materials (Figure 7a,b). The breaking load of a bare aluminum ring was about
5000 N while the breaking load of an aluminum ring coated with Epon 828/CNT yarn
could be higher than 11,000 N [123]. With lightweight and high-strength mechanical
properties, CNTFs are ideal materials for various kinds of armor, especially for body armor
applications [127,128]. Lee et al. [128] studied the dynamic strengthening phenomenon of
CNTFs under extreme mechanical impulses. They found that the kinetic energy absorption
properties of CNTFs are superior to other high-performance fibers such as nylon, Kevlar,
and aluminum monofilament. Structural reinforcement is one of the most important
applications of CNTs. With the breakthrough of high-strength CNTFs, more achievements
can be realized in high-end fields. Even the space elevator [1] can be possible.
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Figure 7. (a) Equipment in which Al rings are overwrapped with CNTFs. (b) Al ring overwrapped

with Epon 828 /CNT yarn. (a,b) Reproduced with permission from [123]. Copyright 2016, Elsevier
Sci Ltd. (c) SEM images and illustration of cone spinning for fabricating twisted and coiled neat

CNT yarns from forest-drawn CNT sheets and its designed application device. Reproduced with
permission from [129]. Copyright 2022, Wiley-Vch Verlag Gmbh. (d) Coiled CNT yarns for stomach
sensors. Reproduced with permission from [130]. Copyright 2019, Amer Chemical Soc. (e) Cross-
sectional SEM images for sheath-driven PI_PDMS@CNT muscles. Reproduced with permission
from [131]. Copyright 2022, Wiley-Vch Verlag Gmbh.

6.2. Energy Storage

In recent years, new energy development has attracted attention to energy storage.
Energy storage devices are an important emerging application field of CNTFs, and some
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advances have been made in device design and fabrication. CNTFs with high mechanical
properties are important materials for mechanoelectrical energy conversion [21,132,133].
Baughman et al. [134] designed a CNT yarn harvester that can convert tensile or torsional
mechanical energy into electrical energy. The peak electrical energy generated by the
coiled fibers was 250 W /kg as the stretching cycle frequency reached 30 Hz. At mechanical
frequencies between 6 and 600 Hz, the peak electrical energy generated per harvester weight
was higher than that generated by any prior-art mechanical energy harvesters. However, the
conversion efficiency of the twistron fibers was not high enough. Recently, Baughman and
Kim et al. [129] proposed some effective strategies to improve energy conversion efficiency.
As shown in Figure 7c, these improvement strategies include optimizing the orientation,
applying tensile stress, electrothermal pulse annealing under stress, and loading graphene
nanosheets [129,135]. The optimized twistrons reached a peak power output of 12-fold
that of the mechanical energy collector in the prior art at a frequency of 30 Hz. These
electromechanical conversion devices are expected to be applied in wave energy generation,
using human motion to power sensors and energy storage, and other emerging fields of
energy storage [130,136-138]. Figure 7d shows that Kim et al. [130] designed a sensor for
detecting gastric deformations based on coiled CNT yarn.

6.3. Artificial Muscle

Many studies have reported that the prepared CNTFs possess high mechanical and
electrical properties. Pasquali et al. [65] reported that fibers prepared by wet spinning
had a tensile strength of 4.2 GPa and electrical conductivity of 10.9 MS-m~!, comparable
to copper. Artificial muscle materials need excellent mechanical and electrical properties.
Therefore, the research on artificial muscle based on CNTFs has attracted much attention.
Kim and Baughman et al. [139,140] fabricated artificial muscles by spinning twisted CNTs,
exhibiting the contractile motion of an all-solid-state stretching muscle. Further study
showed that the tension and contraction of two-ply coiled CNT yarn were as high as 16.5%
under voltage driving, which was about 30 times higher than natural muscle [141]. They
increased the capacitance by introducing graphene, and the tensile stroke of artificial muscle
made with CNT yarns was increased two-fold [139]. Recently, they designed an artificial
muscle structure with a polymer core and CNT sheath (Figure 7e). This structure can
achieve an average power density of 12 kW /kg, which is 42-times that of human skeleton
muscle [131]. Fibrous artificial muscles are being investigated for applications such as
robotics, prostheses, and exoskeletons. The design and manufacture of related devices have
been relatively mature. CNTF-based artificial muscles are also more multifunctional.

7. Conclusions

Carbon nanotubes are a kind of ultra-light and high-strength material. The fiber struc-
ture composed of CNTs is expected to be a significant breakthrough for the next generation
of high-strength mechanical materials. However, the mechanical properties such as the
tensile strength of CNTFs are still far lower than the theoretical levels. Further research
on the preparation and assembly of CNTs is still urgently needed for the revolutionary
development of nanomaterials. In this review, we have analyzed the controllable prepara-
tion and tensile strength of CNTs at different scales. Based on recent years’ research on the
controllable preparation of CNTFs, the significance of defect control and efficient treatment
process to control tube-tube interactions is emphasized towards ultra-high-strength CNTFs.
We introduce the unique structure and large-scale preparation of CNTs, which is the basic
unit of nanoscale assembly. The significance of defect control for high-strength CNTFs
is emphasized. In addition, the mechanical strength and toughness can be significantly
improved by eliminating the tube—tube non-uniform interactions or other post-treatment
interactions. Based on the bottom-up method, the mass production of defect-free CNTs
and accurate assembly into the macro-scale with fewer defects, fine alignment, and higher
density is the priority to obtain macro-scale assemblies with excellent tensile strength. In
addition to tensile strength, mechanical properties such as fatigue, bending, and torsion, as
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well as electrical and thermal properties, face a similar problem of performance transfer
across scales. With further analysis of the influencing factors and optimization strategies
for the cross-scale transfer of other properties, the excellent intrinsic properties of CNTs
can be fully utilized, and CNTs can play a more significant role in many fields.

However, there are still many challenges to be solved. The first is the definition of
high-end application scenarios for these super strong, super tough materials. There are
ideal concepts, such as space elevators and flywheels, but they all require cross-disciplinary
assistance that is not available with current technology. The second is that the continuous
length of a single tube can be only meter-level, while tens of billions of tubes are needed
to make a macroscopic fiber even with a kilometer in length. Such non-damage welding
and inter-tube orientation of nanoscale fibers are challenges to science, engineering, and
material manufacturing. Therefore, tremendous breakthroughs at the technical level are still
needed. Finally, in order to further improve the strength and achieve practical application,
the large-scale preparation of CNTs with defect-free or defectless structures is crucial.
However, without engineering input in application scenarios, the development of the large-
scale preparation of such nanomaterials will be an unspontaneous and challenging process.
Despite of that, we believe that the continuous attention from researchers in the fields of
emerging energy and materials can finally find solutions to those tough but significant
problems, such as the preparation and performance optimization of cutting-edge fiber
materials like CNTFs.
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Abstract: Single-walled carbon nanotubes (SWCNTs) with their high surface area, electrical conduc-
tivity, mechanical strength and elasticity are an ideal component for the development of composite
electrode materials for batteries. Red phosphorus has a very high theoretical capacity with respect
to lithium, but has poor conductivity and expends considerably as a result of the reaction with
lithium ions. In this work, we compare the electrochemical performance of commercial SWCNTs
with red phosphorus deposited on the outer surface of nanotubes and/or encapsulated in internal
channels of nanotubes in lithium-ion batteries. External phosphorus, condensed from vapors, is easily
oxidized upon contact with the environment and only the un-oxidized phosphorus cores participate
in electrochemical reactions. The support of the SWCNT network ensures a stable long-term cycling
for these phosphorus particles. The tubular space inside the SWCNTs stimulate the formation of
chain phosphorus structures. The chains reversibly interact with lithium ions and provide a specific
capacity of 1545 mAh-g~! (calculated on the mass of phosphorus in the sample) at a current density
of 0.1 A- g_l. As compared to the sample containing external phosphorus, SWCNTs with encapsu-
lated phosphorus demonstrate higher reaction rates and a slight loss of initial capacity (~7%) on the
1000th cycle at 5 A-g~ 1.

Keywords: carbon nanotubes; phosphorus; encapsulation; lithium-ion batteries

1. Introduction

Elementary phosphorus (P) has attracted considerable attention as a promising anode
material for lithium-ion batteries (LIBs) due to the strong affinity between P and the
metal ion [1]. Phosphorus in the course of electrochemical reactions is able to accept
three lithium ions (Li3P) [2], which provide a theoretical capacity of 2596 mAh-g~! [3].
Among all allotropes, red phosphorus is commercially available, chemically stabile and
environmentally friendly [4].

Limitations in the use of red phosphorus in LIBs are associated with its low electrical
conductivity (~1071* S.em~1) [5,6], which leads to slow electrochemical redox reactions
and poor rate performance. In addition, the high initial capacity of phosphorus drops
rapidly during charge-discharge due to volume expansion (>300%) with the attachment of
lithium [7]. As a result, red phosphorus anodes exhibit a rapid capacity loss, low Coulombic
efficiency and electrode deterioration during cycling [8-10].

To alleviate these problems, a carbon matrix is used [1]. Allotropes of carbon are gen-
erally hydrophobic and resistant to chemicals under normal conditions. The combination
of phosphorus and carbon is an opportunity to obtain a conductive material in which the
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carbon protects and/or stabilizes phosphorus during operation of the device [11]. Most of
these combinations are obtained either by deposition of phosphorus on carbon using the
evaporation-condensation technique [4,11-16], or by simple mixing of the components in
a ball mill [2,17-23]. However, in this case, the carbon matrix is able to prevent material
degradation only for a short time of LIB operation (less than 100 cycles) [24,25].

At present, it is generally accepted that phosphorus-based anodes should be made in
the form of nanocomposites, in which the phosphorus component is finely dispersed in
carbon [21]. Such materials are porous (micro- or mesoporous) carbon [3,4,13], modified
graphene [6,26,27], carbon nanofibers [28] and carbon nanotubes (CNTs) [2,20,29]. Besides,
it is very important to maintain a good electrical connection between the phosphorus and
the conductive matrix during the lithiation processes.

The combination of phosphorus with porous carbon has been shown to provide
good cycling stability of the composite electrode due to pores that prevent phosphorus
sputtering [30]. Channels between CNTs and inside them can also perform this phosphorus-
stabilizing role [31], preventing the contact of phosphorus with environmental molecules.
CNTs are characterized by high conductivity (>10? S-cm~!) [32], mechanical strength
(Young’s modulus < 1 TPa) [33-35], tensile strength < 70 GPa [35,36]) and flexibility [37,38].
Currently, several studies are reported using red phosphorus/CNT composites to im-
prove electrochemical performance in lithiation/delithiation processes [17,39,40]. A high
Coulombic efficiency in the fiftieth cycle was achieved for phosphorus-encapsulated CNTs;
however, the specific capacity during cycling significantly decreased [41].

It can be assumed that the structure of phosphorus affects its interaction with lithium
ions, although there are no clear studies in this area. The arrangement of phosphorus atoms
inside the nanotube depends on the size of the internal space [42—-45] and the synthesis
conditions. The vaporization-condensation process is commonly used to fill CNTs with
phosphorus [29,41,44]. This process also leads to the deposition of phosphorus on the outer
surface of CNTs [46—48]. Phosphorus oxides, formed when the deposit comes into contact
with laboratory air, are easily washed off with ethanol [43] or CS; [5,48], but the core of red
phosphorus nanoparticles is quite stable. During LIB operation, this external phosphorus
can detach from the conductive carbon surface and expand uncontrollably [44]. How to
mitigate or suppress these negative effects is the key to improving battery performance [39].

Here, we study the effect of phosphorus located on the surface of SWCNTs and/or
inside the channels of SWCNTs on the performance of the composite electrode in LIBs.
Commercial SWCNTs (trademark Tuball) 1.6-2.9 nm in diameter with closed or open
ends were used as a substrate for red phosphorus condensation at 800 °C. The structure
and composition of the synthesized nanomaterials were determined by scanning electron
microscopy (SEM) combined with elemental mapping by energy-dispersive X-ray spec-
troscopy (EDS), high-angle annular dark-field scanning transmission electron microscopy
(HAADEF-STEM), powder X-ray diffraction (XRD), Raman spectroscopy, thermogravimet-
ric analysis (TGA) and X-ray photoelectron spectroscopy (XPS). The nanomaterials were
comparatively studied in LIBs using galvanostatic discharge-charge (GDC) and cyclic
voltammetry (CV) measurements. SWCNTs with the encapsulated phosphorus showed the
best rate and cycling performance as well as faster kinetics of redox reactions as compared
to SWCNTs with external phosphorus deposits.

2. Materials and Methods
2.1. Synthesis

SWCNTs were purchased from OCSiAl (Novosibirsk, Russia). Treatment with con-
centrated HCI was used to remove the accessible iron catalyst from the sample and the
resulting SWCNTs served as a substrate to form the external phosphorus deposits (sample
SWCNTs/P). To open the caps of the nanotubes, the original sample was heated in air at
500 °C for 1 h and then washed with concentrated HCl and dried in air. The obtained
sample is labeled as o-SWCNTs and used as a reference.
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Synthesis of composite nanomaterials was carried out in an H-shaped quartz am-
poule by the vaporization-condensation method using amorphous red phosphorus (Prime
Chemicals Group, >98%). A phosphorus sample (60 mg) and a nanotube sample (30 mg)
were placed in different parts of an H-shaped quartz ampoule, the ampoule was pumped
out, sealed, heated in a muffle furnace to 800 °C with a rate of ~7 °C-min~! and kept
at the final temperature for 48 h. After that, the ampoule was naturally cooled to room
temperature and carefully opened in air. The product obtained with 0o-SWCNTs is desig-
nated as P@&SWCNTs/P. Treatment with an aqueous NaOH solution (2.5 M) was used to
remove external phosphorus deposits [46]. Briefly, a P@SWCNTs/P sample was vigorously
stirred at 60 °C for 5 h, filtered, washed to neutral pH and dried in an oven. This sample
is designated P@SWCNTs. A reference sample of red phosphorus P, was synthesized
by recrystallization of a commercial amorphous phosphorus sample under the conditions
used for the synthesis of composite nanomaterials.

2.2. Instrumental Methods

The sample morphology was characterized by SEM on a JEOL JSM 6700 F (JEOL LTD.,
Tokyo, Japan) microscope. Elemental analysis was carried out by EDS on a Bruker XFlash
6 spectrometer. HAADF-STEM and EDS mapping were carried out at 80 kV on a Themis Z
microscope (Thermo Fisher Scientific Inc., Eindhoven, The Netherlands) equipped with x-
FEG monochromator, dual side Cs spherical aberration correction and Super-X EDS detector.
High-resolution TEM (HRTEM) images were obtained using a Titan 60-300 microscope
(FEIL Eindhoven, The Netherlands) at an accelerating voltage of 80 kV.

Raman spectra were collected on a LabRAM HR Evolution Horiba spectrometer
(Horiba, Kyoto, Japan) using excitation from an Ar* laser at 514 nm at a power of 1 mW.
The spectra at room temperature were obtained in the backscattering geometry. The laser
beam was focused to a diameter of 2 um using an LMPlan FL 50x /0.50 Olympus objective.
The spectral resolution was 3.0 cm 1. The size of the laser spot was 1 pm. The XRD patterns
of the samples were obtained on a Shimadzu XRD-7000 diffractometer (Shimadzu Europa
GmbH, Duisburg, Germany) using Cu K« radiation and Ni filter on the reflected beam.

Simultaneous thermal analysis (STA) includes thermogravimetric (TG) and evolved
gas analysis using mass spectrometry. Measurements were performed on a NETZSCH
STA 449F1 Jupiter instrument (Selb/Bayern, Germany). The sample was placed in an
open Al,Oj crucible and heated in a helium flow (20 mL-min~!) from room temperature
to 1000 °C at a rate of 10 °C-min~!. An electron impact ionizer operated at an energy of
70 eV. The ion currents of the selected mass/charge (1m/z) numbers were monitored in
multiple-ion detection mode with a collection time of 0.1 s for each channel.

XPS measurements were carried out on an X-ray photoelectron spectrometer FleXPS
(Specs GmbH, Berlin, Germany) via an electron energy analyzer Phoibos 150 with a de-
lay line detector (DLD) electron detector. The spectra were excited by Al K« radiation
(1486.7 eV). The transmission energy of the analyzer was 20 eV. The vacuum in an ana-
lytical chamber was ~10~? mbar. Elemental composition was evaluated from the ratio of
the areas under corresponding core-level peaks of the survey spectra, taking into account
the photoionization cross sections at a given photon energy. Data processing was carried
out using the CasaXPS package (Casa Software Ltd., Teignmouth, UK). The fitting of the
spectra was performed using symmetric lines as a product of the Gaussian and Lorentzian
components. The XPS P 2p spectrum was fitted by two spin—orbit P 2p3 /,—P 2p; /» doublets
with a ratio of the components of 2:1 and separation of 0.84 eV after subtraction of the
background signal by Shirley’s method.

2.3. Electrochemical Measurements

To prepare the electrode material, a portion of the testing sample (~30 mg) was
mixed with polyvinylidene fluoride (PVDE-2, 10 wt%), necessary for better adhesion to the
copper foil surface, conductive carbon additive super P (10 wt%) and 2-3 mL of N-methyl-
pyrrolidone solvent. The mixture was stirred with steel balls on a vibrating mixer for 1 h.
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The resulting suspension was distributed over a copper foil and dried at 80 °C for 12 h
under vacuum. Electrodes with a diameter of 10 mm were obtained using a cylindrical
cutter. The mass of the active electrode material was determined from the mass difference
between the initial copper substrate and the substrate with the deposited material. The
weight of each electrode material was ca. 0.4-0.5 mg. The electrochemical cells were
assembled in a glove box filled with argon with the water and oxygen content less than
0.1 ppm. The CR2032 coin cells were assembled with lithium metal as the counter electrode.
The electrolyte was a 1 M solution of LiPF4 in a mixture of ethylene carbonate and dimethyl
carbonate (1:1 by volume) from Merck Co. GDC tests were performed on a NEWARE
CT-3008 station (Neware Technology Ltd., Shenzhen, China) in the voltage range from 0.01
to 2.50 V vs. Li/Li* at current densities from 0.1 A-g~! to 5-A g~!. CV measurements were
carried out using a Bio-Logic SP-300 station (Bio-Logic Science Instrument, Seyssinet-Parist,
France) from 0.01 to 2.5 V at scan rates varied from 0.1 to 1 mV-s~1.

3. Results
3.1. Characterization of Nanomaterials

The synthesis of composite nanomaterials is illustrated in Figure 1. At high tem-
peratures, phosphorus evaporates and moves into the part containing carbon nanotubes.
Vapors penetrate into the cavities of nanotubes when their caps are opened (0-SWCNTs
sample). Upon cooling, phosphorus species condense on accessible substrates, in particu-
larly, on the inner and outer surfaces of nanotubes and the ampoule walls. Therefore, the
P@SWCNTs/P sample contains encapsulated phosphorus and phosphorus covering the
nanotubes. Treatment of this sample with NaOH removes external phosphorus [46] and
the resulting P@SWCNTs are nanotubes filled with phosphorus. In the SWCNTs/P sample,
phosphorus should be present only on the outer surface of the nanotubes, because their
ends are closed.

Opening _ P-filling Purification

Heating at 500 °C _ Treatment in NaOH/:

800°C 60 °C

HCI treatment }
48 h Z 5h

0-SWCNTs phocgiorus  P@SWCNTs/P P@SWCNTs

P-deposition

Red SWCNTs/P

Figure 1. Schematic illustration of the synthesis of composite nanomaterials from SWCNTs and
red phosphorus.

The SEM study shows that the PRSWCNTs/P sample has a fibrous structure; how-
ever, individual bundles of nanotubes can be distinguished only at breaks (Figure 2a).
This is due to the coating of nanotubes with phosphorus. The bundles of nanotubes are
clearly visible in the P@SWCNTs image (Figure 2b), which confirms effectiveness of the
purification procedure used. EDS mapping shows differences between P@SWCNTs /P
(Figure 2¢) and P@SWCNTs (Figure 2d). In the former image, there are areas of phosphorus
accumulation, which may correspond to surface phosphorus nanoparticles. In the latter
image, phosphorus is evenly distributed throughout the sample.
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(d)

Figure 2. (a,b) SEM images and (c,d) corresponding EDS combined maps of carbon and phosphorus
elements for (a,c) P@SWCNTs/P and (b,d) PRSWCNTs.

The change in the structure of the initial o-SWCNTs sample after phosphorus con-
densation on the outer and inner surfaces of the nanotube is supported by XRD analysis
(Figure S1). The o-SWCNTs pattern contains reflections from bundled nanotubes [49].
These reflections are present in the P@&EWCNTs/P and P@SWCNTs patterns and overlap
with broad reflections at approximately 20 of 18°, 24° and 32°, corresponding to fibrous
red phosphorus [50].

To confirm the filling of nanotubes, we performed a study of P@SWCNTs using
HAADF/STEM and EDS analysis. Figure 3a shows a HAADF image of a nanotube bundle.
Bright strips along the axis of the bundle correspond to phosphorus since this element is
heavier than carbon. The combined elemental map of phosphorus and carbon is depicted
in Figure 3b. The phosphorus signal (green) appears evenly along the length of the bundle,
while in the transverse direction it alternates with the carbon signal (red). This distribu-
tion of phosphorus indicates its location in the internal cavities of nanotubes or between
neighboring nanotubes.

EDS analysis perpendicular to the bundle axis (inset in Figure 3c) found a low frac-
tion of phosphorus (Figure 3c). The phosphorus content determined from the EDS data
(Figure S2) is ~6 at% (15 wt%). The fact that the carbon profile is wider (Figure 3c) confirms
the absence of phosphorus on the surface of the SWCNT bundle. The phosphorus profile
is periodic due to the restrictive effect of the carbon walls. The lower intensity in the
phosphorus signal is accompanied by a peak in the carbon signal. Therefore, phosphorus
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has a preferable location along the nanotubes. The HRTEM examination revealed the
encapsulation of phosphorus in SWCNTs (Figure 3d). Phosphorus forms long ordered
chains similar to the fibrous structure of red phosphorus [42].
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Figure 3. (a) HAADF image of P@SWCNTs; (b) corresponding EDS elemental map of carbon and
phosphorus and (c) distribution of elements perpendicularly to the nanotube bundle (along the line
shown in the inset); (d) HRTEM image of phosphorus-filled SWCNTs.

The phosphorus content determined from the analysis of the XPS survey spectra is
ca. 16 at% (32 wt%) in P@SWCNTs/P, ca. 11 at% (23 wt%) in SWCNTs/P and ca. 9 at%
(18 wt%) in P@SWCNTs (Figure S3a). The latter value agrees well with the phosphorus
content obtained using EDS (Figure S2). The same ratio of reagents was used in all synthesis
and the lower content of phosphorus in SWCNTs/P, where the nanotube caps are closed,
as compared to P@SWCNTs/P, where the nanotubes are open, indicates that a surface is
required for phosphorus condensation. During the synthesis of SWCNTs/P, only the outer
surface of the nanotubes is accessible and the residual phosphorus is deposited on the walls
of the ampoule.

The XPS P 2p spectra of the composite samples were fitted by three spin-orbit doublets
(Figure 4a). The low-energy doublet with P 2p3,, binding energy of 130.1 eV is assigned to
elementary phosphorus, i.e., P-P species. This component dominates in the P@SWCNTs
spectrum and has the lowest relative intensity in the SWCNTs /P spectrum. The P 2p3, line
at 133.8 eV is associated with the P*3 state in oxidized species [46,51]. For a good fitting of
the P@SWCNTSs spectrum, an additional weak doublet was added between the P-P and P*3
components. The P 2p3/, binding energy of 132.0 eV corresponds to the oxygen-terminated
ends of phosphorus polymers [52]. We attribute this state to the ends of the encapsulated
phosphorus chains, which attached to oxygen when the sample came into contact with
laboratory air.
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Figure 4. (a) XPS P 2p spectra of P@RSWCNTs (encapsulated phosphorus), P@SWCNTs/P (encap-
sulated and external phosphorus) and SWCNTs /P (external phosphorus); (b) TG and DTG curves
measured for P@RSWCNTs /P and P@SWCNTs in helium.

The P 2p spectra of P@SWCNTs /P and SWCNTs /P samples contain an intense doublet
with the P 2p3 , binding energy of 134.4 eV from the P*° state in oxidized forms [51,53].
Doubles of the oxidized P*3 and P*° states form a peak with a maximum at 134.5 eV and this
peak is considerably higher in the SWCNTs /P spectrum (Figure S3b). The ratio of the area of
this peak to the area under the P-P doublet is 8.8 for SWCNTs/P and 3.5 for P@SWCNTs/P.
The outer surface of the SWCNTs can be covered by white phosphorus (this form is
clearly visible in the ampoule after synthesis) and red phosphorus nanoparticles, observed
by SEM/EDS analysis (Figure 2a,c). White phosphorus and the surface of phosphorus
nanoparticles are oxidized when interacting with oxygen and water molecules from the air,
while the nanotube walls protect the encapsulated phosphorus. The absence of high-energy
doublet in the P 2p spectrum of P@SWCNTs (Figure 4a) confirms the cleaning of the outer
surface of the nanotubes in this sample.

The decomposition of phosphorus-filled samples P@&SWCNTs/P and P@SWCNTs
was studied in helium by the STA method (Figure 4b). The broad peak observed in the
differential TG (DTG) curves between 40-200 °C corresponds to removal of adsorbed water
molecules. Next peak at ~250 °C is accompanied by the release of P, PH, and PHj species
from the samples (Figure 54). This process causes a loss of ~6 wt% for P@&SWCNTs/P and
~5 wt% for P@&SWCNTs. The main weight loss occurs at ~480 °C due to the evaporation
of P, PO and P,. As a result of this process P@SWCNTs/P and P@SWCNTs samples lose
~51 wt% and ~28 wt%, respectively. The SWCNTs/P sample shows a similar thermal
behavior (Figure S5) and has a mass loss of ca. 27 wt% over the range from 380 to 600 °C.
The loss of samples stops after ~850 °C and the mass of the residue corresponds to the
weight of SWCNTs in the composite. The almost two times lower SWCNT mass in the
P@SWCNTs/P sample as compares to the P@&SWCNTs sample (Figure 4b) is due to the fact
that the former sample contains external phosphorus.

Raman spectroscopy is used to compare the structure of SWCNTs and phosphorus
in reference and composite samples. The first-order region of the 0-SWCNTs spectrum
exhibits a weak D-band at 1357 cm ! (Figure 5a) due to the low density of defects in the
nanotube walls. Since the intensity of this band increases insignificantly in the spectra of
composite nanomaterials, we conclude that carbon atoms do not form covalent bonds with
phosphorus. The G-band at 1591 cm~! with a shoulder at 1574 cm ! observed in the Raman
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spectrum of 0-SWCNTs corresponds to longitudinal optical and transverse optical phonons
in semiconducting nanotubes [54]. The shoulder becomes less pronounced in SWCNTs/P
and overlaps with the main G-band peak in P@SWCNTs and P@SWCNTs/P. Thus, the
nanotube surface is modified in composite nanomaterials as compared to the initial o-
SWCNTs. Interestingly the G-band is upshifted by ~7 cm~! in the spectra of P@SWCNTs
and P@SWCNTs/P. This p-doping of SWCNTs is not observed for the SWCNTs/P sample,
where phosphorus located on the outer surface of the nanotubes. Therefore, only the
encapsulated phosphorus accepts electron density from SWCNTs. According to density
functional calculations, this occurs when phosphorus has a chain-like structure [46].
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Figure 5. Raman spectra of o-SWCNTs sample and composite nanomaterials: (a) the first order region
and (b) the RBM-mode region, presented with a zoom of 20; (¢) Raman scattering from 200 to 600 cm 1
for reference 0-SWCNTs and recrystallized phosphorus (Pre) samples and composite nanomaterials.

The peaks that appeared in the Raman spectrum of 0-SWCNTs at 123 and 148 cm !
(Figure 5b) correspond to the radial breathing modes (RBM) [55]. This region changes
strongly in the spectra of composite nanomaterials. The radial vibrations of the SWCNTs
are limited by the phosphorus coating in the SWCNTs /P sample. In the case of P@SWCNTs,
upshifts of the peaks can be associated with p-doping, which changes the conditions for
resonant excitation of SWCNTs [56]. Both the above effects are valid for P@&SWCNTs/P,
whose spectrum is a superposition of the spectra of SWCNTs/P and P@SWCNTs.

Raman scattering in phosphorous structures gives peaks in the region of 200-600 cm ™! [57],
where the spectrum of 0-SWCNTs has no features (Figure 5c). The Raman spectrum of
phosphorus condensed in an ampoule without SWCNTs (sample Py.) exhibits a set of peaks
characteristics of amorphous red phosphorus [58]. The SWCNT substrate significantly
modifies the structure of phosphorus. The spectra of composite nanomaterials show high
intensity at ~379 cm~!, where the Pre spectrum has a gap in intensity and suppressed
scattering in the range of 390446 cm~!. The Raman spectrum of P@&SWCNTs is very close
to the spectra of red phosphorus with the Hittorf’s structure [59] and fibrous structure [60].
Both of these phosphorus crystals consist of polymeric tubes with a pentagonal cross
section of Pg and Py cages connected by P, bridges [61]. The P@SWCNTs/P spectrum
looks like a combination of the Py, and P@SWCNTs spectra. Indeed, the sum of these
spectra in a ratio of 0.3 to 1.1 gives a line that agrees well with the experimental spectrum
of P@SWCNTs/P (Figure S6). The Raman spectrum of the SWCNTs /P sample has a low
intensity of P-P vibrations due to the small size of elementary phosphorus cores as shown
by XPS data (Figure 4a).

3.2. Electrochemical Properties

Figure 6a—e compare the first three GDC curves measured for amorphous red phos-
phorus, open SWCNTs and three composite materials at a current density of 0.1 A-g~1.
The first discharge and charge capacities of 2607 and 861 mAh-g~! for red phosphorus
(Figure 6a) give a very low initial Coulombic efficiency (ICE) of ~33%. A sufficient capacity
drop is observed in the following second and third cycles. This is due to the low electrical
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conductivity of amorphous red phosphorus and the large change in its volume during
lithiation. The o-SWCNTs reference sample also shows a low ICE of ~24% (Figure 6b).
However, the second and third discharge-charge curves practically coincide. The large
loss of capacity of o-SWCNTs in the first cycle is mainly attributed to the formation of a
solid-electrolyte interphase (SEI) layer on the electrode surface, which is observed as a long
plateau at ~0.9 eV during the first discharge and the irreversible incorporation of lithium

into the carbon matrix [62,63].
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Figure 6. First three GDC curves with insets of the first three CV curves measured for (a) red
phosphorus (Pq), (b) o-SWCNTs, (¢) SWCNTs/P, (d) P@SWCNTs/P and (e) PRSWCNTs; (f) Rate

capability of composite nanomaterials.
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The first discharge and charge capacities are 1062 and 291 mAh-g~! for SWCNTs/P
(Figure 6¢), 1299 and 597 mAh-g~! for P@SWCNTs/P (Figure 6d) and 1787and 779 mAh-g~!
for P@SWCNTs (Figure 6e). The highest value of the initial capacity of the P@SWCNTs
sample can be related to two factors. First, the nanotubes in this composite are free from
phosphorus coating and, therefore, lithium can accumulate in the space between them.
Second, the external phosphorus in SWCNTs /P and P@SWCNTs /P is significantly oxidized
as shown by the XPS P 2p spectra (Figure 4a). This oxidized phosphorus does not participate
in electrochemical reactions and, in addition, can prevent the penetration of lithium ions to
the elementary phosphorus core.

The ICE is 27% for SWCNTs/P, 46% for P@SWCNTs/P and 44% for P@SWCNTs.
As follows from the GDC curves measured for reference samples (Figure 6a,b), both
components of composite nanomaterials are responsible for the high irreversible capacity
of the first cycle. It is very important to maintain good electrical contact between the
phosphorus and the carbon matrix in order to maintain charge transfer [10]. Phosphorus
deposition only on the outer surface of SWCNTs (SWCNTs/P sample) does not solve the
problem of high irreversible capacity. However, the encapsulation of phosphorus into the
internal channels of nanotubes increases the ICE value and leads to an insignificant change
in the GDC curves in subsequent cycles.

CV measurements were used to determine the potentials of electrochemical processes
occurring with electrode materials. The first cathodic curves for all electrodes show a set
of peaks in the potential range of 0.17-1.7 V. A wide peak at ca. 1.5 V and two peaks
between 0.5 and 0.17 V observed for red phosphorus (inset in Figure 6a) refer to the process
of activation of the incorporation of lithium ions into phosphorus [2]. The first cathodic
curve of 0-SWCNTs (inset in Figure 6b) exhibits a peak at about 0.6 V due to the formation
of the SEI layer [64]. This peak is also observed for all composite nanomaterials, but
with a lower intensity, which indicates that the modification of the SWCNT surface as a
result of the synthesis of composite nanomaterials. Irreversible and broadened cathodic
peaks at 1.4-1.7 V (insets in Figure 6c—e) can be associated with both the activation of the
phosphorus component and the irreversible loss of phosphorus in the SEI layer. Remarkably,
the intensity of this peak decreases as the external oxidized phosphorus decreases from
SWCNTs/P to P@SWCNTs/P and then to the P@SWCNTs sample.

The second and third CV curves of composite nanomaterials show two reversible
redox peaks. The cathodic peak at ~0.62-0.69 V and the corresponding anodic peak at
~1.08-1.13 V (insets in Figure 6¢—e) correspond to the reversible reaction P + xLi* + xe™ <
LiyP [11] with stepwise formation of LiP, LipP and LizP [3,11]. On the second and third GDC
curves, these processes form plateaus, which are more repetitive during P@SWCNTs cycling
(Figure 6e). The redox pair at 0.01/0.15 V vs. Li/Li* corresponds to the insertion/extraction
of lithium ions into/from the SWCNT component [65].

Figure 6f compares the rate performance of composite nanomaterials for ten cycles
at each applied current density. The specific capacity is calculated based on the weight of
the electrode material. The SWCNTs/P sample showed the lowest values, in particular,
256, 200, 164, 130, 89 and 47 mAh- g’1 at current densities of 0.1, 0.25,0.5,1,2 and 5 A~g’1,
respectively. When the current density returned to 0.1 A-g~!, the SWCNTs/P electrode
was still able to maintain a delithiation capacity of 245 mAh-g~!. Notably, these values
exceed the capacity values of red phosphorus by 20-55% (Figure S7) at current densities
above 0.5 A-g~1. At high cycling rates, the rate of charge transfer becomes important. We
assume that in our case this effect is achieved due to the conducting property of SWCNTs.
The P@SWCNTs sample showed the best performance with capacities of 734, 605, 520, 452,
398 and 328 mAh~g’1 at current densities of 0.1, 0.25, 0.5, 1,2 and 5 A- g’l, respectively
(Figure 6f). There was no difference between delithiation and lithiation values, indicating
good electrode stability. After sixty test cycles, the electrode delivered 609 mAh-g~! at
0.1 A-g~!. The P@SWCNTs/P electrode showed a lower capacity (by 40-90 mAh-g~1)
than the P@SWCNTs electrode at 0.1, 0.25 A-g~! and 5 A-g~! and comparable capacity
at a current density of 0.5 to 2 A-g~!. The capacity of this electrode was 579 mAh-g~!
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at following cycles at 0.1 A-g~!. At all applied current densities, the specific capacity
of P@SWCNTs and P@SWCNTs/P exceeds the sum of the capacities of the individual
components (Figure S7).

Long-term cycling tests of composite nanomaterials were carried out at a current
density of 5 A-g~ 1. The specific capacity of SWCNTs/P continuously decreased (Figure 7a).
However, after one thousand cycles, the electrode loses only ~12% of its initial capacity.
The P@SWCNTs/P electrode maintained a capacity of ~296 mAh-g~! for ~250 cycles, after
which the capacity gradually decreased to 248 mAh-g~! at 1000th cycle. The capacity loss
for this electrode was ~16%. The P@SWCNTs electrode showed a slight decrease in capacity
from 340 to 317 mAh-g~! during cycling, which corresponds to a capacity loss of ~7%.

3.0

)
S

o 5A.g" 65" cycle

§-350 ; 2.5+

Eso0d %2.0-

%250- §’1-5'

@ 5 SWCNTs/P

S = 1.0 P@SWCNTs

&}

pr 0.5- P@SWCNTs/P|

=

8 25 0'0- T T T T T T T

‘% 0 200 400 600 200 1000 0 100_ 200 300 _400 500 6091 700
Cycle number (n) Specific capacity (mAh-g )

(a) (b)

Figure 7. (a) Long-term cycling of composite nanomaterials at 5 A-g ! and (b) GDC curves measured
at 65th cycle at a current density of 0.1 A-g~1.

The processes affecting the capacity of composite nanomaterials can be determined
from the GDC curves measured after long-term cycling (Figure 7b). The P@SWCNTs/P and
P@SWCNTs curves exhibit extended plateaus corresponding to reversible reactions between
phosphorus and lithium ions. The contribution of the SWCNT component to the capacity is
greater for P@QSWCNTs. In this case, the outer surface of the SWCNTs is not contaminated
with phosphorus and lithium ions can intercalate between the nanotubes. Sufficiently
stable operation of all composite nanomaterials in the electrochemical cells is most likely
associated with the formation of a conducting network by intertwined nanotubes.

To understand the higher rate performance of P@SWCNTs as compared to P@SWCNTs/P
(Figure 7a), a kinetic analyses of the electrochemical processes was carried out. Figure 8
compares data obtained at scan rates of 0.1, 0.3, 0.5, 0.7 and 1.0 mV-s~1. The CV curves show
two reduction peaks and two oxidation peaks for the P@SWCNTs/P electrode (Figure 8a),
while four reduction peaks and three oxidation peaks are detected for the P@SWCNTs
electrode (Figure 8d). The peak R1 corresponds to the insertion of lithium ions into the
SWCNT matrix and is more noticeable in the case of P@SWCNTs purified from external
phosphorus. The remaining redox peaks are associated with the lithiation/delithiation
of phosphorus and the difference in the number of these peaks for P@&SWCNTs/P and
P@SWCNTs is due to the difference in the structure of phosphorus nanoparticles in these
samples [66]. The encapsulated phosphorus has a chain structure and most likely forms
certain lithiated alloys. External phosphorus nanoparticles can vary significantly in size
and shape and the redox peaks of their reactions with lithium ions overlap, giving broad
signals in CV curves (Figure 8a).
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Figure 8. CV curves of (a) P@SWCNTs/P and (d) P@SWCNTs nanomaterials at different scan rates;
log(i) vs. log(v) plots for selected peaks of (b) P@SWCNTs/P and (e) P@SWCNTs; the normalized
ratio of capacitive and diffusion-controlled contributions at different scan rates of (c) P@SWCNTs/P
and (f) P@&SWCNTs.

The peak current (i) is a power-law function of the scan rate (v): i = av? [67], where a and
b are adjustable parameters. At a value of b equal to 0.5, the process has a diffusion character.
A b value close to 1 indicates that the surface (capacitive) process predominates [8,68-74].
The value of b strongly depends on a number of factors, such as potential, scan rate
and charge storage mechanisms [75]. The dependences of log(i) on log(v) are straight
lines (Figure 8b,e) and the slop of these lines relative to the x-axis gives the value of b
according to the formula log(i) = log(a) + blog(v). The resulting values for the selected
peaks are collected in the inserted tables. All values are greater than 0.5. Therefore, the
electrochemical processes occurring in the P@RSWCNTs /P and P@SWCNTs electrodes are
mainly surface-controlled. The b values for the peaks corresponding to the interaction of
lithium ions with phosphorus are slightly higher for P@SWCNTs (peaks R2, R3, R4 and
01, 02, O3) as compared to P@&SWCNTs/P (peaks R2 and O1, O2). This indicates that the
reactions in the P@SWCNTs electrode proceed faster [76].

The contributions of diffusion and capacitive processes to the peak current are sepa-
rated by the equation: i = kjv + kov'/?, where the first term corresponds to surface reactions
and the second term corresponds to ion intercalation [77,78]. The proportions of these
two contributions at different scan rates are displayed in Figure 8c for the P@SWCNTs/P
electrode and in Figure 8f for the P@SWCNTs electrode. It can be seen that the capacitive
contribution is larger in the case of P@SWCNTs.

4. Discussion

To reveal the contribution of SWCNTs to the electrochemical performance of their
composites with phosphorus, three samples with different distribution of components were
synthesized by means of evaporation and condensation of amorphous red phosphorus.

The SWCNTs/P sample was obtained using closed nanotubes and phosphorus de-
posited only on the outer surface of the nanotubes. The deposit is significantly oxidized
upon contact with laboratory air, as evidenced by the XPS (Figure 4a) and Raman scattering
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(Figure 5¢) data, in which only a small fraction of P-P bonds are detected. These bonds
form red phosphorus cores coated with oxidized phosphorus. Interestingly, the SWCNTs /P
electrode can operate at a high current density of 5 A g~! for a thousand cycles (Figure 7a).
A GDC study of the SWCNTs/P electrode after long-term cycling reveals an insignificant
contribution to the capacity from the interaction of lithium ions with SWCNTs (Figure 7b).
This is due to the fact that ions cannot penetrate inside capped nanotubes and into the
inter-tube space filled with phosphorus. However, SWCNTs ensure the conductivity of the
composite electrode and owing to this, the capacity loss is only ~12% at the 1000th cycle.

The P@SWCNTs/P sample was synthesized using pre-opened nanotubes and phos-
phorus condensed inside the nanotubes and on their surface. The external phosphorus
deposit was removed with NaOH solution to obtain P@SWCNTs. The HAADF/STEM
analysis showed that the encapsulated phosphorus was retained after the treatment used
(Figure 3a—c). According to the HRTEM study, this phosphorus forms long chains inside
the nanotubes (Figure 3d).

Surprisingly, the P@SWCNTs/P and P@SWCNTs samples showed very similar specific
capacity values (Figure 6f), while the phosphorus content in them differed almost two times
according to the XPS and TGA data. We recalculated the obtained values of capacity (C) to
the mass of phosphorus determined by the TGA method. The following formula was used
for calculation: C(P) = (C(composite) — C(SWCNTs in composite)/(Weight percentage of
P), where the C(SWCNTs in composite) was defined as: C(SWCNTs) x Weight percentage
of SWCNTs [13,79]. The C(P) values at current densities of 0.1 and 5 A-g’l are 900 and
486 mAh-g~! for P@SWCNTs/P and 1545 and 1006 mAh-g~! for P@&SWCNTs. The lower
values for P@SWCNTs/P confirm that oxidized external phosphorus, which makes up
about 80% of the total phosphorus content, does not contribute to the capacity.

The reported data on the electrochemical performance of P-CNT composites in LIBs
are compared with the present results in Table S1. High specific capacities of compos-
ite nanomaterials were obtained using multi-walled CNTs [20,29,79,80], which make a
significant contribution to the capacity due to the intercalation of lithium ions between
nanotube layers. For example, the pristine multi-walled CNTs used to fabricate composite
in [44] had a specific capacity of ~500 mAh-g~! at a current density of 0.1 A-g~!. This
value is double the corresponding value of our 0-SWCNTs reference sample. There are
only two works on the study of P-SWCNT composites in LIBs [40,81]. Both showed much
poorer electrochemical performance as compared to our P@SWCNTs electrode (Table S1).
The specific capacity is sometimes given by the mass of the phosphorus component in
the composite. The maximum recorded values are 1081 mAh-g~! at 3.9 A-g~! for the
ball-milled P-CNT composite [17] and 1264 mAh-g~! at 0.2 A-g~! for the composite ob-
tained from solution [79]. These values do not exceed the corresponding values for our
P@SWCNTs sample.

An additional advantage of the P@SWCNTs sample is that it retains a capacity of 93%
at 5 A-g~! on the 1000th cycle. The higher rate capability and greater rate retention of
P@SWCNTs as compared to P@&SWCNTs /P can be explain by two factors. First, the oxidized
layer on the surface of external phosphorus particles can slow down the diffusion of lithium
ions in the P@SWCNTs/P electrode. Second, lithium ions can reach the encapsulated
phosphorus in P@SWCNTs through defects present in the nanotube walls. Indeed, the
second and third CV curves of the 0-SWCNTs electrode demonstrate a clear redox peak at
~0.8/1.2 V (inset in Figure 6b). Such peaks were previously observed for holey graphene
materials with in-plane vacancies 2-5 nm in size [82,83]. These vacancies are likely formed
at the stage of SWCNT opening and purification and they are blocked by phosphorus
deposits in P@&SWCNTs/P. The large accumulation of lithium in P@SWCNTs at high rates
(Figure 6f) can only be explained by the presence of channels additional to the open ends of
the nanotube. The most probable are vacancy defects of suitable sizes in the sidewalls.
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5. Conclusions

In summary, we synthesized composite nanomaterials by the vaporization-condensation
process using commercial red phosphorus and SWCNTs. Under the synthesis conditions
used, phosphorus chains are formed inside open SWCNTs and the SWCNT surface is
covered with red phosphorus, which is oxidized upon contact with air. The external
phosphorus deposit is effectively removed with an aqueous solution of sodium hydroxide.
The content of phosphorus in samples with only external phosphorus SWCNTs/P, only
internal phosphorus P@SWCNTs and both types of phosphorus P@SWCNTs/P is 11, 8
and 16 at%, respectively, according to XPS data. To reveal the effect of various combi-
nations of SWCNTs and phosphorus in the composite on the electrochemical interaction
with lithium ions, nanomaterials were tested as anodes in coin-cell batteries with lithium
sheets as counter electrodes. The SWCNTs/P sample was found to perform better than
the reference red phosphorus due to the presence of a conducting network of SWCNTs.
Nanotubes practically do not contribute to the SWCNTs /P capacity because their surface
is blocked by phosphorus. The creation of composite nanomaterials with internal phos-
phorus almost doubles the initial Coulombic efficiency as compared to SWCNTs/P and
dramatically improves the specific capacity and cycling stability of the electrode. The
presence of both external and internal phosphorus leads to a gradual slight degradation
of the P@SWCNTs/P electrode over time, associated with slower diffusion processes into
the internal volume of the material. The excellent cycling stability of P@SWCNTs over
1000 cycles at a high current density of 5 A-g~! is associated with the synergistic effect of
highly capacitive phosphorus and conductive SWCNTs, the absence of inactive oxidized
phosphorus deposit and the presence of multiple channels for lithium ion diffusion to
encapsulated phosphorus.
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and P 2p spectra of composite nanomaterials; Figure S4: Ion current curves of evolved gases during
decomposition of P@SWCNTs; Figure S5: TG and DTG curves for SWCNTs/P; Figure S6: Experi-
mental and simulated Raman spectra of P@&SWCNTs/P; Figure S7: Rate performance of o-SWCNTs
and commercial red phosphorus; Table S1: Electrochemical performance of P-CNT composites in
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Abstract: We report Ag nanoparticles infused with mesosphere TiO, /reduced graphene oxide (rGO)
nanosheet (TiOp /rGO/Ag) hybrid nanostructures have been successfully fabricated using a series of
solution process synthesis routes and an in-situ growth method. The prepared hybrid nanostructure
is utilized for the fabrication of photovoltaic cells and the photocatalytic degradation of pollutants.
The photovoltaic characteristics of a dye-sensitized solar cell (DSSC) device with plasmonic hybrid
nanostructure (TiO, /rGO/Ag) photoanode achieved a highest short-circuit current density (Jsc) of
16.05 mA /cm?, an open circuit voltage (Voc) of 0.74 V and a fill factor (FF) of 62.5%. The fabricated
plasmonic DSSC device exhibited a maximum power conversion efficiency (PCE) of 7.27%, which
is almost 1.7 times higher than the TiO,-based DSSC (4.10%). For the photocatalytic degradation
of pollutants, the prepared TiO, /rGO/Ag photocatalyst exhibited superior photodegradation of
methylene blue (MB) dye molecules at around 93% and the mineralization of total organic compounds
(TOC) by 80% in aqueous solution after 160 min under continuous irradiation with natural sunlight.
Moreover, the enhanced performance of the DSSC device and the MB dye degradation exhibited by
the hybrid nanostructures are more associated with their high surface area. Therefore, the proposed
plasmonic hybrid nanostructure system is a further development for photovoltaics and environmental
remediation applications.

Keywords: solar energy; dye degradation; surface plasmon resonance effect; TiO,/rGO/Ag;
hybrid nanostructures

1. Introduction

The significant increase in energy requirements and the depletion of fossil fuels have
caused researchers to develop energy harvesting from renewable energy resources [1,2].
The use of solar-driven photovoltaic technologies and heterogeneous photocatalysis of-
fers an appealing solution to the current global energy crisis and environmental remedia-
tion [3-5]. In terms of solar energy conversion technologies, dye-sensitized solar cells
(DSSC) and heterogeneous photocatalytic dye degradation are the most attractive and
promising areas of research to address energy and environmental concerns [6,7]. Semi-
conducting titanium dioxide (TiO;) nanostructures are typically potential candidates as
photoanode materials in DSSC devices and photocatalysts for the heterogenous photodegra-
dation of toxic dyes due to their unique physicochemical properties [8-10]. However, the
wide bandgap of the TiO, nanostructures (3.2-3.3 eV) has the absorption region below 4%
in the entire solar spectrum compared to that of the visible region (43% solar energy) [11].
As a result, inefficient use of the visible light spectral portion and the fast recombination
of electron-hole pairs (TiO;) are significant constraints in the large-scale development of
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efficient photoanodes for DSSC devices and photocatalysts [12-14]. To overcome these
constraints, different TiO, nanostructure composites with two-dimensional (2D) carbon ma-
terials have been employed as an effective strategy in recent decades. In nature, 2D-single
molecular layered structures with sp? hybrid carbon atoms, i.e., graphene, possesses high
surface area (ca. 2600 m2/ g), electron mobility (ca. 15,000 m?/V.s at room temperature) and
unrestricted movement of electrons in the crystal lattice [2,15,16]. During the formation of
the nanocomposite, TiO, nanostructures are bonded with the graphene surface due to the
presence of intermolecular forces. This increases the number of electron spots and electron
bridges, which promotes electron transport with a suppressed recombination rate at the
interface [17]. Moreover, reduced graphene oxide (rGO) nanosheet composites with TiO,
nanostructures offer enhanced active surface area, good electrical conductivity and a lower
recombination rate of photon-induced-charge carriers for photovoltaic and photocatalytic
performance [18]. Manikandan et al. reported TiO, along with rGO not only enhanced the
surface area but also influenced the short-circuit current (Jsc) in a device due to the high
carrier mobility behavior of the rGO [19].

In recent decades, the localized surface plasmon resonance (LSPR) phenomenon of
noble metal nanoparticles has played a dual role as potential visible sensitizers and electron
sinks in the degradation of pollutant dyes and in DSSC device performance. It is a well-
known strategy to trap electrons and harvest maximum light for the development of
high-efficiency photovoltaic devices. Amine-functionalized TiO, composites with GO and
Ag nanoparticles exhibited high current density due to the improved electron transfer at the
photoanode/electrolyte interface, as reported by Kandasamy et al. [20]. The incorporation
of Ag nanoparticles (NPs) into TiO,-carbon nanotube (CNT) nanocomposites exhibited
a photocatalytic activity of 66% for methylene blue (MB) degradation under visible light
due to the presence of the CNTs and Ag NPs, as reported by Zhao et al. [21]. MBis a
well-known, highly carcinogenic thiazine pollutant that has been manufactured and used
in a variety of industries for various purposes. Therefore, it is strongly recommended to
remove such a persistent contaminant from any given aqueous solution [22].

Moreover, the introduction of Ag NPs onto a TiO, nanocomposite improved the
absorption-coefficient of the organic dye and eventually enhanced the optical absorption
in the visible-light region [23,24]. It is similarly promising to achieve superior electrical
conductivity with a prolonged lifetime of the photogenerated charge carriers for rGO/TiO,
nanocomposites [25]. For example, Huan et al. prepared a flower-shaped nanosheet
rGO/TiO, composite material that exhibited a photocatalytic efficiency of 92.3% under
UV-visible light irradiation for the degradation of a rhodamine B (RhB) solution [26].
Duygu et al. reported the development of rGO-TiO,-CdO-ZnO-Ag based composites that
exhibited an excellent degradation rate of methylene blue (MB) dye (15 min) with 91%
photocatalytic efficiency under UV light irradiation [27]. Similarly, Zohreh et al. reported
the influence of surface plasmon resonance on the photovoltaic characteristics of Ag/TiO,
in a photoanode-based DSSC device with a power conversion efficiency (PCE) of 6.5% under
1 sun simulated solar irradiation [28]. As a result, the combination of the LSPR influence of
Ag NPs and the conductivity of rGO nanosheets with the reduced recombination rate of
the TiO, /rGO/ Ag hybrid nanostructures is advantageous for long-term dye degradation
photocatalysts and photoanodes for DSSC devices.

In the present work, we report the in situ growth synthesis of mesosphere TiO, /rGO
nanosheets/Ag NPs as a plasmonic hybrid nanostructures for visible-light-responsive
DSSCs and photocatalytic applications. The prepared hybrid nanostructures are further
examined with respect to their structural, morphological and optical properties using
various advanced characterization techniques. The influence of the LSPR properties on a
constructed DSSC device with the visible-light-driven photoanode and photocatalyst dye
(MB) degradation is systematically investigated with an appropriate mechanism.
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2. Experimental Section
2.1. Materials and Reagents

Titanium tetra-isopropoxide (ITIP), ethylene glycol (C3H¢Oy), acetone (C3HgO),
ethanol (C,HgO), graphite powder, sodium nitrate (NaNOj3), sulfuric acid (H,SO,), potas-
sium permanganate (KMnO;), hydrochloric acid (HCI), hydrogen peroxide (H,05), iso-
propyl alcohol (IPA), 1,4-benzoquinone (BQ), ethylenediaminetetraacetic acid (EDTA) and
silver nitrate (AgNO3) were purchased from SRL Co., Mumbai, India. All the purchased
chemicals were analytical grade and used in the synthesis without further purification.

2.2. Preparation of TiO, Mesospheres

TiO, mesospheres were prepared through a combined route of sol-gel and solvother-
mal synthesis. In the first step (sol-gel), 3 mL of TTIP was slowly added into 150 mL of
ethylene glycol, and the solution was continuously stirred for 12 h at room temperature.
After a 12 h stirring process, 300 mL of acetone with 2 mL of de-ionized water (DI) were
added into the solution and stirring was continued for 2 h to obtain a white suspension.
Subsequently, the white suspension was collected and subjected to several centrifugations
with ethanol and DI water, respectively. The obtained product was dried at 60 °C for 10 h
to remove the impurities and form titanium glycolate. In the second step of the procedure
(solvothermal route), 1 g of titanium glycolate was dispersed into 60 mL of a mixed solvent
of ethanol and DI water under stirring. The prepared white solution was then transferred
into a 100 mL autoclave and kept at 180 °C for 12 h. Finally, the TiO, mesospheres were
obtained after annealing at 350 °C for 1 h.

2.3. Preparation of Graphene Oxide (GO)

Graphene oxide (GO) was prepared under room-temperature conditions by the oxida-
tion of natural graphite powder using a modified Hummer’s method [29]. Briefly, 1 g of
natural graphite powder and 0.5 g of sodium nitrate were blended in 23 mL of concentrated
sulfuric acid under vigorous stirring for 30 min. A total of 3 g of well-ground potassium
permanganate was then slowly added into the mixed solution and stirred for 30 min under
ice-bath conditions at 7 °C. The mixed solution was then stirred at 35 °C for 30 min. To
quench the vigorous oxidation process in the solution, 3 mL of hydrogen peroxide was
added to 60 mL of DI water, and the solid GO powder was obtained after washing several
times with 5% of HCL and DI water, then dried overnight at 60 °C.

2.4. Preparation of Mesosphere TiO,/rGO Sample

Prepared TiO, mesospheres (0.2 g) were added to a mixed solution of an equal portion
of DI water (15 mL) and ethanol (15 mL) (as solution A). Then, 30 mg of GO powder was
dispersed in the same ratio of solvent (DI and ethanol) under stirring for 1 h (as Solution B).
Solutions A and B were then mixed with continuous stirring for 1 h. The resultant mixed
solution was transferred into a 100 mL autoclave and kept in hot air at 180 °C for 12 h.
The final product of mesosphere TiO, /rGO was obtained by washing the product with DI
water and drying overnight at 60 °C.

2.5. Preparation of TiO2/rGO/Ag Hybrid Nanostructure by In Situ Growth

The TiO, /rGO/ Ag hybrid nanostructures were synthesized by an in situ hydrothermal
process. In this procedure, 10 mg of silver nitrate was dissolved in 60 mL of DI water
(30 mL) and ethanol (30 mL), and then 0.2 g of the prepared TiO, /rGO was added to the
above solution under continuous stirring for 1 h. The net solution was transferred into an
autoclave and kept at 180 °C for 4 h. The final product was washed with DI water and
dried at 60 °C.
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2.6. Characterization

Structural analysis was conducted using X-ray diffraction (XRD; PANalytical, Malvern,
UK) with Cu K« radiation (A = 1.5406 A) in the 2-theta range between 10° and 80° with a
scanning rate of 0.02° /min. Raman spectra of the prepared sample were obtained using a
micro-Raman spectrometer (LABRAM HR Evolution, Horiba, Longjumeau, France) with
an excitation wavelength of 532 nm. The surface morphology of the prepared samples was
analyzed using high-resolution scanning electron microscopy (HR-SEM; Apreo S, Thermo
Fisher Scientific, Hillsboro, OR, USA) with an acceleration voltage of 15 kV. Further analysis
of the surface morphology was conducted using high-resolution transmission electron mi-
croscopy (HR-TEM; JEM-2100, JEOL, Tokyo, Japan) with an acceleration voltage of 200 kV
to reveal the atomic interplanar morphology and the elemental composition of the pre-
pared samples. Ultraviolet-visible diffuse reflectance spectroscopy (UV-DRS, V-750, JASCO,
Tokyo, Japan) measurements were conducted in the range of 200 nm to 800 nm. To analyze
the emission properties of the prepared sample, photoluminescence (PL; FP8600, JASCO,
Tokyo, Japan) spectra were measured at room temperature. The surface area and pore size
distribution of the samples were characterized by the BET (Brunauer-Emmett-Teller) and
BJH (Barrett-Joner—-Halenda) methods (Autosorb IQ series, Quantachrome Instruments,
Boynton Beach, FL, USA). X-ray photoelectron spectroscopy (XPS) was performed via
a Kratos analytical instrument (ESCA 3400, Shimadzu Corporation, Kyoto, Japan). The
percentage of mineralization efficiency was determined from total organic carbon (TOC)
measurements (TOC-L, Shimadzu, Kyoto, Japan). Photovoltaic characterization of the fab-
ricated devices was performed using a solar simulator (Sciencetech, Class A, Lamp: 300 W,
London, ON, Canada). The I-V measurement and incident photocurrent efficiency (IPCE)
of fabricated devices was measured using the same solar simulator over the wavelength
range of 200 nm to 800 nm.

2.7. Photocatalytic Experiments

The photocatalysts measurement were carried out in our laboratory, SRM Institute
of Science and Technology, Chennai (28°4’ N; 82°25 E), in April 2020 (8 April to 10 May).
Daylight from 9 am to 12 pm was utilized to perform the photocatalytic experiment with
an average light intensity of 68.2~89.4 mW /cm?. The photocatalytic properties of the
as-synthesized samples were performed using MB dye as a model pollutant. In a typical
photocatalytic reaction, 10 ppm of MB dye was added to 50 mL of DI water and stirred
for 5 min. The solution was maintained in the dark for 20 min under stirring to achieve
an adsorption—-desorption equilibrium. At regular time intervals of the photocatalytic dye
degradation reaction solution (20 min), 3 mL aliquots of the solution were sampled and
UV-Vis spectra were measured.

2.8. DSSC Device Fabrication

Prepared samples, such as TiO,, TiO, /rGO and TiO, /rGO/Ag (0.25 g each), were
dispersed in 2 mL of stock solution (prepared by mixing an equal amount of DI water
and ethanol) and ground for 15 min. To obtain a paste-like formation, 2 mL of the stock
solution was mixed with 200 uL of acetic acid and 100 pL of surfactant (Triton 100-X)
during the grinding process. The resultant colloidal solution was then uniformly coated
on a fluorine-doped tin oxide (FTO) substrate with optimized conditions using a doctor
blade technique. After drying at 100 °C for 10 min, the coated substrate was annealed at
450 °C for 30 min. The coated FTO was then immersed in dye solution for 12 h, which
consisted of 0.03 M dis-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2”-bipyridyl-4,4'-
dicarboxylato) ruthenium (II) (N719). The prepared photoanode was subsequently clamped
with a Pt-coated counter electrode to form a sandwich type of device. An electrolyte solution
consisting of 0.6 M dimethylpropylimidazolium iodide, 0.1 M lithium iodide, 0.01 M iodine
and 0.5 M 4-tert-butylpyridine in acetonitrile was then filled in between the layers of the
sandwich-type device.
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3. Results and Discussion
3.1. Structural and Compositional Analysis

Figure 1a shows the XRD patterns of prepared samples of pristine GO, mesosphere
TiO,, TiO, /rGO and TiO, /rGO/Ag. A strong and sharp diffraction peak is observed at
9.8°, which corresponds to the (0 0 1) crystal plane of GO. Using Bragg’s equation, the inter-
layer distance of the as-prepared GO sheet was estimated to be 0.9 nm, whereas graphite
powder shows an interlayer distance around 0.33 nm [30]. The XRD pattern obtained
for GO indicates that the bulk graphite is successfully reduced as rGO nanosheets [31].
Furthermore, the characteristic peaks of TiO, are observed at 25.28°, 37.97°, 47.95°, 53.84°,
55.02°, 62.40°, 68.70° and 75.20°, which are assigned to the (101),(004),(200), (105),
(211),(204), (116)and (21 5) planes, respectively. In the case of TiO,/rGO/Ag, the
peaks observed at 38.12°, 44.26°, 64.33° and 77.35° are associated with the cubic phase of
the Ag(111),(200),(220)and (31 1) planes (JCPDS: 04-0783). Therefore, the obtained
XRD pattern of the TiO, /rGO/Ag composite reveals the coexistence of rGO, TiO; and Ag
materials and confirms the effective formation of a hybrid nanostructure.
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Figure 1. (a) XRD patterns, (b) Raman spectra of GO, mesosphere TiO,, TiO, /rGO and TiO, /rGO/Ag.
XPS core level spectra of the (c) Cls spectra of GO; (d) C 1s spectra of TiO, /rGO; (e) Ti 2p spectra of
mesosphere TiO,, TiO, /rGO and TiO, /rGO/Ag; (f) Ag 3d spectra of TiO, /rGO/Ag.

To explore the structural characteristics, Raman spectroscopy was performed for GO,
TiO,, TiO, /rGO and TiO, /rGO/Ag samples, as shown in Figure 1b. The obtained Raman
spectrum of pristine GO revealed the D band at 1350 cm ™! due to the disordered nature
of the graphene structure with sp® defects (as given in Figure S1). In addition, the G
band (at 1587 cm~!) was observed in the Raman spectrum of pristine GO, which was
attributed to the in-plane vibrations of C-C stretching in graphitic materials, as well as the
doubly degenerate phonon mode in the Brillouin zone [32]. As shown in the inset image
of Figure 1b, the G band shifted from 1587 to 1599 cm ™!, which is direct evidence of the
effective reduction of GO to rGO with a constant D band for TiO, /rGO [33]. In comparison
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with pristine GO, the Ip /I intensity ratio of the TiO, /rGO and TiO, /rGO/Ag samples was
slightly reduced to 0.83 from 0.87 (as shown in Supporting Information Figure S1). However,
the reduction in the I /Ig ratio indicates a considerable reduction in the sp2 domain size
of carbon atoms, as well as the reduction of sp3 to sp2 [34]. In the case of TiO, /rGO/Ag,
the Raman vibrational modes were observed at 147, 199, 396, 515 and 639 cm ™!, which
corresponds to the Eg, Eg, By, A1g and Eg modes of anatase TiO, [35]. On the other hand,
the broadening of the Eg mode (147 cm 1) with a considerable peak shift revealed the
presence of TiO, mesospheres, as well as Ag NPs, on multilayer rGO. Furthermore, there
were no significant changes in the observed Raman scattering modes of the plasmonic
hybrid nanostructures compared with the hybrid sample (TiO, /rGO). Nevertheless, the
single Raman characteristic peak of the anatase TiO, phase was considerably enhanced
due to the LSPR properties of Ag NPs on the TiO,/rGO/Ag hybrid surface [36]. The
obtained Raman characteristic modes further confirm the successful formation of plasmonic
hybrid nanostructures.

XPS measurements were performed to evaluate the chemical state and interaction
of the prepared hybrid nanostructures and pristine GO samples. The surveyed spectra
of TiO,, TiO, /rGO and TiO, /rGO/ Ag indicate the presence of Ti, O, Ag and C elements
without any impurities in the prepared hybrid nanostructures (as given in Supporting
Information Figure S2). The deconvoluted C 1s spectrum of the as-prepared GO sample
is shown in Figure 1c as follows: (i) At 282.55 eV, C bonds with spl carbon atoms [37],
(ii) C=C bonds denote the aromatic sp? structure groups present in the GO at 284.66 eV,
(iii) the peak at 286.30 eV represents the carboxyl groups (C-O bonds) including epoxy
and hydroxyl group [38]. In the case of the TiO,/rGO sample, the deconvoluted XPS
peak of the C 1s spectrum shows the four diverse carbon bonds with various bind-
ing energies of 283.18 eV, 284.74 eV, 286.07 eV and 288.72 eV. Thus, the peak that ap-
pears at 283.18 eV indicates the chemical bonding between the C atom and the Ti atom
(Ti—C) [34]. Furthermore, the peaks with reduced intensity emerges at 284.74 eV, 286.07 eV
and 288.72 eV with extensively reduced intensity purely attributed to C=C, C-O, O=C-OH
bonds as oxygenated functional groups, which highlights the formation of rGO from GO [39].
Figure S3 shows the deconvoluted O 1s spectrum with two bands at 529 eV and 530 eV that
correspond to the Ti—-O-Ti and Ti-O-C groups. There is a slight peak shift in the TiO, /rGO
sample from 530.95 eV to 531.12 eV, which indicates the strong binding of rGO with TiO,
mesosphere during the solvothermal process [40,41] The chemical states of Ti species were
thoroughly investigated using the XPS spectra, as shown in Figure le. The core level peak
of Ti is split into a doublet peak observed at 458.40 eV and 464.10 eV, which corresponds
to Ti 2p3,, and Ti 2p; > with a splitting energy of 5.7 eV, mainly attributed to the Ti**
state for the TiO,/rGO/Ag samples [42,43]. After infusing the Ag NPs into the hybrid
nanostructure, the doublet peaks (Ti 2p3,, and Ti 2p; ;) of the Ti 2p state have observed
notable shifts to higher order, such as 458.40 eV to 458.51 eV (Ti 2p3,,) and 464.10 eV
to 464.27 eV (Ti 2py/2). As a result, a positive shift in the doublet peak of the Ti species
directly reflects the alteration of the Fermi level, whereas the Ag species holds a lower
Fermi level offset than that of TiO,, Therefore, the resultant Fermi level alignment in the
plasmonic hybrid nanostructures are more favorable for fast electron transfer processes
at the rGO/TiO,/ Ag interface [44]. Figure 1f shows the doublet peaks of the Ag element
at binding energies of 367.23 eV and 373.31 eV, which correspond to Ag 3ds5,, and Ag
3ds/, with a splitting energy of 6.12 eV, which confirms the presence of the Ag NPs in the
prepared TiO, /rGO/Ag hybrid nanostructures [45].

3.2. Morphological Analysis

The surface morphology features of GO nanosheets, TiO, mesospheres, TiO, /rGO and
TiO, /rGO/ Ag hybrid nanostructures were investigated using HR-SEM, TEM and HR-TEM
measurements, as shown in Figure 2. The transparent ultrathin GO nanosheets are visible
in the HR-SEM and HR-TEM micrographs, as shown in Figure 2(al-a3). As-prepared TiO,
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mesosphere samples are agglomerate-free, uniformly distributed and spherical shaped,
with an average size of ~570 nm (see Figure 2(b1)).

HR-SEM TEM __ HR-TEM

Figure 2. HR-SEM, TEM and HR-TEM images of prepared samples of GO (al-a3), TiO; (b1-b3),
TiO, /GO (c1-3) and TiO, /rGO/Ag (d1-d3).

The surface morphology and atomic interplanar distance of prepared samples were
investigated using TEM and HR-TEM, as shown in Figure 2(b2,b3). Figure 2(c1-c3) shows
the uniform TiO, mesospheres with an interplanar distance of 0.35 nm for the pure anatase
TiO, phase over the rGO nanosheet surfaces, The presence of Ag NPs embedded in the
TiO, mesosphere-coated rGO nanosheet surfaces is revealed by the TEM and HR-TEM
images of the hybrid nanostructures. The interplanar distance of the prepared hybrid
nanostructures was estimated from the HR-TEM image using a line profile analysis, as
shown in Figure 2(d3). The calculated interplanar distance values were 0.35 nm and 0.23 nm
for the anatase TiO, crystal plane of (1 0 1) and the (1 1 1) crystal plane of the Ag NPs,
respectively, which is well matched with the standard JCPDS cards (Nos. 21-1272 and
04-0783) [46]. Moreover, the elemental mapping and energy dispersive X-ray spectroscopy
(EDX) spectrum of the prepared hybrid nanostructures indicate the coexistence of C, Ti, O
and Ag elements without the presence of any impurities in the resultant hybrid sample (as
shown in Supporting Information Figure S4). Therefore, the resultant surface morphology
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of the prepared hybrid ternary nanostructures indicates that the plasmonic Ag NPs are
uniformly embedded into the TiO, mesospheres anchored in the rGO nanosheet surfaces.
Moreover, the thickness of the fabricated photoanode was estimated to be 14.2 um (TiO;)
and 13.8 um (TiO, /rGO/Ag) and presented Figure S5a,b.

3.3. Optical and Surface Area Analysis

UV-DRS was used to investigate the optical absorption of the prepared TiO,, TiO, /GO
and TiO, /rGO/Ag samples and is shown in Figure 3a. Due to the electronic transition
of O 2p to Ti 3d, all of the prepared samples exhibit a typical optical absorption edge
located at 392 nm of TiO,, which corresponds to a bandgap energy of 3.3 eV for TiO, [47].
After the introduction of Ag NPs over the TiO, /rGO surface, the optical absorption of the
hybrid nanostructure is significantly higher in the visible region compared to the other
samples, due to the LSPR of Ag NPs on the TiO, /rGO surface [48]. Overall, the improved
visible-light-region absorption observed for the prepared hybrid nanostructures indicates a
greater number of photons harvested from the visible-light region, which is favorable for
efficient photocatalysts and photoanodes for solar energy conversion devices.
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Figure 3. (a) UV-DRS absorption spectra, (b) PL spectra of mesosphere TiO,, TiO,/rGO and
TiO, /rGO/Ag. Nitrogen adsorption—desorption isotherms of (c) surface area and corresponding
(d) pore size distribution of prepared samples TiO,, TiO, /rGO and TiO, /rGO/Ag.

PL emission spectroscopy measurements are widely used to understand the desired
photon-induced charge separation properties of the prepared samples. PL spectra of
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the prepared samples with an excitation wavelength of 300 nm and in the range from
350 to 500 nm are shown in Figure 3b. A strong band edge emission peak is observed at
around 389 nm for all the prepared nanostructure samples [49]. Another emission peak
centered in the visible region of 480 nm indicates the presence of oxygen vacancies on the
TiO;, surface. For the plasmonic hybrid nanostructures, the resultant emission peaks are
significantly quenched, which is a direct indication of the reduction of the photon-induced
electron-hole pair recombination rate that facilitates electron transfer at the TiO, /rGO/Ag
interface [50,51]. The function group of GO and prepared materials were analyzed by FTIR
spectrum [52,53] (Figure S6).

The surface area and pore size distribution of the prepared samples were evaluated
using the BET and BJH methods shown in Figure 3c,d. In comparison, the specific surface
area of Ag NP-based hybrid nanostructures have a surface area of 297.71 m?/g due to TiO,
mesosphere formation with the Ag NP-coated rGO nanosheets. The estimated surface
areas of the TiO; mesosphere and TiO, /rGO samples were 234.16 m? /g and 281.31 m?/g,
respectively. As shown in Figure 3d, the estimated pore sizes were 2.15 nm, 1.52 nm and
1.91 nm for the TiO,, TiO, /rGO and TiO, /rGO/Ag hybrid nanostructures, respectively.
The enhanced specific surface areas and pore size distributions of the hybrid nanostruc-
tures are more beneficial for the photoanodes in DSSC assemblies and photocatalysts for
photocatalytic reactions.

3.4. Performance of DSSC Deuvice

The influence of the LSPR properties of Ag NPs on the photovoltaic characteristics of
a DSSC based on a TiO, /rGO/Ag photoanode under simulated sun irradiation with an
AM 1.5 G filter was investigated. The current density vs. voltage characteristics of DSSC
devices assembled with various photoanodes (TiO;, TiO, /rGO and TiO, /rGO/Ag) are
given with error bars in Figure 4a. Compared with the TiO; and TiO, /rGO photoanodes,
the TiO, /rGO/Ag photoanode show superior photovoltaic performance with a maximal
Jsc of 16.05 mA/cm? and an improved open circuit voltage (Voc) of 0.74 V, with a fill
factor (FF) of around 62.50%. In addition, the hybrid-nanostructure-based plasmonic DSSC
device achieved a higher power conversion efficiency of 7.27%, which is 1.7 times higher
than that of a pristine TiO, photoanode (4.01%). An overall comparison of a fabricated
DSSC device’s photovoltaic characteristics are given in Table 1 and SI. Figure 4b shows
the IPCE of all of the fabricated DSSC devices in the range of 400 nm to 800 nm. The
Ag-based DSSC device exhibited the maximum IPCE owing to the presence of N719 dye
adsorption. The IPCE of the TiO,/rGO/Ag photoanode-based plasmonic DSSC device
achieved a maximum value of ca. 77.82% at an incident wavelength of 550 nm due to
improved photon harvesting efficiency and a higher number of electron extraction from the
N719 dye molecule than the other devices [27,28,52]. The photovoltaic performance of the
fabricated TiO, /rGO/Ag photoanode-based plasmonic DSSC cell has been compared with
a recent report, as illustrated in Figure 4c [54-59]. A tentative operating mechanism of the
proposed plasmonic DSSC device is illustrated to understand its enhanced photovoltaic
performance. As shown in Figure 4d,e, upon 1 sun irradiation the electrons are excited
from higher occupied molecular orbitals (HOMO) to lower occupied molecular orbitals
(LUMO) levels of the dye molecule (N719). Under this irradiation, if the incident light
coincides with the LSPR effect of Ag NPs (work function (WF) = —4.2 eV), then the electrons
close to the Fermi level are excited into a higher energy state by receiving the energy from
plasmon resonance, known as a hot electron, via non-radioactive process [60]. These
electrons have sufficient energy to break the Schottky barrier formed between the TiO,
mesosphere (WF = —4.4 eV) and Ag NPs and can flow through the conduction band of
the TiO, mesosphere. Moreover, it is possible that this hot electron can be accepted and
shuttled via rGO nanosheets (WF = —4.4 eV) [61-63]. The superior conductivity of rGO
nanosheets could assist in accepting or transmitting electrons generated by TiO, or Ag
NPs to the appropriate photoanode. The hybrid nanostructure attained higher efficiency
than the TiO, mesospheres for the following reasons. (i) The large surface area provides
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high dye loading and efficiently scatters the incoming light within the device. (ii) The
rGO nanosheets promote extraordinary charge transport where electrons come from TiO,
mesospheres or Ag NPs and limit the electron-hole recombination rate. (iii) The LSPR effect
of the Ag NPs extends the light absorption range from the UV to the visible region.
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Figure 4. (a) Current density—voltage characteristics (with error bar), (b) IPCE spectra for differ-
ent photoanode-based DSSC devices (mesosphere TiO,, TiO, /rGO and TiO, /rGO/Ag) measured
under one sun illumination, (c¢) compared efficiency of recent reported photoanode materials with
TiO, /rGO/Ag device performance, (d) schematic representation of the charge transfer process influ-
enced by a plasmonic hybrid nanostructure (TiO, /rGO/Ag)-based DSSC device and (e) DSSC device
consists of hybrid photoanode and energy level diagram.

Table 1. Comparison of the photovoltaic properties and surface area of the DSSC device based on
the mesosphere TiO,, TiO, /rGO and TiO, /rGO/Ag photoanodes measured under AM 1.5 G one
sun illumination.

Photoanode  Surface Area (m?/g) JSC (mA/cm?) VOC (V)  FF (%) n (%)
TiO2 234.16 9.50 0.70 51.0 4.10
TiO2/rGO 281.31 13.80 0.74 55.0 5.00
Ti02/rGO/Ag 297.71 16.05 0.74 62.5 7.27

Figure S7 shows the transient photocurrent response of the TiO, /rGO/Ag composite
under 1 sun light irradiation with the highest photocurrent density, which is approximately
one-fold greater than that of TiO, /rGO. This confirms that the incorporation of Ag into the
TiO, /rGO/Ag nanocomposite not only enhances the light harvesting but also significantly
expedites the photon-induced charge carrier separation and transport properties of Ag
NP-coupled hybrid composites. The transient photocurrent response of the TiO, /rGO/Ag
composite was also performed under a UV filter, which confirmed the plasmonic Ag
response photocurrent in the visible region. These results confirm that Ag could act as
an acceptor of the photogenerated electrons by TiO,/rGO and encourage fast charge
transportation due to the high metallic conductivity, which effectively suppresses the
charge recombination in the composites.
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3.5. Photocatalytic Performance

To demonstrate the photocatalytic MB dye degradation process, TiO,-, TiO, /rGO- and
TiO, /rGO/ Ag-based photocatalysts were employed under natural sunlight irradiation
for three repetitions as shown in Figure S8. Figure 5a—c shows dye degradation profiles
with MB as the pollutant with different irradiation times under natural sunlight for all of
the prepared photocatalysts. The maximum absorption peak for the photocatalytic dye
degradation process in the presence of a photocatalyst is displayed at around 664 nm due to
the absorbance characteristics of MB dye. Under dark conditions, there were no significant
changes in the UV-vis absorption spectra of all the prepared photocatalysts. The UV-vis
absorption spectra of all the prepared photocatalysts were successfully recorded with a time
interval of 20 min under continuous natural sun irradiation. The hybrid nanostructures
of the TiO, /rGO/ Ag photocatalyst exhibited a higher dye degradation efficiency of 93%
under continuous natural sunlight irradiation for 160 min. Compared with pristine TiO,,
the enhanced dye degradation efficiency of the plasmonic hybrid photocatalyst was almost
1.3 times higher due to the LSPR properties of the Ag NPs. On the other hand, the
presence of rGO/Ag on the TiO, surface creates a more favorable environment for fast
photon-induced charge separation and transfer with an extended lifetime of charge carriers,
whereas Ag NPs act as electron sinks for improved photocatalytic dye degradation [64].
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Figure 5. (a—c) UV absorption spectra of MB degradation with different interval time under natural
sunlight, (d) plots of C/Cy as a function of time (min) towards the photo degradation of MB, (e) TOC
analysis was observed for TiO, /rGO/Ag at different intervals and the (f) photocatalytic degradation
of MB in the presence of different scavengers of the TiO, /rGO/Ag sample under natural sunlight.

To further understand the effect of dye degradation in the form of mineralization
efficiency, TOC analysis of the TiO, /rGO/Ag photocatalyst was performed with respect to
various time intervals, as shown in Figure 5e. After 160 min of natural solar irradiation, the
mineralization efficiency of the TiO, /rGO/Ag photocatalyst in terms of carbon content
removal in MB dye was approximately 80.35% (Figure 5e). The improved TOC of the
plasmonic hybrid TiO, /rGO/Ag photocatalyst suggests that it efficiently mineralized MB
dye into residual organic molecules, such as CO, and H,O, in the MB dye solution. Fur-
thermore, the photocatalytic MB dye degradation activity of TiO, /rGO/Ag was evaluated
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by the addition of various radical scavengers (Ag, EDTA, IPA and BQ) to determine the
more active species e, h*, OH~ and O?~ in the degradation system [65,66]. Figure 5f
shows various scavenger photocatalytic MB dye degradation (MB) experiments with the
TiO, /rGO/ Ag system as a photocatalyst. For this study, 2 mg of various scavengers were
mixed with MB dye solution in the presence of a prepared photocatalyst (15 mg) and
exposed to natural sunlight for 160 min. The photocatalytic MB dye degradation efficiency
of TiO, /rGO/Ag was significantly inhibited by 58.89% and 23.00% in the presence of
IPA and BQ as scavengers, respectively. This reduced the photocatalytic dye degradation
efficiency, and it reveals that OH~ and O?~ radicals are the main active species during the
degradation of MB by TiO, /rGO/Ag under natural sunlight [67].

A possible mechanism for the photon-induced charge carrier separation and transfer
in the prepared photocatalyst surface is depicted in Figure 6. The valence band (Eyp) and
conduction band (Ecp) potentials of TiO,, TiO, /rGO and TiO, /rGO/Ag were estimated
using the Mulliken electronegativity theory [53] and the following equations:

Eyp = x — E° +05E, 1)

Ecp = Evp—Eg )

where x is the electronegativity (5.81 eV for TiOy), Ecp is the conduction edge potential, Eyp
is the valence band edge potential, E° is the free energy of the electrons in the reversible
hydrogen scale (4.5 eV), and Eq is the bandgap of the material. The Eyp and Ecp potentials
of the TiO, /rGO/ Ag system were estimated to be —0.34 eV and 2.96 eV, respectively, while
Eyp and Ecp for pure TiO, were estimated to be —0.32 and 2.94 eV, respectively.

. "OH
Degradation product

Figure 6. Schematic illustration of the possible mechanism of rGO, Ag NPs roles with mesosphere
TiO; in MB photocatalytic degradation under natural sunlight irradiation.

Figure 6 shows the proposed photocatalytic mechanism for the natural-sunlight-
responsive TiO,-RGO-Ag nanostructure. After natural sunlight irradiation, the Ag NPs’
dipolar characteristics of the SPR effect enable electrons generated from the Ag NPs to
migrate to the CB of TiO;. In contrast, electrons in the CB of TiO; could be transferred to the
surface of the RGO nanosheets due to the favorable electron affinity of TiO, and the lower
WF of RGO. Further, it is postulated that the photogenerated electron from Ag particles
can also be transferred into the RGO sheets. TiO;- and plasmon-excited Ag particles serve
as electron transfer channels, which ensure charge separation efficiency. The oxidized
Ag* species accept electrons from water molecules (H,O) or OH™ adsorbed on the TiO,
surface or from the dye molecules present in the solution and are regenerated. The reaction
with HyO or hydroxide ions produces hydroxyl radicals (OH). These radicals (O, and OH)
are influential oxidizing agents for the degradation of MB dye molecules. Therefore, the
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prepared ternary nanostructures offer superior photocatalytic dye degradation (MB) due to
efficient photoinduced charge carrier separation [52,53].

4. Conclusions

In this study, TiO, /rGO/Ag hybrid nanostructures were successfully synthesized
using a combination of solution processes and in situ growth and were then employed as
photoanodes for DSSCs and as catalysts for photodegradation applications. The plasmon-
enhanced DSSC devices demonstrate enhanced photovoltaic performance of 7.27% along
with a higher short-circuit current of 16.05 mA/cm? and an IPCE efficiency of 77.82% at
550 nm. The results suggest that the high photovoltaic performance of the plasmon-based
TiO, /rGO/Ag device can be attributed to (i) the large specific area of TiO,/rGO/Ag,
which leads to high dye loading; (ii) TiO, mesospheres enhancing the light scattering
effect of incoming light; and (iii) the incorporation of Ag NPs facilitating more induced
photons and fast electron transport in the device. Upon natural sunlight irradiation, the
prepared hybrid nanostructure shows an improved photocatalytic degradation of MB by
93% within 160 min, and the effects of different scavengers on the obtained photocatalytic
activity were systematically investigated. The effects of optimum active surface area,
the LSPR properties of Ag NPs and the enhanced electrical conductivity of the prepared
ternary nanostructures combine to provide an enhanced visible-light-driven plasmonic
DSSC device and photocatalyst for dye degradation (MB). The proposed plasmonic and
hybrid-based nanostructures demonstrate an emerging strategy to establish large-scale
applications of solar energy conversion technologies.
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intervals under natural sunlight. (d) Plots of Ln (C/Cy) as a function of time (min) towards the photo
degradation of MB. References [52,53] are cited in supplementary materials.
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Abstract: In this investigation, the electrospraying of CNTs on an electrospun PVDF-Co-HFP mem-
brane was carried out to fabricate robust membranes for the membrane distillation (MD) process. A
CNT-modified PVDF-Co-HFP membrane was heat pressed and characterized for water contact angle,
liquid entry pressure (LEP), pore size distribution, tensile strength, and surface morphology. A higher
water contact angle, higher liquid entry pressure (LEP), and higher tensile strength were observed in the
electrosprayed CNT-coated PVDF-Co-HFP membrane than in the pristine membrane. The MD process
test was conducted at varying feed temperatures using a 3.5 wt. % simulated seawater feed solution.
The CNT-modified membrane showed an enhancement in the temperature polarization coefficient (TPC)
and water permeation flux up to 16% and 24.6%, respectively. Field-effect scanning electron microscopy
(FESEM) images of the PVDF-Co-HFP and CNT-modified membranes were observed before and after
the MD process. Energy dispersive spectroscopy (EDS) confirmed the presence of inorganic salt ions
deposited on the membrane surface after the DCMD process. Permeate water quality and rejection of
inorganic salt ions were quantitatively analyzed using ion chromatography (IC) and inductively coupled
plasma-mass spectrometry (ICP-MS). The water permeation flux during the 24-h continuous DCMD
operation remained constant with a >99.8% inorganic salt rejection.

Keywords: electrospinning; electrospraying; nanomaterials; nanostructured membrane; nanocomposites;
seawater desalination; temperature polarization; flux

1. Introduction

Electrospinning and electrospraying are versatile and cost-effective techniques for
fabricating nanocomposite-nanofiber membranes or substrates for a variety of applica-
tions. Electrospinning is an electrohydrodynamic process in which a polymeric droplet is
subjected to a high electric potential to generate a fast jet of polymeric dope by stretching
and elongation to form nanofiber mats [1-4]. In an electrospraying process, homogeneous
nanomaterial dispersions are generally used instead of polymeric dope solutions. The
applications of electrospinning and/or electrospraying are not limited to applications in
various industry sectors in energy, healthcare, water, and the environment [5-8]. Polymeric
solution or nanomaterial dispersion parameters and electrospinning/spraying process
parameters are important variables to produce engineered membranes for unique appli-
cations. Solution parameters include the concentration, viscosity, surface tension, and
conductivity whereas process parameters include applied potential, the distance between
needle and collector, flow rate, needle diameter, and humidity [9,10]. Incorporation of
nanomaterials through blending, surface modification, or an electrospraying process onto
electrospun membranes enhances the membrane characteristics, such as tensile strength,
hydrophobicity, antimicrobial properties, etc. [11-20]. Mitigation of fouling and rejection of
humic substances in membrane-based separation processes via engineered membranes or
spacers has been studied and reported by many researchers [21-27]. Membrane distillation
(MD) is a thermally driven membrane-based separation process in which a trans-membrane
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vapor pressure, created due to the temperature difference on the two sides of a membrane,
drives water vapors from the hot side (feed solution) to the cold side of the membrane. The
majority of the MD studies are reported either on water recovery applications using newly
fabricated membranes or on process engineering to enhance the efficiency of the overall MD
process [28-38]. MD membranes can be generally fabricated by phase inversion, sintering
etching, electrospinning, etc. [39]. Simulation and modeling studies have significantly
supported the MD process optimization as well as a macro-level understanding of the
mechanism from the lab scale to the large scale [40—49].

In 2008, Feng et al. fabricated an electrospun PVDF membrane for the MD process for
the first time. The highest water permeation flux observed at a AT of 60 °C was 11-12 LMH
in an air gap membrane distillation (AGMD) process. The state of play and recent advances
of electrospun membranes for the MD process were recently reported by Francis et al.
and Tijing et al. Apart from PVDE, a variety of polymeric materials, such as polyazoles,
polyimides, polyurethanes, polyacrylonitriles, polysulfones, etc., have been used for MD
membrane fabrication via electrospinning [5,36,37,50,51]. Various nanomaterials, such as
silica, alumina, titania, graphene, silver nanoparticles, etc., have been incorporated into the MD
membrane to enhance the membrane characteristics and MD process performance [52-56].

Electrospinning of PVDF followed by the electrospraying of alumina nanoparticles
was adopted by Attia et al. for the MD membrane fabrication [13]. Shahabadi et al. demon-
strated an enhanced MD performance through the fabrication of an MD membrane by
the electrospinning of PVDF-Co-HFP and electrospraying of titania nanoparticles [57].
Jia et al. demonstrated the fabrication of an anti-wetting/anti-fouling MD membrane by
the fabrication of a superhydrophilic/superhydrophobic membrane by the deposition of
octaphenylsilsesquioxane (POSS) nanoparticles on a PVDF substrate. POSS nanoparticles
enhanced the surface roughness and hydrophobicity of the MD membrane [58]. They
reported that the modified membrane was superhydrophobic and showed superior water
permeation flux compared to the commercial membrane. Silica nanoparticles were de-
posited on PVDF-HFP electrospun membranes by Su et al., and they demonstrated that
the fabricated membranes were superhydrophobic and had superior anti-scaling proper-
ties [59]. On the other hand, Hong et al. reported a pore-size tunable superhydrophobic
membrane for the MD process. They used polydimethylsiloxane (PDMS)/PVDF-HFP for
electrospraying on an electrospun polyurethane membrane and demonstrated superior
MD process performance. Their observations were validated with the aid of simulation and
modeling [60]. Gethard and co-workers demonstrated the fabrication of CNT-immobilized
polypropylene hollow-fiber membranes for an enhanced MD process. The CNT incorpo-
ration led to a 1.85-times increase in flux and 15-times salt rejection than those compared
to the parent membrane [61]. Song and coworkers reported an electrospun membrane
fabrication using a polymeric dope solution of PVDE-Co-HFP blended with CNTs and
applied for salty and dyeing wastewater treatment using the direct contact MD (DCMD)
process. They reported enhanced membrane characteristics and DCMD performance for
the CNT-incorporated electrospun MD membrane [62].

In the current investigation, a PVDF-Co-HFP dope solution was subjected to electro-
spinning followed by the electrospraying of carbon nanotubes (CNTs) for the fabrication of
MD membranes and applied for the DCMD desalination process using 3.5 wt. % simulated
seawater as the feed solution. The CNT-modified PVDF-Co-HFP composite membrane was
subjected to heat pressing before the MD process testing. Membranes were characterized for
water contact angle, liquid entry pressure (LEP), pore size distribution by porometry, tensile
properties by universal testing machine, surface morphology by scanning electron microscopy
(SEM), and energy dispersive spectrometry (EDS). Heat pressing plays a significant role to
enhance the mechanical properties of the composite membrane. Surface-modified electrospun
PVDF-Co-HFP membranes with electrosprayed CNTs showed enhanced MD membrane
characteristics and an increased temperature polarization coefficient (TPC) with superior
desalination performance.
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2. Materials and Methods
2.1. Materials

Commercially available PVDF-Co-HFP was purchased from Arkema FLUORES,
Colombes, France. Dimethyl acetamide, acetone, ethanol, functionalized multiwall carbon
nanotubes (MWCNT), and 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane (POTS) were
purchased from Sigma Aldrich, Massachusetts, MA, USA. Sea salt was purchased from
Qingdao Sea-Salt Aquarium Technology Co., Ltd. (Qingdao, China).

2.2. Electrospinning of PVDF-Co-HFP and Electrospraying of CNT Dispersion

The 10 wt. % PVDF-Co-HFP solution was prepared using a solvent mixture of ace-
tone and dimethyl acetamide in a ratio of 7:3, respectively. The polymer solution was
homogenized by stirring overnight at room temperature and kept for another 10 h at room
temperature to escape any trapped air bubbles in the dope solution. A volume of 10 mL
polymer dope was taken in a syringe and fixed on a syringe pump of an electrospinning
machine (MECC NANON, Fukuoka, Japan). A 21 G syringe needle was connected to the
syringe using a plastic tube. The distance between the tip of the syringe and the rotating
collector drum was adjusted to 15 cm. The positive terminal of a high-voltage power
supply was connected to the syringe needle, and the negative terminal was connected to
the grounded rotating drum. The polymer dope flow rate, speed of the rotating drum,
and speed of the spinneret were adjusted to obtain a uniform nonwoven PVDF-Co-HFP
electrospun nanofiber membrane. The 0.02% functionalized MWCNT and POTS were
dispersed in a 50:50 ethanol-water mixture. The ratio of MWCNT and POTS was fixed at
1:2, respectively, in an ethanol-water mixture and subjected to ultrasonication for 3 h. POTS
can act as a dispersant as well as a binder for CNTs. The CNT dispersion was taken in a
syringe and subjected to electrospraying on the non-woven PVDF-Co-HFP electrospun
membrane using the MECC NANON electrospinning setup used for the PVDF-Co-HFP
electrospinning process. The dispersion taken in the 10 mL syringe was mounted on a
syringe pump, which drives the dispersion through a plastic tube to the 18 G-sized blunted
syringe needle kept 15 cm above the rotating drum. The variable parameters used for the
electrospinning and electrospraying processes are shown in Table 1. Figure 1 shows the
schematic representation of the electrospinning and electrospraying process.

Table 1. Electrospinning and electrospraying parameters.

Parameters Electrospinning Electrospraying
Solution/Dispersion Concentration 10.w/‘w % PVDF._CO_HFP .0'02 .w/ w % MWCNT
in 7:3 Acetone:DMAc in 50:50 Ethanol:Water
Applied Potential (kV) 25 20
Working Distance (cm) 15 15
Flow Rate (mL/hour) 1 0.5
Speed of Collector Drum (rpm) 100 100
Spinneret Speed (mm/S) 5 5

2.3. Heat Pressing

Pristine PVDF-Co-HFP and nanocomposite PVDF-Co-HFP-CNT membranes were
subjected to the heat pressing process using a Carver Press, Auto Series Plus Hydraulic
Press purchased from Mitsubishi, Japan. The membrane sheet was cut into 20 x 20 cm
size, sandwiched between e-Photolnc Heat Press Transfer Teflon sheets, and placed on the
stationary bottom plate of the Carver press. The temperature and load were kept at 80 °C
and 2000 N. When both plates reached the desired temperature, the heated top plate was
allowed to move downwards onto the bottom stationary plate and press on the membrane
sandwich at the desired force for a dwell time of 30 min.
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2.4. Water Contact Angle Measurements

A drop-shape analyzer (DSA 100 purchased from Kruss Scientific, Hamburg, Germany)
was used to measure the water contact angle of the membrane samples. The average water
contact angle value measured at five different locations on each membrane sample was
considered the water contact angle of the respective membranes.

Step 1 - Electrospinning Step 2 - Electrospraying

- PolymerDope / CNT Dispersion|

| T / 1
1V i S Voltage N
Syringe Pump ‘ e Power Syringe Pump

Rotating Drum

Figure 1. Schematic representation of nanocomposite membrane fabrication via electrospinning of
PVDEF-Co-HFP and electrospraying of CNT.

2.5. Mean Flow Pore Size, Bubble Point Measurements, and Pore Size Distribution

The average pore size, pore size distribution, and bubble point of the PVDF-Co-HFP
and PVDF-Co-HFP-CNT nanocomposite membranes before and after the heat pressing pro-
cess were measured using an advanced capillary flow porometer purchased from Porous
Materials Inc., (New York, NY, USA) (iPore-1500A). Circular membrane samples with a di-
ameter of 25 mm were used for the pore size analysis. The membrane samples were kept
in the sample holder of the porometer, and a Galwick fluid having a very low surface ten-
sion (15.9 dynes/cm) was dripped enough to wet the hydrophobic membrane sample. The
capillary flow porometric principle is used to measure the pore size distribution in which a
nontoxic liquid (Galwick fluid) is allowed to spontaneously fill the membrane pores, and an
essentially non-reacting gas (Ny) is passed through the sample to remove the Galwick liquid
from the membrane pores. At lower pressures, the largest membrane pores will be emptied
first and, as the pressure inserted by the nitrogen gas increases, the smallest pores get empty.
The pore size distribution is obtained from the flow rate and pressure of the nitrogen gas. The
pore size is inversely proportional to the pressure at which pores are empty.

2.6. Liquid Entry Pressure (LEP) Test

LEP is the critical pressure across a hydrophobic membrane at which the liquid starts to
flow through the membrane pores [63]. In the MD process, LEP is an important parameter
where the membrane has to stay non-wetted throughout the process. A bench-top LEP
testing machine purchased from Convergence Minos (Convergence Industry, Drunen, The
Netherlands) was used to measure the LEP of the membrane samples. Circular membrane
samples with a 25 mm diameter were used for LEP measurements. Before starting the
LEP test, the system automatically flushes with water to remove any air bubbles in the
system. The pressure is ramped from zero in small increments (about 0.1 bar in the current
investigation) until a pressure decay is observed in the system. Water starts to flow through
the membrane from the point of pressure decay, and this is measured as LEP. An average
value of 3 membrane samples was considered the LEP of the specific membrane.
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2.7. Mechanical Characterizations

The mechanical properties of the PVDF-Co-HFP membranes and nanocomposite
PVDEF-Co-HFP-CNT membranes were characterized with a universal testing system
(5965 model, Instron, Norwood, MA, USA). Standard dumbbell-shaped membrane samples
were prepared using a Ray/Ran Hand Operated Cutter (RDM test equipment, Kemsing,
UK) and subjected to the test using a 50 N load cell with a 2 mm/min strain rate.

2.8. Surface Morphology, Fiber Diameter Distribution, and EDS Images

A Thermo Fisher Field-Effect Scanning Electron Microscope (FESEM) Quanta 450,
Waltham, MA, USA, was used to observe the surface morphology of the PVDF-Co-HFP
and PVDF-Co-HFP-CNT membrane samples before and after the MD experiments. Gold
sputter coating was employed on all membrane samples before FESEM imaging. The
nanofiber diameter distribution of the electrospun membranes before and after the heat
process was calculated using Image ] analysis (Version 1.8). An AMETEK Octane Elect
EDS detector was equipped on the FESEM machine to perform Energy-dispersive X-ray
spectroscopy (EDX). Carbon sputtering was performed on the membrane samples before
EDS imaging.

2.9. Temperature Polarization Coefficient (TPC)

Temperature polarization (TP) is a phenomenon that occurs in temperature-driven
processes such as MD, in which the temperatures in the bulk feed (Tf) and coolant/permeate
(Tp) solutions differ from the respective temperatures at the interface of the membrane
and bulk solutions (feed and permeate) [64]. TP causes a reduction in the vapor pressure
difference across the membrane and, thereby, the driving force of the MD process [65,66].
One of the major limitations in the MD process is the TP phenomenon. As a thermally
driven separation process, heat and mass transfer are combined in the MD process, and it is
very important to mitigate the TP phenomenon that occurs during the process to enhance
the efficiency of the process [45,67]. The thickness of the polarization layer adjacent to the
membrane surface increases as the separation process progresses, which leads to more
reduction in the driving force and water vapor production. Researchers have come up with
various methods to mitigate the TP phenomenon, such as employing (3D) spacers, baftles,
engineered membranes, (micro) bubbling, stirring, feed flashing, employing isolation
barriers, etc. [68-74]. TP phenomenon can be measured indirectly by using a term called
TPC. TPC can be calculated using the following Equation (1) [44];

TPC = (Tpy — Typm)/ (T — Tp) @

where Tf, is the feed side membrane temperature, Ty, is the permeate side membrane
temperature, Tfis the bulk feed solution temperature, and T), is the temperature of the bulk
coolant/permeate. In an ideal condition, TPC can have a maximum value of 1.

2.10. Direct Contact Membrane Distillation (DCMD) Experiments

A fully automated MD setup purchased from Convergence Industry, The Netherlands,
was used to conduct the DCMD experiments. A DCMD membrane module with an active
membrane area of 60 cm? was used in all experiments. A 3.5 wt. % sea salt solution was
prepared in deionized water and used as the feed solution, and tap water was used as the
coolant. The DCMD experiments were conducted at feed solution temperatures of 35 °C,
40 °C, 45 °C, 50 °C, and 55 °C while keeping the coolant temperature constant at 15 °C. All
the DCMD experiments were conducted at a flow rate of 60 L per hour on both sides of the
membrane. A schematic representation of a direct contact membrane distillation (DCMD)
experimental setup is shown in Figure 2.
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Figure 2. Schematic representation of experimental DCMD setup.

Water vapor flux was calculated using the following Equation (2):
Juw = (wy — wy)/ At @

where ‘J;,” is the water vapor flux, “(w, — wy)’ is the weight of the permeate collected at
specific intervals in kilograms or liters, ‘A’ is the effective membrane area in square meters,
and ‘t’ is the time in hours. Therefore, water vapor flux is represented in kg/m?/h or
liter/m?/h (LMH). The temperatures of the feed and coolant at the entrance and exit of the
membrane module and the conductivity of the coolant and feed solutions were measured using
respective sensors periodically and recorded using a data acquisition system. Heat loss during
the MD process was reduced by insulating the tubing, coolant, and feed tanks. The membrane
samples were secured after 24-h continuous MD experiments for surface characterizations using
FESEM and EDS. Analytical tools, such as an Inductively Coupled Plasma—Mass Spectrometer
(ICP-MS Agilent 7800) purchased from Agilent Technologies, Santa Clara, CA, USA, and
Ion Chromatography (IC 6000 Thermo Scientific, Waltham, MA, USA), were used for the
quantitative analysis of salt ions present in the feed and permeate solutions.

3. Results and Discussion
3.1. Water Contact Angle, Heat Pressing, and Pore Size Distribution

POTS is a highly hydrophobic reagent that acts as a binder and a dispersant for
CNTs in an ethanol-water mixture. Homogeneously dispersed CNTs yield an evenly
distributed uniform coating on electrospun PVDF-Co-HFP membrane surfaces upon an
electrohydrodynamic atomization process or electrospraying process. The observed water
contact angles of the electrospun PVDF-Co-HFP and PVDF-Co-HFP-CNT membranes
before and after the heat pressing process are shown in Table 2. The presence of CNTs
on the PVDF membrane surface enhances the surface roughness and, thereby, the water
contact angle by 3%. At the same time, the heat pressing process may cause a reduction
in the surface roughness and, thereby, the average water contact angle by 3% in both the
PVDEF-Co-HFP membrane and CNT-modified PVDF membrane. The average flow pore
size, minimum pore size, and bubble point of the electrospun PVDF-Co-HFP and composite
CNT-modified PVDF-Co-HFP membranes before and after the heat pressing process are
shown in Table 2.
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Table 2. Water contact angle and pore size distribution of the PVDF-Co-HFP and PVDF-Co-HFP-

CNT membranes.

Membrane ESPVDF-HFP ESPVDF-HFP-HP ESPVDF-HFP-CNT ESPVDF-HFP-CNT-HP
Water contact angle 136 +£2 132 £+ 3° 140 £+ 3° 136 + 2°
Minimum pore size (um) 0.083 0.051 0.091 0.049
Mean Flow Pore Size (um) 0.448 0.285 0411 0.257
Pore size at the bubble point 0.921 0615 0.92 0715

or maximum pore size (pm)

The pore size distribution profile of pristine PVDE-Co-HFP membranes and CNT-
modified membranes before and after the heat pressing process is shown in Figure 3.

It is obvious from Figure 3 and Table 2 that the minimum, average, and maximum
pore sizes of the CNT-modified membranes were reduced, and pore size distribution was
narrowed compared to the electrospun PVDF-Co-HFP membranes after the heat pressing
process. According to Shahabadi et al., narrow membrane pore size distribution is better for
enhanced MD process performance [57]. Thus, the heat pressing process helps in yielding
an efficient membrane with more suitable membrane characteristics for the MD process.
The average pore size of the electrospun PVDE-Co-HFP and CNT-modified PVDF-Co-HFP
membranes was reduced by 36.3% and 37.5%, respectively, after the heat pressing process.
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Figure 3. Percentage pore size distribution of the electrospun PVDE-Co-HFP and CNT-modified
PVDEF-Co-HFP membranes before and after heat pressing (a) Pristine electrospun membrane before
heat pressing, (b) Pristine electrospun membrane after heat pressing, (¢) CNT-coated electrospun
membrane before heat pressing, and (d) CNT-coated electrospun membrane after heat pressing.

3.2. Liquid Entry Pressure and Mechanical Properties

Servi et al. conducted a scientific study of the effect of hydrophobicity on MD mem-
brane wetting. They reported that the LEP increases with the water contact angle, which
enhances the MD process performance [75]. The LEP of the electrospun PVDF-Co-HFP and
PVDF-Co-HFP-CNT membranes was measured in the range of 120-125 KPa, whereas the
LEP of the heat-pressed PVDF-HFP and PVDF-HFP-CNT membranes was measured in the
range of 145-150 Kpa. The 20% increase in the LEP values in the heat-pressed membrane
samples is attributed to the reduced mean flow pore sizes and narrow pore size distribution
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of the membranes, which is favorable to the MD process performance. Increased LEP
values help retard the pore-wetting phenomenon, thereby, enhancing the membrane shelf
life. The LEP values and tensile characteristics of pristine and modified membranes are
given in Table 3.

Figure 4 shows the mechanical characteristics of the electrospun PVDF-Co-HFP mem-
branes and CNT-modified membranes before and after heat pressing. The addition of
CNTs on the electrospun PVDF-Co-HFP membrane surfaces enhanced the tensile strength
from 40.5 KPa to 51 KPa. At the same time, elongation at the break of the CNT-modified
PVDEF-HFP membranes was reduced from 257% to 212%. The heat pressing process plays a
significant role in enhancing the mechanical strength of both the PVDF-Co-HFP membranes
and CNT-modified PVDF-Co-HFP membranes. After heat pressing, the tensile strength at
break was increased from 40.5 Kpa to 89.5 Kpa for the PVDF-HFP membranes and 51.5 KPa
to 90.6 KPa for the PVDF-HFP-CNT membranes. Thus, the heat pressing process helps to
increase the tensile strength of the PVDF-Co-HFP membranes and PVDF-Co-HFP-CNT
membranes to as high as 120% and 76%, respectively.

Table 3. LEP and tensile characteristics of the PVDF-HFP and PVDF-HFP-CNT membranes before
and after heat pressing.

Membrane Characteristics PVDF-HFP PVDF-HFP-CNT PVDEF-HFP Heat Pressed PVDF-HFP-CNT Heat Pressed
LEP (KPa) 120 125 145 150
Elongation at break (%) 257 212 221 212
Tensile Strength (KPa) 40.5 51.5 89.5 90.6
100
90 PVDF-HFP-CNT-Heat Pressed

-

PVDF-HFP-Heat Pressed

PVDF-HFP-CNT

Stress (Kpa)

PVDF-HFP

o 0.5 1 15 2 25 3

Strain (mm/mm)

Figure 4. Mechanical characteristics of the electrospun PVDF-FHP and CNT-modified PVDF-HFP
membranes before and after heat pressing.

3.3. Surface Morphology

Figure 5 shows the FESEM images of the PVDF-Co-HFP membrane and PVDEF-Co-
HFP-CNT membrane before and after heat pressing. Figure 5 also shows the nanofiber
diameter distribution of the PVDF-Co-HFP membrane before and after heat pressing. It is
evident from the high-resolution microscopic images that the nanofibers are flattened, and
a reduction in the surface pore size has happened upon the heat-pressing process. Thus,
a slight increase from 240 nm to 285 nm in the average fiber diameter can be observed
in the heat-pressed nanofibers. It is also obvious from the plots that the fiber diameter
distribution has been narrowed for heat-pressed nanofiber membranes compared to the
nanofiber mats before heat pressing. These observations are strengthening the narrow
pore size distribution and measured pore size values of the CNT-modified electrospun
PVDEF-Co-HFP nanofiber membrane. CNTs distributed on the surface of the electrospun
PVDEF-Co-HFP membrane are also seen from the FESEM images (Figure 5c,d). CNTs on the
membrane surface could create a surface roughness, and this is the reason for the increase
in the water contact angle and LEP of CNT-modified PVDF-Co-HFP membranes.
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Figure 5. FESEM images of (a) PVDF-Co-HFP membrane before heat pressing, (b) PVDF-Co-HFP
membrane after heat pressing, (c) PVDF-Co-HFP-CNT membrane before heat pressing, and (d) PVDF-
Co-HFP-CNT membrane after heat pressing. (e) Nanofiber diameter distribution of PVDF-Co-HFP
membrane before and (f) after heat pressing process.

3.4. DCMD Experiments

A series of DCMD experiments were conducted in a batch mode at various feed
solution temperatures of 35 °C, 40 °C, 45 °C, 50 °C, and 55 °C while keeping the coolant
temperature at 15 °C. After stabilizing the flow rate and temperatures on the feed and
permeate sides, data login was initiated for the DCMD experiments. From the logged
data, the water vapor flux during the DCMD test using the electrospun PVDF-Co-HFP
membrane and CNT-modified electrospun-electrosprayed membrane was calculated at
different feed solution temperatures. No significant flux decay was observed in each batch
of the DCMD process. Salt rejection was calculated to be >99.8% in all experiments using
3.5 wt. % simulated seawater as the feed solution. Table 4 shows the percentage rejection
and the results obtained from the quantitative analysis for determining the various ions
present in the permeate using IC and ICP-MS analytical methods.
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Table 4. Amount of inorganic salt ions present in the permeate from the DCMD process and the
percentage rejection.

Salt Ions Permeate (ppm) Rejection (%)
Sodium 24.80 99.8
Magnesium 2.69 99.8
Potassium 1.48 99.6
Calcium 1.51 99.7
Lithium <0.0 100
Boron 0.037 99.6
Chloride 46.38 99.8
Sulfate 5.49 99.8
Nitrate 0.99 99.8
Bromide 0.0094 99.9

The calculated water vapor flux and TPC values obtained during the DCMD process
while using the electrospun PVDF-Co-HFP and PVDF-Co-HFP-CNT membranes at various
feed solution temperatures are shown in Figure 6. The coolant temperature was kept
constant at 15 °C in all experiments. There is an exponential relationship between the
trans-membrane water vapor pressure and temperature. However, the water vapor pro-
duced during the DCMD process while using the PVDF-Co-HFP and PVDF-Co-HFP-CNT
membranes reached a high of 37.5 LMH and 43.4 LMH, respectively, at a feed solution
temperature of 55 °C. On the other hand, at a feed solution temperature of 35 °C, the
calculated flux while using the PVDF-Co-HFP and PVDF-Co-HFP-CNT membranes was
found to be 6.5 LMH and 8.1 LMH, respectively. Thus, the flux enhancement while using
the CNT-modified electrospun PVDF-Co-HEFP via the electrospraying technique at the feed
solution temperatures of 35 °C and 55 °C was calculated to be 24.6% and 15.7%, respectively.
The feed and coolant temperatures at the inlets and outlets of the membrane module were
recorded using data acquisition software throughout the DCMD process. TPC can have
a theoretical maximum value of 1, and a high value of TPC indicates a high efficiency of
the process. Mitigation of the TP phenomenon leads to a reduction in the thickness of the
polarization layer adjacent to the membrane surface [76,77]. Researchers have reported
different methods for creating turbulence at the membrane surface to reduce the thickness
of the polarization layer at the membrane surface to increase the TPC. In the current in-
vestigation, the TPC values were calculated, and we observed that the TPC at lower feed
solution temperatures was higher than that at higher temperatures. The highest TPC values
while using the PVDF-Co-HFP membrane and CNT-modified PVDF-Co-HFP membrane
were calculated as 0.75 and 0.87, respectively, at a feed solution temperature of 35 °C. When
the feed solution temperature increased to 55 °C, the TPC values while using the aforemen-
tioned membranes were reduced to 0.71 and 0.8, respectively. Thus, enhancement in the
TPC values while using the PVDF-Co-HFP membrane and CNT-modified PVDF-Co-HFP
membrane at the feed solution temperatures of 35 °C and 55 °C was calculated to be 16%
and 12.6%, respectively.

CNTs distributed on the electrospun PVDF-Co-HFP membrane surface via electro-
spraying technique act as turbulence promoters at a micro level and may reduce the
thickness of the polarization layer, which would be the reason for an enhanced TPC value
and water permeation flux. Increased heat and mass transfer at higher feed solution tem-
peratures lead to faster water vapor condensation, and this may lead to an increase in the
thickness of the polarization layer and, thereby, reduced TPC values.

92



Nanomaterials 2022, 12, 4331

Flux {LMH)

50

40

w
o

N
(=]

10

30

0.9

0.85

0.8

0.75

0.7

0.65

Temperature Polarization Coefficient

0.6
50 60 30 40 50 60 70

Feed Solution Temperature ( °C)

Figure 6. Water permeate flux and TPC values during a 24-h DCMD test using PVDF-Co-HFP (blue
color) and CNT-coated PVDF-Co-HFP (orange color) membranes at a constant coolant temperature
of 15 °C.

Figure 7 shows the FESEM images of the electrospun PVDF-Co-HFP membrane and
PVDF-Co-HFP-CNT membrane after a 24-h DCMD process using 3.5 wt. % simulated seawa-
ter. CNTs distributed on the electrospun PVDE-Co-HFP membranes via the electrospraying
process are visible on the membrane surface even after the 24-h DCMD operation. Different
salts with their respective crystal structures are deposited on the membrane surface, which
is also clearly visible in the FESEM images. As discussed in the aforementioned section, the
enhanced surface roughness due to the presence of CNTs on the membrane surface act
as a micro-level turbulence promoter, which leads to less salt deposition and cake layer
formation on the membrane surface. Prolonged salt deposition and cake layer formation
reduce the water permeation flux, which may cause a pore-wetting phenomenon that
leads to the salt passage through the membrane pores to the permeate side. Therefore,
surface modification of MD membranes by the electrospraying of suitable nanostructured
materials on the membrane surface is advantageous to enhance the membrane characteris-
tics/efficiency and overall MD process performance. Figure 7e,f shows the EDS images
taken after the 24-h DCMD experiments. It reveals the presence of sodium, potassium,
magnesium, calcium, and manganese ions on the membrane surface.

Enhancements in the hydrophobicity or water contact angle LEP and mechanical
strength by the incorporation of CNTs in electrospun PVDF-Co-HFP membranes are also
reported by Song et al. They have also reported an increase of 30-50% MD water flux
enhancement using CNT-modified membranes [62]. In this work, the CNTs were mixed
with the polymeric dope solution and subjected to electrospinning for the fabrication of
the MD membranes. On the other hand, in the current study, the CNTs are coated on the
surface of the PVDF-Co-HFP membrane in the second step of electrospraying. This would
help the nanomaterials to spread evenly throughout the membrane surface and can be
available for maximum surface roughness to impart high hydrophobicity, increased water
contact angle, and high LEP values. The amount of nanomaterial loading would need to be
much lower in the current method of the electrospraying process compared to the already
reported studies to achieve maximum membrane efficiency in terms of water permeation
flux, antifouling properties, and shelf life.
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Figure 7. FESEM images of the electrospun PVDF-Co-HFP (a,b) and PVDF-Co-HFP-CNT (c,d) mem-
branes after the 24-h DCMD operation, and the EDS images (e,f) of the CNT-modified PVDF-Co-HFP
membrane after the MD process.

4. Conclusions and Future Perspectives

Membrane engineering is very important in the membrane fabrication technique
to produce efficient membranes in the industry. CNTs and many other nanostructured
material dispersions can be efficiently electrosprayed to get evenly distributed efficient
nanomaterial coating on the membrane surface. MD membrane characteristics can be
tuned by an electrospray deposition technique to get desirable MD membrane properties,
such as high hydrophobicity or high water contact angle (>120°), high LEP, optimum
pore size (~0.2 um), narrow pore size distribution, etc., compared to the pristine electro-
spun membrane. CNT modification followed by heat pressing yields mechanically robust
nanocomposite membranes with improved MD membrane characteristics. A 3% increase in
the water contact angle, 20% increase in the LEP, and 42.6% reduction in the mean flow pore
size towards the optimum pore size were observed in the heat pressed CNT-modified elec-
trospun PVDF-Co-HFP membranes. The tensile strength of the heat-pressed CNT-modified
membrane was significantly improved by up to 120% compared to the electrospun PVDEF-
Co-HFP membrane. The presence of CNTs on the membrane surface before and after the
MD process are visible on the FESEM images. A water vapor flux enhancement of 15.7%,
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20.6%, and 24.6% was observed at a AT of 20 °C, 30 °C, and 40 °C, respectively. Higher
TPC values and percentage water vapor flux enhancements are observed at lower feed
solution temperatures because of the higher heat loss at higher feed solution temperatures
compared to the lower temperatures. A 16% and 12% enhancement in the TPC values
was observed at the feed solution temperatures of 35 °C and 55 °C, respectively. A >99.8%
inorganic salt rejection was observed through quantitative analytical tools (IC and ICP-MS)
while conducting the DCMD process using a 3.5 wt. % simulated seawater feed solution.
Thus, electrohydrodynamic atomization using appropriate nanomaterial dispersion can be
recommended as an efficient tool for the surface modification of MD membranes.

CNTs have shown strong antimicrobial properties. In terms of future perspectives,
the antibacterial properties of CNT-coated PVDF-Co-HFP membranes have to be explored.
Simulation and modeling studies would give a clear understanding of the mechanism of
heat and mass transfer during the MD process while using electrospray-deposited CNT-
modified PVDF-Co-HFP membranes. Modeling tools will also give an idea of turbulence
patterns at the micro level during the MD process. Atomic force microscopic (AFM)
studies could reveal the nature of adhesive forces between the electrospun PVDF-Co-HFP
membrane and CNTs deposited through the electrospraying process.
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Abstract: An efficient adsorbent, CNTs-PAMAM-Ag, was prepared by grafting fourth-generation
aromatic poly(amidoamine) (PAMAM) to carbon nanotubes (CNTs) and successive deposition of Ag
nanoparticles. The FT-IR, XRD, TEM and XPS results confirmed the successful grafting of PAMAM
onto CNTs and deposition of Ag nanoparticles. The absorption efficiency of CNTs-PAMAM-Ag was
evaluated by estimating the adsorption of two toxic contaminants in water, viz., Pb(II) and As(III).
Using CNTs-PAMAM-Ag, about 99 and 76% of Pb(Il) and As(Ill) adsorption, respectively, were
attained within 15 min. The controlling mechanisms for Pb(II) and As(III) adsorption dynamics
were revealed by applying pseudo-first and second-order kinetic models. The pseudo-second-order
kinetic model followed the adsorption of Pb(II) and As(III). Therefore, the incidence of chemisorption
through sharing or exchanging electrons between Pb(II) or As(III) ions and CNTs—-PAMAM-Ag could
be the rate-controlling step in the adsorption process. Further, the Weber—Morris intraparticle pore
diffusion model was employed to find the reaction pathways and the rate-controlling step in the
adsorption. It revealed that intraparticle diffusion was not a rate-controlling step in the adsorption
of Pb(II) and As(IIl); instead, it was controlled by both intraparticle diffusion and the boundary
layer effect. The adsorption equilibrium was evaluated using the Langmuir, Freundlich, and Temkin
isotherm models. The kinetic data of Pb(II) and As(III) adsorption was adequately fitted to the
Langmuir isotherm model compared to the Freundlich and Temkin models.

Keywords: carbon nanotubes; lead; arsenic; adsorption; poly(amidoamine); silver nanoparticles

1. Introduction

Lead and arsenic are known for their toxicity and are widely distributed in the en-
vironment, particularly in water sources [1]. These elements, under low concentration,
can also be hazardous to aquatic and non-aquatic creatures and plants. Lea and arsenic
are carcinogenic, mutagenic, and teratogenic [2,3]. The ingestion of these elements can
cause severe adverse effects that include hypertension, neurological complications, car-
diovascular disease, intestinal disorders, hematopoietic dysfunction, mental impairment,
organ failure, and malfunctioning of the immune and reproductive systems [4-9]. Lead
and arsenic are listed as global priority pollutants because of their high toxicity, stability,
and non-biodegradability [10]. It has been reported that worldwide more than 200 million
people have been affected by the consequences of these elements [4]. The primary source
of exposure to these lethal elements is water through regular activities like drinking, cook-
ing, and irrigation. Water sources are getting contaminated with arsenic by both natural
processes and anthropogenic activities like weathering processes, geochemical reactions, bi-
ological activities, combustion of fossil fuels, volcanic eruptions, mining activities, leaching
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of artificial arsenic compounds, smelting of metals ores, desiccants, wood preservatives,
agricultural pesticides, and related anthropogenic activities [11-14]. In nature, arsenic exists
in organic and inorganic forms. However, the organic form of arsenic is not of importance
as it undergoes biotransformation and detoxifies through methylation [15]. At the same
time, the inorganic form of arsenic exists in four oxidation states viz., —3, 0, +3, and +5.
Out of these, —3 and 0 oxidation states are scarce, so +3 and +5 usually exist in water.
Nevertheless, the presence of either a +3 or +5 state of arsenic depends on the redox and
pH conditions of water [15,16]. Accordingly, trivalent arsenite, As(Ill), and pentavalent
arsenate, As(V), commonly occur in water. In particular, As(Ill) transpires in reducing
conditions, and As(V) exists in oxidizing conditions of water [4]. However, both As(III)
and As(V) species are highly toxic and non-biodegradable [6]. Comparatively, As(III) is
more highly mobile and stable than As(V) due to its stable electronic configuration [11]. In
addition, As(IIl) has higher cellular uptake ability and binding affinity to vicinal sulfthydryl
groups that react with various proteins and inhibit their activity [6,11,17]. In specific, As(III)
is about sixty times more toxic than As(V) [6].

Another toxic element, lead, contaminates the water through industrial and anthro-
pogenic sources. The primary sources of information pollution are industries such as battery
manufacturing, printing, fuels, photographic materials, ceramic, glass, and explosive man-
ufacturing [18]. In the atmosphere, lead persists as bivalent, Pb(Il). It is also likewise toxic
as As(Ill) and widely distributed. Because of their toxicity and detrimental effects, Pb(II)
and As(IIl) are unsafe, specifically their association with water. Therefore, eliminating
these toxic components present in water is a mandatory need. For the removal of toxic
Pb(Il) and As(IlI), several methods like chemical precipitation [19], ion exchange [20],
membrane technology and reverse osmosis [21], electro-dialysis [22], and adsorption [23]
have been developed. Nevertheless, chemical precipitation makes it difficult to remove
low-concentrated arsenic like 10 mg/L from water [24]. In addition, chemical precipitation
is less effective in the removal of As(IIl), and it requires the pre-oxidative conversion of
As(III) to As(V) during its abolition [25]. Similarly, ion exchange is less effective in removing
As(IlI), and the development of ion exchange resins is expensive [24]. Additionally, the
membrane technology-aided reverse osmosis is costly, requiring external pressure to pass
the contaminated water through the membrane. Besides, the discharge of the concentrate,
membrane fouling, and flux decline is inevitable in reverse osmosis [26]. In electro-dialysis,
several insoluble coagulants generate and deposit over the cathode [27]. Overseeing these
drawbacks, the better alternative and promising technique for removing Pb(II) and As(IIl) is
adsorption. Adsorption is a facile, efficient, accessible, low-cost, low-energy technique [28].
Additionally, using the adsorption technique, it is possible to remove trace amounts of Pb(II)
and As(IlI) from water. Overall, adsorption has played a significant role in eliminating
various contaminants from water. Consequently, due to its exceptional benefits, adsorption
is a gifted technique for efficiently removing Pb(Il) and As(III).

In the process of adsorption, selecting an adsorbent is a vital step in the success of
the process. For this purpose, insoluble solid materials with high specific surface area and
active functional groups are elected adsorbents. In this context, several adsorbents have
been developed and tested for their efficiency in removing different pollutants [6,12,29].
The dynamic adsorbents are based on activated carbon [30], activated alumina [31], in-
organic minerals [32], biomass adsorbents [33-38], polymer [39-41], carbon nanotubes
(CNTs) [42—44] graphene oxide [45,46], metal-organic frameworks [47], microplastics [48]
and more. Among these, CNTs based adsorbents are particularly interesting because their
unique physical and chemical properties are relevantly suitable for adsorption [42—44].
During the CNTs, aided adsorption process, strong interactions between CNTs and pollu-
tants alter contaminants” mobility, bioavailability, and environmental risk [44]. The high
surface area, well-defined structures, and uniform surfaces of CNTs facilitate the adsorption
mechanism and process. Abundant active sites and functional groups exist over CNTs
supporting the adsorption process. Furthermore, adsorption over CNTs transpires with
different mechanisms, viz., ion exchange, coordination interaction, electrostatic interaction,
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and physical adsorption, which augment the adsorption [44]. Beyond its exceptional prop-
erties, the employment of CNTs in adsorption technology is still fragmentary, so further
exploration is required. The main hindrance that restrained the application of CNTs in
adsorption technology is their hydrophobic nature, which reduces the adsorption rate.
However, the functionalization of CNTs introduces reactive functional groups over their
surface that can significantly increase their selectivity and sensitivity toward pollutants [43].
In this fashion, CNTs can be modified to be hydrophilic for the adsorption of pollutants and
more reactive by functionalizing with secondary materials. The functionalization of CNTs
generates chemically active sites around defective segments such as pentagons, oriented
against a tube body which generally consists of only hexagons; and it may be this that gives
CNTs their remarkable ability to interact with pollutants [43,49]. Accordingly, the func-
tionalization of CNTs is the critical step to improving their absorption efficiency. For the
functionalization of CNTs, dendritic polymers are particularly interesting because of their
unusual structure and properties [50]. Among different dendrimers, poly(amidoamine)
(PAMAM) is predominantly interesting because of its symmetrical structure, controllable
molecule chains, vast internal cavities, and abundant functional groups [51]. Based on
these special structural characteristics, PAMAM persists with unique properties, such as
high hydrophilicity, high dispersing ability, high bio-affinity, and ease of modification [51].
Therefore, PAMAM is especially interesting for the adsorption of heavy metal ions and
plays an important role in the functionalization of nanomaterials [51-54]. A large number
of amino and amide functional groups of PAMAM dendrimers can strongly chelate heavy
metal ions, thus improving the enrichment efficacy [51-54]. Considering its importance,
herein, CNTs were functionalized by grafting with fourth-generation aromatic PAMAM
and sequential deposition of Ag nanoparticles. Thus produced, CNTs-PAMAM-Ag was ex-
plored in evaluating the adsorption efficiency of two important toxic pollutants, Pb(II) and
As(III). The controlling mechanisms and dynamics of the adsorption of Pb(II) and As(III)
over CNTs-PAMAM-Ag were estimated by implementing the pseudo-first and second-
order kinetic models. The reaction pathways and the rate-controlling step in adsorption
were evaluated using Weber-Morris intraparticle pore diffusion model. Furthermore, the
adsorption equilibrium was estimated by fitting the experimental results with Langmuir,
Freundlich, and Temkin isotherm models.

2. Experimental
2.1. Materials

CNTs prepared by the CVD process were received from Carbon Nanotechnology
Laboratory at Rice University, Houston, TX, USA. All the chemicals were purchased from
Millipore-Sigma (St. Louis, MO, USA) and used as received. The aqueous solutions were
prepared using ultrapure water obtained by the Milli-Q Plus system (Millipore, Burlington,
MA, USA).

2.2. Preparation of CNTs-PAMAM-Ag

The CNTs-PAMAM-Ag was prepared using the reported method [55]. In brief, 100 mg
of CNTs-PAMAM, obtained by Michael’s addition process, were dispersed in 15 mL of DI
water by sonication, and a 10 mL aqueous solution of AgNOj3 (0.01 mol/L) was slowly
added. The resulting suspension was allowed to stir under ambient conditions for 8 h and
centrifuged. Thus, formed CNTs-PAMAM-Ag was purified by successive washings with
DI water and ethanol and dried under vacuum. For control experiments, hydrophobic
nature pristine CNTs were modified to hydrophilic oxidized CNTs, and PAMAM was
prepared using Michael’s addition procedure [55].

2.3. Adsorption Experiments

The stock solution of Pb(II) and As(Ill) with a 1 g/L was prepared in DI water using
lead(Il) nitrate and sodium arsenite, respectively. Further, the stock solution was diluted to
desired concentrations using DI water. The kinetic adsorption experiments of Pb(II) and
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As(IIT) were performed to evaluate the contact time required to attain equilibrium. In the
typical experiment, 100 mg of adsorbent was dispersed into 500 mL of Pb(II) and As(III)
solution with a concentration of 40 pg/L with an initial pH of 7.67 and 8.11, respectively.
Then, the mixtures were allowed to stir at room temperature, and an adequate quantity
of samples was collected after the required contact time. Successively, the adsorbent
was separated by centrifugation, and the concentration of residual Pb(II) or As(IIl) in the
solution was estimated by the atomic absorption spectrometer. The efficiency in adsorption
of Pb(II) and As(IIl) as a function of time was monitored for 120 min. Then, the adsorbed
quantity of Pb(II) and As(IIl) was evaluated using the following equation.

(Co—CHV

” M

qt =

where g; is the amount of pollutant adsorbed (mg/g) at time t; Cy is the initial concentration

of contaminant in solution (mg/L), and C; is the concentration of pollutant in solution

(mg/L) at time t; V is the volume of the solution (L), and M is the amount of adsorbent (g).
The efficiency of adsorbent in the removal of Pb(II) and As(IlI) was calculated by:

(Co—ChHV

Removal ef ficiency (%) = c
0

x 100 2)

For adsorption isotherms experiments, 10 mg of CNTs-PAMAM-Ag was added to
50 mL of Pb(II) or As(III) solution and allowed to stir at room temperature for 24 h to reach
the equilibrium. To obtain the adsorption isotherms, the concentration of Pb(II) and As(III)
solution was varied from 1 to 10 mg/L. After reaching the equilibrium, CNTs-PAMAM-Ag
was separated by centrifugation, and the concentration of Pb(II) or As(IIl) in the solution
was measured using the atomic absorption spectrometer. Then, the adsorption of Pb(II) or
As(III) at equilibrium, g, (mg/g), was determined by:

o = Q=COV o

where g, is the amount of Pb(II) and As(IlI) adsorbed (mg/g) at equilibrium.

2.4. Effect of pH on Adsorption of Pb(II)

To evaluate the effect of pH on the adsorption of Pb(II). The pH of the Pb(II) solution
was varied from 4 to 12 using 0.1 M HCI and NaOH solutions. Other parameters were
kept constant.

2.5. Desorption and Reuse of Adsorbent

After the adsorption experiment of Pb(II), CNTs-PAMAM-Ag was collected by cen-
trifugation, dispersed in 0.1 M HCl solution, and stirred at room temperature for 2 h. Then,
the CNTs-PAMAM-Ag was separated by centrifugation, washed with DI water, and dried
under vacuum. Thus recovered CNTs-PAMAM-Ag was employed in the next cycle of
adsorption of Pb(II). To estimate the reusability of CNTs-PAMAM-Ag, four adsorption—
desorption cycles were performed.

2.6. Characterization

The FT-IR spectra were acquired using Thermo-Nicolet IR 2000 spectrometer (Madi-
son, WI, USA) with KBr, and the XRD were recorded on a Scintag X-ray diffractometer
(Cupertino, CA, USA), model PAD X, equipped with a Cu Ko photon source (45 kV, 40 mA)
at the scanning rate of 3 °/min. Transmission electron microscopy (TEM) images were
obtained with the Hitachi H-8100 microscope (Tokyo, Japan) at 200 kV. The concentration of
Pb(II) and As(III) was estimated by Varian SpectrAA 220FS (Lake Forest, CA, USA) atomic
absorption spectrometer.
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3. Results and Discussion

The FT-IR spectrum of oxidized CNTs, presented in Figure 1a displayed the absorption
bands of A2u and E1lu phonon modes of CNTs at 611 and 1629 cm ™!, respectively [56]. The
broad feature appeared in the range of 3652 and 3000 cm ! corresponding to the absorption
of —OH stretching of carboxyl groups. The spectrum of CNTs-PAMAM (Figure 1b) demon-
strated the characteristic absorption bands of CNTs and PAMAM. The peak displayed
at 3441 cm~! was related to N-H stretching frequency and the band found at 1631 cm™!
was due to carbonyl stretching of amide (~CO-NH). The bands that appeared at 2858 and
2934 cm ! corresponded to symmetric and asymmetric stretching of -CH,, respectively.
The bands revealed at 1515 and 837 cm ™! were by aromatic C-C and C-H para-aromatic
out-of-plane vibrations, respectively. The bands found at 1003 and 1116 cm~! was owing to
aromatic -CH vibrations [55]. The bands of the aromatic ring displayed at 1515 (aromatic
C-C), 1003 and 1116 (-CH), and 837 cm~! (C-H para-aromatic out of plane vibration). The
spectrum of CNTs-PAMAM-Ag (Figure 1c) exhibited the representative peaks of CNTs
and PAMAM, however, the position of the peaks was slightly shifted, and the intensity of
the bands was reduced.
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Figure 1. FT-IR spectra of (a) CNTs, (b) CNTs-PAMAM, and (c) CNTs-PAMAM-Ag.

The powder XRD of CNTs-PAMAM-Ag, shown in Figure 2a, depicted the intense
diffractions at 38.0, 44.2, and 64.3° corresponding to (11 1), (2 0 0), and (2 2 0) reflections of
silver with face-centered cubic (fcc) symmetry, respectively [55,57,58]. The reflections of
CNTs were not observed in CNTs-PAMAM-Ag (Figure 2a); however, these were distinctly
found in CNTs-PAMAM (Figure 2b). The indistinct visibility of CNTs peaks in CNTs—
PAMAM-Ag could be due to the effective exfoliation of CNTs, the significant intensity
of Ag reflections, and adequate coverage of the surface of CNTs by densely populated
deposition Ag nanoparticles.
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Figure 2. XRD pattern of (a) CNTs-PAMAM-Ag and (b) CNTs-PAMAM.

The TEM image of CNTs-PAMAM-Ag (Figure 3a) revealed the efficient entangle-
ment of CNTs by successfully conjugating PAMAM chains onto their surfaces. The CNTs
present in CNTs-PAMAM-Ag have a diameter of a few nanometers and a length of several
micrometers. The PAMAM grafted to the surface of CNT and the deposition of spherical-
shaped Ag nanoparticles are distinctly visible in Figure 3b. The average particle size of
Ag nanoparticles was around 35 nm. The PAMAM is efficiently grafted over the entire
surface of CNTs. However, the thickness of PAMAM was not uniform. Additionally, the
homogenous distribution of Ag nanoparticles and their firm adherence is visible in Figure 3.
The coarse texture was created over the surface of CNTs-PAMAM-Ag, which enables
the adsorption rate of pollutants. Additionally, the hydrophilic nature of PAMAM turns
the hydrophobic CNTs into hydrophilic and increases the absorption proportion. The
absence of Ag nanoparticles in the void space (Figure 3) reveals the strong adherence of
Ag nanoparticles to the surface PAMAM grafted CNTs. The resilient immobilization of
Ag nanoparticles over PAMAM grafted CNTs caused by strong interaction ensue between
them, preventing Ag nanoparticles’ leaching.

The XPS survey spectrum of CNTs-PAMAM-Ag illustrated in Figure 4a confirms
the presence of C, Ag, N, and O. The atomic ratio of Ag, C, and O estimated from XPS in
CNTs-PAMAM-Ag was 1.17, 85.75, and 13.08%, respectively. The high-resolution spectrum
of C1s (Figure 4b) exhibited a peak at 284.5 eV, divulge into three distinct peaks by Gaussian
fitting. The peak at 284.9 eV was assigned to C-C bonds of sp? hybridized carbon atoms of
CNTs [59]. The peak at 285.4 eV was due to C-C bonds occurring in structurally defective
sp? hybridized carbon atoms and C=O bonds [59,60]. Another peak found at 290.0 eV was
owing to carboxyl carbon O=C-O [61]. The high-resolution spectrum of Ag 3d (Figure 4c),
disclosed into two peaks situated at 368.2 and 374.2 eV, featured the metallic state of Ag
3d5/2 and Ag 3d3/2, respectively [60]. The position of the peaks and binding energy
match the value found for Ag* [62,63]. The difference in the binding energy between Ag
3d5/2 and Ag 3d3/2 peaks was 6 eV [60]. It confirms the presence of Ag nanoparticles in
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the metallic state. The N 1s spectrum shown in Figure 4d, deconvoluted into three peaks
located at 394.0 eV, 399.0 eV, and 405.0 eV corresponding to -N= (quinoid imine), -NH-
(benzoid amine), and positively charged nitrogen(-HN'*— and ~-HN"=), respectively [64].
The high-resolution spectrum of O 1s (Figure 4e) split into two peaks located at 530.1 eV by
lattice O and 532.4 eV due to carbonyl (=C-O) functional groups [64].

Figure 3. TEM images of CNTs-PAMAM-Ag. (a) revealed the efficient entanglement of CNTs by
success-fully conjugating PAMAM chains onto their surfaces. (b) The PAMAM grafted to the surface
of CNT and the deposition of spherical-shaped Ag nanoparticles.
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Figure 4. (a) XPS survey spectrum, (b) high-resolution spectrum of Cls, (c) high-resolution spectrum
of Ag3d, (d) high-resolution spectrum of N 1s, and (e) high-resolution spectrum of Ol1s of CNTs—
PAMAM-Ag.

The absorption efficiency of CNTs-PAMAM-Ag was evaluated by estimating the
adsorption rate of two important toxins in water, viz., Pb(Il) and As(Ill). Initially, the
adsorption ability of oxidized CNTs and PAMAM and its improvement by their conjugation
after their conjugation and deposition of Ag nanoparticles was accessed by measuring the
adsorption of Pb(Il) as a function of contact time. The result found for adsorption as a
function of contact time for 40 pg/L concentrated Pb(Il) solution is shown in Figure 5. The
adsorption performance of oxidized CNTs and PAMAM was significantly improved after
their conjugation and deposition of Ag nanoparticles in CNTs-PAMAM-Ag. About 99%
of Pb(II) was adsorbed by CNTs-PAMAM-Ag within 15 min, while it was 58 and 38% for
oxidized CNTs and PAMAM, respectively. Further, to find the controlling mechanisms of
the adsorption process and its dynamics, the pseudo-first, and the second-order kinetic
models were applied using the following Equations (4) and (5).
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Figure 5. Kinetics of Pb(II) adsorption over oxidized CNTs, PAMAM and CNTs-PAMAM-Ag.
Pseudo-first-order model:
In(qe — q1)= Inqe — kit )

Pseudo-second-order model:

t_ 1.t
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where g, and g; are the quantity of adsorbate (mg/g) at equilibrium and particular time ¢
(min), respectively; kq (min~!) and k, [g/(mg.min)] are the pseudo-first and second-order
rate constants, respectively.

Figure 6a is the pseudo-first-order plot got for the adsorption of Pb(Il) of over-oxidized
CNTs, PAMAM, and CNTs-PAMAM-Ag, and Figure 6b is acquired for pseudo-second-
order kinetics. The parameters estimated are illustrated in Table 1. The correlation coeffi-
cient (R?) received for pseudo-second-order kinetics was higher than the value estimated
for the pseudo-first-order kinetics. In addition, the value of g, (exp) agreed with g, (cal)
determined from pseudo-second-order kinetics rather than the value of pseudo-first-order
kinetics. Therefore, the adsorption of Pb(Il) over oxidized CNTs, PAMAM, and CNTs—
PAMAM-Ag takes place through pseudo-second-order kinetics. Further, the adsorption
rate of Pb(II) over CNTs-PAMAM-Ag was compared with the adsorption of As(Ill). The
kinetics profile found for the adsorption of Pb(Il) and As(IIl) is illustrated in Figure 7
and the plot perceived for q; versus time is given in Figure S1. It was revealed that the
adsorption of Pb(II) and As(IIl) is time-dependent and proceeds as a function of time.
Consequently, contact time is an essential factor in the adsorption of Pb(II) and As(III)
and plays a significant role. The behavior in the adsorption of both Pb(II) and As(III) was
identical. The adsorption rate was significant in the initial stage, and the progression in
the later phase was relatively slow until the attainment of equilibrium. Within 15 min,
about 99% of Pb(II) and 76% of As(IlI), was adsorbed. To reach the equilibrium, 20 and
70 min was needed for Pb(Il) and As(IIl), respectively. After conquering the equilibrium,
the adsorption of Pb(II) and As(IIl) was minute until the measured period of 120 min. The
rapid adsorption in the initial stage could be due to the abundant availability of the active
sites existing over the surface of CNTs-PAMAM-Ag. With the progress of time, the active
sites are being saturated by the adsorption of a high number of Pb(II) and As(III) ions [65].
In addition, the repulsive forces befall the solute molecules in the solid and bulk phases [65].
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The pseudo-first and pseudo-second-order plots received for adsorption of Pb(Il) and
As(III) over CNTs-PAMAM-Ag are demonstrated in Figure 8a,b, respectively, and the
related parameters assessed are summarized in Table 1. The R? value for pseudo-first-order
kinetics was 0.9663 and 0.9845 for Pb(II) and As(IIl), respectively. For pseudo-second-order
kinetics, it was 0.9998 and 0.9966 for Pb(I) and As(IIl), respectively. The R? value for
pseudo-second-order kinetics is higher than that of pseudo-first-order kinetics. Hence, the
adsorption of Pb(II) and As(III) could be well-fitted with the pseudo-second-order kinetic
model. Therefore, during adsorption, chemisorption ensues by sharing or exchanging
of electrons between Pb(II) or As(Ill) ions and CNTs-PAMAM-Ag, which could be the
rate-controlling step in the process of adsorption [5,66]. It is presumed that the pseudo-
second-order adsorption process ensues through surface reactions until active sites get
saturated, followed by the incidence of diffusion for complex sequential interactions [5,67].
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Figure 6. (a) Pseudo-first-order and (b) pseudo-second-order kinetics for Pb(II) adsorption over
oxidized CNTs, PAMAM and CNTs-PAMAM-Ag.
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Table 1. Parameters calculated from pseudo-first, and second-order kinetic models.

Pseudo-First Order Kinetic Model

Pseudo-Second-Order Kinetic Model

q. (exp)
Adsorbent qe
Adsorbate mg/g (cal) N R? (cal) 7’;2 - R?
min g.mg L.min
mg/g mglg
CNTs Pb(1I) 22 0.3483 0.0360 0.9687 2.3152 0.0573 0.9960
PAMAM Pb(II) 1.7 0.2815 0.0349 0.9847 1.8543 0.0449 0.9896
CNTs-PAMAM-Ag Pb(1I) 2.5 1.1255 0.2983 0.9663 2.5189 0.6425 0.9993
CNTs-PAMAM-Ag As(III) 2.5 0.7117 0.0772 0.9845 2.6309 0.0806 0.9966

To find the reaction pathways and the rate-controlling step in adsorption, Weber—Morris
intraparticle pore diffusion model was used [68]. This model is based on sorbate species
transport into the sorbent’s pore is often the rate-controlling step in the adsorption. Thus,
rate constants for intraparticle diffusion (k;;) were estimated using Equation (6).

g = kigt" +c (6)

where g; (mg/g) is the amount of Pb(Il) and As(Ill) adsorbed at time t (min); ¢ (mg/g)
is the intercept that represents the boundary layer effect, and k;; [mg/(g.min%%)] is the
intraparticle diffusion rate constant, which can be evaluated from the slope of the linear
intraparticle diffusion plot of g; versus t° (Figures 9 and S2). If the regression of the
intraparticle diffusion plot is linear and passes through the origin, in that case, intraparticle
diffusion is the sole rate-limiting step in the adsorption. However, the plot of g; versus 105,
shown in Figure 9, does not pass through the origin (Figure S2). So, intraparticle diffusion
is not the sole rate-limiting step in the adsorption found for Pb(II) and As(III). Moreover, if
the intercept of the intraparticle diffusion plot is significant, the contribution of the surface
sorption is more efficient in the rate-controlling step [69]. Contradictorily, the value of the
intercept appraised for the adsorption of Pb(Il) and As(IlI) was small (Table S1). In addition,
the intraparticle diffusion plot (Figure S2) unveiled two straight lines. This specifies that
intraparticle diffusion was not exclusively a rate-controlling step in the adsorption of Pb(II)
and As(Ill); instead, it was regulated by both intraparticle diffusion and boundary layer
effect [69,70]. The multilinearity found for the intraparticle diffusion plot (Figure 9) reveals
that the adsorption of Pb(II) and As(Ill) emerge through multiple phases instead of a
single [5]. Out of these, the first phase was owing to the instantaneous adsorption of Pb(II)
and As(IlI) ions (Figure 9), and the second phase was due to the diffusion of Pb(II) and
As(III) ions into the pores of CNTs-PAMAM-Ag. Finally, the third phase was from the
equilibrium of adsorption that causes chemical reaction/bonding [5].
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Figure 7. Kinetics of Pb(II) and As(IIl) adsorption over CNTs-PAMAM-Ag.
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Figure 8. (a) Pseudo-first-order and (b) pseudo-second-order kinetics for Pb(II) and As(III) adsorption
over CNTs-PAMAM-Ag.
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Figure 9. Weber-Morris intraparticle diffusion plot for Pb(II) and As(III) adsorption over CNTs-
PAMAM-Ag.
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To further explore the adsorption equilibrium, the experimental results obtained
for adsorption of Pb(II) and As(III) were analyzed with three isotherm models viz., the
Langmuir, the Freundlich, and the Temkin models. The Langmuir isotherm model assumes
that monolayer adsorption occurs on the surface of the adsorbent [71]. Additionally, it
presumes that the equivalent binding site number is specific and that adsorbate does not
transmigrate [72]. Accordingly, the Langmuir model is represented by Equation (7).

e B qm Kr qm

Co_ by 1 )

where g, (mg/g) is the amount of adsorbed Pb(Il) and As(IIl) per unit mass of CNTs-
PAMAM-Ag; C. (mg/L) is the concentration of Pb(II) and As(IIl) at equilibrium; g, is the
maximum amount of the Pb(II) and As(Ill) adsorbed per unit mass of CNTs-PAMAM-Ag to
form a complete monolayer on the surface-bound at high C,. K7, is the Langmuir adsorption
constant related to the free energy of adsorption. The linear fitting for the Langmuir plot of
specific adsorption (C./ge) versus the equilibrium concentration (C,) is shown in Figure 10a.
The parameters calculated by the Langmuir isotherm model are tabulated in Table 2. The
maximum adsorption capacity (4,;) calculated for the adsorption of Pb(Il) and As(IlI) was
18.7 and 14.8 mg/g, respectively.

0_5_(21)

CJa, (glL)

= Po(ll)
o As(lll)

7 8

00—
0o 1 2 3 4 5

C. (mgiL)

o

. = Pb(ll)
2.1 o As(lll)

15 10 -05 00 05 10 15 20
InC

e

Figure 10. Cont.

112



Nanomaterials 2022, 12, 3852

o m Pb(ll)
o As(lll)

20 -15 10 -05 00 05 10 15 20
InC

e

Figure 10. (a) Langmuir, (b) Freundlich, and (c) Temkin isotherms for Pb(II) and As(III) adsorption
over CNTs-PAMAM-Ag.

Table 2. Parameters calculated from Langmuir, Freundlich, and Temkin adsorption isotherms.

Langmuir Isotherm Freundlich Isotherm Temkin Isotherm
Adsorbate K ) K ) )
qm mg/g L/mg RLan mg/g n R%Fre A B RTem
Pb(II) 18.7 3.12 0.9980 13.05 5.546 0.9916 292.3 2.4 0.9950
As(IIT) 14.8 3.59 0.9997 10.94 6.192 0.9100 428.9 6.1 0.9451

Furthermore, the kinetic data of adsorption of Pb(II) and As(IIl) was explored with the
Freundlich isotherm model that defines the heterogeneous adsorption using Equation (8) [73].

Ing, = anP+lan

®)

where g, (mg/g) is the amount of Pb(II) and As(Ill) adsorbed per unit mass of CNTs-
PAMAM-Ag; C, (mg/L) is the concentration of Pb(Il), and As(Ill) at the equilibrium,
KF indicates the affinity of adsorbent of Pb(II) and As(Ill) and n denotes the adsorption
intensity. C, (mg/L) is the concentration of Pb(II) and As(IIl) at equilibrium. The Freundlich
isotherm fitting plot is shown in Figure 10b, and obtained results are summarized in Table 2.
The magnitude of the exponent, 1/n, indicates the favorability of adsorption. The value of
n ranging from 1 to 10 indicates the favorable conditions for adsorption [66]. The value
of n calculated for Pb(II) and As(IlI) adsorption were 5.546 and 6.192, respectively. This
represents that the adsorption of Pb(II) and As(III) over CNTs-PAMAM-Ag is favorable.

Apart, the adsorption of Pb(Il) and As(IIl) was explored with the Temkin isotherm
model [74] using Equation (9).

ge = BInA+BInC, 9)

where B = RT /K7, Kr is the Temkin constant related to the heat of adsorption (J/mol); A
is the Temkin isotherm constant (L/g), R is the gas constant (8.314 J/mol K), and T the
absolute temperature (K). The Temkin isotherm fitting plot of g, versus In C, is shown in
Figure 10c, and the estimated parameters are listed in Table 2.

Among all the isotherm models, the Langmuir isotherm model was well suited for the
adsorption of Pb(Il) and As(IlI) (Figure 10a) with the R?| . value of 0.9980 and 0.9997 for
Pb(II) and As(Ill), respectively. Nonetheless, it was lower for both the Freundlich and
Temkin isotherm models. It means R?|,,, was high compared to R%ppe and R2%pep. Thus, the

113



Nanomaterials 2022, 12, 3852

experimental kinetic data received for Pb(Il) and As(I1l) adsorption was well fitted to the
Langmuir isotherm model. So the Langmuir isotherm model satisfactorily explains the
adsorption of Pb(II) and As(III) compared to the Freundlich and Temkin isotherm models.
As the Langmuir equation assumes the adsorbent’s surface is homogenous, a better fitting
of the Langmuir isotherm model indicates the uniform distribution of active sites over
the entire surface of CNTs-PAMAM-Ag and their homogeneity [66,69]. It signifies that
the adsorption of Pb(Il) and As(Ill) was dominated by the monolayer binding on the
homogeneous surface of CNTs-PAMAM-Ag [66]. The maximum adsorption capacity (4,;)
of CNTs-PAMAM-Ag estimated for Pb(II) and As(III) adsorption was compared to the
value reported for adsorbents, which is listed in Table S2 [4,42,75-82].

Further, to investigate the effect of pH on the adsorption of Pb(Il) monitored at
pH of 4, 6, 8, 10, and 12. It was found that the adsorption of Pb(Il) was on the pH of
the solution in such a way that the maximum adsorption was perceived at around 8
(Figure S3). However, the adsorption rate was low at other measured values of pH viz.,
4, 6,10, and 12. The natural pH of the 40 ug/L Pb(II) solution used in the adsorption
measurement was 8 (7.67). So the adsorption at pH 8 was recorded with an alteration of pH
by adding either 0.1 M HCI or NaOH. However, the adsorption measurement at other pH
values such as 4 and 6 was adjusted using 0.1 M HCI, while pH 10 and 12 were attained by
adding 0.1 NaOH. Hence, the addition of HC] or NaOH could interfere with Pb(II) ions
and hinder the adsorption efficiency. The recovery and repeated use of the adsorbent are
essential for practical application. The efficiency of CNTs-PAMAM-Ag in the adsorption of
Pb(Il) was investigated for four successive cycles (Figure S4). The adsorption rate of Pb(Il)
was not reduced significantly in all four studied cycles. Therefore, CNTs-PAMAM-Ag is
an ideal adsorbent for repeated use without losing its activity. The hierarchical architecture
generated grafting of PAMAM improved the adsorption efficiency of CNTs, which was
further enhanced by the deposition of Ag nanoparticles.

4. Conclusions

In conclusion, an efficient adsorbent for effective adsorption of Pb(II) and As(III)
was successfully prepared by grafting fourth-generation aromatic PAMAM to CNTs and
successive deposition of Ag nanoparticles. Thus produced CNTs-PAMAM-Ag was able
to adsorb 99 and 76% of Pb(Il) and As(IIl), respectively within 15 min. The kinetics
data obtained for the adsorption of Pb(II) and As(Ill) was well fitted with the pseudo-
second-order model compared to the pseudo-first-order model. It revealed the occurrence
of chemisorption by sharing or exchanging electrons between Pb(Il) or As(Ill) ions and
CNTs-PAMAM-Ag. It could be the rate-controlling step in the process of adsorption. The
multilinearity of the Weber—Morris plot demonstrated that intraparticle diffusion was
not a rate-controlling step in the adsorption of Pb(Il) and As(III); instead, it was regulated
by both intraparticle diffusion and boundary layer effect. The proper fitting of kinetic
data of Pb(Il) and As(Ill) adsorption with the Langmuir isotherm model indicates the
uniform distribution of active sites over the entire surface of CNTs-PAMAM-Ag and
their homogeneity. In addition, it signifies that the adsorption of Pb(II) and As(Il) was
dominated by the monolayer binding on the homogeneous surface of CNTs-PAMAM-Ag.
The adsorption ability of CNTs-PAMAM-Ag depends on the pH. The CNTs-PAMAM-Ag
is an ideal adsorbent for repeated use without losing its activity. Because of its significance
in Pb(II) and As(Ill) adsorption, CNTs-PAMAM-Ag could be an efficient adsorbent and
practically applicable for the adsorption of other heavy metals and other contaminants
present in water.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /nano12213852 /s1. Figure S1: Plot perceived qt as a function of
time for Pb(II) and As(Ill) adsorption over CNTs—-PAMAM-Ag; Figure S2: Intraparticle diffusion
model for Pb(I) and As(III) adsorption over CNTs-PAMAM-Ag; Figure S3: Effect of pH on the
adsorption of Pb(Il) over CNTs-PAMAM-Ag; Figure S4: Efficiency of CNTs-PAMAM-Ag in the
adsorption of Pb(II) for four successive cycles. Table S1: Parameters calculated from the intra-particle
diffusion plot provided in Figure S2; Table S2: Comparison of maximum adsorption capacity (qm) of
CNTs-PAMAM-Ag estimated for Pb(II) and As(III) adsorption with different adsorbents.
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Abstract: Good dispersion of carbon nanotubes (CNTs) together with effective curing were obtained
in epoxy/CNT nanocomposites (NCs) using three different ionic liquids (ILs). Compared to conven-
tional amine-cured epoxy systems, lower electrical percolation thresholds were obtained in some of
the IL-based epoxy systems. For example, the percolation threshold of the trihexyltetradecylphospho-
nium dicyanamide (IL-P-DCA)-based system was 0.001 wt.%. The addition of CNTs was not found to
have any significant effect on the thermal or low-strain mechanical properties of the nanocomposites,
but it did improve their adhesive properties considerably compared to the unfilled systems. This
study demonstrates that ILs can be used to successfully replace traditional amine-based curing agents
for the production of electrically conductive epoxy/CNT NCs and adhesives, as a similar or better
balance of properties was achieved. This represents a step towards greater sustainability given that
the vapor pressure of ILs is low, and the amount needed to effectively cure epoxy resins is significantly
lower than any of their counterparts.

Keywords: epoxy resin; ionic liquid; carbon nanotube; nanocomposite; curing agent; dispersing
agent; mechanical properties; lap shear; conductivity

1. Introduction

Epoxy resins are widely used due to their excellent mechanical and adhesive proper-
ties. One way to further improve these properties and acquire others—such as electrical
conductivity—is by adding carbon-based nanofillers such as carbon nanotubes (CNTs).
CNTs are an allotropic form of carbon made up of one (SWCNT) or multiple (MWCNT)
one-atom-thick graphene sheets that are rolled into hollow cylinders with a nanometric
diameter. They present outstanding mechanical and electrical properties. However, the
nanofiller must be properly dispersed for the nanocomposites (NCs) to obtain a good
balance of properties.

Epoxy resin/CNT NCs cured with traditional curing agents, such as amines, anhy-
drides, polyamides and imidazoles, have been widely studied [1-5]. It is well known that
the addition of CNTs improves low-strain mechanical properties [1,2,6-10]. However, high
concentrations of CNTs can cause aggregates to form [1-3], thus limiting their effectiveness
as reinforcing agents. Regarding their adhesive properties, while a small number of CNTs
can increase lap shear strength, larger quantities can cause more and larger aggregates to
form, thus conferring a negative effect on their adhesive properties [4,5,11].

In fact, the strong propensity of CNTs to form bundles and aggregates (due to m—m
stacking and Van der Waals forces of attraction) is one of their main drawbacks, as it limits
their potential for improving mechanical and adhesive properties. In recent years, the
use of ionic liquids (ILs) has been reported to enhance the dispersion of CNTs, thereby
improving the properties of NCs based on different thermoplastic [12-14] and thermoset-
ting [15-18] polymers as a result. This is because ILs interact with CNTs through cation—m
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interactions [19,20] and interrupt the 7— forces of attraction [21]. Improved dispersion lev-
els [13,22-25] have led to both increases in electrical conductivity [12,25-27] and decreases
in the percolation threshold [12,25,27].

ILs are generally defined as salts that melt at temperatures below 100 °C. They have a
low vapor pressure, are ionically conductive, and are thermally and chemically resistant.
Due to these properties, they are used in a wide variety of applications including as
solvents in synthesis [28], electrolytes in batteries [29], and as catalysts [30]. In the field
of polymer science and technology, they are also used as compatibilizers for immiscible
blends [31-33], as plasticizers [34,35], as curing agents for epoxy resins [36—44] and, as
previously mentioned, as dispersing agents for nanofillers.

Regarding the role of ILs as curing agents in epoxy-based systems (as we reported in
previous works [45,46]), imidazolium- [38-41] and phosphonium- [36,37,42-46] based ILs
are effective substitutes for traditional volatile and toxic curing agents. In addition, as they
act as initiators rather than as comonomers [42], less IL is required to cure the epoxy resin
effectively. Several papers have been published on the effect of ILs (as dispersing and/or
curing agents) on the mechanical, electrical, and /or adhesive properties of epoxy/CNT
systems [6-9,15,16,18,36,37,47 48].

Santos et al. [15] investigated the properties of epoxy/MWCNT NCs with the IL
tributyl(ethyl)-phosphonium diethylphosphate used as the curing and dispersing agent.
They observed that the mixing procedure significantly affected the degree of dispersion of
the CNTs. In their study, the percolation threshold (p.) was reached at 0.016 vol% when
10 phr of IL was used and at 0.047 vol% when 30 phr of IL was used. Using a different
phosphonium-based IL (tri(hexyl)tetradecyl phosphonium bis(2,4,4-trimethylpentyl) phos-
phinate) as the dispersing and curing agent in epoxy/MWCNT NCs, Soares et al. [36]
and Maka et al. [37] achieved p-s of between 0.25 and 0.5 phr MWCNTs [36] and below
0.25 wt% [37], respectively.

Alves et al. [16] and Lopes Pereira et al. [48] studied the role of the IL 1-butyl-3-
methyl-imidazolium tetrafluoroborate as a dispersing agent in epoxy NCs containing 1
phr MWCNTs and cured with a commercial hardener. They observed that the electrical
conductivity of the NC containing IL was three orders of magnitude greater than the
NC without IL [48]. However, the addition of IL effected a decrease in the lap shear
strength (from 20.4 MPa (the epoxy/CNT) to 14.5 MPa (the epoxy/CNT/IL)) caused by
its lubricating effect [16]. Hameed et al. [9] attained individually dispersed MWCNTs
using the same IL (1-butyl-3-methylimidazolium tetrafluoroborate) as the dispersing and
co-curing agent (with a commercial amine). The authors reported that the diameter of the
CNTs in the NCs containing the IL was larger, suggesting that the CNTs were wrapped
in or covered by the IL. The addition of 0.5 wt% CNTs caused a 13% increase in Young’s
modulus and a 23% increase in tensile strength.

Waters et al. [8,18] and Throckmorton et al. [47] obtained epoxy/SWCNT composites
using an IL (1-ethyl-3-methylimidazolium dicyanamide) as the initiator and dispersing
agent. The authors reported a percolation threshold of 0.01 wt% SWCNTs for the system
containing the IL, which was significantly lower than that of the corresponding traditional
amine-cured system (0.4 wt%) [18,47]. Indeed, when the processing conditions were further
optimized, an even lower percolation threshold (0.005 wt%) was achieved [18]. Regarding
the system’s mechanical properties, the addition of 0.1 wt% SWCNTs to the epoxy/IL
system led to a 9% improvement in Young’s modulus, which the authors attributed to the
good dispersion of the nanotubes [8].

Kleinschmidt et al. [6] analyzed the effect of the IL 1-n-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide as the dispersing agent of an epoxy-based NC contain-
ing 0.1 wt% MWCNTs cured with two amines. They observed that while the addition of
the CNTs led to a decrease in the tensile strength of the neat epoxy resin, the addition of the
IL led to an improvement, which the authors attributed to the improved adhesion between
the CNTs and the epoxy resin. Finally, the tensile moduli of the epoxy resin and of the
epoxy/CNT and epoxy/CNT/IL nanocomposites were all similar.
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Gholami et al. [7] also analyzed the dispersion efficiency of different choline chloride-
based ILs in epoxy systems containing 0.3 wt% MWCNTs and cured with commercial
hardeners. They observed that the addition of the glycerol and choline chloride-based
ILs improved the electrical conductivity of the epoxy/CNT system by three orders of
magnitude (from 1078 S/cm to 1075 S/cm). They attributed this to the ability of the
IL to arrange the electrically conductive CNTs in the matrix and form a more complete
conductive network. The enhanced dispersion of the CNTs also led to a 12% improvement
in the tensile strength (from 64 MPa to 72 MPa) of the epoxy/CNT NCs.

However, while the dispersive effect of ILs in epoxy/CNT systems has been discussed
quite widely in the literature, the role of ILs as effective curing agents has received less
attention. Moreover, to the best of our knowledge, no studies have been conducted on
the effect of different ILs and CNT concentrations on the final mechanical, electrical, and
adhesive properties of epoxy NCs. Therefore, in this study, three different ionic liquids
were selected (based on a previous study [46]) and used as curing/dispersing agents for
epoxy/CNT NCs, with the objective of optimizing the performance of epoxy NCs without
using traditional, volatile curing agents. With this aim in mind, the nanostructure and
the thermal, electrical, mechanical, and adhesive properties of the NCs were determined
and compared.

2. Materials and Methods
2.1. Materials

The ionic liquids used in this study were as follows: (a) trihexyltetradecylphospho-
nium bis(2,4,4-trimethylpentyl)phosphinate (IL-P-TMPP), (b) 1-ethyl-3-methylimidazolium
dicyanamide (IL-I-DCA) from Sigma Aldrich, and (c) trihexyltetradecylphosphonium di-
cyanamide (IL-P-DCA) from IoLiTec-Ionic Liquid Technologies GmbH. Table 1 shows the
structures and properties of all three. The epoxy resin employed was a diglycidyl ether
of bisphenol A (DGEBA) (Nazza, Eurotex) (epoxy equivalent: 186 g; density (at 20 °C):
1.17 g/cm?; viscosity (at 25 °C): 11,500~13,500 mPa-s). A traditional amine-based curing
agent, 2,2'-dimethyl-4,4’-methylenebis(cyclohexylamine) (Aradur) (Huntsman), was used
as a reference. The carbon nanotubes used in this work were of the Nanocyl NC7000 series
(L =1.5 um, D = 9.5 nm, 250-300 m? /g surface area, 90% purity) supplied by Nanocyl.

Table 1. Structures, properties, and abbreviations of the three ILs used in this study.

Abbreviation Structure Properties

9
g/ PM

\\\\\\® |

P e P Molecular weight (g/mol): 773.27

IL-P-TMPP )/ﬁ Density (20 °C) (g/cm?): 0.895
\\% -

. b N Molecular weight (g/mol): 549.90
IL-P-DCA 1\\\ Density (20 °C) (g/cm3): 0.9
NK N o N Molecular weight (g/mol): 177.21
IL-1-DCA \ bi Sy Density (20 °C) (g/cm?): 1.060
N®
N\
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EPOXY/IL
EPOXY/ARADUR

EPOXY/CNT/IL

2.2. Preparation of Samples

The epoxy resin was previously degassed in a vacuum oven at 80 °C for one hour. For
the reference unfilled epoxy/IL and epoxy/Aradur systems, 10 phr of IL (selected as the
optimum content based on our previous work [46]) and the stoichiometric concentration of
the amine, respectively, were added to the epoxy resin, and the resulting mixtures were
mechanically mixed at 50 °C using a Heidolph RZR2000 digital rod stirrer until completely
homogeneous mixtures were obtained. They were then poured into the corresponding
molds or between substrates and were cured according to the curing protocols shown in
Table 2.

Table 2. Curing protocol used for the epoxy/IL and the epoxy/Aradur systems.

Curing Agent Curing Protocol
IL-P-TMPP 2h80°C/2h120°C/1h150°C/1h 170 °C
IL-P-DCA 2h120°C/2h140°C/1h 170 °C
IL-I-DCA 2h110°C/1h140°C/1h 170 °C
Aradur 2h80°C/2h120°C/1h170°C/1h 200 °C

For the epoxy/CNT/IL systems, after degassing the DGEBA, the CNTs were added at
concentrations ranging from 0 to 0.25% and mechanically mixed at 2000 rpm for 20 min
using a EUROSTAR power control-visc digital stirrer. They were then ultrasonicated in
a Hielscher UP400s at an amplitude of 100% for 20 min. Next, the IL (10 phr) was added
and mechanically mixed at 50 °C for 5 min using a Heidolph RZR2000 digital rod stirrer.
Finally, the mixture was poured into molds or placed between lap shear test substrates and
the appropriate curing protocol was applied (Table 2). Figure 1 shows the experimental
flowchart.

DGEBA Addition of Poured into :
degassing curing agent moulds and Curing
on substrates

DGEBA Addition of MsgiEiE Sonication 20
degassin, CNTs Ronelizonn min
g g rpm) for 20 min
. Poured into I\./Ifechanlca‘ll Addition of
Curing moulds and on mixing at 50°C R
substrates for 5 minutes 8 ag

Figure 1. Experimental flowchart illustrating the steps used in the preparation of the samples for the
different systems in the study.

2.3. Characterization
2.3.1. Thermal Properties

Dynamic mechanical analysis (DMA) was used to determine the glass transition tem-
perature and to calculate the crosslinking density of the systems. Rectangular, nominally
sized specimens measuring 17.5 x 6.0 x 2.0 mm?> were tested using a TA Q800 viscoelas-
tometer in single-cantilever bending mode, with a frequency of 1 Hz and an amplitude
of 15 pm. The heating rate was set at 4 °C/min and the temperature interval ranged
from —100 °C to 250 °C. One specimen was tested per composition. The elasticity theory
(Equation (1)) was used to calculate the crosslinking density (ve):

E,

~ 3RT, M)

Ve
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where E, is the storage modulus in the rubbery state at a reference temperature (T = 245 °C)
and R is the ideal gas constant (8.314 J/mol-K).

2.3.2. Nanostructure

The nanostructure and the dispersion level of the CNTs were analyzed by transmission
electron microscopy (TEM). A Tecnai G2 20 Twin microscope was used at an accelerating
voltage of 200 kV. The samples were cut at a 45° angle using a Leica EM UCG ultramicro-
tome with a diamond blade.

2.3.3. Electrical Properties

The electrical conductivity through the sample was measured using a digital Keithley
6487 picoammeter on circular samples (070 mm x 2 mm thick), to which 1 V was applied
for 1 min. The electrical conductivity (c) was calculated using Equation (2):

1 thickness (cm) x I
O T T moxv (5/cm) @

where p is the resistivity, V is the voltage applied, I is the intensity of the current, and 22.9
is the geometrical constant (specific area between electrodes). Three measurements were
made for each reported value.

The percolation threshold was calculated using Equation (3):

o(p) =B(p—pc)' €)

where o(p) is the conductivity, B is a constant, t is the critical exponent, p is the nanofiller
concentration, and p, is the percolation concentration. The experimental data were fitted
by plotting log(c) vs. log(p — p¢) and increasing p. until the best linear fit was obtained.

2.3.4. Mechanical Properties

Three-point bending tests were carried out in an Instron 5569 universal testing machine.
The span was set at 64 mm with a crosshead speed of 2 mm/min. At least 5 specimens
were tested for each composition.

The flexural modulus (Ey), the flexural strength (cf), and the deformation at break
(er) were calculated according to the ISO 178 standard, using Equations (4), (5) and (6),
respectively:

FL3
Ef = Jooi3 @)
3Fax L
o= 2 g
e (%) = 6%5 % 100 ©)

where F is the load, Fj;ux is the maximum load, L is the span, s is the degree of deflection,
and b and / are the width and thickness of the specimen, respectively.

Notched Charpy impact tests were carried out using a Ceast 6548 /000 pendulum with
an impactor of 2 J. Notched specimens with a radius of 0.25 mm and a depth of 2.54 mm
were used. At least 8 specimens were tested for each composition.

2.3.5. Adhesive Properties

The adhesive properties were studied by performing lap shear strength tests according
to the ASTM D-1002 standard. The substrates—aluminum 2021-T351 alloy sheets measur-
ing 100 mm x 25 mm X 1.6 mm—were purchased from Rocholl GmbH, and the tested
adhesion area measured 12.5 mm x 25 mm. An Instron 5569 universal testing machine in
tensile mode was used, employing a constant speed of 1 mm/min. The lap shear strength
was calculated by dividing the maximum force by the adhesion area. For each reported
value, 10 specimens were tested.
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3. Results and Discussion
3.1. Thermal Properties
Figure 2 shows the tand and the storage modulus vs temperature curves of the samples
cured with the different ILs at different CNT concentrations. The main peak of the tand
curves, which appears at high temperatures (shown in the inset), indicates the glass
transition temperature (Tg). The maximums of the peaks for the IL-based systems, along
with the calculated crosslinking density values, are summarized in Table 3.
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Figure 2. Tan 0 (a—c) and storage modulus (d-f) obtained by DMTA for IL-P-TMPP (a,d), IL-P-DCA

Temperature (°C)

(b,e), and IL-I-DCA (c,f) epoxy/IL NCs at different CNT fractions.
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Table 3. Ty and crosslinking density values for the epoxy/IL NCs in the study at different CNT
fractions. The Tg of the reference epoxy/Aradur system was 189 °C and the crosslinking density was
2790 mol/m?.

o o Ve o, o Ve o, o Ve
CNTwt%  Tg(°0) molym?)  CNTwt%  Tg(C) (mol/m?)  CNTwt%  Tg(°O) (mol/m®)
IL-P-TMPP IL-P-DCA IL-I-DCA

0 168 11509 0 172 12616 0 160 4625
0.025 168 12610 0.025 169 10,828 * 0.025 157 4310
0.05 169 12660 0.05 169 14,146 * 0.05 156 4015
0.1 168 11847 0.1 166 13,669 0.1 160 4398
0.2 169 13594 0.2 173 11,437 0.2 155 3599
0.25 167 13590 0.25 170 10,448 0.25 155 4158

* Calculated at lower T; due to the instability of the curve at 245 °C.

As Figure 2 and Table 3 show, neither the glass transition temperature nor the crosslink-
ing density changed significantly upon the addition of the CNTs. In fact, both higher [49-51]
and lower [52-54] T values have been reported when CNTs were added to epoxy resins,
so there is no general consensus in the literature regarding the impact of CNTs on the Ty
of conventionally cured epoxy/CNT systems. Decreases in Tg are generally attributed to
the steric hindrance of the CNTs towards the curing reaction [54,55], which gives rise to
samples with less cross-linkage. By contrast, increases in Ty are usually linked to decreases
in the mobility of the macromolecular chains caused by the presence of CNTs. This effect is
more pronounced the greater the degree of dispersion or adhesion, i.e., the two parameters
reported to most heavily impact the T [51]. Regarding amine-cured epoxy systems with
ILs as dispersing agents, both increases [9] and decreases [17,48,56] in the Ty have been
reported. The effect of the presence of ILs is not completely clear in these cases because
they are also known to act as effective plasticizers. Both decreases [36] and increases [15,37]
in Tg have also been reported for epoxy/CNT NCs where the ILs acted as both curing and
dispersing agents. The behavior of the epoxy/Aradur system in this study was similar to
that of the epoxy/IL systems; the addition of CNTs did not significantly affect the Ty or the
crosslinking density of the unfilled system (the Tg and crosslinking density of the 0.2 wt.%
CNT composition were 191 °C and 3090 mol/m?, respectively).

3.2. Nanostructure

The nanostructures of the epoxy/IL systems were analyzed by transmission electron
microscopy (TEM). Figure 3a—c show representative micrographs of the IL-P-DCA, IL-P-
TMPP, and IL-I-DCA epoxy/IL systems, respectively, each containing 0.2 wt.% of CNTs. As
a reference, Figure 3d shows a representative TEM micrograph of the epoxy/Aradur NC
with the same concentration of CNTs. As can be seen in Figure 3a—c, good dispersion of
the nanofiller was achieved in the case of all three ILs, with mostly individually dispersed
CNTs and far fewer small aggregates. When the different ILs are compared, it is evident
that, in Figure 3a, there are fewer and smaller CNT aggregates than those appearing in
Figure 3b,c, indicating that the CNTs were best dispersed in the epoxy/CNT/IL-P-DCA
system, and more poorly dispersed in the epoxy/CNT/IL-P-TMPP and epoxy/CNT/IL-I-
DCA systems. A similar nanostructure was observed in the reference epoxy/CNT/Aradur
system (shown here in Figure 3d). As expected, these differences significantly affected the
electrical properties of the NCs and are discussed below.

125



Nanomaterials 2023, 13,725

Figure 3. TEM micrographs of the epoxy/IL-P-DCA (a), epoxy/IL-P-TMPP (b), epoxy/IL-I-DCA (c),
and the reference epoxy/Aradur systems containing 0.2 wt.% CNT (d).

The achievement of good dispersion of CNTs is known to be complicated due to
interactions between the sp? orbitals perpendicular to the layers, which lead to the reag-
gregation of the CNTs. ILs have been reported to be effective in terms of dispersing CNTs,
although how they actually execute this is a controversial topic judging from the bibliogra-
phy contained herein. In the case of imidazolium-based ILs, some authors indicate that the
m—cation interaction [19,20] is likely responsible, while others believe the Van der Waals
forces-based interactions [21] cause the rupture of the 7—m attractive forces between the
CNTs. With respect to the phosphonium-based ILs, in the absence of aromatic groups in
their structures, m—cation interactions are preferred [57]. Moreover, as these ILs contain
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cations with long aliphatic chains, a surfactant effect has also been suggested as being
responsible for the dispersive effect [15,36,37].

3.3. Electrical Properties

Figure 4 shows the electrical conductivity vs the CNT content of the different epoxy/IL
systems. It can be clearly seen that the addition of CNTs led to a dramatic increase in
conductivity in all the epoxy/IL systems. For example, the conductivity values of the
0.2 wt.% CNT composition were 1.13 x 1077, 5.67 x 108,196 x 107, and 9.99 x 10~
S/cm for the IL-P-TMPP, IL-P-DCA, IL-I-DCA, and Aradur-based systems, respectively. The
percolation thresholds are shown in Table 4, and the fitting parameters B and t (Equation (3))
along with the conductivity values corresponding to the p. are presented in Table S1. As
can be seen, the percolation threshold was reached at very low CNT fractions—0.025 wt.%
or lower—in all cases. The IL-P-DCA-cured epoxy NC had the lowest p. at 0.001 wt.%.
This is consistent with the best dispersion levels on the TEM micrographs. Table 4 also
shows how the similar CNT dispersion levels of the other two IL-based systems (and for
the reference amine-based one) also resulted in similar percolation threshold values. Thus,
at low CNT shares, tiny changes in the degree of dispersion can affect the percolation
threshold, i.e., the minimum concentration required to create the conductive path necessary
for the transition from an insulator to semiconductor to take place.

o (S/cm)

1 1 L

0 0.05 0.1 0.15 0.2 0.25

CNT wt%

Figure 4. Electrical conductivity of IL-P-TMPP (l), IL-P-DCA (e), IL-I-DCA (A), and the reference
Aradur (V) epoxy/IL NCs as a function of the CNT concentration.

Table 4. Percolation thresholds of the epoxy/IL and epoxy/Aradur NCs.

Curing Agent pc (CNT wt.%)
IL-P-TMPP 0.025
IL-P-DCA 0.001
IL-I-DCA 0.02
Aradur 0.025

At high CNT shares, the conductivity values of the systems cured with the phosphonium-
based ILs (i.e., IL-P-TMPP and IL-P-DCA) were two orders of magnitude higher than
those cured with the imidazolium-based IL (i.e., IL-I-DCA), suggesting that the long chains
in the structures of the former two are more effective at preventing the formation of
CNT aggregates.

In the literature, a wide range of percolation threshold concentrations have been re-
ported for epoxy/CNT NCs. This variation is probably due to the myriad factors that affect
the formation of percolated networks, namely, the aspect ratio of the CNTs. Usually, the re-
ported p. values do not exceed 1-2 wt.% [58], with most ranging from 0.1 to 1 wt.% [59-61].
However, figures as low as 0.04 wt.% [62,63] or 0.001 wt.% [64] have also been reported.
Lopes Pereira et al. [48] studied the effect of adding ILs as nanofiller-dispersing agents and
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reported an increase of three orders of magnitude in electrical conductivity compared to the
non-IL system. Regarding the conductivity of the Nanocyl NC7000 CNT-based percolated
systems, a wide range of values (from 10~7 to 1072 S/cm) can be found in our bibliography
depending on the experimental technique or conditions used [15,36,37].

3.4. Mechanical Properties

Figure 5 shows the flexural modulus, flexural strength, and deformation at break of
the epoxy/IL NCs as a function of the CNT content. The data for the reference unfilled
epoxy/Aradur system have also been included (the green, solid line shows the average
value, while the shaded area shows the standard deviation).
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Figure 5. Flexural modulus (a), flexural strength (b), and deformation at break (c) of the epoxy/CNT
systems cured with ILs (IL-P-TMPP (M), IL-P-DCA (e), and IL-I-DCA (A)). The values of the unfilled
epoxy resin cured with an amine-based curing agent (Aradur) are also shown as a reference (the solid
green line marks the average value, and the shaded area shows the standard deviation).

As Figure 5a shows, overall, the flexural modulus of the epoxy resin was barely
affected by the addition of the CNTs. Slight increases were only observed for the IL-I-
DCA-based system at high CNT shares. These results suggest that neither the crosslinking
density (Table 3) nor the degree of dispersion of the CNTs (Figure 3a—c) in these systems
are directly related to their mechanical properties. Similar results were obtained in the
reference epoxy/Aradur system, given that the addition of 0.2 wt.% CNTs did not lead to
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significant changes in the flexural modulus (2270 MPa) or in flexural strength (56.0 MPa).
This is further discussed below.

No significant trends in flexural strength were observed in any of the systems (Figure 5b).
As with the flexural modulus, the IL-I-DCA-cured samples with a high concentration of
CNTs scored highest. It is worth noting that the flexural modulus and strength data of some
of the compositions are similar or better than those of the amine-cured reference system.

With respect to high-strain mechanical properties, the deformation at break (Figure 5c)
and the impact strength (Figure 6) both decreased when CNTs were added. This was to
be expected because nanofillers in general—and CNTs in particular—are known to act as
crack initiators and/or stress-concentration points, thus leading to decreases in ductility
and toughness [1].
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Figure 6. Impact strength of the epoxy/CNT systems cured with ILs (IL-P-TMPP (M), IL-P-DCA (e),
and IL-I-DCA (A)). The value of the unfilled epoxy resin cured with an amine-based curing agent
(Aradur) is also shown as a reference (green solid line for the average value and shaded area for the
standard deviation).

Epoxy resins that have been mechanically improved by adding CNTs have been
extensively documented in the literature [1,2]. In amine-cured epoxy/CNT NCs with ILs
as dispersing agents, the mechanical properties were further enhanced due to the enhanced
levels of dispersion [6,7,9,10]. Nevertheless, the fact that ILs can also act as plasticizers
also needs to be taken into account. Accordingly, depending on the amount of IL used,
the plasticizing effect may be predominant, causing decreases in low-strain mechanical
properties [7].

Few papers on the roles of ILs as both curing and dispersing agents in epoxy systems
have examined their mechanical behavior. For those that have, organoclays [65], silica [47],
core—shell particles [43], and CNTs [8] were used as nanofillers. In the epoxy/IL/CNT
system [8], for example, the authors reported that Young’s modulus increased with the
CNT content with respect to the unfilled epoxy/IL-I-DCA system. However, this increase
was not significant above 1 wt.% CNTs, which is probably due to the deficient dispersion
associated with an excessive number of CNTs.

3.5. Adhesive Properties

Figure 7 shows the lap shear strength of the epoxy/IL NCs as a function of their CNT
content. The corresponding result for the unfilled epoxy/Aradur system is also shown as
a reference. As can be seen, regardless of the IL used, the addition of low concentrations
of CNTs led to increases in the lap shear strength compared to the unfilled compositions.
However, higher concentrations of CNTs did not lead to higher lap shear strength values.
A maximum improvement in adhesive properties (30%) was attained with the IL-P-DCA-
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cured epoxy system containing 0.025 wt.% CNTs. Similar increases—close to 30% (from
6.8 to 8.8 MPa)—were also observed when 0.2% wt.% CNTs were added to the reference
epoxy/Aradur system.
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curing agent (Aradur) is also shown as a reference (the green, solid line marks the average value, and
shaded area shows the standard deviation).

Our findings are consistent with the results reported in the literature for epoxy/CNT
systems [4,5,11]. In an epoxy/CNT/amine system, Alves et al. [16] reported that the im-
provement in the dispersion of CNTs effected by a masterbatch led to enhanced adhesive
properties. However, they also observed—in the same study—that even though the disper-
sion of the CNTs was enhanced when an IL was added, the lap shear strength decreased by
over 50% due to the lubricating effect of the IL [13,66].

Considering the results in Figure 7, it is noteworthy that, regardless of the CNT
content, all the epoxy/IL-I-DCA NCs showed significantly enhanced adhesive proper-
ties compared to both the reference unfilled epoxy/Aradur system and the CNT-filled
epoxy/Aradur composition. So, in summary, electrically conductive epoxy adhesives with
outstanding adhesive properties were obtained when ILs were used as both the curing and
dispersing agents.

4. Conclusions

The dual role of ionic liquids (ILs) as effective curing and dispersing agents produced
volatile-amine-free epoxy/CNT nanocomposites with a better balance of mechanical, elec-
trical, and adhesive properties. Three different ILs were tested, and all three led to good
dispersion of the nanofiller, featuring individually dispersed CNTs as well as some small
aggregates. Overall, with a percolation threshold of 0.001 wt.%, the IL-P-DCA system was
the most effective.

The addition of CNTs had no effect on the thermal or low-strain mechanical properties
of the epoxy/IL systems. However, it did improve the systems’ adhesive properties. The
epoxy /IL-P-DCA system containing 0.025 wt.% CNTs improved by 30% and was the best of
the three. This work proves that, using very small amounts of CNTs, it is possible to obtain
electrically conductive, amine-free epoxy adhesives with similar mechanical properties
but greater lap shear strength than the reference amine-cured epoxy system. ILs have a
lower vapor pressure, and a significantly lower amount is needed to effectively cure epoxy
resins. Therefore, replacing conventional epoxy resin curing agents (amines, anhydrides,
etc.) with ILs is a major step forward in the development of more sustainable materials.
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Abstract: It has been proven that viral infections pose a serious hazard to humans and also affect
social health, including morbidity and mental suffering, as illustrated by the COVID-19 pandemic.
The early detection and isolation of virally infected people are, thus, required to control the spread of
viruses. Due to the outstanding and unparalleled properties of nanomaterials, numerous biosensors
were developed for the early detection of viral diseases via sensitive, minimally invasive, and simple
procedures. To that aim, viral detection technologies based on carbon nanotubes (CNTs) are being
developed as viable alternatives to existing diagnostic approaches. This article summarizes the
advancements in CNT-based biosensors since the last decade in the detection of different human
viruses, namely, SARS-CoV-2, dengue, influenza, human immunodeficiency virus (HIV), and hepatitis.
Finally, the shortcomings and benefits of CNT-based biosensors for the detection of viruses are
outlined and discussed.

Keywords: carbon nanotube (CNT); biosensor; virus; SARS-CoV-2; toxicity; biocompatibility

1. Introduction
1.1. Carbon Nanotubes and Their Applicability in Biosensing

The carbon nanotube (CNT) is the 1D allotrope of carbon; the experimental evidence
was first reported by L.V. Radushkevich and V.M. Lukyanovich [1] from the Institute of
Physical Chemistry and Electrochemistry of the Russian Academy of Sciences, in 1952.
However, after [jima’s paper [2] in 1991, research interest in CNT escalated rapidly. Struc-
turally, CNTs can be divided into two major categories (Figure 1) based on the number
of graphitic layers, namely, single-wall CNT (SWCNT) and multi-wall CNT (MWCNT).
Depending on the direction of the roll-up, SWCNTs can have different structures, namely,
the zigzag, armchair, or chiral formations. While depending on the nature of the wrapping
i.e., whether a graphitic sheet is rolled around itself multiple times (Swiss roll) or if the
graphitic sheets are arranged as concentric cylinders (Russian doll), MWCNT can also be
categorized, as in Scheme 1.

Figure 1. The nanostructure of multi-wall carbon nanotube (MWCNT) (left) and single-wall carbon
nanotube (SWCNT) (right) (adapted with permission from Ref. [3]).
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Scheme 1. Different categories of carbon nanotube (CNT).

CNT can be synthesized through various means, such as arc discharge, laser ablation,
chemical vapor deposition (CVD), etc. However, because of the scalability, CVD-based ap-
proaches appear to be the most appropriate for large-scale CNT synthesis [4]. A wide range
of prospective applications in important industrial fields, including nanoelectronics and
biotechnology are promised by the distinctive mix of electrical, thermal, mechanical, and
chemical characteristics that CNTs display. Additionally, among the many nanomaterials,
CNTs are particularly intriguing because they provide an exceedingly tiny inner hollow
core, virtually a one-dimensional space, for material storage. Thus, a novel structure can
also be formed by filling the core of a CNT with the components necessary for specific
applications.

Previous research has discovered a linkage between biomolecules in living beings
and illnesses. The monitoring of aberrant physical parameters and the early diagnosis of
illnesses help to minimize mortality and ensure organisms’ physical health. Conventional
laboratory approaches for assessing pathogenic variables are typically time-consuming,
expensive, and complicated. Biosensors can facilitate the reliable and rapid analysis of
metabolites in the body to help the current therapeutic procedure. CNTs have unique
physicochemical and photoelectric qualities that can improve the performance of biosensors,
such as a greater surface area for better catalyst adhesion; CNT-modified electrodes offer
quicker electron transfer, resulting in enhanced sensitivity of detection for biosensors.
CNT’s unrivaled electronic features, such as quantum wire-like behavior, ballistic-type
electronic conduction, remarkable thermal properties derived from phonon quantization,
excellent flexibility, and high breaking stress despite its low density make CNT one of
the best transducer materials for the transmission of signals related to the recognition of
analytes, metabolites, or disease biomarkers. The curvature of the tube contributes to CNTs’
high reactivity and sensitivity to chemical or environmental interactions. Moreover, as the
carbon atom near the end of an open-ended tube has only two bonds, foreign molecules
can easily enter the structure, thereby helping in the preferential addition of one or more
species for functionalization. More importantly, from the viewpoint of biosensors, CNTs
can act effectively as scaffolds for the immobilization of biomolecules at their surface. These
fascinating characteristics have led to CNTs being widely used in biosensor applications.

1.2. Biosensors

According to the IUPAC, a biosensor (Figure 2) can be defined as “a device that uses
specific biochemical reactions mediated by isolated enzymes, immunosystems, tissues,
organelles, or whole cells to detect chemical compounds, usually by electrical, thermal, or
optical signals” [4]. In 1962, the first biosensor for monitoring blood glucose was reported
by Clark et al. [5]; later, a biosensor was also developed for the detection of the virus [6].
In 1998, Davis et al. [7] were able to immobilize the proteins on CNTs; afterward, in 1999,
Balavoine et al. [8] were successful in developing the first biosensor using CNT. The timeline
of biosensor development is represented in Figure 3.
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Figure 3. Biosensor development timeline (Reprinted with permission from Ref. [9]).

To date, different varieties of biosensors have been fabricated (Scheme 2) based on the
analyte and transducer used. However, the type of biosensors that are used for human
virus detection falls within the scope of discussion in this review.
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Scheme 2. Classification of biosensors, based on analyte and transducer use (adapted with permission
from Ref. [10]).

2. Types of Biosensors Used for Virus Detection
2.1. Immunosensors

Because of its capacity to handle information, the immune system is an appealing
subject in scientific studies. The major purpose of an immune system, as part of the system’s
defensive mechanism, is to accredit and ascertain all cells and molecules in the assembly
and classify these biological substances as either toxic or non-toxic. When exposed to
foreign substances (i.e., antigens), specialized immune system cells make immunoglobulins
(i.e., antibodies) that attach to these antigens precisely. An immunosensor (Figure 4, top
left), an affinity-based biosensing device, exploits the concept of immunology and employs
an antibody for the specific molecular identification of antigens that are immobilized on
a transducer surface, and then develops a stable immunocomplex. The immunocomplex
is calculated and quantified by connecting the antibody and antigen interactions to the
surface of a transducer. The transducer detects the response and transforms it into an
electrical signal, which may then be processed, recorded, and examined. The detection
of the target analyte in immunosensors might be direct, by witnessing the production of
immunocomplexes, or indirect, by using a label. Immunosensors can be categorized into
several categories, based on various methodologies, such as electrochemical, impedimet-
ric, potentiometric, amperometric, voltammetric, conductometric, capacitive, and surface
plasmon resonance (SPR)-based methodologies.

2.2. Optical Biosensor

An optical biosensor, a compact analytical instrument, combines an optical transducer
system with a biorecognition-sensing element (Figure 4, bottom left). An optical biosensor’s
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primary goal is to provide a signal that is proportional to the concentration of the material
being analyzed (the analyte). Optical detection is made possible by using the interplay
between the optical field and a biorecognition element. Label-free and label-based optical
biosensing are the main two categories of optical biosensors. In a label-free mode, the
interaction between the substances is analyzed, and the transducer directly generates
the measured signal. In contrast, label-based sensing makes use of a label to assess the
biorecognition event and generates an optical signal using a colorimetric, fluorescent, or
luminescent approach. However, in some cases, such as antibody-antigen interactions,
when a label is coupled with one of the bio-reactants, then this labeling might modify the
binding characteristics, introducing systematic inaccuracy into biosensor analysis.

2.3. Electrochemical Biosensor

Due to the direct conversion of a biological event to an electrical signal, electrochemical
biosensors provide an appealing technique for analyzing the content of a biological sample.
The measurement of electrical characteristics in biosensing, for extracting information from
biological systems, is generally electrochemical in nature, with a bio-electrochemical com-
ponent serving as the major transduction aspect (Figure 4, bottom right). While biosensing
devices use a variety of recognition components, electrochemical detection approaches
mostly involve enzymes. This is mainly owing to their unique binding properties and bio-
catalytic activity. In bio-electrochemistry, the reaction under examination would typically
create a quantifiable current (amperometric), a measurable potential or charge buildup
(potentiometric), or a measurable impedance (impedimetric). The electrodes are essential
components for the operation of electrochemical biosensors since reactions are generally ob-
served near the electrode’s surface. Depending on the electrode’s parameters, the material,
the surface modification, or the electrode’s size have a significant impact on the capability of
detection. In general, three electrodes, namely, the reference electrode, counter or auxiliary
electrode, and working electrode are needed for electrochemical sensing. To maintain a
known and constant voltage, the reference electrode is kept away from the reaction site. The
counter electrode creates a link to the electrolytic solution so that a current may be supplied
to the working electrode, while the working electrode acts as the transduction element in
the biological reaction. These electrodes ought to be chemically stable and conductible to
achieve a faithful analysis.

2.4. Field-Effect Transistor (FET)-Based Biosensor

FET biosensors, which have the characteristics of being quick, inexpensive, and
straightforward, stood out among a wide spectrum of electrical sensing devices as one of
the most promising options for biosensing (Figure 4, top right). This cutting-edge technol-
ogy, which has evolved since 1970 [11] in various forms, is the easiest method for the quick
and accurate detection of numerous analytes. Specific probes on the conducting channel
of FET-based biosensors can be embedded to provide real-time and label-free analysis. A
FET is a type of solid-state device that controls the semiconductor’s electron conductivity
between its source and drain terminals by the application of a third gate electrode, via
an insulator. To recognize specific analytes, biological receptors are immobilized on the
sensing channels, which are linked to the source and drain electrodes. After exposing
the biosensor to target analytes and forming specific biological complexes, the transducer
system converts biochemical changes into a measurable signal. The addition of charged
biomolecules to the surface of the gate dielectric is equivalent to the application of voltage
by the use of a gate electrode and results in threshold voltage variations. Therefore, the
FET biosensors’ underlying method relies on the conductance of the species that have been
adsorbed. The two main types of FETs are n-type and p-type devices, wherein electrons
and holes, respectively, serve as the principal charge carriers. An n-type FET sensor will
respond by increasing the conductance if the target molecule is positively charged as a
result of electron aggregation. Conversely, the conductance will be reduced if the target is a
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molecule with a negative charge. When it comes to the p-type FET system, the opposite
tendency is applicable.
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Figure 4. (Top left) A schematic representation of an electrochemical immunosensor (Reprinted
with permission from Ref. [12]); (top right) schematic diagram of a field effect transistor (FET)-based
biosensor with a source and drain (Reprinted with permission from Ref. [13]); (bottom left) schematic
diagram of optical biosensor constitution (Reprinted with permission from Ref. [14]); (bottom right)
the main constituents of a nanomaterial-based electrochemical biosensor (Reprinted with permission
from Ref. [15]).

3. CNTs-Based Biosensors for the Detection of Human Viruses
3.1. SARS-CoV-2

The SWCNT-based optical sensing approach was employed by Pinals et al. [16] to
detect the SARS-CoV-2 spike protein. The angiotensin-converting enzyme 2 (ACE2), which
has a strong affinity with the SARS-CoV-2 spike protein, was used to functionalize SWCNTs.
A 2-fold increase in fluorescence was observed within 90 min of SARS-CoV-2 spike protein
exposure, which exhibited a limit of detection (LOD) of 12.6 nM for the device. Shao
et al. [17] functionalized a high-purity semiconducting SWCNT surface with an anti-SARS-
CoV-2 spike protein antibody and used it as a channel in an FET-type biosensor, to detect
SARS-CoV-2 antigens in clinical nasopharyngeal samples. The fabricated device exhibited
an LOD of 0.55 fg/mL (Figure 5). For efficient and precise identification of the SARS-CoV-2
S1 antigens in fortified saliva samples, Zamzami et al. [18] created a rapid, simple-to-use,
inexpensive, and quantitative CNT-based antibody-functionalized p-type depletion FET
biosensor. Through a non-covalent interaction with the linker 1-pyrenebutanoic acid suc-
cinimidyl ester (PBASE), the SARS-CoV-2 S1 antibody was bound to the CNT surface in
the FET channel region. The CNT-FET biosensor successfully identified the SARS-CoV-2 S1
antigen in 10 mM AA buffer at a pH of 6.0, at concentrations ranging from 0.1 fg/mL to
5.0 pg/mL, with an LOD of 4.12 fg/mL. On a flexible Kapton substrate, Thanihaichelvan
et al. [19] created CNT-FETs and immobilized the reverse sequence of the SARS-CoV-2
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RNA-dependent RNA polymerase gene onto the CNT channel, to develop a biosensor for
coronavirus detection with an LOD of 10 fM. The primary signal generation depended
on RNA hybridization, while the main signal transducer was a liquid-gated CNT-FET.
Cardoso et al. [20] used carboxylated CNTs and screen-printed (SP) them onto carbon elec-
trodes (CNT-SPE). Later, the electrode was modified with EDC/NHS coupling chemistry to
produce an amine layer, to adsorb the SARS-CoV-2 spike protein antibody. The sensor exhib-
ited a linear response between 1.0 pg/mL and 10 ng/mL, with an LOD of ~0.7 pg/mL. A
platform for electrochemical sensing was fabricated by Curti et al. [21] employing SWCNT-
SPEs, which were functionalized with a DNA aptamer that was already redox-tagged. In
the presence of the SARS-CoV-2 spike protein S1, the concentration-dependent folding of a
DNA aptamer occurred, which resulted in a change in the amperometric signal with an
LOD of 7 nM. Monoclonal antibodies were employed for the functionalization of SWCNT
by Liet al. [22], to develop an extremely sensitive immuno-resistive sensor for the detection
of SARS-CoV-2. To minimize the contact resistance, silver electrodes were screen-printed
onto SWCNTs, and the complete arrangement was mounted on polyethylene terephthalate
(PET) film. The LOD of the developed sensor was 350 genome equivalents/mL. Through
systematic analysis, Kim et al. [23] examined the relationships between different thin-film
characteristics and the sensitivity of CNT thin-film-based immunosensors for the rapid
detection of the SARS-CoV-2 virus. They found that smaller surface roughness and better
CNT alignment resulted in improved sensitivity at a given film thickness, with a LOD
value of 5.62 fg/mL, because of the enhanced bioreceptor-binding surface area. Table 1
summarizes the earlier discussion of the creation of CNT-based biosensors to identify the
SARS-CoV-2 virus.
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Figure 5. The detection of SARS-CoV-2 Ag, using SWCNT-based FET biosensors. (a) Schematic
structure of SARS-CoV-2 to demonstrate the targeting proteins. (b) Schematic illustration of a liquid-
gated SWCNT FET for the detection of SARS-CoV-2 SAg and NAg. Interdigitated gold electrodes
(yellow blocks) are configured as the source (So) and drain (Dr) (Reprinted with permission from
Ref. [17]).

3.2. Dengue Virus (DNV)

Based on CNT-SPE, an immunosensor for non-structural protein 1 (NS1) of the DNV
was created by Dias et al. [24]. They employed a uniform mixture of carboxylated CNTs
distributed in carbon ink to make the CNT-SPE and used an ethylenediamine film to
covalently attach anti-NS1 antibodies to CNT-SPE. The developed biosensor was able to
detect the DNV NSI1 protein, with an LOD of 12 ng/mL. A robust poly (allylamine) (PAH)
sandwich-based immunosensor was fabricated by Silva et al. [25] for detecting DNV NSI.
A thin coating of PAH on carboxylated CNTs helped to immobilize anti-NS1 antibodies on
the electrode surface. To strongly bond CNTs to the electrode surface, as well as anti-NS1
antibodies, through their Fc terminus to prevent random immobilization, PAH, a cationic
polymer, was used. The fabricated immunosensor had a linear range of operation between
0.1 g/mL and 2.5 g/mL, with an LOD of 0.035 g/mL. An SWCNT-based, inexpensive,
label-free chemiresistive biosensor was designed by Wasik et al. [26], where, for the first
time, heparin was utilized as a biorecognition component as opposed to a conventional
antibody. The biosensor revealed clinically significant sensitivity for people infected by
Aedes aegypti, concerning the detection of whole DNV, with an LOD of 8 DNV /chip. Later,
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they modified the biosensor by employing a network of anti-dengue NS1 monoclonal
antibodjies for the functionalization of SWCNTs, instead of using herpin [27]. The modi-
fied biosensor exhibited a linear response in the range of 0.03-1200 ng/mL, with an LOD
of 0.09 ng/mL. Almost all laboratory and commercial dengue NS1 diagnostic measures
include a blood-drawing procedure, which limits the advantage of point-of-care (POC) diag-
nostics and reduces patient readiness. Instead of blood, NS1 can be extracted from human
saliva for the early detection of dengue infection, which is a straightforward, non-invasive,
pain-free, and economical process that can be performed by even untrained/less-trained
workers. This pathway was also explored by Wasik et al. [28] through the fabrication
of a label-free chemiresistive immunosensor employing a network of anti-dengue NS1
monoclonal antibody-functionalized SWCNTs. The biosensor exhibited a detection range
of ~1 ng/mL to 1000 ng/mL for the DNV NSI protein (Figure 6). To detect DNV antibodies,
a high-performance impedimetric immunosensor was developed by Palomar et al. [29] via
the deposition of CNT on electrodes and was later functionalized with polypyrrole-NHS
to immobilize the DNV 2 NSI1 glycoprotein via covalent amide coupling. This biosensor
exhibited high linearity after optimization, in a broad range of concentrations (10~13 to
10~ g/mL). For the detection of dengue toxin, the CNT/Au nanoparticle (AuNP) compos-
ite was deposited on a homemade Au electrode by Palomar et al. [30], to immobilize dengue
antibodies on AuNPs through covalent bonding. The electrochemical signal enhancement
and improvement in overall performance were achieved due to the porosity of the tri-
dimensional network of Au-CNT, with an LOD of 3 x 10713 g/mL. Mendonga et al. [31]
fabricated a label-free immunosensor employing a thin film of CNT-ethylenediamine. The
covalent immobilization of the anti-NS1 monoclonal antibodies on CNTs allowed for great
measurement stability. Finally, differential pulse voltammetry (DPV) was used to analyze
the responses to dengue NS1. The measurement showed that the linear range for the
operation of the biosensor was 20 to 800 ng/mL, with an LOD value of 6.8 ng/mL. The
preceding discussion on the development of CNT-based biosensors for DNV detection is
summarized in Table 1.
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Figure 6. Schematic of the functionalization of SWNT networks with the Dengue Virus (DNV) NS1
antibody (Reprinted with permission from Ref. [28]).
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3.3. Influenza Virus

An MWCNT-cobalt phthalocyanine nanocomposite and poly (amidoamine) (PAMAM)
dendrimer were deposited on a glassy carbon electrode (GCE) by Zhu et al. [32] to elec-
trochemically detect the avian influenza virus (AIV) genotype in a label-free format. The
DNA probes were, then, effectively immobilized on the modified electrode using the cou-
pling agent, G4 PAMAM dendrimer, and were monitored with DPV to achieve an LOD
of 1.0 pg/mL. The surface of MWCNTs was utilized by Tam et al. [33] to immobilize the
DNA probe by covalent interactions between the DNA sequence’s amine and phosphate
groups. Changes in conductance of the sensor surface were used to detect the hybridiza-
tion of the DNA probe and the influenza viral DNA for the label-free detection of the
influenza virus with an LOD of 0.5 nM. CNT-SPEs were used by Bonanni et al. [34] as an
electrochemical-sensing platform for the detection of influenza viral DNA. The CNT-SPEs
were functionalized with carboxylic molecules to covalently immobilize the oligonucleotide
probe, employing facile carbodiimide chemistry. A direct coupling and sandwich scheme,
two distinct techniques for the impedimetric detection of DNA hybridization, were em-
ployed and compared. The sandwich scheme revealed better results, with an LOD value of
7.5 M. A self-assembled SWCNT thin film was prepared by Lee et al. [35] for the fabrication
of an affordable, label-free biosensor to detect the swine influenza virus (SIV). The anti-SIV
antibodies were bounded with the SWCNT thin film for the detection of SIV, with an LOD
of 180 TCIDsp/mL, by monitoring the change in resistance (up to 12%). Dielectrophoretic
and electrostatic forces were used to deposit COOH-functionalized SWCNTs on a self-
assembled monolayer of the polyelectrolyte, polydiallyl dimethyl-ammonium chloride
(PDDA), by Singh et al. [36]. Viral antibodies were immobilized, utilizing biotin-avidin
coupling, after avidin was coated on the PDDA-SWCNT channels (Figure 7). Changes
in the channels’ resistance were monitored to detect influenza viruses, with a detection
limit of 1 PFU/mL. AuNP-decorated CNTs (Au-CNTs) were produced, utilizing phyto-
chemical composites at room temperature, and were employed by Lee et al. to build a
plasmon-assisted fluoro-immunoassay (PAFI) for the detection of the influenza virus [37].
The surfaces of Au-CNTs and CdTe quantum dots (CdTe-QDs), the photoluminescence
intensity of which varied according to viral concentration, were conjugated with specific
antibodies against the influenza virus to achieve an LOD of 1 ng/mL (for Beijing/262/95
(HIN1)), 0.1 pg/mL (for New Caledonia/20/99IvR116 (HIN1)), and 50 PFU/mL (for
Yokohama/110/2009 (H3N2)). Later, a two-step method was adopted by Lee et al. [38] to
decorate CNTs with Au/magnetic nanoparticles, which offered superior magnetic proper-
ties and high electrical conductivity. Later, the Au nanoparticle’s surface was conjugated
with thiol-group-functionalized probe DNA to detect influenza viral DNA with a detection
limit of approximately 8.4 pM. AuNPs were bonded to the CNT surface via in situ accumu-
lation under mild conditions by Ahmed et al. [39]. The improved peroxidase-like activity
of the Au-CNT nanohybrid was employed to develop a supersensitive colorimetric optical
sensor to detect the influenza virus. The sensor comprised a test system containing specific
influenza antibodies, Au-CNT nanohybrids, 3, 3/, 5, 5'-tetramethyl-benzidine (TMB), and
H,0O,. The color of the test system turned blue upon the addition of the influenza virus
and the LOD was 3.4 PFU/mL. Fu et al. [40] fabricated chemiresistor-type biosensors to
detect AIV, employing semiconducting SWCNTs or nitrogen-doped MWCNTs and non-
covalently functionalizing them with DNA probe sequences. Complementary DNA target
sequences of AIV, with concentrations ranging from 2 pM to 2 nM, could be detected by the
constructed biosensor after 15 min at room temperature. To detect influenza type A viral
DNA, a CNT-FETs-based DNA sensor was developed by Tran et al. [41]. The initial probe
DNA, the hybridization period, and the reaction temperature were some of the aspects
that were examined since they affected the sensing data. The DNA sensor demonstrated a
quick response time of under a minute, with a very low (1 pM) detection limit and a broad
linear detection range of 1 pM to 10 nM. Wang et al. [42] compared the effectiveness of the
aptamer and antibody, concerning the detection of influenza A virus (California/07/2009
(pdmHI1N1)), employing an MWCNT-Au conjugated sensing surface with a di-electrode.
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They found that the electric response and affinity of aptamers were much stronger than
those of antibodies. Wang et al. also reported that the aptamer could provide an LOD
in the range of 10 fM, whereas the antibody showed an LOD of 1 pM in detecting the
influenza A virus. Using flexible and stable SP-CNT-polydimethylsiloxane electrodes, a
paper-based immunosensor for the label-free hemagglutinin antigen (HA) detection of
several AIVs (H5N1, H7N9, and HIN2) was demonstrated by Lee et al. [43], whereby
immune responses were measured via DPV. The LOD values for the different viruses were
55.7 pg/mL for H5SN1 HA, 99.6 pg/mL for H7N9 HA, and 54.0 pg/mL for HON2 HA. In
Table 1, an overview of the CNT-based biosensors for influenza detection is provided.
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Figure 7. Schematic illustration of the SWCNT-based immunosensor system for HIN1 virus detection.
The inset shows an optical image of di-electrophoretically deposited SWCNTs on a PDDA self-
assembled monolayer (Reprinted with permission from Ref. [36]).

3.4. Human Immunodeficiency Virus (HIV)

Mahmoud et al. [44] immobilized thiol-terminated ferrocene-pepstatin (ThFcP) con-
jugate on an SWCNT/AuNP-modified Au electrode. Electrochemical impedance spec-
troscopy (EIS) was used to track the nature of the interaction between HIV-1 protease and
the ThFcP conjugate, which resulted in the change of the interfacial characteristics of Au
electrodes. The electrochemical biosensor was able to detect HIV-1 protease, even at a
10 pM level. Later, thiolated SWCNT/AuNPs were used to modify the disposable SP-Au
electrode surface, while ThFcP was subsequently self-assembled on those surfaces by Mah-
moud et al. [45] to fabricate a sensitive electrochemical biosensor to detect HIV-1 protease.
A nanocomposite of AuNP, amino-functionalized MWCNT, and acetone-extracted propolis
(AEP) was prepared by Kheiri et al. [46] and deposited in the same way on an Au electrode
for immobilization of the p24 antibody (anti-p24 Ab) to create an immunosensor for the
detection of the HIV antigen. The immunosensor demonstrated high electrochemical sensi-
tivity in detecting p24 in a range of concentration from 0.01 to 60.00 ng/mL, with an LOD
of 0.0064 ng/mL. An advanced molecularly imprinted polymers (MIPs) electrochemical
sensor was fabricated on MWCNT-modified GCE by Ma et al. [47] through the polymer-
ization of the surface, using acrylamide (AAM), N,N’-methylene bisacrylamide (MBA),
and ammonium persulphate (APS) as the functional monomer, cross-linking agent, and
initiator, respectively. The developed sensor was capable of detecting HIV-p24 in human
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serum samples, with an LOD of 0.083 pg/cm?. A chitosan/glutaraldehyde crosslinking
system was employed by Giannetto et al. [48] to immobilize the target protein on dispos-
able CNT-SPE for the maximum exposure of p24, to interact with a mouse anti-p24 IgGl1.
The linear operating range of the immunosensor was 10 pM to 1 nM, with an LOD of
2 pM, for HIV-related p24 capsid protein in human serum. Harvey et al. [49] observed
that denatured proteins can improve the optical responsiveness of CNTs to nucleic acids.
Their study revealed that following hybridization, hydrophobic regions of the denatured
protein interact with the surface of the CNTs, which results in a larger shift in the nanotube
emission. They later employed this strategy for the detection of intact HIV in serum. A
nickel-organic composite/ AuNP/CNT/polyvinyl alcohol (PVA) substance was used to
fabricate a flexible paper-based electrode by Lu et al. [50] for the detection of HIV DNA
(Figure 8). The methylene blue was employed as a redox indicator for DNA hybridiza-
tion on the electrode. The large surface area and the presence of m-electron, donated by
the Ni-Au composite, facilitate the higher loading of target DNA. With a linear range of
10 nM-1 uM and an LOD of 0.13 nM, this flexible paper electrode demonstrated good
sensing capability. The previous discussion on the creation of CNT-based biosensors to
identify HIV is summarized in Table 1.
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Figure 8. Schematic of the fabrication process for a flexible Ni-Au composite/CNT/PVA film
electrode and the detection of the target Human Immunodeficiency Virus (HIV) DNA (Reprinted
with permission from Ref. [50].

3.5. Hepatitis Virus

To detect the short DNA sequences associated with the Hepatitis B virus (HBV), a
label-free electrochemical DNA biosensor was developed by Li et al. [51], employing 4,4’
diaminoazobenzene (4,4'-DAAB) and MWCNT-modified GCE. The CNT carboxyl groups
were covalently linked to the oligonucleotides and the DPV was used to monitor the hy-
bridization reaction, with an LOD of 1.1 x 10~8 M. To detect HBV, Oh et al. [52] created an
FET-based biosensor, using CNTs consisting of a microfluidic channel with immobilized
hepatitis B antibody on it. The electrical conductance changed over time, owing to the pres-
ence of the hepatitis B antigen in the channel. The change in the channel conductance was
proportional to the hepatitis B antigen concentration. Ly et al. [53] immobilized bovine IgG,
employing cyclic voltammetry on a DNA-linked CNT electrode to fabricate an electrochem-
ical biosensor for the detection of human HBV in non-treated blood. The relative standard
deviation of 0.2 mL HBV was 0.04 (1 = 4) within the working limits of 0.035-0.242 mg/mL

144



Nanomaterials 2022, 12, 4132

"('.

anti-bovine IgG. A CNT-conducting polymer (CP) network was created by Hu et al. [54]
via drop-casting a CNT solution on a GCE, followed by the electrochemical polymerization
of a poly (pyrrole propionic acid) (pPPA) film for crosslinking and stabilizing the CNTs.
The CNTs served as the network’s structural foundation and provided excellent specific
surface areas for immobilizing antibodies. Moreover, owing to its self-limiting growth
characteristic, the conducting film facilitated CNT in forming a stable network and offered
ample carboxyl groups to immobilize the probe proteins for the detection of hepatitis B
surface antigen in serum, with an LOD of 0.01 ng/mL. Amino-CNT and hyaluronic acid
(HA) were bonded with amide groups and assembled onto the surface of GCE by Cabral
et al. [55]; the response of the electrode in the presence of hepatitis B core protein anti-
bodies was measured by square-wave voltammetry (SWV). The immunosensor response
was linear up to 6.0ng/mL, with an LOD of 0.03 ng/mL. For the detection of the core
hepatitis B antigen, an electrochemical immunosensor based on polytyramine (PTy)-CNT
composite was developed by Trindade et al. [56]. Because of the substantial creation of
NHS3* ionic species, the composite possesses high catalytic activity. The HBV was electro-
chemically identified by SWV in a label-free and reagent-free manner. The immunosensor
exhibited a LOD of 0.89 ng/mL while operating in a linear range of 1.0 to 5.0ng/mL.
An AuNPs/chitosan-ferrocene-ammoniated MWCNT (CS-Fc-AMWNT) nanocomposite
was prepared by Chen et al. [57] via the Schiff base reaction to achieve a large specific
surface area, adequate conductivity, and exceptional biocompatibility. The electrochemical
deposition was used to modify the AuNDPs for the screen-printed electrode (SPE), while
physical adsorption was used to adhere the CS-Fc-AMWNTs composite to the electrode
surface. Later, through glutaraldehyde cross-linking, hepatitis B surface antibodies were
immobilized on the surface of the electrode. The biosensor can be operated in the range of
1-250 ng/mL for the detection of hepatitis B antigen, with an LOD of 0.26 ng/mL. The SP
carbon electrode was modified by Upan et al. [58], through the addition of CNTs that were
embellished with AuNP and AgNP (Figure 9). The AuNPs offered biocompatibility and a
wide surface area for the immobilization of the hepatitis B surface antibody, which aided
the signal improvement. Subsequently, in DPV detection, AgNPs served as a sensing probe
to detect the target antigen in the linear range of 1-40 ng/mL with an LOD of 0.86 ng/mL.
Using a peptide nucleic acid-functionalized SWCNT-FET biosensor, Dastagir et al. [59] also
exhibited the explicit and label-free detection of a hepatitis C virus RNA sequence, with
a detection limit of 0.5 pM. The deposition precipitation approach was used by Pusomjit
et al. [60] to create Pt nanoparticles that were later coated onto SWCNTs. The generated
nanocomposite was finally used as a substrate to immobilize antibodies on a paper-based,
SP graphene electrode surface for the purposes of analyzing the hepatitis C virus. DPV
was used to measure the target antigen in the range of 0.05 to 1000 pg/mL, with an LOD
value of 0.015 pg/mL. Table 1 summarises the preceding discussion on the development of
CNT-based biosensors and their use to detect several types of human viruses HBV.

Au-CNT Ag NPs EDC/NHS
HBsAb & ethanolamme % HBsAo %

IL L
Figure 9. The stepwise fabrication process of the immunosensor for the detection of Hepatitis B virus

(HBV) (Reprinted with permission from Ref. [58].

145



Nanomaterials 2022, 12, 4132

Table 1. CNT-based biosensors for human virus detection.

Virus. Target Sensor Type Limit :)]:fg];;ection Detection Range ]I),f;tefc(ﬁﬁ? Ref. No
. 0.1 fg/mL to
Antigen FET-based 412 fg/mL 5.0 pg/mL CNT surface [18]
. 5.5 fg/mL to
Antigen FET-based 0.55 fg/mL 55 pg/mL CNT surface [17]
Gene FET-based 10 M NA CNT surface [19]
. . SWCNT
SARS-CoV-2 Protein Optical 12.6 nM NA substrate [16]
Antibod Electrochemical 0.7 pg/mL 0.7 pg/mL and Electrode [20]
y 7 P8 10.0 ng/mL
Protein Electrochemical 7 nM NA Electrode [21]
Protein Immunosensor 350 genome NA Electrode [22]
equivalents/mL
Protein Immunosensor 5.62 fg/mL NA CNT thin-film [23]
Antibod Immunosensor 10718 o/mL 10" to Electrode [29]
y 8 10-° g/mL
. 40 ng/mL to
Protein Immunosensor 12 ng/mL 2 ug/mL Electrode [24]
Protein Immunosensor 6.8 ng/mL 20 to 800 ng/mL CNT surface [31]
Dengue Protein Immunosensor 0.035 pg/mL 0.1to2.5 pg/mL Electrode [25]
Virus Immunosensor 8 DNV /chip NA Electrode [26]
Antibody Immunosensor 0.09 ng/mL 120%?13gt/0mL Electrode [27]
Protein Immunosensor 1ng/mL 1 to 1000 ng/mL Electrode [28]
Toxin Electrochemical 3x10°13 g/mL 0.001 to 2 ug/mL Electrode [30]
1ng/mL (for
Beijing/262/95 (HIN1)), S0to
Virus Immunosensor Caledonia/20/ (for Yoko- Au-fCNT [37]
99IvR116 (HlNl)) and hama/110/2009 surrace
50 PFU/mL (for (H3N2))
Yokohama/110/2009
(H3N2))
Aptamer and Au-CNT
antibody Immunosensor 10 ftM NA surface [42]
Antibody Immunosensor 180 TCIDgy/mL NA CNT surface [35]
Semiconducting
SWCNTs or
DNA Immunosensor 2pM 2 to 200 pM nitrogen- [40]
doped
MWCNTs
Influenza
DNA FET-based 1pM 1 pM to 10 nM CNT surface [41]
DNA Immunosensor 8.4 pM 1 pM to 10 nM Electrode [38]
DNA Electrochemical 0.5 nM NA Electrode [33]
Virus Immunosensor 1 PFU/mL 10,0001PtF0U /mL CNT surface [36]
Virus Optical 34 PFU/mL 34t010PFU/mL  AUENT [39]
DNA Electrochemical 7.5 M NA Electrode [34]
55.7 pg/mL for H5N1
HA, 99.6 pg/mL for
Antigen Immunosensor H7N9 HA, and 101)0%‘%“/ r?;to Electrode [43]
54.0 pg/mL for HON2 &
HA
DNA Electrochemical 1.0 pg/mL 0.01 to 500 ng/mL Electrode [32]
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Table 1. Cont.

Virus. Target Sensor Type Limit :)]f (]))];;ecmm Detection Range ?,f:f;;;‘;‘ Ref. No
, . 1.0 x 10~* to
3

Virus Electrochemical 0.083 pg/ cm 2ng Jem? Electrode [47]
Antigen Immunosensor 0.0064 ng/mL 0.01 to Electrode [46]

& : & 60.00 ng/mL
Protease Electrochemical NA NA Electrode [45]

Enzyme
HIV
DNA Electrochemical 0.13 nM 10nM to 1 uM Electrode [50]
Protease Electrochemical NA 10 pM Electrode [44]
Enzyme
Viral nucleic . Fluorescence

acids Optical NA NA Detector [49]
Protein Immunosensor 2pM 10 pM to 1 nM Electrode [48]
Antibody Immunosensor 0.89 ng/mL 1.0 to 5.0ng/mL Electrode [56]
Antigen FET-based NA NA CNT surface [52]
Virus Electrochemical NA NA Electrode [53]
Antigen Immunosensor 0.26 ng/mL 1-250 ng/mL Electrode [57]
B Antibody Immunosensor 0.03 ng/mL 0.03 to 6.0ng/mL Electrode [55]
Hepatitis Antigen Immunosensor 0.01 ng/mL NA Electrode [54]

. 7.94 x 1078 to

-8
DNA Electrochemical 1.1 x107°M 158 x 10-6 M Electrode [51]
Antigen Immunosensor 0.86 ng/mL 1-40 ng/mL Electrode [58]
Antigen Immunosensor 0.015 pg/mL 0.05 to Electrode [60]
C & TIPS 1000 pg/mL

RNA FET-based 0.5 pM NA CNT surface [59]

4. Current Challenges and Future Perspectives

Carbon nanomaterials are frequently employed in biomedical applications, due to
their multifunctionality and minimal complexity in surface modification, which, in turn,
improves their biophysical characteristics. CNT is the sp? hybridized allotrope of carbon,
with a hollow cylindrical tubular structure, and has a high aspect ratio. The efficiency and
precision of detection in sensing viral genomes, proteins, and other viral cellular biological
components using CNT are governed by the exotic characteristics of the nanotubes. CNTs
differ from conventional nanomaterials in that they possess many novel physiochemical
properties that hold great promise for a variety of applications, including biosensing. It is
envisaged that the utilization of CNT’s special capabilities in a biological setting would lead
to significant improvements in disease diagnosis, monitoring, and treatment. Consequently,
CNT-based biosensors offer many benefits over other types of sensors, such as those based
on metal oxides or silicon, including high sensitivity, quick response times, reduced redox
reaction potential, and longer lifetimes with greater stability. Although CNTs have many
desirable qualities and benefits, dispersion, which is triggered by the high surface energy of
the CNTs, stands in the way of moving forward. Because of their extreme hydrophobicity,
CNTs cannot be dissolved in water or other common solvents. In order to increase their
solubility and other functional qualities, CNTs must be functionalized, depending on the
application. The benefits and drawbacks of employing CNTs in biological applications are
listed in Table 2.
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Table 2. Pros and cons of using CNTs for biomedical applications. (Reprinted with permission from
Ref. [61].

Pros Cons
Nonbiodegradable
Unique mechanical properties offer Large available surface area for protein

in vivo stability

Extremely large aspect ratio offers a
template for the development of
multimodal devices

Capacity to readily cross biological
barriers; novel delivery systems
Unique electrical and semiconducting
properties; constitute advanced
components for in vivo devices
Hollow, fibrous, light structure with
different flow dynamics properties;
advantageous in vivo transport kinetics
Mass production-low cost; attractive for
drug development

opsonization

As-produced material insoluble in most
solvents; needs to be surface-treated
preferably by covalent functionalization
chemistries to confer aqueous solubility
(i.e., biocompatibility)

Bundling; large structures with less than
optimum biological behavior

Healthy tissue tolerance and
accumulation; unknown parameters that
require toxicological profiling of the
material

A great variety of CNT types makes
standardization and toxicological

evaluation cumbersome

To establish a faithful nano-bio interface, CNTs may be engineered by means of
covalent or non-covalent modification, EDC/NHS chemistry, click chemistry, and length-
location tuning. Numerous viruses can go into a dormant stage called latency, wherein they
remain inactive inside the host cell before activation [62-66]. Often, it is necessary to iden-
tify the virus, even in the latent stage, to eliminate the probability of infection/reinfection.
Thus, the pathways may be searched through the functionalization or surface modifica-
tion of CNTs, to enable CNTs to detect the virus in both the dominant and latent stages.
Although the great sensitivity and extended durability of CNTs-based viral biosensors
make them a promising candidate for viral detection, their accessibility and the economic
perspective are essential for rapid diagnosis. The supervision of economic feasibility is an
important component of commercialization. The manufacturing complexity levels should
be kept to a minimum from the beginning of the design process, by means of the selection
of facile fabrication methods that can be easily scaled up. The selection of materials is
also very important, particularly in terms of balancing the cost and the desired material
features for the required application. The CNT exhibits tremendous economic potential,
especially in light of recent developments that demonstrate a substantial decrease in the
cost of making high-quality CNT, which fosters a silver lining in CN'T-based nanodevice
fabrication. Wearable biosensors with wireless communication facilities should be intro-
duced to address this problem [67], enabling the patient to benefit from swift analysis
and report the findings, to ensure a timely diagnosis. The integration of biosensors with
electronic gadgets possessing smart read-out capabilities is turning into a top requirement
in contemporary state-of-the-art living, in line with the current technological evolution [68].
Conversely, the toxicity of CNT and the greenness of biosensors are currently the major
challenges regarding biocompatibility and sustainability. The toxicity of CNT can be re-
duced with the use of several techniques, such as tuning the surface defects [69], utilizing
native small-molecule drugs [70], and attenuating the CNT length [71]. The greenness
of the biosensor may be achieved through the green synthesis of CNT; the entire sensing
operation must be performed in a green manner, i.e., using green solvents, green waste
management, green power management, etc. [72]. In many cases, it was observed that the
viruses mutated very rapidly (e.g., SARS-CoV-2 [73]); thus, it is vital to create dependable
and effective methods based on integrated multiple biosensor technology for the quick
detection of several mutations of a virus at once [74]. Moreover, CNT can also be used as
an antiviral agent to inhibit viruses. By adding protoporphyrin IX to acid-functionalized
MWCNTs, Banerjee et al. [75] created porphyrin-conjugated MWCNTs, which significantly
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reduced the capacity of the Influenza A virus to infect mammalian cells when exposed to
visible light. lannazzo et al. [76] investigated the anti-HIV efficacy of several functionalized
MWCNTs. The findings demonstrated that the antiviral activity of functionalized MWCNTs
was regulated by their hydrophilic functionality and water dispersibility. Thus, CNT can
also be employed in a bimodal “detection-inhibition” role to fight against viruses. Finally,
further research into the nanotechnology used in virus detection is needed to achieve novel
platforms that might completely revolutionize the current viral identification systems used
in clinics.
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Abstract: Flexible pressure sensors have garnered much attention recently owing to their prospective
applications in fields such as structural health monitoring. Capacitive pressure sensors have been
extensively researched due to their exceptional features, such as a simple structure, strong repeata-
bility, minimal loss and temperature independence. Inspired by the skin epidermis, we report a
high-sensitivity flexible capacitive pressure sensor with a broad detection range comprising a bioin-
spired spinosum dielectric layer. Using an abrasive paper template, the bioinspired spinosum was
fabricated using carbon nanotube/polydimethylsiloxane (CNT/PDMS) composites. It was observed
that nanocomposites comprising 1 wt% CNTs had excellent sensing properties. These capacitive
pressure sensors allowed them to function at a wider pressure range (~500 kPa) while maintaining
sensitivity (0.25 kPa~!) in the range of 0-50 kPa, a quick response time of approximately 20 ms and
a high stability even after 10,000 loading—unloading cycles. Finally, a capacitive pressure sensor
array was created to detect the deformation of tires, which provides a fresh approach to achieving
intelligent tires.

Keywords: flexible capacitive sensors; bioinspired spinosum; CNT/PDMS nanocomposite; tires

1. Introduction

Flexible pressure sensors have become a rapidly growing research area with significant
progress in 5G communication and artificial intelligence [1]. Currently, flexible pressure
sensors are widely used in the monitoring field, such as in examining human health [2,3]
and structural health detection [4,5]. Compared with rigid sensors, flexible pressure sensors
can withstand various deformations, such as bend, compression and torsion [6,7]. With the
introduction of modern technologies, such as network technology and cloud computing,
intelligence has become a significant trend in automotive technology development and
tires intelligence. The tires are the only part that contacts the vehicle and the road and have
attracted considerable attention in improving vehicle safety and reducing fuel consumption.
Measuring or estimating tire force is vital for analyzing and controlling vehicle behavior [8].
The contact patch features and the contact pressure of the tires are significant for the force
estimation [9]. However, measuring exact forces in the real world has become a concern
for researchers. The sensors built into the tires to form intelligent tires can provide reliable
quantities of tire variables compared with traditional test methods based on onboard
sensors [10]. The use of flexible pressure sensors for tires is a promising method for
detecting the contact pressure of tires. Matsuzaki et al. fabricated a novel rubber-based
sensor and attached it to the inner surface of a tire. The experiment showed that the
sensor could accurately monitor the tire’s behavior [11]. Son et al. examined a reliable
triboelectric bicycle tire by inserting a dielectric electrode layer between the tire tread
and the inner tube [12]. The pressure and deformation of the tire can be monitored in
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real time by the sensor. According to working mechanisms, flexible pressure sensors
are mainly based on piezoresistive [13,14], capacitive [15,16], piezoelectric [17,18] and
triboelectric effects [19,20]. Capacitive pressure sensors have attracted considerable research
attention owing to their simple structure, good repeatability, low loss and temperature
independence, which are considered the ideal choice for structural health testing [21].
These pressure sensors adopt a sandwich structure consisting of two electrode layers at
the top and bottom and one sensing layer in the middle. Polydimethylsiloxane (PDMS)
has been employed widely as a flexible substrate because of its excellent characteristics,
including flexibility, biocompatibility and mechanical properties [22]. With the progress
of materials science, materials with different microstructures have been used extensively
to fabricate pressure sensors. In particular, carbon-based functional materials, such as
nanotubes [23], graphene [24], carbon black [25] and graphene oxide [26], have been
used broadly as conductive fillers in sensors because of their low cost and outstanding
electrical and mechanical properties. Adding conductive fillers to the dielectric layer can
produce a higher dielectric constant and improve the signal magnitude. Furthermore, to
enhance the sensitivity of capacitive sensors, the compressibility and effective dielectric
constant change value can be improved by patterning the dielectric layer, such as by
adding microstructures [27,28]. In 2010, Mannsfeld et al. first added a micropyramid
structure to capacitive sensors, significantly improving their sensitivity [29]. In addition
to the micropyramid structure, some other microstructures, such as micropillar [30,31],
microdome [32,33], wrinkle [34] and microporous [35,36], have been explored. Despite
the considerable progress on capacitive sensors, the large-scale preparation of low-cost,
high-sensitivity and broad-range capacitive pressure sensors presents enormous challenges.
Many structures in nature provide humans with examples of good design, which have
inspired researchers in bioinspired pressure sensors [37]. Skin plays an important role
in the perception of force, and the dermis with a spinosum microstructure makes skin
sensitive to external forces [38]. Bioinspired pressure sensors with a spinosum surface have
been used for the development of low-cost pressure sensors with a high sensitivity and
a large linearity [39]. Little research has been conducted on the spinosum microstructure
for capacitive pressure sensor design. Flexible sensor arrays can achieve spatial pressure
distribution monitoring and real-time trajectory mapping, which are used widely in various
fields [40]. Using flexible sensor arrays on tires may achieve real-time detection of their
contact pressure and provide more accurate quantities of the tire variables.

This article reports a bioinspired spinosum capacitive pressure sensor based on carbon
nanotube/polydimethylsiloxane (CNT/PDMS) nanocomposites for detecting the contact
pressure of tires. CNT/PDMS-based spinosum pressure sensors inspired by the epidermis
tissue structure in human skin were fabricated. The spinosum microstructure of the dermis
has a high similarity in topography with abrasive paper. A capacitive pressure sensor
with a high sensitivity and a large sensing range can be achieved using abrasive papers
with different surface roughness as a template. The flexible pressure sensor exhibited a
high sensitivity of 0.25 kPa~! in the range of 0-50 kPa, a wide effective working range of
0-500 kPa, ultrafast response and relaxation times of 20 ms and excellent cycling stabil-
ity (>10,000 cycles). As shown in Table 1, our sensor exhibits a higher sensitivity and a
fast response time compared with reported capacitive pressure sensors in the literature.
CNT/PDMS-based spinosum pressure sensors are excellent candidates for health monitor-
ing. Based on the novel design of our sensor, a sensor array was used successfully in the
quantitative monitoring of contact pressure on a tire.
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Table 1. Comparison of the performance between our work and recently reported flexible capacitive
pressure sensors.

Dielectric Layer Materials Sensing Range (kPa) Sensitivity (kPa—1) Response Time (ms) Ref
pillars SU8 0-30 0.0065 70 [41]
porous PS/graphene/MWCNTs 0-4.5 0.062 45 [42]

microdome PDMS 0.5-10 0.055 200 [43]
pyramid PDMS 0.5-6 0.185 - [44]

microridge PDMS 0-10 0.148 20 [45]
spinosum CNT/PDMS 0-500 0.25 20 This study

2. Materials and Methods
2.1. Preparation of Spinosum Microstructure CNT/PDMS Films as the Dielectric Layer

Commercial abrasive papers (Hubei Yuli Abrasive Belt Group, Hubei, China) with
three roughness values, no. 80, 320 and 600, were utilized as templates. Nanocomposites
with different compositions (mass ratio of PDMS/CNTs = 10:X, X = 0, 0.05, 0.1 and 0.15)
were prepared to fabricate the composite dielectric layer. CNTs (purity: 95%, diameter:
3-15 nm, length: 15-30 pm, Shenzhen Suiheng Technology Co., Ltd., Guangdong, China)
were dispersed in alcohol (10 g, 99.7%, Ziyansheng Fine Chemical Co., Ltd., Shanghai,
China) for 2 h with ultrasonic assistance. Then, a PDMS base (9.1 g) (Sylgard 184, Dow
Corning Co., Ltd., Midland, MI, United States) was dispersed in the alcohol/CNT solution
for 2 h with magnetic stirring. Then, the alcohol was allowed to evaporate at 150 °C. After
the solution cooled to room temperature (22 °C), a curing agent (0.9 g) (Sylgard 184, Dow
Corning Co., Ltd., Midland, MI, United States) was added and the solution was stirred
for 1 h. Then, the degassed CNT/PDMS solution was poured onto the abrasive paper and
cured at room temperature for 12 h. Finally, the CNT/PDMS films were carefully peeled
off to obtain the spinosum microstructure. The thickness of the dielectric layer was 1 mm.

2.2. Preparation of the Sensor Array

The bottom and top electrodes of the sensor array, both containing strip electrodes,
were orthogonally mounted face to face with the CNT/PDMS spinosum dielectric layer,
forming a sandwich structure. A capacitive pressure sensor array was then created.

2.3. Characterization of the Morphology and Performance of the CNT/PDMS-Based Spinosum
Pressure Sensors

The morphology and structure of the fabricated sensors were characterized via a field
emission scanning electron microscope (SEM, MERLIN, Zeiss, Jena, Germany). The fabri-
cated sensors’ 3D morphology and structure were characterized via an optical microscope
(DSX 510, Olympus, Tokyo, Japan). The contact area of the dielectric layer was character-
ized with a high-speed CCD camera (Yvision Technology Company, Guangdong, China).
The loading of applied force was carried out with a testing machine (WDW-02, STAR
Testing Technology Co., Ltd., Shandong, China), while the electrical signals of the pressure
sensors and the permittivity were recorded at the same time via an LCR meter (TH2829A,
Changzhou Tonghui Electronic Co. Ltd., Jiangsu, China) at a 100 kHz frequency with a 0-1
V alternating voltage bias. A fatigue-testing machine (FLPL203E, FULETEST Instrument
Technology Co., Ltd., Shanghai, China) was used to test the response/release time, and
the depressing speed and rising speed were both 1000 mm /min. The stability test also
used the fatigue testing machine (FLPL203E, FULETEST, Instrument Technology Co., Ltd.,
Shanghai, China), and the depressing speed and rising speed were both 1000 mm /min.

2.4. Finite Element Analysis

Finite element analysis (FEA) was performed using the commercial package ABAQUS.
The CNT/PDMS-based spinosum microstructure dielectric layer was modeled as an in-
compressible material with Young’s modulus E~1.4 MPa. The Cu electrode was simply

155



Nanomaterials 2022, 12, 3265

treated as a rigid plate and compressed downward. All contact interactions were assumed
to have friction with a friction coefficient of 0.15 without penetration.

3. Results and Discussion
3.1. Designs for Spinosum Capacitive Pressure Sensors

So far, nature has evolved to optimize structures to adapt to complicated environmen-
tal conditions, inspiring many engineers and scientists. Skin, one of the largest organs of
the human body, can interact with the surrounding environment. Because of the spinosum
of the dermis, the skin can sensitively sense stimulation from the environment (Figure 1a).
The sensitivity and detection accuracy of pressure sensors can be improved through in-
troducing the spinosum microstructures, which are attributed to the concentrated local
stress at the contact region. As shown in Figure 1b, the surface of abrasive paper displays
smoothly interconnected ridges and dispersive holes. Because the spinosum microstructure
has a similar morphology to that of abrasive paper, we used abrasive papers as a temple
to fabricate the spinosum microstructure. Figure 1c depicts the schematic illustration of
the fabrication process of the spinosum pressure sensor. The spinosum pressure sensor
was fabricated as follows: first, the prepared CNT/PDMS nanocomposite was coated
on the abrasive paper template through a blading method and cured at room tempera-
ture. Second, the CNT/PDMS film was peeled off from the abrasive paper to obtain the
spinosum microstructure. Third, the as-prepared spinosum microstructure CNT/PDMS
films were cut into regular sizes (10 mm x 10 mm).. Subsequently, a piece of copper foil
tape (Dongguan Xinshi Packaging Materials Co., Ltd. Guangdong, China) was attached
to the side of the polyethylene (PE) substrate as bottom electrode. Then another piece of
copper foil tape was attached to the flat side of the CNT/PDMS film as top electrode. The
CNT/PDMS film was sandwiched between two copper electrodes. Finally, the copper
wires were attached onto the copper foil to complete the sensor fabrication. The multilayer
was packaged between two transparent and soft 3M tape. As we know, the traditional
lithography template method to fabricate pressure sensors is expensive. Compared with
the lithography template method, using abrasive paper as a template to fabricate pressure
sensors is very cost-effective. The above strategy has the advantages of simplicity, economy
and ease of operation, and the filling materials are not expensive.

abrasive paper CNT/PDMS coating CNT/PDMS peeling

Figure 1. (a) Schematics of the microstructure of human epidermis. (b) Optical microscopy image of the
no. 400 abrasive paper. (c) The fabrication process of the spinosum microstructure pressure sensor.
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3.2. The Performance of Spinosum Capacitive Pressure Sensors

The pressure sensitivity (S) of capacitive pressure sensors can be defined as
S = (AC/Cp)/ AP, where AC is the relative change in capacitance, Cy represents the initial
capacitance when no pressure is applied and AP is the change in applied pressure. To
investigate the effect of the spinosum microstructure on capacitive sensors, the distributed
spinosum microstructure PDMS with increasing roughness was fabricated via abrasive
papers no. 80-600. The as-prepared spinosum PDMS films were cut into 10 mm x 10 mm
sizes and sandwiched between two copper electrodes. In order to characterize the capaci-
tive responses of the sensors to external pressures, a high-precision test system containing a
motorized test stand connected with a force gauge, an LCR meter and computers was used.
The pressure load on the pressure sensors was precisely controlled via the force gauge, and
the capacitive signals were collected through the LCR meter. In Figure 2a, the AC/Cy versus
pressure change of the PDMS-based spinosum pressure sensors with different degrees of
roughness using abrasive paper templates no. 80-600 is shown. The result indicates that
the spinosum pressure sensor using abrasive paper template no. 600 exhibits the highest
sensitivity compared to sensors of other degrees of roughness. However, the sensitivity
is relatively low. To further improve the performance of the spinous pressure sensor, the
dielectric layer was doped with CNTs to increase the dielectric constant.
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Figure 2. Sensing performances of the pressure sensors. (a) Pressure response of relative capacitance
change in the sensor with (a) 0, (b) 0.5, (c¢) 1 and (d) 1.5 wt% CNT doping content using different
abrasive papers. (e) Pressure response of the absolute capacitance of the sensor using abrasive paper
no. 600 under different doping contents of CNTs. (f) Pressure response of the relative capacitance
of the sensor using abrasive paper no. 600 under different doping contents of CNTs. (g) Response
time and recovery time of the spinosum pressure sensor. (h) Durability test of the pressure sensor for
10,000 loading /unloading cycles at the pressure of 30 kPa.
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The influence of the CNT doping content and the roughness of the abrasive surface
on the performance of spinosum microstructure sensors have been investigated in this
study. By using abrasive papers no. 80-600 as templates, the spinosum pressure sensors
with different CNT doping content (0.5, 1 and 1.5 wt%) were fabricated and tested the
performance of the sensors via the test system.

The CNT/PDMS-based spinosum pressure sensor exhibits a high sensitivity and
a wide detection range. As shown in Figure 2b-d, similarly to the previous result, the
AC/Cy versus pressure change for different CNT doping content (0.5, 1 and 1.5 wt%),
the CNT/PDMS-based spinosum pressure sensor shows a similar regular, which is that
the sensor using abrasive paper template no. 600 exhibits the highest sensitivity. The
capacitance changes of spinosum pressure sensors fabricated with abrasive paper no. 600
with different amounts of CNTs (0, 0.5, 1 and 1.5 wt%) are plotted in Figure 2e. The regular
is obvious: the absolute capacitive of the CNT/PDMS-based spinosum pressure sensors
increase with the doping content of CNTs. However, the regular is different when the
capacitance change is normalized by initial capacitance. The CNT/PDMS-based spinosum
pressure sensors with 1 wt% CNT doping content show the highest sensitivity among the
samples tested (Figure 2f). The sensitivity of 1 wt% doping CNT/PDMS-based spinosum
pressure sensors prepared via abrasive paper no. 600 is 0.25 kPa~! in the low-pressure
range of 0-50 kPa, 0.065 kPa~! for 50~200 kPa, and 0.0087 kPa~! in the high-pressure range
of 200-500 kPa.

Furthermore, the optimized design parameters (1 wt% CNT doping and fabricated
from the abrasive paper no. 600) were selected from the above experiments and used to
study the response time and the stability of the sensor. To investigate the response speed,
the response and relaxation time of the pressure sensor were estimated in the process of
loading /unloading. As described in Figure 2g, a response time of 20 ms and a relaxation
time of 50 ms were observed, which indicate its fast pressure response and potential
application in the monitoring field. Moreover, as shown in Figure 2h, the pressure sensor
exhibits robust durability in the process of loading/unloading a massive pressure of 30 kPa
up to 10,000 cycles. As we can see in the insets of the magnified view, the capacitance signal
amplitude did not decrease significantly throughout the 10,000 load /unload test cycles.

3.3. The Effect of the Mesh Number of Abrasive Papers and CNT Doping Content on the
Sensing Property

Figure 3a—i show the typical optical image of a spinosum microstructure CNT/PDMS
dielectric layer using abrasive papers no. 80, 320 and 600, indicating that the spinosum
microstructure of the abrasive paper surface is well-replicated. Generally, the height of the
spinosum microstructure decreases as the mesh number of the abrasive paper increases, and
the density of the spinosum increases as the mesh number of the abrasive paper increases.
The successful fabrication of CNT/PDMS-based spinosum dielectric layers was confirmed
through the SEM image, as shown in Figure 3j-1. The microstructures are distributed all over
the surface, and as the roughness of the abrasive paper decreases, the microstructures” density
increases, and the dimension of these microstructures decreases.

Figure 4 shows that the relative permittivity of CNT/PDMS nanocomposites with
different CNT doping content increases as the pressure increases. When the doping con-
tent of CNTs reaches 1 wt%, its relative permittivity changes most obviously. In fact,
the relative permittivity increase can be explained according to the percolation theory:
€ « (p-pp)s, where ¢ is the relative permittivity, p is the percolation threshold and py is the
CNT concentration [46]. The distance of CNTs decreases during the compression process,
which leads to a decline in p and an increase in ¢.
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Figure 3. Characterization of the pressure sensors. The 3D morphology of spinosum CNT/PDMS
dielectric layer using abrasive papers no. (a) 80, (b) 320 and (c) 600. The position of the marker line of
the CNT/PDMS dielectric layer using abrasive papers no. (d) 80, (e) 320 and (f) 600. Height profile
corresponding to the marked line on the diagonals using abrasive papers no. (g) 80, (h) 320 and
(i) 600. The SEM images of the spinosum CNT/PDMS dielectric layer using abrasive papers no. (j) 80,

(k) 320 and (1) 600.
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Figure 4. Relative permittivity of the PDMS/CNT nanocomposites with 0.5, 1, and 1.5 wt% CNT
under different pressures.

To further reveal the response mechanism of the sensor, the force distribution and
deformation process of the spinosum microstructure were studied through finite element
analysis. Two models with different roughness values have been conducted to simulate
the compression process of the sensor. Model 1 (Figure 5a) has a low density of spinosum,
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but the height of the spinosum is large, which can represent abrasive papers with a low
mesh number (the surface height is represented by color). Model 2 (Figure 5b) has a high
density of spinosum but the height of the spinosum is low, which is similar to the abrasive
papers with a high mesh number. Figure 5c,d show the stress distribution after the loading
of 100 kPa for model 1 and model 2, respectively. As we can see, when under pressure,
the stress of the spinosum structure is concentrated at the contact peak. The spinosum
microstructure with a lower roughness has a more homogeneous pressure distribution than
that with a greater roughness, and the stress concentration area of the spinosum microstruc-
ture with a lower roughness is much larger than that with a greater roughness. Thus, the
relative permittivity of the underlying dielectric layer will be dramatically increased, which
contributes to the stress concentration of the spinosum microstructure. Because model
2’s stress concentration area is more extensive than model 1’s, the relative permittivity
changed obviously. Thus, the CNT/PDMS-based spinosum pressure sensor using abrasive
paper no. 600 has a better performance.
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Figure 5. Sensing mechanisms of the pressure sensors. Schematic of the simulation (a) model 1 and
(b) model 2 with different spinosum microstructures. FEA simulation showing the stress distribution
of (c) model 1 and (d) model 2 at a pressure of 100 kPa. (e) The FEA simulation result of the
compression distance variation for the spinosum and plate dielectric layer. (f) The FEA simulation
result of the contact area variation between the dielectric layers with different architectures. The
image of the spinosum dielectric layer using different abrasive papers no. (g) 80, (h) 320 and (i) 600
without pressure. The image of the contact area of the spinosum dielectric layer using different
abrasive papers no. (j) 80, (k) 320 and (1) 600 at a pressure of 180 kPa.
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By introducing the spinosum microstructure, the dielectric layer can more readily
deform with applied pressure and be more easily compressed than without the microstruc-
ture (Figure 5e). As shown in Figure 5f, when under the same pressure, the contact area
with electrodes in model 2 is smaller than in model 1. The roughness will decrease as the
mesh number of the abrasive paper template increases; the spinosum microstructure with
an extensive range of height differences is easily deformed due to stress concentration.
Thus, the contact area with electrodes in model 1 is larger than in model 2. The simulation
results are consistent with the experimental results. A transparent glass sheet was utilized
to replace the electrodes for easy observation, and a 1.8 kg weight was placed above the
sensor. A high-speed CCD camera was used to characterize the contact area change in the
spinosum dielectric layer. As depicted in Figure 5g-1, when under the same pressure, the
contact area (shaded area) gradually becomes smaller as the number of the abrasive papers’
mesh increases. When under compression progress, the contact area of the spinosum
dielectric layer gradually increases. The contact area of the spinosum microstructures with
low roughness saturates quickly, contributing to a low sensitivity level.

In summary, the capacitance change in the pressure sensor is a synergistic effect of
the spinosum microstructure and CNT doping. The spinosum microstructure leads to
local stress amplification and the contact area change in the dielectric layer with electrodes.
The spinosum microstructure can provide additional compressibility by accommodating
compressed protrusions. Moreover, the viscoelasticity of the elastomer is reduced because
of the microstructure, resulting in a faster sensor response. In addition, introducing the
CNTs to the dielectric layer can significantly improve the capacitive magnitude because the
dielectric constant is improved and the relative permittivity can change with the external
pressure. The relative permittivity of the dielectric layer will be dramatically amplified by
the spinosum microstructure. It is through the above-mentioned synergistic effect that the
excellent performance of the sensor can be caused.

3.4. Application of Spinosum Capacitive Pressure Sensor

As shown in Figure 6a, a 3 x 3 sensor array has been fabricated to map pressure
distribution, which consists of three strip copper foils as top and bottom electrodes and a
1 wt% CNT doping spinosum CNT/PDMS film using the abrasive paper template no. 600
as the dielectric layer. As shown in Figure 6b,c, this array can clearly distinguish the position
and weight of different things, such as a pen and a rectangular mass. A new methodology
is proposed in order to solve the tire-road contact pressure. The sensor-array-embedded
tires can provide more reliable and exact tire information to the vehicle than traditional
indirect estimation methods. A rubber tire with a diameter of 80 mm was selected as the
research object to use flexible pressure sensor arrays to detect the contact pressure of tires.
Because of its excellent performance, the 1 wt% CNT doping spinosum pressure sensor
using the abrasive paper template no. 600 was used to detect the contact pressure of the
tire. In order to fabricate an intelligent tire, as shown in Figure 6d, a 2 x 3 pixel sensing
array sandwiched between cross-arrays of copper electrodes was designed to detect the
deformation of the tire. This 2 x 3 pixel sensing array was adhered to the tread of the tire
using 3M tape. Then, the tire was installed on a test platform (Figure 6e) and compressed
for ten cycles with a downward distance of 0.7 mm. Cross-locating technology was used to
obtain the changes in the 6-pixel signal of the sensor array under the compression progress.
Figure 6f shows the signal of 6 pixels. It can be seen that the signal changes of 5 and
6 pixels are most apparent, and the signal changes of 14 pixels are relatively small. From
the experimental results, the pressure distribution at different positions of the tire can be
detected in real time by coupling the sensor array into the tire, which is of great significance
for the realization of intelligent tires.
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Figure 6. Application of the spinosum pressure sensors. (a) Schematic of the 3 x 3 pixelated pressure
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sensor array. Mapping of pressure distribution on the 3 x 3 sensor array upon (b) placing a pen
and (c) placing a rectangular mass. (d) Schematic of the structure of the intelligent tire and the pixel
position. (e) Photograph of the intelligent tire and test platform. (f) The capacitance signal at each
pixel position of the intelligent tire under ten decompression cycles.

4. Conclusions

In summary, we have proposed a sensitive capacitive pressure sensor with a broad
detection range inspired by the skin epidermis. A simple and low-cost fabrication process
was proposed for CNT/PDMS-based spinosum pressure sensors through using the abrasive
paper templates. Notably, the spinosum microstructure and doping content of CNTs can
effectively improve the performance of pressure sensors: high sensitivity (0.25 kPa™'),
wider pressure range (~500 kPa), fast response time (20 ms) and excellent stability over
10,000 cycles. In addition, the effects of the mesh number of abrasive papers and CNT
doping content on the sensing property are theoretically analyzed through simulations
and experiments. Furthermore, a sensor array was manufactured for mapping the spatial
distribution of pressure, which shows great potential for intelligent monitoring. Finally,
a new methodology is proposed in order to solve the tire-road contact pressure and
estimate related parameters by introducing a sensor array with a tire. Practically, this paper
fabricated a bioinspired, cost-effective, broad-range, high-sensitivity, flexible sensor and
opened a new patch to intelligently monitor the contact pressure of tires.
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Abstract: Controlling the permittivity of dielectric composites is critical for numerous applications
dealing with matter/electromagnetic radiation interaction. In this study, we have prepared polymer
composites, based on a silicone elastomer matrix and Tuball carbon nanotubes (CNT) via a simple
preparation procedure. The as-prepared composites demonstrated record-high dielectric permittivity
both in the low-frequency range (102-107 Hz) and in the X-band (8.2-12.4 GHz), significantly exceed-
ing the literature data for such types of composite materials at similar CNT content. Thus, with the
2 wt% filler loading, the permittivity values reach 360 at 10° Hz and >26 in the entire X-band. In
similar literature, even the use of conductive polymer hosts and various highly conductive additives
had not resulted in such high permittivity values. We attribute this phenomenon to specific structural
features of the used Tuball nanotubes, namely their length and ability to form in the polymer matrix
percolating network in the form of neuron-shaped clusters. The low cost and large production vol-
umes of Tuball nanotubes, as well as the ease of the composite preparation procedure open the doors
for production of cost-efficient, low weight and flexible composites with superior high permittivity.

Keywords: carbon nanotubes; dielectric polymer composites; permittivity

1. Introduction

Controlling dielectric permittivity of polymer composites is critical for thin-film
transistors [1], photovoltaic devices [2] and more broadly for materials aimed at absorp-
tion/reflection of electromagnetic radiation, especially in the X-band [3-6]. The most
commonly used polymer matrices are silicon rubber [7-15], epoxy resin [16-20], polyvinyli-
dene fluoride (PVDF) [21-24], and thermo-polyurethane (TPU) [25,26]. Correspondingly,
the most broadly used conductive fillers are carbon nanotubes (CNTs), metal particles and
graphene derivatives [4-28]. Among the fillers for this aim, CNTs are of special interest
since they possess high aspect ratio, high electrical conductivity and superior mechanical
strength [29]. In the literature, there are more papers on the use of multi-walled car-
bon nanotubes (MWCNTs) [6-10,13-17,21-24] rather than single-walled carbon nanotubes
(SWCNT) [30-34]. This is because MWCNTs are more available, significantly cheaper and
can be more easily and uniformly distributed in the polymer matrices.

Among all the SWCNTs commercially available on the market, nanotubes sold under
the brand Tuball manufactured by OCSiAl are of particular interest [33-35]. This is because
they are currently manufactured at a tonnage scale and are offered at the cheapest price. A
structural feature of these nanotubes is their large diameter (1.4-2.2 nm), compared to other
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SWCNTs such as HiPCo, CoMoCat, etc., and very large length [36]. Such unique features
make them attractive as fillers [37,38] and additives to polymers and concrete [39].

The two-component composites, in which a dielectric polymer host contains only
CNTs as a conductive filler, exhibit relatively low dielectric permittivity values (¢) even
in the low-frequency range [7,9,11-15]. Higher dielectric permittivity values are normally
achieved using either a conductive polymer host [22-24] or/and special additives [31]. The
maximum permittivity value was achieved in [21] with PVDF matrix and modified CNTs;
at the 3.5 wt% CNT content, the resulting composite exhibiting permittivity values of about
250 at 10* Hz.

In the X-band, for the two-component systems made of epoxy resin and MWCNTs, in
most studies, the reported permittivity values do not exceed 13 [18,26,40]. The higher value
of ¢ > 20 was obtained when using a higher MWCNT content (5 wt%) [26]. To the best
of our knowledge, the highest reported value of ¢’ = 23 at 3% CNT content was attained
when using MWCNTs and a polar dielectric matrix, such as PVDF [41]. Alternative ways to
increase the dielectric permittivity include addition of a third highly conductive component
such as noble metals [6,42], which increases the cost of the final material. At the same
time, for the two-component composites, consisting of a non-polar dielectric matrix and
SWCNTs as conductive filler, high dielectric permittivity values have not been reported yet.

In this study, for the first time, we report the dielectric properties of the silicone
elastomer-based composites reinforced with Tuball SWCNTs. The composites demonstrate
tremendously high dielectric permittivity values both in the low-frequency range and in
the X-band. Importantly, such values were obtained using affordable components by a
simple preparation method without high-cost additives.

2. Experimental
2.1. Materials

The SWCNTs were of the Tuball brand manufactured by OCSiAl (Luxembourg)
(01RWO03.N1, batch no. 819); SWCNTs were purified by the manufacturer. According
to the manufacturer, the content of nanotubes was >93% and the content of metallic im-
purities was <1%. The ToolDecor T 20-137, a two-part molding silicone elastomer, was
supplied from Wacker (Munchen, Germany); it consists of two components, ToolDecor T
20-1 Base (Part A) and Catalyst T 37 Hardener (Part B).

Methylene chloride was purchased from Tatkhimprodukt LLC (Kazan, Russia) and
used without additional purification.

2.2. Characterization

Raman spectra of nanotubes were acquired from the nanotube films using an ARS-3000
Raman microscope (NanoScanTechnologies, Russia) with the 532 nm excitation laser. The
scanning electron microscopy (SEM) images were acquired with a Merlin field-emission
high resolution scanning electron microscope (Carl Zeiss, Oberkochen, Germany) at accel-
erating voltage of incident electrons of 5 kV and current probe of 300 pA.

2.3. Preparation of Polymer Composites

To prepare reinforced composites, nanotubes in precalculated quantities were dis-
persed in CH,Cl, by sonication with a tip sonicator Sonic-Vibra 750 (Sonics, Newtown, CT,
USA) for 1 h at 30% amplitude. Methylene chloride was chosen as a solvent, because it
can dissolve silicone and has a low boiling point, facilitating its subsequent evaporation.
Then the resulting dispersion of nanotubes was mixed with part A of the silicone elastomer
and agitated manually with a glass rod until homogeneous condition. Next, the mixture
was mildly sonicated for 30 min at 20% amplitude. After that, the as-obtained paste was
heated in a water bath at T = 60-70 °C with manual agitation until complete evaporation of
CH,Cl,. The resulting paste was thoroughly mixed with part B in a weight ratio of 100A:4B
and placed into silicone molds. The samples were cured for 12 h at room temperature. As a
result of these operations, samples of composites in the form of disks were obtained: for
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the low-frequency measurements, the disks were fabricated with a diameter of 29.0 mm
and a thickness of 3.5 mm; for the high-frequency measurements, the disks were fabricated
with a diameter of 29.0 mm and a thickness of 7 mm.

2.4. Electrical Measurements

The permittivity and loss values for the low-frequency range were calculated from
the capacitance, measured with the Novocontrol BDS Concept-80 impedance analyzer,
(Novocontrol Technologies GmbH & Co. KG, Montabaur, Germany) with the automatic
temperature control provided by the QUATRO cryo-system (the temperature uncertainty
is £0.5 °C). A sample was placed between two gold-plated electrodes of the capacitor.
The capacitor was attached to the thermostated testing head. The measurements were
conducted in the frequency range of 0.1 Hz-10 MHz. The data for the ultra-high frequency
(UHF) range (0.1-70 GHz) were measured with the PNA-X Network Analyzer N5247A
(Agilent Technologies, Santa Clara, CA, USA). Samples in the form of disks with a diameter
of 29 mm and a thickness of 7 mm were placed at the end of a coaxial measuring probe
(Performance Probe) with a diameter of 10 mm. When measuring on the PNA-X Agilent
N5247A, the results were recorded using the Agilent 85070 built-in licensed software
package (Santa Clara, CA, USA). The temperature was set at 25 °C. The processing of the
experimental data was carried out with the WinFit software [43].

3. Results and Discussion

The used Tuball CNTs were characterized by SEM and Raman spectroscopy (Figure 1).
The SEM images (Figure 1a) reveal that nanotubes exist mainly in the form of thick bundles
consisting of tens and hundreds of individual nanotubes. According to the higher magni-
fication SEM and TEM images [38], the primary bundles with diameters of 5-10 nm are
assembled into secondary and even tertiary bundles with diameters of up to 50 nm. The
existence of Tuball nanotubes in the form of bundles is a consequence of their longer length
compared to other commercially available SWCNTSs, such as HiPCo, CoMoCat, etc. [36].
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Figure 1. Characterization of as-received Tuball SWCNTs. (a,c) SEM images at different magnification.
(b) TEM image. (d) Raman spectrum of CNTs. Tangential mode. The inset is the radial breathing
mode. The spectra were acquired with the 532 nm excitation laser.
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The Raman spectrum is typical for SWCNTs. In addition to the two-component G-
band, there is a small D-band in the vicinity of ~1336 cm~! (Figure 1b), which shows
the presence of defects in the crystal lattice. The D-peak intensity is slightly higher than
that in the as-received SWCNTs. Some additional defects were introduced during the
sonication of the CNT dispersions. Radial breathing mode (RBM) is sensitive to the
nanotube diameter [44,45] and coincides with the literature data for Tuball CNTs. The
provided characteristics (Figure 1) are sufficient for the purposes of this study. For a more
detailed description of the used CNTs, we refer to our previous publication [35].

Figure 2 shows the real (¢') and imaginary (¢”) parts of the complex permittivity of
the composites with different filling fractions as a function of frequency. Real permittivity
values in the range of 0.1-300 Hz are not shown in Figure 2, and are not considered in the ap-
proximation of the curves since the material in this frequency range is very sensitive to me-
chanical deformations that arise upon its contact with the electrodes of the measuring capac-
itor. The full range dielectric spectra are shown in the Supplementary Materials, Figure S1.
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Figure 2. Frequency dependences of the (a) real and (b) imaginary parts of the complex permittivity
for composites with different filler contents.

In general, an increase in the CNT content leads to an increase in the dielectric per-
mittivity in the whole tested frequency range. The composites can be divided into three
groups according to the proximity of the permittivity values:

(A) Group I—composites with a filler content of 0.1-0.5%;
(B) Group II—composites with a filler content of 1 and 1.5%;
(C) Group Ill—composites with a filler content of 2 and 3%.

For the composite with a filler content of 0.1%, ¢ practically does not change over
the entire frequency range. For the composites with a filler content of 0.25% and 0.5%, a
smooth increase in ¢ in the range of 1 x 10’-3 x 102 Hz is observed without reaching
a plateau at the low frequency end. For the Group II composites with a filler content of
1-1.5%, the growth of ¢’ values is observed in the range of 1 x 10°~1 x 107 Hz, followed by
a plateau below 5 x 10* Hz with ¢’ values around 280. Finally, for the Group IIT composites,
a smooth increase in the ¢ values is observed in the range of 3 x 10°-1 x 107 Hz with a
plateau starting at 2.5 x 10° Hz with ¢’ values reaching 470 at 1 x 10* Hz.

The imaginary parts of the complex permittivity (Figure 2b) specify the dielectric losses.
In the tested frequency range, no loss peak is registered for the composite with a filler
content of 0.1%. For the 0.25% sample, a broad peak in the range of 3 x 10°~1 x 10° Hz
is observed. For the composite with a 0.5% CNT content, a broad peak is centered at
1.4 x 10° Hz. The increase in the filler content leads to the shift of the loss peak position
to the higher frequency region. Thus, for the 1% content, the loss peak is at 1.6 x 10° Hz,
for 2% content, the peak is at 6 x 10° Hz, and for 3% content, the peak is located above
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1 x 107 Hz. In the curves of the composites with 3% CNT content, only the left shoulder
of the loss peak is visible in the entire frequency range. The peak of the dielectric losses is
originated by the polarization delay with an increase in the frequency of external electric
field, and is normally indicative of so-called dipolar relaxation [46].

Table 1 compares the published literature data with the values of the dielectric per-
mittivity obtained in this study [14,15,21-24,31]. According to the presented data, the
composites prepared in this work significantly outperform the known literature data for
the polymer/carbon-nanotubes systems with the same CNT content. Importantly, the
attained permittivity values are much higher than the values reported in studies [14,15] on
similar systems made from silicon elastomer matrix and multi-wall carbon nanotubes.
Even the use of conductive matrices such as PVDF [21-24], the modification of nan-
otubes [21], and addition of polyaniline (PANI) [31] do not afford such high values of
¢/, as we attain in this study.

Table 1. The literature data on the permittivity of different polymer composites, comprising CNTs as
a conductive filler, in the frequency range of 10*-10° Hz.

Polymer Host/Filler CNT (Wt%) & at10*Hz & at10° Hz Ref.
PDMS/MWCNTs 3 ~4.5 ~4.3 [14]
Silicon rubber/MWCNTs 2.5 ~4.5 ~4.4 [15]
PVDF/functionalized
MWCNTs 35 ~250 ~200 [21]
PVDF/MWCNTs 3.7 160 ~100 [22]
PVDF/MWCNTs 2 ~225 ~50 [23]
PVDF/MWCNTs 4 ~30 ~25 [24]
TPU-PANI/SWCNTs 0.5 ~100 ~80 [31]
Silicon rubber/SWCNTs 2 ~450 ~360 This work

Normally, permittivity increases with increasing the conductive filler fraction. Subse-
quently, at very high CNT content (>7%), expectedly higher permittivity values have been
reported in literature. However, for the CNT content range, tested in this wok (1-3%), we
are reporting the record high values (Table 1).

Such a high permittivity values must be related to the special structural features
of these CNTs. Namely, due to their length, Tuball CNTs form bundles, and do not
easily unbundle even with prolonged high power sonication [35,36]. After unbundling
they tend to quickly rebundle, if are not stabilized by surfactants or by other means.
Respectively, in the composites, these CNTs would exist in the form of bundles. In addition
to bundles, in polymers, CNTs form aggregates, consisting of many bundles. To investigate
the structure of our composites, we used optical microscopy. Figure 3 represents optical
microphotographs of the liquid CNT/silicon elastomer formulations with different CNT
contents taken before the formulations have been cured. It is clear that, even at the 0.25%
CNT content, the CNT bundles are joined into clusters, which are well visible in the fully
transparent silicon elastomer. The shape of the clusters resemble neurons with the tails of
the CNT bundles sticking out from the main cluster body. With increasing the CNT content,
not only the number, but also the size of the clusters increase. The size of the clusters vary
from 20 um through 200 pm.
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Figure 3. Optical microphotographs of liquid CNT/silicon elastomer formulations with different
CNT content: 0.25% (a), 0.5% (b), 1.0% (c), and 2.0% (d). The scale bar is the same for all the four
images. The red-line circles on (a,b) show the largest CNT clusters, present in the sample.

The sample regions containing isolated clusters of nanotubes form conductive inclu-
sions, randomly distributed in the polymer matrix. According to the knowledge in the field,
the pertinent physics behind the polarization mechanism in composite materials remains
poorly understood [46]. Considering the structure of the composite, namely the size of the
CNT clusters and their distribution, as well as the presence of the loss peaks on the imagi-
nary part functions (Figure 2b), the registered phenomenon might be least contradictorily
explained in the terms of the Maxwell-Wagner polarization [20,22,24,33,46,47]. The larger
the size of the clusters and their number, the larger the interface with the polymer matrix.
Respectively, the higher charge can be accumulated at the interface. Such polarization in
the larger clusters will fully manifest at lower frequencies.

To extract additional relaxation parameters, the measured dielectric spectra were approx-
imated by the superposition of the Cole-Cole function [48] and the Jonsher parameter [46]
according to the following equation:

JAY: . wn—1 . 00
—+B " — 1
=t + (iwT)" Bliw)T Yeow @

& (w) = (w) —ie" (w) = ¢
where €'(w) and ¢”(w) are the real and the imaginary parts of the complex permittivity;
i is the imaginary unit; Ae = &5 — €, & is the static dielectric permittivity; e is the
permittivity at high frequency; w is the cyclic frequency, Ae, T, a are the magnitudes of the
dielectric strength, relaxation time, and Cole-Cole broadening parameter, respectively; B
is the magnitude of the Jonscher correction; 0 < 7 < 1 is the Jonscher parameter; oy is the
DC-conductivity; g9 = 8.85 x 107! F/m is the permittivity of vacuum. The approximation
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of the dielectric spectrum by Equation (1) for a sample with a filler content of 1% is
shown in Figure S2.

Figure 4a shows that the DC-conductivity oy smoothly increases with increasing the
filler content in the composites that is in accordance with the literature values [7]. The
dependence of the relaxation times on the filler concentration in the samples is shown in
Figure 4b. In general, relaxation time decreases with an increase in the filler concentration.
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Figure 4. The approximation derived dependence of (a) DC-conductivity o, and (b) relaxation times T
on the content of CNTs for a sample with a filler content of 1% in the frequency range of 300-10” Hz.
Figure 5 shows the frequency dependence of dielectric permittivity of the same mate-
rials in the X-band region. The original dielectric spectra of the composites in the whole
UHEF region are presented in the SI section (Figure S3). There is no significant change in
the dielectric permittivity with frequency within the 8-12 GHz range (Figure 5a). Expect-
edly, composites with a higher filler content have higher ¢’ values. Based on the attained
permittivity, the tested materials can be again divided into three groups with close ¢’ values:
I composites with filler content of 0.1-1%;
I composite with filler content of 1.5%;
I composites with filler content of 2-3%.
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Figure 5. Frequency dependence of the (a) real and (b) imaginary parts of the complex permittivity
for different filler contents in the X-band.
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30+

Comparison of our data with the published literature data in the X-band is presented in
Table 2. Again, the permittivity values registered in this work notably exceed the literature
data [18,26,40,41]. Even the use of the polar polymer host, such as PVDF [41], does not
enable the values, attained in our study. At the same time, the values of the imaginary part
of the dielectric permittivity, registered in this study (Figure 5b), are among the lowest in
the literature [49].

Table 2. The literature data for the permittivity (¢/) of different composites made from nanotubes and
polymer matrix in the X-band.

Polymer Host/Filler CNT Loading Fraction, % g Ref.
Epoxy resin/MWCNTs 1 ~4.75 [18]
TPU/MWCNTs 3 ~13 [26]
Epoxy resin/ MWCNTs 2 3.0 [40]
PVDEF/MWCNTs 3 ~23 [41]
Silicone/SWCNTs 2 ~27 This work
Silicone/SWCNTs 3 ~30 This work

Figure 6a presents an approximation of the real and imaginary parts of the complex
permittivity for a sample with a nanotube content of 2%. The spectra were approximated
by the Cole-Cole function with the Jonsher parameter as was shown above.
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Figure 6. Approximation of the dielectric spectra for a sample with a nanotube content of 2% in
the UHF region. (a) The empty black squares are the real part, and the empty red squares are the
imaginary part of the complex permittivity. Blue and light blue lines are fitting functions for the real
and imaginary parts of the spectrum, respectively; red and green lines are Cole-Cole functions for the
real and imaginary parts of the spectrum, respectively; violet and brown lines are Jonsher corrections
for the real and imaginary parts of the spectrum, respectively. (b) Dependence of the static dielectric
permittivity on the filler content. (c) The function of the relaxation time on the filler content in the
UHF region.

In contrast to the low-frequency spectra (Figures 2 and 4), no signs of DC-conductivity
are observed in the UHF region, since the processes characteristic of DC-conductivity do
not have time to occur during this short time intervals. Apparently, the periods of the
field oscillations are rather short, and relaxation processes might reflect the polarization
occurring inside the conducting CNT bundle. We hypothesize that the size of the CNT bun-
dles of the Tuball nanotubes is the main factor, responsible for the record high permittivity
values in the X-band.

Figure 6b shows the dependence of the static dielectric permittivity (es) on the filler
content in the UHF region. The &; values were obtained by approximating the dielectric
spectra using the Cole-Cole equation [46,48]. In the range of 0.1-1%, the dielectric per-
mittivity changes insignificantly with the filler content. After 1%, a sharp increase in & is
observed, followed by a plateau after >2%.

172



Nanomaterials 2022, 12, 3538

Figure 6c represents the function of the relaxation time T on the filler content in the
UHEF region. The values of T insignificantly change with increasing the filler content; that
they have the same order of magnitude as opposed to the situation in the low-frequency
region in which they differ ~10° times in the tested range of the filler contents (Figure 4b).

Apparently, there must be a difference in the polarization mechanisms in the two
tested frequency regions. At low frequencies, high permittivity can be explained by the
Maxwell-Wagner polarization with possible contribution of the charge transfer by hopping
electrons through thin polymer layers. However, at high frequencies, we most likely face
another polarization mechanism.

4. Conclusions

In this study, polymer composites have been prepared by incorporating the Tuball
single-walled carbon nanotubes into a silicone matrix via a simple cost-efficient prepara-
tion procedure. The registered dielectric permittivity values in the low-frequency range
(3 x 10>~107 Hz) and in the X-band significantly exceed the previously published litera-
ture data for the similar systems at similar CNT content. Even the use of polar polymer
hosts and various highly conductive additives in the literature had not resulted in such
high dielectric permittivity values. The high permittivity values registered in this study
are the consequence of the specific features of the Tuball nanotubes, namely their high
length and ability to join into long bundles, forming percolative clusters. The polarization
mechanism in the two tested frequency ranges is suggested to be different.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nano12193538/s1, Figure S1: Frequency dependences of the real
(a) and imaginary (b) parts of the complex permittivity for composites with different filler contents in
the low-frequency region; Figure S2: Approximation of the dielectric spectrum by the Equation (1)
for a sample with a filler content of 1%, (a) real part, and (b) imaginary part. The violet line is
the fitting function; the green line is the Johnsher parameter; the brown line is DC-conductivity;
the red line is the Cole-Cole function; Figure S3: in the ultra-high frequency region. Frequency
dependences of the real (a) and imaginary (b) parts of the complex permittivity for composites with
different filler contents.
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Abstract: In the present study, Poly(methyl methacrylate) (PMMA)/single-walled carbon nanotubes
(SWCNT) composites were prepared by melt mixing to achieve suitable SWCNT dispersion and
distribution and low electrical resistivity, whereby the SWCNT direct incorporation method was
compared with masterbatch dilution. An electrical percolation threshold of 0.05-0.075 wt% was found,
the lowest threshold value for melt-mixed PMMA /SWCNT composites reported so far. The influence
of rotation speed and method of SWCNT incorporation into the PMMA matrix on the electrical
properties and the SWCNT macro dispersion was investigated. It was found that increasing rotation
speed improved macro dispersion and electrical conductivity. The results showed that electrically
conductive composites with a low percolation threshold could be prepared by direct incorporation
using high rotation speed. The masterbatch approach leads to higher resistivity values compared to
the direct incorporation of SWCNTs. In addition, the thermal behavior and thermoelectric properties
of PMMA /SWCNT composites were studied. The Seebeck coefficients vary from 35.8 uV/K to
53.4 uV /K for composites up to 5 wt% SWCNT.

Keywords: carbon nanotubes; melt-mixing; polymer composites; SWCNT, PMMA

1. Introduction

Poly(methyl methacrylate) (PMMA) is a transparent, odorless polymer that stands
out for its mechanical properties as well as optical properties [1]. It is also chemical and
atmospheric corrosion resistant. With all these properties, PMMA is also a promising
polymer for sensors, optics, coating and polishing materials, binders, high voltage, and
electronic applications [1,2]. PMMA is also a very suitable candidate for passive electronic
components and electromagnetic interference (EMI) materials if made electrically conduc-
tive [3]. Due to its compatibility with fillers and ability to be processed easily, it is used in
polymer nanocomposites by being reinforced with carbon black, graphite, metal powder,
and other inorganic components [1].

Carbon-based materials have outstanding properties and can be used in a wide variety
of fields with their high surface area, unique carbon structures, and ability to form covalent
bonds with different elements [4-9]. They can be used directly as well as fillers in poly-
mer composites. The interest in polymer nanocomposites reinforced with carbon-based
nanofiller is increasing due to their superior properties and their lightweight. Since carbon
nanotubes (CNTs) have a high aspect ratio and unique mechanical properties, they stand
out as fillers in polymer nanocomposites. CNTs are hydrophobic, electrically conductive,
and have a large surface area compared to other carbon-based fillers such as graphite and
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fullerene [10]. In particular, single-walled carbon nanotubes (SWCNTs) have unique electri-
cal and thermal conductivity, mechanical strength, and flexibility [11]. In view of all these
properties, SWCNT and SWCNT-filled composites are potential materials for electronic ap-
plicatios such as supercapacitors, sensors, and EMI materials [12-16]. SWCNTs differ from
other CNTs in terms of the number and diameter of concentric graphene layers. SWCNTs
have a low diameter (0.5-2 nm), and thus a higher aspect ratio than multi-walled carbon
nanotubes (MWCNTs), which can lead to better electrical conductivity at lower loading
in SWCNT composites, although an improvement in electrical conductivity depends on
multiple parameters. In other words, SWCNTs can be a good choice in cases where a low
percolation threshold is desired [15,17].

On the other hand, SWCNTs tend to re-aggregate easily due to van der Waals interac-
tions between nanotubes, which complicates their dispersion in the polymer matrix [18].
In addition, SWCNTs are more difficult to disperse in the matrix because they are usually
more likely to appear in bundles than MWCNTs [17]. It is known that the formation of
the electrical path in the polymer matrix depends on the nanotube dispersion and distri-
bution. The more individual SWCNTs in the matrix, the better the conductive network is
formed. Thus, higher electrical conductivity and a lower electrical percolation threshold
are obtained [19]. Therefore, it is crucial to provide an optimum dispersion in improving
the properties of polymer composites. Solvent-based methods [18,20-26] with surfactants
and/or ultrasonication treatment, in situ polymerization [27,28], and functionalization or
modification of SWCNT [18,22,23,26,29,30] are commonly used approaches to achieve the
desired distribution of SWCNT in the polymer matrix [17].

The melt-mixing method is preferred in the preparation of polymer composites for
large-scale industrial applications [31,32]. It does not cause pollution and environmental
problems since no solvent is used in the melt mixing method [32]. Therefore, preparing
polymer composites with improved properties using the melt-mixing method is one of
the essential issues. The manufacturing conditions play a significant role [31,33-37]. For
example, higher temperatures can reduce the melt viscosity and decrease the shear forces.
In addition, a higher rotational speed also leads to higher shear forces, which is important
for the dispersion and distribution of the fillers [31,35].

Another fact is that the filler type is also decisive for the final manufacturing conditions,
e.g., the feeding position during melt extrusion, as described by Miiller et al. [37]. MWCNTs
that require high shear stresses for their dispersion (e.g., Baytubes® C150P) should be dosed
in the main hopper, while for CNT powders that disperse well (e.g., NC7000), dosing into
the melt at the side feeder is more advantageous.

There are limited studies on preparing PMMA /SWCNT composites with low percolation
thresholds and high conductivity using melt-mixing as a simple approach. Fraser et al. [29]
prepared PMMA by in situ polymerization in the presence of raw and purified SWCNTs.
Then, they diluted this masterbatch with PMMA in a twin-screw extruder. Although this
study stated that composites could be produced on a large scale, a conductivity value of only
1-5 x 1079 S/cm was obtained (0.09 wt% loading, both SWCNT types), which was below
the electrical percolation threshold [29].

There are studies in the literature where PMMA is blended with different polymers to
improve the nanofiller dispersion [30,38,39]. Bikshamaiah et al. [30] incorporated function-
alized SWCNTs into polyamide 6 (PA6)/PMMA blends prepared with different polymer
ratios. They focused in their study on the morphological and mechanical characteristics
of the composites. The tensile modulus of the blends and nanocomposites increased by
~40% and ~54%, respectively, as the PMMA ratio increased from 20 up to 80 wt% for blends
and from 19.5 up to 79.5 wt% for nanocomposites. They reported that the PA6/PMMA
blends exhibited two different morphologies, namely dispersed PMMA particles or co-
continuous structures. In another study [39], MWCNTs were dispersed in PMMA and a
PMMA /poly(vinylidene fluoride) (PVDF) blend using the melt-mixing method. It was
demonstrated that PVDF improved the interactions between PMMA and MWCNTs by
showing a compatibilizing effect. The electrical percolation threshold was between 0.5 and
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1 wt% for both PMMA-CNT and PMMA /PVDE-CNT blend composites [39]. Guo et al. [38]
dispersed CNTs in PMMA and PMMA /polystyrene (PS) blends using a twin screw micro-
compounder. The percolation thresholds were 1.25 wt% and 0.5 wt% in PMMA and
PMMA /PS blends, respectively.

The masterbatch dilution is another method to ensure a good dispersion and homoge-
neous distribution of CNTs in a polymer matrix. In this method, a composite containing a
high amount of filler material is prepared, and then this composite is diluted by a second
mixing process with pure polymer. The masterbatch method is known to be a simple and
effective method for incorporating CNTs into the polymer matrix [40]. Potschke et al. [41] re-
ported that the masterbatch approach is suitable for the dispersion of MWCNTs Nanocyl™
NC7000 in a polypropylene (PP) matrix and leads to a better nanotube dispersion, albeit
at the expense of slightly increased electrical resistivity, compared to the MWCNT direct
incorporation. Annala et al. [42] incorporated MWCNTs Nanocyl™ NC7000 into PS or
PMMA matrix using a masterbatch prepared by direct and in situ polymerization. In
PMMA /MWCNT composites prepared by direct incorporation, the samples were not con-
ductive up to 4 wt% CNT loading. The electrical percolation threshold of the composites
using the PMMA masterbatch was below 4 wt% [42].

Studies on melt-mixed composites of thermoplastics with SWCNTs have partially
focused direct incorporation method [30,43—45]. To the best of our knowledge, there is no
study in which the methods of SWCNT addition are compared and the parameters in the
preparation of the masterbatch and their effects on the properties of SWCNT nanocompos-
ites have been examined in detail.

In addition, thermoelectric investigations of the PMMA /SWCNT composites are also
of interest. Previous studies have shown that various polymer-CNT composites can be used
as thermoelectric materials. If commercial CNTs, which typically show p-type behavior, are
incorporated into polymers, the composites usually show the p-type as well. This could be
described for melt-mixed composites based onpolypropylene (PP) [19,45,46], polycarbonate
(PC) [44,47-49], poly(ether ether ketone) (PEEK) [49,50], PVDF) [44,51], and poly(butylene
terephthalate) (PBT) [44].

In this study, PMMA /SWCNT composites were prepared by direct incorporation
and masterbatch dilution using the melt mixing method. Tuball™ material, known as
“graphene nanotubes”, from OCSiAl company, was used as a filler in the study. Tuball™ is
a high-quality, low-cost material suitable for mass production [52]. Electrical, thermoelec-
trical, and morphological characterization of PMMA /SWCNT composites prepared by the
direct incorporation method was performed. The effects of the rotation speed of direct in-
corporation and masterbatch preparation and dilution on the electrical and morphological
properties of the composites were compared.

2. Materials and Methods
2.1. Materials

Pure PMMA (Plexiglas 8N Rshm GmbH, Darmstadt, Germany) and SWCNTs Tuball™
(OCSiAl S.a.rl, Leudelange, Luxembourg) were used as polymer matrix and nanofiller,
respectively. Tuball™ nanotubes has a carbon purity of 75%, an outside diameter of 1.6 nm,
and lengths of more than 5 um [17,52]. The density and melt volume-flow rate values of
PMMA are 1190 kg/m3 and 3 cm3/10 min (230 °C and 3.8 kg), respectively. The SWCNT
selection was based on a former study comparing different kinds of CNTs [44]. The Raman
spectra of this SWCNT type are published in the supporting information [49]. The thermo-
electric parameters of the SWCNT powder were described in [44]. This kind of SWCNTs is
abbreviated as Tuball.

2.2. Composite Preparation

The melt-mixing of PMMA /SWCNT composites containing 0, 0.05, 0.075, 0.1, 0.2,
0.25,0.5, 1, 3, and 5 wt% SWCNTs was performed in a 15 cm? conical twin-screw micro
compounder Xplore 15 (Xplore Instruments BV, Sittard, The Netherlands) at 260 °C for
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5 min with rotation speed of 250 rpm. Processing temperature and mixing time were kept
constant throughout the entire study. Before melt mixing, PMMA and SWCNTs were dried
overnight in a vacuum oven at 80 °C and 120 °C, respectively.

In order to examine the effect of rotation speed at the same processing temperature
and mixing time (260 °C and 5 min), composites containing 0.1, 0.25, and 1 wt% SWCNTs
were prepared by direct incorporation at rotation speeds varying between 50 and 250 rpm.

The masterbatch dilution method was used to study the effect of the nanofiller addition
method on the electrical properties and nanotube macrodispersion. First, masterbatches
with 5 wt% SWCNT content were prepared at 250 or 50 rpm rotation speed with the same
procedure as specified in Section 2.2. Then, the masterbatches were diluted with PMMA at
250 and 50 rpm to prepare composites containing 0.05-1 wt% SWCNTs. Samples prepared
by direct incorporation (direct) and masterbatch preparation (MB) and dilution (D) were
named according to the corresponding rotation speeds. For example, the code of the sample
prepared at 250 rpm and diluted at 50 rpm is PMMA /Tuball-MB250 + D50.

2.3. Shaping Process

The extruded strands were cut into pieces and compression-molded using a hot press
PW40EH (Paul-Otto-Weber GmbH, Remshalden, Germany) with a compression molding
time of 1 min at 260 °C. The plates were prepared with a diameter of 60 mm and a thickness
of 0.5 mm.

2.4. Characterization

The SWCNT macrodispersion of the composites was investigated by transmission
light microscopy using an integrated light microscope (Olympus BX 53M-RLA) equipped
with an Olympus DP74 camera. The extruded strands were fixed by dipping them in a resin,
and the cured resin with the embedded strand was cut using a Leica RM2265 instrument in
thin slices with a thickness of 5 um.

For characterisation of SWCNT nanodispersion, scanning electron microscopy (SEM)
images of the composites were acquired using an ULTRA Plus (Carl Zeis